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Abstract: The city digital twin is anticipated to accurately reflect and affect the city’s functions and
processes to enhance its realization, operability, and management. Although research on the city
digital twin is still in its infancy, the advancement of the digital twin technology is growing fast and
providing viable contributions to augmenting smart city developments. This study reviews the lit-
erature to identify the current and prospective potentials and challenges of digital twin cities. A
research agenda is also proposed to guide future research on the city digital twincity digital twin to
reach the utmost level of a comprehensive and complete city digital twin. Enhancing the efficiency
of data processing, promoting the inclusion of socio-economic components of the city, and devel-
oping mutual integration between the two counterparts of the digital twin are proposed to be the
future research directions to achieve and utilize a completely mirrored city digital twin.

Keywords: city digital twin; 3D modeling; smart city; thematic analysis

1. Introduction

Smarting the city is a complicated process due to the complexity of a city. The city is
not an automated system that can be easily understood and predicted, but rather a living
system that evolves every day through variations and developments of its physical con-
structs, economic and political activities, social and cultural settings, and ecological sys-
tems [1]. The smart city concept has developed from controlling the city’s physical growth
to a broad concept comprised of physical, social, and knowledge infrastructures [2,3]. Alt-
hough some have seen it as an ambiguous concept that entails unclear implications, or as
a driver rather than a solution for urban and social problems such as inequality, social
polarization, and gentrification [4,5], there is still a large amount of research that suggests
the prospective benefits of smart cities in terms of sustainability, efficiency, optimization,
collaboration, and innovation in the city [6,7]. Especially now, under the massive attack
of the COVID-19 pandemic, where several domains such as education, transportation,
and entertainment have been strongly affected, the call for smarting the city and digitizing
its services is becoming more relevant and critical [8].

However, while the physical form of the city has been represented in 3D models,
providing a graphic visualization of the city’s physical elements, other employments of
3D models of cities have been developed for further uses such as infrastructure planning,
disaster management, and energy demand estimations [9]. Recently, the evolution of 3D
models has been gaining high research attention in several fields, such as aerospace and
manufacturing, and architecture, engineering, and construction (AEC), which has led to
the digital twin. The digital twin concept refers to developing a mirrored digital counter-
part to a physical system and linking their information throughout the physical counter-
part’s life cycle [10]. This revolutionary technology has demonstrated successful applica-
tions in production science, such as production planning and control, maintenance, and
product life cycle [11]. The digital twin is expected to enhance architectural modeling as
a progressive step that develops from building information modeling (BIM) in the AEC
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field [12]. It is also suggested that utilizing digital twins would contribute to smarting the
city and enhancing its sustainability [13]. However, distinguishing digital twins from
other types of models is crucial to realize the applicability of utilizing the completely mir-
rored digital twin for city-scale modeling; that is, the level of data integration, which var-
ies according to the type of model, between the two counterparts (digital and physical) of
the digital twin is decisive in stating whether the developed model is a digital twin or not
[11]. Due to the complexity of the city system, for instance, integrating social and economic
functions, following the proven benefits of a completely mirrored digital twin in other
fields such as manufacturing and aerospace, is expected to be challenging, and may be
unlikely to ever be realized [14]. Therefore, an explicit identification of the prospective
benefits, as well as the challenges and requirements, of developing digital twin cities is
essential to expedite the efforts towards smarting cities.

This paper aims to clarify the potentials of the city digital twin and highlight the
challenges that may hinder the full utilization of this technology. For that purpose, firstly,
we review the state of the art of the city digital twin and the level of development that has
been reached so far by identifying the current and prospective benefits and challenges.
Secondly, we develop a research agenda to demonstrate the requirements of creating a
wholly mirrored city digital twin. This may contribute to advancing digital twin technol-
ogy and thus enhancing the management, operations, and sustainability of the city. De-
veloping a research agenda for digital twin cities would expedite the research and devel-
opment efforts toward maximizing the utilization of digital twin technology in raising
awareness about the city’s activities, processes, and future trends. Moreover, politicians
and city managers would gain valuable benefits of the advanced city digital twin technol-
ogy by having access to more insightful information and a better understanding of their
cities.

The structure of the paper is as follows: An overview of digital twin cities” potentials
for smart cities, the shift from utilizing 3D models to digital twins, and an example of
digital twin cities” development are presented in the next section. The methods and mate-
rials used for the review are then described in Section 3. In Sections 4 and 5, thematic
classification of the city digital twin potentials, in addition to the challenges toward the
full utilization of the city digital twin, will be presented. Section 6 will provide a discus-
sion and the research agenda proposal, and finally, the paper will be concluded with re-
search implications in Section 7.

2. Background
2.1. City Digital Twin for a Smart City

The smart city is gaining significant attention worldwide to sustain the city and im-
prove its citizens’ quality of life. When seeking to explore digital twin cities” potentials for
smarting the cities, one needs to shed light on what benefits smart cities may bring about
to the city. For instance, a smart city can be seen through three components, technological,
human, and institutional, where the main domains can be seen as transportation, environ-
ment, energy, healthcare, safety, and education [15]. Kumar et al. designated four key ar-
eas as essential for developing smart cities: planning, physical infrastructure, information
and communications technology (ICT) infrastructure, and smart solutions; more domains
were added for applying smart solutions such as disaster management, tourism services,
and economic processes [16]. A smart city approach was recognized as contributing to
boosting the sustainability of cities environmentally and economically, and improving the
delivery of services to their inhabitants [17]. In addition, smart city development is per-
ceived as a process of building the capacity of the city’s economic, social, and institutional
infrastructures to enhance and conserve quality of life, socio-economic development, and
natural resources [18]. The benefits of developing smart cities are anticipated to cover al-
most all city functions and domains, whether social, economic, and environmental as-
pects, or physical, institutional, and citizen-oriented developments.
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The smart city is depicted as utilizing cyber-physical intelligence to improve city
functions, job creation, and public satisfaction [19]. Thus, utilizing technological advance-
ment is at the core of smart cities, and consequently, investigating the advancements of
the city digital twin is likely to be a valuable contribution. The city-scale digital twin is
anticipated to reflect all city domains and systems on a digital platform, which would
improve the city’s visibility, realization, and operability, and thus guide smart city devel-
opment. The city digital twin is expected to enhance city management and operations to
achieve a smarter and sustainable city and a higher quality of life for its citizens.

2.2. From 3D Model to Digital Twin

A clear distinction between digital twins and orthodox 3D models in the AEC and
urban planning fields is necessary to recognize the possible potentials of a smart city dig-
ital twin. Notwithstanding the research on the digital twin in the industrial and manufac-
turing field being more pervasive, there have been ambiguities in differentiating the com-
pletely mirrored digital twin from digital models and shadows. However, Kritzinger et
al. have set the digital twin apart based on the level of data integration between the virtual
and physical counterparts being full and mutual integration [11]. A clear boundary ought
to be drawn between 3D models and BIM on one side and the digital twin on the other. In
general, a 3D model is a sort of digital visualization of a physical project, whether the
project is a building, infrastructure facility, or city. Generally, it enhances the efficiency
and efficacy of AEC professionals, and urban planners work through the life cycle of the
project: design, construction, maintenance, and even marketing [20]. As one of the key
technologies in AEC, the BIM paradigm has emerged as a more intelligent process of 3D
modeling that integrates and manages all the information of the physical entity, providing
remarkable cost and time savings [21]. Among the many benefits of BIM, reducing errors,
improving collaboration, and enhancing an organization’s image are the most recognized
by construction contractors [22]. Recently, BIM benefits have been suggested to be ampli-
fied when employing virtual reality (VR) tools and neural network learning models to
enhance collaborative workflow and support decision management during the life cycle
of construction projects [23,24]. Moreover, the integration of BIM and geographic infor-
mation system (GIS) is anticipated to merge the benefits of modeling buildings and their
surrounding environment, but applications on the urban environment scale are, as yet,
widely unutilized, in addition to having other challenges such as data interoperability,
open standards, and visualization integration [25,26].

On the other hand, a digital twin can be perceived as an opportunity to enhance city
planning and operability [12]. This perception is based in the concept of developing a vir-
tual mirror of the city, in which all the elements that constitute the city are represented on
that virtual model. The main advantage of a digital twin over BIM is the interaction be-
tween physical reality and the virtual model. In BIM, the model encompasses the physical
entity’s geometrical and temporal information, yet it requires manual data insertion for
updates due to the lack of linkage between the model and the physical entity, whereas
utilizing a digital twin can provide mutual interaction between the two counterparts in
real-time. For instance, using sensors and Internet of things (IoT) technologies can provide
the transfer of information, which updates the virtual model according to the physical
counterpart’s live updates. Furthermore, due to the potential of performing simulations
on the virtual model, future forecasting and optimization of the physical entity’s perfor-
mance are realizable, and thus the optimization of the physical counterpart’s performance
can be achieved [13].

However, due to the city’s complexity, several challenges are yet to be explored in
the city digital twin. For example, a large-sized model of a city would impose challenges
regarding data handling and processing. In addition,, the divergent activities and rela-
tionships in the city, unlike manufactured products, would impose other kinds of chal-
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lenges regarding data acquisition and interpretation. Identifying such challenges is nec-
essary for designing a roadmap for research about developing a completely mirrored city
digital twin.

2.3. The Digital Twin of the City of Zurich

One of the advanced digital twin cities is the Zurich city digital twin. As an important
part of the smart city strategy of the city, the digital twin of the city of Zurich was devel-
oped for supporting decision-making in the city via a digital spatial image [27]. Schrotter
and Hurzeler presented in their work how the city digital twin may enhance city admin-
istration and support urban planning decision-making [27]. They described the process
starting from data acquisition, which is based on the spatial data of the existing 3D city
model. The 3D model consists of three main models: terrain model, block model, and roof
model. The data of these models are obtained from LiDAR images for the terrain model,
floor plans from the city cadastral survey for the block model, and semiautomatic photo-
grammetry for the roof model, with three levels of detail (0, 1, and 2). The Zurich digital
twin enables the visualization of street spaces, underground utilities, and chosen public
buildings with higher levels of detail. For improving interoperability and data retrieval,
spatial data and metadata were defined and described in detail in a federal act that was
the base for developing the digital twin governance framework [27].

To enable the use of the digital twin, open governmental data is being utilized in
order to facilitate contributions from the different stakeholders and their accessibility to
the city data. Furthermore, a geoportal was developed that facilitates the collection of the
automatically updated geodata, in addition to developing a viewer on the digital twin
that enables visualizing the 3D components of the city and ongoing construction projects.
Furthermore, several benefits and various applications were exercised and found useful
in the context of urban planning decision-making, such as comparing and evaluating dif-
ferent urban development scenarios, integrating urban climate issues in development
plans, and facilitating public participation in planning. The digital twin of the city of Zur-
ich shows high potential for improving the visualization and planning of the city and the
inclusion of stakeholders. However, the model requires further development. For in-
stance, there is a need to increase the level of detail of the buildings and other city ele-
ments, integrate BIM and GIS applications to maximize the use of their potentials, and
reduce the time between data updates and the 3D model processing time [27].

3. Methods and Materials

Research about the city digital twin is still in its infancy, yet some research has been
conducted on employing a digital twin in smart cities. However, to develop a clear re-
search agenda in that emerging topic, a more holistic approach is required. This paper
aims to develop a research agenda by identifying potentials, challenges, and requirements
for future research utilizing digital twin technology to smarten the city and enhance the
operability, sustainability, and quality of life. For that purpose, literature reviews can help
develop research agendas and evaluate the state of the art of any given topic [28]. Follow-
ing the PRISMA guidelines [29], the process of identifying, screening, checking eligibility,
and including the final articles of the data set for review was set (Figure 1).
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Figure 1. PRISMA flow diagram.

3.1. Data Collection

This review’s focus is on the city digital twin scale and its applicability, and on iden-
tifying how far the current research has achieved its goal, to draw a research agenda that
can lead future research on the city digital twin. Thus, the search was performed on papers
that addressed the digital twin on a city scale in three major search engines, which are
among the largest databases for multidisciplinary research: Scopus, Web of Science, and
Google Scholar. To expand the pool of studies that may contribute to enhancing
knowledge about the digital twin on a city scale, digital twin research on scales that were
larger than the building was also considered, as it would be analogous to the city digital
twin. Thus, the search strings were widened to include built environment, urban environ-
ment, and district. Using the topic filter in Web of Science, which leads to finding data out
of Title, Abstract, and Keywords, the search strings for both Scopus and Web of Science
were identical; however, for Google Scholar, it was necessary to change the search string
due to the absence of such a filter and the enormous number of unrelated outputs that
was brought about when using the same search string. Therefore, we utilized a different
string that could generate as many outputs as possible that were related to our main topic.
As aresult, 171 published article outputs were generated up to the date of performing the
search on October 2, 2020 (Table 1).
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Table 1. Data collection and search strings.
Search Engine Search Strings Outputs
Scopus TITLE-ABS-KEY (“digital twin” AND city OR “built 77
p environment” OR “urban environment” OR district)
TOPIC:(“digital twin” AND (ci R “buil iron-
Web of Science OPIC:( ,dlglta twin N (city O bul.t environ 2%
ment” OR “urban environment” OR district))
“city digital twin” OR “urban environment digital
Google Scholar twin” OR “built environment digital twin” OR “dis- 68
trict digital twin.”
Total 171
Total articles for review after removing duplications and irrelevant articles 42

3.2. Inclusion and Exclusion Criteria

The data collection’s main inclusion criteria included the papers that addressed de-
veloping digital twins for a city or a neighborhood scale, to ensure more rigorous research
findings, articles, reviews, and conference proceedings articles were considered. In addi-
tion, since city digital twin research is still in its infancy, both theoretical and empirical
research were considered to explore it fully. However, non-peer-reviewed articles and
those published in languages other than English were excluded, in addition to research
that focused on one building or a small infrastructure project, to address the challenges of
developing a city-scale digital twin solely. As a result, out of the 171 articles that resulted
from the search hits, 40 articles were excluded due to duplication among the three search
engines. After screening the remaining 131 articles’ abstracts, 82 articles were found irrel-
evant, or they investigated the development of a digital twin on a smaller scale, such as a
building or an infrastructure project. However, some articles were considered for the re-
view despite their focus being on infrastructure projects. The authors perceived potential
benefits in these papers for the city-scale digital twin, whether due to the large scale of the
project being researched or the relevancy of the attributes of the developed digital twin in
the article to the prospective complexity of the city-scale digital twin. Thus, 49 articles
were considered for the review process, and while scanning these articles, seven articles
were further excluded for not focusing on the city digital twin, so the full data set became
42 articles.

3.3. Analysis

In Table 2, the main characteristics of the 42 articles are presented. A descriptive anal-
ysis of the dataset shows that the attention to the city digital twin started very recently in
2017. Then interest grew very fast, from one conference paper published in 2017 to more
than 20 conference and journal papers published in the first nine months of 2020. Out of
the 42 articles, 20 articles were published in journals while the others were conference
papers, and this was expected due to the recency of the topic. As for the countries of origin
of the studies, the most notable contributor to city digital twin research was the USA with
12 articles, followed by the UK and Germany with 6 and 4 articles, respectively.

The published work related to the city digital twin was thematically analyzed to iden-
tify the current research directions, classify the benefits, and signal current and expected
challenges regarding utilizing a digital twin in city modeling and smarting the city. The-
matic analysis is a flexible method that helps find patterns in textual data, primarily if the
data set is determined, and to inductively explore the data and draw conclusions [30,31].
This makes thematic analysis suitable for reviewing the literature, identifying its main
themes, and extracting research gaps. Braun and Clarke suggested six phases for a rigor-
ous thematic analysis: familiarizing with data, generating initial codes, searching for
themes, reviewing themes, defining themes, and producing the analysis outcome [32].
Following the six-phase approach, the data were reviewed and coded, while themes were
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elaborated iteratively. Finally, five themes were identified to organize and describe the
city digital twin’s current and prospective potentials and challenges.

Table 2. Main characteristics of the final dataset.

Title Year Country Type of Publication

i ig dat lyti IoT principles to k -
Using big d.a a analytics and IoT principles to keep an eye on un 2017 USA/UK  Conference Proceedings
derground infrastructure
Modeling trees for virtual Singapore: From data acquisition to . .

201 f P
CityGML models 018  Singapore  Conference Proceedings
Smart city platform enabling digital twin 2018 Finland Conference Proceedings
Smart city digital twins 2018 USA Conference Proceedings
Simulation asan effectlve. 1.nstrument for strategic planning and 2018 Russia Conference Proceedings
transformation of smart cities
Eng.agmg éltlzens w.1th u.rba? planning using city blocks, a mixed 2019 UK Conference Proceedings
reality design and visualisation platform
Urban 1nte1¥1{genc'e: a mod.ula.r, fully integrated, and evolving 2019 Ttaly Conference Proceedings
model for cities digital twinning
F 11i ity digital twins: What role for th -
rom urban modelling to city digital twins: What role for the stake 2019 UK Conference Proceedings

holders?
Map.pmg local vulnerabilities into a 3[? (.31ty m(.)del. through social 2019 USA Conference Proceedings
sensing and the cave system toward digital twin city
Digital twin, virtual reality and space syntax: Civic engagement Ger-

sital twin, v y pace synrax: v 538 2019 many/Neth- Conference Proceedings
and decision support for smart, sustainable cities

erlands

Methodological framervyork for digital transition and performance 2019 Bulgaria  Conference Proceedings
assessment of smart cities
AI—based. physical and virtual Platform with 5-layered architecture 2019 Republic of Journal Article
for sustainable smart energy city development Korea
Disastelj City.Digital Twi.n: A vision for integrating artificial and 2019 USA Journal Article
human intelligence for disaster management
De.vising a game theoretic approach to enable smart city digital 2019 USA Journal Article
twin analytics
City 'services management methodology based on socio-cyber- 2019 Russia Conference Proceedings
physical approach
Developing a city-level digital twin—propositions and a case study 2019 UK Conference Proceedings
Marking the city: Interactions i Itipl les in virtual re-
ahe:; ing the city: Interactions in multiple space scales in virtualre- . Germany  Conference Proceedings
Hybrid. automaton implementation for intelligent agents’ behavior 2019 Russia Conference Proceedings
modelling
Integ'ra.tlon of' 3D objects and terrain for 3D modelling supporting 2019  Australia  Conference Proceedings
the digital twin
Th ial of digital twi 1i ith artificial intelli-

e potential of digital twin model integrated with artificial intelli 2020 Ttaly Conference Proceedings
gence systems
A soc1o.-t.echmc.al perspective on urban analytics: The case of city- 2020 UK Journal Article
scale digital twins
Developing a digital twin at building and city levels: Case study of 2020 UK Journal Article
West Cambridge campus
Smart city digital twin-enabled energy management: Toward real- 2020 USA Journal Article

time urban building energy benchmarking
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Geospatial artificial intelligence: Potentials of machine learning for

202 1 Articl
3d point clouds and geospatial digital twins 020 Germany Journal Article
A
Wearable biosensor and hotspot analysis-based framework to de- us ,/ .
. i . 2020  Republic of Journal Article
tect stress hotspots for advancing elderly’s mobility
Korea

Partici : oital twin citv: : rtual o

articipatory sensing énd 'dlglta twin C%t}.l Updat'mg virtual city 2020 USA Journal Article
models for enhanced risk-informed decision-making
Research on construction of spatio-temporal data visualization 2020 China Conference Proceedines
platform for GIS and BIM fusion 5
A distributed IoT system for modelling dynamics in smart envi- 2020 Serbia Journal Article
ronments
Smart cities with digital twin systems for disaster management 2020 USA Journal Article
Social sensing in disaster city digital twin: Integrated textual-vis-
ual-geo framework for situational awareness during built environ- 2020 USA Journal Article
ment disruptions
Digital geotwin Vienna: Towards a digital twin city as geodata hub 2020 Austria Journal Article
Cogniti.o.n digital twins for personalized information systems of 2020 USA Journal Article
smart cities: Proof of concept
An ISO/IEEE 11,07.3 stz.mdardlzeftl ’dlgltal twin framework for 2020 Canada Journal Article
health and well-being in smart cities
From LiDAR point cl igital twin city: Cl ing ci

rom Li point cloud t?wiards digital twin city: Clustering city 2020 Hong Kong Journal Article
objects based on Gestalt principles
Architecti itv dieital twins: - - 1

rc 1tect1T1g smart. city digital twins: Combined semantic mode 2020 USA Journal Article
and machine learning approach
Automatic 3d buildings compact reconstruction from LiDAR point 2020 Belgium  Conference Proceedings
clouds
Smart city development with digital twin technology 2020 Finland Conference Proceedings
Research on the construction of smart city emergency management
system under digital twin technology: Taking the practice of new 2020 China Conference Proceedings
coronary pneumonia joint prevention and control as an example
Exploring th tuniti f t. i ti

xploring the opportunities of open source data use in creation 3d 2020 Turkey Conference Proceedings
procedural city models

Ger-
igital twins f t citi iti : Th t f
Urban digital twins for smart cities and citizens: The case study o 2020 many/Neth- Journal Article
Herrenberg, Germany
erlands

The digital twin of the city of Zurich for urban planning 2020 Switzerland Journal Article
Digital twin modeling of smart cities 2020 Bulgaria Journal Article

4. Thematic Identification of the City Digital Twin Potentials

The thematic analysis of the city digital twin articles identified five themes: data man-
agement, visualization, situational awareness, planning and prediction, and integration
and collaboration (Table 3). Through these themes, the achieved and perceived potentials
and use-cases of utilizing the city digital twin can be comprehended, and, subsequently,
aresearch agenda can be proposed to maximize the benefits of the city digital twin further.
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Table 3. Themes regarding the potentials of the city digital twin.
Themes Applications Articles
- Data processing
- Int bilit
Data Management nieroperablity [33—47]
- Software fusion
- Open-source software
- Navigation
- 3D real-time experience
- Multi-spatial and temporal scales
Visualization ified platf [27,37,40-
isualizatio - Unified platform 43,48-54]
- Behavior modeling
- Network dynamics
- Personalized information systems
- Monitoring
- Tracking
Situational Awareness Localizati 133,34,40,42,5
- ocalization 0,55-69]
- Face recognition
- Analysis
- Policy evaluation
Planning and Prediction Simulati [13,27,40,42,4
g - imulation 6,56,66]
- “What if” scenarios
- Multiple domains integration
- Stakeholders’ participation [13,27,34,37,4
Integration and Collaboration P P 0,46,56,61,63,
- Citizens’ engagement 66,70-72]

- Open platforms

4.1. Data Management

Data management represents the first and core theme of the city digital twin. Due to
the city’s several dimensions and the vast amounts of heterogeneous data that can be gen-
erated and collected from the city, the ability to manage and process city data is substan-
tial. To solve heterogeneous data, utilization of the ontological approach was suggested
to improve the semantic interoperability and secure future data expansions [35-37]. De-
veloping multi-layered system architecture for the city’s digital models was also proposed
to manage and integrate various data types in the digital twin model [34,45]. In addition,
although the underground infrastructure data lack appropriate levels of accessibility and
quality, it was suggested that they are candidates for better interoperability due to the
ability to integrate several data models [44]. Nevertheless, the large amount of data gen-
erated from city operations constitutes an issue in handling and operating digital twins,
especially on the city scale. Thus, Nys, Billen, and Poux attempted to reduce the size of
the 3D model and lower the time consumption in generating the model by utilizing faster,
lighter, and more readable data formats, but their model’s low level of details (LOD) and
the generated geometrical failures pose some challenges [47].

To control the size of the digital twin’s data stores and minimize errors in the model,
it was suggested to use procedural techniques in the 3D modeling of the city [38]. In ad-
dition, Austin et al. (2020) pointed out the benefits of combining machine learning tech-
niques with semantic modeling to better handle large-sized and heterogeneous data [33].
While generating a model for the city scale is time-consuming, Xue et al. proposed a
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method to reduce the time of developing the model out of LiDAR point clouds, but their
method cannot be processed on unsymmetric objects, in addition to having geometric er-
rors [39]. Utilizing point clouds for modeling conveys both potentials and challenges. For
example, it provides representations of irregular objects but without topological linkage.
In addition, the point cloud redundancy facilitates data processing, compression, and
storage [41]. Dou et al. developed a spatiotemporal big data visualization platform that
utilizes the fusion of GIS and BIM to process, analyze, integrate, and visualize the multi-
source data of the city [42]. Furthermore, by linking the model with several data sets for
building a city information model, temporal coherent raw geodata was produced [43].
Democratizing urban data is perceived as an essential issue to secure access to city data
through the citizens’ digital twin. Dembski et al. utilized open-source software to provide
the citizens and professionals of the city the opportunity to participate in the city digital
twin’s evaluation and development through data and software availability [40].

Several potentials and advancements have already been obtained by the city digital
twin regarding data management, yet some challenges are still hindering the full utiliza-
tion of its benefits. For instance, to process and integrate various city domains” heteroge-
neous data, data standardization and data-sharing frameworks for improving data ex-
change among software applications are major challenges [37,46].

4.2. Visualization

The primary role in city modeling is enhancing the visualizations of the city. Im-
proved visualization can bring about a better understanding of the urban environment
and a reduction of errors in design. The digital twin capability of utilizing and integrating
with other modeling and visualizing applications promotes the digital twin’s visual expe-
rience. For instance, visual navigation through the city with different perspectives and
scales was developed by utilizing VR and augmented reality (AR) technologies [51], while
a VR visualization of the city linked with environmental and other urban analysis data at
a full-size scale was demonstrated [40]. Medeiros presented an enhanced spatial under-
standing and navigation for urban digital twins through an immersive VR application
[52]. In addition, street spaces, infrastructure, high-rise buildings, and BIM models can be
experienced digitally by navigation via an Internet portal [27], while an urban simulation
platform was developed to display a 3D real-time updated model showing the queries
and analysis of various city domains [42]. Moreover, for enhancing visualization of the
city digital twin model, several developments were exercised, for instance, incorporating
various city elements such as terrains and dynamic vegetations [53,54], visualizing both
existing and planned built environments [37], visualizing the city with multidimensional
and multispatial scales [40,42], utilizing point clouds to limitlessly model any object in the
city [41], and using several LODs in the digital twin model to extract the suitable one ac-
cording to the application [43].

Visualizing social systems is among the main challenges in developing a visibly en-
hanced city digital twin. However, some research has been conducted to address that
challenge. For instance, an approach for behavior modeling based on meeting agents’
needs using a set of behavioral patterns was proposed [49]. Furthermore, a mathematical
model for integrating active agents’ mental features into digital twins was developed [48].
Furthermore, Fan et al. proposed using dynamic network analysis for visualizing network
dynamics within a disaster in a city digital twin [50].

4.3. Situational Awareness

The city digital twin is anticipated to construct a link with the real city or the physical
counterpart to enhance the visibility of the city and the understanding and analysis of the
city’s events and operations. For that purpose, the city digital twin is perceived as ena-
bling technology to promote situational awareness for city management and to provide a
city information model; that is, the city digital twin can collect, monitor, and manage city
data [34]. For instance, it can reflect citizens” health condition [58]; represent, reason, and
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analyze energy consumption data [33,55,65]; detect motion for public security activities
[42]; monitor noise pollution in the city using dynamics modeling [61]; provide real-time
tracking of information during disasters and localize vulnerable objects [50,56]; and track
and monitor individuals’ behavior and localize disruptions and potential risks for emer-
gency and disaster management [57,64,68]. It is also anticipated to enhance risk analysis
and prevention and identify information flows for disaster management [60,69].

While analyzing city functions, several applications were proposed, such as provid-
ing urban and street network space syntax analysis and movement patterns [40,66], un-
derstanding commuting patterns [63], comparing and analyzing citizens’ needs for urban
services [62], and urban spatial and traffic congestion analysis [42]. Furthermore, some
attempts were made to develop more human-centered digital twins, such as suggesting a
method to personalize information systems by modeling cognitive reactions to different
types of information [67]. In addition, Lee et al. proposed utilizing biosensors to monitor
and spatially detect elders’ stressful interactions with the city in their trajectories to iden-
tify the risky spots in the city and provide safer alternative routes. However, the research
about monitoring individual stresses lacks identification of the different levels of stress,
which requires further investigations.

The city digital twin is providing viable contributions in perceiving different states
of the city on multispatial and temporal scales, and in several domains such as health care,
energy management, disaster management, emergency response, mobility, and urban
planning.

4.4. Planning and Prediction

Past and present objects and processes in the city can be well-captured by the city
digital twin model and can be further analyzed to better understand how the city operates.
Nevertheless, the digital twin’s main advantage is providing useful insights about future
patterns and plans. Prediction of the physical twin’s future behavior to optimize its per-
formance has been highlighted in other fields, such as aerospace and manufacturing. Sim-
ilarly, for the city digital twin, developing possible plans and future city operations sce-
narios to optimize how the city functions can be a significant benefit.

However, some research has been conducted to support decision-making processes
and promote alternative policy scenarios. For instance, Dembski et al. developed traffic
scenarios and air pollution simulations to test their urban planning impact [66]. Nochta et
al. illustrated the evaluation of different scenarios of electric vehicles’ charging locations
and the cross-sectoral impacts through the city digital twin [46]. Other applications were
experimented with for supporting decision-making by providing “what if” scenarios for
several domains of the city. For instance, simulating possible physical objects’ failures in
the city via participatory sensing was insightful for improved risk management [56]. Ur-
ban development plans and urban climate scenarios and simulations were tested to sup-
port urban planning decision-making [27]. Several other planning and prediction appli-
cations linked to the digital twin were found useful, such as flooding scenario analysis
[42], evaluating solar energy potential and wind flow impact on the built environment
through simulations of weather changes [13], and urban mobility simulations [40].

4.5. Integration and Collaboration

The complexity of the city, the interdependencies between its elements (such as hu-
mans, infrastructure, and technologies), and the relatedness among its domains portray
the challenge of integrating the information of all these spheres in one platform and
providing a collaborative environment for the co-creating and co-development of the city
digital twin. The integration of the city digital twin can be seen through two dimensions.
The first is the 3D model itself, and for addressing that, Wan et al. argued that developing
several digital twins for the city may be more feasible than developing one model for the
whole city’s systems and processes [63]. Castelli et al. suggested organizing the city digital
twin into layers to integrate the city’s various domains and dimensions [34]. In addition,
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Radenkovic et al. pointed out the availability of using "loosely coupled" models to over-
come the complexity of the physical counterpart and its multiple domains [61].

The second dimension is the provision of a collaborative environment among the
various stakeholders of the city. Utilizing online and open platforms enables data sharing
and promotes stakeholders’ inclusion in city planning and policy design and evaluation
[13]. It is highlighted that digital twins can engage the citizens in creating new plans for
the city and enhancing public decision-making [37,66]. Furthermore, by assigning differ-
ent levels of authorization, the city digital twin can be accessible, navigated, and discussed
by the public for urban planning purposes [27]. A good deal of research pointed out the
potential of constructing linkages among the stakeholders of different city domains and
the benefits from citizens” engagement via the digital twin [40,46,56,63,70-72].

5. Challenges to the Full Utilization of City Digital Twin Potentials

In addition to identifying the potentials of the city digital twin, reviewing the litera-
ture showed several challenges that are still hindering the full utilization of digital twins
on the city scale. Following the five themes of the city digital twin through which the
potentials were comprehended, we can demonstrate the main challenges and thus iden-
tify the gaps in the literature to draw a research agenda for future research.

In data management, for instance, one of the biggest concerns is the large-sized, com-
plex, and heterogeneous nature of the city data [13,33,35,39,59]. In light of that, data ac-
quisition and processing are threatened by the requirements of higher levels of computing
powers and interoperability among the huge and various sets of data. Furthermore, the
size and complexity of the city data shed a light on the necessity of developing widely
accepted standards for the data models and design schemas [27,37] to facilitate the devel-
opment of the city models, in addition to gaining its benefits in reducing time, cost, and
errors. Furthermore, data accessibility can be challenging due to ownership and expen-
siveness [44,68].

Visualizing the city scale in the digital twin is still lacking the comprehensiveness of
the city information [66]. Several digital twin cities were developed that lack model accu-
racy, completeness, and graphical representation qualities [34,39,40,47]. In addition, uti-
lizing participatory sensing and crowdsourced data to supplement limitations of sensory
information revealed some localization errors and untrusted data [38,56,57]. The inaccu-
racy and errors of modeling affect not only the visual experience but also the situational
awareness of the city. Notwithstanding, a critical drawback in being aware of the city’s
as-is condition is the lack of awareness of the contextual factors and the non-physical sys-
tems such as social, economic, and political structures and processes, in addition to the
interactions among people, infrastructure, and technology [56,63,69,71,72]. In addition,
inadequate situational awareness would challenge the quality of planning and prediction
capabilities of the digital twin. That is, the incompleteness of the city model, whether due
to lack of accurate data or how it is visualized [38,46], will affect the city digital twin's
ability to provide useful planning decisions or predictions of future scenarios.

Furthermore, developing a complete city digital twin requires high levels of integra-
tion due to the various city domains and information. The city digital twin model is antic-
ipated to provide insights about all city systems and processes that produce different
types of data with different formats among different sectors and stakeholders. Thus, de-
veloping more enriched semantic information [47], understanding and modeling system
interactions [69], and identifying requirements for interoperability among the various sys-
tems [45] are required for further development of the city digital twin model. In addition,
the need for engaging the public and the different sectors of the city and providing acces-
sibility to the model is still challenging due to several issues related to lack of governance
structures, data-sharing frameworks, and participants readiness, awareness, and willing-
ness [40,46,64]. In addition, enhancement of the integration and collaboration qualities of
the city digital twin implies societal challenges that need to be investigated, such as pri-
vacy and security issues [33,35,69].
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The challenges to fully utilize the city digital twin potentials that have been compre-
hended from the literature highlight the necessity of further research and development
toward enhancing data management and standardization of data models for improved
data interoperability and processing. Furthermore, it is demonstrated that the developed
city digital twin models are not yet complete nor comprehensive due to several draw-
backs, such as the lack of accuracy, the occurrence of errors, and lack of integration of
human interactions and socio-economic and political factors. However, other threats are
foreseeable as implications to developing complete and comprehensive digital twin cities,
such as citizens’ privacy and data security issues.

6. Discussion and Research Agenda

One major benefit of the city digital twin is connecting past and present information
and future scenarios. The ability to integrate several data models across time and space
and present the information on a single 3D model enriches the exploration, understand-
ing, and foreseeing of current and future trends of the city’s operations. The thematic anal-
ysis revealed the exercised potentials of developing a city digital twin on almost all the
city domains. The development of digital twin cities is already contributing to enhancing
city management, functions, and operations. Currently, the level of development that has
been reached so far can improve city data management, digital visualization of the city,
awareness of several spatiotemporal situations, predictions of future scenarios, and inte-
gration of the city domains and stakeholders (Figure 2). Some of the research reviewed in
this paper proposed theoretical frameworks or system architectures to develop digital
twin cities. However, a good deal of practical research showed notable advancements in
digital twin cities” usability in enhancing city operability and management. Although city
digital twin research is still in its infancy, with robust research linking digital twins to city-
scale modeling starting very recently, it shows a rapid pace of development towards fully
utilizing digital twin technology in the advancement of cities.

Deriving from the review and thematic categorization of the city digital twin re-
search, the gaps and the main challenges to achieving a wholly mirrored city digital twin
were comprehended. For instance, although several approaches had been proposed to
develop an integrated and unified data model for the city digital twin, the literature lacks
a concrete application of such a model that presents the full utilization of a comprehensive
city digital twin that uses standardized and unified data schemas, and is thus capable of
including all city functions and processes. The visualization of the city’s full physical de-
tails is still lacking due to the tremendous number of details required to fully represent
the city in the digital model, which requires high capacities to handle and process the
large-sized digital model. Furthermore, visualizing the non-physical systems and human
interactions is a significant challenge, although socio-economic activities are substantial
in the city realm. Furthermore, in the city digital twin literature, the current technology
developed focuses on the transfer of information from the physical to the digital counter-
part, while fully utilizing the capabilities of the digital twin technology requires mutual
integration between the two counterparts, which is not well addressed in the literature.
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In addition to the previously mentioned digital twin example of the city of Zurich,
another notable example is Virtual Singapore. They developed a city digital twin through
the Virtual Singapore program, where the idea was to synergize all the 3D efforts into a
unified platform for a more collaborative environment for all public agencies, in addition
to citizens, the private sector, and research institutions [73]. The model facilitates better
visualization of the city/state, real-time collection of information and analysis, and simu-
lations and “what if” scenarios for enhanced planning and decision-making. It can be per-
ceived as a very significant city digital twin. Still, it did not reach the level of a complete
digital twin since, for example, the flow of information is still one-way from the physical
side to the digital.

However, future research on developing the city digital twin is required to focus on
the areas that may advance the current technology and reach a completely mirrored digi-
tal twin level. Batty argued that a completely mirrored digital twin could never be
achieved [14]. Yet, he assured that the efforts to make the digital model as close as possible
to its physical counterpart are necessary. In addition, he highlighted the inclusion of the
city’s social and economic components as the main challenge to achieving a complete rep-
lica of the real city. However, although it seems almost impossible to achieve a digital
twin that mirrors the full details of the city’s physical, social, and economic aspects, the
research community is bound to investigate all possible means to advance the technolog-
ical tools and uses for enhancing the city digital twin for better visualization, realization,
and management of the city. Thus, identifying the potentials and challenges of creating
digital twin cities was necessary to develop a research agenda that may contribute to the
further development of digital twin cities.

Following are the three main research directions, which constitute a research agenda
that can guide city digital twin researchers, city managers, and developers to focus and
intensify their efforts towards developing a comprehensive and completely mirrored city
digital twin.
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6.1. Enhancing the Efficiency of Data Acquisition and Processing

Enhancing data management in the city digital twin will always be open for further
research. Data management is the core element in obtaining a city digital twin, and the
level of data quality and accuracy is decisive in developing an efficient and effective dig-
ital platform for the city. Although promising advancements took place in data transfer,
storage, and processing, some challenges are still hindering the full utilization of the city
digital twin’s capabilities as a unified platform. Among the main challenges is data stand-
ardization, in which the generated heterogeneous data and the various domains of the
city that require the fusion of several software applications point out the necessity of de-
veloping data standards for the city digital twin.

Some research proposed the standardization of their data models or the utilization
of open standards, which are not widely used yet. However, they cannot be generalized
due to the diverse methods and software used in the city digital twin and the ongoing
emerging technologies and data generated within the city domains [37,42,58,60]. General-
ized data standards will facilitate data management and interoperability among the vari-
ous domains and software and promote further research in several contexts. Furthermore,
for a complete and comprehensive model, the LOD of the city model requires further re-
search because the more details the 3D model provides for enhanced visualization, the
more extensive the size will be. The enlargement of the model will lead to difficulties in
processing; that is, there is a trade-off between having higher LOD to better visualize the
city digital twin from one side, and the size of the model on the other side, which is re-
quired to be as small as possible to better handle the data, and thus fully utilize it for
analyses, predictions, and further applications.

6.2. Promoting the Integration of Socio-Economic Components

As a complex system of systems, the city requires a complex model representing its
diverse systems and domains. The integration of non-physical systems, such as socio-eco-
nomic processes or activities, is among the highest challenges in visualizing and realizing
the complex city system. Some studies have addressed some aspects of including these
non-physical components in the city digital twin model, such as behavior modeling ac-
cording to agents’ needs and mental features [48,49]. Others investigated monitoring citi-
zens’ health conditions, movement patterns, and stress detection for the elders [40,58,59];
that is, placing the human factor at the center of the digital twin is gaining research atten-
tion. Yet, many applications can be anticipated from integrating the non-physical compo-
nents that can enhance several city domains such as urban planning, mobility, and the
environment.

The improved modeling of socio-economic behavior and activities in addition to con-
sidering the contextual factors such as political settings, governance structures, and cul-
ture will provide better insights in understanding the city and performing more in-depth
analysis and future scenarios simulations, which, in turn, will improve planning and de-
cision-making. However, the challenges are extended from data collection and modeling
to other privacy and data security issues. The authorities” access to personal data will
jeopardize public privacy, which requires serious and transparent dialogue with citizens.
Furthermore, personal data leakage by third parties or hackers will pose a critical threat.
In addition to investigating how one can model these non-physical components, the fore-
seeable impacts of including them in the digital twin model are of no less importance.

6.3. Developing Mutual Integration between the Digital and Physical Counterparts

Although it is not pointed out in the reviewed literature, a crucial part of achieving a
wholly mirrored city digital twin is its mutual integration with the physical counterpart.
The ability to update the digital twin by receiving information in real-time or near real-
time from its physical counterpart is already proven. However, the inverse direction of
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data transfer, and thus control over the city’s physical side, is still challenging. As previ-
ously mentioned, in the manufacturing field, Kritzinger et al. drew lines among the digital
model, digital shadow, and digital twin [11]. The data flow between the two counterparts
is manual in the digital model, and automatic from the physical entity to the digital entity
in the digital shadow. In contrast, the data flow is automatic in two directions in the digital
twin. That is, the mutual interaction between the digital and physical counterparts that
occurs in the digital twin is not achieved yet in any developed city digital twin. Thus, what
one calls a city digital twin should be called a city’s digital shadow, as it is not fulfilling
the main attribute of the complete digital twin, which is the full integration between the
two counterparts.

Developing a mutual integration between the two counterparts means that the digital
twin model can have control commands over the physical counterpart. Thus, it may con-
tribute to improving city management, for instance, by enhancing urban efficiency and
the delivery of services. To control the physical counterpart, using artificial intelligence
and actuators to give feedback to the physical counterpart was suggested [58]; this may
be achieved in a few dimensions, such as energy management and construction [27,65],
but it remains under research for the larger scale of the city. In addition to utilizing artifi-
cial intelligence, building on the research in robotics and automation is axiomatic when
one considers the full integration of the city’s digital twin and the advancement of control
features for optimizing city management and operations. Notwithstanding, careful con-
sideration of the threats that may be brought about by enhancing city management and
operations automation, such as urban segregation and regulatory challenges, is impera-
tive [74].

The proposed future research directions are intended to widen the potentials of the
city digital twin by adding another theme that will need further research, which is the
ability to control the physical side of the city via the digital model (Figure 3). Besides,
going forward with this research agenda is anticipated to enhance the current potentials
of the city digital twin towards achieving the development of a wholly mirrored city dig-
ital twin, especially if the research addresses the city digital twin as a whole, and so, the
interrelationships between its potentials can be realized, and a more holistic view of its
contribution to the enhancement of the city’s operability and management can be
achieved.
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7. Conclusions

The wholly mirrored city digital twin that replicates the physical reality has not been
developed nor fully understood yet. However, the pace of development of the city digital
twin is relatively fast and is expected to provide higher potential for city management and
to raise the quality of life of its citizens. Although the city digital twin will not provide
solutions for all city problems [63], previous research is diverse and shows several benefits
to utilizing digital twin cities across the city domains.

To maximize the potentials of the city digital twin, research efforts should focus on
enhancing the efficiency of data processing, promoting the inclusion of the city’s socio-
economic components, and developing a mutual integration among the two counterparts
of the city digital twin. The intensification of research efforts on the three recommended
areas of the research agenda for advancing the current city digital twin will not only en-
hance the operability of the digital model, by raising its data processing efficiency and
providing a higher visualization experience; it can also promote deeper situational aware-
ness of the city processes and activities, due to enhanced data collection and the inclusion
of additional components of the city that are lacking in the current city digital twin. The
potential of simulating future scenarios for supporting decision-making and predictions
will be better informed by further data that is essential for improving its predictability.
Although obtaining the information from the physical counterpart has been developed to
be in real-time, using sensors and IoT technologies, which enhance understanding of the
city, developing mutual integration between the two counterparts will create wider op-
portunities in raising the efficiency and efficacy of the city operations by minimizing hu-
man interference, and thus reducing errors and optimizing the delivery of services. This
mutual integration can expand the city digital twin’s usability by taking advantage of the
digital model to visually experience and support decision-making to control the physical
counterpart further, and thus optimize the city management.
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In a practical sense, enhancing the efficiency of data processing would facilitate uti-
lizing a large-scale model that covers the whole city with higher levels of detail. An im-
proved experience of visualizing the city through the digital model would be anticipated,
which will support urban planners in understanding the city and thus adjusting plans to
the reality of the city. Furthermore, instead of having sets of data of limited sections or
buildings (about energy consumption, for instance), the information would be available
for the whole city, and thus better policies could be adopted according to the analysis of
consumption patterns, leading to more efficient energy management policies. Integrating
and visualizing socio-economic components of the city would enhance the realization of
public social and economic behavior in general, and would provide deeper insights into
public patterns of movement, activities, and expectations. This would promote urban
planning development plans that conform to citizens’ needs. For instance, understanding
people’s movement patterns will affect transportation planning and operations, making
them more efficient and service-oriented. Advancing mutual integration between the dig-
ital and physical counterparts would bring about enormous benefits to the city’s operation
and management. Controlling traffic systems and dynamic road and congestion pricing
are examples of optimizing city operations that would be better informed by real-time
updated traffic data in the digital twin and the use of machine learning and artificial in-
telligence analytical tools. Another implication is the possibility of controlling operations
of energy consumption at the city scale, for instance, in public spaces and with streetlights.
However, more research is required to explore the possible implications of the complete
city digital twin in the various domains of the city, such as construction, health, and edu-
cation. In other words, the completely mirrored city digital twin is anticipated to accu-
rately reflect and affect the city’s functions and processes to enhance its realization, oper-
ability, and management.

Author Contributions: Conceptualization, E.S.; methodology, E.S.; validation, E.S.; formal analysis,
E.S.; investigation, E.S.; writing—original draft preparation, E.S.; writing—review and editing,
C.T.H. and C.Y,; visualization, E.S.; supervision, C.T.H. and C.Y.; project administration, C.T.H. and
C.Y.; funding acquisition, C.Y. and C.T.H. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the Ministry of Education of the Republic of Korea and the
National Research Foundation of Korea (NRF-2020S1A5C2A01092978). This research was also
funded by the Ministry of Land, Infrastructure, and Transport (MOLIT)/the Korea Agency for In-
frastructure Technology Advancement (KAIA) (grant number 1615011548).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yencken, D. Creative Cities. In Space Place amd Culture; Sykes, H., Ed.; Future Leaders: Oslo, Norway, 2013; pp. 1-21.

2. Batty, M.; Axhausen, K.W.; Giannotti, F.; Pozdnoukhov, A.; Bazzani, A.; Wachowicz, M.; Ouzounis, G.; Portugali, Y. Smart cities
of the future. Eur. Phys. ]. Spec. Top. 2012, 214, 481-518, doi:10.1140/epjst/e2012-01703-3.

3. Caragliu, A.; del Bo, C.; Nijkamp, P. Smart cities in Europe. J. Urban Technol. 2011, 18, 65-82, d0i:10.1080/10630732.2011.601117.

4.  Hollands, R.G. Will the real smart city please stand up? Intelligent, progressive or entrepreneurial? City 2008, 12, 303-320,
doi:10.1080/13604810802479126.

5. Angelidou, M. Smart city policies: A spatial approach. Cities 2014, 41, S3-511, doi:10.1016/j.cities.2014.06.007.

6.  Angelidou, M. Smart cities: A conjuncture of four forces. Cities 2015, 47, 95-106, d0i:10.1016/j.cities.2015.05.004.

7. Marsal-Llacuna, M.L.; Colomer-Llinas, J.; Meléndez-Frigola, J. Lessons in urban monitoring taken from sustainable and livable
cities to Dbetter address the Smart Cities initiative. Technol. Forecast. Soc. Change 2015, 90, 611-622,
doi:10.1016/j.techfore.2014.01.012.

8. Kunzmann, K.R. Smart cities after covid-19: Ten narratives. disP 2020, 56, 20-31, doi:10.1080/02513625.2020.1794120.



Sustainability 2021, 13, 3386 19 of 21

10.

11.

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.

Biljecki, F.; Stoter, J.; Ledoux, H.; Zlatanova, S.; Coltekin, A. Applications of 3D city models: State of the art review. ISPRS Int. ].
Geo-Inf. 2015, 4, 2842-2889, doi:10.3390/ijgi4042842.

Grieves, M.; Vickers, J. Digital twin: Mitigating unpredictable, undesirable emergent behavior in complex systems.
Transdisciplinary Perspectives on Complex Systems; Springer International Publishing AG: Cham, Switzerland, 2017; pp. 85-113.
Kritzinger, W.; Karner, M.; Traar, G.; Henjes, J.; Sihn, W. Digital Twin in manufacturing: A categorical literature review and
classification. IFAC PapersOnLine 2018, 51, 1016-1022, doi:10.1016/j.ifacol.2018.08.474.

Khajavi, S.H.; Motlagh, N.H.; Jaribion, A.; Werner, L.C.; Holmstrom, J. Digital Twin: Vision, benefits, boundaries, and creation
for buildings. IEEE Access 2019, 7, 147406-147419, doi:10.1109/ACCESS.2019.2946515.

Hémaldinen, M. Smart city development with digital twin technology. In Proceedings of the 33rd Bled eConference-Enabling
Technology for a Sustainable Society; University of Maribor: Online Conference Proceedings, 2020.

Batty, M. Digital twins. Environ. Plan. B Urban Anal. City Sci. 2018, 45, 817-820, d0i:10.1177/2399808318796416.

Nam, T.; Pardo, T.A. Conceptualizing smart city with dimensions of technology, people, and institutions. ACM Int. Conf.
Proceeding Ser. 2011, 282-291, doi:10.1145/2037556.2037602.

Kumar, H.; Singh, M.K,; Gupta, M.P.; Madaan, ]J. Moving towards smart cities: Solutions that lead to the Smart City
Transformation Framework. Technol. Forecast. Soc. Change 2020, 153, 119281, d0i:10.1016/j.techfore.2018.04.024.

UN-HABITAT. New Urban Agenda; UN-HABITAT: Nairobi, Kenya, 2017.

Estevez, E.; Lopes, N.V.; Janowski, T. Smart Sustainable Cities: Reconnaissance Study; United Nations University (UNU-EGOV):
Guimaraes, Portugal, 2016.

Anthopoulos, L. Smart utopia VS smart reality: Learning by experience from 10 smart city cases. Cities 2017, 63, 128-148,
doi:10.1016/j.cities.2016.10.005.

Bouchlaghem, D.; Shang, H.; Whyte, J.; Ganah, A. Visualisation in architecture, engineering and construction (AEC). Autom.
Constr. 2005, 14, 287-295, d0i:10.1016/j.autcon.2004.08.012.

Azhar, S. Building information modeling (BIM): Trends, benefits, risks, and challenges for the AEC industry. Leadersh. Manag.
Eng. 2011, 11, 241-252, doi:10.1061/(ASCE)LM.1943-5630.0000127.

McGraw Hill. The Business Value of BIM for Construction in Major Global Markets; McGraw Hill: New York, NY, USA, 2014; ISBN
1800591446.

Zaker, R.; Coloma, E. Virtual reality-integrated workflow in BIM-enabled projects collaboration and design review: A case study.
Vis. Eng. 2018, 6, doi:10.1186/s40327-018-0065-6.

Li, YW,; Cao, K. Establishment and application of intelligent city building information model based on BP neural network
model. Comput. Commun. 2020, 153, 382-389, d0i:10.1016/j.comcom.2020.02.013.

Ma, Z.; Ren, Y. Integrated Application of BIM and GIS: An Overview. Procedia Eng. 2017, 196, 1072-1079,
doi:10.1016/j.proeng.2017.08.064.

Wang, H.; Pan, Y.; Luo, X. Integration of BIM and GIS in sustainable built environment: A review and bibliometric analysis.
Autom. Constr. 2019, 103, 41-52, d0i:10.1016/j.autcon.2019.03.005.

Schrotter, G.; Hiirzeler, C. The digital twin of the city of Zurich for urban planning. PFG ]. Photogramm. Remote Sens. Geoinf. Sci.
2020, 88, 99-112, d0i:10.1007/s41064-020-00092-2.

Snyder, H. Literature review as a research methodology: An overview and guidelines. ]. Bus. Res. 2019, 104, 333-339,
doi:10.1016/j.jbusres.2019.07.039.

Moher, D.; Liberati, A.; Tetzlaff, ].; Altman, D.G.; Altman, D.; Antes, G.; Atkins, D.; Barbour, V.; Barrowman, N.; Berlin, J.A.; et
al. Preferred reporting items for systematic reviews and meta-analyses: The PRISMA statement. PLoS Med. 2009, 6,
doi:10.1371/journal.pmed.1000097.

Alhojailan, M.I. Thematic Analysis : A Critical Review of Its Process and Evaluation. WEI Int. Eur. Acad. Proc. 2012, 1, 8-21.
Maguire, M.; Delahunt, B. Doing a Thematic Analysis: A Practical, Step-by-Step Guide for Learning and Teaching Scholars.
Reflect. Journeys Case Stud. 2017, 3, 3351-33514.

Braun, V.; Clarke, V. Using thematic analysis in psychology. Qual. Res. Psychol. 2006, 3, 77-101, doi:10.1191/1478088706qp0630a.
Austin, M.; Delgoshaei, P.; Coelho, M.; Heidarinejad, M. Architecting smart city digital twins: Combined semantic model and
machine learning approach. J. Manag. Eng. 2020, 36, doi:10.1061/(ASCE)ME.1943-5479.0000774.

Castelli, G.; Tognola, G.; Campana, E.F.E.F.; Cesta, A.; Diez, M.; Padula, M.; Ravazzani, P.; Rinaldi, G.; Savazzi, S.; Spagnuolo,
M.; et al. Urban intelligence: A modular, fully integrated, and evolving model for cities digital twinning. In Proceedings of the
HONET-ICT 2019-IEEE 16th International Conference on Smart Cities: Improving Quality of Life using ICT, IoT and Al
Charlotte, NC, USA, 6-9 October 2019; pp. 33-37.

Petrova-Antonova, D.; Ilieva, S. Methodological framework for digital transition and performance assessment of smart cities.
In Proceedings of the 2019 4th International Conference on Smart and Sustainable Technologies, SpliTech 2019, Split, Croatia,
18-21 June 2019.

Petrova-Antonova, D.; Ilieva, S. Digital twin modeling of smart cities. Adv. Intell. Syst. Comput. 2021, 1253, 384-390,
doi:10.1007/978-3-030-55307-4_58.

Ruohoméki, T.; Airaksinen, E.; Huuska, P.; Kesaniemi, O.; Martikka, M.; Suomisto, J. Smart city platform enabling digital twin.
In Proceedings of the International Conference on Intelligent Systems (IS), Funchal, Portugal, 25-27 September 2018; pp. 155—
161.



Sustainability 2021, 13, 3386 20 of 21

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Senyurdusev, G.; Dogru, A.O.; Ulugtekin, N.N. Exploring the opportunities of open source data use in creation 3d procedural
city models. In Proceedings of the 8th International Conference on Cartography and GIS, Nessebar, Bulgaria, 15-20 June 2020;
Volume 1, pp. 619-627.

Xue, F.; Lu, W.; Chen, Z.; Webster, C.J. From LiDAR point cloud towards digital twin city: Clustering city objects based on
Gestalt principles. ISPRS ]. Photogramm. Remote Sens. 2020, 167, 418-431, d0i:10.1016/j.isprsjprs.2020.07.020.

Dembski, F.; Wossner, U.; Letzgus, M.; Ruddat, M.; Yamu, C. Urban digital twins for smart cities and citizens: The case study
of Herrenberg, Germany. Sustainability 2020, 12, 1-17, doi:10.3390/su12062307.

Dollner, J. Geospatial artificial intelligence: Potentials of machine learning for 3d point clouds and geospatial digital twins. PFG
J. Photogramm. Remote Sens. Geoinf. Sci. 2020, 88, 15-24, doi:10.1007/s41064-020-00102-3.

Dou, S.Q.Q.; Zhang, HH.H.; Zhao, Y.Q.Q.; Wang, AM.M.; Xiong, Y.T.T.; Zuo, ] M.M. Research on construction of spatio-
temporal data visualization platform for gis and bim fusion. In Proceedings of the International Archives of the
Photogrammetry, Remote Sensing and Spatial Information Sciences-ISPRS Archives, Guilin, China, 15-17 November 2019,
Volume 42, pp. 555-563.

Lehner, H.; Dorffner, L. Digital geotwin Vienna: Towards a digital twin city as geodata hub. PFG-JOURNAL Photogramm. Remote
Sens. Geoinf. Sci. 2020, 88, 63-75, d0i:10.1007/s41064-020-00101-4.

Lieberman, J.; Leidner, A.; Percivall, G.; Ronsdorf, C. Using big data analytics and IoT principles to keep an eye on underground
infrastructure. In Proceedings of the Proceedings-2017 IEEE International Conference on Big Data, Boston, MA, USA, 11-14
December 2017, pp. 4592-4601.

Lu, Q. Parlikad, A.K.; Woodall, P.; Don Ranasinghe, G.; Xie, X.; Liang, Z.; Konstantinou, E.; Heaton, J.; Schooling, J. Developing
a digital twin at building and city levels: Case study of West Cambridge campus. ]. Manag. Eng. 2020, 36,
doi:10.1061/(ASCE)ME.1943-5479.0000763.

Nochta, T.; Wan, L.; Schooling, ].M.; Parlikad, A.K. A socio-technical perspective on urban analytics: The case of city-scale digital
twins. J. Urban Technol. 2020, doi:10.1080/10630732.2020.1798177.

Nys, G.-A.; Billen, R.; Poux, F. Automatic 3d buildings compact reconstruction from LiDAR point clouds. International Archives
of the Photogrammetry, Remote Sensing and Spatial Information Sciences-ISPRS Archives; Copernicus GmbH: Gottingen, Germany,
2020; Volume 43, pp. 473-478.

Klebanov, B.; Antropov, T.; Zvereva, O. Hybrid automaton implementation for intelligent agents’ behavior modelling. In
Proceedings of the International Conference on Information Science and Communications Technologies: Applications, Trends
and Opportunities, ICISCT 2019, Tashkent, Uzbekistan, 4-6 November 2019.

Klebanov, B.; Nemtinov, A.; Zvereva, O. Simulation as an effective instrument for strategic planning and transformation of
smart cities. In Proceedings of the International Multidisciplinary Scientific GeoConference Surveying Geology and Mining
Ecology Management, SGEM 2021, 26 June-5 July, 2021, Albena, Bulgaria; Volume 18, pp. 685-692.

Fan, C; Zhang, C.; Yahja, A.; Mostafavi, A. Disaster city digital twin: A vision for integrating artificial and human intelligence
for disaster management. Int. J. Inf. Manag. 2019, doi:10.1016/j.ijinfomgt.2019.102049.

Mohammadi, N.; Taylor, J.E. Smart city digital twins. In Proceedings of the 2017 IEEE Symposium Series on Computational
Intelligence, SSCI 2017-Proceedings, Honolulu, HI, USA, 21 November-1 December 2018, pp. 1-5.

Medeiros, M.L. Marking the city: Interactions in multiple space scales in virtual reality. In Proceedings of the Adjunct
Proceedings of the 2019 IEEE International Symposium on Mixed and Augmented Reality, ISMAR-Adjunct 2019, Beijing, China,
10-18 October 2019; pp. 465-469.

Gobeawan, L.; Lin, E.S.; Tandon, A.; Yee, A.T.K.; Khoo, V.H.S.; Teo, S.N.; Yi, S.; Lim, CW.; Wong, S.T.; Wise, D.J.; et al. Modeling
trees for virtual Singapore: From data acquisition to CityGML models. In Proceedings of the International Archives of the
Photogrammetry, Remote Sensing and Spatial Information Sciences-ISPRS Archives, Delft, The Netherlands; 1-2 October 2018,
Volume 42, pp. 55-62.

Yan, J.; Zlatanova, S.; Aleksandrov, M.; Diakite, A.A; Pettit, C. Integration of 3D objects and terrain for 3D modelling supporting
the digital twin. ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2019, 4, 147-154.

Francisco, A.; Mohammadi, N.; Taylor, J.E. Smart city digital twin-enabled energy management: Toward real-time urban
building energy benchmarking. J. Manag. Eng. 2020, 36, doi:10.1061/(ASCE)ME.1943-5479.0000741.

Ham, Y.; Kim, J. Participatory sensing and digital twin city: Updating virtual city models for enhanced risk-informed decision-
making. J. Manag. Eng. 2020, 36, doi:10.1061/(ASCE)ME.1943-5479.0000748.

Kim, J.; Kim, H.; Ham, Y. Mapping local vulnerabilities into a 3d city model through social sensing and the cave system toward
digital twin city. In Proceedings of the Computing in Civil Engineering 2019: Smart Cities, Sustainability, and Resilience-
Selected Papers from the ASCE International Conference on Computing in Civil Engineering 2019, Atlanta, Georgia, June 17—
19, 2019, pp. 451-458.

Laamarti, F.; Badawi, H.F.; Ding, Y.; Arafsha, F.; Hafidh, B.; Saddik, A.E. An ISO/IEEE 11073 standardized digital twin
framework for health and well-being in smart cities. IEEE Access 2020, 8, 105950-105961, doi:10.1109/ACCESS.2020.2999871.
Lee, G.; Choi, B.; Ahn, C.R; Lee, S. Wearable biosensor and hotspot analysis-based framework to detect stress hotspots for
advancing elderly's mobility. J. Manag. Eng. 2020, 36, doi:10.1061/(ASCE)ME.1943-5479.0000753.

Park, S.; Lee, S.; Park, S.; Park, S. Al-based physical and virtual platform with 5-layered architecture for sustainable smart energy
city development. Sustainability 2019, 11, doi:10.3390/su11164479.



Sustainability 2021, 13, 3386 21 of 21

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

Radenkovic, B.; Despotovic-Zrakic, M.; Bogdanovic, Z.; Barac, D.; Labus, A.; Naumovic, T. A distributed IoT system for
modelling dynamics in smart environments. In Proceedings of the Proceedings-2020 International Conference Engineering
Technologies and Computer Science (EnT 2020), 24-27 June 2020, Moscow, Russia ; pp. 47-53.

Volkov, S. City services management methodology based on socio-cyber-physical approach. In Proceedings of The 2019 7th
International Conference on Information Technology: IoT and Smart City (ICIT 2019), Shanghai, China, 20-23 December 2019;
pp. 373-376.

Wan, L.; Nochta, T.; Schooling, ].M. Developing a city-level digital twin —propositions and a case study. In Proceedings of the
International Conference on Smart Infrastructure and Construction 2019 (ICSIC), Cambridge, UK, 8-10 July 2019; pp. 187-194.
Zhihong, T.; Shirui, P.; Xianyong, Z. Research on the construction of smart city emergency management system under digital
twin technology: Taking the practice of new coronary pneumonia joint prevention and control as an example. In Proceedings
of the Proceedings of the 2020 4th International Seminar on Education, Management and Social Sciences (ISEMSS 2020) Research,
17-19 July, 2020; Volume 466, pp. 146-151.

Agostinelli, S.; Cumo, F.; Guidi, G.; Tomazzoli, C. The potential of digital twin model integrated with artificial intelligence
systems. In Proceedings of the Proceedings-2020 IEEE International Conference on Environment and Electrical Engineering and
2020 IEEE Industrial and Commercial Power Systems Europe, EEEIC/I and CPS Europe 2020, Madrid, Spain, 9-12 June 2020.
Dembski, F.; Wossner, U.; Yamu, C. Digital twin, virtual reality and space syntax: Civic engagement and decision support for
smart, sustainable cities. In Proceedings of the 12th International Space Syntax Symposium, Beijing, China, 8-13 July, 2019.
Du, J.; Zhu, Q.; Shi, Y.; Wang, Q.; Lin, Y.; Zhao, D. Cognition digital twins for personalized information systems of smart cities:
Proof of concept. ]. Manag. Eng. 2020, 36, doi:10.1061/(ASCE)ME.1943-5479.0000740.

Fan, C.; Jiang, Y.; Mostafavi, A. Social sensing in disaster city digital twin: Integrated textual-visual-geo framework for
situational awareness during built environment disruptions. . Manag. Eng. 2020, 36, d0i:10.1061/(ASCE)ME.1943-5479.0000745.
Ford, D.N.D.N.; Wolf, CM.C.M. Smart cities with digital twin systems for disaster management. J. Manag. Eng. 2020, 36, 1-10,
doi:10.1061/(ASCE)ME.1943-5479.0000779.

Kent, L.; Snider, C.; Hicks, B. Engaging citizens with urban planning using city blocks, a mixed reality design and visualisation
platform. Augmented Reality, Virtual Reality and Computer Graphics; Springer: Berlin/Heidelberg, Germany, 2019; pp. 51-62.
Mohammadi, N.; Taylor, J. Devising a game theoretic approach to enable smart city digital twin analytics. Proc. 52nd Hawaii Int.
Conf. Syst. Sci. 2019, 6, 19952002, doi:10.24251/hicss.2019.241.

Nochta, T.; Wahby, N.; Wan, L. From urban modelling to city digital twins : What role for the stakeholders? In Proceedings of
the 4th International Conference on Public Policy (ICPP4), Montréal, QC, Canada, 26-28 June 2019, pp. 1-34.

NREF Virtual Singapore. Available online: https://www.nrf.gov.sg/programmes/virtual-singapore (accessed on 22 January 2021).
Macrorie, R.; Marvin, S.; While, A. Robotics and automation in the city: A research agenda. Urban Geogr. 2020, 1-21,
doi:10.1080/02723638.2019.1698868.



