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ABSTRACT

The concept of Digital Twins (DT) has attracted significant attention across various domains, particularly
within the built environment. However, there is a sheer volume of definitions and the terminological
consensus remains out of reach. The lack of a universally accepted definition leads to ambiguities in
their conceptualization and implementation, and may cause miscommunication for both researchers and
practitioners.

We employed Natural Language Processing (NLP) techniques to systematically extract and analyze
definitions of DTs from a corpus of more than 15,000 full-text articles spanning diverse disciplines. The study
compares these findings with insights from an expert survey that included 52 experts. The study identifies
concurrence on the components that comprise a “Digital Twin” from a practical perspective across various
domains, contrasting them with those that do not, to identify deviations. We investigate the evolution of digital
twin definitions over time and across different scales, including manufacturing, building, and urban/geospatial
perspectives. We extracted the main components of Digital Twins using Text Frequency Analysis and N-gram
analysis. Subsequently, we identified components that appeared in the literature and conducted a Chi-square
test to assess the significance of each component in different domains.

Our analysis identified key components of digital twins and revealed significant variations in definitions
based on application domains, such as manufacturing, building, and urban contexts. The analysis of DT
components reveal two major groups of DT types: High-Performance Real-Time (HPRT) DTs, and Long-Term
Decision Support (LTDS) DTs. Contrary to common assumptions, we found that components such as simulation,
AI/ML, real-time capabilities, and bi-directional data flow are not yet fully mature in the digital twins of the
built environment. We derived two definitions for the Building/Architecture DT and the City/Urban DTs.
Both definitions have a must-have components (such as spatial and temporal data updates) and good-to-have
components such as prediction, Al, bi-directional data flow, and Real-time data exchange.

One of the key findings is that the definition of digital twins has not yet reached its equilibrium phase,
highlighting the need for ongoing revisions as technologies emerge or existing ones become obsolete. To
address this, we introduce a novel, reproducible methodology that enables researchers to refine and adapt
the current definitions in response to technological advancements or deprecations.
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1. Introduction

The concept of a Digital Twin (DT) traces its origins to a book
titled Mirrored Worlds published three decades ago [1]. Various terms
have been coined subsequently, e.g. Mirrored Space Model (MSM) and
Information Mirroring Model (IMM), and later “Conceptual Ideal for
Product Lifecycle Management (PLM)” by [2], evolving the discourse
with defining the main components of a DT. Since then, the term
has evolved to encompass a broad spectrum of concepts and levels
of fidelity, ranging from static models to dynamic simulations with
real-time data integration and even autonomous capabilities (from a
data visualization tool to a fully autonomous decision making system
such as autonomous cars). For example, the term and concept of Dig-
ital Twin have been widely adopted in manufacturing industry [3,4],
and transcended it, reaching the built environment and urban/geospa-
tial domains [5-17] including urban logistics and transportation [18,
19], urban-social interaction [20], participatory human-centric explo-
ration [21,22], conversion of Building Information Modeling (BIM),
IoT, and GIS [23,24]. Furthermore, according to more recent litera-
ture, the DT scope appears to have broadened to represent the entire
lifecycle of a system, not just a single lifecycle phase (e.g., concep-
tual, design and planning, construction/manufacturing, operation and
maintenance, and decomposition) [25] as well as a wide range of
applications [26]. At the time of writing this paper (mid-2024), a query
for the term ‘Digital Twin’ on ScienceDirect, a major database of
peer-reviewed scholarly literature, yields 52,495 results. The majority
of these results are dominated by Smart Manufacturing and Industrial
Engineering (e.g., Industry 4.0). On a separate query, a total of 11,000
results are found to be related to the Built Environment (BE)'.? This
multitude of literature demonstrates the intense and rapid interest in
digital twin concept and technology and its applications in the built
environment [24,27-29]. Despite the growing interest in DTs within
the built environment, the concept has been reported to remain unclear
for many practitioners and researchers [30,31], unlike in some other
industries such as Manufacturing [32] and Aerospace [33] where it
appears to be converging toward a well-established consensus.

The rapid growth of interest in emergent technologies such as DTs
can lead to fragmented knowledge about its core functionalities and
key elements. This fragmentation often results in ambiguities across
industry and research papers concerning its precise definition [32,34—
371, its essential components and minimum functionalities for a system
to be considered a DT, and how it is applied specifically within the
BE. For example, in discussions surrounding DTs, terms such as ‘data
reference’, ‘software representation’, ‘living model’, ‘virtual replica’,
and ‘visual asset management system’, ‘3D city models’ and ‘City In-
formation Models (CIM)’ are all used interchangeably. However, not
all of them accurately capture the exact essence of a Digital Twin.
Amplifying this confusion, researchers have defined DTs from one or
more perspectives, often vaguely, leading to a range of interpretations
( Table 1). Further, the ambiguity is exacerbated by its common use as
a buzzword and the term is also affected by the expedient practice and
trend of giving new names to existing concepts, simply to make them
seem novel.

On the other hand, many researchers have defined the lowest com-
mon denominator of the Digital Twin concept [38-41], which consist
of 3 main components: (1) Physical entity, (2) Virtual entity, and (3)
Data connection. Others have extended these minimum components to

1 We obtained this estimation by using the following boolean search:
“(‘Digital twin’ AND (‘Building’ OR ‘Built Environment’
OR ‘City’ OR ‘urban’ OR ‘smart building’ OR ‘BIM’ OR

‘architecture’)"

2 In the context of this paper, we refer to the BE as buildings, urban spaces/-
places and cities. which constitute different scales within the Architecture,
Engineering, and Construction (AEC) domain
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include (4) Real-time capabilities, (5) Real-time update of the digital
system with the physical system, and (6) Decision support [42-44]
(Fig. 1). While these interpretations may not always provide a compre-
hensive understanding, and some may even collide, they can capture
various aspects of digital twins relevant to the specific study where the
definition is employed. By consolidating diverse perspectives on digital
twins from a large number of sources, our goal is to formulate a data-
driven, comprehensive, and standardized definition of digital twins that
captures a unified understanding across the built environment, and
bring us one step closer to a consensus.

Considering the inconsistent terminology and contrasting imple-
mentations, recent studies have introduced the concept of DT maturity
stages [45-48], which is used to assess how advanced a DT is in terms
of technology and functionality. These may range from basic and static
geometric models to highly integrated systems with advanced features
such as real-time capabilities and AI/ML functionalities supporting
simulations. For example, [45] and [49] identified 5 maturity stages in
City DTs: (1) Reality capture, (2) 2D maps or 3D models, (3) addition
of real-time data, (4) two-way integration and interactions, and (5) au-
tonomous operations and maintenance. [46] introduced the CITYSTEPS
Maturity model which grades them according to eight maturity stages:
(1) Preparation and planning stage; (2) 2D stage; (3) 3D static stage;
(4) 3D dynamic stage; (5) Dynamically Integrated 3D Stage; (6) Real-
time decision-making stage; (7) Autonomous decision-making stage;
and 8) Real-time synchronization and autonomous implementation
stage. [50] conducted a review on CDTs, highlighting their maturity
levels and differentiating them from traditional 3D city models [51-
53], while identifying key research gaps, such as the need for advanced
real-time data analytics and public participation in CDT development.
These recent developments signal that the community is increasingly
acknowledging that DTs may come in different shapes and flavors and
considering Digital Twin as a broader umbrella term for a range of con-
cepts and implementations of virtual replicas of the built environment.
Nevertheless, an overarching definition and conceptualization of the
term in the built environment remain missing [38,54,55] despite the
substantial efforts invested to address this gap [12,56-59].

In this paper, we conduct a large scale systematic review coupled
with an expert survey to shed light on the definition of a digital twin
in the built environment. A systematic review methodology was used
because it helps reduce bias in the selection and analysis of existing
research, and it follows initiatives in other fields such as circular econ-
omy that have also grappled with similar terminological issues [60,61].
This review involves analyzing approximately one thousand Digital
Twin mentions, interpretations, explanations, and definitions that have
appeared in more than 15,000 publications from 2001 to January 2024.
By systematically examining such a large sample size, we provided an
empirical snapshot of current scholarly understandings of DTs, as well
as the evolution of the definition over the years. We construct our
approach on the premise that researchers are likely to choose defini-
tions that align with their research focus or objectives, even if some of
them do not align with the current predominant definitions. We then
analyzed the definitions used in the Built Environment (Building, Urban
domains), and we used Manufacturing domain as a benchmark for
comparison to extract the DT components of each. The analysis aimed
to understand the various perspectives on DTs, develop a definition
based on the most common characteristics understood by researchers
through practice and application, and ensure this definition was com-
prehensive enough to encompass a wide range of DT components,
ultimately capturing the true essence of what constitutes a Digital Twin
or in other words, of what BE researchers have been referring to as
Digital Twins. We also consider the maturity levels of DT in different
domains, recognizing that not all implementations require the same
level of maturity. Finally, by deriving a definition, in our paper we
question some instances in practice that manipulate the definition of
DT to align their concepts as DT but significantly depart from the actual
concept.
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Fig. 1. Illustration of commonly discussed Digital Twin components.

The approach to obtain clarity on terminology from a vast body of
knowledge that we introduce in this paper is novel and our develop-
ment, and a contribution that can be applied also in other domains.
The rest of the article is structured as follows. Section 2 provides
a review of the literature on Digital Twins, highlighting the various
definitions that have been proposed in the literature. Section 3 outlines
the methodology used in this research, including data sources, data
processing, and the methodology to derive a new definition of Digital
Twin. Section 4 presents the results of the study, including the analysis
of the components and definitions extracted from the literature and
the expert survey. Section 5 discusses the findings, implications, and
futures of the study, and Section 6 concludes the paper.

2. Related work

Numerous surveys and documents on DTs have been undertaken
across various disciplines, with a notable emphasis on manufacturing
and industrial sectors. In the context of manufacturing, ISO 23247-
1:2021 defined DT as “fit for purpose digital representation of an
observable manufacturing element with a means to enable convergence
between the element and its digital representation at an appropriate
rate of synchronization” [62]. [63] at NASA defined DT as “an inte-
grated multi-physics, multi-scale, probabilistic simulation of an as-built
vehicle or system that uses the best available physical models, sensor
updates, fleet history, etc., to mirror the life of its corresponding flying
twin”.

Table 1 presents a list of review studies conducted on DTs and the
number of definitions of DTs in each study. Some of these surveys
do not primarily focus on defining DTs but rather their history and
sometimes mention one or more definitions that are widely recognized
or commonly used. Some papers have, however, conducted surveys
that, for a large part, focus on characterizing and defining the DT
concept [27,64-67], but these are not focused on the BE domains.

The different implementations across domains also reflect the var-
ied definitions of DTs. Different DT architectures or frameworks for
different use cases conceptualize and specify the respective DT com-
ponents to be implemented. [39] introduced the DT concept model in

manufacturing that is composed of 3 main parts: (1) physical products
(i.e., in real space), (2) virtual products (i.e., in virtual space), and (3)
connections that link the virtual and real. [95] expanded this concept
model into a five-dimensional DT model, presented to be a reference
to understand and implement the enabling technologies and tools for
DTs. Their model is composed of (1) physical entities — which may
be any device, product, physical system, or process; (2) virtual models
— which are the replicas of physical entities (including their physical
geometries, properties, behaviors, and rules); (3) DT data — referring
to the heterogeneous data that drives the DT (static attributes or and
dynamic data obtained from physical entities, as well as data generated
by virtual models e.g., from simulation); (4) services, which capture the
paradigm of Everything-as-a-Service (XaaS$), directing the applications
and use case of the DTs; and (5) connections, which specifies the links
that enable the other four parts to collaborate.

In urban applications, DT is seen as one of the enabling factors
for digital services (i.e., smart cities) and for modeling of urban pro-
cesses [96,97]. Such DT implementations enable simulations that can
be used for analysis and prediction through scenario development [98].
This technical aspect of digital twin of cities is oftentimes the scope of
DT review [30,95,99,100], however, this perspective sometimes lead
to its biased understanding [101]. The Digital Urban European Twins
(DUET) project® is an example of an established DT initiative for cities
that promotes the adoption of local and urban DTs. The technical report
on the architecture of the DUET system [102] presented the overall
architecture of their platform and the specifications of the DUET system
in terms of the functionalities of the respective processes and the corre-
sponding components that realize them. The DUET architecture refers
to the system’s components as multiple distinct layers: (1) presentation
layer — contains all user interfaces and visualization modules; (2)
access control layer — contains all necessary Gateway components that
control data flow; (3) service layer — exposes the functionalities of core
components through a set of APIs; (4) business layer — tackles user

3 https://www.digitalurbantwins.com/
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Table 1
Digital Twin related literature review papers and the number of definitions in each.

Category Ref No. of definitions

[38] 5
[64]
[68]
[65]
[34]
[69]
[70]
[71]
[72]
[35]

[27]
[73]
[31]
[74]
[30]
[75]
[76]
[77]
[14]
[56]
[78]

[79]
Energy [80]
[81]
[82]
Transportation [83]
[84]

Healthcare [85]

[36]
Other Industries [86]
[87]

[88]
[66]
[89]
[90]
[91]
[92]
[93]
[94]
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needs; (5) data layer — consists of all the heterogeneous data reposi-
tories, including information about data sources, ontologies, users, and
other metadata; (6) infrastructure layer — consists of physical or virtual
servers, and other relevant supporting tools; and, (7) security layer —
implements necessary security measures for all layers.

The concept of DTs continues to gain attention across different
fields, particularly for its ability to continuously analyze incoming
(i.e., real-time) data and perform data-driven simulations [26,103].
As different domains recognize the potential of DTs and move toward
implementations for various applications, standards play an important
role in the creation of DTs, especially concerning data from different
sources for use in various applications [58]. For complex systems such
as cities, the practical approach of digital twinning would be to begin
with priority areas and scale over time which would require common
frameworks for effective communication [97].

Defining standards — which may relate to one or several elements
of a DT and of its construction — is the scope of ongoing work [91].
Recently, the joint technical committee of the International Orga-
nization for Standardization (ISO) and International Electrotechnical
Commission (IEC) published the standard ISO/IEC 30173:2023, Digital
twin — Concepts and terminology which presents general descriptions
of DT concepts, terminology and application overviews and aims to
provide a common basis for understanding its concept and composition
and be applicable in any and across domains [104]. In the standard, a
DT system is described as a hybrid entity or system of systems, with the
DT elements illustrated within this context, which include the Target
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entity, which refers to something (physical or non-physical) having
a distinct existence and is the subject of digital representation; the
Digital entity, which is the computational entity comprised of data
and procedural elements; and the Data connection between the two,
and corresponding models, data and interfaces (e.g., APIs) involved—
mirroring the DT concept model of [39]. Beyond these three, the
standard further describes the other elements of the DT system as
the Services, which refer to the capabilities (e.g. analysis, simula-
tion, visualization, optimization, etc.) of the DT, the Infrastructure,
which include the supporting components to ensure the DT’s operation
(e.g., sensors, network, GIS, etc.) and the System aspects, which are
concerned with the integration, governance, security, and privacy, and
data ethics involved in the DT implementation. However, there has yet
to be a DT reference model that unifies the ingredients necessary to build
a DT [97]. Thus, alongside unifying definitions, it is equally important
to identify and unify the enabling components of DT development
and implementation, especially toward goals of interoperability and
scalability.

While several academic reviews have attempted to identify or define
DTs, these definitions are often aligned with specific research domains
or adapted to fit particular applications. This multiplicity has resulted
in a variety of definitions, some of which accurately represent the
concept of a DT, while others do not and diverge from the mainstream.
There is no single definition that fits all domains, and most existing
definitions are meant to be universally applied. However, our research
aims to redefine DTs on the basis of the researchers’ interpretation of
the term within each specific domain, and we also challenge existing
instances of (ostensible) DTs as we noticed papers that attempt to
forcibly fit certain instances into the DT concept. In doing so, we
evaluate and establish definitions for each domain individually based
on the essential components unique to each field and its users.

3. Methodology

A coarse level of agreement exists on what qualifies as a Digital
Twin, though the threshold between what a DT is or is not can be quite
nebulous across different applications. To address this issue, we aim to
accumulate as many insights as possible about interpretations of DTs
from the current state-of-the-art. We then define the boundary between
what is considered a DT and what is not, driven by data and statistical
analysis.

Our approach leverages the credibility of existing literature, which
has often undergone double-blind reviews by experts in various do-
mains. This lends validity to several studies that qualify as a Digital
Twin, even if they do not match standardized definitions. Accordingly,
our methodology is grounded in both empirical observations and the
extensive body of existing literature, combining theoretical insights
with practical validation (Fig. 2). To validate our outcome, we con-
ducted an expert survey from a panel of 52 experts in the BE DT
domain. Additionally, we considered different maturity stages of DTs
as defined by [45,46].

In this section, we first present our approach to identifying the
sample from various resources, including full-text publications and the
expert survey. Then, we outline the methods used to extract and process
approximately 800 definitions and interpretations of DTs from this
sample. Our procedure includes a variety of NLP methods such as
Regular Expressions (Regex) [105], Sentence Embeddings [106], Fre-
quency Analysis and N-gram analysis [107], and Fuzzy Matching [108].
Additionally, we employ Machine Learning approaches to group and
cluster semantically similar definitions using k-means clustering and
Large Language Models (LLMs). After that, we describe the methods
used in extracting the DT components from different scales within the
Architecture, Engineering, and Construction domain; namely, Building,
Architecture, and Urban scales; in addition to Manufacturing domain as
a dominant domain in this area. We used word cloud analysis and LLMs
for that purpose. Then we test the significance of each component using
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Chi-square analysis. We maintained our methodology as systematic as
possible to ensure it is generalizable to other research domains, which
may also benefit from standardizing and analyzing terminology. Thus,
the pipeline and code have been openly released on GitHub.* Figs. 3
and 4 summarize the methodology used in the current study.

4 https://github.com/ualsg/dt-definitions

3.1. Sample development

This study is built on two main data sources. The first consists
of (1) full-text articles, while the second involves a (2) expert survey
which is used to validate the results from a Built Environment expert
perspective. From these two datasets, we have derived: the (3) DT def-
initions dataset and the (4) DT components dataset. In this section, we
overview our methodology of collecting the sample data and extracting
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Fig. 5. Most common publication sources in the dataset, spanning multiple communi-
ties, scales, and domains.

the definitions’ and components’ datasets that are used for analysis.
We keep our methodology as detailed as possible for the purpose of
reproducibility and reusability across different domains and studies.

3.1.1. Full-text articles dataset

Full-text samples were acquired using an Application Programming
Interface (API) provided by Elsevier,” which provides interfaces to
Scopus, Science Direct, and other Elsevier products. We chose to focus
on the Elsevier API because it is one of the largest publishers of
scientific literature and provides a comprehensive database of peer-
reviewed literature across myriads of fields, thus well capturing the
body of knowledge without bias. We used the API to search for articles
containing the following terms: “Digital Twin”, “City Digital Twin”,
“Urban Digital Twin”, “Smart City”, and “Building Digital Twin” in
the title, abstract, or keywords. The search was conducted in English
and covered articles published between 2000 and 2024. The search
returned a total of 15,353(Fig. 6). The dataset was also collected
from various sources (Fig. 5), notably the top are from manufacturing
(e.g, IFAC Journal of Systems and Control, Journal of Manufacturing
Systems, Procedia Manufacturing); and the Built Environment (e.g,
Automation in Construction, Transportation Research Procedia, Jour-
nal of Building Engineering, Energy and Buildings, and Building and
Environment).

3.1.2. The expert survey dataset

We compare the results of systematic review to a question — ‘What
is a digital twin?’, collected in a Delphi survey distributed to experts.
The definitions of DTs vary from different fields, making it challenging
to achieve consensus in the built environment. Therefore, we built on
top of a previously conducted Delphi survey by [26] to gather insights
from practitioners actively engaged in this line of research. In this
work, the collected responses of DT definitions are used to understand
different perspectives in practice, from industries to governments. We
incorporate the responses as a validation dataset, aiming to evaluate
and compare with the developed corpus of research articles, thereby
providing insights into the understandings of DTs. We deem that the
results of this specific question can contribute to a practical perspective
to supplement the analysis of the literature review and, meanwhile,
detail differences between key components and focus.

The expert survey invited a structured panel of experts, who have
domain expertise in DT related to the Built Environment, aiming to

5 https://dev.elsevier.com/
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relevant to the analysis after cleaning the data.

generate a consensus on the definition of DTs. A total of 52 interna-
tional experts from different sectors, such as government, industry (e.g.
companies, consultancies), and non-government organizations (NGOs),
were selected to build the panel, contributing with diverse backgrounds
and experiences in this topic. In particular, the panel of domain experts
represents 23 countries, with the majority working in Europe. Of these
participants, 14 were from industry, 12 were from government, and the
remaining 23 were affiliated with universities or research institutes.
Notably, 44% of respondents reported over 20 years of experience
in fields integral to digital twins. Through an online questionnaire,
all participants were asked to identify a digital twin based on their
understanding and practice.

3.1.3. The definitions dataset

We used Regular Expressions (regex) to extract the mentions of DTs
from the dataset, based on the reasoning that a subset of instances
will include definitions. Regex has the advantage of extracting patterns
of sentences instead of searching for an exact word. For example,
among other regex patterns, we used the following pattern to extract
definitions:

r’\b(?7:digital twin(?:s8)7)\s+(7:is\s+)7(7:
defined\s+as)\s+.+7(?=\.\s|\nl$)’

This pattern extracts all sentences that match “digital twin/s (is/are/-
can be/could be) (defined as/described as/ characterized by) ...”. Many
of the extracted definitions are valid, and some are not valid definitions
such as: “Digital Twin is a revolutionizing technology in the industry
4.0 era” and “Digital Twin is defined as a new paradigm in simulation”.
Therefore, we applied NLP and LLMs to filter the dataset, aiming to
address two main issues: Incomplete and Fuzzy Duplicated definitions.
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Table 2
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Ten examples of extracted DT definitions. The rest of definitions can be found on the GitHub repository.

Definition

Ref.

Digital Twin is defined as an integrated multi-physics, multi-scale, probabilistic simulation of a vehicle or [115]
system that uses the best available physical models, sensor updates, fleet history, and so forth, to mirror the

life of its physical twin.

Digital Twin is defined as a software representation of a physical asset, system or process designed to detect, [116]
prevent, predict and optimize through real time analytics to deliver business value.

Digital Twin is a highly dynamic concept growing in complexity along the product life cycle, which is more [117]
than a pool of digital artifacts; Digital Twin has a structure consisting of connected elements and

meta-information as well as semantics.

Digital Twin is a set of virtual information constructs that fully describes a potential or actual physical [118]
manufactured product from the micro atomic level to the macro geometrical level.

Digital Twin is a collection of all digital artifacts that accumulate during product development linked with [119]

all data that is generated during product use.

Digital twin is a living model of the physical asset or system, which continually adapts to operational [120]
changes based on the collected online data and information and can forecast the future of the corresponding

physical counterpart.

Digital twin is a digital representation of a physical asset reproducing its data model, behavior, and [121]

communication with other physical assets.

Digital twin is a detailed simulation model of a system, for which application-specific data is stored to [122]

describe the real twin.

Digital twin is a dynamic representation of a physical system using interconnected data, models, and [123]
processes to enable access to knowledge of past, present, and future states to manage action on that system.

Digital twin is a real-time, virtual replica of a physical object or system created using sensors and [124]

computational models.

To improve the quality of the dataset, the filtering process was
designed to address these two issues. Incomplete Definitions (ID) refer to
descriptions, explanations, or specifications that lack the necessary or
essential details to fully define or explain the DT concept [109]. Exam-
ples include: “Digital twin is a revolution in the digital industry” [110],
“digital twin is defined as a virtual replica of a real system” [111],
“digital twin is defined as a digital representation of assets, processes,
or systems” [112], and “digital twin is a living model that drives a
business outcome” [113].

Fuzzy Duplicated Definitions (FDD) refer to instances where there are
multiple similar or nearly identical definitions or descriptions, but with
slight variations or differences [114].

To perform the filter, we first excluded all the incomplete definitions
using LLMs, namely, the Generative Pre-trained Transformer (GPT4)
model. Then, we manually validated a subset of the results.

Secondly, to overcome the FDD issue, we first clustered the defi-
nitions using sentence embeddings [125] and k-Means clustering into
three iterations of clustering 400, 100, and 50 clusters. The Sentence
Embeddings first convert all the definitions into a lower dimensional
vector where the position of each definition in the vector space rep-
resents its semantic meaning. By doing this, the closer the definitions
in the vector space, the more semantically similar these sentences
are to each other. Each sentence is represented as a feature vector
X ¢ =[x, x1,%,,...,x,] where X, is the definition sentence vector. We
used the cosine similarity distance to measure the similarity between
different definitions in the definition dataset. The cosine similarity
distance between two vectors X and Y is given by:
Xar - Xaz

T TEET T (€Y
IXanll - 11 Xgall

cosine_similarity(Xg;, Xg2) =
where:

« - represents the dot product of two vectors.
* |IXg1ll and ||Xg4, || represent the Euclidean norms (lengths) of the
vectors Xy, and Xy, respectively.

After clustering the definitions into groups, we applied the Fuzzy
Matching algorithm within each group to figure out how each pair of
definitions matches. By doing so, we excluded semi-duplicated defini-
tions. For example, the following two definitions are 92% matching
while the difference is only in the words in italics (‘“virtual representa-
tion” and “digital replica”):

+ “Digital Twin is a virtual representation of real-world entities and
processes, synchronized at a specified frequency and fidelity”
which was introduced by in the Digital Twin Consortium in
2020 [126].

“Digital Twin is a digital replica of real-world entities and pro-
cesses, synchronized at a specified frequency and fidelity”, which
was found in the Ref. [127].

The fuzzy matching algorithm between two definitions can be rep-
resented as follows:
Levenshtein_Distance(s;, s,)
max(length(s,), length(s,))

Fuzzy Match(s;, s,) =1 — (2)

where:

+ s, and s, are the strings being compared.

+ Levenshtein_Distance(s;, s,) calculates the minimum number of
single-character edits (insertions, deletions, or substitutions) re-
quired to change one string into the other.

+ length(s) represents the length of string s.

Table 2 shows a list of some definitions that were extracted from the
dataset. The rest of definitions can be found on the GitHub repository.®

3.2. Digital twin components identification

As shown in the examples in Table 2, each definition is comprised
of a set of key components. For instance, the first one highlights
components like “multi-physics,” “multi-scale,” “probabilistic simula-
tion,” “physical model,” and “sensors.” Meanwhile, the next example
introduces other elements such as “‘software representation,” “predict
and optimize,” and “real-time analytics”.

To systematically identify the components of digital twins, we first
conducted a Frequency Distributions Analysis from literature and ex-
perts, this process involves counting the occurrences of terms and
phrases associated with digital twins in the extracted definitions dataset
and within the survey dataset. The analysis provides numerical data on
the most frequently referenced components and concepts, highlighting

” @

6 https://github.com/ualsg/dt-definitions
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Fig. 7. Word cloud visualization of word frequency analysis of the extracted definitions dataset (on the left) and the expert survey (on the right).

Table 3
Generalized digital twin components.

Category Description Related component
2D and 3D data
Dat tati f both the t: t entit d th
Data ata representations of bo e target entity and the Real-time data

digital entity.

Data modeling

Analysis and services

Setup for modeling and analysis toward specific
services, application use case and scenarios.

Simulation models

Data analytics and AI/ML
models

Data Catalogue

Software and hardware components, and other

Cloud platform and
architecture
High-Performance

Infrastructure :‘(’evlie;/e;r;tsttec;(:.ls supporting the operation of the digital Computing (HPC)
Internet of Things (IoT) and
sensor network
Application Programming
Interface Requirements and setup for connection and interaction Interface (API)
among digital twin components, as well as with users. Visualization
Dashboards

System and design characteristics of the digital twin,
relating to integration, governance, security and

System governance
privacy, and ethics.

Data validation

Security protocols

Policy (and ethical protocols)
User management and
administration

prevalent elements and revealing emerging trends and gaps in current
digital twin architectures. Fig. 7 illustrates the word cloud frequency
analysis from the extracted definitions (on the left) and the expert
survey (on the right).

We can observe that the top words identified in the frequency
analysis in the definitions dataset closely correspond to the frequency
analysis within the expert survey dataset, with a few differences, as
seen in Fig. 7. For example, while ‘physical’, ‘model’, and ‘data’ are
frequently mentioned in both the research articles and the survey, ex-
perts put more focus on ‘3D’ and ‘update’ and researchers highlight the
function of ‘simulation’ in DTs. These differences reflect the influence
of varying perspectives across domains. However, an equivalence can
be seen, considering the ideas of a DT implementation, for example
‘update’ from the expert survey could relate to the idea of ‘real-
time’, or ‘virtual’ from the research articles may be synonymous to the
‘representation’ that experts refer to.

We can further note that the top words identified have agreement
and are closely captured within the ISO 30173 DT system elements de-
scriptions and DUET architecture specifications described in Section 2.
This correspondence of terms allows us to identify generalized DT
components for conducting further analysis on the dataset. We refer
to top words identified from the frequency analysis word cloud and
unify with related components as described in the DUET system ar-
chitecture, ISO 30173 and Five-dimensional reference model to create
a list of representative DT components, grouped into 5 generalized
categories as summarized in Table 3, and described in more detail in
the continuation.

1. Data

DTs are envisioned to deal with multi-temporal and -scale het-
erogeneous data, which could be from multiple sources, either
obtained from physical entities (e.g., as attribute data or dy-
namic condition data from sensors) or generated by virtual
models (e.g., results from simulations within the DT) in both
directions (Bi-directional) either from the physical twin to the
virtual twin or vice versa using actuators or using human in
the loop. We generalize three related components under this
category:

* 2D and 3D data: The data (e.g., physical geometries, prop-
erties, behaviors, and rules) corresponds to either the tar-
get entity or digital entity.

Real-time data: Real-time data updates (i.e., of the target
entity as facilitated by sensors and Internet of Things) or
dynamic data outputs from real-time simulation process.
Also, this includes data that are transferred the other di-
rection, i.e, from the virtual twin to the physical twin via
actuators or human-informed-decision in the loop.

Data modeling: Formalized and standardized digital repre-
sentation of data, including definitions for data models,
schema, ontologies, and digitization methods.

2. Analysis and services
In specific application domains, the DT system may be designed
with capabilities to provide specific services (e.g., integration,



M. Abdelrahman et al.

Chi square
Standardized
Residual Heatmap
of Significance

Components

Building and Environment 274 (2025) 112748

Frequency distribution

of each component

(How many times each component
is used across all domains?)

Data

Very Significar

Analysis
& services

Data representation

Real-time data

2D/3D data

Data Catalogue
Al/ML models

Simulation models

| Significant
Infrastructure
o
&
&
5
a
o
S
3
5
2
5

Slightly
significant

loT sensors

HPC

Cloud

Standardized Residual
Slightly |
P

insignificant
Interface
°
2
o
2
2
5
S
o
°
2
5

Dashboard

Visualization

API

ﬂ oo H o
0.42 n 0.41 -0.096

System governance

User management
Policy
Security protocols

Data validation

200 400 600 800 1000

Urban domain
Building domain

5

°

2
Manufacturing domain n

&

Architecture domain

I Urban domain components
Building domain components
I Manufacturing domain components

I Architecture-domain components
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analysis, simulation, visualization, and optimization). We use

4. Interface

the three general representative components for this category as
follows:

« Simulation models: Implemented modeling of the specific
processes (or scenarios) for representing the target entity
or system.

* Data analytics and AI/ML models: Functionalities of the DT
for running data analytics, Al, and ML algorithms and
models, i.e., implemented for specific use cases or services.

+ Data Catalogue: Relate to DT data management, including
setup for data discovery and data access, e.g., knowledge
graphs and context graphs.

3. Infrastructure

Infrastructure is a major component supporting the DT to ensure
its normal operation, which could include a slew of different
hardware components as required for specific use cases. We
include the three below for our analysis:

* Cloud platform and architecture: The technological com-
ponents specifically set up for the DT in utilizing cloud
environments for services.

* High-Performance Computing (HPC): DT component for super-
computing, i.e., to handle huge volumes of data and com-
plex models at high speeds.

« Internet of Things (IoT) and sensor network: The network of
physical devices interconnected and communicating with
each other for the collection and sharing of data.

Within the DT system, digital entities are connected dynamically
with their physical counterparts. Data connections enable data
exchange between entities and link the DT’s models and services.
Further, the DT is expected to have a platform for the user to get
information and interact with the data and models.

« Application Programming Interfaces (APIs): Software imple-
mentation to facilitate the access and control of data flow
between components (i.e., as data gateways), as well as
between DT and user (i.e., through dashboards or other
apps).

Visualization: The functionality of the DT for providing data
presentation and other visual outputs.

Dashboards: The platform (and tools) for data and visual-
ization display, and for DT user interface (i.e., through web
applications) that facilitate the users’ access to the DT data,
models and outputs.

. System governance

Aspects of integration, governance, security and privacy, and
data ethics are requirements for a DT system to coexist with
other DT systems) [104], for example, matters related to data
collection and access. Such system aspects could include (but are
not limited to) the following:

* Data validation: Refer to control measures for data checks
to ensure the meeting of required data quality and accu-
racy.

« Security protocols: Protocols specific to the prevention of
risks (e.g., hacks, data leaks, etc.) and securing of the DT’s
operation.
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* Policy: Includes policies in place to ensure ethical use and
management of the DT data and products.

» User management and administration: Protocols and pro-
visions for implementing user authorization and access,
consistent with security and policy.

3.3. Component identification and analysis

We conducted component frequency and Chi-square analysis to
examine the association between DT components (Table 3) and various
domains, including urban, building, manufacturing, and architecture.
The use of Chi-square test is particularly useful in our study due its
ability to handle categorical data. The significance was tested against
the null hypothesis H, (No significant contribution) and the alternative
hypothesis H, (There is a significant contribution) for each component.
The chi-square statistic of 109.76 and a p-value of 2.48e—07 indicated
a significant relationship between the components and their respective
domains. We calculated the Standardized residuals to identify specific
deviations, with significant residuals (absolute values greater than 2)
highlighting components that were either over-represented or under-
represented. Notably, “IoT sensors” and “Policy” were significantly
more frequent in the urban domain, while “2D/3D data” showed
higher frequencies in the building and architecture domains but lower
in manufacturing. This analysis, including adjustments for zero and
low values, provided a detailed understanding of the distribution and
significance of digital twin components across different fields, offering
critical insights for the development and application of DT in various
sectors (Figs. 8). We also performed a correlation and dendrogram
clustering analysis between all component residuals to explore which
components are joined in terms of significance and insignificance across
all domains (Fig. 10). The analysis clearly divides these components
into two big clusters of correlations.

To extract the definitions across domains, we compared the defini-
tions from the existing dataset (800 definitions) and the expert survey
to the components analysis for each domain. LLM was used to extract
the components from these definitions and compare them with the
components identified through frequency analysis.

4. Results
4.1. Component analysis across domains

Based on the Chi-square test and the correlation clustering of com-
ponents, it is noticed that Cloud computing, HPC, Security protocols,
Real time data, simulation models, and AI/ML models are highly cor-
related with each other and can be segregated into one group of
components. On the other hand, Data representation, Data validation,
Visualization, and Policy are highly correlated with each other and
can be segregated into another group of components. We refer to
the first group of components as HPRT (High-Performance Real-Time)
Digital Twins, characterized by real-time, big-data-driven, dynamic,
and adaptable components. The second group is referred to as LTDS
(Long-Term Decision Support) Digital Twins, characterized by near-to-
far real time data management and visualization components. The first
group of components is used in computationally intensive applications,
such as manufacturing, self-driving cars, and aerospace and rarely used
in the BE and AEC domains. In contrast, the second group is suited
for applications requiring long-term decision support, such as urban
planning and building management.

The temporal analysis further highlights the evolving nature of these
components (Fig. 9). While some components like Al/ML and real-time
data capabilities have seen rapid growth in adoption due to advance-
ments in technology and increasing data availability, others like policy
and data representation have remained consistently significant due to
their foundational role in ensuring the accuracy and applicability of
digital twins in long-term planning and management contexts.
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The temporal evolution also shows some interesting insights about
the adoption of some components; for example, Data Catalogues, Dash-
boards, and IoT sensors are lagging behind others, such as Data repre-
sentations, API, Visualizations, and Systems as a result of the growing
awareness of data issues such as data heterogeneity and quality [128].

In the following sub-sections, we provide comprehensive analytical
insight and key results focusing on each domain.”

Building domain

Components like 2D/3D data (residual of 3.2), data representation
(1.3), and visualization (0.96) are significantly more frequent than
expected, underscoring their critical importance in accurately modeling
and managing building structures in the form of Building Information
Models (BIM) [129-132] (Fig. 11 - a).

On the other hand, a negative residual indicates that simulation
models are less frequent in the building domain than expected. This
might suggest that while simulation models are important, they may
not be as widely implemented in building digital twins as in other
domains. Notably, real-time data, AI/ML, Security protocols, and HPC
are not mature enough in the building digital twin domains in research
and practice due to technical, organizational, and data-related as-
pects [30,133]. For instance, the integration of BIM and real-time data
streams from IoT sensors is complex [134], interoperability between
different data schemas, sources, software and platforms is difficult, in
addition to scalability issues [130,135,136].

Architectural domain

Architecture terms show significance values closer to the building
terms. Digital Twins are used in Architecture for various purposes,
such as design and planning, construction management, and operation
and maintenance. The architecture domain is characterized by the
prominent use of 2D/3D data (Residual of 2.8), data representation
(residual of 2), and validation (residual of 1.3) (Fig. 11 - b).

The negative residual of simulation models indicates that simulation
models are less frequent in the architecture domain of digital twins
than expected. This finding might suggest that while simulation models
are important, they may not be as widely implemented in architecture
digital twins as in other domains.

AI/ML models (residual of —1.5) and Real-time data (residual of
—1.4) are less significant in the architecture domain. This might be due
to the lack of data and the complexity of the data in the architecture
domain.

Despite these challenges, the use of digital twins in architecture
is growing. Architects are increasingly leveraging digital twins for
improved project visualization, enhanced collaboration among stake-
holders, better lifecycle management of buildings, facility manage-
ment [137], and construction monitoring [138,139]. For instance, dig-
ital twins can simulate the impact of design changes on building
performance, enabling architects to make more informed decisions.
Furthermore, the integration of augmented reality (AR) and virtual
reality (VR) with digital twins is opening new avenues for immersive
design experiences and client presentations. As technology continues
to advance, it is expected that the adoption of AI/ML models and real-
time data in architectural digital twins will increase, providing more
sophisticated tools for predictive analytics and real-time monitoring of
building systems.

7 Although Building, Architecture, and Urban terms can be identified as
different scales of the BE or the AEC rather than domains perse, they are
segregated into different domains in this study because it is noted that there
are some differences in the requirements and understanding of DT of each
scale.



M. Abdelrahman et al. Building and Environment 274 (2025) 112748

>
=
o
=]
2 .
S Temporal evolution
of each component (from 2000 to 2024)
o
2500 "
o
== 2d/3c! data 5656, ’
real-time data . % 1500
---- data representation a 1000 - o0
- r
500 O et 5
0] ©-0--0=0=0-B=0-28::8=0--0-0-0--0-8-0=B =8 g=5 8- 0~
[5]
--=- simulation models | 21 6000 J/
-=-- ai/ml models g-‘-’ ,¢
22| 4000 /o
---- data catalogue g o o o
< g 2000 ’?f/'g
0] 0-0--0-0-B-G-0--0-F0r0-0-5=8:0-F=FF"ZT o 5_0-0
. o 2500 /o
-==- api .3. 2000 o 2
---- visualization 3 1500 /8/:,0
---- dashboard § 1000 s
£ = Y
= 0] 6-0-6-0-0-6-0-0-0-00-0-0-BrE OG-8
I8
---- cloud @ 00K /
g “
==z hpe E 2000 P .
aa v ’
iot sensors £ 1000 ’ﬂ/ o
of o-e--0- 879-8-9-0:-8-8-8-8-8-8 F g3 000
® 2500 f
--- data validation 2 2000
~== security protocols g 1500 °
== policy o i
— > 1000
user management °
) 500
g 0 0-0-0-0-0=8=020~0=0--0~0==0=0
13 TR A R R G
7]

Fig. 9. Temporal evolution of components from 2000 to 2024.
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scope of the research.

Urban domain

Urban terms in digital twins (UDTs) reveal various insights and chal-
lenges. Our analysis shows that there are fewer significant components
in UDT given the complexity of the domain and the requirements of
massive computational and storage resources, among other challenges
that hindered the adoption of some components, such as real-time data
and AI/ML in the urban domain. In contrast, IoT sensors, data represen-
tation, data validation, and policy-driven decision-making show greater
significance (Fig. 11 - c).

The dynamic and transient nature of cities requires computational
resources and expertise across various domains. Acquiring big amounts
of real-time data, primarily through sensors, is essential for enabling
Urban Digital Twin (UDT). Despite the increasing number volume of
data captured through IoT sensors (Residual of 3.5), many researchers
argue that the sensor network in cities is still too sparse and hetero-
geneous [140]. This introduces significant challenges related to data
acquisition, synchronization, and applications, which limited its use in
UDTs.

The sparse and heterogeneous nature of IoT sensor networks affects
AI/ML applications in urban digital twins. AI/ML models (Residual
of —1.9) show less significance in the urban domain than expected,
as these applications require massive computational power to handle
big data from various sources. Several researchers argue that there is
not enough data for proper AI/ML applications in urban digital twins.
However, the trend (Fig. 9) indicates that the adoption of ML and Al
in urban digital twins has been rapidly growing and gaining significant
traction since 2020 [141,142]. This growth is driven by advancements
in computational technologies and the increasing availability of ur-
ban data from various resources, facilitating more sophisticated and
scalable AI/ML applications in urban analytics and planning. A recent
advancement in this field is GeoAlI [143-146], which integrates AI/ML
and data science with geoscience to enhance the capabilities of urban
studies, including digital twins [43].

Simulation models (Residual of —2.5) indicate less frequent adop-
tion of Simulation models in urban and city digital twin contexts. This
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is attributed to the dynamic and transient nature of cities, which re-
quires adaptable models and hence substantial computational resources
and expertise across various domains [147]. Many of these existing
simulation models on the city scale are characterized by oversimpli-
fication [148].

Decision-making-enabled digital twins play a key role in the success
of digital twin models, appearing significant in terms of Policy within
UDTs (Residual of 3.9). Urban policy typically focuses on the causal
dynamics of data insights to address issues such as housing, transporta-
tion, public health, economic development, and social equity. Policies
establish guidelines for the collection, management, and protection
of big data and guide the strategic application of urban analytics to
address long-term structural challenges facing cities [140].

From the component analysis, we conclude that Building, Architec-
ture, and Urban DTs can be categorized as long-term decision support
rather than high-performance real-time systems. We acknowledge that
there are several attempts to adopt real-time digital twin applications
on city scales, however, there is no real and widely prominent HPRT
scalable DT on city/urban scales to the best of the authors’ knowledge.
Thus, we categorize BDTs, ADTs, and UDTs as follows:

» Building Digital Twins: These digital twins emphasize accurate
modeling, data representation, and visualization to support build-
ing management and operations. Key components include 2D/3D
data, data representation, and visualization. Applications involve
Building Information Models (BIM), building management sys-
tems, and lifecycle management of building structures. They help
in accurate modeling, managing structures, and ensuring long-
term operational efficiency.

Architectural Digital Twins: Similar to building digital twins,
these are focused on long-term planning and decision support,
leveraging detailed data representation and validation. Key com-
ponents include 2D/3D data, data representation, and validation.
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Fig. 12. Applications of Digital Twins from real-time to very-long term temporal scales, suggesting that building, architecture, and urban DTs do not necessarily require real-time

response as much as other domains such as manufacturing.
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Fig. 13. Approximate digital Twin maturity for each domain.

Applications include design and planning, construction man-
agement, operation, and maintenance. They are used to im-
prove project visualization, enhance stakeholder collaboration,
and manage building lifecycles.

Urban Digital Twins (UDTs): LTDS (Long Term Decision Sup-
port) Digital Twins. These digital twins focus on data represen-
tation, data validation, and policy-driven decision-making. Key
components include IoT sensors, data representation, data vali-
dation, and policy. Applications involve urban planning, public
health, transportation management, economic development, and
social equity. These applications require long-term planning and
policy formulation supported by data insights.

4.2. Derived definitions and implications

In this section, we show the results of the derived definitions based
on the frequency analysis. The results reveal some divergences from the
generalized definitions of digital twins. For example, when focusing on
the urban/city domains, real-time data, and AI/ML models are not a
significant portion of the definitions (Fig. 12). Also, given our analysis
results, we identified minimum level of maturity requirements for each
domain based on the CITYSTEPS framework by [46].

The following subsections present the findings from the LLM anal-
ysis of the dataset, highlighting the top qualifying definitions that
appeared in the literature for each domain and our derived definitions.
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4.2.1. Building and architecture digital twin (BDT and ADT) definitions

From the existing dataset, we extracted definitions that focus on
comprehensive data representation, lifecycle management, and the
ability to simulate and optimize operations without restrictions on
data update frequencies. Such definitions are well-aligned with the
significance test for building digital twins. These elements ensure that
the digital twin can provide high-value services and support long-term
asset management and operational efficiency:

“A digital twin is a virtual representation of a physical asset
or system that securely holds all relevant static and dynamic in-
formation from concept to decommissioning, enabling high-value
collaborative services” by [149].

This definition comprehensively emphasizes that a digital twin is a
virtual representation that holds all relevant static and dynamic infor-
mation, including 2D/3D data, data representation, data visualization,
and data cataloging. Additionally, it mentions “enabling high-value
collaborative services” which incorporates user management. The defi-
nition also does not restrict the frequency of data collection, processing,
and action taking which aligns with the building DTs significance
test. On the other hand, the definition focuses on the importance of
the lifecycle of the asset/system, which spans over short to long-term
frequencies and updates.

Another definition is “Digital twin is a living model of the
physical asset or system, which continually adapts to operational
changes based on the collected online data and information and
can forecast the future of the corresponding physical counterpart”
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by [150]. Although the definition mentions continual adaptation of
changes, it does not restrict this adaptation to real-time. Further-
more, the reference to “... can predict the future” implies that ML/AI
and simulation are considered “good-to-have” components rather than
must-have components in a DT system.

A third definition that is also aligned with the significance test is the
following: “Digital twin is a virtual replica of a physical asset, such
as a dam, that can be used to simulate and test various scenar-
ios, monitor performance, and optimize operations” as mentioned
by [151]. Although this definition gives an example of dams, it can also
be applicable to building and construction. It does not have restrictions
on the time-interval data updates between the physical and the virtual
twins. Additionally, it highlights the capability to simulate and test
various scenarios, which is crucial for optimizing performance and
operations in building DTs. The flexibility in application and emphasis
on optimization and monitoring are key aspects that resonate with the
significance test.

A more generic building-oriented definition is: “The digital twin is
a digital representation of an asset or system and mimics its real-
world behavior with the aim of managing, planning, predicting,
and demonstrating current and future construction processes and
models via synchronized representations” by [152]. The author also
emphasized that ... “The digital twin can capture overall changing site
conditions in near real-time and creates a virtual simulation environ-
ment ...” which indicates that the level of detail and time—frequency
is subject to the nature of the asset, system, and the application of
the digital twin. In this context, the authors refer to “synchronized
representations”.

Another definition that leans more toward a generic digital twin
but also aligns with the Building DT components: “Digital Twin is
defined as a software representation of a physical asset, system, or
process designed to detect, prevent, predict, and optimize through
analytics to deliver business value” by [153].

From the extracted definitions of the BDT, we have deduced the
following definition:

Definition 1. A Building/Architecture Digital Twin (BDT/ADT) is
a spatial-temporal virtual representation of a physical asset or system
that manages all relevant static and dynamic information. It enables
collaborative services, adapts to operational changes at suitable inter-
vals, and can forecast future scenarios for optimized performance and
decision-making.

Gathering insights from the experts’ responses, we highlighted “ac-
curate 3D geometry of buildings” and “rich semantic information” as
critical components in the BE DTs. Such findings align with the extract
definitions from the developed corpus of research articles. According
to the CITYSTEPS framework, for a BDT/ADT to be considered a true
digital twin, it must reach at least maturity level 4 i.e., the 3D dynamic
stage (Fig. 13). This dynamic aspect can range from real-time updates
to long-term changes (Fig. 12). Therefore, a BIM model, whether hosted
online or on local servers, that lacks regular updates reflecting changes
in the real-world entity does not meet the criteria for a digital twin.

4.2.2. Urban and city digital twin (UDTs and CDTs) definitions

In the urban domain, there is no specific definition that accurately
addresses all the components and their significance. However, some of
these definitions are sufficiently generic to be applicable to urban/c-
ity/geospatial contexts. For example, one definition states “Digital
Twin is a dynamic representation of a real-life object that mirrors
its states and behavior across its lifecycle and that can be used
to monitor, analyze and simulate current and future states of and
interventions on these objects, using data integration, artificial
intelligence, and machine learning.” [74,154]. This definition refers
to mirroring the state and behavior of an object across its lifecycle.
Although this could encompass that the mirror is in real-time. The
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authors mentioned that it is in near real-time. However, in the city
and urban context, mirroring behavior does not necessarily need to be
momentary; it can occur over various time spans (real-time, near real-
time, short, mid, or long term intervals). Extensive data updates may
lead to redundant and unnecessary information, computational and
storage burdens, and, in many cases, may not inform decision-making
effectively.

Another definition, the one by [155], states that “digital twin
is a virtual model that replicates a real-world urban area/city,
allowing the creator to determine the performance of its different
systems”. Although this definition is explicitly dedicated to the ur-
ban/city domain, it does not include information about the contribution
of the DT in defining policies or informing decision making, which is a
significant part of UDTs and CDTs.

Evaluating the findings from our expert survey, we observe an align-
ment between research articles and experts’ responses. For example,
one expert defined an urban digital twin as “a common and shareable
(data) description of the current (physical) reality of the city”. How-
ever, several experts indicate critical components of digital twins in
the survey which indeed contradict the analysis of systematic review.
For example, one definition refers a digital twin to “a general term
for digital (virtual) replication of actual entities (object/processes),
updated from real-time data, for supporting decision-making”. Further,
some practitioners do not consider a 3D city model “without automatic
update procedures” nor “not reflecting real-time situation” as a digital
twin. Notably, the component analysis suggests that real-time data
updates may not be necessary in the urban domain, given that urban
development takes a relatively long time. Nevertheless, one expert
addressed that ‘no comprehensive definition of the term urban digital
twin has been provided yet’.

Based on the information extracted from the definitions, component
analysis, and the expert survey, we derive the following definition for
Urban and City Digital Twins (UDT and CDT).

Definition 2. A City/Urban Digital Twin is a spatial-temporal virtual
representation of a real-world urban area or city, mirroring its states
during its lifecycle through IoT sensors. It is used to monitor and
analyze urban systems across different time spans to aid in decision-
making and can be extended to simulate and predict various states and
scenarios.

In this definition, we emphasized that the scale of an UDT is a city or
an urban area, and it must be a replica of an existing physical setting.
IoT sensors is a key component in an urban digital twin due to the
complexity and dynamics of cities. Data representation, monitoring,
and analysis are a significant part of a CDT. Also, these data are used to
make decisions in different time spans. On the other hand, a CDT can be
extended to include real-time data integration, AI/ML, and simulation
models. However, these components are not essential. According to the
CITYSTEPS framework (Fig. 13) for digital twin maturity, a CDT/UDT
must reach at least level 4 (the 3D dynamic stage) to qualify as a digital
twin. As with BDT/ADT, there is no strict requirement for the frequency
of dynamic updates, which can range from real-time to long-term
intervals or anything in between.

5. Discussion and future directions
Comparison with traditional approaches

Traditional approaches to analyzing definitions and concepts, such
as manual literature reviews or expert-driven content analysis, often
rely on smaller datasets due to the time-intensive nature of these
methods. While these methods can provide nuanced insights, they are
inherently limited in scalability and subject to potential bias introduced
by individual reviewers.
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Our approach leverages advanced NLP techniques, enabling us to
process and analyze a large corpus of 15,000 articles efficiently. This
methodology provides distinct advantages over traditional methods.

A key strength of this approach lies in its ability to derive definitions
from a collective understanding of the concept. By analyzing a large
and diverse set of papers discussing DTs across different disciplines,
our methodology captures the broader agreement within the scientific
community while identifying nuances and variations. This collective
perspective enables the development of a definition that reflects a
consensus-driven understanding, ensuring relevance and applicability
across domains.

Current limitations in the BE DTs

Our study has identified several limitations in the current inter-
pretation and implementation of DTs within the BE. One significant
limitation is the lack of real-time data integration and advanced AI/ML
models despite being recognized by the majority of experts as essential.
Our analysis and review showed that the adoption of such components
is minimal. This gap is partly due to the complexity of integrating het-
erogeneous data sources and the high computational demands required
for real-time processing on buildings and city scales.

The future of ML/AI in BE DTs

The integration of ML and Al in BE DTs is predicted to revolutionize
the field by enabling predictive analytics, automated decision-making
(Stage 7 on the CITYSTEPS model of maturity), and enhanced simula-
tion capabilities. Future research should focus on developing scalable
AI/ML models capable of handling the vast amounts of data generated
in BE applications. This includes improving data quality and developing
robust algorithms that can operate efficiently in real time.

Multi-scale DTs (from human scale to the global scale)

One size does not fit all when it comes to a comprehensive definition
of DTs. Although there are a few common denominator components of
any DT, different scales (human, building, district, urban, city, global,
and universal) DTs have different components. The organization and
priority of these components differ significantly based on the use case.
Future research should explore the development of multi-scale DT
frameworks that seamlessly integrate data and insights across different
scales, enabling a holistic approach to BE management.

Fully autonomous BE DTs

By tracking the temporal trends and the evolution of DT com-
ponents over the years, a clear trajectory toward fully autonomous
DTs can be observed (Stage 8 of Maturity on the CITYSTEPS scale).
The advancements in AI/ML, real-time data integration, and decision-
making algorithms are key drivers in this direction. Autonomous DTs
would possess the capability to continuously monitor and adapt to
changes in the environment without human intervention, providing
real-time responses to emerging issues and optimizing operations based
on predictive insights.

Achieving full autonomy in BE DTs necessitates overcoming signifi-
cant technical challenges, including the integration of advanced Al/ML
models capable of handling vast and diverse datasets, ensuring robust
data security and privacy, and developing seamless interoperability
between different systems.
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Generative models for DTs

Generative models hold great potential for enhancing the capabil-
ities of DTs. These models can create realistic simulations of various
scenarios, providing valuable insights for decision-making and plan-
ning. By leveraging generative models, DTs can simulate the impact
of different design choices, environmental changes, and operational
strategies. Future research should focus on integrating generative mod-
els with DT frameworks, enabling more accurate and comprehensive
simulations.

6. Conclusion

Digital twin is now a common concept and technology in disciplines
such as building science and urban planning. But its meaning is con-
tested and often subject to specific interpretations, and there is a degree
of gerrymandering as well. In this research, we aspired to make sense
of the terminology. We developed a novel method to do so, conducted
an analysis of a massive set of descriptions of Digital Twin in scientific
literature within the built environment using NLP, LLMs, and statistical
approaches, capturing around one thousand definitions that appeared
in the literature from 2000 to 2024. We extracted 15,000 full-text
articles about digital twins and built on top of a pre-deployed Delphi
expert survey [26] involving 52 experts in the related domains. Our
goal was to identify the core components and characteristics of digital
twins, focusing on the urban, architectural, and building domains. We
depended on extracting DT components from a large corpus of text and
then assessing these components against the standardized definitions
and the existing definitions from other domains (e.g., Manufacturing).
We conducted a frequency analysis and a Chi-Square statistical signifi-
cance test to evaluate the prominence of various DT elements in specific
domains.

The findings revealed significant variations in digital twin descrip-
tions and paradigms across different domains, highlighting the com-
plexity and evolving nature of this concept. We identified two primary
categories of digital twins, Long Term Decision Support (LTDS) DTs
and High-Performance Real Time (HPRT) DTs. We found that all the
built-environment-related DTs fit on the first one.

Although this research addresses the current definition of Digital
Twins (DTs), future trends indicate that some components are becom-
ing increasingly prominent such as AI/ML, HPC, and Real-time data
adoption. Thus, future research is needed to redefine DTs according to
new trends, techniques, and tools. This reflects the fact that Building,
Urban, and City DTs have not yet reached their state of equilibrium
regarding a fully indicative definition due to their complexity and ever-
changing landscapes. This research offers a foundational framework for
defining Digital Twins in the built environment and serves as a first step
toward building consensus. The methodology and definitions presented
here provide a sustainable approach that encourages researchers and
practitioners to adopt these definitions in their implementations or
refine them based on specific requirements. We encourage researchers
to deploy the same methodology and revisit the definition periodically
to track its evolution over time, reflecting advancements in technology
and evolving understandings of the DT entity.
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