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The adoption of Digital Twin (DT) technologies in public transport systems, particularly bus networks, is gaining
momentum as cities seek smarter, more responsive, and efficient mobility solutions. Enabled by advances in
IoT, Al and Big Data Analytics, DTs offer real-time monitoring, simulation, and optimization of transit opera-
tions. However, despite their potential, the application of DTs in bus-based public transport remains relatively
underexplored and fragmented across the literature. This study presents a Systematic Literature Review (SLR)
aimed at synthesizing current research on DT technologies in this domain. Specifically, it investigates architec-
tural models, technological frameworks, and platform designs; examines how Al and machine learning models
are integrated to support operational tasks; and analyzes the role of Human-Computer Interaction (HCI) in the
design and usability of such systems. By identifying key trends, challenges, and research gaps, this work pro-
vides a structured overview of the current landscape . Furthermore, it outlines directions for future research in

DT-enabled public transportation systems.

1. Introduction

The rapid evolution of technologies such as the Internet of Things
(IoT), Artificial Intelligence (AI), and Big Data Analytics has catalyzed
the emergence and proliferation of Digital Twins (DTs) as a founda-
tional paradigm in the engineering of Cyber-Physical Systems (CPSs)
[1]. DTs, dynamic, digital replicas of physical entities [2], are increas-
ingly utilized for real-time monitoring, analysis, simulation, and opti-
mization of their real-world counterparts [3]. These capabilities hold
particular promise in domains characterized by complexity, dynamism,
and infrastructure-intensive operations, such as public transportation
[4]. The integration of IoT infrastructures, through vehicle-embedded
sensors, roadside devices, and V2X connectivity, provides the real-time
data streams necessary for synchronizing physical assets with their DTs,
enabling live simulations and proactive control in urban mobility con-
texts [5]. While DT applications have gained significant traction in sec-
tors like manufacturing [6], healthcare [7], and smart cities [8], their
application in public transportation systems, especially bus-based tran-
sit, has only recently begun to gain scholarly and industrial attention
[9].

Public transport systems, and bus networks in particular, present
unique operational challenges that align well with the capabilities of
DTs [10]. These systems involve continuously moving assets, heteroge-
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neous sensor data streams, human interaction, and a need for predictive
maintenance and dynamic optimization [11]. In this context, DTs offer
a means to simulate, monitor, and manage transit operations more ef-
fectively. The integration of a DT of the infrastructure itself, encompass-
ing road networks and bus lanes, is crucial for simulating traffic flows
and managing asset synchronization in a holistic urban mobility con-
text [12]. This enables enhanced service reliability, reduced downtime,
and improved passenger experience [13]. Furthermore, the increasing
availability of edge computing, 5G connectivity, and Al/Machine Learn-
ing (ML) algorithms has enabled the development of intelligent, respon-
sive, and scalable DT solutions for public transit systems [14,15].

Despite this growing interest, the body of knowledge surrounding the
design, implementation, and evaluation of DT technologies in bus-based
transportation remains fragmented. There is a lack of comprehensive un-
derstanding regarding the architectural designs, data integration mod-
els, Al/ML components, and Human-Computer Interaction (HCI) strate-
gies underpinning these systems. Moreover, as DT systems scale beyond
individual deployments to interconnected ecosystems, the challenges of
interoperability, standardization, and real-time responsiveness become
even more pronounced.

To address this knowledge gap, this paper presents a Systematic Lit-
erature Review (SLR) focused on the application of DT technologies in
public transport systems, with a particular emphasis on bus and similar
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transit modes. The objective is to synthesize current research, identify
prevailing trends, and highlight open challenges in the engineering of
DT systems within this domain. Specifically, we investigate the mod-
els, architectures, components, frameworks, and platforms adopted or
proposed in such systems. Then, we examine how artificial intelligence
and machine learning models are integrated and what functionalities
they support. Finally, we explore the role of human-computer interac-
tion, particularly how user interaction is designed, evaluated, or con-
ceptualized. Through this lens, our study contributes a more targeted
understanding of the DT landscape in urban bus transit, highlighting
both current practices and open research challenges.

The remainder of the paper is structured as follows. Section 2 illus-
trates the background and several related works. Section 3 details our
approach. The main findings are presented in Section 4 together with
a discussion of them. Section 5 discusses the implications and provides
concrete recommendations for future research. Finally, Section 6 con-
cludes the paper, highlighting some final remarks and future works.

2. Background and related work

DT technology emerged as a transformative approach within the
broader context of smart city development, with numerous studies ex-
amining its applications across various urban functions. Comprehensive
surveys by Utku et al. [16] and Whig et al. [17] have explored DT imple-
mentations in city planning, public transportation, energy management,
healthcare, and waste management. Urban planning applications have
been particularly notable, with Mal et al. [18] developing a comprehen-
sive DT of Lyon, France, while Orsini and Piras [19] proposed intercon-
nected DT networks for Italy’s transport infrastructure management and
renewable energy optimization.

The application of DTs in Intelligent Transportation Systems (ITSs)
has shown significant promise for improving operational efficiency and
sustainability. DT in public transportation can optimize performance,
enhance passenger experience, and support sustainable urban mobility
through improved operational accuracy and energy efficiency [20,21].
Specialized applications have extended to commercial and freight vehi-
cles [22], bicycle systems [23], and railway structural health monitoring
[24]. The intersection of DTs with urban energy systems has been ex-
plored by Szpilko et al. [25] and Golinska-Dawson and Sethanan [26],
emphasizing smart grids, renewable integration, and energy-efficient ur-
ban freight systems.

A central research theme in transportation DTs is the design of their
architectures, which determine how heterogeneous data, models, and
services are orchestrated. Several works have proposed reference frame-
works to address the complexity of ITS. Bao et al. [27] outlined a
three-layer architecture—data access, calculation/simulation, and man-
agement/application-highlighting the transition from traditional traf-
fic simulations to DT-enabled predictive and optimization capabilities.
Instead, Irfan et al. [28] introduced a hierarchical reference architec-
ture for transportation DTs, spanning the physical space, communica-
tion gateways, and digital space. Similarly, Faliagka et al. [29] proposed
an open DT framework for smart mobility, with the goal of evolving to-
ward city-wide deployments.

On high-level reference models, more specialized architectures tar-
get data and computational challenges. Zhang et al. [30] designed a
multi-source data collaboration framework for ITS, aimed at overcoming
data redundancy and enabling dynamic/static data fusion across hetero-
geneous sources. In large-scale contexts, DTUMOS [31] is introduced, an
open-source framework optimized for scalability and simulation speed
in metropolitan areas such as Seoul and New York. At the system level,
Bhatt et al. [32] recently proposed DigIT, a modular and scalable DT
platform leveraging a domain concept model to integrate predictive
simulations into ITS operations, demonstrating real-time adaptability
to evolving traffic patterns.

Beyond architecture, the value of DT in public transport lies in
their ability to embed AI and ML to support prediction, optimiza-
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tion, and decision-making. Studies show that AI enhances classifica-
tion, anomaly detection, and operational optimization in transport in-
frastructures [33], while also enabling the integration of heterogeneous
data sources to predict travel behavior and evaluate policy scenarios
[34]. Recent frameworks combine multi-source data fusion and predic-
tive analytics to provide congestion forecasts, and safety heatmaps [35],
demonstrating the role of Al in supporting real-time decision-making
for sustainable mobility. Hierarchical models are also introduced to im-
prove traffic safety and mobility across different system levels [28].

A variety of implementations adopt classical regression and ensem-
ble models for demand forecasting and traffic state prediction, while
others rely on deep learning for spatiotemporal analysis, anomaly de-
tection, or computer vision tasks [27,30]. Adaptive machine learning
pipelines have been proposed to continuously update predictive models
in DT environments [32], and Al-based routing and arrival-time esti-
mation have been shown to improve scalability and accuracy in large
metropolitan simulations [31].

Moving to interaction dimension, the role of HCI in DT is still emerg-
ing and underdeveloped. While Al and architectural approaches have
attracted significant attention, human interaction with DT systems has
been addressed only marginally. Systematic reviews highlight that HCI
contributions to DTs are limited and fragmented [36,37]. These stud-
ies emphasize that DTs are often conceived as technological artifacts
without accounting for interaction paradigms that make them accessible
and usable for diverse stakeholders. In public transport, human-centered
methods such as surveys, prototyping, and user studies are increasingly
applied [38], but their integration into DTs is still scarce.

In summary, prior work illustrates that DTs for urban mobility have
advanced through increasingly sophisticated yet fragmented architec-
tures that orchestrate heterogeneous data and models, through embed-
ded intelligence that enable predictive and adaptive decision-making,
and, to a lesser extent, through interaction mechanisms that shape how
stakeholders can access and act upon these capabilities. This fragmen-
tation highlights the need for a systematic review that synthesizes these
diverse contributions, identifies common patterns, and exposes critical
research gaps. While general applications of DT in urban planning and
transportation are well documented, our focus on these three dimen-
sions is motivated by their central role in determining both the techno-
logical feasibility and the practical adoption of DTs for public bus trans-
port. By examining architectures, intelligence, and interaction aspects
together, we address the core enablers that bridge system-level design
with real-world usability, thereby aligning with the pressing challenges
of deploying scalable, adaptive, and human-centered DT solutions in
public bus transport.

3. Methods

This Section outlines the Research Questions that motivated the
study, describes the Preferred Reporting Items for Systematic reviews
and Meta-Analyses (PRISMA) methodology and details the process of
data collection and analysis.

3.1. Research questions

The primary Research Question that guide this study is:

RQ: How are DT technologies applied in public transport systems,
with a particular focus on bus and similar modes of transit?

Specifically, this work aims to investigate the following questions to
provide insights into three main aspects:

e RQ1: What are the common architectures, components, frameworks,
and platforms used or proposed in DT implementations of bus and
similar modes of transit?

¢ RQ2: How are AI and ML models integrated into DTs of bus and
similar transit systems, and what types of tasks do they support or
enable?
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Table 1
Database-specific query strings.
Database Query string
ACM DL (“digital twin*” OR “virtual twin*” OR “digital replica*” OR “digital shadow*”) AND (“bus” OR “buses”

OR “busses” OR “trolleybus*” OR “public transport*” OR “transit system*”)

1EEE Xplore

(“All Metadata”:”digital twin*” OR “virtual twin*” OR “digital replica*” OR “digital shadow*”) AND (“bus”

OR “buses” OR “busses” OR “trolleybus*” OR “public transport*” OR “transit system*”)

ScienceDirect
“transit system” OR “transit systems”)
Scopus

(“digital twin”) AND (“bus” OR “buses” OR “busses” OR “public transportation” OR “public transport” OR

TITLE-ABS-KEY(“digital twin*” OR “virtual twin*” OR “digital replica*” OR “digital shadow*”) AND TITLE-

ABS-KEY(“bus” OR “buses” OR “busses” OR “trolleybus*” OR “public transport*” OR “transit system*”)

SpringerLink

(“digital twin*” OR “virtual twin*” OR “digital replica*” OR “digital shadow*”) AND (“bus” OR “buses”

OR “busses” OR “trolleybus*” OR “public transport*” OR “transit system*”)

e RQ3: What is the role of HCI in DTs of bus and similar transit sys-
tems, and how is user interaction designed or studied?

In this work, when we refer to “similar modes of transit” alongside
bus systems, we mean ground-based public transport modes that share
comparable operational characteristics with traditional bus networks.
These include, but are not limited to, trolleybuses, trams and streetcars,
light rail transit systems, bus rapid transit, guided bus systems, and other
bus-like vehicles such as minibuses.

In addition, while DTs in public bus transportation encompass a
broad spectrum of applications and implementations, this systematic
literature review focuses on addressing the core operational and man-
agement challenges of bus-based transit systems. Our study specifically
examines DT applications that model one or more of the following en-
tity categories (described in Section 4.2): bus infrastructure, traffic flows
and trips, passengers and their behavior, bus physical models, and fleet
management systems.

3.2. PRISMA methodology

A SLR is a structured and methodical approach to identifying, ana-
lyzing and synthesizing all existing research on a particular topic [39].
Its purpose is to provide a comprehensive and unbiased summary of cur-
rent knowledge, highlight gaps in the literature and offer a foundation
for future research. By following a clear and replicable process, a SLR
ensures that conclusions are based on a thorough evaluation of all rele-
vant studies rather than on a selective or subjective sample. The search
for relevant studies is often carried out across various databases and
sources.

In this study, we took advantage PRISMA methodology [40,41]. It
provides a standardized framework for conducting and reporting sys-
tematic reviews and meta-analyses. Its purpose is to enhance trans-
parency, rigor, and reproducibility by guiding researchers through the
process of data extraction, study selection, and synthesis. In addition,
following the PRISMA guidelines ensures that the review process is sys-
tematically and clearly documented.

3.3. Data collection

We searched for published studies available online through major
digital libraries and databases in the field of computer science, including
the ACM Digital Library (ACM DL), IEEE Xplore, ScienceDirect, Scopus, and
SpringerLink.

To guide our search, we established a set of keywords intended to
capture studies related to DT technologies in public transport, with a
particular focus on bus systems. These keywords were combined using
boolean logic to construct a comprehensive search string. To further
enhance the inclusion of terms and to account for variations in word
endings or phrasing, we employed wildcards. The search strategy was
designed to cover a broad spectrum of terms, ensuring the inclusion of
relevant studies despite variations in terminology and application areas.

The query string was entered into the search fields of each selected
database. Where supported, we restricted the search to specific meta-
data fields-namely, the title, abstract, and keywords—to improve the rel-
evance and precision of the retrieved results. To ensure reproducibility,
Table 1 presents the exact query string used for each database, including
any modifications required to fit the platform’s search syntax.

All searches were conducted in April 2025, ensuring consistency and
temporal alignment across data sources and search strategies. To ensure
the quality and relevance of the reviewed literature, we included only
publications written in English. Furthermore, we limited our selection to
peer-reviewed journal articles and conference papers for which the full
text is available. Other sources, such as book chapters, were excluded
from the review. It is important to note that the focus of this review is
on the application of DT technologies in public transport, specifically
bus systems, concerning architectures, frameworks, use cases (e.g., de-
mand forecasting), and HCI. The other inclusion and exclusion criteria
are listed in Table 2. Additionally, we included only research articles,
excluding other literature reviews and meta-analyses.

3.4. Data processing

The process of selecting the relevant literature was carried out in ac-
cordance with the PRISMA guidelines and consisted of four main phases:

. identification of relevant studies,

. screening based on title and abstract,

. eligibility assessment of the full text, and
. data extraction and synthesis.

A WN R

The inclusion and exclusion criteria defined in Table 2 were systemati-
cally applied throughout these phases, ensuring a transparent and repro-
ducible selection process. A detailed overview of the number of records
included and excluded at each stage-also together with the reasons for
exclusion-is illustrated in Fig. 1, which follows the PRISMA methodol-
ogy and directly reflects the application of these criteria.

In the identification phase, a comprehensive search was conducted
across multiple academic databases, including ACM DL, IEEE Xplore,
ScienceDirect, Scopus, and SpringerLink. The initial query retrieved a
total of 2066 records. Then, 132 duplicate records were identified and
removed, resulting in a refined pool of 1934 unique papers.

During the screening phase, we applied inclusion and exclusion cri-
teria to filter the papers. Specifically, we excluded 1816 records for the
following reasons:

1. studies were not peer-reviewed, or

. the full text was not available in English, or

3. the titles clearly indicated that the subject matter did not pertain to
the application of DT technologies in public transport, or

4. the abstracts indicated that the studies were not focused on DT tech-
nologies for public transport, or

5. papers could not have been retrieved from the database.

N
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Identification

Screening

[ Included ] [

Table 2
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Identification of studies via databases and registers ]
Records identified (n = 2066) from:
ACM Digital Library (n = 479)
IEEE Xplore (n = 174) _| Records removed before screening:
ScienceDirect (n = 22) i Duplicate records (n = 132)
Scopus (n = 183)
SpringerLink (n = 1208)
Records excluded (n = 1816):
Rei:ords screenad —> Not peer-reviewed (n = 317)
(n=1934) Not written in English (n = 89)
Not related to public transport from title (n = 1276)
Not match inclusion criteria from abstract (n = 134)
Reports sought for retrieval .| Reports not retrieved
(n=118) Tl (n=41)

I

Reports assessed for eligibility Reports excluded (n =37): )
(n=77) Focus on other kind of public transport, e.g air,

maritime, on demand, etc. (n = 12)

A4

Focus on urban infrastructure planning not related
to public transport (n = 16)
Focus on vehicle construction (n = 9)

Studies included in review
(n =40)

Fig. 1. PRISMA 2020 flow diagram for new systematic reviews which included searches of databases.

Inclusion and exclusion criteria.

Inclusion criteria

Exclusion criteria

Written in English
Peer-reviewed articles
Full text available
Empirical studies

Written in other languages

Non peer-reviewed articles

No full text available

Literature reviews and meta-analyses

Focus on DT applications for public transportation, specifically on busses or similar transit systems. ~ Focus DT technologies for different kind of public transport sys-

tems, such as air, maritime, last mile, etc.

Focus on DT architectures, frameworks, applications, use cases, and HCI. Focus on DT applications for other goals, such as infrastructure

planning or vehicle design.

This left us with 77 papers for further evaluation. In the eligibility phase, After this rigorous filtering process, a total of 40 studies met all pre-
we conducted an in-depth review of the full texts of these papers. We defined inclusion criteria and were retained for in-depth analysis. These
excluded 37 papers for the following reasons: studies are listed and referenced in Table A.1, in the Appendix.

3.5. Critical assessment

¢ 12 papers were not focused on technologies for public transport, but Subsequently, in addition to the collection and screening process de-
rather on other types of transportation systems, such as air, maritime, scribed respectively in Sections 3.3 and 3.4, an evaluation of the studies
or last-mile and on demand transport, etc.; based on their coverage was conducted. The results are summarized in
e 16 papers were focused on DT technologies for urban infrastructure Table 3, which presents a matrix with columns corresponding to the
planning, that are not directly related to public transport; Research Questions (RQ1, RQ2, and RQ3) and rows representing each
¢ 9 papers focus on DT technologies for vehicle design and construc- included article. Each article was evaluated for whether it addressed

tion.

each Research Question, with a v'mark indicating that the study pro-
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Table 3
Critical assessment of research questions on reviewed papers.

Ref RQ1

=
Q
i}

RQ3 Total

[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]
[80]
[81]
Total

NHEFNNRFRFWNNRERRRRRRRORRNDFEDDFESDODOMNNDDONRNDNDNDWNR R R =

XXX XX SNUNINUX XXX XX AUXXXXXXIUNUUUX NSO SNNUX SSNX X XN
X NUX AUX XX XXX XXX AEXXAXAAUXXXXXAIXSIX XXX SN X XXX X

S T T Y N N N N NS N N N N N N N A TN N N T T 1 N N N N N N N T T N N N T T

[y
[

vided an answer to the question, and a xmark indicating that it does
not provide any information about the topic.

With respect to RQ1, which focuses on system architectures and tech-
nological infrastructure, 37 out of the 40 studies provided sufficiently
detailed descriptions. These studies commonly reported on the software
and hardware components involved, the platforms adopted, and the
frameworks used to implement or prototype their systems. Then, RQ2
concerns the integration of Al and ML models within the systems. We
found 17 studies that include information on the types of algorithms
used, their functional roles, and how they were incorporated into the
system. Regarding RQ3, which examines the role of HCI, 11 studies ex-
plicitly addressed how users can interact with the system, including as-
pects such as User Interfaces (UIs) and interaction modalities.

Overall, 4 out of the 40 studies met aspects of all three Research
Questions, providing comprehensive coverage of system architecture,
AI/ML integration, and user interaction. A larger group of 17 studies
addressed two of the three Research Questions, demonstrating partial
alignment with the assessment criteria, while the remaining 19 studies
covered one of the three dimensions. These findings highlight a signif-
icant heterogeneity in how the different aspects of system design are
addressed across the literature. They suggest that the development of
DT systems often focuses selectively on certain technical components,
while neglecting equally critical dimensions like AI/ML integration or
user interaction. This pattern indicates that a comprehensive approach
is not consistently adopted and that, in many cases, essential aspects for
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How are Digital Twin technologies
applied in public transport systems,
with a particular focus on bus and
similar modes of transit?

Modeled

entities

RQ1 RQ2 RQ3

How are Al and ML
models integrated into
these systems, and what
types of tasks do they
support or enable?

What are the common
architectures,
components, frameworks,
and platforms used or
proposed?

What is the role of HCI

into these systems, and
how is user interaction
designed or studied?

Ul and
Interactions

Design Process

Architectures
and Paradigms

Datasets used
Models and
Predictive Task

Fig. 2. Overview of the research questions.

Software,
Frameworks
and Platforms

Simulation Evaluation

and Analysis

=3
c

the deployment, usability, and effectiveness of DT solutions are poorly
explored or insufficiently documented.

3.6. Extraction of relevant fields

The final step of the methodology involved identifying and summa-
rizing relevant information from the selected studies. This process was
carried out manually through a comprehensive reading of the full texts,
extracting data that addresses the predefined Research Questions. Ta-
ble 4 report all of the fields that were compiled to compose the final
dataset of the selected articles, enabling further analysis. In particular,
three key fields were compiled to directly correspond to the Research
Questions guiding the review and a “Countries” field was added to in-
dicate a list of countries where the case studies were conducted.

4. Findings and discussion

This Section begins with a preliminary quantitative analysis of the
retrieved studies, followed by a discussion about how studies model the
entities within DT systems. Then, we present the answers to the three
Research Questions outlined in Section 3. Fig. 2 offers a visual synthesis
of the main findings across the three Research Questions, helping to
contextualize the discussions that follow.

4.1. Quantitative analysis

In this Section, we provide a quantitative analysis of key attributes
from the selected studies, including the geographic origin of the datasets
and the locations where DT systems were physically implemented or
where real-world transport data was collected and utilized for modeling
purposes.

As previously mentioned, the systematic review identified 40 rel-
evant studies focusing on the application of DTs in public transport,
specifically within bus systems. From these studies, we extracted infor-
mation about the countries where the DT systems were implemented
or where the associated transport data was collected and applied. This
results in a total of 32 case studies that utilized datasets or described im-
plementations from 16 different countries across 3 continents. Table 5
presents the distribution of these studies based on the country where
the DT was implemented or where the associated transport data was
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Table 4
Extracted fields from the selected studies for data analysis.
# Field Description
1 ID Unique identifier for the article.
2 Title Title of the article.
7 Abstract Abstract of the article.
3 Authors Authors of the article.
4 Year Year of publication.
5 Source title  Title of the journal or conference.
6 Publisher Publisher if the article is a journal.
6 DOI DOI of the article.
7 Keywords Keywords of the article.
8 Objective Objective and key findings of the article.
9 Countries List of countries where the case studies were conducted.
10 RQ1 Description how the architecture, components, frameworks, and platforms are used in the article.
11 RQ2 Description how Al and ML models are used in the article and what tasks they support.
12 RQ3 Description how HCI is used in the article and how user interact with the system.

Table 5
Number of case studies per country conducted
from each article.

Country Count Case Studies
Spain 6 [53,61,64,68,75,77]
Italy 4 [48,53,56,69]
France 3 [52,74,76]
Russia 3 [43,55,57]
United States 3 [46,51,58]
China 2 [44,73]
Norway 2 [42,79]
Finland 1 [53]
Germany 1 [68]

Japan 1 [78]

Mexico 1 [45]
Netherlands 1 [53]

South Korea 1 [65]

Sweden 1 [68]

Turkey 1 [59]

United Kingdom 1 [66]

collected. From the total, the most frequently represented country was
Spain (n = 6), followed by Italy (n = 4), and 3 case studies each from
France, the United States, and Russia, respectively.

Of the 40 studies included in the review, 26 were published in the
proceedings of conferences focused on transport systems, smart cities, or
computer science. The remaining 14 studies appeared in peer-reviewed
journals. Table 6 provides an overview of the journals in which these
studies were published. Both conference papers and journal articles were
predominantly situated within the engineering and computer science
domains, but also included areas such as energy systems, urban studies,
and intelligent transportation, further reflecting the interdisciplinary na-
ture and broad applicability of the research.

4.2. Entities in public transport DT systems

DT systems should be able to create a virtual representation of the
physical system they are “twinning”, which includes not only the phys-
ical assets but also connections and interactions among them. In the
context of public transport, this means that DT systems can take into
account any entity related to the entire system, both analyzing static
aspects and dynamic behavior. We have identified the following cate-
gories of entities that are commonly modeled in the reviewed studies:

1. bus infrastructure, which includes the modeling of bus stops, bus
lanes, bus stations, and other physical assets that are part of the bus
system,

2. traffic flows and trips, which includes the modeling of traffic flows,
trip generation, trip distribution, and other aspects related to the
movement of buses and passengers,

3. passenger, which includes the modeling of passenger behavior, pref-
erences, and interactions with the bus system,

4. bus physical model, which includes the bus dynamic model, includ-
ing its acceleration, deceleration, braking, and other mechanical and
physical characteristics that govern its motion and operational per-
formance on the road,

5. fleets management, which includes the modeling of bus fleets, includ-
ing their size, composition, and operational characteristics.

Table 7 summarizes the number of studies that model each entity. It is
important to notice that some studies may model multiple category enti-
ties, and the same entity may be modeled in different ways. For example,
bus infrastructure can be modeled as a static representation of the phys-
ical assets, or as a dynamic representation that takes into account the
interactions between buses and passengers, leading to a double catego-
rization of the study.

As shown in the table, bus infrastructure is the most frequently mod-
eled entity, which is present in 34 studies. This importance can be at-
tributed to the fundamental role that infrastructure components—such as
bus stops, lanes, and stations—play in the functioning of bus transit sys-
tems. These physical elements serve not only as the primary interfaces
between passengers and the transit network but also as critical determi-
nants of service reliability, travel time, and overall system performance.
Consequently, accurate representation and analysis of bus infrastruc-
ture are essential for evaluating operational strategies, optimizing net-
work design, and supporting transportation planning. Furthermore, in-
frastructure tends to be more predictable and subject to direct control,
making it a particularly viable target for intervention and optimization
within transportation models and to work on them.

Then, traffic flows and trips are modeled in 22 studies and passenger
behavior in 13 studies. The modeling of traffic flows and trips is crucial
for understanding the dynamics of bus operations, including route per-
formance, congestion patterns, and service frequency. This modeling en-
ables transit agencies to make data-driven decisions regarding schedul-
ing, capacity planning, and resource allocation. Moreover, individuals
are not just passive passengers—they are dynamic agents whose decisions
and interactions play a fundamental role in shaping transport demand
and performance. Accurately modeling user behavior, when possible, is
essential for understanding how they engage with the bus system, under-
standing their travel patterns, preferences, and reactions to changes in
service. This information is critical for the development of user-centered
transit solutions that effectively address passenger needs and enhance
overall service satisfaction.

Finally, bus physics and fleet management are modeled in 8 and 7
studies, respectively. The modeling of bus physics is essential for ac-
curately simulating vehicle behavior, including not only acceleration,
deceleration, and braking characteristics but also steering dynamics. A
comprehensive physical model enables realistic reproduction of bus mo-
tion under various operational scenarios, accounting for factors such as
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Table 6

List of Journals and corresponding Publishers for the selected articles.
Publisher Journal
Elsevier Sustainable Energy Technol. Assess. ([44]) Energy ([51]) Applied Energy ([58])
IEEE IEEE Access ([47]) Transactions on ITS ([70,801)

Istanbul University  Electrica ([59])

MDPI Smart Cities ([53]) Applied Sciences ([57,68]) Electronics ([62])

River Publishers
Springer

Journal of Web Engineering ([61])
Multimedia Tools and Applications ([48]) Software and Systems Modeling ([52])

Table 7

Classification of studies per each modeled entities in DT.

Entity Count Papers

Bus infrastructure 34 [43-45,47,48,50-53,55-61,64-73], [74-771, [78-81]
Traffic flows and trips 22 [42,43,45,47,51,52,56,57,60,61,63,65-69,73-78]
Passengers 13 [45,53,56,59-61,63,64,66,67,69,77,78]

Bus physical model 8 [44,46,49,54,58,62,68,73]

Fleets Management 7 [45,46,50,51,53,58,72]

vehicle mass distribution, suspension response, and tire-road interac-
tion. This level of detail is critical for evaluating safety, performance,
and operational efficiency. Similarly, the modeling of bus fleets is im-
portant for understanding the operational characteristics of multiple ve-
hicles within a transit system, such as fleet size, composition, and run-
time utilization. This enables agencies to analyze and optimize fleet
management strategies, paving the way for vehicle assignment, run-
time rescheduling, and resource allocation. In addition, the modeling
of both individual buses and entire fleets plays a crucial role in assess-
ing energy consumption and emissions, which is increasingly important
in the context of sustainability and environmental impact evaluation.
As cities strive to reduce their carbon footprint and promote greener
transportation solutions, understanding the energy dynamics of bus sys-
tems is essential for evaluating the effectiveness of operational strategies
and technologies. These insights can inform the development of more
energy-efficient vehicle designs, route planning approaches, and energy
management systems, contributing not only to reduced operational costs
but also to lower environmental impact and improved overall system
performance.

4.3. Architecture, components, and frameworks in DT systems for public
transport

This Section provides an overview of the actors and architecture
for DT in public transport, answering the first Research Question RQ1,
“What are the common architectures, components, frameworks, and plat-
forms used or proposed in DT implementations of bus and similar modes of
transit?”. As anticipated in Table 3, the majority of the selected studies
(37 out of 40) provided sufficiently detailed descriptions that allowed
us to analyze the software aspects of the proposed DT systems.

4.3.1. Software architectures and paradigms

The software architecture is a critical aspect that defines how
the system components interact, communicate, and collaborate to
achieve the desired functionality. In the context of DT for pub-
lic transport, the architecture must address various data sources
from all components with different natures and properties, process-
ing units, and interfaces to provide a view of the system’s perfor-
mance and behavior. The reviewed literature reveals several recur-
ring architectural styles, patterns, and paradigms, with 14 of the se-
lected studies explicitly detailing the architecture of their proposed
systems.

Many of the proposed architectures in the reviewed studies adopt a
Client-Server communication model to facilitate the interaction between
system components, both in terms of machine to machine communica-
tion, but also for creating end user applications. This model is partic-

ularly flexible, allowing for the integration into various scenarios and
use cases. For instance, in [47] authors present a platform for creating
DTs and distributing them through the cloud, allowing communication
to the system from both IoT devices and end users. Similarly, in [48] au-
thors present a web-based client-server platform for creating 3D repre-
sentations of modeled entities. In addition, key advantages include the
ability to distribute computational load effectively between the client
and server components, enabling the offloading of intensive processing
tasks to the server or, when appropriate, to the client. Also notable is the
possibility of decoupling the client and server components, allowing for
independent development and deployment of each part, as illustrated in
the implementation proposed by [79].

To understand how different software layers interact with each
other, the Multi-layer architecture is a common approach. This architec-
ture is particularly effective in managing the complexity of DT systems,
such as public transport ones, as it allows for the separation of concerns
and the organization of components into distinct layers, each with its
own responsibilities as proposed in [66,72,78]. Typically, these archi-
tectures include layers such as the presentation layer, the application
layer, and the data layer. This separation of concerns allows different
components of the system to evolve independently and facilitates inte-
gration with external services. For example, in [56], the proposed archi-
tecture includes additional layers beyond those previously mentioned.
These layers address the following aspects: acquisition, ingestion and
processing, storage, simulation, service, as well as security and both
intra- and inter-twin communication.

Furthermore, the concept of the compute continuum [82] has emerged
as a new trend for enabling scalable, efficient, and context-aware DT sys-
tems. It refers to the seamless distribution of computational tasks across
a spectrum of resources—from constrained edge devices to fog nodes
and centralized cloud platforms-based on workload requirements, la-
tency constraints, and energy efficiency considerations. However, due
to the absence of a standardized structure for implementing the com-
pute continuum, many authors propose their own tailored architectural
interpretations. In [55] fog computing is used to increase performance
near embedded devices. In [60,64,77], the authors propose the com-
pute continuum in a 3-tier architecture, including the cloud, fog, and
edge nodes that are used to distribute computational tasks based on
their proximity to data sources and processing needs. Instead, Campolo
et al. [69] also proposes a 3-tier architecture, but with a different fo-
cus. In this design, the ground layer is used to collect data from the
physical system, while the edge layer is used to virtualize DT compo-
nents and the remote layer is used to access the system from the cloud.
Finally, Garcia-Luque et al. [61] proposes a 4-tier architecture that ex-
tends the traditional cloud-fog-edge model by introducing an additional
mist layer. This layer includes devices that lie outside the direct author-
ity and control of the DT system—such as end user devices—enabling the
delivery of personalized information tailored to individuals.

In addition, microservices architectural style has gained traction in
recent years as a way to build scalable and maintainable systems. In the
context of DTs, they can be used to create modular components that
can be easily integrated into existing systems or replaced with new ones
as needed. This is particularly relevant in public transport applications,
where different subsystems (e.g., traffic flow, energy consumption, pas-
senger behavior) must evolve and operate concurrently. In [61,76], the
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Table 8
Classification of DT implementation for architecture type, im-
plementation stage, and data update.

Paper  Type fStage Update

[471 Client-Server Lab Batch

[48] Client-Server Real Online

[55] Cloud continuum Lab -

[56] Multi-Layer Lab Online

[60] Cloud continuum Concept -

[61] Cloud continuum, Lab Online
Microservice

[64] Cloud continuum Concept -

[66] Multi-Layer, Lab Online
Streaming

[69] Cloud continuum Lab Online

[72] Multi-Layer Concept  —

[76] Microservice Real Online

[77] Cloud continuum Lab Online

[78] Multi-Layer Lab -

[79] Client-Server Lab Batch

authors propose a microservices-based architecture for the DT of a trans-
port system, which allows for the independent development and deploy-
ment of each component. In parallel, the adoption of streaming archi-
tectures has become increasingly important for enabling the continuous
processing of real-time data streams from sensors and IoT devices. In
[66] it’s proposed a streaming data platform that integrates with a DT
for real-time system analysis and monitoring. Such architectures are es-
sential for handling time-sensitive information, such as vehicle teleme-
try or passenger flow, and allow the system to react promptly to changes
in the physical environment.

Among the studies, some DT proposals remain at the conceptual level
(Concept) [60,70,72], while the majority of implemented systems are re-
alized in controlled lab environments (Lab) [47,55,56,61,66,69,77-79]
or through deployments in real-world scenarios (Real) [48,76]. In real-
world deployments, DTs updates are online and acquire data in real
time from the environment, ensuring that the virtual counterpart re-
mains continuously synchronized with the physical system. In many
cases, lab-based DTs rely on real-time data publicly available through
operators web-server on the scheduling and current position of vehicles.
Instead, in others—such as DTs focused primarily on simulation [47] or
interaction aspects [79]-data are updated in batches using pre-collected
datasets or not updated at all [55,78]. Finally, conceptual DTs do not
integrate any data source, as they remain at a design or architectural
level. Table 8 details the architecture type of the DT, the implemen-
tation stages, and synchronization approaches observed across the re-
viewed studies.

In summary, the architectural approaches reviewed in the literature
reflect the complexity and adaptability required to build effective DT
systems for public transport. From the flexible client-server to a more
advanced microservices or compute continuum paradigms, each archi-
tecture aims to address specific system requirements, such as scalability,
real-time data processing, and efficient task distribution across hetero-
geneous computational resources. In addition, the integration of multi-
layer architectures further enhances the system’s modularity and sepa-
ration of concerns.

4.3.2. Software, frameworks and platforms

Among the 37 reviewed studies, 27 provide detailed descriptions of
the software, frameworks, and platforms used to support the develop-
ment and implementation of DT systems in this context. These tools
range from programming languages and simulation engines to special-
ized frameworks for data processing and visualization.

A recurrent theme across the studies is the use of simulation frame-
works, particularly Simulation of Urban MObility (SUMO). It appears
in several works [45,51,65,75] as a foundational tool for traffic model-
ing, offering open-source support for simulating road networks, vehicle
movement, and traffic control. These models are often combined with
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other platforms to provide optimization capabilities. For instance, in
[51], SUMO is embedded within the TransitMo framework, which sup-
ports origin-destination demand modeling, traffic prediction, and be-
havior analysis.

AnyLogic is another notable software used. In [67] author proposes
a simulation model of the bus route using it, modeling passenger board-
ing and alighting, stop dwell time, boarding refusal probability, and pas-
senger waiting time cost. Furthermore, [65] integrates SUMO with Any-
Logic to enhance the simulation fidelity and allow for advanced traffic
light optimization strategies. In addition to traffic-focused tools like PTV
Visum [57] and Vissim [61], general-purpose simulation engines such
as MATLAB [62,68] and COMSOL [72] are also used-primarily for phys-
ical modeling in scenarios involving energy systems, battery dynamics,
and control mechanisms.

To complement these simulation capabilities, 3D modeling and im-
mersive visualization technologies—such as Unity [63,79,81]-are in-
creasingly integrated into DT frameworks. Unity, often combined with
live data streams, enables dynamic scenario simulation and virtual pro-
totyping within public transport environments. Similarly, platforms like
Snap4City [48] support smart city integration through web-based inter-
face, offering features such as IoT connectivity and 3D visualization.

Modeling architectural components is also a critical aspect of DT
development. In this context, FIWARE [83] serves as a robust open-
source framework to manage context information and integrate het-
erogeneous data sources, enabling high interoperability and scalabil-
ity. For example, in [56], FIWARE is employed to build a DT pub-
lic transport system using a multi-layer architecture that emphasizes
data interoperability. The implementation leverages FIWARE’s Smart
Data Models to ensure standardized and consistent data representation
across system components. Similarly, Eclipse Ditto [61] is an open-
source framework for managing digital representations of physical en-
tities through a unified digital twin abstraction, supporting real-time
synchronization, device connectivity, and scalable integration with IoT
platforms.

In terms of programming environments, Python is the dominant lan-
guage used in DT system implementations across studies [45,46,48,51,
56-58,75,76,79,80], due to its extensive ecosystem for data processing,
simulation, and machine learning. Many frameworks are built directly in
Python or use it as a glue language between simulation tools and analyt-
ical engines. Other languages such as C# [55], Java [61,69], JavaScript
[55,78], and Scala [52,74] are also used, but to a lesser extent.

Streaming technologies and pub/sub services also play a crucial role,
leveraging tools and protocols such as Kafka, MQTT, AMQP, and CoAP
to enable real-time, low-latency data exchange between devices and cen-
tral systems. For instance, Van Den Berghe[66] integrates Kafka into
the DT architecture for real-time streaming, monitoring, and forecasting
of passenger flows in public transport systems. Additionally, data pro-
cessing frameworks like Apache Spark [52,74] are employed to manage
large-scale data, particularly graph-based structures for transit networks
in real time, enabling fine-grained event tracking and forecasting.

Regarding data storage technologies, the studies show a preference
for NoSQL databases, particularly MongoDB [56,61,77]. Time-series
databases such as CrateDB [56], InfluxDB [61], and TimescaleDB [56]
are also mentioned. This preference is likely due to their flexibility and
scalability, which are well-suited for handling the large volumes of het-
erogeneous and time-series data commonly generated by devices in pub-
lic transport systems, such as passenger counters, vehicle telemetry sys-
tems, and environmental sensors.

Furthermore, blockchain has been explored as a supporting platform
in [70], which proposes a DT-as-a-Service model for decentralized mar-
ket interactions, such as service pricing negotiations. While still emerg-
ing, such approaches show promise for secure and transparent opera-
tions. Additionally, Prajapat et al. [80] presents a quantum-secure au-
thentication protocol for DT-based transportation systems, using quan-
tum key distribution and related principles to enhance communication
security between vehicles, DTs, and central authorities.



M. Andruccioli et al.

Table 9
Classification of DT type, with framework, and dataset used.
Framework Dataset
Type Open Scratch Open Closed
Simu-lation [45,51,65,75] [76] [65] [51,68,75,76]
Math model [51] [46,70,80] [46] [51,58,62]
Visua-lization [48,63] [55,79] [48,79] [63]
Data-driven [52,61,74] [52,61,74] [57,58]
Arch. model [56,61,66] [67,69,72,76-79,81] [61,66,79] [76]
Table 10
Classification of simulation usage within DT implementation.
Usage type Papers
DT [49,54,76]

Validation with simulation
Simulation only

[44,47,50,51,58,62,75]
[43,45,46,53,57,65,67,68,71]

To complement this analysis, we classified the reviewed DTs by type,
framework, and dataset openness (Table 9). The identified types include
simulation, mathematical, visualization, data-driven, and architectural mod-
els. Simulation DTs are often used for what-if scenarios, typically rely on
open-source tools (e.g., SUMO) but employ closed, non-public datasets
when studies use real-world data. Visualization DTs use 2D/3D and im-
mersive platforms (e.g., Unity) to support interactive exploration. Math-
ematical and data-driven DTs frequently depend on proprietary datasets
to optimize specific variables or validate hypotheses. Works on defin-
ing architecture for DTs sometimes leverage open frameworks, though
the majority propose novel architectures developed from scratch. While
most works use exclusively open-source technologies, a few studies em-
ploy commercial tools for targeted development phases like dataset ac-
quisition [57] or implement hybrid approaches combining open and pro-
prietary solutions [63,65].

The reviewed studies highlight a rich ecosystem of software tools,
frameworks, and platforms supporting DT development for public trans-
port systems. Tools like SUMO, AnyLogic, and Unity enable detailed
simulation and visualization, while platforms such as FIWARE support
integration and scalability. Python is widely adopted due to its versa-
tility in data handling and modeling. Additionally, real-time streaming,
and NoSQL/time-series databases demonstrate a clear focus on flexibil-
ity and responsiveness in managing complex and heterogeneous trans-
port environments.

4.3.3. Simulation and analysis

Simulation plays a central role in the development, validation, and
application of DT systems in public transport. Simulations are used to
replicate the behavior of physical systems under various operational
and environmental conditions. These simulation activities often serve
as a bridge between real-world data with virtual models to forecast
outcomes, evaluate performance, and test strategies. In the review of
the literature, we identify 19 studies within selected ones that incorpo-
rate simulation as part of their DT systems. However, it is crucial to
distinguish between traditional simulation approaches and true DT im-
plementations. While DT has become a widely adopted term in recent
literature, many studies claiming to develop DT systems actually imple-
ment enhanced simulations without the bi-directional synchronization
to physical systems and continuous real-time update loops that charac-
terize DTs. As shown in Table 10, our analysis reveals that among the
studies incorporating simulation, only few papers truly implement DT
functionality, while the majority employ either standalone simulations
or use simulation primarily for validation purposes.

A primary aspect of simulation in DT systems for public transport is
the scale at which the simulation is conducted, as it significantly affects
the level of detail, computational requirements, and the type of insights
that can be obtained. Traffic simulation can be broadly categorized into
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microscopic, mesoscopic, and macroscopic, models. Microscopic models,
used in studies [51,53,65,75], provide the most granular view by mod-
eling individual agents (vehicles, passengers) and their interactions in
high detail. These are ideal for evaluating traffic control strategies, pas-
senger behavior, or energy consumption patterns at the vehicle level.
Mesoscopic models strike a balance between detail and computational
efficiency by simulating individual vehicle movements or flows while
using simplified behavioral assumptions. Finally, Macroscopic models,
as demonstrated in [57], focus on aggregated system behavior, mod-
eling traffic flow or transit operations at a high level using statistical
or flow-based equations. The choice of simulation scale often depends
on the system’s objectives: strategic planning favors macro models, op-
erational optimization leans toward micro or hybrid approaches, and
mesoscopic models are chosen for scalable yet behaviorally rich scenar-
ios.

People and their travel patterns are central to the functioning and
design of public transport systems. Passengers behaviors not only in-
fluences system performances but also offers critical insights for data-
driven decision-making. The simulation of passenger behavior can be
conducted through various modeling approaches, depending on the
level of detail required and the specific aspect under investigation. For
example, in [67] authors employs a discrete-event, agent-based simu-
lation to model bus movements, passenger boarding and alighting, and
waiting times at stops, enabling detailed analysis of route efficiency and
service quality. In contrast, Chainikov et al. [57] utilizes a macroscopic
city transport model to examine how factors such as travel time and
transport mode affect passenger behavior at a broader scale. Instead,
simulations related to traffic, as seen in [43,47,65], focus on analyz-
ing flow and congestion patterns to support urban mobility decisions,
such as relocating bus stops, creating bus bays, or optimizing traffic
signal timing, with the aim of improving overall system performance.
Other works, such as [75,76], integrate real-time data to develop DTs
that support operational decisions during runtime, such as dynamic bus
rescheduling to mitigate disruptions and improve service reliability. It is
crucial to clearly define the objective of a simulation, which may range
from improving operational efficiency and service reliability [43,76],
to minimizing operational costs [44], or supporting strategic planning
[57,65].

Another aspect of simulation in DT systems for public transport lies
in modeling energy consumption, vehicle dynamics, and operational op-
timization. Several studies incorporate high-fidelity simulations to as-
sess and enhance the energy efficiency of electric and hybrid bus sys-
tems. For example, in [45], simulation involves detailed parameters
such as vehicle speed, weight, road gradient, and aerodynamic drag
to evaluate how operational choices-like bus stop distance-affect over-
all energy consumption. Similarly, other works [46,50,58] leverage DT
for the optimization of electric fleets, involving battery charging strate-
gies, also using solar energy. Simulations also address in-vehicle en-
ergy behavior: [49] models consumption in fuel-cell buses using Al-
enhanced predictions, while [62,68] explore physical properties like
traction torque and driving profiles to improve battery usage and regen-
erative braking. These simulation-based DTs not only forecast consump-
tion under variable real-world conditions but also inform intelligent con-
trol strategies and predictive maintenance (e.g., [54,71]). Such energy-
focused simulation efforts are essential for supporting low-carbon mo-
bility policies and ensuring the long-term sustainability and efficiency
of public transport systems.

In summary, simulation plays a key role in DT systems for public
transport, enabling detailed analysis, predictive modeling, and opera-
tional optimization. The reviewed studies employ a variety of simu-
lation scales and methods, from microscopic traffic models to macro-
scopic city-level evaluations, chosen according to specific system objec-
tives. Simulations also support applications such as energy management,
passenger behavior analysis, and real-time decision-making, highlight-
ing their importance in enhancing performance, sustainability, and re-
silience in bus-based transport systems.
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4.3.4. Discussion

The analysis of the literature reveals a highly fragmented technolog-
ical landscape for DT systems in public transport, particularly in bus-
based networks. While many systems share similar architectural goals-
modularity, scalability, and real-time operation-their implementations
vary widely.

To answer the RQ1, client-server models, multi-layered architec-
tures, and compute continuum paradigms (cloud-fog-edge) are all
present, but there is no common framework across all the studies. In-
stead, custom, ad hoc solutions dominate, often tailored to very specific
use cases and local constraints.

This diversity extends to the components and technologies em-
ployed. Modules such as real-time data ingestion, simulation engines,
and visualization dashboards are frequently included, but they are as-
sembled using a wide array of frameworks and tools, including SUMO,
AnyLogic, Unity, and FIWARE. The predominance of Python as a pro-
gramming language reflects its suitability for rapid prototyping and in-
tegration, but also underscores the absence of standardized platforms
or reusable software stacks. The use of NoSQL/time-series databases
and streaming platforms for real-time data handling further demon-
strates the technical variety, while experiments with technologies like
blockchain remain isolated and exploratory.

Such technological heterogeneity reflects the field’s immaturity.
There is no uniformity or consensus on best practices, reference archi-
tectures, or common frameworks. This limits the interoperability, repli-
cability, and scalability of DT systems, especially when trying to extend
or adapt solutions beyond their original context.

Nevertheless, this fragmentation is not entirely negative. The re-
viewed systems are largely problem-driven, aiming to address real op-
erational and planning challenges, such as traffic optimization, passen-
ger flow forecasting, or energy management. Although these tasks may
appear common, their implementation often reveals real-world con-
straints that necessitate ad hoc solutions. These application-specific re-
quirements often justify the use of tailored, non-standard approaches,
especially in the absence of mature, general-purpose DT frameworks for
public transport.

One consistent insight across studies is that effective DT development
is fundamentally data-driven. Most systems rely on existing operational
data, as adding new sensors or monitoring systems is often impractical
in the short term, particularly in large and complex transit networks.
The ability to leverage available data, whether from AVL, ticketing, or
external APIs forms the starting point for most DT initiatives, dictating
the scope, structure, and capabilities of the resulting system.

In sum, while the field currently lacks standardization and exhibits
a proliferation of technologies, it demonstrates a strong alignment with
real-world needs. Future efforts should aim to balance local customiza-
tion with shared design principles, moving toward more unified and
interoperable DT architectures without compromising the flexibility re-
quired to solve diverse and context-specific transport problems.

4.4. Integration of AI and ML in digital twin systems

To address RQ2, “How are Al and ML models integrated into DTs of
bus and similar transit systems, and what types of tasks do they support or
enable?”, we analyzed the selected studies according to three dimen-
sions: (1) the datasets used to train or support the models, (2) the algo-
rithms employed, and (3) the specific tasks these models are designed
to address within DT systems for public transportation. Just 17 studies
presented some information about the integration of Al and ML models
[42,46,47,49,50,52-54,56-59,66,73-76].

4.4.1. Dataset employed

The majority of studies integrate real-world operational data, pri-
marily sourced from public transportation systems, that include infor-
mation on passenger flow, bus locations, travel speeds, and service dis-
ruptions. This data supports applications such as demand forecasting,
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incident analysis, and route optimization [42,52,53,66,74,76]. While
others took advantage of specific operational datasets from universi-
ties [46,58] or transit agency logs related to charging behavior [50] or
electric bus usage [73]. Historical vehicle data, such as powertrain per-
formance, also contributes to predictive maintenance and energy con-
sumption modeling [54]. Synthetic datasets are occasionally employed
to simulate specific conditions or augment real data, often in combina-
tion with public data sources [52]. Finally, in some cases, the dataset
source is not specified [49], or not used in the context of conceptual or
architecture-focused studies [56,57,75].

4.4.2. AI and ML models and predictive task

The reviewed studies integrate a diverse range of AI and ML models
to support predictive and optimization tasks within DT systems. These
models serve functions such as forecasting demand, estimating energy
use, predicting traffic or transit conditions, and enabling simulation-
based decision support.

Predictive models for energy and powertrain performance were em-
ployed in multiple works. Gaussian Processes were used to predict en-
ergy consumption in electric university bus systems [46,58], while mod-
els such as KNN, RF, MLP, and Adaptive Neuro-Fuzzy Inference Sys-
tems supported powertrain fault prediction and fuel use estimation
[49,54,73]. Similarly, custom learning algorithms were developed to
forecast charge consumption and time-to-charge for electric buses [50].

Time-series and demand forecasting were addressed using models
like LSTM, ARIMA, and PROPHET to predict ridership or mobility de-
mand across urban areas [56,59]. LASSO regression was used for esti-
mating passenger arrivals at stops [66]. While traffic and transit state
prediction was tackled through various regression and ensemble mod-
els. LASSO, SVR, CART, and gradient boosting were used for bus line
speed prediction [52], while another study applied Random Forest to
estimate station load and incident durations [76]. Travel time estima-
tion and network load analysis were supported via MLP models [57],
and one study employed a Genetic Algorithm to optimize traffic simu-
lation configurations [75].

Multi-domain KPI prediction was explored using a comprehensive
suite of models-including LR, SVR, GBR, RF, and KNN-to predict indica-
tors related to air quality, mobility, and transit usage from city-wide data
[53]. Then, computer vision and simulation support was demonstrated
by a model based on ResNet18 for mesh reconstruction in 3D environ-
ments [47]. A few papers did not specify any ML model, despite address-
ing analytic tasks such as temporal pattern detection or speed prediction,
suggesting either manual or heuristic-based approaches [42,74].

4.4.3. Discussion

To answer RQ2, the analysis shows that AI/ML integration in DT sys-
tems for public transportation is primarily task-specific and data-driven,
supporting a range of predictive, diagnostic, and optimization functions.

The dataset analysis highlights a reliance on operational mobility
data, reflecting the data-intensive nature of DT systems. However, sev-
eral studies lack transparency regarding data provenance, granularity,
or preprocessing steps, which limits reproducibility. Moreover, the ab-
sence of data in some studies suggests that certain DT implementations
are still at an early or theoretical stage. To strengthen future research,
clearer documentation and broader access to high-quality, annotated,
and multimodal transit datasets are essential.

Moreover, the diversity of models reflects the heterogeneous nature
of tasks within DT systems, from energy and mobility forecasting to
anomaly detection and optimization. However, many studies rely on
classical or off-the-shelf models without detailed discussion of their se-
lection, tuning, or validation. Furthermore, deep learning remains un-
derutilized, and few works integrate multiple models into comprehen-
sive pipelines. Future work should emphasize comparative evaluations,
explainability, and integration into user-facing applications to enhance
interpretability and decision support in real-world transport contexts.
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Future research should move beyond isolated predictive modules
toward more integrated, transparent, and user-aware Al components
within DT systems. This includes the adoption of multimodal datasets,
more rigorous evaluation protocols, and a stronger emphasis on explain-
ability and human-in-the-loop configurations to improve both technical
performance and real-world usability.

4.5. The role of HCI in DT systems for public transport

To address the RQ3, “What is the role of HCI in DTs of bus and
similar transit systems, and how is user interaction designed or studied?”,
we analyzed the selected studies according to three dimensions: (1)
the user interfaces and interactions supported, (2) the design processes
underlying the development of these interfaces, and (3) the methods
used to evaluate user interaction. As anticipated in Table 3, out of
the 40 analyzed papers, only 11 exhibit at least one of these aspects
[47,48,53,55,61,63,66,76,78,79,81].

4.5.1. UI and interactions

Among the 11 papers, each one outlines the presented interface,
specifying the functionalities offered and the primary interactions de-
signed. The Uls in the analyzed DT systems for public transport vary
widely in form and complexity, reflecting the diversity of stakeholders
they aim to support, from operators and planners to citizens and policy-
makers.

Several systems employ interactive dashboards and map-based inter-
faces to facilitate real-time monitoring and decision-making [61,66,76]
and to simulate events such as rerouting buses and assess their pro-
jected outcomes in real-time [66]. Advanced visualization techniques
are used to enhance comprehension and support non-technical users,
such as multi-dimensional views of traffic scenarios [48,53]. While some
interfaces include 3D and VR environments to support immersive inter-
action for real-time vehicle inspection [47] or to explore urban areas
and simulate operational trade-offs [63,79,81]. Certain systems encour-
age citizen engagement by providing congestion data [78] while some
interfaces are designed specifically for transit personnel and supervisors
[55,76].

The reviewed systems generally utilize visually rich, map-centric
dashboards and increasingly incorporate multi-dimensional and immer-
sive environments. Interaction complexity ranges from basic monitoring
to advanced simulation and user input. Citizen-facing interfaces are less
common but indicate a growing awareness of non-operational users. De-
spite active development of HCI components in DT systems, their design
often prioritizes technical aspects over user-centered design.

4.5.2. Design process

Among the reviewed works, only [63] explicitly discusses the
methodology adopted during the design phase of the DT system. In this
case, the authors employed the Design Research Methodology (DRM),
a structured approach that emphasizes iterative development through
cycles of analysis, design, evaluation, and refinement.

This study highlights the value of aligning technical development
with user needs through iterative design and early stakeholder involve-
ment, a contrast to reviewed works lacking documented design pro-
cesses. This absence suggests an ad hoc or technology-driven approach
to user interaction design in many public transportation DT systems. De-
spite the complexity of human-system interaction, the limited adoption
of established HCI methodologies reveals a critical research gap, under-
scoring the need for a more systematic integration of design principles
to ensure system effectiveness and usability.

4.5.3. Evaluation of user interfaces

The evaluation of Uls within the reviewed studies is limited to
two studies [47,63] and primarily focused on system-level or design-
concept validation rather than on human-centered usability testing. In
[47], a Virtual Reality (VR)-based system was evaluated by engaging 10
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users, each tasked with performing 100 interactions within the immer-
sive environment. The evaluation regarded quantitative metrics, with
no qualitative feedback or usability metrics (e.g., user satisfaction). A
simulation-based approach is used also in [63] where target users as-
sessed the conceptual validity and the system effectiveness through the
EVOKE model. Similarly, just a quantitative analysis is carried out.
This tendency toward performance- and system-centric assessments
rather than comprehensive human-centered one fall short in capturing
user experience dimensions, highlighting a gap in the current literature.

4.5.4. Discussion

The analysis reveals that HCI plays a limited but emerging role in the
development of DT systems for public transportation. Interfaces com-
monly support visualization, monitoring, and scenario analysis through
dashboards, 3D/VR environments, and mobile applications. However,
most are technology-driven, with minimal grounding in established HCI
practices.

To answer RQ3, the role of HCI is primarily functional, enabling data
access and system control, rather than methodological. User interaction
is seldom shaped by structured design processes or evaluated with us-
ability metrics. Only one study [63] employed a formal design method-
ology, underscoring the broader absence of systematic HCI integration.
Key challenges include the lack of documented design processes and
user involvement, raising concerns about usability across diverse user
groups. Evaluations tend to be performance-focused, with little atten-
tion to user satisfaction or experience [84]. Nonetheless, some systems
show promise by enabling interactive simulations, user-generated data,
and multidimensional exploration [85,86]. These features suggest po-
tential for more participatory and inclusive platforms.

Future work should adopt structured HCI approaches such as partici-
patory design, co-design, and usability testing, to ensure that DT systems
are not only technically robust but also user-centered and effective in
real-world public transport contexts [87].

5. Implications and recommendations

The recommendations summarized in Table 11 outline a concrete
research agenda for advancing DT systems in bus-based public trans-
port. They emphasize the urgent need for standardization of architec-
tures and interoperability, scalable and secure data acquisition, and the
embedding of cybersecurity by design. Equally important are the defi-
nition of benchmarks for evaluation, the integration of AI/ML into real-
time operational contexts, the promotion of open datasets to ensure re-
producibility, and the systematic adoption of user-centered design pro-
cesses. Taken together, these directions provide a balanced roadmap
that addresses technical, methodological, and socio-technical dimen-
sions, ensuring that future DT for bus public transport solutions are ro-
bust, interoperable, and aligned with the needs of both operators and
passengers.

5.1. Limitations

While this SLR offers a structured synthesis of DT applications in bus
public transport, several limitations should be acknowledged. First, the
search strategy was explicitly based on the presence of the terms “digi-
tal twin”, “virtual twin”, “digital replica”, and “digital shadow” in titles,
abstracts, or keywords. As a result, relevant studies that employ simi-
lar concepts or technologies but do not explicitly use this terminology
may have been excluded. This could lead to an underrepresentation of
functionally equivalent systems that are not labeled as DTs.

Second, the review considered only peer-reviewed publications.
While this ensures a certain level of scientific rigor, it also excludes
non-peer-reviewed sources such as preprints, technical reports, white
papers, or project deliverables. These types of documents-especially in
a rapidly evolving and applied domain like smart mobility-may contain
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Implications and concrete recommendations for advancing DT research in bus-based public trans-

port systems.

Focus Area

Recommendations for Future Work

Reference Architectures

Interoper-ability and Standards

Scalable Data Acquisition

Embed cybersecurity by design

Evaluation and Benchmarks

AI/ML Integration

Open Datasets and Reproducibility

User-Centered Design Processes

Establish a standardized reference architecture and shared de-
sign patterns that explicitly cover data ingestion, model integra-
tion, simulation, and user interaction, ensuring comparability
across deployments.

Contribute to the definition of interoperability standards for
DT components, enabling seamless integration across heteroge-
neous vendors, transport modes, and urban infrastructures.
Define modular and scalable data acquisition components ca-
pable of integrating heterogeneous sources, including sensors,
vehicle telemetry, and crowd-sourced passenger data, while en-
suring data quality and reliability.

Incorporate robust security mechanisms and patterns into all
layers of DT systems, including secure data ingestion, encrypted
communication across IoT and cloud infrastructures, and access
control.

Define common performance benchmarks and evaluation met-
rics for DT systems in public transport, including latency, scala-
bility, and passenger satisfaction.

Advance the deployment of AI/ML beyond predictive analytics
to real-time control, adaptive scheduling, and optimization of
routes, explicitly integrating models with live data streams from
IoT infrastructures.

Promote the sharing of benchmark datasets for public transport
DTs, ensuring reproducibility of ML experiments and enabling
evaluation of training strategies that account for non-IID data
sources.

Establish systematic design and development methodologies
grounded in user-centered design, involving both operators and
passengers throughout the lifecycle to ensure usability, inclusiv-

ity, and trust in DT systems.

innovative or ongoing DT implementations that have not yet reached
formal publication but are still highly relevant.

Additionally, the scope of the study focused primarily on academic
literature, which may not fully capture industry practices, proprietary
systems, or pilot projects deployed by transit agencies and technology
providers. As such, the insights presented here reflect primarily the aca-
demic perspective and may not encompass the full range of develop-
ments in real-world DT applications.

Moreover, a further limitation lies in the uneven distribution of con-
tributions across the three Research Questions. Specifically, RQ1 was
addressed in 37 out of the 40 reviewed studies, whereas RQ2 and RQ3
received significantly less attention, with only 17 and 11 papers re-
spectively offering insights. This disparity reflects a broader imbalance
in the current research landscape, where system-level technical details
are more frequently described and documented than the integration of
AI/ML techniques or the design of human-centered interfaces. Conse-
quently, the findings related to RQ2 and RQ3 may be less comprehensive
and should be interpreted with this limitation in mind.

6. Conclusion

This SLR explored the state of the art in DT technologies applied
to public transport systems, with a particular focus on bus-based net-
works. Through a structured analysis of the existing literature, we in-
vestigated the prevailing architectural designs, technological compo-
nents and frameworks, the integration of AI/ML models, and the role
of HCI in DT systems. Our findings reveal a technologically diverse but
fragmented ecosystem, where a wide variety of architectures are used
to meet domain-specific requirements. Similarly, the choice of compo-
nents, simulation tools, and platforms is largely ad hoc and tailored to
individual cases, resulting in a lack of uniformity and standardization
across the field. This heterogeneity, while reflective of the early stage of
DT adoption in public transit, poses challenges for interoperability, scal-
ability, and applicability. On the positive side, these systems are often
built around available operational data, underscoring a pragmatic and
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data-driven approach to DT development. This is particularly crucial in
large and complex transport networks where retrofitting with new sen-
sors and infrastructure is not always feasible.

However, most of the reviewed works tend to focus on isolated as-
pects of DT systems, such as simulation or AI/ML, without addressing
the full spectrum of required elements, from architecture and data in-
tegration to real-time analytics and human-computer interaction. This
partial approach limits the development of truly holistic and integrated
DT solutions for public transport. To move toward more mature and in-
teroperable solutions, future research should focus on establishing ref-
erence architectures and standard components to guide system design
and improve interoperability, while also developing reusable, modular
frameworks to reduce reliance on bespoke implementations. Further ef-
forts are needed to deepen the integration of AI/ML in real-time control
and decision-making processes, enhance the role of HCI by adopting
user-centered design principles and rigorously evaluating usability, and
explore strategies for scalable data acquisition, especially in environ-
ments where sensor infrastructure is limited.
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Table A.1
Details of the reviewed papers, including Title and Publication Year.
Ref Title Year
[42] Unveiling Urban Mobility Patterns: A Data-Driven Analysis of Public Transit 2024
[43] Features of development of a digital twin of the transport system of an urban area using simulation modeling methods 2024
[44] Sustainable and robust route planning scheme for smart city public transport based on multi-objective optimization: Digital twin model 2024
[45] Introducing fine grained energy consumption variables into a public passenger transport simulation in SUMO 2024
[46] Towards a 24/7 Carbon-Free Electric Fleet: A Digital Twin Framework 2024
[47] Toward the Creation of a Digital Twin Authoring Tool: A Smart Mobility Perspective in Smart Cities 2024
[48] Implementing integrated digital twin modelling and representation into the Snap4City platform for smart city solutions 2024
[49] Digital Twin Framework for Powertrain Energy Consumption of Fuel Cell Electric Bus 2024
[50] Increasing Electric Vehicles Utilization in Transit Fleets using Learning, Predictions, Optimization, and Automation 2023
[51] Energy-efficient multimodal mobility networks in transportation digital twins: Strategies and optimization 2025
[52] Reasoning over time into models with DataTime 2023
[53] Enhancing Urban Sustainability: Developing an Open-Source AI Framework for Smart Cities 2024
[54] Advanced Powertrain Fault Diagnosis for Electric Buses: An IoV Approach 2024
[55] Using Applied Computing on Embedded Computers to Build Digital Twins in a Fog Computing Environment 2023
[56] A Digital Twin Architecture for Intelligent Public Transportation Systems: A FIWARE-Based Solution 2024
[57] Studying Spatial Unevenness of Transport Demand in Cities Using Machine Learning Methods 2024
[58] Optimal coordination of electric buses and battery storage for achieving a 24/7 carbon-free electrified fleet 2025
[591 Comparison of Time Series Forecasting for Intelligent Transportation Systems in Digital Twins 2024
[60] Towards an Urban Digital Twins Continuum Architecture 2024
[61] Integrating Citizens’ Avatars in Urban Digital Twins 2023
[62] A Digital Twinning Approach for the Internet of Unmanned Electric Vehicles (IoUEVs) in the Metaverse 2023
[63] Exploration of the Digital Twin for Prototyping the Product-Service System Design in a Bus Manufacturing Company 2024
[64] Deploying Digital Twins over the Cloud-to-Thing Continuum 2023
[65] Adaptive Traffic Signal Control for a Mixed Autonomous and Traditional Vehicles by Agent-Based Digital Twin Simulation 2023
[66] A processing architecture for real-time predictive smart city digital twins 2021
[67] Simulation Modeling of a Bus Route 2021
[68] Parameter Optimization and Tuning Methodology for a Scalable E-Bus Fleet Simulation Framework: Verification Using Real-World Data from Case Studies 2023
[69] Digital Twins at the Edge to Track Mobility for MaaS Applications 2020
[70] Digital Twin Consensus for Blockchain-Enabled Intelligent Transportation Systems in Smart Cities 2022
[71]1 Employing LIVE Digital Twin in Prognostic and Health Management: Identifying Location of the Sensors 2022
[72] Analysis of digital twin application of urban rail power supply system for energy saving 2021
[73] Digital-Twin-Driven Driving Range Prediction of Electric Vehicles 2023
[74] DataTime: A Framework to smoothly Integrate Past, Present and Future into Models 2021
[75]1 A Digital Twin for Bus Operation in Public Urban Transportation Systems 2023
[76] Architecture of a Public Transport Supervision System Using Hybridization Models Based on Real and Predictive Data 2020
[771 Modeling Urban Digital Twins over the Cloud-to-Thing Continuum 2022
[78]1 Digital Twin Configuration Method for Public Services by Citizens 2023
[79]1 GENOR: A Generic Platform for Indicator Assessment in City Planning 2022
[80] Quantum Secure Energy-Efficient Authentication Protocol for Digital Twins-Enabled Transportation Cyber-Physical Systems 2025
[81] Computer Vision-Based Method for Digital Twin Modelling in Railway 2024
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