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HIGHLIGHTS

e We present a systematic review of research on soft computing methods in the metaverse.

e We show how soft computing revolutionizes the metaverse and our interaction with the digital world.
o The study highlights the interdisciplinary nature of soft computing methods in the metaverse.

e We categorize soft computing into five main classes.

e We present a decision framework for selecting the most suitable soft computing method.
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The metaverse is an emerging technology with the potential to revolutionize our interactions with digital en-
vironments. Soft computing presents exciting opportunities in shaping this immersive virtual world. This paper
provides a systematic review of the research on soft computing methods in the metaverse, highlighting the
interdisciplinary nature of the field and the need for coordination to shape its future. The systematic literature
review conducted in this article identifies the contributors and domains in soft computing, emphasizing the need
for new developments and joint applications in soft computing and the metaverse. The study categorizes soft
computing techniques into five classes - machine learning, fuzzy systems, evolutionary computing, probability
analysis, and mixed/hybrid methods - contributing to the emerging metaverse-related research and development.
We propose a decision framework for selecting the most suitable soft computing method to assist researchers and
developers in methodically assessing the alternative methods. The findings provide a roadmap and opportunities
for soft computing models and applications shaping the future of the metaverse. This article can serve as a useful
reference for researchers, practitioners, and policymakers working in soft computing and the metaverse.

1. Introduction One of the greatest challenges is the need for powerful computational

techniques to offer this virtual experience [5]. Traditional computing

The metaverse refers to a digital virtual world where users can create
identities and live, learn, and work [1]. The metaverse is expected to be
a massive, immersive virtual world that will change the way we live,
work, and interact with one another [2]. The development of the met-
averse poses significant challenges [3,4]. As Park and Kim [3] point out,
the metaverse has been the subject of plenty of research effort, but most
of which has focused on its social implications rather than its systems.
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techniques, also known as hard computing [6], are limited in their
ability to create realistic environments responsive to user input; this is
where soft computing methods come in [7]. Soft computing methods can
potentially address these challenges and shape the metaverse’s future
[5,8]. Compared to traditional computing methods, soft computing can
handle imprecision and uncertainty [9,10], making them suitable for
developing the metaverse, where the virtual environment must respond
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naturally and realistically. Metaverse and soft computing methods have
received increased attention in recent years. Soft computing can
enhance metaverse capabilities by creating a more immersive and
engaging virtual experience.

This paper comprehensively reviews the literature on soft computing
methods in the metaverse. There are limited literature studies related to
the metaverse [1,11,12]. This work will review the various soft
computing methods and their potential applications in the metaverse.
The paper is organized as follows. In the following section, The manu-
script will briefly overview the metaverse, its roots, and its significance
in shaping the future of digital interactions in Section 2. It then discusses
soft computing methods and their potential metaverse applications. The
methodology section (Section 3) will describe the methods used to
conduct the review, including the data sources and the criteria for
selecting the studies. Section 4 analyzes the results, and Section 5 dis-
cusses the implications of our findings for developing the metaverse.
Finally, the manuscript concludes the effort by summarizing the main
points and providing a final reflection on the importance of soft
computing methods in shaping the metaverse’s future in Section 6.

2. Literature review

The metaverse is a post-reality world, a continuous and perpetual
multi-user environment where physical and digital virtuality are seam-
lessly fused [13]. Mystakidis [13] explains that extended reality (XR) isa
concept founded on merging technologies that allow multisensory in-
teractions between digital items, virtual environments, and persons.
Correspondingly, this section aims to construct familiarity with XR and
the metaverse and draw connections to soft computing concepts.

2.1. Extended reality

XR is a term that encompasses all forms of immersive technologies
that augment or replace the physical world with digital content; it in-
cludes virtual reality (VR), mixed reality (MR), and augmented reality
(AR) [14-16]. These technologies have gained much traction recently,
with applications in various fields [15]. Virtual reality (VR) is a fully
immersive experience that replaces the physical world with a digital
environment. The user is completely immersed in a simulated world,
and the experience is often enhanced using specialized headsets and
haptic feedback devices [17]. Mixed reality (MR) is a hybrid reality that
combines elements of the physical and digital worlds to create a seam-
less experience [18]. This is achieved using sensors to track the user’s
movements and overlay digital content onto the physical world.
Augmented reality (AR) adds digital elements to the real world,
enhancing users’ perception of their surroundings [19]. In short, XRs are
immersive technologies that seek to imitate reality in many ways,
including the senses of sight, sound, touch, and motion; all forms of XR
share a common goal: to create a more immersive and engaging expe-
rience for the user [14]. These technologies are constantly evolving, and
as they become more advanced, they are pushing the boundaries of what
is possible regarding human-computer interaction; they are the base of
the metaverse [20].

2.2. Metaverse

The metaverse is a term used to describe a collective virtual shared
space where users can interact with a computer-generated environment
and with each other in real time [13,20]. Although it is a term that has
gained traction in recent years [2,21], it has been around with its roots
in science fiction literature. The concept of the metaverse was first
introduced in Neal Stephenson’s novel “Snow Crash” in 1992 [11,
22-24] as a combination of two words, “meta” and “universe” [11,23].
In that novel, the metaverse served as a place to escape their daily lives
and experience something new [24]. Since then, the concept has
evolved, and with the advancement of technology, it is now becoming a
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reality [25]. Since the early 2000 s, few scholars have often used the
metaverse expression to describe technologies and infrastructure
development for second-life systems [1]. In its initial stages, scholars
used and understood the term "metaverse" inconsistently [1]. None-
theless, 2020 is the metaverse movement initiations [1,2,22], as, in the
early 2020 s, the term rose to prominence because of Facebook’s
rebranding efforts [1]; since then, the metaverse has emerged as a new
normal in social networking [16]. Besides that, the worldwide outbreak
of COVID-19 encouraged more people to consider the potential of the
metaverse [12]. The metaverse was frequently described in its early
stages as a virtual world accessible via computers and VR headsets.
However, it has undergone significant changes from its earlier versions,
and these changes can be classified into three distinct categories [3]:

e The first significant change is the rapid development of deep
learning, which has significantly improved the accuracy of vision
and language recognition, resulting in a more immersive and natural
environment. The introduction of generative models has also facili-
tated natural movement within the metaverse. Additionally, multi-
modal models have helped reduce processing time and complexity,
resulting in more efficient end-to-end solutions.

Secondly, the metaverse has evolved from being accessible only via
bigger computers to access through mobile devices connected to the
internet, allowing users to access it anytime, anywhere. This change
has increased the number of users and usage time. Furthermore, the
metaverse has a virtuous cycle ecosystem where the inflow and in-
come of producers increase as users and usage time increase,
resulting in more immersive and engaging virtual environments.
The third significant change in the metaverse is the ability to perform
program coding within the metaverse world, making it more bonded
to real life with virtual currency. Based on immersive interaction, the
metaverse has expanded to include various social meanings, such as
fashion, events, games, education, and office work. Cryptocurrencies
act as an economic bridge between the metaverse and the real world,
resulting in deeper social meaning.

Artificial intelligence, blockchain, 5G mobile networks, and the
Internet of Things are some of the cutting-edge technologies that have
found their way into the online realm in recent years [1]. The metaverse
is not a single platform or application but a collection of interconnected
virtual environments [26]. These environments can take many forms,
from virtual game worlds to social networks. Hence, the metaverse can
potentially revolutionize how we interact with each other and the digital
world [27]. Similar to the real world, the metaverse presents a wide
range of events and activities [28], and it has the potential to become an
integral part of our lives in the future [26,29,30]. It could offer a new
way to connect with people [26]. Metaverse enables individuals to
reside and engage in professional activities within a simulated envi-
ronment [23]. As technology advances, the metaverse becomes a place
where we work, learn, and socialize [26,27,29]. Utilizing the latest
technologies in the metaverse is feasible and encouraged. For one, re-
searchers assert that autonomous vehicles hold potential for various
applications within the digital realm [31,32]. The metaverse is growing,
and as a consequence of the preceding discussion, shaping its future is an
important job beneficial to everyone.

2.3. Soft computing mathematics in metaverse

By holding gatherings, collaborating on initiatives, engaging in ac-
tivities, and growing in virtual settings, the metaverse offers revolu-
tionary potential for people across every field that enhance the user
experience in their second/digital life [1]. As the metaverse becomes
more prevalent, the need for decision-making tools within this virtual
environment becomes increasingly important. Besides, Deveci et al. [33]
emphasize the importance of employing measurement systems to assess
the consistency of data and decision-making processes to evaluate the
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sustainability, direction, and resilience of systems. Mathematics has
played a significant role in various applications, including
decision-making, in various fields [34], and it is no different in the
metaverse. Mathematical models and algorithms can help optimize
decision-making in the metaverse, leading to better user outcomes.
When complex contemporary issues are the focus, scholars have shown
much interest in soft computing [35,36]. Soft computing encompasses
various techniques designed to mimic human-like decision-making and
problem-solving [9,10,37] and is flexible enough to handle situations of
imperfect knowledge [38]. Soft computing became more popular with
Zadeh in 1992 [7,39], and the idea behind it is to use flexibility in the
face of uncertainty and partial information [9]. These techniques can be
used for pattern recognition, optimization, prediction, and control tasks.
In the context of the metaverse, soft computing techniques can be used
for various applications [5,8], such as natural language processing,
computer vision, and machine learning. These techniques can help
create more immersive and engaging virtual environments by making
interactions with the virtual world more intuitive and natural.

The widespread acceptance of soft computing and its fast expansion
indicate that it will have a growing influence in the future [30]. Thus,
these techniques can be applied to the metaverse to help optimize
decision-making more naturally and intuitively. Falcone and colleagues
[40] explain that soft computing involves approximate reasoning and
randomized search:

e Approximate reasoning is a collection of knowledge-driven tech-
niques that forgo either validity or completeness to accelerate the
reasoning process significantly.

e Randomized search is a family of numerical optimization methods
like direct-search, derivative-free, and black-box methods that
operate by iteratively moving in the search space towards improved
locations chosen from a hypersphere encircling the current position.

Sharma and colleagues [41] classified soft computing methods into
fuzzy logic, artificial neural networks, and evolutionary algorithms. Das
and colleagues [29] classified soft computing into four classes: proba-
bilistic reasoning and fuzzy logic (as knowledge-driven reasoning
methods) and neuro computing and evolutionary computing (as
data-driven search and optimization methods). In contrast, Lin et al.
[37] classified soft computing into fuzzy sets, evolutionary computation,
artificial neural networks, and swarm intelligence. Falcone et al. [40]
have proposed five general classes of soft computing methods, as shown
in Fig. 1. Salam et al. [42] have proposed Fig. 2 to classify soft
computing methods into six classes:
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Although there is no general agreement on the soft computing
techniques’ classification, they play an important role in the future
development of various disciplines needing to represent imprecision,
uncertainty, and partial truth [6,40,43]. Soft computing is utilized to
achieve tractability and adaptation and provide a low-cost solution for
our paradelle second life, the metaverse, by tolerating imprecision,
uncertainty, partial truth, and approximation [44]. As the metaverse
continues to evolve, the need for soft computing techniques becomes
increasingly important. Understanding the various soft computing
methods shaping the metaverse’s future is necessary to understand their
potential and limitations. Although soft computing techniques have
been successfully used in various situations, the methodology has
evolved to provide better solutions for even more effective, robust, and
trustworthy answers [44]; therefore, pointing in the right direction is
essential. A systematic literature review could help identify areas where
these soft computing methods can be applied most effectively to shape
the future of metaverse. It can also classify soft computing techniques
without a standard classification system for effective utilization and
development.

Huang et al. [44] say that soft computing techniques have advan-
tages and disadvantages. On the positive side, they explain that they
offer powerful capabilities for approximating functions, learning and
adapting to new data, and handling complex and diverse information.
Yet, they further explain the limitations and challenges of using soft
computing techniques. One major issue is the interpretability of results.
Additionally, soft computing techniques require significant computa-
tional resources and can be time-consuming, especially when training on
large and noisy datasets. This can lead to longer development times and
increased costs. Furthermore, soft computing techniques may produce
biased or inaccurate results due to the inherent subjectivity in design
and implementation [45]. Therefore, when using soft computing tech-
niques, it is important to weigh the potential benefits against the limi-
tations and challenges and to carefully consider the appropriateness of
these techniques for the given problem domain, for one, the future of the
metaverse.

3. Methodology

The authors combined a systematic literature review and biblio-
metric analysis to comprehensively review the literature on soft
computing methods in the metaverse. This methodology was chosen
because it allows us to identify the most relevant and high-quality
studies on the topic and provide a quantitative analysis of the research
trends and patterns [46,47]. The systematic literature review process
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Fig. 1. Soft computing techniques by Falcone et al. [40].
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Fig. 2. Soft computing techniques by Salam et al. [42].

involves a comprehensive search for all relevant studies on a particular
topic, followed by a critical appraisal of the studies’ quality and rele-
vance [48,49], and bibliometric analysis is a quantitative method for
studying scientific literature [50]. In this study, the authors followed the
guidelines for conducting systematic reviews known as PRISMA
(preferred reporting items for systematic reviews and meta-analyses), as
this ensures that the outcome is transparent, rigorous, and replicable
[51]. Then, the literature analysis involves bibliometrics to visualize
patterns, networks, and trends [52]. The feasibility of the chosen
methodology has been tested before, and the outcomes showed a
detailed and nuanced understanding of the research topics and patterns.

The search for relevant studies was conducted in Scopus (www.
scopus.com) electronic database. Metaverse was used as the keyword
in the document title search. Using a star symbol (*), or wildcard
character, at the end of a searched keyword was performed as a place-
holder to represent one or more characters in a search query [53]. So,
searching for “metaverse* ” produced results for metaverse and meta-
verses. Then, the search was limited to studies written in English to
avoid language barriers. Articles (#438) and conferences papers (#331)
were continued after the removal of reviews (#56), editorials (#43),
book chapters (#23), letters (#19), notes (#17), conference reviews
(#3), erratums (#3), short surveys (#2), and books (#1). The search
(data collection I) performed on 11/April/2023 and its outcomes are
shown using the frame of Fig. 3.

A second search (data collection II) was conducted, on 13/April/
2023, using keywords as it is explained in Table 1 to identify relevant
academic publications related to the XR root of the metaverse. As XR is a
well-established field with applications across various domains, it is
necessary to focus on a specific area to achieve the paper’s objectives.
Therefore, only academic publications related to mathematics and de-
cision sciences were considered in this study. This ensures a focused
analysis and enables a deeper exploration of the potential of soft
computing techniques for shaping the future of the metaverse. The
search was then refined to include documents published after 2020, the
year of the initiation of the metaverse movement [2,22]. Moreover, only
articles and conference papers published in English were kept in the

936 records after 769 records after

984 records from
» language filtration > document type filtration

Scopus search

Fig. 3. Metaverse search and filtration outcomes.

Table 1
XR Search and filtration outcomes.
Focuses area XR VR AR MR
Search code TITLE-ABS- TITLE-ABS- TITLE-ABS- TITLE-ABS-
KEY ( KEY ( KEY ( KEY (
"extended "virtual "augmented "mixed
realit*") realit*") realit*") realit*")
Search results: 1415 158691 43474 8509
documents documents documents documents
Filtrations Document Document Document Document
results results results results
only fields of 296 18174 8593 2017
mathematics
and decision
sciences
published after 268 6709 3392 823
2020
only in English 267 6628 3346 819
published as an 225 6251 3047 738
article or
conference
paper
outcome 225 6251 3047 738

search results.

The resulting literature from data collection I and II and their
filtration process were analyzed with a bibliometric approach; the
catchwords of the title, abstract, and authors listed keywords identified
and mapped to the soft computing techniques.

Besides the two explained data collections, data collection III was to
perform a search using soft computing-related keywords. The third
search (data collection III) was conducted on 13/April/2023 to locate
relevant studies on soft computing applications in the metaverse-related
research. Soft computing-related keywords of "fuzzy logic," "fuzzy sets,"
"artificial neural network," ‘'evolutionary algorithms," 'neuro
computing," "partial swarm optimization," "wisdom system," "chaos
theory," "belief theory," "differential evolution," "ant clone algorithm,"
and "Firefly algorithm," were taken into account concerning the afore-
mentioned soft computing discussion. As an added note, this work is
being prepared for publication in Applied Soft Computing, the scope
(https://www.sciencedirect.com/journal/applied-soft-computing/
about/aims-and-scope) of which includes such areas as Ant Colony,
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Chaos Theory, Evolutionary Computing, Fuzzy Computing, Hybrid
Methods, Immunological Computing, Morphic Computing, Neuro
Computing, Particle Swarm, Probabilistic Computing, Rough Sets,
Wavelet, and Neuro Computing. Because of this, the search formula
generated is (TITLE-ABS-KEY ("metaverse*" OR "extended realit*" OR
"virtual realit*" OR "augmented realit*" OR "mixed realit*") AND TITLE-
ABS-KEY ("Soft comput*" OR "Fuzzy" OR "Artificial Neural Network" OR
"Evolutionary Algorithms" OR "Ant Colony Algorithm" OR "Firefly Algo-
rithm" OR "Neuro Comput*" OR "Swarm Optimization" OR "Wisdom Sys-
tem*" OR "Chaos Theory" OR "Belief Theory" OR "Differential Evolution" OR
"Immunological Computing”" OR "Morphic Computing” OR "Probabil*" OR
"Rough Sets" OR "Wavelet")).

However, in this investigation, the search was limited to scholarly
documents published after 2020 (the year the metaverse movement
began). Table 2 shows the search filtration processes where only articles
and conference papers in English were retained from the initial search.
Last, a bibliometric analysis was applied to the documents from data
collection III to visualize patterns and trends of soft computing tech-
niques and pinpoint their untapped potential for future metaverses.

It should be noted that although the data (from all data collections I,
11, and III) from 2023 were not complete at the time of data collection,
they were still included in the analysis. This may impact the accuracy
and completeness of the findings, and future research may benefit from
using a complete and up-to-date picture of the data. However, the
available data still provides valuable insights and can serve as a basis for
further research and analysis in soft computing. We also note that Pareto
charts are used in addition to histograms and network diagrams for data
visualization. A Pareto chart is a graphical representation based on the
Pareto principle, which posits that a significant majority of effects arise
from a minority of causes [54,55]. The chart sorts categories of data in
descending order, from the most frequent (or largest frequency) on the
left to the least frequent on the right, allowing for easy identification of
the most significant factors or issues [55].

4. Results

This section of the article includes a bibliometric analysis that is
presented in a few sub-sections, with each subsection focusing on the
three rounds of data collected for this study (data collection I, II, and III).
Data collection I focused on seeing soft computing from the metaverse
studies point of view, data collection II saw soft computing from the root
of metaverse viewpoint, and data collection III focused on soft
computing itself in the metaverse research domain. This approach pro-
vides a comprehensive analysis to address the pre-defined research
objective, followed by another subsection for an overview and discus-
sion of findings.

4.1. Metaverse

Fig. 4 displays the trend of metaverse-related publications over the
years, indicating the first document was published in 2000 [56]. How-
ever, it should be noted that the metaverse movement is considered to
have started in 2020, as verified by the literature review. The figure
highlights the growing interest and research in the field and sets the
context for exploring the role of Applied Soft Computing in shaping the
future of the metaverse.

Table 2
Soft computing search filtration.

Filtration Document results
Initial search results 5340

Published after 2020 1158

Only in English 1123

Published as an article or conference paper 920

Outcome 920

Applied Soft Computing 150 (2024) 111098

Fig. 5 illustrates that only a few countries are highly productive in
metaverse-related research, with Eastern countries such as China, South
Korea, Japan, Singapore, and Indonesia taking the lead. This highlights
the need for more global collaboration and knowledge exchange to
foster further research and development of future metaverse.

Fig. 6 emphasizes the importance of multidisciplinary efforts for a
better future of the metaverse. Computer science, engineering, and so-
cial sciences lead the way, closely following mathematics and decision
sciences. This reinforces the relevance of this article’s scope in
addressing the role of soft computing techniques, closely related to
mathematics and decision sciences, in shaping the future of the
metaverse.

Using VOSviewer software version 1.6.19 (www.vosviewer.com), a
network, Fig. 7, was created based on data collected from the titles and
abstracts of documents. This co-occurrence network shows the occur-
rence of terms more than five times, with binary counting, which means
that the presence or absence of each term in each document is only
counted. This resulted in two clusters of terms, each representing a
concentration of publications. The first cluster was more related to ap-
plications and sectors that benefit from the metaverse. In contrast, the
second cluster consists of terms that can technically benefit the meta-
verse. However, upon screening the terms and comparing them with
other mathematical and non-mathematical problem-solving techniques,
it was found that not many soft computing-related terms were identified,
highlighting the need for more research in this area. Thus, future
research should focus on soft computing involvement to direct the future
of the metaverse.

Moreover, the data was analyzed for top keywords via the Science-
Scape (http://medialab.github.io/sciencescape/) tool, and the analysis
yielded a very similar conclusion. Besides, from the Scopus search
outcome, it was found that a list of 160 keywords related to the meta-
verse was repeated in a range of 600 times and up to 6 times. Among
these keywords, only a few soft computing terms were identified,
including "deep learning" (with 277 repetitions), "machine learning"
(with 35 repetitions), and "computation theory" (with 12 repetitions).
The analysis was performed in two ways: ChatGPT (https://chat.openai.
com/chat), an artifactual intelligence model trained to generate input
responses by natural language processing approach [57], and human
researchers’ (the authors’) assessment of the keywords list. While this
study augments the work of Bochkay et al. [58] by underscoring the
application of natural language processing models as a formidable
research methodology for projects centered around textual data, Crib-
ben et al. [59] maintains that human expertise remains an essential
player in the process. Consequently, we have incorporated both ap-
proaches. Both ways, in parallel, did the occurrence analysis, reviewing
to find soft computing-related terms among the list.

4.2. Extended reality

The metaverse is the obvious answer that unifies all XR-related
technology globally, and XR is a necessary technology for the meta-
verse [16]. Table 3 shows the documents found from the four XR-related
searches according to the year of their publication. In addition, from the
collected total of 222 keywords and/or terms, an occurrence analysis of
the outcomes is shown in Table 4. Since this study aimed to identify
soft-computing related keywords among a list of keywords, a similar
occurrence analysis was performed again, as explained in the previous
section. This analysis also highlighted the lack of soft computing-related
terms, emphasizing the need for more attention by future metaverse and
XR researchers.

4.3. Soft computing
The data collected in data collection III is summarized in Table 5 and

6 . However, analysis reveals that China is the leading country with over
80% of the publications, followed by the USA and India, as shown in
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Fig. 8.

Fig. 9 depicts the research domains contributing to this field,
showing that computer science and engineering, accounting for more
than 50% of the total documents, make greater use of soft computing
than mathematics fields. This result emphasizes the interdisciplinary
nature of soft computing and highlights the importance of collaborations
among different areas to advance the development and applications of
soft computing techniques.

Overlay and density visualization are techniques used in biblio-
metrics to analyze scholarly publications and citation patterns [60].
Overlay visualization identifies correlations between different topics,
while density visualization represents the distribution and frequency of
publications and citations over time. These visualization techniques help
researchers quickly identify patterns, trends, and hotspots of research
activity [60,61]. Figs. 10 and 11 show overlay and density visualizations
of data from data collection II, helping understand the structure and
dynamics of scholarly communication in the targeted zone. Based on the
collected data, overlay visualization did not show any visible trend or
change over time, likely due to the relatively small time zone after 2020
and incomplete 2023 data. However, density visualization suggested a
balanced scholarly focus, with an almost equal distribution of interest
among the research areas. Kirby [62] asserts that bibliometrics can be
employed to conduct exploratory research and to pave the way for new
lines of inquiry. In light of this, from Figs. 10 and 11, keywords such as

XR performance, requirement, opportunities and challenges, and users’
experiences are garnering increased scholarly attention in the XR
research field.

Scopus search also provided 203 top-appeared keywords used with
the searched documents. This list refers to the keywords that appear
most frequently across the resulting set of documents. The list is a
collection of topics, mostly related to computer science, technology, and
related fields. The list includes techniques and tools such as neural
networks, fuzzy control, Bayesian networks, and wavelet transforms.
Several mentions of specific applications such as e-learning, healthcare,
and 5 G mobile communication systems exist.

Excluding not soft computing-related keywords provides a list of 30
items, which can be divided into four classes. This classification is
helpful to understand better the various topics in computer science and
related fields and their relationships. Here, the choice of four classes was
based on the number of distinct themes and techniques the authors
could identify. The classes are described below.

e Machine Learning: This class includes artificial neural networks,
neural networks, machine learning, artificial intelligence, deep
learning, and big data. These techniques are used to develop intel-
ligent systems that can learn from data and make predictions or
decisions, such as in image recognition, speech recognition, natural
language processing, and recommender systems.
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Table 3 Table 4
XR-related documents per year. Keywords and terms occurrence.
Year XR VR AR MR Focuses Keywords and terms occurrence
2023 20 217 98 20 area
2022 122 2571 1107 242 XR None of the more repeated keywords and terms identified appear
2021 56 1952 858 220 explicitly related to soft computing techniques.
2020 27 1511 984 256 VR "Deep learning" and "Machine Learning" are the two soft computing
techniques listed among the more-repeated keywords and terms.
AR None of the more-repeated keywords and terms listed in this set
e Fuzzy Systems: This class includes items such as fuzzy logic, fuzzy explicitly relate to soft computing techniques.
MR None of the more-repeated keywords and terms listed in this set

inference, fuzzy control, fuzzy sets, and fuzzy systems. Fuzzy logic is

. . : . explicitly relate to soft computing techniques.
a mathematical framework for dealing with uncertainty and Pty puting 4
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Table 5

soft computing-related documents per year.
Year Documents
2023 80
2022 323
2021 275
2020 242

imprecision, and fuzzy systems are intelligent systems that use fuzzy
logic to model and control complex processes and systems.
Evolutionary Computing: This class includes particle swarm opti-
mization, genetic algorithms, heuristic algorithms, and ant colony
optimization. These techniques are often used to find the optimal
solution in complex and dynamic environments.

Probability Analysis: This class includes Bayesian networks, prob-
ability, and uncertainty analysis. Bayesian networks are graphical
models that represent the probabilistic relationships between vari-
ables, and uncertainty analysis is the process of modeling and
analyzing uncertainty and risk in complex systems.

This classification of soft computing-related items highlights the di-
versity and applicability of soft computing techniques used across
various fields of the metaverse. This classification also suggests several
promising research directions and opportunities in soft computing,
which can lead to breakthroughs and innovations in the future of the
metaverse.

Table 6
Top appeared keywords.
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5. Discussion

The key argument in this study is outlined in this section based on the
data analysis outcomes. The metaverse is a changeful world [63] in
which humans can interact with one another and with a
computer-generated environment [1], and here, the article provides a
final reflection on the importance of soft computing methods in shaping
the future of the metaverse as our expanding second life. Tolerance for
imperfect, incomplete, or conflicting data and uncertainties, as well as a
desire to find heuristic (potentially suboptimal) solutions through a
less-than-extensive search of the solutions space, are all hallmarks of
what is collectively known as "Soft Computing" techniques [35]. It is
observed by this research that soft computing techniques are not well
introduced to the metaverse research. However, the growing field of soft
computing is based on a set of approaches that can both learn from past
mistakes and generalize to new situations, as Chaturvedi explains [64].
Chaturvedi further says that broadening the field of applications should
be achievable if a propensity towards imprecision could be accepted.
The driving forces behind this development are the anticipated reduc-
tion in computing load and subsequent rise in calculation speeds that
permit more robust system architectures. From the findings of this
article, members of the soft computing family that have most contrib-
uted to the metaverse field include artificial neural networks, neural
networks, machine learning, artificial intelligence, deep learning, fuzzy
logic, fuzzy inference, fuzzy control, fuzzy sets, and fuzzy systems,
particle swarm optimization, genetic algorithms, heuristic algorithms,
and ant colony optimization, and Bayesian networks.

Chaturvedi [64] explains that one of the difficulties in soft
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computing research is finding the right balance between the various
technologies that make up the field, such that the final product has
advantages in decision-making that can’t be reached by employing them
independently. Hence, mixed/hybrid approaches might be a separate
class to be added to the classes of soft computing identified by this
research. It includes Mixed soft computing - soft computing techniques
or a combination of soft and hard computing techniques.

Unlike soft computing, hard computing is distinguished by rigid
mathematical modeling, a thorough search of the solution space, and a
non-probabilistic presentation of the results; however, unlike "soft
computing," the term "hard computing" is less well-known, and some
scholars refer to it using other terms [65]. This term is used to emphasize
the distinction between the two approaches. After reviewing several
studies focused on specific applications, scholars [54] concluded that
traditional hard computing methods and newer soft computing should
be considered complementing approaches. Today’s advanced environ-
ment necessitates the use of both technologies. While there is a clear
divide between the hard computing and soft computing research com-
munities, it has been seen that many soft computing researchers are
vocally advocating for the different hybrid options. In contrast, the
scholars [65] noted that the hard computing sector showed less eager-
ness to adopt complementary soft computing methods. Fig. 12 depicts a
possible combination of soft computing and hard computing
approaches.

Consequently, mixed/hybrid approaches are a distinct soft
computing class with significant weight. The 5 class of contributing soft
computing classes are shown in Fig. 13. There may be soft computing
methods that do not align with the five identified classes, but they were
not captured in the bibliometric analysis due to their minimal repre-
sentation in pertinent research publications. Their omission from the
provided taxonomy does not negate their potential usability or effec-
tiveness. Nonetheless, the analysis indicates that the five identified
classes demonstrate the highest potential for significant contributions to
metaverse-related research and its subsequent evolution.

According to Aziz [66], it is imperative to prioritize the most efficient
mathematical methods. Therefore, with a soft computing view, this
article conducted a classification analysis to inform the progression of

the metaverse in the future; it identified five classes of techniques
engaging in metaverse research. Such a structure would benefit scholars,
as classification simplifies Yenduri et al.’s technique selection guide.
Yenduri et al. [7] recommend certain soft computing techniques as the
most optimal when deciding. They further explain:

e When selecting a soft computing technique, it is crucial to consider
the output quality of the method.

e The intricacy of the employed soft computing approach should also
be considered, as the degree of sophistication is directly proportional
to the level of challenge in achieving outcomes.

e When adopting a soft computing technique, it is imperative to
consider its data requirements and computational efficacy.

e When selecting a soft computing technique, it is imperative to
consider the training duration and the convergence rate.

Last but not least, the identified five classes of soft computing tech-
niques are gaining popularity among metaverse-field researchers and
are expected to play an increasingly active role in shaping the meta-
verse’s future. Yet, more utilization and development of soft computing
techniques are crucial for providing innovative solutions to problems in
various fields related to the metaverse, including XR and sectors that can
benefit from these concepts. The five classes are described further in the
following subsections.

5.1. Class 1: machine learning

For class 1, the given Scopus search formula or "TITLE-ABS-KEY
("artificial neural networks" OR '"neural networks" OR "machine
learning" OR "artificial intelligence" OR "deep learning" OR "big data")"
gives a deviation on the progress of techniques and their applications in
problem-solving as shown in Fig. 14.

Machine learning and artificial intelligence are closely related fields
that involve using algorithms and statistical models to enable computers
to learn from data and perform tasks that normally require human in-
telligence [67,68]. Machine learning and artificial intelligence are
powerful tools that can be applied to many aspects of the metaverse [25,
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69,701, such as virtual environments, avatars, and user behavior anal-
ysis. Machine learning and artificial intelligence are critical components
of soft computing [9,66], contributing to developing intelligent systems
that can learn from data and make predictions or decisions [67,71]. The
ability of machine learning and artificial intelligence to handle complex
data sets and learn from them makes them a valuable asset [72] in
developing soft computing methods for the metaverse. Machine learning
and artificial intelligence have the potential to revolutionize the meta-
verse by enabling more immersive, interactive, and intelligent virtual
environments. These technologies can help create more realistic,
responsive avatars and more personalized and adaptive user experi-
ences. Furthermore, machine learning and artificial intelligence can be
used for behavior analysis, assisting in identifying patterns and trends in
user behavior that can be used to improve the metaverse experience.

5.2. Class 2: fuzzy systems

For class 2, the given Scopus search formula or "TITLE-ABS-KEY
("fuzzy logic" OR "fuzzy inference" OR "fuzzy control" OR "fuzzy sets" OR
"fuzzy systems")" gives a deviation on the progress of techniques and
their applications in problem-solving, as shown in Fig. 15.

Fuzzy systems are a subset of soft computing based on fuzzy logic, a
mathematical framework that can deal with imprecise or uncertain data
[73]. Fuzzy systems are intended to capture and represent human
knowledge and reasoning in a way that computers can understand and
use to make decisions. Fuzzy systems contribute to soft computing by
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providing a powerful tool for modeling and controlling complex pro-
cesses and systems [74]. Fuzzy systems’ ability to deal with imprecise or
uncertain data makes them well-suited for many metaverse applications
[31,75], such as user behavior analysis, virtual environment design, and
avatar control. Fuzzy systems are expected to play a critical role in the
metaverse’s future, enabling more sophisticated and realistic virtual
environments and avatars. They can be used to model and control
complex systems such as traffic flow in virtual cities or weather patterns
in virtual worlds. Furthermore, fuzzy systems can aid in developing
more intelligent and responsive avatars, allowing them to interact with
users more naturally and intuitively.

5.3. Class 3: evolutionary computing

For class 3, the given Scopus search formula or "TITLE-ABS-KEY
("Evolutionary Computing" OR "swarm optimization" OR "genetic algo-
rithms" OR "heuristic algorithms" OR "ant colony")" gives a deviation on
the progress of techniques and their applications in problem-solving, as
shown in Fig. 16.

Evolutionary computing is a subset of soft computing based on the
principles of evolution and natural selection [76]. Evolutionary
computing techniques, such as particle swarm optimization, genetic
algorithms, heuristic algorithms, and ant colony optimization, are
intended to simulate the process of evolution to find optimal solutions to
complex problems. Evolutionary computing techniques contribute to
soft computing by providing a powerful tool for solving complex
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optimization problems in the metaverse [77]. These techniques can be
used to find the best solutions to problems such as avatar control, virtual
environment design, and resource allocation. Evolutionary computing
techniques are expected to play an increasingly important role in the
future of the metaverse, enabling more sophisticated and intelligent
virtual environments and avatars. They can optimize many systems and
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processes [78], such as traffic flow in virtual cities, resource allocation in
virtual worlds, and avatar behavior and decision-making.

5.4. Class 4: probability analysis

For class 4, the given Scopus search formula or “TITLE-ABS-KEY
("Bayesian networks" OR "probability")” gives a deviation in the progress
of techniques and their applications in problem-solving, as shown in
Fig. 17.

Probability analysis is a branch of mathematics that analyzes un-
certainty and risk [79]. It is a fundamental concept in soft computing,
where dealing with uncertain or imprecise data is a common challenge
[80]. Bayesian analysis, a subset of probability analysis, is a powerful
tool for modeling and analyzing uncertain systems [81]. Probability
analysis and Bayesian techniques contribute to soft computing by
providing a rigorous framework for dealing with uncertainty and risk.
These techniques are widely used in applications such as natural lan-
guage processing, image recognition, and decision-making [82]. They
can be used to model complex systems and predict future events [83,84].
Probability analysis and Bayesian techniques are expected to play an
important role in the metaverse’s future. They can be used to analyze
user behavior, model complex virtual environments, and make decisions
about avatar actions and interactions. These techniques can enable more
intelligent and responsive virtual environments and avatars by
providing a framework for dealing with uncertainty and risk [83].

5.5. Class 5: mixed/hybrid methods

For class 5, the expansion of other classes indicates this class’s
problem-solving progress. As the metaverse develops, the fusion of soft
computing techniques is expected to become a major trend in soft
computing applications [64]. The merging of fuzzy and neuro-fuzzy
systems with artificial neural networks can inherit the advantages of
both paradigms and avoid their drawbacks [85]. With the development
of electronics and information technologies, fuzzy systems are becoming
a critical tool to represent extensive human knowledge in metaverse
research, using "If-Then" rules to establish explicit forms of knowledge.
Furthermore, integrating soft computing techniques with hard
computing and non-mathematical problem-solving methods is expected
to provide innovative solutions to problems with high performance,
cost-effectiveness, and reliable computing systems [86]. The new
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Fig. 14. Class 1 research progress.
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member of soft computing, machine learning, is also a promising hybrid
trend in developing novel techniques and applications [87,88].

5.6. Soft computing techniques for metaverse research

An analysis of the trends depicted in Figs. 14, 15, 16, and 17 reveals
that machine learning exhibits the most rapid growth in terms of
adoption by researchers over time. However, evaluative computing
closely follows this growth trajectory. Presently, probability analysis
boasts the highest number of users and appears to be in its maturity
phase, succeeded by fuzzy systems in popularity and usage. However,
each class possesses its distinct advantages and capabilities regarding
usage. Thus, a selection framework helps users pinpoint the right
approach based on their specific research objectives [89]. Fig. 18 is our
suggested soft computing selection framework for metaverse research; it
provides a framework for determining which subset of soft computing
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methods is best suited to solving a given metaverse issue. Based on the
characteristics, applications, and foreseen future developments, each
decision point aids in narrowing down the appropriate technique.

6. Conclusion

The metaverse is an innovative and dynamic technology that has
captured the attention of researchers and practitioners worldwide.
Platform providers aim to make it easier for people and organizations to
create their virtual worlds, but various issues and challenges still need to
be resolved [90]. Besides, the wise direction of the metaverse holds
promise for enhancing the state of the physical world [91]. However,
several challenges must be resolved to create and manage these virtual
worlds, which can be done using soft computing techniques. This paper
has comprehensively reviewed soft computing methods in the meta-
verse, highlighting their potential and contribution to developing this
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immersive virtual environment. The systematic literature review in this
article identified the leading countries and research domains in soft
computing, emphasizing the interdisciplinary nature of the field and the
need for collaboration. However, the study also highlights the lack of
attention given to soft computing techniques in shaping the future of the
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metaverse. The article has categorized soft computing techniques into
five classes - Machine Learning, Fuzzy Systems, Evolutionary
Computing, Probability Analysis, and Mixed/Hybrid Methods. Encour-
aged and commented on by Singh et al. [92], such taxonomies for soft
computing could categorize and evaluate various research initiatives.
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The proposed taxonomy by this article has the potential to provide
innovative solutions to problems in various fields related to the future of
the metaverse.

The classification of soft computing-related items presented in this
paper provides valuable insight into the diversity and applicability of
soft computing techniques across various fields of the metaverse. The
article also discusses the potential for hybrid approaches and the fusion
of soft computing techniques with other technologies to provide inno-
vative solutions to problems related to the metaverse in various sectors.
Moreover, the findings of this paper emphasize the importance of soft
computing methods in addressing the challenges and opportunities of
the metaverse. The interdisciplinary nature of soft computing and its
adaptability and flexibility make it an essential tool for developing
intelligent systems that can learn from data and make decisions based on
imprecise or uncertain information. Soft computing techniques can also
help in modeling and controlling complex processes and systems,
finding optimal solutions among possible solutions, and analyzing un-
certainty and risk in complex systems. This study proposed a decision
framework for researchers and developers to use when determining the
most appropriate soft computing technique for their research or meta-
verse development project.

In conclusion, this study contributes to the ongoing discussion on soft
computing methods’ role in shaping the metaverse’s future. We
emphasize the need for interdisciplinary collaboration, the fusion of soft
computing techniques with other technologies, and further research and
development of soft computing methods in the field. The findings of this
study can serve as a valuable reference for researchers, practitioners,
and policymakers working in this field, providing valuable insights into
the potential of soft computing techniques in shaping the future of the
metaverse.

CRediT authorship contribution statement

Madjid Tavana: Conceptualization, Methodology, Data curation,
Formal analysis, Writing — original draft preparation, Visualization,
Writing — reviewing & editing. Shahryar Sorooshian: Conceptualiza-
tion, Methodology, Data curation, Formal analysis, Writing - original
draft preparation, Visualization, Writing — reviewing & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

References
[1] D.T.K. Ng, What is the metaverse? Definitions, technologies and the community of

inquiry, Australas. J. Educ. Technol. vol. 38 (4) (2022) 190-205.

J. Kim, Advertising in the metaverse: research agenda, J. Interact. Advert. vol. 21

(3) (2021) 141-144.

S.-M. Park, Y.-G. Kim, A metaverse: taxonomy, components, applications, and open

challenges, IEEE Access vol. 10 (2022) 4209-4251.

Z. Allam, A. Sharifi, S.E. Bibri, D.S. Jones, J. Krogstie, The metaverse as a virtual

form of smart cities: opportunities and challenges for environmental, economic,

and social sustainability in urban futures, Smart Cities vol. 5 (3) (2022) 771-801.

P. Bhattacharya, et al., Towards future internet: the metaverse perspective for

diverse industrial applications, Mathematics vol. 11 (4) (2023) 941.

A. Mochon, D. Quintana, Y. Saez, P. Isasi, Soft computing techniques applied to

finance, Appl. Intell. vol. 29 (2008) 111-115.

G. Yenduri, T.R. Gadekallu, A review on soft computing approaches for predicting

maintainability of software: state-of-the-art, technical challenges, and future

directions, Expert Syst. (2023), e13250.

Y.K. Dwivedi, et al., Metaverse beyond the hype: multidisciplinary perspectives on

emerging challenges, opportunities, and agenda for research, practice and policy,

Int. J. Inf. Manag. vol. 66 (2022), 102542.

[2]
[3]

[4]

[5]
[6]
[7]

(8]

15

[91
[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]
[27]
[28]
[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

Applied Soft Computing 150 (2024) 111098

D. Ibrahim, An overview of soft computing, Procedia Comput. Sci. vol. 102 (2016)
34-38.

S.K. Pal, S.K. Meher, Natural computing: a problem solving paradigm with granular
information processing, Appl. Soft Comput. vol. 13 (9) (2013) 3944-3955.

S. Abbate, P. Centobelli, R. Cerchione, E. Oropallo, E. Riccio, 2022. A first
bibliometric literature review on Metaverse, in 2022 IEEE Technology and
Engineering Management Conference (TEMSCON EUROPE): IEEE, pp. 254-260.
A. Koohang, et al., Shaping the metaverse into reality: multidisciplinary
perspectives on opportunities, challenges, and future research, J. Comput. Inf. Syst.
Vol. 66 (2022), 102542.

S. Mystakidis, Metaverse, Encyclopedia vol. 2 (1) (2022) 486-497.

R.V. Kozinets, Immersive netnography: a novel method for service experience
research in virtual reality, augmented reality and metaverse contexts, J. Serv.
Manag. vol. 34 (1) (2023) 100-125.

T. Morimoto, et al., XR (extended reality: virtual reality, augmented reality, mixed
reality) technology in spine medicine: status quo and quo vadis, J. Clin. Med. vol.
11 (2) (2022) 470.

T. Huynh-The, et al., Blockchain for the metaverse: a review, Future Gener.
Comput. Syst. vol. 143 (2023) 401-419.

C. Anthes, R.J. Garcia-Hernandez, M. Wiedemann, D. Kranzlmiiller, 2016. State of
the art of virtual reality technology, in 2016 IEEE aerospace conference: IEEE, pp.
1-19.

H.-z Hu, et al., Application and prospect of mixed reality technology in medical
field, Curr. Med. Sci. vol. 39 (2019) 1-6.

Y. Chen, Q. Wang, H. Chen, X. Song, H. Tang, M. Tian, 2019. An overview of
augmented reality technology, in Journal of Physics: Conference Series, vol. 1237,
no. 2: IOP Publishing, p. 022082.

N. Xi, J. Chen, F. Gama, M. Riar, J. Hamari, The challenges of entering the
metaverse: an experiment on the effect of extended reality on workload, Inf. Syst.
Front. vol. 25 (2023) 659-680.

A. McWilliam, P. Scarfe, The metaverse and oncology, Clin. Oncol. vol. 35 (1)
(2023) 12-14.

S.W. Song, D.-H. Chung, Explication and rational conceptualization of metaverse,
Informatiz. Policy vol. 28 (3) (2021) 3-22.

D. Pamucar, M. Deveci, I. Gokasar, M. Tavana, M. Koppen, A metaverse assessment
model for sustainable transportation using ordinal priority approach and Aczel-
Alsina norms, Technol. Forecast. Soc. Change vol. 182 (2022), 121778.

L. Evans, J. Frith, M. Saker, The roots of the metaverse. From Microverse to
Metaverse, Emerald Publishing Limited, 2022, pp. 15-24.

T. Huynh-The, Q.-V. Pham, X.-Q. Pham, T.T. Nguyen, Z. Han, D.-S. Kim, Artificial
intelligence for the metaverse: a survey, Eng. Appl. Artif. Intell. vol. 117 (2023),
105581.

S. Hollensen, P. Kotler, M.O. Opresnik, Metaverse-the new marketing universe (no.
ahead-of-print), J. Bus. Strategy (2022) (no. ahead-of-print).

M.K. AL-GNBRI, Accounting and auditing in the metaverse world from a virtual
reality perspective: a future research, J. Metaverse vol. 2 (1) (2022) 29-41.

J. Diaz, C. Saldana, C. Avila, Virtual world as a resource for hybrid education, Int.
J. Emerg. Technol. Learn. vol. 15 (15) (2020) 94-109.

J.D.N. Dionisio, W.G.B. III, R. Gilbert, 3D virtual worlds and the metaverse: current
status and future possibilities, ACM Comput. Surv. (CSUR) vol. 45 (3) (2013) 1-38.
S.K. Das, A. Kumar, B. Das, A. Burnwal, On soft computing techniques in various
areas, Comput. Sci. Inf. Technol. vol. 3 (59) (2013) 166.

M. Deveci, D. Pamucar, I. Gokasar, M. Koppen, B.B. Gupta, Personal mobility in
metaverse with autonomous vehicles using Q-rung orthopair fuzzy sets based OPA-
RAFSI model, IEEE Trans. Intell. Transp. Syst. (2022).

1. Gokasar, D. Pamucar, M. Deveci, B.B. Gupta, L. Martinez, O. Castillo, Metaverse
integration alternatives of connected autonomous vehicles with self-powered
sensors using fuzzy decision making model, Inf. Sci. vol. 642 (2023), 119192.

M. Deveci, I. Gokasar, O. Castillo, T. Daim, Evaluation of Metaverse integration of
freight fluidity measurement alternatives using fuzzy Dombi EDAS model, Comput.
Ind. Eng. vol. 174 (2022), 108773.

H.A. Simon, et al., Decision making and problem solving, Interfaces vol. 17 (5)
(1987) 11-31.

A. Charitopoulos, M. Rangoussi, D. Koulouriotis, On the use of soft computing
methods in educational data mining and learning analytics research: a review of
years 2010-2018, Int. J. Artif. Intell. Educ. vol. 30 (2020) 371-430.

A. Kumar, N. Sachdeva, Cyberbullying detection on social multimedia using soft
computing techniques: a meta-analysis, Multimed. Tools Appl. vol. 78 (2019)
23973-24010.

J. Lin, et al., From ideal to reality: segmentation, annotation, and recommendation,
the vital trajectory of intelligent micro learning, World Wide Web vol. 23 (2020)
1747-1767.

W. Zhang, Y. Zhang, X. Gu, C. Wu, L. Han, Application of soft computing, machine
learning, deep learning and optimizations in geoengineering and geoscience,
Springer Nature, 2021.

G. Dinesh, P.L. Kumari, M. Lokhande, S. Azahad, Soft Computing, GCS Publishers,
2022.

R. Falcone, C. Lima, E. Martinelli, Soft computing techniques in structural and
earthquake engineering: a literature review, Eng. Struct. vol. 207 (2020), 110269.
A. Sharma, G. Saini, 2016. Soft Computing Techniques Implementation and
Challenges in Antenna Engineering, in 2016 International Conference on Micro-
Electronics and Telecommunication Engineering (ICMETE): IEEE, pp. 167-172.
Z. Salam, J. Ahmed, B.S. Merugu, The application of soft computing methods for
MPPT of PV system: a technological and status review, Appl. Energy vol. 107
(2013) 135-148.


http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref1
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref1
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref2
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref2
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref3
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref3
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref4
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref4
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref4
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref5
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref5
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref6
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref6
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref7
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref7
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref7
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref8
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref8
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref8
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref9
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref9
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref10
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref10
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref11
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref11
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref11
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref12
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref13
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref13
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref13
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref14
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref14
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref14
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref15
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref15
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref16
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref16
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref17
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref17
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref17
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref18
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref18
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref19
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref19
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref20
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref20
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref20
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref21
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref21
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref22
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref22
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref22
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref23
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref23
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref24
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref24
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref25
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref25
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref26
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref26
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref27
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref27
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref28
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref28
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref28
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref29
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref29
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref29
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref30
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref30
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref30
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref31
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref31
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref32
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref32
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref32
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref33
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref33
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref33
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref34
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref34
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref34
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref35
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref35
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref35
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref36
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref36
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref37
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref37
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref38
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref38
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref38

M. Tavana and S. Sorooshian

[43]

[44]

[45]

[46]

[47]

[48]

[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]
[62]

[63]

[64]
[65]

[66]

[67]

Y. Yan, L. Wang, T. Wang, X. Wang, Y. Hu, Q. Duan, Application of soft computing
techniques to multiphase flow measurement: a review, Flow. Meas. Instrum. vol.
60 (2018) 30-43.

Y. Huang, Y. Lan, S.J. Thomson, A. Fang, W.C. Hoffmann, R.E. Lacey, Development
of soft computing and applications in agricultural and biological engineering,
Comput. Electron. Agric. vol. 71 (2) (2010) 107-127.

H.R. Mahdiani, A. Ahmadi, S.M. Fakhraie, C. Lucas, Bio-inspired imprecise
computational blocks for efficient VLSI implementation of soft-computing
applications, IEEE Trans. Circuits Syst. I: Regul. Pap. vol. 57 (4) (2009) 850-862.
S. Sorooshian, S.M. Jamali, N. Ale Ebrahim, Performance of the Decision-making
Trial and Evaluation Laboratory, vol. 8, AIMS Mathematics, 2023, pp. 7490-7514.
S. Sorooshian, M. Tavana, S. Ribeiro-Navarrete, From classical interpretive
structural modeling to total interpretive structural modeling and beyond: a half-
century of business research, J. Bus. Res. vol. 157 (2023), 113642.

M. Vasarainen, S. Paavola, L. Vetoshkina, A systematic literature review on
extended reality: Virtual, augmented and mixed reality in working life, Int. J.
Virtual Real. (2021).

M.R.A. Mollah, G. Cuskelly, B. Hill, Sport tourism collaboration: a systematic
quantitative literature review, J. Sport Tour. vol. 25 (1) (2021) 3-25.

A.J. Nederhof, Bibliometric monitoring of research performance in the social
sciences and the humanities: a review, Scientometrics vol. 66 (1) (2006) 81-100.
D. Moher, A. Liberati, J. Tetzlaff, D.G. Altman, P. Group, Preferred reporting items
for systematic reviews and meta-analyses: the PRISMA statement, Int. J. Surg. vol.
8 (5) (2010) 336-341.

S. Sorooshian, N.A. Azizan, N.A. Ebrahim, Weighted aggregated sum product
assessment, Math. Model. Eng. Probl. vol. 9 (4) (2022) 873-878, https://doi.org/
10.18280/mmep.090403.

P. Kokol, H.B. Vosner, Discrepancies among Scopus, Web of Science, and PubMed
coverage of funding information in medical journal articles, J. Med. Libr. Assoc.
vol. 106 (1) (2018) 81.

H. Kartal, A. Oztekin, A. Gunasekaran, F. Cebi, An integrated decision analytic
framework of machine learning with multi-criteria decision making for multi-
attribute inventory classification, Comput. Ind. Eng. vol. 101 (2016) 599-613.

R. Koch, The 80/20 Principle: The Secret of Achieving More with Less: Updated
20th anniversary edition of the productivity and business classic. Hachette UK,
2011.

C. Kobryn, Architectural Patterns for Metamodeling: The Hitchhiker’s Guide to the
UML Metaverse, in < UML> 2000—The Unified Modeling Language: Advancing
the Standard Third International Conference York, UK, October 2-6, 2000
Proceedings 3, 2000: Springer, pp. 497-497.

L. Bishop, A computer wrote this paper: what ChatGPT means for education,
research, and writing, January 26, 2023), Res. Writ. (2023). January 26, 2023).
K. Bochkay, S.V. Brown, A.J. Leone, J.W. Tucker, Textual analysis in accounting:
what’s next, Contemp. Account. Res. vol. 40 (2) (2023) 765-805.

1. Cribben, Y. Zeinali, The benefits and limitations of ChatGPT in business
education and research: a focus on management science, operations management
and data analytics, March 29, 2023, Oper. Manag. Data Anal. (2023). March 29,
2023.

J.T. McAllister, L. Lennertz, Z. Atencio Mojica, Mapping a discipline: a guide to
using VOSviewer for bibliometric and visual analysis, Sci. Technol. Libr. vol. 41 (3)
(2022) 319-348.

M. Alcaniz, E. Bigné, J. Guixeres, Virtual reality in marketing: a framework,
review, and research agenda, Front. Psychol. vol. 10 (2019), 1530.

A. Kirby, Exploratory bibliometrics: using VOSviewer as a preliminary research
tool, Publications vol. 11 (1) (2023) 10.

A. Zaidan, H.A. Alsattar, S. Qahtan, M. Deveci, D. Pamucar, M. Hajiaghaei-Keshteli,
Uncertainty decision modeling approach for control engineering tools to support
industrial cyber-physical metaverse smart manufacturing systems, IEEE Syst. J.
(2023) 1-12, https://doi.org/10.1109/JSYST.2023.3266842.

D.K. Chaturvedi, Soft computing, Stud. Comput. Intell. vol. 103 (2008) 509-612.
S.J. Ovaska, H.F. VanLandingham, A. Kamiya, Fusion of soft computing and hard
computing in industrial applications: an overview, IEEE Trans. Syst. Man Cybern.
Part C. vol. 32 (2) (2002) 72-79.

R.M. Aziz, A. Hussain, P. Sharma, P. Kumar, Machine learning-based soft
computing regression analysis approach for crime data prediction, Karb Int J. Mod.
Sci. vol. 8 (1) (2022) 1-19.

C. Janiesch, P. Zschech, K. Heinrich, Machine learning and deep learning, Electron.
Mark. vol. 31 (3) (2021) 685-695.

16

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]
[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

Applied Soft Computing 150 (2024) 111098

T. Panch, P. Szolovits, R. Atun, Artificial intelligence, machine learning and health
systems, J. Glob. Health vol. 8 (2) (2018) https://doi.org/10.7189%
2Fjogh.08.020303.

Y. Yang, K. Siau, W. Xie, Y. Sun, Smart health: intelligent healthcare systems in the
metaverse, artificial intelligence, and data science era, J. Organ. End. Use Comput.
vol. 34 (1) (2022) 1-14.

B. Rathore, Digital transformation 4.0: integration of artificial intelligence &
metaverse in marketing, Eduzone: Int. Peer Rev. Refereed Multidiscip. J. vol. 12 (1)
(2023) 42-48.

M. Injadat, A. Moubayed, A.B. Nassif, A. Shami, Machine learning towards
intelligent systems: applications, challenges, and opportunities, Artif. Intell. Rev.
vol. 54 (2021) 3299-3348.

M.M. Najafabadi, F. Villanustre, T.M. Khoshgoftaar, N. Seliya, R. Wald,

E. Muharemagic, Deep learning applications and challenges in big data analytics,
J. Big Data vol. 2 (1) (2015) 1-21.

S. Sorooshian, A. Azizi, Fuzzy bases, World Appl. Sci. J. vol. 26 (10) (2013)
1335-1339.

L.A. Zadeh, Soft computing and fuzzy logic, IEEE Softw. vol. 11 (6) (1994) 48-56.
M. Deveci, A.R. Mishra, I. Gokasar, P. Rani, D. Pamucar, E. Ozcan, A decision
support system for assessing and prioritizing sustainable urban transportation in
metaverse, IEEE Trans. Fuzzy Syst. vol. 31 (2) (2022) 475-484.

V. Oduguwa, A. Tiwari, R. Roy, Evolutionary computing in manufacturing
industry: an overview of recent applications, Appl. Soft Comput. vol. 5 (3) (2005)
281-299.

X. Wang, J. Wang, C. Wu, S. Xu, W. Ma, Engineering brain: metaverse for future
engineering, Al Civ. Eng. vol. 1 (1) (2022), 2, https://doi.org/10.1007/s43503-
022-00001-z.

A.L. Abubakar, et al., A survey on energy optimization techniques in UAV-based
cellular networks: from conventional to machine learning approaches, Drones vol.
7 (3) (2023) 214.

B. Liu, Uncertain risk analysis and uncertain reliability analysis, J. Uncertain. Syst.
vol. 4 (3) (2010) 163-170.

D.R. Kumar, P. Samui, A. Burman, Prediction of probability of liquefaction using
soft computing techniques, J. Inst. Eng. (India): Ser. A vol. 103 (4) (2022)
1195-1208.

R. van de Schoot, et al., Bayesian statistics and modelling, Nat. Rev. Methods Prim.
vol. 1 (1) (2021) 1.

R. Alizadehsani, et al., Handling of uncertainty in medical data using machine
learning and probability theory techniques: a review of 30 years (1991-2020),
Ann. Oper. Res. (2021) 1-42, https://doi.org/10.1007/510479-021-04006-2.

Y. Wang and I.H. Witten, Modeling for optimal probability prediction, Proceedings
of the Nineteenth International Conference on Machine Learning, 650-657 2002.
J.S. King, Predicting probability: regulating the future of preimplantation genetic
screening, Yale J. Health Pol. Y. L. Ethics vol. 8 (2008) 283.

L. Vinayakvitthal, N.N. Charniya, 2015. Review of advances in Neural Network
based biometric authentication, in 2015 International Conference on
Communications and Signal Processing (ICCSP): IEEE, pp. 0735-0740.

W. Blum, M. Niss, Applied mathematical problem solving, modelling, applications,
and links to other subjects—State, trends and issues in mathematics instruction,
Educ. Stud. Math. vol. 22 (1) (1991) 37-68.

J.Z. Zhang, P.R. Srivastava, D. Sharma, P. Eachempati, Big data analytics and
machine learning: a retrospective overview and bibliometric analysis, Expert Syst.
Appl. vol. 184 (2021), 115561.

J. Lopez Belmonte, A. Segura-Robles, A.-J. Moreno-Guerrero, M.E. Parra-Gonzélez,
Machine learning and big data in the impact literature. A bibliometric review with
scientific mapping in Web of Science, Symmetry vol. 12 (4) (2020) 495.

M. Ghane, M.C. Ang, M. Nilashi, S. Sorooshian, Enhanced decision tree induction
using evolutionary techniques for Parkinson’s disease classification, Biocybern.
Biomed. Eng. vol. 42 (3) (2022) 902-920.

Z. Mohammed, et al., Bitcoin network-based anonymity and privacy model for
metaverse implementation in Industry 5.0 using linear Diophantine fuzzy sets,
Ann. Oper. Res. (2023) 1-41, https://doi.org/10.1007/s10479-023-05421-3.

M. Deveci, I. Gokasar, U. Cali, 2022. Evaluation of Urban Mobility Alternatives For
Blockchain Use In Metaverse, in 2022 IEEE 1st Global Emerging Technology
Blockchain Forum: Blockchain & Beyond (iGETblockchain): IEEE, pp. 1-4.

J. Singh, P. Singh, S.S. Gill, Fog computing: a taxonomy, systematic review, current
trends and research challenges, J. Parallel Distrib. Comput. vol. 157 (2021) 56-85.


http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref39
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref39
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref39
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref40
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref40
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref40
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref41
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref41
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref41
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref42
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref42
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref43
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref43
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref43
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref44
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref44
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref44
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref45
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref45
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref46
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref46
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref47
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref47
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref47
https://doi.org/10.18280/mmep.090403
https://doi.org/10.18280/mmep.090403
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref49
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref49
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref49
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref50
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref50
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref50
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref51
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref51
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref52
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref52
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref53
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref53
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref53
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref53
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref54
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref54
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref54
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref55
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref55
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref56
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref56
https://doi.org/10.1109/JSYST.2023.3266842
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref58
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref59
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref59
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref59
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref60
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref60
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref60
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref61
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref61
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref62
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref62
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref62
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref63
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref63
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref63
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref64
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref64
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref64
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref65
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref65
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref65
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref66
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref66
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref66
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref67
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref67
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref68
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref69
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref69
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref69
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref70
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref70
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref70
https://doi.org/10.1007/s43503-022-00001-z
https://doi.org/10.1007/s43503-022-00001-z
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref72
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref72
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref72
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref73
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref73
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref74
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref74
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref74
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref75
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref75
https://doi.org/10.1007/s10479-021-04006-2
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref77
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref77
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref78
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref78
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref78
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref79
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref79
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref79
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref80
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref80
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref80
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref81
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref81
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref81
https://doi.org/10.1007/s10479-023-05421-3
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref83
http://refhub.elsevier.com/S1568-4946(23)01116-X/sbref83

	A systematic review of the soft computing methods shaping the future of the metaverse
	1 Introduction
	2 Literature review
	2.1 Extended reality
	2.2 Metaverse
	2.3 Soft computing mathematics in metaverse

	3 Methodology
	4 Results
	4.1 Metaverse
	4.2 Extended reality
	4.3 Soft computing

	5 Discussion
	5.1 Class 1: machine learning
	5.2 Class 2: fuzzy systems
	5.3 Class 3: evolutionary computing
	5.4 Class 4: probability analysis
	5.5 Class 5: mixed/hybrid methods
	5.6 Soft computing techniques for metaverse research

	6 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	References


