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Abstract: The realm of architecture has been influenced by the expansion in virtual environments
(VEs), along with Industry 4.0 technologies transforming human—VE interactions. Despite increas-
ing scholarly interest in embodied experience-integrated VE, there have been few comprehensive
literature reviews undertaken on VEs from a holistic experience perspective. Therefore, this article
reviews the literature on the embodied experiential dimension of VEs that has become necessary to
adapt theories and methodologies in a way that enhances the user experience in a VE. This study
employs a bibliometric analysis to review research performance and undertake a science mapping of
the literature. The 969 pieces of data retrieved from Web of Science were subjected to a performance
analysis, and VOSviewer was used to visualize the intellectual structure and research themes. The
results of this study emphasize the strength and growing interest in VEs from the embodied expe-
rience perspective. Another significant finding is that VE experience studies are mostly based on
embodied technologies. In this paper, the results of analyses are discussed in terms of productivity,
collaboration, and research themes for future. This study contributes to the literature by providing a
significant theoretical reference for the potential of the embodied experience in VE research, which
will mostly attract the interest of architectural design researchers.

Keywords: bibliometric analysis; embodied cognition; embodied experience; immersion; presence;

user experience; virtual environment; virtual reality

1. Introduction

The upsurge in Industry 4.0 technologies has led to relevant changes in architectural
design practice and research beyond the realm of architecture [1,2]. Human—environment
interactions have been transformed into human—computer interactions (HCI) by digital
technology and the internet [3], generating collective knowledge and easy access to de-
sign platforms to create user content [4]. The digitally created virtual environment (VE)
has given rise to new forms of participation in a networked society [5]. In this context,
architecture based on understanding the interaction between humans and the environment
has been influenced by expansion in VEs, causing change and transformation—in most
cases influencing architects, researchers, and adaptation of new methodologies from other
disciplines [6].

Adaptation of both theory and methodologies has become necessary in the constantly
developing digital context—more specifically in terms of human-VE interactions, and how
users experience, feel, and engage with VEs [7,8]. Given this context, action is urgently
needed to integrate digital knowledge to enhance human—VE interactions.

Further, given collective knowledge about digital technology, and easy access to design
platforms and creation methods, user-generated content including architecture provides an
opportunity for a member of the general public to be a general architect in VEs, and this
phenomenon makes architectural professions consider a new role in VEs [9]. As VEs cannot
be sustained only with clusters of independent buildings, there is still space for architects
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to intervene as master planners to organize VEs to work from a holistic perspective, and to
mediate in the relationship between humans and VEs.

Ultimately, an architect is required to play a role as a mediator in user—VE interactions
based on an understanding of the user experience (UX) and the immersive virtual technol-
ogy [10]. To this end, it is necessary for architects and architectural researchers to become
master planners who understand human-VE interactions and connect with research in the
fields of technology and science, based on their knowledge in the field of architecture.

In this sense, this paper seeks to understand VEs in relation to embodied cognition—
the third paradigm of cognitive science—along with the integral relationship between
the environment, body, brain, and mind [11]. The architectural research field has devel-
oped through a combination of theories and methodologies from cognitive science [12],
environmental psychology [13], social science [14], neuroaesthetics [15], and neuroarchitec-
ture [16-18], which converged to embodied cognition [11].

The paradigm of embodied cognition refers to the concept and methods of experience
mechanisms based on human—environment interactions [11]. According to Lakoff and
Johnson, embodied cognition is a precursor to the theory of abstract conception, and
experience is based on the bodily experience of humans with the environment [19,20].
This perspective provides a novel experiential view of VEs [21]. In architecture, the term
environment is a comprehensive and broad concept that has been defined in regard to the
interrelationship of humans with the physical and nonphysical environments, including
VEs [22]. Given that human experience is based on their previous experience in the real
environment, it can be assumed that an experience in a VE is based on experience of
the relationship between the body and the real environment [21]. In empirical studies,
the embodied perspective represents the built environment through a form of virtual
reality (VR) such as a stereo head-mounted display (HMD), head tracking, or computer
graphic-generated images, [23] according to different experimental tools [22].

Therefore, VEs should be discussed with consideration of its integrated relation-
ships with human experiences, derived from the interrelationships between the environ-
ment, body, brain, and experience. This is consistent with embodied cognition—the third
paradigm of cognitive science, and one of the most representative multidisciplinary disci-
plines. Despite increasing scholarly attention to VEs, there are few comprehensive reviews
in the field of VEs from a UX perspective, which may reveal the potential value and impact
of VEs. Extending from a precedent review article, “Implications of Neuroarchitecture for
the Experience of the Built Environment: A Scoping Review” [22]—which explores the
concept and methodology through the relationships between environmental stimuli, body
responses, and experiences from the embodied cognition perspective—this paper reports a
quantitative study of the relationships between the VE and the UX based on their previous
experiences in real environments, from the perspective of embodied cognition.

The motivation for this analysis is to detect trends in scientific activity related to VEs
from an embodied experience perspective. The embodied experience—as the framework of
how people experience the environment—highlights the importance of the acquisition of
scientific knowledge by architectural designers and researchers, to improve the treatment
of available information. The incorporation of embodied experience in a VE requires
competence and skills according to the needs of the experiential dimension in the VE.

This paper does not limit the VE research scope to the architecture realm, but also
includes multidisciplinary studies. This study examines the scientific landscape of research
in regard to the experiential dimension of VEs, focusing on research trends in this research
domain across disciplines. Further, this paper examines scientific productivity and the
intellectual network of publications and researchers in the field of VEs. Specifically, this
paper focuses on key concepts of VEs and presents a bibliometric analysis of research
trends in embodied experience-integrated VEs. For this purpose, an extensive literature
review of embodied experience perspectives connected to VEs was performed to examine
the definition, development of research flow and themes, and implications of embodied
experience in VEs.
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This research is structured as follows. Section 2 illustrates the methodology employed.
Section 3 presents the findings and Section 4 discusses them. Section 5 offers conclusions.

2. Materials and Methods

This study adopts a bibliometric methodology encapsulating quantitative techniques
applied to bibliometric data. Easy access to scientific databases through Web of Science
(WO0S) to acquire large volumes of bibliometric data on specific topics, and the use of biblio-
metric software such as VOSviewer, enabled the researchers to undertake a bibliometric
analysis in a wide range of disciplines [24] including cultural studies [22,25], business [26],
and urban planning [27], to explore intellectual structure and research performance in
relation to the research topics [28]. Therefore, this method was used to gain an under-
standing of the research trends in embodied VE across disciplines. To achieve this, this
bibliometric study was conducted following a methodological flow chart [28], including the
PRISMA-ScR (Preferred Reporting Items for Systematic Review for Scoping Review) [29],
as illustrated in Table 1.

Table 1. The bibliometric analysis procedure.

Step 1. Defining the aims and scope of the bibliometric study
Comprehensive overview of research trends, productivity, and collaborations, to identify progress and insights in the virtual
embodied experience domain.
RQ1. How is scientific productivity progressing in the virtual embodied experience?
RQ2. How is the research collaboration network formed in this domain?
RQ3. What is the research trend that has enhanced the embodied experience in the virtual environment?
\
Step 2. Choosing the techniques for bibliometric analysis
Scientific databases, WoS and bibliometric mapping software, VOSviewer

)
Step 3. Collecting the data for bibliometric analysis
Environment (“virtual environment” or “virtual environments”) and
Search terms related
Embodied (“embodied” or “embodiment” or “embodied cognition” or “immersion” or
related “presence” or “immersive”) and
Experience related | (“experience” or “emotion” or “mind” or “behavior” or “feeling”)

PRISMA-ScR flow diagram

Identification 2517 records identified in all fields through database searching
2190 records identified on the topic — 327 records
Screening excluded
977 records selected by peer-review articles — 1213 records
excluded
969 records selected by language (English) —
Eligibility Titles and abstracts of articles manually assessed for eligibility to exclude non-relevant articles
Included 969 included in quantitative analysis
A
Step 4. Running the bibliometric analysis
Performance analysis Science mapping
Summarizing the performance of prolific research indicators Visualizing the intellectual structure using citation and
such as numbers of publications and citations; and rate of co-authorship analyses, and research themes and topics using
publication according to journal, research area, author, co-citation analysis, bibliographic coupling, and co-occurrence
affiliation, and country analysis
1
| Step 5. Delivering findings and their implications for future research ‘
)

| Step 6. Conclusions |

2.1. Define the Aim and Scope of the Study

Despite previous bibliometric analysis studies about VR and embodied experience
technologies to build up empathy [30], and its application in other disciplines such as
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management [31] and hospitality and tourism [32,33], there is a gap in the embodied
experiential dimension of VEs considering a holistic experiential perspective. In this study;,
the aim is to contribute to future research directions in the human-VE interaction domain by
presenting and reviewing developing research trends in embodied experience technologies
within VEs.

Second, this bibliometric study aims to provide a theoretical and methodological
reference for embodied experience in VEs. This may help researchers understand the
gap between various disciplines, and develop novel ideas for the creation of successful
VEs. Therefore, this study aims to inform the development of future research to facilitate
application of the embodied experiential perspective to the ‘virtual environment’ to enhance
human-VE interactions.

This paper reports a literature review conducted to explore research trends, produc-
tivity, and collaborations, and thus identify progress and insights of the domain. These
objectives can be achieved by answering the following questions using a bibliometric
analysis:

RQ1. How is scientific productivity progressing in the virtual embodied experience?

RQ2. How is the research collaboration network formed in this domain?

RQ3. What is the research trend that has enhanced the embodied experience in the
virtual environment?

2.2. Bibliometric Analysis with Bibliometric Software, VOSviewer, and Scientific Databases via
Web of Science

This study employed a quantitative bibliometric analysis of review article alterna-
tives, largely categorized as qualitative or quantitative methodologies. In contrast to the
traditional literature review such as systematic review focused on a narrow scope of study
for domain-, method-, and theory-based reviews with qualitative techniques [28,34,35],
bibliometric analysis is a popular and rigorous method of exploring and analyzing large
volumes of scientific data to uncover emerging trends and examine the intellectual structure
of a specific domain in the literature [28].

This study employed a performance analysis and science mapping technique—the
two main techniques addressed in [28]. First, performance analysis was used to summarize
the performance of prolific research indicators such as authors, institutions, countries, and
journals based on total publications and total citations. Second, science mapping was used
to explore the intellectual structure of the relationships between research components using
five analysis techniques: citation analysis, co-citation analysis, bibliographic coupling,
co-occurrence analysis, and co-authorship analysis [28]:

1. Citation analysis identified the relationships among the most influential publications
in the VE research field.

2. Co-citation analysis revealed foundational thematic clusters and seminal publications
through the relationships among cited publications based on references.

3. Bibliographic coupling revealed the current development of themes through the
relationships among citing publications.

4. Co-occurrence analysis explored the existing and future relationships among topics in
the VE research field.

5. Co-authorship analysis examined the intellectual collaboration among authors and
their affiliations, and consequent impacts on the development of the research field.

2.3. Collecting Data
Search Terms/The Literature Screening Process

The data collection process is the most important aspect of obtaining meaningful
research results. Bibliometric data were retrieved from the WoS Core Collection, one of
the world’s largest bibliometric databases of peer-reviewed research literature, which also
provides performance analysis results and is interchangeability linked with VOSviewer, a
visualization tool enabling close reading [28].
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Publications

The applied method was used to conduct a search of the WoS Core Collection us-
ing keywords to generate a representative body of documents for exploration. Search
terms were derived from a preliminary literature review and divided into three categories:
(1) VE-related terms: (“virtual environment” or “virtual environments”); (2) embodied
technology-related terms (“embodied” or “embodiment” or “immersion” or “presence” or
“immersive”); and (3) experience-related terms (“experience” or “emotion” or “mind” or
“behavior” or “feeling”).

Following the PRISMA-ScR flow chart, in phase 1 (identification), WoS found 2517
results in all fields: all types of documents with the search terms exposed. In phase 2
(screening), to exclude terms exposed only in journal titles, keywords were searched in the
topic field: Searches title, abstract, author keywords, and Keywords Plus, which identified
2190 articles. As this study focused on peer-reviewed articles, 977 grey literature were
removed. English was selected as the language, resulting in 969 final records. In phase
3 (eligibility), the titles and abstracts of articles were manually assessed for eligibility to
exclude non-relevant articles. Finally, the 969 records published from 1993 to 2022 were
selected for bibliometric analysis. The appropriate sample size for bibliometric analysis has
been suggested as approximately 1000 papers [36].

3. Results
3.1. Performance Analysis

The analysis returned 969 records from the WoS. The detailed analysis that follows is
of articles related to the ‘virtual environment’, and where terms related to ‘embodiment’ or
‘experience’ appear as the publication topic.

Performance analysis of selected papers is based on the number of publications and
citations per year, and analysis of publications by journal, research area, author, affiliation,
and country.

3.1.1. Publications and Citations throughout the Years

It is clear in the data that the concept of integrating embodied experience with VE
is gaining momentum as it creates innovative human-VE interaction processes. Figure 1
shows the number of publications and citations by year, demonstrating growth in this
field since 1994. Over the past three decades (1994-2022), the number of publications and
citations related to embodied experience-integrated VE has increased more than 120 times.
Although between 1998 and 2016 the number of publications shows a moderate increase,
remarkable growth is observed subsequently.
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Figure 1. Number of publications and citations per year via WoS.
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In particular, the data indicate that from 2013 to 2021, the number of publications
and citations increases considerably. Of particular interest is that seminal papers—in
terms of number of citations—were published in 1994, 1998, 2001, 2007, 2009, and 2012,
corresponding to the inflection points of publications in the ‘embodied experience in virtual
environment’ literature.

The rapid decrease in publications between 2021 and 2022 is due to incomplete biblio-
graphic data records. The increasing trend in research in this area will probably continue in
the future. Hence, this bibliometric analysis is expected to gain more insights into research
directions in this domain.

3.1.2. Most Influential Publications

Table 2 lists the top 10 most-cited articles on embodied experience-integrated VE in
WoS over the period 1994-2020. This result shows the papers that are the most influential
on the topic of this study. It is noted that the studies with the largest numbers of citations
are mostly from 1994 to 2012. The most cited article has 2302 citations: “Measuring Presence
in Virtual Environments: A Presence Questionnaire” written by Witmer and Singer [37].
In second place is “Adaptive Representation of Dynamics during Learning of a Motor
Task” written by Shadmehr and Mussa-Ivaldi [38], cited 1678 times. In third place is “The
Proteus Effect: The Effect of Transformed Self-representation on Behavior” written by Yee
and Bailenson [39], with 642 citations.

Table 2. The top 10 most-cited papers in WoS search results for embodied experience in VEs.

Year . Citation
Author(s) Published Paper Title Journal Count

Witmer and Measuring presence in virtual Presence: Teleoperators &
1 . 1998 . . . X . 2302

Singer [37] environments: A presence questionnaire Virtual Environments

Shadmehr and Adaptive representation of dynamics )
2 Mussa-Ivaldi [38] 1994 during learning of a motor task Journal of Neuroscience 1678
. The Proteus Effect: The effect of I
Yee and Bailenson . Human Communication
3 2007 transformed self-representation 642
[39] . Research
on behavior
The demoglﬁaphlcs, motivations, ar.1d PRESENCE: Virtual &
4 Yee [40] 2006 derived experiences of users of massively A . 602
- . . . ugmented Reality
multi-user online graphical environments
Bowman and Virtual reality: How much immersion
5 McMahan [41] 2007 is enough? Computer 485
6 Warren, et al. [42] 2001 Optic flow is used to control Nature Neuroscience 440
human walking
7 Riva, et al. [43] 2007 Affec’flve interactions using virtual ref':lhty: Cyberpsychglogy & 392
The link between presence and emotions Behavior

Brockmyer, The development of the Game Journal of Experimental

8 yeu 2009 Engagement Questionnaire: A measure of . P 387
etal. [44] R . Social Psychology
engagement in video game-playing
9 Kilteni, et al. [45] 2012 The sense of embodiment in virtual reality Presence: Telegp erators & 354
Virtual Environments

10 Usoh, et al. [46] 2000 Using presence questionnaires in reality Presence: Teleoperators & 349

Virtual Environments

The difference between second and third place is the largest observed, at more than

2.5 times more citations, and the paper in first place is cited 40% more than that in second
place. The difference between first and third place is more than 3.5 times. From the third-
to the tenth-ranked paper, citations only moderately decrease. Therefore, the first and
second most cited articles published in the early years in this domain of research are still
considered seminal publications in this research area.

In the next step, the main research areas of studies in this domain are identified,
together with journals, research areas, authors, affiliations, and countries making the most
prolific contributions to the literature.
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3.1.3. Most Prolific Journals

A total of 372 journals from the WoS search contribute to the embodied experience in
VEs. As shown in Figure 2 and Table 3, almost 15% of the 969 selected papers come from the
top three journals: Presence: Teleoperators and Virtual Environments (4.75%), Computers in
Human Behavior (4.23%), and Virtual Reality (4.13%). Presence: Teleoperators and Virtual
Environments is the first academic journal to be devoted to research into teleoperation
and VEs; it was renamed PRESENCE: Virtual and Augmented Reality in 2017 (https:
/ /direct.mit.edu/pvar (accessed on 8 April 2022)). The 16 articles from the newly named
journal can thus be added to the tally for Presence: Teleoperators and Virtual Environments,
raising its contribution to 62 (6.39%).
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Figure 2. Most prolific journals via WoS.
Table 3. The top 10 most prolific journals.
No. Journal Title Number of Papers % of 969

1 Presence: Teleoperators & Virtual Environments 46 4.747

2 Computers in Human Behavior 41 4.231

3 Virtual Reality 40 4.128

4 CyberPsychology & Behavior 27 2.786

IEEE Transactions on Visualization &
5 . 24 2.477
Computer Graphic
6 Frontiers in Psychology 20 2.064
International Journal of Human—Computer
7 . 20 2.064
Studies
8 PLOS One 20 2.064
9 Applied Sciences—Basel 17 1.754
Cyberpsychology, Behavior, &
ReTREyEro sl ’ 16 1.651

10 Social Networking
PRESENCE: Virtual and Augmented Reality 16 1.651
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3.1.4. Most Prolific Research Areas

The selected papers on the embodied experience in VEs represent 92 diverse research
areas in the WoS database. As shown in Figure 3 and Table 4, over 86% of the selected papers
come from the top three research areas, namely computer science (36.94%), psychology
(25.59%), and engineering (23.83%). The three research areas are classified in different
categories but all focus on the virtual embodied experience.
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Figure 3. Most prolific research areas.
Table 4. The top 10 most prolific research areas.
No. Research Area Number of Papers % of 969
1 Computer Science 358 36.945
2 Psychology 248 25.593
3 Engineering 231 23.839
4 Communication 61 6.295
5 Neurosciences Neurology 61 6.295
6 Education Educational Research 54 5.573
7 Science Technology Other Topics 44 4.541
8 Imaging Science Photographic Technology 43 4.438
9 Chemistry 32 3.302
10 Telecommunications 28 2.890

3.1.5. Most Prolific Authors

The top three most prolific authors with the most frequent contributions to the litera-
ture on the embodied experience in VEs among the 3062 authors—with 966 publications—
are Mel Slater with 20 publications; JN Bailenson (16 publications), M Alcaniz (15 publi-
cations), and G Riva (15 publications). There is a 25% difference between the first-placed
Slater and the second-placed Bailenson; others show only one publication difference (see
Figure 4 and Table 5).
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Table 5. The top 10 most prolific authors.
Author Affiliation Country Documents % of 969
University of Barcelona
1 Slater, M. Department of Clinical Psychology & Spain 20 2.064
Psychobiology
2 Bailenson, J.N. Stanford University USA 16 1.651
Department of Communication
. Polytechnic University of Valencia .
3 Alcaniz, M. Department of Biomedical Engineering Spain 15 1.548
4 Riva, G. Catholic University of Sacred heart Ttaly 15 1.548
Department of Psycology
5 Blascovich, J. University of California Santa ].3arba.ra USA 14 1.445
Department of Psychology & Brain Science
University of lowa
6 Plumert, .M. Department of Psychology & Brain Science UsA 13 1342
University of lowa
7 Kearney, JX. Department of. Computer Science UsA 12 1238
8 Kim, J. _ Hansung University South Korea 9 0.929
Division of Computer Engineering
. Stanford University
9 Bailenson, J Department of Communication usA 8 0-826
O'Neal, E.E. University of lowa USA 8 0.826

Department of Psychology & Brain Science

The top 10 authors” departments range from psychology, communication, biomedical
engineering, brain science, and computer science, to computer engineering. The affiliations
and regions of the top 10 authors also vary, and include University of Barcelona and
Polytechnic University of Valencia in Spain; Stanford University, University of California
Santa Barbara, and University of lowa in the United States of America (USA); Catholic
University of Sacred heart in Italy; and Hansung University in South Korea. Among the
top 10 authors, most are affiliated with the University of Iowa and their region is the USA.
Researchers from the University of lowa appear three times with 32 publications; and those
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from Stanford University, twice with 25 publications. The productivity of authors on the
overall selected studies is shown in Table 5.

3.1.6. Most Prolific Affiliations

Overall, the selected papers are published by authors from 1132 affiliations across
the world. University of London in the United Kingdom (UK) is ranked first among the
most prolific affiliations on the embodied experience in VEs (see Figure 5). The top three
most prolific affiliations with the most frequent contributions in the WoS are University
of London, UK with 34 publications; Stanford University, USA with 27 publications; and
University College London, UK with 25 publications, as listed in Table 6.
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Figure 5. Most prolific affiliations.
Table 6. The top 10 most prolific affiliations.
Affiliation Record Count

1 University of London 34

2 Stanford University 27

3 University College London 25

4 University of California System 21

5 State University System of Florida 18

6 University of Barcelona 17

7 University of Southern California 17

8 Centre National de la Recherche Scientifique 16

9 Universitat Politecnica de Valencia 16

10 Catalan Institution for Research and Advanced Studies 15

IRCCS Istituto Auxologico Italiano 15
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3.1.7. Prolific Countries

Overall, the selected papers are published by authors from 61 countries, 49 of which
have at least two papers each. The countries with nine or more relevant publications are
shown in Figure 6. The top 10 most prolific countries are listed in Table 7.
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Figure 6. Most prolific countries.
Table 7. The top 10 most prolific countries.
Country Record Count % of 969

1 USA 308 31.78
2 England 111 11.45
3 Germany 79 8.15
4 Spain 69 7.12
5 Italy 63 6.50
6 China 63 6.50
7 Canada 55 5.67
8 France 53 5.47
9 South Korea 52 5.36
10 Netherlands 46 4.74

The most productive countries in the domain are the USA (31.78%), England (11.45%),
and Germany (8.15%).

3.2. Science Mapping
3.2.1. Intellectual Collaboration Networks among Authors, Affiliations, and Countries

Co-authorship analysis is employed to identify the intellectual collaboration structure
of authors, affiliations, and countries. These relationships are presented in a network map,
where nodes represent actors, and links connecting the nodes represent relationships. The
size of a node represents the number of citations. The collaboration strength is demonstrated
by the thickness of the lines linking the nodes. Different color circles are assigned to
individual collaboration groups.
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(1) Author

The threshold in the bibliometric data is set as a minimum of two documents per
author. Of the 3213 authors, 332 are selected on this basis; however, only 36 of these meet
this threshold to create the collaboration network map shown in Figure 7. 6 in which
clusters of 36 authors are identified.
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Figure 7. Map of author collaboration networks.

The network map shows that authors among the most prolific, such as M Alcaniz, G
Riva, and JM Plumert have well-established collaboration networks.

(2) Affiliation

The threshold in the bibliometric data is set as a minimum of three papers for an author.
Among the 1116 organizations, 169 are selected; however, only 135 meet the threshold to
create the co-authorship analysis map shown in Figure 8. Fifteen clusters are identified
involving these 135 organizations.
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Figure 8. Map of affiliation collaboration networks.

Similar to the result for prolific affiliations, University College London, University
Cattolica Sacro Cuore, McGill University, University of Barcelona, and Stanford University
appear to have relatively extensive and strong relationships with other universities. The
strongest relationship stands out as that between University College London and University
of Barcelona.

(3) Countries

The threshold of the bibliometric data is set as a minimum of five documents for a
country. Of the 61 countries, 35 are selected (see Figure 9). Similar to the prolific country
and affiliation collaboration networks, USA, England, Germany, and Spain are shown
to have well-established collaboration networks. For example, USA occupies the central
position with its strongest relationships with China and South Korea in the same color
cluster. England has a strong relationship with Spain in its network.
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Figure 9. Map of country collaboration networks.

The collaboration network map shows that global collaboration on the research topic
has become more popular, and researchers tend to join cross-country collaborations despite
differences in culture, language, and geographical location.

3.2.2. The Relationships among the Most Influential Publications

A citation analysis is employed to identify relationships among the most influential
publications in the literature. The threshold for the bibliometric data is set as a minimum of
50 citations for a paper. Among the 969 papers, 134 are selected; however, only 100 papers
meet the threshold to create the citation analysis map shown in Figure 10a. Fifteen clusters
are identified among these 100 documents.
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Figure 10. (a) The citation analysis map of influential publications; and (b) relationships involving
the most influential publication, Witmer and Singer (1998) in the citation analysis map.

The network map from the citation analysis reveals that Witmer and Singer (1998) [37],
the most cited document, still works as the most seminal publication, occupying the central
position with the strongest relationships with other relatively recently published articles in
the network map; and closely connected to Kim (2017) in the same cluster, and to 13 others
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clusters that include Kim (2016), Hartman et al. (2016), Usoh et al. (2000), Ahn et al. (2016),
Robillard (2003), Slater and Steed (2000) [47], Gillath et al. (2018), Menneke et al. (2011),
Persky and Bloscovich (2008), Moss and Muth (2011), Lee et al. (2005), Van de Laar et al.
(2013), and Deb et al. (2017) (see Figure 10b).

The second most cited document of Shadmehr and Mussaivaldi (1994) is not connected
to others in this citation analysis map. Instead, “A Survey of Presence and Related Concepts”
written by Skarbez, Brooks and Whitton (2018) [48] appears to have the second strongest
relationship, with the second largest number of links. The third strongest relationship with
the third largest number of links is “A Virtual Presence Counter” written by Slater and
Steed (2000) [47] (see Table 8).

Table 8. Top three most influential publications with the strongest relationship resulting from citation

analysis.
Author(s) Year Published Paper Title Citation Count Links
1 Witmer and Singer [37] 1998 Measuring presence in v1rt}1al environments: 2302 Y
A presence questionnaire
Skarbez, Brooks and
2 Whitton [48] 2018 A survey of presence and related concepts 107 16
3 Slater and Steed [47] 2000b A virtual presence counter 252 13

3.2.3. Foundational Themes and Seminal Publications

A co-citation analysis is employed to identify foundational themes and seminal publi-
cations through the relationships among cited publications. The threshold for the biblio-
metric data is set as a minimum of 20 citations for a cited reference. Of the 34,905 cited
references, 71 are selected to create the co-citation map divided into four clusters.

However, with the limitation of the co-citation analysis through VOSviewer showing
the publications in a reference format, a complementary solution to look into each publica-
tion of the thematic clusters manually according to the total link strength to identify the
foundational themes. In this sense, content analysis is performed by assessing the titles,
keywords, and abstracts of articles to identify the characteristics of thematic clusters. Four
clusters are identified among the 71 cited articles that can be divided into three broad types
of perspective in the research domain: (1) a methodological perspective—methodology of
presence assessment in blue cluster 1; (2) a theoretical perspective—theory of definition and
concepts of measurable variables for presence, in red cluster 2; (3) a scientific perspective—
systematic review /neuroscientific approach to the concept of presence, in green cluster
3; and (4) intermediate methodological and theoretical perspectives, in yellow cluster 4
(see Figure 11 and Table 9). The publication years of the 12 seminal publications in clusters
range from 1992 to 2007.

Table 9. Top 12 most co-cited publications identified through co-citation analysis of cited references
showing thematic clusters and seminal publications ranked by link strength.

Foundational Theme Seminal Publication Topic/Keyword Citations Total Link
Strength
Virtual environments (VEs)
Witmer and Singer, Presence as a normal awareness phenomenon 299 1303
1998 [37] Presence Questionnaire (PQ)

Cluster 1 (blue)
of 20 documents:
Methodological
perspective—methodology of
presence assessment

Immersive Tendencies Questionnaire (ITQ)
Virtual environment (VE)
Embodied cognition framework

Presence in a VE using a spatial-functional

Schubert et al., 2001 [49] mental model: presence (the representation of 105 767
bodily actions,), immersion/involvement (the
suppression of incompatible sensory input),
and realness

Level of presence in immersive virtual 65 520

Slater et al., 1994 [50] environments; “stacking depth”
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Table 9. Cont.
. . c . cpgs Total Link
Foundational Theme Seminal Publication Topic/Keyword Citations Strength
Steuer J, 1992 [51] Defining virtual reality 94 691
Sheridan, 1992 [52] Three measurable physical variables of 7 638
Cluster 2 (red) ’ telepresence and virtual presence assessment
of 28 documents: Concepts of immersion and presence in virtual
Theoretical Slater and Wilbur, environments (VEs): Immersion accessed by 83 621
perspective—theory of 1997 [53] technology, presence as a state of consciousness
definition and concepts of with immersion
presence and its ITC—Sense of Presence Inventory (ITC-SOPI):
measurable variables Lessiter, 2001 [54] Sense .of. physical space, engagement, ecologlcal 68 616
validity, and negative effects discussed in
the literature
Lombard and Ditton The concept of presence: Physiological and
Cluster 3 4 ptorp ys10l0g
of Lzli 31;) c u(;grf:r‘i;)‘ 1997 [55] psychological effects of presence 84 281
Scientific No title captured - 196 545
perspective—neuroscientific Sanchez-Vi 4sl
perspective of the concept of anchez-Vives and Slater, Presence from a neuroscientific perspective 67 467
presence 2005 [56]
Cluster 4 (yellow) 4 factors of Presence Questionnaire (PQ):
of 2 documents: Witmer et al., 2005 [57] Involvement, adaptation/immersion, sensory 38 314
Intermediate methodological fidelity, and interface quality
and theoretical perspective Bowman and McMahan, The goal of immersive virtual environments 25 171

2007 [41] (VEs) through a sense of presence
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Figure 11. Co-citation analysis map showing foundational themes and seminal publications of

clusters (source: Authors).
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3.2.4. Bibliographic Coupling Analysis—The Development of Themes in the Literature

A bibliographic coupling analysis is employed to reveal the development of themes in
the literature through the relationships among citing publications [28]. The threshold for the
bibliometric data is set as a minimum of 50 citations for a paper. Of the 969 papers, 134 are
selected; however, only 126 of these meet the threshold to create the bibliographic coupling
analysis map shown in Figure 12. Nine clusters are identified among the 126 documents.
Unlike the co-citation analysis map, the years of publication for articles in the bibliographic
coupling analysis are relatively recent (see Table 10).
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Figure 12. Bibliographic coupling analysis map showing development of literature themes and
seminal publications in clusters.

Table 10. Top 12 seminal publications and thematic clusters through bibliographic coupling analysis

of citing references.

Theme Seminal Publication Title of Publication Citations Total Link
Strength
Skarbez et al., 2018 [48] A survey of presence and related concepts 107 363
The Spatial Presence Experience Scale (SPES): A
Cluster 1 (blue) Hartmann et al., 2016 [58] short self-repor’F measure for diverse 66 262
of 16 documents: Virtual realit media settmgs ttitude ch. )
Diverse application of Tussyadiah et al., 2018 [59] 1rtua’ rea’ity, presence, and attitude change: 215 202

Empirical evidence from tourism

presence Playing online games against computer- vs.
Weibel et al., 2008 [60] human-controlled opponents: Effects on 224 146
presence, flow, and enjoyment
Celebrity’s self-disclosure on Twitter and
Kim and Song, 2016 [61] parasocial relationships: A mediating role of 90 248
social presence
Cluster 2 (cyan) Effects of communication mode on social
of 1'1 douments: Sallnis, 2005 [62] presence, virtual presence, and performance in 60 126
Soc'lal presence collaborative virtual environments
in media Immersive planning: A conceptual model for
Gordon et al., 2011 [63] designing public participation with 54 105

new technologies
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Table 10. Cont.
Theme Seminal Publication Title of Publication Citations Total Link
Strength
Riva et al., 2011 [64] From intention to action: The role of presence 83 232
Clu.ster 3 (brown) Simulating virtual environments within virtual
of nine documents: Slater et al., 2010 [65] environments as the basis for a psychophysics 81 134
Presence from a of presence
cognitive sciences ; rechnol - 75 rsioht
perspective Riva, 2009 [66] s presence a technology issue? Some insights 58 103
from cognitive sciences
A meta-analysis on the relationship between
Cluster 4 (purple) Ling et al., 2014 [67] self—reported presence and anxiety 1n'V1rtual 78 181
reality exposure therapy for anxiety disorders
of 13 documents: . - oo
. The relationship between individual
Presence and exposure Ling et al., 2013 [68] .. R 53 145
th characteristics and experienced presence
erapy Price and Anderson, The role of presence in virtual reality 100 139
2007 [69] exposure therapy
The independent and interactive effects of
embodied-agent appearance and behavior on
Bailenson et al., 2005 a [70] self-report, cognitive, and behavioral markers 162 175
of co-presence in immersive
Cluster 5 (green) virtual environments
of 25 docu;:nents‘ The use of immersive virtual reality in the
. ’ Bailenson et al., 2008 [71] learning sciences: Digital transformations of 191 162
Behavior and .
embodiment teachers, students, and social context
What can virtual reality teach us about
Gillath et al., 2008 [72] prosocial tendencies in real and 73 128
virtual environments?
Yee, (2007) [39] The Proteus Effect: Thg effect of trapsformed 642 142
self-representation on behavior
Mennecke et al., 2011 [73] An examination of a the:ory of embodied social 84 171
presence in virtual worlds
Cluster 6 (yellow) Teng, 2010 [74] Customlzatlon., immersion satisfaction, and 121 94
of 13 documents: online gamer loyalty
Embodied presence Empathy and embodied experience in virtual
Shin, 2018 a [75] environment: To what extent can virtual reality 174 72
stimulate empathy and embodied experience?
Slater and Steed .
! A virtual presence counter 252 158
Cluster 7 (orange) 2000b [47] i
of 10 documents: Usoh et al. 2000 [46] Using Presence .Que.stiopnaires in. reality 349 144
Presence measures Bafios et al., 2008 [76] Presence and emotions in virtual environments: 9% 124
The Influence of Stereoscopy
Deb et al., 2017 [77] Efficacy of virtual reality in pedestrian 75 129
Cluster 8 (red) safety research
of 26 documents: Kim et al., 2014 [78] Effects of virtual environment platforms on 71 113
Effectiveness of VR N emotional responses
Using virtual reality to assess user experience 68 101
Developing simulations in multi-user virtual
Cluster 9 (violet) Rogers (2011) [79] environments to enhance healthcare education 0 3
of three documents: Learning in 3D multiuser virtual environments:
VEs in education Omale et al., (2009) [80] Exploring the use of unique 3D attributes for 52 2

online problem-based learning

The characteristics of nine thematic clusters are identified from the three or four papers
selected from the strongest total link for each cluster by assessing keywords, abstracts,
and titles of the listed papers as follows: Cluster 1 (blue)—diverse application of presence
in media, tourism, online games, etc.; Cluster 2 (cyan)—social presence in media such as
social network services; Cluster 3 (brown)—presence from a cognitive science perspective,
such as that of psychophysics; Cluster 4 (purple)—presence and exposure therapy for
anxiety; Cluster 5 (green)—behavior and embodiment of co-/social presence; Cluster
6 (yellow)—embodied social presence, that is, empathy; Cluster 7 (orange)—presence
measures such as questionnaires; Cluster 8 (red)—effectiveness of VR for pedestrian safety,
emotions, and UX; and Cluster 9 (violet)—VEs in education.
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3.2.5. Present and Future Themes and Topics of the Research Domain

A co-occurrence analysis is employed to explore existing and future relationships
among topics in the research field of embodied experience in VEs. The threshold for the
bibliometric data is set as a minimum of five co-occurrences of author keywords. Of the
2514 keywords from the 969 papers, 100 are selected and divided into nine clusters (see
Figure 13). Critical terms such as virtual reality, presence, virtual environments, immer-
sion, user experience, virtual environment, and embodiment have strong and intersecting
clusters related to theoretical, methodological, and technological approaches (see Table 11).
VR incorporates VE-related terms including virtual environment, virtual environments,
augmented reality, and mixed reality.
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Figure 13. Co-occurrence analysis map of author keywords.

Table 11. Top 10 most co-occurring keywords colored by clusters and their relationships (Source:
Authors).

Keyword Occurrences Total Link Strength
1 virtual reality 315 443
2 presence 124 255
3 virtual environments 80 164
4 45 136
5 user experience 25 64
6 46 56
7 embodiment 24 52
8 heai;;r}l)(l);i;ted 15 50
9 22 48

10 task analysis 9 41
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4. Discussion
4.1. Implications of Findings for Co-Occurring Term—Defining Terms and Their Relationships
with the Virtual Environment from an Embodied Experience Perspective

4.1.1. Virtual Reality—Embodiment-Presence Continuum

The three major terms related to the VE (virtual reality, virtual environments, and
virtual environment), and the three related to experience integrating embodiment (pres-
ence, immersion, and user experience), and embodiment appear in close proximity in
a central position in the co-occurrence network map (see Figure 14). These terms, each
consisting of different color clusters, are central in the co-occurrence map and have the
largest nodes. As in Ulrike Schultze’s work [81], embodiment and presence have a strong
relationship with VR.
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Figure 14. Virtual reality—embodiment—presence continuum.

4.1.2. Virtual Environment-Related Terms

Interestingly, the most strongly co-occurring keyword is virtual reality, which occupies
the center of the network map; related terms such as virtual environments and virtual
environment are seen as subsets of virtual reality (see Table 12). Virtual reality also has
a close relationship with embodiment (in the same color cluster) and immersion (in a
different color cluster). Embodiment is most closely positioned with virtual reality among
the three VE-related terms.

Table 12. VE-related terms.

Virtual Reality (Red Cluster) Virtual Environments (Blue Cluster) Virtual Environment (Yellow Cluster)
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The second most prominent keyword is presence, which has the closest relationship
with the third most co-occurring term, virtual environments. Virtual environments are
closely positioned with presence in a similar color cluster, and with avatars in a different
color cluster. Virtual environment is also seen as a subset of virtual reality.

Co-occurrence analysis using author keywords reveals confusion in current definitions
and use of terms related to VEs from an embodied experience perspective. Girvan (2018)
points out the problem that different terms are currently used for VE across the literature
and disciplines, but often without clear definition [82].

We use the term VE in relation to human—environment interactions for this study;
however, the term VR occurs most often in the co-occurrence analysis. Sherman and Craig
(2003) explain that the VE appeared before VR and is often used as a synonym for both VR
and virtual world [83], whereas, virtual world tends to be used in education, according to
Duncan et al. (2012) [84]. Conversely, Nazir et al. (2012) define a VE as provoking emotions
and feelings felt in reality to take advantage of the same emotions and feelings in reality; for
example, during real accidental events [85]. Therefore, VEs focused on component cognitive
and attention processes developed only rather recently and have been validated for spatial
abilities, learning, memory, and executive functions, whereas the ability of VEs to create
dynamic, immersive, 3D settings—where the behavioral response can be recorded—offers
a number of assessment and rehabilitation options that are not available with traditional
assessment methods [86]. Both VE and VEs are based on immersive technologies; however,
VE corresponds to feelings and emotions, while VEs correspond to behavioral responses
for embodied technological assessment.

Finally, Farshid (2018) provides a taxonomy of VEs as follows [87]: (1) VR as a “com-
plete digital representation of the actual world” and “enabling perceived presence and full
immersion;” (2) augmented reality (AR) as “AR Information and data overlaid on top of
the actual world,” where utilities for physical co-presence range from wearables and smart
glasses, to smartphones; and (3) mixed reality (MR) introducing “possible elements into an
actual world with adaptation of actual scenarios,” for example Pokémon Go. A form of VR
is recognized as stereo HMD, head tracking, and computer graphic-generated images [23].

The key difference between VR and AR/MR is that VR uses computer-generated
images that are not combined with real-life objects, thus providing a feeling of being
transported somewhere else with no sense of the real world [88]. Thus, the findings of
this study suggest that the term virtual reality incorporates presence, immersion, and
embodiment, as VR features three distinct focal areas of interaction, imagination, and
immersion [89]: (1) interaction in VR refers to the natural interchange of action and reaction
between the user and the virtual scene; (2) imagination refers to the use of multidimensional
perception information provided by VR scenes to foster other feelings such as adoration,
boredom, and aesthetic appreciation, as well as the same feelings in the real world; and (3)
immersion refers to the user’s feeling that they are part of the virtual world, as discussed
further in the following subsection [90].

However, it is noteworthy that extended reality (XR) is an emerging umbrella term
for all immersive technologies, covering AR, VR, and MR [91], and encompassing other
supporting technologies such as artificial intelligence), 5G, and Internet of Things to create
engaging and interactive applications [92].

4.1.3. Embodiment Integrated Experience-Related Terms

The three keywords related to embodied experience—presence, immersion, and user
experience—are compared with one another in Table 13. Presence, immersion, and user
experience co-occur with HCI, and appear closely positioned in their relationships. Presence
occurs most often alongside experience-related terms, occupying a central position with the
greatest link strength. Compared with immersion, presence has its own relationship with
heart rate and haptic feedback. Conversely, immersion is positioned between presence and
virtual reality and is seen as a subset of presence, yet shows its own relationships with eye
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tracking, distraction, gamification, and education. User experience is related to user study,
3D displays, and HMD, and is far from avatars and social area.

Table 13. Embodiment integrated experience in VEs.

Presence Immersion User Experience
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The distinction between the terms ‘immersion’ and ‘presence’ is discussed in the
literature [53,93,94]. Findings by different researchers have implications for various aspects
of immersion and presence, as follows.

(1) Presence

Four distinct theories of presence are based on the established taxonomy [95]. A sense
of presence (a feeling of being in a shared space) or a sense of co-presence (being in a shared
space with others with whom the user can interact) is often referred to in the literature [96].

Presence was first measured in 1993 using a subjective assessment in the form of a
questionnaire [37], the ITC-Sense of Presence Inventory (ITC-SOPI) [54], and then by a
mixed method including behavioral observation [97]. Behavior measures have employed a
physiological approach, such as ECG recordings and electrodermal activity, since 2000 [98].
The breaks in presence measure that appeared in 2000 are related to the traditional ques-
tionnaire method and can be used in combination with the physiological method. Slater
is a representative researcher who has developed presence measurement methods over a
decade. Recently, Souza et al. (2021) found presence in most subjective measures, and iden-
tified 29 main factors that evoke presence in a VE, which are grouped into four categories:
engagement, personal characteristics, interaction fidelity, and display fidelity [99].

(2) Immersion

Slater (2009) defines immersion as a subset of presence [100]. ‘Immersion’ refers to the
objective level of sensory fidelity that a VR system provides, while ‘presence’ refers to a
user’s subjective psychological response to a VR system [41]. In other words, immersion is
the technical direction of VE, and presence is a user’s individual experience. Nilsson et al.
(2016) addresses existing definitions of immersion by dividing them into three categories:
(1) immersion as a property of a system; (2) a subjective response to narrative contents;
and (3) a subjective response to challenges within the VE, based on four distinct theories
of presence [95]. Levels of immersive technology can be clustered into three general cate-
gories: fully immersive (HMD and Cave Automatic Virtual Environment); semi-immersive
(panoramic screens and cinema screens); and non-immersive (TV and monitors) [101].

(38) User experience

As the co-occurrence map focusing on UX in Table 12 shows, UX is correlated with us-
ability and 3D displays in VR. Rebelo et al., (2012) suggests that UX might be evaluated and
benefit from VR [102], and many studies conduct UX evaluations of various applications in
VR [103]: for example, use of visual display terminals and HMD in walking and driving
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contexts to compare UX, as well as the achievement of presence, workload, usability, and
flow [103]. In this sense, presence and UX factors are partly correlated [104].

4.2. Future Research Agenda

We urge scholars to consider new methods and techniques for data collection and anal-
ysis. More broadly, we expect the readiness of new big data sources to inspire innovative
strategies for obtaining embodied experience data in the VE.

Based on the recent embodied cognition approach to the VE and UX, this paper
conducted a comprehensive review and bibliometric analysis to explore the embodied
experience in the VE by examining research performance reflected in incremental increases
in publication citations over time; publication rates according to journal, research area,
author, affiliation, and country (see Figure 15), and scholarly networks focused on authors,
affiliations, and countries; and capture the research trends based on co-citation analy-
sis, bibliographic coupling, and co-occurrence analysis (see Figure 16), to suggest future
research directions.

3,062 authors

966 peer-review articles published :
Slater M, most prolific, 20 papers

From 1994 to 2002 publi: Publicati Authors
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Figure 15. The mind map of embodied experience in VEs drawn from the findings of performance
analysis (Source: Authors).
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Key terms such as virtual environment, embodied cognition, and experience are de-
fined and used differently in the literature. This study was based on three types of VE
that use digital technology: VR, AR, and MR. As user experience-related terms, immersion
and presence were included in connection to VR technology and extended to psycholog-
ical responses such as emotion and behavior. Both subjective and objective assessments
were included.

The co-occurrence analysis identified nine thematic clusters: theory of presence such as
(1) social presence and (2) spatial presence; (3) application using gamification for wayfind-
ing; (4) training of pedestrians including children for road crossing; (5) HCI based on human
factors; (6) user experience for usability using HMD, haptic feedback, and task analysis;
(7) technology using solid modeling and visualization, that is, second life; (8) flow as the
optimal experience resulting from presence [105]; and (9) the VR continuum of embodied
experience from presence, as shown in Figure 16.

This paper analyzed studies on the embodied experience in the VE to present a
comprehensive overview and future research directions for architects, engineers, and
scientists, and to guide future studies.

5. Conclusions

This study explored an extensive scientific landscape of publications in the field of
embodied experience in VEs over time using a bibliometric approach. Using data obtained
from the WoS database, 969 studies were analyzed using a bibliometric analysis to provide
a comprehensive overview of scientific productivity and networks, and research themes
in the field of embodied experience in VEs. The study investigated the scientific flow of
publications and citations over time; and identified prominent publications and prolific
journals, research areas, authors, affiliation, and countries, and scholarly networks across
publications, authors, affiliations, and countries. The bibliometric techniques of perfor-
mance analysis and science mapping were employed to investigate scholarly production
and collaboration, and research themes and topics.

This study makes numerous contributions to the literature in this domain. First, the
results from the performance analysis revealed that the first paper in this domain was
written by Shadmehr and Mussa-Ivaldi and published in 1994: “Adaptive Representation of
Dynamics during Learning of a Motor Task” [38]. This paper signifies the emergence of the
field of embodied experience in VEs and remains the second most influential publication in
the field. Further, this study identified that the most influential paper is that by Witmer
and Singer (1998) [37]. The most productive journal is Presence: Teleoperators and Virtual
Environments, established in 1992, and despite its renaming in 2017 as PRESENCE: Virtual
and Augmented Reality, it still ranks in the top 10. Regarding prolific contributions of
affiliations and countries, University of London in England tops the list; however, USA
took the first place with three times more productivity than the second place of England.
In terms of prolific authors, M Slater from Spain has produced the largest number of
publications. Further, the results revealed that virtual reality, virtual environments, virtual
environment, immersion, presence, user experience, and embodiment are among the most
studied concepts in VR research.

Regardless of the inherent ability of a bibliometric review to provide an overview of
research trends in a study subject, this study also performed an in-depth investigation to
identify the themes and topics of the selected studies. The results of this study found that the
foundational research theme has been focused on “presence’ theoretically, methodologically,
and scientifically. This study also identified its developing research trends that “presence’
has developed with integration of “immersion” and “user experience’ to enhance embodied
experience in VE.

Therefore, this study contributes to the literature by exploring the characteristics of
publications in the area of embodied VEs and understanding developing research trends in
this domain. This study creates a firm foundation and contributes to the architecture-related
fields to assist designers and researchers in gaining a comprehensive view of embodied
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experience in VE, and identifying knowledge gaps and deriving novel ideas for future VE
design and research. We provided examples of research in the areas of immersion, presence,
and user experience, but surely many other areas including architecture will benefit as well
from this embodied VE technology.
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