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Abstract: This scientific article discusses the process of digital transformation of enterprises, analyzed
as complex technical systems. Digital transformation is essential for businesses to remain competitive
in the global marketplace. One of the effective tools for such a transformation is model-based systems
engineering (MBSE). However, there is a gap in the practical application of knowledge regarding the
uniform principles for the formation of a digital representation of complex technical systems, which
limits the realization of the cross-industry potential of digital transformation in the economy. The
motivation for this study is to identify common cross-industry principles for the formation of digital
representations of complex technical systems that can lead companies to a sustainable and successful
digital transformation. The purpose of this work is to identify and formulate these principles through
an analysis of publications, using an inductive approach and classifying them by the category of
application. As a result of the study, 23 principles were obtained, and the degree of their use in
various industries associated with complex technical systems was determined. The results of this
study will help to solve the problem of cross-industry integration and guide systemic changes in the
organization of enterprises during their digital transformation.

Keywords: model-based systems engineering; MBSE; digital twin; digital representation; digital
transformation; complex technical system; system of systems; system cross-industry principles;
life cycle

1. Introduction

The high socio-economic significance of digital transformation determines the rele-
vance of the research topic. Recently, businesses have realized the importance of digital
transformation for sustainable development, especially for enterprises in the real sector
of the economy [1]. In 2018, only 33% of representatives of manufacturing companies
considered digital transformation as a necessary process, but by 2020, this number had
almost doubled to 64%. Currently, companies in various industries are investing significant
amounts of money, ranging from 3% to 10% of revenue, in digital transformation and related
initiatives [2]. Europe can add EUR 2.5 trillion to GDP in 2025, boosting GDP growth by
1 percent a year over the next decade through the use of digital technologies [3]. The digital
transformation market size is set to reach USD 2669.48 billion by 2030 [4]. Companies are
interested in improving the efficiency of the process of digital transformation [5]. Digital-
ization has a significant positive impact on increasing the value of companies through the
formation of assets [6], risk assessments [7], promotion of innovation [8], the increase in op-
erational efficiency [9], and the reduction in the risk of a collapse in stock prices [10]. There
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is an urgent need to take advantage of new digital technologies to adjust how companies
respond to external economic conditions based on real-time information [9,11].

An emphasis on the aspect of digital transformation associated with systemic orga-
nizational restructuring in the real sector of the economy is especially important, as this
sector plays a crucial role in overall economic growth [12]. The use of advanced system
engineering methods based on digital technology, modeling, and analysis of big data is
necessary to ensure competitive advantages [13]. Digital transformation is the driving
force of the economy at the present stage, highlighting the potential impact of this study
on a wide range of industries [13,14]. By proposing new principles for creating a digital
representation of complex technical systems, this study can make a significant contribution
to the digital transformation of the economy and the integration of various industries.

As an object of study, the authors propose a digital representation of a real object. The
use of a model-based systems engineering (MBSE) approach makes it possible to effectively
build such a representation based on the system model of an enterprise, adequately describ-
ing it in the form of interconnections of system components [15]. However, currently, there
is a lack of detailed descriptions regarding the principles of creating a digital representation
of an object based on MBSE. Bridging this gap is the focus of the authors” attention. At
the same time, there is evidence that the MBSE approach is indeed an effective tool for
forming an adequate digital representation of a real system in the physical world [16]. The
formation of a digital representation of a complex technical system is illustrated in Figure 1.

Complex technical system
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Figure 1. Digital representation of a complex technical system. The diagram shows objects, processes,
and relationships between them in a complex technical system in the process of digitalization. The
process of digital representation refers to the digitization of system elements (components and
connections) separately and the creation of digital models of individual systems, including all
elements and connections within it. The process of digitalization, from the position of the MBSE
approach, can occur when all subsystems and connections between them at all necessary levels of
decomposition are formed into a single model.

The authors have identified a knowledge gap in the absence of common cross-industry
principles for the formation of a digital representation of complex technical systems for
digital transformation. The lack of such system principles, formulated in a uniform manner,
is seen as an obstacle to the standardization of formats of digital representations of organi-
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zations as complex systems. This, in turn, is an obstacle to organizing effective interactions
between enterprises of various industries, as well as enterprises of the same industry but
of different sizes. The formulation of general system cross-industry principles for the
formation of a digital representation of complex technical systems is expected to reduce
transaction costs, contributing to the solution of many socio-economic problems [17,18].
The gap which is bridged by this article is a lack of identification and formulation
of general system cross-industry principles for the formation of a digital representation
of enterprises in various industries analyzed as complex technical systems for its digital
transformation. To bridge this gap, the authors have identified the following tasks:

1. A review of publications related to the description of the digital representation of
complex technical systems in various industries.

2. Identification of common features of the descriptions of complex technical systems in
the formation of their digital representation and formulation of the identified features
in the form of principles.

3. An analysis of the applications of the identified principles for digital representations
of systems and formation of appropriate recommendations for application of these
principles for creation of a digital representation of the representation of complex
technical systems.

The authors propose to form a digital representation of all components of the sys-
tems and the relationship between these components based on new unified principles.
The approach of the authors differs from those previously developed in that the authors
identify unified cross-industry principles of system modeling for the formation of digital
representations of a system.

2. Literature Review
2.1. Industry 4.0 and the Increased Complexity of Systems

Industry 4.0 refers to the fourth industrial revolution, which is characterized by the
integrated adoption of advanced technologies such as the Internet of Things, artificial intel-
ligence, and digital twins in production [19,20]. The interconnection of these technologies
contributes to the creation of complex networks and data flows, which, in turn, require
complex algorithms and software to manage and optimize their performance. The trend
is to create smart factories with increased efficiency, flexibility, and resilience. Companies
operating in the real sector of the economy inevitably face the processes of growing global-
ization and the widespread introduction of digital technologies. Research indicates that
companies need to leverage new digital technologies to adjust their responses to external
economic conditions based on real-time information [9,11]. The introduction of digital
technologies significantly impacts the value of companies, including asset formation [6],
risk assessment [7], innovation promotion [8], operational efficiency improvement [9], and
reducing the risk of stock price collapse [10]. In many ways, the lack of policy and incentives
for implementation, not just the lack of technology, hinders an economic justification for
digitalization [21]. As a result, enterprises and industries face the challenge of navigating a
complex network of interconnected systems. This complexity has not only transformed
industrial processes but has also created an urgent need for qualified specialists capable
of effectively managing and maintaining these dynamic, multifaceted systems. Studies
have shown that the ability of companies to make decisions related to financial invest-
ments is influenced by management characteristics [22,23], corporate governance [24,25],
institutional factors [26,27], and external conditions such as the uncertainty of economic
policies [28,29]. In many ways, the lack of adoption policies and incentives, rather than the
lack of technology, makes it difficult to prove the business case for digitalization [21].

2.2. Digital Solutions and Digital Representation of Systems

Today, the main problem is that traditional engineering methods can no longer cope
with the representation of such complex systems, as the complexity of the system grows
faster than the capabilities for their effective management [30]. Jack Welch said it best:
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“when the rate of change inside the organization becomes slower than the rate of change
outside, the end is near” [31,32]. This thesis was discussed as early as 2006 [33], and by
2022 [34], the urgency of solving this issue had become even more relevant. To describe
such complex systems, companies need to accelerate the solving of problems associated
with digitalization of production, innovation, and acquisition of new skills to remain com-
petitive and achieve success [35-37]. The timely implementation of digital solutions not
only advances the product, project, and company, but also enables a quick and adequate
response to external changes [9]. To implement digital solutions, it is necessary to trans-
fer physical systems to a digital (virtual) space. This transfer includes the formation of
hierarchies of digital subsystems and the corresponding digital representation. The digital
representation of the product provides a clear understanding of the structure, functionality,
and interactions of the product, which is necessary for its successful development or opera-
tion [30]. The creation of an appropriate digital product representation accompanies the
product design stage or, in the case of an existing product, the digitalization stage of the
product. This stage includes defining the requirements for the product and creating views
about the product. The digital representation provides the basis for accurate representation,
effective communication, and seamless integration with other systems. The correct digital
representation ensures that the attributes, properties, and functionality of the system are
accurately represented in the digital product, allowing it to function effectively and fulfil its
purpose [31]. A well-defined digital representation facilitates effective communication be-
tween the various components of a digital product, ensuring uninterrupted data exchange
and reducing the risk of misinterpretation or errors [32,33].

2.3. The MBSE Approach as a Tool for Creating a Digital Representation of a System

Considering the challenges outlined above related to the introduction of digital tech-
nologies in companies, it is important to apply a holistic approach that combines technical
and organizational solutions. Systems engineering can help in this regard by providing a
structured approach to the design, analysis, and management of complex systems that in-
cludes both technical and organizational aspects. From a systems engineering perspective,
it is promising to consider a manufacturing enterprise as a complex technical system [15].
To manage complex technical systems, it is necessary to have clear, adequate system rep-
resentations or specifications of components and their interrelationships, functions, and
requirements [38]. Decision makers need a method for making better decisions than simply
answering the question “should I choose option A or B?” [39]. One approach to describing
components and their relationships, functions, and requirements is the MBSE approach.
Particular attention should be paid to critical functional interactions between system com-
ponents and system interfaces, and whether the system can be assembled, integrated, and
tested with a minimum level of risk [40,41]. The MBSE approach can be an effective tool
for creating a digital representation of a system.

The MBSE approach supports the product lifecycle, which makes it possible to success-
fully support the process of digital transformation for companies. There are examples of
various enterprises around the world benefiting from this approach [42]. According to the
International Council on Systems Engineering [43,44], the MBSE approach is a formalized
modeling application that supports system requirements, design, analysis, validation, and
verification from the conceptual design stage to the development and implementation
stages of the life cycle. Therefore, it can be chosen as a method to support digital adoption
in companies that use a model-based approach to analyze and manage processes. This
paper also posits that MBSE offers a holistic approach to systems engineering based on an
evolving system model, including system definition, design, validation, and configuration
management. Such a model serves as a “single source of truth” about an enterprise as a
system of systems (SoS) or a complex technical system [45,46] (these terms will be used
synonymously hereafter). The effectiveness of MBSE stems from the fact that this approach
supports the transition from design using highly specialized models (subsystems) to the
formation of a single system model to support decision making in all life cycle stages.
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MBSE application methodologies allow one to view enterprises from the perspective of an
50S and understand how the various subsystems within the relevant SoS should interact.
An important characteristic of MBSE is the possibility of forming an adequate ontology
based on the system requirements, which can be used to unambiguously describe the rela-
tionships between different subsystems to support the life cycle of an SoS [21]. The most
important task to be solved by MBSE is the involvement of a wider range of people in the
creation of a single, comprehensive system model, which is used not only by technological
subsystems but also by economic, logistical, judicial, legal, and other subsystems. This is
a key factor for success in digital technologies. Therefore, MBSE deals with identifying
the possibility of the occurrence of collisions and incorporating empirical points of view
so that non-expert stakeholders can distinguish between patterns and make timely and
meaningful decisions [46].

It is important to note that while MBSE is indeed a prevalent and well-regarded
methodology for creating a digital description of complex technical systems, the field
of systems engineering is vast and multifaceted [16]. There are other methods, such as
enterprise systems engineering (ESE), system of systems engineering (SoSE), software
systems engineering (SSE), cyber-physical systems engineering (CPSE), social systems
engineering (SSEn), and others. This study focuses on MBSE and does not consider other
approaches to systems engineering. While other systems engineering methodologies also
hold relevance, the choice of MBSE for this study offers focused and valuable insights into
one of the most employed methodologies for managing system complexity.

2.4. Digital Representation as a Stage of Creating a Digital Twin

As mentioned in Section 2.1 of this study, the development of complex technical
systems often involves the use of artificial intelligence, machine learning technologies, the
Internet of Things, big data, distributed ledgers, and blockchain technologies. A special
place in this series is reserved for digital twins, as they can function not only as an individual
technology but also as a product of technology application. Digital Twin technology was
included in Gartner Inc.’s top 10 strategic technology trends of 2017. This technology
is the outcome of the continuous improvement of product development methods and
engineering activities [47]. The evolution of these methods began with manual drawings
and specifications, then gradually progressed to computer-aided design and finally to
model-based system design. Over time, these “ideological twins” transformed into sets
of mathematical models, describing real-world objects or their individual properties with
varying degrees of accuracy [48]. The digital twin concept allows for the creation of a virtual
image or a digital representation of real-world equipment, devices, or systems, ensuring
maximum synchronization between the real and virtual worlds. A digital representation of
the full life cycle of a product, from the design stage to maintenance, can provide businesses
with a predictive analysis of potential problems [49].

According to the classic concept introduced by Michael Greaves, a digital twin is a set
of virtual information structures that fully describe a potential or actual real manufactured
product from the microscopic to the macroscopic geometric level. Based on the concept of
digital twins, digital marketing author Lior Kitain identified four stages of the concept’s
development, which are clearly presented in the figure below [50] (Figure 2):

The first stage implies that there is only a real object or process.
In the second stage, “mirroring” occurs, where a digital version of the real object or
process is created, describing the real counterpart with varying degrees of accuracy.
e The third stage begins when a connection is established between a real object or
process and their digital version.
e In the fourth stage, there is a convergence and even an intersection of a real object or
process with their digital versions.
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Figure 2. Stages of the concept development of digital twins [50].

In this study, the authors focus on the second stage of digital twin development, where
a digital representation of a complex system is created. This digital representation is a
“mirroring” of the physical system in the virtual world.

2.5. Cross-Industry Principles for Digital Representation

Based on the above, the MBSE approach can be one of the most effective tools for
creating a digital representation of a system [51]. Its application provides a systematic way
of collecting, analyzing, and transmitting system requirements, specifications, and projects
using models [52,53]. A digital representation of a system is necessary for its effective
functioning during the digital transformation process. Literature sources confirm this,
emphasizing the importance of standardization, interoperability, and information exchange.
The standardization of the process for creating digital representations of systems helps to
ensure consistency and compatibility, simplifying system management and maintenance
in a digital environment [54]. Adherence to uniform principles facilitates interaction be-
tween different systems and ensures seamless data exchange and communication between
various components, increasing the overall efficiency of the system. Unified principles
for constructing digital representations of systems contribute to effective information ex-
change, which is necessary for collaborative decision making and management during
digital transformations [55].

Therefore, this work aims to reveal the principles of creating a digital representation
of a complex technical system. The list of principles discovered can be expanded and
refined in future research. Clarifying and supplementing the identified principles in further
research will positively impact the results of applying digital representations of systems.

The authors argue that cross-industry principles for developing digital representations
of complex technical systems are necessary to ensure consistency in the processes of digital
transformation across different sectors of the economy. While different approaches to
creating and describing models of complex technical systems in specific industries have
been formulated in the literature, general principles that are universally applicable have not
been established. The authors believe that this is a significant obstacle to the development
of organizations and the overall economy.

By adopting a systematic approach to the development of digital representations of
their enterprises during the digital transformation process, companies can achieve greater
interoperability and consistency across various systems and subsystems, which is crucial
for unlocking the full potential of digital technologies.
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3. Materials and Methods

To identify cross-industry principles for digital transformation of industrial manufac-
turing based on an analysis of publications, an inductive approach was used, considering
the recommendations presented in studies [56,57]. The review process was carried out
in line with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines. Articles were selcted using keywords such as “systems engineering”,
“MBSE”, “systems digital transformation”, and “systems digital twin”. The authors believe
that these keywords reflect the interdisciplinary nature of digital transformation and the
complexity of designing and managing complex technical systems in various industries.
Additionally, these keywords reflect the requirement for a holistic approach to systems
development and the integration of various engineering disciplines into a single system
model. The Scopus database was used as the primary source of information. This database
was chosen due to its extensive coverage of the literature.

The search strategy included a combination of keywords and Boolean operators. The
following search string was used:

(“systems engineering” OR “MBSE” OR “systems digital transformation” OR “systems
digital twin”) AND (publishing date: 2000-2022) AND (cite rating: 20+).

This search string was designed to capture all articles that discuss any of the four men-
tioned concepts (systems engineering, MBSE, systems digital transformation, and systems
digital twin) within the specified publication date range (2000-2022) and with a citation
rating of at least 20.

No language or publication type restrictions were applied to ensure a comprehensive
search. The search was last conducted on 22 September 2022.

The initial search identified 96 articles. These articles underwent further screening
and analysis as described in the following sections.

Other databases mentioned in previous reviews [58-60] were also used, such as EBSCO
Business Source Complete (BSC), IEEE Xplore, Web of Science, Science, and Information
Systems Association (AIS). In these databases and in the lists of references (with restriction
on the date to 2018-2022), we found 388 more articles in addition to the Scopus database.
After eliminating duplicates, 416 articles remained for screening. The authors also discarded
papers that were not related to technical systems, including papers in medicine and the
social sciences. In total, after screening and elimination of duplicates, 108 articles were
selected for a detailed analysis. The search algorithm is shown in Figure 3.

In the analysis stage, the information was initially collected and classified according
to the problems posed in the publications and the results obtained. Then, the articles
were classified according to the main research areas that are presented in the analyzed
publications:

Business processes;
Production;

Mechanical engineering;
IT sector;

Energy;

Civil engineering;
Military sector;
Aerospace industry.

These categories were selected after an initial review of the articles. Subsequently,
each article was analyzed in detail to identify the features of application (principles) of
the approach used and to identify whether systems engineering and system modeling
were mentioned in it. The principles discovered were included in the general list if they
differed from those already identified in previous articles and had characteristics that could
supplement or clarify any of the previously listed principles. In some cases, there was a
direct indication of the use of a specific principle, but more often, actions were described
within the framework of the MBSE approach. Based on the description of such an activity,
it was concluded that it corresponded to one principle or another. To justify inclusion in
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the list, a quote was provided for each identified principle, based on which a conclusion
was made about its use. In addition, the authors considered enough industries to confirm

the accuracy and universality of our principles.

Search constrains keywords, date (2018-2022),
date (2000-2022) in articles with cite rating

Identification 20+. 416 records identified for screening

115 publications were selected after screening
and elimination of duplicates. During the
eligibility analysis of the full text, 7 more articles were

. excluded, for a total of 108 articles used for
checking the review.

Screening and

Classification based on problems posed in the

‘ abstract.
|n(_iU5trY Stage 1: form a list of problems and considered
classification objects of study or systems from all articles

Stage 2: group systems by application areas
Result: 8 areas of application and articles
distribution

Detail reading. Algorithm:

Identifying the features of New feature st of
applying the approach of *| features
system engineering

Features —
. i - Additional
identification Existing featurein | application
the list of features aspect
3 iterations Correspondence table of
features and articles
List of Transform features List of princioles
features | inprincipleson princip
Principles semantic base
formulation Correspondence table of . Cglrresfpoqde.ml:e
and analiysm features and articles table of principles
and areas of
Diagrams of application
principles ) Result
distribution |

Figure 3. Search algorithm.

After the analysis and collection of identified principles, they were combined according
to the proposed way of using the principle. These principles were then adapted to the
process of digital transformation of a complex technical system. During adaptation, for each
principle, the authors considered whether there were significant features in its application
to describe the digital representation of complex technical systems. If such features were
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indicated in the publications, the authors formulated and classified them in the context
of the task of digital transformation being solved. Thus, cross-industry principles were
identified and formulated and an appropriate set of recommendations for the formation
of digital representations of complex technical systems was drawn up. On this basis,
directions for further research also were formed.

As a basis for further analyses, the authors used four well-known and recommended
principles for applying the MBSE approach [60,61]:

e  The MBSE method should be used semantically, with each concept assigned values
within the system and the created digital representation of the real system.

e  MBSE should comply with metamodeling criteria, including general rules for building
models, such as object types, object parameters, and how to establish relationships
between objects.

e  Modeling should be carried out ontologically, with certain rules for describing the
creation of models, including the types of objects, parameters of objects, and rules for
relations between objects.

e  The object of modeling should be a certain system and the subject of modeling can be
various participants related to this system.

The authors chose these four principles as the main ones based on the monograph [46]
and the INCOSE book [43]. While more principles are mentioned in these works, the
ones the authors chose are consistent with the general lines of these works [62,63]. These
principles were initially adopted based on theoretical results, assuming that they may not
be mentioned in publications concerning the theoretical foundations of the MBSE approach.
At the same time, the authors analyzed these principles on an equal basis with the others
in terms of their inclusion in the articles and their meaning. The authors did not include
the basic statements that the MBSE approach defines and models a system, that systems
include elements and the relationships between them, and other similar statements related
to the definition of the MBSE approach itself as a principle. The authors assume that these
statements are generally accepted and, therefore, are not subject to analysis.

4. Results

As a result of the literature analysis, cross-industry principles for system modeling
to form a digital representation of complex technical systems were identified. For ease of
understanding, all principles are summarized in a single list (Table 1).

To compare the distribution and determine the most used principles across all indus-
tries, a summary chart was created (Figure 4). The chart shows the industries mentioned
in the studies, with the horizontal axis representing the principles mentioned in research
papers. Fragments related to different industries are highlighted in color.

The chart is in a stacked bar chart format, where the total height of the columns
corresponds to the ratio of the number of articles that use the principle to the total number
of articles considered (100%), which reflects the degree of use of each principle. Each
column is divided into shares of using the direction of the principle. For clarity, the color
of each share corresponds to the ratio of the number of articles where that principle was
revealed to the total number of articles where that principle was revealed (with 100% being
the full height of the column).

The following charts (Figure 5) show the percentage of usage of the principles in each
direction, allowing for identification of the most and least used principles in industry.
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Table 1. Cross-industry principles for the formation of a digital representation of complex techni-
cal systems.

Metamodeling
Ontology
Semantics

Stability
Hierarchy
System of systems level principles Unified standards
Interoperability
Transformability
Iterative principle
Systematic verification
Lifecycle

Subjectivity principle
Reverse functional
Independence
Networking principle
Externalization
Minimization
Systematic validation
Reusing
Visualization
3D model usage
“Black box”
Generativity

Subsystem level principles

100.00%
90.00%
80.00% |
70.00% || l F l
60.00% | | BB .
]
| I 11
50.00% | | -
40.00% }
a—
30.00% I l .
-
20.00% I I i l‘ }
10.00% I I I I I I I I I I I I
- AREREER R
ST~ S - R PP - WL S N P . - . N WS R W R >
S FFT T TFTFTFTIT T T AT IF TS TS
&8 ol N R T i & W & &S & W S &
e & o > Oe > N N & & e < N & * ) & Q & > & NG &
¢ K F AT AN P & & &H&F Y
\"‘ q}b o o . Q\% Yy Q‘:\ g o ¢v .::\ {1\4
& N Q\Q‘ A a3 & & N &
&S N ~ N qu
&
< :,;'«:ﬁ
W Aerospace industry Management Military sector W Civil engineering
W IT sector M Mechanical Engineering B Manufactoring B Energy industry

Figure 4. Identified principles and areas of application.
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Based on the research results, the following conclusions can be drawn for various in-
dustries regarding digital transformation. Aerospace prioritizes hierarchy, interoperability,
unified standards, and semantics. Civil Engineering focuses on hierarchy, lifecycle, and
meta-modeling. Management emphasizes interoperability, systematic verification, ontol-
ogy, and subjectivity. In the IT sector, there is a strong focus on hierarchy, meta-modeling,
lifecycle, and systematic verification. The military prioritizes interoperability, lifecycle,
and visualization. Mechanical engineering highly prioritizes hierarchy, interoperability,
systematic verification, ontology, and lifecycle. Manufacturing emphasizes hierarchy, in-
teroperability, ontology, and subjectivity. The energy industry prioritizes meta-modeling,
hierarchy, and subjectivity.

In summary, the industries analyzed generally prioritize hierarchy, interoperability,
and lifecycle for their digital transformation, with variations in other principles based
on the industry’s specific needs. Differences across industries lie in the degree to which
other principles such as semantics, stability, and systematic verification are applied. This
information can help guide the development of digital transformation strategies tailored to
each industry’s needs and priorities.

Many of the identified principles are based on metamodeling [64-75], which is an
origin point that determines the essence and form of creating a suitable model and applying
the MBSE approach. At the metamodeling stage, an MBSE implementation plan is drawn
up, which describes the planned standards for use, the structure of the model and systems,
the roles of the participants, their areas of responsibility, and the semantics of the main
concepts as well.

All general concepts used at all levels of decomposition must be defined semanti-
cally [66-69,76-78] to ensure the stability and interoperability of the model. This means
that all concepts and terms using during model development are compatible with each
other and do not have direct contradictions. However, different systems, models, and sys-
tems of systems can use different semantic definitions specific to a particular industry. To
resolve possible conflicts at the metamodel level, it is recommended to provide a semantic
transformation mechanism for information exchange between components with different
semantic characteristics and features.

The research in [79] alludes to the principles of semantics and metamodeling. The
first step of the study was to develop concepts and their relationships that were gathered
in a metamodel. Basically, concepts represent the elements, allowing their description,
and formalize a domain. The study details the development of concepts and their rela-
tionships, which are subsequently assembled into a metamodel. It portrays concepts as
crucial elements that aid in the description and formalization of a domain. While the term
“semantics” is not explicitly mentioned, its substance aligns with the description, leading
us to infer that the principle is indeed applied in the context of the study.

The stability of a system [80-83] generally means that when making small changes
to the model or system, the functioning of the system as a whole will not be disturbed. In
other words, with small violations of the links between the components of the system the
system as a whole, it does not fail. As an example of this in an article [84], it is said that the
stability could be technical features that are expected from the system as a whole, such as
resilience, flexibility, and interoperability.

An analysis of the application of the approach shows that it is important to provide a
hierarchy, which involves dividing a system of systems into different levels of decomposi-
tion and nesting components within each other [84-88]. Hierarchical modeling involves
integrating validated subcomponent-level, component-level, or subsystem-level models
into a large-scale system-level model [85]. To determine the boundary conditions of a com-
plex technical system, it is necessary to rise to the level of a hierarchically higher complex
technical system and identify the incoming and outgoing data in the complex technical
system under consideration, and vice versa to the hierarchical level of the lower complex
technical system, and repeat this process iteratively [84-88]. As the model and structure
of the system are built, these operations must be repeated and, if necessary, move along
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the chain to even higher and lower levels of complex technical systems. Depending on
the context in which the system is considered, the chain of nesting of systems should be
analyzed. In most cases, it is advisable to define no more than two—three such “systems
within systems”. It is also assumed that, in the general case, any chosen SoS has an SoS of
hierarchically higher and lower levels.

The hierarchical chain described above also considers the principle of independence [89],
which implies that a virtual (digital) and a real object can evolve as a system without directly
influencing each other. Reference [89] describes this concept in the context of design and
manufacturing using the example of a pipe object. This object, defined by static attributes
such as geometry and materials, connects the design and manufacturing worlds, serving as
a bridge between the two. The concept functionally divides the work of one model into two
parts: one that directly affects the three-dimensional physical components and the second
where the system and model operate independently. Thus, when making changes to the
system of a virtual object, there is no need to immediately modify anything in the system
of a physical object and its components and vice versa.

In the structure of the system and the model, interoperability [90-94] of all compo-
nents, including systems, components, requirements, functions, and processes, should be
organized, among which bidirectional links are established. Reference [90] elaborates on
this by explaining that interoperability is achieved through the sharing and exchange of var-
ious outputs. Each output serves dual roles—it is the product of its origin (creator, provider,
or sender) and simultaneously becomes the input for its recipient (receiver, consumer, or
destroyer). As such, the term “output” in this context transcends the traditional concepts
of inputs or outputs, and is applicable even when it is in transit between two system of
systems (SoS). This can be achieved using matrices in the MBSE approach [90] and multi-
criteria analyses of the significance of the components and their relationships. Therefore,
information and data must be convertible [52,64,65,73,95-102] when moving from one
industry or system to another. This can be achieved through the use of a single modeling
language or common standards for all components, as well as through a meta-model,
which, in this case, is a “model of a model” that maps heterogeneous lower-level models
through a single higher-level model. In reference [103], the construction of a metamodel
and its subsets of relationships are explained. This is then linked to the DEVS (Discrete
Event System Specification), thereby facilitating convergence between the two. Addition-
ally, the principle of unified standards is discussed in [86], where it is highlighted that the
use of MBSE methodologies can improve communication between internal and external
stakeholders through the use of tailored model views and standardized language, as per
Walden et al. and Beihoff et al. Externalization is also associated with this principle, which
is the transfer of knowledge and practices from one area or industry to another within the
framework of a common system. In particular, in the article [82], it is stated that “to create
the methodological approach of knowledge externalization that complements and supports
the textile PDP and its stakeholders, BPM and MBSE have been identified as facilitators of
knowledge creation, knowledge sharing, and knowledge utilization between stakeholders”.

The principles described above, similar to all others, should be applied iteratively [104-109],
i.e,, cyclically repeating operations after making changes to the real system and model and
obtaining new information. For example, this may involve navigating up and down the
hierarchical chain of systems to analyze incoming and outgoing data, combining real and
virtual test data, adapting a product model based on real experience, and adjusting real
usage based on simulation data. Any such processes should be continuously performed to
improve accuracy and provide adequate feedback. For instance, reference [65] discusses
this principle in the context of the staged introduction of MBSE. The iterative approach
offers insights into various facets of MBSE, advocating for a blend with existing processes
where necessary, rather than a wholesale change in working methods, thereby ensuring
non-disruptive integration.

Together with iterative repetition of operations at each stage, verification [89,92,110,111]
of the model and the upper-level system is necessary. This means checking whether the
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model and the SoS still correspond to the principles and rules defined by semantics and the
meta-model, or if there are any deviations. Verification and validation are mentioned in
almost every article on MBSE. For instance, reference [73] stresses that with the growing
maturity of model-based design and construction, there is an accompanying rise in the need
for system-centric methodologies and toolsets. These aid in supporting system integration,
requirement management, verification, validation, and configuration management, which
are crucial if model-based information is to effectively assist in the operation of complex
civil building infrastructure projects.

Continuous validation is a key principle mentioned both in MBSE theory and in
publications [39]. Validation, in contrast to verification, aims not to check the entire
complex technical system and its model for compliance with general rules and its theoretical
correctness, but to check (test) the characteristics of individual components of the model. In
particular this includes checking for compliance with the ontology, checking for compliance
with the behavior of the model and the real object, and maintaining connectivity with other
system components.

To verify and validate a complex technical system for safety and stability, the principle
of reverse functionality is used [112-115]; the state of a complex technical system is built, in
which the performance of functions is disrupted or not performed, failures occur, processes
do not work in the standard mode, and components are broken. In this case, the result can
be achieved by building connections between the system and the “anti-system”, between
functions and anti-functions, and between processes and anti-processes. Through these
connections, it is possible to determine the mechanisms for the occurrence of an emergency
and the connection of this mechanism with other components and possible sources of
occurrence. The principle of inverse functionality is considered as one of the stages in
the application of MBSE, as outlined in [113]. This suggests that the second step involves
generating functional failure modes and other related failure modes and effects analysis
(FMEA) data defined by or specific to customer-required data needs. The task of failure
mode generation could be as straightforward as converting a functional statement into an
anti-function statement to describe a failure mode.

Ontology is a special case of metamodeling of a particular considered subsystem or
system component [34,46,66—69,80,100,108,116-120]. When constructing an ontology, the
rules for a given component, its semantics, information about it, and its attributes are
determined. The use of ontology, in essence, is referenced in [121], where a knowledge
repository is described as a central component of the methodology. This repository accu-
mulates expertise, experiences, patterns, and reference models, promoting the reuse of
experiences by enhancing their model with best practice patterns or by avoiding repetition
of past errors. The primary goal is to improve efficiency during the commissioning design
and execution phases. As the work primarily revolves around models, the most crucial
elements of the knowledge repository are patterns and reference models.

One of the main principles of the application of MBSE, which also provides inter-
operability, is the principle of subjectivity (context) [34,81,94,96,99,122-125]. Following
this principle, a complex technical system is modeled, developed, and used in different
contexts from different points of view with respect to specific tasks and industries. At the
same time, the complete system combines all these contexts into a single whole unit. This
approach reduces resources and time, since aspects that are not essential to this task are
not considered and different aspects can be considered at the level of model definition.
It directly follows the principle of network organization (networking) [79,92,115,122,126].
According to this principle, when developing a model and describing a complex technical
system, it is necessary to involve specialists from various industries. A depiction of the
application of these two principles can be found in [121]. The authors propose enhancing
the coordination and integration of activities from all stakeholders involved in the design
and realization phases of a complex system. The aim is to bridge the gap between systems
engineering processes, model-based systems engineering practitioners, and actors involved
in the integration, verification, or validation of the system. Each participant focuses on their
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specific objectives, such as requirements engineering, architectural design, and integration,
verification, or validation of the system.

A special role is played by the application of the principle of
minimization [39,70,89,127-132]. According to this principle for solving specific prob-
lems, information should be provided in the minimum necessary volume. For example,
the graphical description should be as clear and understandable as possible and as mini-
malistic as possible, while the system representation should remain holistic. Following the
minimization principle makes the reduction the time of analytics, model development, data
reading, and workplace automation of resources possible, since the time resource often
plays a more significant role than an additional increase in accuracy (adequacy). One can
find an application of this principle in [85], where the authors caution against merging vari-
ous datasets indiscriminately. They argue that a smaller, “clean” design matrix sometimes
proves more useful than a larger “ill-conditioned” or imbalanced dataset. At the same time,
a graphical representation (visualization) of a specific task is itself significant for teamwork
and the use of this part of the model [99,104,133]. The authors of [121] provide an example
of a visualization principle, emphasizing that the visualization method should allow for
data viewing and analysis results while preserving important relationships between the
information and illustrating the behaviors of the concerned processes.

The “black box” principle also belongs to the category of subsystem-level princi-
ples [99,104,133]. In accordance with this principle, when developing and using models, in
the first steps, only the input and output data of a specific subsystem or its components are
used, without considering the processes occurring inside the subsystem. In subsequent
stages, if necessary, a “white box” is used, where the internal structure inside a component
or subsystem is described in detail. Reference [79] mentions this black box principle, eluci-
dating its objective to express functional requirements relative to the system of interest’s
(Sol) behavior in terms of input/output functions across various fields, facilitate communi-
cation of system black box behavior through a simple language, enable system analysis
through simulations, and enhance traceability by linking requirements to behavior and
modes. This approach supports the redefinition and sharing of requirements to be met by
the Sol without ambiguity.

In many publications, the system life cycle is the focus [21,52,68,79,93,99,116,120,134-139].
To the regular matrices of the MBSE approach, a time matrix, which represents various
system states as they change, and life cycle scenarios in the form of successive branched
chains of events are added. This is an important component of a single system model
because it allows for managing changes in the system both at the stage of its formation
and during subsequent changes. The life cycle principle is articulated in reference [121],
emphasizing the importance of establishing this link at the earliest possible stage from the
initiation of the design project to ensure efficient and significant interaction between the
subsequent phases.

The consideration of the life cycle and the principle of minimization lead to the
principle of reuse [76,78,99,120,126,131,140,141] of the developed fragments of the model
and the revealed structures of systems. This is most relevant for products whose role
in the life cycle is identical or similar. Reference [121] illustrates this usage, it outlines
how a pattern, a set of models, and related information offer a tried-and-tested solution
to a recurring problem and enable engineers and architects to relate a problem to a pre-
validated solution. This solution can then be partially reused for analogous issues. This
also implies the principle of generativity [52,68,73,76,82,83,87,114,142,143], which means
the use of systems of development scenarios to obtain the widest possible range of its
possible states in an automated way and the subsequent selection of optimal states from
this spectrum. In this case, generation is carried out recursively at different levels of the
system hierarchy [144] according to similar algorithms with different parameters.

At the same time, following the principle of independence, there is a certain set of
mandatory system components that is common to any level of nesting and hierarchy and is
tied to real physical objects. The key link here is the 3D model [68,78,89,102,120,122,129],
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which serves as a bridge between the real and digital world. When working with complex
technical systems, it is almost always necessary to use a 3D model as a link or a common
base spatial reference to develop a single system model. Reference [68] illustrates this point,
it explains how 3D simulation models allow workers to gain an in-depth understanding of
the tasks required to achieve a specific setting.

Thus, based on a comprehensive analysis of the publications related to the description
of digital representations of complex technical systems in various industries, common
features of the description of complex technical systems were successfully identified. The
identified features were formulated in the form of cross-industry principles for the forma-
tion of a digital representation of enterprises in various industries analyzed as complex
technical systems (see Table 1).

5. Discussion
5.1. Additional Recommendations for Applying the Principles Formulated above to Develop a
Digital Representation of Complex Technical Systems

This section is primarily devoted to additional recommendations, which are partially
presented in the previous section, for applying the principles formulated above to develop
a digital representation of complex technical systems.

Based on the reviewed publications, it can be concluded that the more complex the
system and its model are, the more principles are used. However, applying these principles
requires a certain level of digital maturity within the company [145,146]. Companies can
achieve levels 4 and 5 of digital maturity (autonomous production and autonomous organi-
zation) by developing a single system model according to the MBSE methodology. To reach
these levels, companies must first undergo significant digitalization of processes and objects
(level 1), selective implementation of advanced analytics (level 2), and interdisciplinary
optimization (level 3).

All the identified principles in the article should be used in accordance with the
description presented in the results. However, their application to creating a digital repre-
sentation of complex technical systems requires specific considerations. It is recommended
to implement the principle of metamodeling and use platform solutions to combine hetero-
geneous models and manage complex technical systems. Semantics ensure the stability of
a complex technical system by clarifying concepts in a new, transformed environment. If
digital technologies cannot create a digital representation of any part of a complex technical
system, it is recommended to apply the principle of independence until the necessary
technologies become available. The connection between the model and the physical world
should be based on 3D models. With proper development of digital technologies, test-
ing on physical objects should be minimized. Automated mechanisms for verification
and validation should be provided. The ontology of a complex technical system must
be dynamic, with an automated update based on new scientific and practical knowledge.
Networking should be organized for a complex technical system and life cycle management
on a permanent single platform. Generation and reuse should be critical principles in the
final stages of development. The remaining principles are mandatory for consideration in
system modeling based on MBSE, although they do not have specific applications.

For a more comprehensive collection of the fundamental principles of systems engi-
neering, the authors recommend referring to INCOSE reports [43,44]. They do not believe
that the principles outlined in this article conflict with those outlined in these reports.
However, the reports focus more on the fundamental principles of systems engineering,
on which there is consensus in the MBSE community, and the principles in this article
are more of a generalization of the observational practice of applying them for creating
a digital representation of a system using the MBSE approach. Therefore, proving cross-
industry principles and reaching a consensus on their application may be the subject of
further research.
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5.2. Commonality in Digital Transformation

The research in [14,147] also raises questions about the need for commonality in
digital transformations. The literature review in [14] identified and analyzed eighteen
confirmed digital maturity models and frameworks which describe various dimensions
that should be considered for a digital transformation strategy. The main result of the work
was the identification of action fields, along with optional additional dimensions, which
should therefore be discussed in all digital transformation strategies. The study reveals
that a clear conceptualization of the impact of digital transformations on incumbent firms’
business models was missing [147]. This study aimed to approach these research gaps by
exploring the impact of digital transformations on the overall business model of incumbent
firms across different industries, thereby examining the nature of this impact to provide
detailed information about how this impact can be conceptualized and what it means for
an incumbent firm.

The authors’ research and the cited research both contribute to the broader discourse
on digital transformation by identifying universal principles or dimensions and addressing
gaps in the current knowledge. However, while the cited studies focus on digital trans-
formation strategies and impacts on business models, this study takes a more technical
approach by focusing on the development of digital representations of complex techni-
cal systems using the MBSE methodology. References [14,147] share some similarities in
terms of recognizing the need for common principles or action fields in the context of
digital transformation and the identification of gaps in current conceptualizations of digital
transformations. Our study and the literature review in [14] underscore the importance
of establishing universal principles or action fields that can guide digital transformation
across various industries.

5.3. Problems in Applying the MBSE Approach

MBSE is suitable for creating custom models of complex technical systems that can
select and describe the relationships between components, functions, processes, and require-
ments according to the concepts of systems engineering [148]. MBSE supports an effective
approach for providing definitions, communication, clarity, and adaptability within sys-
tems engineering projects, as well as assessing the cost, evolution, implementation time,
and security requirements [51]. These factors work together to reduce errors and facilitate
faster decisions throughout the entire life cycle of the product.

Regarding the problems in applying the MBSE approach to the digital representation of
enterprises, existing reviews primarily indicate issues with verifying and validating models,
maintaining a balance between the complexity of models and the need to maintain their
performance, and problems with semantics and the universalization of modeling languages.
There is a significant gap in the data regarding successful implementation of the MBSE
approach in digital transformation practices, as well as in the ability to identify potential
problems related to such implementations [46]. According to a recent study [85], an effective
examination of the behavior of a real production system requires the use of substantial
resources and significant computation time by models, but there are also uncertainties
due to simplifications in model development. Single simplifications and idealizations may
not have a significant impact on the operation of a particular model. However, when
combined in a single model, they can have a multiplicative effect and result in errors.
The solution to this problem can be the use of the MBSE approach when developing
approaches to validation, verification, and calibration when integrating simplified models
into a single model, including the possibility of considering indirect influences on results
from different factors. Thus, one of the most important tasks, which has been analyzed in
many publications, is verifying the models used. A recent study [69] established ten paths
to successful verification using the MBSE approach.
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6. Conclusions

Based on an analysis of the successful application of the MBSE approach for building
system models, eight areas were identified in which the MBSE approach can be used
to develop a digital representation of technical systems: business processes, production,
mechanical engineering, the IT sector, the energy sector, civil engineering, the military sector,
and the aerospace industry. Then, based on an analysis of the features for building a system
model in the process of creating a digital representation of enterprises in various industries,
23 corresponding cross-sectoral principles for the formation of digital representations of
complex technical systems were formed and classified in Table 1.

Using universal cross-industry principles to develop a digital representation of com-
plex technical systems can help companies ensure a successful and sustainable digital trans-
formation. By taking a standardized and systematic approach to digital transformation,
companies can achieve greater interoperability and connectivity between different systems,
which is critical in realizing the full potential of digital technologies. These principles are
recommended as practical guidance for companies and organizations when developing
their digitalization strategies. By following universal principles, companies can capitalize
on the collective knowledge and experience of the industry, digitally building on existing
workforce knowledge and experience, avoiding common mistakes, and ensuring that their
digital transformation efforts are aligned with best practices and industry standards.

The resulting distribution (Figure 2) of application of the identified principles in
various industries is recommended to be used as an indication of possible necessary
directions for systemic changes in the organization of work within these industries and
within individual enterprises. The analysis showed that principles such as independence,
reverse functionality, externalization, 3D model use, and “Black box” are the least used but
no less valuable than the others. This means that their application and implementation in
each industry require additional research.

Further directions for research primarily include practice-oriented studies of function-
ing interdisciplinary models built according to the MBSE methodology. Another promising
direction may be the search for an industry or activity that can serve as a universal system
and the basis for a single model to which all other industries and sub-models can be tied.

Based on the foregoing, research is relevant to clarify the problems and limitations
associated with the digitalization of manufacturing companies in the context of MBSE.
There is a risk that digitalization, which requires extensive changes in business processes,
will face serious difficulties due to the inability of enterprise management to change
generally accepted business models of production. At the same time, insufficient attention
is paid to the digitalization of relationships, processes, functions, and requirements and the
creation of appropriate digital representations.

Author Contributions: Conceptualization, V.B., E.T. and V.Y.; methodology, V.K.; validation, N.B.
and X.R.; formal analysis, VK. and A.M.; data curation, VK., A.M. and X.R.; investigation, VK., AM.,
N.B. and X.R; writing—original draft preparation, V.K. and A.M.; writing—review and editing, S.B.,
VK., AM., N.B, E.T. and X.R; visualization, X.R. and A.M.; supervision, V.Y.; project administration,
V.B. and S.B.; funding acquisition, V.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research is partially funded by the Ministry of Science and Higher Education of
the Russian Federation as part of the World-class Research Center program: Advanced Digital
Technologies (contract No. 075-15-2022-311 dated 20 April 2022).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Appl. Sci. 2023,13, 6225 19 of 24

References

1.  Gezgin, E.; Huang, X.; Samal, P; Silva, 1. Digital Transformation: Raising Supply-Chain Performance to New Levels; McKinsey &
Company: New York, NY, USA, 2017.

2. Ebert, C,; Duarte, C.H.C. Digital Transformation. IEEE Softw. 2018, 35, 16-21. [CrossRef]

3. Institute, M.G. Digital Europe: Realizing the Continent’s Potential. Available online: https://www.mckinsey.com/capabilities/
mckinsey-digital /our-insights / digital-europe-realizing-the-continents-potential (accessed on 15 January 2023).

4. McKinsey & Company. Digital Transformation Market Size to Reach USD 2669.48 Billion in 2030 | Emergen Research. Available
online: https:/ /www.bloomberg.com/press-releases/2023-01-11/digital-transformation-market-size-to-reach-usd-2-669-48
-billion-in-2030-emergen-research (accessed on 15 January 2023).

5. K&, A.; Fehér, P; Szab¢, Z. Digital Transformation—A Hungarian Overview. Econ. Bus. Rev. 2019, 21, 3. [CrossRef]

6. Yadykin, V.; Barykin, S.; Badenko, V.; Bolshakov, N.; de la Poza, E.; Fedotov, A. Global Challenges of Digital Transformation of
Markets: Collaboration and Digital Assets. Sustainability 2021, 13, 10619. [CrossRef]

7. Tian, G.; Li, B.; Cheng, Y. Does Digital Transformation Matter for Corporate Risk-Taking? Financ. Res. Lett. 2022, 49, 103107.
[CrossRef]

8. Wen, H.; Zhong, Q.; Lee, C.-C. Digitalization, Competition Strategy and Corporate Innovation: Evidence from Chinese Manufac-
turing Listed Companies. Int. Rev. Financ. Anal. 2022, 82, 102166. [CrossRef]

9.  Zhai, H; Yang, M.; Chan, K.C. Does Digital Transformation Enhance a Firm’s Performance? Evidence from China. Technol. Soc.
2022, 68, 101841. [CrossRef]

10. Wu, K,; Fu, Y;; Kong, D. Does the Digital Transformation of Enterprises Affect Stock Price Crash Risk? Financ. Res. Lett. 2022, 48,
102888. [CrossRef]

11. Badenko, V.; Bolshakov, N.; Tishchenko, E.B.; Fedotov, A.A.; Celani, A.; Yadykin, V. Integration of Digital Twin and BIM
Technologies within Factories of the Future. Mag. Civ. Eng. 2021, 101, 10144. [CrossRef]

12.  Ulas, D. Digital Transformation Process and SMEs. Procedia Comput. Sci. 2019, 158, 662—671. [CrossRef]

13.  Schulz, A.P; Clausing, D.P; Fricke, E.; Negele, H. Development and Integration of Winning Technologies as Key to Competitive
Advantage. Syst. Eng. 2000, 3, 180-211. [CrossRef]

14. Bumann, J.; Peter, M.K. Action Fields of Digital Transformation—A Review and Comparative Analysis of Digital Transformation
Maturity Models and Frameworks. In Digitalisierung und Andere Innovationsformen im Management. Innovation und Unternehmertum;
Edition Gesowip: London, UK, 2019.

15. Madni, A.M.; Madni, C.C.; Lucero, S.D. Leveraging Digital Twin Technology in Model-Based Systems Engineering. Systems 2019,
7,7. [CrossRef]

16. Campo, K.X,; Teper, T.; Eaton, C.E.; Shipman, A.M.; Bhatia, G.; Mesmer, B. Model-Based Systems Engineering: Evaluating
Perceived Value, Metrics, and Evidence through Literature. Syst. Eng. 2023, 26, 104-129. [CrossRef]

17.  Auzan, A.A,; Bakhtigaraeva, A.L; Bryzgalin, V.A.; Zolotov, A.V.; Nikishina, E.N.; Pripuzova, N.A.; Stavinskaya, A.A. Sociocultural
Factors in Economics: Milestones and Perspectives. Vopr. Ekon. 2020, 7, 75-91. [CrossRef]

18. Borovkov, A.; Rozhdestvenskiy, O.; Pavlova, E.; Glazunov, A.; Savichev, K. Key Barriers of Digital Transformation of the
High-Technology Manufacturing: An Evaluation Method. Sustainability 2021, 13, 11153. [CrossRef]

19. Vitolo, F; Rega, A.; Di Marino, C.; Pasquariello, A.; Zanella, A.; Patalano, S. Mobile Robots and Cobots Integration: A Preliminary
Design of a Mechatronic Interface by Using MBSE Approach. Appl. Sci. 2022, 12, 419. [CrossRef]

20. Pang, T.Y.; Pelaez Restrepo, ].D.; Cheng, C.-T.; Yasin, A.; Lim, H.; Miletic, M. Developing a Digital Twin and Digital Thread
Framework for an ‘Industry 4.0" Shipyard. Appl. Sci. 2021, 11, 1097. [CrossRef]

21. Lopes, AJ,; Lezama, R.; Pineda, R. Model Based Systems Engineering for Smart Grids as Systems of Systems. Procedia Comput.
Sci. 2011, 6, 441-450. [CrossRef]

22.  Coles, J.L.; Daniel, N.D.; Naveen, L. Managerial Incentives and Risk-Taking. J. Financ. Econ. 2006, 79, 431-468. [CrossRef]

23.  Faccio, M.; Marchica, M.-T.; Mura, R. CEO Gender, Corporate Risk-Taking, and the Efficiency of Capital Allocation. J. Corp. Financ.
2016, 39, 193-209. [CrossRef]

24. Acharya, V.V,; Amihud, Y,; Litov, L. Creditor Rights and Corporate Risk-Taking. J. Financ. Econ. 2011, 102, 150-166. [CrossRef]

25.  Kini, O.; Williams, R. Tournament Incentives, Firm Risk, and Corporate Policies. J. Financ. Econ. 2012, 103, 350-376. [CrossRef]

26. Li, K,; Griffin, D.; Yue, H.; Zhao, L. How Does Culture Influence Corporate Risk-Taking? J. Corp. Financ. 2013, 23, 1-22. [CrossRef]

27. Jiang, J.; Chen, Y. How Does Labor Protection Influence Corporate Risk-Taking? Evidence from China. Pac.-Basin Financ. J. 2021,
68,101572. [CrossRef]

28. Wen, E,; Li, C.; Sha, H.; Shao, L. How Does Economic Policy Uncertainty Affect Corporate Risk-Taking? Evidence from China.
Financ. Res. Lett. 2021, 41, 101840. [CrossRef]

29. Zhang, C.; Yang, C.; Liu, C. Economic Policy Uncertainty and Corporate Risk-Taking: Loss Aversion or Opportunity Expectations.
Pac.-Basin Financ. J. 2021, 69, 101640. [CrossRef]

30. Corbets, J.B.; Willy, C.J.; Bischoff, J.E. Evaluating System Architecture Quality and Architecting Team Performance Using
Information Quality Theory. IEEE Syst. ]. 2018, 12, 1139-1147. [CrossRef]

31. Danneels, L.; Viaene, S. Identifying Digital Transformation Paradoxes: A Design Perspective. Bus. Inf. Syst. Eng. 2022, 64, 483-500.

[CrossRef]


https://doi.org/10.1109/MS.2018.2801537
https://www.mckinsey.com/capabilities/mckinsey-digital/our-insights/digital-europe-realizing-the-continents-potential
https://www.mckinsey.com/capabilities/mckinsey-digital/our-insights/digital-europe-realizing-the-continents-potential
https://www.bloomberg.com/press-releases/2023-01-11/digital-transformation-market-size-to-reach-usd-2-669-48-billion-in-2030-emergen-research
https://www.bloomberg.com/press-releases/2023-01-11/digital-transformation-market-size-to-reach-usd-2-669-48-billion-in-2030-emergen-research
https://doi.org/10.15458/ebr.91
https://doi.org/10.3390/su131910619
https://doi.org/10.1016/j.frl.2022.103107
https://doi.org/10.1016/j.irfa.2022.102166
https://doi.org/10.1016/j.techsoc.2021.101841
https://doi.org/10.1016/j.frl.2022.102888
https://doi.org/10.34910/MCE.101.14
https://doi.org/10.1016/j.procs.2019.09.101
https://doi.org/10.1002/1520-6858(2000)3:4&lt;180::AID-SYS2&gt;3.0.CO;2-H
https://doi.org/10.3390/systems7010007
https://doi.org/10.1002/sys.21644
https://doi.org/10.32609/0042-8736-2020-7-75-91
https://doi.org/10.3390/su132011153
https://doi.org/10.3390/app12010419
https://doi.org/10.3390/app11031097
https://doi.org/10.1016/j.procs.2011.08.083
https://doi.org/10.1016/j.jfineco.2004.09.004
https://doi.org/10.1016/j.jcorpfin.2016.02.008
https://doi.org/10.1016/j.jfineco.2011.04.001
https://doi.org/10.1016/j.jfineco.2011.09.005
https://doi.org/10.1016/j.jcorpfin.2013.07.008
https://doi.org/10.1016/j.pacfin.2021.101572
https://doi.org/10.1016/j.frl.2020.101840
https://doi.org/10.1016/j.pacfin.2021.101640
https://doi.org/10.1109/JSYST.2017.2647980
https://doi.org/10.1007/s12599-021-00735-7

Appl. Sci. 2023,13, 6225 20 of 24

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Habermehl, C.; Hopfner, G.; Berroth, J.; Neumann, S.; Jacobs, G. Optimization Workflows for Linking Model-Based Systems
Engineering (MBSE) and Multidisciplinary Analysis and Optimization (MDAOQO). Appl. Sci. 2022, 12, 5316. [CrossRef]

Benbya, H.; McKelvey, B. Toward a Complexity Theory of Information Systems Development. Inf. Technol. People 2006, 19, 12-34.
[CrossRef]

Basnet, S.; Bahootoroody, A.; Chaal, M.; Valdez Banda, O.A.; Lahtinen, J.; Kujala, P. A Decision-Making Framework for Selecting
an MBSE Language—A Case Study to Ship Pilotage. Expert Syst. Appl. 2022, 193, 116451. [CrossRef]

Mhenni, F; Vitolo, E; Rega, A ; Plateaux, R.; Hehenberger, P.; Patalano, S.; Choley, J.-Y. Heterogeneous Models Integration for
Safety Critical Mechatronic Systems and Related Digital Twin Definition: Application to a Collaborative Workplace for Aircraft
Assembly. Appl. Sci. 2022, 12, 2787. [CrossRef]

Scuotto, V.; Magni, D.; Palladino, R.; Nicotra, M. Triggering Disruptive Technology Absorptive Capacity by CIOs. Explorative
Research on a Micro-Foundation Lens. Technol. Forecast. Soc. Chang. 2022, 174, 121234. [CrossRef]

Riesener, M.; Doelle, C.; Perau, S.; Lossie, P.; Schuh, G. Methodology for Iterative System Modeling in Agile Product Development.
Procedia CIRP 2021, 100, 439-444. [CrossRef]

Oueidat, D.; Eude, T.; Guarnieri, F. Contribution of the Stamp Model to Accident Analysis: Offloading Operations on a
Floating Production Storage and Offloading (FPSO). In Advanced Sciences and Technologies for Security Applications; Springer:
Berlin/Heidelberg, Germany, 2019; pp. 179-196.

Russell, M. Using MBSE to Enhance System Design Decision Making. Procedia Comput. Sci. 2012, 8, 188-193. [CrossRef]
Montgomery, P.R. Model-Based System Integration (MBSI)—Key Attributes of MBSE from the System Integrator’s Perspective.
Procedia Comput. Sci. 2013, 16, 313-322. [CrossRef]

Henderson, K.; McDermott, T.; Van Aken, E.; Salado, A. Towards Developing Metrics to Evaluate Digital Engineering. Syst. Eng.
2023, 26, 3-31. [CrossRef]

Henderson, K.; Salado, A. Value and Benefits of Model-based Systems Engineering (MBSE): Evidence from the Literature. Syst.
Eng. 2021, 24, 51-66. [CrossRef]

INCOSE. INCOSE Systems Engineering Handbook: A Guide for System Life Cycle Processes and Activities; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2015; ISBN 9781118999400.

Watson -Chair, M.; Mesmer, B.; Roedler, G.; Rousseau, D.; Calvo-Amodio, J.; Keating, C.; Miller, W.D.; Lucero, S.; Gold, R.; Jones,
C.; et al. Systems Engineering Principles; INCOSE: San Diego, CA, USA, 2022; ISBN 9781937076085.

Brahmi, R.; Belhadj, I, Hammadi, M.; Aifaoui, N.; Choley, J.-Y. CAD-MBSE Interoperability for the Checking of Design
Requirements Based on Assemblability Indicators. Appl. Sci. 2022, 12, 566. [CrossRef]

Madni, A.M.; Sievers, M. Model-Based Systems Engineering: Motivation, Current Status, and Research Opportunities. Syst. Eng.
2018, 21, 172-190. [CrossRef]

Prokhorov, A.; Lysachev, M.; Mikhail, A.B. Digital Twin. Analysis, Trends, World Experience; AlliancePrint: South Boston, MA, USA, 2020.
Grieves, M.; Building Digital Twin Congress. Authoring Digital Twin Concept. Available online: https://www.youtube.com/
watch?v=0S74PBdYicU (accessed on 20 January 2023).

Augustine, P. The Industry Use Cases for the Digital Twin Idea. In Advances in Computers; Elsevier Science: Amsterdam,
The Netherlands, 2020; Volume 117.

Kitain, L. The New Age of Manufacturing: Digital Twin Technology & IIoT. The New Age of Manufacturing. Available online:
https:/ /medium.com/@lior.kitain/the-new-age-of-manufacturing-digital-twin-technology-iiot-494acee5572a. (accessed on
20 January 2023).

Gregory, J.; Berthoud, L.; Tryfonas, T.; Rossignol, A.; Faure, L. The Long and Winding Road: MBSE Adoption for Functional
Avionics of Spacecraft. J. Syst. Softw. 2020, 160, 110453. [CrossRef]

Bougain, S.; Gerhard, D. Integrating Environmental Impacts with SysML in MBSE Methods. Procedia CIRP 2017, 61, 715-720.
[CrossRef]

Wang, Y.; Steinbach, T.; Klein, J.; Anderl, R. Integration of Model Based System Engineering into the Digital Twin Concept.
Procedia CIRP 2021, 100, 19-24. [CrossRef]

Khan, S.; Farnsworth, M.; McWilliam, R.; Erkoyuncu, J. On the Requirements of Digital Twin-Driven Autonomous Maintenance.
Annu. Rev. Control 2020, 50, 13-28. [CrossRef]

Khandoker, A.; Sint, S.; Gessl, G.; Zeman, K.; Jungreitmayr, F.; Wahl, H.; Wenigwieser, A.; Kretschmer, R. Towards a Logical
Framework for Ideal MBSE Tool Selection Based on Discipline Specific Requirements. J. Syst. Softw. 2022, 189, 111306. [CrossRef]
Wolfswinkel, ].E; Furtmueller, E.; Wilderom, C.PM. Using Grounded Theory as a Method for Rigorously Reviewing Literature.
Eur. J. Inf. Syst. 2013, 22, 45-55. [CrossRef]

Wohlin, C. Guidelines for Snowballing in Systematic Literature Studies and a Replication in Software Engineering. In Pro-
ceedings of the EASE “14: 18th International Conference on Evaluation and Assessment in Software Engineering, London, UK,
13-14 May 2014; pp. 1-10. [CrossRef]

Yang, L.; Cormican, K.; Yu, M. Ontology-Based Systems Engineering: A State-of-the-Art Review. Comput. Ind. 2019, 111, 148-171.
[CrossRef]

Schmidt, M.M.; Zimmermann, T.C.; Stark, R. Systematic Literature Review of System Models for Technical System Development.
Appl. Sci. 2021, 11, 3014. [CrossRef]


https://doi.org/10.3390/app12115316
https://doi.org/10.1108/09593840610649952
https://doi.org/10.1016/j.eswa.2021.116451
https://doi.org/10.3390/app12062787
https://doi.org/10.1016/j.techfore.2021.121234
https://doi.org/10.1016/j.procir.2021.05.101
https://doi.org/10.1016/j.procs.2012.01.041
https://doi.org/10.1016/j.procs.2013.01.033
https://doi.org/10.1002/sys.21640
https://doi.org/10.1002/sys.21566
https://doi.org/10.3390/app12020566
https://doi.org/10.1002/sys.21438
https://www.youtube.com/watch?v=0S74PBdYicU
https://www.youtube.com/watch?v=0S74PBdYicU
https://medium.com/@lior.kitain/the-new-age-of-manufacturing-digital-twin-technology-iiot-494acee5572a.
https://doi.org/10.1016/j.jss.2019.110453
https://doi.org/10.1016/j.procir.2016.11.196
https://doi.org/10.1016/j.procir.2021.05.003
https://doi.org/10.1016/j.arcontrol.2020.08.003
https://doi.org/10.1016/j.jss.2022.111306
https://doi.org/10.1057/ejis.2011.51
https://doi.org/10.1145/2601248
https://doi.org/10.1016/j.compind.2019.05.003
https://doi.org/10.3390/app11073014

Appl. Sci. 2023,13, 6225 21 of 24

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Hanelt, A.; Bohnsack, R.; Marz, D.; Antunes Marante, C. A Systematic Review of the Literature on Digital Transformation:
Insights and Implications for Strategy and Organizational Change. J. Manag. Stud. 2021, 58, 1159-1197. [CrossRef]

Keskin, B.; Salman, B.; Koseoglu, O. Architecting a BIM-Based Digital Twin Platform for Airport Asset Management: A Model-
Based System Engineering with SysML Approach. J. Constr. Eng. Manag. 2022, 148, 04022020. [CrossRef]

Herzig, S.J.I. A Bayesian Learning Approach to Inconsistency Identification in Model-Based Systems Engineering. Ph.D.
Dissertation, Georgia Institute of Technology, Atlanta, GA, USA, 2015.

Patria, G.S. Model-Based Systems Engineering Application to Analyze the Ground Vehicle and Robotics Sustainment Support
Strategy. ProQuest Dissertation, Lawrence Technological University, Southfield, MI, USA, 2017.

Muvuna, J.; Boutaleb, T.; Baker, K.J.; Mickovski, S.B. A Methodology to Model Integrated Smart City System from the Information
Perspective. Smart Cities 2019, 2, 496-511. [CrossRef]

Fischer, PM,; Liidtke, D.; Lange, C.; Roshani, F-C.; Dannemann, F.; Gerndt, A. Implementing Model-Based System Engineering
for the Whole Lifecycle of a Spacecraft. CEAS Space J. 2017, 9, 351-365. [CrossRef]

Kiibler, K.; Scheifele, S.; Scheifele, C.; Riedel, O. Model-Based Systems Engineering for Machine Tools and Production Systems
(Model-Based Production Engineering). Procedia Manuf. 2018, 24, 216-221. [CrossRef]

Arrasmith, W. Systems Engineering and Analysis of Electro-Optical and Infrared Systems; CRC Press: Boca Raton, FL, USA, 2015;
ISBN 978-1-4665-7992-7.

Delbriigger, T.; Rossmann, ].R. Representing Adaptation Options in Experimentable Digital Twins of Production Systems. Int. .
Comput. Integr. Manuf. 2019, 32, 352-365. [CrossRef]

Laing, C.; David, P; Blanco, E.; Dorel, X. Questioning Integration of Verification in Model-Based Systems Engineering: An
Industrial Perspective. Comput. Ind. 2020, 114, 103163. [CrossRef]

Kobayashi, N.; Yamada, H.; Utsunomiya, H.; Morisaki, S.; Yamamoto, S. The Evaluation Knowledge of Standard Software Asset
Using the Seven Samurai Framework. Procedia Comput. Sci. 2016, 96, 782-790. [CrossRef]

Nguyen, PH.; Ali, S.; Yue, T. Model-Based Security Engineering for Cyber-Physical Systems: A Systematic Mapping Study. Inf.
Softw. Technol. 2017, 83, 116-135. [CrossRef]

Keskin, B.; Salman, B. Building Information Modeling Implementation Framework for Smart Airport Life Cycle Management.
Transp. Res. Rec. |. Transp. Res. Board 2020, 2674, 98-112. [CrossRef]

Chen, Y.; Jupp, ]. Model-Based Systems Engineering and Through-Life Information Management in Complex Construction. IFIP
Adv. Inf. Commun. Technol. 2018, 540, 80-92. [CrossRef]

Torres, W.; van den Brand, M.; Serebrenik, A. Model Management Tools for Models of Different Domains: A Systematic Literature
Review. In Proceedings of the 2019 IEEE International Systems Conference (SysCon), Orlando, FL, USA, 8-11 April 2019; IEEE:
Piscataway, NJ, USA, 2019; pp. 1-8.

Bemmami, K.E.; David, P. Managing the Use of Simulation in Systems Engineering: An Industrial State of Practice and a
Prioritization Method. Comput. Ind. 2021, 131, 103486. [CrossRef]

Hennig, C.; Viehl, A.; Kdmpgen, B.; Eisenmann, H. Ontology-Based Design of Space Systems. In The Semantic Web—ISWC 2016;
Springer: Berlin/Heidelberg, Germany, 2016; Volume 9982, pp. 308-334. [CrossRef]

Xuemei, L.; Xiaolang, Y. A Visualization Framework for Product Manufacturing Data. Procedia CIRP 2021, 104, 1046-1051.
[CrossRef]

Cameron, B.; Adsit, D.M. Model-Based Systems Engineering Uptake in Engineering Practice. IEEE Trans. Eng. Manag. 2020, 67,
152-162. [CrossRef]

Lemazurier, L.; Chapurlat, V.; Grossetéte, A. An MBSE Approach to Pass from Requirements to Functional Architecture.
IFAC-PapersOnLine 2017, 50, 7260-7265. [CrossRef]

Spiitz, K.; Berges, J.; Jacobs, G.; Berroth, J.; Konrad, C. Classification of Simulation Models for the Model-Based Design of
Plastic-Metal Hybrid Joints. Procedia CIRP 2022, 109, 37—42. [CrossRef]

Arista, R.; Mas, F.; Morales-Palma, D.; Vallellano, C. Industrial Resources in the Design of Reconfigurable Manufacturing Systems
for Aerospace: A Systematic Literature Review. Comput. Ind. 2022, 142, 103719. [CrossRef]

Riedel, R.; Jacobs, G.; Konrad, C.; Singh, R.; Sprehe, ]. Managing Knowledge and Parameter Dependencies with MBSE in Textile
Product Development Processes. Procedia CIRP 2020, 91, 170-175. [CrossRef]

D’Ambrosio, J.; Soremekun, G. Systems Engineering Challenges and MBSE Opportunities for Automotive System Design.
In Proceedings of the 2017 IEEE International Conference on Systems, Man, and Cybernetics (SMC), Banff, AB, Canada,
5-8 October 2017; pp. 2075-2080. [CrossRef]

Berjawi, A.E.H.; Walker, S.L.; Patsios, C.; Hosseini, S.H.R. An Evaluation Framework for Future Integrated Energy Systems: A
Whole Energy Systems Approach. Renew. Sustain. Energy Rev. 2021, 145, 111163. [CrossRef]

Ray, D.; Ramirez-Marquez, ]. A Framework for Probabilistic Model-Based Engineering and Data Synthesis. Reliab. Eng. Syst. Saf.
2020, 193, 106679. [CrossRef]

Poller, A. Exploring and Managing the Complexity of Large Infrastructure Projects with Network Theory and Model-Based
Systems Engineering—The Example of Radioactive Waste Disposal. Syst. Eng. 2020, 23, 443-459. [CrossRef]

Matar, M.; Osman, H.; Georgy, M.; Abou-Zeid, A.; El-Said, M. Evaluation of Civil Infrastructure Sustainability A Model-Based
Systems Engineering (MBSE) Approach. In eWork and eBusiness in Architecture, Engineering and Construction; ECPPM: London, UK,
2014; pp. 327-334. ISBN 9781138027107.


https://doi.org/10.1111/joms.12639
https://doi.org/10.1061/(ASCE)CO.1943-7862.0002271
https://doi.org/10.3390/smartcities2040030
https://doi.org/10.1007/s12567-017-0166-4
https://doi.org/10.1016/j.promfg.2018.06.036
https://doi.org/10.1080/0951192X.2019.1599433
https://doi.org/10.1016/j.compind.2019.103163
https://doi.org/10.1016/j.procs.2016.08.238
https://doi.org/10.1016/j.infsof.2016.11.004
https://doi.org/10.1177/0361198120917971
https://doi.org/10.1007/978-3-030-01614-2_8
https://doi.org/10.1016/j.compind.2021.103486
https://doi.org/10.1007/978-3-319-46547-0_29
https://doi.org/10.1016/j.procir.2021.11.176
https://doi.org/10.1109/TEM.2018.2863041
https://doi.org/10.1016/j.ifacol.2017.08.1376
https://doi.org/10.1016/j.procir.2022.05.211
https://doi.org/10.1016/j.compind.2022.103719
https://doi.org/10.1016/j.procir.2020.01.138
https://doi.org/10.1109/SMC.2017.8122925
https://doi.org/10.1016/j.rser.2021.111163
https://doi.org/10.1016/j.ress.2019.106679
https://doi.org/10.1002/sys.21537

Appl. Sci. 2023,13, 6225 22 of 24

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Kaslow, D. CubeSat Model-Based System Engineering (MBSE) Reference Model—Application in the Concept Lifecycle Phase. In
Proceedings of the AIAA SPACE 2015 Conference and Exposition, Pasadena, CA, USA, 31 August-2 September 2015; American
Institute of Aeronautics and Astronautics: Reston, Virginia, 2015; p. 4474.

Polacsek, T.; Roussel, S.; Bouissiere, F.; Cuiller, C.; Dereux, P-E.; Kersuzan, S. Towards Thinking Manufacturing and Design
Together: An Aeronautical Case Study. In Conceptual Modeling; Springer: Berlin/Heidelberg, Germany, 2017; Volume 10650,
pp. 340-353. [CrossRef]

Mordecai, Y.; Orhof, O.; Dori, D. Model-Based Interoperability Engineering in Systems-of-Systems and Civil Aviation. IEEE Trans.
Syst. Man Cybern. Syst. 2018, 48, 637-648. [CrossRef]

Garro, A.; Tundis, A. Modeling of System Properties: Research Challenges and Promising Solutions. ISSE 2015, 324-331.
[CrossRef]

Wu, Q.; Gouyon, D.; Levrat, E.; Boudau, S. Use of Patterns for Know-How Reuse in a Model-Based Systems Engineering
Framework. IEEE Syst. J. 2020, 14, 4765-4776. [CrossRef]

Torres, W.; Van Den Brand, M.G.].; Serebrenik, A. A Systematic Literature Review of Cross-Domain Model Consistency Checking
by Model Management Tools. Softw. Syst. Model. 2021, 20, 897-916. [CrossRef]

Dori, D.; Wengrowicz, N.; Dori, Y.J. A Comparative Study of Languages for Model-Based Systems-of-Systems Engineering
(MBSSE). In Proceedings of the 2014 World Automation Congress (WAC), Waikoloa, HI, USA, 3—7 August 2014; IEEE: Piscataway,
NJ, USA, 2014; pp. 790-796.

Sjarov, M.; Kif3kalt, D.; Lechler, T.; Selmaier, A.; Franke, J. Towards “Design for Interoperability” in the Context of Systems
Engineering. Procedia CIRP 2021, 96, 145-150. [CrossRef]

Reis, M.S.; Saraiva, PM. Data-Centric Process Systems Engineering: A Push towards PSE 4.0. Comput. Chem. Eng. 2021, 155,
107529. [CrossRef]

Mousavi, B.A.; Heavey, C.; Azzouz, R.; Ehm, H.; Millauer, C.; Knobloch, R. Use of Model-Based System Engineering Methodology
and Tools for Disruption Analysis of Supply Chains: A Case in Semiconductor Manufacturing. J. Ind. Inf. Integr. 2022, 28, 100335.
[CrossRef]

Konrad, C.; Jacobs, G.; Rasor, R.; Riedel, R.; Katzwinkel, T.; Siebrecht, J. Enabling Complexity Management through Merging
Business Process Modeling with MBSE. Procedia CIRP 2019, 84, 451-456. [CrossRef]

Yu, C; Li, Q,; Liu, K.; Chen, Y.; Wei, H. Industrial Design and Development Software System Architecture Based on Model-Based
Systems Engineering and Cloud Computing. Annu. Rev. Control 2021, 51, 401-423. [CrossRef]

Masior, J.; Schneider, B.; Kiirtimltioglu, M.; Riedel, O. Beyond Model-Based Systems Engineering towards Managing Complexity.
Procedia CIRP 2020, 91, 325-329. [CrossRef]

Riedel, R.; Jacobs, G.; Wyrwich, E; Siebrecht, J. Identification of Dependencies between Product Parameters and Process
Stakeholders. Procedia CIRP 2021, 100, 247-252. [CrossRef]

Valdes, F.; Gentry, R.; Eastman, C.; Forrest, S. Applying Systems Modeling Approaches to Building Construction. In Proceedings
of the 33rd ISARC, Auburn, AL, USA, 18-21 July 2016; pp. 844-852. [CrossRef]

Wach, P; Zeigler, B.P.; Salado, A. Conjoining Wymore’s Systems Theoretic Framework and the DEVS Modeling Formalism:
Toward Scientific Foundations for MBSE. Appl. Sci. 2021, 11, 4936. [CrossRef]

Liu, J.; Liu, J.; Zhuang, C.; Liu, Z.; Miao, T. Construction Method of Shop-Floor Digital Twin Based on MBSE. J. Manuf. Syst. 2021,
60, 93-118. [CrossRef]

Rasor, R.; Gollner, D.; Bernijazov, R.; Kaiser, L.; Dumitrescu, R. Towards Collaborative Life Cycle Specification of Digital Twins in
Manufacturing Value Chains. Procedia CIRP 2021, 98, 229-234. [CrossRef]

Gollner, D.; Rasor, R.; Anacker, H.; Dumitrescu, R. Collaborative Modeling of Interoperable Digital Twins in a SoS Context.
Procedia CIRP 2022, 107, 1089-1094. [CrossRef]

Redmond, A.M. Measuring the Performance Characteristics of MBSE Techniques with BIM for the Construction Industry. In
Proceedings of the 2018 11th International Conference on Developments in eSystems Engineering (DeSE), Cambridge, UK,
2-5 September 2018; pp. 40—45. [CrossRef]

Bohm, W.; Henkler, S.; Houdek, F.; Vogelsang, A.; Weyer, T. Bridging the Gap between Systems and Software Engineering by
Using the SPES Modeling Framework as a General Systems Engineering Philosophy. Procedia Comput. Sci. 2014, 28, 187-194.
[CrossRef]

Jia, W.; Wang, W.; Zhang, Z. From Simple Digital Twin to Complex Digital Twin Part II: Multi-Scenario Applications of Digital
Twin Shop Floor. Adv. Eng. Inform. 2023, 56, 101915. [CrossRef]

Aiello, F,; Garro, A.; Lemmens, Y.; Dutre, S. Simulation-Based Verification of System Requirements: An Integrated Solution.
In Proceedings of the 2017 IEEE 14th International Conference on Networking, Sensing and Control (ICNSC), Calabria, Italy,
16-18 May 2017; pp. 726-731. [CrossRef]

Lamnabhi-Lagarrigue, F; Annaswamy, A.; Engell, S.; Isaksson, A.; Khargonekar, P.; Murray, R.M.; Nijmeijer, H.; Samad, T,
Tilbury, D.; Van den Hof, P. Systems & Control for the Future of Humanity, Research Agenda: Current and Future Roles, Impact
and Grand Challenges. Annu. Rev. Control 2017, 43, 1-64. [CrossRef]

Baklouti, A.; Nguyen, N.; Mhenni, E; Choley, ].-Y.; Mlika, A. Improved Safety Analysis Integration in a Systems Engineering
Approach. Appl. Sci. 2019, 9, 1246. [CrossRef]


https://doi.org/10.1007/978-3-319-69904-2_27
https://doi.org/10.1109/TSMC.2016.2602543
https://doi.org/10.1109/SysEng.2015.7302777
https://doi.org/10.1109/JSYST.2020.2975116
https://doi.org/10.1007/s10270-020-00834-1
https://doi.org/10.1016/j.procir.2021.01.067
https://doi.org/10.1016/j.compchemeng.2021.107529
https://doi.org/10.1016/j.jii.2022.100335
https://doi.org/10.1016/j.procir.2019.04.267
https://doi.org/10.1016/j.arcontrol.2021.04.011
https://doi.org/10.1016/j.procir.2020.02.183
https://doi.org/10.1016/j.procir.2021.05.063
https://doi.org/10.22260/ISARC2016/0102
https://doi.org/10.3390/app11114936
https://doi.org/10.1016/j.jmsy.2021.05.004
https://doi.org/10.1016/j.procir.2021.01.035
https://doi.org/10.1016/j.procir.2022.05.113
https://doi.org/10.1109/DeSE.2018.00047
https://doi.org/10.1016/j.procs.2014.03.024
https://doi.org/10.1016/j.aei.2023.101915
https://doi.org/10.1109/ICNSC.2017.8000180
https://doi.org/10.1016/j.arcontrol.2017.04.001
https://doi.org/10.3390/app9061246

Appl

. Sci. 2023, 13, 6225 23 of 24

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.
125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Huang, Z.; Swalgen, S.; Davidz, H.; Murray, ]. MBSE-Assisted FMEA Approach—Challenges and Opportunities. In Proceedings
of the 2017 Annual Reliability and Maintainability Symposium (RAMS), Orlando, FL, USA, 23-26 January 2017. [CrossRef]
Bassam, S.; Herrmann, J.W.; Schmidt, L.C. Using SysML for Model-Based Vulnerability Assessment. Procedia Comput. Sci. 2015,
44, 413-422. [CrossRef]

Klappholz, D.; Port, D. Introduction to MBASE (Model-Based (System) Architecting and Software Engineering). Adv. Comput.
2004, 62, 203-248. [CrossRef]

Bachelor, G.; Brusa, E.; Ferretto, D.; Mitschke, A. Model-Based Design of Complex Aeronautical Systems through Digital Twin
and Thread Concepts. IEEE Syst. . 2020, 14, 1568-1579. [CrossRef]

Olbort, J.; Rohm, B.; Kutscher, V.; Anderl, R. Integration of Communication Using OPC UA in MBSE for the Development of
Cyber-Physical Systems. Procedia CIRP 2022, 109, 227-232. [CrossRef]

Ring, J.; Troncale, L. An Unambiguous Language for Systems Process Design and Engineering. Procedia Comput. Sci. 2014, 28,
635-642. [CrossRef]

Heber, D.T.; Groll, M.W. A Meta-Model to Connect Model-Based Systems Engineering with Product Data Management by
Dint of the Blockchain. In Proceedings of the 2018 International Conference on Intelligent Systems (IS), Funchal, Portugal,
25-27 September 2018; IEEE: Piscataway, NJ, USA, 2018; pp. 280-287.

Romero, V.; Pinquié, R.; Noél, F. A User-Centric Computer-Aided Verification Process in a Virtuality-Reality Continuum. Comput.
Ind. 2022, 140, 103678. [CrossRef]

Gaignebet, A.; Chapurlat, V.; Zacharewicz, G.; Richet, V.; Plana, R. A Model Based System Commissioning Approach for Nuclear
Facilities. Sustainability 2021, 13, 10520. [CrossRef]

Graignic, P; Vosgien, T.; Jankovic, M.; Tuloup, V.; Berquet, J.; Troussier, N. Complex System Simulation: Proposition of a MBSE
Framework for Design-Analysis Integration. Procedia Comput. Sci. 2013, 16, 59-68. [CrossRef]

Leng, J.; Wang, D.; Shen, W.; Li, X.; Liu, Q.; Chen, X. Digital Twins-Based Smart Manufacturing System Design in Industry 4.0:
A Review. |. Manuf. Syst. 2021, 60, 119-137. [CrossRef]

Douglass, B.P. Agile Systems Requirements Definition and Analysis. Agil. Syst. Eng. 2016, 189-279. [CrossRef]

Irshad, L.; Demirel, H.O.; Tumer, I.Y. Automated Generation of Fault Scenarios to Assess Potential Human Errors and Functional
Failures in Early Design Stages. |. Comput. Inf. Sci. Eng. 2020, 20, 051009. [CrossRef]

Wu, Q.; Gouyon, D.; Levrat, E. Maturity Assessment of Systems Engineering Reusable Assets to Facilitate MBSE Adoption.
IFAC-PapersOnLine 2021, 54, 851-856. [CrossRef]

Taraila, W.M. Model Based Systems Engineering for a Venture Class Launch Facility. Mech. Aerosp. Eng. Theses Diss. 2020.
[CrossRef]

Alanen, J.; Linnosmaa, J.; Malm, T.; Papakonstantinou, N.; Ahonen, T.; Heikkil4, E.; Tiusanen, R. Hybrid Ontology for Safety,
Security, and Dependability Risk Assessments and Security Threat Analysis (STA) Method for Industrial Control Systems. Reliab.
Eng. Syst. Saf. 2022, 220, 108270. [CrossRef]

dos Santos, F.L.M.; Pastorino, R.; Peeters, B.; Faria, C.; Desmet, W.; Carlos, L.; Goes, S.; Van Der Auweraer, H. Model Based
System Testing: Bringing Testing and Simulation Close Together. In Structural Health Monitoring, Damage Detection & Mechatronics;
Conference Proceedings of the Society for Experimental Mechanics Series; Springer: Berlin/Heidelberg, Germany, 2016; Volume 7,
pp- 91-97.

Cole, B.; Mittal, V.; Gillespie, S.; La, N.; Wise, R.; Maccalman, A. Model-Based Systems Engineering: Application and Lessons
from a Technology Maturation Project. Procedia Comput. Sci. 2019, 153, 202-209. [CrossRef]

Zhao, J.; Xi, X.; Zhang, L.; Hsu, C.-H.; Kumar, PM. Reuse of Knowledge by Efficient Data Analytics to Fix Societal Challenges. Inf.
Process. Manag. 2022, 59, 102764. [CrossRef]

Chapurlat, V.; Nastov, B. Deploying MBSE in SME Context: Revisiting and Equipping Digital Mock-Up. In Proceedings of
the 2020 IEEE International Symposium on Systems Engineering (ISSE), Vienna, Austria, 12 October-12 November 2020; IEEE:
Piscataway, NJ, USA, 2020; p. 9272230.

Tan, C.S.; Van Bossuyt, D.L.; Hale, B. System Analysis of Counter-Unmanned Aerial Systems Kill Chain in an Operational
Environment. Systems 2021, 9, 79. [CrossRef]

Do, Q.; Cook, S.; Lay, M. An Investigation of MBSE Practices across the Contractual Boundary. Procedia Comput. Sci. 2014, 28,
692-701. [CrossRef]

Halstenberg, F.A.; Lindow, K.; Stark, R. Leveraging Circular Economy through a Methodology for Smart Service Systems
Engineering. Sustainability 2019, 11, 3517. [CrossRef]

Bordeleau, F.; Combemale, B.; Eramo, R.; van den Brand, M.; Wimmer, M. Towards Model-Driven Digital Twin Engineering:
Current Opportunities and Future Challenges. In Systems Modelling and Management; Communications in Computer and
Information Science; Springer: Berlin/Heidelberg, Germany, 2020; pp. 43-54.

Huff, J.; Medal, H.; Griendling, K. A Model-Based Systems Engineering Approach to Critical Infrastructure Vulnerability
Assessment and Decision Analysis. Syst. Eng. 2019, 22, 114-133. [CrossRef]

Bickford, J.; Van Bossuyt, D.L.; Beery, P; Pollman, A. Operationalizing Digital Twins through Model-Based Systems Engineering
Methods. Syst. Eng. 2020, 23, 724-750. [CrossRef]

Grenyer, A.; Erkoyuncu, J.A.; Zhao, Y.; Roy, R. A Systematic Review of Multivariate Uncertainty Quantification for Engineering
Systems. CIRP J. Manuf. Sci. Technol. 2021, 33, 188-208. [CrossRef]


https://doi.org/10.1109/RAM.2017.7889722
https://doi.org/10.1016/j.procs.2015.03.025
https://doi.org/10.1016/S0065-2458(03)62005-X
https://doi.org/10.1109/JSYST.2019.2925627
https://doi.org/10.1016/j.procir.2022.05.241
https://doi.org/10.1016/j.procs.2014.03.077
https://doi.org/10.1016/j.compind.2022.103678
https://doi.org/10.3390/su131910520
https://doi.org/10.1016/j.procs.2013.01.007
https://doi.org/10.1016/j.jmsy.2021.05.011
https://doi.org/10.1016/B978-0-12-802120-0.00005-9
https://doi.org/10.1115/1.4047557
https://doi.org/10.1016/j.ifacol.2021.08.187
https://doi.org/10.25777/b713-zf77
https://doi.org/10.1016/j.ress.2021.108270
https://doi.org/10.1016/j.procs.2019.05.071
https://doi.org/10.1016/j.ipm.2021.102764
https://doi.org/10.3390/systems9040079
https://doi.org/10.1016/j.procs.2014.03.083
https://doi.org/10.3390/su11133517
https://doi.org/10.1002/sys.21460
https://doi.org/10.1002/sys.21559
https://doi.org/10.1016/j.cirpj.2021.03.004

Appl. Sci. 2023,13, 6225 24 of 24

140.

141.

142.

143.

144.

145.

146.

147.

148.

Albers, A.; Scherer, H.; Bursac, N.; Rachenkova, G. Model Based Systems Engineering in Construction Kit Development—Two
Case Studies. Procedia CIRP 2015, 36, 129-134. [CrossRef]

Hubert, A.; Forgez, C.; Yvars, P.-A. Designing the Architecture of Electrochemical Energy Storage Systems. A Model-Based
System Synthesis Approach. J. Energy Storage 2022, 54, 105351. [CrossRef]

Li, M,; Batmaz, F.; Guan, L.; Grigg, A.; Ingham, M.; Bull, P. Model-Based Systems Engineering with Requirements Variability for
Embedded Real-Time Systems. In Proceedings of the 2015 IEEE International Model-Driven Requirements Engineering Workshop
(MoDRE), Ottawa, ON, Canada, 2424 August 2015; IEEE: Piscataway, NJ, USA, 2015; pp. 1-10.

Mas, E; Racero, J.; Oliva, M.; Morales-Palma, D. A Preliminary Methodological Approach to Models for Manufacturing (MfM). In
Product Lifecycle Management to Support Industry 4.0; Springer: Berlin/Heidelberg, Germany, 2018; Volume 540, pp. 273-283.
Gardan, J.; Matta, N. Enhancing Knowledge Management into Systems Engineering through New Models in SysML. Procedia
CIRP 2017, 60, 169-174. [CrossRef]

Polyanska, A.; Savchuk, S.; Zapukhliak, I.; Zaiachuk, Y.; Stankovska, I. Digital Maturity of the Enterprise as an Assessment of Its
Ability to Function in Industry 4.0. In Advances in Manufacturing III; Springer: Berlin/Heidelberg, Germany, 2022; pp. 209-227.
[CrossRef]

Kocaoglu, B.; Demir, E. Maturity Assesstment in the Technology Business within the Mckinsey s 7S Framework. Pressacademia
2019, 6, 158-166. [CrossRef]

Metzler, D.R.; Muntermann, J. The Impact of Digital Transformation on Incumbent Firms: An Analysis of Changes, Challenges,
and Responses at the Business Model Level. In Proceedings of the International Conference on Information Systems, ICIS
2020—Making Digital Inclusive: Blending the Local and the Global, Hyderabad, India, 13-16 December 2020.

Mordecai, Y.; Fairbanks, J.P.; Crawley, E.F. Category-Theoretic Formulation of the Model-Based Systems Architecting Cognitive-
Computational Cycle. Appl. Sci. 2021, 11, 1945. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.procir.2015.01.044
https://doi.org/10.1016/j.est.2022.105351
https://doi.org/10.1016/j.procir.2017.01.052
https://doi.org/10.1007/978-3-030-99310-8_17/TABLES/7
https://doi.org/10.17261/pressacademia.2019.1117
https://doi.org/10.3390/app11041945

	Introduction 
	Literature Review 
	Industry 4.0 and the Increased Complexity of Systems 
	Digital Solutions and Digital Representation of Systems 
	The MBSE Approach as a Tool for Creating a Digital Representation of a System 
	Digital Representation as a Stage of Creating a Digital Twin 
	Cross-Industry Principles for Digital Representation 

	Materials and Methods 
	Results 
	Discussion 
	Additional Recommendations for Applying the Principles Formulated above to Develop a Digital Representation of Complex Technical Systems 
	Commonality in Digital Transformation 
	Problems in Applying the MBSE Approach 

	Conclusions 
	References

