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Abstract. Digital twins are virtual counterparts of real objects in their whole
lifecycle. This concept has gained increasing popularity, also in civil engineering.
Civil engineering digital twins comprise several modern techniques, e.g., Build-
ing Information Modeling (BIM), Artificial Intelligence, and Structural health
monitoring (SHM). Digital twinning, however, is not only the isolated use of
these methods but their integration following the idea of comprehensive semantic
data-rich models. Digital twinning activities comprise both research and indus-
trial works. This article reviews the current attempts to provide the theoretical
backgrounds and propose practical use cases.
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1 Introduction

1.1  Current activities on digital twins

Digital twins are virtual counterparts of real objects in their whole lifecycle. This idea
of semantic data-rich models is being perceived as crucial for the ongoing digitization
following the principles of Industry 4.0. The concept of digital twins is still being
formed, so the research is dualistic: both theoretical frameworks and definitions are
being established, and practical use cases are being explored. Civil engineering digital
twins comprise several modern techniques, e.g., Building Information Modeling
(BIM), Artificial Intelligence, and Structural health monitoring (SHM). Digital twin-
ning, however, is not only the isolated use of these methods but their integration fol-
lowing the idea of comprehensive semantic data-rich models. Digital twinning activi-
ties comprise both research and industrial works.

1.2 Scope of the article

This article describes activities regarding digital twinning in the industry and civil
engineering; both attempts to provide theoretical frameworks and propose practical use
cases. Since digital twinning comprises many technologies, not only research referring



explicitly to “digital twins” is indeed digital twinning research; many publications
about simulations, modeling, 10T devices, sensors, or intelligent algorithms can un-
doubtedly be classified in the digital twinning category. The categorization is even
more complicated with mature BIM applications that share a plethora of features with
digital twins —some articles about BIM are actually about digital twins [1], even though
they do not refer to it. Nonetheless, the articles referenced in the upcoming subsections
refer explicitly to “digital twins”. This approach enables disclosure of how implement-
ors perceive digital twins.

2 Digital twins in the industry

Tao et al. [2] divide digital twinning development into three stages: formation, incuba-
tion, and growth. The development magnitude of the phases is well reflected in the
research interest. Fig. 1 presents the scientific journals’ articles and conferences’ papers
with the term “digital twin” (or “digital twins” or “digital twinning”) in the title in the
Scopus database. The stages of formation and incubation (until 2015) are represented
by the relatively low number of publications compared to the later growth stage of dy-
namic interest increase.
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Fig. 1. Digital twinning research interest (Scopus database; access: 15.01.2023)

The growth stage brought not only research interest but also its diversification. Fig. 2
shows the areas of digital twinning research. Engineering and computer science — the
origin domains — dominate, but digital twins are applied in a variety of sectors. Appli-
cations in the business and decision sciences, as well as economics, show the digital
twinning business potential. Applications in social sciences, biochemistry, medicine,
pharmacology, or neuroscience show that digital twinning regard not only technical



objects but even humans. Niche attempts in psychology, dentistry, or veterinary show
the widening of digital twinning usage.
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Fig. 2. Digital twinning publications areas (Scopus database; access: 15.01.2023)

Fig. 3 shows a map of publications. China is leading in publication count (which is
a general trend, not specific to digital twinning). Germany, a country linked with the
Industry 4.0 idea, is second, and the United States is third. Subsequent places are split
between countries of various continents. Overall, digital twinning can be perceived as
a global concept.
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Fig. 3. Digital twinning publications map (Scopus database; access: 15.01.2023)

Digital twinning research is also diversified in its nature. Dedicated frameworks and
use cases are one of the areas. Digital twins have been applied in various engineering
domains, e.g., cyber-physical systems [21,32], smart manufacturing [3-5], and product
design [6], as well as for various subjects, e.g., hollow glass production line [7], space
satellites [8], wind turbines [9], and printing machines [10]. The Experimentable Digi-
tal Twins [11] are an example of an inheriting concept. Extensive research is also held



into orchestrating digital twinning operations, e.g., scaling digital twinning systems
[12], developing them in clouds [13], and ensuring their cybersecurity [14].

Digital twins are perceived as key components of global industrial strategies like
Industry 4.0 [15-17] or Made in China 2025 [5]. This is enabled by the linkage of digital
twins with technological techniques: big data [16], Internet of Things [13] and Internet
of Services [18] (and envisioned Internet of Everything [16]), and blockchain [19, 20].
Digital twins emerge from and are interconnected with model-based concepts like in-
telligent products [21], smart products [22], product avatars [23, 24], virtual factories
[25, 26], and cyber twins [6]. The capabilities of digital twins make them a proper base
for introducing engineering methodologies: data-driven design [16], event-driven en-
gineering [27], simulation-based engineering [28], personalized medicine [29, 30],
communication by simulation [31], and Software as a Service (SaaS; with its dedicated
Digital twin as a Service [32] approach).

Digital twinning is not restricted to engineering. Human-related digital twins are an
emerging research area. Digital twins are applied in medicine for, e.g., drug discovery
(the Virtual Liver concept [33]), precision nutrition [30], dentistry [34], and psychology
[35]. Clothes design [36] is another human-related digital twins application. Digital
twinning is also utilized for animals [37]. The premise of digital twinning capabilities
triggers futuristic visions: [38] envisions a human digital twin as a technological ap-
proach to immortality (in a Steven Spielberg’s Avatar fashion); [39] envisions a digital
twin of Earth.

The digital twinning capabilities and its current and potential use cases place digital
twinning as a sociological phenomenon. It is reflected in research on digital twinning
impact [40] and its ethical implications [29]. Maturing of digital twinning research is
reflected in the multitude of review articles [2, 41-47] describing definitions, frame-
works, use cases, technologies, challenges, and business perspectives. Digital twinning
is also announced in apostolic articles, like “Make more digital twins” in Nature [48].

The digital twinning research brought many concepts and general principles. [49]
described three parts of the digital twinning system: physical product, virtual product,
and connected data linking the physical and virtual products. The parts are linked by
interactions: physical-physical, virtual-virtual, and virtual-physical [2]. [9] introduced
five-dimensional architecture consisting of a physical entity, virtual model, physical-
virtual connection, data, and services [9]. [50] divided digital twin types into digital
twin prototypes (the prototypical framework) and digital twin instances (the virtual
model describing the physical counterpart) existing in the digital twin environment.
[51] introduced digital thread, the aggregation of processes leading to creating and uti-
lizing digital twins. [41] defined digital twinning levels of integration regarding manual
and automatic data flow between the physical and virtual counterparts: digital model
(manual data flow), digital shadow (automated data flow from physical to virtual and
manual from virtual to physical), and digital twin (bi-directional automated data flow).
The capabilities of these concepts resulted in the conclusion that digital twins are the
next wave in simulations [31].



3 Digital twins in civil engineering

Digital twinning, as a global concept, also reached civil engineering resulting in both
scientific and industrial interest. Similar to the general trend, civil engineering digital
twinning research is divided into applications and establishing principles. The research
often sources from current AEC techniques, like Building Information Modeling (BIM)
or structural health monitoring (SHM), enhancing it with, e.g., artificial intelligence.
Especially the view on BIM is controversial — as a methodology based, in practice, on
data-rich models, BIM is sometimes perceived as digital twinning. More thorough anal-
yses, however, highlight their differences.

3.1  Frameworks and theoretical principles

Civil engineering digital twinning principles are already being structured into initial
frameworks. The frameworks — though not unified in all concepts — form a great foun-
dation for civil engineering digital twinning.

[55] introduces the Construction Digital Twin (CDT). The framework attempts to
address the limitations of BIM (incompatibility with 10T and dynamic data; lacks in
automation and interoperability) with the addition of semantic web-linked data, big
data, artificial intelligence, and services. Construction Digital Twin is based on the
physical part (sense, monitor, actuate), the data (BIM, loT, data linking, knowledge
storing), and the virtual part (simulate, predict, optimize, agency). Construction Digital
Twin framework also suggests the evolutionary approach of three generations: 1) mon-
itoring platforms (as-built BIM; features: sensing, analyzing, monitoring), 2) intelligent
semantic platforms (web-based platform with limited intelligence linking digital twin
with 10T devices; features: sensing, analyzing, monitoring, Al), and 3) agent-driven
socio-technical platforms (fully autonomous systems; features: sensing, simulating, Al,
optimizing, learning, end-user engagement).

[56] introduces the Digital twin construction (DTC). The framework is based on
BIM, lean construction, automated data acquisition, and artificial intelligence. Alt-
hough BIM plays a role in the framework, the article highlights the naivety of the syn-
onymization of BIM models and digital twins: digital twins for construction are con-
nected to physical counterparts, not only replicate them; they also operate in a network
with other digital twins. The framework highlights the importance of modeling both
product characteristics and processes. It also envisions the lifecycle of digital building
twins and their physical counterparts, differentiating Foetal Digital Twin, Child Digital
Twin, Adult Digital Twin, as well as Child Physical Twin and Adult Physical Twin.

Civil engineering digital twinning concepts are a domain of not only academics. Na-
tional Digital Twin (NDT) is a Centre for Digital Built Britain framework [57] envi-
sioned as an ecosystem of digital twins collaborating in data exchange. The National
Digital Twin is a next-step framework focused not on creating singular digital twin
instances but rather on their linkage. The UK government expects the National Digital
Twin to contribute to the national economy, public good, and environment.



3.2 Use cases

Civil engineering digital twinning research provides also use cases. It is important
to notice, however, that in the current stage of digital twinning maturity, the applica-
tions are not complete digital twins but rather focus on particular components: BIM,
SHM, Al, point clouds, virtual, augmented, and mixed reality, automation, optimiza-
tion, automated modeling, etc., sometimes mixing the components. Although partial,
these applications are pushing the idea of civil engineering digital twinning. [58] de-
scribes a limited (as claimed by authors) digital twin of a building facade with sensor
networks enabling an analysis of the actual light, temperature, and humidity conditions.
[59] introduces an IFC-based digital twin for detecting anomalies in HVAC systems.
[20] is an attempt to accountable information sharing with digital twins and blockchain,
tested on prefabricated brick positioning. [60] presents a semi-automatic approach (re-
ferred to as geometric digital twinning) to generate IFC models from images and CAD
drawings. [61] describes digital twins for bulk silos to manage materials’ supply chains.
[62] uses digital twinning for replicating hospitals (HospiT’Win framework) to moni-
tor, analyze, and predict patients’ pathways. The exemplar use cases show the variety
of facility types (or their parts) and objectives on different lifecycle stages. Increasing
research resulted in reviews. [63] reviews 22 publications and depicts six main research
areas: BIM, structural system integrity, facilities management, monitoring, logistics
processes, and energy simulation. [64] reviews 100 publications focusing on BIM fea-
tures facilitating the evolution into digital twins; the study diversified research into the
construction process, building energy performance, and indoor environment monitor-
ing. [1] reviews 134 publications (diversified into the design, construction, and mainte-
nance stages applications) and highlights differences between digital twins, BIM mod-
els, and cyber-physical systems. [65] is a review focused on digital twinning for con-
struction workforce safety (e.g., workforce behavior monitoring, identification of risks,
safety planning, and training).

The concept of smart cities is another prominent research area regarding both meth-
odologies and specific use cases. [66] uses BIM for visualizing, estimating, and finally
promoting the Net Zero Energy Buildings concept for existing facilities. [67] focuses
on smart cities’ disaster management. [68] processed LiDAR point clouds (with points’
clustering and object recognition) for creating Digital Twin Cities. [69] describes the
Digital Twin City of Atalanta, a virtual reality platform with a 3D model. [70] devel-
oped a digital twin of the West Cambridge site of the University of Cambridge as a
unified data source for effective management on the city level. [71] describes the digital
twin of Zurich to address the pressing requirements of the growing city. [72] introduced
a digital twin of the Docklands area in Dublin, freely accessible to citizens to acquire
feedback on planned changes or existing problems. [73] describes the Helsinki 3D city
model for energy-related data acquisition and analysis; the study highlights the im-
portance of the CityGML data model for the smart cities concept. [74] conceptualized
a smart city architecture with machine learning and semantic modeling and tested it for
Chicago buildings.



4 Conclusions: digital twins’ potential exceeds academia

This article reviewed activities on digital twins in the industry and civil engineering.
The research comprises both crafting theoretical backgrounds (e.g., frameworks) and
proposing practical use cases. Current activities, however, are not limited only to aca-
demia. The business potential of digital twins resulted in the interest of industrial envi-
ronments.

Deloitte [17], Siemens [52, 53], and Gartner [54] published their reports on digital
twinning. Also, many industrial tycoons declare their implementations. Tesla, with its
autonomous cars, is a prominent representative. Besides cars, Tesla uses digital twin-
ning for smaller-scale devices, like batteries, and whole production lines to identify
bottlenecks and optimize the flow of parts. Mercedes (Daimler) is another automotive
industry representative. Boening, Airbus, and Rolls-Royce use digital twinning in aer-
ospace engineering to design aircraft and optimize engines. GE Digital (General Elec-
tric subsidiary) developed the “Aviation Digital Twin”. Siemens creates digital twins
of power plants, wind farms, and buildings; Shell — of offshore platforms and refineries.
Microsoft developed the “Azure Digital Twins” platform, intended to be a multi-indus-
trial simulation environment. These examples show that digital twins have already
transformed from scientific vision into industrial practice.

As for outside-academia civil engineering activities, the government of the United
Kingdom founded the Centre for Digital Built Britain and initiated the Industrial Strat-
egy Transforming Construction Programme with the National Digital Twin as its com-
ponent [57]. The United Kingdom perceives digital twins as beneficial for the internal
economy and export business, opening new markets and business models. Digital twin-
ning in infrastructure is a subject of white papers of industrial organizations (e.g., Dig-
ital Twin Consortium [75]) and business companies. Deloitte published “New Tech-
nologies Case Study: Data Sharing in Infrastructure” [76], stating predictions and busi-
ness opportunities. Siemens published “Digital twin — Driving business value through-
out the building life cycle” [52]. This dedicated interest of technological, non-civil en-
gineering companies reveals a new potential trend in the construction industry — an
industry of enormous economic and social impact, which still has a vast margin of in-
creasing its efficiency (resulting in accountable benefits for the optimizers).

Acknowledgments

The work was supported by the European Social Fund (POWR.03.05.00-00-Z305).

References

1. Jiang F, Ma L, Broyd T, Chen K (2021) Digital twin and its implementations in the civil
engineering sector. Autom Constr 130:103838.
https://doi.org/10.1016/j.autcon.2021.103838

2. Tao F, Zhang H, Liu A, Nee AYC (2019) Digital Twin in Industry: State-of-the-Art. IEEE



10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

Trans Ind Informatics 15:2405-2415. https://doi.org/10.1109/T11.2018.2873186

Li L, Lei B, Mao C (2022) Digital twin in smart manufacturing. J Ind Inf Integr 26:100289.
https://doi.org/10.1016/j.jii.2021.100289

Liu Q, Zhang H, Leng J, Chen X (2019) Digital twin-driven rapid individualised designing
of automated flow-shop manufacturing system. Int J Prod Res 57:3903-3919.
https://doi.org/10.1080/00207543.2018.1471243

Tao FEI, Zhang M (2017) Digital Twin Shop-Floor: A New Shop-Floor Paradigm Towards
Smart Manufacturing. IEEE Access 5:20418-20427.
https://doi.org/10.1109/ACCESS.2017.2756069

Tao F, Sui F, Liu A, et al (2019) Digital twin-driven product design framework. Int J Prod
Res 57:3935-3953. https://doi.org/10.1080/00207543.2018.1443229

Zhang H, Liu Q, Chen X, et al (2017) A Digital Twin-Based Approach for Designing and
Multi-Objective Optimization of Hollow Glass Production Line. IEEE Access 5:26901—
26911. https://doi.org/10.1109/ACCESS.2017.2766453

Dahmen U, Rossmann J (2018) Experimentable Digital Twins for a Modeling and
Simulation-based Engineering Approach. 4th IEEE Int Symp Syst Eng ISSE 2018 - Proc.
https://doi.org/10.1109/SysEng.2018.8544383

Tao F, Zhang M, Liu Y, Nee AYC (2018) Digital twin driven prognostics and health
management for complex equipment. CIRP Ann 67:169-172.
https://doi.org/10.1016/j.cirp.2018.04.055

DebRoy T, Zhang W, Turner J, Babu SS (2017) Building digital twins of 3D printing
machines. Scr Mater 135:119-124. https://doi.org/10.1016/j.scriptamat.2016.12.005
Schluse M, Rossmann J (2016) From Simulation to Experimentable Digital Twins. IEEE Int
Symp Syst Eng 1-6

Kapteyn MG, Pretorius JVR, Willcox KE (2021) A probabilistic graphical model foundation
for enabling predictive digital twins at scale. Nat Comput Sci 1:337-347.
https://doi.org/10.1038/s43588-021-00069-0

Alam KM, El Saddik A (2017) C2PS: A digital twin architecture reference model for the
cloud-based cyber-physical systems. IEEE Access 5:2050-2062.
https://doi.org/10.1109/ACCESS.2017.2657006

Alshammari K, Beach T, Rezgui Y (2021) Cybersecurity for digital twins in the built
environment: Current research and future directions. J Inf Technol Constr 26:159-173.
https://doi.org/10.36680/j.itcon.2021.010

Khan 1S, Ahmad MO, Majava J (2021) Industry 4.0 and sustainable development: A
systematic mapping of triple bottom line, Circular Economy and Sustainable Business
Models perspectives. J Clean Prod 297:126655.
https://doi.org/10.1016/j.jclepro.2021.126655

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.
https://doi.org/10.1109/ACCESS.2018.2793265

Parott A, Warshaw L (2017) Deloitte Industry 4.0 and the digital twin. Deloitte

Alcécer V, Cruz-Machado V (2019) Scanning the Industry 4.0: A Literature Review on
Technologies for Manufacturing Systems. Eng Sci Technol an Int J 22:899-919.
https://doi.org/10.1016/j.jestch.2019.01.006

Teisserenc B, Sepasgozar S (2021) Adoption of Blockchain Technology through Digital



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Twins in the Construction Industry 4.0: A PESTELS Approach. Buildings 11:670.
https://doi.org/10.3390/buildings11120670

Lee D, Lee SH, Masoud N, et al (2021) Integrated digital twin and blockchain framework to
support accountable information sharing in construction projects. Autom Constr 127:103688.
https://doi.org/10.1016/j.autcon.2021.103688

Kiritsis D (2011) Computer-Aided Design Closed-loop PLM for intelligent products in the
era of the Internet of things. Comput Des 43:479-501.
https://doi.org/10.1016/j.cad.2010.03.002

Abramovici M, Gébel JC, Dang HB (2016) Semantic data management for the development
and continuous reconfiguration of smart products and systems. CIRP Ann - Manuf Technol
65:185-188. https://doi.org/10.1016/j.cirp.2016.04.051

Hribernik KA, Rabe L, Thoben KD, Schumacher J (2006) The product avatar as a product-
instance-centric information management concept. Int J Prod Lifecycle Manag 1:367-379.
https://doi.org/10.1504/1JPLM.2006.011055

Rios J, Hernandez JC, Oliva M, et al (2015) Product avatar as digital counterpart of a physical
individual product: Literature review and implications in an aircraft. Adv Transdiscipl Eng
2:657-666. https://doi.org/10.3233/978-1-61499-544-9-657

Negri E, Fumagalli L, Macchi M (2017) A Review of the Roles of Digital Twin in CPS-based
Production Systems. Procedia Manuf 11:939-948.
https://doi.org/10.1016/j.promfg.2017.07.198

Sacco M, Pedrazzoli P, Terkaj W (2010) VFF: Virtual Factory Framework. 2010 IEEE Int
Technol Manag Conf ICE 2010. https://doi.org/10.1109/ICE.2010.7477041

Lu Y, Xu X (2019) Cloud-based manufacturing equipment and big data analytics to enable
on-demand manufacturing services. Robot Comput Integr Manuf 57:92-102.
https://doi.org/10.1016/j.rcim.2018.11.006

Schluse M, Priggemeyer M, Atorf L, Rossmann J (2018) Experimentable Digital Twins-
Streamlining Simulation-Based Systems Engineering for Industry 4.0. IEEE Trans Ind
Informatics 14:1722-1731. https://doi.org/10.1109/T11.2018.2804917

Bruynseels K, de Sio FS, van den Hoven J, et al (2018) Digital Twins in health care: Ethical
implications of an emerging engineering paradigm. Front Genet 9:1-11.
https://doi.org/10.3389/fgene.2018.00031

Gkouskou K, Vlastos I, Karkalousos P, et al (2020) The “virtual Digital Twins” Concept in
Precision Nutrition. Adv Nutr 11:1405-1413. https://doi.org/10.1093/advances/nmaa089
Boschert S, Rosen R (2016) Digital Twin - The Simulation Aspect. In: Mechatronic Futures:
Challenges and Solutions for Mechatronic Systems and Their Designers. Springer
International Publishing, pp 59-74

Aheleroff S, Xu X, Zhong RY, Lu Y (2021) Digital Twin as a Service (DTaaS) in Industry
4.0:  An Architecture Reference Model. Adv Eng Informatics 47:101225.
https://doi.org/10.1016/j.aei.2020.101225

Subramanian K (2020) Digital Twin for Drug Discovery and Development—The Virtual
Liver. J Indian Inst Sci 100:653-662. https://doi.org/10.1007/s41745-020-00185-2

Saghiri MA, Vakhnovetsky J, Saghiri AM (2023) The future of digital twins in precision
dentistry. J Oral Biol Craniofacial Res 13:19. https://doi.org/10.1016/j.jobcr.2022.10.003
Gaggioli A (2018) Digital Twins: An Emerging Paradigm in Cyberpsychology Research?
Cyberpsychology, Behav Soc Netw 21:468-469.



10

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.
53.
54.
55.

https://doi.org/10.1089/cyber.2018.29118.csi

Cheng Z, Kuzmichev VE (2018) Digital twin and men’s underwear design. IOP Conf Ser
Mater Sci Eng 459:. https://doi.org/10.1088/1757-899X/459/1/012075

Neethirajan S, Kemp B (2021) Digital twins in livestock farming. Animals 11..
https://doi.org/10.3390/ani11041008

El Saddik A (2018) Digital Twins: The Convergence of Multimedia Technologies. IEEE
Multimed 25:87-92. https://doi.org/10.1109/MMUL.2018.023121167

Bauer P, Stevens B, Hazeleger W (2021) A digital twin of Earth for the green transition. Nat
Clim Chang 2021 112 11:80-83. https://doi.org/10.1038/s41558-021-00986-y

Dhar S, Tarafdar P, Bose | (2022) Understanding the evolution of an emerging technological
paradigm and its impact: The case of Digital Twin. Technol Forecast Soc Change 185:.
https://doi.org/10.1016/j.techfore.2022.122098

Kritzinger W, Karner M, Traar G, et al (2018) Digital Twin in manufacturing: A categorical
literature  review and  classification. IFAC-PapersOnLine  51:1016-1022.
https://doi.org/10.1016/j.ifacol.2018.08.474

Lim KYH, Zheng P, Chen CH (2020) A state-of-the-art survey of Digital Twin: techniques,
engineering product lifecycle management and business innovation perspectives. J Intell
Manuf 31:1313-1337. https://doi.org/10.1007/s10845-019-01512-w

Semeraro C, Lezoche M, Panetto H, Dassisti M (2021) Digital twin paradigm: A systematic
literature review. Comput Ind 130:103469. https://doi.org/10.1016/j.compind.2021.103469
VanDerHorn E, Mahadevan S (2021) Digital Twin: Generalization, characterization and
implementation. Decis Support Syst 145:113524. https://doi.org/10.1016/j.dss.2021.113524
Singh M, Fuenmayor E, Hinchy E, et al (2021) Digital Twin: Origin to Future. Appl Syst
Innov 4:36. https://doi.org/10.3390/asi4020036

Liu M, Fang S, Dong H, Xu C (2021) Review of digital twin about concepts, technologies,
and industrial applications. J Manuf Syst 58:346-361.
https://doi.org/10.1016/j.jmsy.2020.06.017

Botin-Sanabria DM, Mihaita S, Peimbert-Garcia RE, et al (2022) Digital Twin Technology
Challenges and Applications: A Comprehensive Review. Remote Sens 14.
https://doi.org/10.3390/RS14061335

Tao F, Qi Q (2019) Make more digital twins. Nature 573:490-491.
https://doi.org/10.1038/d41586-019-02849-1

Glaessgen EH, Stargel DS (2012) The digital twin paradigm for future NASA and U.S. Air
force vehicles. Collect Tech Pap - AIAA/JASME/ASCE/AHS/ASC Struct Struct Dyn Mater
Conf. https://doi.org/10.2514/6.2012-1818

Grieves M, Vickers J (2016) Digital twin: Mitigating unpredictable, undesirable emergent
behavior in complex systems. Transdiscipl Perspect Complex Syst New Find Approaches
85-113. https://doi.org/10.1007/978-3-319-38756-7_4

Kraft EM (2016) The US air force digital thread/digital Twin — life cycle integration and use
of computational and experimental knowledge. 54th AIAA Aerosp Sci Meet 0:1-22.
https://doi.org/10.2514/6.2016-0897

Siemens (2018) Digital twin - Driving business value throughout the building life cycle
Siemens (2020) Simulation & - Digital Twin in 2030

Gartner (2017) Prepare for the Impact of Digital Twins

Boje C, Guerriero A, Kubicki S, Rezgui Y (2020) Towards a semantic Construction Digital



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

11

Twin: Directions for  future research. Autom Constr 114:103179.
https://doi.org/10.1016/j.autcon.2020.103179

Sacks R, Brilakis I, Pikas E, et al (2020) Construction with digital twin information systems.
Data-Centric Eng 1:. https://doi.org/10.1017/dce.2020.16

Bolton A, Enzer M SJ et al. (2018) The Gemini Principles. Cent Digit Built Britain Univ
Cambridge 15

Khajavi SH, Motlagh NH, Jaribion A, et al (2019) Digital Twin: Vision, benefits, boundaries,
and creation for buildings. IEEE Access 7:147406-1474109.
https://doi.org/10.1109/ACCESS.2019.2946515

Lu Q, Xie X, Parlikad AK, Schooling JM (2020) Digital twin-enabled anomaly detection for
built asset monitoring in operation and maintenance. Autom Constr 118:.
https://doi.org/10.1016/J.AUTCON.2020.103277

Lu Q, Chen L, Li S, Pitt M (2020) Semi-automatic geometric digital twinning for existing
buildings based on images and CAD drawings. Autom Constr 115
https://doi.org/10.1016/J.AUTCON.2020.103183

Greif T, Stein N, Flath CM (2020) Peeking into the void: Digital twins for construction site
logistics. Comput Ind 121:. https://doi.org/10.1016/J.COMPIND.2020.103264

Karakra A, Fontanili F, Lamine E, Lamothe J (2019) HospiT Win: A predictive simulation-
based digital twin for patients pathways in hospital. 2019 IEEE EMBS Int Conf Biomed Heal
Informatics, BHI 2019 - Proc 1-4. https://doi.org/10.1109/BHI.2019.8834534

Opoku DGJ, Perera S, Osei-Kyei R, Rashidi M (2021) Digital twin application in the
construction  industry: A literature  review. J Build Eng  40:102726.
https://doi.org/10.1016/j.jobe.2021.102726

Deng M, Menassa CC, Kamat VR (2021) From BIM to digital twins: A systematic review of
the evolution of intelligent building representations in the AEC-FM industry. J Inf Technol
Constr 26:58-83. https://doi.org/10.36680/J.ITCON.2021.005

Hou L, Wu S, Zhang GK, et al (2021) Literature review of digital twins applications in
constructionworkforce safety. Appl Sci 11:1-21. https://doi.org/10.3390/APP11010339
Kaewunruen S, Rungskunroch P, Welsh J (2019) A digital-twin evaluation of Net Zero
Energy Building for existing buildings. Sustain 11:. https://doi.org/10.3390/SU11010159
Ford DN, Wolf CM (2020) Smart Cities with Digital Twin Systems for Disaster
Management. J Manag Eng 36:1-10. https://doi.org/10.1061/(asce)me.1943-5479.0000779
Xue F, Lu W, Chen Z, Webster CJ (2020) From LiDAR point cloud towards digital twin city:
Clustering city objects based on Gestalt principles. ISPRS J Photogramm Remote Sens
167:418-431. https://doi.org/10.1016/J.1SPRSJPRS.2020.07.020

Mohammadi N, Taylor JE (2018) Smart city digital twins. 2017 IEEE Symp Ser Comput
Intell SSCI 2017 - Proc 2018-January:1-5. https://doi.org/10.1109/SSC1.2017.8285439

Lu Q, Parlikad AK, Woodall P, et al (2020) Developing a Digital Twin at Building and City
Levels: Case Study of West Cambridge Campus. J Manag Eng 36:05020004.
https://doi.org/10.1061/(asce)me.1943-5479.0000763

Schrotter G, Hirzeler C (2020) The Digital Twin of the City of Zurich for Urban Planning.
PFG - J Photogramm Remote Sens Geoinf Sci 88:99-112. https://doi.org/10.1007/s41064-
020-00092-2

White G, Zink A, Codecd L, Clarke S (2021) A digital twin smart city for citizen feedback.
Cities 110:. https://doi.org/10.1016/j.cities.2020.103064



12

73.

74.

75.

76.

Ruohomaki T, Airaksinen E, Huuska P, et al (2018) Smart City Platform Enabling Digital
Twin. 9th Int Conf Intell Syst 2018 Theory, Res Innov Appl IS 2018 - Proc 155-161.
https://doi.org/10.1109/15.2018.8710517

Austin M, Delgoshaei P, Coelho M, Heidarinejad M (2020) Architecting Smart City Digital
Twins: Combined Semantic Model and Machine Learning Approach. J Manag Eng 36:.
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000774

Turner J, Ferris R, Eckhart S (2021) Infrastructure Digital Twin Maturity: A Model for
Measuring Progress

Deloitte (2017) New Technologies Case Study: Data Sharing in Infrastructure



