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• Six key challenges in Mobility Digital Twin development
are identified from the literature, including interoperabil-
ity, adaptability, and automatability.

• A model-driven approach is introduced to structure MoDT
development through layered abstractions and automated
transformations via the developed M2DT tool.

• The approach is applied to a real case study for the city
of Bologna, using real-world traffic data and open urban
infrastructure datasets.

• The resulting BoMoDT platform integrates FIWARE and
SUMO, supporting simulation, monitoring, and visualiza-
tion of urban mobility conditions.

• Simulation fidelity and monitoring responsiveness are
quantitatively evaluated, confirming BoMoDT’s accuracy
and effectiveness.
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Abstract

Context. As cities grapple with increasing congestion, sustainability concerns, and the need for efficient mobility systems, Mobility
Digital Twins (MoDTs) have emerged as promising technology for improving urban transportation. However, the development of
MoDTs remains hindered by challenges such as structural complexity, data heterogeneity, lack of interoperability, and limited
support for scalability, maintainability, and adaptability.
Objectives. This work aims to address these barriers by introducing a structured and systematic engineering framework that
supports the design development of MoDT, reducing technical debt, development costs and human errors, while promoting long-
term evolution.
Methods. We propose a Model-Driven Engineering (MDE) approach that organizes the development of MoDTs through models
at different levels of abstraction and adopts automated transformations from high-level specifications to executable code artifacts,
supporting MoDT life-cycle.
Results. The proposed approach is validated through its application in developing a MoDT for the city of Bologna, Italy. To support
this, we introduce the M2DT tool, which automates the workflow from high-level models to software code artifacts. The resulting
BoMoDT platform is built using open-source technologies and real mobility data. This case study demonstrates the feasibility
and effectiveness of our approach, which, to our knowledge, is the first to apply a model-driven strategy for the entire MoDT
development. A qualitative evaluation confirms that our framework addresses key challenges in MoDT development. Quantitative
experiments further validate BoMoDT’s ability to accurately reproduce and monitor real urban mobility conditions.
Conclusion. The proposed approach offers a solid foundation for addressing MoDT development challenges. By combining
automation with structured abstraction, it improves adaptability and maintainability while enabling scalable integration, helping
make MoDTs more accessible for future urban system design.
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1. Introduction

As urban populations continue to grow, cities face increas-
ing challenges related to traffic congestion, environmental sus-
tainability, and the need for efficient transportation systems [1–
3]. Addressing these issues requires more than simply ex-
panding infrastructure; it demands intelligent, data-driven ur-
ban management that integrates advanced and emerging tech-
nologies [2, 4, 5]. In the realm of mobility, researchers and
policymakers are increasingly focusing on smart mobility so-
lutions [3, 6], which combine traditional transportation modes
like buses and trains with innovative approaches such as ride-
sharing, car-sharing, and multi-modal networks. By leveraging
cutting-edge technologies, these solutions enhance efficiency,
safety, and sustainability, creating a more effective urban trans-
portation system.
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Among the various technological advancements, Digital
Twin (DT) has become a key enabler of smart mobility improve-
ments [2, 6]. In the context of urban transportation, this concept
is referred to as Mobility Digital Twin (MoDT) [2]. A MoDT
is a dynamic, continuously updated digital model that repre-
sents traffic flow, vehicle interactions and human movement
within a city [2, 7]. It integrates real-world data and provides
feedback to the physical city, offering insights to human opera-
tors or autonomously executing control actions. By harnessing
this bidirectional data flow, MoDT facilitates advanced simula-
tion, analysis, and predictive modeling, enabling city planners
and mobility providers to optimize traffic management, make
data-driven decisions, anticipate congestion, enhance route ef-
ficiency, and reduce environmental impact [2, 8]. Furthermore,
MoDTs can support sustainability by lowering carbon emis-
sions and fostering scalable, adaptive, and eco-friendly urban
mobility systems [4, 7].

Designing and developing MoDTs presents significant chal-
lenges due to the complex and hierarchical nature of urban
ecosystems, requiring the composition of multiple intercon-
nected DTs representing different aspects of transportation [5].
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A notable example is Virtual Singapore1, where DTs for pub-
lic transport, autonomous vehicles, and many others are uni-
fied into a single twin system. Moreover, this composite struc-
ture introduces interoperability and scalability issues [9], as the
management of huge amounts of data, generated from mul-
tiple data sources, and their exchange across diverse infras-
tructures and models remains a major hurdle. MoDTs initia-
tives like Smart Dublin2 and Helsinki Smart Region3 [10] ex-
emplify these difficulties. Unlike DTs in controlled environ-
ments, MoDTs must operate in dynamic and unpredictable ur-
ban settings, posing challenges for long-term maintainability.
For example, in New York City4, MoDTs have been explored
for congestion pricing and traffic forecasting, but frequent in-
frastructure changes, evolving regulations, and data drift com-
plicate their maintenance. In this context, automated develop-
ment strategies that enhance adaptability to evolving urban con-
ditions can be highly beneficial, helping MoDTs remain effec-
tive and responsive over time [11, 12].

The identified challenges should be addressed through a
structured development approach that streamlines the design
and implementation of MoDTs. Such an approach can reduce
development costs, minimize errors, and maximize the benefits
of MoDTs, ultimately promoting wider adoption of the tech-
nology. Toward this end, in this paper we present three main
contributions:

• We introduce a Model-Driven Engineering (MDE) ap-
proach that establishes a systematic framework for MoDT
development. Our framework utilizes models to organize
software design across various levels of abstraction and em-
ploys automation to transform these models from high-level
specifications into executable code artifacts.
• We apply the proposed approach for the development of the

MoDT for the Italian city of Bologna. The M2DT (Model-
driven Mobility Digital Twin tool) has been developed for
supporting the entire process from analysis to operational-
ization. This contribution validates the feasibility and effec-
tiveness of the proposed approach in addressing the identi-
fied MoDT challenges.
• We deploy a fully operational MoDT, namely the BoMoDT

(Bologna Mobility Digital Twin) platform, built entirely on
open-source data and technologies. The simulation accuracy
and monitoring responsiveness are evaluated to assess both
the platform’s fidelity and effectiveness in fulfilling func-
tional objectives.

By promoting abstraction, automation, and reusability, MDE
helps align high-level system goals with low-level implementa-
tions, reducing errors, improving maintainability, and enabling
adaptability. These strengths make MDE particularly suitable
for managing the complex and dynamic nature of urban envi-
ronments. While model-driven approaches have been explored
in DTs for other domains (e.g., [13, 14]), to the best of our

1https://en.wikipedia.org/wiki/Virtual_Singapore
2https://smartdublin.ie/
3https://helsinkismart.fi/
4https://www.vu.city/cities/new-york

knowledge, this is the first work to adopt such an approach for
MoDT life-cycle, covering phases from specification to deploy-
ment and operationalization, and laying the groundwork for fu-
ture testing and maintenance activities.

The remainder of this paper is organized as follows. Sec-
tion 2 provides an overview of MDE and model transforma-
tions. Section 3 presents the motivation and reviews related
work. Section 4 introduces the proposed model-driven ap-
proach. Section 5 details its application in developing the
Bologna MoDT. Section 6 outlines the deployment and quanti-
tative evaluation of the BoMoDT platform. Section 7 assesses
how the proposed approach addresses the identified MoDT
challenges. Section 8 presents the conclusions and outlines
potential directions for future research. Finally, Section 9 de-
tails the available code and data, including selected paper anal-
ysis, and the open-source GitHub repositories of M2DT and
BoMoDT.

2. Background on Model-Driven Engineering

Model-Driven Engineering is a software development
paradigm where domain-specific models act as primary arti-
facts throughout the system life-cycle [15, 16]. These models
abstract domain knowledge and system functionality, allowing
stakeholders to reason at a higher level rather than with low-
level technical details [15]. Created collaboratively by prod-
uct managers, designers, developers, and domain experts, such
models enable automated system generation, validation, and
configuration [15, 17].

To formally define modeling languages and their structure,
MDE relies on the Meta-Object Facility (MOF) standard, intro-
duced by the Object Management Group (OMG) [18]. MOF is
based on a four-layer architecture: at the highest level, the M3
layer defines meta-metamodels, which include the MOF itself.
The M2 layer defines metamodels such as the Unified Modeling
Language (UML), specifying the constructs and rules of mod-
eling languages. The M1 layer consists of models created using
these metamodels, such as UML class diagrams. At the base,
the M0 layer represents real-world instances described by those
models. This hierarchy ensures consistency and tool interoper-
ability. Recent advancements in MDE field brought to multi-
level modeling, which allows elements to act simultaneously as
types and instances across abstraction layers, enhancing reuse
and flexibility, valuable in complex domains like DTs [19, 20].

Apart from model definitions, MDE is based on the model
transformation, i.e., the mechanisms that systematically maps
elements between models to support refinement and evolu-
tion [21]. These transformations maintain traceability and
consistency, and fall into two main types: model-to-model
(M2M) transformations, which shift between abstraction layers
or views; and model-to-text (M2T) transformations, which gen-
erate code or configuration from models [15]. Transformations
may be specified in declarative languages (e.g., ATL, QVT) or
general-purpose languages.

Among the various methodologies within the MDE
paradigm, this work adopts the Model-Driven Architecture
(MDA) framework, standardized by OMG [22], due to its clear
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separation of concerns, support for abstraction, and strong in-
dustrial recognition [15, 17, 23]. MDA structures develop-
ment across four layers: the Computation-Independent Model
(CIM) defines business context and requirements; the Platform-
Independent Model (PIM) specifies system functionality inde-
pendent of technology; the Platform-Specific Model (PSM) re-
fines the PIM with platform details; and the Implementation-
Specific Model (ISM) defines deployable artifacts. This organi-
zation enhances traceability, reuse, maintainability, and scala-
bility throughout the development process.

3. Motivation and Related Work

In this section, we first describe the key challenges that act as
major barriers to the design and development of MoDTs, identi-
fied through a literature analysis. We then review some related
work on the adoption of model-driven approaches for DT de-
velopment to highlight their key contributions and limitations.

3.1. Motivation
Although MoDTs hold the potential to revolutionize urban

planning, traffic management, and policy-making by provid-
ing data-driven insights to tackle congestion, sustainability, and
transportation resilience, their design and development face sig-
nificant challenges that hinder widespread adoption. These
challenges stem from various technical and operational barri-
ers [2, 4]. Table 1 outlines some of the key challenges reported
in the related literature that we identified by means of an op-
portunistic literature review. While not exhaustive, the chal-
lenges’ list is grounded in the selected studies and reflects the
main barriers currently affecting the development and adoption
of MoDTs.

To conduct the review [34], on January 2025 we performed
a search on IEEE Xplore5, ACM Digital Library6, and Sco-
pus7 using the query8: “Digital Twin” AND (“Urban Mobil-
ity” OR “Urban Transportation”). Since a detailed literature
review is beyond the scope of this paper, we provide only a
brief overview of the process. The initial search yielded 444
manuscripts, published between 2017 and 2024, comprising
peer-reviewed journal articles and conference proceedings.

Manuscripts were excluded if they met any of the following
criteria: (i) not related to urban mobility or transportation; (ii)
not focused on DTs architecting or engineering; (iii) not related
to DTs, but addressed general simulation; or (iv) were not
primary studies, or were secondary studies lacking a scientific
proposal. Only manuscripts that met none of these exclusion
criteria were selected, resulting in a final set of 11 papers.. To
reduce selection bias and capture additional relevant work [35],
we applied backward and forward snowballing techniques [36],

5https://ieeexplore.ieee.org/
6https://dl.acm.org/
7https://www.scopus.com/
8Google Scholar was excluded to ensure the inclusion of only high-quality,

peer-reviewed sources. Web of Science was omitted due to its broad interdis-
ciplinary scope, which may reduce the focus required for a domain-centered
review.

which led to the inclusion of 7 more papers, bringing the
total to 18 selected studies. Readers interested in the search,
selection and manuscripts’ analysis can refer to the replication
package available at: https://docs.google.com/spreadsheets/
d/1hNPAHboFAdLjr3NsHmt4lbSlIULCiWyF/edit?usp=sharing&ouid=
110130922453565990010&rtpof=true&sd=true.

C1—Composability refers to the structured integration of
lower-level DTs, which represent specific mobility compo-
nents, into higher-level DTs that represent the broader city sys-
tem [24]. As illustrated in Figure 1, a MoDT is designed
as a Digital Twin Composite [26, 37]: lower-level DTs, such
as those modeling traffic flow, public transportation, and ride-
sharing services, are seamlessly integrated into a higher-level
DT, i.e., the MoDT. Furthermore, the concept of composition
can be extended to the entire urban landscape, where a MoDT,
which is the mobility-centered DT, combined with twins of en-
ergy, weather, and other urban aspects, forms an Urban Dig-
ital Twin (UDT). The UDT provides a comprehensive digital
replica of the (smart) city, i.e., the physical city augmented by
digital technologies and services that the DT seeks to monitor
and control [27].

Figure 1: Mobility Digital Twins structure.

C2—Interoperability enables MoDTs to seamlessly interpret,
integrate, and exchange heterogeneous mobility data across di-
verse infrastructures while ensuring consistency and clarity.
Mobility data come from multiple sources, such as traffic mon-
itoring sensors, GPS tracking systems, public transportation
networks, surveillance cameras, urban planning models. As a
MoDT is composed of multiple application-specific DTs, these
constituent DTs often act as data providers, for example ride-
sharing companies can supply vehicle usage data. Similarly, the
UDT may offer inputs, such as weather conditions or infras-
tructure status, which can be essential for AI-driven services
within the MoDT. Conversely, the MoDT can supply real-time
mobility insights back to the UDT. This dynamic exchange
of data across multiple systems and providers highlights the
need for robust interoperability [38], not only at the data level
but also across services, interfaces, and models. Achieving
the composite structure of MoDTs (and UDTs) therefore de-
mands harmonization among independently developed compo-
nents [9, 28, 30].
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Table 1: Key Challenges of Mobility Digital Twins identified from literature.

ID Name Description Refs
C1 Composability The ability of a MoDT to integrate lower-level DTs within a unified system. [1, 2, 4, 5, 7, 9, 24–26]
C2 Interoperability The capacity of MoDT to accurately interpret, integrate, and exchange heterogeneous mobility data across various infras-

tructures while maintaining consistency and clarity.
[5, 7, 9, 24, 27–31]

C3 Scalability The ability of MoDT to efficiently manage increasing volumes of data and demands, while ensuring computational effi-
ciency, responsiveness, and interoperability.

[1, 2, 4, 5, 7, 24, 32]

C4 Adaptability The capability of MoDT to dynamically adjust to evolving infrastructure, sensor networks, and traffic conditions while
preserving operational stability.

[2, 9, 11, 12, 28, 31, 33]

C5 Maintainability The ease with which MoDT can be modified, updated, and extended to accommodate changes without compromising
functionality or structural integrity.

[4, 11, 24, 29]

C6 Automatability The degree to which MoDT development processes can be automated to improve efficiency, minimize errors, and enhance
system evolution over time.

[4, 11, 12, 28]

C3—Scalability refers to the ability of MoDTs to manage in-
creasing demands in terms of real-world data volume, compu-
tational load, service interactions, while preserving computa-
tional efficiency, responsiveness, and seamless integration. Un-
like DTs in controlled settings like manufacturing, where con-
ditions remain stable and predictable, MoDTs function within
dynamic, heterogeneous, and continuously evolving urban en-
vironments. As they grow in scale, they must handle huge in-
coming data, user interactions, simulation workloads, and co-
ordination between distributed components. Ensuring scalabil-
ity is therefore essential to accommodate rising data flows and
service demands while maintaining performance and interoper-
ability in ever-changing urban landscapes [1, 4].
C4—Adaptability is MoDTs’ capability to dynamically re-
spond to changes in infrastructure, sensor networks, and traffic
conditions while maintaining operational stability. To remain
effective, MoDTs must quickly adapt to external shifts, often
within short cycles, without requiring extensive re-engineering
or disrupting ongoing operations. As urban environments
evolve, MoDTs may need to incorporate new sensors, adjust
parameters, or update models to accurately reflect real-world
conditions, making adaptability a crucial aspect of their devel-
opment to ensure continuous alignment with shifting urban dy-
namics [11, 12].
C5—Maintainability represents the ease with which MoDTs
can be modified, updated, and extended while preserving func-
tionality and structural integrity. Given their complexity, long-
term sustainability depends on efficient modification and de-
bugging processes to prevent system degradation. Ensuring
maintainability allows MoDTs to evolve seamlessly while pre-
venting the accumulation of technical debt, which can other-
wise lead to increased operational costs and inefficiencies [28].
Well-defined maintainability strategies enhance the reliability,
scalability, and adaptability of MoDTs over time, minimizing
disruptions and optimizing overall system performance [4].
C6—Automatability refers to the extent to which MoDT de-
velopment processes can be automated to enhance efficiency,
reduce errors, and support continuous system evolution. Given
the dynamic nature of urban environments, automatability plays
a critical role in streamlining engineering workflows, mini-
mizing manual intervention, and improving overall accuracy
throughout the development pipeline [11, 12]. Automation also
reinforces adaptability to changing requirements while preserv-
ing structural integrity, system stability, and long-term main-

tainability. Furthermore, automated workflows improve trace-
ability, allowing seamless propagation of modifications across
interconnected components. By embedding automation into
MoDT engineering, development cycles become more efficient,
scalable, and resilient, aligning with the increasing complexity
of urban mobility systems.

While some of these challenges can be shared with DTs of
other systems, they manifest in unique ways in the context of
MoDTs, such as the integration of vast and heterogeneous ur-
ban data sources, and coordination across diverse spatial and
organizational scales [5]. These domain-specific factors sig-
nificantly increase both the technical and operational complex-
ity of MoDT development, as previously discussed, and con-
tinue to impede their adoption. Consequently, the full potential
of MoDTs to improve urban transportation systems, and more
broadly to support the creation of smarter and more resilient
cities, remains largely untapped. Addressing these challenges
requires a comprehensive, end-to-end approach throughout the
MoDT life-cycle, aimed at fostering innovation, simplifying de-
velopment, and ultimately enabling more intelligent and adapt-
able urban mobility solutions.

3.2. Related Work

This work addresses the challenges C1 to C6 in the design
and development of MoDTs through a structured and system-
atic model-driven approach. To demonstrate its applicability,
the proposed approach is adopted in the development of the
Bologna MoDT, validating its feasibility and effectiveness in
tackling the identified challenges.

Despite the existence of standardized DT architecture in
manufacturing [39, 40] and even though previous studies have
explored the DTs engineering and architecting through model-
driven methodologies across various domains, they primarily
focus on specific aspects of twin development, such as mod-
eling and simulation [41, 42], human interaction and interfac-
ing with DTs [13, 43, 44], scenario evolution in industrial ap-
plications [14, 45] and code generation [46–48]. For exam-
ple, Muñoz et al. [43] proposed an MDE framework that inte-
grates UML and Object Constraint Language to define behav-
ioral models while leveraging a data lake for bidirectional in-
teraction between physical and digital components. Similarly,
Lehner et al. [45] employed fluent APIs within an MDE ap-
proach to manage DT evolution alongside changes in physical
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systems. However, by concentrating on some phases of DT de-
velopment, these studies lack a holistic, end-to-end perspective,
leading to solutions that struggle in addressing challenges and
complexities that arise throughout the entire DT life-cycle.

Furthermore, many existing solutions rely on proprietary or
highly customized DT development frameworks. For example,
Michael et al. [47] applied MDE with the MontiGem code gen-
eration framework to develop low-code DT platforms. Simi-
larly, Dalibor et al. [44] employed an MDA approach to de-
velop DT interfaces, utilizing MontiArc and MontiGem for au-
tomated code generation. However, these studies do not explore
the integration of existing DT platforms such as Eclipse Ditto9,
Azure Digital Twins10, and FIWARE11 [49], resulting in use
case specific solutions, which hinder their reusability, adapt-
ability and modifiability, while increasing development com-
plexities and costs.

To the best of our knowledge, none of the existing ap-
proaches offers a comprehensive model-driven solution that
spans DT development from initial specification to full de-
ployment and operationalization. Moreover, rather than intro-
ducing yet another specialized DT framework, our approach
builds upon and integrates existing technologies, leveraging
their strengths to create a more adaptable and reusable solu-
tion. In particular, we chose FIWARE, a widely adopted open-
source platform for DT development, and Eclipse SUMO, a
well-established urban traffic simulator, as the target technolo-
gies for the implementation of our case study. To summarize,
our work complements existing research by providing a con-
crete example of how a model-driven approach can be used to
effectively enhance MoDT development. Moreover, as it will
be discussed in Sec. 7, the proposed approach helps address the
previously identified challenges, thus strengthening the overall
effectiveness of the obtained MoDT solution.

4. Model-Driven Approach for Developing MoDTs

This section introduces the proposed model-driven approach
for designing and developing MoDTs. As anticipated in Sec. 2,
we adopt a Model-Driven Architecture framework organized in
four modeling layers. Each level plays a distinct role, guiding
the progression from high-level context and requirements to ab-
stract system design, through platform-aware refinement, and
ultimately to the generation of executable code artifacts. Our
goal is to adopt an approach that easily supports the MoDT de-
velopment: like other DTs, a MoDT is a software system, and
its life-cycle follows classical software and systems engineer-
ing phases, adapted to the urban mobility domain. Therefore,
it begins with the analysis of domain-specific MoDT require-
ments and available data sources, followed by the architectural
design. MoDT development involves implementing this design
using suitable technologies and programming languages. After
deployment and integration into the operational environment,

9https://eclipse.dev/ditto/
10https://azure.microsoft.com/en-us/products/

digital-twins/
11http://fiware.org/

testing and validation ensure correct system behavior, while
maintenance supports continuous updates in response to evolv-
ing policies, infrastructure, or data.

By enabling a systematic refinement from abstract require-
ments to executable code through model transformations, MDA
provides methodological support for all standard phases of soft-
ware development and thus is well-suited for MoDT develop-
ment, facilitating traceability across phases, supporting testing
and simplifying maintenance [15]. Figure 2 illustrates the activ-
ity diagram which maps the four modeling levels to the different
steps with required inputs and models produced at each stage.
Each modeling level is detailed in the following paragraphs.

Computational Independent Level. This is the highest level
of abstraction, defining the system context, requirements, and
objectives without considering computational constraints, re-
sulting in the CIM model [15]. As illustrated in Fig. 2, our
approach employs a dual-domain analysis to clearly distinguish
between the twin system and its application environment.

The Digital Twin analysis aims to define the core structure
and functionalities of the Digital Twin, independently of any
specific application domain. It takes as input specifications de-
rived from sources such as informal descriptions, requirement
documents, user stories, and use case diagrams. These typ-
ically include domain-independent capabilities such as main-
taining synchronization with physical counterparts, enabling
bidirectional communication, supporting runtime monitoring
and control, and ensuring data consistency across digital com-
ponents [50, 51], which represent general DT requirements ap-
plicable across domains, therefore independent of mobility or
any specific application area.

The output of this step is the Digital Twin model, a concep-
tual representation that formalizes the key elements of a DT and
their relations. These elements may include components re-
sponsible for managing bidirectional synchronization between
the physical and digital spaces, as well as elements supporting
modeling and simulation. The interactions are captured through
defined relationships among these elements, such as data flows,
control dependencies, or coordination mechanisms.

In parallel, the mobility domain analysis is carried out to de-
fine the structure of the urban mobility system that the Digital
Twin will replicate. Input specifications may include require-
ments that define aspects such as strategies for sensor deploy-
ment or the implementation of traffic control rules. User stories
can reflect stakeholder needs, such as a traffic engineer evalu-
ating congestion during peak hours or a city planner examining
the impact of different traffic signal configurations [1, 2]. These
inputs are analyzed for designing the mobility models, which
represents the physical infrastructure of the real-world urban
environment.

By distinguishing these two analyses, the proposed approach
ensures a clear separation between domain-expert knowledge
provided by mobility specialists, who are typically well-versed
in the operational domain but not in DT systems, and the techni-
cal expertise of DT specialists, who focus on the overall DT sys-
tem requirements. This structured differentiation allows each
aspect to be specified independently while laying the ground-
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Figure 2: Model-Driven Architecture for MoDTs.

work for their seamless integration in subsequent modeling
phase.

Platform Independent Level. This level defines the struc-
ture of the application without being tied to a specific imple-
mentation platform, resulting in a Platform Independent Model,
which maintains a sufficient level of abstraction to allow map-
ping to one or more concrete implementation platforms [15].
As shown in Fig. 2, this level involves a model-to-model trans-
formation activity that takes as input the DT model, the mobil-
ity model, and the set of transformation rules that guide their
integration.

The resulting MoDT model unifies the Digital Twin sys-
tem definition and the mobility system description, providing
a comprehensive representation of the MoDT structure while
maintaining platform independence. For instance, the MoDT
model may define which elements of the physical environment
are digitally represented, such as roads, intersections, traffic
signals, and vehicles, as well as the DT services provided, in-
cluding traffic state monitoring, vehicle tracking, mobility data
visualization, and simulation-based analysis of vehicle move-
ments [1, 4].

Platform Specific Level. This level defines a model that incor-
porates all necessary details about the application’s structure
on a specific platform, providing developers with the informa-
tion needed to generate executable code [15]. As depicted in
Fig. 2, this stage involves another model-to-model transforma-
tion, which takes as input the MoDT model, a set of transfor-
mation rules, and the platform specifications. The output is the
platform specific MoDT model, which tailors the mobility DT
system to the selected platform(s), ensuring alignment with the
targeted infrastructure and operational environment.

For example, the PSM model can introduce concrete tech-
nical details of a specific traffic simulator, such as Eclipse
SUMO, PTV Vissim, or MATSim, or the visualization frame-
works, such as CesiumJS for 3D city mapping. Additionally,
the model may define how vehicle telemetry data are ingested
using MQTT brokers, how traffic events are processed through
a stream processing engine in compliance with high-level re-
quirements, and how data flows are managed across the plat-

form components.
Implementation Specific Level. The final stage of the ap-
proach focuses on generating the Implementation Specific
Model, which consists of code artifacts written in a program-
ming language to produce executable software. This step in-
volves a model-to-text transformation, which takes as input the
platform specific MoDT model along with transformation rules
adapted to the selected programming language. The resulting
MoDT code artifacts can undergo further refinement before be-
ing deployed.

5. The Bologna MoDT Case Study

This section describes the application of the proposed ap-
proach for the development of Bologna MoDT. In particular,
Sec. 5.1 provides an overview of how we carried out the differ-
ent steps of the MDA approach by distinguishing among man-
ual and automated activities, performed by means of the Model-
driven Mobility Digital Twin (M2DT) tool, developed ad-hoc
for enabling model transformations devised by the approach.
Sections 5.2 to 5.5 discuss in detail each modeling level and
the corresponding rules defined for automated transformations,
progressing from high-level models to concrete implementation
artifacts. Throughout the steps, UML class diagrams were cho-
sen to represent both input and output models. These diagrams
focus on structural elements and inter-class relationships, and
do not include attributes or methods, in order to maintain con-
ceptual clarity and reduce visual complexity.

5.1. Implementing Bologna MoDT
As anticipated, the model-driven approach for MoDTs, illus-

trated in Fig. 2, was applied to the Bologna case study through
a combination of manual and automated activities. At the CIM
level, the devised domain analyses, which result in the design of
the DT CIM and Bologna mobility models, were manually car-
ried out due to the nature of their respective data sources. The
DT domain analysis draws upon our previous research work on
DT architectures, as detailed in Sec. 5.2. In contrast, Bologna
model is based on open-source mobility data, which required
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Figure 3: M2DT tool.

manual interpretation and structuring to accurately capture the
city mobility context.

At the PIM and PSM levels, two model-to-model trans-
formations, refining the CIM into a platform independent
model (CIM2PIM), and transforming the PIM into a plat-
form specific model (PIM2PSM), were automatically exe-
cuted using our M2DT tool available at: https://github.
com/alessandrasomma28/m2dt. We developed the M2DT tool in
Python to enhance usability and maintainability, particularly
for developers and DT practitioners who may not have ex-
pertise in specialized model transformation languages. This
choice ensures that M2DT remains lightweight and easily ex-
tensible, enabling rapid customization of transformation rules
and straightforward integration with deployment and simula-
tion workflows. By leveraging Python’s extensive ecosystem
of libraries, the tool simplifies the transformation process and
better supports rapid prototyping and iterative development in
real-world scenarios.

Figure 3 illustrates the sequence of activities involved in
M2DT. Since both transformations follow the same workflow,
the figure presents the steps only once to avoid redundancy,
while highlighting the different inputs for each case. The
M2DT tool executes four main steps:
1. Source Model Generation: The source model is converted

into an eXtensible Markup Language (XML)-based rep-
resentation. Depending on the transformation, the source
model can be either the CIM or the PIM.

2. Model Parsing: From the XML representation, the tool ex-
tracts all elements and relationships, organizing them into
structured lists that represent the source model’s compo-
nents.

3. Rule Execution: Based on the transformation type, the ap-
propriate set of rules is applied to convert the source ele-
ments and relationships into target elements and relation-
ships.

4. Target Model Generation: Finally, the transformed elements
and relations are assembled into a new XML file represent-
ing the target model. This model, which can be the PIM or
the PSM, can be visualized in any tool that supports XML-
based visualization of UML class diagrams.

As explained, the tool operates by taking as input a source

model along with a set of transformation rules, implemented
as Python functions, and produces the corresponding target
model as output. While this implementation is based on Python
for simplicity and extensibility, it does not constrain the gen-
eral applicability of the approach. On the contrary, develop-
ers can either reuse the M2DT tool directly by providing new
source models, or alternatively, they can adapt the tool by re-
implementing the transformation rules in other languages, such
as ATL or general-purpose programming languages like Java,
depending on the specific requirements of the use case.

Finally, at the ISM level, the Model-to-Text transfor-
mation activity was automatically executed to generate
implementation-specific artifacts from the platform specific
model. This PSM2ISM transformation is carried out using the
code generation tool integrated in Visual Paradigm12, the mod-
eling software used in our case study to visualize UML dia-
grams.

5.2. Computational Independent Level
This section presents the models developed at the computa-

tion independent level, derived from two separate domain anal-
yses. While these activities are described in sequence, they are
completely independent processes. Each begins with distinct
specifications and can be carried out in parallel by domain ex-
perts within their respective areas of knowledge.
DT domain analysis. This activity builds on our earlier work
on designing DT architectures [49], in which we performed a
systematic review of state-of-the-art DT solutions to identify
the most frequently used architectural elements and their inter-
connections. These findings guided the design of TwinArch,
a Digital Twin Reference Architecture, organized into multiple
architectural views13. The architecture was validated through
an online survey with DTs experts from both academia and in-
dustry.

Based on this structured design and validation process, we
selected one specific TwinArch view, modeling DT domain en-
tities using an UML class diagram, as the foundation for our ap-
proach. The extracted diagram defines the Digital Twin CIM

12https://www.visual-paradigm.com/
13An architectural view refers to specific subsets of system elements and their

relationships, tailored to address the concerns of particular stakeholders [52].
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Figure 4: Digital Twin CIM from [49].

and is shown in Figure 4. At its core is the distinction between
the PhysicalTwin, representing the real-world system, and its vir-
tual counterpart, the DigitalRepresentation. The digital represen-
tation is specialized into two main types. The DigitalShadow
captures temporal data reflecting the physical system state over
time, enabling anomaly detection, historical analysis, and state
monitoring. The DigitalModel encodes behavioral logic, sup-
porting simulation, prediction, and scenario analysis. Multiple
instances of each can coexist and are managed by the Shadow-
Manager and the ModelManager, respectively. Their coordina-
tion is handled by the TwinManager, which aligns data-driven
and behavior-driven components.

The ServiceManager handles high-level operations such as
monitoring, prediction, and analysis. When one or more DT-
based services require interaction with the physical system,
the service manager communicates with the FeedbackProvider,
which generates alerts, events, and control commands directed
towards the physical environment. Bidirectional communica-
tion is managed by the DataProvider and the DataReceiver, re-
sponsible for collecting data from the physical world and deliv-
ering feedback to it, respectively. These are supported by the
two adapters, the P2DAdapter which handles physical-to-digital
data flow, and the D2PAdapter that manages digital-to-physical
communication. The number of adapters depends on the spe-
cific requirements of the real world context. For example, an
adapter may be defined for each category of data provider, or
multiple adapters may be required for providers of the same
type, such as sensors from different manufacturers that expose
distinct interface protocols. Finally, the DataManager oversees
data aggregation, storage, and retrieval, supported by the Data-
Model, which defines the structure of exchanged data and en-
sures interoperability.

Mobility domain analysis of Bologna. This step was manually
carried out using available mobility-related data for Bologna, a
mid-size city in Italy’s Emilia-Romagna region. Bologna has
implemented various initiatives to enhance urban mobility and
sustainability, such as the Città 30 project14, which enforces a
city-wide speed limit of 30 km/h, and the Bologna Open Data

14https://www.bolognacitta30.it/

platform15, which provides access to traffic-related datasets.

Figure 5: Bologna Mobility CIM: classes marked in blue represent functional
abstraction of domain-related entities.

The primary dataset used in this analysis includes traffic flow
measurements collected by a network of induction loop detec-
tors, which have been operational since 2019 and are distributed
throughout Bologna’s road network. Each record contains tem-
poral information (such as date, time, and day of the week),
spatial details (including road name, traffic direction, and ge-
ographic coordinates), and vehicle count data. Since informa-
tion about the actuation components of the traffic infrastructure
(e.g., traffic lights) is not publicly available, we relied on the
dataset provided in [53]. This dataset, released by Bologna mu-
nicipality for simulation purposes, includes the geographic lo-
cations and control logic of actual traffic lights.

Based on these data sources, we identified the key enti-
ties involved in traffic monitoring and control within the city.
These were then abstracted into a computation independent
model, represented as UML class diagram illustrated in Fig-
ure 5. White classes represent domain-specific elements di-
rectly derived from the data, while blue classes are meta-classes
that describe their abstract functional roles within the mobility
context. Class named Bologna models the real city and is com-
posed of multiple Road instances, each subdivided into one or
more RoadSegment elements. Traffic data are collected through
312 TrafficLoop sensors installed on road segments, while traffic
flow is managed by 140 TrafficLight actuators located at intersec-
tions.

15https://opendata.comune.bologna.it
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Figure 6: Bologna MoDT PIM: red classes and relations represent rule CPR2 outcome.

Each domain element is linked to meta-classes that reflect its
functional abstraction. Bologna is associated with RealCity, rep-
resenting the physical urban environment being modeled. The
infrastructural components (roads, segments, traffic loops, and
traffic lights) are all categorized as PhysicalEntity, as they repre-
sent tangible elements of the urban space. Additionally, Traffi-
cLoop plays the role of a Sensor, since it captures traffic data,
and a TemporalEntity, given its time-dependent measurements.
TrafficLight is also modeled as an Actuator, as it controls vehicle
movement by enforcing signal logic.

5.3. Platform Independent Level

This section describes the Bologna MoDT model, which re-
sults from the CIM2PIM transformation performed at the plat-
form independent level. This activity is carried out by the
M2DT tool, which takes as input the DT and Bologna CIM
models, along with the set of CIM2PIM transformation rules,
and produces the target PIM model. To ensure clarity, we
first present the output of the transformation, i.e., the Bologna
MoDT PIM, before introducing the transformation rules we de-
fined. This structure avoids confusion and allows readers to
understand the PIM entities before encountering the rules that
produce them, making the role and purpose of each rule easier
to follow.

Figure 6 shows the resulting Bologna MoDT PIM, where
the BolognaPhysicalTwin class represents the real-world Bologna
city, abstracted by the DigitalRepresentation serving as the vir-
tual counterpart. In line with the already discussed DT model,
the digital representation is composed of two complementary
entities: shadows and models. The shadow instances, such
as RoadShadow and TrafficLoopShadow, capture time-dependent
traffic data relevant to the Bologna context. Meanwhile, the
digital model is specialized into digital counterparts of physical
entities identified in the Bologna CIM, namely, DigitalRoad, Dig-
italRoadSegment, DigitalTrafficLoop, and DigitalTrafficLight. These
represent the structural and behavioral aspects of the urban in-
frastructure. The coordination of the digital representations is
managed by the shadow and model managers, with overall or-
chestration handled by the TwinManager, ensuring integration
between data-driven and model-driven perspectives.

Bidirectional communication between the physical and digi-
tal spaces is implemented based on the sensor and actuator roles
defined in the Bologna CIM. The TrafficLoopProvider captures
traffic data from induction loops, while the TrafficLightReceiver
delivers control commands to traffic lights. These interfaces are
connected through the adapters, which ensure seamless data ex-
change in both directions. Data consistency and storage are
managed by the DataManager, in conjunction with the Data-
Model. Finally, high-level MoDT services, such as monitoring
and control, are handled by the ServiceManager, while feedback
mechanisms are encapsulated in the FeedbackTrafficLight class,
enabling the system to respond to dynamic traffic conditions.

CIM2PIM Transformation Rules. To automate the transfor-
mation of computation independent entities and relations into
the Bologna MoDT model described above, eight CIM2PIM
transformation rules have been defined. General rules are de-
fined in Table 2, which reports their identifiers, names, objec-
tives, required CIM input entities, and corresponding PIM out-
put entities. The application of these rules to the Bologna case
study is detailed in Table 3, which specifies the actual CIM en-
tities provided as input and the resulting MoDT entities pro-
duced as output. It is important to note that although both
tables list only the involved classes, the transformation rules
and their implementation in the M2DT tool also account for the
relationships among entities, including compositions, aggrega-
tions, and usage dependencies.

Rule CPR1, named mapToPhysicalTwin, is designed to map
each real-world city entity to its corresponding physical twin
class in the PIM. This step is essential to ensure that the final
MoDT system includes its physical counterpart. Without the
physical entity, the foundation of a MoDT would be missing,
making it impossible to create a dynamic and evolving digital
representation of the real urban environment. Applying CPR1
to Bologna use case means that Bologna class is transformed in
the BolognaPhysicalTwin class.

Rule CPR2, named digitalizePhysicalEntity, focuses on con-
verting all physical entities to be virtually replicated into their
digital counterparts in the PIM. This means that traffic infras-
tructure classes, such as Road and RoadSegment, are trans-
formed into their digital equivalent, e.g. DigitalRoad. The out-
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Table 2: CIM2PIM Transformation Rules.

ID Name Description Input CIM Entities Output PIM Entities
CPR1 mapToPhysicalTwin Maps real-world entities to their corresponding physical twin representation. City Environment PhysicalTwin
CPR2 digitalizePhysicalEntity Converts all physical entities into their digital counterparts. Physical Entities Digital Models, Model Manager
CPR3 transformTemporalEntity Transforms temporal entities into digital shadows representing time-varying state. Temporal Entities Digital Shadows, Shadow Manager
CPR4 mergeShadowModelFlow Integrates model and shadow information into unified representation. — Digital Representations, Twin Manager
CPR5 transformSensor Maps sensor roles to digital data providers and adapters. Sensor Data Providers, Provider Adapters
CPR6 transformActuator Maps actuator roles to digital data receivers and adapters. Actuator Data Receivers, Receiver Adapters
CPR7 integrateServiceFeedback Integrates service management and feedback mechanisms into the system. Service, Actuator Service Manager, Feedback Entities
CPR8 integrateDataManager Adds data management and data modeling components for consistent handling. — Data Manager, Data Model

Table 3: CIM2PIM Rules Applied to Bologna case study.

ID Input CIM Entity Output PIM Entity
CPR1 Bologna, RealCity BolognaPhysicalTwin
CPR2 PhysicalEntity, Road, RoadSegment, TrafficLoop, TrafficLight DigitalRoad, DigitalRoadSegment, DigitalTrafficLight, DigitalTrafficLoop, DigitalModel, ModelManager
CPR3 TemporalEntity, TrafficLoop, Road TrafficLoopShadow, RoadShadow, DigitalShadow, ShadowManager
CPR4 — DigitalRepresentation, TwinManager
CPR5 Sensor, TrafficLoop TrafficLoopProvider, P2DAdapter, Adapter
CPR6 Actuator, TrafficLight TrafficLightReceiver, D2PAdapter
CPR7 TrafficLight, Actuator ServiceManager, FeedbackTrafficLight
CPR8 — DataManager, DataModel

come of CPR2 execution is shown with red-colored classes and
relations in Fig. 6. The pseudocode for implementing CPR2
is shown in Algorithm 1, which illustrates how the function
identifies and transforms all child classes of the PhysicalEntity
meta-class. Moreover, the rule also preserves the relationships

Algorithm 1 CPR2: digitalizePhysicalEntity
Require: cimClasses, cimRelations
Ensure: Updated pimClasses, pimRelations

1: Identify PhysicalEntity in cimClasses
2: Get child classes of PhysicalEntity
3: for each ci (child class) do
4: pi.name← ‘Digital’ + ci

5: pi.id← ID
6: Add pi to pimClasses
7: end for
8: for each ci do
9: for each relation Ri(ci, c j) in cimClasses do

10: Find pi, p j corresponding to ci, c j

11: Create relation ri(pi, p j)
12: Add ri to pimRelations
13: end for
14: end for
15: return Updated pimClasses, pimRelations

defined in the CIM, ensuring that the structure and semantics
of the original physical system are maintained in the PIM, for
instance the aggregation between a road and its segments.

Rule CPR3, named transformTemporalEntity, focuses on time-
sensitive entities transforming them into digital shadows,
which are data traces that capture snapshots of the city’s state
over time [49]. For example, road shadows may represent vari-
ations in traffic flow measurements and, when applicable, the
state of traffic lights associated with those roads. Executing
CPR3 on Bologna CIM results in the TrafficLoopShadow and
RoadShadow and the related management entities and relations.

Rule CPR4, named mergeShadowModelFlow, complements
the CPR2 and CPR3 rules by integrating the information flows
from both digital models and digital shadows. This integra-

tion occurs from the bottom through digital representation en-
tity that abstracts both sources, and from the top through the
TwinManager, which coordinates the two flows across the sys-
tem.

Rules CPR5 and CPR6 address the sensing and actuation
components of the system. More in detail, the transformSen-
sor rule identifies entities that serve as sensors and maps them
to their corresponding data providers in the PIM. For example,
a traffic loop sensor in the Bologna CIM is transformed into a
TrafficLoopProvider, enabling the flow of data from the physical
city into its DT. Similarly, the transformActuator rule maps CIM
entities with actuation roles to their respective data receivers
in the PIM. Both rules introduce adapters that enable smooth
and consistent data exchange between the physical and digital
layers of the system.

Rule CPR7, entitled integrateServiceFeedback, introduces the
ServiceManager into the PIM to manage all DT-based services.
It also integrates the FeedbackProvider entities responsible for
generating feedback mechanisms, specialized for the type of
physical entities to which alerts or commands can be sent. In
the Bologna case study, these entities are primarily traffic lights
actuators, resulting in the creation of the FeedbackTrafficLight
entity. Finally, rule CPR8 incorporates entities for data manage-
ment and modeling, the DataManager and DataModel, to ensure
consistent and structured data handling across all components
of the MoDT ecosystem.

5.4. Platform Specific Level

This section presents the Bologna MoDT model tailored to
the selected technologies, which is the result of the PIM2PSM
transformation performed at the platform specific level. This
transformation is carried out using the M2DT tool, which takes
as input the PIM model, the predefined set of PIM2PSM trans-
formation rules, and the technology specifications, and pro-
duces the target PSM model. As discussed in Section 3.2,
Eclipse SUMO was chosen for traffic simulation and FIWARE
for data management. These technologies were selected to
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Figure 7: Bologna MoDT PSM: yellow classes and relations represent rule PPR2 outcome.

avoid ad-hoc implementations and to enhance interoperabil-
ity, reusability, and adaptability by leveraging reliable, open-
source, well-documented, and freely accessible platforms.

For completeness, we begin with a brief introduction of the
two selected platforms as they influence the final PSM struc-
ture. Following the same presentation strategy used for the
previous modeling level, we first describe the result of the
PIM2PSM transformation, i.e., the Bologna MoDT PSM, and
then we present the transformation rules we used to automate
this step.

Brief Technologies Specification. Eclipse SUMO is an open-
source, microscopic traffic simulator developed by the German
Aerospace Center [54]. It allows for detailed modeling of in-
dividual road users, such as cars, buses, and pedestrians, and
supports in-depth analysis of traffic conditions, including con-
gestion and emissions. SUMO simulations are based on three
main inputs: the road network, additional traffic infrastructure
(such as traffic lights and induction loops), and traffic demand
[53]. It provides real-time visualization through a graphical in-
terface and produces fine-grained outputs, making it particu-
larly suitable for integration within MoDT workflows.

FIWARE is a modular, open-source ecosystem supported by
the European Commission for building smart applications, in-
cluding DTs. It provides a collection of reusable software com-
ponents for data sharing and management [55]. At its core is the
Context Broker, which manages context data, namely the cur-
rent states of physical and digital entities, in a format compliant
with the Next Generation Service Interface (NGSI) standard.
To ensure semantic consistency and interoperability, FIWARE
promotes the use of standardized Smart Data Models (SDMs),
which are defined as JSON schemas and offer consistent data
structures for use across different application domains [30]. In
our case study, we adopted SDMs for the Transportation do-
main [31, 56]. Additional FIWARE components include the
IoT Agent, which enables adaptation between device-specific
communication protocols and the NGSI format, and Quantum-

Leap, which addresses the Context Broker’s limitation of only
storing the latest entity state by providing support for time-
series data storage.

Figure 7 shows the resulting Bologna MoDT PSM. The
physical twin, its data providers (traffic loops), and receivers
(traffic lights) remain unchanged, as do the digital shadow ele-
ments and their manager. This is because the PIM2PSM trans-
formation only alters components affected by the chosen tech-
nologies, leaving the physical setup and digital shadow logic
intact. In contrast, digital modeling and management elements
are merged into a new class, SumoSimulator, reflecting Eclipse
SUMO’s full support for traffic modeling and simulation. The
TwinManager entity is maintained to orchestrate the interaction
between the simulator and the digital shadows, ensuring that
simulations are run with appropriate inputs derived from real-
world data.

For service-related aspects, the ServiceManager has been
decomposed into three distinct classes to handle considered
MoDT functions: traffic scenario planning and simulation, data
visualization, and monitoring of the real-world urban system.
Predictive capabilities are not included in this work, and thus
entities responsible for tasks such as AI-based prediction are
not modeled. More in detail, the newly added classes are:

• Planner defines traffic scenarios based on real-world condi-
tions and planning goals. These are passed to the Scenar-
ioGenerator, which produces SUMO-compatible inputs for
simulation. After analyzing the simulation results, the plan-
ner can trigger alerts or send control commands to the phys-
ical system through the FeedbackTrafficLight entity.
• Visualizer class displays both real and simulated data, provid-

ing users with a clear, user-friendly view of system behavior.
• Monitor tracks the state of the physical system, enabling users

to maintain situational awareness and understand real city’s
current conditions.

All services interact through the TwinHMI, which acts as the
main interface for viewing the physical system, running sim-
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Table 4: PIM2PSM Transformation Rules.

ID Name Description Input PIM Entities Output PSM Entities
PPR1 transformDigitalModel Maps digital model components into a unified simulation component. DigitalRepresentation, DigitalModel, Model-

Manager, Digital Entities
Simulator

PPR2 createFiwareContext Introduces FIWARE components for context data handling. — Context Broker, Historical Broker, Storage
Manager

PPR3 transformAdapter Transforms adapters and interface elements into FIWARE-compatible agents. Adapters, Sensors, Actuators IoT Agents
PPR4 transformService Refines services into concrete elements for specific services and user interaction. Service and Twin Manager, Feedback Entities User Interface, Services Entities
PPR5 integrateData Adds components for data modeling and storage across multiple platforms. Data Manager and Modeling Data Storage and Management Entities
PPR6 updateShadowRelation Preserves and maps temporal entities not affected by technological choice. Digital Shadows Digital Shadows and Manager

Table 5: PIM2PSM Rules Applied to Bologna case study.

ID Input PIM Entity Output PSM Entity
PPR1 DigitalRepresentation, DigitalModel, ModelManager, DigitalRoad, DigitalRoadSeg-

ment, DigitalTrafficLight, DigitalTrafficLoop
SumoSimulator

PPR2 — ContextBroker, SubscriptionManager, MongoManager, TimescaleManager
PPR3 P2DAdapter, D2PAdapter, Adapter, TrafficLightReceiver, TrafficLoopProvider,

BolognaPhysicalTwin
Agent, TrafficLightReceiver, TrafficLoopProvider, BolognaPhysicalTwin

PPR4 ServiceManager, FeedbackTrafficLight, TwinManager Monitor, Visualizer, Planner, ScenarioGenerator, ServiceManager, TwinHMI, Feed-
backTrafficLight, TwinManager

PPR5 DataManager, DataModel DataManager, DataModelManager, DataModel, DatabaseManager
PPR6 ShadowManager, DigitalShadow, RoadShadow, TrafficLoopShadow ShadowManager, DigitalShadow, RoadShadow, TrafficLoopShadow

ulations, and exploring results.
To enable bidirectional data exchange, FIWARE-specific en-

tities are introduced. The Agent class connects to city data
sources and actuators, adapting data formats and storing de-
vice IDs and keys. It communicates with ContextBroker, which
manages real-time context data, stored in a Mongo database
by the MongoManager. Since the Context Broker only holds
current states, historical data are managed by the Subscription-
Manager and stored in a Timescale database via the Timescale-
Manager. These two storage mechanisms are required by FI-
WARE’s architectural specifications. For broader data han-
dling, the DatabaseManager abstracts database operations and
allows future storage extensions. Lastly, the DataModelManager
ensures compliance with the Transportation data model offered
by FIWARE.

PIM2PSM Transformation Rules. To automate the mapping
of platform independent entities and relations to the Bologna
MoDT PSM, six PIM2PSM transformation rules have been de-
fined. These rules describe how abstract model elements are tai-
lored to specific technologies. Along with the PIM model and
technology specifications, they serve as input for the second ex-
ecution of the M2DT tool. As done for CIM2PIM rules, Table 4
outlines each rule, including its identifier, name, and generic in-
put PIM entities, and corresponding output PSM classes. Their
application to the Bologna case study is shown in Table 5,
where each rule is instantiated using specific entities from the
Bologna MoDT PIM.

Rule PPR1, named transformDigitalModel, merges all digi-
tal modeling entities into a unified simulator entity, resulting
in the SumoSimulator class. Rules PPR2 and PPR3 introduce
FIWARE-specific components. Specifically, PPR2, named cre-
ateFiwareContext, adds core elements for managing context data
and supporting both current and historical storage. Figure 7 il-
lustrates the outcome of rule PPR2, with the introduced classes
and relationships highlighted in yellow. Rule PPR3, named
transformAdapter, introduces the Agent class, replacing sepa-
rate physical-to-digital and digital-to-physical adapters existing
in the previous modeling level with the FIWARE adapter. In

our case study, we adopted the same type of FIWARE Agent
adapter for both traffic loop providers and traffic light receivers.
However, it is possible to define distinct agents for each type
of data provider or receiver, depending on the specific MoDT
requirements.

Rule PPR4, named transformService, refines the service layer
by extending the generic manager with specific DT service enti-
ties. As previously said, Bologna MoDT aims to simulate, mon-
itor and visualize current and historical traffic conditions, there-
fore the Planner, ScenarioGenerator, Monitor, and Visualizerare
included. The TwinHMI is added to centralize user interface
functions. Finally, rules PPR5 and PPR6 handle data-related
aspects: the former introduces database management elements,
while the latter integrates the unchanged temporal entities from
the PIM into the PSM.

5.5. Implementation Specific Level
This section describes the code artifacts generated during the

fourth and final step of our model-driven approach: the model-
to-text transformation. This step converts the platform specific
model into an implementation specific model, which comprises
concrete software components that can be further refined for the
final deployment and operational use of the Bologna MoDT.

As explained in Section 5.1, this PSM2ISM transformation
is carried out automatically using the code generation feature
provided by the Visual Paradigm modeling software. More in
detail, we used the Instant Generator tool16, which applies its
own set of transformation rules based on the selected program-
ming language. We chose Python language due to its mature
ecosystem and strong compatibility with the platforms adopted
in our Bologna MoDT. For example, the TraCI (Traffic Control
Interface) library is used to easily interface the SumoSimulator
class with the deployed SUMO engine [57].

The generated ISM includes 25 Python modules, each corre-
sponding to a class defined in the PSM. Every module adopts

16https://www.visual-paradigm.com/support/documents/
vpuserguide/124/255/7353_instantgener.html
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the same class name, defines the class structure, and includes
placeholders to represent the relationships shown in the class
diagram. For example, the following listing shows the auto-
generated module for the TwinManager class. This module de-
fines three attributes: one for managing multiple instances of
shadow managers, one for referencing the simulator class, and
one for linking to the services manager. These attributes are au-
tomatically derived from the associations defined in the model,
where relationship types (e.g., one-to-one, one-to-many) inform
the attribute structure (e.g., scalar or list). Additionally, the
method included in the class is auto-generated as a basic set-
ter to reflect and manage the corresponding relationship. This
method serves as a placeholder, to be refined with application-
specific logic during later development phases.

twinmanager.py
class TwinManager:

def __init__(self):
self.shadow_managers = []
self.sumo_simulator = None
self.service_manager = None

def add_shadow_manager(self, shadow_manager):
self.shadow_managers.append(shadow_manager)

The automatically generated code artifacts are the foundation
of the MoDT system, defining class structures, relationships,
and basic scaffolding methods that reflect the design model’s
structure. Even though in our case study the behavioral logic
required to make them operational (e.g., coordination mecha-
nisms, or decision processes) is not automatically generated,
the overall MDA approach is not undermined. On the con-
trary, the process ensures that the generated code remains mod-
ular, consistent, and traceable across all abstraction levels,
thereby supporting efficient development and reducing the risk
of design-to-implementation mismatches or manual errors.

6. BoMoDT Platform Deployment and Evaluation

This section presents the deployment and the evaluation of
the BoMoDT platform, resulting from the application of the
proposed model-driven approach to the city of Bologna, Italy.
Specifically, Section 6.1 describes the deployment of the Bo-
MoDT platform, highlighting how the model-driven code arti-
facts and supporting technologies are integrated to operate the
Bologna MoDT. Section 6.2 then details the evaluation of the
platform against its functional objectives. Source code and data
are available at: https://github.com/sommaalessandra/bomodt.

6.1. BoMoDT Deployment
As discussed in Sec. 5, the structure of the platform’ software

module was automatically generated from high-level digital
twin and mobility specifications, and then application-specific
control logic code was added to meet the platform’s functional
objectives. BoMoDT is designed to model and simulate traffic
scenarios, monitor and visualize current and historical traffic
flow conditions . BoMoDT facilitates a comprehensive under-
standing and analysis of traffic dynamics, generating valuable
information that can be fed back into the real-world environ-
ment and assist human operators in making informed decisions

Figure 8: BoMoDT Deployment Diagram.

to improve traffic conditions. As explained in PSM descrip-
tion, predictive features are not included, as they fall outside
the scope of this work.

Figure 8 illustrates the deployment diagram of the BoMoDT
platform, showing how its software components are distributed
across different nodes. The platform runs on a Windows-based
device and is structured into three main execution environ-
ments:

1. Docker. It is used to deploy FIWARE components, which are
officially released as Docker images to simplify installation,
enhance modularity, and support scalable integration [55].
The deployed containers include:

• IoT Agent JSON-LD17, which acts as the interface between
the physical environment and the BoMoDT platform. It
receives traffic data from devices communicating over
standard protocols (e.g., HTTP, MQTT) using JSON-LD
format. The agent also manages device registration by
validating unique identifiers and secure keys, ensuring
only authorized devices can send pre-registered measure-
ments. Device metadata are stored in the MongoDB con-
tainer. Each HTTP message includes the header Content-
Type: application/ld+json to specify the data format and
FIWARE-specific headers such as Fiware-Service and
Fiware-ServicePath, to support multitenancy for associ-
ating each physical device with its key and context data.
• Orion-LD Context Broker18, which manages real-time con-

text information. It updates the current state of traffic en-
tities, based on the Transportation data model, in Mongo
database, whenever new measurements are received or
control commands are issued by the MoDT.
• QuantumLeap19, that complements Orion broker by sub-

scribing to context updates and persisting historical data
in TimescaleDB.

17https://fiware-iotagent-json.readthedocs.io/
18https://fiware-orion.readthedocs.io/
19https://quantumleap.readthedocs.io/
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(a) Bologna represented in SUMO. (b) City traffic infrastructure.

Figure 9: Digital Modeling of the Italian city.

• Grafana20, which is used to visualize time-series data from
Timescale database through an interactive dashboard, en-
abling both real-time monitoring and retrospective analy-
sis of traffic conditions.

2. Eclipse SUMO. The traffic simulator is deployed in a ded-
icated environment and communicates with the rest of the
platform through a TCP connection using the TraCI proto-
col. This setup allows for real-time interaction between the
simulator and the platform’s control logic, for example, to
start, pause, or modify the simulation. All required bina-
ries and configuration files are included, enabling SUMO to
operate independently while remaining fully integrated into
the system workflow. Input files (e.g., the road network, dy-
namic traffic demand, and traffic light logic) and output files
(e.g. traffic statistics or vehicle traces) are structured in XML
format and persisted in local storage solutions.

3. Python. This environment is responsible for executing the
core BoMoDT software modules. It includes both the au-
tomatically generated artifacts from the model-driven ap-
proach and two additional modules developed to meet spe-
cific system requirements. The generated artifacts mirror the
structure and associations defined in the platform-specific
model and code have been extended with control logic to
support interaction with both the containerized components
and the SUMO simulation engine. The two additional mod-
ules, highlighted in yellow in Fig. 8, are as follows:

• the mobility virtual environment module, which emulates
Bologna’s physical traffic infrastructure, compensating
for the lack of direct access to real-world sensors and
actuators. As a functional DT relies on continuous bidi-
rectional data exchange with its physical counterpart, this
module ensures operational realism by sending Bologna
real traffic data to the agent and receiving messages and
control commands from the MoDT through the broker.
• the web application manager module, that enables human-

machine interaction through a custom dashboard built
with the Django21 framework. This component pro-

20https://grafana.com/
21https://www.djangoproject.com/

vides visualization and control features and interfaces
with other system modules via REST APIs.

6.2. BoMoDT Evaluation

To evaluate BoMoDT functional objectives, we considered
two main aspects, namely the ability to run accurate simulations
and to respond in a timely manner to system changes. To this
aim, we answered the following two research questions (RQs):

RQ1. How accurately can BoMoDT simulate urban mobility
conditions using real-world data?
This question focuses on assessing the platform’ simula-
tion fidelity, using traffic-related metrics to evaluate how
closely simulations reflect actual traffic dynamics.

RQ2. How effectively can BoMoDT provide monitoring and vi-
sualization of current and past urban mobility conditions?
This question examines the platform’s monitoring respon-
siveness, using latency metrics to assess the system’s abil-
ity to deliver timely traffic updates and visualizations for
effective analysis and decision-making.

6.2.1. RQ1: Simulation Fidelity
This RQ aims to evaluate BoMoDT simulations’ fidelity,

namely, the platform’s ability to accurately reproduce real ur-
ban mobility conditions using actual traffic data. High simula-
tion fidelity is essential to verify that the behavior of the phys-
ical traffic system is realistically reproduced within the MoDT,
ensuring that insights and analyses derived from it are accurate
and grounded in real-world dynamics. To answer the RQ1, we
computed a set of traffic evaluation metrics by comparing the
outputs of platform-executed simulations with the correspond-
ing real-world measurements.

As introduced in Sec. 5, BoMoDT operates on traffic flow
data collected from 312 induction loop sensors installed across
the city of Bologna. These real-world measurements are fed
into the platform through the mobility virtual emulator, which
streams the data to the FIWARE-based infrastructure and stores
them in the platform’s persistent database. Once data for a com-
plete hourly time slot (e.g., 08:00–09:00) are available, the twin
manager component automatically initiates a simulation. This
execution includes the generation of the required input files for
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Eclipse SUMO, launching the simulation, storing the results,
and rendering them on the platform dashboard.

Each simulation executed by BoMoDT relies on three essen-
tial inputs: the road network, the infrastructure configuration,
and the traffic demand. The road network was imported from
OpenStreetMap22 (OSM) and manually refined to address typi-
cal issues in open-source data, such as missing connections and
geometric misalignment. The infrastructure configuration in-
cludes the geographical locations of traffic lights and induction
loop detectors based on real-world data, to replicate Bologna’s
actual traffic system. Figure 9 illustrates the digital representa-
tion of the Bologna area used for simulation: Fig. 9a renders the
city network within the SUMO environment, and Fig. 9b illus-
trates the modeled infrastructure, including roads, intersections,
traffic loops, traffic lights, and vehicles traversing the network.

Last input is the traffic demand which specifies the number
of vehicles, their origin-destination pairs, and routes, and it is
dynamically generated for each hourly time slot of flow data
provided by the emulator. This ensures that every simulation
run reflects the actual traffic conditions observed during that
period.

The experiments were conducted on a Windows PC with an
Intel Core i7 processor, 32 GB RAM, and a 1 TB SSD. For each
hourly time slot between January and April 2024, BoMoDT ex-
ecuted a consistent workflow: it received real traffic data from
the emulator, ran the simulation, and stored the resulting out-
comes. Among the various outputs generated by SUMO, we
focused on detector-based flow reports, which capture the num-
ber of vehicles passing over each induction loop during a spe-
cific time slot. To account for possible stochastic variations in
the simulation engine and ensure statistical reliability, each sim-
ulation was executed three times. The average of these runs was
then used for comparison with actual traffic flow data.

The evaluation was based on three widely recognized met-
rics: the coefficient of determination (R2), the Geoffrey E.
Havers (GEH) statistic, and the Mean Absolute Percentage Er-
ror (MAPE). More in detail, the coefficient of determination
R2 quantifies how well the simulation explains the variance in
the observed data and is computed as:

R2 = 1 −
∑n

i=1(Oi − S i)2∑n
i=1(Oi − Ō)2

(1)

where Oi and S i denote the observed and simulated traffic flows
at detector i, respectively, Ō is the mean of the observed values,
and n is the total number of detectors. The GEH statistic is
a domain-specific metric used in traffic engineering to assess
how closely simulated volumes align with observed ones. It is
calculated for each detector as:

GEHi =

√
2 · (Oi − S i)2

Oi + S i
(2)

Values of GEH below 5 are typically considered indicative of
strong agreement between observed and simulated data. Lastly,

22https://www.openstreetmap.org/

Figure 10: Fidelity metrics for an example day.

the MAPE quantity provides a normalized percentage measure
of average error across detectors and is computed as:

MAPE =
100

n

n∑
i=1

∣∣∣∣∣Oi − S i

Oi

∣∣∣∣∣ (3)

Figure 10 illustrates a representative example, showing the
evaluation metrics over a 24-hour period on March 15th, 2024,
aggregated across all detectors. On this specific day, the R2

values remain consistently close to 1, indicating a strong corre-
lation between simulated and actual traffic flows. GEH values
stay well below the commonly accepted threshold of 5 through-
out the day, and MAPE values remain low and stable, highlight-
ing a minimal deviation between the simulation and real-world
data.

Answer to RQ1: The R2, GEH, and MAPE results collected over
the January–April 2024 period demonstrate a consistent and strong
alignment between the simulated and observed traffic flows across
all time slots and locations. These results validate BoMoDT simula-
tion fidelity and confirm its accuracy in replicating real-world urban
mobility dynamics.

6.2.2. RQ2: Monitoring Responsiveness
This RQ focuses on assessing the effectiveness of BoMoDT

in monitoring and visualizing both current and historical traffic
conditions. In particular, it evaluates the platform’s monitoring
responsiveness, i.e., its ability to deliver timely traffic data visu-
alizations that support effective analysis and decision-making.
Responsiveness is measured in terms of latency, defined as the
time elapsed between the reception of traffic flow data by the
MoDT and its visualization on the platform dashboard, with or
without the inclusion of simulation-generated insights.

Two types of latency were measured, conducting experi-
ments using the same hardware setup previously described. The
first, referred to as the direct configuration, measures the time
elapsed from when BoMoDT receives real-world traffic data
from the emulator to when it displays the corresponding traf-
fic indicators on the dashboard, without performing any simu-
lation. The second, referred to as the enhanced configuration,
measures the time from when BoMoDT acquires the traffic data
to the point at which it completes the preparation of simulation
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Figure 11: Latency: direct vs. enhanced monitoring.

inputs, executes SUMO simulation, and visualizes both the cur-
rent traffic conditions and the simulation outcomes.

Figure 11 compares the latency measurements for the two
configurations, based on data collected over twelve representa-
tive days between January and April 2024. In the direct con-
figuration, latency remains consistent, with an average of ap-
proximately 45 seconds. In contrast, the enhanced configura-
tion shows a latency increase to about 90–100 seconds, mainly
due to the extra time needed for simulation execution and re-
sult visualization. This increase is directly attributable to the
duration of the simulation process.

Figure 12 shows an example of a simulation output for a
one-hour time slot, as visualized within the BoMoDT dash-
board. The plot depicts the number of vehicles present in the
network throughout the simulation: the purple line represents
vehicles actively moving, while the dashed fuchsia line indi-
cates vehicles temporarily stopped, typically due to red lights
or congestion at intersections. Although the traffic input cov-
ers a 3600-second window (equivalent to one real-world hour),
the simulation does not stop and continues running until all ve-
hicles introduced have completed their journeys and exited the
network. In this specific case, the simulation concludes around
4300 seconds of simulated time, which corresponds to approx-
imately 110 seconds of actual execution time. This extended
simulation period is essential to avoid prematurely removing
vehicles from the network, which would negatively affect the
accuracy of the results. Ensuring all vehicles complete their
trips maintains the fidelity of the simulation and preserves con-
sistency with real-world traffic dynamics.

Answer to RQ2: The latency metrics collected from January to
April highlight BoMoDT’s ability to respond efficiently, with traffic
updates and visualizations delivered within acceptable time frames.
In the direct setup, the platform provides timely analysis of current
traffic conditions, whereas the enhanced configuration introduces
some additional delay due to simulations, raising the need to trade
off between higher fidelity and responsiveness. Nevertheless, these
findings confirm BoMoDT’s responsiveness in both monitoring and
visualization, making it a valuable tool for retrospective mobility
analysis.

Figure 12: Example simulation run showing vehicles in the network.

7. Discussion

This section describes the effectiveness of the proposed
model-driven approach, applied to the Bologna case study, in
addressing the key challenges associated with MoDTs, dis-
cussed in Sec. 3.1. Table 6 summarizes how each challenge
is addressed by the model-driven approach or by the enabling
technologies. In the table, qualitative coverage is marked as
full (✔) or partial (≈). A challenge is: fully covered when
the approach or technology supports all relevant aspects, even
though not all are demonstrated in case study; partially cov-
ered when only some aspects are addressed, or when additional
(manual or automated) activities are needed to achieve full sup-
port.

Addressed by Technologies. Interoperability C2 and scalabil-
ity C3 are covered by the chosen technological stack. More
specifically, FIWARE supports NGSI-LD standard and open
smart data models, which ensure both syntactic and seman-
tic consistency in context data exchange through the broker.
Therefore, FIWARE enables full coverage of the interoperabil-
ity challenge. Indeed, even though Bologna case study does not
address cross-domain interoperability (e.g., integration with en-
ergy systems), FIWARE provides the necessary mechanisms,
such as ontology extensions and customizable data models, to
support such broader integration.

Scalability is partially addressed by FIWARE’s modular
and containerized microservice architecture, which allows each
component to be independently deployed, replicated, and
scaled. Specifically, FIWARE supports distributed deploy-
ments, load balancing, and data federation across services,
allowing the platform to scale horizontally (by adding more
nodes) or vertically (by increasing processing resources) as data
volume and velocity increase. However, the overall scalability
of a MoDT system also depends on the simulation engine and
its ability to process high-throughput data. Simulation com-
ponents often represent the main bottleneck in DT architec-
tures [32]. In our BoMoDT prototype, SUMO sequentially exe-
cutes simulations, which significantly limits performance under
high data loads and hinders large-scale scalability. Even when
the underlying platforms support scalable data infrastructure,
C3 is still constrained by MoDT simulation components.
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Table 6: Coverage of MoDT challenges with the proposed approach.

ID Challenge Cov. Addressed by: Description
C1 Composability ≈ MDA Modular framework enable structured integration of other DTs components.
C2 Interoperability ✔ FIWARE NGSI-LD and Smart Data Models ensure semantic data exchange.
C3 Scalability ≈ FIWARE Microservices and federation support scaling; simulation limits remain.
C4 Adaptability ✔ MDA Abstraction layers support easy reconfiguration across contexts.
C5 Maintainability ≈ MDA Traceability aids updates; expert knowledge still needed.
C6 Automatability ✔ MDA End-to-end model transformation minimizes manual coding.

Addressed by model-driven approach. The proposed ap-
proach addresses the remaining challenges, i.e. composabil-
ity C1, adaptability C4, maintainability C5, and automatability
C6. Composability is partially supported through the modular
structure of the modeling framework, which separates domain-
specific logic from application-independent DT architectural el-
ements. This facilitates the integration of additional lower-level
DTs into a unified MoDT model. In our BoMoDT, incorporat-
ing a ride-sharing DT would mainly involve updating the do-
main analysis and modifying related specifications. However,
full composability often requires orchestrating multiple simula-
tion engines (e.g., co-simulation), which introduce challenges
that are beyond a model-driven approach’ scope. These issues
are typically case-specific and require additional technological
or runtime solutions.

Adaptability is fully supported. The use of modeling layers
ensures that changes in the urban context, such as infrastruc-
ture updates, or data source modifications, can be addressed
by updating high-level models, and automatically propagating
changes through the transformation pipeline, minimizing man-
ual rework. Although the operational stability resulting from
such changes is not quantitatively measured, the approach in-
herently fosters stability by confining their impact to specific
abstraction layers. Automatability is also fully supported. Even
though in Bologna case study certain steps remain manual due
to their context-specific nature, the proposed approach provides
an end-to-end transformation pipeline, automating the transi-
tion from conceptual models to executable code artifacts, reduc-
ing manual effort, improving consistency, and ensuring align-
ment across levels.

Lastly, maintainability is partially supported. The model-to-
code traceability helps keep implementation aligned with de-
sign, making it easier to manage updates or extend the system.
However, maintaining and evolving models still requires profi-
ciency in modeling notations and possibly transformation logic,
which may challenge teams lacking specialized expertise. Ad-
ditionally, while traceability aids maintenance, the process of
identifying which parts of the model must be updated in re-
sponse to real-world changes can still be complex, especially
in large-scale or evolving systems, where ease of maintenance
becomes more subjective and context-dependent.

7.1. Benefits and Limitations

As demonstrated by the addressed challenges, the proposed
approach provides several benefits in MoDTs development. It
enables a structured progression from high-level requirements
to code generations through a layered and automated transfor-

mation pipeline. This supports generalizability and reusabil-
ity: if a new platform or technology is adopted (e.g., a differ-
ent traffic simulator), only lower modeling levels need to be
adapted, while higher-level models remain unaffected. Further-
more, the approach is not tied to any specific city or urban con-
text: its design principles can be reused across different do-
mains, such as energy, or healthcare, provided that appropriate
domain-specific models are defined. The use of modeling lan-
guages and open-source technologies enhances the approach’s
transferability and accessibility. By clearly separating domain-
specific models from DT abstractions, the approach supports
collaboration between domain experts and DT engineers, which
is essential since DT developers often lack expertise in a spe-
cific domain, while domain specialists are typically not trained
in technical aspects.

Despite these strengths, the approach presents several limita-
tions. While modular and systematic, the MDA methodology is
inherently complex and requires familiarity with modeling no-
tations, meta-modeling principles, and potentially model trans-
formation languages. This complexity may limit its usability
for teams lacking MDE experience. To improve accessibility
and usability, integrating low-code or agile model-driven exten-
sions could be explored in future work. Moreover, although the
generated artifacts preserve traceability and modularity, system
evolution and maintenance are not entirely straightforward. Up-
dating models, especially when structural or behavioral require-
ments change, can be challenging and still requires specialized
knowledge. For instance, while structural model updates prop-
agate automatically through the transformation pipeline, any
updates that affect transformation logic or domain-specific se-
mantics demand manual intervention and careful validation to
maintain consistency across abstraction layers. A key limi-
tation lies in the initial domain modeling step, which can be
both time-consuming and error-prone, particularly in multidis-
ciplinary teams. Future improvements could involve develop-
ing domain-specific modeling templates or interactive support
tools to streamline this phase.

Another practical constraint involves the simulation plat-
form. The chosen simulator significantly affects both the tech-
nical integration effort (from PIM to PSM) and the overall sys-
tem performance. In particular, simulation remains a bottleneck
for real-time or large-scale deployments, as performance limi-
tations in simulation tools like SUMO can restrict responsive-
ness and throughput. Additionally, while the M2DT tool au-
tomates the generation of structural code artifacts, behavioral
logic must still be manually implemented. As a result, the fi-
nal code base consists of both auto-generated scaffolding and
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manually written control logic, which may introduce inconsis-
tencies and reduce maintainability if not properly managed. Fu-
ture enhancements could address this by integrating behavioral
modeling through dynamic diagrams (e.g., sequence or state di-
agrams) for comprehensive code generation.

8. Conclusion and Future Work

This paper introduced a model-driven approach for the sys-
tematic design and development of MoDTs, addressing key
challenges that currently limit their adoption. Based on the
Model-Driven Architecture framework, the approach estab-
lishes a structured process that spans the MoDT development
process through a series of transformations across four abstrac-
tion levels. The feasibility and effectiveness of the approach
were demonstrated through a real-world case study for Bologna
city. This was supported by the developed M2DT tool, which
automates the model-driven workflow, and results in the de-
ployment of BoMoDT, a fully operational platform built on
open-source data and technologies. The platform’s simulation
fidelity and monitoring responsiveness were evaluated to assess
its capability in accurately simulating, monitoring, and visual-
izing both current and historical mobility conditions.

The proposed approach has proven effective in addressing
key challenges in MoDT engineering, such as adaptability
and automatability. The integration of external data manage-
ment technologies further enhances interoperability and sup-
ports scalability. Nevertheless, some limitations remain, espe-
cially concerning long-term maintainability and the scalability
of simulations under high-load conditions. Future work will
aim to advance the approach in three main directions: (i) au-
tomating the generation of behavioral logic by incorporating
modeling of runtime interactions among structural elements,
(ii) improving scalability to support large-scale and distributed
MoDT deployments, and (iii) advancing composability to en-
able the development of integrated Urban Digital Twins. We
also plan to quantitatively assess the challenges coverage of the
proposed approach, by applying it to different types of MoDTs
and involving independent practitioners in diverse use cases.
These efforts aim to strengthen the robustness and applicability
of the proposal, bridging the gap between conceptual MoDT
frameworks and practical, real-world deployments.

9. Data and Code Availability

The literature analysis, including the papers obtained from
each digital library, the selection process, papers retrieved
through snowballing, and the analysis of the selected studies,
is available at: https://docs.google.com/spreadsheets/d/
1hNPAHboFAdLjr3NsHmt4lbSlIULCiWyF/edit?usp=sharing&ouid=
110130922453565990010&rtpof=true&sd=true .

The M2DT tool can be accessed via its GitHub repository at:
https://github.com/alessandrasomma28/m2dt.

The BoMoDT platform is available at: https://github.com/
sommaalessandra/bomodt.

Each GitHub repository includes a detailed README file
that outlines the design, implementation, deployment, and us-
age of the respective projects, along with the required input data
and source code.
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