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Abstract—As software systems become increasingly complex
and development cycles accelerate, ensuring their quality be-
comes progressively challenging. Given its ability to identify
errors and deficiencies early in the development process, soft-
ware testing emerges as a cornerstone of software engineering.
Traditionally performed manually, testing has been plagued
by inefficiencies, inaccuracies, and resource-intensive proce-
dures, leading to significant costs in time, money, and effort.
However, contemporary testing practices have shifted towards
automation, enabling testing professionals to achieve reliable
results while minimizing resource expenditure. The adoption of
Test-Driven Development (TDD) further reinforces this trend,
advocating the creation of tests before code implementation.
Integrating graph theory techniques into testing methodologies
holds promise for generating intelligent test cases, thereby
enhancing test quality, coverage, and precision. This study uses
bibliometric analysis of intelligent software testing papers span-
ning from 2013 to 2023, employing tools like Biblioshiny and
VOSViewer to extract insights into authorship, publications,
and collaborative networks in the domain of software testing
based on graph theory. Using scientific advancements and col-
laborative trends, this study aims to provide a global overview
of developments in software testing, providing valuable insight
to software engineers, architects, and researchers in the field.

Index Terms—software testing, graph theory, bibliometrics,
bibliometrix package, R, biblioshiny application, VOSviewer

I. INTRODUCTION

OFTWARE testing [1] is a critical aspect of software

development, ensuring that software systems meet their
intended specifications and perform reliably in various sce-
narios. Traditional testing methods often rely on exhaus-
tive testing of individual components or paths [2] within
the software. However, as software systems become more
complex, these conventional approaches become increasingly
inefficient and impractical.

In response to this challenge, the integration of graph
theory [3] principles into software testing methodologies
[4] has emerged as a promising approach. Graph theory
provides a mathematical framework for modeling complex
relationships and dependencies within software systems. By
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representing software structures and behaviors as graphs [5],
testers can analyze and evaluate system functionalities more
comprehensively and effectively.

This combination of software testing with graph theory
offers several advantages [6]. It enables testers to identify
critical paths, detect potential errors, and prioritize testing
efforts based on the structural properties of the software
[7]. Additionally, graph-based testing techniques facilitate the
generation of test cases [8] that cover a wide range of sce-
narios, including both common and edge cases [9], thereby
enhancing test coverage and fault detection capabilities.

In this introductory exploration of software testing based
on graph theory, we delve into the fundamental concepts,
methodologies, and applications of this innovative approach.
We examine how graph representations can capture the
intricacies of software systems [10], facilitate test case
generation [11] and execution, and ultimately improve the
quality and reliability of software products. Through a deeper
understanding of the interaction between software testing
and graph theory, our aim is to empower practitioners with
valuable information and tools to navigate the complexities
of modern software development [12].

Thoroughly conducted bibliometric analyses offer aca-
demics a comprehensive understanding of their research
domain. They not only pinpoint areas requiring further
investigation but also inspire fresh research endeavors while
substantiating scholars’ contributions. In addition, such stud-
ies provide a solid foundation for advancing the field in
innovative directions. Leveraging bibliometric software such
as Gephi, Leximancer, and VOSviewer streamline data anal-
ysis, contributing to the recent surge in scholarly interest in
bibliometrics. Notably, the accessibility of vast bibliometric
datasets through scientific databases like Scopus and Web of
Science has greatly facilitated research in this area [13].

We are attempting to address the following re-
search questions:

Q1. How many citations does each scientific publication
typically have?

Q2. Which papers receive the most citations?

Q3. Which authors receive the most citations?

Q4. In this field, which nations produce the most research
output?

Q5. Which nations typically work together?

Q6. How do nations, writers, and research papers relate to
one another?

Q7. How much does research grow each year?

Q8. Which organizations and writers have made the
biggest contributions to the field?

Q9. Which journals are the most popular and frequently
cited?

Q10. Which institutions or groups typically work together?

QI11. Which research themes or topics are related?
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These research inquiries offer valuable insights into the
evolution, productivity, and patterns within research out-
put. Through the examination of citation impact across re-
searchers, articles, and journals, scholars can discern the most
influential contributions in their respective fields, guiding
funding allocations and shaping future research endeavors.
Furthermore, insights into collaboration dynamics among au-
thors and organizations facilitate the identification of fruitful
partnerships, enhancing research outcomes. These questions
assist inform strategic research strategies and investment
decisions by shedding light on new research subjects and
identifying areas that need more investigation or financing,
in addition to providing information on the effectiveness and
influence of research output in various nations and regions.

This paper advances the subject of software testing both
theoretically and practically by drawing on graph theory.
In theory, it achieves three key contributions: Firstly, it
discerns research trends by identifying prevalent topics,
highly cited articles and authors, and influential journals,
enabling researchers to find areas where the literature is
lacking and shape upcoming studies agendas. Secondly, it
presents a bibliometric methodology designed specifically
for examining software testing studies from a graph the-
ory perspective, which can be adapted to other fields for
trend identification and literature gap analysis. Thirdly, it
unveils collaboration networks among authors, institutions,
and countries, fostering potential collaborations and knowl-
edge exchange across diverse regions. On a practical level,
the study pinpoints key research areas, aiding scholars in
prioritizing their research efforts, and highlights influential
researchers and institutions, offering valuable insights for
potential collaboration opportunities.

The subsequent sections of this article are organized as
follows: Section II will introduce the relevant literature in
the field under study. Following this, section III will outline
our data collection process and query methodology. Section
IV will detail the research methodology employed in this
study. The findings of our investigation will be presented in
section V, while section VI will dive into a discussion of
these results. Finally, section VII will present the conclusion
drawn from our research.

II. RELATED WORKS

This bibliometric analysis paper [14] focuses on intelli-
gent software testing, with an emphasis on global research
production and influential researchers. VOSviewer and the
Biblioshiny program were employed for data analysis and
visualization. Key findings indicate a yearly growth rate
of 14.87% an average citation rate of 6.54, and China,
India, and the United States as top contributors. The field
exhibits high collaboration (1.9% single-authored papers).
Prominent sources include "IEEE Transactions on Software
Engineering" and "Lecture Notes in Computer Science."
The study highlights machine learning and deep learning,
specifically neural networks and NLP, as heavily utilized
techniques. Future research avenues include exploring other
Al techniques like genetic algorithms and fuzzy logic for
enhancing software testing. Additionally, there is potential
for Al applications in various testing types beyond those
explored in the study, such as security and usability testing.

The findings provide guidance for future lines of inquiry in
the ever-evolving discipline of software engineering.

Most studies contribute focusing their analysis on a sub-
domain of intelligent software testing. While other scholars
have approached this topic through systematic literature
reviews [15], [16], or simple literature reviews [17], [18],
our focus distinguishes us. A broader perspective reveals
articles dedicated to summarizing bibliometric data, such as
[19], [20]. Some scholars have published systematic reviews
focusing on specific software test types, like higher-order
mutation testing [21], or software testing in general, as seen
in [22]. Some researchers have delved into reviews aimed
at synthesizing indexes to facilitate the extraction of perti-
nent data from secondary studies, promoting evidence-based
decision-making in various fields of software engineering
[23]. Another category of reviews revolves around automa-
tion, exploring its benefits and limitations [10], guidelines
for determining when and what to automate [24], and the
challenges inherent in its automation [25].

Another crucial aspect in this field involves the genera-
tion of test data. Some researchers propose an intelligent
framework based on genetic algorithms [26], while others ex-
plore the integration of genetic algorithms and reinforcement
learning to automate test data generation [27]. Optimization
algorithms, such as particle swarm optimization [28]-[31]
or the cuckoo algorithm [32], have also been employed for
this purpose. Additionally, search-based methods have been
identified as tools for producing test data with the specific
objectives of ensuring branch coverage [33], achieving full
statement coverage [34], or incorporating structural, white-
box testing techniques that include the coverage of specific
program structures [35].

Various artificial intelligence (AI) approaches have been
associated with methods and stages of software testing [36].
Among these, the bee colony algorithm stands out as a
frequently employed algorithm in the field. This algorithm
emulates how honey bees operate to enhance food-finding
and nectar-gathering systems [37]. Specifically, it utilizes the
path coverage metric to optimize test cases within the search
area [38]. The bee colony algorithm is also instrumental in
prioritizing the regression test suite based on fault coverage
[39] and generating test cases with the minimal required
iterations and duration [40]. Another widely utilized set
of algorithms in this context is genetic algorithms. These
algorithms, following the principles of natural selection and
heredity, aim to locate the best possible solution [41]. They
mimic natural evolutionary principles to optimize a certain
goal within the manual system. Genetic algorithms generate
software test cases by leveraging concepts such as fossil
records and proportional or evolving fitness ideas [42]. They
function as a regeneration method, assessing the rate of
population aging [43], or combine with mutation testing [44].
In addition, they are used to automatically generate test cases
[45]-[47].

Data mining and multi-agent systems play integral roles
in software testing. Data mining [48]-[50] serves as a tech-
nique for evaluating association rules among software testing
metrics [51]. Additionally, it finds application in automating
regression testing for data-driven software systems [52].
Multi-agent systems demonstrate collaboration capabilities
in the creation of test data for software [53]. Another
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approach involves the development of a multi-agent testing
framework [54]. Furthermore, an adaptive test automation
model proves to be a valuable application, integrating the
study of test requirements, the construction and execution
of test cases, test planning and execution, as well as defect
reporting and analysis [55]. The use of a bibliometric analysis
can provide valuable insights for researchers, scientists, and
graduates, aiding in more effective decision-making within
their disciplines and encouraging future studies in relevant
domains.

Certain scholars have explored the impact of collaborative
work by tester pairs on the quality of produced test reports
[56].To reduce the number of required test cases, some
researchers have employed smart contract testing patterns
[57]. The testing of abstract classes, which pose challenges
due to their inability to be instantiated, involves the use of
the template method design pattern. This pattern generates
an abstract class with a concrete template method and one
or more abstract primitive operations [58]. To expedite test
execution, code optimization proves beneficial. An approach
focused on optimizing source code using equivalent mutants
utilize an algorithmic strategy that outperforms traditional
compiler optimizations [59]. When an oracle is not available,
test cases are created via metamorphic testing, which depends
on the relationships between the inputs and outputs of several
program runs. This method is used to automatically iden-
tify performance issues in combination with search-based
approaches [60].

III. DATA COLLECTION

Bibliometric analysis is widely acknowledged as a precise
method for scrutinizing vast amounts of scientific data,
enabling the identification of emerging fields and fostering
a comprehensive understanding of field evolution [13]. The
use of bibliometric software streamlines the classification and
analysis of substantial data volumes collected from studies
conducted over a specific period. In contrast to systematic lit-
erature reviews, which frequently employ qualitative methods
and may be prone to interpretation bias due to researchers
diverse academic backgrounds, both systematic review and
bibliometric analysis emphasize statistical approaches, effec-
tively reducing the likelihood of bias [13].

Various databases, including Web of Science (WoS),
Scopus, PubMed, Lens, and Google Scholar offer distinct
characteristics, and functionalities for extracting literature
data. Google Scholar is known for its broad coverage across
multiple disciplines, while Web of Science and Scopus
often provide comparable results [61]. Notably, Web of
Science stands out for its diverse search methods, including
general, cited references, and advanced search functions.
All three databases, including Scopus and Google Scholar,
facilitate the monitoring, counting, processing, and analysis
of cited references [62]. Web of Science boasts nearly
10,000 included journals and encompasses seven distinct
citation databases that gather information from book series,
conferences, journals, reports, and books [63].

Selected for its reputation as one of the most comprehen-
sive databases, the Web of Science (WoS) database grants ac-
cess to articles sourced from high-quality research literature
[64]. Notably, it hosts a diverse range of reputable journals
and top-tier publications that have been subject to expert

evaluation within their respective disciplines [65]. Acknowl-
edged as one of the most reliable sources for research articles
[66], Web of Science was intentionally chosen for the present
study. Specifically, the utilization of the Web of Science
core collection was driven by its broad coverage across
major scientific disciplines and its inclusion of numerous
high-impact journals, ensuring a thorough representation of
literature on intelligent software testing [65], [67]. The core
collection’s uniform indexing and citation metrics across all
journals facilitate consistent and reliable comparisons among
articles, authors, and journals, thereby enhancing the validity
and dependability of the bibliometric analysis [68].

The papers in this study are from renowned publishers,
including MDPI, IEEE, Elsevier, and Springer, known for
their significant contributions to scientific research. These
publications have a reputation for continuously delivering
top-notch papers in a variety of disciplines, including com-
puter science, engineering, and medical. Their widespread
reputation highlights their integral role in advancing schol-
arly knowledge beyond traditional boundaries.

The search approach used in this study is shown in figure
1.

The selected keywords were derived from a comprehen-
sive search encompassing software testing and graph theory
related papers. Ultimately, we opted for specific terms:
"software test," serving as an umbrella for variations like
"software tests" or "software testing"; "test case generation"
and "test prioritization," denoting specific aspects of software
testing. Additionally, "graph theory" acts as an umbrella
term, encompassing related keywords such as "graph" or
"graph theory algorithms." This meticulous keyword selec-
tion ensures a focused exploration of relevant literature in
the intersection of software testing and graph theory.

At the outset , a search was conducted using keywords
from both the domains of graph theory and software testing
that use every field in the Web of Science core collection
and is concatenated by the AND operator. A total of 1005
documents were found in this first search.

The paper concentrates on extracting insights from the
past decade. To narrow down the focus, a filter was applied,
restricting the search to documents published between 2013
and 2023 (inclusive). Following this temporal filter, the result
set was refined to 609 documents.

Finally the query looks like this:

("graph theory " OR " Graph" OR " theory algorithms")
AND ("software testing" OR "software test" OR " software
development").

IV. RESEARCH METHOD

In order to evaluate the impact of a specific topic or body
of work, bibliometric studies employ statistical analysis of
published literature. This approach entails researching a va-
riety of topics within the field of software testing. Evaluating
the number and quality of publications related to software
testing is one aspect. Finding the writers and organizations
that are making major contributions to the field is another
aspect. In order to identify trends and configurations within
the research landscape, the bibliometric study also looks at
the citation patterns of software testing papers. This kind
of study is useful for finding important research topics,
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Fig. 1: Overview of the methodological search strategy

comprehending the state of the field at the moment, and
spotting possible directions for further investigation.

Our methodology involved leveraging the Bibliometrix
R package (biblioshiny v4.0.1) for a comprehensive scien-
tific mapping analysis subsequent to exporting the dataset
from the WoS database [69]. This facilitated the creation
of the majority of graphical representations. Additionally,
we employed VOSviewer, a freely available computer tool
designed for crafting and visualizing bibliometric maps [70],
to generate the remaining graphical representations.

We began by giving a summary of the dataset that included
the following items:

o Key information: A table listing the key characteristics

of our dataset;

« Scientific output: A figure illustrating the yearly quan-

tity of scientific output in the field being studied;

o Citations annually: A graphic representation of the

increase in citations over time;

o Relationship between nations, writers, and titles: An

example that demonstrates the interactions between

countries, authors, and article titles and offers details
on the connections between these ties.

The next segment of the results delves into the domain of
science mapping. This concluding phase involves a compre-
hensive examination and visualization of the general domain.
A science mapping project typically incorporates various
components, including a cluster of scientific writings, an
array of metrics, indicators, and scientometric tools for ob-
servation and analysis. These components collectively shed
light on emerging trends and patterns, offering valuable
insights into noteworthy developments. Additionally, they
play a pivotal role in exploring transformative ideas within
the scientific landscape, guiding conceptual frameworks, and
facilitating the analysis and interpretation of cycles [71].
During this phase, our attention was directed towards the
following elements:

o High-performing and highly cited journals: The top ten
most active journals are indicated in a graph according
to the number of papers they published, and the top
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cited journals are arranged according to the number of
citations they received.

o Leading organizations: Illustrated through a graph, the
top 10 most prolific institutions are showcased, deter-
mined by the quantity of documents they generated.

o Prominent Authors: Highlighted in a graph, the top 10
authors are featured based on the volume of articles they
created.

o Top developing nations by corresponding authors: Pre-
sented in a graph, the top 10 most relevant coun-
tries are showcased based on the quantity of arti-
cles produced, whether in single-country publication or
multiple-country collaboration.

o Globally cited authors: The top 10 most cited authors
are shown in a graph that uses all of the Web of Science
database’s citations.

o Globally cited documents: Using all citations in the Web
of Science database, a graph showcasing the top 10 most
referenced papers is presented.

o Commonest terms: The most frequently used terms
in the abstracts, titles, and keywords of the texts are
displayed in a word cloud and graph.

e Co-occurrence network of keywords: This type of graph
shows how keywords relate to one another, breaking
them up into smaller groups.

o Collaboration world map and network: The interaction
between nations in terms of collaboration is depicted
through a world map and a graph.

e Organizations co-authorship: Illustrated in a graph,
the network of collaborations between organizations is
showcased.

o Authors co-citation network: Shown as a graph, this net-
work highlights the relationships among writers based
on co-citations.

o Journals co-citations network: The network of rela-
tionships between journals is displayed based on co-
citations and is represented graphically by a graph.

Network analysis is the subject of the third section.

Network analysis, which has its roots in network theory or
graph theory, examines the characteristics of networks and
the relationships between their vertices and segments. The
proximity and betweenness centrality measures are the two
main metrics used in network analysis. The centrality index
serves as a representation of the social power of a vertex,
assigning each vertex in the network a ranking based on its
role and position in network communications [72]. In this
segment of the study, our attention was directed toward the
following components:

o Thematic map: This involves generating a network
graph, known as a thematic map, based on the con-
nections among keywords. The labels for each thematic
map are determined by the most frequently appearing
keyword in the associated topic [73].

o Multiple correspondence analysis (MCA): Utilized for
both visual and mathematical analysis of such data,
multivariate categorical analysis (MCA) serves as a
method for multidimensional analysis [74].

o Correspondence analysis (CA): CA is a visual method
designed to comprehend the connections between items
in a frequency table. It evaluates relationships between
qualitative variables and is an advancement of principal

component analysis, particularly for categorical data
[75].

o Multidimensional scaling: Similar to MCA and CA,
multidimensional scaling is employed as a dimension-
ality reduction technique to construct a map of the
network under study using normalized data ¢ [69].

All of these components will be thoroughly discussed in
section 5 of this article.

Figure 2 provides a summary of the research approach
employed in this article.

V. RESULTS

A. Overview

1) Main Information: Figure 3 and figure 4 present the
primary details pertaining to intelligent software testing,
derived from the dataset extracted from the Web of Science
database. Key aspects covered include the research time-
frame, journals and documents included, average citation
count, references cited, and the annual growth rate. Addition-
ally, the table includes crucial information on content such
as author-provided keywords and the unique keywords Plus
attribute from the Web of Science database. Authorship data
is categorized into authors and single-authored documents,
while collaboration metrics encompass the count of single-
authored documents, average authors per document, and the
rate of international co-authorship.

2) Annual Scientific Production: Figure 5 depicts the an-
nual scientific output in software testing research. The overall
trend reveals significant variations in production over the
years, with a general upward trajectory. For instance, in 2014,
there were only 35 documents published, reflecting relatively
low activity. By contrast, the number of publications peaked
at 68 articles in 2021, showcasing heightened interest and
advancements in the field. Despite minor fluctuations, the
scientific output demonstrates a growing commitment to
software testing research, culminating in 64 articles by 2023.

3) Average Citation Per Year: Figure 6 illustrates the
average number of document citations per year. In 2013,
the average was 0.8 citation per document. By 2020, the
average citations per document had increased to 2.1, but was
notably reduced to 0.2 per document by 2023. Although these
findings reflect important citation trends, additional in-depth
analyses could reinforce the significance of these results for
journal-level publication.

4) Relationship between Countries, Authors, and Titles:
The relationship among nations, authors, and document key-
words in software testing publications is visualized using
a three-field plot. The diagram consists of rectangles rep-
resenting authors (AU), countries (AU_CO), and keywords
(TI_TM), with varying heights indicating the cumulative
relationships of the elements they depict. The thickness of
the connecting lines symbolizes the intensity of these associ-
ations. Figure 7 underscores the dominance of authors from
China, India, and the USA in driving significant research
in intelligent software testing. Notably, keywords such as
’software,” ’testing’ and ’development’ emerge as central
themes, highlighting the global research focus on advancing
methodologies and applications in this field.
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Fig. 2: Overview of the bibliometric analysis steps.
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Fig. 3: Main information.

B. Sources

1) The Most Relevant Sources and Local Cited Sources:
Figure 8 presents a list of the top ten sources, highlighted
in red, that have contributed the most papers on intelligent
software testing. The analysis indicates that the highest
number of publications on intelligent software testing appears
in IEEE Access, which leads with 12 documents. This is
followed by the Journal of Systems and Software with
11 publications, and the IEEE Transactions on Software
Engineering with 9. Figure 9 unveils the top 10 most-cited
sources for works in intelligent software testing. Accord-
ing to bibliometric analysis, the lecture notes in Computer
Science book series emerges as the most cited source with

721 citations, followed by the IEEE transactions on software
engineering with 601 citations. The third place, with 362
citations, is held by the proceedings of the international
conference on software.

2) The Most Relevant Affiliations: The research output
of institutions and author affiliations involved in the field
of intelligent software testing was analyzed, as illustrated
in figure 10. Leading the list, the chinese academy of sci-
ences produced ten documents. While this clearly identifies
leading affiliations, incorporating detailed insights into their
specific contributions or collaboration patterns would further
strengthen the significance of these results.
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Fig. 7: Countries, authors, and document title keywords in a three-field layout.

3) The Most Relevant Authors: Figure 11 highlights the
top 10 most influential authors in the domain of software
testing research. MOHAPATRA DP stands out as the most
productive author, contributing 6 publications with a frac-
tionalized value of 2.33, underscoring a significant impact.
BUCHMANN T, CHEN X, and DUAN YC follow closely
with 5 documents each and fractionalized values of 2.67,
1.14, and 0.93, respectively. Other contributors, including
BELLI F and BOOPATHI M, with 4 publications each,
reflect the collaborative and distributed efforts driving ad-
vancements in this research field.

4) The Most Relevant Countries by Corresponding Au-
thors: This study also took into account the countries in

which the corresponding authors’ publications in the subject
of intelligent software testing were published. as seen in
figure 12 and figure 13. China was ranked one with 119
single-nation publications, 28 multi-nation publications, and
maximum frequency of 0.242. China, India, and USA are
among the top three scientifically most productive countries
globally.

5) The Most Globally Cited Documents: The phrase
"globally cited documents" describes how many citations in
the entire WoS core collection a given document has earned
from other papers. The documents that are most frequently
cited worldwide are shown in figure 14. With 98 citations, a
work written by YAMAGUCHI and published in the IEEE
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Symposium on Security and Privacy in 2015 is ranked first.
This finding might be made more thorough and in-depth by
adding additional talks about how these documents affect
ongoing research or real-world applications.

6) The Most Locally Cited Documents: With an emphasis
on intelligent software testing in our situation, the phrase
"local citation count" refers to the quantity of citations a
certain document has acquired from other papers within the
dataset under investigation. The most locally cited documents
are shown in figure 15. The article "Optimal test sequence
generation using firefly algorithm," written by SRIVATSAVA
PR and published in 2013, comes in first place with five
citations. Additional contextual material or illustrated assess-
ments of these significant local documents may improve the
thoroughness required for journal-level publishing.

7) Lotka’s Law, or the Frequency Distribution of Scientific
Productivity: The Lotka’s law parameters for the software
testing of intelligent articles are computed by this bibliomet-

ric indicator. Lotka’s Law explains the relationship between
authors and the number of articles published. Lotka’s Law
describes how writers are distributed across time or within
particular informatics subject areas. [75]. Figure 16 illustrates
how the quantity of publications and the frequency of writers
in the subject matter closely adhere to Lotka’s law. Figure 17
illustrates Lotka’s Law’s frequency distribution of scientific
output.

8) The Most Frequent Words: With a combined total of
300 occurrences, the phrases "software" and "graph" were
used by authors the most, followed by "testing," which
appeared 82 times. The most often used terms in the subject
of graph-theoretic software testing are shown in figure 18 .
Additionally, a word cloud displaying the most often used
keywords in studies pertaining to the field under study is
shown in figure 19.

9) Collaboration World Map and Network: Figures 20
and 21 illustrate that China occupies a central position
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within the largest collaboration cluster, with India and USA
following closely behind. Another significant cluster emerges
among Germany, Brazil, Russia, Spain, Italy, and Finland.
Additionally, a distinct cluster is observed involving Canada,
South Korea, Pakistan, Hungary, Malaysia, Saudi Arabia, and
the Czech Republic. Future inclusion of specific examples
or outcomes from these international collaborations could
further enhance the comprehensiveness of these results.

10) Keywords Co-Occurrence Network: In figure 22, the
keyword co-occurrence network is depicted. Each node in
the network represents a keyword, with the size of the node
indicating the frequency of the keyword occurrence. Links
between nodes illustrate the co-occurrence of terms, with
the thickness of the link representing the frequency of such
co-occurrences. Different thematic clusters are distinguished
by colors. Among these clusters, keywords such as software

testing, software, graph theory, control flow graph, and deep
learning emerge as the most frequent.

11) Network of Co-Citations by writers: Figure 23 shows
a network of co-citations by writers, divided into four differ-
ent clusters that illustrate relationships between authors. M
is the most often referenced author in cluster 1, Allamanis.
Chen, Ty is the author most frequently cited in Cluster 2.
In cluster 3, Rothermel, G. is the most referenced author,
whereas in cluster 4, Harman, M. is the most cited author.
The journal publication’s universality would be improved
with more background information or an illustrative overview
of these authors’ contributions to the area.

12) Journals Co-Citations Network: Displayed in figure
24 is a detailed network illustrating co-citations among
journals in the domain of software testing research. The
visualization identifies four distinct clusters, representing
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groups of journals with closely related content and citation
patterns. The IEEE Transactions on Software Engineering
journal emerges as the most frequently cited, highlighting
its central role in the field. It is followed by the lecture notes
in computer science book series, which bridges multiple do-
mains, and the information and software technology journal,
noted for its interdisciplinary connections. These clusters
reveal the diverse yet interconnected nature of research in
this area.

C. Network Analysis

1) Thematic Map: Based on their density and centrality,
thematic maps show groups of keywords grouped in a circle
and represented as a two-dimensional image. As seen in
figure 25, each thematic map is separated into quadrants
according to where they are located. The terms with the
highest level of development and relevance are found in the
upper-right quadrant, which is occupied by motor themes.
The lower-right quadrant contains basic themes, which are
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made up of highly relevant terms with different levels of de-
velopment. The lower-left quadrant, which represents terms
of moderate relevance and development, is where emerging
or declining themes are located. The upper-left quadrant is
occupied by niche themes, which are defined by keywords
that have significant levels of development but may be less
relevant.

2) Multiple Correspondence Analysis: Described in sec-
tion IV, multiple correspondence analysis (MCA) serves to
graphically and mathematically analyze multivariate categor-

ical data. It aims to uncover latent variables or factors by
assessing the interrelationships among various categorical
data points. Interpretation of results relies on the relative
positions and distributions of points along dimensions de-
picted in figure 26, closer proximity of words in these figures
indicates greater similarity in distribution.

Figure 26 depict the conceptual structure map, respec-
tively, generated from the keywords plus of each paper. The
y-axis indicates height, representing the distance between
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words. Groups of words clustered together signify associ-
ation with the same topic.

3) Correspondence Analysis: In section IV, we outline
the definition and applications of correspondence analysis.
It serves as a visual technique to explore the relationships
between variables within a contingency table. Correspon-
dence analysis facilitates the reduction and representation of
datasets through two-dimensional graphs. Figure 27 demon-
strates its aim of generating a comprehensive data visualiza-
tion for interpretation. Figures 27 and 28 present the sub-
ject dendrogram and conceptual structure map respectively,
derived from the title of each paper. The y-axis for both
numbers refers to height, which is the distance between
words. The clusters of words grouped together represent an
association with the same topic.

4) Multidimensional Scaling: Figure 29 demonstrates the
application of multidimensional scaling (MDS), a method
discussed in section 4 for analyzing multivariate data. MDS
is used to visualize similarities and dissimilarities among
samples by plotting points in two-dimensional plots. The
MDS algorithm utilizes input data from a dissimilarity
matrix, which indicates the distances between pairs of ob-
jects. This approach allows for a visual representation of
the relationships between samples based on their pairwise
dissimilarities, aiding in the exploration and interpretation of
complex datasets. In figure 30, the topic dendrogram was
generated based on the author’s keywords from each paper.
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VI. DISCUSSION

The outcomes of both bibliometric analysis and content
studies have sparked considerable debate by yielding nu-
merous inferences and implications. This comprehensive in-
vestigation spans 609 papers concerning intelligent software
testing, authored by 1869 individuals, over the period from
2013 to 2023. With an average citation rate of 5.75, the
study indicates significant academic engagement. In partic-
ular, most of the documents were co-authored, with only
1.44% being single-authored, underscoring the pronounced
collaborative nature of research in this domain.

The three-field plots, employing three crucial metadata

fields, provide valuable insights into the interrelationships
among domains. These plots facilitate linking authors’ con-
tributions to particular keywords and the countries engaged
in the research field. For instance, authors Wang, X., Belli,
F., and Boopathi, M. from China, Germany, and India respec-
tively, wielded considerable influence on the study of intel-
ligent software testing. Moreover, our findings underscore a
significant correlation between the research topics studied in
China, India, and USA.

The findings also revealed seven clusters of keywords,
each comprising eight or more words. Cluster 1 encompasses
14 words related to graph analysis, task analysis, and various
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types of graph. Cluster 2 consists of 12 keywords related to
software development and other aspects of software engi-
neering. Cluster 3 focuses on software testing, test cases,
and algorithms, comprising 11 keywords. Cluster 4, closely
associated with software architecture, contains 11 keywords.
Cluster 5, centered around model-based testing and UML,
contains 9 keywords. Keywords related to test data genera-
tion populate cluster 6. Lastly, cluster 7 discusses machine
learning and mutation testing. These results underscore the
widespread utilization of graph theory to enhance the quality
of testing in software engineering.

Using knowledge frameworks, thematic maps are effective
tools for displaying the dynamic and structural components
of a research subject. They support the development of
conceptual frameworks that outline the main ideas, topics,
and theoretical tenets influencing an author’s influence in the
scientific community. These frameworks provide a thorough
summary of important developments and trends in software
testing research, allowing for the analysis of how concepts
or situations change over time. Additionally, this method
facilitates a targeted investigation of particular issues by
giving academics lists of the most influential papers for each
subject category. Furthermore, by allowing for projections
about the possible future growth of certain subjects, scientific
maps offer insights into the significance of topics based on
centrality and density.

The findings of the bibliometric analysis reveal that a
select group of authors contribute to the most prominent
works in the field. With the majority of papers being open
access, contributions are swiftly disseminated to the public,
leading to the emergence of numerous writers as the topic
progresses. Notably, the increasing citation rates, with the
most cited paper accumulating 721 citations, underscore the
current significance of the topic. China, India, and USA stand
out as the top three contributors to scientific output in this
domain, consistent with their leading positions in worldwide
scientific productivity across all categories [76]. These results
highlight the interdisciplinary nature of the study, as even the

most productive researchers employ a range of approaches
and expertise. To ensure effective knowledge dissemination,
journals must be efficient and comprehensive. Our analysis
identified "The IEEE Access" and "Journal of System and
Software" as the primary sources with the highest citations
on the subject, emphasizing their importance as platforms for
disseminating research in the field.

This study specifically focused on articles related to in-
telligent software testing that were indexed in the Web of
Science core collection database. While comparing datasets
from multiple databases wasn’t within the scope of this
study, it’s worth noting that searching different databases may
yield varying sets of items, potentially leading to different
outcomes in the analysis [77].

During the conduct of this study, the authors diligently
sought to comprehensively gather all pertinent material as-
sociated with the topic. Nevertheless, the study faces several
constraints, including a restricted search period spanning
from 2013 to 2023; dependence on the WoS database, which
might not encompass all indexed journals and could overlook
relevant publications; limitations in the search process that
could result in false positive or negative outcomes; and a
focus solely on english language papers, potentially intro-
ducing bias towards english-speaking nations [78], [79].

Future research should address these limitations by ex-
panding the search to multiple databases, incorporating arti-
cles in other languages, and considering broader timeframes.
Additionally, further exploration of emerging technologies
such as Al-driven data mining tools could enhance the depth
and precision of bibliometric analyses in this domain [80]—
[83].

VII. CONCLUSION

This bibliometric analysis paper examines 609 publica-
tions spanning from 2013 to 2023 in relation to 11 research
questions. Drawing data from the Web of Science database,
the paper compares and evaluates worldwide research pro-
duction concerning software testing, particularly focusing on
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graph theory. It identifies the most influential researchers
globally and maps their geographical distribution and pub-
lications. To analyze the data and provide comprehensive
visualizations for insight, we employed VOSviewer and the
Biblioshiny program from the Bibliometrix package for R.
Scientific publication trends indicate an average citation rate
of 5.75. China, India, and the United States emerge as the
top three countries in scientific production within this field.
Collaboration is prevalent, as evidenced by only 1.44% of
single-authored papers. Notably, "The IEEE Access" and
"Journal of System and Software" are the two sources with
the highest number of citations on the subject.

Our findings aim to illuminate potential future research
directions and viewpoints in the swiftly changing discipline
of software engineering. Giving a comprehensive overview
of trends related to research in software testing based on
graph theory, we hope to provide valuable insights for
future investigations. There exist numerous opportunities for
substantial future work in this domain.

Future work in software testing based on graph theory
could focus on developing advanced algorithms for test case
generation, prioritization, and fault location, leveraging the
structural information inherent in software graphs. This could
involve exploring dynamic graph-based testing techniques
to handle evolving software systems, integrating machine
learning approaches to enhance testing effectiveness, and
addressing scalability challenges associated with large-scale
software architectures. Additionally, research could investi-
gate the application of graph-based testing methodologies
in emerging domains such as cybersecurity, IoT, and cloud
computing, while also focusing on automation and integra-
tion with DevOps practices to enable continuous testing and
feedback loops. Empirical evaluations and case studies could
further validate the effectiveness and practical applicability
of these techniques in real-world software development sce-
narios, ultimately contributing to improving software quality
and reliability.
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