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Preface

The Proceedings of the 19th International Conference on Computing in Civil
and Building Engineering (ICCCBE) presents findings concerning current and
future applications of computing in a wide range of civil and building engineering
disciplines.

The conference was the latest in a sequence of I[CCCBE International Conferences
being held for the first time in Africa where it took place in Cape Town, South Africa,
during 26-28 October 2022. It promoted innovation in civil engineering through
digital twin technology; geometric modelling; simulation and process modelling;
monitoring, information and communication technologies; big data, artificial intel-
ligence and machine learning software; robotics, automation and control; computa-
tional structural mechanics. The conference therefore provided a forum and a unique
opportunity for researchers and students from the African continent to interact with
members of the civil engineering community from around the world.

ICCCBE 2022 has received excellent support by researchers and practitioners all
across South Africa, with authors being drawn from numerous research and indus-
trial organisations. The Proceedings contains scientific contributions presented at the
conference, classified into a total of 16 themes split over two volumes. Only original
contributions were considered for inclusion. All papers submitted were subjected to
a full process of double-blind peer review. The review of manuscripts was under-
taken by the members of the Scientific Advisory Board and other identified leading
experts, acting independently on one or more assigned manuscripts. This invaluable
assistance, which has greatly enhanced the quality of the Proceedings, is gratefully
acknowledged.

Special acknowledgments are due to our supporters and partners in the industry:

e CIOB
e SSD
e SAICE
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Finally, the editors wish to thank the authors for their efforts towards producing
and delivering papers of high standard creating a base for discussion and providing
suggestions for future development and research.

S. Skatulla
H. Beushausen
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Trends and Recommendations )
for IoT-Based Smart City Applications L

Jose Joaquin Peralta Abadia and Kay Smarsly

Abstract Smart monitoring and wireless sensor networks have advanced the world-
wide implementation of smart city applications, improving the quality of life and
reducing negative effects on the environment. The Internet of Things (IoT) has
received special attention in recent years in the context of smart city applications,
providing the technological backbone necessary to perform real-time smart moni-
toring of the built and the natural environment. Nevertheless, due to the variety of IoT
elements and technologies used in IoT frameworks for smart city applications, new
implementations of IoT frameworks for smart city applications may have redundant
IoT elements or may use inappropriate technologies. This paper aims to summarize
and compare emerging IoT elements and technologies utilized in IoT frameworks
for smart city applications by means of a systematic review. As a result of this study,
a summary and comparison of trends in IoT frameworks for smart city applica-
tions are provided. Furthermore, recommendations for future implementations of
IoT frameworks for smart city applications are provided, based on the findings of the
systematic review. It is expected that the findings of the systematic review and the
recommendations for future implementations of IoT frameworks presented in this
study may serve as a guideline and a foundation for IoT framework implementations
in the context of smart city applications.

Keywords Smart cities * Internet of Things (IoT) - Wireless sensor networks - IoT
frameworks - IoT applications
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1 Introduction

Industry 4.0, cyber physical systems, and artificial intelligence have brought rapid
advancements in smart cities and smart city applications, effectively replacing tradi-
tional civil engineering applications [1, 2]. Discussions regarding the constituents of
a smart city may be found in research, where other terms, such as “intelligent city”,
“digital city” and “ubiquitous city”, have also been used. However, common concepts
in the discussions may be identified, such as the use of information and communi-
cation technologies (ICT) [3]. Essentially, smart cities improve the quality of life by
means of user-friendly technologies and applications, i.e. smart city applications [4].
Smart city applications are usually supported by the Internet of Things (IoT), where
billions of interconnected “things” (IoT elements or devices) are coupled through
wide area networks and the Internet [5]. In this regard, IoT frameworks provide the
means for connecting IoT elements, serving as a basis for using IoT technologies.

Although IoT frameworks provide the means for connecting IoT elements, imple-
menting [oT framework for smart city applications may become complicated, costly,
and inefficient, in light of the variety of IoT technologies. Literature reviews of
IoT frameworks and smart cities have given emphasis on different aspects, such as
definitions of the term “smart city” and the domains smart cities are composed of
[6]. Other reviews have compared IoT technologies used in smart city applications
[7]. Furthermore, challenges and opportunities for smart cities have been given [8].
Nevertheless, a lack of focus on trends in the technologies used by IoT frameworks for
smart city applications has been identified. As such, this paper reviews the trends in
IoT frameworks for smart city applications. The remainder of this paper is structured
as follows. The next section presents the concepts of smart cities and IoT frameworks
required to perform the review. Then, the review of trends in IoT frameworks for
smart city applications is provided, followed by a discussion of the trends. Finally, a
short statement on conclusions and future work is given.

2 Concepts and Guidelines

This section presents the concepts of smart cities and IoT frameworks used as a basis
for the review of trends in smart city applications. Working definitions and domains
of smart cities are presented, followed by working definitions and architectures of
IoT frameworks.

When first coining the term “smart city”, it described an intelligent city, which
portrays a technopolis and hard infrastructure [9]. Subsequently, the term has been
defined in several ways. For example as territories with the capacity for learning and
innovation, building upon knowledge creation and creativity of their population, as
well as digital infrastructure [10]. In addition, research has attempted to define the
domains constituting smart cities, as described in [11]. From the aforementioned
review, two examples have been selected as a basis for this study. In [12], the authors
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have listed the smart city domains as smart economy, smart people, smart governance,
smart mobility, smart environment, and smart living. Thereupon, in [13], the list has
been expanded to include smart buildings, while categorizing the smart city domains
into soft domains and hard domains. On the one hand, soft domains refer to intangible
characteristics of smart cities. On the other hand, hard domains refer to tangible char-
acteristics of smart cities. Considering the smart city domains mentioned above, this
study considers smart economy, smart governance, smart citizens (replacing smart
people), and smart living as soft domains of a smart city, and smart mobility, smart
environment, and smart infrastructure (replacing smart buildings) as hard domains
of a smart city.

As with the several definitions of the term “smart city”, IoT frameworks have been
defined in several ways. For example, IoT frameworks have been defined as a user-
friendly environment capable of supporting billions of IoT devices, facilitating the
development and testing of new functionalities [14]. Regarding the architecture of
IoT frameworks, the IEEE Internet Initiative (2015) has proposed a three-layered IoT
framework architecture constituted by an application layer, a networking and data
communications layer, and a sensing layer [15]. Additionally, a similar IoT frame-
work architecture has been proposed, consisting of an application layer, an integration
middleware layer, a gateway layer, a device layer, and a sensor and actuator layer
[16]. In this study, both architectures are merged into a three-layered IoT framework
architecture, composed of sensing layer (including gateways, devices, sensors, and
actuators), middleware layer (including networking and data communications), and
application layer. Based on the concepts presented thus far, the following section
identifies the trends in IoT frameworks for smart city applications, comparing the
smart city domains targeted by the IoT frameworks and the [oT elements and services
offered by the IoT frameworks.

3 Review of IoT Frameworks for Smart City Applications

This section reviews the trends in IoT frameworks for smart city applications. To make
this study brief, the application layer of the IoT frameworks, which is primarily used
for data visualization, has been omitted because it does not include IoT elements and
technologies to be reviewed.

The review methodology pursued in this study includes three phases. In the first
phase, data has been collected. In this phase, 42 studies between the years 2016 and
2020 and indexed in the Web of Science Core Collection, supplemented by confer-
ence papers indexed in the Scopus database, have been gathered. The search string
used for the data collection is (“smart cities” OR “smart infrastructure” OR “smart
living” OR “smart environment” OR “‘smart mobility” OR “smart economy” OR
“smart citizens” OR “smart governance”) AND (“Internet of Things” OR “TIoT” OR
“IoT framework™ OR “IoT platform”). In the second phase, the data has been orga-
nized and the IoT elements of each layer of the IoT frameworks have been tabulated,
based on the concepts presented in previous section. The focus on the sensing layer
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has been put on the IoT devices (hardware) used in the IoT frameworks. The focus
on the middleware layer has been put on the 10T services (software) provided by the
IoT frameworks. In the third and final phase, the data is analyzed, summarized and
compared. The results of the review, in accordance with the methodology, are the
listed as follows.

e Smart city domain: As presented in the previous section, smart cities are consti-
tuted by seven domains and IoT frameworks for smart city applications are usually
developed to be used in only one of the domains. However, several studies have
presented IoT frameworks that may be used in more than one smart city domain
[17]. Figure 1 presents the quantity of IoT frameworks that can be used in each of
the seven smart city domains. Hard domains are presented in yellow, soft domains
are presented in green stripes, and an extra category presented in white is used to
group the IoT frameworks that may be used in any of the seven smart city domains.
It may be observed that 39 IoT frameworks have been used in hard domains of
a smart city, while eight IoT frameworks have been used in soft domains. In
addition, eight IoT frameworks have been developed to be used in any smart city
domain.

e Sensing layer: As mentioned previously, focus in this study is put on the IoT
devices used in the sensing layer. Figure 2 presents the [oT devices used in the
sensing layer and the quantity of IoT frameworks that use the IoT devices. IoT
frameworks may be developed to accept any IoT device or specific IoT devices. It
has been found that 15 IoT frameworks have been developed to use any [oT device,
enabling interoperability. Contrarily, it has been found that 31 IoT frameworks
have been developed to use specific IoT devices. However, some IoT frameworks
have reported being able to use more than one specific IoT device type, as in [18].
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Fig. 1 Categorization of IoT frameworks into the smart city domains
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In this regard, it has also been found that custom IoT devices are used 11 times,
Arduino-based IoT devices are used eight times, smartphones are used six times,
and Raspberry Pi-based IoT devices are used six times.

e Middleware layer: Opposing the sensing layer, focus in this study is put on the
IoT services provided in the middleware layer. Thus, Fig. 3 presents the services
that are provided by the middleware layer and the quantity of [oT frameworks that
provide the services. It has been found that the most-provided services are database
management and authentication services, which are used in 32 IoT frameworks,
and event and alert management, which has been provided in 27 IoT frameworks.
Following, resource management and resource discovery has been provided in 23
and 21 IoT frameworks, respectively, allowing the management and registration of
the IoT devices of the sensing layer. It has also been found that 12 IoT frameworks
provide machine learning functionality, performing data analytics and forecasting.
Furthermore, 11 IoT frameworks have provided encryption services, adding an
extra layer of security to the [oT frameworks. Finally, it has been identified that
the least provided service, offered in three IoT frameworks, is code management.

4 Discussion and Implications

This section discusses the results of the review of trends in IoT frameworks for smart
city applications presented in the previous section. Discussions of the trends of IoT
frameworks for smart city applications, in relationship to smart city domains and
sensing and middleware layers of IoT frameworks, are presented as follows.

e Smart city domains: On the one hand, it has been identified that hard domains
of smart cities are targeted by the majority of IoT frameworks, probably due to
ease of implementation and quantification of results, as hard domains refer to
tangible assets and characteristics of a smart city. On the other hand, soft domains
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Fig. 3 Services provided by the middleware layer of the IoT framework

have rarely been targeted, where the results are harder to quantify, probably due
to the intangible nature of soft domains. Therefore, it has been noticed that smart
cities seem to prefer to invest more in smart city applications that provide fast and
quantifiable results.

e Sensing layer: It has been found that the usage of specific IoT devices has
been preferred by the majority of IoT frameworks. However, the preference for
specific IoT devices derives in a lack of interoperability and possible problems of
upgradeability, when new IoT technologies and IoT devices become available.

e Middleware layer: Representing basic services for the operation of the IoT
middleware layer, database management and authentication services have been
identified as the services that are mostly offered. Therefore, additional services
of interest, such as machine learning and data analytics services, emerge in IoT
frameworks, as large amounts of data are readily available. Nevertheless, it has
been observed that some IoT frameworks may be vulnerable to security breaches,
related mainly to the lack of data encryption.

5 Summary and Conclusions

In this study, definitions and concepts of smart cities and IoT frameworks, as well as a
review of trends in IoT frameworks for smart city applications, have been presented.
The IoT technologies and IoT devices have been summarized and compared. This
paper is a short version of a journal paper. This paper has exclusively been written
to present and discuss the systematic review with the ICCCBE audience. In the
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corresponding journal paper, 86 sources have been incorporated, and details may be
found in [19].

Since IoT frameworks are usually based on a three-layered architecture, consti-
tuted by a sensing layer, a middleware layer, and an application layer, which can
distributedly be located in distant geographical positions, it becomes necessary to
guarantee secure communication between the layers. As a result of this study, it has
been identified that, in spite of most IoT frameworks offering authentication services,
there are possible security vulnerabilities in the IoT frameworks, as few offer encryp-
tion services. In addition, the lack of interoperability and code management has to
be targeted as well, thus enabling the use of future IoT devices and IoT technologies.
As a result of the findings of this study, it has been identified that [oT frameworks
for smart city applications should address decentralization, interoperability, security,
and modularity, as well as a need to address the use of the IoT frameworks in the
soft domains of a smart city.

Future research may focus on the development of new IoT framework concepts
for smart city applications, targeting the issues revealed in this study, i.e. a lack of
interoperability and decentralization of the services as well as security and modu-
larity. Furthermore, the development of IoT frameworks that can be used in soft
domains of a smart city may be addressed, thus giving focus to the quality of life of
the citizens.

Acknowledgements The authors of this study gratefully acknowledge the support offered by the
German Research Foundation (DFG) through grant SM 281/12 and grant SM 281/17. Any opinions,
findings, conclusions, or recommendations expressed in this paper are those of the authors and do
not necessarily reflect the views of the DFG.
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Text Mining-Based Patent Analysis )
for Automated Rule Checking in AEC L

Zhe Zheng, Bo-Rui Kang, Qi-Tian Yuan, Yu-Cheng Zhou, Xin-Zheng Lu,
and Jia-Rui Lin

Abstract Automated rule checking (ARC), which is expected to promote the effi-
ciency of the compliance checking process in the architecture, engineering, and
construction (AEC) industry, is gaining increasing attention. Throwing light on the
ARC application hotspots and forecasting its trends are useful to the related research
and drive innovations. Therefore, this study takes the patents from the database of the
Derwent Innovations Index database (DII) and China national knowledge infrastruc-
ture (CNKI) as data sources and then carried out a three-step analysis including (1)
quantitative characteristics (i.e., annual distribution analysis) of patents, (2) identifi-
cation of ARC topics using a latent Dirichlet allocation (LDA) and, (3) SNA-based
co-occurrence analysis of ARC topics. The results show that the research hotspots
and trends of Chinese and English patents are different. The contributions of this
study have three aspects: (1) an approach to a comprehensive analysis of patents by
integrating multiple text mining methods (i.e., SNA and LDA) is introduced; (2) the
application hotspots and development trends of ARC are reviewed based on patent
analysis; and (3) a signpost for technological development and innovation of ARC
is provided.

Keywords Automated Rule Checking (ARC) - Patent analysis * Text mining *
Social Network Analysis (SNA) - Latent Dirichlet Allocation (LDA) + Application
hotspots and future trends

1 Introduction

Authorities’ rules such as design guidelines, codes, standards, and international,
national, or local authorities’ laws stipulate the safety, sustainability, and comfort
of the entire lifecycle of a built environment [1]. For a long time, the regulatory
compliance of a building design was checked manually by domain experts. However,

Z.Zheng - B.-R. Kang - Q.-T. Yuan - Y.-C. Zhou - X.-Z. Lu - J.-R. Lin (X))
Department of Civil Engineering, Tsinghua University, Beijing 100084, China
e-mail: 1lin611 @tsinghua.edu.cn

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 11
S. Skatulla and H. Beushausen (eds.), Advances in Information Technology in Civil and

Building Engineering, Lecture Notes in Civil Engineering 358,
https://doi.org/10.1007/978-3-031-32515-1_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-32515-1_2&domain=pdf
mailto:lin611@tsinghua.edu.cn
https://doi.org/10.1007/978-3-031-32515-1_2

12 Z.Zheng et al.

this process is not only immensely time-consuming but is also challenging for project
participants [2] due to the complexity and ambiguity of rules and regulations [3].
Therefore, automated rule checking (ARC, also known as ACC) has been extensively
studied by many researchers for nearly 70 years [4], and several rule-based ARC
systems have been established [5]. For example, CORENET (short for COnstruction
and Real Estate NETwork), which is the first large effort of ARC, was initiated in
1995 in Singapore [6]. A universal circulation network (UCN) is developed as a plug-
in based on the Solibri model checker (SMC) to check occupant circulation rules of
the US court design guide [7]. Other rule-based ARC systems include BCAider
[8], Jotne EDModelChecker [9], and so on. However, the above rule-based ARC
systems are costly to maintain and inflexible to modify and are often referred to as
black-box approaches [10]. Hence, to make the process more flexible and transparent,
attempts have been made to (1) automated interpretation of the rules based on natural
language processing (NLP) [11-13], (2) automated alignment of BIMs and computer-
interpretable regulations [14], and so on.

To promote future development in the field, many efforts have been devoted to the
analysis of the development trends. For example, Eastman et al. [5] examined and
surveyed five rule checking systems that assess building designs according to various
criteria in detail. Ismail et al. [15] reviewed the previous studies, which successfully
employed the appropriate techniques in interpreting the rules for checking purposes.
Fuchs [16] assessed the state-of-the-art of NLP for building code interpretation by
analyzing 42 research articles published since 2000. These works have pointed out the
key research areas and analyzed the current and ongoing research and development
(R&D) directions. However, the existing studies mainly focused on the existing
ARC systems or research articles, while seldom considering the patent analysis.
Patent analysis is valuable to throw light on the innovation and development of a
technological field over the course of time [17, 18].

Therefore, this work aims to explore the application hotspots and trends of compli-
ance checking by analyzing the related patents based on text mining methods. The
patents from the database of the Derwent Innovations Index database (DII) and China
national knowledge infrastructure (CNKI) are taken as data sources. Then the anal-
ysis is comprised of three steps. First, the quantitative characteristics and annual
distribution analysis of patents are carried out. Second, several topics of the ARC
patents are identified using a latent Dirichlet allocation (LDA). Third, to reveal the
relation between different topics, the identified ARC topics co-occurrence analysis is
carried out based on Social Network Analysis (SNA). Finally, based on the analysis
results, the application hotspots and trends are revealed. The findings are expected
to be valuable for the related stakeholders including researchers, ARC system devel-
opers, and companies. The introduced approaches to the analysis of ARC patents are
also useful for other scenarios.
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2 Methodology

This study utilizes patents as data resources and integrates several text mining tech-
nologies including the LDA topic identification technology, and the SNA topic corre-
lation analysis to identify the application hotspots of ARC and forecast its trends.
Figure 1 shows the outline and workflow of this research. Meanwhile, the toolkits
used to implement the workflow are also displayed at the bottom of Fig. 1. The
methods deployed are detailly illustrated from Sect. 2.1 to Sect. 2.3.

2.1 Data Acquisition

In this work, the patent retrieval process consists of (1) screening by keywords and,
(2) screening manually by domain experts to filter the patents that are not relevant
to the rule checking. The Chinese and English patents are obtained from the CNKI
and DII database, respectively, and the retrieval time is from 2010 to 2021. For the
Chinese patents, the keyword is “design review”, and after the manual screening,
total 113 Chinese patents were collected for analysis. For the patents in English,
the keywords include “rule checking”, “compliance checking”, “design review”,
“automated compliance checking”. After the manual screening, finally, total 121
patents in English were collected for analysis.

The abstracts of the collected patents are used for further analysis. After the patent
retrieval process, the data preprocessing consists of tokenization, special characters
(e.g., '%$#& * ?,/.;”\) removal, and stop words removal. For the Chinese patents,
the original texts are tokenized and removed stop words using the Python lib named
Jieba, while the English patents are processed using the Python lib named NLTK
(Natural Language Toolkit).

O Data acquisition »O Topic identification ‘OAnaIysis and discussion

LDA-based topic

Patent search identification analysis Topic development
- trend analysis
Workflow l S Coherence
Data % Cosine similarity SNA-based topic co-
preprocessing 3 - occurrence analysis
KL divergence
TTTTTTTT T y (T TR T T T T T T T T T T T T T T T T T T \
i |{ |.:| NLTK 1 |( [: Gensim Q Networkx :
Toolkits | b é I
(B e G N Newy S sy )

Fig. 1 Workflow of this research
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2.2 Topic Ildentification

After the acquisition and pre-processing of the patent data, the topic identification
is performed to mine the latent information of patents. Topic identification methods
(i.e., topic modeling methods) are typical text mining methods. The Latent Dirichlet
Allocation (LDA) model proposed by Blei et al. [19] is one of the most widely-used
topic modeling methods [18, 20-22]. LDA model is a generative probabilistic model
of corpus where each document is represented as random mixtures over latent topics,
and each topic is characterized by a distribution over words [19]. The basic idea of
the LDA model is shown in Fig. 2. The hyperparameter « is the Dirichlet prior on
the document-topic distributions and the hyperparameter f is the Dirichlet prior on
the topic-word distributions. LDA model assumes the following steps to generate a
document [18, 19].

1. Foreach document d, sample a topic proportion 6d from the Dirichlet distribution
Dir(a).
2. For each word wd, n to be generated in the document d:

a. Choose a topic zd, n ~ Multinomial (6d)
b. Choose a word wd,n ~ Multinomial(¢klk = zd,n), where the word
proportion per topic ¢k is sampled from the Dirichlet distribution Dir ().

To determine the optimal number of topics generated by the LDA model, the
coherence scores of the topics are used [24]. The coherence metric uses statistics
and probabilities extracted from the reference corpus to evaluate how well a topic is.
The larger the coherence scores are, the better the effect of LDA topic identification.
The coherence measure method consists of four main steps: (1) segmentation, (2)
probability calculation, (3) confirmation measure, and (4) aggregation [24]. The
coherence model in the genism toolkit is used to implement the evaluation process.

Besides, to evaluate the performance of the topic generation results, the topic
distances among the topics are measured via Kullback—Leibler (KL) divergence and
cosine similarity analysis. According to the LDA model, each topic is represented as
a set of words with proportional. So, based on KL divergence and cosine similarity,
the distance matrix should be constructed, where the element in the i row and the

@ Topic level
k
@ Document level

Fig. 2 Latent Dirichlet Allocation (LDA) model
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J column represents the specific distance value between the number i topic and the
number j topic. For the KL divergence analysis, the distance matrix is an asymmetric
matrix. The larger the value of the non-diagonal elements of the distance matrix, the
greater the differentiation of words between two topics and the better performance of
topics generated by the LDA model. For the cosine similarity analysis, the distance
matrix is a symmetric matrix. The smaller the value of the non-diagonal elements of
the distance matrix, the greater the differentiation of words between two topics and
the better performance of topics generated by the LDA model.

2.3 Topic Co-occurrence Analysis

After the LDA analysis, the topic of each patent is recognized. To further explore the
topic relevance between the identified topics, the SNA-based topic relevance analysis
is performed. SNA is often used to explore the publication, citation, and cocitation
networks, collaboration structures, and other forms of social interaction networks
[25].

In this work, the nodes in the topic relevance graph are the identified topics.
Meanwhile, the link between two nodes means there is at least one article that contains
the two topics at the same time. According to the LDA model, each article consists
of a bag of topics, where the larger the percentage of topics, the more important the
topic is. Therefore, when a topic accounts for more than 10%, we consider this topic
to be the article’s main topic. If an article has multiple main topics at the same time,
these topics are called co-occurrence topics. Then a link will be generated for these
two topics. The attribute of each link means the number of articles that contains the
two topics. Therefore, the topic relevance graph is a typical undirected symmetric
network. After the construction of the topic relevance graph, Gephi [26] is then used
to perform the visualization of network analysis.

3 Results

3.1 Quantitative Characteristics of ARC Patents

The annual publication numbers of patents can reflect the development trend and
research interests. Therefore, after the patent data acquirement and preprocessing,
the trend analysis is conducted, as shown in Fig. 3. The first Chinese patent on rule
checking appeared in 2011, while the first English patent appeared in 2013. The trend
of the Chinese and English patents is similar. The number of patents grows slowly
until 2015. From 2016 to 2021, the growth rate of the related patents has significantly
accelerated, which indicates that the rule checking methods and systems are gaining
more and more interest in recent years.
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Fig. 3 The number of patents on rule checking

3.2 LDA-Based Topic Clustering of ARC Patents

To further analyze the application hotpots and development trends of the ARC
patents, the LDA model is utilized to explore the main topics and their corresponding
keywords from the collected ARC-related patents. First, the relatively proper topic
numbers are searched, as shown in Fig. 4. The coherence values are used to measure
the rationality of the topics. The best topic number is 5 and 7 for the Chinese patents
and English patents, respectively. The coherence value of the Chinese topics is higher
than that of the English topics, indicating that the quality of Chinese topics is higher
than that of English topics.

To further evaluate the performance of the topic generation results, the topic
distances among the topics are calculated via Kullback-Leibler (KL) divergence and
cosine similarity analysis. The distance matrixes of the topics are shown in Fig. 5. For
the Chinese patents, as shown in Fig. 5a, A13 (A;; means the element at the number
i row and the number j column) and A,s have the largest cosine similarity. A;3 and
Ajs have the smallest KL divergence, as shown in Fig. 5b. The results of the two
matrixes are consistent, indicating that topic 2 and topic 5 have the highest similarity,
and topic 3 and topic 2 have the second-highest similarity. For the English patents,
as shown in Fig. 5c, A25, A27, A56, and A67 have the largest cosine similarity. As;
and Azs have the smallest KL divergence, as shown in Fig. 5d. The results of the
two matrixes are consistent, indicating that the similarity between topics 2 and 5 and
the similarity between topics 6 and 7 are relatively high. In general, the similarity
between Chinese topics is lower than that between English topics, indicating that the
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quality of Chinese topics is higher than that of English topics. This is consistent with
the result of coherence analysis, as shown in Fig. 4.

Then all the patents are analyzed, and the identified topics according to the word
distributions are listed in Tables 1 and 2. The top 10 words and their corresponding
weight values (percentage) are also listed in Tables 1 and 2. For the Chinese patents,
the topics are topic 1 “codes database and auxiliary software”, topic 2 “drawings
and models information extraction”, topic 3 “CAD element identification modules”,
topic 4 “User interaction”, and topic 5 “Auxiliary devices and systems”. Topics 2
and 5 may share some keywords on drawings or model information; therefore, the
similarity is relatively high.

For the English patents, the topics are topic 1 “digital system and terminal”,
topic 2 “ BIM applications in design and construction”, topic 3 “ data integration
and management”, topic 4 “computer-executable rule and knowledge base”, topic
5 “BIM-based management platform”, topic 6 “Auxiliary tools for rule checking”,
and topic 7 “Rule Checking systems”. Topic 2 and topic 5 are about BIM-related
applications; therefore, the similarity between the two topics is relatively high. And
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Fig. 5 Distance matrixes of the topics

topics 6 and 7 are about auxiliary tools or systems for rule checking; consequently,
the similarity between the two topics is also relatively high, which is consistent with
the results of Fig. 5¢ and 5d.

3.3 Analysis and Discussion

After the topic construction via the LDA models, the topic-based quantification
analysis is conducted to explore the trends, and the SNA-based topic co-occurrence
analysis is performed to provide more insight into the combination and development
of the technologies.
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As shown in Fig. 6a, for the Chinese patents, with the development of infor-
mation technology (e.g., natural language processing, deep learning), the patents
related to ARC have shown an increasing trend since 2016, and have grown substan-
tially since 2018. Topic 2 “Drawings and models’ information extraction” has the
highest growth rate and quickly became the most published topic. The result indi-
cates that researchers are more concerned about how to extract and integrate the
information from drawings and models. Topic 1 “Codes database and auxiliary soft-
ware” has received sustained attention in recent years. Topic 4 “User interaction”
and topic 5 “Auxiliary devices and systems” have also grown rapidly since 2018.
The result shows that good user interaction methods and more convenient auxiliary
tools are important to ARC systems. Topic 4 and topic 5 started late and developed
rapidly, which shows that making the ARC system more convenient may be the future
research direction.

As shown in Fig. 6b, for the English patents, the patents related to ARC have
shown an increasing trend since 2016. Topic 5 “BIM-based management platform”,
topic 6 “Auxiliary tools for rule checking”, and topic 7 “Rule Checking systems”
grew faster and were published the most. This shows that many researchers pay
attention to the development of platforms and systems. Among them, topic 5 contains
the most patents because it’s about the whole life cycle of BIM-based management
where automated rule checking may be used in different steps. Topic 4 “Computer-
executable rule and knowledge base” currently receives relatively little attention.
However, Ismail pointed out that rule interpretation is the most vital and complex
stage in the rule checking process [15]. To achieve a fully automated rule checking
system, more attention may be paid to the topic 4 related research. Topic 2 “BIM
applications in design and construction” has a downward trend, which may be a result
of many studies not only focusing on the design stage and the construction stage but
also focusing on the whole life cycle of the buildings.

It can be concluded from Fig. 6a and 6b that the content of Chinese patents
and English patents are different. Chinese patents pay more attention to the various
components of the ARC system. In contrast, the English patents focus more on
integrating the ARC system in various BIM-based applications.

For the co-occurrence analysis, the results are shown in Fig. 7. For the Chinese
patents, topic 1 “Codes database and auxiliary software” and topic 2 “Drawings
and models information extraction” have the most co-occurrences. The results show
that when the patent involves drawing and model information extraction, it will
also include other auxiliary tools. For the English patents, topic 5 “BIM-based
management platform” co-occurs with topic 3 “Data integration and management”,
topic 6 “Auxiliary tools for rule checking”, and topic 7 “Rule Checking systems”,
respectively. Because topic 5 mainly includes a full life cycle building management
platform, which involves data integration and other auxiliary tools.
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4

Conclusions

ARC is expected to promote the efficiency of the compliance checking process in the
AEC industry. To analyze the trend development and hotpots of the ARC, this paper
first extracted the patents’ texts from the database of Derwent Innovations Index
database (DII) and China national knowledge infrastructure (CNKI). Subsequently,
a three-step analysis approach is carried out, which includes (1) quantitative char-
acteristics (i.e., annual distribution analysis) of patents, (2) identification of ARC
topics using a latent Dirichlet allocation (LDA), and, (3) SNA-based co-occurrence
analysis of ARC topics. The conclusions are as follows:

ey

@

3

The trend of the Chinese and English patents is similar. The number of pa-tents
grows slowly until 2015. From 2016 to 2021, the growth rate of the related
patents has significantly accelerated.

The topic models are identified based on the LDA model, and the quality of the
constructed topics has been measured via three methods, including coherence
value, cosine similarity, and Kullback—Leibler (KL) divergence. The results of
the three methods are consistent.

For the Chinese patents, the patents related to “drawings and models information
extraction” are gaining more attention. Besides, the results show that the number
of patents that focus on improving the user experience of the ARC system has
grown rapidly. Therefore, making the ARC system more convenient may be
the future research direction. For the English patents, the patents related to *
BIM-based management platform” are gaining more attention. While the patents
related to “Computer-executable rule and knowledge base “ received relatively
little attention currently. The rule interpretation is one of the most vital stages
in the rule checking process. Future research can pay more attention to the rule
interpretation to achieve a fully automated rule checking system.
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The limitations of this study are listed as follows:

(1) The performance of LDA analysis can be further improved for better topic
detection. Besides, more methods should be utilized to validate the results of LDA.

(2) Only the abstracts of the patents are used to perform the analysis, more
structured and unstructured data from patents is expected to use in the future.
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Abstract Information management is critical to the smooth operation of infras-
tructure delivery. It is the process of gathering, storing, distributing, archiving, and
deleting/destroying data. Information and data management are critical to decision-
making toward achieving improved, resilient, and responsive infrastructure delivery.
While innovative tools abound for managing information in the built sector, barriers
such as technical challenges, expertise needed, and cost of procurement inhibit the
adoption of these technologies. In contrast, blockchain offers opportunities for acces-
sibility, lighter and faster transaction speed, and secured data processing. However,
research in this area is limited and slowly emerging. Therefore, this study adopts a
bibliometric review to avail current progress, critical discussions, and vital strategies
to advance the adoption of Blockchain development in the construction industry.
Blockchain has emerged as important to built environment innovation discourses
with energy management, payment processing, documentation, and asset lifecycle
management opportunities. This study is therefore important in improving extant
studies and availing future directions. This paper uses bibliometric analysis to
examine blockchain as a tool for infrastructure delivery in the built environment.
Empirical data from Scopus was analysed to establish the publication and citation
pattern, specifically publications published between 2011 and 2021. This also iden-
tifies research trends, common gaps, and best practices among researchers who use
Vosviewer. The most influential authors, institutions, journals, countries, and coop-
eration networks are then identified. This study presents the relevance of blockchain
in the built environment and its movement, adoption, and adaptation, which further
enables the spark of innovative ideas to realize and comprehend the current and future
technological transformation in infrastructure delivery.
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1 Background

The built environment faces numerous challenges and fragmentation, impacting the
infrastructure delivery rate. Infrastructure delivery processes in the built environ-
ment are highly fragmented, dispersed, and complex. As a result, massive efforts,
resources, and intermediaries are required to plan, monitor, and track these processes
under the schedule, cost, quality, and scope. Furthermore, delays and accidents
occur at multiple stages and varying degrees, affecting the project’s key objec-
tives [1]. Various management processes have been developed and integrated to
increase productivity and effectiveness while decreasing the likelihood of misalign-
ment [1]. However, most have seemed to fail over time as they cannot address all
issues simultaneously.

Although no technology or approach can address this, all the issues listed above,
blockchain technology and the circular economy, have revolutionized supply chain
management in several ways. Blockchain technology is a key component of digital
transformation, promising transparency, improved privacy, faster settlement, cost
savings, quality, and productivity through a distributed approach [2]. The use of
blockchain networks in such processes is part of that development. However, as the
fourth industrial revolution support market progresses, the built environment is exper-
imenting and developing innovative tools and technologies. One of the key issues
impeding industry modernization is the failure to adopt technological developments
that could have aided the industry’s achievements [3].

The blockchain is a digitized, decentralized public ledger of data, assets and
all pertinent transactions that have been executed and shared among participants
in the network. According to [4] blockchain technology allows multiple parties to
transact on a shared synchronous ledger. Each transaction is validated with a digital
signature to ensure its authenticity. Blockchain has several key features, including
decentralization, distributed computing, and consensus. While it is most associated
with digital cryptocurrencies such as Bitcoin, blockchain is an emergent technology.
Blockchain can revolutionize and transform the current digital operational landscapes
and business practices of finance, computing, government services, and virtually
every existing industry [5].

Previous studies have been conducted on blockchain in the built environment
[4]. conducted an exploratory literature review of blockchain in the construction
industry. [6] looked at blockchain-based security solutions with IoT applications
in the construction industry [7]. conducted a bibliometric review on the risks and
opportunities of blockchain in the built environment. Little study has focused on
blockchain in infrastructure delivery in the built environment.

Beginning in 2011, the literature on this topic consists of bibliometric research
articles or review articles. The bibliometric review aims to provide the reader with
general research directions, research groups, and gaps in the literature [7]. This article



Unravelling the State of the Art of Blockchain Development ... 29

aims to provide a bibliometric overview of blockchain’s state of the art in improving
infrastructure delivery in the built environment. The article is as follows. Section 1
looks at the background and needs for the study. This is followed by a methodology
chapter, Sect. 2, which shows how the bibliometric was conducted. Section 3 provides
the results for the analysis. Section 4 is the conclusion.

2 Research Design and Method

To fulfill the research objectives, a quantitative bibliometric approach was used in
this study. a systematic approach was used in scoping and selecting publications.
The flowchart in Fig. 1 below shows the research method used.

Scopus

|

Search String: blockchain AND built AND environment OR
lconstruction AND industry OR infrastructure)

|

Initial Results: 95 articles

A 4

Set limit in years between 2011 and 2021
Results:65 articles

!

Refining to articles and review articles
Results: 28 articles

v

Refining to the English Language
Results: 28 articles

l

Reviewing titles and abstract
Results: 28 articles

s s ey K d
Annual Publications Publications by Contributing . it il
g Prolific Journals Occurrence and
and Citations Country Authors Cluster

Fig. 1 Research Method Flowchart
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The bibliometric analysis employs a hybrid technique to present or capture
research trends and features of publications by combining evaluative and descrip-
tive approaches [8, 9]. This study is the result of the current blockchain scenario for
infrastructure delivery, as it employs a systematic literature review with the assistance
of bibliometric network analysis to document the publication on the topic [10].

A thorough search is conducted on the Scopus database, which is a trustworthy
and unbiased source of reputable journal articles and fundamental requirement of
bibliometric analysis [11, 12].

2.1 Inclusion and Exclusion Criteria

Inclusion and exclusion was used to select publications for the bibliometric analysis.
The eligibility criteria address the inclusion and exclusion of studies for bibliometric
analysis [13]. In general, inclusion criteria form the basis for including articles that
provide the information required to answer the research question. While exclusion
criteria include the reason for excluding non-relevant articles, duplicate articles, and
articles with no full-text available, the inclusion criteria looked at the following:

e Publications made between 2011 and 2021
e Articles and review articles
e Published in the English language

2.2 Search Query

This study collects data from a Scopus dataset by searching the title, abstract, and
keyword search fields of articles published between 2011 and 2021. The query string
was blockchain AND built AND environment OR construction AND industry OR
infrastructure). three main segments were linked by the Boolean operator ‘AND’
each segment consisting of at least two fields linked by the ‘OR’ operator [14].

2.3 Data Analysis

VOSviewer is bibliometric network construction and visualization software. Jour-
nals, researchers, and individual publications can all be part of these networks
based on citation, bibliographic coupling, cogitation, or co-authorship relationships.
They also provide text-mining functionality for network construction, visualization
occurrences of terms extracted from scientific literature [15].

VOSviewer was chosen for this study to draw science mappings because it
has exceptional text-mining capabilities and is well-suited for dealing with larger
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networks [16]. VOSviewer is currently used in construction industry research to
create science mappings for several topics.

3 Results

3.1 Descriptive Analysis

From 2011 to 2021, 28 documents on the role of Blockchain development for
improved infrastructure delivery in the built environment were published on Scopus.
The distribution of publications and citations by year. During the first seven years,
no publication was made concerning the subject matter. The first article was done in
2018, and the publication rate increased in 2019 to 4 articles. 2020 saw five articles
being published, with 2021 saw the highest number of publications with fourteen.
In terms of citations, by mid-2022, there was a citation of 285 for all twenty-eight
articles on the Scopus index (Fig. 2).

3.2 Country Analysis

The United Kingdom had the highest number of article publications; Australia and
South Africa followed this with four each. Singapore, Hong Kong, and China had
two publications each. Regarding citations, the United Kingdom had the highest with
377, Australia followed this with 120 citations, and United States with seventy-seven.
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The United Kingdom had the most publications and citations, while South Africa,
China, and Singapore had the most collaborations (Fig. 3 and Table 1).

i wnsipgdom
Fig. 3 Country collaboration
Table 1 Country analysis Country Documents | Citations | Total strength
United Kingdom |9 377 3
Australia 4 120 2
United states 1 77 0
Netherlands 1 24 1
Switzerland 1 24 1
Iran 1 22 0
Singapore 2 21 4
South Africa 4 20 4
Hong Kong 2 13 1
Ttaly 1 12 0
France 1 6 2
Germany 1 6 2
Japan 1 6 2
Sri Lanka 1 3 0
Belarus 1 2 3
China 2 2 4
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Table 2 Author analysis

Author Documents | Citations | Total Strength
Kassem M 2 179 3
LiJ 2 179 3
Greenwood D 1 168 2
Nawari N.O 1 77 1
Ravindran S 1 77 1
Abrishami S 1 73 2
Elghaish F 1 73 2
Hosseini M.R 1 73 2
Edwards D 2 70 4
Parn E.A 1 70 1
Batty M 1 40 6
Engin Z 1 40 6
LanT 1 40 6
Longley PA 1 40 6
Penn A 1 40 6

3.3 Authorship

Table 2 shows the top authors in terms of the number of citations. From the list of
fifteen authors, two authors have 179 citations from publishing two articles. This
was followed by greenwood d. with 168 citations from the article. Furthermore,
three authors had ninety-nine citations from one published article. Newari N.O and
Ravindran S. had seventy-seven citations. Of the fifteen top authors, four authors had
the lowest number of citations, with forty. Figure 4 shows the lines of collaborations
among the different authors.

3.4 Journals

Table 3 shows the top seventeen journal articles in terms of article publications
relating to blockchain development for improved infrastructure delivery in the built
environment. The tables measure against the number of citations. Automation in
construction had the highest number of citations, with 262 from five published arti-
cles. It also has the most links with six, as shown in Fig. 5 This was followed by
the journal of building engineering with seventy-seven citations from one article.
However, from this list, three journals had no citations. Moreover, nine journals had
no links to other related journals.
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Fig. 4 Authorship collaboration network
Table 3 Journal source analysis
Journal Documents | Citations | Total strength
Automation in Construction 5 262 8
Journal of Building Engineering 1 77 0
Engineering, Construction, and Architectural 1 70
Management (ECAM)
Buildings 2 47 1
Sustainability (Switzerland) 3 43 0
Journal of Urban Management 1 40 1
IEEE Access 1 22 0
Journal of Cleaner Production 1 13 1
Frontiers in Energy Research 1 12 0
Future Internet 1 6 0
Internet of Things (Netherlands) 1 6 0
Journal of Facilities Management 1 3 0
IEEE Transactions on Computational Social Systems 1 2 0
Journal of Engineering, Design and Technology 1 1 1
African Journal of Science, Technology, Innovation and | 1 0 3
Development
Building and Environment 1 0 2
Journal of Global Operations and Strategic Sourcing 1 0
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Fig. 5 Journal network

3.5 Clustering

A keyword frequency visualization graph of blockchain in infrastructure was gener-
ated by VOSviewer, as seen in Table 4 and Fig. 6. Among the most frequently
mentioned keywords were blockchain(o = 17, TIS = 97), smart contract(o = 8,
TIS = 66), architectural design (o = 7, TIS = 57), block-chain(o = 6,TIS = 48),
construction industry(o = 8,T1S = 48), built environment (o = 8, TIS = 47), infor-
mation management (o = 5, TIS = 41), smart contracts(o = 5,TIS = 34), building
information modelling(o = 4, TIS = 33) and project management (o = 5, T1S = 32).

4 Discussion

4.1 Cluster Analysis

Cluster one

This cluster consists of twelve keywords including circular economy, digitali-
sation, and industry 4.0, among others. Industry 4.0, which includes global stan-
dards, the digitisation of business processes, and cyber-physical systems that collab-
orate with supply chain and logistics networks, is fundamentally driven by Artificial
Intelligence (AI) [4]. [1] also noted Al, robotics, serverless computing, blockchain
networks, and the Internet of Things (IoT) are all considered to be components of this
trend. Many research efforts were focused on converting management procedures and
activities in the construction sector from manual processing to electronic processing
utilizing Information and Communication Technologies with the introduction of
Industry 4.0 and the expansion of automation (ICT).

Blockchain, smart contracts, BIM, IoT, blockchain-smart contracts, and
blockchain-information security are some of the current academic trends that are
attracting a lot of interest. These current study topics are implicitly influenced by
Industry 4.0 because IoT and blockchain-smart contracts have Industry 4.0 as a
common denominator [17].
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Table 4 Keyword cluster

Cluster one Cluster two Cluster three | Cluster four | Cluster five
Artificial Block-chain BIM architectural | design/methodology/
Intelligence design approach
blockchain blockchain digital building information and
technology storage information | communications technology
modelling
built construction distributed building risk assessment
environment | industry ledger information
modelling
(BIM)
circular decentralisation | future construction
economy applications | sectors
construction | digital twin hypeledger distributed
fabric ledger
technology
(DLT)
digital internet of things | information | project
technologies management | management
digitalisation | network network
architecture security
digitalisation | smart city smart
contract
industry 4.0 smart contracts
procurement | supply chains
processes
sustainability
sustainable
development

In the delivery of infrastructure, there is not much active research linking sustain-
ability with blockchain. Blockchain technology have received less attention in rela-
tion to sustainability initiatives including green procurement, sustainable procure-
ment, and circular economy. Furthermore, sustainability might be linked with current
blockchain technologies to develop a market for green construction materials [17].
The circular economy seeks to improve resource use throughout the whole construc-
tion process, from design through operation and destruction, using blockchain tech-
nology. It focuses on reducing waste by reusing materials, whether by removing
substances that would hinder reuse, recycling materials, or engaging in any other
activity that substitutes the idea of end-of-life [18].

Cluster two

This cluster consists of ten keywords including blockchain, construction industry,
decentralisation, and digital twin, among others. The blockchain’s transparency and
immutability make it an ideal platform for testing if smart contracts may be used to
automatically check the compliance of objects in digital models [4]. Smart contracts



Unravelling the State of the Art of Blockchain Development ... 37

.. fZ - bioghghain

smartiignizact
oo & construcllh irhaiy B o bt enfigenmen:

anmiacas meseling

Fig. 6 Keyword cluster network

are among the most noteworthy features of blockchain for the construction industry.
They are self-executing pieces of code that conduct a contract’s provisions when
certain conditions are satisfied. As some components may still need human input
and control, smart contracts can alternatively be seen as regular contracts that can be
automated [19].

The prototype of an artefact that contains the data necessary to represent the
virtual model is referred to as its “digital twin.” This can be developed for opera-
tions, processes, and aircraft [20]. The concept of a digital twin is a broader phrase that
is evolving in tandem with the expanding deployment of IoT devices [21]. However,
there are still challenges of integrating blockchain with digital twin [22] Decentral-
ization, which distinguishes blockchain technology from the current, conventional,
centralized standard database system or platform, is its primary characteristic. Decen-
tralization guarantees that the contract’s terms are legitimate without the need for a
facilitator or central authority [3]. Additionally, [23] noted blockchain technology is
being integrated with other technologies, such as the Internet of Things (IoT) and Arti-
ficial Intelligence (Al), for use cases such as enabling IoT device interoperability in
a decentralized environment with fog computing acting as the orchestrating layer, on
a blockchain-based access control layer to the IoT data storage, and on decentralized
Al applications for enhanced data security and improved trust in Al

Cluster three

This cluster consists of eight keywords including BIM, digital storage, distributed
ledger, and future applications, among others. Blockchain technology, offers a
distributed tamper-proof ledger with the agreement of many players to allay trust
issues. It facilitates reliable computing and processing automation for a variety of
applications and cross-organisational collaborations when used in conjunction with
smart contracts [24]. Although blockchain has already demonstrated effective uses
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in the financial sector, it is thought to be a disruptive technology that has the potential
to alter a wide range of industries, including supply chains and the healthcare sector.

Distributed ledger technology, or the use of Blockchain for the execution of
Smart contracts, may help to improve network integration among participants and
provide an appropriate means of monitoring the materials and waste cycle [25]. The
information stored on the Blockchain can be accessible at any moment to track the
proper management of building waste and its effects on the environment, while fully
transparently documenting all information or acts.

Implementing blockchain-based BIM is an administrative process that has evolved
significantly over time. This system uses blockchain technology to manage modelled
data on the BIM platform, keeping the data private while allowing access to all
stakeholders involved [3]. The Digital Twin is occasionally mistaken for BIM since
it could refer to a rich BIM produced by the designer prior to the construction phase
and utilized to create a building [20].

Cluster four

This cluster consists of six keywords including architectural design, construc-
tion sector and project management, among others. According to [4] blockchain is
currently used in smart contracts for effective project management. Project manage-
ment processes in the construction sector are extremely dispersed, fragmented, and
complex, particularly throughout the execution and monitoring phases and more
particularly while delivering infrastructure. To plan, monitor, and manage these
processes in accordance with schedule, cost, quality, and scope requires a great
deal of effort, resources, and intermediates [1].

Design an apartment layout using a blockchain-based decentralized application to
get consensus from participants, with voting rights based on reputation and tokens.
This is specific to architectural design. Additionally, blockchain helps automate archi-
tectural design using shape grammars to facilitate distribution, decision-making, and
collaboration [18].

Cluster five

This cluster consists of three keywords which are design/methodology/approach,
information and communications technology, and risk assessment. To design a cogent
approach to encourage blockchain adoption specifically in the construction industry,
it is critical to analyze the existing situation of blockchain in the built environment
and the construction sector [19]. Additionally, a methodology that offers a workable
and realistic resolution for its application to the delivery of infrastructure, particularly
in developing countries, needs to be developed [26].

The use of blockchain technology can significantly reduce administrative costs,
effectively safeguard intellectual property rights, remove onerous paperwork, manual
verifications, and contract execution. Evaluating and selling ideas and workflows
could potentially open a new source of income for design professionals [5].
Researchers in the ICT sector are creating a Blockchain platform to evaluate the
general effectiveness and performance of Blockchain-based project management
[27].
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5 Conclusion

Information management is critical to the smooth operation of infrastructure delivery.
Itis the process of gathering, storing, distributing, archiving, and deleting/destroying
data. Information and data management are critical to decision-making toward
achieving improved, resilient, and responsive infrastructure delivery. While inno-
vative tools abound to managing information in the built sector, barriers such as
technical challenges, expertise needed, and cost of procurement inhibit the adoption
of these technologies. In contrast, blockchain offers opportunities for accessibility,
lighter and faster transaction speed, and secured data processing. However, research
in this area is limited and slowly emerging. Therefore, this study adopts a biblio-
metric review to avail current progress, critical discussions, and vital strategies to
advance the adoption of Blockchain development in the construction industry. This
study aimed to provide a state-of-the-art bibliometric review using Scopus data from
2011 to 2021.

The study’s results clearly show that the first publication was made in 2018, with
an increase of fourteen publications in 2021. Moreover, some of the top countries
leading in publications include the United Kingdom, Australia, and South Africa.
While the United Kingdom, Australia and the United States are leading in terms of
citations.

The leading journal in terms of the number of publications is automation in
construction, buildings, and sustainability (Switzerland). In terms of citations,
automation in construction is leading. This was followed by the journal of building
engineering and engineering, construction, and architectural management.

The most frequent words in the articles include blockchain, smart contract,
architectural design, blockchain, construction industry, built environment.

The bibliometric review of the selected articles revealed the progress of research
on Blockchain in improving infrastructure delivery. However, there were limits in
conducting the study. The study only looked at articles, and the data was sourced
from Scopus. Future studies should look at various kinds of scholarly publications
through various databases. The development of built infrastructure that scales well
and facilitates the interoperability of blockchain applications and services could be
a promising area of future research.
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Organisational Leadership as a Driver )
for the Adoption of Digital Technologies L
for Construction Project Delivery

Matthew Ikuabe®, Clinton Aigbavboa, Samuel Adekunle,
Babatunde Ogunbayo, and Rotshidzwa Mugaga

Abstract The uptake of digital technologies for construction activities seek to
proffer solutions to some of the challenges plaguing the delivery of construction
projects. Organisational leadership players a vital role in the drive for the espousal
of digital technologies in construction management. This study evaluates the factors
affecting the pursuit of adopting digital technologies by construction organisational
leadership. The study utilised a quantitative technique by deploying questionnaire for
data collection using built environment professionals as the target respondents and
the study area was Gauteng province in South Africa. The methods of data analysis
used were Mean Item Score, Kruskal Wallis H-test, and SNK post hoc test. Findings
from the study presents influential factors to the adoption of digital technologies by
the leadership of construction organisations. The study contributes significantly to
the knowledge base on the call for digital transformation in the construction industry.

Keywords Construction - Digital Technologies - Drivers + Organisational
Leadership - Project Delivery

1 Introduction

Construction projects are characterised with dynamic series of planned and
unplanned tasks carried out to achieve goals that are often well established or envis-
aged ex ante [1]. With ever-increasing clients’ demands in delivering sophisticated
building designs, sustainable infrastructure, and projects within the ambits of stip-
ulated standards, the delivery of construction projects is hugely becoming more
challenging [2, 3]. These include health and safety challenges, delays in project
delivery, cost overrun, and underperforming projects amongst others [4—6]. Despite
the intense efforts to abate some of these challenges, not much has been attained.
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Ballard [7] affirmed that some of these challenges are a result of the engaging process
peculiar to the construction industry which is quite different from other sectors due
to their monotonous system such as manufacturing.

Evidence has shown other industries such as retailing, banking, health, and manu-
facturing have embraced multifaceted approaches to the uptake of innovative tech-
nologies, while the construction industry is still trailing [8, 9]. The espousal of digital
technologies has been heralded as one that has the potential to yield process optimi-
sation, cost saving, reduction of task time, and enhanced service delivery [10, 11].
Hence, the propagation for the espousal of digital technologies is timely as it seeks to
proffer solutions to the aforementioned issues confronting the construction industry.
Moreover, Kamara et al., [12] opined that the construction industry is the right candi-
date for an upgrade considering the numerous challenges confronting it. However,
one significant feature in the drive for the adoption of digital technologies is the
role played by organisational leadership among construction organisations. Alade
and Windapo [13] noted that role of leadership of construction organisations is vital
in its pursuit of digital transformation. Furthermore, Markowitz [14] affirmed that
policy makers are significant determinants to propel the uptake of innovative tech-
nologies and its attendant benefits resulting. Based on this background, this study
seeks to explore the factors influencing the pursuit of adopting digital technologies by
construction organisational leadership, with a view to proffering enhancing measures
that can aid in propagating the uptake of innovative technologies for construction
project delivery.

2 Literature Review

The organizational structure is a system of roles, responsibilities, authority, and
communication links that are designed to assist an organization in accomplishing its
tasks and meeting its objectives [15]. Transformational leadership refers to adaptive
leadership behavior that has been shown to influence innovation, particularly the
tendency of organizations to innovate. The development of observable administra-
tive processes is referred to as organizational structure, whereas social interactions,
which are ethereal in nature, assist the coordination of organizational members [16].
The degree to which organization leaders completes tasks or achieves its objectives
is known as leadership effectiveness [17]. Hence, the hierarchal structure of organi-
sations must encourage the development of a business climate that strives to improve
the delivery mandates of the organisation and also push for the attainment of core
objectives set by the organisation.

According to Dall’omo [18], implementing new technologies comes at a high
cost. Therefore, the availability of the financial resource would play a vital role in
the choice of digital transformation by organisations. Also, the cost implication of
training the required personnel plays a determining role towards its uptake. Moreover,
cost of maintenance is a considerable influential factor in the deliberations of digital
transformations [19]. For construction organisations, the ability to properly define
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the potential benefits resulting from the uptake of a given innovative technology
would significantly influence the choice of its adoption [20]. Usually, this would
entail development strategies by engaging in analysis or assessment of its uptake.
Furthermore, organisations are undecided on the need to engage in research and
development. This is as a result of the uncertainty of the potential yields from such an
investment [21]. Investments in research and developments would potentially serve
as a driver for the espousal of innovative technologies by construction organisations.
Also, the return on investment serves as a considerable influence in the choice of
digitalisation by organisations [22, 23]. This is propelled by the need for organisations
to seek profitability in investments made.

Data security and protection is a considerable factor in the pursuit of innovative
technologies by organisational leadership of construction organisations. Qu et al.
[24] noted that construction organisations are particular about data protection and
cyber security in the pursuit of digital transformation. Moreover, the support of top
management of construction organisations is a significant determinant in pushing
the transformation pursuit through digitalisation. Ofori and Toor [25] stated that the
support of the top hierarchy of construction organisations would help expedite the
motive or agenda under focus. Moreover, the strategy employed by organisations is
influential to construction organisations’ digital transformation. Strategies employed
by organisational leadership is influential to the actualisation of digital transforma-
tion of the organisation [19]. The organisational culture attributed to construction
organisations plays a vital role in influencing the decision by organisational leader-
ship to embark on inculcating digital technologies for project delivery [26]. Also, the
strategies deployed by competitors serve as being influential towards determining the
need of digital transformation by construction organisations [27]. Since construction
is a competitive business, organisational leadership of construction organisations
would aim to keep tabs of competitors’ strategies in order to maintain a comparative
advantage for a favourable business environment.

3 Methodology

The study assessed the factors influencing organisational leadership of construc-
tion organisations to adopt digital technologies for construction projects. After the
review of extant literature, factors were identified which were subsequently presented
to construction professionals for rating based on their level of significance. This was
actualized with the use of a well-structured questionnaire which consisted of two
sections. The former focused on the demographic information of the respondents
while the latter was focused on the identified factors for rating by the respondents.
The target respondents of study which are construction professionals were architect,
quantity surveyors, construction managers, engineers and project managers. Conve-
nience and snowball sampling technique was adopted for the study, while the area
of study was Gauteng province of South Africa. A total of seventy-four responses
was retrieved and deemed appropriate for analysis. The methods of data analysis
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employed for the study was mean item score, Kruskal-Wallis (K-W) H-test, and
Student Newman Kauls (SNK) post-hoc test. Mean item score was used in ranking
the identified factors as rated by the respondents, while Kruskal-Wallis H-test was
deployed to ascertain if there is a statistical difference in the opinion of the groups of
respondents based on their professional affiliation. While the SNK post-hoc test was
employed in differentiating the mean responses of the respondents based on their
professional designation.

4 Findings

A total of fourteen factors were identified after the review of extant literature and
thereafter presented to the respondents of the study for rating based on their signif-
icance. Table 1 presents the result of the ranking of the factors and also the result
of the analysis of K-W test conducted. The findings from the table indicates that the
most rated factors influencing construction organisational leadership in the adop-
tion of digital technologies are return on investment with a mean score of 4.34, top
management support having a mean score of 4.27, financial resource with mean
score of 4.19, organisational culture and definition of benefit with usage with mean
scores of 4.04 and 4.00 respectively. It is observed that all the factors have a mean
core above 3.00, thus implying their significance. Furthermore, the result from the
K-W test shows that there is no statistical significance difference in the opinions
of the group of professionals for thirteen of the identified factors. This is because
these thirteen factors all have a p-value above 0.05, thereby indicating that there is a
convergent view among the different professionals on these factors. However, there
is a discrepancy in views of the group of respondents on one of the factors (personnel
training) due to the derived p-value of the factor being less than 0.05. This might be as
a result of the different professional designations having different core professional
mandates in delivery of construction projects.

Table 2 portrays the result of the SNK post-hoc test (multiple comparison)
conducted for the study to showcase the mean difference of the group of respon-
dents. The findings of the test shows that there is a significant difference in the
factors influencing organisational leadership in adopting digital technologies among
two groups of the respondents. The first group is made up of quantity surveyors
and engineers with values of 2.7723 and 2.9148 respectively. While the other group
comprises of construction managers, project managers and architects with values of
3.1052, 3.4992, and 3.6782 respectively.
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Factors X R K-w
X? Sig

Return on investment 4.34 1 1.319 0.290
Top management support 4.27 2 5.836 0.411
Financial resource 4.19 3 3.227 0.537
Organisational culture 4.04 4 7.092 0.465
Definition of benefits with usage 4.00 5 6.295 0.071
Organisations’ objectives 3.95 6 4.003 0.173
Business environment 3.72 7 1.842 0.092
Market orientation 3.71 8 3.849 0.484
Organisation’s strategy 3.69 9 2274 0.712
Personnel training 3.62 10 1.582 0.021*
Organisation’s corporate image 3.58 11 4.692 0.873
Competitive pressure 3.55 12 5.826 0.159
Research and development 3.42 13 8.379 0.585
Data security and privacy 3.37 14 6.662 0.231

Table 2. SNK Post Hoc Test Groups N Subset for alpha = 0.05
1 2

Quantity Surveyors 14 2.7723

Engineers 14 2.9148

Construction Managers 14 3.1052
Project Managers 14 3.4992
Architects 14 3.6782
Sig 1.000 0.668

Means for groups in homogeneous subsets are displayed.

a. Uses Harmonic Mean Sample Size = 14.000.

5 Discussion of Findings

Main factors to organisational leadership of construction organisations to the adop-
tion of digital technologies was assessed in this study. Findings from the analysis
conducted shows that the most influential factor is return on investment. This finding
is corroborated by Oh et al., [22] who noted that the return on investment serves as
a considerable influence in the choice of digitalisation by organisations. Moreover,
organisations are propelled to commit funds for digital technologies when there is a
clear mandate that the investments would yield financial returns [23]. Generally, the
driving idea of engaging in digital transformation by organisational leadership is the
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assurance of attaining financial advantage. Furthermore, the study reveals that top
management support is a significant factor in the quest for digitalisation by construc-
tion organisations. Ofori and Toor [25] stated that the support of the top hierarchy
of construction organisations is crucial to important decisions of construction organ-
isations. Hence, the support of top management of construction organisations is a
significant determinant in pushing the transformation pursuit through digitalisation.
Also, the financial resource at the disposal of the organisation is a considerable
determinant in the choice of digitalisation by organisational leadership. According
to Zhang et al. [21], implementing new technologies comes at a high cost. There-
fore, the availability of the financial resource would play a vital role in the choice
of digital transformation by organisations. Additionally, it is revealed that all the
group of professionals making up the respondents for the study all have a convergent
opinion on all the identified factors for the study except for personnel training. This
might be as a result of the different professional designations having different core
professional mandates in delivery of construction projects, thereby having different
obligations with the digitalisation process.

6 Conclusion

The study assessed the factors influencing the pursuit of the adoption of digital tech-
nologies by construction organisational leadership. Subsequent to the review of liter-
ature, the study identified fourteen factors which were presented to the respondents of
the study for rating with the use of a well-structured questionnaire. Retrieved data was
subjected to statistical analysis which revealed the most significant factors as return
on investment, top management support, and financial resource. Also, it was shown
that there was a divergent view among the group of respondents in only one of the
factors, which is personnel training; while other factors saw a convergent view among
the group of professionals. Based on the findings of the study, it is recommended
that organisational leadership of construction organisations should encourage digital
transformation of construction organisations since it guarantees effective construc-
tion processes, efficient service delivery and optimisation of resources is guaran-
teed. Consequently, yielding to a potential return on investment in the digitalisation
process. Also, the drive for the uptake of digital technologies should be one that
should get the support of top management of construction organisation since they
play a vital role in the management of organisations.
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Modeling Drywall Construction Process m
Using a Spatiotemporal Chronographical | @i
Scheduling

Adel Francis and Edmond Miresco

Abstract The Gantt/Predictive Diagram is the most widely used model for plan-
ning building construction projects. This diagram focuses on defining activities and
constraints and then allocating resources to those activities. Space constraints are
generally neglected. This makes it difficult to represent the sequence of work, traffic,
and supply flow between different sites. Spatiotemporal models are considered more
appropriate as scheduling models. These models aim to linearize activities, resources,
and spaces at the same time. The objective of this research is to model drywall
construction process using a spatiotemporal Chronographical scheduling. Partition
drywall assembly involves many components. Each of these components has a wide
variety of types, sizes, or other technical specifications. Space planning models the
sequences of operations on the construction site by subdividing the construction site
into areas to define work zones. Although this type of division is well suited for
most construction stages of implementation, such as creation of spaces, systems,
finishing, closing of spaces, and outdoor facilities; it is less suited, for the envelope
and the division of spaces stages of implementation. Spatial divisions of the site must
therefore be adapted to this reality. The novelty of this publication is that it proposes
a new way of dividing spaces, and it demonstrates this through a practical example.

Keywords First Keyword - Second Keyword - Third Keyword + Forth Keyword -
Sixth Keyword

1 Introduction

Traditional planning methods based on the Gantt/Precedence diagram focus on
defining activities and constraints, and then allocating resources to these activities.
Space constraints are usually neglected. Neglecting space may result in a congested
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or relaxed site, negatively affecting project duration. In addition, allowing traffic to
occur haphazardly, without forethought or control, can produce traffic congestion
[5]. Resource management, without consideration of work location, is inefficient.
Resources cannot be used, even if available, beyond the capacity of the workplaces.
The planner must also ensure proper rotation of teams across spaces.

Over the years, many space-based scheduling methods have been developed. Most
of them rely on purely algorithmic solutions. These solutions define the model param-
eters considered important, but neglect others considered less important. Neglecting
parameters in order to do complex modeling could harm the results.

This paper supports the idea that graphical solutions are more suitable for
modeling complex construction sites. Graphical modeling acts as a decision support
system that guides planners and managers to make better decisions. In the past, some
researchers have selected graphical modeling for space-based planning. Winch and
North [11] defined spaces by their occupancy status. Riley and Sanvido [7] focus
on the division of work spaces and the sequencing of activities, Tommelein et al.
[10] show constrained spatial planning for multi-story buildings, Akinci and Fischer
[1] capture the spatial requirements of different trades, Francis [2—6] introduces the
spatio-temporal concepts of the Chronographical modeling to represent worksite
operations with various compatible graphical and tabular approaches, Winch and
North [11] developed the Critical Spatial Analysis (CSA) to link the spatial and
temporal aspects of a worksite, Seppénen et al. [8] use a location-based management
system (LBMS) to plan and control production.

The objective of this research is to model drywall construction process using a
spatiotemporal Chronographical scheduling. Space planning models the sequences
of operations on the construction site by subdividing the construction site into areas to
define work zones. Although this type of division is well suited for most construction
stages of implementation, such as creation of spaces, systems, finishing, closing of
spaces, and outdoor facilities; it is less suited, for the envelope and the division
of spaces stages of implementation. Spatial divisions of the site must therefore be
adapted to this reality. The novelty of this publication is that it proposes a new
way of dividing spaces into linear strips according to the different specialties of the
subcontractors, and it demonstrates this through a practical example.

2 Chronographical Modeling

To meet the needs of planners and address the shortcomings of current methods,
Francis [2] developed the Chronographical modelling. A graphical modeling for
scheduling the construction operations on the project site. This modelling considers
simultaneously the different elements of construction, namely, work, crews, mate-
rials, and spaces. Various compatible graphical modelling approaches, using graph-
ical means of distinction, association, scale and attributes, have been proposed. Each
approach demonstrates the necessary information to meet a certain need. The planner
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can switch between these approaches by manipulating the different graphical param-
eters [3, 4]. The proposed tabular and graphical approaches allow grouping the
scheduling information according to the specialties of the subcontractors, the works
or the spaces. By modeling spaces, it is also easier to plan traffic and intermediate
stocks.

The Chronographical modeling can also presents different spatiotemporal
approaches in order to allow the modeling of site spaces in addition to activities
and resources. These modeling could allow:

i) to model the site spaces (floors and zones) as the background of the schedule and
demonstrates construction operations on the foreground (Francis [5]). Spatiotem-
poral approaches combine three linearities: resources, spaces and activities. These
approaches prioritize the critical space in the critical path of activities by defining
the optimal site occupancy rates. Graphical optimization as described in Francis
[5] became easier and more realistic. By combining graphical, procedural and
algorithmic aspects, planner could have better solution for building construction
sites without a need of complex calculations;

ii) to conversely represent the planning of construction operations on the project
site plan [6]. This second model is named a site-spatial-temporal scheduling. The
scheduling modeling process for this modeling define for each floor, the layers
that demonstrate the construction steps (creation of spaces, systems, divisions,
finishes and closing of zones) and divide each layer into zones that ensure a
Takt production. For each specialty, the model defines the sequence of work
by linking the activities of the specialty between the different areas, respecting
the predefined working direction. Figure 1, demonstrates an applied example
for the site-spatial-temporal scheduling. This figure shows at the same time, the
graphical site-spatial-temporal (in the upper part) and two tabular approaches
(in the lower part). The first is grouped by site spaces (Zones) and the second is
grouped by specialties (Teams).

3 The Design Model for Scheduling Drywalls Construction

The systematic graphical design model is used to create visual models for scheduling
drywalls construction. It involves breaking down a problem into its components and
analyzing each component using graphic elements to represent the structure of the
system. This technique allows planners to plan crew rotation on the site and helps
stakeholders to clearly understand how different parts interact with each other and
also encourages collaboration, making it easier for teams to make decisions in a
timely manner and reducing conflict on the site.

The design model is based on the process developed by Steenkamp and McCord
[9]. This process specifies the following steps:

1. The context of use: In previous publications, the Chronographic modeling used
areas to define work zones. Although this type of division is well suited for
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most construction stages of implementation, such as creation of spaces, systems,
finishing, closing of spaces, and outdoor facilities; it is less suited, for the envelope
and the division of spaces stages of implementation.

The need for new artifacts: For the envelope and the division of spaces stages of
implementation, the advancement of the teams is done linearly. Spatial divisions
of the site must therefore be adapted to this reality. The construction schedules
must also be compatible with these types of operations. The developed artifacts
show the dynamic evolution of the occupation of these types of works.

The structural specifications and the prototype: The conceptualization structure
and the prototype of these artifacts are based on the Chronographical approach.
The next section will explain the elements, and structures on a prototype based
on a practical example.

The implementation and the evaluation: The applied example presented will
demonstrate the implementation process. More complex examples have to done
in the future on real projects in order to validate the proposed design.

Modeling Drywall Construction Process

ition drywall assembly involves many components, including gyprock, metal

(or woods) studs, insulation, electrical wiring, and telecommunication wiring. After
laying the drywall, the gyprock needs grouting and then a finish coat, such as painting,
wallpaper or ceramic. For the envelope, in addition to these components may be added
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several exterior finishing works, including, the vapor barrier, sheathing (or bracing),
air barrier, battens, and sidings. Sidings also come in many types, including masonry,
glass curtain walls, aluminum, vinyl, wood, fiberboard, or fiber cement. Each of these
components has a wide variety of types, sizes, or other technical specifications.

While it is optimal to create typical partitions on the architectural drawings, it is
not the same for construction site operations. For the design phase, it is simpler and
more efficient to do groupings, which will lighten the plans and estimates of grades
C and D. Note that modelling software such as Revit also promotes this technique by
creating product families. For the construction phase, each component is carried out
by a different subcontractor. Construction contracts are based on materials (wood,
plastic, metal, etc.) and not on construction elements (walls, floors, doors, windows,
etc.). For example, wood, steel, and aluminum windows are not manufactured by
the same supplier. On the other hand, a supplier, who works with steel, will be able
to manufacture doors, windows, cabinets, and even stairs in steel. The same logic is
applied for wood, vinyl, and ceramic floors, for which different subcontractors will
be hired to do the installation on site. So, while groupings by type are excellent for
the design phase, they fail for site work planning.

The Chronographical method graphically models the sequences of operations on
the construction site by subdividing the construction site into zones. Areas over which
crews move to perform work in different emplacements of the site. To do this, the
modeling creates a dynamic hierarchy of spaces, a Location Breakdown Structure
(LBS). The LBS is structured into project components (different buildings); vertical
levels (floors); and horizontal spaces (zones). The LBS identifies, for the zones, the
seven (7) major successive stages in the implementation of the construction phase of a
building project, namely the creation of spaces (e.g., addition of new floors); systems
(e.g., ventilation ducts); envelope (e.g., exterior walls and roof); division of spaces
(e.g., partitions); finishing (e.g., painting); closing of spaces (e.g., carpeting); and
outdoor facilities and exterior landscaping. The Chronographical method graphically
models these stages by creating seven levels of graphic layers. Each is subdivided
into zones according to the stage of construction, creating a dynamic hierarchy of
spaces.

As mentioned before, for the envelope and the division of spaces, work is done
linearly. Spatial divisions of the site must therefore be adapted to this reality. The
novelty of this publication is that it proposes a new way of dividing spaces, and
it demonstrates this through a practical example. To date, the site decomposition
systems offer work surfaces, which are appropriate for many specialties, such as
floor installation. However, for linear work, such as partition installation, the site
breakdown into areas is an approximation that can hardly be used to establish a good
crew rotation. Thus, the new way of dividing the spaces into linear strips according
to the different specialties of the subcontractors, represents a good solution. The
principal strength of this method is related to its modelling ability that facilitates
communication of information between the site stakeholders on the construction
site. The dynamic representation of the occupancy of the site using adapted artifacts
will improve the visualization of the schedule, ensure a good balance of the use of
spaces throughout the project, and will act as a decision-making support system.
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S Applied Example for Scheduling Drywalls Construction

The following example (Figs. 2, 3 and 4) shows the preparation work for drywall
assembly for a three-story building. The work includes metal studs, drywall
installation (Gyprock), insulation, electrical wiring and telecommunication wiring.
Grouting, and painting are not included in this example.

The graphical visual model designs the concept of artifacts that express the objects
on the two-dimensional plan. These artifacts demonstrate the modeling of walls
components and their sequences to facilitate team rotation, but not as an execution

o] 8 12 16| @ 8 12 16 [20 |12 16 20 |8 12 16 20 B8 128 pays
Lo s e L >
/ [ ¥ e oo i

15 — i Ko |

) : g |
2(10%) v |300%) = i

B O 8 2 ) :

— !

j a2 7 | 400%) ;

1(10%) 9(20%)|511%) ;
7 (12%) 8 (5%) 6(12%) :
III 2 16 0

Zone 9 Team2 Team5 Team7

l Zone 1 | Zone 2 | Zone 3 wtl | Zone 6 | Zone 8 |

Zone 9

Zone 9 . Zone2 .| Zone 5 | Zone 6 | Zone 7 |

[1

| 4onel | Zone 2 | Zone 3 | Zone 4 | Zone 5 | Zone 6 |

Zone 9

Fig. 2. Applied example for the site-spatial-temporal scheduling [6]



Modeling Drywall Construction Process Using a Spatiotemporal ...

weeks|

|

1 2 3 ) s 3 7 8 ]
3 4 5 6 7 8 91011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 a5

Floor 1

1113111171117 Metal studs
Insulation 2
Electrical wiring

£

* Insulation

= = =] GYPrOcks =t e e ek

ectrical wiring * = = = =
— Telecom . —

Floor2
Gyprock

1| Metal studs
Insulation
Electrical wiring,

L L Z.ayprock =L =

111111177 Metal studs.

amfmen fomm

Insulation =

—— — — Blectrical wiring = — — — —
- Telecom « —

Floor3

Electrical wiring

— = S —Gypprock= = = = = = =

Metalstuds: 1]11]11]4171/ 111
7 Insulation
— — — = Electrical wiring

—Telecom « —

[ 1 2 3 a5 6 7 8 91011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 2 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

Gyprock
Floor 1
Floor2
Floor 3

— =Gyprock — — —

Metal studs
Floor 1
Floor2
Floor 3

|Metal studs

ST T 1011177 Metal studs 771771

Insulation
Floor 1
Floor2
Floor 3

nsulation
Insulation

Insulation

Electrical wiring
Floor 1
Floor2
Floor3

= = = — Hlectrical wiring - = — —'—

— — — — Electrical wiring

o e EleCtrical WiriNg e ot

Telecommunication wiring
Floor 1
Floor2
Floor 3

—Telecom + —
— Telecom —

L .Telecom —

Fig. 3. Project planning grouped by floors and by specialties

ot - T s |
1 I i
i f ]
- — i i
- ; i |'
: I
i anapanaral)
o
] I
. -

6 7 &8 910 11 12 13 18 15 16 17

Floor2

T T YT T Ty TR TR TR TS T T T2 N P

|
3
|
|
|
|
|
|
|
1

@ 5 6
13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 25

Floor3

1
|
|
|
|
|
|
|
|
1
1

6 [ 7 T & 1]
26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

6 7 8 910 11 12 13 14 15 16 17

P‘i‘:‘i‘i‘fn‘&'&'&'&'&'& St |
[

E 1 ]
i i [ ']
T |

1

EEEE S S

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

6 7
2 27 28 29 30 31 32 33 34 3

Fig. 4. Project planning and grouped by floors and by specialties.

Fig. 4. Project planning using site-spatial-temporal modeling

2 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42

59



60 A. Francis and E. Miresco

. weeks| 1 I 2 | 3 | 4 1 5 I 3
Specialities daysl 1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18 15 20 21 22 23 24 25 26 27 28 29 30
FOL

7 8 5
31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

Fo1 F02 L

Insulation F03

FO3= o o

FO2 e o O3 e

weeks| 1 = T FR I S — 5 1T = -
Floors 1 2 3 4 5 6 7 8 91011 12 13 14 15 16 17 18 10 20 21 22 23 24 25 2 27 28 20 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

Fig. 5. Project planning and grouped by specialities or by floors

process. For the wall construction process, the model allows the planner to formulate
his execution strategies according to the site architecture. This strategy is usually
coordinated with the site workers in a Last Planner planning logic.

Figure 2 shows the planning of this project in two forms: i) The upper part shows
the specialties grouped by floor. This facilitates the coordination of the work on each
floor; and ii) the lower part shows the floors grouped by specialty. This shows the
sequence of each specialty on the different floors.

Figure 3 shows the same planning of the same project. The only difference with
Fig. 2 is that each floor is divided into two zones shown by the blue and pink colors.

Figure 4 shows this planning on the floors. It is a 2D+1 planning (a simulation
similar to the 4D planning, but with a 2D plan 4 time). In this figure, the evolution
of the construction is demonstrated, on each floor, on a weekly basis. Thus, the first
section of the figure (top left) shows the progress of the first floor during the first
week (days 1 to 5), while the section of the figure (bottom center) shows the progress
of the third floor during weeks 6 and 7 of the project (days 26 to 35).

Figure 5 shows the same groupings as Fig. 2, namely, specialties grouped by
floor, and floors grouped by specialty. The difference, as mentioned, is related to the
distinction between the work progress in each zone.

6 Conclusion

In conclusion, spatiotemporal models are considered more appropriate to model the
construction of building projects. These models model the sequences of operations
on the construction site by subdividing the site into zones to define the work areas.
Although this type of division is well suited to most stages of construction imple-
mentation, it is less suitable for the envelope and space division. The process of
building the envelope and drywall is done linearly. The spatial divisions of the site
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must therefore be adapted to this reality. This paper develops artifacts that demon-
strate the linear and dynamic evolution of the occupation of these types of structures.
The use of these artifacts improves the visualization of the schedule and ensures a
good balance in the use of spaces. The novelty of this publication is that it offers a
new way of dividing spaces, and it demonstrates it through a practical example. Its
main asset is linked to its modeling capacity, which facilitates the communication of
information between the actors of the construction site on the construction site.
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at Unstructured Work Zones: Analysis i
of Worker Behavioral Data Captured

in VR-Based Micro Traffic Simulations

Julia Qin®), Daniel Lu®), and Semiha Ergan

Abstract In 2020, the Federal Highway Administration (FHWA) reported 857 fatal-
ities due to crashes at roadway work zones, 117 of which were construction workers.
Current practices to protect the personal safety of workers, such as stationary sound
and light-based work zone intrusion alarms, are frequently disregarded since their
alarm characteristics (e.g., volume, duration, frequency) are not well suited to work
zone environments. Such alarm devices are also rarely deployed at unstructured (i.e.,
mobile and short term) work zones. There is a need to identify optimal alarm charac-
teristics that can effectively notify workers of incoming hazards at unstructured work
zones without alarm fatigue. This paper is part of a larger research vision, where an
integrated platform of virtual reality (VR), micro traffic simulations, and wearable
sensors is used to capture workers’ physiological and behavioral response to alarms.
This platform enabled analyzing behaviors during dangerous traffic scenarios that
are not feasible to test in real world settings. The captured data will be used as a
dataset to build reinforcement learning (RL) based calibration models to optimize
the frequency, modality, and duration of alarms that workers are more attentive to.
Towards this goal, this paper provides the results of initial data analysis on how
workers responded to alarms sent to wearable devices with different modalities (e.g.,
sound, vibration), durations, and frequencies. Effect of different alarms on worker
behavior and physiology has been measured with metrics that rely on workers’ posi-
tional changes, head movements and what they see in their field of views, heart rate
changes, and acknowledgement of alarms on wearable interfaces. Results indicate
that alarms with shorter durations and repeated less frequently can lead workers to
react faster by detecting vehicles and acknowledging the wearable warning device.
Findings from this study can serve as benchmarking data for the design of effective
alarm systems for work zones and be utilized as a dataset for RL models for training
agents for such systems.
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1 Introduction

Latest figures from the United States (US) Federal Highway Administration (FHWA)
and Department of Labor report that vehicle crashes led to 857 fatalities, 117 of
which were construction workers, and resulted in 44,000 injuries at roadway work
zones in 2020 [1, 2]. These metrics have either increased or remained at similar
levels in the last five years. While roadway work zones employ a variety of safety
measures to alert vehicle drivers approaching a zone, including layout of traffic
control devices (i.e., cones, barrels) and signage, recent work zone intrusion alert
(WZIA) systems have been developed to warn workers with sound and light-based
alarms after sensors detect potentially hazardous vehicles [3, 4]. Research has begun
to understand how these alarm systems can impact workers’ safety behavior, such
as how responsive they are to alarm characteristics and their resultant situational
awareness (SA), the perception of their surrounding elements and ability to project
the status of safety hazards in the near future [4-6]. Most WZIA systems emit a
fixed set of light and sound-based alarms from a stationary location in the work zone.
Consequently, these fixed alarm characteristics (e.g., volume, frequency) are difficult
for workers to perceive, either due to environmental conditions (e.g., construction
noise, foggy weather, night time) or simply because workers are positioned farther
away from the alarm devices. Studies have shown that workers farther away from
alarm sources are less likely to notice the alarms and react slower to them, decreasing
their SA of hazardous vehicles [5].

Some WZIA systems attempt to counteract the effects of workers’ distance from
alarms with personal alarm devices carried by the worker [5]. This system feature
points to the potential of wearable alarm devices to improve worker’s perception of
alarm characteristics and improve their resultant SA of nearby traffic. Such wearable
alarm devices are especially useful for short-term and mobile roadway work zones,
where relatively few traffic control devices are used in layouts [5]. However, there is
limited information on what wearable alarm characteristics, such as modality (e.g.,
sound, vibration), are more effective at evoking a worker to physically react [8]. This
paper analyzes data obtained from virtual reality (VR) simulations of urban short
term and mobile roadway work zones to examine how workers react to varying alarm
characteristics emitted by wearable devices (i.e., a smartwatch).

Improvements in VR and wearable sensing technologies have enabled researchers
to more precisely analyze worker behaviors in roadway work zone hazard scenarios
without endangering human participants in physical testbeds and real work zones.
In order to determine which alarm characteristics more effectively notify workers
of incoming hazards, the research team developed a hardware-in-the-loop (HIL)
experiment platform integrating virtual reality (VR), calibrated micro-traffic simula-
tions, and wearable sensors [7, 9]. Participants were invited to a visualization lab to
perform tasks in virtual work zones while wearing a smartwatch with an application
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that emitted a random pattern of sounds and vibrations every time a hazardous vehicle
(e.g., speeding, work zone collision) approached the work zone. The data obtained
from the integrated platform was analyzed to evaluate how varying an alarm pattern’s
characteristics impact different worker behaviors (e.g., acknowledging alarm, turning
head, positive body movement). This data also forms the basis for developing rein-
forcement learning (RL) controls for the alarm patterns in response to how quickly
workers react to the alarms and maintain their safety.

2 Related Work

2.1 Previous Research Studies on Understanding Worker
Reactions to Alert Systems

Numerous studies have examined the reactions of workers to alarms in other domains
such as firefighting and medical settings (e.g., nurses) [10]. Within the construction
industry, however, studies have mainly focused on how workers respond to proximity-
based alarms, where alerts are raised to a person when they walk too close to a
hazardous object on construction sites [10]. Relative to vertical construction sites
(e.g., high-rise buildings), horizontal roadway work zones face a unique risk from
passing vehicles. With the commercial development of various WZIAS, research
studies have sought to compare their effectiveness in preventing accidents in real-
world roadway work zones or physical testbeds involving predetermined vehicle
driving trajectories. For example, Gambatese et al. compared how well different work
zone intrusion alarms could be heard amidst heavy construction noise in real-world
construction work zones [4]. Both construction workers and research staff onsite were
given clicker remotes to record when they heard an alarm. Remote clicker reaction
times range from 2 to 6 s. Thapa and Mishra utilized physical testbed simulating
vehicles and workers in the real-world to evaluate the effects of different work zone
layouts and different WZIA systems on worker reaction times, defining reaction
specifically as when a worker started to move away from the hazardous vehicle.
Mean reaction times were observed to be around 2 s [5].

In these studies, reaction times were a key metric in evaluating WZIAS and were
measured using either a remote clicker for each worker to press after noticing an
alarm, or a research team member reviewing video recordings for when workers
physically moved away from vehicles. In the case of the remote clicker measurement
method, a reaction time can be quantified but does not capture specific aspects of
a worker’s physical reaction (e.g., head turn, body movement). In the case of video
recordings, researchers seemed to only focus on a specific physical reaction of body
movement, excluding other physical reactions and aspects of a worker’s SA that
ultimately improve their life safety. Did the worker turn their heads before moving
their body away from the vehicle? Did the worker notice the vehicle before the alarm?
Furthermore, none of the aforementioned studies employed biometric sensors (e.g.,
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heart rate, respiration sensors) to measure if workers’ physiology indicated that they
perceived either the alarms or the approaching hazardous vehicles. With the research
team’s previous work on an integrated VR, traffic simulation, and wearable sensor
platform, results discussed in this paper will discuss the many ways participants
reacted to the alarm, beyond when they acknowledged the alarm on a remote device
and physically moved their body. These forms of reaction times were all quantified
by wearable sensor measurements, rather than based on qualitative measures.

2.2 Previous Research Studies on Traffic Safety Using
Wearable Sensors and Virtual Reality

To analyze worker’s behavior and SA more closely, wearable sensors have been tested
in various field studies, examining workers’ visual attention (i.e., eye-tracking) and
physiological state on real-world construction sites [11, 12]. Meanwhile, many VR-
based approaches have been developed for the purposes of worker safety training,
but few focus on using virtual simulations for the purposes of testing alarm devices
[13]. Most notably, Kim, et al. evaluated risk habituation among human workers after
multiple exposures to backup alarms from construction vehicles, and a work zone
traffic accident [14]. Their user study protocol had participants wear VR and perform
construction tasks in two separate sessions. During each session, VR-based sensors
measured how often participants looked up towards a construction vehicle backing
up towards them. An accident occurred when participants frequently did not look up
at the construction vehicle, causing it to dramatically accelerate towards and collide
with the participant. Risk habituation was measured by counting how often workers
gaze direction was towards the construction vehicle, and how this “checking rate”
changed between the participants’ first and second sessions. This measure of worker
vigilance appeared to improve with more VR sessions and exposure to an accident.
Rather than focusing on how worker behavior is impacted by increased time spent in
the VR work zone environments, this paper examines the specific impact of wearable
alarm characteristics. Overall, this work focuses on how wearable alarm devices can
promote worker safety, rather than use of VR-based safety risk exposure methods.

3 Methodology

In order to analyze the effects of varying alarm characteristics on forms of worker
reactions, user studies were conducted on an integrated platform of VR, microscopic
traffic simulations, smartwatch applications, and wearable sensors. User study partic-
ipants wearing a VR headset performed simulated construction tasks near traffic flow.
Hazardous vehicles (e.g., speeding vehicles, vehicles colliding with the work zone)
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approaching the work zone triggered alarms of random characteristics (e.g., dura-
tion, frequency, modality) on a smartwatch on the participant’s wrist. A suite of
wearable biometric and locomotion sensors recorded different forms of the partici-
pant’s response to the different alarms and dangerous vehicles: watch acknowledg-
ment time, body movement reaction time, vehicle detection reaction time, head turn
reaction time, and heart rate percent change. The following subsections describe the
aforementioned simulation and data collection methods in more detail.

3.1 Integrated VR-Traffic Simulation Platform

Previous work by the research team led to the development of an experiment plat-
form that integrated VR environments with traffic simulations to realistically model
work zones along urban streets [7, 9]. Real-world work zones were reconstructed as
VR environments using 3D laser scanning and Unity3D game engine, while traffic
patterns along the work zone were modeled with the open-source software Simu-
lation of Urban Mobility (SUMO). SUMO has been validated to replicate traffic
flow, helping to ensure realistic vehicular trajectories in the simulation of a roadway
work zone. To further increase the realism of the work zone traffic simulation,
a customized application programming interface (API) was created to enable bi-
directional communication of traffic control devices (e.g., cones, barrels) and vehicle
locations in both the traffic simulation and VR environment (Fig. 1). An ultrasonic
sensor was also placed around the perimeter of the VR experiment area, creating a
hardware-in-the-loop (HIL) system that connected external monitoring of the partic-
ipant’s physical location to the VR environment. Three virtual environments were
created on this platform to simulate a variety of work zone scenarios on different
urban roadway conditions: (1) placing cones to define a mobile work zone in an
urban street, (2) installing a traffic sensor on an urban highway, (3) surveying across
an urban intersection. These scenarios were developed for the platform after review
of traffic safety literature revealed mobile and short-term construction zones may be
more accident prone due to lack of traffic control devices [9]. This paper provides
preliminary analysis of how users of the VR-traffic simulation platform reacted to
smartwatch alarms in the first work zone scenario.

Traffic simulation also enabled modelling of hazardous vehicle behavior, such as
speeding vehicles and vehicle intrusions or collisions at the work zone perimeter (see
Sect. 3.3). When these hazardous events occur in traffic simulations, alarm data is
sent to a cloud server to pass to wearable devices, such as a smartwatch, to emit an
alarm for the worker (Fig. 1). When the VR participant’s physical location is also
near the edge of the work zone perimeter, the ultrasonic sensor’s RaspberryPi control
board would also send data to the server to trigger the wearable alarm. Overall, this
integrated VR-traffic simulation platform served as a virtual testbed for simulating
hazardous vehicle events around a work zone and collecting data on precise changes
in workers’ physiology and behavior when responding to different alarm patterns
and work zone scenarios.
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Fig_ 1. Integrated VR and Traffic Simulation Virtual Reality
traffic simulation platform

for evaluating smartwatch —
alarm characteristics’ impact s
on worker reactions

Measures of Worker
Reaction

3.2 Smartwatch Alarm Characteristics

The smartwatch application for the Apple Watch was developed to emit different
alarm patterns of randomized characteristics during VR-traffic user studies. Due
to the gap in the literature on worker alarm responses, the research team tested a
wide variety of alarm characteristics to notify users of dangerous vehicle events. The
Apple Watch used in this study already had built-in alarms types of various sounds
and vibrations, each lasting around 0.8 s. Alpha tests of smartwatch alarms found
that Apple Watch’s built-in “Retry” notification sound and vibration was found to
be most noticeable and was therefore used to create different alarm patterns. Each
alarm pattern is defined by a combination of characteristics: (1) alarm durations,
ranging from 1.8 to 3.8 s (2) number of repetitions, ranging from one to three times,
(3) frequency of repetitions, ranging from 0.5 to 1 Hz and (4) modality, including
tactile vibrations and vibrations combined with sounds. In our study, “alarm dura-
tion” is defined as the total length of time of continuously emitted built-in alarms.
For example, a built-in alarm duration of 0.8 s that was emitted three consecutive
times was considered to have an effective alarm duration of 2.8 s for this study. The
continuous duration of built-in alarm could be repeated once or twice, and the repe-
titions could be spaced apart by a pause of one or two seconds (i.e., a frequency of
1 Hz or 0.5 Hz). The “total notification period” of an alarm was defined as the length
of time of the selected alarm pattern, or the sum of the associated alarm durations
and pause periods and is shown in Fig. 2 below. The resulting 30 combinations of all
possible alarm pattern characteristics had total notification periods ranging between
1.8t0 154 s.

In terms of alarm modality, the Apple Watch is able to emit alarms with vibrations
and sounds, or alarms with vibrations only. To switch between these two modalities,
it was necessary to enter the Apple Watch’s system-wide settings and turn on or off
Silent Mode. As a result, the smartwatch application was unable to change alarm
modalities automatically during a single VR user study trial. In order to test worker
responses to both alarm modalities, each participant in the VR user studies conducted
at least two trials of the same virtual work zone scenario with each alarm modality
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Fig. 2. Tllustration of an
alarm pattern with duration
and frequency between two Total Notification Period = 6.65
repetitions with respect to
total notification period

2 Repetitions

characteristic (sound with vibration alarms, or vibration only alarms) fixed during a
single trial.

3.3 VR Experiment Design and Procedure

In each trial of the VR user studies, a single participant was asked to establish a
work zone perimeter by moving six cones onto blinking white lights (Fig. 3). Cones
placed in the correct location turned the white light green and were registered by the
traffic simulation. Subsequent vehicles in the simulation treated the properly set up
cones as obstacles to avoid. Each trial concluded when all six cones were placed by
the participants in the correct location. At least two trials were conducted for each
user to monitor how each participant conducted this sequence of work tasks while
experiencing the two alarm modalities: vibration only, and sound with vibration
combined. The order of modalities was randomized among participants. New York
University’s IRB approved human subject experiments on the integrated VR-traffic
platform (IRB-FY2020-3946). Thirty-five (n = 35) participants were recruited for
user studies involving this scenario.

SO\ lights turn green when cone avoid
\'\\-\ placed in correct location cones
N

N
3

\‘\f\{)
Lights indicate cones’ final locations

Fig. 3. Work zone scenario for participants in VR user studies



70 J. Qin et al.

Three possible events in the VR user study were able to trigger alarms on the
smartwatch during the trials: work zone collision vehicles, speeding vehicles, and
the participant leaving the work zone perimeter. A “collision vehicle” was preset
to ignore obstacles, thereby intrude the work zone and collide with the cones or
the worker. The Scenario 1 traffic simulation was set up to send a colliding vehicle
to the work zone 10 s after each trial began. Traffic simulation was also preset to
include three of five cars defined as “speeding vehicles” and were spaced such that
the speeding alarms would be raised at least 15 s apart in order for participants
to experience the full range of alarm total notification periods. Speeding vehicles
were defined as any vehicle which exceeded 25 miles per hour (12 m/s) in the area
surrounding the work zone. Participants could also trigger a smartwatch alarm by
passing the edge of the virtual work zone perimeter into the area for incoming traffic.
The ultrasonic sensors were set up to raise an alarm when the participant’s physical
location in the lab environment corresponded to the work zone perimeter in the VR
environment.

When a speeding vehicle, collision vehicle, or work zone perimeter event
occurred, the time stamp of each alarm event along with the smartwatch’s randomly
picked alarm pattern ID was recorded for analysis of participants’ reactions to the
alarm.

In order to measure how participants reacted to the alarm, various sensors were
worn by the participants during the VR user studies. Two wearable sensors, an Apple
Watch and a photoplethysmography (PPG) wristband (Empatica E4), were worn by
participants’ nondominant wrist to monitor their responses to the VR environment
and traffic simulation. The Apple Watch alarm application registered whether and
when a user chose to acknowledge or ignore the alarm. The PPG sensor monitored
physiological reactions by recording data on participants’ heart rate (HR) at a rate
of 1 Hz. The VR headset also served as a sensor for recording the participants’
head position, orientation at a rate of 50 Hz. together for statistical analysis. Custom
raycasting scripts in Unity3D were also written to record when a hazardous vehicle
(speeding or collision) was inside the participant’s VR field of view. Together with
timestamp records of alarm events’ pattern IDs, these sensor recordings served as
the basis for statistical analysis of worker reactions to alarm characteristics.

3.4 Measuring Workers’ Alarm Reactions

For the purpose of quantifying each user’s response to the different alarm patterns,
multiple aspects of worker reactions were examined: (1) acknowledging the alarm
on the smartwatch interface, (2) moving their body in a safe direction, (3) turning
their head, (4) detecting a hazardous vehicle in their field of view, and (5) heart rate
change. These reactions were analyzed with respect to the timestamp of each alarm
event. If the user tapped the watch screen to acknowledge the alarm, the time stamp
of the user’s response was recorded as well. In analyzing the user studies data, the
smartwatch response time, tack, was calculated as the difference between the alarm
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and screen tap time stamps. The body movement reaction time, tbody, calculated
as the time elapsed between the alarm event and when the participant initiated the
maximum change in their perpendicular position on the road afterwards. The user’s
head movement was tracked by analyzing the orientation of the VR camera, recorded
as the 3D unit vector gaze direction of where the user is facing. The head turn reaction
time, thead, was defined as the time elapsed between the alarm event and when the
participant initiated the maximum angular change in gaze direction afterwards. When
a collision or speeding vehicle entered the participant’s VR field of view, the time
stamp was recorded as vehicle detection event. The vehicle detection reaction time,
tveh, was calculated from the time elapsed between the alarm event and when the
participant first saw the hazardous vehicle in their field of view. This study also
examined how participants’ physiological factors changed in response to alarms.
The PPG wristband sensor recorded heart rate (HR) in beats per minute (BPM). The
heart rate percent change was defined as the percent difference between the average
heart rate over 2.5 s time interval before and after each alarm. The time frame of
2.5 s was selected based on the literature review of general reaction times to alarms.

3.5 Evaluating Impact of Alarms on Worker Reactions

Each form of worker reaction was analyzed for average reaction times with respect
to alarm pattern characteristics (i.e., alarm modality, duration, repetitions, and
frequency). Average reaction times were analyzed with respect to each alarm pattern
characteristic independently for evaluating any positive or negative correlation
between a particular form of worker reaction’s speed and a specific alarm char-
acteristic. Nonparametric analysis of variation statistical tests were also conducted
to determine the impact significance of different alarm characteristics as sources of
variation, without having to assume the reaction times followed a particular family of
distributions in statistical tests. For each alarm characteristic in this study (modality,
duration, frequency, number of repetitions), a Kruskall-Wallis H-test was used to
determine if the distributions of sample groups of worker reaction times (e.g., head
turn reaction times grouped by duration = 1.8 s vs. 2.8 s vs. 3.8 s) for analysis
have significantly different distributions. The null hypothesis for each test is that all
sample groups were drawn from the same distribution, meaning that worker reac-
tion times are not significantly different with respect to different alarm characteristic
values. Statistical tests with significance levels of p < 0.05 would indicate the alterna-
tive hypothesis is true at 95% confidence, meaning that variation in a specific alarm
characteristic correlates with significantly different worker reaction times.
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4 Results and Discussion

The thirty-five (n = 35) participants recruited for the VR user studies consisted
of affiliated faculty and students. Only a select fraction (29%) of participants had
previous construction and road work experience, ranging between 2 months to
6 years. Results presented here are not representative of the roadway construction
workforce. That said, the task of placing cones in the VR environment was well
understood by all participants, and lack of construction experience was not expected
to impact the participants’ behavior in the VR traffic simulation. A total of 251
alarms were experienced by all participants. Only 3 of those alarms were triggered
by a participant stepping outside the work zone perimeter. Of the remaining 248
alarms, 179 resulted from speeding vehicles and 69 resulted from collision vehicles.
Results discussed in the following sections pertain only to speeding and work zone
collision vehicle alarms.

4.1 Worker Reaction Benchmarks

The average reaction time across worker response types for each alarm modality
(sound with vibration, or vibration only) are shown in Table 1. The sample sizes
used to determine mean reaction time for each response type and alarm modality
are also presented. Alarm reaction times two standard deviations beyond initial anal-
ysis of mean reaction time are omitted from these results. In terms of watch alarm
acknowledgement, Table 1 indicates that only around 22% of alarms were acknowl-
edged on watch by participants. This low response rate could be attributed to the
general inconvenience of tapping the watch screen rather than a sign that most people
did not notice the alarms. Sound and vibration alarms were nearly twice as likely
to be acknowledged as vibration only alarms. Additionally, participants were faster
(5.95 s) on average in acknowledging their watch in response to sound and vibration
alarms than in response to vibration only alarms (6.56 s). Given the low rate of watch
acknowledgement, the other forms of reaction may be more useful in evaluating
which alarm patterns may be more effective in evoking a physical reaction from the
worker. Table 1’s mean reaction times indicate that on average, participants may have
first seen a vehicle in their field of view before turning their heads or moving their
body. This could imply that most participants noticed the vehicle in their peripheral
vision after the alarm before physically moving out of the way. is may also explain
for the low rate of watch acknowledgement. If most participants quickly noticed the
hazardous vehicle and moved in some way within the first 3 s, they may not have
felt the need to acknowledge the watch alarm.

Mean and quartile reaction times are illustrated in box plots in Fig. 4, with indi-
vidual subplots showing a single form of worker reaction time compared with inde-
pendently varying a specific alarm characteristic. Subplots in Fig. 4 for body move-
ment and head turn reactions show mean reaction times generally hovering around
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Table 1. Statistics for worker reaction times for each response type across all alarms

Sound + Vibration Alarms Vibration Only Alarms
n Mean N Mean
Reaction Time Reaction Time
Total Alarms 125 n/a 123 n/a
Watch Acknowledgement 20 5.95 13 6.56
Vehicle Detection 114 1.36 118 1.49
Head Turn 120 2.19 114 2.01
Body Movement 119 2.46 118 2.19

2 s regardless of variations of alarm characteristics of duration, number of repeti-
tions, and repetition frequency. On the other hand, plots of watch acknowledgment
time reveal that workers tended to acknowledge the watch alarm more slowly with
increasing durations of sound and vibration alarms (Fig. 4a, upper right). Similarly,
workers tended to acknowledge the alarm more slowly with increasing repetitions
and increasing frequency of repetitions. (Fig. 4b and c, upper right). Closer inspection
of vehicle detection time plots reveal that workers also tend to take more time to look
and see the hazard vehicle as sound and vibration alarm duration increases. While
these findings can change as more data is collected in future VR user studies, prelim-
inary results indicate that shorter durations and less frequently repeating alarms may
encourage workers to react faster.

4.2 Analysis of Variance

Table 2 shows the analysis of variance results for the different sources of variation
and measures of reaction. Each row is a different alarm characteristic or number of
previous alarms experienced in a single trial. Each measure of reaction column has
both the test statistic and p-value for the corresponding source of variation. Both p
< 0.05 and p < 0.10 levels of significance were considered in evaluation of the tests,
as indicated by the respective dark and light green highlighted boxes in Table 2.
Formally, the Kruskal-Wallis H-test analysis of variance statistical tests indicate
whether distributions of workers’ reaction times grouped by an alarm characteristic
belong to different populations. Informally, these statistics show if a worker exhibited
a significantly different reaction after experiencing different alarm characteristics,
without indicating whether that reaction was faster or slower relative to an increase
in an alarm characteristic value (i.e., suggests impact of an alarm characteristic with
no indication of positive or negative correlation). For example, the last row of Table
2 suggests that the most significant characteristic is the number of alarm repetitions,
as watch acknowledgement times grouped by alarm repetitions appear to belong to
significantly different distributions (H = 9.07, p = 0.011). In other words, workers
with two very different watch acknowledgement times likely experienced different
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Fig. 4. Plots of different forms of worker reaction time with respect to different alarm character-
istics: a) alarm duration, b) alarm repetitions, c) alarm repeat frequency
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Table 2. Kruskal-Wallis H-test analysis of variance in different measures of reaction based on
alarm characteristics as potential sources of variation. Bold text in dark green boxes and italics text
in light green boxes denote significance levels of p < 0.05 and p < 0.10, respectively

Measures of Reaction

Watch Vehicle Body
Acknowl- Detection Head Turn Movement
edgement Reaction Reaction Reaction Heart Rate
Time Time Time Time Change
Alarm
Stat Stat Stat Stat Stat
Characteristics 3 P 4 P 5 P 5 P : P

Alarm Modality 1.44 0.230 0.000 0.988 0.00 0975 0.00 0974 2.73 0.098
Alarm Duration 3.886 0.143 0.96 0.620 493 0.085 1.00 0.607 2.48 0.290
Alarm Frequency  3.65 0.161 0.344 0.842 094 0.626 0.81 0.666 1.47 0.479
Alarm Repetitions | 9.07 0.011| 1.27 0529 1.54 0464 030 0.863 1.79 0.408

alarm repetitions. At the higher significance threshold of p < 0.10, alarm duration
also appears to have a significant impact on head turn reaction times (H = 4.93,
p = 0.085). Alarm modality also appears to correlate with high variation in the
percent change in heart rate (H = 2.73, p = 0.085) immediately after alarms (i.e.,
different heart rate changes observed among participants are likely associated with
alarms of different modality). Overall, alarm characteristics of vehicle detection and
body movement appeared to have little impact on worker reactions. These results
indicate that alarm modality, alarm duration, and repetitions that have the potential
to significantly impact worker behavioral measures. These characteristics need to be
further investigated across the measures of reactions.

5 Challenges and Future Work

One of the first steps is to focus on the alarm characteristics that highly correlate with
response measures. Two additional VR work zone scenarios that were developed
by the research team will focus on these characteristics among all we identified.
Future work will also focus on the time sequence of physical reactions by workers
(i.e., turning their heads then moving body or some other sequence of reactions) in
evaluating how alarm systems can improve worker safety. As previous alarm-related
fatigue studies may suggest, further analysis may reveal that workers exhibit the
strongest reaction after their first alarm, with diminishing reactions thereafter. This
study did not employ a VR headset with built-in eye tracking, and was therefore
unable to assess whether people saw the vehicle in the center or periphery of field of
view.

Additional visual analysis methods will be employed in future studies to obtain
detailed data on workers’ situational awareness of hazardous vehicles. While alarms
appear to have little effect on participants’ heart rate changes, other physiological
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measures (e.g., EEG, respiratory rate) could be considered. More VR user studies
will be conducted for different scenarios (night-time highway sensor installation,
afternoon surveying on urban intersections) which can yield more data on worker
reactions and reveal the effects of different worker environment and nature of the work
performed. With more experiment data, a training environment can be developed for
a reinforcement learning model that can potentially optimize alarm characteristics
to improve worker attention and reaction to safety alarms.

6 Conclusions

This study presented an approach for measuring different forms of worker reaction
and evaluating how alarm characteristics affected those reaction times and types
with in an integrated VR traffic simulation platform. Preliminary analysis of average
reaction times indicate that workers tend to react faster at detecting vehicles and
acknowledging the alarms on the warning device when alarms are shorter in dura-
tion and repeated less frequently. Nonparametric statistical tests on data from 35
participants within a simulated urban mobile work zone indicate some variation in
worker’s watch acknowledgment, head turn, and heart rate reactions in response to
an alarm’s number of repetitions (p < 0.05), duration (p < 0.10), and modality (p <
0.10), respectively. Given the low rate of watch acknowledgement, this study indi-
cates that the use of remote clickers or similar devices may not be the best method
of evaluating worker reactions to alarms, especially when other forms of physical
reaction such as head turn and body movements are more important to a worker’s
situational awareness and overall safety. Second-order or time-dependent effects are
worth investigating, since the number of previous alarms experienced by participants
may induce alarm fatigue (i.e., slower responses, lack of response to alarms). Find-
ings from this study begin to contribute to the limited understanding of how alarm
system features can improve workers’ situational awareness in roadway construction
work zones. The approach presented here for analyzing the effects of varying alarm
characteristics on worker reactions will serve as a basis for future investigations in
reinforcement learning-based optimal control of alarm patterns on wearable devices.
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Eleni Papadonikolaki® and Chimay Anumba

Abstract Net Zero relates to decarbonisation efforts to tackle climate change by not
adding new emissions to the atmosphere. Reaching Net Zero depends on datafica-
tion and digitisation as data on carbon emissions collected across assets’ lifecycle are
important for neutralising them. This study aims to understand how technological
ecosystems such as Digital Twins — that connect physical and digital artefacts — can
support a Net Zero vision in the built environment, in an industry-agnostic way to
transfer any relevant lessons from other sectors. The method is a systematic litera-
ture review that structures new knowledge on the topic. The study showed that envi-
ronment sustainability has been an overused idea in scientific literature, yet rarely
operationalised. A scarcity of studies utilising the potential of digital twins for Net
Zero was found. The emergent themes are: overreliance on technocratic solutions
at the expense of systems thinking, proliferation of renewable sources and misun-
derstandings regarding visualisation necessity, and showing pathways for future DT
system design for Net Zero.

Keywords Digital twins - model-based systems engineering - sustainability + net
Zero * review

1 Introduction

In 2019, the United Kingdom (UK) became the first G7 country to legislate
for Net Zero, recommending a 2050 Net Zero carbon emissions target (CCC,
2019). Construction is a key contributor to emissions, as buildings and construc-
tion accounted for 36% of final energy use and 39% of process-related carbon
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dioxide (CO2) emissions in 2018. Digitalization has become a key trend in inno-
vating construction projects to meet Net Zero target and improve sustainability. For
example, digital transformation through the power of data science has the potential
to monitor and evaluate and, ultimately, cut emissions to facilitate a more sustainable
footing for the world economy.

Current and emerging digital technologies have the capacity to support sustain-
ability efforts and enable corporations and firms to meet their sustainability goals.
Technologies such as Building Information Modelling (BIM), wireless sensing,
Internet of Things (1oT) and blockchain have shown their potential in connecting
with building Digital Twins (DTs) for making construction processes more efficient,
faster, safer, and cheaper, globally attracting attention. Similarly, DTs, originally
defined by Grieves (2014), pave the way to cyber-physical interaction and conver-
gence between the physical world and the cyber world of production. To this end,
DTs bring together data from all aspects of product lifecycle, laying the data foun-
dation that enables traceability and better control of sustainability objectives. This
paper draws upon a systematic literature review to identify the potential of digital
twins for sustainability and in particular meeting the Net Zero vision. Whereas this
paper is industry agnostic, it aims to provide some recommendations for the built
environment.

A recent study in digital technologies in the built environment (BE) found that the
main technologies discussed in the literature were: BIM, augmented reality, virtual
reality (VR), Internet of Things (IoT), cloud computing, and big data (Papadonikolaki
et al., 2022). Papadonikolaki et al. (2022) argued that the concept of digital evolves
toward connected technologies such as BIM and big data and smart cities/big data.
This trend shows that the BE finds solutions to its problems in the use of technologies
that rely on big data. Unlike other sectors where big data is available, the BE is
behind the curve in terms of asset digitization, usage, and labor (Agarwal et al.,
2016). However, the BE sector is slowly picking up.

This paper systematically first reviews policy and industry agendas, best practice
and various digital technologies that support digital twins to identify how they can
accelerate insight and enable the Net Zero vision. Afterwards, the paper is built
upon a Systematic Literature Review (SLR) aiming to document the state-of-the-art,
structuring disparate knowledge around Digital Twins and Net Zero and synthesize
a new perspective addressing the following Research Question (RQ):

How can Digital Twins support a Net Zero vision in the built environment and what lessons
are there to learn from other sectors?

This review aims to transfer lessons across sectors and enhance cross-disciplinary
and cross-industry learning beyond silos. The contribution of the paper is the provi-
sion of a practical guide to support the sustainability and corporate social respon-
sibility agendas of construction businesses by providing a summary and outlook of
how digital twins contribute to the Net Zero vision.
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2 Theoretical background
2.1 Origins of Digital Twins

Originally developed to improve manufacturing processes, Digital Twins (DTs) were
defined in a white paper in the early 2000s as a “virtual representation of what
has been produced” (Grieves, 2014). Grieves (2014) argued that DTs consist of
three components: (a) physical asset, (b) virtual asset and (c) bi-directional data
connecting the physical and virtual asset. The term digital twin is used to describe
a digital replication of a physical asset and additionally, the process of seamlessly
transmitting data between the physical and the digital twin (El Saddik, 2018).

In theory, digital twins can update data in real time, so that virtual models can
undergo continuous improvement through comparing the virtual asset with physical
asset (Tuegel et al., 2011). Digital twins shorten the product development cycle,
improve the build efficiency and guarantee accuracy, stability, and quality. Further-
more, the use of digital twins promotes efficient synergies between the different
stages of a product lifecycle (Qi and Tao, 2018).

2.2 Types of DT technologies

There are three main types of DT technologies: (a) input technologies, for sending
data from the physical world to the machine, (b) processing technologies, for
analysing the data and (c) output technologies, for sending information from the
machine back to users and/or to the physical world. Therefore, DTs relate to a whole
interlinked ecosystem of technologies to deliver a DT.

First, during the input stage, DTs focus on modelling the behavior of the phys-
ical asset or product accurately over an entire lifetime. To do this, DTs use data
from input devices such as sensors installed on physical assets, e.g., through the
Internet of Things (IoT), a foundational technology for DTs, to follow their real-time
performance, operating conditions and changes over time.

Second, during the processing stage, DTs demonstrate the impact of live changes,
evaluating scenarios, external environmental conditions and other endless vari-
ables by incorporating multi-physics simulations, data analytics and Artificial
Intelligence (AI) including Machine Learning (ML) data analytics approaches.
This data-intensive stage completely eliminates the need for physical prototypes,
reduces modeling and simulation time but specifies the need for high-spec digital
infrastructures, including cloud and edge computing to deal with massive (big) data.

Third, as the DTs evolve, they are continuously updated to reflect changes to their
physical twins across the product lifecycle, feeding back through output technologies
into a virtual environment that enables users to monitor and continuously optimize
the product or asset. Visualization opportunities through Augmented Reality (AR)
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and Virtual Reality (VR) usually make the top-most layer of a DT that combines the
data and insights to present, advise and interact with users or other machines.

DTs have various usages across the product lifecycle as they have the potential to
link production and product and its performance. According to Siemens, the appli-
cations of DTs depend on the product lifecycle, identifying three types of DTs: (i)
product, (ii) production and (iii) performance. When these three DTs are integrated,
they can support real-time and dynamic cyber-physical connectivity across all stages
of the product and production lifecycles.

2.3 Application areas of DTs

Aerospace: DTs originated from systems engineering and in particular in Model-
Based Systems Engineering (MBSE) (Madni et al., 2019). Various current initiatives
in the aerospace and defense industry are the continuation of work by NASA in the
1960s that later formed the basis of NASA Technology Roadmap (Shaftoetal.,2012).
The NASA Apollo project entailed the creation of two identical space vehicles built
to allow mirroring the conditions of the space vehicle during the mission (Rosen et al.,
2015). After the one vehicle was launched, another vehicle remained on earth and
was called the ‘twin’ This ‘twin’ which was not yet digital but a physical prototype
was used extensively for training during flight preparation and afterwards, during
the mission to simulate real-time alternatives on the earth-based model, fed with
data on the flight conditions to assist the astronauts. In aircraft manufacturing DTs
are responsible for asset performance benefits of 30% increase in aircraft uptime
(Grieves and Vickers, 2017).

Automotive: The automotive industry has been traditionally credited for various
innovations in not only business, (see Taylorism, Fordism, Lean thinking) but also
production technology. Such a disruptive industry is leading the DT developments
from manually-operated cars to fully autonomous vehicles leveraging automated
control systems. Rudimentary developments of DT's in the automotive include simple
computer simulations of cars’ braking systems to simulate how they would perform
across various real-world scenarios and weather conditions (Madni et al., 2019).
Schleich et al. (2017) describe how through DT technologies, Tesla advances car
automation, through sensors, IoT, AI, ML and simulation tools. TESLA aims at
developing a DT for every car, hence enabling real-time data transmission between
car and factory. Other automotive manufacturers focus on AR and VR applications
for the vehicle’s DTs.

Plant Management: MBSE has been applied apart from aerospace and automotive
also in plant manufacturing, not only during design but also during the back-end of
the life cycle for diagnosis and optimized operations ((Rosen et al., 2015). In MBSE,
the role of modeling, simulation and optimisation are inter-connected as only after
accurate data is fed into the system to produce robust simulations, optimisation can
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take place to increase the competitiveness of the product or asset as to energy and
resource efficiency, short production time-to-market and enhanced control. Relevant
developments in logistics and warehousing are also revolutionalised through industry
leaders such as Amazon and IBM for scenario-live-simulations and digital shop floor
management (Brenner and Hummel, 2017).

Medical: Digital twin technologies have also been pioneered in medical science. By
creating a human digital twin, clinicians can follow the performance of human and
artificial organs (Barricelli et al., 2020). Other applications include fitness trackers
that with very simple sensors can monitor patients’ health and performance and even
schedule medical tests when needed. In cardiovascular medicine, DTs can draw
diagnosis and prognosis to tailor future treatments based on health status and data
through cyber-physical synergies (Corral-Acero et al., 2020).

Infrastructure and Buildings: In construction, DTs are defined as “a realistic
digital representation of assets, processes or systems that is distinguished by the
data connection between the physical and virtual asset” (Bolton et al., 2018) and
their visual properties are accentuated. Whereas DTs can be developed at any project
stage, Sacks et al. (2020) argued that in order to have a fully mature DT, its imple-
mentation should start during the conceptual design and thereafter the information
from the design and construction stage of the physical asset, including as-planned
process, as-designed product, as-built product, as-preformed process information
about the physical asset, connected to the digital asset real-time to monitor the phys-
ical asset and start adding as maintained/renovated asset information. While DTs
may be used in isolation without the need to engage with other technologies, their
real value is realized when they are used for asset management. For example, Love
and Matthews (2019) found that DTs were linked to a suite of technologies such
as Building Information Modelling (BIM), Geographic Information Systems (GIS)
and supervisory control and data acquisition (SCADA) systems to enable a digital
twin during operations and maintenance. Akanmu et al. (2021) explore the develop-
ment of next-generation cyber-physical systems (CPS) and digital twins (DTs) for
the construction industry.

2.4 Sustainability

Triple Bottom Line (3BL): Sustainability in business has been defined as the
‘triple bottom line’ (3BL) of people, planet and profit (or societal, environmental
and economic sustainability). However, CEOs and business leaders predominately
focus on economic sustainability for business, profit and markets and less on envi-
ronmental and social sustainability. Elkington (2018), who developed the 3BL term,
notes that success or failure on sustainability goals cannot be measured only as profit,
but instead as wellbeing of billions of people and the health of our planet. Whereas
there have been improvements, our climate, water resources, oceans, biodiversity
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and wellbeing are all increasingly threatened. There is a need to understand how
digital technologies can support people and planet targets.

Net Zero: Net Zero relates to decarbonisation efforts to tackle climate change by not
adding new emissions to the atmosphere according to the United Nations. There are
many similar terms around carbon, emissions and climate, such as: carbon neutral,
climate neutral, climate positive, zero emissions, and so forth. Net Zero carbon
emissions describe an activity that releases net zero carbon emissions back into the
atmosphere and is essentially similar to ‘Carbon Neutral’. Net Zero relates to carbon
or emissions. For example, when a building is powered by solar power using zero
fossil fuels its energy is labelled “zero carbon” and as no carbon was emitted from
it, no carbon needs to be captured or offset. Likewise, Net Zero emissions are when
there is a balance of the overall greenhouse gas emissions (GHG) produced and
taken out of the atmosphere. Net Zero Energy (NZE) building, is a building with
net zero energy consumption, that is the total amount of energy used by the building
on an annual basis equals the amount of renewable energy created on the site or by
renewable energy sources offsite. To this end, Net Zero describes manmade activities
that stop adding climate-heating gases in the atmosphere.

2.5 Synthesis of Research Gap

Digitalisation has been promoted as a means of achieving sustainability goals.
However, sustainability goals, especially as outlined in the United Nations’ Sustain-
able Development Goals (SDGs), are too broad and usually misplaced, given the
far-reaching implications of sustainability (Kirchherr, 2022). This study focuses on
narrowing down (mainly environmental) sustainability regarding reaching the Net
Zero vision as an end-goal of digitalisation efforts and, in particular, the deployments
of digital twins, which is the next frontier in intelligent data collection, analysis and
simulation aiming to provide real-time behaviour and performance information.

Any system that mirrors the operation of another different system is defined as
a model. A model in turn is an abstraction from the structure and processes that
define the mirrored system (Batty, 2018). In this sense, an immediate question is
to define the differences between a real system and any computer model of that
system, and thus it is worth noting the conundrums that this raises with respect to
the arguments about what constitutes a digital twin. The main research aim is to
understand how DTs can support a Net Zero vision in the built environment and
transfer lessons from other sectors to structure knowledge on the potential of Digital
Twins for delivering a Global Net Zero vision and provide insight informing policy
or practice, and developing a new theoretical model or framework.
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3 Methodology

3.1 Systematic Literature Review

Drawing upon the research gap described above, this paper conducts a Systematic
Literature Review (SLR) to synthesize and compare findings from studies and answer
specific research questions (Klein and Miiller, 2020). This study aims at synthesizing
anew perspective and structuring disparate knowledge around Digital Twins and Net
Zero. The main research aim is to structure knowledge on the potential of Digital
Twins for delivering a Global Net Zero vision.

SLR as a methodology was originally developed in the medical sciences to consol-
idate information from several sources in a transparent, rigorous and detailed manner
(Tranfield et al., 2003). SLRs can produce new knowledge (Tranfield et al., 2003)
or document the state-of-the-art (Lockett et al., 2006) providing a better under-
standing of the phenomenon in question for practitioners and scholars. Through
these research instruments, SLRs guide the building of theory accumulating knowl-
edge and evidence after analyzing a large number of studies and methods, thereby
increasing consistency in the results and conclusions (Akobeng, 2005).

3.2 Data Collection

The sample consists of research articles on the broader area of Net Zero, that is
sustainability and digital twins without any time or industry/sector restrictions, in
order to have a holistic view of the phenomenon. Most papers of this SLR were
published in 2018, that echoes the timing of the 2016 Paris Agreement. One of the
largest academic online databases, Scopus was used to sample articles and in the
future that might be complemented by Web of Science (WoS), although no signifi-
cant discrepancies are expected. The sampling was limited to refereed journal arti-
cles. Books and book chapters are typically excluded from SLRs, as they are often
categorized into grey literature (Adams et al., 2017) or not considered to be subject
of the robust review process journal articles go through (Clemens et al., 1995). We
excluded conference papers as many do not undergo peer review. The sampling string
on Scopus was as seen in Fig. 1 below:

( TITLE-ABS-KEY ( "digital twin*") OR TITLE-ABS-KEY ( "model-based
systems engineering" ) AND TITLE-ABS-KEY ( sustainab* ) OR TITLE-
ABS-KEY ( "net zero" ) ) AND ( LIMIT-TO ( SRCTYPE, "j")) AND (
LIMIT-TO ( LANGUAGE , "English" ))

Fig. 1. Keyword search in Scopus database
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A key decision was using both ‘Sustainab®*’ and ‘Net Zero’ in the sampling, as
the latter is a recent concept and only a few results were relevant to ‘Net Zero’
according to the indexing keywords, although more papers were relevant to it. The
term ‘Carbon Neutral’ was also added to show the relevance to ‘Net Zero’ visions.
This search returned 258 document results (September 20%, 2022).

3.3 Data Analysis

The data analysis contained three sequential main parts as seen below.

Step 1: Descriptive analysis: After collecting the sample of paper, the first step of
the analysis was descriptive in order to understand some initial trends appearing
in the sample.

Step 2: Content analysis: Afterwards, an extraction form was created in Excel
including various categories of additional categorical data. The abstracts of the
whole sample were read and categorised. (n = 258). This approach was preferred
to bibliometric approaches of analysing large bodies of literature because it could
give granularity to the findings and possibilities for customized analysis. The
chosen categories for this analysis part were:

Technologies discussed (free code)

Processes (if applicable, free code))

Target improvement (free code)

3BL category (societal, environmental or economic sustainability)
Net Zero vision applicability (Yes/No)

Sector (free code)

Sub-sector (if applicable, free code)

Paper type (empirical, review, position)

Step 3: Thematic analysis: Finally, after evaluating the relevance to the RQ a
final sample of 16 final articles were isolated for full reading and deeper analysis.

4 Results

4.1 Descriptive Results

The resulting literature was a sample of 258 articles published between 2012 and
2023. Whereas there was no limit in the publication date, the sample consisted of
mostly recent literature that remained stable between 2012-2018 with 0—4 publi-
cations annually and a steep trajectory starting in 2019 (20 published documents).
This increased steep trajectory resulted in a marked increase in 2022 (111 published
documents).
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Fig. 2. Description of the literature sample (n = 258) per year by source

Some publication outlets were more prolific than others. Key outlets are: (i)
Sustainability Switzerland (34 published documents), (ii) Applied Sciences Switzer-
land (12 published documents), (iii) Energies (10 published documents), (iv) Journal
of Cleaner Production (9 published documents) and (v) Buildings (7 published docu-
ments). Figure 2 shows in greater details how these trends are emerging the recent
years across these different outlets. Notably, outlets dedicated to energy sectors,
manufacturing and the built environment are most represented in this.

The literature was from a variety of research fields, revealing the inter-disciplinary
nature of the phenomenon. Most studies were multi-disciplinary and were categorised
in more than one subject area. In particular, although most literature stemmed from
engineering (144 published documents) and computer science (80 published docu-
ments) areas, these were followed by energy (79 published documents), environ-
mental science (64 published documents), social sciences (59 published documents)
and business, management and accounting (37 published documents) among others.
It is important to note that these categorisations are not representative of the appli-
cation areas and the industries that the empirical nature of applicable studies relates
to. Figure 3 below summarises the above areas and shows further areas relative to
the sample.

4.2 Content Analysis

The content analysis was based on screening (reading) all the abstracts of sample
(n = 258). This approach was preferred to bibliometric approaches because it could
give granularity to the findings and possibilities for customised analysis.

Triple Bottom Line (3BL): The first ‘code’ studied in this step of the analysis was
aiming to understand how sustainability was used in these studies and to what extent
the resulted literature related to the areas of the 3BL: societal, environmental and
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economic sustainability. As expected, due to the keywords used, the majority of the
studies were related to the environmental sustainability (213 published documents),
followed by social sustainability (36 published documents) and economic sustain-
ability (10 published documents). Naturally, there were instances were more than one
aspect of 3BL was relevant to the study, nevertheless, the main idea is that sustain-
ability and Net Zero as well as their relation to digital technologies is approached
more from an environmental perspective, rather than socio-economic, with implica-
tions for organising and implementing relevant digital transformation initiatives. To
this end, there were little works on stakeholders, requirements and policy. Figure 4
shows the analysis of this data.

Relevance to Net Zero: As this study looks in particular at the links to Net Zero,
apart from general sustainability ideas, it was important to understand the nature of
the extant literature on the topic. Surprisingly, only 16 out of the 258 abstracts of the

Societal
Environmental

Economic

4

8%

Fig. 4. Content analysis of the literature review sample based on relevant to the triple bottom line
aspects
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published documents reviewed were clearly related to the Net Zero vision. This obser-
vation reveals the popularity of the concept of sustainability but also the lack of its
operationalisation in research. Sustainability is typically seen as an all-encompassing
and transferable approach to show improvement from research and linkages to social
and environmental impact and benefit. However, most of the times these claims are
not substantiated. However, looking at Net Zero is a tangible approach to showcase
the said impact.

Associated Technologies and Processes: As the reviewed literature was already
captured from a scientific database (Scopus) it had already assigned author keywords.
To understand the sample better in a more systematic and coherent manner, additional
keywords related to associated technologies and processes, or initiatives discussed in
the studies were added. In total, a maximum of three keywords were assigned to reveal
new patterns in the sample. From these, most of the reviewed literature related to smart
manufacturing approaches (34 published documents), Industry 4.0 (27 published
documents), smart cities and lifecycle thinking (19 published documents each).
Regarding technologies, most of the studies related to Artificial Intelligence (AI)
(33 published documents), Internet of Things (IoT) (29 published documents) and
Building Information Modelling (15 published documents) among others. Figure 5
illustrates the most frequent of these associated technologies and processes. The
former is show in green in the bar chart and the latter in blue colour. Figure 6 shows
more keywords containing the associated technologies and processes in relation to
DTs for sustainability in a Word Cloud format.

Application Areas: Another important aspect of this initial analysis was focused on
identifying the application areas of the relevant literature as regards to industry and
sub-sector. The majority of the sample concerned applications in the manufacturing
industry (84 published documents). From this, the applications areas were either in
optimising machinery, machine tools and production methods, or less so looking at
optimising plants, industrial sites, creating smart factories, followed by a smaller
sub-set of studies where the DTs were used in optimising the performance and
sustainability of materials and material properties. This massive application area
was followed by applications in construction (33 published documents). Most of
the applications of the reviewed literature in the construction area were related to
housing and larger complexes in the form of smart campuses where DTs could
provide improvements in the management of energy, maintenance and performance.

Construction as an application area was purposely distinguished by urban plan-
ning applications and infrastructure, to provide greater granularity to the findings.
Infrastructure was another application area related to several studies (28 published
documents). These applications were mainly on water systems (8 published docu-
ments), rail (4 published documents), roads (3 published documents) and less so in
bridges and ports. Applications as a larger urban planning scale were also a signif-
icant number (24 published documents) with specific applications areas at neigh-
borhood levels. Other applications concerned energy (18 published documents) with
applications in energy production, power grids, battery optimisation, geothermal
and other sources of energy, as well as agriculture (14 published documents), e.g.,
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in farming, livestock management, food production and greenhouse. Figure 7 shows
the application areas.

Paper Type: Finally, the content analysis focused on the exact type of each piece of
the reviewed literature. Although bibliographic databases such as Scopus already
have categorisations of ‘document type’, the preliminary analysis in this study
showed that these categorisations are, in some instances, flawed. Therefore, in this
step, the abstracts of the published studies were reviewed and showed that only 168
published documents were empirical studies, followed by 47 review papers, 22 posi-
tion papers and 4 editorials. This shows that the topic is new and there is a lot of
interest in understanding the state-of-the-art of this novel field. This step is impor-
tant for understanding which studies have empirical basis before proceeding to the
thematic analysis. Figure 8 shows this information.

4.3 Thematic Analysis

The thematic analysis investigated closely the sub-set of the data on Net Zero, which
was a sample of 16 final papers mainly consisting of empirical (n = 14) and review
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(n = 2) papers. It is worthy to mention that some papers outside this sample studied
low-carbon emissions and efforts to reduce carbon emissions but not reaching Net
Zero and neutrality yet, despite being an effort towards that direction.

Renewable Sources: A considerable number of studies looked at Net Zero through
the lens of renewable systems, such as wind energy systems (Fahim et al., 2022),
Photovoltaic systems (PV) (Bartie et al., 2021) and geothermal energy systems
(Khanmohammadi et al., 2022). Even though a renewable energy system does not
have carbon dioxide emissions during the operation, it is marked with environmental
emissions embedded in their implementation. However, these were not covered in
these studies, nor any attempts were made to shift them.

Visualisation Capability: Another key theme emerging from the data was the
emphasis on the visualisation potential of the studied DTs for meeting Net Zero.
This trend was particularly present in studies coming from the wider area of the built
environment, such as construction of buildings and infrastructure, ranging existing
buildings (Kaewunruen et al., 2018), townhouses (Kaewunruen et al., 2019) and rail
station buildings (Kaewunruen and Xu, 2018). Equally, in this category of studies,
data derived from BIM, especially proprietary applications such as Autodesk Revit
was the norm.

Technocratic Solutions: One of the main themes of this investigation was the
linkages to data science and in particular Artificial Intelligence (AI) and Machine
Learning (ML) methods in order to deal with large sets of data points and make
predictions to reach carbon neutrality (Tariq et al., 2021). However, from these tech-
nical solutions, there was little consideration to wider workflows and policies. Most
of the studies showed a lack of systematic views of the problem of addressing Net
Zero.

Systems Thinking: Especially in the review papers, but also in some of the empirical
papers, there was a better linkage to system thinking and stakeholder engagement. In
these studies, there were attempts to link to policies and existing workflows, or create
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new ones. These approaches considered both policy instruments and technological
methodologies. For example, in the effort to develop Positive Energy Districts (PED)
as energy-efficient and energy-flexible urban areas with surplus renewable energy
production and Net Zero greenhouse gas emissions, active information exchange and
analysis, as well as stakeholder engagement was seen as paramount for reaching Net
Zero (Zhang et al., 2021). Similarly, Howard et al. (2021) envisaged an ecosystem
of DTs in a distributed approach of “system of systems” interconnecting them in a
production facility of greenhouses to simulate all aspects of the production chain,
from production to supply.

5 Discussion and Conclusions

This study undertook a systematic literature review to answer the RQ of how Digital
Twins can support a Net Zero vision in the built environment, and showed, first, that
in terms of application areas, there is a lot of development in the manufacturing,
especially machinery and operations, and construction, especially at an urban level
and infrastructure. However, although most of the relevant advancements focus on
the environmental sustainability aspect of the 3BL, there is a scarcity of studies
on Net Zero and in general operationalisation of environmental sustainability for
neutralisation of carbon emissions. The investigation also showed that apart from
DT technologies, other associated technologies, such as Al, IoT and BIM and asso-
ciated processes, such as lifecycle thinking, and Industry 4.0 are complementing DT
solutions for environmental sustainability.

The thematic analysis of the sub-set explicitly targeting DTs for Net Zero goals,
showed several emergent themes. First, there was a proliferation of studies on renew-
able sources that are per se carbon neutral in their operation. However, the carbon
emissions during their implementation were not considered, signalling a need in
shifting these. Second, there were several studies focusing on visualisation proper-
ties of DTs that showed a superficial approach and missed opportunity in exploiting
heterogenous types of data. Finally, the study revealed an overreliance on techno-
cratic solutions in addressing the topic, but at the expense of systems thinking. In
such a complex topic with political implications, only a couple of studies approached
it from a systems thinking approach, attempting to connect DT’ together in a “system
of systems” approach to meet Net Zero. These systems were of both hard (e.g., DTs)
and soft (e.g., stakeholders) nature, showing pathways for future DT system design
for Net Zero.

Whereas there is a popular belief that digitalisation and datafication can support the
green or sustainability transition in our society, this paper is the first study explicitly
connecting the developments in the field of Digital Twins with the potential to achieve
Net Zero. The practical implications of this work are on identifying key themes on
the topic, for further analysis and stepping stones for developing a framework or
roadmap for researchers, practitioners and policy-makers in the area. Naturally, this
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work has some research limitations, especially located at the small data sample in this
niche field. Future studies in this direction can work towards revisiting the sample
and expanding it with more document types and broad definitions of environmental
sustainability so as to capture findings towards the preceding stages of research
investigations around the Net Zero vision.

References

Adams RJ, Smart P, Huff AS (2017) Shades of grey: guidelines for working with the grey literature
in systematic reviews for management and organizational studies. Int ] Manag Rev 19:432-454

Agarwal R, Chandrasekaran S, Sridhar M (2016) Imagining construction’s digital future. Capital
Projects and Infrastructure. McKinsey & Company, McKinsey Productivity Sciences Center,
Singapore

Akanmu AA, Anumba CJ, Ogunseiju OO (2021) Towards next generation cyber-physical systems
and digital twins for construction. J Inf Technol Constr 26:505-525

Akobeng AK (2005) Understanding systematic reviews and meta-analysis. Arch Dis Child 90:845-
848

Barricelli BR, Casiraghi E, Gliozzo J, Petrini A, Valtolina S (2020) Human digital twin for fitness
management. IEEE Access 8:26637-26664

Bartie N, Cobos-Becerra Y, Frohling M, Schlatmann R, Reuter M (2021) The resources, exer-
getic and environmental footprint of the silicon photovoltaic circular economy: assessment and
opportunities. Resour Conserv Recycl 169:105516

Batty M (2018) Digital twins. Env Plann B: Urban Anal City Sci 45:817-820

Bolton, A, et al. (2018) Gemini principles. Centre for Digital Built Britain (CDBB)

Brenner B, Hummel V (2017) Digital twin as enabler for an innovative digital shopfloor management
system in the ESB logistics learning factory at Reutlingen-University. Procedia Manuf 9:198-
205

Ccc (2019) Net Zero The UK’s contribution to stopping global warming. UK Committee on Climate
Change ed. UK Committee on Climate Change

Clemens ES, Powell WW, Mcilwaine K, Okamoto D (1995) Careers in print: books, journals, and
scholarly reputations. Am J Sociol 101:433-494

Corral-Acero J et al (2020) The ‘Digital Twin’to enable the vision of precision cardiology. Eur
Heart J 41:4556-4564

El Saddik A (2018) Digital twins: the convergence of multimedia technologies. IEEE Multimed
25:87-92

Elkington J (2018) 25 years ago I coined the phrase “triple bottom line”. Here’s why it’s time to
rethink it. Harv Bus Rev 25:2-5

Fahim M, Sharma V, Cao T-V, Canberk B, Duong TQ (2022) Machine learning-based digital twin
for predictive modeling in wind turbines. IEEE Access 10:14184-14194

Grieves M (2014) Digital twin: manufacturing excellence through virtual factory replication. White
Paper 1:1-7

Grieves M, Vickers J (2017) Digital twin: Mitigating unpredictable, undesirable emergent behavior
in complex systems. In: Kahlen F-J, Flumerfelt S, Alves A (eds) Transdisciplinary perspectives
on complex systems. Springer International Publishing, Cham, pp 85-113. https://doi.org/10.
1007/978-3-319-38756-7_4

Howard DA, Ma Z, Veje C, Clausen A, Aaslyng JM, Jgrgensen BN (2021) Greenhouse industry
4.0—digital twin technology for commercial greenhouses. Energy Inform 4:1-13

Kaewunruen S, Rungskunroch P, Welsh J (2018) A digital-twin evaluation of net zero energy
building for existing buildings. Sustainability 11:159


https://doi.org/10.1007/978-3-319-38756-7_4
https://doi.org/10.1007/978-3-319-38756-7_4

How Can Digital Twins Support the Net Zero Vision? 97

Kaewunruen S, Sresakoolchai J, Kerinnonta L (2019) Potential reconstruction design of an existing
townhouse in Washington DC for approaching net zero energy building goal. Sustainability
11:6631

Kaewunruen S, Xu N (2018) Digital twin for sustainability evaluation of railway station buildings.
Front Built Environ 4:77

Khanmohammadi S, Musharavati F, Tariq R (2022) A framework of data modeling and artificial
intelligence for environmental-friendly energy system: application of Kalina cycle improved
with fuel cell and thermoelectric module. Process Saf Environ Prot 164:499-516

Kirchherr J (2023) Bullshit in the sustainability and transitions literature: a provocation. Circ Econ
Sustain 3:167-172

Klein G, Miiller R (2020) Literature review expectations of project management journal®. SAGE
Publications Sage CA, Los Angeles, CA

Love PE, Matthews J (2019) The ‘how’ of benefits management for digital technology: from
engineering to asset management. Autom Constr 107:102930

Madni AM, Madni CC, Lucero SD (2019) Leveraging digital twin technology in model-based
systems engineering. Systems 7:7

Papadonikolaki E, Krystallis I, Morgan B (2022) Digital technologies in built environment projects:
review and future directions. Project Manag J 53:501-519

Qi Q, Tao F (2018) Digital twin and big data towards smart manufacturing and industry 4.0: 360
degree comparison. IEEE Access 6:3585-3593

Rosen R, Von Wichert G, Lo G, Bettenhausen KD (2015) About the importance of autonomy and
digital twins for the future of manufacturing. IFAC-Papersonline 48:567-572

Sacks R, Brilakis I, Pikas E, Xie HS, Girolami M (2020) Construction with digital twin information
systems. Data-Centric Eng 1:e14

Schleich B, Anwer N, Mathieu L, Wartzack S (2017) Shaping the digital twin for design and
production engineering. CIRP Ann 66:141-144

Shafto M et al (2012) Modeling, simulation, information technology & processing roadmap. Natl
Aeronaut Space Adm 32:1-38

Tariq R et al (2021) Artificial intelligence assisted technoeconomic optimization scenarios of hybrid
energy systems for water management of an isolated community. Sustain Energy Technol Assess
48:101561

Tranfield D, Denyer D, Smart P (2003) Towards a methodology for developing evidence-informed
management knowledge by means of systematic review. Br J] Manag 14:207-222

Tuegel EJ, Ingraffea AR, Eason TG, Spottswood SM (2011) Reengineering aircraft structural life
prediction using a digital twin. Int J Aerosp Eng 2011:154798

Zhang X et al (2021) Digital twin for accelerating sustainability in positive energy district: a review
of simulation tools and applications. Front Sustain Cities 3:35



A Review of Smart City Maturity )
Assessment Models e

Pavan Kumar, Aritra Pal, and Shang-Hsien Hsieh

Abstract The urban population is expected to increase from 56.61% (2021) to 68%
(2050), hinting at an enormous population inflow in urban areas across the globe. As
governments worldwide toward a sustainable way of life with sustainable develop-
ment goals (SDG), today’s urban areas encounter challenges such as pollution, over-
crowding, housing, traffic, and poor infrastructure. Smart Cities intends to identify an
intelligent and efficient way of facing these challenges and reducing the complexity
of challenges in urban areas. Although the implementation of Smart-cities world-
wide is increasing with the support of policies, smart cities tend to mature in multiple
directions at their own pace at different levels, attributed to the uniqueness of the
cities in a particular geographical area. Consequently, tracking a trail of the smart
city’s holistic maturity advancement becomes crucial. Therefore, this paper reviews
the existing smart-city maturity assessment models and proposes an outlook of a
well-defined holistic smart-city maturity assessment model, which is expected to aid
the implementation and efficient management of smart cities across the world.

Keywords Smart city + maturity models + maturity frameworks - assessment
methods

1 Introduction

1.1 Smart city origin and definition

Urban spaces have always been a crucial dimension of civilization and cities across
the globe have grown at different rates in multiple directions. According to the
United Nations, Cities stage more than half of the world population, and further
growth in the urban population is predicted. With such an extraordinary growth, city

P. Kumar (X)) - A. Pal - S.-H. Hsieh
Department of Civil Engineering, National Taiwan University, Taipei, Taiwan
e-mail: d10521028 @ntu.edu.tw

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 99
S. Skatulla and H. Beushausen (eds.), Advances in Information Technology in Civil and

Building Engineering, Lecture Notes in Civil Engineering 358,
https://doi.org/10.1007/978-3-031-32515-1_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-32515-1_8&domain=pdf
mailto:d10521028@ntu.edu.tw
https://doi.org/10.1007/978-3-031-32515-1_8

100 P. Kumar et al.

municipalities have always aimed to find a feasible solution to urban challenges.
Time-lapse of the growth of cities across the globe portrays the advancements in the
process of management of cities, as cities choose to inculcate novel methods in the
functioning of cities by replacing laborious ones.

Digitization initiatives by the local government and existing initiatives around
innovation and technology have become one way for cities to be called smart [1]
boosting the implementation of smart cities. Digitization of processes and services
in cities, and developing the capability to work with data in the city organization as a
core component has solidified the concept of smart cities. The inclusion of innovation
and experiments in pursuit of solutions to the challenges of urban spaces portrays
the growth of the smart city concept. Walravens N et al. [1] highlight the cities that
strongly embraced innovation and experiments with technology can often be titled
smart cities. The origins of Smart city concepts are attributed to the fundamental
improvement and offering of a better quality of life and enhance the ease of living
for its citizens, simultaneously improving the information system for citizens [2].
Maestre G et al. [3] discusses the emergence and the purpose of smart cities are to
fill the void of energy-efficient and sustainable urban spaces with better interaction
between inhabitants, city municipalities, and the environment.

Several attempts have been made to define smart cities in literature. Walravens
N et al. [1] identifies technology, service of citizens, efficiency, and effectiveness
as main goals in several smart city initiatives. Several studies find the integration
of information and communication technology (ICT) into existing cities’ structures,
enabling sustainable living in the city is a crucial characteristic of the smart city.
Although the smart city concept often tends to hover between several elements such
as ICT, economy, governance, mobility, environment, and living, there is obscurity
in the definition [4]. The void for a shared and holistic definition of smart cities can
be attributed to the wide diversity in cities across the globe.

2 Methodology

Keywords “smart AND city* AND maturity models AND “maturity frameworks”
AND “assessment” were used to accumulate the resources from the Scopus database.
The search resulted in 234 papers in total, Mendeley, and Spreadsheets were used
to sort and avoid duplication. Screening with a focus on a maturity assessment, 23
papers that discussed the maturity assessment of the smart cities, written in English
were filtered.
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3 Assessment Methods

Discussions on smart cities often raise questions regarding measuring the city’s
success in terms of its smartness, progress tracking, and timely human intervention.
Assessment plays an important role by providing useful insights into answering these
questions and assisting the implementation of policies. Assessment of the city aims
to guide city municipalities to identify crucial areas to be improved [5] and plan
and execute timely required interventions. Several organizations have put forward
different ways of assessing smart cities, such as ranking metrics, standards, and
assessment frameworks.

The use of a ranking system in the context of a smart city is widely used. Ranking
cities enables positioning cities in a hierarchy based on indicators, such as city
infrastructure and technology services to city inhabitants. Orlowski A [5] Lists the
following widely accepted smart city rankings mechanisms.

IESE Cities in Motion Index
Top 50 smart cities governments (2020)
2020 smart city index by the institute for management development, in collabo-
ration with the Singapore University for technology and design
e Smart cities index by 2019 by EasyParkGroup (Easypark 2019)

This method of putting cities to assessment not only impacts the inhabitant’s social
attention but also often simulates the discussion on city development strategies [6]
and their implementation. Although the ranking method is significant in logically
placing the smart cities in the hierarchy, it skips providing a holistic approach and
brings the city municipalities into ambiguity. For example, Orlowski A [5] attempts
to highlight the usual occurrence of different positions in multiple rankings at the
same time, this eventually impacts the decisions of city municipalities. Furthermore,
the usefulness of the information provided by the ranking system is limited as it
only succeeds in providing city municipalities with information for comparing smart
cities in the hierarchy and not in the city’s progression [5]

Other assessment methods of smart cities such as the use of standards also pose
challenges that are rightly pointed out by Orlowski A [5] as standards tend to impose
a rigid framework of indicators that often succeeds on specific cities. As mentioned
earlier, various cities around the globe have been using an assessment tool at city
levels, subsequently, helping city municipalities find efficient methods to counter the
challenges of cities and improve living. Maturity models are extremely popular and
many cities are put to use maturity frameworks to assess growth.
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4 Smart City Maturity Models

The process of evolution of the smart city, from its concept to its implementation,
assesses cities in different aspects often these aspects are named differently such
as dimensions, elements, or field of action. Several maturity models have identified
various dimensions based on their requirements and purpose. Maturity models that
attempt a holistic assessment of maturity identify dimensions that are not necessarily
focused solely on Information and communication technologies, but rather consider
other crucial verticals of smart cities such as education, innovation, and governance.
For example, Afonso RA [7] identifies domains for a smart city such as water,
education, energy, governance, housing, environment, health, security, technology,
and transport, however, a few domains such as governance may tend to overlap with
other domains as governance can be measured in every other domain. Mohsin BS et al.
[4] highlighted two major domains of smart cities that can be noticed in literature,
the hard domain focuses on the significance of ICT, its importance in the functioning
of other smart city sectors, and the soft domain, where ICT application is not critical.
Nevertheless, technology and its applications remain the least unfocused subject
of research when it comes to smart cities. Few maturity models have considered
untapped specific areas of smart cities and attempted maturity assessments in those
domains. A few areas are worth mentioning as follows.

4.1 Strategy, Planning, and Citizen Participation

The introduction of technological interventions in the city certainly aids the better
functioning of smart cities. However, this technological advancement can turn into a
challenge without proper citizen involvement. Thus, posing the requirement of under-
standing the citizen’s level of maturity towards participatory planning. Bouzguenda I
et al. [8] identifies the level of maturity towards the introduction of digital participa-
tory planning (DPP) in small European cities and proposes a framework that would
allow local governments to assess their level of maturity of sustainable smart cities
through DPP. Lack of strategy before embarking on the smart city implementation
journey can be disastrous as a strategy provides a structure to follow. Kapkaev Y
et al. [9] identifies strategy void as a major problem in the journey of digital trans-
formation of territories. Korachi Z et al. [10] offers a methodology to formulate a
strategy for the implementation of a smart city. Understanding the requirement of
smart city transformation Identifying the stakeholders, and method of collaboration,
and defining strategic goals and challenges for the smart city are crucial milestones in
the development of smart city strategy. The novel smart city maturity model proposed
by Moustaka V et al. [11] stresses citizen involvement but claims real-time data and
privacy concerns are major challenges that must be addressed.
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4.2 Mobility

[12—14] discusses the maturity assessment of specific dimensions of smart cities
related to mobility which focuses on transportation and ICT. Warnecke D et al. [13]
proposes a web-based self-assessment tool called SCMAB that attempts to enable
stakeholders to measure the impact of smart city initiatives in the context of the
mobility dimension. The tool is based on 36 indicators spreading across six themes:
Policy and planning, ICT integration, Intermodal integration, public transport perfor-
mance, environmental impact, and social impact. SCMAB maturity levels are score
based, categorized into five stages with descriptions concerning the inclusion of ICT.
However, the SCMAB tool fails to approach the holistic assessment of the smart city
and claims the void of policy coherence across different levels of government as
one of the major challenges. Visan M et al. [15] proposed and defined a coopera-
tive intelligent transport system (C-ITS), a mobility-specific maturity model with
five stages of maturity characterized by description focused on processed-oriented
rather than outcome-oriented. Furthermore, it emphasizes the relevant technologies
to implement C-ITS.

4.3 Data Transparency and quality

Data in the context of a smart city is another area where several maturity assessments
often seem to take place. Data management becomes extremely crucial as cities
embrace technology as a major enabler in the transition into smart cities. Technology
is an inseparable element in making smart cities as every smart city initiative looks
toward technology deployment to carry out the existing services and unlock efficient
ways to perform activities. Nearly every maturity model proposed and used data
for maturity assessment of the smart cities, for example [5, 16, 17] used data as
a fundamental unit of the entire assessment framework. As studies like [5, 8, 18—
20] are based on qualitative and quantitative methodologies, they naturally tend to
lack the measure of data transparency and ignore the capability of an open data
ecosystem in smart cities. Lnenicka M et al. [21] stresses on assessing the level of
maturity of open data transparency in a smart city context, by examining 34 portals
representing 22 European cities. Factors such as data understandability, usefulness,
ease of user interaction, data quality, and accessibility impact the transparency of
the open data ecosystem. The study identifies five types of ecosystems for open
data each representing a variation of Open Government Data deployment for smart
cities. It defines an open data ecosystem as “systematic efforts to integrate ICT and
technologies into city life to deliver citizen-centric, better-quality services, solutions
to city problems with open data published through the data-centric and data-driven
infrastructure” In addition to the transparency of the open data ecosystem, the quality
of the data impacts the results of the assessment of a smart city, eventually reflecting
in smart city implementation initiatives. Data Quality Driven Smart Cities Maturity
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Models (DQSC-MM) attempt to assess the maturity of smart cities with a focus
on the quality of data generated and used. The model identifies connectivity, data
centers, data analytics, application, and end users are five leverage domains that
are further broken down into key domain areas [20]. Unlike Jami‘at al-Bahrayn
[21], Rotta MJR et al. [19] examines the maturity of eGov platforms as digital
commons and presents Municipal eGov Platform Assessment Model (MEPA) to
assess 903 municipal websites’ maturity to aid the understanding of the promotion
of commons and citizen participation and cites digital commons as a “resource based
on information and communication technology, shared by groups and integrated
into a value chain, under principles of equity, coproduction, and sustainability”. As
MEPA concerns factors like data openness, transparency, and civic engagement, it
also attempts to stage the maturity levels that map with the commons-principles.
MEPA adds to another specific dimension aiding the maturity assessment of smart
cities.

Smart city maturity models are established by various cities with diverse spec-
ifications and definitions. They often are staged at multiple levels with each level
portraying its characteristics. The characteristics often tend to differ from one matu-
rity model to another, hinting towards uncommonness in consideration of the funda-
mental definition of maturity, and sometimes acceptance of capability in the basic
assumptions in the maturity models. For instance, the maturity levels, provided by
Nuraeni A et al. [17] are characterized based on the output of the task with a descrip-
tion of various stages of achieving the task ranging from 0 to 100%. On the contrary,
maturity levels proposed by Bernal WN [18] are characterized by the nature of
performing the activity i.e., integrated, analytically managed, and automated opti-
mization. Although the formation of the maturity stages differs from the context
it rests in, the fundamental assumption of the definition of maturity and capability
remained a void to be filled. It can also be highlighted that the definition of matu-
rity and capability in the formation of maturity models in an attempt to assess the
smart city varies and remains unshared across maturity models of smart city maturity
assessment.

Maturity assessment of domains such as transport and digital implementation is
crucial, however, consideration of sustainability as a domain is rarely seen in the
literature. Shen L et al. [16] introduces a methodology to assess low-carbon cities
(LCC) using the capability maturity model. The model helps city municipalities to
determine the maturity of LCC. However, like several other attempts, the model is
specifically tested only in Beijing. Jami‘at al-Bahrayn [22] highlights the concern
over the applicability of maturity models is limited.

5 Proposed Smart City Maturity Assessment

The proposed smart city assessment consists of multiple layers as illustrated in Fig. 1.
The top layer will account for domains or dimensions of the smart city and are char-
acterized by not being common with each other. For instance, the mobility domain is
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easily distinguishable from the city’s environment domain. City municipalities can
choose the domains of their priority-based consideration using the Lens layer, thus
allowing the maturity model to tend to be more holistic in nature.

The stack of layers below the lens layer represents the process and outcome-
oriented sectors whose characteristics highlight commonness among all domains.
For instance, governance is a sector that can be common in the mobility and the
environment domain of the smart city. These layers shall represent the smart city
path as it considers the processes required for selected domains. For example, digital
participator planning proposed by Bouzguenda I [8] might happen to be the first step
for the particular city to embark on the smart city journey followed by strategies for
smart city implementation as proposed by Korachi Z [10]. These layers are outcome-
oriented and answer the question of achievement of the task at multiple levels such
as incomplete, managed, and performed. The layers represent the capability of the
smart city and its status of achievement framework, each capability is measured to
assess the efficiency with which it is performed. Maturity can be staged with a focus
on each capability as structured, integrated, and optimized. Upon putting all the
elements together, the proposed framework presents a holistic approach to assessing
of maturity of the smart city, allowing city municipals to focus on required priority
domains, and simultaneously provide the smart city path and its maturity assessment.
This also characterizes the framework to be more dynamic in nature as it provides
the flexibility for city municipalities to follow their maturity assessment.

The broad of sectors
Ex:
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Fig. 1. Proposed conceptual smart city maturity assessment framework
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6 Conclusions

To support the maturity assessment of the smart city, this study highlights the recent
developments in strategy, planning, citizen participation, mobility, data transparency,
and quality that aid the smart city assessment. Smart cities at their strategic phase
clearly require an agreeable understanding of the capabilities they are there to achieve
within a specified time frame. Maturity is the method to achieve those capabilities.
Clearly distinguishable consideration of the definition of capability and maturity in
the assessment framework is needed as they impact the staging strategy of maturity.
Considering the capability as the necessary task that smart cities can achieve and the
maturity as the effectiveness and efficiency with which the capability is achieved are
the definitions considered in the proposed smart city maturity assessment framework.
The presence of the lens layer makes the framework more flexible and dynamic in
nature for cities as it allows city municipalities to choose the required domain specific
to the city to achieve the capability for the city and higher maturity. Further, the details
of the framework are to be considered to be developed in future attempts to establish
a systematic maturity assessment model for the smart city.
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Challenges for the Implementation )
of Sustainable Construction Practices L
in Developing Countries: A Bibliometric
Review

Motheo Meta Tjebane, Innocent Musonda, Adetayo Onososen,
and Molusiwa Ramabodu

Abstract Developing countries face the constant challenges of implementing
sustainable practices in their construction industry. However, a literature review is
still needed to bring together the disaggregated studies and determine the devel-
opment status of the sustainable construction research field. This study explores the
challenges the construction sector faces in developing countries in integrating sustain-
ability practices into infrastructure delivery. Through a bibliometric review, this study
analyses articles from the Scopus database published between 2011 and 2021. The
bibliometric analysis focused on analysing sustainable construction research publi-
cations and citation patterns, while content analysis was used to identify the primary
levels of analysis and topical focuses. Emerging trends in the sustainable construction
research field are reported. The study also determined the most productive authors
and collaboration among authors, most productive journals, and most active countries
and publications with the highest impact on sustainable construction research. The
study’s findings reveal the level of interest in sustainable construction by academics
and industry practitioners in developing countries. This also informs on the level
of awareness on sustainable development in developing countries. Challenges iden-
tified and discussed explore themes on institution support, stakeholders’ role, lack
of regulation and legislation, and building standards and guidelines. The results are
imperative for improving the understanding of challenges to sustainable develop-
ment, which is vital to policy formulation and decision-making. The discussions
also provide solutions to sustainable development challenges and offer strategies to
drive adoption.
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1 Background

Sustainability has recently gained popularity due to its positive impact on environ-
mental, social, and economic issues [1]. Within the construction industry, projects
embrace sustainability to secure economic improvement while preserving biodiver-
sity and ecology [2]. This is because the construction industry consumes a significant
amount of energy and resources, including 16% water, 25% timber, 40% raw mate-
rials, and 32% total energy consumption. Furthermore, the industry is responsible
for 40% of waste generation, and one-third of carbon emissions [3, 4] noted that the
construction industry has a critical role to play in influencing the achievement of
Sustainable Development Goals (SDGs).

Even though the construction industry is the backbone of any economy, it still
contributes significantly to emissions by consuming energy and producing the
majority of waste [5]. Given the global climatic challenges, sustainable construc-
tion practices are the only solution. Many sustainable construction projects are being
built worldwide, mainly in developed countries, because of their enormous benefits
[6]. However, in developing countries, implementing sustainable construction poses
numerous challenges.

Various studies have been conducted on the challenges and barriers of sustainable
construction practices in various countries using different methods [7]. Looking at
green building barriers in Taiwan using a mixed approach of questionnaires and case
studies. [8]conducted a quantitative study on Barriers to Sustainable Management
of Construction and Demolition Waste in Developed and Developing Countries. The
study Ranking of the barriers was carried out using the Relative Importance Index
(RI), and the results were statistically analysed using Statistical Package for Social
Sciences (SPSS). [9] study looked challenges of sustainable construction delivery in
the United Arab Emirates (UAE). A quantitative approach questionnaire survey was
developed and distributed to construction professionals in the UAE to evaluate the
significance of sustainable construction project delivery challenges.

These studies provide insight into the challenges of sustainable construction. Few
have a quantitative impact regarding the amount of work conducted worldwide on
the challenges and barriers. Thus, this study aims to conduct a bibliometric analysis
of the challenges of sustainable construction practices in developing countries. This
is accomplished through a bibliometric review of articles published and indexed
on Scopus between 2011 and 2021. The following is how the article is structured:
Sect. 2 discusses the research design and methodology, while Sect. 3 discusses the
bibliometric findings. The findings are discussed in Sect. 4. Finally, Sect. 5 contains
the conclusions.
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2 Research Design and Method

This study used a quantitative bibliometric approach to fulfill the research objectives.
A systematic approach was used in scoping and selecting publications. The flowchart
in Fig. 1 below shows the research method used.

A bibliometric visualisation is a useful tool for visualising the domain of infor-
mation as well as the relationships between papers, and journals, among others [10].
Based on established literature, bibliometric mapping is used in this study to classify
knowledge domains and research patterns for challenges of sustainable construction
in developing countries. in the AEC industry. [11] noted that bibliometric survey
aids in understanding globally published research by storing information such as
publication year, country, author, journal of publication, and affiliation in a single
database. Meanwhile, a systematic analysis was conducted to include a holistic view
of current research to assess knowledge gaps and predict future research directions

Scopus

l

Eearch String:sustainable AND construction AND|
fdeveloping AND ¢ jes AND chall )

s

| Initial Results: 302 articles

Y
ISet limit in years between 2011 and 2021

Results: 227 articles

|

Refining to articles and review articles
Results: 140 articles

v

Refining to the English Language
Results: 136 articles

l

Reviewing titles and abstract
Results: 28 articles

- . = Keyword
Annual F'.ublfcauons Publications by Contributing Prolific Journals Occurrence and
and Citations Country Authors Cluster

Fig. 1. Research flowchart



112 M. M. Tjebane et al.

[12]. Scopus database was used as the platform to source publications. Scopus is
the most widely used database in science mapping due to the belief that it contains
higher-quality data [13]. Scopus, which includes over 23,500 peer-reviewed journals.
It has over 75 million records dating back to 1788 in various subject areas such as
[14].

2.1 Inclusion and Exclusion Criteria

The articles were selected an inclusion and exclusion criteria. This eligibility criterion
determines whether the titles, abstracts, years, and keywords of the publications read
are part of the required set for this review [15]. [16] noted that researchers avoid
bias by establishing exclusion and inclusion criteria in advance. In general, inclusion
criteria serve as the foundation for including articles that provide the information
needed to answer the research question. While exclusion criteria include the basis
for excluding non-relevant articles, duplicate articles, and articles with no available
full-text. The inclusion criteria looked at the following:

e Publications made between 2011 and 2021
e Articles and review articles
e Published in the English language

2.2 Search String

Because of the rapid advancement of technology, bibliometric analysis can now be
performed using various existing software. A list of keywords relevant to sustainable
construction practice was created. The query string was: sustainable AND construc-
tion AND developing AND countries AND challenges. The Boolean operator AND
ensured that every publication containing the keywords was extracted from Scopus
[15].

2.3 Data Analysis

Because of the rapid advancement of technology, bibliometric analysis can now
be performed using various existing software. VOSviewer is a free visualisation
software based on the Java platform that can be used to create accessible maps
using bibliographic data. It is far more effective and powerful in data processing and
map generation than other visualised tools. It allows researchers to quickly identify
hotspots and developments in their research field of interest [17]. VOSviewer was
chosen for this study to draw science mappings because it has exceptional text-
mining capabilities and is well-suited for dealing with larger networks. VOSviewer
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= Publications Citations

Fig. 2. Publication verses Citation from 2011 to 2021

is currently being used in construction industry research to create science mappings
for various topics [15] and analyse the mapping analysis, bibliographic coupling,
keyword co-occurrences analysis, and co-authorship [18].

3 Results

3.1 Descriptive Analysis

From 2011 to 2021, 28 documents on sustainable construction practices in developing
countries were published on Scopus. The distribution of publications and citations by
year. This is shown in Fig. 2 below. Five papers on sustainable construction practices
in developing countries were published in the first seven years. The rate of article
publication has increased at a faster rate since 2018. Overall, the annual publications
on SEC in machining operations have been steadily increasing since 2020.

3.2 Country Analysis

China accounted for the greatest number of publications with six articles. Australia
followed this with five and the United Kingdom with four. Six countries had only
one publication each. In terms of citations, India had the highest with 298, this is
followed by China with 240 and Australia with 99. Ghana accounted for the lowest,
with 14. Figure 3 Australia has the most collaborations, followed by Iran and Saudi
Arabia (See Table 1).
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Fig. 3. Country collaboration network

Table 1. Country Analysis

M. M. Tjebane et al.

Country Documents | Citations | Total Strength
India 1 298 0
China 6 240 4
Australia 5 99 8
united states 2 74 1
Germany 2 67 0
Denmark 1 64 1
Iran 3 39 6
Kazakhstan 1 27 0
New Zealand 1 27 0
Norway 1 27 0
Malaysia 2 26 0
Egypt 3 24 0
Saudi Arabia 1 20 0
United Kingdom |4 18 6
Ghana 3 14 0

3.3 Authorship Analysis

Table 2 shows the top authors in terms of number of citations. From the list of
16 authors, 6 authors have 298 citations from publishing 1 article. Furthermore, 3
authors had 99 citations from 1 published article. Figure 4 below shows the lines of
collaborations being clustered among authors.

3.4 Journals

Table 3 shows the top 22 most cited journal articles in sustainable construction
practice by total publications and citations. Construction and building materials had
the highest number of citations, with 298 citations from 1 article. The journal with the
second highest number of citations was the journal of environmental management,
with 99 citations from 2 published articles. The lowest citations came from advanced
sustainable systems, with seven citations.
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Table 2. Author Analysis

Author Documents | Citations | Total Strength
Ansari M 1 298 0
Dutta S.C 1 298 0
Joshi H 1 298 0
Kisku N 1 298 0
Nayak S 1 298 0
Panda S.K 1 298 0
Aslam M.S 1 99 4
CuiL 1 99 4
Huang B 1 99 4
Tam V.W.Y 2 82 5
Duan H 1 64 3
Liu G 1 64 3
Miller T.R 1 64 3
Manowong E 1 63 0
Kumanayake R |1 31 1
Luo H 1 31 1
. g S
e i@y &

Fig. 4 Author collaboration network

3.5 Keyword and Cluster Analysis

A keyword frequency visualisation sustainable practice research in contraction was
generated by VOSviewer as seen in the Table 4 and Fig. 5 Among the most frequently
mentioned keywords were developing countries (occurrence = 17), sustainable
development (occurrence = 15),construction industry (occurrence = 13), sustain-
ability (occurrence = 12), developing world (occurrence = 9), sustainable construc-
tion (occurrence = 9), surveys (occurrence = 5), waste management (occurrence =
5), construction (occurrence = 4), construction and demolition waste (occurrence =
4), developing country (occurrence = 4). Five clusters of 66 keywords were grouped.
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Table 3. Journal Analysis

Journal Documents Citations Total Strength
Construction and Building Materials 1 298 0
Journal of Environmental Management 1 99 1
Waste Management and Research 2 70 0
Waste Management 1 64 1
Sustainability (Switzerland) 3 32 0
Building and Environment 1 31 1
Environment, Development and Sustainability | 1 27 0
Sustainable Cities and Society 1 26 0
Administrative Sciences 1 24 0
Engineering, Construction and Architectural 2 22 1
Management

Journal Of Engineering, Design and 1 20

Technology

Smart and Sustainable Built Environment 2 11 1
Case Studies in Construction Materials 1 10 0
Natural Resources Forum 1 10 0
Advanced Sustainable Systems 1 7 0

4 Discussion

4.1 Content Analysis

4.1.1 Cluster1

This cluster comprised 16 keywords, including building industry, demolition, and
waste disposal, among others. From the content analysis, [19] the concept of sustain-
able cities is mainly about neutralising and conserving resources and maximising
economic benefits with minimal investment and pollution. This includes paying atten-
tion to waste management and material utilisation with all “new” buildings, regardless
of their class. In the case of “old” buildings, the highest priority is waste management,
use of materials, energy consumption, and sustainable use of ecosystems [3].
Construction and demolition waste, produced by rising demand for infrastruc-
ture and municipal growth, has expanded due to urbanisation’s effects on the popu-
lation and economy. With such a large amount of construction waste, environmental
challenges are created, such as resource depletion, loss of green space, increased air
and land pollution, and hazardous waste discharge [8]. The majority of developed
countries have environmental sustainability laws that direct infrastructure design
and force design teams to take environmental sustainability into account at the
design stage. Contrarily, insufficient ecological regulatory frameworks and a lack
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Table 4 Keyword cluster analysis
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Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
Building Industry | Affordable Architectural Article Assessment
housing design method
China barriers carbon construction Building
activities
circular economy | challenges carbon dioxide | construction Costs
materials
cities construction carbon construction life cycle
industry emissions waste materials
city construction construction construction life cycle analysis
sectors wastes
construction and decision design/ developing life cycle
demolition waste | making methodology/ country assessment (LCA)
approach
demolition developing environmental | economic and material selection
countries technology social effects
developing world | drivers global warming | economics scales (weighing
instruments)
economic framework green building | environment social aspects
conditions
environmental green projects | green buildings | numerical model | surveys
protection
municipal solid knowledge intelligent strategic
waste buildings approach
recycling project sustainable urbanisation
management development
refuse disposal stakeholders sustainable
practices
solid waste sustainability
waste disposal sustainable
construction

waste management

of standards for designers to follow regarding environmental sustainability goals are
prevalent in developing countries [20].

4.1.2 Cluster 2

This cluster comprised 15 keywords, such as construction sector, drivers, sustain-
ability, and stakeholders, among others. From the content analysis, [20] found the
infrastructure design stage in developing countries is where technical, functional,
and aesthetic factors take precedence over environmental considerations. Moreover,
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Fig. 5 Keyword cluster network

[2] found that the economic and regulatory-based hurdles more heavily influence
the failure of a change to sustainable practices in Iran. The major barriers to incor-
porating sustainability into construction projects are: (1) a lack of knowledge about
the potential benefits) a lack of collaboration between practitioners, research insti-
tutions, and environmental organisations, and a lack of a systematic strategy for
pursuing sustainability goals.

The difficulties in choosing acceptable materials for sustainable construction
projects are caused, among other things, by the high cost of construction materials
in developing nations like Ghana. This indicated the need for a proper selection of
sustainable construction materials that can promote a better quality of construction
structures, ensure faster construction solutions and foster new economic develop-
ment at better cost offers. The “sustainability” of energy efficiency and environmental
techniques for specific local situations, such as the social, economic, and ecological
components of sustainable practices, will be addressed in this choice [1]. Similarly
to a study by which found [21] most of the highly ranked barriers, such as “high-
interest rates,” “high inflation rate,” “high upfront cost of materials and sustainable
technologies,” and “high cost of serviced land.

However, developing countries can overcome this through government subsi-
dising small contractors to offset premiums, encouraging sustainable construction
in public projects, and hiring or engaging sustainability experts, among others [22].
Despite the well-known benefits of sustainable construction methods, adopting them
widely will take a lot of time and effortespecially in developing nations where the
presence of hurdles makes adoption difficult or unprofitable [3].
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4.1.3 Cluster 3

This cluster comprised 13, including architectural design, construction, intelligent
buildings, and sustainable development. Highlighting critical design factors for
infrastructure, such as functionality, aesthetics, and construction cost, is important
when designing with sustainability [20]. Project management key stakeholders must
proactively identify and overcome the adoption hurdles if sustainable practices are
to be incorporated into construction projects. This is due to the critical role that
project management plays in the planning, development, and execution of construc-
tion projects [2]. Also, sustainable construction practices should occur at every stage
or step. Better material selection is required to realise sustainable building prac-
tices for project delivery and achieve the desired sustainable results. This includes
using automation, energy utilisation and intelligent buildings to accelerate issues in
sustainability [23]

4.1.4 Cluster 4

This cluster comprises 12 keywords such as article, construction wastes, devel-
oping country and urbanisation [9]. The quantity and complexity of the construction
industry’s projects are growing, leading to increased environmental degradation and
greenhouse gas emissions. This has increased awareness and helped several nations,
even developing ones, act. This is due to increased construction-related issues brought
on by sustainable construction, making projects more complex. As aresult, it’s impor-
tant to recognise and classify the difficulties in completing sustainable construction
projects.

The management of sustainability comes at an additional expense. Cost-saving
measures include finding the optimal routes, using waste transportation, recycling
resources, and improving quality to realise economic and environmental gains while
using less fuel [8]. [24] also noted that the primary force behind the guiding stan-
dard for decision-making in its development is the economy of sustainability. Where
the potential financial savings can be made—in the initial investment in sustain-
ability, later operation expenses, or reduced resource use—is still up for debate in
the economics of sustainable construction. These could all be influenced by the nation
and its stakeholders.

However, developing countries frequently struggle to achieve sustainable devel-
opment due to balancing economic development and environmental quality while
simultaneously enhancing social welfare. Because of benefits like lowering green-
house gas emissions and energy consumption, especially in developing countries
where environmental pollution has been a big issue, sustainability will undoubtedly
become increasingly popular in the future [7].
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4.1.5 Cluster 5

Cluster 5 comprises 10 keywords, including life cycle assessment (LCA), material
selection, scales (weighing instruments) and social aspects. [20] found the main
barrier to using sustainable building methods is their higher cost as compared to
conventional ones. Along with other elements like the absence of historical data or
information, the method used to choose a pricing strategy, the possibility of unex-
pected costs, the level of staff training and development, and others, this is one of
the contributing factors [1].

Infrastructure operation and maintenance will be more sustainable if a sustainable
material selection is used. This maximises the sustainability of the whole project life
cycle [25]. The necessity and value of sustainability reside in the fact that construc-
tion managers are the ones who make most choices throughout any infrastructure
project. Together with other experts, they choose the specific design and/or building
technique to apply. Therefore, recognising the larger, system-based picture is crucial
to successfully barriers and incorporating sustainability drivers into construction
projects [3]. Moreover, life cycle assessment is done mainly in old infrastructure and
not newly built. This is considering the high number of old buildings in urban areas
[26]

4.2 Implications

The construction industry is among the many sectors adopting sustainability practices
for economic, social and economic benefits. This article assessed the current research
status of sustainable construction practices in developing countries. Scientometric
methods were used to accomplish this, specifically downloading metadata informa-
tion from the Scopus index for more than 28 publications published between 2011
and 2021. The resulting dataset was examined in terms of the sources and research
areas associated with it and the affiliation between countries and international
collaboration.

The initial search results of 302 results to 28 articles after applying inclusion
and exclusion criteria. Moreover, within the ten years, the most significant jump in
publications was made in 2020, when seven articles were published. This shows little
research linked to sustainable construction practices in developing countries.

From the research on sustainable construction, the practice has grown within
the last four to 5 years, as shown in Fig. 2. Moreover, the analysis of the keyword
frequently mentioned words was developing countries, sustainable development,
construction industry, and sustainability. According to [27], to avoid subsequent
processes for managing construction projects in developing countries with limited
financial resources and limited construction management initiatives on sustainability.
Strategies should be established to take proactive steps and pay attention to existing
and anticipated conditions for construction sustainability practices. Moreover, the
sustainability criteria among developing and developed countries must be different.
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Regarding country analysis, China accounts for the most publications, with 6,
while India has the most citations, with 298 [28]. China and India appear to be in a
severe position from the viewpoint of environmental issues. [28] had 298 citations;
this accounted for the highest citations for country, authorship, and journal.

This article had some limitations. Only Scopus was used to gather the bibliometric
data. We also used inclusion and exclusion criteria which might have left out some
relevant articles.

5 Conclusion

This study examined the challenges of implementing sustainable construction prac-
tices in developing countries. This study provided a state-of-the-art bibliometric
review through bibliometric review. This was on the challenges of implementing
sustainable construction practices in developing countries. Future research should
expand the number of databases and publications despite the study’s limitations.
Moreover, the bibliometric review advances the body of knowledge on sustainable
construction practice.

Acknowledgements The work is part of collaborative research at the Centre of Applied Research
and Innovation in the Built Environment (CARINBE).

References

1. KissiE, Sadick MA, Agyemang DY (2018) Drivers militating against the pricing of sustainable
construction materials: the Ghanaian quantity surveyors perspective. Case Stud Constr Mater
8:507-516. https://doi.org/10.1016/j.cscm.2018.04.003

2. Fathalizadeh A, Hosseini MR, Vaezzadeh SS, Edwards DJ, Martek I, Shooshtarian S (2021)
Barriers to sustainable construction project management: the case of Iran. Smart Sustain Built
Environ. https://doi.org/10.1108/SASBE-09-2020-0132

3. Tokbolat S, Karaca F, Durdyev S, Calay RK (2020) Construction professionals’ perspectives on
drivers and barriers of sustainable construction. Environ Dev Sustain 22(5):4361-4378. https:/
/doi.org/10.1007/s10668-019-00388-3

4. Mensah S, Nani G, Ayarkwa J (2021) Contractors’ adaptation to environmentally sustainable
construction: a micro-level implementation framework. Smart Sustain Built Environ. https://
doi.org/10.1108/SASBE-11-2020-0174

5. Norouzi M, Chafer M, Cabeza LF, Jiménez L, Boer D (2021) Circular economy in the building
and construction sector: a scientific evolution analysis. J Build Eng 44:102704. https://doi.org/
10.1016/j.jobe.2021.102704

6. Magbool R, Amaechi IE (2022) A systematic managerial perspective on the environmentally
sustainable construction practices of UK. Environ Sci Pollut Res 29(42):64132-64149. https:/
/doi.org/10.1007/s11356-022-20255-5

7. Shen W, Tang W, Siripanan A, Lei Z, Duffield C, Hui F (2018) Understanding the green
technical capabilities and barriers to green buildings in developing countries: a case study of
Thailand. Sustainability 10(10):3585. https://doi.org/10.3390/su10103585


https://doi.org/10.1016/j.cscm.2018.04.003
https://doi.org/10.1108/SASBE-09-2020-0132
https://doi.org/10.1007/s10668-019-00388-3
https://doi.org/10.1108/SASBE-11-2020-0174
https://doi.org/10.1108/SASBE-11-2020-0174
https://doi.org/10.1016/j.jobe.2021.102704
https://doi.org/10.1016/j.jobe.2021.102704
https://doi.org/10.1007/s11356-022-20255-5
https://doi.org/10.3390/su10103585

122

8.

10.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

M. M. Tjebane et al.

Al-Otaibi A et al (2022) Identifying the barriers to sustainable management of construction
and demolition waste in developed and developing countries. Sustainability (Switzerland)
14(13):1-17. https://doi.org/10.3390/sul4137532

Ahmed S, El-Sayegh S (2022) The challenges of sustainable construction projects delivery—
evidence from the UAE. Architectural Eng Design Manag 18(3):299-312. https://doi.org/10.
1080/17452007.2022.2027224

Tjebane MM, Musonda I, Okoro C, Onososen A (2023) Artificial Intelligence (Al) in sustain-
able construction management: a scientometric review. Lect Notes in Civil Eng. 245:137-150.
https://doi.org/10.1007/978-3-030-97748-1_12

. Hire S, Sandbhor S, Ruikar K (2021) Bibliometric survey for adoption of building information

modeling (BIM) in construction industry— a safety perspective. Arch Comput Methods Eng
29(1):679-693. https://doi.org/10.1007/s11831-021-09584-9

Manzoor B, Othman I, Pomares JC (2021) Digital technologies in the architecture, engineering
and construction (AEC) industry—a bibliometric—qualitative literature review of research
activities. IntJ Environ Res Public Health 18(11):6135. https://doi.org/10.3390/ijerph 18116135
Onososen AO, Musonda I, Ramabodu M (2022) Construction robotics and human-robot teams
research methods. Buildings 12(8):1192. https://doi.org/10.3390/buildings12081192
Amirkhani M, Martek I, Luther MB (2021) Mapping research trends in residential construction
retrofitting: a scientometric literature review. Energies (Basel) 14(19):6106. https://doi.org/10.
3390/en14196106

SouzaL, Bueno C (2022) City information modelling as a support decision tool for planning and
management of cities: a systematic literature review and bibliometric analysis. Build Environ
207:108403. https://doi.org/10.1016/j.buildenv.2021.108403

Tariq S, Hussein M, Wang RD, Zayed T (2021) Trends and developments of on-site crane layout
planning 1983-2020: bibliometric, scientometric and qualitative analyzes. Constr Innov. https:/
/doi.org/10.1108/CI-02-2021-0015

Zhao M, Zhang H, Li Z (2022) A bibliometric and visual analysis of nanocomposite hydrogels
based on VOSviewer from 2010 to 2022. Front Bioeng Biotechnol 10(June):1-9. https://doi.
org/10.3389/fbioe.2022.914253

. Dhiaf MM, Atayah OF, Nasrallah N, Frederico GF (2021) Thirteen years of operations manage-

ment research (OMR) journal: a bibliometric analysis and future research directions. Oper
Manag Res 14(3—4):235-255. https://doi.org/10.1007/s12063-021-00199-8

Kang W et al (2019) Building sustainable cities in China: experience, challenges, and prospects.
Chin J Urban Environ Stud 07(01):1940002. https://doi.org/10.1142/s2345748119400025
Zulu E, Zulu SL, Chabala M, Kavishe N, Chifunda C, Musonda I (2022) Infrastructure design
stage considerations for environmental sustainability in Zambia. J Eng Des Technol. https:/
doi.org/10.1108/JEDT-12-2021-0742

Adabre MA, Chan APC (2021) Modeling the impact of barriers on sustainable housing in
developing countries. J Urban Plan Dev 147(1):1-19. https://doi.org/10.1061/(asce)up.1943-
5444.0000639

Hwang BG, Shan M, Lye JM (2018) Adoption of sustainable construction for small contractors:
major barriers and best solutions. Clean Technol Environ Policy 20(10):2223-2237. https://
doi.org/10.1007/s10098-018-1598-z

Ozturk GB (2018) The future of 3D printing technology in the construction industry: a
systematic literature review. Eurasian J Civ Eng Architect 2(2):10-24

Zhang Y et al (2019) A survey of the status and challenges of green building development
in various countries. Sustainability (Switzerland) 11(19):1-29. https://doi.org/10.3390/sul 119
5385

Ismail S, Hon CKH, Crowther P, Skitmore M, Lamari F (2022) The drivers and chal-
lenges of adopting the Malaysia industrialised building system for sustainable infrastructure
development. Constr Innov. https://doi.org/10.1108/CI-05-2021-0088

Yilmaz Y, Seyis S (2021) Mapping the scientific research of the life cycle assessment in the
construction industry: a scientometric analysis. Build Environ 204:108086. https://doi.org/10.
1016/j.buildenv.2021.108086


https://doi.org/10.3390/su14137532
https://doi.org/10.1080/17452007.2022.2027224
https://doi.org/10.1080/17452007.2022.2027224
https://doi.org/10.1007/978-3-030-97748-1_12
https://doi.org/10.1007/s11831-021-09584-9
https://doi.org/10.3390/ijerph18116135
https://doi.org/10.3390/buildings12081192
https://doi.org/10.3390/en14196106
https://doi.org/10.3390/en14196106
https://doi.org/10.1016/j.buildenv.2021.108403
https://doi.org/10.1108/CI-02-2021-0015
https://doi.org/10.3389/fbioe.2022.914253
https://doi.org/10.3389/fbioe.2022.914253
https://doi.org/10.1007/s12063-021-00199-8
https://doi.org/10.1142/s2345748119400025
https://doi.org/10.1108/JEDT-12-2021-0742
https://doi.org/10.1108/JEDT-12-2021-0742
https://doi.org/10.1061/(asce)up.1943-5444.0000639
https://doi.org/10.1061/(asce)up.1943-5444.0000639
https://doi.org/10.1007/s10098-018-1598-z
https://doi.org/10.1007/s10098-018-1598-z
https://doi.org/10.3390/su11195385
https://doi.org/10.3390/su11195385
https://doi.org/10.1108/CI-05-2021-0088
https://doi.org/10.1016/j.buildenv.2021.108086
https://doi.org/10.1016/j.buildenv.2021.108086

Challenges for the Implementation of Sustainable Construction ... 123

217.

28.

Manowong E (2012) Investigating factors influencing construction waste management efforts
in developing countries: an experience from Thailand. Waste Manage Res 30(1):56-71. https:/
/doi.org/10.1177/0734242X 10387012

Kisku N, Joshi H, Ansari M, Panda SK, Nayak S, Dutta SC (2017) A critical review and
assessment for usage of recycled aggregate as sustainable construction material. Constr Build
Mater 131:721-740. https://doi.org/10.1016/j.conbuildmat.2016.11.029


https://doi.org/10.1177/0734242X10387012
https://doi.org/10.1016/j.conbuildmat.2016.11.029

Robotics, Automation, and Control



Structural Health Monitoring of Civil )
Infrastructure using Mobile Robots oo

Kay Smarsly, Kosmas Dragos, Jan Stiihrenberg, and Mathias Worm

Abstract With the advancements in information, communication, and sensing tech-
nologies, structural health monitoring (SHM) has matured into a substantial pillar of
infrastructure maintenance. In particular, wireless sensor networks have gradually
been incorporated into SHM, leveraging new opportunities towards reduced installa-
tion efforts and enhanced flexibility and scalability, as compared to cable-based SHM
systems. However, wireless sensor nodes are installed at fixed locations and need to
be employed at high density to reliably monitor large infrastructure, which may cause
high installation costs. Furthermore, the limited power autonomy of wireless sensor
networks, installed at fixed locations for unattended long-term operation, still repre-
sents a significant constraint when deploying stationary wireless sensor nodes for
SHM. To resolve the critical constraints stemming from costly high-density deploy-
ment and limited power autonomy, a mobile structural health monitoring concept
based on legged robots is proposed in the feasibility study reported in this paper.
The study explores the feasibility of deploying legged robots for wireless SHM of
civil infrastructure, aiming to achieve insights into realizing the advantages of mobile
wireless sensor nodes in general and of legged robots in particular. As will be shown
in this paper, the legged robots, as compared to stationary wireless sensor nodes,
require a smaller number of nodes to be deployed in civil infrastructure to achieve
the same sensor information, entailing more cost-efficient — yet accurate — SHM. In
conclusion, this feasibility study represents a first step towards autonomous robotic
fleets advancing structural health monitoring.
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1 Introduction

The US Federal Highway Administration estimates a US$ 125 billion bridge repair
backlog in the United States [1]. The situation in other industrial countries is similar.
In Germany, almost 700 bridges are more than 100 years old, and more than 10%
of highway bridges are deficient [2]. The vulnerability of civil infrastructure due
to aging is being further exacerbated by climate change, thus highlighting the need
for timely structural maintenance, which has been increasingly relying on structural
health monitoring (SHM) [3].

Over the years, the SHM community has witnessed gradual transitions in strate-
gies and equipment adopted, following the advances in sensor technologies. Early
SHM case studies have been limited to civil infrastructure of high importance or of
strong academic interest, due to the dependence of SHM instrumentation on relatively
expensive cable-based sensors and data acquisition units. In recent years, however,
developments in sensor technologies have been offering cost-effective alternatives
for SHM, usually consisting of wireless sensor nodes [4]. Since the merits of wireless
technologies have been apparent from the very first “wireless” strategies in SHM,
practitioners have sought, on the one hand, to exploit the scalability of wireless
sensor networks towards deploying SHM systems of increasing density, in an attempt
to obtain spatially rich information on structural conditions [5]. On the other hand,
misuse of scalability of wireless SHM systems may result in particularly dense sensor
networks. Dense sensor networks, in turn, may raise questions regarding the eventual
cost-effectiveness of dense SHM deployment, the robustness of the SHM system,
and the conformity of the SHM strategy with aesthetic and operational requirements.

In recent years, representing the middle ground between obtaining spatially dense
information and utilizing the convenience of wireless technologies with minimal
deployment of equipment, the SHM practice has been drawing from the field of
robotics. At first, the notion of mobility in SHM systems had materialized in mobile
robots facilitating powering embedded remote sensors and retrieving data with close-
proximity telemetry, as reported by Huston et al. [6]. Furthermore, solutions based
on non-stationary wireless sensor nodes have sporadically been proposed in the
form of mobile SHM systems employing wheeled robots [7]. Examples include
the “robomote” introduced by Dantu et al. for augmenting static sensor networks
[8], and the prototype mobile SHM system, capable of navigating structures using
ferromagnetic materials, designed and validated by Zhu et al. [9]. The efficiency of
mobile robots for SHM lies in the capabilities of a minimum deployment of robots
(i) to scan relatively extensive areas on structures and (ii) to form ad-hoc wireless
networks for exchanging information to collaboratively analyze the structural condi-
tions [10]. However, state-of-the-art approaches on mobile SHM systems largely
rely on wheeled robots, which, in complex structures, may be unable to access areas
with impediments. In this regard, legged robots may offer an attractive alternative
for SHM, in terms of maneuverability and transversability, following up on recent
research advances in bionics [11].
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This paper reports on a feasibility study, proposing a mobile structural health moni-
toring concept based on legged robots, extending preliminary work published in [10]
and in [12]. Legged robots exhibit enhanced mobility, compared to wheeled robots,
and are able to access extensive locations on structures by traversing impediments,
such as stiffening plates, pipelines and electrical installations [13]. The feasibility
study essentially seeks to validate the mobile SHM system presented in the studies
mentioned above in real-world conditions, i.e. implemented in robust legged robots
and applied on a real-life pedestrian bridge. The mobile SHM system consists of
legged robots, featuring (i) a locomotion component, (ii) a processing component,
and (iii) a sensing component. The goal of the feasibility study is to showcase that the
mobile SHM system is capable of yielding the same level of information on struc-
tural conditions as a stationary wireless SHM system when applied on a real-life
pedestrian bridge. In the rest of the paper, Sect. 2 describes the mobile SHM system,
and Sect. 3 covers the validation tests conducted on a pedestrian bridge in Hamburg,
Germany. The paper concludes with a summary and an outlook on potential future
research efforts that may be undertaken to advance the concepts presented herein.

2 A Mobile Structural Health Monitoring System Based
on Legged Robots

Considering the refinement characterizing modern structural analysis methods, e.g.
using finite element models with fine meshes, it is reasonable to pursue SHM-derived
information that would at least spatially envelope structural analysis results. In this
context, the motivation behind the mobile SHM system, presented in this section,
is to maximize the information on structural conditions, while employing a SHM
strategy that is efficient, cost-effective, and least invasive. The capabilities of legged
robots to navigate extensive areas on structures and to reach locations that may be
hardly accessible to humans allow collecting elaborate fields of structural response
data that can help stakeholders make educated judgments on structural conditions.
In addition, elaborate fields of structural response data enable comparisons with
structural analysis results, which can be used for system identification and (finite
element) model updating.

From a budgetary perspective, for a mobile SHM system to be viable, only a
small number of legged robots should be used. Particularly considering the unit price
difference between legged robots and wireless sensor nodes, it follows that the cost-
effectiveness of a mobile SHM system can be ensured only if the number of legged
robots is kept to the minimum necessary for fulfilling the SHM objectives. Drawing
from common SHM practice, which largely involves analyzing acceleration response
data and computing experimental mode shapes, SHM objectives frequently require
simultaneous data acquisition from at least two locations. As a result, for the mobile
SHM system proposed in this feasibility study, two legged robots will be deployed.
Apart from collecting acceleration response data, the legged robots are capable of
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communicating with each other and of collaboratively analyzing the data to extract
information on the structure, e.g. in the form of experimental eigenfrequencies. In
what follows, the hardware and software specifications of the mobile SHM systems
are described.

2.1 Hardware Design and Implementation

The type of legged robots used for the mobile SHM system in this feasibility study
are “intelligent documentation gadgets” (IDOGs), built around Unitree’s A1 robot
model [14]. In accordance with the mobile SHM system requirements previously
described, the IDOGs are capable of multi-direction locomotion, of data acquisition,
and of on-board data processing. The hardware design implementation follows the
same reasoning as in [10] and is shown in Fig. 1.

The “locomotion component” of the IDOG, shown in Fig. 1, consists of four
legs driven by motors at three points (“hip”, “knee”, “thigh”), thus providing twelve
degrees of freedom for locomotion and ensuring advanced maneuverability. The loco-
motion component enables the IDOG to assume the “measuring posture”, essentially
lying down for conducting measurements, and the “walking posture”, i.e. standing up
and moving from one location to the other. The locomotion control is computed and
provided by the “locomotion board”, which resides in the “processing component”.
Apart from the locomotion board, an on-board computer, designated as “‘computing
board”, is included in the processing component for reading and analyzing data from
the sensors attached to the IDOG (included in the “sensing component”).

In this feasibility study, the sensing component encompasses a “light detection and
ranging” (Lidar) sensor that enables the IDOG to perceive its environment. In future

Unitree Al
Hip  Thigh Knee Computing board Lidar
Leg | e
Leg 2
g Motor 1-12 ! ‘
Leg 3 Inertial
Leg 4 +«—> Locomotion board measuring
unit
\ J\ PN J
b 2 b i i
Locomotion Processing Sensing
component component component

Fig. 1. Hardware components of the IDOG
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work, the Lidar sensor will enable the IDOG to autonomously navigate to measure-
ment locations. Moreover, a Bosch BMIO55 inertial measuring unit (IMU) with an
integrated accelerometer is included in the sensing component for collecting acceler-
ation response data. The IMU measures at a range of 4 g, at a sampling frequency
of 250 Hz, and with a minimum detectable acceleration of 0.98 mg [15]. As will be
shown in the validation tests, the measuring posture that the IDOG assumes ensures
that the measurements of the IMU correspond to the acceleration response data of
the structure being monitored. As a result, the acceleration response data collected
by the IDOGs are suitable for vibration-based SHM tasks, such as operational modal
analysis, using embedded software, which is described in the following subsection.

2.2 Software Design and Implementation

The IDOG leverages embedded software, flowcharted in Fig. 2 by means of the
process conducted by the mobile SHM system, designed around the “robot operating
system” (ROS) framework. The embedded software enables collecting, processing,
and analyzing acceleration response data. When beginning operation, a ROS process
is started that starts the accelerometer. Next, the IDOG assumes the measuring posture
at a measurement location, the acceleration response data is collected and stored in
a local file. Subsequently, the acceleration response data is analyzed by performing
fast Fourier transform (FFT) and peak picking, i.e. detecting “modal peaks” in the
frequency-domain representation of the acceleration response data that essentially
are frequency components exhibiting maximum amplitude in the FFT.

For perceiving the environment, two ROS processes are started. The first process
collects Lidar scan data in the form of a point cloud. The second process subscribes
to the scan data and executes a “simultaneous localization and mapping” (SLAM)
algorithm. In this study, the Google cartographer is used for creating a 2D grid map
[16]. The grid map is devised for visualization purposes, highlighting the positions of
the acceleration measurements. As discussed previously, in future work, the grid map
will be integrated into the mobile SHM system to provide perception for autonomous
locomotion of the IDOG.

3 Field Validation Tests at a Pedestrian Bridge

Validation tests within the framework of the feasibility study are conducted on a
pedestrian bridge. The purpose of the validation tests is to showcase that the mobile
SHM system is applicable in real-life conditions. Serving as a benchmark system for
comparison, a wireless SHM system comprising stationary wireless sensor nodes is
installed on the bridge. In the remainder of this section, the pedestrian bridge and the
experimental setups are described, and the test results are presented and discussed.
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Fig. 2. SHM process conducted by the embedded software designed for the IDOGs

3.1 Description of the Pedestrian Bridge and the Benchmark
SHM System

The pedestrian bridge used for the validation tests is the “Citadel Bridge” (German:
“Zitadellen-Briicke”), which spans the Lotse Canal at Hamburg, Germany. The
pedestrian bridge, shown in Fig. 3, is a relatively new structure, opened to traffic
in 2016. The main deck of the bridge comprises a welded steel trapezoidal hollow
“box” section of variable dimensions. The deck has a length of 45.5 m and a width
that varies from 3.25 m to 5.65 m. In the vertical direction, the main deck rests on
two reinforced concrete piers, and, at its ends, abuts the quay walls on each side of
the canal, essentially forming one middle span, between the two piers, and two side
spans, each between one pier and one abutment. The main part of the main deck
is capable of revolving around one of the piers, functioning as a swing bridge, to
facilitate traffic of canal vessels.

The benchmark system includes eight wireless sensor nodes of type Oracle
“Sunspots” [17]. The microcontroller of each sensor node features an ARM processor
running at 400 MHz, volatile memory of 1 MB, and flash memory of 8 MB. The
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Fig. 4. Plan view of the measurement locations on the pedestrian bridge

sensing component of each sensor node integrates a 3-axial accelerometer, of type
MMA7455L, measuring at a selectable range between 2 and 16 g with a selectable
sampling rate up to 250 Hz. The analog-to-digital conversion supported by the
accelerometer is of 8-bit resolution. For the purposes of this study, the accelerome-
ters are placed along the longitudinal edges of the main deck, as shown in Fig. 4. In
particular, four sensor nodes are placed on the middle span, and two sensor nodes are
placed on each side span. The purpose of placing the sensor nodes along the edges
of the deck is to capture both translational and torsional vibrations. Due to the swing
function of the bridge, the left-hand side of the main deck, as shown in Fig. 4, is
separated by a full-depth gap from the rest of the deck, and, thus, exhibits indepen-
dent dynamic behavior from the rest of the bridge. Therefore, the measurements are
restricted to the middle part and the right-hand side of the deck. The wireless sensor
nodes are tasked to collect acceleration response data in the vertical (z) direction
with a measurement range of 2 g and a sampling frequency of f; = 125 Hz for a
duration of 120 s.

3.2 Validation Tests

The benchmark system and the mobile SHM system are compared on the basis of
information extracted from acceleration response data. As mentioned previously,
the information translates into “modal peaks” in the FFT amplitude spectra of the
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acceleration response data. For the benchmark system, the wireless sensor nodes
autonomously estimate modal peaks and communicate the respective frequencies
to a centralized server. For the mobile SHM system, a minimum deployment of
two IDOGs is adopted to progressively access all measurement locations of the
benchmark system in pairs and to collect acceleration response data. The reasoning
behind using at least two IDOGs is to ensure that the modal peaks detected in the
FFT amplitude spectrum are confirmed by two independent IDOGs from two separate
locations, thus avoiding false positive detections of modal peaks, given the output-
only nature of the SHM approach. Although the measurement locations are accessed
manually in this study, since autonomous navigation is part of future work, the
visualization of the pedestrian bridge by the SLAM algorithm showcases that the
IDOGs are capable of perceiving the surroundings of the structure through the Lidar
sensors. The measurement locations (L1...L6) are illustrated in Fig. 5. In each pair of
measurement locations, the IDOGs collect and analyze the acceleration response data
in the frequency domain to obtain modal peaks, which are wirelessly communicated
to a centralized station.

The IDOGs are positioned at the abutment on the right-hand side of the main deck.
Since the analysis of one of the IDOGs serves as confirmation of the modal peaks,
one of the measurement locations is selected as a “reference point”, against which
the analyses from the rest of the measurement locations are compared. Location L4
is selected as reference point based on engineering judgment, because most vibration
modes are expected to exhibit discernible amplitudes. One of the IDOGs (“IDOG
17) is placed at the reference point, and the other IDOG (“IDOG 2”) progressively
accesses the rest of the measurement locations by assuming the walking posture,
shown in Fig. 6 (bottom left). Upon reaching a measurement location, the IDOG
switches to measuring posture, as shown in Fig. 6 (bottom right). Simultaneously,
the IDOG at the reference point switches to measuring posture, as shown in Fig. 6
(top), and both IDOGs collect acceleration response data for a duration of 120 s at
a sampling frequency of f,, = 250 Hz. Next, each IDOG transforms its accelera-
tion response data into the frequency domain and detects modal peaks, using the
embedded FFT and peak-picking algorithm. Finally, the IDOGs exchange the modal
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Fig. 6. Simultaneous collection of acceleration response data at measurement locations L3 and L4
(top), walking posture of the IDOG (bottom left), measuring posture of the IDOG (bottom right)

peaks to confirm that the eigenfrequencies of the modal peaks detected by each
individual IDOG match.

3.3 Results and Discussion

The results of the embedded peak-picking algorithm, executed autonomously by
each IDOG, are summarized in Tables 1, 2 and 3. First, the results of IDOG 1 are
presented, next, the results of IDOG 2 are provided, and, finally, the results from
applying peak picking at the acceleration response data of the benchmark system are
tabulated for comparison purposes.

As can be seen from Tables 1, 2 and 3, the embedded peak-picking algorithm of
the IDOGs is capable of yielding 2-3 modal peaks at the same frequency components
as the benchmark system. Minor discrepancies between the modal peaks detected
by IDOG 1 and IDOG 2, as well as between the IDOGs and the benchmark system,
are attributed to interference of noise and to the approximative character of the FFT.
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Table 1. Peak picking results from IDOG 1
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Setup Location Modal peaks (Hz)
1 2 3
1 L4 3.082 4.333 10.544
2 L4 3.067 4318 10.590
3 L4 3.052 4.303 10.544
4 L4 3.082 4.288 10.437
5 L4 3.082 4.257 10.483
Table 2. Peak picking results from IDOG 2
Setup Location Modal peaks (Hz)
1 2 3
1 L1 3.113 4.303 -
2 L2 3.082 4.349 -
3 L3 3.113 4.303 10.620
4 L5 3.098 4.318 10.590
5 L6 3.113 4.303 10.590
fTr?)lr)I:etI?é biigiﬁrlrgi;?;m Location Modal peaks (Hz)
1 2 3
L1 3.036 4.356 -
L2 3.029 4.333 -
L3 3.044 4.356 10.544
L4 3.036 4.341 10.597
L5 3.044 4.349 10.437
L6 3.036 4.326 10.597

Exemplarily, the FFT amplitude spectra computed by both IDOGs for setup 3 are
plotted in Fig. 7a. Furthermore, Fig. 7b illustrates the FFT amplitude spectra between
IDOG 1 and the corresponding sensor node of the benchmark system at location L3.
In both plots, the proximity between the FFT amplitude spectra is evident.
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Fig. 7. Comparison between FFT amplitude spectra of IDOG 1 and IDOG 2 for setup 3 (a), and
comparison between FFT amplitude spectra of IDOG 2 and the benchmark system at location L3

(b)
4 Summary and Conclusions

The advantages of wireless sensor networks for structural health monitoring, in terms
of cost-efficiency and flexibility, may be easily nullified by designing particularly
dense wireless SHM systems consisting of stationary wireless sensor nodes. As alter-
natives, approaches proposing mobile wireless SHM system have been sporadically
proposed. Nevertheless, since the concept of mobile SHM is still in its infancy, this
feasibility study has focused on highlighting the applicability of mobile SHM in
real-world conditions. Specifically, building upon previous work of the authors, a
mobile SHM system, comprising legged robots, which can advantageously navigate
areas with impediments that are hard to reach by wheeled robots, has been tested
on a pedestrian bridge. The purpose of the feasibility study has been to investigate
the capability of the mobile SHM system to (i) perceive its surroundings and (ii)
yield information on the structural condition similar to the information obtained by a
benchmark system, consisting of stationary wireless sensor nodes. On the one hand,
the juxtaposition of the visualization of the pedestrian bridge with the actual geom-
etry of the bridge has showcased the capability of the legged robots to perceive the
surroundings. On the other hand, the comparison between the outcomes of the mobile
SHM system, in the form of eigenfrequencies obtained through peak picking, and
the corresponding outcomes of the benchmark system have proven the capability
of the mobile SHM system to provide rich information on the structural condition.
Future work will focus on using the mobile SHM system to obtain elaborate informa-
tion on the structural dynamic behavior, such as mode shapes, and on implementing
autonomous navigation of measurement locations.
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Bottlenecks to the Implementation )
of Automation and Robotics L
in the Construction Industry

Ayanda Boya, Opeoluwa Akinradewo, Clinton Aigbavboa,
Andrew Ebekozien, and Molusiwa Ramabodu

Abstract South Africa is increasing its use of technological innovation in the
construction sector. Given the recent advancements, understanding how tech-
nology affects the construction industry is crucial. Industry related concerns include
decreased quality and productivity, wastage, accidents, project delays, and unfavor-
able working conditions. A solution to these issues is the adoption of the implemen-
tation strategies of automation and robotics technologies, which have the potential to
increase productivity, safety, and quality in the construction industry. However, there
are barriers that hinder the progression of this implementation. This study aimed at
evaluating the challenges of the implementation strategies of automation and robotics
in the South African Construction industry. Corresponding literatures were reviewed,
and a quantitative research methodology was adopted to extract information about
the research question. To achieve this, a cluster sampling technique was used, and
a survey questionnaire was distributed to 111 construction professionals, who were
situated in the Gauteng province of South Africa. The data collected presumed that
the most impactful challenge to the implementation of automation and robotics in the
construction industry is the high costs of acquiring technologies. This could be based
on existing corroborations that SMME’s and other small organisations struggle to
obtain technologies due to lack of funding, and technologies are generally deemed
to be very costly. The study concluded that innovative technologies are generally
expensive and not easily attainable.
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1 Introduction

Automation and robotics in construction is the mechanization and digitalization of
human skills to aid in productivity as well as to resolve issues related to labor scarcity,
safety factors etc. [1]. The rise of the industrial revolution 4.0 (4IR) has assisted in
making people more mindful of the convenience of implementing automation and
robotics in their daily tasks [2]. Aghimien [2] stated that the implementation of
automation and robotics in the building industry has been deemed non-progressive,
considering the fact that it has the ability to mitigate the dangers posed to human
health and safety. Without the use of building technologies, efficiency is minimal
[3]. Construction has been described as an industry with a higher rate of workplace
injuries and fatalities with building collapse and falls from great heights being the
leading cause of deaths. Furthermore, construction automation has shown to be neces-
sary for carrying large materials thus leading to injury prevention [4]. Thoroughly
embracing technologies such as robotics and building automation is the solution
to labour shortages, workplace health and safety, and a decline in efficiency and
productivity [5].

Conversely, robotics necessitates the ability of technicians to handle or monitor
the robots, so expertise of robots would be essential in order to work with them.
This implies that any time new equipment is introduced to the site; the operators will
need to be professionally trained to run the equipment. Automation is the process
of digitizing machines to execute certain tasks, thus academic knowledge would be
needed for the user to comprehend the equipment’s functionality [6]. Opposition to
robotics and building automation is also associated with a high installation cost, as
well as the cost of operating machinery. Construction expectations, such as improved
job efficiency, necessitate the operation of hefty materials or heavy-duty machines,
which, when influenced by the job description, can be quite costly [7]. Labourers fear
job loss as a result of the introduction of robotics and automation in the construction
industry [8]. As a result, automation becomes a deterrent because if robots are the
new construction technology, job loss is inevitable.

Although there are many benefits of automation and robotics, there are still
numerous implementation challenges. The main objective of this study is to inves-
tigate these implementation bottlenecks within the construction field. This research
will expose professionals and students to the barriers of implementing automation
and robotics in the South African construction industry. The findings that have been
presented will assist in creating strategies to mitigate these barriers.
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2 Automation and Robotics in the Construction Industry

Automation and Robotics is the application of self-controlled mechanical and elec-
tronic machines with smart regulatory systems to automate building tasks and
processes [9]. The words and terminology are used interchangeably; and they
comprise systems ranging from human-operated mechanical machinery to partially
autonomous or autonomous equipment that are remote controlled, to automated
robotics with additional sensors and automatic monitoring functions. With regards
to this research, construction automation and robotics depicts a broad category of
machinery and applications used to automate construction-related tasks across the
project’s life cycle [9]. As maintained by some scholars, “construction automation”
depicts the use of designs assisted by computers and worksite technology handled
by robots to simplify all-inclusive tasks [10]. Currently the phrase “digital fabri-
cation” in substitution for “construction automation” is used when discussing the
customization of building construction. Construction robotics is explained as “a re-
programmable, multifunctional manipulator designed to move materials, parts, tools
or special devices through variable programmed motions for the performance of a
variety of tasks occurring in production processes of the building industry” [11].

2.1 Bottlenecks to the Implementation of Automation
and Robotics in the Construction Industry

Model Constraint

Due to automation still prevailing in the beginning stages of design and develop-
ment, there is a designer-operator divide in application [12], and there is a scarcity of
certified and relevant models that constitute the foundation of the structure of compu-
tative networks and hardware components. There is a lack of globally approved and
validated models that can be used to a variety of enterprises with diverse IT enabled
applications and operational capabilities [13]. The automation restrictions are deter-
mined by unstructured government mechanisms, non-existing government policies,
initiatives, and studies. Furthermore, models that are approved across a sector must
be reconditioned and adjusted in accordance with the types, stages, and degrees of
automation, i.e. including industry-approved manuals [14].

Money Constraint

The combination of hardware, software, and human-resource expenditures is referred
to as the monetary costs of automation. The fundamental expenditures of plan-
ning automation are lack of funding for automation or significant capital investment
for formalization, servicing, personnel training, professional partnership, specialist
teams for organizing periodic tasks and activities, computational (hardware) facili-
ties, and software development [15, 16]. In general, automation finance is too difficult
to grasp and implement due to the numerous expenses connected with automation
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testing [17]. There is resistance for building automation by entrepreneurs or small
businesses since they are not acknowledged by the market, meaning that stronger
businesses have a better chance of buying or hiring heavy equipment [18]. Some
studies go as far to say that the problems of robotic and automated installations
include expensive updates as technology improves as well as developing modern
technologies to complement the task since not all construction methods are the same
[19].

Management Constraint

There is a deficit in managerial initiative to bring about the breakthrough incor-
porated in the automation process from conception to application [20]. In addition,
managerial reluctance and openness towards change are the missing connection with
ever-changing businesses and competitive markets [21]. A few of the management-
oriented limitations of automation implementation include a lack of trust in automa-
tion systems, machine-managed operations imposed by political, legal, moral, and
societal pressures [22], privacy and security issues, lengthy difficulties of men-
machine task synchronization, and ever transpiring machine errors [23]. In contrast
with manual labour, construction automation and robotics cannot accept true owner-
ship and accountability for tasks, particularly in cases of incidents or error, which is
also amajor management challenge, because of its “unstructured” and “uncontrolled”
characteristics [24].

Men-Machine Interaction

Operators must reskill in certain areas to transition from leading machines to working
on them as assistants or supervisors [25, 26]. The willingness of human operators
to employ the “learn-unlearn-relearn” methodology through comprehensive training
courses can minimize automation problems and further develop the performance
of the operator [27]. In addition, the connection between human and machines is
often mentioned as the main limitation accelerating automation system failures since
development engineers have never foreseen complicated system interactions [28].

Measurement Constraint

The lack of tools and methodologies for analyzing the effectiveness that auto-
mated processes, functionalities, and operations have on organizational workers and
revenues is a measurement restriction of automation. Several studies have studied
the costs assigned to automation stakeholders by automation equipment, employee
restructuring and training, software upgrades, as well as the contribution or benefits
each of these changers makes to companies [29]. The lack of effect measuring tools
against the starting automation process seems to be the most significant absent link
between automation idea and adoption, as well as post-implementation [30].

Mechanism Constraint

This constraint of automation leads us to the lack of literature on “who, when, where,
why, and how” following the automation process, as well as which processes must
be implemented for effective deployment or operation, which appears to be either
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non-existent or unverifiable [31]. The lack of knowledge exchanging conferences,
forums, conventions on automation also limits business fraternity. Automation initia-
tives are very complicated, requiring planning and management on several levels,
including technological, administrative, clinical, social, and economical [32]. The
lack of support for government changes and cooperative machinery from the frame-
work of specialized automation stakeholders is even more concerning. The mecha-
nism for effectively testing and implementing automation is hampered by firms’ poli-
cies of concentrating their technological resources for operational efficiency alone
rather than generalizing them towards widespread benefits and influence [33].

Employment

According to James [34], the construction industry employs a substantial number
of people in the country. Majchrzak [8] stated that employees are afraid of job loss
potentially caused by the construction sector robots and automation, which makes it
achallenge to automation, because robots are the future construction technology they
would presumptuously create job losses. Full adaption of robotics in construction will
affect most jobs, since the accessibility of work will be reduced. Only occupations
of the people who perform robotic tasks will be lost, as machines may undertake
special tasks with the advantages of higher production and improved output. The
implementation of robots will substitute skilled people and employees impacted by
use of robots and automation will have to alter the occupation in which they are
familiar with, for instance with bricklayers, because it is envisaged that robots that
lay bricks will be used as a specialty in construction [35].

Robots and Automated Systems
Drones and autonomous vehicles

There are several obstacles that have to be confronted, such as i) high capital cost;
(ii) insufficient battery power which limits operations - for example, the majority
of drones have a flying time of not more than thirty minutes; (iii) sophisticated
hardware and software operational capability that requires considerable training and
increases expenses; (iv) apparent mistakes and accidents to the degree of precision
and acceptance; (v) strict restrictions that raise acquisition costs; and (vi) extra health
and safety hazards caused by drones [38, 39].

Exoskeletons

The perceived challenges to employing exoskeletons in the construction business
include i) concerns about safety and health, since exoskeletons might raise “catch”,
“snag”, and “fall” hazards; cleanliness difficulties and a false feeling of safety; (ii)
issues about usability, that include lifespan, robustness and adaptability; iii) The
failure to integrate additional protective equipment (PPE); (iv) the adoption’s capital
costs and the necessity for a speedy rate of return; (v) a key obstacle is the possibility
of poor worker acceptance rates [40].

New Work Methods
Most construction workers do not get advanced learning, they are taught to become
experts in particular craft on the job. The majorities of construction employees are
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trained in single craft and have been specializing in this craft for years, making
training difficult for employees because they have limited academic foundation.
Managers might consequently distrust the competence of personnel to manage new
robots and building automation [35]. Automation is all about computerization for
specific operations and the operator needs educational training to comprehend the
operation of the machine [6].

3 Research Methodology

The quantitative research approach was used for this study. A deductive logic
approach was implemented where surveys/questionnaires were gathered and issued
to collect data. The explorative technique was most suitable with comparing the
relationship between variables. The research was conducted in Gauteng, South
Africa. Construction organizations as well as professionals (Quantity Surveyors,
Construction Project Managers, Civil Engineers and Architects) in the engineering
and construction sector were targeted respondents. The type of sampling employed
for this research was random cluster sampling. Surveys were distributed to the
above-mentioned professionals in Gauteng. They represented organizations familiar
with automation and robotics in the construction industry. This random sampling
technique was used because it was not feasible to sample the whole population
of construction professionals in South Africa. A total of 111 valid responses were
obtained and the data collected was examined using Microsoft Excel and Statistical
Package for Social Science (SPSS). MIS — “Mean Item Score” and SD — “Standard
Deviation” were used to analyse the data that was collected. The study encountered
limitations due to the fact that the targeted number of professionals did not attend to
the survey and some individuals did not accurately complete the surveys. The relia-
bility of the results was tested using Cronbach’s Alpha coefficient, which amounted
to 0.903, meaning the findings of this study can be relied upon.

4 Findings and Discussion
4.1 Findings

The background data that was collected from the targeted respondents was analysed.
Results showed that 18.9% hold a post matric certificate or Diploma, 41.4% hold
a bachelor’s degree, 29.7% hold an honour’s Degree, 8.1% hold a master’s Degree,
and 1.8% hold a doctorate. Results also indicated that 8.1% are Architects, 49.5% are
Quantity Surveyors, 11.7% are Civil Engineers, 0.9% are Industrial Engineers, 10.8%
are Mechanical Engineers, 8.1% are Construction Managers, 8.1% are Construction
Project Managers, and 2.7% fall under other professions in the built environment.
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Through the application of the 5-point Likert scale of ‘Strongly Disagree’ (SD) —
‘Strongly Agree’ (SA), the respondents were required to specify the extent at which
they agree with regards to the benefits of the strategies adopted in the implementation
of automation and robotics in the industry. Table 1 indicates the respondent’s rank-
ings of the challenges to the strategies adopted. The results reveal that “High costs
of acquiring technologies” was ranked first position, with a MIS of 4.50 and a SD of
0.712; “Risks of job loss caused by technologies” was ranked second position, with
aMIS of 4.35 and a SD of 0.931; “High costs of maintaining and updating technolo-
gies” was ranked third position, with a MIS of 4.30 and a SD of 0.848; “Resistance
to implementation of technologies by workers” was ranked fourth position, with a
MIS of 4.09 and a SD of 0.968; “Lack of funds required to implement technologies”
was ranked fifth position, with a MIS of 4.07 and a SD of 1.024. Additionally “Lack
of knowledge on how to operate technologies” was ranked sixth position, with a MIS
of 3.87 and a SD of 0.964; “Difficulty to acquire technologies due to unavailability”
was ranked seventh position, with a MIS of 3.77 and a SD of 1.128; “Difficulty to
understand and operate technologies” was ranked eighth position, with a MIS of 3.74
and a SD of 1.015; and lastly “Inadequate compatibility of technologies with current
practices” was ranked ninth position, with a MIS of 3.72 and a SD of 1.105.

Table 1. Bottlenecks to the implementation of Automation and Robotics

Challenges to the strategies adopted MIS SD R
High costs of acquiring technologies 4,50 0,712 1
Risks of job loss caused by technologies 4,35 0,931 2
High costs of maintaining and updating 4,30 0,848 3
technologies

Resistance to implementation of 4,09 0,968 4
technologies by workers

Lack of funds required to implement 4,07 1,024 5
technologies

Lack of knowledge on how to operate 3,87 0,964 6
technologies

Difficulty to acquire technologies due to 3,77 1,128 7
unavailability

Difficulty to understand and operate 3,74 1,015 8
technologies

Inadequate compatibility of technologies 3,72 1,105 9

with current practices

Mean Item Score (MIS); Standard Deviation (SD); Ranking (R)
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4.2 Discussion

On the basis of the previously mentioned findings, it can be concluded that ‘High cost
of acquiring technologies’ is the most significant challenge of the implementation
strategies. This conclusion is congruent with findings from [41], who according to
their literature ‘High cost of acquiring the construction robotics technologies’ was
ranked third out of a total of ten. The ‘Risks of job loss caused by technologies’
ranking is in agreement with literature presented by [8] that employees fear job
loss potentially caused by the construction robots and automation. ‘High costs of
maintaining and updating technologies’ is congruent with literature proposed by [19]
which relates the challenges to robot and automation installation as being expensive
to update as technology advances.

‘Inadequate compatibility of technologies with current practices’” was ranked least.
This corresponds with the literature of [41]. In this literature, the findings concluded
that “Workers are more prefer the traditional method and proven solution instead of
modern methods” was ranked least. It can be deduced that technologies are compat-
ible with current practices/modern methods. ‘Difficulty to understand and operate
technologies’ was ranked as one of the least significant challenges. This contradicts
literature from [36] that the lack of understanding material mechanical function is a
significant issue. [27] also stated that comprehensive training programs, which can
minimize the complexity of automation and increase the performance of the operator,
appear to be challenging and hypothetical.

4.3 Implication of Findings

The reason for ‘High cost of acquiring technologies’ being ranked first could be based
on existing corroborations that SMME’s and other small organisations struggle to
obtain technologies due to lack of funding and technologies are deemed to be very
costly. ‘Risks of job loss caused by technologies’ by employees may be a concern
because of the perception that their day-to-day tasks may be replaced by automation
and robotics technologies, and since their skills would not be required this could
ultimately result in retrenchment. ‘Difficulty to understand and operate technologies’
may be considered one of the least challenging strategies due to the probability that
employees have sufficient access to training in the workplace.

5 Conclusion and Further Research

This study’s research objective was established and met. The survey question-
naire demographic was restricted to professionals in the South African construc-
tion industry. As a result, the study’s findings reinforced methodological approaches
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and offered valuable recommendations for automation and robotics implementation
approaches. The studies derived from the questionnaire based in Gauteng, South
Africa reveal that the challenges to the strategies adopted are: High costs of acquiring
technologies; Risks of job loss caused by technologies; High costs of maintaining
and updating technologies; Resistance to implementation of technologies by workers;
Lack of funds required to implement technologies; and Lack of knowledge on how
to operate technologies. A suggestion for further research or recommendation can
therefore be increase in exposure with regards to the benefits of using these tech-
nologies — further research needs to be implemented to provide more information
entailing the importance of implementing automation and robotics in the construction
industry.
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Abstract In the context of digitalization in the industry, a variety of technolo-
gies has been developed for system integration and enhanced team collaboration in
the Architecture, Engineering and Construction (AEC) industry. Multidisciplinary
design requirements are characterized by a high degree of complexity. Early design
methods often rely on implicit or experiential design knowledge, whereas contem-
porary digital design tools mostly reflect domain-specific silo thinking with time-
consuming iterative design processes. Yet, the early design stages hold the greatest
potential for design optimization. This paper presents a framework of a multidis-
ciplinary computational integration platform for early design stages that enables
integration of AEC domain-specific methods from architecture, engineering, math-
ematics and computer science. The platform couples a semantic integrative mixed
reality sketching application to a shape inference machine-learning based algorithm
to link methods for different computation, simulation and digital fabrication tasks.
A proof of concept of the proposed framework is presented for the use case of a
freeform geometry wall. Future research will explore the potential of the framework
to be extended to larger building projects with the aim to connect the method into
BIM-processes.
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1 Introduction

Formalizing design intentions is a complex task. Design knowledge is ambiguous,
as it is based on both tacit (implicit) aspects that are difficult to codify and explicit
aspects that are codifiable (experience- or evidence-based) [1, 2]. Designers are
experts at implementing intuitive design knowledge in the process of synthesizing
“good design” — yet, it is often difficult to articulate such design decisions in explicit
terms [3]. An essential task in design science research is the representation of a design
problem and the generation and evaluation of its solutions [4]. Design processes
usually consist of two basic activities: Designing an artifact representing an improve-
ment for stakeholders (build), followed by an empirical assessment of the artifact’s
performance in a specific context (evaluate) [5]. An artifact’s performance is strongly
influenced by its environment. A lack of understanding that environment can lead
to inappropriately designed artifacts or artifacts that have unintended consequences.
The evaluation of an artifact can be complicated as its performance is dependent on
its intended use, and the intended use can include a wide range of tasks. A general
problem solving method can be applied to a wide range of problems, but its perfor-
mance varies considerably depending on the application domain and the criteria for
evaluation must be determined in advance [6]. The AEC industry is characterized by
interdisciplinary and multidisciplinary design teams. “Subjective” or non-formalized
criteria are often difficult to share with professionals from other disciplines, who do
not have the same explicit design knowledge and experience [7]. Explicit codified
knowledge has often been developed within a particular discipline and often oper-
ates within that discipline [8]. In computer-aided design, a designer’s creativity and
imagination are often limited by the capabilities of the software used, or designers
must construct workarounds or segment their process by switching between different
tools [9]. The aforementioned facts often lead to a lack of appropriate feedback
mechanisms in interdisciplinary design processes, consequently many promising
design ideas are ignored in early design stages. Yet, the early design stage holds the
greatest potential for optimization [10] and most crucial decisions are taken when
the architectural design is still in its rudimentary draft of a sketch [11].

For powerful communication at the early sketching phase, fast and easy-to-use
modeling methods are more important than the accuracy and detail of geometry.
Sketch-based design interfaces are an attractive solution for quickly modeling designs
to evaluate the overall concept before spending the effort on detailed design as they
are intuitive (pen-and-paper metaphor) [12]. Various researchers introduce novel
sketching methods for early stage 3D design exploration with sketching and gener-
ative design [13] and methods for immersive, freehand or hybrid 3D sketching in
virtual reality (VR) [14—17]. Other researchers address the sketch recognition [18]
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and sketch-based reconstruction and shape inference for 2D or 3D model creation
[12, 19, 20]. Such approaches enable the creation of 3D sketches followed by gener-
ation of 3D geometries, but do often not integrate interdisciplinary AEC relevant
computations or simulation methods to receive relevant performance feedback to
sketched designs.

Immediate feedback on the feasibility of a design alternative and the degree to
which design objectives are met requires constant computational reassessment of
constraints and objectives. Yet, holistic systems integration, connecting software
systems of cross-functional domains can be challenging due to numerous indepen-
dently evolving software systems [21]. Several research efforts address computa-
tional design methods for integrated design, performance optimization and deci-
sion support using parametric and generative [22-28] or BIM-based [29-31] design
tools to improve the economic, environmental or energy performance of buildings
at the early design stage. However, such computational methods are rarely suit-
able for early design sketching, as they require detailed information and modelling.
Various researches investigate the application of VR for assisted design exploration
in architectural design [11, 32], collaborative structural building and production
layout design [33] or present an iterative and interactive user-centered design system
for shared realities [34]. These approaches are remarkable but are mainly based on
systematic approaches that take into account limited knowledge about the require-
ments resulting from daily collaboration in interdisciplinary AEC design. Higher
efficiency of design processes could be achieved by extending and linking existing
methods for different design and simulation tasks at early design stage. To signifi-
cantly reduce lengthy and costly design and feedback cycles, designers should be able
to create and evaluate sketched design variants in real time to develop innovative and
well-performing solutions. The development of such a multidisciplinary sketching,
simulation and feedback platform, integrating AEC domain-specific knowledge, is
the aim of this presented research.

This research is conducted within the ongoing funded special research programme
(SFB) “Advanced Computational Design (ACD)”. ACD addresses the advancement
of design tools and processes through multi- and interdisciplinary basic research in
the areas of digital architecture, integrated building design, computer graphics and
virtual reality (VR), discrete and applied geometry, and computational mechanics.
The primary goal of ACD is integration of digital design tools and domain-specific
disciplinary knowledge from architecture, engineering, mathematics and computer
science, leading to an expansion of solution spaces and interactive feedback in early
design stages.

This paper presents a framework for a digital platform, based on a semantic
mixed reality sketching tool, allowing generation of geometry from a 3D sketch and
thus bi-directional data exchange with various simulation environments and models.
The platform, incorporating the mixed reality sketching app, enables 3D sketching,
which is a basic tool of early design; as well as simulation and real-time feedback
in the fields of geometrical form-finding, structural and material analysis, lighting
optimization, haptic feedback in VR and digital fabrication (see Fig. 1). The overall
goal is to provide immediate and informed design feedback in the sketching phase,
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Fig. 1. Diagram showing the main components of the multidisciplinary integration platform and
their relationship in a process that links design, simulations and feedback

in order to shorten design cycles and improve design quality at early design stages.
The paper provides the first proof of concept of the developed platform, performed
on the use case of a freeform geometry wall to verify the efficiency of the workflow,
identify the potential for system integration and initiate the next necessary steps.

2 Literature Review

A variety of technologies on integrated design and simulation methods for design-
space exploration and evaluation at early design stages have been developed in AEC
industry. The following summarizes the state of the art research on informed and
interactive design feedback in the early stage of sketching and highlights the new
contributions of this paper:

Three critical issues that affect the implementation of the building performance
optimization processes in the early design stage can be identified: (1) model inte-
gration, (2) real-time performance analysis, and (3) interactive optimization design
[23]. In current design practices, ideation is dominated by 2D sketches, while
disparate CAD-tools produce 3D concept models [20]. Various researchers have
introduced novel sketching methods. Barrera Machuca [14] presented Multiplanes,
a VR drawing system combining freehand sketching with the ability to draw accurate
shapes in 3D, generating snapping planes and beautification trigger points based on
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previous and current strokes and the current controller pose. Multiplanes automat-
ically beautifies a stroke in real-time while the user is drawing it. Kazi, et al. [13]
developed DreamSketch, a 3D design interface combining free form sketching, 3D
model generation and a generative design algorithm for computation. After sketching
a design context, the generative algorithm generates optimal solutions for the entire
design space using topology optimization. The authors highlight as limitation of the
work, that the topology optimization has not taken advantage of parallel or cloud
computing for simultaneous optimization. Arora, et al. [16] initiated SymbiosisS-
ketch, combining 3D interactions in the air with constrained sketching in 2D. Users
can create canvases and sketch on them using a tablet. The sketches are created in
the context of the physical objects in the scene, enabling quick post-processing to
seamlessly integrate the virtual objects into the real world. Drey, et al. [17] devel-
oped VRSketchln, an immersive sketching application with unconstrained 3D air
sketching with a pen and constrained surface-based sketching on a tablet. Other
researchers address the reconstruction and shape inference integrated in sketching
methods. Yu, etal. [20] present CASSIE, where AR/VR technology is used to support
ideation and concept modeling in a shared immersive space. CASSIE combines
freehand sketching with the geometric and aesthetic constraints of 3D modeling to
produce 3D models out of surface user strokes with sufficient quality for subsequent
applications. Rosales, et al. [19] present SurfaceBrush, enabling to draw 3D strikes
using a VR brush. A surface process has been developed that converts such VR draw-
ings into user-intended manifold 3D free surfaces, providing a new approach to 3D
shape modeling. Mahoney [11] developed a system called V-Sketch, which employs
digital computation, translating from intuitive sketching to 3D geometric elements,
decoupling the sketch analysis from the creation of 3D forms by using machine-
learning techniques. The reconstruction function and a set of libraries containing
different geometric elements enable the designer to refine the solution space and
generate different results from the same sketch. A sketch-based system for quad
meshes is presented in Sketch2PQ [35], which aims to bridge the gap between
concept design and digital modeling of freeform roof-like shapes represented as
planar quadrilateral meshes.

Various research projects focus on real-time 3D environments for collaborative
design [36] not focusing on the integration of simulation and computation possibili-
ties directly in these environments. Leon, et al. [37] present a computational design
application for interactive surfaces within co-located collaborative design teams
making use of HCI. They provide an integration of different sensory modalities,
including visual and haptic. A computer-mediated environment (M.S.PixelSense)
was employed to be a facilitator for collaborative design. Full haptic feedback in
immersive VR environments, can enable teams to experience the spatial character-
istics of a room-scale design [38, 39]. Vonach et al. suggested a system utilizing
the robot actuation for haptics [40]. They showed that employment of the haptic
feedback contributes to the naturalness and more convincing experience of touch
and thus interaction with simulated virtual environment. Dumont, et al. [38] inves-
tigated real-time deformation simulation through haptic interfaces for the purpose
of the design evaluation of deformable mechanical parts in the process of industrial
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product lifecycle management. They develop an interactive mechanical simulation
framework for design improvement in virtual reality. Giunchi, et al. [39] present a
method for searching 3D model collections using free-form sketches within a virtual
environment as queries.

Optimization processes on free-form designs that are not determined a priori
by specified performance criteria often result in inadequate solutions. This can
often imply limitations in the realization process [41-43]. Regarding paneling of
architectural freeform surfaces, freeform panels generated from a set of simple-to-
manufacture geometric types have mainly been dealt with from an optimization point
of view [44]. A thorough treatment of discrete structures that underlie such arrange-
ments is investigated in various researches [44—46]. Recently, the study of mechanical
properties of sub-constructions [47] has added even more complexity to this problem.
Rigid-foldable discrete surfaces or origami is an active research area [48]. Integrating
such methods in a mixed reality sketchbook could make flexible quad-surfaces acces-
sible for designers. Tachi [49] presented a computational design method using a
restricted set of folding patterns. The web-based app “origami simulator” enables
to simulate how complicated origami crease pattern will fold in 3D [50], whereas
“crane” focuses on design, rigid folding simulation, form-finding and fabrication for
origami structures as a plug-in for Rhino/Grasshopper [51]. Recently, a framework
for the design of flat-foldable quadrilateral mesh origami approximating a general
surface was published [52]. Moreover, Jiang et al. [53] presented an optimization
technique to penalize an isometrically deformed surface with planar quads.

There is a scientific gap in linking computational methods of such geometry
optimizations to mechanical information of the underlying material as well as to
the structural behavior of the design. This has rarely been done yet, as considering
material nonlinearity leads to a sharp increase in the computational effort, and appro-
priate numerical methods [54] are still under development and often not sufficiently
stable for linking them with geometric design tools. Furthermore, the non-linear 3D
mechanical behavior of complex anisotropic material systems is not predictable to
the required extent for 3D form-finding tasks yet. Concerning the sketching systems
integrating structural or material analysis, interactive visualizations are being used to
asmall degree. Murugappan and Ramani [55] present FEAsy, which is a sketch-based
interface integrating structural analysis in early design, enabling users to transform,
simulate and analyze finite element models quickly and easily through freehand 2D
sketching. A computational workflow for structural analysis feedback from architec-
tural design sketches is presented in Rasoulzadeh, et al. [56], using the Points2Surf
algorithm for shape inference [57]. Podkosova, et al. [33] present a multi-user VR
framework for early-stage collaboration, implementing a real-time bidirectional link
between a generative design model created in Rhino/Grasshopper that performs opti-
mized structural calculations of industrial building variants, and an immersive VR
environment in which the automatically calculated building variants with ecological
and economic performance feedback are visualized.

Interactive visualizations are increasingly employed in visual and haptic plan-
ning methods, mostly involving the use of immersive VR environments. Solutions
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allowing high-quality design interaction [58] are not widely adopted and not unbi-
ased due to the required simplifications. Furthermore, it is desirable to extend the
solution space, e.g., by optimizing light placement according to given criteria. This
has only been attempted for exterior lighting [59], while indoor lighting optimization,
which is more challenging due to diverse requirements, remains unresolved. Offering
design variations for editing operations has been shown in the domain of furniture
design [60], but not in lighting design. Haptic feedback can significantly improve task
performance and the perceived presence in a virtual environment [39]. An immer-
sive 3D sketching system in VR is provided by Oti and Crilly [15], however haptic
feedback to the 3D sketches is not included. Tactile interaction could support design
interaction through immediate haptic feedback. General-purpose haptic interfaces
proposed in literature have significant limitations for fully immersive large scale
VR systems, required for designing the extensive environments. In our presented
research we seek to improve the situation with a haptic platform employing a mobile
robot.

A similar integration goal to the one we take in our research is offered by
COMPAS [61], an open-source, python-based framework for computational research
and collaboration in architecture, engineering, digital fabrication and construction.
The framework provides geometry processing, data structures, topology, numer-
ical methods, robotics, the plugin mechanism, remote procedure calls etc. and can
be used independently of CAD systems in any environment that supports python
programming.

Several independently working software systems for 3D sketching, simulation,
calculation or digital manufacturing have been developed. However, to the best
of our knowledge, there is a lack of a cross-functional, multidisciplinary platform
that enables early design sketching, while integrating various AEC simulation and
computation methods and providing immediate performance feedback on sketched
designs.

3 Methodology

This research is conducted within the inter- and multidisciplinary research project
SFB — ACD. The SFB is structured into 8 scientific subprojects (SPs), connecting
researchers and knowledge from architecture, computer science, mathematics and
engineering. This study is conducted within subproject SP2 — Integrating AEC
domain knowledge — and explores a new design method that integrates different
methods into a digital platform for early design stages. In the following, a short
description of the research aim and goals of each subproject is given:
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Geometric form Finding Methods. Higher Order Paneling of Architectural
Freeform Surfaces (SP6) [46, 62] and Flexible Quad-Surfaces for Transformable
Design (SP7):

SP6. Investigation of methods for generation of smooth and discrete surfaces
that facilitate interesting panel shapes and/or allow the repetitive placement of
congruent as well as bendable panels.

SP7. The goal is to expand the solution space of flexible quad-surfaces and to make
it accessible for architectural applications by the development of computational
design tools.

Structural and Material Analysis Methods. Linking Mechanics to Form-Finding
of Plant-based Bio-Composite Structures (SP8) [63]:

SPS. Development of mechanical models for plant-based building materials, a
promising material category for future-proof buildings. The resulting compre-
hensive understanding of the mechanical performance of these materials should
increase the design options and enable efficient integration into design processes
through analytical models that can be evaluated quickly, as e.g. [64, 65].

Methods for Visual and Haptic Feedback. Lighting Simulation for Architectural
Design (SP4) and Large-Scale Haptic Feedback in Virtual Reality (SP5):

SP4. Development of fast differentiable global illumination solvers for modern
GPU hardware, enabling interactive visual feedback and automated lighting
design optimization, also aiming to investigate example-based and suggestive
lighting design methods.

SP5. This subproject focuses on the development of a natural haptic feedback in
virtual environment using a mobile collaborative robot (Cobot). The goal is to
provide a real-time haptics for simulation such as representation of mechanical
properties of simulated virtual structural elements and support haptic interaction
with various design elements at a large scale.

Digital and Rapid Prototyping Methods. Computational Immediacy (SP3) [66],
Material- and Structurally Informed Freeform Structures (SP9) [67, 68]:

SP3. The aim is to develop a hybrid workflow for physical/digital modeling of
architectural concept models based on 3D point clouds and machine learning. The
goal is to enable transfers of design features from learned point clouds via 2D
representations onto newly created models in creative design processes.

SP9. The goal is development of new geometrical definitions of freeform surfaces
based on their material and functional properties in order to develop strategies to
find cost-efficient freeform structures with stay-in- place and/or reusable form-
work. This will be achieved through an enrichment of computational geometrical
models with material and structural information.
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In this paper, we aim to answer the following research questions (RQ) regarding
the integration of the aforementioned subprojects:

RQ1: How can different design and simulation methods relevant for the AEC
from complex geometry building design, for example for panelization using spher-
ical panels or transformable surfaces made of planar or skew quadrilaterals, be
integrated in an early design stage tool to provide informed design feedback?
RQ2: How can a digital tool provide designers with an informed design feedback
in regards to computing lighting simulation for architectural design and large-
scale haptic feedback in VR so that the designer can still adapt the geometry to
provide solutions?

RQ3: How can shape-generation methods regarding geometric, material, mechan-
ical and structural constraints linking mechanics to form-finding of structures be
addressed in such digital design methods?

RQ4: How can experimental validation with real-world materials and rapid proto-
typing methods be integrated into the digital methodological approach to discover
unexpected mechanical or geometrical behavior, or verification of the properties
of structural simulations?

The methodology employed in this study is based on open-guided interviews and
amodel and data analysis with the subproject researchers to analyze domain-specific
data structures and processes of each subdomain. The analysis served for identifica-
tion of discipline-specific interfaces and workflows and to express design goals and
constraints in a formal and structured way. Based on the interview results, a workflow
has been created that integrates knowledge and tools from the different computational
domains and enables the link of a semantic integration platform with feedback of
design automation, simulation, visualization and prototyping tools from the specific
research fields. The results are merged into the framework of the multidisciplinary
integration platform, coupling several concepts. The platform framework consists of
an interactive mixed reality sketching application for architectural form finding with
a shape inference module aided by machine learning enabling automated surface
mesh modelling from sketches and the created links to the specific computational
design tools. The proposed computational workflow, the integration platform and the
domain specific outputs are evaluated in the application area of theater-stage design,
using a basic element of a wall as a use case. A wall design is advantageous for
testing as it provides freeform structures with flexibility and small scale. The proof
of concept evaluates whether the application of the framework enables an adequate
data exchange and simulation with real-time feedback, verifies the efficiency of the
workflow for discipline-specific system integration and answers the above mentioned
research questions.
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4 Results — Multidisciplinary Integration Platform for AEC

This section presents the framework for a multidisciplinary integration platform that
enables simulation-based feedback on sketched designs in early stages. The inte-
grated methods address research on geometrical form finding, material and struc-
tural analysis, lighting optimization, haptic design interaction in VR and digital
fabrication.

The platform couples a semantic integrative mixed- reality sketching applica-
tion with a shape inference machine-learning based algorithm for interpretation of
geometry from sketches to link the specific computational tools and methods. The
goal is to achieve a bi-directional data exchange for real time feedback and design
optimization of sketches in future.

Figure 2 presents the framework of the multidisciplinary integration platform.
The core of the framework is the sketching application for mixed-reality design
and a machine learning-based algorithm called Strokes2Surface (S2S) for shape
inference of sketches. The specific research from the SFB subprojects providing
computer-aided simulation and feedback on the sketched designs can be catego-
rized as geometric form finding and material/structural analysis, visual and haptic
feedback, and computational immediacy through point-cloud computation.

An Integrative Mixed Reality Sketching application uses mixed reality interaction
and enables sketching directly in 3D space, capturing the process as temporal data,
and uses simulation feedback in form finding. The sketching application leverages
a tablet (Apple iPad Pro (2020)) and pen input (Apple Pencil 2) paradigm, and
the sketched designs can be used on systems with VR capabilities (Windows PC
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Fig. 2. Framework of the multidisciplinary integration platform, integrating simulation feedback
from geometric form finding and material/structural analysis, visual and haptic feedback, and
computational immediacy through point-cloud computation
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with SteamVR support, Oculus/Meta Quest 2), further enhanced by hand-tracking
input modalities. Sketching is aided by geometric objects serving as canvases to
draw on. The sketching application forms the starting point of the design process
for later real-time simulation and collaboration. The integration platform is a set of
tools that integrate software applications or methods that are deployed in different
environments. The input data for the domain-specific computation comes from the
sketching application, while the computation-heavy tasks are mostly performed in the
software environment of the subproject. The resulting design calculation feedback
is then visualized in the sketching application (except for the digital fabrication).

Most of the other subproject’s computations and simulations rely on a structured
geometry, suggesting the necessity of translation of sketches to proper geometric
format through capturing the design intention. Thus, a shape inference algorithm
aided by machine learning employing various stylus-and-geometric-related attributes
has been conceptualized and coupled with the sketching tool, which derives a curve
network from the artist’s drawn polylines. In this setting, once the designer’s sketch
is finalized, it is converted into the desired 3D geometric format suitable for other
downstream processes.

With most of the subprojects, the communication form is geometry or 3D poly-
lines/curves. However, the model requirements vary for the different subproject
simulations. Subprojects dealing with lighting simulations and haptic feedback
in VR mainly deal with triangular meshes. Triangular meshes are also required
by the digital fabrication tools. On the other hand, there are some projects that
require other geometric formats for communication: For “Computational Imme-
diacy”, point clouds are required. Dealing with automated high-order paneling of
freeform surfaces, depends on a curve network comprising of the boundary and
paneling layout curves. Dealing with structural analysis and mechanics, volumetric
tetrahedral meshes computed from triangular meshes must be considered. To generate
and deform flexible foldable quad-meshes, three planar polylines must be drawn as
input in the sketching application — the profile, the trajectory and the prism curve.
The geometrical mesh is then computed in the computational software.

At the current state of the research, the assignment of material properties and
structural system requirements is manually conducted in the design workflow, thus
resulting in a semi-automated approach. Since most of the computational methods
and results of the different researches are highly dependent on the construction and
material types of designed sketches, a geometry- and computation-based material
ontology needs to be developed and integrated in the platform in future research to
automate the process and provide informed feedback.

5 Proof of Concept

Using a basic element of architecture — a wall — a proof of concept for the proposed
framework was conducted. In this particular use case, a wall of a theater stage design
setting was used due for several reasons: the small scale of space and short temporal
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duration offer the opportunity of testing the design in full scale utilizing the created
mixed-reality sketching tool; the absence of usual building regulations and procure-
ment procedures allows a greater design freedom and the exploration of new ways
of form finding.

A freeform wall was sketched in the mixed-reality sketching application and then
transferred to the specific subproject simulations for computation, simulation or
fabrication. Figure 3 describes the integration status achieved and the visualization
results of the individual subprojects for the wall use case.

The proof of concept demonstrated that data exchange to the different research
areas is possible starting from our sketching and integration platform. However,
manual intermediate steps are still required for post-processing or data exchange. At
the current state of the research, providing feedback in real time from the compu-
tational environment of every subproject is not possible. However, in the future,
feedback from the subprojects should be provided via a real-time data exchange
over the network. By answering the research questions in the following, the current
achievements and challenges for providing immediate feedback and automation of
calculations and simulations directly into the platform with steps for future research
are discussed.

SP6

Fig. 3. Results of the proof of concept. At the center, a sketched wall in the sketching tool and its
corresponding geometry inferred is shown, while other images in the figure depict latest integration
status with each sub-project’s specific simulations and computations
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The RQ1 could be answered by integrating simulation feedback of two different
geometrical form-finding methods into the integration platform. The first method is
a plug-in for transformable flexible quad-surface generation programmed in Rhino/
Grasshopper (SP7) which was integrated into the sketching application in Unity to
use the functionalities and feedback for transformable designs directly in the plat-
form. The proof-of concept demonstrates that the drawing of three polylines auto-
matically generates a transformable surface which can be manipulated directly in
the sketching application. The transformable surfaces can be used for generation of
various canvases to further sketching on. One interesting area to be investigated in
future is how different designed surfaces can be approximated by V- or T-surfaces,
which would be interesting for kinetic walls. The second simulation method finds
smooth and discrete surfaces with interesting panel shapes to sketched designs (SP6).
The proof of concept demonstrates that the enabled geometry exchange between the
integration platform and the respective simulation software of SP6 works, however,
automated immediate visualization feedback to the sketching application is not
implemented and manual geometry exchange is still necessary. In future research,
direct integration possibilities of the paneling simulation software and the generation
of different types of paneling layouts will be explored. In addition, the constructability
of the generated transformable surfaces and discrete paneled surfaces in combination
with the structural analysis is of importance in ongoing research.

To answer RQ2, a simulation method for optimization of lighting scenes in the
sketching application and a method for haptic feedback in VR to sketched designs
were integrated in the platform. A workflow has been created that allows auto-
matic lighting generation and optimization by SP4’s software system after sketching
lighting scenarios in the application by drawing lighter and darker strokes during
sketching. Thus, a way to get direct lighting feedback on sketched designs has
been achieved. To enable more accurate simulations in future, additional lighting
parameters and user input (e.g., light source position) need to be considered in the
sketching application for more accurate optimization. In addition, the integration
of material information to account for surface properties (e.g., reflectance) will be
critical for illumination simulation. The exchange with haptic feedback, SP5, is
currently in progress. The haptic subproject consists of two parts: a VR subsystem
based on Unity 3D game engine and a robotic standalone platform based on Robot
Operation System (ROS). The Unity application handles the visualization for the
user and communicates user’s actions to the autonomous mobile collaborative robot
(Cobot). The focus of the subproject is on the development of the safe and versatile
robotic platform. Based on the user’s actions, the Cobot adapts its behavior and when
needed provides the necessary haptic feedback. The role of the Unity application is
to define the parameters of interaction and communication with the robotic platform
for haptics that will be migrated to the sketching tool later on. Since both applica-
tions are developed in Unity, the integration should not be problematic. Currently, the
Unity subproject is used for testing and fine-tuning of the robotic platform in various
scenarios. The integration of the sketches and their structural deformation for haptic
feedback requires the following pipeline. The geometry of sketches is forwarded to
the structural analysis method for computation of all the possible deformations, and
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sent to SP5. One of the important challenges is to maintain the simulation in real-time
yet still get realistic results.

The RQ3 was answered by developing a workflow to receive structural feedback
to designed sketches. The users sketches a design, and receives visual structural
feedback. The structural analysis, however, is currently performed in an external
FEM software and not directly integrated, thus intermediate manual steps are neces-
sary. More parameter input possibilities such as definition of load application and
boundary condition will be necessary to integrate directly into the sketching applica-
tion for immediate structural analysis feedback. Two approaches can be distinguished
in relation to the incorporation of information about the mechanical performance
of materials into the design process. First, analytical models based on methods of
continuum micromechanics, e.g. [64, 65]. With such models, mechanical properties
of different materials can be determined very efficiently and real-time feedback on
the design process is possible. Second, numerical models, describing geometrically
more complex structures and non-linear mechanical processes [69, 70], can only
interact in real time if these simulations are restricted to a small number of degrees
of freedom and simple material behavior. An alternative is the pre-calculation of
the mechanical behavior and the generation of meta-models for certain design tasks.
This means that even more complex mechanical behavior can be integrated into the
early-stage design process in real time.

The RQ4 was answered by creating a workflow that sketched designs can be
directly printed by digital prototyping methods through geometry export out of
the platform. By integrating a novel material ontology in future research it will
be possible to also simulate and analyze some novel materials as composite clay-
mycelium within the platform. The hybrid workflow for physical/digital modeling
of architectural concept models based on 3D point clouds and machine learning does
not happen over the network, but as a functionality that is implemented and integrated
directly into the sketching application. The transfer of design features from learned
point clouds via 2D representations onto newly created models in creative design
processes will be explored in future research.

A limitation of the presented research is that currently the integration and simu-
lation feedback of every sub-project was investigated in a separate manner. The
presented workflow neglects the simultaneous presentation of simulations of several
subprojects, e.g. panelization of a surface with simultaneous structural analysis,
generation of foldable surfaces including illumination analysis, effects of haptics on
illumination optimization, haptic feedback from point clouds in VR, etc. A workflow
suitable for this purpose will be explored in the future.

6 Conclusion

This paper portrays the development of an innovative, digitally supported integrated
design framework, which allows capturing AEC-domain specific multidisciplinary
design requirements via a digital semantic sketchbook. An integrative mixed-reality
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sketching application transforms geometry inferred from sketches and obtained
through a machine learning-based algorithm to computable 3D geometry to enable
subdomain specific simulation, computation and fabrication. The provided frame-
work offers a multidisciplinary integration platform for design automation and simu-
lation tools, thus enabling interactive design feedback at an early design stage. The
main goal is to generate a platform in a way that promotes joint conversations that
designers need to have in the AEC industry, rather than providing a customized
solution.

The findings of the presented study show that different simulation aims need
different types of geometry and data inputs. This paper focused on geometry exchange
and the integration possibility of research in the field of geometrical form-finding,
structural and material analysis, lighting optimization, haptic feedback in VR and
digital fabrication. Discrete material information was neglected at this stage. In the
current state of the research, the integration of material information had to be added
manually in the design process and the respective computational tools. The devel-
opment and integration of a geometry and computation-related material ontology in
future research will enable the advancement of geometrical strategies for the defini-
tion of freeform surfaces based on their material and functional properties and the
automated enrichment of the computational geometrical models with material and
structural information, shortening the design process and fastening the feedback.

The proof-of-concept demonstrates that the developed design and integration plat-
form has the potential to shift early design workflows from a linear process (concept —
modeling — materialization) to a process of immediate feedback. Results reveal that
for some sub-domains, data exchange and simulation or computation currently work
semi-automatically. The presented haptic feedback VR simulation platform could
not be integrated and tested yet. Further research will focus on the improvement of
the data exchange, automation of the design process to provide immediate feedback
and the integration of the aforementioned material ontology. The multidisciplinary
design and simulation methodology will then be tested within a user study, testing
within an interdisciplinary student design studio to evaluate the developed workflows
and tools as well as the generated designs from a user perspective.

In future research, the methodology will be extended to the application to real
architectural buildings and models. In particular, it is aimed that the sketched objects
with their semantic attributes will be converted accordingly so that the multidisci-
plinary integration platform can be connected to current BIM environments.

In conclusion, the overall field of computational design addressed in the research
project SFB — ACD is vast, and the proposed subprojects represent only specific
challenges in this field. However, the developed platform paves the way for a new
direction of multidisciplinary integration and computational design tools, with a deep
impact on this research field. The proposed framework promotes joint conversations
that designers need to have in the AEC industry and can be applied to various tools
and customized solutions relevant for researchers in the fields of design visualization,
geometrical form-finding, structural and material analysis, lighting optimization,
haptic feedback and fabrication.
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Image Processing and Kuz-Ram Model i
in Blast Fragmentation Analysis: Case

of Shayona Cement Quarry

Jabulani Matsimbe, Martin Shaba, Innocent Musonda, and Megersa Dinka

Abstract Blasting operation affects all downstream processes in the mining and
construction cycle hence the need to carry out an effective blast to give the
desired fragmentation. The present study compares the application of digital image
processing and the Kuz-Ram model in particle size distribution analysis at a lime-
stone quarry. Performance assessment utilized the root mean square error, correlation,
and regression analysis. Digital image processing utilized WipFrag V3.3 software
to analyze the images and benchmark improvements. One blast session was carried
out for each mine site. Particle size less than 10 mm, and greater than 300 mm were
treated as fines and oversize respectively. Results showed that the model predicted
2% fines and 2% oversize material while the observations on measured fragmentation
showed 16.5% fines and 0% oversize for the Chikoa blast. For the Livwezi blast, the
model predicted 3% fines and 1% oversize while the observations on measured frag-
mentation showed 0.27% fines and 42% oversize. The blast from Chikoa performed
optimally better than that from the Livwezi mine site. The Kuz-Ram model performed
well at predicting fragmentation for the Livwezi site with a 90.42% correlation while
for Chikoa it was an 85.39% correlation. The model performed with high correlation
values implying that it can be used on both sites to predict fragmentation during
preliminary blast design.

Keywords blasting - construction + computing - fragmentation * mining -
photogrammetry - wipfrag
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1 Introduction

A carefully engineered blasting operation is important for the success of surface
excavations. As open pits become deeper, quality separation to avoid dilution/ore
losses and energy cost concerns should be given greater attention to optimizing the
entire mine-mill fragmentation system [1]. Blasting in civil and mining operations is
characterized by a sudden release of energy and fragmentation of a rock mass initi-
ated by explosives. The blasting process requires drilling, charging, and initiation [2].
Blasting is carried out to give the desired particle size distribution thereby optimizing
the overall mine economics [3]. Properly fragmented rock removes hiccups in the
downstream processes comprising loading, hauling, and crushing [4]. Therefore, it is
necessary to optimize and predict the rock fragmentation distribution. Fragmentation
models can be used to predict the probable particle size distribution dependent on a
set of blasting parameters and selecting those that give the optimum fragmentation
[5]. The response of rock mass to blasting energy is very complex due to its hetero-
geneous and anisotropic nature [6]. Therefore, it is difficult to obtain a mathematical
relationship between the rock fragmentation and blast design parameters broadly
categorized into controllable and uncontrollable [7]. Influential parameters on rock
mass fragmentation consist of explosive properties, blast geometry, and rock mass
properties [8]. The explosive properties and blast geometry are controllable parame-
ters while rock mass is an uncontrollable parameter. Some of the quantitative methods
for determining and predicting fragmentation size distribution include sieve anal-
ysis, direct observation, Swebrec function, digital image processing, artificial neural
network, and empirical models such as the Kuz-Ram, modified Kuz-ram, Kuznetsov—
Cunningham—Ouchterlony (KCO) and Julius Kruttschnitt Mineral Research Centre
(JKMRC) Model. Ref. [5] assessed the performance of the Kuz-Ram model, Modi-
fied Kuz-Ram, and KCO models using the root mean square error and correlation
and regression analysis to determine the most accurate model applicable to two mine
sites in Ghana. The fragmentation analysis showed a high quantity of fines with an
insignificant number of boulders from all the studied mines. All models had high
correlation coefficients (R) above 95%, the modified Kuz-Ram model performed
best at Mine A whilst the Kuz-Ram model performed best at Mine B. The Kuz-Ram
model performed better in fines prediction than the KCO and Modified Kuz-Ram
models.

Society’s need for a sustainable supply of natural resources requires improved
yield from blasting, crushing, and grinding, minimal transportation, and fewer
amounts of non-hazardous waste. The first step towards a higher yield in the
comminution process is blasting to specifications and producing fragmentation that
requires less energy during the crushing and grinding stages [9]. Mining costs for unit
operations such as loading, hauling, and crushing, can reduce with optimum rock
fragmentation sizes [6]. In Malawi, there is a huge technology gap in blasting oper-
ations mostly in assessing the particle size distribution of blasted rock and making
informed decisions on what/how to improve the blast design. There is a common
usage of direct observation as the main method for analyzing rock fragmentation
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distribution in surface mines/civil works. This facilitates the use of a trial-and-error
approach in blast design. This practice is costly, time-consuming, and tedious since
a lot of resources are spent in the blast design stage to obtain optimal fragmentation.
Therefore, it is imperative to start using methods such as digital image analysis and
the Kuz-Ram model. Compared to other models, Ref. [10] attributed the preference
of the Kuz-Ram model for fragmentation analysis due to its ease of parameterization
and direct linkage between blast design and rock breakage. The empirical modeling
methods provide much better results than qualitative techniques as they are repeatable
and are not intrusive to production [9].

In hard rock mining, blasting is the most productive excavation technique applied
to fragment in-situ rock to the required size for efficient loading and crushing [6].
Rock fragmentation is the breaking down of rocks into small particles for easy end-
user handling. It is the ultimate measure of the efficiency of any production blasting
operations [11]. As over/under fragmentation both tend to increase the cost of mining,
the generation of fragment size in the desired range is necessary [12]. Quantification
of rock fragmentation has attracted a lot of significance over the years. Different
models have been used over the years to predict the size distribution resulting from
blast design [10, 13, 14]. Ref. [10] further divided the models into two approaches
consisting of empirical modeling which infers finer fragmentation from higher energy
input, and mechanistic modeling which tracks the physics of detonation and the
process of energy transfer in well-defined rock for specific blast layouts, deriving
the whole range of blasting results. The mechanistic approach is difficult and time-
consuming to use compared to empirical models hence it is rarely used. The Kuz-
ram model was established in the 1980s and it has been used up to the present. It
is used in estimating the mean fragment size resulting from a blast [5]. The Kuz-
Ram model measures fragmentation by estimating the 50% passing block size of a
muckpile [15]. According to [10], it has two adapted equations and one of them is
the Kuznetsov equation which was developed by Kuznetsov in 1973 [16] and is used
to calculate the mean particle size of a blast. It is given by Eq. 1:

19
115 \®
X, = AK—O-SQ—é.<R—WS> (1)

where: Xm = particle mean size of muckpile (cm), A = rock factor/blastability index
(ranges from 0.8 to 22), K = powder factor (kg/m?), Q = mass of explosive in a blast
hole (kg), RWS = relative weight strength relative to ANFO. The blastability index
(or rock factor) in Eq. 1 is given by Eq. 2 originally developed by Lilly in 1986
[10]. It is used to modify the average fragmentation based on the rock type and blast
direction.

A =0.06(RMD + RDI + HF) 2)

where: RMD is the rock mass description, RDI is the rock density influence, and HF
is the Hardness Factor. The Rosin—Rammler equation developed in 1933 by Rosin
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and Rammler [10] is very useful in coming up with a logarithmic cumulative size
distribution. It is given by Eq. 3:

R, = e[—o.693(§m)"] 3)

where: Rx = mass fraction retained on screen x, n = uniformity index (ranges from
0.7 to 2).

Figure 1 shows the bench blasting design parameters where D blasthole diameter
(m), BH bench height (m), B burden (m), S blasthole spacing (m), SD blasthole
subdrilling (m), SL blasthole stemming length (m), C explosive column height (m).
Other parameters consist of the h,, length of the column charge (m), hy, length of the
bottom charge (m), I, concentration of the column charge (kg), I, concentration of
the bottom charge (kg/m), Q, weight of column charge (kg), Q, weight of bottom
charge (kg), Q. total weight of explosive used in a hole (kg), q powder factor (kg
of explosives/m? of rock), g specific drilling (drilled meters/m? of rock), blasthole
pattern, delay timing, and initiation sequence.

Figure 1 shows blast parameters used in the calculation of the uniformity index.
The Uniformity Index characterizes the particle size distribution from a blast and is
dependent on the blast geometry [10]. A high value of n signifies uniform fragmen-
tation size while a low value indicates higher proportions of both fines and boulders
[18]. It is given by Eq. 4:
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Fig. 1. Controllable parameters considered in blast design [17]
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where: B = Burden (m), S = Spacing (m), d = Hole diameter (mm), W = Standard
deviation of drilling precision, L = Charge length (m), BCL = Bottom charge length
(m), CCL = Column charge length (m), H = Bench height (m). Cunningham [19]
observed that the uniformity coefficient n varies bwn 0.8 and 1.5.

The field of digital image processing refers to processing digital images using
a digital computer [20]. One of the first applications of digital images was in the
newspaper industry when pictures were first sent by submarine cable between London
and New York around the 1920s [20]. The technique has been heavily applied in slope
and rock fragment analysis in the mining industry. The subject of these images can
be a muck pile, haul truck, leach pile, draw point, waste dump, stockpile, conveyor
belt, or any other location where clear images of rock fragments can be obtained
[11]. When the images have been acquired, they are input into software such as Split
Desktop, WipFrag, FragScan, PowerSieve, etc.,[15] which use their set of algorithms
to analyze the images and produce the Rosin—Rammler cumulative size distribution,
the rock characterization factor (A), the mean fragment size, a histogram, and the
blast geometry which can later be analyzed. The errors of the method can be reduced
by capturing many high-quality images for analysis [15].

Drilling and blasting influence the economy of open pit excavations since the
success of all downstream processes related to strata handling depend on the size
of the blasted rock mass. Therefore, the evaluation of fragments obtained from
blasting plays a very important role in monitoring compatibility with the handling
and crushing machinery. Optimum fragmentation is necessary to ensure sustainable
mining since both over/under fragmented rock tends to affect the cost of mining or
excavation. A blasting operation is optimized when both the blasting and handling
costs of fragmented rock are minimal [4]. Controllable parameters influencing the
fragmentation in a rock blast consist of powder factor, stemming column, bench
height, hole diameter, and burden. The analysis of fragmentation and blast design in
reference to the controllable parameters can enhance the performance of a rock blast;
therefore, the present study aims at conducting a digital image evaluation compared to
the Kuz-Ram model in monitoring/predicting the mean fragment size and percentage
of boulders. The adoption of the Kuz-Ram model and digital image processing in
blasting design can help optimize excavation works and make them cost-effective
leading to efficient downstream processes. This research is based on conventional
small diameter blasting performed in a quarry to obtain the desired fragmentation
with minimal cost.
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2 Methodology

2.1 Study Area

The study area is in the Kasungu district found in the Central Region of the Republic
of Malawi in Southern Africa. The Limestone mine sites namely Livwezi, and Chikoa
at Shayona Cement are about 3 km apart. Figure 2 shows the Mine site with Livwezi
located at 12°52/35.86"S latitude and 33°43'16.60”E longitude, and Chikoa located
at 12°52 49.60 S and 33'44'33.75"E longitude. The study area was chosen because
most of the data for blast geometry, rock mass properties, and explosive properties
are known.

The mine is an open pit and practices conventional drilling, blasting, loading,
and hauling. Malawi is comprised of mainly the Precambrian Basement Complex
[21]. These rocks underlie most of the Central region of Malawi where Kasungu
is located. Kasungu is mostly underlain by medium to high-grade metamorphic
rocks of the Mozambique belt. The Livwezi deposit elongates along a Southwest-
Northwest direction and is comprised of medium to coarse-grained marble within
intercalations of calci-silicates, granulite, and amphibolite. It is folded into isoclinal
folds whose foliations deep gently. The outcrop is associated with fractures without
rock or mineral infillings. In the Southeast of the deposit, shear zones are recorded
with a Northeast trend with infillings of very coarse crystals of calcite, quartz, and
feldspar. The Chikoa deposit, however, has the same trend as the Livwezi deposit
and its lithological sequence includes medium to very course-grained marble inter-
banded with granitoid quartz-feldspathic rocks and biotite gneisses.

2.2 Data Collection

The resulting fragmentation from the Quarry blast operations was evaluated using
WipFrag v3.3 digital image processing software and the Kuz-Ram empirical model.
WipFrag is an auto-image generation granulometry software that utilizes digital
images to evaluate fragment size distributions [15]. WipFrag uses automatic algo-
rithms to identify definite blocks and develop a mesh outline or netting using state-
of-the-art boundary or edge recognition techniques. It measures the 2D surface net of
a block assemblage, transforms, and reconstructs a 3D block size distribution using
geometric probability principles.

The Kuz-Ram model [10, 16] is an empirical relationship evaluating blast frag-
mentation through the incorporation of blast design parameters comprising blasting
geometry, characteristics of explosives, explosive quantity, and rock properties. The
Kuz-Ram model evaluates fragmentation through the estimation of the 50% passing
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Tablg 1'. Rock mass . Rock Description RMD value
description value for various
rock mass Friable 10
Massive 50
Vertically jointed Use Jointed Rock Factor
Table 2. JCF interpretations .
from field observations Observation Interpreted value
Tight joints 1.0
Relaxed Joints 1.5
Gouge filled joints 2.0

block size of a muckpile. To compare the two techniques, statistical analyses were
done.

i. Rock Mass Description

Table 1 shows the rock mass descriptor values used to describe its properties.
For the vertically jointed rock mass, the Jointed Rock Factor (JRF) is given
by Eq. 5:

JRF = (JCF # JPS) + JPA (5)

where: JCF = Joint Condition Factor, JPS = Joint Plane Spacing factor, JPA = Joint
Plane Angle factor

ii. Joint Condition Factor (JCF)

From field observations, the joint condition factor will be interpreted and
determined from Table 2.

iii. Field tests

Rock mass properties that were obtained on-site include Rock Mass Description
(RMD) particularly Joint Plane Spacing and Joint Plane Angle factors, and Hardness
Factor (HF) for use in the computation of the rock factor for use in the Kuz Ram
model.

a. Joint plane spacing factor (JPS)

According to Cunningham [10], this factor is partly related to the absolute joint
spacing, and partly to the ratio of spacing to drilling pattern, expressed as the reduced
pattern P. Figure 3 shows the relationship between hole spacing and joint spacing on
blasting fragmentation.

The reduced pattern, P, is given by Eq. 6:

P=+vBxS (6)
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Fig. 2. Location of mine site

15: Joint spacing, HS: Hole spacing

Fig. 3. Relationship between hole spacing and joint spacing on blasting fragmentation [10]

In order to determine the JPS factor, a field test to determine the joint spacing in
the rock mass was carried out using a scan line of at least 3 m in length and calibrated
in millimetres. The test procedure was adapted from ISRM 2007. The procedure is
as described below:

e Whenever possible, the measuring tape should be held along the exposure such
that the surface trace of the discontinuity set being measured is approximately
perpendicular to the tape. If the tape is not perpendicular, the directional bias
corrections are required to obtain true spacing

e All distances (d), between adjacent discontinuities are measured and recorded
over a sampling length not less than 3 m (or the thickness of the rock unit being
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observed if this is less than 3 m). The sampling length should preferably be greater
than ten times the estimated spacing. The distances (d) should be measured to
within 5% of their absolute values.

The smallest angle, (o) between the measuring tape and the observed joint set is
measured with a compass to the nearest 5°.

The most common (modal) spacing is calculated from Eq. 7:

S = dpsina @)

where dy, is the most common (modal) distance measured. It is helpful to
present the variation spacing using the histogram. When the joint spacing is deter-
mined, the mean value found was referred to in Table 3 together with the reduced
pattern parameter to determine the joint plane spacing factor.

b. Joint Plane Angle

Data for joint plane angle was collected using a clinometer to determine the joint

plane angle. The procedures for data collection followed ISRM standards 2007. The
procedure includes:

a.

The maximum declination (dip) of the mean plane of the discontinuity is
measured with the clinometer and should be expressed in degrees as a two-digit
number e.g., 05° from 0-90°.

The azimuth of the dip (dip direction) is measured in degrees counted clockwise
from true north and expressed as a three-digit number for example 010° from
000°-360°.

The dip and dip direction should be recorded in that order, with the three-digit
and two digits number separated by a line

The collected data as shown in Table 4 was then used to determine the Joint Plane

Angle factor.

Table 3. Interpreted value of JPS from JS and P

Joint Spacing JPS Remark

<0.1 m 10 fine fragmentation will result from close joint
0.1-0.3 m 20 unholed blocks are becoming plentiful and large
0.3 t0 95% of P 80 some very large blocks are likely to be left

>P 50 all blocks will be intersected

Table 4. Determining Joint
Plane Angle

Dip out of face 40

Strike out of face 30

Dip into face 20
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iv. Hardness factor

For the hardness factor, data for the uniaxial compressive strength was estimated
by conducting a type L Schmidt rebound hammer test following ASTM C805. Later,
a specific gravity test using ASTM D792 was done to determine the unit weight of
the rock.

v. Blast sessions

One blast session was conducted for each mine site with a total of 6 images being
analyzed for each blast. Digital images which were taken for image analysis were
randomly sampled. To minimize errors, the camera lens was placed perpendicular
and very close to the surface of the blasted muckpile. However, there is a possibility
of deviation from this norm in actual practice. Therefore, the images were captured
from the viewpoint exactly in front of the muckpile with the horizontal axis of the
camera at some angle order than 90° to the face of the muck pile. Double scaling
objects of known dimensions were placed on the surface of the muck pile when
taking the images to provide scale and compensate for the slope of the muckpile [9].

3 Results and Discussion

Performance assessment of the Kuz Ram model using root mean square error was
done in Microsoft Excel 2013. Correlation and regression analysis for assessing
model performance was done using Minitab 20 statistical software. Digital image
processing utilized WipFrag V3.3 software to analyze the images.

3.1 Particle Size Distribution

Figures 4, 5, 6 and 7 show the analysis from the time the image is taken from a
muckpile containing two bamboo sticks 1.7 m in length used for scaling the image
and compensation for the slope of the muckpile until its particle size distribution is
plotted by the software.

3.2 Specific Density Test Results

The results of the specific density test for the rock samples from Chikoa and Livwezi
are presented in Table 5.
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nw"j. 1 . -

Fig. 4. Freshly shot image from the muck pile

Fig. 5. Auto delineated image

3.3 Uniaxial Compressive Strength

For the Schmidt hammer rebound test conducted on the field, the uniaxial compres-
sive strength (UCS) of the rock mass determined is shown in Table 6.
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Fig. 6. Image after auto and manual delineations
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Fig. 7. Final processed image showing the particle size distribution

3.4 Kuz-Ram Fragmentation Prediction

The utilized explosive was Ammonium Nitrate Fuel Oil (ANFO) with a density
of 0.8, bottom charge Explogel V8 32 x 270 mm (Watergel), and relative weight
strength. The rock mass and blast design parameters are shown in Tables 7 and 8,
respectively.

The predicted values by the model from the adapted Kuznetsov and Rossin-
Rammler equations are presented in Table 9 (Table 10).

Figures 8 and 9 shows the particle size distribution for the Chikoa and Livwezi
blasts predicted by the model.
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Table 6. Uniaxial
Compressive Strength (UCS)
of rock values

Table 7. Rock mass
parameters

Table 8. Blast Parameters
for both sites

Table 9. Predicted values
from the Kuz-Ram model

J. Matsimbe et al.

Place UCS (MPa)
Chikoa 89
Livwezi 54
Parameter Chikoa Blast | Livwezi Blast
Uniaxial compressive stress | 89 53.5
(MPa)
Specific density (t/m?) 0.299 0.268
Unit weight (KN/m?) 29.9 26.8
Rock Mass Description 50 50
(RMD)
Parameter Chikoa Blast | Livwezi Blast
Bench Height, H (m) 12 7.5
Hole diameter (mm) 100 100
Stemming height (m) 1.5 1.5
Sub drill (m) 0.5 0.5
Burden, B (m) 2.5 2.3
Spacing, S (m) 2.5 2.5
ANFO per hole (kg) 65.97 37.70
Number of holes 41 52
Total mass of ANFO required |2704.91 1960.35
(kg)
Blast volume (m?) 3075 22425
Powder Factor (kg/m3) 0.88 0.87
Drill Accuracy 95 96
Hole Deviation 0.125 0.1
Bottom Charge Length (m) 0.27 0.27
Column Charge Length (m) 10.23 5.73
Hardness Factor 10.6 154
Parameter Predicted Value

Chikoa Blast Livwezi Blast
Uniformity Index 1.59 1.44
Rock Factor 4.25 3.81
Mean Particle Size (cm) 10.34 8.49
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Table 10. Predicted Results by the Rosin—Rammler size distribution
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Size Chikoa Predicted result Livwezi Predicted result

X(cm) Retained Rx % passing Retained Rx % passing
100 6.85276E-12 100 3.06502E-11 100

68.1 8.79464E-07 99.99991205 9.01428E-07 99.99990986
46.4 0.000515769 99.94842306 0.000332382 99.96676175
31.6 0.016465978 98.35340223 0.009997071 99.00029295
21.5 0.108149064 89.18509362 0.071036159 92.89638408
14.7 0.296951846 70.30481545 0.216681555 78.33184452
10 0.518149079 48.18509206 0.415623513 58.43764868
6.81 0.700021146 29.99788538 0.603616319 39.63836808
4.64 0.823975723 17.60242767 0.747909078 25.20909219
3.16 0.900296634 9.970336592 0.84617571 15.38242901
2.15 0.944698406 5.530159395 0.908544344 9.145565628
1.47 0.969422021 3.057797864 0.9460454 5.395459961
1 0.983323919 1.667608081 0.968659715 3.134028505
0.681 0.990919569 0.908043053 0.98185819 1.814180984
0.464 0.995060167 0.493983292 0.98952056 1.047944021
0.316 0.997317226 0.268277412 0.993960628 0.603937201
0.215 0.998545993 0.145400695 0.996527578 0.347242235
0.147 0.999206015 0.079398505 0.99799046 0.200954017
0.01 0.999988999 0.001100115 0.999958118 0.004188158
0.0068 0.999994047 0.000595344 0.99997597 0.002403028
0.0046 0.999996805 0.000319521 0.999986315 0.001368477
0.0032 0.999998207 0.000179293 0.999991887 0.000811348
0.0022 0.999999013 9.87367E-05 0.999995271 0.000472936
0.0015 0.999999463 5.36604E-05 0.999997276 0.000272399
0.001 0.999999719 2.81378E-05 0.999998481 0.000151897

3.5 Digital Image Processing Results

The particle size distribution analyses of the muckpile obtained from the three
different blasts using WipFrag program are shown in Figs. 10 and 11. The allowable

fragment maximum handled by the primary crusher is 1000 mm.
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Chikoa Predicted Particle Size Distribution
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Fig. 8. Chikoa mine blast particle size distribution

Livwezi Predicted Particle Size Distribution
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Fig. 9. Predicted size distribution for the Livwezi blast

3.6 Chikoa Blast

Figures 12 and 14 show the particle size distribution curve of the blast design deter-
mined from the Kuz-Ram model while Figs. 13 and 15 compares the Kuz-Ram curve
with the two results obtained from WipFrag. The particle size distribution from the
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Fig. 11. WipFrag image analysis for Livwezi blast

Kuz-Ram model deviates from that of the WipFrag program despite showing similar
trend. The model shows that all fragments are less than the 1000 mm benchmark
indicating a tolerable range of boulders. The differences in size distribution can be
attributed to the heterogeneous nature of the rock mass structural properties and
human error [15]. The mean particle size predicted by the model was 10.23 cm while
the actual particle mean size was 3 cm. The mean particle size gives a measure
of the average fragmentation of the muck pile. This in turn shows that the model
overpredicted the mean particle size for the muck pile.

From Fig. 13, the model predicted 2% fines (less than 10 mm) and 2% oversize
material (over 300 mm). The measured results show 16.5% fines and 0% oversize
material. This shows fines underprediction percentage error of 87% by the model
while the oversize material was overpredicted with an error of 50%. This finding
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CHIKOA COMPARED BLAST FRAGMENTATION

Kuz Ram Fragmentaion analysis Actual Fragmetation result

Fig. 12. Comparison between the predicted and actual results

CHIKOA BLAST FRAGMENTATION

Predicted Fragmentation

Actual Fragmentation

165%
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1

Fig. 13. Percentage fines, range, and oversize for predicted and actual results

agrees with studies by [13—15] who found that the Kuz-Ram model underestimates
the number of fines in a mine blast. The percentage range from 10 mm mesh size to
300 mm was predicted at 96% while the measured percentage range was 83.5%.
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LIVWEZI COMPARED FRAGMENTATION
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Fig. 14. Comparative particle size distribution
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Fig. 15. Comparison of fines and oversize for predicted and measured fragmentation
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3.7 Livwezi Blast

The Livwezi blast produced a measured fragmentation mean particle size of 20.8 cm
while the model predicted a mean particle size of 8.49 cm. Figure 14 shows a compar-
ison of the particle size distribution predicted by the model against the measured one
with the line drawn perpendicular to the Y-axis at 50% crossing the two graphs
at their respective mean particle size values. The graphs also show that the model
underpredicted the overall particle size distribution as observed that its graph is to
the left of the measured distribution.

From Fig. 15, the model predicted 3% fines (less than 10 mm), a percent in the size
range of 95%, and an oversize (greater than 300 mm) of 1%. Measured results show
0.27% fines, a percent in the size range of 58 %, and an oversize retained percentage of
42%. Similar findings on overprediction of fines were found by Ref. [5] in contrast to
underprediction of fines found by Ref. [14]. From the fine’s prediction, the model gave
a prediction error of 91% which is a very high error in fines prediction. Furthermore,
the model underpredicted the boulder size similar to findings by Ref. [5] at Mine B.

3.8 Model Performance

As shown in Table 11, the root mean square error (RMSE) calculated in Microsoft
Excel gave an error of 3.33 (Livwezi) and 23.85 (Chikoa). Linear regression (R?)
between the model and the measured data shows 81.76% (Livwezi) and 79.92%
(Chikoa) blasts. Correlation coefficients (r) of 85.39% (for Chikoa) and 90.42% (for
Livwezi) were calculated. Livwezi blast had the least root mean square error and high
regression and correlation coefficient values which shows that the model performed
well on the Livwezi blast than on the Chikoa blast. This also shows that the model
performs well on certain sites than on others. The model had a weak performance
in predicting fines at Chikoa (2% vs 16.5%), and boulders at Livwezi (1% vs 42%)
but a slightly better performance in predicting fines at Livwezi (3% vs 0.27%) and
boulders (2% vs 0%) at Chikoa.

Table 11. RMSE, Regression, and correlation values

Mining Location | Root Mean Square Error | Regression (R?) | Correlation coefficient (r)
(RMSE)

Chikoa blast 23.85 79.92% 85.39%
Livwezi blast 3.33 81.76% 90.42%
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4 Conclusion

The research focused on reducing the technological gap in the mining industry in
Malawi by applying the Kuz-Ram model and digital image processing techniques to
analyze rock mass fragmentation. This can help in making better blast design deci-
sions to optimize mining processes and costs. Field tests, observations, and laboratory
tests were conducted to meet the objectives of the research. It was found that the Kuz-
Ram model predicted 2% fines (less than 10 mm) and 2% oversize material (greater
than 300 mm) for the Chikoa blast; and 3% fines (less than 10 mm) and 1% oversize
(greater than 300 mm) for the Livwezi blast. The measured fragmentation showed
16.5% fines and 0% oversize material for the Chikoa blast; and 0.27% fines and 42%
oversize for the Livwezi blast. The model performed well in predicting fragmen-
tation at the Livwezi mine site with a correlation of 90.42% while the correlation
for the Chikoa mine was 85.39%. Since the two blasts used a similar blast design
and explosives, the differences can be attributed to variations in rock mass structural
properties e.g., Compressive strength, groundwater, joint fillings, and aperture. Due
to high correlation and regression values, the model can be used on both mining
sites for preliminary blast design with sufficient prior knowledge of the rock mass
properties as an alternative to the trial-and-error approach. Ref. [15] observed that
the fragment size distribution obtained from Kuz-Ram vary from that of WipFrag but
followed a similar trend. Future research work should consider using other models
such as JKRMC, KCO, and Modified Kuz-Ram model on both mining sites to ascer-
tain the accuracy of the Kuz-Ram model considering that the model seems to work
best on certain sites and not on others.
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Abstract The Brazilian construction industry presents low productivity and limited
international competitiveness. In this scenario, two relevant aspects are identified:
academic education and technology adoption. In view of this context, two move-
ments stand out. The first is the reformulation of the Brazilian National Curriculum
Guidelines (DCNs) for Civil Engineering and Architecture undergraduate courses,
which seeks to improve professional qualification, with a greater focus on the expec-
tations of the industry of the 4th Industrial Revolution. The second is the emergence
of new professionals, capable of engaging in the AEC (Architecture, Engineering
and Construction) ecosystem to assist in the adoption of new technologies, linked to
Industry 4.0. Among various innovative technologies, this research focus on Additive
Manufacturing (AM), as it presents a great disruptive potential for civil construc-
tion industry, especially in education. Among the new workers who are joining the
AEC industry, Graphic Expression professionals, graduated from Federal Univer-
sity of Parand (Brazil), are inducing agents for the adoption of new technologies.
For the effective incorporation of these elements in the AEC ecosystem, teaching
programs are required to provide the fundamentals of technology, allowing future
professionals to discover their capabilities. This paper presents a proposal of a collab-
orative teaching method for AEC, supported by AM use. This method, grounded on
constructivist pedagogy for teaching and learning, is the result of a Design Science
Research (DSR) approach. It puts together students from Civil Engineering, Archi-
tecture and Graphic Expression undergraduate courses, who then work on an inter-
disciplinary setting, studying a common theme. Our method uses Additive Manufac-
turing, Project-based Learning (PBL) and Collaborative Learning as teaching tools,
with an emphasis in motivation, always considering the best conditions for students.
In this paper, we establish important contents to be worked on in a hybrid teaching
model, which uses distance learning to teach theoretical concepts and practical labo-
ratory experience to solve problems collaboratively, ensuring the development of
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skills and competences. Finally, the present paper indicates seven important steps
for the development of the proposed educational activities.

Keywords Additive Manufacturing - Project-based Learning + Collaborative
Learning - Graphic Expression * Teaching Method

1 Introduction

The Brazilian industry is in a position of low competitiveness and innovation in
the international market. According to the Global Innovation Index, Brazil lost 22
positions between 2011 and 2016, ranking 69" out of the 123 countries evaluated.
This low performance was mainly due to the score obtained in human resources and
research, especially in the area of engineering [1].

Compared to developed countries, Brazil presents a considerably retrograde
reality, since a large part of its national industry is not even in the Third Indus-
trial Revolution [2]. Several authors point out that, in the construction industry, this
scenario is even worse, since there are delays in the adoption of technologies and a
decline in the level of productivity in comparison to other industries [3-6].

Part of this situation is a result of the precarious training of professionals in the
area. According to [1], between 2015 and 2017, Brazil presented an occupancy rate in
Engineering undergraduate courses of less than 30%. The author also states that there
is evidence of a lack of interest in Engineering courses, beyond high dropout rate
among students — more than 50%, according to the National Council of Education
study CNE/CES n. 1/2019 [7].

Among other reasons, it stands out the unpreparedness of students, as a result of
weak basic education, as well as the unattractive organization of curricula, and other
disincentives that keep student away from professional practice [1, 8].

However, there are undeniable attempts to evolve, such as the recurring themes
of BIM, lean construction, modular construction, and digital manufacturing. In the
latter case, we can include Rapid Prototyping (RP) and Digital Fabrication (DF)
technologies, which make it possible to build physical elements from 3D models,
created with the support of CAD/BIM tools. In this scenario, we emphasize the use
of the additive processes known as Additive Manufacturing (AM), or 3D printing.
AM is the process of manufacturing physical models, using data from a virtual CAD/
BIM model, through the deposition of layers that will be manufactured successively,
with the goal of obtaining the complete geometry of the part [9-11].

Such technologies can be partly or fully inserted into the design-construction
process of architecture, since they can be applied in its different stages, from concep-
tual architectural design to the molds of construction elements. They are also appli-
cable in the manufacturing of final elements, which will then be ready for installa-
tion in the building. However, in Brazil, the use of DF as a constructive technique is
insipient, given the country’s small industrialization in AEC. For this reason, such
technologies are mainly addressed in higher education centers, in order to guarantee
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the experimentation and training of professionals who are able to work with them
[12].

In the teaching—learning process, the support and benefits of 3D printing in the
most different areas is already a reality [13—17]. Such areas include arts, mathematics,
engineering, design, archeology and historical heritage, astronomy, architecture and
urbanism, medicine and anatomy.

Physical models can assist students in the spatial understanding of varied
phenomena. Consequently, they increase students’ involvement in classes. They
allow an appropriate language for learning, which facilitates and rationalizes the
process of learner’s thinking, in order to replace a naive view of reality with a more
critical and comprehensive posture [18]. In areas that demand creativity and notions
of design, they facilitate the understanding of design processes, allowing students to
transfer their ideas to reality and to learn about the weaknesses and virtues of their
projects. Thus, students are ablet experience the interactive cycle of design processes
[16, 19].

The evolution of digital technologies, especially since the end of the twentieth
century, has subjected society to profound changes in the processes of conceiving,
producing, disseminating, learning and applying knowledge, with social, cultural,
technical and educational implications [20]. In this context of rapid changes and
technological evolution, the role of the different professionals involved in the AEC
(Architecture, Engineering and Construction) industry is changing dramatically. New
operating niches are emerging specifically for the use of new technologies [12, 21].

In this context, two movements stand out. The first involves discussions about
the Civil Engineering (CE) and the Architecture and Urbanism (AU) curricula
of Brazilian universities, which culminated in the reformulation of the Brazilian
National Curriculum Guidelines (DCNs) for Engineering in 2019, and in the elabo-
ration of a proposal to change DCNs for Architecture and Urbanism (not yet approved
by the Ministry of Education). The second is related to the creation, in 2012, of the
first bachelor’s degree in Graphic Expression (CEGRAF), at Federal University of
Parana (UFPR), which stems precisely from the perception of the great demand for
generalist professionals with focus on new digital technologies.

For the effective incorporation of such elements in the AEC ecosystem, educa-
tional programs are required to provide key technology fundamentals, allowing future
professionals to discover their capabilities, which must be aligned with the needs of
an education for the twenty-first century society.

This paper presents a proposal of a collaborative teaching method for AEC
supported by AM use, which puts together students from Civil Engineering, Architec-
ture and Graphic Expression (GE) undergraduate courses, to assure interdisciplinary
learning and studies on a common theme. Additive Manufacturing, Project-based
Learning (PBL) and Collaborative Learning are used as teaching tools. We also
consider motivation and appropriate conditions for all students, based on the MUSIC
academic motivation model, which presents 5 components for the design of a course:
eMpowerment, Usefulness, Success, Interest and Caring. We also establish impor-
tant contents to be included in a hybrid teaching model, with the distance learning of
theoretical concepts, combined with practical laboratory experience, so that students
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learn to solve problems collaboratively, ensuring the development of news skills and
competences. Finally, we indicate seven important steps for the development of the
proposed educational activities.

1.1 Brazilian National Curriculum Guidelines (DCNs)
Jor Civil Engineering and Architecture Undergraduate
Courses

In Brazil, the academic education of engineers does not focus enough on the work
environment. It is also disconnected from the expectations of the 4th Industrial Revo-
lution industry. Given this scenario, in 2008 a movement of large companies, called
Entrepreneurial Mobilization for Innovation (MEI), coordinated by the Brazilian
National Confederation of Industry (CNI), started to work for the improvement of
engineering education in Brazil, in line with the agenda of international trends.

In 2019, the work of MEI, together with ABENGE (Brazilian Association of
Education in Engineering), culminated in the reformulation of the 2002 Engineering
DCNs [22]. The new DCNs propose a new institutional organization for curriculum,
stimulating a diversity of learning forms. The idea is to extrapolate the traditional
classroom, in order to guarantee the interaction of teaching with research and exten-
sion activities, as forms of learning, and to promote active teaching methodologies
[1].

These guidelines seek to create an environment, in undergraduate courses, that
allows students to exercise entrepreneurship inside or outside companies, with a
greater potential to develop their talents, skills and abilities [2]. With this aim, some
suggested strategies are: to create flexible and student-centered curricula; to empha-
size the development of competences expected from graduates; to encourage the
adoption of active learning methodologies (applied knowledge); to ensure collabo-
ration between universities and companies, with the idea of bringing courses closer
to the market; to develop multidisciplinary programs; and to combine classroom and
distance activities [22].

The path in Architecture and Urbanism was similar. In 2013, meetings orga-
nized by the Brazilian Association of Architecture and Urbanism Teaching (ABEA)
promotes discussions on the rebuilding of the DCNs created in 2006 [23] and
amended in 2010 [24]. Later, after 2018, discussions continued in the Education
and Training Committees of the Brazilian Council of Architecture and Urbanism
(CAU/BR). In 2019, a new proposal for DCNs of AU undergraduate courses was put
forth.

As for Engineering, some of the main changes proposed for Architecture and
Urbanism seek to draw attention to the following aspects: the use of active teaching
methodologies, ensuring students’ active participation in the knowledge construc-
tion process; diversification of teaching and learning environments, so that students
have professional experience in the labor market and collaborative inter-professional
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practices; and the possibility of curricular flexibility, which allows the search for
innovation inherent in the AEC area [25].

It should be noted that the concept of Industry 4.0 is understood as the current
approach to changes in production processes and business models that employ a
high degree of technology in the production chain. The goal is to guarantee increased
productivity and competitiveness, generating new values and services for both clients
and organizations [26]. In this context, technologies such as Internet of Things (IoT),
artificial intelligence, digital manufacturing, additive manufacturing, big data and
cloud computing are fundamental.

In the proposal of the new DCNs for architecture, for the first time, the “Digital
and Physical Modeling Processes and Tools” are mentioned as mandatory curric-
ular content. Therefore, the DCNs introduces the obligation of at least one digital
modeling and fabrication laboratory in undergraduate courses, emphasizing the
importance of new technologies, disseminated as fundamental concepts for Industry
4.0 and for all Architecture and Urbanism activity. This is reflected in the skills and
abilities that students are supposed to develop in AU undergraduate courses [25].

As for Engineering, training in Architecture and Urbanism should also be
reformulated, with a focus on professional practice, collaboration, active teaching
methodologies, beyond technological education.

1.2 Graphic Expression Professional

In2012,abachelor’s degree in Graphic Expression (CEGRAF) was created at Federal
University of Parand (UFPR). Its creation was motivated by the identification, in
the industry, of a lack of communication and understanding among professionals
involved in the process of design and manufacturing. Lack of technical knowledge,
combined with the poor exchange of information between different professionals,
caused delays, with consequent financial losses to the business [27].

There are no specific DCNs for Graphic Expression, considering that the course
is currently unique in the country, as a bachelor’s degree in its specific approach. Its
objective is “to train professionals who work in the development of digital graphic
projects, in the range of existing functions between creation and production, who
participate in multidisciplinary teams” [28], in the areas of architecture, engineering
and industrial products, based on the concepts of digital design and prototyping. A
broad education is a requirement for such professionals, so that they can understand
important elements from several areas, to communicate with different professionals,
collaborating in project development processes.

Graphic Expression students were well received by the market, inside internships
in modeling and digital models, project compatibility through digital technologies,
and product production through digital manufacturing processes. In 2018, the evolu-
tion of labor market trends with new technologies reinforced the need to include new
content in the curriculum, in line with the principles of Creative Economy and Maker
Movement [29].
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Therefore, the Graphic Expression undergraduate course was restructured, to
ensure a greater focus on knowledge in digital technologies (such as digital modeling,
BIM, three-dimensional capture and digitization, digital fabrication and prototyping,
and virtual and augmented reality), beyond theoretical grounding in geometry
concepts, architecture, design, and engineering. These new professionals present
themselves to the market with the potential to be a part of collaborative projects with
other professionals, in the fields of architecture, engineering, arts and mathematics.
Specifically, considering the focus on the expertise acquired on digital modeling and
prototyping technologies, we can conclude that there is great potential for comple-
mentarity with Architecture and Engineering courses, which still have difficulties in
integrating such topics into their curricula.

2 Method

The proposal for a teaching method presented in this work is the result of a Design
Science Research (DSR) approach. The product of a DSR is an “artifact”, which is
something artificial, conceived by man, carried out with the aim of fulfilling a purpose
in a given environment [30]. According to [31] classification (constructs, models,
methods, instantiations), the artifact developed in this work is essentially a method
with a conceptual structure for using Additive Manufacturing as an integration tool
for students of AEC courses.

Other research methods were used to support problem awareness, data collection,
and artifact formulation. Among them, we used systematic literature review [32],
action-research, beyond a survey carried out by students in 2019. This artifact is part
of a doctoral thesis and will still be tested and evaluated.

3 Results and Discussion

In this section, we present and discuss the collaborative teaching method for AEC,
supported by the Additive Manufacturing use, considering its elements.

3.1 Interdisciplinary Learning for AEC

The collaborative teaching method for AEC, supported by AM use (Fig. 1), is
grounded on constructivist pedagogy for teaching and learning. It is also aligned
with the development of competencies and skills expected of AEC professionals in
the twenty-first century.

This method aims at ensuring the interdisciplinary learning of students of Archi-
tecture and Urbanism, Civil Engineering and Graphic Expression, in the light of the
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Fig. 1. Collaborative teaching method for AEC supported by AM use

interdisciplinarity concept considered by Gatto [33], characterized by the following
aspects: (1) to have an object in common; (2) to be searched at the same time (simul-
taneity); (3) by specialists from different disciplines or areas; (4) in close cooperation
(collaborative work); (5) with constant exchange of information; (6) sharing the same
goals to achieve an integrated analysis of the common object or problem.

Initially, the topic of study, which will be approached through PBL activities,
must be defined. Such topic must be explored by the different undergraduate courses
(Architecture and Urbanism, Civil Engineering and Graphic Expression), using Addi-
tive Manufacturing as a teaching tool and as an integration and stimulus factor, so that
students develop their skills in communication, collaboration, problem solving, tech-
nological literacy, and autonomy, in addition to the technical knowledge necessary
for their professions.

Several topics can be addressed, from which we cite a few.

One possibility is Building Information Modeling (BIM). BIM is strategic for the
development of the AEC industry, considering the efforts of the Brazilian Federal
Government, which launched the National Strategy for the Dissemination of Building
Information Modeling in Brazilin 2019 [34]. The program seeks to promote a suitable
environment for the investment in BIM, ensuring its diffusion in the country. In
addition, it has great adherence to the innovative technologies of Industry 4.0 (such
as Additive Manufacturing), in search of modernizing the civil construction industry.
However, Brazilian undergraduate curricula still require rebuilding for the effective
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implementation of BIM. At UFPR, for example, the only undergraduate course with
a specific mandatory discipline about BIM is Graphic Expression.

Another possibility is “structural systems”. According to [35], the importance
of teaching the theory of the subject in Civil Engineering courses is settled, but
the focus is quite technicist, based on activities of calculation and on the analysis
of structural dimensioning. Engineering students end up having difficulties in the
previous stage, which encompass the structural conception and establishment of
structural arrangements, an activity that requires intuitive and creative skills.

On the other hand, the authors state that “the teaching of structures seems to
remain deficient in Architecture courses” [35] (p. 184), even though it is the subject
of recurrent research, publications, and even specific events, such as the National
Meeting on Teaching Structures in Architecture Schools (ENEEEA). In any case,
it is undeniable that the structural design is a fundamental stage for architectural
design. Therefore, architecture students need to master the use and functions of
structural systems. Although this is not a specific topic addressed in the Graphic
Expression undergraduate course, it leads to several approaches that involve knowl-
edge in the area, considering both the representation and the technical point of view
of calculation.

The physical experimental model is the most discussed and recommended
resource in seminars, meetings, lectures and published papers on the teaching of disci-
plines in the area of structures [35]. It allows a real visualization of the phenomena,
demonstrating concepts in an intuitive, reliable, and tangible way. This scenario
assures us that uniting such concepts with Additive Manufacturing is an appropriate
strategy to expand collaboration between the different courses we have exposed.

To make the application of the proposed method tangible, we sought a theme
that would work on the importance of understanding “construction systems”, so that
students could explore the concept of BIM in the future. We believe that it is essential
to understand how a building is built, so that it is possible to work well with BIM.

In conclusion, we chose “architectural details” as the central topic of learning.
It is a small piece of the whole, but it characterizes and defines the entire building.
"Indeed, detail is architecture at its smallest size” [36].

The connection of different materials leads to several problems that must be solved
by the designer. It is common in academia to approach such topic only with 2D draw-
ings, an abstract representation, but students need, first, to understand the function
of 3D elements in their context. By working with 3D printed models, students can
simulate how to build, understand the relationship of elements, and visualize them
spatially.

3.2 Conditions and Academic Motivation

To develop a successful method, firstly we need right conditions. It is necessary to
have an environment focused on students, in which they will have an active role
in their learning and will be able to act, discuss, problematize, and analyze their
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actions. According to Elmor Filho [37], an active learning environment should be
a common place where students and teachers are cognitively active, in order to
actively participate in reflective, interactive, collaborative and cooperative activities.
It requires the commitment of all students, but also of the teachers, to conduct the
activities in a way that all students feel valued and welcomed by the group.

Also, it is important to consider that getting students from different areas to solve
a problem within time constraints can be a stressful experience [38]. Thus, it is
important to ensure students’ motivation. Academic motivation is a process that
is perceived both by actions (e.g., attention, effort, persistence) and verbalizations
(e.g., “I'like biology”), through which goal-directed physical or mental activities are
instigated and maintained [39].

All things considered, we used the MUSIC Model of Academic Motivation, devel-
oped by Jones [39], to support our method. This model is grounded on a social-
cognitive theoretical framework and seeks to increase students’ motivation, to allow
greater student learning. It consists of five components that ought to be considered
when designing a course: (1) empowerment, (2) usefulness, (3) success, (4) interest,
and (5) caring.

Empowerment. It considers the amount of perceived control that learners have over
their learning. It relates to students’ autonomy and the perception of both a high level
of freedom and a sense of choice over their actions during an activity. It varies from
student to student, since it depends on several variables, including content difficulty,
student’s skills, beyond the student’s previous experiences with the content. But the
essential factor is “that students must believe they have some control over some aspect
of their learning” [39].

Usefulness. Students must understand why the activities are useful for their educa-
tion and how they will use them in their professions and lives. Studies show that
students are more motivated when they have long-term goals in mind, compared to
students that have only short-term goals [39].

Success. Students must believe that their efforts will be valuable for their future. This
aspect is related to their self-perception of competence, that is, that their knowledge
and skills are sufficient to complete given tasks. If they believe they will succeed,
they will try harder and persist longer in the activity. They will also be more resilient
in the face of difficulties. It is important to make all course objectives clear, providing
clear and understandable assessment criteria, beyond accurate and honest feedback
[39].

Interest. Topics and activities should be interesting to students. The idea of interest
consists of two components: an affective component of positive emotion (the liking)
and a cognitive component of concentration (the engagement). This relates to atten-
tion, memory, comprehension, and deeper cognitive engagement. Hands-on activities
and contents that relate to students’ background knowledge are useful strategies. It
is also important to incorporate other components of the MUSIC model, which can
promote individual interest [39].
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Caring. This concept is related to the students’ perception that the instructors care
about their learning and that they desire to impact their lives positively. There are
several terms to refer to the concept of caring, such as sense of community, bonding,
attachment, involvement, and commitment. In this context, the instructor behavior
is determinant. It is important to listen to students’ opinions and ideas, devote time
to help students, and show concern and interest in students’ personal/professional
lives.

3.3 Teaching Tools for Active Learning

Teaching tools include everything that helps in the teaching—learning process. Espe-
cially active learning approaches demand a variety of tools in order to ensure success.
Itis important to evaluate the goals of a given teaching activity and the type of learners
when choosing the most appropriate tool to meet specific learning goals [40].

Our method is based on the use of three teaching tools: Project-based Learning
(PBL), Collaborative Learning (CL), and Additive Manufacturing.

The PBL (Project-based learning) approach is a student-centered pedagogy
that involves interdisciplinary teaching—learning activities in an active-collaborative
learning environment. Students are tutored by qualified teachers, developing in-
depth knowledge by answering to real-world questions, problems, and challenges.
The classroom becomes an open space for ideas, knowledge, languages, and reali-
ties, stimulating conversations and generating bonds. The problem approach allows
students to grow individually and collectively in their learning experience, through
the construction of meanings that generate reflections, giving new significance to
their experiences. Through this method, students become managers of their learning
process [11, 41].

Teaching AM through the PBL approach is common practice. Authors [32] iden-
tify numerous works that use AM in higher education, by putting together students
from different undergraduate courses with the support of a PBL approach, with the
aim of promoting students’ engagement with their learning. In addition, the method
helps to bring teaching closer to students’ reality, culminating in more meaningful
learning.

Collaborative learning refers to an instruction/learning method in which students
work together, in small groups, towards a common goal [42]. It complements the
PBL approach, given the complementarity of latent knowledge of students from
three different courses (AU, CE, and GE). Students can teach concepts to each other
efficiently, while they work together to solve problems. In this context, Graphic
Expression students in an AEC group are important, because they have more in-depth
knowledge of digital technologies, such as Additive Manufacturing.

Additive Manufacturing, as we have already pointed out, has a special use in
education. It offers gains for the teaching—learning process, by combining PBL and
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AM, such as greater student interest, aptitude to understand abstract concepts, stim-
ulus for the construction of student-centered and collaborative knowledge, and the
possibility of interdisciplinary integration [32].

Based on such foundations, the proposed method was organized so that students
build their own learning. In this context, Additive Manufacturing is a tool that keeps
them motivated to solve challenges.

3.4 Passive/Active Learning of AM

AM learning was used in both passive and active ways [43], according to the
undergraduate program characteristics and objectives.

Incorporating AM passively into courses means using AM as a support tool for
teaching. It makes sense to use this type of approach for AEC, since the main objective
of training these professionals is not the operation of digital fabrication equipment,
but the training of professionals who understand the technology, who know how to
take advantage of it to solve problems, and who are able to work in multidisciplinary
teams [32].

However, one of the barriers to AM adoption in teaching is the lack of famil-
iarity with the technology [33], both by students e teachers. This reinforces the
idea of including a more experienced and focused AM future professional in an
interdisciplinary AEC group, such as the Graphic Expression one. The proposed
method provides an active AM teaching way, in which the activities that are devel-
oped present an explicit focus on concepts related to 3D printing. Some important
didactic objectives for AM are:

Learning and applying design principles to Additive Manufacturing
Learning AM fundamentals and basic operating principles
Stimulating creative competence using 3D printing

Gaining experience in the operation of AM machines

Identifying advantages and/or limitations of AM technologies

3.5 Hpybrid Education

Although the specific study of AM is important, the main objective of the presented
method is the interdisciplinary integration of AEC students. In order to fulfil this
goal, hybrid education should be explored. In this context, theoretical and more
introductory contents could be addressed with extra-class activities at distance, using
video classes, beyond materials that support students in hands-on activities. This
allows Architecture and Civil Engineering students to delve deeper into AM, in case
they are interested. Most of class (or laboratory) time can be used to explore the
development of skills and knowledge through practical experiences in groups [32].
In Table 1, we present AM contents explored at distance and in laboratory.
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Table 1. Hybrid education

of AM contents Approach AM Contents

Distance learning | AM Fundamentals

Fundamentals in 3D printer operation

Design for manufacturing (DFM)

Laboratory Study common objects using AM as a tool

Stimulate creative competence

Gain experience in AM operation

Identify AM advantages/limitations

3.6 7-Step Pedagogical Model

To ensure the best development of the activities proposed in the collaborative teaching
method for AEC students, we recommend 7 steps (Fig. 2), based on the “Pedagogical
Model for Introducing 3D Printing Technologies™ [44]. This pedagogical model is
grounded on a classic instructional design theory, the “Conditions of Learning” [45].
According to Gagne, there are nine instructional events that must be followed when
designing a course. Each instructional event is related to a specific cognitive process.

Also, we relate to the instructional events in which categories of academic moti-
vation [39] should be explored, considering the kind of hybrid education strategy
that can be adopted and the staff that should be involved in each step.

In this model, the subject of “constructive architectural details” was considered a
common object of study. However, it can be applied to any chosen topic, as previously
mentioned (e.g., BIM, structural systems, didactic models). As an example of an
activity, students should build 3D printed physical models that represent constructive
architectural details of iconic buildings.

Before analyzing the 7 steps, it is important to note that interdisciplinary groups
must be balanced in terms of number of members and technical background. It is
assumed that most architecture and civil engineering students have no knowledge
in 3D printing. Thus, graphic expression students should at least have knowledge of
the basic principles of additive manufacturing.

Another decisive factor is the need for knowledge in 3D CAD/BIM modeling to
work with AM. Therefore, it is recommended that instructors carry out an initial
questionnaire to assess students’ abilities, so that they create groups in which at least
one member has more experience or more advanced skills. These “advanced” students
will be able to share their knowledge with the groups (collaborative learning).

The first step is to get the attention of all participants. In order to fulfil this objective,
the instructor can present the course, with samples of what was developed in previous
editions. To present the importance and usefulness of the topic, a professional can
be invited to lecture on the common object chosen to be studied.

Next (step 2), the instructor must define the objectives and expectations of all
activities. This is important for students to realize they will be able to complete tasks
with the skills they already have and/or will develop in the process. To guarantee
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Fig. 2. 7-step pedagogical model for collaborative teaching method for AEC supported by AM
use

the necessary theoretical knowledge, at this stage, recorded classes can be produced
for students to watch outside class hours. Students can absorb the content according
to their need and availability. When dealing with AM, we suggest that at least three
themes be explored: AM fundamentals, basic settings for 3D printing, and Design
for Manufacturing (DFM).

After completing this theoretical conceptualization phase, teams choose what they
will represent. Each team chooses at least three references. The instructor should
guide which ones could create more difficulty during the process and/or improve
results. Nonetheless, students must have some control over the tasks.
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In step 3, it is time for a considerable amount of teamwork. Students must
develop 3D models that represent their architectural details. They will need to: use
their knowledge to understand the functions and relationships of each constructive
element; conceive a three-dimensional visualization from, usually, two-dimensional
drawings; and plan their model considering DFM rules — that is, observing the needs,
facilities and difficulties of 3D printing and assembly.

Instructors, or guest professionals who can act as tutors for the teams, must accom-
pany the development of solutions, but never state whether something is right or
wrong. They should point out problems or difficulties that students may face, encour-
aging the rapid process of prototyping solutions and exploring the benefits brought
by the use of 3D printing.

In the next step (step 4), students are given a moment to review their proposals
and exercise collaborative learning and autonomy. They must review their solu-
tions and analyze the 3D models with a focus on Design for Manufacturing (DFM)
rules, retrieving the concepts presented in theoretical and distance classes. Espe-
cially, they should prioritize a large base for better adhesion to the printing bed and
avoid thin cross-sections in the lower section, as the fast movement of the 3D printer
can generate vibrations in the piece and its eventual break during the process. The
projecting of elements that are not supported by a previous layer should be designed
with a maximum angle of 45° to the vertical plane [46]. Advanced students can help
teams with a critical look.

When students encounter technical difficulties, they can seek assistance from
instructors, tutors, or monitors (step 5). Now, the instructor can guide the students,
indicating the best practices for the process of manufacturing, considering that, in
this phase, experience with 3D printing is highly important. Attention should be paid
to individual difficulties. The instructor ought to dedicate more time to the ones that
present greater difficulties. If instructors deem it necessary, they can invite students
to repeat step 4.

In step 6, students present their design proposal and their 3D printing planning
to instructors or laboratory manager/monitors, who evaluate their work in terms of
constructability and printability. Authors [47] refer to the “manufacturability analy-
sis” (or “constructability analysis”) for AM as the need to evaluate specific factors,
such as: build volume, minimum feature size, amount of support material, printing
time, estimation of surface roughness, and build orientation.

Finally (step 7), the responsible for the 3D printers in the laboratory receive the
models and generate the print planning for the teams, with the aim of grouping several
parts in a single print, in order to reduce printing time. Students should follow the
process in accordance with instructions given by monitors or lab managers. Later,
they must finish the assemblance of their physical models and present them to the
class.

The instructor conducts an evaluation of the results, together with the class, medi-
ating a discussion. This learning community should share different ways to solve
the same problem, listening to students’ opinions on the main difficulties faced
throughout the process, considering what they would do differently and what lessons
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were learned. Also, it is important to share students’ feedbacks with everyone, due
to the importance of integrating students from different AEC undergraduate courses.

4 Conclusion and Future Work

We presented a proposal of a collaborative teaching method for AEC, supported
by Additive Manufacturing, that should be used by educators to integrate different
students, in order to stimulate educational experiences, as close as possible to the
professional practice.

Additive Manufacturing allows the approach of different contents in a practical
and tangible way. In addition to being an important technology to be included in the
civil construction area, with the precepts of industry 4.0, AM enables several gains,
allowing greater student engagement with their education.

In summary, our method is based on three major components: interdisciplinarity,
technology, and people. An important part of success relies on the fact that people
must be motivated to learn, to collaborate and to be active actors of their own educa-
tion. Given this context, we present ways to ensure that possibility, by working with
the seven steps of our method, with the MUSIC model of academic motivation.

Furthermore, we expect that collaborative educational experiences bring together
other professionals who are not used to being part of the AEC area, but who have
great potential to optimize processes, by including new technologies, such as Graphic
Expression professionals.

This work is part of a doctoral research. The next steps are the application of the
method in interdisciplinary courses, followed by its validation.
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Gilles Albeaino (®, Sebastian Paulis @, Masoud Gheisari®,
and Raja R. A. Issa

Abstract This paper discusses a recent educational effort to develop interdisci-
plinary educational projects within the construction curriculum through a research-
oriented undergraduate honors course. Second semester freshman honors students
from different fields (e.g., construction, architecture, engineering, computer science)
developed a social drone featuring anthropomorphic characteristics and safety
features that could enable safer, user-friendlier, and improved onsite human-drone
collaboration and interaction in the future. First, a group of interdisciplinary under-
graduate students were asked to perform an exhaustive literature review to identify:
(1) drone applications in construction equipped with onboard sensors to perform data
collection; (2) safety-related challenges that drones could encounter on jobsites; and
(3) anthropomorphic characteristics (e.g., facial expressions) and features that have
been used in the fields of human-drone interaction (HDI) and human-robot interac-
tion (HRI). Based on the retrieved information, students were then asked to develop
a social drone design concept considering safety (overcoming typical safety chal-
lenges found with regular drones used in construction), anthropomorphism (making
the design more user-friendly), and capability to accomplish the same construction
tasks as its previous non-social models. Upon model conceptualization, students had
torely on 3D modeling software packages and Virtual Reality (VR)-compatible game
engines to program and bring their designed social drone model to life within a VR

G. Albeaino

Department of Construction Science, Texas A&M University, 3137 TAMU, College Station,
TX 77843, USA

e-mail: gilles.albeaino@tamu.edu

M. Gheisari - R. R. A. Issa (X)
Rinker School of Construction Management, 573 Newell Dr, Gainesville, FL. 32603, USA
e-mail: raymond-issa@ufl.edu

S. Paulis
Herbert Wertheim College of Engineering, University of Florida, 1949 Stadium Road,
Gainesville, FL 32611, USA

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 215
S. Skatulla and H. Beushausen (eds.), Advances in Information Technology in Civil and

Building Engineering, Lecture Notes in Civil Engineering 358,
https://doi.org/10.1007/978-3-031-32515-1_15


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-32515-1_15&domain=pdf
http://orcid.org/0000-0001-9900-3882
http://orcid.org/0000-0002-6010-4616
http://orcid.org/0000-0001-5568-9923
http://orcid.org/0000-0001-5193-3802
mailto:gilles.albeaino@tamu.edu
mailto:raymond-issa@ufl.edu
https://doi.org/10.1007/978-3-031-32515-1_15

216 G. Albeaino et al.

environment. Through critical thinking, students were provided with an opportunity
to actively collaborate with peers from different STEM fields to evaluate informa-
tion gathered from the construction, HDI, and HRI literature, and apply the acquired
theoretical knowledge to design, develop and program a safe and anthropomorphic
social drone.

Keywords Drones - Safety + Construction education - Robot anthropomorphism -
Interdisciplinary and collaborative work + Undergraduate research

1 Introduction

Interdisciplinary work takes into consideration diverse skills, topics, and tasks to
account for specific academic subjects while collecting related information across
different fields. Whether through structured classroom activities, capstone projects,
or competitions, educators have long realized the importance of interdisciplinary and
collaborative type of work and have been promoting to a certain extent, collaboration,
and group work in their day-to-day courses [5]. This allows students, particularly
those seeking Science, Technology, Engineering, and Mathematics (STEM) degrees,
to simulate what they are most likely to encounter or deal with upon graduation,
emphasizing the importance of knowledge retention, engagement, and scalability
towards the real world. Not only does interdisciplinary group work incentivize growth
in academic fields but it also increases awareness for new technologies that are rapidly
being integrated in the workplace [7]. Indeed, STEM graduates need to work together
to achieve one common goal: finding innovative solutions to complex real-world
problems.

Construction Management (CM), which involves stakeholders and professionals
from overlapping fields (e.g., construction, management, architecture, engineering)
and backgrounds, with commonalities and differences in their skills (e.g., communi-
cation, leadership, creativity, independence, trust), is one of those fields that benefits
from interdisciplinary academic efforts. For example, through an interdisciplinary
approach integrating Building Information Modeling (BIM) in the Construction
Management and Engineering (CME) curriculum, Demirdoven (2015) demonstrated
how the implementation of collaborative BIM education is associated with improved
overall student satisfaction and preparation for leadership roles in construction [1].
Another study combining BIM and interdisciplinary projects to achieve higher levels
of depth in academic trainings yielded positive results when observing how sustain-
able design options were analyzed earlier through student collaboration [4]. In
the engineering domain, Molina et al. (2014) have implemented Unmanned Aerial
Vehicle (also referred to as drone) projects with quadrotor limitations in curriculums,
providing students with hands-on experience and demonstrating the effectiveness of
collaboration in the classroom [6]. A very recent study [2] also implemented inter-
disciplinary efforts with modern technologies and projects, focusing on the student’s
engagement to reach greater levels of understanding and ability with “soft skills” for
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a variety of fields. By prioritizing the professional experience in collaborative efforts
with many backgrounds, students were capable of translating their abilities into a
more real world simulated situation. This highlights the importance of combining
interdisciplinary work with academic teachings towards STEM fields in general, and
construction in particular.

The purpose behind this study is to reflect on the outcomes of a case study
conducted in a research-oriented undergraduate honors course with the aim of
promoting interdisciplinary and collaborative type of work among students of
different STEM disciplines. Many studies have explored collaboration and inter-
disciplinary work in construction education [1, 5], this project challenged a set of
diverse students to rely on their knowledge acquired from the tools and concepts
covered throughout the course, the findings of their own research, and their wide-
ranging yet overlapping backgrounds (e.g., construction, architecture, engineering,
computer science), and apply this knowledge to solve real-world problems while
meeting internal and external deadlines. This ultimately challenged their decision-
making and critical thinking capabilities and, through interdisciplinary information-
and knowledge-sharing, exposed them to a wide variety of new theoretical and prac-
tical tools and technologies, some of which have not been previously explored in
construction and could otherwise be too difficult to acquire in discipline-specific
courses. More specifically, the project involved developing a social drone with anthro-
pomorphic and safety characteristics that would enable safe human-drone collabora-
tion and interaction on construction jobsites. This required students to: (1) perform
literature search to identify current drone design limitations and understand different
configurations being used in construction; (2) conceptualize and design drone models
while taking into consideration the findings of the literature search and the goal of
the project; (3) develop the finalized platform design (including all the components
and features) using 3D modeling software; and (4) integrate the 3D drone model into
VR-compatible game engine and program it to simulate real-world platform move-
ment in the built environment, ultimately allowing them to further develop their skills
and accomplish their shared goals.

2 Methods

2.1 Course Description and Project Integration

The interdisciplinary project was integrated in BCN4905: Special Studies in
Construction, a dynamic and research-oriented undergraduate honors course that
provides second semester freshman honors students from different disciplines (e.g.,
architecture, engineering, construction, computer science) with the opportunity to
collaboratively find solutions to different problems. The course focuses on enhancing
students’ understanding of how advanced construction technologies can be used in
CM to improve the performance and productivity of construction processes. It also
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introduces students to modern automation techniques and applications within the
construction industry. The course is divided into two main parts. The first part,
which accounts for approximately 70% of the semester, was dedicated towards
direct exposure to topics and technologies used in construction. The covered topics
mainly include: (1) Building Information Modeling (architectural modeling); (2)
Simulation and Reality Capture (creating animations and 4D simulations, as well as
generating point clouds and conducting comparative analyses using laser scanning
and drone-mediated photogrammetry); (3) Virtual/Augmented/Mixed Reality—VR/
AR/MR (exposing students to a variety of applications); (4) computational design
(introducing generative and parametric design); as well as (5) robotics, automa-
tion, and 3D printing. Through these diversified technologies, the students received
introductory experiences with modern practices while learning about processes and
critical criteria when discussing the techniques and solutions used in construction.
This ultimately provided them with opportunities to explore their own connections
with respect to each technology/subject, promoting higher levels of growth in inter-
disciplinary skills. The other part of the course requires students to allocate a large
portion of their time towards a technical interdisciplinary project revolving around
and applying in-class topics and their diversified perspectives to solve a particular
problem within the construction industry.

The aim of the Spring 2022 student project was to explore drone anthropo-
morphism and safety in construction. More specifically, students were asked to
develop a social drone, featuring anthropomorphic characteristics and safety features
that would enable safe human-drone collaboration and interaction on construc-
tion jobsites. The increased adoption of drones in the Architecture, Engineering,
Construction, and Operations (AECO) domain, this technology has been associated
with several increased safety risks (i.e., physical risks, attentional costs, negative
psychophysiological effects) that could jeopardize its usage on jobsites [3]. The
goal was to develop virtual drones with anthropomorphic characteristics and safety
features to improve construction professionals’ perception of these aerial platforms
and potentially reduce the risks associated with their presence on jobsites. Students
were asked at first to collaboratively perform an exhaustive literature review to:
(1) identify all drone applications in construction together with the sensors used
to perform data collection; (2) identify all the safety-related challenges that drones
could encounter on jobsites (which potentially cause hazardous situations); and (3)
identify the anthropomorphic features/characteristics used to design drones from
the human-robot interaction (HRI) and Human-Drone interaction (HDI) literature.
Based on the identified information from the literature, students were then asked to
develop a drone design prototype that: (1) is capable of being fitted with any of the
data collection sensors typically used in construction (to accomplish same construc-
tion tasks as its previous non-social models); (2) is considered safe (overcoming
typical safety challenges found with regular drones used in construction); and (3)
has anthropomorphic characteristics (to make it social and more user-friendly). The
project criteria were broken down to several requirements, encouraging students
to implement different approaches, processes, and technologies to collaboratively
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achieve the final product. The project steps included: Literature Review, Concep-
tual Design, 3D Model Development, Virtual Reality Implementation, and Project
Presentation. Through these five major steps in the timeline of the project, students
were given the opportunity to work in different environments, promoting the use
of different skills, including: discovery, comprehension, creativity, communication,
computer programming, 3D computer-aided design, art, and scientific writing. By
breaking down the structure of the project in this manner, students would not only
learn about the current status and requirements for drones in construction but would
also develop knowledge and strengths in more fields besides construction (e.g., in
critical thinking, innovation, physics, human-robot interaction, psychology, culture,
safety, feasibility versus theory, and perception).

3 Results

3.1 Literature Review

The literature review involved a variety of topics for the students to consider, e.g.,
drone applications in construction, data collection sensors mounted on drones, chal-
lenges associated with drone usage in construction, drone physics and configura-
tions (including software and hardware components and materials). The first step of
the literature review was to identify the different drone applications (i.e., progress
monitoring, site planning, site mapping and surveying, earthmoving, building inspec-
tion, safety management, building maintenance, post-disaster reconnaissance, aerial
construction, security surveillance, material handling, and site communication), and
sensors (i.e., Red-Green-Blue and Thermal cameras, Light detection and ranging
devices and Laser scanners) used to collect information (i.e., images, videos) on
construction jobsites. The safety challenges affecting drone usage in construction
were then identified, and all these factors (i.e., drone applications, drone sensors and
design, safety challenges, anthropomorphism) were taken into consideration, under
different drone tasks and scenarios, in the next steps of the drone design. For example,
in the case of drone collision, the aerial platform may descend rapidly on a civilian or
worker, requiring safety measures to reduce vertical collision forces; the drone may
collide horizontally with a civilian in the event of a malfunction, requiring safety
measures to reduce horizontal collision forces. In addition, the drone needs to have
the capability to interact with civilians and workers in some fashion to execute safe
maneuvers and promote healthy interactions and safety, keeping workers from feeling
threatened or in danger and ensuring safe human-drone interaction on jobsites.
This method of placing a high value behind the interaction between students of
different backgrounds and disciplines allowed them to develop a body of knowl-
edge that would support their future endeavors. The students read, interpreted, cited,
summarized, and sectionalized the literature review for each topic, encapsulating the
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unique aspects of the topics while considering the overlap between them. The litera-
ture review covered high level interactions between topics and their specific relevance
to each other. By performing the literature review, students were able to strengthen
their ability to analyze and synthesize large amounts of data in a short period of time
and coordinate actions for knowledge discovery amongst their group. These skills
not only benefited the literature review but were also used in other collaborative
tasks, like designing, modeling, virtual implementation, and presentation.

3.2 Conceptual Design

After performing the literature review and collecting background information, the
students listed their requirements and objectives for the drone and proceeded to iter-
atively sketch new designs with their criteria. Each set of sketches involved labels to
symbolize the function or purpose of the interconnected components and were visu-
alized from multiple perspectives. After every iteration, the students would discuss
amongst one another how different aspects of the current design could be enhanced
to better suit the problems. After internal discussion, they would present their most
recent version of their sketches to the instructors. By doing so, new perspectives and
points of clarity were brought up as part of the student-student and students-instructor
conversations. With each discussion, new changes were listed, and the students would
create new designs to fulfill their change logs. By performing this design and review
process, students were able to consider a wide variety of perspectives from peers and
literature context, as well as acquiring “soft skills” involving receptiveness and will-
ingness to change and adapt to new information and ideas. These soft skills impacted
the effectiveness of collaboration when progressing through future stages of the
project. This iterative process led to the final selection of the drone’s capabilities and
conceptual design, incorporating several safety and anthropomorphic features, which
are summarized in Table 1. The final conceptual design of the drone is shown in Fig. 1.
The overall design included, in addition to typical drone components, modular liga-
ments, parachutes, airbags, rotor guards, obstacle avoidance systems, modular sensor
mount, animalistic shell, as well as built-in input/output sensors for human interac-
tion. The required sensors had contextual support from computer science require-
ments, safety requirements, and anthropomorphic characteristics selected through
the interdisciplinary efforts.

3.3 3D Model Development

With thorough sketches, the students implemented the 2D representation of the drone
into a 3D environment using Autodesk® Fusion 360 as their selected software.
Through the support and context of both, the literature review as well as the concep-
tual design sketches, the students had all high-level resources to frame the general
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Table 1 Anthropomorphic and safety features incorporated in the final drone design

Features Description

OLED Screen Convey Emotions and establish emotional connection

Speaker Increase understandable intention between drones and humans and improve
the communication between drones and humans

Bee-like Shell Ensure more natural interaction while relying on animal-like design

Camera Read gestures and reactions and react accordingly

Proximity Establish obstacle avoidance system to improve safety during operation

Sensors

Rotor Guards

Increase safety and resilience of drone, pilot, and individuals nearby

Airbag Module Decrease probability of fatality from a drone falling and reduce damaged
objects in possible crashes
Parachute Decrease probability of fatality from a drone falling and reduce damaged

Recovery System

objects in possible crashes

Nano-tech Wide operating thermal range, allowing for universal use in different
Batteries climates while not catching fire

Microphone/ Allows for remote communication between operator and people near the
Speaker Unit drone

LED Screen Allows for workers to see visual representations of facial patterns and voice

oscillations

parameters surrounding the model. To fulfill all environmental variables associated
with the model, the students had to set low-level requirements that would progress the
model to its final state. Therefore, they defined what commercial parts would serve
to fulfill the drone’s capabilities; each commercial part was either modeled in 3D
space or obtained from a model provided by the manufacturer. With all preliminary
parts modeled, the students imported all parts into a singular assembly to validate
the layout of all systems relative to the sketches. At this point, the main chassis could
be defined with all specific information like mounting holes, attachment mecha-
nisms, fittings, and tolerances. Finally, the animalistic shell was modeled to mimic
the defined sketches while encapsulating all components as necessary (Fig. 2). With
all parts and systems created and assembled, the drone was ready for virtual integra-
tion in a game engine. By performing this 3D modeling work, students were able to
better understand the steps required to prepare a project for a next phase and learned
better practices for project management when dealing with new environments. Also,
students got to gain first-hand experience with modern 3D modeling and design
technologies like Autodesk® Fusion 360.
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Fig. 1 Conceptual drone design

3.4 Virtual Reality Implementation and Drone Integration

The students selected Unity® as their game engine to serve as their intermediary
between the digital model and VR. As new models were finalized, they were exported
as compatible files and given animations with controls in a virtual environment.
With a modeled drone, a realistic environment was best suited to symbolize a real-
world scenario of a drone on the built environment (Fig. 3). The students utilized all
resources?? to enhance the virtual implementation of the drone, interconnecting the
information from the literature review with all parameters defined in the sketches
and models as well as demonstrating programming and model skills alongside their
communication and organizational workflow. Through the integration of the environ-
ment with drone controls, simulations of accidents, actions, features, and achieve-
ments were recorded and visualized as the final project result to be presented at the
end of the semester.
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Fig. 3 Unity® game development and drone integration
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The students took a stepwise approach towards the implementation of the Unity®
environment with the previous developed material. Multiple aspects were considered
when producing the final product: models, physics, controls, automatic interactions,
and outputs. After importing the models, each model was colored, scaled, and config-
ured with their appropriate physical properties: collision, gravitational influence, and
custom scripts. Once physical collision metrics were established and tested, the drone
was programmed with controls for both manual and automatic functionality. Then,
features were added to provide visible and audible interpretation of the drone’s capa-
bilities: propeller and collision sounds, obstacle avoidance detection, drone check-
point system, and startup/shutdown procedures. By performing this virtual environ-
ment implementation, students were able to increase their ability to adapt their skills
to suit new technologies and how to transpose prior work to updated integrations.
They also gained experience using game engines like Unity® alongside sound gener-
ation software for virtual effects. Finally, simulations were produced with parameters
that would demonstrate the drone’s features for presentation purposes.

3.5 Project Presentation

To finalize the project, the students presented their work to the instructors of the
course. By bringing these ideas together, the presentation encapsulated all efforts
from the collaboration and interdisciplinary work. It included the iterative process,
starting from the literature review and ending with the Unity® implementation. Each
student presented their contributions, demonstrating the collaborative process and
dynamic interaction amongst the group. As with the collaboration, multiple topics
were implemented in the presentation: project purpose, required sensors, safety
features, anthropomorphic features, limitations, and future research. The limitations
and next steps section considered many facets, discussing the project management
side and technical skills/technologies required for future development. These wide-
ranging explanations demonstrated the efficacy of the interdisciplinary work and
collaboration in the classroom setting.

4 Lessons Learned and Conclusion

This paper reflects on an interdisciplinary project conducted in a research-oriented
undergraduate honors course with the aim of encouraging group work among second
semester freshman honors students from different STEM disciplines. With this imple-
mentation, the students demonstrated several notable factors influenced by the class
structure. The level of involvement and interest from the students to invest time
and effort towards topics like research, drones, virtual reality, game engines led
to more progress over a shorter period, exceeding expectations from initial outline
and allowing for more time committed towards smaller details in the process. With
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several technologies involved and multiple perspectives from diverse students, they
considered information from multiple backgrounds in different topics influencing
several sections like the literature review, modeling software, virtual requirements,
factors that yielded higher quality results. The quality of work accounted for factors
or features that were out of scope before the implementation of diverse technologies
like digital versatility and edge case handling. This led to more efficient solution
integration: sketches were produced at a higher caliber and significantly assisted the
3D modeling process, the generated 3D models easily transitioned into the Unity®
virtual environment, and the simulations and renderings reflected initial expectation
due to the initial planning already accounting for such needs. Not only did collabora-
tion efforts influence the final deliverables, but the diverse topics also involved in the
process led to students finding support for their decisions through multiple facets,
bolstering their choices while developing a newer level of understanding surrounding
interdisciplinary work.

With the outcomes of the project defined, limitations impacting several aspects
were identified. Specifically, factors surrounding the study could be manipulated to
produce more results or change the accuracy: class size and project duration. The
class size consisted of only seven students, with four students selecting this project
and forming a singular group. This meant that all data and metrics produced and
analyzed resulted from the work of four individuals, which could have restricted the
extent of the underlying work. With a bigger class size, more groups and results
would be produced, assisting in the identification of trends, and leading to more
refined conclusions. The time associated with the project was limited to one half
of a semester (7-8 weeks). This short time period, although challenging students to
be more effective in decision-making and critical thinking, led students to become
concerned about the final product being influenced by the rapid progression of the
initial outline. With a longer project duration, more correlations and validation could
be generated between sections of the project with higher level of development of
the overall result, and students would have more time to explore the complexity of
individual topics, creating the possibility for deeper connections and understanding.

Future work could focus on these limitations. Replicating this study with more
students would allow for several groups and more results to compile and compare,
allowing for higher validation and accuracy. Extending the duration of the project
would result in better understanding of the impact of interdisciplinary work, poten-
tially reaching improved quality outcomes. In addition, having a higher level of
student diversification would enable the involvement of more topics, increasing
the interdisciplinary effort. This could be accomplished by, for example, including
art and psychology students, which allow for topics like anthropomorphism and
presentability to be enhanced by relying on more specialized backgrounds and expe-
rience. By manipulating the selected topics involved with drones in construction,
different subsets could be focused on and analyzed when discussing the effective-
ness of interdisciplinary work. Instead of focusing on building a drone specialized
for construction, the focus could be on topics surrounding the human interaction
aspect which would result from higher level of development in different topics like
social sciences and psychology.
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The Integration of 4IR Technologies m
in Architectural Education for Upskilling | @i
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Environment
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Abstract There is an increasing awareness and adoption of Fourth Industrial Revo-
Iution (4IR) technologies in the Architectural, Engineering and Construction, Oper-
ations and Management (AECOM) industry. This has placed significant pressures on
academia to develop and produce graduates who are equipped with literacy skills to
seamlessly transit into the world of work after graduation. However, universities in
developing nations such as Nigeria have struggled to integrate 4IR technologies such
as visualization tools into their curricula. This study filled this gap by exploring the
various 4IR technologies that are relevant for teaching architectural designs and 3D
visualization in the architecture discipline. This study further explained how these
technologies can be employed in architectural education to improve students under-
standing of the design and building processes, thus equipping them for the world of
work. The objectives were achieved by reviewing existing theoretical literature on
how 4IR technologies can promote the upskilling of architectural students learning.
Findings from this study revealed that the integration of 4IR technologies in architec-
tural education can enhance students understanding of the design and construction
processes and upskill them for greater productivity in the industry. This study there-
fore recommended the integration of 4IR technologies in architecture education and
generally in AECO disciplines for improved learning outcomes and employability of
the students. This study also offers a reference point as well as directions for future
research in exploring other 4IR technologies for technology-enhanced architecture

pedagogy.
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1 Introduction

Industry 4.0 has changed several important industries, including how work is done
and how students are educated. For instance, it has changed the nature of activities
that are currently performed manually by replacing them with tasks that are handled
by machines [10]. According to Zhao et al. [53] the one who owns the newest
knowledge, gets more understanding, develops the up-to-date knowledge, and creates
the use-value, including more expertise will be able to obtain a higher position in
the future. To create a workforce that is well prepared and qualified to work in
the current technologically driven period, the education system must provide its
current students with the essential and appropriate skills and competencies [10]
that will make them ready for the world of work. Maintaining speed with the rapid
developments in professional practice around the world is a problem for architectural
education [29]. Thus universities and professional organizations have a responsibility
to advance architectural education, support architectural careers, and improve the
abilities of practicing architects [39]. Likewise, academia must consider continuing
education, and also periodically evaluate and assess the prospective practitioners’
knowledge regarding the most recent developments in architecture-related areas.
These developments include the newest applications, construction techniques and
materials among others that are required in advancing the AECOM [34] industry.
This will motivate the students and practitioners to continue their education, improve
their abilities, and self-learn in order to meet the demands of the world of work [24].

Higher education institutions (HEISs) are perceived as a center for producing skilled
labour for social and international consumption. This is predicated on the idea that
instruction at this stage is essential for enhancing human capital, which expands
job options for graduates in the construction industry [3]. The knowledge-based
economic indicators in societies are one of the true markers of developing a profes-
sional job and making a livelihood using the knowledge acquired via university
education [24]. HEIs have the responsibility to continually evaluate the systems that
enable architects to effectively continue their education so that they can adapt to
changes in the field of architecture and in the Architectural, Engineering, Construc-
tion, Operations and Management sector as they occur. Educators frequently rely
on traditional methods to impart knowledge to students, which typically involve
lecturing students who are to pay attention and take in the information presented
[47: 554]. New technologies may not always be adopted in this context. Tarling
and Ng’ambi [47: 556] explained that new content (curriculum update) and abilities
(technological skills) must be developed to stay up to date with the changing tech-
nologies in the context of education. Tarling and Ng’ambi [47: 556] also described
the significance of sustainable advancement in terms of diverse pedagogies that may
and should be applied in varied circumstances to accomplish deep and meaningful
learning. Venter and van der Wath [49] highlight that there is a common good relation-
ship among professional and educational environments, as emerging technological
skills will need to be developed in studios if educators wish to train professionals who
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are proficient in these developing technologies. Demirkan [17] challenges educators
to be forward planning about how to educate, train, and excite the coming generation.

Technological application in the design studio does, however, enhance interaction,
active learning, and socialization, which are evident in students’ acquisition of design
knowledge, in certain settings like studio educational settings, according to Demirkan
[17]. The student is put at the center of the learning process due to substantial progress
of user modeling and personalization processes, according to Bacca et al. [12]. More
so, with the advancement in technology, students are now able to work together
and simulate or view the different stages of construction works in real time. The
development of software, video conferencing, use of emails, online learning and
other tools that facilitate better teamwork and communication during construction
projects have been beneficial in this [2]. This facilitates the dismantling of social
barriers between students as well as between them and academia. As a result of the
fact that technologies are constantly changing, students must become familiar with
the numerous types of technological and computer applications used in their fields in
order to analyze, design, and communicate effectively [36]. Despite its drawbacks,
emerging technologies can play a catalytic function in transforming pedagogy, as
much as they can also be utilized to support the transmission of pedagogies, as Tarling
and Ng’ambi [47: 270] remind educators. Technology has a big impact on how we
teach and learn, yet educators who do not trust new technologies can frequently make
them less effective. It is possible to criticize emerging technology as over- hyped and
insignificant [7], but their relevance in the current era is revolutionary and will define
how learning and the industry work henceforth.

The current study identifies the fourth industrial revolution technologies (4IR) that
are relevant for teaching architectural designs and 3D visualization in the architec-
ture discipline and how they can be employed in architectural education to improve
students understanding of the design and building processes, thus equipping them
for the world of work. This study is focused on architectural education and the fourth
industrial revolution technologies review, identifying the 4IR technologies’ that can
be integrated in architectural education for enhanced students’ learning outcome and
also for preparing architecture students for the world of work.

Method

Secondary data was adopted to accomplish the objective of this research study.
Keywords including architecture, education, built environment, and 4IR were used
to search for similar literature on the IEE, ISI Web of Science, Emerald, Taylor and
Francis, and SCOPUS databases. These databases were selected because they are the
most well-known and frequently utilized databases for scientific study [20]. After
the search, over 200 publications were found which were carefully assessed to deter-
mine their relevance to the subject of this study. A total of 65 articles were found
eligible as the search was restricted to journals articles and conference publications
between 1996-2022. Additionally, other 4IR publications such as [38, 53] and [26]
were adapted for this study. After thorough examination, a total of 37 articles were
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finally considered relevant and significant for this study as they discussed the appli-
cation of 4IR tools in architecture education for improved student’s understanding
of the design and construction process that will equip them for the workforce.

2 The Fourth Industrial Revolution Technologies
in Architectural Education

Our world has undergone an enormous transformation because of the digital era.
Digital tools have completely changed how architectural designs are created, as
well as how structures are envisioned, optimized, evaluated, and built. However, the
current advancements in computer power are forcing design and architecture to deal
with new, smarter technologies and automated systems [46]. Today, digital technolo-
gies are being used more and more in architectural design. These new technologies
are employed in the design process for simulation, visualisation and clash detection
and in the construction phase for project monitoring and also in facility management,
among other varied uses. These technologies are reshaping our societal ideas, infusing
new values into our culture, and altering our way of life [46]. Demirkan [17] states
that using technologies in design studios enhances interaction, active learning, and
socialisation, that are reflected in students’ growth of design knowledge, in certain
settings, like studio educational settings. In addition, Soulikias et al. [46] stresses
that the form-finding procedures are made easier by the 4IR (digitization), as well as
designs which adapts to location and climate needs. A new era of computer technolo-
gies has been ushered in by the movement of media from the manual to the digital,
which has profoundly altered the perception of scale and the relationship between
the human body and architecture (anthropometrics) [46]. Therefore, to advance the
learning and appreciation of architectural design principles, educators should ensure
that students learn to draw using the traditional methods in their early undergraduate
years and fully employ the BIM and other Industry 4.0 technologies in their works
and projects in their second and subsequent years of study. The 4IR technologies
applicable to architectural education will be discussed in the following sections.

2.1 Virtual Reality (VR)

Virtual reality is a great tool which offers students a fresh perspective and real life
experience of what they are studying without even being there directly. According to
Mandal [30], VR is a computer-simulated environment that enables users to engage,
whether that environment is a representation of the real world or a fictional one.
Additionally, Pope [38] defines VR as the use of technology to create the illusion
of being in a non-existent environment. By providing information to several senses,
like sight and sound, the students’ brains are tricked into thinking they are perceiving
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a virtual object. The collaborative approach used in architecture education, which
comes from the contexts of design studios and apprenticeships, is well known [38].
As teaching architecture is a visually focused profession that mixes imagination, VR
technology promises an enhanced imaginative ability of the student. In the current
technological age, virtual reality has become one of the methods used in architecture
education in a variety of ways. VR can be employed to provide students with a form
of experienced based learning where virtual tours to non-existent sites can be taken
using the technology, where students are taught the construction processes without
having to visit an on-going real world construction site. The utilization of VR here
includes using virtual reality equipments such as headsets, and lenses and making a
tour of a building model in a virtual environment [40]. Architecture is one of the fields
that could profit from virtual reality as it enables visualizations of design models in
3D. Virtual reality technology was originally used to help architecture students with
its ability to visualize in three dimensions, which is undoubtedly the most difficult
component of architecture education [43]. This is one way that 3D software programs
(such as Revit and ArchiCAD) that have influenced design in the architecture school
curriculum can impact on VR (when integrated) in architectural education [40].
According to Mateu et al. [32], in the description of the virtual world, information is
acquired through learning by doing in an atmosphere that creates a sense of immersion
that seems real [32]. [1] opines that in architecture field, virtual reality has surpassed
all other methods as the “go-to” method for enhancing a building’s appearance.
Virtual Reality makes the process of design analysis significantly simpler and less
expensive [1].

Potential of Virtual Reality as a Paradigm for Collaborative Learning in Design
Studios

Virtual Design Studio: The design studio have earned recognition for promoting
teamwork up till today. By utilizing technologies like video conferencing, email,
internet publishing, Web3D, and digital modeling, students gain a greater under-
standing of new modalities of media integration and cooperation in design practices.
Virtual design studios will be beneficial for collaborative learning between insti-
tutions in various regions, with the original design studio’s teamwork orientation
[40]. Furthermore, students can learn without utilizing paper in these workshops.
This is accomplished by giving virtual-based software, headsets, and lenses to the
creators of the new virtual environments. Students can participate in designs, virtu-
ally walk through the models to access progress, review their designs’ outcomes,
flaws, and the details [9, 40]. Additionally, instructors use VR to access and grade
students’ projects. Commercial plugins are utilized to easily convert the model from
the simulation software (Revit) to the VR immersive environments [48]. According
to Maghool et al. [28], by simulating a building construction process for example,
students can better assimilate the knowledge gained through the virtual experience.
Maghool et al. [28] further opines that the LADUVR application is one of the inter-
active VR tools that is useful for teaching architectural detailing and the building
process. This tool has three main areas of application, one for depicting the system-
atic process of building construction, the next for clearly showing the architectural
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details to learners, and the other for practice, Maghool et al. [28] explains. VR appli-
cation in architectural design would provide a visualisation in real life scale of the
model, thereby providing architecture students a clear view and understanding of the
model [51]. VR gives the full impression of the size of the space, the room height,
luminance of the space among others, affording the young designers an imaginary
feel of the space. This is an advantage over the traditional 2D plan view of drawings,
according to Williams IIT et al. [51]. In Bashabsheh et al. [13]’s case study at Jordan
University, the authors developed a software for teaching the building process using
VR. The process involved selecting a 2D drawing with structural details which were
developed into 3D models, exported to 3D max for rendering and then imported in
the VR game engine software for the VR experience. Students are able to view the
design from various angles including the aerial perspective by a click of a button.
According to Bashabsheh et al. [13], with a video button, the building process can
be replayed by the student or a pdf download of the process can be made using the
document button. Leal et al. [25] notes that the immersive environment in VR offers
learners the opportunity to assess the quality of the building work. Similarly, the
instructor can employ VR in simulating the building process such that the students
can have a near real site experience in the virtual world. Sirror et al. [45], also confirms
that designers are able to understand spatial relationships, make better choices of the
building finishes, colour and texture and the aesthetics of the building generally with
the use of VR. These are very relevant in architectural studies.

2.2 Augmented Reality (AR)

Augmented reality has the potential to dramatically improve interactive learning,
augmented reality (AR) is a cutting-edge learning tool that is growing in popularity
in educational settings. Because it may be utilized in addition to more traditional
learning tools like text, photos, video lessons, and the internet, augmented reality
has also made a big contribution to blended learning as its use can be combined with
the traditional learning methods such as books, graphical representations, video,
among others [22]. Venter and van der Wath [49] highlights that there is a common
good relationship among professional and educational environments as emerging
technological skills would need to be developed in studios if educators wish to foster
professionals who are proficient in these developing technologies. Demirkan [17]
challenges educators to be think inwardly on ways to educate, train, motivate and
excite the coming generation of professionals.

Architectural Education via Augmented Reality

Although AR is a relatively new technology (created in the 1960s), it is a dynamic
tool for training and instruction that is gaining a lot of pace. Bacca et al. [12] opines
that it can help students become more motivated to learn [12]. Similarly, Lee [26]
notes that AR is indeed a particularly effective technological advancement in higher
education since it may enhance students’ theoretical and practical understanding.
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Lee [26] further asserts that augmented reality (AR) can actively engage students
by incorporating rich contents from computer-generated) 3D surroundings and/or
models. Gurevych et al. [19] opines that AR provides the benefit of “self-study,”
which raises the interest of the students in the teaching materials and, as a result, helps
to stimulate a desire to use contemporary interactive media. Wu et al. [52] emphasize
that AR has the ability to enhance student knowledge and skills, by improving their
investigative skills and so they get a more precise understanding of the subject.
According to Lee [26], AR education lends itself more to constructivist learning,
where students can generate and manage the building of their own knowledge by
leveraging both their prior experience and their own initiative. This can result in a
genuine form of education and training where a context exists and what is intended
by contextualization could be redefined by AR technologies, which can blur the
lines between informal and formal environments as well as inside and outside of the
classroom Wu et al. [52]. The use of AR in architecture design studios can promote
learning as the incorporation of machine-generated 3D environments or models can
be engaging, promoting understanding of the content as well as motivating students
to learn, thereby bridging the gap between theory and practice. Riera et al. [42]
developed an AR application that can be utilized on mobile phones. The authors
asserts that the AR application is able to show several 3D models simultaneously,
thereby making it easy for learners to make a comparison of many design options.
This tool offers the flexibility of switching and flipping the model displayed. Megahed
[33] opines that AR promotes interactive and collaborative learning in the architecture
discipline. With AR, students are able to visualize their design in AR setting by the
use of special AR HHDs and HMDs displays. The interface provides students the
avenue for viewing 3D models which are incorporated in real life settings in a more
imaginative way. Leal et al. [25] suggests the use of an AR application like the
Skope to take the students on a site visit that mirrors a real life site visit where an
explanation of building construction mechanisms and the structural components of
a building are made. The AR magic book can also be employed to enhance learning,
Leal et al. [25] asserts. According to Billinghurst [15], this technology will enable
students to view the magic book as 3D computer-generated models popping out of
the book pages. This technology can assist architecture students in visualizing in
3D. Hajirasouli and Banihashemi [21] put forward that AR can be adapted as a form
of experiential learning where students apply theoretical knowledge (the building
construction) in an AR environment. Therefore, architecture students in this way get
a practical knowledge of the design and building process without necessarily being
engaged in the industry.

2.3 Mixed Reality (MR)

Another technology that can be integrated in architectural education is mixed reality.
MR essentially refers to a sliding immersion scale where, on one end, the observer is
viewing reality through a machine with minimal layouts of virtual information and
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augmentation, on the other end, virtual reality, where there is a total immersion into
the digital world with little to no reality [22]. Typically, academics refer to virtual
items as superimposing, coexisting, or merging [12]. It is important to remember that
augmented reality and virtual worlds are not the same thing [11]. It should be clear that
AR is not like a virtual environment, in which the user is fully submerged in a created
environment, but rather enhances (rather than replacing) reality [11]. AR enables
interaction with virtual items that are two- or three-dimensional and merged into the
real world [22]. With the help of the mixed reality technology known as Virtual Touch,
students may create 3D virtual collaboration spaces and actively take part in problem
solving. Utilizing this technology, students are able to set up workgroups where
they can produce and share materials. Furthermore, the manipulation of real-world
things can have an impact on the virtual environment because of the Virtual Touch’s
tangible interfaces. Students can interact and experiment in a learning environment
using physical manipulations so that they may visualize the immediate effects of
their actions [32, 40]. Hosny and Kader [23] opines that MR not only involves the
visualisation and the auditory sense but it also arouses the student’s sense of touch
and feel for an all emcompassing design experience and learning. According to
Hosny and Kader et al. [23] architecture students can sit round a table and are able
to visualize 3D models of their design collaboratively, utilizing transparent headsets.
Therefore, MR promotes collaborations and students’ interactions on a project,

2.4 Building Information Modeling (BIM)

BIM is the design and simulation tool which is key to architecture education in
the technologically advancing age. The implementation of BIM has various bene-
fits for the educational sector. The easiest way to visualize building systems and
components in three dimensions is learning-through-building. Digital portfolios with
BIM projects are used by graduating architectural students when they apply for jobs
or graduate programs as it gives them an advantage and better chances of being
recruited or admitted respectively [27]. Additionally, the built environment industry
employers value graduates who are knowledgeable in the most recent BIM tools
and can utilize these techniques to address integrated design difficulties. Moreover,
increased employment rates are one indicator of BIM’s influence on BIM ready
graduates [27]. In order to improve the built environment industry as a whole, BIM
instruction in architecture programs strives to give the aspiring AECOM leaders
learning programs that can better equip them to deal with cutting-edge technology
and procedures [27]. A successful design workflow depends on being able to switch
back and forth between hand sketching and BIM. At an even higher level, a BIM
model’s completion serves as a starting point for more complex analysis software,
construction management methodologies and post-occupancy as well [27]. BIM inte-
gration in architecture curricula is cost-effective, universities cannot accomplish the
change necessary to conduct efficient BIM training programs without investment
and cooperation between the industry and government. According to Casasayas et al.
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[16], AECOMs must be actively involved in a collaborative culture shift and establish
relationships with HEIs. This will make the investment necessary for architecture
graduates to gain entry to the workforce with the skill sets needed for the BIM-related
employment of the future. Additionally, government support is also necessary [16].
Since BIM is an environment that allows many kinds of simulations, it can also be
used as a teaching tool to teach project management using real world scenarios. It is
very effective, especially when compared to more traditional methods of designing in
the field [35]. Mutai and Guidera [37] points out that with the global BIM trend, it can
be anticipated that there will be an expectation among AECOM professionals that
construction curriculums will be integrating BIM skill development so that graduates
joining the industry will have developed competencies in BIM technology.

Vinsova et al. [50] proposed a framework for fully integrating BIM in the archi-
tecture curriculum of Czech technical university in Prague. The author proposed that
architecture students utilize BIM for the presentation as well as working drawings
and detailing. Knowledge of BIM application for simulations, analysis and collabo-
rations as well as for building services and structures were also recommended by the
author. Similarly, Leal et al. [25], proposes the use of BIM in architectural education
for teaching structural analysis and building materials properties. Furthermore, the
authors opine that BIM can be utilized in assessing the performance of structures,
therefore, determining the best method to be used in construction of buildings. BIM
can also be used to relate the different stages of construction to students by showing
the assembling of the different parts of the parametric model [25]. An advanced
level of BIM learning was recommended for architecture students by Vinsova et al.
[50] such that the students learn to utilize all BIM features owing to its many bene-
fits. According to Aksamija [4], the application of the BIM levels of detail (LOD)
established by the American Institute of Architects is recommended in architectural
education. The LOD 100 for massing, simulation of overall dimensions and volumes,
LOD 200 for simulating the building elements as a whole, LOD 300 for simulating the
building elements with their precise shapes and sizes as parts for assembly, LOD 400
for modeling building elements as parts that can be assembled with precise dimen-
sions, locations in the building and number, giving clear information for their details,
fabrication and assembly and LOD 500 for modeling building elements as completed
structures with precise shapes, sizes and orientation. Aksamija [4], further proposes
the integration of BIM courses into core compulsory architecture courses across
architecture departments due to the benefits that it offers. Similarly, Schroeder [44]
proposes the integration of BIM across the architecture curriculum. Schroeder [44]
stresses that learning of building components using a modular approach (creation of
precise representation of a building prefabricated components) will improve students’
as well as educators’ conception of building materials and their assembly. The use of
node based modeling software such as Dynamo for Revit in architecture schools was
recommended by Schroeder [44] to analyze difficult geometries, minimize students
errors and save student’s time through the automation of repetitive procedures (revi-
sions of sheets). Additionally, Leal et al. [25] asserts that BIM 4D, 5D and 6D videos
can be used to teach students, scheduling, costing and site planning.
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2.5 [Internet of Things (10T)

In the building industry, the practice of architecture involves other professions for
decision-making, including civil engineering, mechanical engineering, and electrical,
sanitary, or environmental engineering. However, the education of architects lacks a
systematized foundation to connect to knowledge in fields other than the conventional
ones of construction [18]. As a result, to advance in this area, knowledge integration
(KI) processes is advocated. KI demands the integration of unique IoT hardware,
software and devices for architectural design where user inputs are displayed within
the design space. The IoT gadgets’ low cost makes it possible for them to be used
in many different institutions, and their quick adoption enables students to learn via
discovery [8]. One of the design challenges have been the use of geometrical variables
and abstractions, without taking the surroundings, constraints, and limitations of
the spaces it occupies into account. A conceptual model that has the potential to
transform education and move it toward intelligent education is the use of IoT as a
teaching tool [18]. The IoT paradigm in architecture pedagogy will make it easier to
customize devices for academic purposes and guide the users through each stage and
will represent a significant advancement in the teaching of architecture. The BIM
parametric modeling tool that is frequently used in architecture is the focus of this
implementation in architecture education, as it lowers the implementation complexity
[41]. IoT can be applied in the design development of smart homes and smart cities
according to Bayani et al. [14]. This will enable better data flows and the control of the
building. Furthermore, students in general including architectural students can apply
IoT on a daily basis as it can be employed in monitoring the classroom and design
studios air-conditioning, it helps better remote communication between students and
lecturers and it is employed in promoting campus security (web cameras). [oT is also
applied in providing digital campuses as it was especially utilized during the COVID-
19 pandemic. The technology also improves information access for all students for
a better learning environment [5].

3 Lessons Learned

The mode of teaching in architecture in Nigeria universities is still the tradi-
tional passive system, where students pay attention to the instructor and assimilate
the information passed on without the infusion of technological tools. The adoption
of new technologies will promote active learning whereby interactions and social-
izations can take place and this will result in a more efficient learning of the design
process and the acquisition of technical as well as collaborative and communica-
tion skills. Furthermore, with technology integration in architecture education in
Nigeria, students can learn to collaborate on design projects, perceive and under-
stand the different phases of construction as in real site construction work processes.
The simulation softwares, video conferencing applications, use of email, e-learning
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and other project collaborative and communication tools has been instrumental in
achieving this in the developed country context. Some school of thoughts in academia
opine that in order not to lose the sense of application and to have an appreciation
of the architectural design principles, architecture educators still advocate for the
learning of hand-drafting and sketching in the early design years of architecture
students’ education and the uptake of technological design and simulation tools in
the following years to ensure that HEIs produce well-grounded architects for the
twenty-first century Architectural, Engineering and Construction, Operations and
Management industry. At the technologi