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Abstract. Digital twins are virtual replicas of physical systems that offer signif-
icant benefits in terms of productivity and sustainability. However, most digital
twin solutions are tailored to specific use cases, and there is a lack of domain-
independent development frameworks. As a result, developers must build each
system from scratch, which increases project timelines and costs and hinders the
scalability of solutions. This ongoing doctoral project proposes a Model-Driven
Software Engineering (MDSE) approach to simplify the development of digital
twins. Ultimately, the presented approach aims to promote the widespread adop-
tion of digital twins across sectors, making their development more accessible,
scalable, and cost-effective.

1. Introduction
A digital twin is a virtual representation of a physical system that is continu-
ously updated and synchronized with its real counterpart via real-time data streams
[Minerva et al. 2020, Sharma et al. 2022]. By integrating technologies such as the Inter-
net of Things (IoT) and machine learning, digital twins create a dynamic, data-driven en-
vironment that allows users to simulate scenarios, optimize performance, and proactively
identify potential failures or undesirable outcomes before they occur [Rathore et al. 2021,
Segovia and Garcia-Alfaro 2022, Minerva et al. 2020]. Moreover, digital twin applica-
tions span numerous industries, including manufacturing [Friederich et al. 2022], smart
cities [Wang et al. 2023], and energy [Stadtmann et al. 2023]. In this regard, digital twin
systems offer substantial benefits, such as improving efficiency and sustainability, and
supporting informed decision-making.

However, a major challenge in digital twin development is the lack of domain-
independent frameworks [Macı́as et al. 2023, Mihai et al. 2022, Fuller et al. 2020],
which forces developers to build custom solutions for each specific use case. This lack
of standardization means that each digital twin must be developed from scratch, which
leads to a significant increase in both time and cost and limits the scalability of systems
[Lehner et al. 2021, Vale et al. 2023]. This not only raises the barriers to entry for orga-
nizations but also hinders the widespread adoption of digital twin technology.

To address these issues, this ongoing doctoral project proposes a Model-Driven
Software Engineering (MDSE) approach that includes an abstract syntax, a concrete
graphical syntax, and Model-to-Text (M2T) transformations to facilitate the develop-
ment of digital twins. In this sense, MDSE is a software development methodol-
ogy that focuses on the use of models as central artifacts throughout the develop-
ment process [Brambilla et al. 2017]. By using high-level models to represent system



structure and behavior, along with M2T transformations, MDSE enables the automatic
generation of executable code and other necessary artifacts directly from the models
[Hailpern and Tarr 2006, Stahl et al. 2006]. This approach reduces the need for manual
coding, minimizes human errors resulting from laborious tasks, and speeds up the de-
velopment process [Brambilla et al. 2017, Hailpern and Tarr 2006, Stahl et al. 2006]. As
a result, developers can focus on refining the logic and functionality of the system in-
stead of dealing with repetitive manual tasks, which speeds implementation and improves
consistency throughout the system.

In this context, the proposed MDSE approach involves defining the conceptual
model of digital twins from a domain-independent perspective, identifying the essential
properties, components, and functionalities of various digital twins documented in the
literature. This conceptual model will then be formalized through a metamodel, speci-
fying the rules and semantics governing the structure and behavior of valid digital twin
systems. To facilitate intuitive model creation, a graphical editor will be implemented,
allowing users to design digital twin systems without requiring extensive programming
knowledge. Finally, M2T transformations will be developed to automate the generation
of executable code from the models, thereby significantly reducing manual coding efforts
[Hailpern and Tarr 2006, Stahl et al. 2006].

Therefore, this project aims to encourage the widespread adoption of digital twins
by making their development process more consistent, accessible, scalable, and cost-
effective. By simplifying the design, validation, generation, and deployment phases, this
approach not only promises to reduce development time and costs but also to promote
wider use of digital twin technology across diverse industries, ultimately driving innova-
tion and improving operational efficiency.

It should be mentioned that, although the proposed MDSE approach is domain-
independent and could be applied to a variety of industries, this doctoral project pays
special attention to the agricultural sector due to its important role in Extremadura, the
author’s region. In this regard, to validate the applicability of the proposed solution, this
doctoral project also aims to implement agricultural digital twins in Extremadura, thus
validating the proposed approach in real-world use cases.

The remainder of this manuscript is organized as follows. Section 2 presents an
explicit formulation of the research questions and objectives of the doctoral project. Sec-
tion 3 provides a summary of the current state of knowledge in the problem domain.
Section 4 outlines the research methodology employed throughout the project. Section 5
presents the proposed solution and discusses the results obtained so far. Finally, Section 6
presents some of the challenges faced and outlines the next steps planned for the project.

2. Research Questions and Objectives
Given the context and background that justifies the development of this proposal, the main
Research Questions (RQs) guiding the doctoral project are:

• RQ1: How can a conceptual model of digital twins be defined to effectively
capture their essential components, features, and functionalities in a domain-
independent manner?

• RQ2: How can MDSE be applied to the definition, validation, generation, and
deployment of digital twins across industries?



• RQ3: What are the challenges of applying MDSE to digital twin development,
and how can they be addressed?

• RQ4: How can the proposed MDSE approach be validated to assess its applica-
bility and effectiveness in real-world digital twin implementations?

These research questions have been carefully selected. RQ1 is formulated to es-
tablish a foundational understanding of digital twins, ensuring that the proposed approach
is applicable across multiple domains. RQ2 focuses on how MDSE methodologies can be
applied to digital twin development, addressing the limitations of current ad-hoc imple-
mentations. RQ3 examines the challenges encountered when applying MDSE to digital
twin development, identifying potential obstacles and proposing solutions to ensure the
effectiveness of the methodology. Finally, RQ4 ensures that the proposed methodology is
validated in practical use cases.

To address these research questions, the doctoral project aims to achieve the fol-
lowing objectives:

• Ojective 1: Define a domain-independent conceptual model that identifies the key
characteristics, components, relationships, and functionalities of digital twins.

• Ojective 2: Propose and implement an MDSE approach to streamline the defini-
tion, validation, implementation, and deployment of digital twins across diverse
industries.

• Ojective 3: Validate the applicability of the proposed model-driven approach in
real-world case studies, with special attention to the agricultural sector.

• Ojective 4: Disseminate the findings and results of this research through presen-
tations at relevant conferences and publications in high-impact journals.

The following section describes existing MDSE approaches to digital twin devel-
opment, identifying their limitations and areas for improvement.

3. Current Knowledge and State of Existing Solutions

Traditionally, MDSE has been successfully applied to fields closely related
to digital twins, such as the Internet of Things (IoT) and Cyber-Physical
Systems (CPS) [Ciccozzi and Spalazzese 2016, Moin et al. 2020, Barriga et al. 2021,
Barriga et al. 2023, Ihirwe et al. 2020]. Then, with the rise of digital twin technol-
ogy, researchers have begun investigating the application of MDSE in this domain
[Bibow et al. 2020, Dalibor et al. 2020, Vale et al. 2023], aiming to streamline the devel-
opment process, reduce its complexity, and enhance automation.

In this regard, [Bibow et al. 2020] proposes an MDSE approach for creating re-
active digital twins by defining event-driven rules. This work was later extended by
[Dalibor et al. 2020] to include a graphical control interface (cockpit) for monitoring and
interacting with physical entities. However, these solutions primarily focus on prede-
fined rule-based behavior and lack support for complex data-driven intelligence, such as
machine learning models.

Similarly, [Vale et al. 2023] introduces an MDSE framework for industrial digital
twins, validating their approach through an iron ore sintering plant case study. While
beneficial for industrial settings, this approach is domain-specific and does not generalize



to other applications, such as agricultural or healthcare digital twins. Additionally, it is
not specified whether the system supports automatic code generation capabilities.

Therefore, although significant progress has been made in relation to MDSE and
digital twins, there are still a number of challenges to be addressed:

• Lack of domain-independent digital twin frameworks: Most existing MDSE-
based digital twin proposals are designed for specific industries, limiting their
adaptability and reusability across different domains.

• Limited support for intelligent digital twin models: Many approaches rely on
predefined rule-based logic rather than incorporating machine learning and ad-
vanced simulation models. However, this integration is essential, as it enables
digital twins to continuously learn from data, adapt to changing conditions, and
perform intelligent tasks, thus enhancing their capabilities [Rathore et al. 2021].

• Absence of comprehensive automation: While some approaches enable code
generation, few provide full automation, including the deployment infrastructure.

• Fragmented digital twin service modeling: Many frameworks do not fully de-
fine the range of services digital twins can offer, such as predictive analytics or
testing of hypothetical scenarios.

Therefore, there is a clear need for comprehensive, domain-independent digital
twin development frameworks. This doctoral project aims to fill this gap.

4. Research Methodology

The research methodology for this doctoral project follows a structured approach based
on the principles of Design Science Research (DSR) [Hevner et al. 2010] and is organized
into different phases:

• Identify problem and motivation: A thorough review of existing research is
conducted to identify gaps and limitations in current modeling techniques for dig-
ital twins. The findings from this review provide a foundation for defining the
research problem. Thus, this phase establishes the motivation for the research.

• Define the objectives for a solution: Based on the definition of the problem, the
objectives to be met by an effective MDSE solution are established.

• Design and development: An MDSE approach is implemented to streamline
digital twin definition, validation, generation, and deployment. For more details
on the steps involved in this phase, see Section 5 where the solution is presented.

• Demonstration: The proposed MDSE approach is applied to selected digital twin
use cases to showcase its feasibility. The purpose of this step is to illustrate how
the approach can be applied in real-world situations.

• Evaluation and refinement: The effectiveness of the MDSE approach is system-
atically assessed based on predefined criteria. Insights gained from this phase can
guide iterative refinements to enhance the solution.

• Communication: The research findings are disseminated through academic pub-
lications, presentations, and discussions within the research community. This
phase ensures that the contributions of the research reach a broader audience and
contribute to advancing knowledge in the field of digital twins and MDSE.



5. Proposed Solution and Preliminary Results
This section begins with an introduction to metamodeling layers. Next, the proposed
solution is defined, as well as its novelty and advantages compared to existing approaches.
Finally, the results and progress achieved to date are presented.

5.1. Layers of Metamodeling

In MDSE, metamodeling is structured into four hierarchical layers: M0, M1, M2, and M3
[Brambilla et al. 2017], each serving a different function (see Figure 1). The M0 layer
represents actual instances of the system, such as code. The M1 layer contains models that
describe the structure and behavior of M0 instances, offering an abstract representation of
real-world entities. The M2 layer, or metamodel level, defines the language and rules for
creating M1 models, ensuring consistency in their structure and semantics. Finally, the
M3 layer establishes the fundamental rules for defining metamodels (M2).

Figure 1. Layers of metamodeling. Adapted from [Brambilla et al. 2017].

5.2. Proposed Solution

Thus, to implement an MDSE approach for digital twin development, it is crucial to focus
on these layers. This involves addressing the following steps:

• Identification of the conceptual model of digital twins: This step consists of
defining in a domain-agnostic manner the fundamental characteristics and rela-
tionships of the various digital twin systems documented in the literature.

• Metamodel (M2) formulation: The next step involves formalizing the structure
and semantics of the conceptual model of digital twins through the creation of a
metamodel (M2). This metamodel provides a standardized framework that en-
sures consistency in the definition of digital twin models (M1). To achieve this,
the Eclipse Modeling Tools [Eclipse Foundation b] are utilized.

• Implementation of a graphical syntax for model representation: A graphical
syntax is a visual language. In this MDSE approach, this syntax allows users to
design digital twin models (M1) adhering to the metamodel (M2) specifications
without the need for deep technical knowledge. The Sirius [Eclipse Foundation c]
and Eugenia [Kolovos et al. 2017] tools are used for this purpose.

• M2T transformations: Finally, M2T transformations are implemented to en-
able the automatic generation of all system code and deployment infrastruc-
ture (M0) from the defined digital twin models (M1). The Acceleo tool
[Eclipse Foundation a] is used for this purpose.



5.3. Novelty and Advantages of the Proposed Approach

The proposed approach overcomes the limitations of related studies (see Section 3). First,
it provides a domain-independent development framework for digital twins, making it ap-
plicable to a wide range of industries. Furthermore, by integrating machine learning, the
proposed approach enables the creation of intelligent digital twins that go beyond prede-
fined rule-based logic. In addition, its code generation capabilities enable the creation of
all system code and deployment infrastructure, providing an end-to-end solution.

5.4. Progress and Achievements to Date

The author is in the second year of the doctoral program and has made significant
progress, focusing on familiarizing with the necessary technologies and tools. A com-
prehensive literature review on MDSE and digital twins has also been conducted.

As part of this ongoing research, the author has published a paper in a high-impact
journal [Barriga et al. 2024], where an MDSE approach to streamline the development of
distributed intelligent systems is introduced. The applicability of the proposal is illus-
trated with an agricultural digital twin integrating various intelligent capabilities.

Moreover, in 2024, the author participated in the Sociedad de Ingenierı́a de Soft-
ware y Tecnologı́as de Desarrollo de Software (SISTEDES) congress, where he presented
in the Software Engineering for Digital Twins (ISGD) track. This experience provided
valuable feedback from experts in the field.

6. Major Challenges and Future Work
One of the main challenges facing this doctoral project is the lack of universal agreement
on what constitutes a digital twin, as different authors conceptualize them differently, al-
though some elements consistently appear. This complicates the formulation of a domain-
independent approach. In addition, the complexity of the technologies involved, such as
IoT, cloud computing, and machine learning, presents a significant challenge.

Future work will focus on extending the capabilities of digital twins supported by
the MDSE solution, including advanced prescriptive and autonomous capabilities. In this
sense, prescriptive capabilities enable digital twins to recommend specific actions, while
autonomous capabilities allow digital twins to execute them without human intervention.
Given its complexity, the initial version overlooks these two functions.
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