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Abstract—Model-based systems engineering (MBSE) is consid-
ered an important approach for understanding multidomain fields
and is widely used in complex systems such as aerospace. In this
article, a detailed survey of MBSE literature was conducted from its
commencement to the present trends through bibliometric analysis.
Some bibliometric tools were used to implement a visual network
analysis of MBSE-related manuscripts. The results of the bib-
liometric study revealed the interrelationship and distribution of
researchers in multidomain fields. The authorized sources of MBSE
papers were also assorted. The current practices of MBSE were
analyzed. The future directions for MBSE based on the current
practices were discussed. We found that MBSE’s research has been
conducted by many research teams with distinctive characteristics,
and the top publishing sources in this field have emerged. Research
on MBSE focuses on system engineering, languages, system of
systems, and digitalization. The development of new technologies
such as next-generation modeling languages is improving current
practical problems. The findings of this study may help researchers
gain a faster and more comprehensive understanding of the current
and future developments in MBSE.

Index Terms—Bibliometric analysis, digitalization, model-
based systems engineering (MBSE), modeling language, systems
engineering.

1. INTRODUCTION

HE rapid increase in the complexity and the uncertainty
T of systems has posed a challenge to system engineers in
terms of factors such as requirement analysis, design, tradeoff,
and validation [1]. Model-based systems engineering (MBSE),
which emerged around 1993 from the industry as well as from
the academia [2], is considered effective in meeting these chal-
lenges, especially in the aerospace field [3], [4]. MBSE uses
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models as the technical baseline to formalize the practice of
system development from conceptual design to operation [5].
MBSE is associated with systems engineering of model-based
engineering, focusing on behavioral analysis, system architec-
ture, requirement traceability, performance analysis, simula-
tion, test, etc. The scope of MBSE includes multiple modeling
domains across the life cycle, from system of systems (SoS)
to individual components. Existing studies have limited their
review of MBSE to a single aspect, such as tools, languages,
methodologies, etc. The lack of a macroanalysis of the ex-
isting literature renders it difficult to comprehensively assess
the current modern methods in MBSE. This study aims to
catalog bibliographical information from the MBSE literature
starting from 1993 to comprehensively analyze the research
teams, publishing sources, current practices, and future direc-
tions, and provide a macro perspective on evaluating the latest
techniques in MBSE. For example, the scale of MBSE develop-
ment can be inferred from the number of large research teams
formed.

However, it is a challenge for researchers to use and analyze
the large and growing MBSE research literature effectively [6].
Due to the lack of effective methods and tools, it is diffi-
cult for researchers to transform the information into views of
MBSE [7]. This study uses a bibliometric analysis to implement
a comprehensive literature review of MBSE and provide incen-
tives for further MBSE research. Bibliometric analysis refers
to a visual big-data analysis approach for publication review
using a statistical method, which is useful for identifying the
interrelationships among the data [8], [9]. In many research
fields, researchers have adopted bibliometric analyses to identify
authors, sources, and status of their domains [10]-[17], such as
the comprehensive analysis of the relationship between ther-
mal comfort and building control [14]. By using bibliometric
analysis to investigate MBSE publications, this study aims to
identify the most influential authors and sources. We analyze
the status and interrelationships between research hotspots to
explore directions for future research. Thus, we enable MBSE
researchers to gain a more comprehensive understanding of
the latest sophisticated methods in MBSE. This study aims to
enhance researchers’ confidence in MBSE, guide researchers
to reasonably formulate technical routes, and develop next-
generation technology of MBSE.

The rest of this article is organized as follows. A summary
of MBSE and bibliometrics developments is presented in Sec-
tion II. The research methodology is discussed in Section III. The
results of the analysis are presented in Section IV. The findings
are discussed in Section V. Finally, Section VI concludes this
article.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Timeline of MBSE.

II. RELATED WORKS

A. Overview on the Development of MBSE

After nearly 30 years of development, MBSE has become
a valuable novel trend in the field of systems engineering.
Following traditional viewpoints [18], this study sorts out the
development of MBSE in terms of its tools, language, con-
cepts, and applications. The term concept expands the original
methodology term to include the MBSE methodology and some
new concepts that have emerged. Development stage definitions
refer to The historical perspective of MBSE [19]. It suggests
viewing the technical lifecycle of MBSE against the Gartner
hype-curve [20], which includes five phases:

1) technology trigger—when technology is introduced in the
early stages and rapidly expanded thereafter;

2) peak of inflated expectations—when several achievements
are accomplished while encountering several challenges;

3) trough of disillusionment—when several problems arise
and people lose confidence;

4) slope of enlightenment—when second- and third-
generation technologies emerge with more extensive ap-
plications;

5) plateau of productivity—when technology becomes main-
stream and is recognized by the market.

By reviewing the latest modern techniques in MBSE and
defining the stages of the hype-curve, we assess the evolution of
MBSE. As depicted in Fig. 1, the vertical axis of the coordinate
system represents people’s expectations for MBSE, and the
horizontal axis represents the timeline. This study argues that
the development of MBSE over the past 30 years can be divided
into three stages. The reasons for such a division instead of using
the original five stages are as follows.

1) Regarding the technology trigger and the peak of inflated
expectations, challenges or technical inadequacies were
noted early on [21]. Therefore, the trough of disillusion-
ment was either short or did not occur at all. Thus, we
put the peak of inflated expectations and the trough of
disillusionment together.

2) Itis now in the early stage of developing and applying the
second-generation technology, which has not yet entered
the plateau of productivity. Therefore, we did not represent
the stage of plateau of productivity in the figure.

First, during the technology trigger, MBSE was a novel con-
cept that did not garner attention. A few researchers began to
explore MBSE and were then called innovators. In 1993, the
concept of MBSE was introduced in a conference paper at
the International Council on Systems Engineering (INCOSE),
International Symposium (IS), and a scientific book by Oliver
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[22]. His conceptual model of MBSE described the systems
engineering processes. In the same year, Wayne [2] published
his book, titled “Model-based Systems Engineering,” which
introduced the terms related to systems engineering and a ba-
sic mathematical theory for discrete system simulation. More-
over, the appearance of modeling languages, such as object
process methodology (OPM) [23], unified modeling language
(UML) [24], and SysML [25], and modeling tools, such as
Rhapsody [26], Magic Draw [27], Enterprise Architecture [28],
and Capella [29], have transitioned MBSE from theory to prac-
tice and laid a foundation for its application. The difference
between MetaEdit+ and the previous tools is that the former
uses the Graph, Object, Property, Relationship, Role (GOPRR)
conceptual data model as a generic meta—meta model, that is, as
alanguage, rather than directly using a modeling language [30].

The introduction of the precise definition of the MBSE con-
cept in 2007 marked the beginning of the peak of inflated
expectations and trough of disillusionment. At this stage, more
researchers explored MBSE and were termed early adopters.
The definition as per systems engineering (SE) Vision 2020 [31],
proposed by INCOSE in 2006 is

“Model-based systems engineering is the formalized appli-
cation of modeling to support system requirements, design,
analysis, and V &amp; V activities beginning in the conceptual
design phase and continuing throughout development and later
lifecycle phases.”

New techniques emerged at this stage. INCOSE published SE
VISION 2025 [32] as a guide for systems engineering practition-
ers. Open services for lifecycle collaboration (OSLC) [33] is a
lined data specification that integrates all heterogeneous data
throughout the product lifecycle. Moreover, the Department of
Defense (DoD) embraced digital engineering as a strategy, in
which MBSE played a significant role [34]. Simultaneously,
the concept of a digital twin was proposed to provide a virtual
representation in the system lifecycle [35]. Importantly, the
modeling languages and tools were mature at this stage and
met the basic requirements of researchers. The NASA, European
Space Agency (ESA), Lockheed Martin, and other organizations
have already executed a wide range of practical applications and
achieved remarkable results.

Currently, we are at the slope-of-enlightenment stage. It will
be the most widely utilized period in the entire lifecycle of MBSE
(from emergence to backwardness); the symbolic product of the
previous stage, SysML, has become one of the most widely rec-
ognized languages in the field [36]. After soliciting the opinions
of researchers on the applications of MBSE and SysML for more
than a decade, researchers in 2018 officially transferred SysML
v2.0 to the R & D stage to improve the accuracy, expressiveness,
and usability of SysML vl [37]. Similar to SysML 2.0, OPM’s
second-generation modeling environment, OPCloud [38], was
also launched. It not only supported conceptual modeling, but
also possessed detailed quantitative design capabilities. In ad-
dition, the emergence of further associations between digital
technologies and concepts in the previous stage has drawn
the attention of researchers to the combination of virtual and
physical worlds. Taking MBE Diamond [39] as an example, it
is an evolution of the systems engineering V model. The bottom
half is composed of the design and delivery of the physical
model, which is the embodiment of the original V model. The
top half is embodied by a virtual model and a digital twin,
including modeling and simulation. The physical design and
model simulation are linked by a digital thread [40] inside the

diamond model. The concept of AI4SE [41] was proposed to
integrate Al into systems engineering to efficiently process an
enormous volume of data during the product lifecycle. We view
both as signs of the beginning of this period. The KARMA [42]
language and its modeling tool, MetaGraph [43], are second-
generation modeling products developed by the Beijing Institute
of Technology, EPFL, and Zhongke Honeycomb Technology
Co., LTD. The modeling tool was proposed to achieve unified
modeling of multiple languages and improve its expression
ability and modeling efficiency using Graph, Object, Point,
Property, Relationship, and Role (GOPPRRE) [44], an extension
of GOPRR [30]).

According to the expanded three pillars of MBSE [18], we can
summarize a relatively complete development of MBSE. How-
ever, the relationship between the research topics, the collabora-
tion of researchers, etc., cannot be quantitatively judged by this
method. In addition, qualitative analysis is more subjective and
its accuracy needs to be supported by quantitative analysis. There
is a lack of research in this area of MBSE. Therefore, this article
uses bibliometrics to explore MBSE researchers’ collaboration,
sources, and the definitions of practice topics, as well as their
internal linkages and future trends. Furthermore, in response to
the timeline of MBSE development summarized qualitatively in
this section, this article will also aim to answer three research
questions using quantitative methods:

RQ1: Is the upgrade of the modeling language relevant for
MBSE at this stage? What is the direction of the upgrade?

RQ?2: Are new concepts such as digital engineering, digital
twin, and artificial intelligence becoming separate research areas
for MBSE, and how are they related to the future development
of MBSE?

RQ3: Are the application areas of MBSE still in aerospace?

B. Bibliometrics and MBSE Reviews

Bibliometrics is a field that uses statistical methods to evaluate
academic productions quantitatively [45]. Compared with the
peer review’s limited investigation area, the bibliometric method
scales the micro area to a macro investigation area by review-
ing unlimited publications [46]. Bibliometrics has been widely
applied in different academic research areas [47]. Currently,
studies on bibliometrics include two types. One is the research
on the tools and algorithms of bibliometrics, and the other is the
research on specific fields or journals using bibliometrics.

Some researchers focus on developing visualized networks
of bibliometric data to give a clearer and more specific under-
standing of the data. Anfossi et al. [48] described an algorithm
that can combine the citations and source indicators of a publi-
cation to comprehensively evaluate and display the rank of all
publications by the two-dimensional (2-D) space using linear or
higher-order curves. The research promotes the efficiency and
accuracy of research production. Zhang et al. [49] proposed an
algorithm that describes the subjects, actions, and objects (SAO)
retrieved from titles and abstracts as vectors and constructed
a tri-layer SAO to visualize their semantic relationships. The
research successfully provided some clues for understanding
China’s research systems.

Meanwhile, a large number of field-specific bibliometric re-
views have been published. Wu et al. [50] proposed a new
bibliometric framework to explore the evolutionary pattern of
digital transformation. Through the analysis of 10179 publi-
cations, Wu summarized the necessary capabilities of digital
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Fig. 2. Research methodology.

transformation. Mejia et al. [51] surveyed the academic field dis-
tribution of publications that use bibliometrics. The results show
that bibliometrics is mainly used in management, public health,
sustainability, and medical fields. Zhang et al. [52] designed an
intelligent bibliometric framework to identify the relationship
between predecessor-descendant in research topics and applied
itto the study of the relationship between data science and policy.
In their journal-specific bibliometric study, Telis et al. [16] used
bibliometric analyses to measure the most prominent research
trends as reflected in the journal GENETICS.

MBSE has developed for nearly 30 years from prototype
concept to now and has been covered in many kinds of aca-
demic publications. Sufficient MBSE publications have been
published, so it is necessary and effective to make a bibliometric
study on MBSE. Thus far, MBSE reviews have focused on
specific technologies or applications. Several researchers have
reviewed the MBSE literature. Rashid [53] rigorously analyzed
the application of MBSE tools to support the development of
embedded systems and suggested methods to select tools in
different scenarios. Linnosmaa [54] discussed the advantages
of system modeling languages SysML and AADL in the area
of security analysis. Torres [55] reviewed the application and
approaches to across-domain model management in the field of
MBSE. Dridi [56] reviewed the effective application of MBSE
in systems engineering. Lu [57] surveyed the development trend
of MBSE from the perspective of tool-chain development using
questionnaires. Schmidt [58] reviewed the literature on a general
definition of the term “system model.” Henderson [59] empir-
ically analyzed the advantages of MBSE. Cameron et al. [60]
studied the practical role and utility of MBSE in engineering
practice. These reviews in the literature have not thoroughly
investigated MBSE in the entire period since its conception and
as a field.

There is also no substantial progress in the bibliometric
research of MBSE. A few studies have comprehensively re-
viewed MBSE using bibliometrics, but limitations still exist.
For example, Akundi et al. [61] focused on the current research
status through text mining of a large number of MBSE literature
abstracts but did not provide a meticulous analysis of the current
humanistic cooperation, journals, and future development. Li

et al. [62] thoroughly explored MBSE using the bibliometric
method. However, they restricted the sample size to literature
published from 2016 to 2021; therefore, the amount of data
acquired was small.

To summarize, it is necessary to use bibliometrics to quanti-
tatively assess the evolution of MBSE, including collaborations,
key sources, topic distribution, development trends, and the
research questions mentioned above. Driven by research gaps
in this area, this study presents a comprehensive bibliometric
analysis of MBSE literature since 1993.

III. RESEARCH METHODOLOGY

The methodology of research on the development of MBSE
is illustrated in Fig. 2. The research in this study is divided into
three steps: 1) data collection, 2) data processing, and 3) data
analysis. The details are as follows:

A. Data Collection

In this step, we collected publications related to MBSE from
1993 to 2022 because the first relevant publication was in 1993
and our search date was March 20, 2022.

For the choice of database, Google Scholar was dropped due
to its low data quality and its inability to output bibliometric
data [63]. Although Web of Science (WOS) is also a high-quality
database [64], the research by Mongeon [63] and our practice
together show that Scopus has a wider databases coverage
than WOS. Thus, relevant research publications in this study
were sourced from Scopus [65]. Meanwhile, during the search
process, we found that the Scopus database only includes studies
published by the INCOSE IS from 2005 to 2013, whereas most
publications before 2005 were from INCOSE IS. Given that
INCOSE IS is an important MBSE-related conference held by
INCOSE, particularly regarding the research related to defining
and envisioning MBSE, it was essential to add the missing
INCOSE IS publications to the dataset. Thus, we collected the
remaining publications from 1993 to 2022 published by the
INCOSE IS from the Wiley Online Library [66].
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Two terms were searched, “MBSE” and “Model-based Sys-
tems Engineering.” First, we collected publications from Scopus
and exported them to a CSV file. The search strategy was as
follows:

(ALL (MBSE) OR ALL (“Model-based Systems Engineer-
ing”) AND PUBYEAR > 1992 AND PUBYEAR < 2023)

The search parameter ALL in Scopus includes all search fields
such as title, abstract, keywords, affiliation, funding information,
reference, and conference. Employing this search strategy, we
ensured the comprehensiveness of the search.

Second, we collected publications from Wiley Online Library
using the same search strategy as above. The search strategy in
Wiley Online Library was as follows:

[All: “Model-based Systems Engineering”’] OR [All: MBSE]
AND [Journal: INCOSE International Symposium]

Regarding the inconsistency in the number of citations that
may occur between the two databases, we compared the citations
of 99 INCOSE IS publications included in Scopus with those in
Wiley Online Library. The results show that the citations of the
INCOSEIS publications in Scopus are generally slightly greater
than those of the INCOSE IS publications in Wiley Online
Library, but the average citations deviation per publication is
only 0.57. Therefore, although the citations to the remaining
INCOSE IS publications we supplemented by Wiley Online
Library may have been lower than the actual level of Scopus,
they would not significantly affect the results.

Finally, we collected all the searched publications (not
only from Scopus but also from other sources) and recorded
them in a. CSV file using the Scopus information standard
format.

B. Data Processing

Because the bibliometric analysis required consistency in
statistical data, we filtered the collected dataset by the following
steps to gain the final bibliometric data:

1) Rejected publications: There are two reasons to remove the
following publications. First, due to its mechanism, Sco-
pus includes different types of publications. We deleted
some of these, including conference reviews, erratum, and
repeated publications. Second, we found that the abbrevi-
ation “MBSE” does not specifically refer to “Model-based
systems engineering.” It may also refer to terms such as
“multiband single echo” [67], which is an acronym in
medicine, or “multiscale base-scale entropy “[68], which
is a term in fault diagnosis, as well as other terms such as
“modified basic scale entropy,” “maximum breast surface
expansion,” “mel-bands spectral energy,” and “multiburst

sliding encoding.” Thus, we deleted the publications that
included these terms.

2) Cleaning the dataset for consistency in author names: In-
consistency in author names is mainly caused by the incon-
sistent descriptions of citations in the different sources of
MBSE publications. We used the format of author names
in the Scopus library as the standard for unification. For
authors who were not listed in the Scopus library, we used
the format that appeared most often. However, the author
naming format in bibliometric data is a combination of a
surname and all first name initials, which still lead to some
duplicate names, especially for Chinese authors. There-
fore, we also focused on authors with more publications,
unified by using the full name or adding more first name
letters. For example, by comparing bibliometric data, we

identified Lu in initial data as two authors, Lu J.Z. [44]
and Lu J.D. [69].

3) Cleaning the dataset for consistency among sources: the
sources of conference papers were mostly defined by
the year and session. For example, the source title of
IEEE ISSE 2020 is “ISSE 2020 - 6th IEEE International
Symposium on Systems Engineering Proceeding,” which
is different from the source title of the same conference in
2019—*“ISSE 2019—>5th IEEE International Symposium
on Systems Engineering, Proceedings.” We deleted the
year and session of the conference and retained the main
title of the source in a unified format.

4) Cleaning the dataset for consistency in keywords: A large
amount of data poses an important research challenge—
terminology uniformity. For example, several publica-
tions do not concur on whether to add “s” or “-” in
“model-based systems engineering,” “systems modeling
language,” “systems thinking,” “system of systems,” etc.

Among them, the frequency of inconsistent keywords with

“Model-based Systems Engineering” is approximately

200 times, which is in contrast to MBSE, which brings

unambiguous expressions. Therefore, such keywords were

unified before visualizing data. For example, we used

MBSE to unify the terms consistent with the meaning of

“Model-based Systems Engineering.”

C. Data Analysis

We used VOSViewer [70] and BibliometriX [71] to imple-
ment a bibliometric analysis of MBSE. By using the distance-
based network of VOSViewer, we analyzed the interrelation-
ships between nodes, which represented the authors, sources,
keywords, and so forth. Strongly related nodes were close to
each other. Several highly related nodes formed clusters, which
were classified by different colors. Additionally, the size of each
node in the network was positively related to the weight. The
weight value was used to express the number of documents,
citations, etc. We used BibliometriX tools to provide features
that VOSViewer lacks, such as thematic maps [72] and factorial
analysis. The visualization methods that we used were described
as follows.

1) Co-authorship analysis: The relatedness of nodes (author)
was determined based on the number of their coauthored
documents. Thus, we obtained the main research teams
working on MBSE.

2) Citation analysis: The relatedness of nodes (source) was
determined based on the number of citations among each
other. Thus, we obtained the main sources of MBSE
publications.

3) Co-occurrence analysis: The relatedness of nodes (key-
words) is determined based on the number of documents in
which they occur together. Thus, we obtained the research
cluster of MBSE.

4) Factorial analysis: Similar to co-occurrence analysis, the
distance of keywords was related to the number of articles
that used them at the same time. We identified MBSE
subfields by reducing the dimensions of data.

5) Text analysis: This is another type of co-occurrence anal-
ysis based on abstracts and titles. Thus, we unearthed a
few textual details other than the keywords obtained in
the previous co-occurrence analysis step.

6) Thematic map: Based on the co-occurrence analysis, the
centrality and density were used to classify the research
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clusters. Thus, we obtained the impact of each topic on
overall research and future trends.

Through this analysis, we collected the data of researchers in
MBSE and the authorized sources of publications to judge the
overall scenario of MBSE development and enable researchers
to obtain research related to MBSE efficiently. In addition, we
summarized the latest techniques of MBSE and discussed future
directions. The results are presented in the following section.

IV. FINDINGS

In this section, the findings are presented and discussed from
different perspectives: Subsection A provides an overview of the
publication’s bibliometric data. Subsection B describes the re-
search team, distribution, and activity of the MBSE researchers.
Subsection C provides noteworthy information on the MBSE
sources. Subsection D presents the current MBSE practices.
Subsection E discusses the future directions of MBSE.

A. Overview

This study collected a total of 4675 publications from 1993
to 2022, as depicted in Fig. 3. The color on the left side of
the point was determined by the value of citations for the most
cited publications in a year, and the color on the right side was
determined by the average number of citations in a year. The
size of the point represents the total number of citations in the
selected year. The abscissa corresponding to the point indicates
the number of publications in that year.

In terms of the publication count, the number of publications
never reached 20 before 2007. In 2007, as an inflection point,
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the total number of MBSE publications reached 29 and began
to increase steadily on an annual basis (the half-year data of
2022 was included in this study), peaking at 709 in 2021. In
other words, since 2007, research on MBSE has entered a new
stage, which is largely due to INCOSE’s definition of MBSE and
its vision for the future development of systems engineering.
The result of bibliometric data is consistent with the research
in Section II that shows that a large number of researchers
have begun to pay attention to MBSE. The development of
MBSE entered the peak of inflated expectations and trough of
disillusionment stage in 2007.

As shown in Fig. 3, from 2008 to now, at least one study was
cited between 50 and 100 times each year, and the most cited
study was published in 2019, reaching 496 citations. In 2008, the
average citation number peaked at nearly 18 and the median was
5, indicating the publishing of numerous highly cited studies.
From 2008 to 2014, the average number of citations for seven
consecutive years exceeded seven, which was the longest period
from 1993 t0 2022. The largest leap in the number of publications
was in 2018, which means that MBSE entered a new phase in
2018, consistent with the information provided in Section II.

In recent years, the total number of citations (the size of the
point) has remained high; this is due to the simultaneous high
growth in the number of publications. However, the average
number of citations is lower, which may be due to the short
publication time. Compared with publications that remained
published for a long time, the number of citations of published
studies in recent years was not fully reflected in the latest
publications; however, there are still some highly cited publi-
cations and the average number of citations in the past five years
(2017-2021) was around 4.

B. Research Team Analysis

The co-authorship analysis was used to analyze the key re-
search teams and their interrelationships. To clarify the visu-
alization network among research teams, we set authors with
at least five publications to appear in the network. Conse-
quently, authors who did not meet this criterion were filtered
out. Subsequently, 490 of the 9825 authors met this requirement.
VOSViewer’s clustering algorithm groups the nodes that are
closely related to a cluster with the same color. In addition, we
set the threshold for a cluster to constitute at least three authors.

Fig. 4 illustrates the coauthorship network, from which we
obtained 49 teams for the MBSE field. Each node represents an
author, and the node size represents the number of publications.
The location of the clusters in Fig. 4 is arbitrary and is not an
important metric.

Twenty-two teams were connected by extensive cross-team
collaboration, which constituted the majority in Fig. 4. The
associations between the teams are marked in red, and at least 35
different associations appeared. In addition, the team in the black
circle indicates that it had few contacts with the authors outside
the circle. Although there are 27 teams not connected with the
largest coauthorship cluster (the majority), five large teams had
more than seven members, which is more than the number of
some teams in the majority. This indicates that MBSE produces
distinct research characteristics divided by the research team,
which in turn means that at least 10 categories of technologies
are recognized in the MBSE community. Thus, MBSE is in a
significant expansion stage [62]. The largest research team is the
one represented by Vogel-Heuser [73], which not only has the
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Fig. 4.  Authorship collaborative network.

second largest group base (with 22 core members) but has also
collaborated with nine research teams.

To evaluate the activity of each research team, we constructed
statistics on the annual publications issued by all teams. Because
the distinguishing feature of a team is coauthorship, counting the
annual publications of all members of the team simultaneously
would cause serious duplication. To avoid data duplication, we
considered the authors with the highest number of publications
in each cluster as the representative to count the number of
publications in each year. Fig. 5 illustrates the annual publi-
cations of 10 representative authors with the highest number
of publications among the representatives from the 49 clusters
in Fig. 4. The size of the point (value) in Fig. 5 refers to the
number of publications by the author in a year. In terms of the
average number of publications, these primary research teams
increased their output over time, which is consistent with the
overall results. Dori sustained outputs throughout the entire
period from 2008 to 2022. Although Choley and Vogel ranked in
the top two in terms of TP, their publications were mainly from
2014 and beyond. Inferring from the studies published in recent
years, Lu and Albers [74] have the highest number of papers
published in the last three years, indicating that their research
may be related to the next-generation technology of MBSE.
Further, these researchers focus on digital twins, mechatronic
system design, ontology, industry 4.0, etc.

For the geographical analysis, we used VOSViewer to
collect geographic information of publications. The author’s

geographical location was calculated based on the location of
the institution or organization and not their nationality. Fig. 6
presents the results. The majority of MBSE researchers were
from the United States (25.1%), followed by Germany (14.2%),
France (9.0%), and China (8.0%). Researchers in the United
States, Europe, and China accounted for 80% of the total re-
searchers, which are also regions with rapid development in the
aerospace industry, with institutions such as NASA, ESA, and
China Aerospace Science and Technology Corporation (CASC).
Taking the Netherlands as an example, where the European
Space Research and Technology Centre (ESTEC) is located,
10 publications we collected from the country were authored by
researchers from the ESA or ESTEC. In addition, we found that
MBSE software companies also drove regional MBSE research.
A software development facility named No Magic is located in
the EU (Kaunas, Lithuania), and 7 of the 22 publications from
Lithuania are authored by researchers from this facility.

C. Source Analysis

MBSE publications are currently published in more than a
thousand sources, including journals, conferences, and books.
Based on the citation analysis of VOSViewer, this study ex-
amines the number and strength of citation connections among
these sources. In general, publications are from sources in sys-
tems engineering, simulation, manufacturing, aerospace, com-
puter science, and technology, etc. The left side of Fig. 7 shows
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the complete source analysis results to give an overall judgment. TABLEI
To provide a clearer picture of the noteworthy sources, the min- TOP 10 SOURCES ACCORDING 10 TC
imum publication threshold of each source was set to 17, which x Source Sori by TO) TP TC/TP
implies that only the sources that reach the threshold would i Systems Engineering 257 113 112
appear on the network. Among the 1174 sources, 45 (3.8%) met g ;)NCOjE Igffmufivngl Symposium 3;2 4118(9) 322
. . . rocedia ompuler cience -
the constraints. The number of publications produced by these 4 IEEE Transactions on Industrial Informatics 742 9 82.44
45 sources accounts for 51.6% of all publications. All these 5 Lecture Notes in Computer Science 687 133 5.17
sources were connected to each another due to mutual citations, g 5EtEE A{?"’S’;"S“e f"”fecre”;'? g’% 123 2(7)?
. . . nternational Systems Conjerence 5
and there were no independent sources. Fig. 7 illustrates the 8 IEEE Access 551 38 145
citation network of the 45 sources on the right side. Each node 9 Procedia CIRP 487 77 632
in the network represents a different source, the size of which 10 IEEE Systems Journal a4l 43 1026
represents the number of publications. The palette represents the
average number of citations to a source. TOP 10 SOURg]%BkgéI()RDING .
. . . . . T
According to the rules of citation analysis, the links be- ©
M M (194 9
tween two nodes indicate that they have a “cite each other Rank Source (Sor by TP) T——TC—TC/TP
or mutual-citation relationship. Each link has a strength that I INCOSE International Symposium 309 919 225
: : : : . 2 International Systems Conference 142 570 4.01
indicates the number of such relationships. Thereforq, the hlgher 3 Leature Notes in Comprtor Seionce 133 87 s17
the total Strength of a nOde, the stronger the re]atlonshlp be- 4 International Symposium on Systems Engineering 117 350 2.99
tween that node and the other nodes, which signifies the im- : fg;”zjgp’:z’gg Jrence L2
portance of the node. Systems engineering links with most 7 Procedia Computer Science 100 756 7.56
sources and has the highest strength at 294, which demonstrates g f}“”’g"’f CS}‘;’;’“ Engineering Conference 3; E 2;2
. . . g . rocedia .
its high recognizability. The second echelon consisted of four 10 International Astronautical Congress 67 57 0.85

sources, Procedia Computer Science, Systems, IEEE Aerospace
Conference, IEEE Systems Journal, each of which has a strength
of over 80.

To provide a detailed analysis of Fig. 7, Tables I and II lists
10 sources ranked by total citations (TC) and total publications
(TP). The INCOSE IS ranks top 2 in both TP and TC, proving it
an important publishing source in MBSE. Seven sources appear
simultaneously in the top 10 of TC and TP rankings. Systems
Engineering has published only 113 studies and received 1257
citations. In addition, the IEEE System Journal has reached 441

citations with 43 publications, which proves the high quality
of its content. IEEE Transactions on Industrial Informatics is
highly cited and deserves the attention of researchers, despite
the small number of MBSE-related publications that have been
published so far. International Astronautical Congress, (IAC)
has a higher TP with a significantly lower TC, which means that
the papers published in the TAC tend to receive fewer citations
than the other sources listed in Table II. In addition to the top
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10 TP/TC sources in Tables I and II, a few sources with a lower
total number yet high notability can be found in Fig. 7.

Table III lists the top 10 most-cited MBSE publications,
which are mostly from journals. Barring three books, all of these
publications were research and review articles. Ten most-cited
articles reflect the current trend of MBSE and correspond to
the three phases of Section II at a ratio of 1:5:4. During the
technology trigger phase, researchers were more concerned
with the definition of concepts, but these studies did not attract
more researchers. In the peak of inflated expectations and trough
of disillusionment phase, MBSE started to move toward applied
practice, which also attracted more researchers. The current
slope-of-enlightenment phase, where researchers are beginning

to explore MBSE in combination with new technologies, such
as the digital twin, has also attracted the most research. With
496 citations, the most cited article was published in IEEE
Transactions on Industrial Informatics (Tao F., etc.) [75] in 2019.

D. Current Practices

The cluster analysis of co-occurrence keywords was per-
formed to obtain the current practice. Because the strategy
involved searching with MBSE as a keyword, “MBSE” occurred
1104 times, which is significantly more frequent than any other
related keyword. As illustrated in the upper-left corner of Fig. 8,
MBSE links with 76.7 % of the other keywords that occur at least
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TABLE III
TopP 10 HIGHEST CITATIONS PUBLICATIONS
Rank Title Year Source Cited by Type
1 Digital Twin in Industry: State-of-the-Art[75] 2019  IEEE Transactions on Industrial Informatics 496 Journal
2 Digital twin-the simulation aspect[76] 2016  Mechatronic Futures: Challenges and Solutions 430 Book
for Mechatronic Systems and Their Designers
3 Systems Engineering Principles and Practice: 2011  Systems Engineering Principles and Practice: 339 Book
Second Edition[77] Second Edition
4 A review of the development of Smart Grid 2016  Renewable and Sustainable Energy Reviews 333 Journal
technologies[78]
5 System of systems engineering[79] 2003  Engineering Management Journal 322 Journal
6 A Practical Guide to SysML[80] 2008 A Practical Guide to SysML 283 Book
7 Characterizing the Digital Twin: A systematic 2020  CIRP Journal of Manufacturing Science 191 Journal
literature review[81] and Technology
8 Leveraging digital twin technology in 2019  Systems 188 Journal
model-based systems engineering[82]
9 A survey on smart grid technologies and 2020  Renewable Energy 184 Journal
applications[83]
10 Model-based systems engineering: An emerging 2012 IEEE Transactions on Systems, Man and 180 Journal
approach for modern systems|84] Cybernetics Part C: Applications and Reviews
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Fig. 8. Keywords co-occurrences analysis network.

three times; therefore, it is in the core position. Consequently,
the keyword “MBSE” occupied most of the network and covered
up other nodes, rendering it difficult to understand. Thus, we
removed “MBSE” and some of the keywords with general
descriptions from the initial data to promote the visualization
efforts.

Fig. 8 depicts a co-occurrence network of authorial key-
words (without MBSE co-occurrence), in which the minimum
threshold of the frequency of occurrence of keywords is set to

15. Thus, only those keywords with at least 15 occurrences
appeared in the network. Moreover, two keywords are linked
if they exhibit a co-occurrence of at least seven. Finally, we
obtained 82 of the 7386 keywords. In the past 30 years, SysML
and Systems Engineering were the most frequently mentioned
keywords. SysML is a general-purpose architecture modeling
language for systems engineering applications that can strictly
reflect systems engineering activities, and it is widely applied
by various organizations and institutions [85]-[87]. Systems
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Engineering is second only to MBSE in terms of the fre-
quency of occurrence and associations with other nodes, in-
dicating that MBSE is highly relevant to systems engineering
activities.

Six clusters were identified that are illustrated by different
colors in Fig. 8. Table IV provides more details of the clusters
in the figure. We defined the topic of each cluster (the second
column of Table IV) according to the keywords in each cluster
(the third column of Table IV). Based on the visualization of
the current data, we obtained the current practice of MBSE and
divided it into six categories:

The red cluster accounted for 31.9% of all keywords. SysML,
UML, Modelica, Simulink, and domain-specific languages are
MBSE modeling languages. The OPM series was developed
by Dori D. This unique modeling approach explains the con-
struction of the system model from a different perspective. It
integrates the object-oriented (structure) and process-oriented
(behavior) paradigms into a single frame of reference through a
combination of graphics and equivalent natural language [88].
Discrete event simulation specification (DEVS) is a popular for-
malism for modeling complex dynamic systems using discrete-
event abstractions [89]. OPM and DEVS as modeling methods
are not languages, but both cover the language. Hence, the
topic of this cluster is language. In addition to focusing on the
language itself, one of the purposes of modeling with modeling
languages is for verification and validation [90]. The focus of
simulation research not only includes establishing a simulation
model directly in the simulation software, but also enables the
conversion of system models to simulation models [91]. The
novel technology also includes the study of discrete event system
simulations using activity diagrams, state machine diagrams,
and so forth [92]. A large number of requirement-related key-
words is another characteristic of this cluster. The forward design
process, which starts with requirements, is an important part of
the MBSE focus and is currently used intensively in modeling
languages [93].

The green cluster represents the cyber-physical system (CPS).
The development of energy, transportation, water, and healthcare
systems has significantly benefited from information, commu-
nication, and computation through physically engineered sys-
tems [94]. CPS is the evolution of mechatronic systems [95].
In the case of the integration of a large number of components,
the design of the CPS system focuses on three issues (as shown
in Table IV). First, how to effectively manage complex systems
has always been an important issue [96]. Research in this area
includes studies on product lifecycle management (PLM), in-
consistency management, requirements management, and trace-
ability technologies. Second, the ontology appears second only
to the CPS in group 2 and is related to its ability to express a
standardized information model [97]. The CPS system or rather,
the system engineering process, is a multidomain process [98].
To enhance the communication among different stakeholders,
it is necessary to unify the description of the multi-domain
modeling language through ontologies, in which the metamod-
eling approach is used [99]. Third, CPS is more vulnerable to
attacks [100], [101]; therefore, further measures are required
for the cybersecurity of CPS. Based on the aforementioned
management and cybersecurity needs, the MBSE sector has also
started using blockchain technology [102].

The blue cluster accounted for 13.7% of all keywords. Digi-
talization is a fundamentally disruptive force triggered by the

TABLE IV

MBSE RESEARCH CLUSTERS

Cluster  Topic Keywords Occ  Total
sysml 395
simulation 139
requirements engineering 73
uml 69
systems architecture 60
modeling and simulation 55
system modeling 53
model transformation 48
verification and validation 48
object-process methodology 36

Red Language co-simulation 32 1227
smart grid 30
modelica 25
software engineering 25
conceptual modeling 23
integration 22
devs 21
electric vehicle 20
domain-specific language 18
discrete event simulation 17
simulink 15
cyber-physical system 157
ontology 95
mechatronic systems 65
plm 48
requirements 46
system design 41
metamodel 36
traceability 27

Green CPS blockchain 25 683
category theory 22
metamodeling 22
modeling language 18
cybersecurity 17
inconsistency management 16
requirements management 16
reuse 16
standards 16
digital twin 193
industry 4.0 84
iot 52
artificial intelligence 44
machine learging 31

Blue Digitalization decision support 2 56
manufacturing 18
virtual reality 17
big data 16
industrial iot 16
smart manufacturing 16
digital thread 15
systems engineering 458
complex systems 44
conceptual design 41
systems thinking 33
product development 27

Yellow  Systems engineering gzgil:r:nrlnl;:li]; gl(iogy %2 757
knowledge management 24
functional modeling 23
concurrent engineering 21
system model 20
sustainability 16
safety 32
embedded systems 30
safety analysis 28
verification 27
fta 21

Purple Safety analysis formal method 20 242
model checking 19
reliability 18
mbsa 17
fmea 15
security 15
modeling 122
system of systems 104
architecture 48
interoperability 39

Azure SoSE resilience 25 415
architecture framework 24
system of systems engineering 20
dodaf 17
validation 16
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Fourth Industrial Revolution (Industry 4.0) and Internet of
Things (IoT) [103]. After 30 years of development, researchers
have explored ways to combine MBSE with a range of new
concepts brought about by digitalization. The influx of new
concepts, such as digital twins, also provides opportunities for
MBSE. According to Section II, the digital twin was defined
in practice in 2007, but related publications already occupy
four of the top 10 cited publications in Table III. The con-
text of the operation of the digital twin is derived from the
system model built through MBSE, and therefore, the digi-
tal twin is referred to as the core of the possible future of
MBSE [82]. The flow of data is also a distinctive feature
of digitalization. Digital thread, the technology that integrates
heterogeneous models into a unified model, is the guaran-
tee that constitutes an authoritative source of truth (AST) for
MBSE [104]. Using this data, machine learning techniques can
be employed to drive the self-evolution of models and achieve
artificial intelligence. Besides, data-driven modeling and intel-
ligent modeling are the contents of the combination of Al and
MBSE [105].

The yellow cluster accounted for 19.7% of all keywords. In
essence, MBSE is a holistic systems engineering approach cen-
tered on the evolving system model [106]. The keyword data also
shows that systems engineering is second only to MBSE in terms
of frequency. MBSE is widely used in conceptual design and
functional modeling activities of system engineering. Systems
thinking is the foundation of systems engineering and is the
basic idea of observing and defining systems of interest [107].
Decision-making is also commonly encountered throughout a
system’s lifecycle. Using MBSE to model the system can effec-
tively solve the decision challenge [108]. Concurrent engineer-
ing, complex systems, and product development are the most
common systems on this topic. In addition, the sustainability
of the system has attracted more attention in terms of system
characteristics.

The topic of the purple cluster is safety analysis. MBSE
is widely used in the development of complex systems and
equipment. Safety analysis in the early stage can reduce the
design cost of these systems and improve the development
efficiency [109]. Fault tree analysis (FTA) and failure mode
and effects analysis (FMEA) adopt a formal method to
investigate system safety and reliability. The modeling mode
is a combination of the safety analysis and MBSE. From the
perspective of application, safety analysis has been widely used
in embedded systems. In 2016, some MBSE publications first
mentioned a combination of FTA, FMEA, and modeling [110].
The research on safety analysis has increased rapidly since
this time. Security is a word similar to safety; it is related to
cyberspace, communication, and software security, while safety
is mainly related to physical safety [111]. Thus, security may
also become another new research cluster in the future.

The azure cluster accounted for 10.8% of all keywords.
It includes SoS and SoS engineering (SoSE). SoSE is more
concerned with the study of architecture framework, the most
famous of which is the DoD Architecture Framework [112].
Besides, resilience is an important feature for maintaining func-
tionality, stability, and improving the operational efficiency of
complex systems, particularly for SoS [113].

In addition to keyword co-occurrence analysis, we used the
factorial analysis function of BibliometriX to analyze the po-
tential subfields. The parameters we used for the analysis were
multiple correspondence analysis (MCA), auto-clustering, and
the maximum number of keywords 50. MCA represents the
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TABLE V
TEXT ANALYSIS OF ABSTRACT AND TITLE

Term Occurrences Term Occurrences
Aircraft 137 Electric Vehicle 50
Satellite 99 OMG 44
ISO 73 Smart Grid 39
Spacecraft 72 Flight 38
INCOSE 71 Cubesat 36
NASA 64 JPL 34

Aerospace 57

data as points in low-dimensional Euclidean space techniques
to achieve dimensionality reduction [114]. MCA is widely used
to analyze a set of variables with similar characteristics and to
identify new potential variables [115].

As shown in Fig. 9, factorial analysis divided the keywords
into two categories compared to the six clusters obtained by
the co-occurrence analysis. According to the factorial analysis
rule, the closer two keywords are, the more publications put
them together; the farther away, the fewer publications put them
together. The red cluster includes traditional MBSE research,
such as languages, systems engineering, SoSE, design, verifi-
cation, etc. This part of the research is mainstream, so most
of the publications put these keywords together. Note that the
keywords in the blue clusters are not strongly associated with
publications from traditional MBSE publications. Therefore, the
blue cluster includes the new research represented by digital
twins, artificial intelligence, and IoT. Although the blue cluster
also has many publications (enough to support it as a cluster), it
has fewer keywords, indicating that there is still space for further
improvement.

Because most of the authorial keywords are related to tech-
nologies or concepts, we used textual analysis for detailed
entities. As indicated in Table V, these terms are part of the
results of the textual analysis of the structured titles and ab-
stracts. The analysis revealed that the main research area and
application of MBSE are aerospace and aircraft, respectively, the
main institutions of which include NASA and its affiliate JPL.
NASA’s CubeSat Launch Initiative provides opportunities for
small satellite payloads built by universities, high schools, and
nonprofit organizations to fly on upcoming launches, advancing
the practice of MBSE theory [116]. In addition to aerospace,
MBSE now has major applications in electric vehicles and smart
grids [117]. The initiative of MBSE has always been inseparable
from the INCOSE, owing to its SE vision 2020 [31] and SE
vision 2025 [32], which guided the entire MBSE community.
Object Management Group (OMG) is the developer of many
important standards such as UML, XML, etc. These two organi-
zations together have introduced the most widely used modeling
language in the current MBSE field, SysML. In addition, the
ISO standard is very important in the authorized data source
advocated by MBSE. ISO 15288 [118] as well as several other
ISO standards and specifications have also been mentioned in
related studies. For example, Duan et al. proposed a hazard
analysis method for MBSE based on ISO 26262 [119].

E. Future Directions

In this section, we first analyze the future trends of MBSE
research topics from a development status perspective using
BibliometriX thematic map analysis. Subsequently, the thematic
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evolution of MBSE research is studied using thematic evolution
analysis, and further detailed analysis is given.

Thematic map transforms keyword co-occurrence networks
into bivariate maps of centrality and density [120]. The x-axis of
the thematic map represents centrality, which is the importance
of the topic in the entire research field (determined by the degree
of relevance of keywords within the topic to other topics); the

y-axis represents density, which is the development of the topic
itself (determined by the degree of relevance of each keyword
within the topic) [121]. The thematic analysis results maintain
strong consistency with Section IV-D. As shown in Fig. 10, each
bubble corresponds to the topics in Fig. 8. The two topic sets
under the red and blue shading correspond to the Fig. 9. The size
of each bubble is proportional to the topic keyword occurrences.
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The position of each topic is determined by centrality and density
and thus distributed in different quadrants. Thematic evolution
is a longitudinal thematic map analysis, dividing a period into
different slices to study the tendencies of some topics to merge,
or of a topic to spilt into several topics [122]. Time slices are
divided according to the Fig. 1 in Section II.

The research topics in the first quadrant are the motor theme
with high centrality and high density. These topics have been
strongly developed and are greatly important within the field.
Research on systems engineering topics is located in this quad-
rant. In Fig. 11, as a major cluster in the initial phase, systems
engineering has evolved to research in languages, require-
ments engineering, modeling and simulation, SoS, ontology,
blockchain, etc. Systems engineering itself also has always
continued as a theme to this day. The evolution of digital tech-
nologies such as blockchain from systems engineering proves
that systems engineering is the foundation and driving force of
MBSE [106]. Therefore, the first future direction is to consol-
idate and extend the scientific foundation of systems engineer-
ing [123].

The second quadrant is the niche theme. The placement of
topics in this quadrant is very specialized and peripheral [72],
with low centrality and high density. Research on safety analysis
topics is located in this quadrant. Safety analysis is a specific
research domain and research on this topic is often combined
with established security analysis methods such as FTA and
FMEA [124]. Therefore, its own development is mature, but due
to its specific application field, it has little connection with other
topics. For safety analysis, it is normal for the cluster to be in
the second quadrant. Some possible future direction for security
analysis is to increase centrality, including increased research
on cybersecurity analysis [125] and increased integration of
safety analysis with modeling languages, which could even be
a diagram of the system modeling language [126].

The third quadrant is the emerging or declining theme, repre-
senting low centrality and low density. Research on digitalization
topics is located in this quadrant. Referring to Figs. 9 and 11,
digitalization is made up of new technologies that have just
emerged in recent years, which is a topic that is emerging rather
than declining. In Fig. 11, the concepts related to digitalization
have gone from being absent in the first and second stages to
be able to occupy a certain weight in the third stage. It is clear
that the researchers have made considerable efforts according
to the bibliometric data. However, as can be seen in Fig. 10,
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there is still a large gap between this aspect of research and other
topics. In fact, digital transformation has brought several benefits
to MBSE. Therefore, the second future direction is to develop
MBSE digital technologies, including digital twins, blockchain,
Al and ML, 10T, etc. First, continued improvements in modeling
and simulation (a topic in 2018-2022 in Fig. 11) techniques are
the foundation of MBSE digital development. The system model
needs to be well-integrated with the physical (mechanical and
electrical engineering) models [127] to achieve an AST [128].
Data, software, information, and knowledge can be connected
by digital thread technology for truly seamless interaction in the
future [129]. Based on the above, the digital twin will support
the physical product lifecycle activities [130]. Second, Al needs
to be integrated with MBSE. Not only can Al and ML enhance
the system model data analysis ability [131], but with machine
learning, natural language processing, and other technologies, it
provides modelers with modeling suggestions and even obtain
solutions based on problem descriptions [105], [132].

The fourth quadrant is the basic theme, representing high
centrality and low density. Research on SoSE and language
topics is located in this quadrant. This category of topics, despite
its importance for MBSE development, is still underdeveloped.

As the complexity, integration, and multidomain coupling of
systems have increased, some of the concerns of researchers for
systems have begun to shift to SoS [133]. As can be seen in
Fig. 11, SoSE has evolved out of the study of systems engineer-
ing. Its strong correlation with systems engineering enhances
the centrality of SoSE. Since most of the research on SoS is
focused on critical infrastructure, such as smart grids, there is
less research on modeling and simulation tools or languages
for SoS architecture analysis [134], which in turn constrains
the development of SoSE. This is because the integration of
systems from different domains as SoS poses challenges for
interoperability and compatibility between system models [135].
Thus, the development of SoSE also relies on advances in
digitization technology and language to improve interoperability
and compatibility issues [136].

Language is undoubtedly an important part of current mod-
eling and simulation [90]. Almost all MBSE activities are in-
separable from language support, hence the high centrality of
language topics [137]. In fact, in conjunction with the MBSE
development timeline in the Fig. 1, the various languages of
MBSE have each evolved over a long period. However, the study
of this cluster is still underdeveloped. From the algorithmic rules
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of the thematic map, the connection of the keywords within
the topic determines the degree of development of the topic.
The language cluster includes a variety of different languages
within it, including SysML, UML, and Modelica. The various
languages have different application areas [138], which leads
to the connections within this cluster not being close enough.
To improve the density parameter of the language cluster, the
integration of the languages should be enhanced. In Fig. 11,
SysML is the most important modeling language, and research
on SysML still holds great weight even now. SysML v2’s request
for proposal (RFP) was released in December 2017 and aims to
achieve higher precision, expressiveness, and usability [139].
SysML v2 is no longer just a graphical modeling language, but
a language with multiple forms such as text, graphs, and tables
based on formal semantics [140]. In addition, SysML v2 has
been designed with a standard API for accessing models. Similar
to SysML v2, KARMA is a formal semantic modeling language
based on GOPPRRE [141]. The emergence of these two lan-
guages reflects the third future direction of modeling languages
from graphical to semantic modeling. Because of these changes,
it is sufficient to provide the basis for model integration and
interoperability that is of interest to both the digitization topic
and SoSE [142], thus driving MBSE to a new stage.

V. DISCUSSIONS
A. Results

First, according to the research-team analysis, MBSE is
widely implemented worldwide and has gradually formed sev-
eral noteworthy teams, which range from collaborative to in-
dependent teams. All teams possess several publications and
have been cited multiple times. Second, we found a few high-
quality sources in the MBSE field with a large number of
publications and citations. In addition, as indicated in Table III,
the most influential publications focus on digital twins and
the practice or guidance of MBSE. Third, MBSE research is
divided into six major categories, including systems engineer-
ing, languages, CPS, digitization, safety analysis, and SoSs
engineering. Fourth, future research priorities will be mutually
reinforcing. To better adapt to the development of technology
and seize opportunities, we must consider the following focal
points. Research in the basic science of systems engineering
is to be emphasized, as this is the driving force of MBSE.
The development of MBSE is to be integrated with the lat-
est digital technologies, especially in the domains of digital
twins, Al, etc. Another focus is on the evolution of next-
generation modeling languages, and semantic modeling may
be an important pathway to solving current model integration
problems [143].

For the three research questions raised in Section II, the results
obtained in this article also give answers. The RQOs are answered
in detail as follows.

RQI:Is the upgrade of the modeling language relevant for
MBSE at this stage? What is the direction of the upgrade?

Modeling languages still occupy the current phase of research
in Fig. 11, represented by SysML. The future direction of the
language is to build semantic modeling-related capabilities.

RQ2:Are new concepts such as digital engineering, digital
twin, and artificial intelligence becoming separate research areas
for MBSE, and how are they related to the future development
of MBSE?

Figs. 8-11 all indicate that these new concepts already ex-
ist as independent research clusters. Moreover, Fig. 11 also
shows that the new concepts represented by digital twin
and blockchain have become hot topics of research at this
stage. Combined with the keyword connections in Fig. 8,
these new concepts of digitization are related to the model-
ing and simulation of MBSE [144]. It plays a significant role
in the construction of system models, and authoritative truth
Sources [145].

RQ3: Are the application areas of MBSE still in aerospace?

In Table V, we can see that MBSE applications have begun
to expand, involving complex systems such as electric vehicles
and smart grids.

To summarize, in the maturity curve in the introduction,
MBSE is in the slope-of-enlightenment period owing to the
influx of new technologies. Researchers must leverage digital
transformation and focus on systems engineering, digitalization,
and languages research so that they can stably apply MBSE in
the near future.

B. Limitations

First, the visualized network tends to lose certain information;
therefore, the context of the nodes cannot be directly inferred
from the network. For example, when we constructed the source
citation network, we could view the identity of the citers, but
we could not ascertain the reason. Thus, the networks are a
supplement to the analysis, for which the details can be viewed
in a table in this study, or the publications of interest may be
downloaded according to the figure.

Second, we can only adjust the resolution and accuracy of
clustering by modifying some of the parameters provided by
the bibliometric tool. Therefore, although we ensured that, in-
fluenced by the stability of the algorithm and the freedom of
the tool [146], the overall topic clustering is accurate, a few
keywords may be inaccurately categorized.

VI. CONCLUSION

MBSE has developed rapidly in recent times, but it has not
been comprehensively reviewed by researchers for a thorough
understanding of the latest MBSE techniques. Consequently,
we presented a bibliometric analysis of the MBSE publications
from to 1993-2022. Scopus and the Wiley online Library were
used as the two digital libraries to collect MBSE publications.
We used VOSViewer and BibliometriX to analyze the research
team, source, current practice, and future directions related to
MBSE.

Atleast49 MBSE research teams have been formed within the
research communities of universities that collaborate with indus-
tries. MBSE publications have also begun to take shape, form-
ing professional MBSE sources, such as systems engineering.
MBSE technology is transitioning into the second generation,
which has revealed several future directions simultaneously. We
suggest researchers be updated with their technologies in the
latest research fields, such as digital twins and Al, to guard
against the threat of slow or uneven technological innovation.

To this end, recalling the maturity curve in Section II, MBSE
is in the slope-of-enlightenment period and is entering the most
widespread application stage. Researchers must continue ex-
ploring MBSE applications and prepare for the explosion of
the next generation of novel MBSE techniques in fields such as
digitalization and semantic modeling.
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