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ABSTRACT

The Systematic Literature Review (SLR) presented in this docu-
ment is part of the research conducted for the “TwinArch: A Dig-
ital Twin Reference Architecture” paper. The review examines the
current state of Digital Twin architectures, with a focus on how
researchers design and document them. The discussion of archi-
tectural perspectives is guided by the ISO 42010 standard and the
Software Engineering Institute’s (SEI) Views&Beyond methodol-
ogy for designing and documenting software system architectures.
Please ensure that the TwinArch work is properly cited when ref-
erencing these findings. For access to the replication package, visit:
https://alessandrasomma28.github.io/twinarch/slr.html .
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1 MOTIVATION

Digital Twins (DTs) have emerged as a transformative technol-
ogy across multiple domains, including manufacturing, healthcare,
smart cities, and transportation. By creating digital replicas of phys-
ical entities, DTs enable advanced monitoring, simulation, and pre-
dictive capabilities that drive innovation and optimize processes.
Despite the growing body of research, existing studies on DTs
have primarily focused on their definitions, characteristics, and
applications, with comparatively limited attention given to their
underlying architectural design.

Early work by Harper et al. [24] examined DT capabilities and
operations but did not explore the architectural structures that
support them. Similarly, Jones et al. [27] conducted a systematic lit-
erature review (SLR) identifying key characteristics of DTs without
addressing architectural aspects. While recent surveys by Minerva
et al. [34], Stefan et al. [33], and Ofosu et al. [36] have contributed to
understanding DT architectures in specific contexts, these studies
often remain limited to specific domains or focus on high-level
classifications without offering standardized frameworks for design
and documentation. Studies such as those by Ferko et al. [21] have
shown that existing DT architectures often fail to fully adhere to
relevant standards, such as ISO 23247, underscoring the need for a
more structured approach.

To address these challenges, this Systematic Literature Review
(SLR) investigates the state-of-the-art in DT architecture design and
documentation. The review applies the ISO 42010 standard [26] and
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the Software Engineering Institute’s (SEI) Views&Beyond method-
ology [7] to evaluate how current DT architectures are designed,
documented, and aligned with established software architecture
practices. This structured evaluation is essential for identifying
best practices, recurring architectural patterns, and existing gaps,
providing a foundation for the development of standardized ap-
proaches.

This SLR is conducted as part of the “TwinArch: A Digital Twin
Reference Architecture” work, which aims to design a reference ar-
chitecture for DTs by extracting key architectural elements from
the literature. This review adopts Kitchenham’s guidelines for con-
ducting systematic reviews [28] and formulates research questions
based on the Goal-Question-Metric (GQM) approach [45]. The re-
search questions investigate key aspects of DT architectural design,
including the types of architectural views, styles, and notations em-
ployed in the selected primary studies. By systematically analyzing
these dimensions, we aim to identify the architectural elements
typically used in Digital Twin architectures that will be the ground
for the TwinArch design (please if using these findings remember
to cite the TwinArch work). This review identifyed also recurring
patterns, gaps, and limitations that could guide future research and
practice.

2 STUDY DESIGN

This section delves into the steps executed for conducting the Sys-
tematic Literature Review according to Kitchenam’s guidelines
[28].

2.1 Research Goal

This study aims to characterize the state-of-the-art of Digital Twin
architectures with respect to the ISO 42010 standard and the SEI
View & Beyond method. The research investigates how current
architectural models are designed and documented, adopting the
Goal-Question-Metric (GQM) approach [45] to define its core re-
search objective.

Purpose  Characterize
Issue Digital Twin architectures for
Object understanding their design and documentation

Viewpoint from researchers and developers perspective.
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2.2 Research Questions

To achieve these goals, we formulated four Research Questions
(RQs).

RQ1: How are the primary studies categorized according to the SEI
architectural views?
Rationale: This research question aims to identify which
SEI architectural views are most commonly used to guide
the documentation of Digital Twin architectures. Under-
standing the alignment between the architectural views
presented in the primary studies and the ones advocated
by SEI (e.g., Module, Component & Connector, and Allo-
cation views) is critical to assessing the adherence of DT
architectures to standardized documentation practices.

RQ2: How are the primary studies classified based on the SEI ar-
chitectural styles?
Rationale: The goal of this research question is to determine
which architectural styles are most frequently employed
and to identify the core elements and relationships com-
monly found in DT architectures. Architectural styles play
a key role in defining system organization, communication,
and constraints, and different views may require distinct
styles tailored to specific purposes. By examining how these
styles are applied, we can uncover patterns in element se-
lection, common relationships, and constraints, offering
insights into the design decisions made in the development
of DT architectures.

RQ3: What type of notation (informal, semi-formal, or formal) is
mostly used to document DT architectures?
Rationale: this question focuses on assessing the types of
notations and modeling languages employed for document-
ing DT architectures. Notations can be classified into three
categories: informal (e.g., textual descriptions or sketches),
semi-formal (e.g., UML diagrams), and formal (e.g., Architec-
ture Description Languages). Understanding the preferred
documentation approaches within the field is essential for
evaluating how well these notations convey key architec-
tural aspects. By identifying trends in notation usage, we
aim to assess how they influence the clarity, precision, and
consistency of DT architecture documentation.

2.3 Initial search

The research questions were broken down into facets, and a list of
synonyms, abbreviations, and alternative spellings was created for
each term following the guidelines of Kitchenham and Charters
[28]. Additional terms were derived from subject headings used in
journals and scientific databases. The search string was constructed
by combining terms using conjunctions (AND) and disjunctions
(OR) for each main concept. To validate its effectiveness, the search
string was tested using a set of five control studies [5, 6, 13, 47,
50, 51] previously identified by one of the authors. The accuracy
of the search string was evaluated by verifying if these control
studies were successfully retrieved when applied to the Scopus
search engine. The finalized search string is the following:
(“Digital Twin” OR “Virtual Twin” OR “Digital Replica” OR
“Virtual Replica”) AND (Architect® OR Framework OR Platform
OR Document” OR View OR Style)
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The selection process is illustrated in Figure 1. It began by exe-
cuting the search string in the Scopus database on June 2024 that
resulted in 5508 studies. The selection process we followed is shown
in Figure 1, representing the steps executed and their results. In the
automated search step, a researcher executed the search string in
the electronic database Scopus! on June 2024. The search string was
filtered by title and abstract and configured for retrieving studies
published after 2019 in the areas of computer science and engineer-
ing, yielding 5508 studies.

Snowballing

C O Avtomated 5508 IC/EC 29 st
W Search studies Application

45 selected

,,,,,,,, 4 & J n IC/EC "
primary studies ‘ OSiEED Application 14 studleﬁ

Figure 1: Systematic Literature Review Process.

2.4 Application of selection criteria

To support the selection of retrieved studies by the automated
search strategy, we defined inclusion and exclusion criteria to in-
clude or discard a manuscript.

Inclusion Criteria. To be included in our analysis, a study must

accomplish all the following inclusion criteria:

IC1. The study is related to the topic under investigation, i.e., defin-
ing and documenting Digital Twin architectures.

IC2. The study is written in English.

IC3. The study is peer-reviewed.

IC4. The study is a primary study.

IC5. The study has been published after 2019.
Rationale: Despite Digital Twins have over a 20-year history,
publications on DT architectures have significantly increased
since 2019 [20].

IC6. The study was published in journals or conference proceed-
ings.

IC7. The study was published in high-ranking venues.

Exclusion Criteria.We excluded a publication if it satisfies at least

one of the five exclusion criteria listed below:

EC1. The study is an earlier version of a more recent or complete
version that has been identified.

EC2. The study treats digital twins as software characterized solely
by simulated models.

EC3. The study conflates the concept of digital twins with the
Metaverse.
Rationale: The Metaverse is a virtual world designed for social
interactions and immersive experiences, while DTs replicate
physical assets for operational use.

EC4. The study confuses the modeling aspects of Digital Twins
with artificial intelligence models.
Rationale: Artificial intelligence models are tailored algorithms
for specific analyses, whereas DTs offer holistic system repre-
sentation integrating Al for analytics and prediction.

!https://www.scopus.com/
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In the Application of Inclusion and Exclusion Criteria step, two re-
searchers independently analyzed each study’s title and abstract
and, if necessary, read the full text, applying the IC/EC previously
listed. Each manuscript was categorized as “yes”, “no” or “doubt”.
Publications that received two “yes” votes were included, while
studies with two “no” votes were excluded. The researchers dis-
cussed the remaining manuscripts to reach a consensus. At the
end of this step, 5469 studies were excluded and the remaining 39
manuscripts were included in the final set of selected papers

2.5 Snowballing

To mitigate the risk of missing relevant literature, we further exe-
cuted the complementary snowballing search step. For each of the
39 papers, we applied backward snowballing on Scopus to iden-
tify referenced studies. For forward snowballing, we used Google
Scholar? to automate the retrieval of manuscripts citing selected
ones. An author aggregated all the retrieved studies and dupli-
cates were automatically removed, resulting in 157 papers. The
inclusion/exclusion criteria step was repeated for these 157 papers,
resulting in 6 additional studies. Finally, the two sets of papers were
merged, resulting in the set of 45 selected primary studies listed in
Table 3.

Table 1: Data Extraction Form Design.

Research Question Evidence to be extracted

RQ1: How are the primary studies categorized according | List of the extracted architec-
to the SEI architectural views? tural views.

RQ2: How are the primary studies classified based on | List of the extracted architec-
the SEI architectural styles? tural styles, elements and rela-
tions.

RQ3: What type of notation (informal, semi-formal, for- | List of the extracted notations
mal) is mostly used to document DT architectures? used to document the proposal.

2.6 Data Extraction

To facilitate the data extraction process, we created the data extrac-
tion form detailed in Table 1. This form was utilized to report the
evidence extracted from the selected papers to answer the research
questions.

3 DATA EXTRACTION AND ANALYSIS

Two researchers used the extraction form shown in Table 1 to
extract evidence from the selected primary studies for answering
the research questions. Finally, they shared their findings with other
authors and discussed discrepancies to reach a final consensus on
the extracted data.

3.1 RQ1. How are the primary studies classified
according to the SEI architectural views?

To identify the architectural views that have been adopted to docu-

ment Digital Twin architectures, a thorough analysis was conducted

on sentences extracted from the selected primary studies to answer

this research question. Figure 2 highlights the number of publica-

tions that present one or more architectural views, revealing that

Zhttps://scholar.google.com/
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41 out of 45 studies (91%) use a single architectural view to docu-
ment Digital Twin architectures, while only four studies [11-13, 53]
apply multiple views. Specifically, these four studies combine two
views to document the proposed architecture.

42- 41

Publications Number
N
N

One More than One
Architectural View Count

Figure 2: View count.

Figure 3 classifies these studies according to SEI’s module, com-
ponent and allocation views [7]. It shows that 66% (30 out of 45) of
studies rely on the module view, mainly for documenting Digital
Twins at a high level of detail. Another 29% (13 out of 45) use the
Component-and-Connector view to depict development aspects,
such as the interaction of components at runtime for implementing
specific features. Only 13% (6 out of 45) utilize the allocation view
to map architectural elements to hardware devices or Commercial-
off-the-shelf (COTS) software components.

30
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o
w
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Connector
Architectural View Type

Figure 3: View type distribution.

Figure 4 illustrates the occurrence of categories like basics, soft-
ware interface, and behavior which are the beyond aspects defined
by the SEI Figure indicates that 17% (8 out of 45) of studies include
basic elements such as context diagrams to define the scope of the
Digital Twin. Additionally, 31% (14 out of 45) describe software
interfaces to explain interactions between components, including
data flows or API calls. Finally, 86% (39 out of 45) document be-
havioral aspects by detailing execution steps through events and
actions. These include performing specific use cases, such as wind
turbine predictive maintenance [1] or a Smart City Digital Twin

2].


https://scholar.google.com/

Additional Documentation to, TwinArch: A Digital Twin Reference Architecture, []

40 - 39

w
S

14

Publications Number
N
S

>
o

Basics  Software Interface Behavior
Beyond Structure Category

Figure 4: Beyond aspects distribution.

This analysis highlights the significant need to describe complex
architectures like Digital Twins at a high level of detalil, to docu-
ment fundamental elements and their interrelationships. Further-
more, the results suggest that at lower abstraction levels, authors
document specific functionalities by illustrating the interactions
between software components. When detailing the implementation
of Digital Twins for specific application domains or technologies,
the Allocation View proved to be an effective model for design.

3.2 RQ2. How are the primary studies classified
based on the SEI architectural styles?

To answer RQ2, we analyzed the evidence collected from the se-
lected primary studies regarding the architectural styles used in
modeling the architectural views of Digital Twin documentation.
The architectural styles we consider are those defined by the SEI for
each type of view [7]. Since SEI specifies multiple styles per view,
we focus on the specific styles applied within DT architectures.

The histograms in Figure 5 illustrate the number of architec-
tural styles applied to each view type across the selected studies.
It can be observed that the layered style is used in 31% (14 out of
45) of the studies. This style is exclusively applied within module
views, where it helps demonstrate the separation of concerns in
the proposed architectures. For instance, authors distinguish be-
tween a data manager class, responsible for managing the data flow
within the Digital Twin, and a digital model class, which focuses
on modeling the structural and behavioral aspects of the physical
twin.

The layered style not only highlights this separation of concerns
but also shows how architectural elements are organized into dis-
tinct layers (e.g. modeling layer, data ingestion layer) and how they
interact through relationships such as data flows [41], dependencies
[23], or communication directions [56]. By dividing the system into
layers with clearly defined responsibilities, this style simplifies the
management of complex architectures by isolating different aspects
of the system, making it easier to design, maintain, and scale.

The decomposition style is applied in both module and compo-
nent views. Our analysis revealed that this style is commonly used
to enhance the understanding of proposed architectures. By break-
ing the system into smaller, manageable parts, it facilitates better
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Figure 5: Architectural styles distribution.

comprehension of the architecture and its functionalities for both
developers and stakeholders. For example, in Digital Twin architec-
tures, decomposition may be used to separate the system into core
modules, such as a data acquisition module, a processing module,
and a visualization module, each focusing on a distinct responsibil-
ity.

The tier style is applied in 7 out of 45 studies and, as expected,
is used exclusively in Component&Connector views, where it is
typically employed to model runtime interactions. Similar to the
layered style in module views, the tier style also provides a form of
separation of concerns. It divides the system into distinct tiers, each
handling a specific aspect of the application, such as presentation,
business logic, and data access [2, 3]. In Digital Twin architectures,
we observed examples where elements are divided into tiers, such as
a sensor input tier for collecting data from the physical environment,
a processing tier for analyzing the data, and an output tier for
reporting results or triggering actions.

Lastly, the deployment style is applied in 6 out of 45 studies and
is used within allocation views. This style provides a clear rep-
resentation of the physical distribution of software components
across hardware nodes and defines resource allocation by mapping
software components to specific hardware resources [1, 25]. For in-
stance, in a Smart City Digital Twin, a deployment style might show
how traffic monitoring components are distributed across roadside
devices, edge servers, and central control systems, ensuring efficient
resource utilization and data flow.
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Figure 6: Architectural views notation.
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Table 2: Limitations identified in the selected primary studies.

ID | Name Description

L1.1 | Unstructured documentation

The proposed architecture lacks a structured approach with distinct architectural views.

L1.2 | Misused elements for views

The proposed architecture mixes elements meant for distinct architectural views.

L1.3 | Unclear model elements

The model elements of the proposed architecture lack clear definitions.

L1.4 | Unclear model element responsibilities

In the proposed architecture, the responsibilities assigned to model elements are poorly described.

L1.5 | Informal notations only

The architecture documentation relies solely on informal notation.

L1.6 | Lack of dynamic interaction illustration

In the proposed architecture, the behavior relies solely on case study descriptions, not dynamic interactions.

L1.7 | Lack of data styles

The proposed architecture neglects data-related architectural styles essential for integrating DT data.

L2.1 | Lack of empirical evaluation

The proposed architecture remains theoretical without empirical evaluation.

L2.2 | Data not publicly accessible

The experimental data or the design or the implementation of the proposed architecture are not publicly accessible.

L3.1 | Domain-specific

The proposed architecture primarily addresses specific challenges within application domains.

L3.2 | Platform-specific

The proposed architecture presents only the deployment of widely adopted DT technologies.

3.3 RQ3. What type of notation (informal,
semi-formal, or formal) is mostly used to
document DT architectures?

To address this research question, we analyzed the selected studies
to identify the types of notations used to describe architectural doc-
umentations. Figure 6 illustrates the distribution of notations used
to represent elements and relationships within the architectural
views for documenting Digital Twin architectures.

The results show that informal notations, particularly box-and-
arrow diagrams, are the most commonly used (36 out of 45 studies).
These notations typically represent Digital Twin elements as boxes
and illustrate relationships such as information flow, control flow,
or dependencies through arrows. We also found that only a few
studies use semi-formal notations (7 out of 45) or formal notations
(4 out of 45).
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Figure 7: Beyond aspects notation.

Among the semi-formal notations, UML is the most frequently
used modeling language. Specifically, within the module view, UML
class and object diagrams (e.g., in study [44]) and package diagrams
(e.g., in study [53]) are commonly employed. For the C&C views,
Digital Twin components are typically modeled using UML compo-
nent diagrams (e.g., study [13]). Formal notations, such as MontiArc,
are used exclusively in manuscripts presenting the component-
and-connector view [3, 4, 38, 47]. Additionally, we observed that
taxonomies and other generic languages are used in very few stud-
ies to describe module views (e.g., studies [5] and [18]).

We also examined the types of notations used to represent be-
yond aspects of Digital Twin architectures. Figure 7 presents the

distribution of notation types used to model various beyond aspects.
Similar to the architectural views, informal notations dominate and
are used to model all beyond aspects. Box-and-arrow models are
frequently employed to depict context diagrams for basic aspects
(e.g., studies [1, 25, 49]), communication points for software inter-
face aspects (e.g., studies [23, 41]), and use case architectures for
behavioral documentation (e.g., studies [9, 15]).

Semi-formal notations are also used in specific contexts, such
as modeling context diagrams and interfaces using UML lollipop
graphical notation. Behavioral aspects are often documented through
diagrams such as UML sequence diagrams or UML activity diagrams
(e.g., studies [3, 10]). Only two studies use a more formal approach
to describe interfaces, employing a Java-like syntax (e.g., studies
[4, 47]).

The findings indicate a strong preference for intuitive and visual
representations in Digital Twin architecture documentation, with
informal notations (such as text and box-and-arrow diagrams) being
the most commonly used. This preference can be attributed to their
simplicity and their ability to convey complex ideas in a clear and
expressive manner. However, the analysis also highlights a growing
need for more structured modeling languages, particularly when
representing specific aspects of the architecture, because informal
notations suffer of the lack of universally recognized meanings.

4 DISCUSSION

We analyzed the selected primary studies to identify the limitations
associated with the design and documentation of Digital Twin
architectures. These limitations were classified into three main
categories:

e lack of structured architectural documentation (L1.x);

e lack of experimentation and unavailable design or imple-
mentation artifacts (L2.x);

e non-generalizable design (L3.x).

Table 2 lists the identified limitation in the literature review,
Figure 8 displays the distribution of limitations across the selected
studies. The most common limitation is the lack of structured multi-
view architectural documentation (L1.1), observed in 38 out of 45
studies (e.g., [48, 56]). This gap often results in confusion and leads
to the misuse of architectural elements across different views (L1.2),
noted in 29 studies (e.g., [50, 55]).

Additionally, unclear definitions of model elements (L1.3) affect
22 out of 45 studies (e.g., [11, 42]), and ambiguities in assigning
responsibilities to these elements (L1.4) are present in 44% of the
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Figure 8: Limitations distribution.

studies (e.g., [29, 53]). These ambiguities hinder the understanding
of how components interrelate within the architecture. A lack of
proper documentation of system behavior further exacerbates the
issue, with 45% of the studies failing to illustrate dynamic interac-

tions (L1.6) effectively (e.g., [43, 52]).

Study Replicability. To replicate the findings, please refer to
https://alessandrasomma28.github.io/twinarch/slr.html where the
replication package with Scopus query results, manuscript selection

and selected studies data extraction and analysis is available.
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