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Preface

This Reprint brings together the articles published in the Special Issue “Emerging Technologies of
Human-Computer Interaction” in Applied Sciences. The Special Issue was launched with a simple aim:
to provide a common venue for research that studies new interaction technologies from the side of the
people who use them, rather than from the side of the technology alone.

The contributions come from different disciplines and rely on different methods, including
controlled experiments, questionnaire development, prototype design, computational modeling and
bibliometric analysis. What connects them is the question of how an emerging technology changes the
experience of learning, working, relaxing or making decisions, and what new risks it brings with it.

The Reprint is addressed to researchers and graduate students in human—-computer interaction and
neighboring fields, and to practitioners who design interactive systems for education, the workplace
and health. I hope readers will find useful results in this Reprint, and also open questions worth
following up.

The response to this Special Issue led to a second edition, which continues the same line of work.
I thank all authors for their contributions, the reviewers for their careful work, and the Editorial Office

of Applied Sciences for their support throughout the process.

Tibor Guzsvinecz
Guest Editor
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Editorial
Al, Avatars, and Affective Touch: Emerging Frontiers in
Human—-Computer Interaction

Tibor Guzsvinecz

Department of Information Technology and Its Applications, University of Pannonia, Gasparich M. utca 18/A,
8900 Zalaegerszeg, Hungary; guzsvinecz.tibor@zek.uni-pannon.hu

1. Introduction

The relationship between humans and computers has undergone a transformation
over the past two decades. What was once a narrow exchange mediated by keyboards,
mice, and two-dimensional screens has become a multimodal dialog spanning immersive
virtual environments, gesture and gaze recognition, voice and language interfaces, haptic
feedback, embodied avatars, and increasingly autonomous Al agents. Human—computer
interaction (HCI), as a research field, no longer studies a single medium of communication.
It studies an entire ecology of interfaces through which people now think, work, learn, play,
and relate to one another.

This expansion is driven by several converging forces. First, the maturation of artificial
intelligence (Al), particularly large language models, multimodal foundation models, and
deep learning architectures for perception, has shifted computers from passive instruments
toward active conversational and analytical partners [1,2]. Second, the widespread avail-
ability of consumer-grade virtual and augmented reality hardware has made immersive
interaction practical outside the laboratory [3]. Third, the growing recognition that interac-
tion is not purely cognitive but also affective, embodied, and socially situated has pushed
HCI researchers to engage with topics traditionally associated with psychology, design,
and ethics [4,5]. Fourth, the increasing deployment of intelligent systems in high-stakes
contexts (workplaces, classrooms, healthcare, and public services) has forced the field to
grapple with questions of usability, accessibility, privacy, trust, and risk that go far beyond
classical interface design [6].

These shifts pose a methodological challenge as much as a technological one. Studying
contemporary HCI requires combining engineering and machine learning with controlled
user studies, qualitative inquiry, bibliometric and theoretical analysis, and human-centered
design research [7]. No single approach is sufficient on its own, and the most informative
contributions tend to arise where these methods are deliberately integrated.

The Special Issue “Emerging Technologies of Human—Computer Interaction” was con-
ceived to capture this breadth. Rather than restricting submissions to a single subdomain,
the call invited research on novel interaction techniques, immersive and smart environ-
ments, adaptive interfaces, wearable technologies, gesture recognition, user experience
and user-centered design, video games, assistive technologies, and Al-driven interaction
models. The eight articles accepted for publication reflect this diversity: they illustrate
where HCI research stands today and which directions are gaining momentum.

This editorial summarizes the contributions and situates them within four broad
themes that emerged organically from the accepted papers:

Appl. Sci. 2026, 16, 4990 1 https://doi.org/10.3390/app16104990
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serious games and simulation-based learning;
immersive interaction and embodiment;
affective, haptic, and emotion-aware interfaces;

and Al integration and the human factors of intelligent systems.

2. Overview of Published Articles
2.1. Serious Games and Simulation-Based Learning

Two contributions address the design and evaluation of serious games, a domain
where HCI intersects with education, behavioral change, and policy-relevant communica-
tion [8,9].

Haneklaus et al. [10] reported on the development and evaluation of a smartphone-
based version of the Phosphorus Negotiation Game (P-Game), a serious game originally
designed for face-to-face delivery in sustainability education [11,12]. Using a mixed-
methods design that combined pre- and post-game surveys with qualitative analysis of
open-ended responses, the authors compared learning outcomes across face-to-face and
virtual modalities. Self-reported knowledge of phosphorus science increased across all
groups (between 70.7% and 92.3%, depending on condition), with comparable gains in
negotiation knowledge. Importantly, the virtual P-Game achieved a System Usability Scale
(SUS) score above 80, indicating high user satisfaction. Beyond the encouraging quantitative
results, the qualitative results revealed that the two modalities differed in experiential
character: face-to-face delivery emphasized social and performance-oriented dimensions,
while the online format favored structured participation and reflective processing. The
study makes a practical case for virtual serious games as a complement, rather than
a replacement, to in-person formats [13,14] and offers a transferable methodology for
comparative evaluation using Reflexive Thematic Analysis [15] and the SUS [16].

Carrién-Toro et al. [17] tackled a long-standing gap in the field: the lack of usability
evaluation instruments specifically designed for serious games [18,19]. While general-
purpose usability questionnaires such as the SUS exist in abundance, they rarely capture
the pedagogical dimensions and game-specific design elements that determine whether
a serious game actually supports learning [20,21]. Following a systematic literature re-
view based on the Kitchenham and Charters methodology [22], the authors developed a
dedicated questionnaire (SGU) covering gameplay mechanics, interface design, narrative
engagement, and gamification elements. The instrument was applied across multiple
educational case studies, demonstrating its diagnostic potential and revealing recurring
usability issues that traditional instruments had failed to surface [23]. The contribution is
both conceptual, offering a richer model of what usability means in learning contexts, and
practical, providing a tool that designers and researchers can adopt directly.

2.2. Immersive Interaction, Embodiment, and Privacy

Two articles address how users experience and interpret themselves and others within
increasingly mediated digital environments [24,25].

Gasch et al. [26] investigated the use of virtual avatars across professional, educational,
and recreational settings [27,28]. Through two studies involving 82 participants in total, the
authors examined how variations in avatar realism, gender, and identity affect perceptions
of embodiment, technostress, privacy, and credibility. The results are complex: hyper-
realistic avatars resembling the user enhanced perceived embodiment and credibility in
professional and educational contexts [29], whereas non-realistic avatars were preferred in
recreational settings, particularly when interacting with strangers [30]. Privacy concerns
intensified when avatars were controlled by others [31], and clear gender effects emerged.

2 https://doi.org/10.3390/app16104990
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Women expressed greater concern about appearance, while men preferred same-gender
avatars in professional environments. These results have implications for the design of
virtual reality (VR) platforms intended for workplace collaboration, online education, and
remote interviewing, where the choice of avatar style is rarely neutral.

Wang et al. [32] approached privacy from a different angle, treating it as a problem
of legibility rather than policy. Their “Wormhole Whispers” project uses a metaphorical
visual language, drawing on imagery of cosmic wormholes and planetary systems, to
visualize how user data flows through online platforms and how algorithms process that
data. The work is rooted in the observation that ordinary users, despite signing endless
privacy agreements [33], possess little intuitive understanding of what actually happens
to their data [34]. By translating abstract algorithmic processes (clustering, collaborative
filtering, association rule learning) into interactive, participatory visual experiences [35],
the authors offer an alternative path to data literacy that does not depend on technical
fluency. The contribution sits at the intersection of HCI, information design, and digital
rights [36] and exemplifies how interface design can become a tool for civic empowerment.

2.3. Affective and Haptic Interaction

One particularly notable contribution examines the role of touch in human—computer
relationships [37,38].

He et al. [39] designed and evaluated a haptic device that uses mid-air air pressure
combined with Peltier-element thermal feedback to produce affective stroking sensations on
the user’s forearm. Drawing on the literature on social touch and stress regulation [40,41],
the authors first identified intensity and velocity parameters that produced subjectively
comfortable and pleasant sensations. They then conducted an experiment with 49 par-
ticipants randomly assigned to a Stroking Group or a Control Group, examining both
perceived stress and physiological indicators (RMSSD and LF/HF heart rate variability
metrics [42]). Participants in the stroking condition reported significantly greater relaxation
than controls, and physiological indicators trended in the expected direction (though not
all changes reached statistical significance). The work is notable not only for its technical
novelty (non-invasive, noiseless, and contactless haptic stimulation) but also for its broader
argument that vibrotactile biofeedback is not the only viable haptic approach to well-being
applications [43]. Affective, computer-mediated touch deserves a place in the HCI toolbox.

2.4. Al Integration and Human Factors of Intelligent Systems

Three contributions address the integration of artificial intelligence and machine learn-
ing into human-facing systems, each from a different angle. The growing embeddedness of
Al in everyday interfaces raises fundamental questions about transparency, interpretability,
and the distribution of decision-making authority between humans and systems [44—46].

Guo et al. [47] proposed a Cross-Modality Dual-Attention Fusion Network (CMDAF)
for multimodal sentiment analysis, the task of inferring affective states from combinations
of text, audio, and visual signals [48,49]. The architecture integrates representations across
modalities at multiple levels and uses a Transformer-based projection module to separate
modality-consistent and modality-inconsistent features [50], further refined through multi-
scale contrast learning. Evaluated on three benchmark datasets (MOSI, MOSEI, and CH-
SIMS), the model achieved state-of-the-art performance on the majority of metrics. While
the contribution is primarily technical, its relevance to HCI is direct: as conversational and
emotion-aware interfaces become more common [4], the underlying perception models
must reliably integrate signals that arrive simultaneously through multiple channels.

3 https://doi.org/10.3390/app16104990
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Alostad et al. [51] addressed software defect prediction (SDP) for tools integrated with
human-computer interfaces [52,53]. Their hybrid model combines Restricted Boltzmann
Machines for nonlinear feature extraction with Logistic Regression for classification, vali-
dated across 21 benchmark datasets from the PROMISE and OpenML repositories. The
RBM-LR model consistently outperformed baseline classifiers, including Random Forest,
XGBoost, and SVM, across accuracy, precision, recall, F1-score, and AUC, with statistical
significance confirmed via paired t-tests. The work emphasizes a balance between inter-
pretability and predictive performance [54], a trade-off that becomes increasingly important
as Al components are embedded in user-facing software, where failures directly degrade
the user experience.

Finally, Muria-Tarazén et al. [55] provided a bibliometric analysis of artificial intel-
ligence risk assessment in business contexts [56,57]. Drawing on Web of Science Core
Collection data, the authors documented a compound annual growth rate of 31.20% in
publications between 2018 and 2024, with particularly sharp acceleration following the
public release of large language models such as ChatGPT and Gemini. Beyond the quan-
titative evidence of an emerging research front, the review identifies the most influential
authors, journals, and institutions in this space and surfaces the critical themes (data pri-
vacy, ethics, bias, hallucinations) that organizations must address as they integrate Al into
operations [58,59]. The contribution serves as a useful entry point for newcomers to the
field and a reminder that the human factors of Al extend well beyond individual interaction
into organizational and societal scales [60].

3. Cross-Cutting Observations

Several patterns are worth highlighting across the eight contributions. First, method-
ological pluralism is now the norm rather than the exception. The papers in this Special
Issue draw on controlled experiments, mixed-methods designs combining quantitative
and qualitative analysis, systematic literature reviews, design-research approaches, deep
learning model development, and bibliometric analysis [61,62]. None of these methods
alone would have been adequate for the questions addressed; the combinations are what
enable meaningful contributions.

Second, the human is back at the center. After a decade in which much of the AI
literature optimized models in isolation from the people who would eventually use them,
the work collected here reflects a clear return to human-centered concerns: usability,
embodiment, stress, privacy, trust, and learning [46,63]. This is not a rejection of technical
sophistication, since several papers contain methodological innovations, but rather a re-
coupling of technical and human dimensions.

Third, emerging technologies bring emerging risks. Privacy, technostress, algorithmic
opacity, and Al-related organizational risk all appear in this collection [5,36]. As interfaces
become more capable and more pervasive, identifying and mitigating their unintended
consequences becomes part of the HCI research agenda itself.

Fourth, simulation and play remain powerful methodological vehicles. Two of the
eight articles engage with serious games not as marginal artifacts but as serious research
instruments [64,65], a sign of the maturation of game-based research in HCI and adja-
cent fields.

Fifth, cross-domain transfer is emerging as a recurring design strategy. Several contri-
butions in this issue borrow methods, frameworks, or theoretical constructs from adjacent
fields such as neuroscience, organizational psychology, software engineering, and biblio-
metrics and apply them to HCI problems. This cross-pollination reflects the maturing

4 https://doi.org/10.3390/app16104990
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interdisciplinarity of the field and suggests that the most productive future contributions
will continue to draw on knowledge produced outside HCI's traditional boundaries [66,67].

4. Conclusions

The articles assembled in this Special Issue capture a representative slice of human-—
computer interaction research at a moment of considerable change. They span serious
games, immersive avatars, affective haptics, multimodal Al, software reliability, privacy
visualization, and the organizational study of Al risk. What unites them is not a single
technique or theme but a shared commitment to understanding how emerging technologies
meet, shape, and are shaped by human experience.

A second edition of this Special Issue is already underway;, reflecting the continued
momentum of the field. The editor hopes that the contributions collected here will serve as
a useful reference for researchers, practitioners, and designers working at the intersection
of technology and human behavior and that they will stimulate further inquiry into the
many open questions that emerging HCI technologies continue to raise.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract

Serious games and negotiation simulations such as the Phosphorus Negotiation Game
(P-Game) are increasingly used to support sustainability-oriented education. To broaden
accessibility, a smartphone-based version of the face-to-face P-Game was developed and is
presented here. A comparative design integrating quantitative pre-post survey measures
with analysis of open-ended responses was employed to examine self-reported knowl-
edge gains and learning experiences among participants who completed the P-Game in
face-to-face workshops and those who played the virtual version. Both formats were
associated with significant increases in participants’ perceived understanding of phos-
phorus science and negotiation science/practice. Self-reported knowledge of phosphorus
science increased by 92.3% (global face-to-face), 70.7% (Hungarian face-to-face), and 88.4%
(online), with comparable gains observed in negotiation science and practice across groups.
Qualitative findings complemented these results, indicating that while learning gains were
broadly similar, the modes differed in experiential emphasis: face-to-face delivery elicited
performance-oriented and socially embedded reflections, whereas the online format was
more frequently described in terms of structured participation and reflective processing.
User satisfaction with the virtual P-Game was high, reflected by a System Usability Scale
(SUS) score above 80. Overall, the findings suggest that the virtual P-Game represents a
viable and accessible complement to traditional face-to-face implementation, maintaining
educational impact while extending reach. Further research with larger and more diverse
participant samples is recommended to strengthen generalizability and explore long-term
learning outcomes in sustainability contexts.
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1. Introduction

Serious games [1-4] and negotiation simulations [5-8] are becoming increasingly
popular teaching tools to foster sustainable environmental education by providing an
interactive and engaging learning environment. These tools offer participants a practical
way to explore complex socio-environmental issues, encouraging them to analyze different
perspectives, develop critical thinking skills, and practice decision-making in simulated real-
world scenarios. Such approaches align with the growing need for innovative educational
methods that promote experiential learning and address global sustainability challenges.

Most recently, researchers from the University of Continuing Education Krems in
Austria [9] introduced the Phosphorus Negotiation Game (P-Game), a face-to-face serious
negotiation game designed to support science-policy decision-making regarding sustain-
able phosphorus fertilizer production. Phosphate ore, one of the five most-mined materials
globally, is an essential raw material for agricultural production due to its phosphorus (P)
content. However, phosphate ores often contain relevant concentrations of radiotoxic ura-
nium, which, if not recovered during processing, can largely transfer to the final fertilizer
product [10-12]. The presence of uranium poses potential environmental and health risks,
making the decision to recover or leaving it in the fertilizer a complex policy and economic
challenge. In the P-Game, participants take on stakeholder roles to debate the advantages
and disadvantages of recovering uranium during mineral fertilizer production. The goal of
the game is to persuade others using well-researched arguments while navigating scientific,
economic, and political considerations.

Since its inception, the P-Game has been successfully conducted with 788 partici-
pants across more than 20 countries, providing valuable insights into the decision-making
processes of diverse stakeholder groups. To further expand its accessibility and impact,
a virtual reality platform [13] and a smartphone application were developed, allowing
the game to reach a broader audience beyond the constraints of in-person participation.
Such digital adaptations of negotiation simulations could potentially enhance learning
by offering a more flexible and inclusive approach, accommodating diverse geographical
locations and enabling participants to engage asynchronously at their own pace [6,14]. In
addition, a virtual setting may enable the inclusion of artificial participants [15].

Most negotiation classes or training courses have traditionally been conducted in
person; however, the rapid advancement of technology has led to a significant increase in
online or virtual negotiation courses. These formats have gained popularity due to their
inherent flexibility [16,17], cost and time efficiency [18,19], and continuous technological
improvements that increasingly simulate in-person interactions with higher fidelity [20].
While the trend towards virtual learning already existed before the COVID-19 pandemic,
the global crisis accelerated the shift to online education, prompting a critical examination
of its effectiveness in comparison to face-to-face methods [21].

A key debate in educational research concerns the effectiveness of virtual teaching
and negotiation training, which was recently summarized by Oehlschldger and Merz [22].
One of the theoretical frameworks often referenced in this debate is the Media Richness
Theory [23,24], which suggests that learning outcomes may be influenced by the richness of
the communication medium used. According to this theory, richer media, such as in-person
communication, can provide more effective learning experiences because they convey mul-
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tiple cues (e.g., facial expressions, gestures, tone of voice) that enhance understanding and
reduce ambiguity [25,26]. In contrast, virtual environments may require participants to in-
vest more cognitive effort in navigating the interface and managing digital communication,
potentially diverting cognitive resources from the actual learning process.

The P-Game is grounded in British Parliamentary Style (BPS) debating, an interactive
debating format that fosters engagement by enabling direct interaction between students
and instructors [27]. This format encourages active participation, critical analysis, and
structured argumentation while allowing for constructive feedback and reinforcement
of contributions [28]. The question remains whether such an interactive approach can
be effectively transferred to a virtual setting without losing the essential elements that
drive engagement and learning outcomes. The present study seeks to explore this issue by
comparing self-reported learning gains and participant experiences across face-to-face and
virtual versions of the P-Game.

Early observations suggest that while in-person debates benefit from real-time interac-
tions and immediate feedback, virtual formats offer advantages in terms of accessibility,
flexibility, and opportunities for reflection. Comparisons between the effectiveness of these
formats may provide insights similar to those observed in previous studies on telephone
negotiations [29], where the absence of non-verbal cues influenced negotiation dynamics
but did not necessarily reduce overall outcomes.

Overall, the P-Game serves as a valuable tool for advancing sustainability, offering an
interactive learning platform for participants to develop skills and knowledge relevant to
complex environmental challenges. The objective of this work is to examine whether the
educational benefits observed in face-to-face implementation are similarly reported when
the P-Game is delivered via a smartphone application. To address this question, identical
pre- and post-game survey instruments were used across both formats to assess self-
reported knowledge gains, complemented by qualitative analysis of open-ended responses
to explore how participants describe their learning experiences across delivery modes.

2. Materials and Methods
2.1. The Development of the Online Version of the P-Game

For the online version of the P-Game, Flutter (Google, Mountain View, CA, USA) [30],
Dart (Google, Mountain View, CA, USA) [31] and Firebase (Google, Mountain View, CA,
USA) [32] were used. Flutter is an open-source framework that can be used for building
natively compiled applications for multiple platforms from a single codebase. Flutter was
selected for its accessibility features, modern user interface (Ul) capabilities, high perfor-
mance, and extensive ecosystem of development packages. Dart offers high performance
due to native code compilation, cross-platform support, strong typing for early error detec-
tion, and a rich library ecosystem. Firebase is a mobile and web application development
platform. It provided backend services for application development, user authentication,
and real-time data management. The following key Firebase services were also used: Cloud
Firestore, Cloud Functions, Authentication, and Cloud Storage.

For the development, the Spiral Model was used. It was chosen due to its ability to
handle risks effectively by combining elements of evolutionary, waterfall, and prototyping
models. This iterative approach allowed for continuous refinement based on feedback,
making it suitable for complex projects such as the P-Game. The Business Logic Component
(BLoC) architecture was used to separate the presentation layer from the business logic
and data layers, enhancing maintainability and scalability. The BLoC library’s Cubit class
provided state management. Additionally, Google’s Material Design language ensured a
consistent look and feel across platforms.

10 https:/ /doi.org/10.3390/app16073300
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Several P-Game specific features were integrated into the online adaptation. Voice
chat was used as the primary communication tool during debates to reduce the influence of
visual cues on argument evaluation. Asynchronous participation allowed users to engage
in debates at their time of convenience. This promoted inclusivity and enabled participants
to prepare more thoroughly before contributing. The developed smartphone application
also allows participation from different locations (globally), although this feature was not
utilized in the present assessment.

2.2. Details of the Application

Before entering the application, the users accessed a landing page. Here, the users
could either log in or sign up before the game. An account could also be created using
an already existing Google account. The landing page was accessed via a smartphone
application or using a browser on a computer. Both can be seen in Figure 1.

% P

DebateDash DebateDash

Signup

G sign in with Google

Figure 1. The virtual P-Game landing page using a computer (left) or smartphone (right).

After (signing up and) logging in, the users were taken to the lobby where they could
see different debate rooms. They could also see whether a room was currently used, or
whether the debate had already finished in a certain room. Users could add new public and
private debate rooms by pressing the “+” button in the bottom right corner of the screen.
If the users wanted to join a private debate room, they needed to enter a password. The
lobby can be seen in Figure 2.

After entering a selected room, the users were taken to the debating screen (shown
in Figure 3), where voice messages could be recorded or replayed. In Figure 3, details
about the debate are shown at the top of the screen. According to these details, the debate
concerned phosphorus mining. A short introduction about the subject was also provided
to help the participants understand the specific topic chosen for the debate. After the game
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had started, users could send voice recordings to each other, simulating the BPS format
that was also used for the in-person P-Game.

Debate dash

C © localhosts

My Rooms
Phospor mining/ Foszfor banyaszat

' (6130a09¢)
Phosphorus, a critical mineral or plant growt
obtained through mining, but this p an have

. Phospor mining/ Foszfor banyaszat (6781bcb5)
Phosphor h for plant growt

ritical mineral
tained through mining, but this pr

Available Rooms

Figure 2. The lobby screen that was used in the virtual P-Game application.

€  Chat Messages

Phospor mining/ Foszfor banyészat

Phosphorus, a critical mineral for plant growth, is obtained through
mining, but this process can have environmental consequences.
Join the debate: Argue for or against maintaining traditional
phosphorus mining

A foszfor, a névények ndvekedéséhez elengedhetetien asvanyi
anyag, banyészattal keriil ki a féldbél, azonban ez a folyamat
kérnyezeti karokat okozhat. Csatlakozz a vitahoz: Ervelj a
hagyomanyos foszfor banyaszat fenntartasa mellet vagy ellen.

The game has started
You are the first, the initiator of the debate (in favor of the topic)

Clearly articulate your argument in favor of the given topic. Focus on strong points
supporting the topic

00:00:01 * !

negyes

> @ ————— 000001

00:00:01

®
@ @

Figure 3. Debating screen with the recorded voice messages used in the virtual P-Game application.

2.3. Data Collection

A mixed-methods design was employed, combining quantitative pre-post measures
with qualitative open-ended responses to examine both reported knowledge change and
participants” experiential framing of learning.
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Data were collected on the gaming experience and the system usability. To better
understand the gaming experience of participants and to compare the virtual P-Game
experience with participant experiences from playing the face-to-face P-Game, the same pre-
and post-game surveys were used as previously applied in the in-person P-Game [9]. Minor
modifications were made to the survey questionnaire to include additional clarification
for the Likert scale and open-ended questions. The content of the pre- and post-game
surveys, as illustrated in Figure 4, remained unchanged. Despite the virtual P-Game being
conducted on smartphones, participants were requested to complete printed copies of the
surveys to maintain consistency with the face-to-face P-Game approach.

@) (b)
Pre P-Game Survey Post P-Game Survey

Do you consider yourself a science or social Science Social Science Do you consider yourself a science or social Science l Social Science

science student? =] =] science student? [w =]

What is your major? What is your major?

What is your level of education? BSc- MSc- PhD- PhD What is your level of education? BSc- MSc- PhD- PhD

Student | Student | Student | Awarded Student | Student | Student | Awarded
m] m] m] m] jm] m] jm] m]
Gender Male Female Other Gender Male Female | Other
0 0 im} m] 0 jm}

Agegroup <20 [ 20-25 [ 25-30 | 3035 | >35 Agegroup <20 l 20-25 | 25-30 | 3035 | >35
jm] ] a a m] . o m] a a o

Country of residence Country of residence

How would you rate your knowledge of v+ [ 2 [ s T a1 5 How would you rate your knowledge of 1 [ 2 [ 3T aT's

Phosphorus Science? Phosphorus Science?

(from 1, very poor/ittle — 5 very good/much) —write number (from 1, very poor/ietle — 5 very good/much) — write number

How would you rate your knowledge of 1 | 2 | 3 | a4 | 5 How would you rate your knowledge of 1 [ 2 T 3T &4aT's

Negotiation Science/Practice? Negotiation Science/Practice?

(rom L very poor/ietle =25 wery good/much] = wite pumber Lfrom 1, very pooe/iede = 5 very good/much) —writa number

Date How much and what do you think you learned

What would you like to learn about Phosphorus about Phosphorus Science

Science and/or Negotiation Science/Practice? fopen 2nmeer)

(open ancwer)

How much and what do you think you learned
about Negotiation Science/Practice?
(open arcwer)

Figure 4. Pre-game (a) and post-game (b) surveys used for the face-to-face and also the virtual P-Game.

Because the study examines perceived knowledge acquisition, negotiation confidence,
and experiential engagement, constructs that involve internal cognitive and reflective
processes, participants” self-reports represent an appropriate and widely used method in
serious game and negotiation simulation research. While self-assessment measures may be
influenced by social desirability bias or individual response tendencies, the pre/post design
of the surveys strengthens interpretability by focusing on within-participant change rather
than absolute scores. Furthermore, the integration of qualitative open-ended responses
allows examination of how the participants articulated learning, providing complementary
evidence beyond numerical self-ratings.

The surveys therefore included both quantitative and qualitative elements to provide
a comprehensive overview of learning outcomes and game experience. Pre- and post-game
measures assessed changes in participants’ self-reported understanding of phosphorus
science and negotiation science/practice. Open-ended questions enabled participants to ex-
press their reflections in their own words and were analyzed to identify patterns of meaning
that extended beyond scaled responses. Future studies may further strengthen evaluative
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robustness by incorporating objective knowledge tests or structured performance-based
indicators alongside self-reported data.

In addition to the pre- and post-game surveys used for the face-to-face P-Game, a
standard System Usability Scale (SUS), shown in Table 1, was used to evaluate the usability
of the online P-Game [33].

Table 1. Standard System Usability Scale (SUS) that was used in this work.

Strongly Strongly
No. -
Disagree Agree
1 I think that I would like to use this system frequently. @) O O O O
2 I found the system unnecessarily complex. O O O O O
3 I thought the system was easy to use. O ) O O O
4 I thmk. that I would need the support of a technical person to o o o o o
use this system.
5 I foupd the various functions in this system were o o o o o
well integrated.
6 I thought there was too much inconsistency in this system. O O O O O
- I'would imagine that most people would learn to use this o o o o o
system very quickly.
8 I found the system very cumbersome to use. O O O O O
9 I felt very confident using the system. O O O O O
10 Ineeded to learn a lot of things before I could get going with o o o o o

this system.

Testing of the virtual P-Game was conducted in two phases. First, an initial pilot test
was conducted with a small group of participants from a course related to this work to
identify and subsequently address major technical issues. Results from this pre-pilot testing
study are not reported here. After these preliminary tests, full-scale testing was conducted
with a group of 29 voluntary participants in Hungary at the University of Pannonia.

2.4. Data Analysis

Data from playing the virtual P-Game with 29 participants at the University of Pan-
nonia in Veszprem in 2024 were compared to data from face-to-face P-Game sessions
conducted with a different cohort of 30 participants in Hungary (19 students from the Uni-
versity of Pannonia in Veszprem in 2023 and 11 students from the University of Debrecen
in 2024). Additionally, the obtained results were analyzed alongside data from all reported
face-to-face P-Game rounds, which were conducted with a total of 788 participants across
22 countries between 2022 and 2024 [9].

The comparative analysis included descriptive statistics, percentage change calcu-
lations with uncertainty propagation [34], and effect size assessments using Hedges” G
parameter [35]. These analyses were computed using Microsoft Excel 365 (Microsoft Corpo-
ration, Redmond, WA, USA). Statistical significance was assessed using two-way ANOVA
in GraphPad Prism version 10.4.1 (GraphPad Software, Inc., La Jolla, CA, USA) to deter-
mine differences in self-reported knowledge scores across participant groups, delivery
modes, gender, and academic backgrounds.

For comparisons between post-game differences relative to the pre-game baseline
within each subgroup, Dunnett’s multiple comparisons test was used, as it is well-suited
for comparing multiple conditions against a common control. For within-group pre- vs.
post-game comparisons, Sidak’s multiple comparisons test was applied, allowing for robust
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pairwise analysis while controlling for the family-wise error rate. This combined approach
ensured statistical validity while providing detailed insights into learning outcomes.

Data obtained from the SUS are presented separately, since such data were not obtained
during the previous face-to-face P-Game rounds.

2.5. Qualitative Analysis of Open-Ended Responses

To complement the quantitative pre/post measures, open-ended survey responses
from both delivery modes were analyzed using Reflexive Thematic Analysis (RTA) [36,37].
RTA was selected because the data comprised short form written reflections, where the aim
was to identify patterned meanings in participants” accounts of learning and experience,
rather than to quantify response categories or frequency counts.

An inductive data-driven coding approach was employed, allowing themes to emerge
through iterative engagement with the dataset rather than being imposed a priori. No
pre-defined codebook was used. Coding focused on semantic content, including explicit state-
ments regarding perceived knowledge gains, negotiation skills, engagement, and platform
evaluation. Analysis followed Braun and Clarke’s six phases: familiarization with the dataset,
initial coding, theme development, theme review, theme definition, and interpretive synthesis.
An independent researcher completed the coding and analysis of the qualitative data.

Two qualitative corpora were examined:

e In-person Hungary pre- and post-game responses (n = 22);
e  Online software pre- and post-game responses and usability comments (1 = 19-21).

A comparative matrix was constructed to examine:

e  Pre—post shifts within each delivery mode;
e  Differences in thematic emphasis between face-to-face and online formats.

This comparative approach enabled interpretation of how the delivery context shaped
participants’ descriptions of learning, negotiation practice, and engagement. Qualitative
findings were interpreted alongside quantitative results to enable methodological triangulation
and a more nuanced understanding of reported learning outcomes across delivery modes.

3. Results and Discussion
3.1. Comparison of the Face-to-Face and Virtual P-Game Experience

Table 2 provides an overview of the participants’ backgrounds. The self-reported
educational background of the virtual P-Game group in Hungary differed somewhat from
that of the face-to-face P-Game group in Hungary, while it was more similar to that of the
global face-to-face P-Game group. With regard to level of education, the virtual P-Game
group from Hungary showed the largest share of BSc students, which was also reflected in
the younger age distribution of the participants. The gender distribution was in fairly good
agreement across all three groups.

It is worth mentioning that the participants of the in-person games self-reported a
considerable number of nationalities, resulting in potentially diverse cultural backgrounds.
The P-Game was inspired by the Mercury Game [38], and the researchers developing and
conducting the Mercury Game recommended including participants with diverse cultural
backgrounds to understand whether the developed game methodology can successfully be
used with participants from different contexts. This was achieved in the global face-to-face
P-Game, which was played in 22 countries with participants self-reporting more than
60 nationalities (Austria, Bangladesh, Belize, Bosnia and Herzegovina, Bulgaria, Cape
Verde, China, Congo, Croatia, Czech, Egypt, Ethiopia, France, Germany, Ghana, Greece,
Haiti, Hungary, Indian, Indonesia, Iranian, Iraq, Ireland, Italy, Japan, Kenya, Kingdom of
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Eswatini, Lebanon, Lesotho, Lithuania, Malaysia, Mexico, Mongolia, Moroccan, Myanmar,
Nepal, Nigeria, Nigerian, Pakistan, Palau, Palestine, Philippines, Poland, Romania, South
Africa, Russia, Rwanda, Serbia, Slovakia, Slovenia, South Sudan, Syria, Taiwan, Tanzania,
Thailand, Tunisia, Uganda, Ukraine, United States of America, Vietham, Zambia, Zim-
babwe). The face-to-face P-Game in Hungary was also played with a relatively diverse
group of students that self-reported 14 nationalities (Bangladesh, Cape Verde, China, Egypt,
Hungary, Indonesia, Iraq, Kenya, Lebanon, Malaysia, Morocco, Palestine, Syria, Thailand).
In contrast, the focus of the virtual P-Game was not on recruiting participants with di-
verse cultural backgrounds, and the virtual game was ultimately conducted with a more
homogeneous group, largely (>96%) consisting of Hungarian students.

Table 2. Self-reported data of the participants from the pre-and post-game surveys.

Virtual P-Game Face-to-Face P-Game Face-to-Face P-Game
Hungary (n = 29, This Study) Hungary (n = 30) Globally (n = 788)

Background of the participants

Social
Science
10%

Social
Educational Sc:;;:e
background Soiancs sdence
67%
Science
90%

PHD
Awarded PhD-
2% Student
6%
PhD-
Student

Level of education 36%

Female
43%

Gender

Age
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Table 2. Cont.

Virtual P-Game Face-to-Face P-Game Face-to-Face P-Game
Hungary (n = 29, This Study) Hungary (n = 30) Globally (n = 788)
Self-reported knowledge on phosphorus science
Pre-game 1.72 £1.36 1.50 &= 0.86 1.56 +0.98
Post-game 3.24 £1.61 2.56 £0.94 3.00 £ 1.04
%Change ! +88.4 + 82.5% +70.7 £ 48.1% +92.3 + 66.2%
Hedges” G 1.02 1.16 1.43
Self-reported knowledge on negotiation science/practice
Pre-game 234 £1.39 1.97 = 1.07 1.83 +£1.03
Post-game 3.64 £1.38 3.03 £ 0.96 3.12 £1.02
%Change ! +55.6 £ 39.1% +53.81 £ 33.83% +70.5 = 45.9%
Hedges” G 0.94 1.04 1.26

! The SD of the % Change was calculated applying the principles of uncertainty propagation [34].

Despite these differences, comparable improvements in self-reported knowledge of
phosphorus science and negotiation science/practice were observed across all three groups.
Specifically, the self-reported knowledge of phosphorus science increased by 88.4 4 82.5%
in the virtual P-Game group from Hungary, 70.7 + 48.1% in the Hungarian face-to-face P-
Game group, and 92.3 &+ 66.2% in the global face-to-face P-Game group, with corresponding
Hedges’ G effect sizes of 1.03, 1.18, and 1.43, respectively. The relatively large standard
deviations across groups suggest substantial variability in reported learning gains, which
may reflect differences in prior knowledge, engagement levels, and individual learning
styles. Nevertheless, the consistently positive mean improvements indicate that both
the virtual and face-to-face P-Game formats support learning about complex challenges
such as the dilemma of unconventional uranium recovery from phosphate ores in mineral
fertilizer production.

The Hedges’ G values suggest a strong impact of the intervention across all groups.
Values greater than 0.8 are generally considered large, indicating that the P-Game was
associated with substantial improvements in participants’ self-reported knowledge [39].

The self-reported knowledge improvements in negotiation science/practice showed a
slightly different trend. The virtual P-Game group reported an increase of 55.6 &= 39.1%,
whereas the face-to-face groups reported increases of 53.81 £ 33.83% (Hungary) and
70.5 £ 45.9% (global), with corresponding Hedges’ G values of 0.94, 1.04, and 1.26. The
relatively high pre-game survey values in the virtual P-Game group suggest that partic-
ipants may have had prior exposure to the content, potentially explaining the observed
differences in reported knowledge increases. This may also be attributed to information
sharing from previous face-to-face P-Game rounds. This highlights the need for further
studies with larger and more diverse samples to better understand the impact of the virtual
format on negotiation knowledge gains. Conducting the P-Game at different institutions
could also help clarify whether the observed differences stem from prior exposure or other
contextual factors.

Overall, the Hedges” G values for both phosphorus science and negotiation sci-
ence/practice are closely aligned, indicating a consistently strong effect of the P-Game
intervention across both domains. This suggests that the P-Game supports learning in
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both areas, with variations likely attributable to contextual differences between participant
groups rather than a fundamental disparity in the game’s educational impact.

Both the online and face-to-face P-Game formats demonstrated their capacity to en-
hance participants” understanding of phosphorus science and negotiation skills. From
a facilitation perspective, the face-to-face format was characterized by higher levels of
direct engagement and motivation among participants. The qualitative evidence indicated
that face-to-face debates fostered a competitive and dynamic environment, encouraging
active participation and immediate feedback loops. This heightened interaction may con-
tribute to stronger motivation and engagement, reinforcing the importance of interpersonal
interaction in educational settings.

Conversely, the virtual P-Game format offered distinct advantages, which were high-
lighted in the feedback received from the participants. The flexibility of asynchronous
participation allowed users to engage with the material at their own pace, facilitating reflec-
tion and, in some cases, a more thorough engagement with the topic. This flexibility may be
particularly beneficial for participants with scheduling constraints or those in different time
zones. Additionally, the virtual format’s location independence provides opportunities for
broader participation, potentially fostering a wider exchange of ideas and perspectives that
could enhance the learning experience through cross-cultural insights.

The motivational aspects of both formats differed. Face-to-face participants often cited
the energy and immediacy of live discussions as key motivational factors. In contrast, online
participants appreciated the ability to prepare more thoroughly for their speeches, as well
as the reduced pressure associated with not having to perform in person in front of peers,
which may lessen performance-related anxiety for some participants. Communication
patterns also differed: face-to-face interactions benefitted from non-verbal cues and imme-
diate feedback, while online interactions relied primarily on voice recordings. The latter
potentially reduced immediacy but allowed for more considered and structured responses.

3.2. Comparative Analysis of the Pre- and Post-Game Surveys

The bar charts (Figure 5) illustrate self-reported pre- and post-game knowledge (P and
Neg) across three participant groups: in-person global, in-person Hungarian, and online
participants. The analyses presented in Figure 5 are broken down into overall averages,
gender, and academic fields, with statistical significance assessed using a two-way ANOVA
followed by Dunnett’s multiple comparisons test. Significance levels are indicated by
(*p <0.05), ** (p < 0.01), *** (p < 0.001), and **** (p < 0.0001).

It is important to note that the in-person global study included 788 participants
from 22 countries, while the Hungarian in-person and online groups each consisted of
approximately 30 participants. Pre- vs. post-game comparisons were conducted exclusively
within the online group, and Hedges’ G effect size values provided additional context
regarding the magnitude of observed differences.

For pre-game phosphorus science knowledge (Figure 5a), the two-way ANOVA re-
vealed no significant differences across any subcategories, indicating that participants
across all groups, regardless of delivery mode, gender, or academic field, began with a
comparable baseline self-reported knowledge of phosphorus science. In contrast, pre-game
negotiation science/practice knowledge (Figure 5c) showed significant differences, with
the online group reporting higher scores overall and particularly within the social sciences
subgroup (****). These findings suggest that online participants, especially those in so-
cial sciences, may have had higher prior exposure to or confidence in negotiation-related
knowledge. However, given the small sample size of the online group, these results should
be interpreted cautiously.
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The post-game results for phosphorus science knowledge (Figure 5b) revealed signif-
icant differences in the science and social sciences subgroups, where online participants
reported higher post-game scores than either of the in-person groups. Similarly, post-game
negotiation science/practice knowledge (Figure 5d) showed that the online group reported
higher post-game scores overall (*) and within the social sciences subgroup (**). These
results suggest that the online delivery mode may offer specific advantages for social sci-
ences participants in improving phosphorus- and negotiation-related knowledge. However,
the generalizability of these findings is limited by the smaller size of the online cohort
compared to the global in-person dataset.

(b) Post-game P
(a) Pre-game P
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Figure 5. Comparison of pre-game and post-game self-reported knowledge scores for phosphorus
science (P) and negotiation science (Neg) across different participant groups and demographics.
Panels (a,b) show the pre-game and post-game scores for phosphorus science, respectively, while
panels (c,d) present the corresponding scores for negotiation science. Panels (e f) compare pre-
and post-game scores within the online P-Game group for phosphorus science and negotiation
science, respectively. The data are categorized by gender (male, female), educational level (BSc),
and educational background (Science, Social Sciences). Statistical significance was determined using
Dunnett’s multiple comparisons test following a two-way ANOVA. Significance levels are indicated
by * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

The pre-game vs. post-game comparisons (Figure 5e,f), conducted exclusively within
the online group, revealed significant gains in both phosphorus science and negotiation
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science/practice knowledge within most subcategories. The observed improvements,
supported by statistical analysis, reinforce the effectiveness of the online P-Game format in
supporting learning across diverse demographic groups.

For overall knowledge on phosphorous science, a large effect size (g = 1.025) suggests
strong learning gains, with the largest gains observed in science participants (g = 1.44) and
the smallest in social sciences participants (g = 0.68) (Table 3). Similarly, for knowledge
on negotiation science/practice, a large effect size (g = 0.94) was observed, with science
participants showing the largest improvement (g = 1.36) and social sciences participants
the lowest (g = 0.63). These effect sizes suggest that while the activity was effective across
all groups, the magnitude of improvement varied, with science participants benefiting
the most.

Table 3. S Hedges’ G Effect Sizes for self-reported knowledge gains across different participant
demographics in the online P-Game format, based on the pre- and post-game surveys.

s Knowledge on - Krfowledge on Negotiation
Phosphorous Science Science/Practice
All 1.03 0.94
Male 1.04 0.86
Female 091 0.77
BSc 1.08 1.06
Science 1.44 1.36
Social Science 0.68 0.63

These findings highlight that the online format may be particularly effective for partic-
ipants in science fields, as evidenced by the large effect sizes for both phosphorus science
and negotiation science/practice knowledge improvements in this subgroup. Social sci-
ences participants, while reporting smaller effect sizes, still demonstrated meaningful
gains. The small sample size of the online group (approximately 30 participants) remains a
limitation for generalizability, while the global in-person study’s larger cohort of 788 partic-
ipants from 22 countries provides a more robust dataset for analysis. Overall, the results
emphasize the activity’s adaptability and effectiveness across different delivery modes,
with notable benefits observed in the online format for specific subgroups, particularly
those in science fields.

3.3. Qualitative Thematic Findings from Open-Ended Responses

To complement the quantitative pre—post measures, open-ended responses were ana-
lyzed using Reflexive Thematic Analysis (RTA) [36,37]. The analysis explored how partici-
pants described learning, engagement and negotiation experience across face-to-face and
online delivery modes. While both delivery formats showed positive self-reported learn-
ing gains, thematic patterns indicated that participants framed their learning experiences
differently depending on mode of delivery. The qualitative findings largely supported the
quantitative trends, providing interpretive depth regarding how learning was experienced
across modes.

3.3.1. In-Person Delivery Themes

Five themes characterized responses from the in-person Hungary workshops.

Theme 1: Rapid conceptual orientation

Participants frequently described entering with minimal baseline knowledge and
leaving with a foundational understanding of the topic (e.g., “now I feel I have the basics”).
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This suggests that the face-to-face format supported accelerated entry into an unfamiliar
socio-technical domain.

Theme 2: Memorable consequence-linked scientific learning

Learning claims were often anchored to vivid high-salient scientific details, particularly
those involving uranium recovery, heavy metals, and environmental or health risks. These
“sticky” recall anchors suggest that scientific learning was framed through consequence,
trade-off, and uncertainty.

Theme 3: Negotiation learning as embodied performance

Negotiation learning was described in terms of confidence, persuasion, rebuttal, and
argument craft. Participants emphasized speaking under pressure, structuring arguments,
and responding to opposing claims (e.g., “if you are confident, you can sell even weaker
statements”). This indicates that negotiation learning was experienced as enacted perfor-
mance rather than abstract theory.

Theme 4: Critical realism about power and politics

Several participants reflected on how debate and negotiation function in real insti-
tutions, including strategic positioning, persuasion norms, and the influence of power.
These reflections suggest that the simulation encouraged systems-level awareness beyond
procedural debating skills.

Theme 5: Affective and social engagement as learning catalysts

Enjoyment, challenge, and social participation were frequently described as mean-
ingful aspects of the learning experience (e.g., “really rewarding activity,” “I had fun,”
“develop my social skills”). These responses highlight that affective engagement and group
participation may contribute to learning outcomes in face-to-face delivery.

3.3.2. Online Delivery Themes

Five themes characterized responses from the online smartphone-based implementation.

Theme A: Baseline uncertainty and conceptual ambiguity

Pre-test responses frequently expressed unfamiliarity with the topic (e.g., “What is
this?”, “Never heard of it”). Compared to the in-person dataset, online baseline responses
were often shorter and more minimal, suggesting variability in engagement or interpreta-
tion of the task.

Theme B: Generalized learning gains with fewer specific anchors

Post-test responses frequently reflected broad evaluative statements (e.g., “learned a
lot,” “new perspective”), with fewer specific scientific details compared to the in-person
responses. However, occasional concrete anchors were present (e.g., uranium as a by-
product of phosphate mining).

Theme C: Negotiation framed as listening and structure

Negotiation learning in the online mode was described more metacognitively, includ-
ing attentive listening, understanding the structure of formal debate, and incremental
improvement in confidence. Compared to face-to-face delivery, fewer responses empha-
sized real-time persuasion and rebuttal craft.

Theme D: The platform as a pedagogical actor

Online participants explicitly evaluated the interface and software features (e.g., com-
ments on graphical user interface, usability, and suggestions for enhancements). This
indicates that the technology itself became part of the learning experience, shaping engage-
ment and reflection.

Theme E: Engagement polarization
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Some responses reflected strong engagement, while others indicated confusion or disen-
gagement. This polarization suggests that online delivery may require clearer onboarding
and scaffolding to ensure consistent participation and interpretation of the game context.

3.3.3. Cross-Mode Comparison

Overall, the thematic comparison suggests that face-to-face delivery elicited more
vivid consequence-linked scientific recall and more performative descriptions of nego-
tiation learning, while online delivery was more frequently associated with reflective
structure-oriented negotiation learning and explicit evaluation of the software platform.
These findings support the quantitative results by providing insights into how learning
experiences were interpreted and articulated across delivery formats.

3.4. Results from the System Usability Scale (SUS)

The SUS score of this first group of participants was slightly higher than 81. According
to standard SUS evaluation guidelines [33], a score above 68 is considered acceptable,
whereas scores exceeding 80.3 are deemed excellent. The relatively high usability score
suggests that the online platform is user-friendly and effective in delivering a positive
game experience. However, it is important to acknowledge that this initial evaluation was
conducted with technologically proficient BSc students, which may have influenced the
overall score.

Participants from diverse educational and technical backgrounds may perceive and
evaluate the usability of the platform differently. Therefore, continuous improvements and
refinements will be essential to maintain and enhance usability, especially as new features
and updates are introduced to the platform. Future assessments should include broader
participant demographics to ensure a more comprehensive understanding of the platform’s
accessibility and effectiveness across different user groups.

4. Conclusions, Limitations and Outlook

The development of the virtual P-Game, as evidenced by self-reported knowledge
gains, effect sizes, usability scores, and qualitative thematic findings, represents a mean-
ingful and successful extension of its face-to-face counterpart. Both delivery formats were
associated with substantial increases in participants’ perceived understanding of phospho-
rus science and negotiation science/practice. The qualitative analysis of the open-ended
responses suggests that these gains were not merely numerical shifts but were reflected
in how participants articulated their learning experiences. In-person participants fre-
quently described vivid consequence-linked scientific insights and embodied negotiation
performance, whereas online participants more often emphasized reflective understanding,
listening skills, and structured argumentation. Together, these findings indicate that while
learning outcomes were broadly comparable across modes, the experiential texture of
learning differed in meaningful ways.

The virtual format also expanded accessibility and flexibility, allowing participation
independent of location and enabling asynchronous engagement. This increased accessibil-
ity broadens the reach of the P-Game and enhances inclusivity for participants who may be
unable to attend in-person sessions. At a broader level, the virtual P-Game demonstrates
how digital transformation can extend sustainability education while maintaining core
pedagogical integrity. Rather than replacing the face-to-face format, the online version
appears to offer a complementary pathway, supporting similar learning gains through
different interactional affordances.
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However, significant differences were observed in pre- and post-game self-reported
knowledge across groups. The online participants, particularly in the social sciences
subgroup, reported higher pre-game scores in negotiation science/practice knowledge,
suggesting potential prior exposure to the topic, which may have influenced post-game
knowledge increases. This underscores the need for future studies to account for pre-
existing knowledge differences when interpreting learning outcomes.

While both formats produced statistically significant improvements, qualitative pat-
terns suggest that the face-to-face format may foster heightened affective engagement
and real-time persuasive performance, whereas the online format may encourage reflec-
tive processing and structured contribution. These distinctions align with established
theories of social presence and mediated communication and indicate that the delivery
mode shapes not only outcomes but also how participants experience and describe their
learning [28,40,41].

A key limitation of this study is that learning outcomes were assessed primarily
through self-reported survey measures rather than objective performance-based indicators.
Although the pre—post design reduces the influence of individual response tendencies
by focusing on within-participant change, self-report data may still be affected by social
desirability bias, differences in interpretation of scale items, or variability in response effort.
Future research could strengthen evaluation by incorporating objective knowledge checks
(e.g., short quizzes on phosphorus concepts), behavioral indicators (e.g., participation
frequency, response length, turn-taking patterns), or structured rubrics for assessing ne-
gotiation quality (e.g., evidence use, rebuttal effectiveness, argument coherence). Such
measures would provide a valuable additional layer of validation and allow closer compar-
ison between perceived and demonstrated learning outcomes.

The nature of the written qualitative responses collected across the two delivery modes
represents a related limitation. Differences in social presence and facilitation between face-
to-face gameplay and asynchronous online participation may shape not only learning
outcomes but also how participants articulate their experience. The online cohort showed
more variability in the depth and detail of open-ended responses, which is a recognized fea-
ture of self-administered survey formats [42-45] and may reflect differences in engagement
or in the interpretation of the prompts.

A further limitation concerns the sample size and the lack of diversity among par-
ticipants. The online format was tested with a relatively small sample of fewer than
30 participants, predominantly from Hungary, which does not represent a globally diverse
population. Expanding the sample size and including participants from more diverse
geographical, educational, and cultural backgrounds in future studies could yield more
generalizable results. Another limitation is the relatively short testing period. A longer
duration could facilitate deeper interactions, potentially leading to more comprehensive
insights into learning dynamics and knowledge retention.

The face-to-face format allowed for immediate observable feedback and dynamic
social interaction, which were less directly replicated in the online environment. The
qualitative responses suggest that in digital settings, onboarding clarity, interface design,
and platform usability become integral components of the pedagogical experience.

Additionally, technological barriers, such as access to reliable internet and device
compatibility, could have influenced participants’ ability to fully engage with the virtual P-
Game. Differences in technology access may introduce variability into the user experience
that was not captured in this study. Future studies should aim to enhance the platform’s
support for various devices and connectivity conditions to ensure a more consistent and
inclusive experience for all users.
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In conclusion, the findings suggest that both virtual and in-person formats can ef-
fectively support sustainability-oriented learning in phosphorus science and negotiation
practice. While the modes differ in interactional dynamics and experiential emphasis, the
virtual P-Game demonstrates strong potential as an accessible and scalable complement
to traditional implementation. Further research with larger more diverse samples and
multimodal evaluation strategies will be essential to fully understand how delivery context
shapes learning processes and long-term educational impact.
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Abstract: Serious games are increasingly recognized as valuable tools in educational
settings due to their capacity to enhance learning through engaging and interactive ex-
periences. However, existing usability evaluation instruments often fail to account for
the specific features and pedagogical goals inherent to serious games, thereby limiting
their utility in iterative design improvement. This study presents a usability evaluation
questionnaire SGU specifically designed for serious games, developed through a systematic
literature review (SLR) following the methodology of Kitchenham and Charters. The result-
ing tool is a standardized questionnaire intended to comprehensively assess key usability
dimensions, including gameplay mechanics, interface design, narrative engagement, and
gamification elements. The questionnaire was applied in multiple serious game case studies
developed within educational contexts, allowing for the identification of recurring usability
issues and context-specific design challenges. The findings highlight the instrument’s rele-
vance, clarity, and diagnostic potential, demonstrating its practical value for evaluating and
refining serious games. This research contributes to the field by addressing a critical gap in
usability assessment and offering a structured, context-sensitive approach for improving
user experience in educational game design.

Keywords: serious games; usability evaluation; human-computer interaction; user
experience; educational games

1. Introduction

The integration of interactive technologies into education has significantly transformed
how knowledge is accessed, experienced, and retained [1-3]. Among these technologies,
serious games have emerged as powerful tools that combine entertainment and pedagogy,
utilizing gameplay mechanics to support instructional objectives [3-5]. Their ability to
increase learner motivation, foster active participation, and promote knowledge retention
has led to their increasing adoption across diverse educational settings, from primary
education to professional training contexts [6-9].

Despite their pedagogical potential, the success of serious games depends heavily
on their usability, that is, how effectively, efficiently, and satisfactorily users can interact
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with the system to achieve specific learning goals [10-12]. Traditional usability evaluation
methods, originally designed for general-purpose software, often fall short when applied
to serious games as they often overlook game-specific dimensions such as narrative coher-
ence, gamification elements, player immersion, and learning flow [13,14]. Consequently,
evaluations based on these generic instruments may fail to identify critical user experience
issues that directly impact learning effectiveness.

Recent research highlights have underscored the lack of consensus regarding appro-
priate instruments to assess usability in serious games [15]. While some researchers adapt
standardized questionnaires like the System Usability Scale (SUS) or Questionnaire for
User Interaction Satisfaction (QUIS), others develop custom instruments tailored to specific
projects or game genres. However, these approaches are rarely generalizable and often
lack validation in a variety of educational contexts. Moreover, most existing tools do not
comprehensively account for the pedagogical and interactive features that distinguish
serious games from traditional software applications.

To address this gap, this study proposes a usability evaluation instrument SGU—
Serious Games Usability—specifically designed to assess serious games. The questionnaire
was developed based on a systematic literature review (SLR), following the guidelines
of Kitchenham and Charters [16], with the goal of identifying and synthesizing existing
methods, tools, and usability dimensions pertinent to serious games.

However, mainstream usability questionnaires such as SUS, CSUQ, or SUMI, while
effective in assessing general-purpose software, show important limitations when applied
to serious games. These tools primarily capture aspects such as interface efficiency, task
completion, and user satisfaction but do not account for pedagogical alignment, narrative
immersion, gamification mechanics, or immersive interfaces, dimensions that are central
to the effectiveness of serious games in educational contexts. These shortcomings directly
motivated the development of the present study, which introduces a domain-specific
instrument capable of evaluating both functional and pedagogical aspects of serious games.

The proposed questionnaire was applied in multiple serious game case studies to
assess its effectiveness in identifying usability issues and informing design improvements.
Through this application, the study demonstrates the clarity, adaptability, and practical
relevance of the instrument for both researchers and developers seeking to evaluate serious
games within educational frameworks.

The main objective of this research is to provide a validated, structured, and context-
sensitive usability questionnaire that fills a critical gap in the evaluation of serious games.
The expected contributions include a theoretically grounded instrument, empirical ev-
idence of its application, and a framework for future usability studies in game-based
learning environments.

This paper is structured as follows: Section 2 reviews the background on serious
games, the main characteristics of serious games, and usability concepts; Section 3 presents
the methodology and protocol of the systematic literature review; Section 4 describes the
design of the usability questionnaire; Section 5 reports its application in real-world case
studies; Section 6 discusses the results, insights, and limitations; and Section 7 concludes
with final reflections and suggestions for future research.

2. Background

The evaluation of the usability of serious games presents unique challenges due to
the complexity and multifunctional nature of these applications. Unlike conventional
software systems, serious games incorporate diverse components, such as narrative struc-
tures, gamification mechanics, and immersive interfaces that serve both entertainment and
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instructional purposes [17,18]. However, current usability evaluation instruments often
fail to fully capture these multidimensional aspects [19,20]. As a result, when tools that
are not specifically designed for serious games are applied, important elements of the
user experience may be overlooked, leading to incomplete or misleading usability assess-
ments. This section provides a comprehensive overview of the theoretical and empirical
foundations related to usability, laying the groundwork for the development of a tailored
questionnaire-based evaluation instrument.

2.1. Video Games and Serious Games

A video game is a form of interactive software primarily designed for entertainment
purposes, utilizing computing technology to enable real-time human-machine interaction.
Gameplay can occur on a wide range of electronic platforms, including televisions, personal
computers, consoles, and other similar devices [21]. According to Lewis, a video game
can be defined as “a computer-based environment that displays a game on a screen whose
rules have been pre-programmed” [22]. Video games typically consist of four fundamental
components: aesthetics, mechanics, narrative, and technology [23].

e Aesthetics: This is one of the most crucial layers of a video game as it directly interfaces
with the player. It shapes the sensory experience of the game, encompassing what the
player sees and hears, and significantly influences immersion and engagement.

e Mechanics: These represent the formal rules of the game. They define what actions the
player can perform and establish the objectives to be achieved within the game environment.

e Narrative: The storyline or sequence of events that unfolds throughout the game. Pro-
vides context and depth, often giving players the sense of agency through interactive
decision-making.

e Technology: Refers to the tools, platforms, and technical infrastructure used to develop
and execute the game. Virtually any computing technology may serve as a foundation
for video game development.

These fundamental elements, Figure 1, are adapted and expanded in serious games,
which apply similar interactive structures to serve educational or training purposes beyond
pure entertainment. Serious games are broadly defined as digital games developed for
purposes that go beyond entertainment [24]. One of the earliest formal definitions was
proposed by American researcher Clark C. in 1970, who described serious games as those
designed with explicit educational objectives rather than solely for user enjoyment [25]. Later,
in 2008, Julian Alvarez expanded this definition by emphasizing that serious games are
digital applications that integrate instructional elements, such as tutoring, teaching, training,
communication, and information, with playful and technological components drawn from
traditional video games [26]. The purpose of this hybridization is to transform practical or
useful content into a fun and engaging experience for the user. When serious games are
developed for educational communication, they tend to exhibit a set of distinct features that
differentiate them from purely recreational games.

Aesthetics
/ \
b W
\@/

Figure 1. Elements of a video game.
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2.2. Characteristics of Serious Games

To develop a robust and context-aware usability evaluation instrument tailored to
serious games, it was first essential to identify and define the core criteria that characterize
them. This process followed an integrative approach that combined theoretical analysis,
empirical evidence, and expert validation [6,27-29].

The identification of criteria began with a comprehensive review of the academic liter-
ature on serious game design, usability in educational software, and gamification strategies.
Key references included conceptual frameworks, methodological guidelines, and applied
case studies from the domains of educational technology and game-based learning [29]. In
parallel, these findings were contrasted with principles from established software develop-
ment methodologies to ensure alignment with usability evaluation practices. Furthermore,
the research process included reflective analysis and expert input, supported by the direct
examination of various educational serious games.

Through this triangulated approach, the researchers identified a set of recurring
and meaningful characteristics considered fundamental for the design and evaluation of
serious games, some of which are necessary, while others are sufficient to classify a video
game as a serious game [29]. These characteristics were subsequently organized based on
their functional relevance and logical necessity within the serious game framework. The
following attributes emerged as consistently essential or supportive components in the
effective design and assessment of serious games.

1.  Serious Objectives: This is the defining feature of a serious game. Content must be
intentionally designed to support educational or training goals, ensuring that the
user engages in meaningful interactions that lead to learning outcomes. Without this
component, the game cannot be classified as “serious”.

2. Storytelling: A well-integrated storyline enhances comprehension, contextualizes
tasks, and provides motivation by immersing the player in a progressive virtual
world. Required in all serious games, narrative elements often strengthen cognitive
and emotional engagement.

3.  Gamification techniques: Gamification involves applying game-like mechanics to
reinforce engagement and motivation [30]. In serious games, these techniques serve
to structure progression and reward learning behavior. Common techniques include

*  Points: Numerical values assigned to quantify performance and progress.

*  Levels: Unlockable stages that become accessible as users meet specific objectives.

*  Leaderboards: Ranking systems to introduce competition and benchmarking.

* Badges: Visual rewards given for completing specific tasks or achieving mile-
stones, serving as indicators of progress and competence.

*  Challenges/Missions: Clearly defined tasks or objectives within the game that
guide user behavior and provide structured progression.

*  Onboarding: The process through which a game intuitively teaches players its
rules and goals without requiring textual instruction.

*  Customization: Allows players to personalize elements of the game world, such
as avatars, names, or environments, enhancing their emotional connection.

4.  Gameplay: Rules and interactions that define how the player engages with the
game. Well-designed mechanics are fundamental to promoting active learning and
maintaining user motivation.

5. Multimedia: The use of combined media—images, audio, text, video, and animation—
enriches the delivery of information and increases the multisensory appeal of the
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game. While not mandatory, multimedia elements enhance clarity, engagement, and
cognitive retention.

6. Interfaces: This includes both hardware and software components that facilitate
interaction with the game. Intuitive, accessible, and responsive interfaces significantly
impact usability, though some minimalistic games may function without advanced
Ul structures.

7. World visualization: This refers to the spatial and interactive environments that sup-
port user exploration. Although not always necessary, offering freedom of movement
and environmental feedback can increase immersion and facilitate situated learning.

8. Character design: The inclusion of identifiable or controllable characters supports
personalization, role-play, and user agency. This feature enhances engagement but
may not be essential in all serious game formats, such as abstract simulations.

These core characteristics, when appropriately balanced, allow serious games to fulfill
both their pedagogical and experiential objectives. While these traits may vary in form
depending on the context and design goals, they collectively define the architecture of an
effective serious game.

Among the diverse applications of serious games, educational video games represent
one of the most prominent and impactful subtypes [31,32]. These interactive digital envi-
ronments are intentionally designed to support the acquisition of academic or procedural
knowledge through structured activities embedded in game-based contexts [33]. Although
serious games are also used in fields such as health, defense, and social awareness, educa-
tional games focus specifically on cognitive development, skill acquisition, and knowledge
reinforcement in both formal and informal learning settings [34-38]. This perspective
is supported by Gros, who defines educational games as software designed to facilitate
learning by combining didactic objectives with interactive, game-based mechanics [39].

Given their pedagogical focus and widespread adoption, educational video games
offer a practical and representative domain for applying usability evaluation instruments.
For this reason, they were selected as case studies in the present research to validate the
proposed usability questionnaire.

2.3. Usability in Software and Educational Contexts
Usability is defined by the ISO 9241-11 standard [40] as:

The extent to which a system, product or service can be used by specified users
to achieve specified goals with effectiveness, efficiency, and satisfaction in a
specified context of use [40].

This definition emphasizes the importance of designing products that help users
achieve their goals while providing a reliable basis for measuring and comparing the
usability of different software systems. In practical terms, usability refers to the ease with
which a user can perform a given task using a system or product.

According to ISO 9241-11, the three core quality components of usability are

e  Effectiveness: The degree to which users are able to successfully complete tasks and
achieve intended outcomes. A product that enables users to consistently meet their
objectives is considered effective.

e  Efficiency: The amount of effort required by users to achieve their objectives. An efficient
product allows users to complete tasks with minimal effort and resource expenditure.

e  Satisfaction: The user’s subjective response to the product. Satisfaction encompasses
the emotional and psychological aspects of the user experience.

Evaluating the usability of software products offers a wide range of benefits [41], including
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1.  Reduced learning costs and a corresponding decrease in the need for user support
and assistance.

Optimization of design, redesign, and maintenance processes.

Increased conversion rates from casual users to active users or clients.

Enhanced reputation and credibility of the product or brand.

Improvement in overall quality and performance.

AL I

Better user well-being by reducing stress, increasing satisfaction, and increas-
ing productivity.

In educational contexts, usability not only facilitates ease of use but also directly
influences learners” motivation, comprehension, and retention. Unlike traditional produc-
tivity software, educational systems must balance functional usability with pedagogical
effectiveness. Therefore, accurate and context-aware usability evaluation becomes essential
when designing or adapting serious games for effective learning.

3. Systematic Literature Review

This research adopts a systematic literature review (SLR) methodology to comprehen-
sively explore the current landscape of usability evaluation in serious games. The goal is to
identify, analyze, and synthesize existing methods, techniques, and instruments that assess
usability in this context, ultimately supporting the development of a dedicated evaluation
tool tailored to the unique characteristics of serious games.

The review was conducted following the well-established guidelines proposed by
Kitchenham and Charters [16]. This structured approach ensures the reliability and com-
pleteness of the evidence collected and strengthens the methodological foundation of the
proposed instrument; see Figure 2.

Planning the Review Conducting the Review Reporting the Review

3. Identify Relevant Research

Jé'e?,?efwmg echiceislelne 4. Select Primary Studies
[::> 8. Review Report
5. Assess Study Quality

2. Specify Research Questions

6. Extract Required Data

7. Synthesize Data

Figure 2. The systematic literature review steps.

The protocol for the systematic literature review (SLR) was structured into three main
phases: (1) planning the review, (2) conducting the review, and (3) reporting the review.
Each phase was carefully designed to ensure that only high-quality and relevant studies
were included, thereby contributing valuable insights into usability evaluation practices in
serious game environments.

3.1. Planning the Review

Usability is a critical factor in the effectiveness of serious games, especially in educa-
tional contexts where user engagement, cognitive retention, and task performance must
converge. Despite its importance, the instruments currently employed to evaluate usability
in serious games are often inadequate. Many of these tools originate from general software
or web usability contexts and are not designed to address the distinctive features of serious
games, such as interactive gameplay, narrative immersion, and pedagogical alignment.

To guide the scope and focus of the review, the following research questions (RQs)
were formulated; see Table 1. These questions are intended to support the identification,
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classification, and analysis of existing user-centered evaluation approaches employed in

the usability assessment of both general and serious games:

Table 1. Research questions.

No. Research Question Motivation
To identify the current landscape of us-
What user-centered methods, tech- - y the P
. . ability evaluation approaches in gam-
niques, and instruments are used to . . ; .
RQ1 e ing environments, including those
evaluate the usability of games and o
. adapted or developed specifically for
serious games? .
serious games.
. To analyze the scope, advantages, and
What are the key characteristics of the . . ok -oPe 55,
. limitations of existing evaluation tools
RQ2 user-centered methods, techniques, . - . .
. . 1 in terms of the usability dimensions
and instruments identified in RQ1?
they assess.
. o To examine real-world implementa-
How are the identified user-centered . . P .
. . tions, evaluation procedures, and appli-
methods, techniques, and instruments . .
RQ3 cation contexts in order to extract prac-

applied in the usability evaluation of

games and serious garmes? tical insights that can guide the design

of a new usability questionnaire.

3.2. Conducting the Review

The search was conducted across five major digital databases to ensure a complete
coverage of the high-quality academic literature:

e [EEE Xplore [42];

e ACM Digital Library [43];

e  Elsevier (ScienceDirect) [44];
e Google Scholar [45];

e  Springer Link [46].

a7

The primary keywords selected for the search process were “methods”, “techniques”,

a7

“instruments”,
derived directly from the research questions and refined through synonym analysis and

i

evaluation”,

i

usability”, “serious games”, and “games”. These terms were
semantic expansion to capture all relevant variations across sources.

The search strings were constructed following the steps recommended in the SLR
guidelines, which include

¢ Identifying the key concepts of the research questions.

¢ Determining alternative spellings and synonyms for each concept.

*  Verifying and refining keywords based on relevant preliminary studies.

e  Using the Boolean operator “OR” to incorporate synonymous or related terms.

e Using the Boolean operator “AND” to combine the main concepts into struc-
tured queries.

To organize and facilitate the construction of search strings, a table was developed to
classify the keywords into four thematic groups; see Table 2. Column “A” included terms
related to evaluation along with their Spanish equivalents; Column “B” focused on terms
associated with serious games and their translations; Column “C” contained keywords
pertaining to usability; and Column “D” comprised terms related to methods, techniques,
and instruments relevant to usability evaluation.

This structured classification helped ensure consistency and completeness in the
formulation of search queries.
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Table 2. Search string keywords.

A B C D

Al. Evaluaciéon  Bl. Juegos Serios C1. Usabilidad D1. Métodos

A2. Validaciéon ~ B2. Juegos C2. Usability D2. Técnicas

A3. Evaluation ~ B3. Videojuegos Educativos D3. Instrumentos

A4. Validation  B4. Juegos educativos D4. Methods

A5. Assessment  B5. Juegos de aprendizaje D5. Techniques
B6. Serious games D6. Instruments
B7. Games

B8. Educational video games
B9. Educational games
B10. Learning games

Using this structure, the following search strings (SS) were defined:

e SS1: (A1 OR A2) AND (C1) AND (B1 OR B2 OR B3 OR B4 OR B5)

e SS2: (A3 OR A4 OR A5) AND (C2) AND (B6 OR B7 OR B8 OR B9 OR B10)

e S§S3:(D10OR D2 OR D3) AND (A1 OR A2) AND (C1) AND (B1 OR B2 OR B3 OR B4 OR B5)

e SS4: (D4 OR D5 OR D6) AND (A3 OR A4 OR A5) AND (C2) AND (B6 OR B7 OR B8
OR B9 OR B10)

The search strings were iteratively refined through pilot tests conducted in Scopus
and Web of Science, aiming to balance sensitivity (maximizing the retrieval of relevant
publications) and specificity (minimizing irrelevant results). During this process, terms
that produced excessive noise, such as “game design” or “playability,” were excluded after
preliminary testing due to their low precision in retrieving relevant studies.

All retrieved articles were cataloged and organized using SR-Accelerator, an online
tool that facilitated the management of metadata, inclusion/exclusion tracking, and classi-
fication [47]. Two independent reviewers conducted the screening process. Discrepancies
were resolved through discussion, and in cases of persistent disagreement, a third reviewer
acted as arbiter. In addition, Mendeley was employed as a reference management tool for
proper citation and bibliography control throughout the research process.

The selection process for relevant studies was carried out to ensure methodological
rigor and alignment with research objectives. First, a preliminary screening of all documents
retrieved during the search process. In addition, all records were evaluated according to
predefined inclusion and exclusion criteria (see Table 3).

In particular, one of the main exclusion criteria was applied to studies describing serious
games without explicit usability evaluation data. This led to the omission of high-impact
projects such as “Galaxy Zoo” [48], “Sea Hero Quest” [49], and “Borderlands Science” [50].
Despite their wide reach and scientific relevance, the lack of usability reporting made them
unsuitable for this analysis, underscoring a broader gap in the literature and reinforcing the
need for standardized instruments like the one proposed in this study.

Then, an in-depth analysis was conducted on the studies that had been previously
shortlisted. This phase involved a thorough reading of the full text of each document to
accurately assess its content and relevance. Following this, each study was assessed using
a set of quality evaluation criteria, enabling us to verify its methodological rigor and its
contribution to the objectives of this research.

To evaluate the methodological quality and relevance of the documents identified
during the selection process, a quality assessment questionnaire was developed and applied
to each study that was successfully retrieved. This questionnaire was designed to assess
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how well each document aligned with the primary objectives and thematic scope of the

systematic literature review.

Table 3. Inclusion and exclusion criteria.

Inclusion Criteria

Exclusion Criteria

Publications that propose or apply instru-
ments, techniques, or methods to evaluate
the usability of games or serious games.

Studies that include case studies demon-
strating the application of usability evalua-
tion methods, techniques, or instruments
in games or serious games.

Peer-reviewed scientific articles written in
English or Spanish.

Articles that describe the process of usabil-
ity evaluation applied to a game or seri-
ous game.

Publications that report usability evalua-
tion results but omit details of the tech-
niques or methods used.

Multiple reports of the same study (in such
cases, the most comprehensive version was
included in the review).

Duplicate documents (i.e., the same study
retrieved from multiple databases).

Articles that present a serious game but
provide no information on its usabil-
ity evaluation.

Studies that focus on evaluation methods

Engineering, master’s, or doctoral theses. . .
outside the scope of serious games.

Publications for which only the abstract is
available and not the full text.

Articles whose primary objective is unre-
lated to usability evaluation methods in
games Or serious games.

The instrument consisted of seven quality evaluation questions (QEs). These questions
helped determine the extent to which each study contributed to understanding usability evalua-
tion in games and serious games. Each question addressed a specific aspect of methodological
or conceptual relevance. The set of quality evaluation questions is presented in Table 4.

To assess the quality of the selected studies, a binary scoring system was applied to
the quality assessment questions. For each question, a study received a score of 1 if it met
the corresponding criterion and a score of 0 if it did not. This approach ensures consistency
and objectivity in evaluating the methodological contribution of each document.

At the end of the assessment, only the studies that achieved a minimum score of 5 out
of 7 possible points were selected for inclusion in the final analysis, ensuring that the reviewed
literature contributed meaningfully to the construction of the proposed usability evaluation
instrument for serious games.

Table 4. Quality Evaluation Questions.

No. Quality Evaluation Question Answer

QE1 Does 'tlr;e study define what a game or serious (+1) Yes/(+0) No
game is?

Q2 Does th.e stgdy provide 1nformat10r1 about usability (+1) Yes/(+0) No
evaluation in games or serious games?
Does the study present any usability evaluation in-

QE3 strument, technique, or method for games or seri- (+1) Yes/(+0) No
ous games?

QF4 Does the study describe details about the instrument, (+1) Yes/(+0) No

technique, or method used for evaluation?
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Table 4. Cont.

No. Quality Evaluation Question Answer

Does the study specify the characteristics of the instru-
ment, technique, or method of usability evaluation?
Does the study explain how the instrument, tech-
nique, or method is applied?

Does the study include a case study involving the
QE7 application of a usability evaluation instrument, tech- (+1) Yes/(+0) No
nique, or method?

QE5 (+1) Yes/(+0) No

QE6 (+1) Yes/(+0) No

To ensure methodological rigor and minimize selection bias, a structured screening and
selection process was conducted in alignment with best practices for systematic literature
reviews. The complete process is summarized in the flow diagram shown in Figure 3,
which illustrates the identification, screening, and inclusion phases.

S Records identified from: ACM
5 (109), IEEE Xplore (73), Duplicated records
2 Elsevier (89), Google Scholar > removed
= (114), Springer (101). (n=20)
§ (n=486)
+ Records excluded
Records screened | Notopen access (n=37)
(n=466) "| Inadequate context (n=5)
* (n=42)
g
‘g Reports sought for retrieval _ Reports not retrieved
3 (n=424) - (n=40)
: ;
Reports assessed for Reports excluded:
eligibility > Low-quality (n=300)
(n=384) Language (n=5)
©
§ Studies included in the review
‘_é’ (n=79)

Figure 3. PRISMA flow diagram for the literature review.

Phase 1: Identification. A comprehensive search strategy was executed across five major
scientific databases: ACM Digital Library (109), IEEE Xplore (73), Elsevier ScienceDirect (89),
Google Scholar (114), and SpringerLink (101), yielding a total of 486 records. After applying
an automated and manual duplicate removal process, 20 redundant entries were excluded,
resulting in 466 unique records retained for the initial screening phase. This stage ensured a
wide and representative coverage of the literature related to usability evaluation in games
and serious games.

Phase 2: Screening. The 466 records were systematically reviewed based on titles,
abstracts, and keywords to determine their relevance to the research scope. During this step,
42 articles were excluded, 37 due to restricted access (non-open access) and 5 for lacking
contextual alignment with the focus of usability evaluation. Consequently, 424 studies
were considered eligible for full-text retrieval. However, 40 of these could not be accessed
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in full, reducing the articles to 384 full-text articles. These were then assessed in detail

using the predefined inclusion and exclusion criteria (see Table 3).

Phase 3: Inclusion. Each of the 384 full-text articles underwent a rigorous eligibility and

quality assessment process. Based on the quality evaluation criteria (see Table 4), 300 studies

were excluded due to insufficient methodological quality, and 5 were excluded due to language

incompatibility (i.e., not available in English or Spanish). As a result, a total of 79 high-quality

studies were selected for inclusion in the final review synthesis. These papers constitute the

core evidence base from which the findings of this systematic review were derived.

The complete list of the 79 included publications is presented in Table 5. The list

includes the assigned paper ID (generated using the first two letters of the author’s last

name, the first letter of their first name, and year of publication), the article’s title, the first

author, and the bibliographic reference.

Table 5. List of scientific publications included in this review.

No. PaperID Title Reference
1 ToG11 Usability of Serious Games for Health Tolentino, G. [51]
2 MaN10 Usability Testing for Educational Computer Game Using Observation Method Diah, M. [52]
3 Fal19 Usability and Cognitive Benefits of a Serious Game to Combat Aedes Aegypti Mosquito Falcao, I. [53]
4 HaO08 Playability Heuristics Evaluation (PHE) approach for Malaysian educational games Hasiah, O. [54]
5 HuAl4 A Usability testing on jFakih Learning Games for Hearing Impairment Children Hussain, A. [55]
6 Malll Measuring Usability of Educational Computer Games Based on the User Success Rate Ismail, M. [56]
7 DaR11 Teacher tool for Visualization and Management of a Technology-Enhanced Learning Environment Dagdag, R. [57]
8 DeH13 Methods for Game User Research: Studying Player Behavior to Enhance Game Design Desurvire, H. [58]
9 PaS09 Usability Assessment Heuristics in New Genre Videogames Papaloukas, S. [59]
10 HoJ03 Using Peer Tutoring in Evaluating the Usability of a Physically Interactive Computer Game with Children Hoysniemi, J. [60]
11 RoU19 Usability Evaluation Using GOMS Model for Education Game “Play and Learn English” Rosyidah, U. [61]
12 SoS14 Evaluation of Mobile Games with Playability Heuristic Evaluation System Soomro, S. [62]
13 MaJ19 YouTube Gamers and Think-Aloud Protocols: Introducing Usability Testing May, J. [63]
14 LiY12 Heuristic Evaluation of Digital Game Based Learning: A Case Study Liao, Y. [64]
15 JeKO08 Investigating the Applicability of Usability and Playability Heuristics for Evaluation of Pervasive Games Jegers, K. [65]
16 HoG16 Comparing Usability and Engagement Between a Serious Game and a Traditional Online Program Hookham, G. [66]
17 BaE06 Assessing the Applicability of the Structured Expert Evaluation Method (SEEM) for a Wider age group Baauw, E. [67]
18 SeY09 Usability Evaluation for History Educational Games Seng, Y. [68]
19 PaS08 Usability and Education of Games Through Combined Assessment Methods Papaloukas, S. [69]
20 PiD08 Heuristic Evaluation for Games: Usability Principles for Video Game Design Pinelle, D. [70]
21 RoF13 Heuristics for Video Games Evaluation: How Players Rate Their Relevance for Different Game Genres Rodio, F. [71]
22 PiD09 Usability Heuristics for Networked Multiplayer Games Pinelle, D. [72]
23 DeHO04 Using Heuristics to Evaluate the Playability of Games Desurvire, H. [73]
24 KoH06 Playability heuristics for mobile games Korhonen, H. [74]
25 FaF18 Evaluating a Pervasive Game for Urban Awareness Fabiano, F. [75]
26 KaA06 Evaluating the LEGO-RoboLab Interface with Experts Karoulis, A. [76]
27 MoF16 Mobile Games Usability Using the Idea of Mark Overmars Mohd, E. [77]
28 VeM18 Virtual gaming simulation of a mental health assessment: A usability study Verkuyl, M. [78]
29 JoH16 Teaching clinical reasoning and decision-making skills to nursing students Johnsen, H. [79]
30 SaF18 Design and implementation of a serious game on neurorehabilitation Savazzi, F. [80]
31 SaF18b Engaged in learning neurorehabilitation: Development validation of a serious game with user-centered design Savazzi, F. [81]
32 BaJ12 Evaluation of simulation games for teaching engineering and manufacturing Baalsrud, J. [82]
33 SeN19 A Review of Heuristics Evaluation Component for Mobile Educational Games Senap, N. [83]
34 MaS19 Evaluation of user satisfaction and usability of a mobile app for smoking cessation Malwade, S. [84]
35 AmB20 Desarrollo y evaluacion de usabilidad de un juego “serio” utilizado en la ensefianza del comportamiento Amaro, B. [85]
36 ZuG99 Usabilidad de juegos educativos Zurita, G. [86]
37 SaY15 Metodologia de Evaluacién de Videojuegos Serios en Competencias Ciudadanas Sanchez, Y. [87]
38 GoN16 Heuristic Evaluation for Serious Immersive Games and M-instruction Gordon, N. [88]
39 O1A20 Heuristic Usability Evaluation Applied to Educational Games Olimpio, A. [89]
40 ViE19 Heuristic Evaluation on Usability of Educational Games: A Systematic Review Vieira, E. [90]
41 IsF14 Evaluation of the Usability of a Serious Game Aiming to Teach Facial Expressions to Schizophrenic Patients Isleyen, F. [91]
42 PaS19 Usability Evaluation of a Serious Game Intervention on Japanese School Bullying Paracha, S. [92]
43 WaJ16 A usability assessment for a career planning educational video game Wang, J. [93]
44 TrG12 Lessons from an Educational Game Usability Evaluation Trindade, G. [94]
45 MoH10 Development and potential analysis of Heuristic Evaluation for educational computer game (PHEG) Mohamed, H. [95]
46 BaM15 HEEG: Heuristic Evaluation for Educational Games Barbosa, M. [96]
47 GoR19 Evaluacién Heuristica de la usabilidad en contextos especificos Gomez, R. [97]
48 ChJ17 Evaluacién de usabilidad de juegos de video para casinos en plataformas méviles Chacon, J. [98]
49 CaG20 Métodos de evaluacion de la usabilidad en aplicaciones méviles Castillo, G. [99]
50 ChG20 Criterios de usabilidad para el disefio e implementacion de videojuegos Chanchi, G. [100]
51 ThG19 Evaluation of Usability and Gameplay of Games on Mobile Platforms for Young People on Oncological Treatment  Theisen, G. [101]
52 ArM15 Técnicas de evaluacion para videojuegos geolocalizados Armas, M. [102]
53 BaC19 Heuristicas de Usabilidad para Mecénicas de Videojuegos Barboza, C. [103]
54 InA09 Evaluacion de Usabilidad de un Ambiente Virtual en 3D Iniguez, A. [104]
55 Sif16 Usability evaluation methods for gesture-based games: A systematic review Simor, F. [105]
56 LaS05 Better games through usability evaluation and testing Laitinen, S. [106]
57 BrM10 Usability evaluation for health video games: A library of inspection heuristics Britain, M. [107]
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Table 5. Cont.

No, PaperID  Title Reference

58 ChN15 Usability evaluation of digital Malaysian traditional games ChePa, N. [108]
59 YaT11 A Usability Analysis of Video Games: The Development of Assessment Standards Takeisha, T. [109]
60 MiCo07 Usabilidad en un juego de memorama con reconocimiento de voz para nifios Miranda, C. [110]
61 XeM09 Games Usability and Learning-The Civilization IV Paradigm Xenos, M. [111]
62 HoG16 A concurrent Think Aloud study of engagement and usability in a serious game Hookham, G. [112]
63 GrT18 A Usability Review of the Learning Master Serious Game in Support of the US Army Jumpmaster’s Course Griffith, T. [113]
64 ArM16 Usability Testing for Culturally-Enhanced Serious Game Ariffin, M. [114]
65 YaR17 Academic methods for usability evaluation of serious games: a systematic review Yanez, R. [115]

66 JeN14 Serious games and heuristic evaluation- The cross-comparison of existing heuristic evaluation methods for games  Jerzak, N. [116]
67 EbJ17 Usability evaluation methods for mobile serious games applied to health: a systematic review Ebertz, J. [117]

68 XiG19 A systematic literature review of usability evaluation guidelines on mobile educational games for school students  Xiao, G. [118]

69 AmB19 A usability analysis of a serious game for teaching stock market concepts in secondary schools Amaro, B. [119]
70 SaM19 Game design frameworks and evaluating techniques for educational games: A review Sasupilli, M. [120]
71 MoH11 Usability of educational computer game (Usa-ECG): applying analytic hierarchy process Mohamed, H. [121]
72 BeMO08 A comparison of two analytical evaluation methods for educational computer games for young children Bekker, M. [122]
73 SaY20 Usability investigation of an educational mobile application for individuals with intellectual disabilities Sabina, Y. [123]

74 SaAl3 Usability evaluation of an application designed for the older adults Satoshi, A. [124]
75 YaR19 Heuristic usability evaluation on games: a modular approach Yanez, R. [125]

76 DaC17 Improving the usability in a video game through continuous usability evaluations Daly, C. [126]

77 DoA02 A comparison of Think-Aloud, questionnaires and interviews for testing usability with children Donker, A. [127]
78 BoM16 Usability, accessibility and gameplay heuristics to evaluate audiogames for users who are blind Borba, M. [128]

79 S0S07 A new framework of usability evaluation for massively multi-player online game: Case study of “WOW” game Song, S. [129]

3.3. Reporting of the Review

The analysis presented here emphasizes not only what methods, techniques, and

instruments have been used in prior research but also how they have been applied and

what limitations they present in the context of game-based learning environments.

RQ1: What user-centered methods, techniques, and instruments are used to eval-

uate the usability of games and serious games? Based on the studies reviewed in the
SLR, it was observed that most of the methods used in the context of serious games are
adaptations or direct applications of approaches originally developed for general software
or entertainment games. However, while the overall structure of evaluation strategies
remains similar, their application in serious games often demands additional pedagogical
considerations.

Two primary user-centered methods were consistently identified in the reviewed literature:

e Empirical Methods: These involve observing users as they interact with the game to
collect behavioral data and detect potential usability issues.

e Inquiry Methods: These rely on obtaining user feedback through instruments such as
questionnaires, interviews, or focus groups, capturing users’ subjective experiences
and perceptions.

These methods provide complementary perspectives: empirical approaches capture
real-time interaction patterns and behaviors, while inquiry approaches gather subjective
insights on usability, satisfaction, and experience.

Each method is associated with specific techniques that facilitate the usability assess-
ment process, as summarized in Table 6. Most of these techniques are applicable in both
entertainment and serious game contexts, although their focus may differ depending on
the educational objectives of the game.
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Table 6. Primary studies on user-centered methods and techniques for usability evaluation.

Method  Techniques Primary Studies

Empirical Think-Aloud Protocol [57-59,63,66,75,78,91,93,98,110,111,115,117,127]
Direct Observation [52,55,56,79,82,86,87,92,94,98,101,105,109,114,117,123]
Peer Tutoring [60]
Eye Tracking [98]
Co-Discovery Learning [69,111]

Rapid Iterative Testing and Evaluation (RITE) [58]
[14,51,53,55,59,65,66,68,75,77—

Inquiry Questionnaires 79,81,82,84,93,94,98,101,102,104-106,109,111-115,117-
119,124,125,127,129]
Interviews [55,59,68,78,79,86,94,101,105,119,127]
Focus Groups [65,92,102]

Among the identified techniques, questionnaires are the only ones that consistently use
standardized instruments for usability assessment. Other techniques, such as observation or
interviews, typically rely on qualitative protocols rather than validated measurement tools.

As shown in Table 7, the SLR identified several widely used questionnaire-based
instruments. These are frequently adapted to suit the context of serious games but often
lack comprehensive coverage of all the features specific to these environments (narrative,
gameplay dynamics, gamification, etc).

Table 7. Primary studies employing user-centered questionnaire instruments for usability evaluation.

Instrument Primary Studies

SUS (System Usability Scale) [14,51,53,66,75,80,93,101,104,112,113,125,129]
NASA-TLX (NASA-Task Load Index) [125]

GEQ (Game Experience Questionnaire) [102]

SUMI (Software Usability Measurement Inventory)  [14,55]

Ad Hoc Instruments [80]

PSSUQ (Post-Study System Usability Questionnaire) [79]
QUIS (Questionnaire for User Interface Satisfaction)  [14]
CSUQ (Computer System Usability Questionnaire) [130]

RQ2: What are the key characteristics of the user-centered methods, techniques,
and instruments identified in RQ1?

This research question aims to describe the core attributes of the user-centered meth-
ods, techniques, and instruments identified in the previous stage. Specifically, it seeks to
clarify how these approaches are applied and what kind of insights they are capable of
generating in the context of usability evaluation for games and serious games.

The literature review confirms that two primary user-centered methods are widely
used in this domain:

e  Empirical methods are based on observing behavior and performance of users as they
interact with the game. These methods rely heavily on user participation to generate
real-time usability data. Evaluators typically include a moderator and observers who
guide and monitor test sessions. Participants are asked to complete specific tasks
while their actions and reactions are documented.

e Inquiry methods focus on gathering data from users through verbal or written re-
sponses. These methods involve structured interaction between the evaluator and the
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users, either individually or in groups, to understand their experiences, perceptions,

and satisfaction with the system.

Table 8 summarizes the main techniques associated with each method:

Table 8. User-centered evaluation techniques for serious games.

Method  Technique Description
Think Aloud  Users verbalize their thoughts, emotions, and reasoning while interacting with the system.
. Evaluators record user behavior to detect usability issues. Provides both qualitative and
Observation R
quantitative insights.
. Common in child-centered evaluations; one child teaches another to use the product,
Peer Tutoring A .
revealing intuitive understandings.
Empirical Eye Tracking Measures eye movement and pupil responses to evaluate interface design and vi-
sual attention.
. Two users complete tasks collaboratively, with the interaction offering deeper behavioral
Co-Discovery . . S .
insights than individual sessions.
RITE Rapid Iterative Testing and Evaluation combines think-aloud sessions with immediate
design improvements followed by continued testing.
Questionnaires  Structured instruments used to gather user feedback after game interaction.
Inquiry Interviews One-on-one discussions to collect deeper insights into user satisfaction and issues.

Focus Groups

Group discussions moderated by evaluators to explore shared experiences and perceptions.

Among all techniques, only questionnaires are supported by standardized usability

instruments; see Table 9. In contrast, techniques like interviews or focus groups are often

semi-structured or ad hoc and lack formal scoring schemes. Below is a summary of the

most commonly used questionnaires identified through the SLR:

Table 9. Characteristics of usability questionnaires for games and serious games.

Instrument Description
Includes 10 items rated on a 5-point Likert scale. It provides a quick
SuUS and general usability score and has become a standard across soft-
ware domains.
Measures perceived workload based on six subscales: mental de-
NASA-TLX mand, physical demand, temporal demand, performance, effort,
and frustration.
Assesses player experience across modules: core gameplay, social
GEQ presence, and post-game reflection. Metrics include immersion, affect,
flow, and challenge.
SUMI Consists of 50 items categorized into subscales such as efficiency,
control, affect, friendliness, and learnability.
Non-standardized instruments designed to collect preliminary data
Ad Hoc or context-specific feedback, often before user interaction with
the software.
PSSU Aligned with ISO 9241-11, includes 16 items and measures system
Q . . . . .
usefulness, information quality, and interface quality.
QUIS Assesses subjective satisfaction with specific interface components.
CSUQ Similar to the PSSUQ, it consists of 19 questions and uses a 7-point

Likert scale to assess satisfaction after system use.
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RQ3. How are the identified user-centered methods, techniques, and instruments
applied in the usability evaluation of games and serious games?

This research question aims to describe the practical application of usability evaluation
strategies in user-centered studies of games and serious games. It synthesizes how em-
pirical and inquiry-based methods are operationalized, how techniques are implemented
during usability assessments, and how standardized instruments are integrated into the

evaluation process.

e Empirical methods involve direct observation of users performing predefined tasks
within the game environment. These methods focus on capturing behavioral data,
interaction patterns, and real-time problem-solving processes. The presence of an
evaluator (moderator) who guides the session and observes participants is common.

¢ Inquiry methods focus on gathering data from users through verbal or written re-
sponses. These methods involve structured interaction between the evaluator and the
users, either individually or in groups, to understand their experiences, perceptions,
and satisfaction with the system. The quality of the data collected depends on clear
definitions of the evaluation objectives and usability indicators.

The following table (Table 10) summarizes how each empirical technique is applied
in practice:

Table 10. Application of usability techniques for games and serious games.

Technique Process

Five participants are asked to perform tasks in the game while verbal-
Think Aloud izing their thoughts and decision-making processes, then evaluators

record and analyze user feedback.

Five users with varying demographics complete a task list while be-
Observation ing recorded. The evaluator documents user behavior and completes

a follow-up questionnaire.

Groups of 6-10 children are observed while one child teaches the
Peer Tutoring game to another, then observers analyze interactions to infer usabil-
ity insights.
Specialized equipment captures eye movement as five users perform
tasks. Data is analyzed to assess interface clarity and visual focus.
Pairs of users, minimum 5 pairs, jointly complete tasks while being
Co-Discovery recorded. Evaluators document dialogue and actions, followed by a

post-task questionnaire.

Five users engage in iterative usability testing with think-aloud pro-
RITE tocols. Issues are fixed in real-time, and testing continues with up-

dated versions.

Recommended for 15-30 users depending on whether applied alone
Questionnaires  or with another method. Users complete gameplay tasks before filling

out the questionnaire.

Conducted post-task. If used alone, a sample of 30 users is advised;
Interviews with other methods, 5 may be enough. Interviews explore user expe-
rience in depth.
After gameplay tasks, group discussions are held with 5-30 partici-
pants to collectively explore usability issues and experiences.

Eye Tracking

Focus Groups

In serious game evaluations, standardized questionnaires are widely employed to
assess usability dimensions such as effectiveness, satisfaction, workload, and player expe-
rience. These instruments are typically administered immediately after users complete a
predefined set of gameplay tasks, ensuring reliable and context-relevant responses.
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The process involves assigning users a task list aligned with core game interactions,
followed by the application of one or more questionnaires. When combined with other
methods (observation or think-aloud), a minimum of 15 participants is recommended;
when applied independently, at least 30 users are advised to ensure robustness [125].

Commonly used instruments include the SUS, NASA-TLX, GEQ, SUMI, PSSUQ, QUIS,
CSUQ), and ad hoc questionnaires. These tools provide structured, often multidimensional
data that support consistent usability assessment and facilitate comparisons across studies
and contexts. Their use contributes to greater methodological rigor in the evaluation of
serious games [14].

In summary, the systematic literature review provided a comprehensive and structured
overview of the current state of user-centered usability evaluation in serious games. It
identified the main methods, techniques, and standardized instruments employed in
practice, as well as their specific characteristics and application protocols. The findings
highlight a predominant reliance on empirical and inquiry-based approaches, with varied
levels of methodological rigor and contextual adaptation. These insights not only confirm
the need for evaluation frameworks tailored to the unique features of serious games but
also serve as a foundational reference for the development of a context-sensitive usability
evaluation instrument aligned with educational goals and user engagement dynamics.

4. Development of the Usability Evaluation Instrument

This section describes the design process of the proposed usability evaluation SGU
(Serious Games Usability) tailored for serious games. Based on the findings of the SLR,
existing questionnaires used to assess usability in digital systems were analyzed to identify
limitations when applied to serious games. A structured GAP analysis was then conducted
to systematically compare these instruments against the multidimensional requirements
specific to serious game environments. The final result is a questionnaire-based tool that
integrates both adapted and newly created items, ensuring a comprehensive assessment
of usability.

4.1. GAP Analysis

To systematically support the development of the proposed instrument, a GAP anal-
ysis was carried out. This analysis aimed to critically compare the scope of widely used
usability evaluation instruments with the specific multidimensional requirements of se-
rious games. The process began by identifying a set of core usability dimensions that
emerged from the systematic literature review, which are essential for capturing the full
spectrum of user experience in serious games. These dimensions include serious objectives,
storytelling, gamification techniques, gameplay, multimedia integration, interface design,
world visualization, and character visualization.

Each of these dimensions reflects a critical component of how users engage with and
perceive serious games, encompassing both functional usability and experiential qualities
tied to learning, immersion, and emotional response. The selected instruments were
then mapped against these dimensions to evaluate their coverage and to identify areas
where existing tools fall short. The results of this GAP analysis provide the empirical
foundation for designing a new, context-aware usability questionnaire that addresses the
limitations of existing approaches and better aligns with the unique characteristics of
serious game environments.

The findings of this analysis are summarized in Table 11, which illustrates the coverage
of each reviewed instrument across the main dimensions of serious games.
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Table 11. GAP analysis of existing instruments.

Questionnaire 0]53;::::;1‘,5% Storytelling Vis::\:l)irzlgtion Cg:g;fr (_;r:r:l‘::;;::; Multimedia Gameplay Interfaces
suUs NA NA NA NA NA NA + +
SUMI NA NA NA NA NA NA + +
Ad hoc NA NA NA NA NA NA NA NA
PSsSUQ NA NA - - - NA + +
CSUQ NA NA - - - NA + +
QUIS NA NA NA NA NA - - +
NASA-TLX NA NA NA NA NA NA + -
GEQ NA + NA NA + NA + -

The symbols have the following meaning;:

® - means that the instruments consider the dimensions minimally.
*  + means that the instruments consider the dimensions substantially.
e NA means that the instruments do not take the dimensions into consideration.

Based on the comparative results presented in Table 11, it was possible to identify
significant gaps in the coverage provided by existing usability tests when evaluated against the
specific requirements of serious games. Notably, most instruments demonstrated limited or no
integration of critical dimensions such as serious objectives, narrative and story visualization,
world and character visualization, gamification techniques, and multimedia integration.

These omissions suggest that current tools, although effective in general software
or traditional game contexts, are insufficiently equipped to evaluate the experiential and
pedagogical elements that are central to serious games.

4.2. Final Structure of the Instrument

The absence of specific evaluation items related to core components of serious games—
such as learning outcomes, storyline integration, world and character design, and gamifi-
cation strategies—can result in assessments that overlook fundamental usability aspects.
Consequently, evaluations that rely solely on general-purpose instruments may yield in-
complete or misleading insights about the game’s effectiveness and user experience in
educational or training scenarios.

To address this shortcoming, we developed a tailored usability evaluation instrument
in the form of a structured questionnaire. The design of this tool was informed by the evi-
dence and gaps identified in the SLR and grounded in user-centered inquiry methodology,
which prioritizes the collection of direct user feedback regarding interaction, engagement,
and perceived usability [131].

The construction of SGU was guided by three complementary principles. First, existing
items from the SUS and PSSUQ were adapted to the educational context to ensure relevance
while retaining comparability with widely used benchmarks [131]. Second, validated
constructs, such as items from MEEGA+, were selectively incorporated to address serious
objectives and gamification strategies [132], and questions from the Game Engagement
Questionnaire (GEQ) were included to capture narrative immersion and visualization
aspects [133]. Third, new items were created when no existing tool adequately covered
critical dimensions identified in the GAP analysis, particularly those related to the explicit
linkage between gameplay and pedagogy or multimedia integration. At the same time,
exclusions were applied to avoid redundancy or conceptual misalignment, for example, by
omitting workload measures from NASA-TLX and overlapping satisfaction constructs from
QUIS. This structured process ensured that the resulting questionnaire integrates functional
usability and pedagogical effectiveness in a coherent and context-sensitive manner.
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The resulting instrument is designed to assess a comprehensive range of usability

factors relevant to serious games, including gameplay mechanics, user engagement, educa-

tional integration, narrative immersion, and interface design. By systematically addressing

these dimensions, the questionnaire offers a holistic and reliable evaluation framework that

captures both the functional and pedagogical aspects of usability.

Structurally, the proposed tool comprises 21 items distributed across eight dimensions,

each aligned with the theoretical framework previously established in this study. All items

are formulated using a Likert-type scale, enabling consistent data collection, user perception

quantification, and comparative analysis across different serious game implementations.
The complete structure of the SGU is detailed in Table 12.

Table 12. Proposed usability evaluation questionnaire for serious games.

Category Questions Resource
Serious Objectives Q1. Is the game content relevant to my interests? MEEGA+
Q2. Is it clear how the game content aligns with its intended educational goals? MEEGA+
Q3. Do I prefer learning with this game over traditional methods (e.g., lectures, readings)? MEEGA+
Q4. Did the game contribute to my understanding of a subject related to my studies? MEEGA+
Story Visualization Q5. Did the game’s story or narrative capture my attention and interest? GEQ
Q6. Are the gameplay mechanics suitable for the narrative and game structure? GEQ
World Visualization Q7. Did the game environment include visual elements or metaphors I could relate to? GEQ
Character Visualization Q8. Did I feel in control of the character and capable of using effective strategies to solve GEQ
challenges?
Gamification Techniques Q9. Was the level of challenge appropriate for my interest or knowledge? MEEGA+
Q10. Did the game introduce new obstacles or situations at an appropriate pace? MEEGA+
Q11. Did the game avoid becoming repetitive or tedious over time? MEEGA+

Gameplay Q12. Was the game clearly designed with the needs of its target users in mind? SUMI, SUS, CSUQ
Q13. At most times during the game, did you feel calm and at ease? SUMLI, SUS, CSUQ
Q14. Would I like to use this game regularly? SUMI, SUS, CSUQ
Q15. Did I find it easy to learn how to use new features in the game? SUMLI, SUS, CSUQ
Interface Q16. Di.d the interface elements (text, icons, buttons) support correct task execution and ease of QUIS, SUS
interaction?
Q17. Was the organization of menus and buttons logical? SUMLI, SUS
Q18. Was it easy and quick to recover from mistakes while using the game? PSSUQ, CSUQ
Q19. Was the information (e.g., on-screen messages, guidance) clear and useful? PSSUQ, CSUQ
Multimedia Q20. Did the use of multimedia improve how the information was presented? QuIS
Q21. Was the quality of the multimedia elements (text, images, audio, video) satisfactory? QUIS

To complete the questionnaire, each participant carefully read each item and indicated

their opinion by selecting a response that best reflected their level of satisfaction. A 5-point

Likert scale was used for this purpose (Table 13), with the following equivalence:

Table 13. Likert scale.

Scale

Description

1
2
3
4
5
NA

Totally disagree
Disagree
Neutral
Agreed
Totally agreement
The question does Not Apply (NA) to the serious game evaluated

To facilitate comparative analysis and enhance interpretability, the responses collected

through the 5-point Likert scale were transformed to a standardized 0-100 scale, consistent

with the approach used in the System Usability Scale (SUS). This conversion allows for
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direct comparison with existing usability benchmarks while preserving the ordinal nature
of the original responses.

This study adopts a linear scaling approach more suitable for unidirectional ques-
tionnaires. Specifically, each response score is scaled proportionally to a 100-point range
using a direct rule-of-three formula. For instruments based on a 5-point Likert scale, the
transformation is expressed as

Y Q% 100

SUS S =
core 5

1)
where

e (; represents the response to item on the 5-point Likert scale;
e The value 5 denotes the maximum point on the Likert scale.

This method provides an intuitive and interpretable representation of usability percep-
tions, particularly when all questionnaire items are phrased in a consistent direction (i.e.,
higher scores indicate better usability). It also simplifies the aggregation and comparison
of results across different case studies and game-based evaluations.

To interpret usability results, we adopted the scoring system of the System Usability
Scale (SUS) developed by John Brooke [134]. According to this model, a score below 68
suggests the presence of significant usability issues, while a score above 68 indicates accept-
able usability (Figure 4). In addition, the SUS provides three complementary classification
models that offer deeper insight into system usability:

®  Acceptance Range: Scores are categorized as acceptable (above 70), marginal-high
(60-69), marginal-low (50-59), or not acceptable (below 50).

e (Classification Scale: A score above 90 earns an A (excellent), between 80 and 89
corresponds to a B (outstanding), and between 70 and 79 is rated C (good). Scores
between 60 and 69 are assigned a D (fair), while any score below 60 receives an F
(poor), signaling a critical need for usability improvements.

*  Adjectives classification: Provides a qualitative interpretation of the score by assign-
ing a descriptive label based on user perception. For example, scores below 25 are
categorized as worst imaginable, those below 39 as poor, and scores around 52 as OK.
A score near 73 is described as good, while scores close to 85 are considered excellent.
The highest range, between 86 and 100, corresponds to the label best imaginable,
indicating an exceptional user experience.

These classification models provide a comprehensive framework for evaluating and
interpreting the usability of serious games, enabling developers and researchers to identify
both strengths and areas for improvement based on user feedback.

Acceptability -
Grade
ceee N > [ < [ A

Worst Best
Imaglnable Poor OK Good Excellent Imaginable

g | sttt Mottt
Ratings I T e e Tt e e e ||||||||| il
0 10 20 30 40 50 60 70 80 90 100

SUS SCORE

Figure 4. Bangor scale.
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5. Application of the Usability Instrument in Case Studies

SGU was applied to three serious game projects: El Tesoro del Ser Politécnico [1],
Flagschool [135], and Funcarac [136]. Each game targets distinct educational and cul-
tural objectives.

“El Tesoro del Ser Politécnico” aims to foster ethical values within the polytechnic
community through an exploratory game set on campus. Players navigate virtual scenarios,
face interactive challenges, and uncover historical facts and ethical principles. The game
is accessible through web browsers on both mobile and desktop platforms through the
following link: https://tesoropolitecnico.epn.edu.ec/ (accessed on 29 August 2025).

“Flagschool” is designed to enhance critical thinking, problem-solving, creativity, and
cognitive speed through the study of vexillology. The project uses interactive elements
to create an engaging and educational experience. The game is available for download
through the following repository: https://github.com/David-Morales-M /Vexillology-
Serious-Game.git (accessed on 29 August 2025)

Finally, “Funcarac” focuses on preserving and promoting the intangible cultural
heritage of indigenous agricultural communities in Ecuador. Through gameplay, users
explore ancestral practices and worldviews rooted in agro-ecological knowledge. The game
is accessible through web browsers on both mobile and desktop platforms through the
following link: https://saminay.epn.edu.ec/ (accessed on 29 August 2025).

To evaluate usability, the protocol proposed by Abhay Rautela [137] was followed (see
Figure 5). Questionnaires were selected as the primary evaluation technique due to their
efficiency in capturing users’ perceptions and experiential feedback.

Stage 1: Plan Stage 2.1: Create Stage 3: Conduct
the Usability Test Scenarios & Tasks the Usability Test

Stage 2.2: Recruit
Participans

Stage 6: Check whether  Stage 5: Create & Stage 4: Analyze
accepted recommendation Present the Usability — Usability Test Data
have been incorporated Test Report

Figure 5. Usability protocol.

A minimum of 15 participants were recruited for each evaluation. As supported
by Laura Faulkner’s findings [138], testing with five users can identify up to 85% of
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usability issues, while larger samples increase the likelihood of uncovering a broader range
of problems.

Prior to testing, participants received the necessary documentation, including informed
consent and a detailed task list. They then interacted with each game by completing predefined
tasks and freely exploring the interface. Upon completion, participants responded to the
usability evaluation questionnaire, providing feedback based on their experience.

The proposed usability evaluation instrument was applied across three serious games
El Tesoro del Ser Politécnico, Flagschool, and Funcarac to assess its ability to capture
the multidimensional nature of user experience in diverse educational game contexts;
see Figure 6.

Overall, the questionnaire revealed high levels of user satisfaction across the three
case studies, with most items exceeding a 70% positive response threshold. This indicates
that the instrument successfully identified areas where each game delivered meaningful
experiences, as well as those requiring refinement.

For example, items related to serious objectives (Q1-Q4) consistently scored highly, with
“Funcarac” achieving 88.5% in Q1 and “Flagschool” reaching 92.0% in Q2. These results
confirm that the questionnaire effectively captures users’ perceptions of content relevance and
learning effectiveness for evaluating the “serious” component of serious games.

Items addressing interface usability (Q16-Q19) also showed strong performance,
particularly in “El Tesoro de ser Politécnico” and “Flaschool”, where scores remained above
78%, suggesting that the questionnaire reliably measures key aspects of system usability
such as navigability, information clarity, and error recovery.

In terms of engagement and gamification (Q9-Q11), Vexillology Game notably out-
performed the others in Q9 (91.52%), evidencing the instrument’s sensitivity in capturing
motivational elements central to user engagement. Similarly, Q8, focused on the player’s
perceived control over the game character, revealed moderate ratings in Ser Politécnico
(76.4%) and lower results in Funcarac (72.3%), which underscores the diagnostic capacity
of this item in identifying limitations in character interaction and decision-making.

However, it is important to note that dimensions such as world visualization and
character design are not mandatory components in all serious games. Their relevance
depends largely on the pedagogical goals, game mechanics, and intended user experience
of the game in question. For instance, some serious games may prioritize abstract cognitive
tasks, textual information delivery, or simulation-based logic without employing rich visual
environments or controllable avatars. In such cases, questions targeting world or character
representation (e.g., Q7 and Q8) may be considered optional or omitted entirely, depending
on the nature of the application. This flexibility reinforces the adaptability of the proposed
questionnaire to a wide range of serious game designs, maintaining its validity while
ensuring contextual relevance.

In summary, the application of the SGU across three distinct case studies validates
its utility and robustness. It demonstrates not only a high level of user comprehensibility
and applicability but also the capacity to generate actionable insights that reflect both
functional usability and the educational effectiveness of serious games. The results reaffirm
the instrument’s relevance as a holistic and scalable evaluation tool for projects aiming to
integrate learning objectives with engaging user experiences.
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Figure 6. Average user score per item in the usability instrument.
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6. Discussion

The development and application of SGU, the proposed usability evaluation instru-
ment, represent a substantive advancement in addressing the methodological gaps iden-
tified in the systematic literature review (SLR). By integrating domains such as serious
objectives, narrative immersion, character and world visualization, gamification strategies,
multimedia design, and educational alignment, the tool offers a holistic framework specifi-
cally tailored to the complexities of serious games, going far beyond traditional usability
tools like the SUS or CSUQ, which primarily focus on general system performance and
interface satisfaction.

A critical analysis of the instrument’s structure reveals that its multidimensional approach
provides a more comprehensive and relevant evaluation framework for serious games. Unlike
conventional tools such as the SUS or CSUQ, which are limited in capturing pedagogical or
narrative aspects, the proposed questionnaire incorporates constructs from MEEGA+ and
GEQ to better reflect the unique characteristics of serious games. This customization allows
evaluators to measure not only ease of use and engagement but also the alignment of the
game with learning objectives and its ability to foster immersive experiences.

Importantly, the instrument’s design accommodates flexibility by including an N/A
(not applicable) response option, which acknowledges that not all serious games require
certain features, such as character or world visualization, to achieve their educational
objectives. This adaptability enhances the questionnaire applicability across diverse genres
of serious games, where such elements may be absent or intentionally minimized without
compromising the seriousness of the game or its pedagogical intent.

Compared to instruments identified in the SLR, the proposed tool demonstrates
significantly greater coverage and contextual specificity. While existing instruments like
MEEGA+, GEQ, or SUMI offer partial solutions, none effectively integrate both pedagogical
relevance and usability performance in a unified structure. The proposed tool fills this
gap by merging validated items from various sources and organizing them into coherent
dimensions that align with the core attributes of serious games. This structure enables
evaluators to assess not only functionality and satisfaction but also narrative consistency,
learning alignment, and engagement depth.

Furthermore, SGU facilitates comparative analysis through its standardized Likert-
scale format and the subsequent transformation into a SUS-equivalent percentage scale.
This allows for intuitive interpretation and benchmarking, which is particularly valuable
for iterative design cycles and cross-game usability assessments. For example, games
like Flagschool achieved over 90% on items related to educational clarity and challenge
balance, suggesting high usability in cognitively demanding contexts. In contrast, Funcarac
exhibited slightly lower results in emotional comfort and novelty, highlighting areas for
design refinement.

These results are consistent with previous research showing that serious games with
well-defined pedagogical goals often achieve higher usability ratings, whereas games em-
phasizing cultural narratives or novel experiences face greater challenges in maintaining
emotional comfort and engagement. The observed differences across the case studies high-
light that usability is not solely determined by interface quality but also by the integration
of narrative depth, cultural context, and affective design. This underscores the importance
of considering contextual and cultural variables in usability evaluations, as also noted in
the recent literature. From a practical standpoint, these findings suggest that designers
should prioritize both clarity of educational objectives and strategies to foster emotional
immersion, ensuring that serious games are both instructive and engaging across diverse
user populations.
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Despite SGU demonstrating utility, certain limitations must be acknowledged. The in-
strument has not yet undergone large-scale psychometric validation, and its reliability and
sensitivity across different user demographics and game types require further exploration.
Additionally, while the structured questionnaire offers practical advantages in terms of
cost and scalability, it may benefit from being complemented with qualitative methods to
capture more nuanced user feedback.

In conclusion, the proposed questionnaire presents a significant contribution to the
domain of serious game evaluation. It provides a targeted, user-centered, and context-aware
tool capable of measuring dimensions that were previously neglected in conventional usability
frameworks. Its flexibility, clarity, and comprehensive scope position it as a robust instrument
for both formative and summative assessments in educational, health, and training-oriented
game environments. Future work will focus on empirical validation, refinement based on
user feedback, and cross-cultural adaptation to support broader adoption.

7. Conclusions, Limitations, and Future Directions

This study introduced SGU (Serious Games Usability), a novel usability evaluation
instrument that addresses methodological gaps in evaluating serious games. By integrating
pedagogical alignment, narrative immersion, gamification, multimedia quality, and usabil-
ity principles, SGU offers a structured and comprehensive framework that goes beyond the
scope of traditional tools such as the SUS or CSUQ.

The main contribution of this research is the development of SGU, a domain-specific,
multidimensional, and user-centered instrument that combines traditional usability criteria
with game-specific aspects such as pedagogical value, engagement, and experiential design.
Its application in three case studies demonstrated strong diagnostic capacity, effectively
identifying strengths and usability challenges across diverse educational, cultural, and
training-oriented game designs.

However, several limitations must be acknowledged. First, the sample sizes in the case
studies were limited and relatively homogeneous, which may constrain the generalizability
of the findings. Second, cultural and contextual differences in user perception were not
systematically addressed, leaving open questions about the instrument’s applicability
across different regions and populations. Third, although the inclusion of an N/ A option
provides flexibility, further validation is required to ensure consistency when applied across
games of varying genres and levels of complexity. Finally, while the questionnaire items
were derived from validated instruments and contextualized for serious games, future
applications may reveal the need for further refinement or domain-specific adaptation
depending on genre, user profile, or learning objectives.

Despite these limitations, the proposed tool offers strong potential for broader appli-
cability. Its low implementation cost, clear dimensional structure, and ease of integration
into iterative development cycles make it a practical tool for usability professionals, educa-
tors, and developers. Moreover, its compatibility with Likert-based scales and subsequent
percentage normalization facilitate cross-study comparisons and benchmarking.

Future research should therefore prioritize large-scale psychometric validation of
SGU, incorporating diverse participant profiles across different educational stages, cultural
contexts, and subject domains. Cross-cultural adaptations will be essential for international
adoption, while comparative studies with other usability frameworks can help establish
its discriminant validity. Moreover, applying SGU to high-impact serious games, such
as citizen science initiatives with millions of participants, could strengthen its robustness
and relevance. To complement quantitative insights, qualitative approaches, including
interviews and focus groups, should also be incorporated to capture nuanced cultural and
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contextual factors that may not be reflected in numerical data. Ultimately, SGU provides
a practical, flexible, and user-centered approach to usability evaluation, supporting the
development of more effective and inclusive serious games.
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Abstract: Software defect prediction (SDP) has emerged as a crucial task in ensuring soft-
ware quality and reliability. The early and accurate identification of defect-prone modules
significantly reduces maintenance costs and improves system performance. In this study,
we introduce a novel hybrid model that combines Restricted Boltzmann Machines (RBM)
for nonlinear feature extraction with Logistic Regression (LR) for classification. The model
is validated across 21 benchmark datasets from the PROMISE and OpenML repositories.
We conducted extensive experiments, including analyses of computational complexity
and runtime comparisons, to assess performance in terms of accuracy, precision, recall,
Fl-score, and AUC. The results indicate that the RBM-LR model consistently outperforms
baseline LR, as well as other leading classifiers such as Random Forest, XGBoost, and
SVM. Statistical significance was affirmed using paired f-tests (p < 0.05). The proposed
framework strikes a balance between interpretability and performance, with future work
aimed at extending this approach through hybrid deep learning techniques and validation
on industrial datasets to enhance scalability.

Keywords: user interface human-computer; interaction; machine learning; faults classification

1. Introduction

Software engineering is essential in contemporary society, as software systems are
increasingly utilized across various industries, including healthcare, finance, telecommuni-
cations, and defense. As these systems expand in size and complexity, ensuring software
reliability becomes a paramount concern. Software defect prediction (SDP), also known in
the literature as software failure prediction (SFP), aims to identify modules that are prone
to defects prior to deployment. This proactive approach helps to reduce maintenance costs
and enhance overall software quality [1,2].

Over the past decade, a variety of prediction methods have emerged, with models such
as Naive Bayes, Support Vector Machines (SVMs), and Decision Trees being among the most
commonly used [3-5]. These methods facilitate the identification of fault-prone modules,
which in turn helps to reduce future maintenance costs and enhance the quality of software
products [6]. Several studies have pointed out that the quality of software metrics and datasets
plays a more significant role in Software Fault Prediction (SFP) performance than the choice of
prediction model itself [7,8]. Nonetheless, other research indicates that predictive performance
remains highly sensitive to the techniques and algorithms utilized [9].

Despite notable advancements, current machine learning (ML) and deep learning
(DL) methods continue to face ongoing challenges. In DL-based prediction, the inherent
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complexity of algorithms necessitates rigorous hyperparameter tuning and optimization
routines; neglecting this can lead to suboptimal performance [9]. Additionally, the qual-
ity and volume of training data play a critical role in determining prediction accuracy:
larger, high-quality datasets generally improve precision, whereas noisy or imbalanced
datasets can compromise performance [10]. To tackle these issues, researchers have pro-
posed hybrid approaches that integrate feature selection, ensemble methods, and deep
learning techniques. For example, Tong et al. [9] combined DL with ensemble learning,
while Borandag et al. [11] introduced a feature-selection-driven ensemble that synthesizes
predictions through majority voting based on information gain, uncertainty, and RelieF
features. These hybrid models consistently demonstrate superior performance compared
to traditional single-model ML approaches.

Inspired by these observations, this study investigates hybrid machine learning methods
that prioritize both interpretability and performance. Specifically, Restricted Boltzmann
Machines (RBM) were selected for their effectiveness in capturing nonlinear latent structures,
distinguishing them from alternatives such as PCA, Autoencoders, and UMAP due to their
superior ability to extract complex features from software metrics [5,6]. For classification,
Logistic Regression (LR) was favored for its interpretability and computational efficiency when
compared to more complex models like Random Forest, XGBoost, and Neural Networks [7,8].
The integration of RBM with LR strikes a balance between performance, transparency, and
practicality, making it particularly suitable for real-world defect prediction [11].

The primary contributions of this study are outlined as follows:

1. We design and implement a hybrid framework combining Restricted Boltzmann
Machines (RBM) and Logistic Regression (LR), validated across 21 benchmark datasets
(PROMISE, OpenML).

2. We perform a comprehensive analysis of computational complexity and runtime
performance of the RBM-LR model.

3. We benchmark the RBM-LR against baseline LR and advanced classifiers such as
Random Forest, XGBoost, and Support Vector Machines (SVM) [2,3].

4. We conduct statistical significance testing through paired t-tests to confirm the
improvements achieved.

5. We emphasize the influence of data quality, feature selection, and hyperparameter
tuning on predictive accuracy [7,9,10].

6.  We ensure reproducibility by providing pseudocode, implementation details, and
making the code publicly available [8].

7. We discuss the limitations of our work and propose future directions, including vali-
dation with industrial datasets and exploration of hybrid deep learning methods [11].

By integrating these elements, this paper enhances the existing literature on soft-
ware defect prediction, underscoring the importance of hybrid models, data quality,
and interpretability.

2. Related Works

Software defect prediction (SDP), also known as software failure prediction (SFP), has
been a long-standing focus of research within the field of software engineering. Initial
studies predominantly utilized traditional statistical and machine learning techniques,
including Logistic Regression (LR), Decision Trees, and Naive Bayes [1,12]. While these
models offered interpretable baseline results, their predictive accuracy was often limited,
prompting the exploration of more advanced methodologies.
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2.1. Sampling and Literature Reviews

To gather empirical evidence, numerous studies have utilized snowball sampling as a
methodology for constructing datasets and literature corpora [12-15]. Catal and Diri [16]
conducted one of the pioneering systematic reviews on Software Fault Prediction (SFP),
creating a classification framework based on various metrics. Similarly, Radjenovi¢ et al. [17]
employed snowball sampling to analyze SFP studies and discovered that object-oriented
metrics were predominant (49%), followed by code metrics (27%) and process metrics (24%).
Building on this foundation, Catal [18] presented a comprehensive systematic review of studies
published between 1990 and 2009, addressing metrics, datasets, evaluation measures, and
performance assessment methods. Subsequently, Malhotra [2] and Hall et al. [19] carried out
systematic literature reviews (SLRs), revealing that Naive Bayes and Logistic Regression were
the most commonly utilized methods, though their predictive accuracy varied depending on
the dataset and evaluation criteria. Expanding on these SLR efforts, Wagner [20] categorized
studies into four themes: classification, association, dataset analysis, and clustering.

2.2. Metrics and Prediction Approaches

Beyond reviews, several empirical studies have explored the role of metrics in software
fault prediction (SFP). Li et al. [21] analyzed various machine learning algorithms, whereas
Rathore and Kumar [1] categorized SFP research into three distinct areas: fault prediction,
software metrics, and dataset quality. Catal [22] further categorized prediction systems
into two classes: (i) binary classifiers that determine whether a module is defective and
(ii) models that estimate the probability of faults occurring. Malhotra [2] specifically
focused on object-oriented systems, highlighting the significance of software metrics in
predicting error probabilities. Additional studies [23-27] corroborated that comprehensive
metrics coverage enhances pre-emptive fault diagnosis, underscoring the crucial role of
measurement design in software development processes.

2.3. Advanced Models and Dimensionality Reduction

With the expansion of large-scale software repositories, ensemble learning and deep
learning methods have gained significant popularity. Models like Random Forest, Gradi-
ent Boosting, and Convolutional Neural Networks (CNNs) have demonstrated superior
accuracy compared to traditional machine learning techniques [2,3], albeit at the expense
of interpretability and computational efficiency. To tackle high-dimensional metrics, vari-
ous dimensionality reduction methods, including Principal Component Analysis (PCA),
Autoencoders, and UMAP, have been widely utilized [4,5]. However, PCA is constrained
to linear transformations, while Autoencoders and UMAP often necessitate extensive hy-
perparameter tuning and large datasets. In contrast, Restricted Boltzmann Machines (RBM)
offer a generative approach that can effectively learn nonlinear latent structures, thereby
motivating their integration into contemporary hybrid frameworks [6].

2.4. Hybrid and Modern Approaches

Recent studies underscore the effectiveness of hybrid solutions that integrate feature
extraction with robust classifiers. Deep learning models such as Convolutional Neural
Networks (CNNs) and Long Short-Term Memory networks (LSTMs) have been utilized to
capture both sequential and spatial patterns within defect datasets [7]. Additionally, ensem-
ble methods like bagging and boosting have proven effective in maintaining robustness
against noisy data [8]. However, several persistent challenges remain, including dataset
imbalance, overfitting in small datasets, and limited reproducibility due to the scarcity of
publicly available implementations [9].
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In conclusion, the literature identifies three principal themes:

1.  Systematic reviews and sampling methodologies (e.g., Catal [16,18], Malhotra [2],
Hall [19], Wagner [20]) that synthesize findings from decades of research.

2. Metrics-driven approaches that highlight the significant impact of object-oriented,
code, and process metrics on predictive effectiveness [1,2,17,21,22].

3. Hybrid and advanced models that merge feature selection, dimensionality reduction, and
ensemble learning to strike a balance between performance and interpretability [2-9,23-27].

Machine learning has demonstrated remarkable success in identifying faults across
various domains, including software engineering, as well as manufacturing and qual-
ity control. For example, Lv et al. (2024) [28] accumulated and released a large-scale
dataset (DsPCBSD+) for PCB surface defect detection to support deep model training.
Lang & Lv (2025) [29] improved the above research by introducing SEPDNet, a lightweight
and powerful model designed for PCB detection tasks.

This study builds upon these established foundations by proposing a hybrid model
that integrates Restricted Boltzmann Machine (RBM) with Logistic Regression (LR).
This model aims to combine nonlinear feature extraction with a transparent classifier,
effectively addressing the interpretability—performance trade-off noted in prior literature
while ensuring reproducibility across benchmark datasets.

3. Proposed Method

In this section, we gather the datasets and preprocess them, extract features, and clas-
sify the data using machine learning models. The entire workflow is illustrated in Figure 1.
Additionally, we provide a mathematical formulation and algorithmic representation to
improve clarity and reproducibility.

Database Collection

!

Pre-processing

Normalization

SMOTE

y

Feature Extraction
| RBM Model |

A

Classification
| LR Model |

Figure 1. Proposed RBM-LR Framework.

3.1. Problem Definition

The Software Fault Prediction (SFP) problem is recognized as a critical concern in the
realm of software reliability. To ensure high-quality software, several steps are implemented
throughout the development process. Activities such as verification, validation, testing,
fault tolerance detection, and SFP itself are all vital components of this effort. Software
fault prediction identifies potential bugs in a program both before and after the Software
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Development Life Cycle (SDLC) through the use of established metrics or defects identified in
previous versions of the product. By employing accurate SFP techniques, organizations can
significantly reduce the time and effort required to detect software faults or errors throughout
the SDLC. Consequently, accurate SFP is deemed essential for optimizing the time and
resources needed for software design.

The significance of the Software Fault Prediction (SFP) can be articulated in terms of its
role in testing and verification. The standards established by subsequent software releases can
help prevent the development and distribution of faulty products. The quality of software
versions that are developed successively relies heavily on both their preceding and succeeding
iterations. Nevertheless, the effectiveness of the SFP models designed to address these issues
is entirely contingent upon how well they are modeled and integrated into the Software
Development Life Cycle (SDLC). The modeling technique has a relatively minor impact on
the reliability of classification when evaluated against the weight of other metrics.

3.2. Objective Function

The primary motivation behind proposing the SFP model is to develop a method
that accurately predicts software bugs, applicable to both completed projects and ongoing
development. For classification purposes, Logistic Regression (LR) is utilized. Nonlinear
feature extraction is achieved using Restricted Boltzmann Machines (RBM). During training,
cross-entropy is employed as the loss function. Notably, while the Area Under the Curve
(AUC) was not optimized during the training process, it served exclusively as an evaluation
metric for assessing model performance.

3.3. Solution Representation

The solution representation is achieved using LR (Logistic Regression). After the
training phase, it is observed that the length vector resembles the biases and weights. These
weights and biases are then transmitted as the SFP solution, as illustrated in Figure 2.

| Weights; bias (wi-wjk;a;b) |

VN Yy V V V V V V V V V' V

| Parametric Vector 1 of RBM |

VVYVYYVYY y V. V.V Vv y V.V A 4

| Parametric Vector 2 of RBM |

RN RR RN !
VL]

| Parametric Vector N of RBM |

RBM

V V V V V V V V V V V VY A

| Weights and bias optimisation |

YV V V V vV YV VvV VvV YYVY A

| Optimal Parameters |

Figure 2. Optimization of LR biases and weights by an optimizer.

Following the completion of this process, training is performed on the LR model to
assess the network weights and biases for gradient estimation. Subsequently, the LR testing
method is applied to evaluate the final model using the testing dataset. The aim of this
analysis is to enhance the accuracy of the SFP model.
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3.4. Pre-Processing

This is the initial step of Algorithm 1. The preprocessing stages include feature
normalization and oversampling, which are detailed below:

3.4.1. Feature Normalization

Metrics derived from Hall T. [19] and Wagner [20] are employed to generate software
metrics commonly utilized for static SFP analysis from the source code. These metrics ob-
jectively characterize the attributes that contribute to a high-quality software development
life cycle (SDLC). In this study, a total of 21 feature measures are considered as independent
factors, while a binary variable is implemented to represent the quality of the code (0 or 1).

If any of the features exhibit abnormal values—either excessively high or low—the
performance of the logistic regression (LR) classification may be adversely affected. Therefore,
this study aims to enhance the LR classification outcomes by modifying the data that displays
a moderate degree of skewness. To accomplish this, the feature data can be compressed into a
predefined interval using the loglp function. This approach addresses the issue of convoluted
values and helps align the data more closely with a Gaussian distribution.

3.4.2. Oversampling

In practice, there are usually fewer instances of defective software compared to
non-defective software, leading to a situation known as the class imbalance problem
in software fault prediction (SFP). Developing a more effective prediction model using
the data gathered from the training set is not a straightforward task, especially if random
selection and division of the dataset or under-sampling techniques are applied without
careful consideration.

This stems from the fact that the two techniques cannot be utilized simultaneously. The
primary objective involves generating additional samples from the limited set of available
labels. This process must be executed in a manner consistent with the existing pattern
of samples that utilize fewer labels, thereby addressing the issue of insufficient initial
samples. A well-known method of oversampling is the Synthetic Minority Oversampling
Technique (SMOTE).

The following is a detailed explanation of each step of this procedure.

e A collection of k nearest neighbors for a class sample can be found by computing
the Euclidean distance between each sample in a class sample set S that consists of a
x class samples.

e  The sampling ratio, and hence the sampling multiplier N, is calculated with reference
to the sample imbalance ratio. Each sample from a minority class should be supple-
mented with k random samples from the classes immediately surrounding it, where
k is regarded as the total classes.

e By applying the following formula to each randomly (r) selected nearest neighbor x;,,
a new sample (1) can be generated from the original sample ().

r - features = n - features + (n - features — x n - features) * rand(0,1)

3.5. Feature Extraction

This rigorous mathematical formulation is aligned with the algorithmic flow described
in Algorithm 1, ensuring both theoretical depth and practical reproducibility. In this section,
we use RBMs as the feature extraction model, which is regarded as a subset of Markov
random fields that have both hidden and visible or observable stochastic units (Bernoulli
and Gaussian). Various random factors are used at all these levels, and bipartite graphs
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are used to define RBMs. Each visible unit is linked to every other hidden unit; however,
neither set of units is related to itself in bipartite graphs.

Assuming some parameters, the joint distribution p(v, h; 0) over visible v and hidden
units h is defined in terms of an energy function E(v, h; 0) of a random bit generator (RBG).

exp (—E(v,h; 0))

where

Z =Y, Ynexp(—E(v,h;0))—partition function or normalization factor, and
p—marginal probability of the feature extraction assigned to the vectors of the visible layer v.

Thus, the marginal probability is defined as below:

olwse) = e E150)

Here, the study provides an illustration of the energy function from the visible to the
hidden layer using the Bernoulli-Bernoulli RBM formulation:

I J
(V h 6 E Z ZUZJU h; — Z bﬂ]i — Z {Zjh]‘,
i=1j=1 i=1 j=1

where

wjj—symmetric interaction weights between the ith visible v; and jth hidden #; layer;
b; and aj—bias terms

I—visible unit and

J—hidden units.

The conditional probability is thus defined as below:

(; w;iv; + aj )

J
p(Ui = 1|h,6) = 0'(2 wl]h] + bi)/
=1

where o(x) =1/ (1 4+ exp(x)).
Open Gaussian and closed Bernoulli RBMs have the same amount of energy.

p(hj

E(v,h;0) Zsz;vh Z Z”J jr
=1

i=1j=1

With such an energy function, the conditional probabilities are defined below:

p(hj =

) = a<iwl~jvi+aj>,

i=1

J
p(vilh;0) = N(Z wijh;j + bi,1> ,

j=1
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where v; contains real values by following the Gaussian distribution with a unit variance
and a mean:
Y wijhi+ by

Prior to the application of Bernoulli-Bernoulli RBMs, a real stochastic variable helps
in converting the Gaussian—Bernoulli RBMs to a binary stochastic variable.

The study finds that the Gaussian conditional distribution (for continuous data) and
the binomial conditional distribution (for discrete data) are the two conditional distributions
commonly used for binary data. The selection of RBM thus provides a flexible extraction of
features from the normalized datasets with many different distributions.

The update on RBM weights can be derived by calculating the log likelihood gradient
as log p(v; 0), where the updated weights are represented as:

Awjj = Egata(vih;) — Epoger (vihj),

where
Ejata(vihj)—expectation observed in training and
Eynodel (vihj)—expectation under the model distribution.

The approximation of contrastive divergence is applied to the gradient since solving
the Emodel(vihj) computationally is unfeasible. In this approximation, the Emodel(vihj) is
replaced by a single step of the Gibbs sampler initialized with the data, and the process of
approximation of the features involves: (1) initialization of the visible unit v with initial
data; (2) sample the initial hidden layer as: hg ~ p(h|vy); (3) sampling of the first visible
unit v ~ p(v|hg) with initial data; (4 sample the initial hidden layer as: h; ~ p(h|vq).

The features extracted serve as a good starting point for our estimation of the
E nodel (vih]-) model (vi, hy). The contrastive divergence approximation method thus origi-
nated as a response to the feature extraction of (vq, hy) as a first-order approximation to the
Enodel (vih]-). However, RBMs, like other related deep learning algorithms, need extensive
training before they can be used for the successful resolution of real-world issues.

3.6. Classification

With a single neuron, the LR classifier is the simplest neural network model. Com-
putational neurons are a special kind of computer node that generates an output with the
application of a non-linear activation function over weighted inputs. While computing
such a neuron, the need for a supervised learning method that can handle classification
issues with discrete outputs led to the development of the LR model (i.e., labels).

The sigmoid activation function with a single neuron enables the LR to convert a
discrete input feature vector into a continuous output feature vector with value ranging
between 0 and 1, representing the likelihood of each input class. There is a one-to-one
relationship between the input and output feature vectors that is used to map these values.
The formula for an LR is given below:

1
f(x) = sigmoid( W' x4+ b) = T oxp(WTx 1 D)

where

W—weight vector
x—feature vector, and
b—bias.
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The stochastic gradient descent (SGD) is used to find the best possible values for W
and b by minimizing a cost function. Inputs with unlabeled qualities can be predicted
using the optimized model, which optimizes the weights and biases, as shown in Figure 2.

LR, as a linear classifier, makes predictions by combining input information in a linear
fashion and halves the feature space. Input feature vectors are represented by the network’s
first layer, which is called the input layer. Because its values are hidden from the training
set, the second layer is commonly referred to as the hidden layer. The hidden layers get
linked to a neuron that is driven by a sigmoid function, where the input layers are coupled
with the hidden layers. A hidden layer has been incorporated so that a non-linear mapping
can be performed from the space of input features to the space of hidden features. One of
our goals is to achieve linear separation of the optimized hidden features. For a two-layer
MLP, see the following equation:

f(x) = G + WAT (51 4+ wTy)))

where

b(1)—Bias of 1st layer

W(1)—weight matrix of 1st layer

b(2)—Bias of 2nd layer

W(2)—weight matrix of 2nd layer;
G—sigmoid function activation function and
s—activation of the hidden layer.

Possible values for s include the inverse linear unit, tanh, and a sigmoid unit. To
optimize a given set of parameters, SGD often employs back-propagation with chain-rule
derivation. This is done by minimizing a cost function, such as log-likelihood. Chain-rule
derivation methods involving the back-propagation function are used to train LR networks.

3.7. Algorithm Representation

To enhance reproducibility and meet reviewer requirements, the workflow is also
summarized as Algorithm 1.

Algorithm 1. Training and Evaluation of the RBM-LR Model.

Input: Dataset D from PROMISE/OpenML repositories

Preprocessing: Handle missing values, normalize features, and apply SMOTE to
balance the dataset

Feature Extraction: Train RBM with h hidden nodes to extract latent representations
Classification: Train Logistic Regression (LR) on extracted RBM features
Evaluation: Compute Accuracy, Precision, Recall, F1-score, and AUC

Comparison: Benchmark RBM-LR against baseline LR and advanced classifiers
(Random Forest, XGBoost, SVM)

3.8. Time Complexity Analysis
The computational complexity of the RBM-LR framework is approximately:

O(n x h x f x epochs)

where:

- n=number of samples
- h=number of hidden nodes
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- f =number of features
- epochs = number of training iterations

While this introduces a slight increase in runtime compared to baseline Logistic
Regression, empirical results show that the improvements in accuracy, robustness, and
stability outweigh the added computational cost.

4. Results and Discussions

In this section, we experimentally validate the effectiveness of the proposed RBM-LR
framework for software fault prediction (SFP). The evaluation utilized 21 publicly available
benchmark datasets sourced from the PROMISE repository and OpenML. These datasets
exhibit considerable variability in size, complexity, and defect ratio (refer to Table 1),
providing a thorough validation of the model’s robustness. The preprocessing steps
included normalization, addressing missing values, and class balancing using SMOTE.

Table 1. Dataset Description.

Dataset Total Faults Total Features
KC1 325 22
KC2 107 21
KC3 43 39
JM1 1759 22
Arl 8 29
Ar3 8 29
Ar4d 20 29
Ar5 8 29
Ar6 15 29
CM1 49 22
MC2 52 39

Tomcat-6.0 77 20
MW1 31 37

JEdit-4.0 75 20

JEdit-4.2 48 20

JEdit-4.3 10 29

Ant-1.7 166 20
PC1 76 37
PC2 23 36
PC3 140 38
PC4 178 38
PC5 516 38

4.1. Parameter Configuration

The parameters of the Restricted Boltzmann Machine (RBM) were optimized through a
process of iterative testing. We adjusted the number of neurons, hidden nodes, and hidden
layers to attain optimal classification performance. Logistic Regression (LR) was utilized
as the output layer classifier. Table 1 provides a summary of the dataset characteristics,
while the hyperparameters for the RBM-LR model were chosen to strike a balance between
predictive performance and computational efficiency.

4.2. Performance Measures

To rigorously evaluate performance, five widely recognized metrics were employed:
Accuracy, Precision, Recall, F1-score, and AUC. The threshold value was established at
0.5, and cross-entropy was utilized as the loss function during the training process. It
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is important to note that AUC was used solely as an evaluation metric—not as a loss
function—highlighting its role in capturing the trade-off between True Positive Rate (TPR)
and False Positive Rate (FPR).

To ensure transparent interpretation, a confusion matrix was included, clearly display-
ing the counts of True Positives (TP), False Positives (FP), True Negatives (TN), and False
Negatives (FN). This representation allows for the direct calculation of Precision, Recall,
Fl-score, and AUC, thereby ensuring clarity in the reported results.

4.3. Datasets

The analysis utilized 21 datasets, encompassing various NASA projects (KC1, KC2,
KC3, ]M1, CM1, MC2, MW1, PC1-PC5), Apache projects (Tomcat-6.0, Ant-1.7, JEdit-4.0,
4.2,4.3), and artificial datasets (Arl, Ar3, Ar4, Ar5, Ar6). The complexity of these datasets
varied significantly, ranging from a few dozen features to thousands of characteristics,
with defect ratios differing widely (see Table 1). This diversity underscores the imbal-
anced nature of the Software Fault Prediction (SFP) problem, where defective modules are
frequently underrepresented.

4.4. Experimental Evaluation

The first set of experiments compared RBM-LR against standard LR. Results indicated
consistent improvements across datasets. For instance, on KC1, RBM-LR achieved an
AUC of 0.84 compared to 0.75 for LR. Similarly, on JM1, RBM-LR reached an Accuracy of
86%, outperforming LR’s 78%. These results confirm that RBM-based feature extraction
significantly enhances predictive capability.

The second experiment examined with and without cross-validation (10-fold CV). As
shown in Figures 3 and 4, RBM-LR with CV achieved higher stability and generalization,
particularly improving AUC and Recall. Without CV, performance degraded for certain
datasets (e.g., JM1, PC2, Arl, Ar3, Ar6). However, 16 out of 22 datasets demonstrated clear
gains with cross-validation, confirming its critical role in avoiding overfitting.

The initial set of experiments compared RBM-LR to standard LR, revealing consistent
improvements across various datasets. For example, on KC1, RBM-LR achieved an AUC
of 0.84, in contrast to 0.75 for LR. Similarly, on JM1, RBM-LR recorded an accuracy of
86%, surpassing LR’s 78%. These findings confirm that RBM-based feature extraction
significantly enhances predictive performance.

The second experiment assessed the impact of cross-validation (10-fold CV) versus
no cross-validation. As illustrated in Figures 3 and 4, RBM-LR with cross-validation
demonstrated greater stability and generalization, particularly enhancing AUC and Recall.
In the absence of cross-validation, performance deteriorated for certain datasets (e.g., JM1,
PC2, Arl, Ar3, Ar6). Nevertheless, 16 out of 22 datasets showed clear improvements with
cross-validation, underscoring its essential role in mitigating overfitting.

Figure 3 presents the performance of RBM-LR across various datasets with respect
to five evaluation metrics: (a) Precision, (b) Recall, (c) Accuracy, (d) Error Rate (ER), and
(e) AUC. The findings indicate that RBM-LR consistently outperforms baseline LR in terms
of both Precision and Recall, while simultaneously lowering the Error Rate. Additionally,
the enhancements in Accuracy and AUC highlight the effectiveness of RBM-based feature
extraction in improving predictive performance.

Figure 4 compares the performance of RBM-LR with and without cross-validation (CV).
Subplots (a—e) display the same metrics as presented in Figure 3. It is evident that RBM-LR
with 10-fold CV demonstrates a more stable performance, particularly enhancing Recall
and AUC across most datasets. In contrast, without CV, there are noticeable performance
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fluctuations, especially in datasets such as JM1, PC2, and Ar-series. These results underscore
the importance of CV in mitigating overfitting and enhancing the generalizability of the
proposed framework.

In the third experiment, we compared RBM-LR with several state-of-the-art
classifiers, including Random Forest (RF), XGBoost, and Support Vector Machines
(SVM). The RBM-LR consistently outperformed these classifiers across various metrics
(see Figures 3 and 4), demonstrating its effectiveness as a fault prediction framework.
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4.5. Runtime Analysis and Time Complexity

Although RBM-LR includes an additional feature extraction phase, the resulting
runtime overhead is relatively modest when compared to baseline LR. Experimental
comparisons of runtime have confirmed that this trade-off is warranted by significant
enhancements in predictive accuracy and stability. The time complexity of RBM-LR is
O(n x h x f x epochs), where n represents the number of instances, h denotes the num-
ber of hidden nodes, f refers to the features, and epochs indicates the number of itera-
tions. This linear scaling ensures that RBM-LR remains practically feasible for large-scale
industrial applications.

4.6. Statistical Significance Testing

To evaluate the robustness of the results, paired t-tests were performed on the accuracy
and AUC results across multiple datasets. The p-values obtained (<0.05) indicate that the
improvements of RBM-LR compared to baseline LR are statistically significant. This
suggests that the performance gains are not merely random fluctuations.

4.7. Summary of Findings

RBM-LR consistently outperforms baseline logistic regression (LR) across key met-
rics including Accuracy, Precision, Recall, F1-score, and AUC. The application of cross-
validation plays a crucial role in stabilizing results, leading to improved performance
across the majority of datasets. Furthermore, an analysis of the confusion matrix offers
clear insights into the types of errors, thereby enhancing interpretability.

Runtime analysis indicates that the computational costs remain manageable in rela-
tion to the performance gains achieved. Statistical significance tests confirm that these
improvements are not merely incidental, but rather robust and replicable.

Together, these findings position RBM-LR as a trustworthy and scalable solution for
software fault prediction, effectively balancing predictive accuracy, statistical rigor, and
computational feasibility—all critical factors for successful real-world industrial adoption.

5. Conclusions

In this study, we introduced a hybrid RBM-LR framework for software fault pre-
diction (SFP). This model combines Restricted Boltzmann Machines (RBM) for nonlinear
feature extraction with Logistic Regression (LR) for classification, effectively addressing the
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challenges posed by high-dimensional and imbalanced datasets while maintaining inter-
pretability. The framework was validated using 21 benchmark datasets from PROMISE and
OpenML. The experimental results demonstrate that RBM-LR consistently outperforms
baseline LR and several leading classifiers, including Random Forest (RF), XGBoost, and
Support Vector Machines (SVM). On average, the model achieved a 7% improvement in
AUC and a 6% enhancement in accuracy compared to baseline LR. Furthermore, Precision
and Recall improved by 5-8%, while the F1-score showed steady gains across the datasets.
Notably, these improvements were confirmed through statistical significance testing
(p < 0.05), underscoring the robustness of the proposed approach.

Additionally, the implementation of 10-fold cross-validation greatly stabilized perfor-
mance across most datasets (16 out of 22), further validating the reliability of the RBM-LR
framework. In comparisons with state-of-the-art classifiers such as RF, XGBoost, and SVM,
RBM-LR consistently demonstrated superior predictive accuracy and stability.

Despite the promising results, several limitations persist. The performance of the
Restricted Boltzmann Machine (RBM) is significantly influenced by hyperparameter tuning
(e.g., the number of hidden nodes, learning rate), and the model incurs a moderate runtime
overhead compared to standard Logistic Regression (LR). Additionally, while RBM-LR
has shown strong performance on public benchmark datasets, its scalability in large-scale
industrial environments warrants further exploration.

Looking ahead, several research directions are proposed. First, enhancing the frame-
work with deep hybrid architectures such as Autoencoders, LSTM, or Transformer-based
models could improve the ability to capture temporal and sequential dependencies in
software evolution data. Second, applying the framework to large-scale industrial and
real-time datasets would help evaluate its scalability and practical utility. Finally, inte-
grating RBM-LR with explainability techniques (e.g., SHAP, LIME) could further increase
transparency and support its adoption in safety-critical domains.

In conclusion, the RBM-LR model offers a statistically validated, interpretable, and
computationally viable solution for software defect prediction. By addressing the balance
between accuracy, efficiency, and interpretability, this research significantly contributes to
the development of trustworthy and industrial-grade machine learning frameworks within
the field of software engineering.
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Abstract: With the rise of virtual avatars in professional, educational, and recreational
settings, this study investigates how different avatar types—varying in realism, gender, and
identity—affect user perceptions of embodiment, acceptability, technostress, privacy, and
preferences. Two studies were conducted with 42 participants in Study 1 and 40 in Study 2,
including professionals and students with varying VR experiences. In Study 1, participants
used pre-assigned avatars they could control during interactions. In Study 2, an interviewer
used different avatars to interact with participants and assess their impact. Questionnaires
and correlation analyses measured embodiment, technostress, privacy, and preference
variations across contexts. Results showed that hyper-realistic avatars resembling the user
enhanced perceived embodiment and credibility in professional and educational settings,
while non-realistic avatars were preferred in recreational contexts, particularly when in-
teracting with strangers. Technostress was generally low, though younger users were
more sensitive to avatar appearance, and privacy concerns increased when avatars were
controlled by others. Gender differences emerged, with women expressing more concern
about appearance and men preferring same-gender avatars in professional environments.
These findings highlight the need for VR platform designers to balance realism with user
comfort and address privacy concerns to encourage broader adoption in professional and
educational applications.

Keywords: avatar; virtual reality; human—computer interaction

1. Introduction

In recent years, remote work has experienced a significant increase, driven by the need
to balance personal and professional life. This shift has been made possible by technological
advances that allow employees to perform their tasks from anywhere [1]. However, remote
work also presents major challenges, such as lack of face-to-face interaction, distraction,
difficulty in creating a suitable work environment, and blurred boundaries between per-
sonal and professional life [2]. To address these challenges, virtual reality (VR) has emerged
as a promising technology. VR not only improves understanding of the environment in
remote meetings [3], but also facilitates access to otherwise difficult-to-obtain resources [4]
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and allows for the creation of immersive training scenarios [5,6]. In addition, VR increases
immersion and the sense of embodiment [7,8], which can improve efficiency and reduce
distractions during virtual meetings. However, integrating VR also has drawbacks, such as
virtual motion sickness and other issues associated with prolonged use of VR hardware,
including eye strain, stress, and mental overload [9,10]. These symptoms may depend on
factors such as demographics, movement illusion, and viewing mode [11-15]. These issues
can also increase technostress, which refers to stress and anxiety caused by the adoption
and use of new technologies. In the context of VR, technostress can manifest in various
ways, such as frustration with unintuitive interfaces, the cognitive effort required to adapt
to complex digital environments, or sensory overload from prolonged immersion [16,17].
A relevant approach to increasing immersion in virtual environments is the use
of avatars, digital representations of users, which facilitate interaction [18]. An avatar
is a virtual representation of a user within a digital environment. It can range from
highly realistic models to stylized or abstract figures [19]. Its design and appearance
shape how users perceive both their own presence and that of others in virtual spaces,
influencing communication, interaction, and overall comfort. However, using avatars can
introduce additional challenges that affect the user experience and modify behavior and
attitudes [20,21]. Hyper-realistic avatars, while more closely resembling real people, can
create insecurities in users [22], while avatar personalization can influence behavior or
even trigger psychological issues, such as body dysmorphia [23-25]. Body dysmorphia in
VR refers to how much a user feels their avatar represents them, influencing interaction
realism [26]. It includes self-identification (feeling the avatar as part of oneself), motor
control (intuitive movement), and presence perception (sense of being in the virtual world).
Opting for realistic avatars without reaching hyper-realism can mitigate some of these
issues while preserving an acceptable sense of embodiment and control over the avatar [27].
Despite advances in VR and avatar design, there is limited research on how different
types of avatars affect user experience in professional environments using VR. While previous
studies [28-31] have examined embodiment and technostress in general VR use, few have
specifically analyzed these factors in the context of virtual meetings, where social and profes-
sional interactions are crucial. Understanding how avatar realism, gender representation, and
customization influence perceived embodiment, technostress, usability, and privacy is essen-
tial for improving VR-based communication tools. This study aims to bridge this research gap
by investigating the impact of avatar characteristics on user experience in virtual meetings.
To better understand these effects, two studies on the use of avatars have been conducted:

e  Study 1 examines how users relate to different types of avatars that they control them-
selves. The study evaluates four avatar conditions: (1) hyper-realistic, (2) non-realistic,
(3) an avatar representing another person of the same gender, and (4) another person
using the user’s avatar. The study measures embodiment, technostress, usability, and
privacy concerns.

e  Study 2 investigates how users perceive interactions when the interviewer, rather
than the participant, uses different types of avatars. This study includes hyper-
realistic, non-realistic, and different-gender avatars, as well as an avatar that mirrors
the participant. The goal is to analyze how these representations affect interviewer
credibility, participant comfort, technostress, and privacy perceptions.

To guide the research, the following questions are addressed:

1. How do different types of avatars influence users’ perceived embodiment in VR meetings?
What is the impact of avatar realism and representation on technostress and usability?
3. How do avatars affect perceptions of privacy and social comfort in virtual meetings?
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4. Does the avatar used by the interviewer influence the credibility and engagement of
the participants?

The study is based on the following hypotheses:

H1. Users will experience greater perceived embodiment with realistic avatars compared to
non-realistic avatars.

H2. Hyper-realistic avatars will increase technostress compared to stylized avatars.

H3. Users will report fewer privacy concerns when controlling their own avatars compared to being
represented by others.

H4. Participants will perceive the interviewer as more credible when using realistic avatars compared
to non-realistic avatars.

HS5. Gender-incongruent avatars (i.e., an avatar of a different gender than the user) will negatively
impact perceived embodiment and comfort.

By addressing these research questions and hypotheses, this study aims to provide a
preliminary understanding of the benefits and limitations of avatars in VR-based profes-
sional interactions. Given the exploratory nature of this research and the limited sample
size, the findings should be interpreted as a foundation for future studies rather than
definitive conclusions. The results will help identify key factors that warrant further in-
vestigation in larger and long-term studies. Ultimately, this study seeks to contribute to
the development of more effective and user-friendly avatar designs for virtual meetings,
balancing usability, perceived embodiment, and user comfort.

2. Study Design

The study was structured into two parts, each with a different focus on evaluating
the use of avatars in virtual meetings. In Study 1 (SE1), participants controlled their own
avatars, while in Study 2 (SE2), the interviewer used different types of avatars. Both studies
were conducted in a controlled environment that simulated virtual meeting scenarios.
Avatars were always introduced in the same order, instructions remained identical across all
participants, and interviewers followed a structured set of questions to maintain uniformity
in interactions. Investigators supervised only the questionnaire responses to minimize bias.

2.1. Participants

Inclusion criteria included individuals between 18 and 65 years of age from Spain
and Germany with previous experience in online meetings or virtual reality systems. The
study was conducted in both countries to increase participant variability. Participants were
required to have sufficient cognitive, auditory, and/or visual abilities to read, write, or
engage in conversations in the language of the study. Exclusion criteria included no or very
limited computer skills and sensory disorders that would prevent participation in the study
(e.g., blindness or deafness). Individuals with no or very limited computer skills were
excluded due to the need for participants to interact with the technology independently,
preventing basic technical difficulties from affecting the study results. The final sample
consisted of the following.

e Study 1: 42 participants (22 men and 20 women) between the ages of 22 and 62, with
an average age of 32.4 years (SD = 9.3). Most participants had a high educational level,
with 71.5% (30 participants) holding a university degree or higher.
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e Study 2: 40 participants, equally divided into 25 men and 15 women, aged between 20
and 38 years old, with an average age of 28.2 (SD =4.7). All participants had a high
level of education, with 83% having a university degree or pursuing a degree.

Given the exploratory nature of this study, participation was open to the public and ad-
vertised on the bulletin boards of research labs in Spain and Germany. Due to this recruitment
method, the final participants in both countries belonged to a university setting, including
students, professors, and researchers. The total sample size was determined by the number
of volunteers who signed up. This approach allowed for an initial investigation into avatar
perception in virtual meetings, providing preliminary insights that can guide future research
with larger and more diverse samples. Both studies were approved by the university ethical
committee (Ref. CEISH/25/2022). All data were collected anonymously, no photographs of
participants were stored, and all participants signed an informed consent form before taking
part in the study. While the sample size is limited, the findings help identify key factors that
warrant further investigation in more extensive and long-term studies.

2.2. Materials

To simulate the use of avatars with varying appearances in an online meeting, the
Geometry-Guided GAN for Face Animation (G3FA) was utilized [32]. This model, which has
shown superior performance compared to other state-of-the-art real-time facial animation
methods, enables the integration of 3D information into face animation using only 2D images.
This significantly enhances the image generation capabilities of the talking head synthesis
model.

In Study 1, participants used three types of avatars: a hyper-realistic avatar of the
participant; a non-realistic avatar (cartoon of the participant); a hyper-realistic avatar of
another person of the same gender; and a final test where another person used the participant’s
avatar. In Study 2, the interviewer used the following avatars: a hyper-realistic avatar of
a person of the same gender as the participant; a hyper-realistic avatar ostf a person of the
opposite gender; a non-realistic (cartoon) avatar; a hyper-realistic avatar of another person;
and a hyper-realistic avatar representing the participant. For the hyper-realistic images, real
photographs were used, while for the non-realistic images, the VToonify tool [33] was used,
allowing the creation of animated-style images from real photographs. To generate this image,
the cartoon (beautiful) option was selected based on a clear photograph of the participant,
while the remaining settings were left at their default values.

2.3. Variables and Measurement Instruments

The evaluation protocol consists of three parts: user information collected before the
study; information collected during each test; and data collected at the end of the study.

2.3.1. User Profile

Before starting the test, demographic information (gender, age, educational back-
ground) and previous experience with online meetings and virtual reality technology in
various contexts (work, education, leisure) were collected.

2.3.2. Measures Obtained at the End of Each Test

In Study 1, a 5-point Likert scale questionnaire based on the response format of the
System Usability Scale (SUS) [34], was used to collect user feedback at the end of each test.
In addition, a psychometric approach assessed the embodiment [35] toward the avatar’s
face, focusing on ownership, agency, and change [36]. Questions on privacy were also
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included, adapted from a validated technostress test [37]. All questions were tailored for
each study to refer to the user or the interviewer.

In Study 2, it was not possible to assess Change in Embodiment, as the user did not
have control over the avatar. However, Agency and Ownership were evaluated using the
questions from Study 1, with the exclusion of those that could not be adapted. To assess
the impact of the avatar on the interviewer’s credibility and the participant’s trust in the
interaction, seven questions were introduced. These questions were adapted from previous
studies on trust in virtual characters and online communication. Research has shown
that the appearance and expressiveness of avatars significantly influence user trust [38,39].
Furthermore, studies have examined how the presence of avatars in virtual interactions
affects perceived credibility and trust [40].

Additionally, two questions on privacy concerns, adapted from Study 1, were included
to explore how the avatar influenced participants’ perceptions of privacy and data security.
Based on these studies, the questions were designed to evaluate distraction, conversational
difficulty, and perceived privacy when interacting with the avatar. In the final test of
Study 2, these questions also focused on the use of an avatar of a different gender.

Appendix A presents the questions used to collect data on embodiment, privacy, and
technostress in Study 1 (Table Al), as well as embodiment, technostress, and gender in
Study 2 (Table A2).

2.3.3. Final Study Measures

At the end of all tests, participants completed a final assessment. In Study 1, Tech-
nostress caused by avatar use was evaluated using a 5-point Likert scale, based on the
response format of the System Usability Scale (SUS) and adapted from a validated test [36].
In Study 2, Technostress was not assessed, as it is more closely related to self-representation,
which was not applicable in this context. Additionally, four open-ended questions were
included to evaluate participants” general experience, any discomfort caused, and their
perception of avatars of different genders.

The acceptability of using these types of avatars in different contexts—work, education,
and leisure—was assessed in both studies. Given that the focus was on evaluating the use
of the avatar itself rather than the system used, the questions were reduced to measuring
future intention to use and perceived usefulness of the avatar. To achieve this, they were
adapted from a validated acceptability questionnaire [41-43]. Responses were collected
using a 5-point Likert scale and analyzed independently.

Finally, preferences for avatar type were evaluated in six scenarios: team meetings or
interactions with external participants, educational settings as a student or teacher, and
recreational activities with strangers or friends.

2.4. Method of Analysis

For the analysis, the arithmetic mean was used to aggregate responses. When analyzing
individual questions, the mean was calculated across all participants to determine overall
trends. For constructs measured by multiple items (e.g., Agency), a composite score was
obtained by averaging the participant’s responses to the corresponding questions. This
method ensured comparability across participants and facilitated correlation analyses with
other variables.

The statistical analysis was conducted using SPSS software (version 29.0.1.0). To eval-
uate the relationships between the study variables, Spearman’s correlation was employed,
with a significance threshold set at p < 0.05. The choice of Spearman’s correlation was
based on the observation that the relationship between the variables did not appear to be
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strictly linear, making this test more suitable for capturing associations without assuming a
specific linear structure. Due to the exploratory nature of the study and the limited sample
size, no corrections for multiple comparisons were applied. The primary objective of this
work is to identify preliminary patterns and key factors that can be further investigated in
future studies with larger samples and more robust statistical analyses.

2.5. Hardware

The studies were carried out on computers equipped with NVIDIA RTX3060 graphics
cards in Spain and RTX3080 in Germany, ensuring smooth performance and low latency in
avatar rendering.

2.6. Procedure
The study for each participant was conducted through the following phases:

2.6.1. Pre-Study

Participants were informed about the study’s purpose and signed an informed consent
form. Then, they completed an initial questionnaire to gather demographic data and
previous experience.

2.6.2. Study

In both studies, participants interacted with the interviewer in several different tests,
each featuring a different type of avatar. The interactions lasted between 2 and 3 min,
simulating conversations in virtual meetings.

*  Avatar Familiarization: Before each interaction, participants were briefly introduced
to the avatar that either the interviewer or the participant would use in the session.

- S1: Hyper-realistic, non-realistic, hyper-realistic avatar of another person, and a
test as a spectator while another user used their avatar.

- 52: Hyper-realistic, non-realistic, hyper-realistic avatar of another person of the
same gender, hyper-realistic avatar of a person of a different gender, and a hyper-
realistic avatar of the participant.

¢  Simulated Interview: Participants engaged in a conversation with the interviewer,
designed to make them focus on the interaction rather than on the avatar. They were
allowed to change the topic or avoid questions if they wished. In 51, the interviewer
positioned themselves behind the users to minimize distraction, allowing users to
maintain focus on the avatar. The interview aimed to stimulate conversation and
divert attention from the avatar by asking personal questions where participants could
expand freely. In S2, the interview took place via video conference in separate rooms,
with questions structured to simulate a job interview.

®  Post-interaction Questionnaire: At the end of each interaction, participants completed
a brief questionnaire to evaluate each avatar type.

2.6.3. Post-Study

After completing all tests, participants completed the final questionnaire.

3. Results
3.1. User’s Prior Experience

Regarding prior experience with video calls and virtual reality systems, the following
results were obtained:
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e Study 1: Regarding video conferencing experience, 69% reported frequent use,
23% had regularly used VR

e  Study 2: Systems, while 14.3% had never used VR before this study. Regarding video
conferencing use, 58% reported frequent use and 43.5% had occasionally used a virtual
reality system.

3.2. User’s Perception of Embodiment

In both studies, embodiment perception was a key dimension in measuring the
effectiveness of avatars. The questionnaire elements were classified into three properties
that influence this perception: ownership, agency, and change (the latter not applicable to
Study 2). In terms of ownership, Figure 1 illustrates that both hyper-realistic avatars in
both studies achieved a greater resemblance to human faces than the non-realistic avatar
(Q2). Participants particularly attributed a stronger sense of facial ownership to their
hyper-realistic avatars in questions about facial features (Q1 and Q3).

2.5
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Hyper-Realistic B Not-realistic m Other person

Hyper-Realistic ~ ® Not-Realsitic Other person
Figure 1. Property. Left: Study 1; Right: Study 2.

For agency, Figure 2 shows that, in Study 1, users’” own avatars received higher scores
across all questions. The hyper-realistic avatar scored highest on questions related to avatar
movement (Q4, Q7, and Q8), while the non-realistic avatar scored higher on questions
related to enjoyment (Q5) and comfort (Q6). Conversely, the avatar representing another
person did not score significantly high in any question, except for comfort. In Study 2,
the difference between avatar types was much more balanced, although the participant’s
own hyper-realistic avatar retained slightly higher values. It is notable that the question
about feeling like they were speaking with a real person rather than a representation (Q4)
received a clearly lower value.
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Figure 2. Agency. Left: Study1; Right: Study 2.

Lastly, the results for change in Study 1 are presented in Figure 3. In all three cases,
the values remained relatively low (below 2.5). However, the non-realistic avatar showed
a pronounced sense of change. Interestingly, the hyper-realistic avatar led more users to
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question changes in their own face (Q10). Additionally, the avatar that did not belong to
the user received the lowest scores across the three questions.

o [
1:: r (iy .

11

Hyper-Realistic ®Not-Realsitic Other person

Figure 3. Change. Study 1.

A correlation analysis with sociodemographic data and prior experience was per-
formed using Spearman’s correlation. Results indicated no significant correlation with
age, gender, education level, or previous videoconferencing experience. However, prior
experience with virtual reality showed a correlation, as displayed in Table 1, where the
Agency factor in Study 1 demonstrated improvement with prior VR experience, suggesting
a greater sense of control over the avatar with increased VR exposure. No significant
correlations were found in Study 2.

Table 1. Correlation between virtual reality experience and video conference experience. The values
in bold indicate significant values.

Study 1 Study 2
r P r p
H 0.252 0.107 0.101 0.638
Property N 0.191 0.227 0.022 0.92
(@) —0.076 0.631 0.096 0.655
H 0.469 0.002 0.034 0.874
Agency N 0.329 0.003 0.067 0.757
(@) 0.411 0.007 0.128 0.398
H 0.141 0.373 0.018 0.132
Change N —0.062 0.697 0.181 0.41
(@) 0.104 0.51 0.087 0.551

3.3. Credibility and Confidence

As shown in Figure 4, in Study 2, participants generally felt that the avatar did not cause
a notable lack of credibility or trust. However, the participant’s own hyper-realistic avatar
scored below average on all questions. On the other hand, the lowest-scoring avatar was the
non-realistic one. In a Spearman correlation analysis between results and prior experience, a
negative correlation was again found between prior VR experience and question Q5 (r = —498;
p = 0.008), indicating that users with VR experience had greater confidence when interacting
with an avatar. Regarding the relationship between credibility and trust with embodiment
properties, a significant negative correlation was found with the sense of ownership. The
resulting values are shown in Table 2, suggesting that the greater the sense that the avatar
belongs to the interlocutor, the higher the credibility and confidence.
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Figure 4. Values obtained in credibility and confidence from Study 2.

Table 2. Correlation between presence properties and credibility and confidence. The values in bold

indicate significant values.

Property Agency
Hyper-Realistic —0.404; 0.011 —0.214; 0.190
Not Realistic —0.01; 0.95 —0.430; 0.795
Other person —0.371; 0.009 —0.524; 0.620
User —0.367; 0.021 —0.330; 0.04
3.4. Privacy

In Study 1, users did not express concern about privacy for the first three avatars
(with values below 0.5 on a scale of 0 to 4). However, this increased to 1.5 when they saw
that others could use their avatar. In Study 2, higher privacy concerns were evident from
the first avatar. Figure 5 (left), which presents the results of the second study, shows that
hyper-realistic avatars generated more concern than the non-realistic ones, with concerns
increasing with the use of the participant’s own avatar and gender changes.

To further explore the correlation between privacy concerns and embodiment per-
ception, a Spearman correlation analysis was conducted. In Study 1, there was a notable
correlation between hyper-realistic avatars and the sense of change (r = 0.575; p = 0.001)
and, to a lesser extent, the sense of control (r = 0.397; p = 0.014). In Study 2, a stronger
correlation was found between the sense of control and avatars representing another person
(r=0.377; p = 0.018) and the participant’s own avatar (r = 0.460; p = 0.003). Despite being a
low correlation, both types of avatars negatively correlated with the sense of ownership.
However, the most notable correlation was with the use of an avatar of a different gender,
showing discomfort (r = 0.745; p = 0.0001).
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Figure 5. Left: Privacity results in Study 2; Right: Visual comparison of technostress questionnaire
responses in Study 1.
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3.5. Technostress

Figure 5 (right) provides a visual comparison of questionnaire responses, as shown
in Table A1, offering insights into levels of technostress. Specifically, Questions 4, 5, and
7, related to privacy, fati gue, and self-esteem while using avatars, showed the lowest
values, all below 1. In contrast, Questions 1 and 2, focused on the avatar’s appearance,
scored higher, exceeding 1.5. These findings suggest that merely using avatars does
not inherently induce high levels of technostress. However, additional analysis using
Spearman’s correlation revealed significant associations:

e Gender correlated with Questions 6 (r = 0.359; p = 0.05) and 7 (r = 0.298; p = 0.018), indi-
cating a greater concern among women regarding possible judgment or discrimination
based on avatar appearance, aligning with previous research on appearance-related
anxiety in video conferencing.

*  Age correlated with Questions 1 through 5 (Average: r = 0.319; p = 0.045), indicating
higher concerns among younger participants regarding avatar appearance, privacy,
and fatigue, consistent with existing literature.

*  Videoconferencing experience correlated with apprehension about expressing one’s
true personality (r = 0.377; p = 0.014), suggesting that more experience amplifies
concerns in this domain.

3.6. Acceptability

As shown in Figure 6, users perceived avatar technology as useful in both educational
and leisure settings in both studies, with ratings above 2.5. However, uncertainty remains
about their effectiveness in the workplace, although users still recognize their utility (S1:
2.3; S2: 2). For the intention to use, the effect is similar: scores are higher than for utility,
but the same trend persists, with leisure scoring the highest and work the lowest.

Useful E1

UsefulE2 [
intentiontouse £1

Intention to use E2

0 1 2 3 4

M Leisure M Education Work

Figure 6. Perceived utility and intention to use.

To discern factors influencing users” willingness to adopt avatar systems, a Spearman
correlation analysis was conducted. Initially, the analysis considered prior experience and
demographic data. In the first study, a positive correlation with previous VR experience
was observed in the first study (Work: r = 0.397, p = 0.009; Education: r = 0.399, p = 0.009;
Leisure: r = 0.339, p = 0.009). In contrast, in the second study, this correlation was only
significant for education and leisure (Education: r = 0.459 p = 0.024; Leisure: r = 0.417,
p = 0.004). For embodiment factors, ownership emerged as significant in determining
perceived usefulness of avatars in both work and educational contexts, thus influencing
the intention to use them. Detailed results are provided in Table 3.
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Table 3. Correlation between usability and property factor.

Sir Slp S2r S2p

Useful in work 0.446 0.003 0.351 0.008
Useful in education 0.312 0.048 0.281 0.033
Intention to use in work 0640 0.001 0.343 0.012
Intention to use in education 0.336 0.029 0.294 0.041

3.6.1. Avatar Preferences

Figure 7 (left) presents a comparative analysis of avatar preferences across different set-
tings in Study 1. In workplace scenarios, users preferred avatars representing themselves,
ideally with the highest possible image quality. This preference increased with the serious-
ness of meetings. Similarly, in educational contexts, particularly regarding educators, users
favored a hyper-realistic avatar of themselves (47.6%). For students, self-representation
was also preferred as they progressed. In leisure activities, preferences varied depending
on the activity. When interacting with friends, users prioritized their hyper-realistic avatars.
Conversely, in settings requiring interaction with both acquaintances and strangers, such
as gaming environments, users preferred non-realistic avatars (52.4%).
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40 50
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20 20
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o - | - | [ | 0 |
Work: Work:  Education: Educattion: Games Friends Work: Work:  Education: Educattion: Games Friends
Team External Attending Teaching Team External Attending Teaching
Hyper-Realistic m Not-realistic ~ m Other Person Hyper-Realistic  ® Not-realistic ~ m Other Person

Figure 7. Avatar preferences comparative. Left: Study 1; Right: Study 2.

Similarly, in Study 2, users preferred interacting with a hyper-realistic avatar in work
settings, ideally a real-life likeness. In educational settings, as students, they preferred
non-realistic avatars, while as teachers, they chose hyper-realistic avatars of themselves.
In leisure settings, users preferred interacting with non-realistic avatars, although the
difference between a non-realistic avatar and hyper-realistic avatars was smaller when
interacting with friends. This comparison is shown in Figure 7 (right).

3.6.2. Use of Different-Gender Avatars

In Study 2, an additional test involved using an avatar of a different gender. Results
showed that this test scored lower than the others on both embodiment properties (below
1.5 on a scale of 0 to 4), particularly the question about feeling like they were speaking with
a real person (0.85). Regarding questions on credibility and trust, results are displayed in
Figure 8, showing that users experienced more issues interacting with the interviewer (2.6),
felt increased discomfort (2.2), and had higher privacy concerns (2.3).
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Q1 Q2 Q3 Q4 Q5 Q6
Figure 8. Credibility and confidence with other gender avatar.

Additionally, to better understand user preferences when interacting with another
person, participants could select whether they preferred interacting with a male or female
avatar. Results based on user gender are found in Table 4. For men: in the workplace, they
preferred interacting with a male avatar; in education, they mostly preferred male avatars;
and in leisure, where the preference for another person’s avatar increased, the preference
was for both genders, with a greater tendency toward female avatars when interacting with
strangers. For women, the number of users who preferred another person’s avatar was
considerably lower. Notably, in leisure, there was no gender preference for the avatar they
interacted with, but in other settings, they preferred either both genders or male avatars.

Additionally, most users mentioned in open-ended questions that interacting with an
avatar whose voice did not match the appearance felt less serious and initially distracting
until they grew accustomed to it.

Table 4. User preferences depending on gender.

Total Both Man Woman
Work Men 9 2 7
Team Women 3 3
Work Men 12 1 8
External Women 3 1 2
Education Men 10 7 2 1
Attending Women 3 1 2
Education Men 6 4 2
Teaching Women 3 1 2
Games Men 15 8 2 4
Women 6 6
. Men 12 8 3 1
Friends Women 8 3

4. Discussion

This study examined the use of different types of avatars in work, educational, and
recreational settings, evaluating user perceptions of embodiment, acceptability, technostress,
privacy, and preferences. Two studies were conducted: in the first, participants controlled
their own avatars, while in the second, an interviewer used various avatars. Both studies
included hyper-realistic and non-realistic avatars with variations in gender and identity.

Findings indicate that hyper-realistic avatars enhance the sense of embodiment, es-
pecially when they closely resemble the user. This perceived embodiment positively
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influenced the perceived usefulness and intention to use avatars in work and educational
settings, where users preferred avatars that resembled themselves. However, in recreational
contexts, participants favored non-realistic avatars, particularly for informal interactions or
engagements with strangers.

The study reinforced the importance of embodiment in avatar use, showing that a
stronger sense of embodiment improves perceived utility and intention to use. This result
aligns with previous studies on embodiment in VR [12,13], which suggest that similarity to
the user enhances identification and the sense of presence in virtual environments. Therefore,
implementing strategies that enhance ownership and control while minimizing perceptions
of bodily distortion in avatars is crucial. Avatars that closely match the user’s appearance
improved the sense of control and reduced discomfort related to appearance changes.

Although technostress related to avatar use was relatively low, concerns about avatar
appearance emerged, especially among younger users, reflecting potential insecurities
about body image, which is consistent with previous studies [34,41]. Privacy concerns
also arose, particularly when avatars were used by others. While initial privacy concerns
were minimal, they may increase over time due to the perception that data used to create
avatars could be sold or stolen. In environments where confidentiality is critical, such
as the workplace, ensuring transparency in data usage and maintaining security will be
essential for the widespread adoption of avatar technology.

Results also showed that the type of avatar used by the interviewer influenced partici-
pants’ perceptions of credibility and trust. Hyper-realistic avatars—whether resembling
the user or another person of the same gender—were perceived as more credible, while
non-realistic avatars generated discomfort and a lower perception of professionalism.
This suggests that, in professional settings such as job interviews or formal presentations,
selecting avatars that enhance credibility and trust is crucial.

Although a general preference for hyper-realistic avatars was observed in professional
settings, the preference for non-realistic avatars in recreational environments aligns with
previous research on virtual identity, such as the studies by Yee and Bailenson [44], who
found that in informal contexts, users tend to choose more stylized or abstract representa-
tions to foster creativity or maintain anonymity.

This phenomenon can be explained through self-presentation theory [45], which sug-
gests that individuals adjust their appearance based on the social context. In professional
environments, where credibility and professionalism are essential, users prefer avatars that
reflect their own image. In contrast, in recreational settings, aesthetic flexibility allows for
the exploration of different aspects of identity without the constraints of the physical world.

Additionally, the results suggest gender differences in participant preferences. Women
showed greater concern about the avatar’s appearance and its impact on how they were
perceived by others, whereas men felt more comfortable interacting with same-gender avatars
in work and educational settings. These differences should be considered in avatar design to
ensure that all users feel comfortable and confident when engaging with this technology.

Furthermore, cultural background and prior experience with virtual reality may have
influenced participant perceptions of avatars. Since the study was conducted in Spain and
Germany, differences in technology adoption, self-representation, and privacy concerns
could have played a role in avatar preferences. While cultural influences were not explicitly
analyzed, future studies should explore how regional differences and attitudes toward
virtual interactions impact avatar selection. Additionally, prior VR experience may have
shaped participants’ comfort levels and perceived embodiment. Those familiar with VR
might have adapted more easily to hyper-realistic avatars, while less experienced users
may have felt greater discomfort or uncertainty. Expanding future research to include
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individuals with minimal or no VR exposure would help clarify how familiarity with
immersive technologies affects user perception and adoption.

Personalizing one’s representation can negatively affect self-perception. Jawad et al. [46]
found that Al-driven personalization algorithms can influence self-image, group identity,
and online social interactions.

An important concern emerging from the findings is the psychological impact of exces-
sive avatar customization, particularly the risk of body dysmorphia. The ability to modify
avatar appearance may heighten body image insecurities, especially among younger users,
suggesting the need to establish limits on customization to prevent unrealistic expectations.
This underscores the importance of designing balanced avatars that faithfully represent
users without negatively affecting self-esteem.

Given the exploratory nature of this study, its small sample size, and the fact that both
studies were conducted in a single session, the findings should be interpreted as preliminary
insights rather than definitive conclusions. As a result, the study has several limitations.

First, since all participants had at least basic technological knowledge, it remains un-
clear how individuals with minimal or no experience with technology would engage with
avatars. Additionally, the limited sample size and the study’s focus on only two countries
restricted the ability to fully assess potential cultural differences in avatar preferences.
Expanding the sample to include a broader and more diverse range of participants and
cultural backgrounds would improve the generalizability of the results.

Second, the long-term effects of avatar-based interactions remain uncertain. Inves-
tigating the prolonged use of this technology and its impact on group dynamics would
provide valuable insights into its sustainability and effectiveness over time.

Another limitation is the lack of consideration for psychological and social factors that
may influence avatar preferences, which could have affected the findings. Incorporating
physiological measures, such as heart rate or skin conductance, would allow for a more
objective assessment of stress levels. Additionally, qualitative approaches, such as post-
study interviews, could help identify specific stressors, including the uncanny effect of
certain avatars or the pressure to perform in virtual interactions.

Furthermore, a dedicated study on the potential risks associated with avatars could
offer deeper insights into privacy concerns and inform the development of effective
mitigation strategies. Addressing issues such as data misuse, identity theft, and user
control over personal information would be essential for the widespread adoption of
avatar-based technologies.

Finally, these studies have been conducted exclusively in a professional setting. Future
research should explore how these findings translate to other contexts, such as training
simulations or customer service interactions, where avatar perception and perceived em-
bodiment could influence user experience and performance in distinct ways.

5. Conclusions

Avatars hold significant potential for enhancing virtual interactions, particularly in
professional and educational settings. The findings suggest that perceived embodiment
plays a crucial role in avatar utility and acceptance. To maximize their benefits, it is essential
to prioritize strategies that enhance the sense of ownership and control while minimizing
perceptions of bodily alteration.

Addressing concerns regarding privacy and appearance will also be key to widespread
avatar adoption. Ensuring transparency in data usage and providing balanced customiza-
tion options can help reduce risks related to body dysmorphia and self-presentation anxiety.
Additionally, future research should investigate specific privacy risks, such as data misuse
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and identity theft, and propose mitigation strategies. User-controlled data permissions,
anonymization techniques, and increased transparency in platform policies—such as clear
guidelines on data storage and usage—could help alleviate user concerns and improve
trust in avatar-based technologies.

Furthermore, ethical risks, particularly those related to excessive avatar customiza-
tion and its potential to contribute to body dysmorphia, require further attention. Over-
customization may lead to unrealistic body standards, negatively impacting users’ self-
esteem. To address this, future avatar design should incorporate guidelines that limit
unrealistic body modifications, promote inclusive avatar options, and encourage repre-
sentations that reflect diverse and authentic identities. Developers bear a responsibility to
protect user well-being, ensuring that avatar customization tools enhance self-expression
without reinforcing harmful beauty standards.

Finally, further research is needed to assess the impact of avatars on gender perception,
trust in interactions, and group dynamics in virtual environments. Exploring long-term ef-
fects and considering individual and cultural differences will contribute to a more inclusive
and effective development of avatar technologies in the future.
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Appendix A

Table Al. Study 1 questions.

Questions used in the Study 1

Property

Q1 It felt like the virtual face was my face.
Q2  The virtual face felt like a human face.
Q3 TIhad the feeling that the virtual face belonged to me.

Agency

Q4 The movements of the virtual face seemed to be my own
movements.

Q5 Ienjoyed controlling the virtual face.

Q6  Thave felt comfortable using the virtual face.

Q7  Ifeltas if I was causing the movement of the virtual face.

Q8 The movements of the virtual face were synchronous with
my own movements.
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Table A1. Cont.

Change

Q9
Q10

Qi1

I'had the illusion of owning a different face from my own.
I felt the need to check if my face really still looked like
what I had in mind.

I felt as if the form or appearance of my face had changed.

Privacy

Q12
Q13

I feel that the use of this type of avatar is an intrusion
into my privacy.

I feel that this kind of avatar reveals private personal
information without my consent.

Technostress

Q1
Q2
Q3
Q4
Q5
Q6
Q7

Do you feel or would you feel pressured or stressed about maintaining a
“perfect” image or appearance through your avatar?

Do you feel or think you would feel anxiety or stress when comparing your
avatar to other people’s avatars in virtual environments?

Do you experience or think that you would experience difficulties in

expressing your true identity or personality through your avatar?

Do you or would you feel uncomfortable or stressed about the lack of privacy or
the potential exposure of your real identity while using an avatar?

Do you feel or think you would feel that using avatars in virtual environments
exhausts you emotionally or mentally?

Do you experience or think you would experience worries or stress related to the
possibility of your avatar being judged or discriminated against by other users?
Do you feel or think that you would feel that the use of avatars in virtual
environments negatively affects your self-esteem or self-confidence?

Table A2. Study 2 questions.

Questions used in the Study 2

Property

Q1
Q2

It felt like the virtual face was the other person.
The virtual face felt like a human face.

Agency

Q3
Q4
Q5

The movements and expressions of the virtual face felt real.
I felt that the virtual face was not a representation but the real person.
Overall, I felt like I was talking to the other person.

Credibility and confidence

Q1
Q2

Q3
Q4
Q5

Q6
Q7

The avatar has distracted me from the conversation.

I found it more difficult to maintain the conversation with the avatar than

with the real person’s face.

I felt that it was more difficult to speak with the virtual face than with

the real person.

I felt that it was more difficult for me to look at the virtual face during the
conversation than with the real person.

Overall, I felt stressed or uncomfortable talking with the virtual face.

I feel that the use of this type of avatar is an intrusion into privacy.

I feel that this kind of avatar reveals private personal information without consent.

Gender

Q1
Q2
Q3
Q4
Q5
Q6

I feel it affected my interaction with the interviewer.

It made me feel uncomfortable during the conversation.

I found it more challenging to maintain the conversation.

I feel it affected my confidence with the interviewer to answer their questions.
I feel the credibility and/or authority of the interviewer changed.

I was concerned about sharing private information while using avatars.
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Abstract: As user interactions on online social platforms increase, so does the public’s
concern over the exposure of user privacy data. However, ordinary users often lack a
clear and intuitive understanding of how their personal online information flows and how
algorithms are involved in this process. We have developed a design to address this issue
that visualizes data algorithms and transmission based on data collection and analysis.
The primary contribution of this work is an innovative approach that uses metaphorical
visual language to represent the flow of user data, algorithms, and information. It also
aims to present these concepts interactively, allowing users to gain a more vivid under-
standing of the dynamic changes in their personal data. This participatory and interactive
design seeks to provide users, as well as various stakeholders, an opportunity to reflect
on the relationship between online society, privacy data boundaries, and users’ rights to
be informed.

Keywords: user privacy data; data visualization; data privacy and security

1. Introduction

As smartphone penetration continues to rise, internet usage has become increasingly
integrated into daily life. By July 2024, there were 5.45 billion internet users worldwide,
representing 67.1% of the global population. Of these, 5.17 billion, or 63.7%, were social
media users 2024 Number of internet and social media users worldwide as of July 2024,
https:/ /www.statista.com/statistics /617136/ digital-population-worldwide/, accessed on
26 November 2024.

In this context, concerns regarding online privacy and information security are grow-
ing, with users becoming more aware of the risks of data exposure [1]. Research indicates
that some users are wary of the accuracy of big data algorithms, fearing their personal
information could be accessed and used without their consent [2]. Meanwhile, many
users remain unclear about data usage policies, algorithms, and processes, especially when
these data are embedded in complex machine learning systems, which are often opaque
and protected by trade secrets. These factors have amplified concerns about personal
data exposure [3], particularly in “contracting” scenarios where data services are required.
The associated terms are often lengthy, filled with complex legal jargon, and difficult to
navigate [4].

For most internet users, despite their concerns about privacy breaches, there is little
opportunity to take effective action [5]. Moreover, a less obvious risk is that while sharing
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information on social media platforms is often considered “voluntary”, users may not
fully understand the implications of providing data to third parties. As a result, they may
unknowingly accept terms that compromise their privacy [6], either actively or under
duress [7].

Furthermore, several high-profile data privacy breaches, such as the June 2024 case in
which Italy’s antitrust authority fined Meta for failing to adequately inform Instagram users
that their data would be used for commercial purposes (2024 Italian watchdog fines Meta
for unfair commercial practices, https:/ /www.reuters.com/technology/italys-antitrust-
fines-meta-35-mln-euros-unfair-commercial-practices-2024-06-05/), highlight the negative
impact of these issues, accessed on 25 December 2024.

China’s vast online population reached nearly 1.1 billion internet users (1.09967 billion)
as of June 2024. Additionally, the internet penetration rate in rural areas has been steadily
increasing, and the construction of network infrastructure continues to advance (2024 The
54th Statistical Report on China’s Internet Development, https://www.cac.gov.cn/2024
-03/25/¢_1713038218396702.htm, accessed on 26 November 2024), which encompasses a
wide range of demographic groups across urban and rural settings. This extensive coverage
ensures a high level of representativeness, making China the primary data source and
focus of our analysis. We conducted a user survey on the popular Chinese social media
platform Weibo (2025 Weibo: Share anything you want, let the whole world hear your
voice, https://www.weibo.com, accessed on 18 January 2024), collecting 685 posts using
the hashtags “BigData” and “Eavesdropping” as filters. The survey revealed that users’
primary data privacy concerns include the specific methods platforms use to collect and
handle user data, the security of data in various usage scenarios, and the potential for
misuse. However, most algorithm visualizations are intended for professionals, aiming to
convey and optimize specialized knowledge [8]. Many existing studies on data privacy
education aim to raise users’ awareness and teach security and privacy concepts effectively
through serious games [9], card-based methods [10], and similar approaches. In our
experience, designers rarely attempt to make complex algorithms more accessible, and
users seldom have the chance to understand how their online data flows clearly. The high
technical barriers create a dilemma between concern and action for the average user. This
limits independent thinking about data privacy and contributes to a lack of design insights
in this field, presenting an opportunity for further design and research.

Therefore, we aim to conduct an empirical study on Visualization of data flow process
and related algorithms, focusing on the perspective of ordinary users to summarize and rep-
resent the circulation and processing of user data on social media platforms. This approach
seeks to raise user awareness of the flow of their private data. First, the study designed a
web scraping and analysis process for the privacy policies of five social media applications
and the data from 13 third-party SDKs. Following that, we combined the results of data
analysis and related algorithms (clustering analysis, collaborative filtering, and association
rule learning) with a poetic metaphorical data visualization method, creating a system of
metaphorical visual symbols. Finally, we invited 10 users to participate in an experiment to
experience and discuss the visualization design and its themes.

Building on the aforementioned context, our research lies at the intersection of three
fields: data visualization, user experience design, and privacy data science education. We
focus on how innovative visualization and interactive methods can help everyday users
understand and navigate complex data privacy concepts. The primary contribution of our
work is not in technical expression, but in providing a novel methodological framework
for data privacy education through design innovation. Our target audience primarily
consists of general internet users interested in protecting personal data privacy but lacking
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specialized knowledge. Additionally, our research offers valuable insights for privacy
educators, data visualization researchers, and platform designers. The main contributions
of this study are as follows:

1.  We propose a metaphor-based visualization framework that translates complex data
privacy mechanisms into accessible visual narratives, specifically targeting non-expert
users’ understanding of algorithmic data processing on social media platforms.

2. We develop a systematic transformation framework that converts technical privacy
concepts into visual metaphors through three interconnected stages: (1) data flow
analysis of privacy policies and SDK sharing patterns, (2) algorithmic principle decon-
struction focusing on clustering, filtering and association learning, and (3) interactive
visualization design validated through user studies.

3. Through empirical evaluation with users, we demonstrate how metaphor-based visual-
ization can (1) increase user comprehension of privacy-related algorithms, (2) motivate
users to reconsider their privacy decisions, and (3) provide insights for improving
privacy policy presentation in social media platforms. Additionally, we identify key
challenges and opportunities in designing privacy-aware interfaces that balance user
understanding with technical accuracy.

This paper is organized as follows. We begin by reviewing related work in three areas:
the disclosure of privacy policies, users’ concerns about data security, and research on
algorithms and algorithm visualization. In Section 3, we present our design approach,
which includes data collection and analysis, visual transformation using poetic metaphors,
and an interactive design based on user research. In Section 4, we discuss our findings
and reflections, focusing on user experience, users’ reflections and actions regarding the
flow of privacy data, the accessibility benefits of metaphorical algorithm visualization, and
the issue of hidden privacy data. Finally, we examine the strengths and limitations of our
design approach and suggest directions for future work.

2. Related Work
2.1. Disclosure of Privacy Policy

Currently, some studies are actively attempting to disclose data security and transmis-
sion methods to users while analyzing their awareness of privacy policy content [11,12].
These studies highlight issues with privacy policies and emphasize that in “free” inter-
net services, data is often treated as a form of currency (2022 Why Source Data Is The
New Currency For Retailers, https:/ /www.forbes.com/sites /forbestechcouncil /2021 /1
1/03/why-source-data-is-the-new-currency-for-retailers /?sh=7a02117a5e11, accessed on
16 February 2024) In the digital environment of social networks, personal data is partic-
ularly interconnected. Users are reminded that agreeing to allow access to their profiles
carries the risk of exposing their personal data from network connections to unauthorized
visitors [13]. Additionally, these studies evaluate the potential privacy risks of various
system designs [14] and work on visualizing examples of longitudinal information that
third-party trackers can infer from user browsing [15]. As noted by researchers such as
Solove D. J., “Data-breach harm might often be intangible, but it still is very real” [16].
These studies provide valuable support for the data security and policy aspects of our
research on visualization and public awareness design.

2.2. Users Concerned About Data Security

We found that although users are very concerned about data security and personal
privacy, they still face a dilemma between worry and action. The most common concerns
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are related to data collection methods. For example, users worry about data being collected
without a clear explanation [17]. When purchasing IoT devices, users consider privacy
and security factors [18]. Despite concerns about privacy exposure, users have almost no
ability to negotiate with online service providers due to a lack of sufficient focus groups
and expertise. They are caught in the dilemma of disclosing too much personal information
versus the pressure of social isolation [19].

These studies help us better understand the real psychology of users and reveal that
users lack an intuitive understanding of the flow of their personal online information. In
our design research, we attempt to provide users with easy-to-understand visualizations of
privacy algorithms.

2.3. Algorithm Research and Visualization

The application of algorithm analysis in various software and platforms is becoming
increasingly widespread. Current research mainly focuses on optimizing various algorithm
models [20,21] and their applications in network and privacy security [22]. There are also
many studies on potential issues caused by algorithms, such as the link between algorithms
and harm on social media platforms [23] and how algorithms shape collective action [24].

However, most existing studies primarily focus on textual analysis and the decon-
struction of algorithmic principles, or they offer in-depth references for professionals and
technicians. Many studies have confirmed the educational benefits of algorithm visual-
ization, enabling students to better understand algorithms [25,26]. Yet, there is relatively
little research dedicated to the popularization and visualization of privacy algorithms
for general users. As designers, we aim to bridge this gap by creating direct and impact-
ful visualization tools for users. Examples include Joern Roeder and Jonathan Pirnay’s
fbFaces device (2011 fbFaces [Installation]. University of Visual Arts and Design Kas-
sel, https:/ /www.alphavillefestival.co.uk/fbfaces, accessed on 14 February 2024), Dima
Yarovinsky’s “I Agree” (2018 This Guy Printed out the Terms of Service for the World’s
Most Popular Apps, https:/ /twistedsifter.com/2018/05/i-agree-by-dima-yarovinsky/,
accessed on 14 February 2024), and Laurie Frick’s “Felt Personality” (2018 Felt Personality,
https:/ /www.lauriefrick.com/felt-personality, accessed on 14 February 2024). The exten-
sive work of previous researchers provides valuable technical theories and design insights,
which support the development of our own visualization systems.

3. Design Method

This study begins with a meta-data user survey, using the analysis of user attitudes
to explore the underlying causes of the current situation. Data collection was based on
privacy policies from five of China’s most popular social media platforms, along with
web-scraped data from 123 SDKs mentioned in the policies of 13 popular apps. Collection
sources included official websites and app privacy policy terms. Based on these data,
literature research, and big data analysis methods, we focused on the personalized recom-
mendation features of each platform. We selected three key algorithms—clustering analysis,
association rule learning, and collaborative filtering—for detailed explanation, analysis,
and visualization. Additionally, user experiments and design tests were conducted using
third-person interactive design, aimed at helping ordinary users better understand data
privacy and boundaries.

3.1. Data Collection

China has the largest internet user base in the world, with over 1.1 billion users
as of June 2024. This figure not only highlights the vast scale of the user base but also
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positions China as a leading ground for global digital transformation. In this context, users’
awareness of privacy is shifting from passive acceptance to active consideration, reflecting
a broader global trend among digital users. As such, the study of Chinese users provides
valuable insights for anticipating future global user behavior.

To understand users’ psychological attitudes toward privacy data collection on social
media platforms, the research team first surveyed key Chinese platforms, such as Weibo and
Bilibili, and gathered relevant data. Many users expressed concerns about eavesdropping
on these platforms. In China, “big data” has become a widely accepted technical term,
while “eavesdropping” is commonly used to describe concerns about privacy violations.
The frequent discussions surrounding these keywords on social media often lead to in-
depth debates and experience-sharing among users. Using the keywords “#bigdata” and
“#eavesdropping”, the research team collected 685 posts through web crawlers. After
excluding irrelevant data, such as advertisements, marketing posts, and off-topic comments,
635 valid posts remained. Data collection occurred on 30 October 2023, and the posts were
published between October 2022 and October 2023.

We also selected the five most popular social media platforms in China by down-
load volume (WeChat (2025 WeChat: Connecting a billion people with calls, chats, and
more, accessed on 16 January 2025. https://www.wechat.com/en/), Weibo, REDnote
(2025 REDnote: Inspire Lives Shares and discovers the wonders of the world, accessed on
16 January 2025. https:/ /www.xiaohongshu.com/explore), Bilibili (2025 Bilibili: Southeast
Asia’s leading anime, comics, and games (ACG) community where people can create, watch
and share engaging videos, accessed on 16 January 2025. https://www.bilibili.com/),
and Taobao (2025 Taobao: Online shopping platform, accessed on 16 January 2025.
https:/ /www.taobao.com/)) and conducted a comprehensive analysis of their user pri-
vacy policies, as shown in Figure 1. This analysis included collecting, organizing, and
performing word frequency analysis on the policy texts.
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and organizing user privacy policies of the five most popular social media platforms. (b) Collecting
and organizing a third-party SDK data-sharing checklist.

97



Appl. Sci. 2025, 15, 2034

At the same time, we found that all five popular applications mentioned above have
third-party SDK data-sharing lists, as shown in Figure 1. To analyze the sharing rela-
tionships of personal data between different software and third-party SDKs, we collected
the quantity and types of user information provided by 13 popular software applications
to third-party SDKs. Our data sources included official websites and in-app terms. We
organized and compared the similarities and differences between different software, ex-
tracting the frequency of various third-party SDKs appearing under different information
requirement categories.

3.2. Data Analysis

Statistical data indicate that 94.33% of comments expressed concern/fear, as shown in
Table 1. Privacy invasion and data security are the primary emotional concerns. The most
frequent negative keywords are “terrifying”, “annoying”, and “suspicious”, highlighting
users’ discomfort with how platforms currently define privacy boundaries. This suggests
that many users believe they are being eavesdropped on and monitored by big data. These
insights provide essential data and user research references for future studies on privacy

data transmission and visualization design.

Table 1. Classify the reactions of Weibo users using the filtering term “BigData” and “eavesdropping”.

Reaction Definition Example Percentage (N)
Describes the user expressing
Concern/Fear anxiety or concern about d-ata Big data is terrlfyz.ng. It e{.wesdrlopped 94.33% (599)
security, privacy, or negative on me saying my birthday is coming up.
consequences of technology.
E‘);zif;fiiidvljii;tfﬁ:Csh(s)’:;gf Every time I talk to a friend, my phone
Frustration/Anger . . . ystem, pushes related ads. It feels like I'm being 3.78% (24)
perceived invasions of privacy, or listened to, and it's really infuriatin
general irritation with technology. ! Y 3
The user is unsure about what is How does this app know I've been
Confusion/Curiosity happening or is asking looking for these things recently? I 1.26% (8)
for clarification. haven't even searched for them online.
The user expresses doubt or I'm afraid of using certain social media
Suspicion suspicion, pos§1bly related to platforiﬁs. .They seem to be constantly 0.63% (4)
conspiracy theories or fears about monitoring me, tracking all of my
being monitored. online activities.

In analyzing privacy policy data, we focused on keywords related to the collection
and processing of personal data to ensure relevance, with special attention to adjectives,
adverbs, and other terms indicating attitude and degree, thereby supporting subsequent
classification and visualization, as shown in Figure 2. We applied the “Classification by
Disclosure Strategy” to examine implicit strategies within these policies—such as manda-
tory, suggestive, or guiding approaches—to highlight their stance on user consent (e.g.,
“mandatory” or “optional”). Additionally, we classified data collection sources, distinguish-
ing between internal and external origins to clarify specific data collection paths (Figure 1).
We found that most platform privacy policies persuade users to accept or comply with
terms by stating that certain features cannot be used otherwise, thereby obtaining user con-
sent. Additionally, platforms consider de-identified personal data, which cannot identify
individuals, as non-private user data. These data are widely used in platform algorithms
and shared with multiple parties. In situations of information asymmetry, users may place
excessive trust in these platforms. Furthermore, most platform privacy policies are complex
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in both text and concept, making them difficult to read. Some network service providers
may also write privacy policies in very general terms, only briefly explaining what data
will be collected and how it will be used.

Keywords, reading history and access time,

Personal comments, and interaction records
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L ]
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Figure 2. Organization of user privacy policies from the five most popular social media platforms.

Additionally, app agreements often include clauses such as “may include third-party
products and services” and “share necessary information with third-party vendors”, but
the purposes and scope of the shared information are not clearly defined. The services
provided by third parties are mostly invisible to users, so the embedded SDKs in apps
may also obtain the same data access and usage permissions without the user’s knowledge.
Our data analysis revealed that the information shared between apps and third parties
is extensive, including device identifiers, installation permissions, and even information
from other apps. For example, among the 13 apps and 15 types of collected information,
the SDK embedded in the “REDnote” app appeared most frequently (“Huawei Push SDK”
appeared 15 times and “Mobile SDK” appeared 34 times). As users, we primarily rely on
the information disclosed by developers in privacy policies. This makes it difficult to know
where our data go and to determine whether the permissions we grant are necessary for
the app’s services or are being marketed and sold as currency between platforms.

Through the investigation of previous studies and the analysis of collected data, we
noticed that many users and researchers mentioned “algorithms”. Users suspect they are
being “eavesdropped on” also because platforms and operators use behavior-targeting
strategies after obtaining user data. These strategies involve using algorithms to process
users’ behaviors (browsing, searching, purchasing, etc.) on websites or applications to push
related advertisements.
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Reasons for Choosing the Algorithms

In the data processing of social media platforms, the choice of specific algorithms
directly impacts how user privacy data are utilized. Analyzing previously collected social
media posts revealed that users’ main privacy concerns focus on how platforms collect,
analyze, and utilize their personal data. Based on these findings, we selected three repre-
sentative algorithms, closely related to user privacy, for visualization research.

Cluster Analysis: The Foundation of User Profiling. Cluster analysis algorithms are
commonly used on social media platforms for user segmentation and profiling, directly
addressing the issue of “being categorized”, which concerns many users. This algorithm
is a valuable tool in data science [27,28] and plays a crucial role as a core element of
data analysis. By analyzing data such as browsing habits, search history, and interaction
behaviors, the algorithm groups users with similar characteristics. The primary reason for
selecting this algorithm is that it provides an intuitive way to demonstrate how platforms
interpret and categorize user behavior. It is also closely linked to the “information cocoon”
phenomenon often mentioned in user feedback. Additionally, it forms the foundation for
personalized services, significantly shaping how users access information.

Collaborative Filtering: The Core of Recommendation Systems. Collaborative filtering
algorithms are central to personalized recommendations and are closely linked to users’
common sense of being “monitored”. There are two primary types of collaborative filtering
algorithms: user-based and item-based. As one of the most widely used recommendation
algorithms [29], it explains why users receive suggestions based on the behavior of similar
users. This method illustrates how platforms can deliver personalized recommendations
without directly accessing users’ private data.

Association Rule Learning: Predicting Behavioral Patterns. Association rule learn-
ing, also known as market basket analysis (MBA), is a data mining technique that helps
retailers understand buyers’ purchasing behaviors, enabling them to make more informed
decisions [30]. By analyzing user behavior patterns and predicting potential interests, this
technique directly addresses users’ concerns about platforms “predicting their needs”. It
shows how platforms use historical data to forecast user interests, how user data drive
business decisions, and how users can better understand the data analysis behind personal-
ized services.

The selection of these algorithms for this study is based on two main considerations.
First, they directly influence the personalized content users encounter, and their mecha-
nisms are closely tied to user privacy. Second, they represent three key aspects of data
utilization: data classification, association analysis, and personalized recommendations.
This approach allows for a comprehensive exploration of the data processing workflow.
The combination of these three algorithms addresses the privacy concerns most frequently
raised by users. It also creates a complete data processing chain, from user segmentation
(cluster analysis), to personalized recommendations (collaborative filtering), and finally
to behavior prediction (association rule learning). By analyzing and visualizing these
algorithms, users can gain a clearer understanding of how platforms handle their personal
data, empowering them to make more informed privacy decisions.

After organizing and analyzing metadata, we identified issues in privacy policies,
particularly regarding the use and circulation of user information by third-party SDKs.
Further analysis revealed the role of algorithms in this data circulation. User privacy data
are extensively shared and used by third-party SDKs after users agree to the terms and
policies. Algorithms act as a black box, processing these data and pushing content that
makes users feel “eavesdropped on”, as shown in Figure 3. These three components are

100



Appl. Sci. 2025, 15, 2034

integral to the operational systems of most platforms. Therefore, in the subsequent design
phase, algorithm visualization will be a key foundation of interactive design.
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Figure 3. The basic process of design methodology, when combined with the wormhole metaphor,
establishes the foundation for this visualization’s metaphorical logic.

3.3. Visual Transformation
3.3.1. Visual Method: Infopoetry

Clearly and rigorously expressing the flow process and underlying mechanisms of
visualized privacy data across platforms is a challenging task that requires substantial
professional knowledge. In design, translation is not about understanding “the meaning
expressed in another language”, but about conveying something that originally had no clear
form or textual structure in a novel or unexplored way. Therefore, this study introduces the
design concept of “Infopoetry” [31]. Infopoetry goes beyond traditional information design;
it aims to establish a representative scenario rather than merely transforming measurable
numbers into visual charts.

In this project, the design practice attempts to construct relevant scenarios to allow vi-
sual symbols to reconstruct the data privacy dilemmas users encounter in reality (Figure 3).
The approach follows four steps—extracting data features, emotional reflection, building
metaphors, and determining the appropriate medium—to establish information visualiza-
tion and corresponding interactive design strategies. Although the algorithms involved in
this process are not limited to the three mentioned above, here, we will only deconstruct
and visualize the principles of the three most popular algorithms.

3.3.2. Visualization

Through previous data collection and analysis, we found that personal information
is like interstellar matter in the universe, either attracted or altered. Its data transmission
process is akin to entering “wormholes” and “black boxes”, where no one knows what
changes might occur or where the data might go. The black-box operation of social
media platform algorithms exacerbates this opacity. These wormholes and black boxes
constitute a significant part of the current electronic information ecosystem. Therefore, to
better disclose the principles of algorithms to users, we use the metaphor of roaming the
interstellar universe to visualize key algorithms in the privacy data transmission process,
namely clustering analysis, collaborative filtering, and association rule learning.

Clustering analysis groups data objects based on their descriptions and relationships
found in the data. The goal is to make objects within the same group similar (related) to
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each other, while objects in different groups are dissimilar (unrelated). Clusters obtained
through clustering can be represented by their centers, sizes, densities, and descriptions.

In the planetary metaphor, clustering analysis is like grouping similar types of planets
into one galaxy. For example, during a user’s interstellar adventure, if they see planets
with rings, monochrome planets, and two-tone planets, they might group all ringed planets
into one galaxy, all monochrome planets into another, and all two-tone planets into a third.
Each galaxy represents a “cluster”. A visualization of this metaphor can be seen in Figure 4.
This metaphor clusters based on the type of planets (i.e., “features”). In user behavior data
analysis, users are categorized based on their “features”, which could be their shopping
habits, the ads they click on, or the time they spend on a website.

COSMIC INTERSTELLAR HOW TO READ
“VARIOUS TYPES OF RAW CONTENT IN BIG DATA”
Planets: Various Types Of
User-Generated Content

The similarity of the appearances
of the planets is positively
correlated with the similarity of
the content they represent.

Based on preliminary research, due to the concealment and complexity of user data
flow, we have used a cosmic interstellar journey as the narrative background for this
visualization.

CLUSTERING ALGORITHM

EXAMPLE 01 Clsters

Number of Clusters = 2

In this context,
we cluster based on

the types of planets.

In user behavior data analysis,
we are categorizing users based

on their 'Characteristics.'

EXAMPLE 02

Number of Clusters = 10

if there is a large amount of
information on current and potential
customers, clustering can divide
customers into several groups for

further analysis and
marketing campaigns.

Figure 4. Visualization diagram of clustering algorithm: dividing planets into different galaxies
based on their characteristics.
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Collaborative filtering is divided into two types: user-based collaborative filtering
(UserCF) and item-based collaborative filtering (ItemCF). UserCF analyzes the similarity
between users to find a group of users most similar to the target user. It then predicts the
target user’s preferences for unknown items based on the behavior of these similar users.
ItemCEF, on the other hand, analyzes the similarity between items to find a group of items
most similar to the target item. It then predicts the target user’s preferences for unknown
items based on their preferences for these similar items.

In the visualization of collaborative filtering algorithms, planets liked by friends,
planets liked by similar space explorers, and planets browsed are more likely to pass
through layers of filters to appear before the user, as shown in Figure 5.

Association rule learning is a key technique in unsupervised learning algorithms used
to discover associations between itemsets in a dataset. It identifies association rules by
analyzing the frequency and relationships of itemsets within the dataset.

In this visualization design, during their cosmic exploration journey, as shown in
Figure 6, users may notice that whenever they find a central gaseous planet, a large gaseous
planet is often nearby. Similarly, whenever users see a glowing planet, there is likely
another planet with a similar structure nearby. This is less common with other types of
planets; for example, ringed planets are usually found next to distinctly layered planets.
These association rules are valuable as they help us explore the universe more effectively
and find rare resources. It is similar to how a great detective follows traces or how one
finds patterns and reasons in games like Sudoku or Minesweeper.

COLLABORATIVE FILTERING T

Divided into two categories:

"Memory based" and "Model based"

¢ I v,
‘ S
QP USERA W ——» | Markthe types
o _— L ‘=,—— of planets that

QD userc have been liked
by users with

O userp similar
QP USERE preferences.

Q) UsERF

QP USERD
@ USERE ———mme Planets that
I users have liked
and viewed are
more likely to
pass through the
layers of filtering
and be displayed
© Browsed on the platform

i you are using.
@ User "liked"

@ Planet(contents)

Q) USERF

In this scenario, a "like" shows the user has evaluated the item, allowing the collaborative filtering system to
analyze and predict preferences and behaviors. For example, if user A likes items 1, 2, and 3, and user B likes
items 1,2, 3, and 4, it suggests that user A may also like item 4.

Figure 5. Visual diagram of collaborative filtering algorithm: user-centered filtering of content.
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HOW TO READ

ASSOCIATION RULE LEARNING

EXAMPLE 01

As you continue your exploration, you begin to

P Adjacent o |[® observe some interesting patterns.

These Three These Four

Dl Planets For instance, whenever you find a planet with a

central gaseous state, there is often a large
gaseous planet nearby.

EXAMPLE 02

Like a great detective skilled in tracking, and similar
to the pattern-finding and reasoning in SUdOKU or
Minesweeper games.

Such association rules are valuable, they can help us
explore the universe more effectively and discover more
rare resources.

Planet Map

In The Patterns
Discovered During On shopping websites, items that are frequently bought together can be identified.For example, in
Interstellar supermarket shopping data, the discovery that '70% of customers who buy bread also buy milk' is an
Adventures example of an association rule.

Figure 6. Visual diagram of association rule learning algorithm: discovering patterns in a large
number of planets (contents).

3.4. Interaction Design & User Study

To enhance the accessibility of the visualization results, we added interactive features
to the previous data visualizations. Users can click, drag, and pan to simulate the process
of navigating the platform’s webpage, as shown in Figure 7. This gamified interactive
scenario amplifies previously overlooked privacy boundary issues, making the mechanisms
of algorithm and privacy data conversion more intuitive.

Privacy Policy

TELEEEEETETne
I
INNLEEEEERTRRRRRRRR RO

“We often cannot immediately
spot terms that we find
unacceptable.”

“Many individuals simply agree

to terms without carefully
studying their implications
(myself included).”

1.Login to Apps: 2.Entering the Wormhole: 3. Algorithm Exploration: 4. Empathy and Expression:
Signing a Series of Privacy Dispersal and Transmission  Unveiling the Principles Capturing User Feedback
Policies of Personal Information and Suggestions

Figure 7. The four components of interaction design transformation.

To gather feedback from general users, we invited 10 participants (six females, four
males, mean age = 23.1, SD = 1.58) to experience the interactive process and share their
thoughts, as shown in Table 2. The average interaction time was 6 min. By observing and
recording the participants’ behaviors and feedback, we gained insights into how users
perceive the flow and use of personal privacy data across multiple social platforms. All
participants indicated that the project gave them a more intuitive understanding of privacy
policies and algorithms. Several participants mentioned that the experience helped them
better understand their previous experiences and concerns.
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Table 2. Feedback from general users.

Participants Age Reaction
I definitely have a more intuitive understanding of the privacy policies,
P1 (F) 20 . . .
including some of the algorithms.
Honestly, I've always thought agreeing to terms and conditions is kind
P2 (F) 22
of funny.
Regarding the latter part about cluster analysis, when I first started
P3 (M) 22 using TikTok, I thought, “Wow, so this is how most people are”. Until I
stumbled upon the concept of the “information bubble”.
Whenever I show interest in something, suddenly everything related to
P4 (M) 23 o ‘
it, just flood in from everywhere.
P5 (F) 23 Our privacy data is rapidly transmitted to various unknown places,

indeed like traveling through a wormhole
I really hope that the designers and tech teams can do more to educate
Pé6 (F) 23 regular people like me and push those capitalists to stop spying on us
and make some real changes.
This kind of game makes me feel like the internet has gone too far. Now I

P7(M) z get why I always get calls from people trying to sell me a car or a house.
8 (F) o Most apps tend to overreach when it comes to permissions, and some
p even block you from using them if you don’t agree to everything.
It’s just like those forced pop-ups in games—nowadays, so many apps
P9 (M) 25 . .y
bombard you with permission requests when you open them.
P10 (F) 2% If apps could just stick to privacy agreements and keep users’

information safe, I think that would be amazing!

Most participants indicated that this project gave them a more intuitive understanding
of privacy policies and algorithms. In particular, regarding the demonstration of the “black-
box” nature of technology, participants’ feedback validated the accuracy of the design. For
example, P1 expressed during the experience “The flow of user information on the platform
should involve many complex algorithms and technologies, all of which are invisible to the
outside world. This metaphor of a ‘black box” precisely matches my imagination of this
phenomenon”. P7 also remarked “Our private data is rapidly and efficiently transmitted to
various unknown places, mysterious and complex. It indeed feels like walking through
a wormhole”.

Some participants also shared their feelings after experiencing this study. P6 men-
tioned “After searching for skincare products for my mom on an online shopping platform,
I received related product advertisements on Douyin or another shopping platform the
next second. It really scared me. Now I roughly understand what’s going on”.

P8 raised concerns about current authorization mechanisms: “Major apps often require
excessive permissions, and in some cases, refusing to grant them renders the app unusable.
In these situations, personal privacy is compromised, and it feels like being exposed on the
internet every day”.

The visualization design also enhances users’ understanding of the data collection
and usage mechanisms. For example, P10 noted “Now I have a better understanding of the
methods they use to collect my information, so I can avoid them when necessary, without
unnecessary suspicion or concern”. In contrast, P9 emphasized the importance of prior
informed consent for data authorization, stating “I always find out afterward that I've
agreed to share my information, which makes me worried that one day my private data
could be exposed”. This feedback highlights the impact of the hidden nature of privacy
issues on users.
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These comments reaffirm the negative impact on users due to the hidden nature of
these issues. More than half of the participants indicated they would reconsider their
privacy decisions. However, some participants were pessimistic about their ability to
control privacy decisions and expressed a desire for the right to negotiate with platforms.
Additionally, we received several suggestions regarding privacy policies. Participants
recommended simplifying the service agreements that pop up when opening an app
to show only the conditions needed for main functions, with secondary functions being
negotiated with users later. They also suggested adding design elements to long agreements,
such as icons and cartoons, to aid understanding.

4. Findings and Reflection
4.1. User Experience and Reflection on the Flow of Privacy Data by Users

Through interactive visualization of these principles, participants reported that their
emotions shifted from initial unease and confusion to broader associations with previ-
ous experiences, such as shopping or trending topic recommendations. After comparing
these with their own real-life experiences, participants moved toward self-reflection. This
suggests that the visualization and interaction design can prompt users to reflect on nega-
tive experiences on social platforms, encouraging greater awareness of related topics and
knowledge. It also raises the question of whether current social platforms, in collecting
and processing user data, have crossed privacy boundaries from a user experience perspec-
tive. This, in turn, increases users” awareness and understanding of privacy boundaries,
encouraging them to advocate for improved "privacy data protection” and user-centered op-
timization strategies from platform operators. For example, some platforms should avoid
strategies that hide comments based on gender, as this could lead to a homogenization of
viewpoints, stifling diverse perspectives and potentially simplifying complex discourse.

4.2. Metaphorical Visualization for Enhancing Algorithm Understanding and User Engagement

This study introduces a more universal and accessible design approach to engage
a broader audience, beyond just professionals, in understanding and discussing user
data issues. The process began with metadata analysis, followed by a deconstruction
of algorithmic mechanisms at the principle level. To make this complex process both
comprehensible and artistic for the public, we used wormholes and planets as metaphors
to create a poetic visual language system. We also explored ways to broaden the impact
of the design, focusing on enhancing the user experience through interactive elements
like characters, scenes, and sound effects to boost immersion. Finally, user testing was
conducted to optimize and validate the design exploration.

The results suggest that representing the transmission of user privacy data as a ‘cosmic
wormhole” symbol can enhance users” understanding of the underlying algorithms and
mechanisms in a more engaging, immersive way. This approach encourages users to
reconsider their relationship with the digital avatars formed by their personal data.

4.3. The Concealment and Boundary Crossing Issues of Privacy Data Use

This design study highlighted several issues, including the hidden nature of user pri-
vacy policies, the collection and circulation of user data by third parties, and the complexity
of algorithmic involvement. Drawing on the classification research by Mathur et al. [32],
it examined the increasing use of ‘dark pattern’ interfaces in modern interaction de-
sign—interfaces that are misleading and manipulative. The study found that platforms,
through their service agreements, not only require users to authorize access to private
information such as phone numbers, locations, and photo albums but also collect data like
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search history, network status, and clipboard content. This practice exploits users’ belief
that these types of data are unimportant or unrelated to traditional notions of ‘privacy’. As
a result, many users are unaware of the extent to which their information can be utilized
and transformed by big data algorithms and analysis. Has this already crossed the privacy
boundaries users once thought were secure? This issue not only highlights how platforms
redefine privacy through algorithmic processes but also triggers negative emotions in users
when interacting with these platforms.

4.4. Strengths and Limitations

This study offers several advantages. First, our research focuses on the perspectives
and concerns of the general public, rather than experts, regarding data collection and
processing. Although ongoing discussions in fields like computer science and programming
address data and privacy security, which are of significant theoretical and practical value,
our work shifts the focus to enhancing user awareness. By exploring the presentation of
data privacy-related algorithms, we aim to empower users with the knowledge necessary
for informed privacy decisions.

Second, the study’s novelty lies in integrating poetic metaphors with the complex
processes of data flow. We designed a series of simple, visually appealing visualizations
that reflect the characteristics and goals of data flow. These visualizations create a symbolic
scenario that helps users better understand data security and privacy through interactive,
metaphor-driven design.

Third, our empirical research highlights users’ experiences and potential shifts in their
decision-making. The results show that introducing new visual symbols to represent real-
world data privacy challenges can effectively help participants visualize and interact with
their understanding of algorithms and mechanisms in a more engaging and immersive way.

Our study has several limitations. First, we conducted open-ended interviews instead
of in-depth ones, which may have led us to overlook complex relationships from the
participants” perspectives. Additionally, we did not track long-term changes in privacy-
related decision-making behaviors. Second, the current interactive system is still in its
early prototype phase, requiring multiple iterations to optimize the system’s interaction
design. Future research will aim to include more participants to gather comprehensive
feedback and refine the visualization design. Furthermore, we plan to expand the study
to a wider range of regions and apply the analytical framework to major global social
platforms. This will allow us to explore the adaptability and effectiveness of privacy
algorithm visualizations in different cultural contexts. Through these efforts, we hope to
better understand and address the limitations identified in the current study, providing
valuable insights for future research and design in related fields.

5. Conclusions

This study, from the perspective of a broad user base, employs the method of “in-
fopoetry” to capture the characteristics of the “eavesdropping” process and the roles of its
components, guiding the development of visualization and interactive design. Compared
to the fields of technical implementation and optimization, our research emphasizes the
intersection of data visualization, user experience design, and data privacy education.
We adopt a unique approach to investigate how innovative visualization and interactive
methods can improve non-expert users” comprehension of complex data privacy concepts,
offering a fresh perspective for privacy education. Participant feedback suggests that this
approach effectively enhances general users” awareness of data security and privacy. The
results also uncover hidden issues in the current online environment and social media
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Abstract: Multimodal sentiment analysis (MSA) seeks to predict subjective human sentiments by
utilizing information from multiple modalities. It has been applied in diverse scenarios. Recent
studies suggest that MSA benefits from integrating diverse modalities, emphasizing the fusion
of multimodal information at different levels and the joint learning of modality-consistent and
modality-inconsistent representations. In this work, we put forward a cross-modality dual-attention
fusion network (CMDAF) that incorporates a cross-modality dual-attention fusion module. This
module facilitates the integration of representations across modalities, enabling effective fusion from
shallow to deep levels. A Transformer-based projection module transforms the fused representations
into modality-consistent and modality-inconsistent forms, further enhanced through multi-scale
contrast learning. Experiments on three MSA datasets (MOSI, MOSEI, and CH-SIMS) demonstrate
the superiority of CMDAF, achieving state-of-the-art performance on most metrics.

Keywords: multimodal sentiment analysis; multi loss; dual attention; multimodal fusion; contrastive

learning

1. Introduction

Multimodal fusion learning aims to create fine-grained fusion representations from
different modalities, which in turn enhances the overall performance of the model. In
recent years, online social media platforms like Facebook, YouTube, TikTok, and Twitter
have experienced rapid growth. This growth has led to an explosion of multimodal data
(e.g., textual, acoustic, and visual) that captures users’ emotional expressions. This influx
of data not only motivates advancements in multimodal fusion learning but also presents
significant challenges. Currently, multimodal fusion learning has garnered extensive
research interest across various fields, including multimodal sentiment analysis [1,2], cross-
modal retrieval [3,4], visual questioning [5], and emotion recognition in conversation [6,7].

Multimodal sentiment analysis (MSA) aims to analyze information in multiple modal-
ities, including textual elements, acoustic attributes, and visual indicators. This approach
enhances the prediction of both the polarity and intensity of human sentiments. Unlike tra-
ditional unimodal sentiment analysis, MSA effectively alleviates semantic and sentimental
ambiguities by integrating and leveraging the rich, complementary information from mul-
tiple sources. Recently, MSA has been increasingly applied to various downstream fields,
especially in areas such as healthcare [8], e-business [9], and recommended systems [10].

Multimodal sentiment analysis techniques rely on the comprehensive extraction of
features from different data modalities. Much prior research has employed custom algo-
rithms to extract fixed features, including acoustic attributes (such as pitch, bandwidth,
and speech rate) and visual elements (like facial structure, head angle, and pose). Although
these fixed features incorporate prior knowledge, they often lack sensitivity across different
datasets. Recent studies, including MMML and UniMSE, highlight the significant potential
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of pre-trained models during the feature extraction phase, providing valuable insights for
our work.

Multimodal sentiment analysis must account for the inherent heterogeneity in mul-
timodal data, necessitating the accurate capture of inter-modality correlations. These
correlations can be categorized into modality-consistent and modality-inconsistent infor-
mation. Many current studies tend to prioritize modality-consistent information, which
enhances the model’s recognition capabilities but risks fostering an over-reliance on modal
details that contribute significantly. Previous research [11] indicated that textual modality
is generally more informative than acoustic and visual modalities. Consequently, when
discrepancies arise in affective polarity between textual and other modalities, the model’s
performance can be substantially impacted. For instance, if a girl states, “I really like the
sun”, models will likely interpret her mood as positive. However, if her tone conveys
sadness or she is depicted getting wet in the rain, the models might erroneously classify
her sentiment as negative. Thus, leveraging the variability among modalities is crucial for
improving model performance.

Inspired by the observations above, we propose a novel Cross-Modality Dual-Attention
Fusion Network (CMDAF). It conducts multi-level interactions to learn and understand
inter-modality correlation, which improves the performance of MSA.

In summary, our contribution can be summarised as follows:

*  We propose the Cross-Modality Dual-Attention Fusion Network. The network uses
pre-trained models to extract unimodal raw data from the three modalities and convert
them into a unified dimensional embedding representation. It facilitates inter-modal
information interaction.

®  We achieve multi-level inter-modal information interaction by feeding the representa-
tions from three modalities into the cross-modality dual-attention fusion module.

*  We propose the Transformer-based Features Projector. It projects unimodal features
into modality-consistent and modality-inconsistent representations. Building on the
above projections, we introduce unimodal classification loss and multi-scale contrast
learning frameworks to further enhance the learning of the two representations for
each modality.

e  We validated the performance of the network on the MOSI, MOSEI, and CH-SIMS
datasets. Experimental results demonstrate that CMDAF outperforms other baselines
across all metrics on the MOSI dataset. Additionally, it also outperforms the baselines
on the MOSEI and CH-SIMS datasets for most metrics.

2. Related Work
2.1. Multimodal Sentiment Analysis

Many previous researches on multimodal sentiment analysis have experimented with
various multimodal fusion methods. Zadeh et al. [12] proposed a multimodal dictionary
representation that learns four types of interactions between facial expressions and speech.
TEN [13] emphasizes learning both inter-modality and intra-modality representations
through an end-to-end approach. CAT-LSTM [14] developed a recurrent model to capture
contextual information among different discourses. Rahman et al. [15] proposed the multi-
modal adaptive gating mechanism (MAG) built on BERT [16], which captures information
in vector form.

Yu et al. [17] developed a Chinese multimodal sentiment analysis dataset (CH-SIMS)
featuring fine-grained modal annotations. They designed a joint training module using self-
supervised learning to identify inter-modality consistency and inconsistency, emphasizing
samples with significant discrepancies. In addition, CH-SIMS directs the learning subtasks
to focus on samples with substantial discrepancies between modal supervision. MISA [18]
aims to bridge the representation gap between different modalities and facilitate effective
fusion by learning modality-invariant and modality-specific representations. The model
contains two subspaces to be learned, one for capturing commonalities and the other for
capturing modality uniqueness. Arjmand et al. [19] proposed the Transformer-based
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Speech Prefix Language Model (TEASEL), which utilizes a lightweight spatial encoder for
speech. MM-DFN [20] developed a novel graph-based dynamic fusion module to minimize
redundancy and enhance the complementarity of schemas. This module achieves these
goals by capturing the dynamics of contextual information across various potential spaces.

Paraskevopoulos et al. [21] proposed a top—down cross-modal structure. His frame-
work efficiently extracts multi-level representations among modalities and facilitates effec-
tive interactions. Mult [11] introduced a directed pairwise cross-modal attention mecha-
nism designed to operate in an end-to-end fashion. This approach effectively addresses
the challenges of misalignment in multimodal data as well as the complexities associated
with long-term dependencies. ViT [22] divides images into blocks (patches) and uses a
linear embedding sequence of these image blocks as input to the Transformer. This work
demonstrates the independence and efficiency of attention applications in computer vision.
BLIP2 [23] is a lightweight pre-training approach using frozen visual pre-training models
and LLMs with generalization and efficiency. MMML [24] introduces a cross-modality
module designed to capture the interdependencies between different modalities.

2.2. Contrastive Learning

UniMSE [1] performs inter-modality contrast learning to maximize inter-class variance
across samples. To address the problem of large-scale unsupervised visual data, Vatt [25]
trained models through Noise Contrast Estimation (NCE) in different granularity spaces of
semantic hierarchies. Inspired by recent contrast learning algorithms, SimCLR [26] inte-
grates multiple data augmentation techniques and introduces nonlinear transformations
to enhance the effectiveness of representation learning. MVGRL [27] focuses on learning
multi-level representations from points to graphs. ConFEDE [28] integrates inter-sample
contrast learning and intra-sample modal decomposition into a simple unified loss function.
ConFEDE constructs contrast relations between all decomposed features.

3. Methodology
3.1. Overall Architecture

The overall architecture of CMDAF is illustrated in Figure 1. First, a feature ex-
tractor module independently extracts unimodal features from text, visual, and acoustic
data. After obtaining the unimodal featureembeddings, these embeddings are processed
through a cross-modality attention module, which facilitates dynamic fusion at multiple
levels—both within each modality and across modalities. The fused features are then fed
into a transformer-based feature projection module, where each fused representation is
transformed into both modality-consistent and modality-inconsistent forms. Additionally,
we adopt a multi-loss training strategy, which includes three key components, namely
multimodal classification loss, unimodal classification loss, and contrastive learning loss.

3.2. Task Definition

Given a conversation C = {uy,u, - - -, 1|, } containing |C| utterances uy, - - -, 1., the
goal of MSA is to predict the emotional polarity and intensity for each utterance u; in
C. The input of each utterance can be represented as I = {I;, I, I, }, where I"* denotes the
unimodal raw feature from the utterance i, and m € {t,v,a}, where {t,v,a} denotes the
textual, acoustic, and visual modalities. To better learn human emotions, we introduce
contextual information into the conversation. We integrate each utterance with the previous
k utterances as textual input. We also integrate the current and previous audio and video
clips. Thus, each utterance corresponds to k+1 rounds of text, two rounds of speech,
and video.
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Figure 1. The overall architecture of the CMDAF. For the raw data, the network obtains unimodal
features by pre-training feature extractors. The architecture comprises the following three essential
components: the cross-modality dual-attention fusion module, the feature projection module, and
the multi-loss learning module.

3.3. Feature Extraction

In contrast to traditional fixed feature extraction algorithms, many recent studies have
demonstrated that pre-trained models perform effectively in unimodal feature extraction [1,7,24].
Inspired by these studies, we adopt and fine-tune the pre-trained feature extractor to obtain rich
unimodal features.

We utilize RoBERTa [29] as a text encoder to extract and encode features from the
textual modality. RoBERTa is a Bert-based pre-trained language model. It improves the
performance of BERT through large-scale data training and model parameter optimization.
Roberta outperforms the original BERT on several natural language processing tasks.
Data2vec [30] proposes a powerful self-supervised algorithm for multiple modal inputs. It
also represents a new, comprehensive self-supervised learning paradigm demonstrating
strong multimodal learning representation capabilities. Due to the excellent performance
of Data2vec, we use Data2vec-audio and Data2vec-vision as feature encoders for audio and
vision, respectively. In addition, we employ HuBERT to extract features for Chinese speech
in CH-SIMS.

We directly extracted features from the raw text data using RoBERTa. For visual
features, we utilized Data2Vec-Vision to process the T-frame images of each clip. Addition-
ally, extracting audio files from the video is a prerequisite for acoustic feature extraction.
Notably, all three modal features (text, visual, and acoustic) have a dimensionality of 768,
allowing them to be used directly for subsequent processing.

3.4. Cross-Modality Dual-Attention Module

The main goal of MSA focuses on rich modal fusion representations from multimodal
features. As shown in Figure 2, we propose the cross-modality multi-head dual-attention
module, which comprises both multi-head dual-attention and self-attention components. It
addresses the heterogeneity problem in multimodal data and captures the intra-modality
and inter-modal correlations. The module contains N layers, enabling the network to
perform multi-level feature fusion. Specifically, primary multimodal feature fusion is
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conducted in the shallow layers, whereas advanced multimodal fusion takes place in
the deeper layers. Since textual modality is more instructive for multimodal sentiment
analysis [1,11], we do not apply the dual-attention mechanism equally to the three modal-
ities but mainly use textual modal features to guide the other modality’s features for
cross-modality interaction.

Y

Y

NN NEE——. . ]

Figure 2. The network structure of the cross-modality dual-attention module.

In the first stage, the multi-head cross-modal dual-attention encoders focus on captur-
ing and integrating inter-modal interactions across different modalities. This mechanism
enables the model to identify complex dependencies among multimodal data. It pro-
vides a more comprehensive understanding of the data environment. This process can be
computed as follows:

XV = MHCA(X] |, xV, X},

~—

, @

A
XZ.T’ = MHCA(XZ'T,lr Xﬁy XiAfl)’ @
X = CAXIY, XI4) 4 X[, ®
XTI = LN(Proj(x}1), @)
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where the MHCA (-) denotes the multi-head dual-attention network, CA(-) denotes the
concatenation operation, Proj(-) denotes the projection layer, and LN(-) denotes the layer
normalization operation.

XVT = MHCA(XY , XT 1, X7 ), ©®)
XM = MHCA(X, X[, X1 ), ©)
X} = LN(Proj(x)'T), @)
XA = LN(Proj(XAT), ®)

where the MHCA(-) denotes the multi-head dual-attention network, CA(-) denotes the
concatention operation, Proj(-) denotes the projection layer, LN(-) denotes the layer normal-
ization operation.

In the second stage, the multi-head self-attention encoders focus on digging deeper
and extracting the rich interaction information within each modality. This process helps
the model better understand and represent the intrinsic structure of single-modality data.
The stage can be formalized as follows:

Xt = MHSA(X]", X[", X["), )
X" =LN(X[" + X["), (10)
X" = LN(PFN(X}!) + XII), (11)

where MHSA(-) denotes the multi-head self-attention network, PFN(-) denotes the pointwise
feed-forward layer, m € {t,v,a}.

The first phase of intermodal information interaction involves four main MHCA
(multi-head cross-attention) networks. These networks are designed to handle the vary-
ing tendencies between different modalities when there are significant differences in
their characteristics.

3.5. Features Projection Module

Inspired by the structure of ConFEDE [28], we proposed a transformer-based features
projection module, which is illustrated in Figure 3. The module consists of four projectors:
the modality-consistent projector, the text-inconsistent projector, the audio-inconsistent
projector, and the visual-inconsistent projector. The modality-consistent projector projects
each of the three modalities into a modality-consistent feature X, while each of the other
three projectors is a modality-inconsistent projectors, each transforming the corresponding
modality feature into a modality-inconsistent feature X7 .. Afterward, we establish the con-
trastive relationships among all features by implementing multi-scale contrastive learning.
This process can be expressed as follows:

X" = ConsTrans(X™), (12)

X = InconsTrans(X™), (13)

1cs

where m € {t,a,v},1ConsTrans(-) and InconsTrans(-) denote the modal-consistency feature
Transformer and modal-inconsistency feature Transformer, respectively.
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Figure 3. The network structure of the features projection module.

3.6. Multi-Loss Learning

Many recent studies have used the multi-loss training strategy for multimodal fusion
learning, which incorporates different subtask losses in the multimodal fusion task to
help improve model performance. Following [1,24,28], we use multi-loss learning further
to improve the performance of understanding multimodal fusion representations. The
multi-loss objective function is described as follows:

L= Lmulti +aLly, + ,BLcl/ (14)

where L,,,;;; is the multimodal classification loss, L,,,; represenst the unimodal classification loss
and L represents the multi-scale contrastive loss. Additionally, « and p are hyper-parameters,
constrained between 0 and 1, that regulate the weighting of the components’ contributions.

3.6.1. Multimodal Classification Loss

In contrast to the sharp turning point of ReLU, GELU implements an adaptive gating
mechanism through its internal Gaussian CDF component. It provides a smooth activation
profile that helps the deep learning model to be more stable during the training process.
We concatenate the consistent and inconsistent features from the three modalities as inputs
to the MLP, which generates the multimodal sentiment prediction results. These results are
then optimized using smooth L1 loss.

3.6.2. Unimodal Classification Loss

For each of the six single features [Tis, Vis, Als, Tid, Vid, and Ald] obtained after the
consistent/inconsistent Transformer module, we feed them into an MLP-based classifier to
predict the unimodal sentiments and also optimize them using smooth L1Loss.

Compared to other datasets, CH-SIMS contains both multimodal and unimodal an-
notations, which is a Chinese multimodal sentiment analysis dataset with finer modal
annotations. For datasets without unimodal annotations, we apply multimodal annotations
for unimodal sentiment prediction.
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3.6.3. Multi-Scale Contrastive Loss

Following [28], we present a multi-scale contrastive learning framework called NT-
Xent. It is designed to perform intra-modality and inter-modality contrastive learning
together. On the one hand, inter-sample contrast learning can magnify the distance between
dissimilar samples and reduce the distance between similar samples. On the other hand,
intra-sample contrast learning can highlight modality-consistent and modality-inconsistent
representations. For each anchor sample, the multi-scale contrastive loss function can be
represented as follows:

exp(sim(p)/ 1)
niupi exp(sim (k) /T)’ (15)

- —log
o pgﬁ Lie

where P denotes all the positive pairs, and N* denotes all the negative pairs, and sim is a
cosine similarity calculation for positive and negative sample pairs, respectively.

4. Experiments
4.1. Datasets

As shown in Table 1, we employ three widely used datasets for MSA to evaluate the
performance of the cross-modality dual-attention fusion network. These datasets are the
Multimodal Opinion-level Sentiment Intensity dataset (MOSI) (Zadeh et al., 2016) [31],
Multimodal Opinion Sentiment and Emotion Intensity (MOSEI) (Zadeh et al., 2018) [32],
and Chinese Multimodal Sentiment Analysis Dataset (CH-SIMS) (Yu et al., 2020) [17].

Table 1. The details of MOSI, MOSEI, CH-SIMS.

Dataset Train Valid Test All Language
MOSI [31] 1284 229 686 2199 English
MOSEI [32] 16,326 1871 4659 22,856 English
CH-SIMS [17] 1368 456 4457 6281 Chinese

MOSI contains 2199 discourse video clips collected from YouTube monologue film
reviews. Each clip has been manually assigned sentiment scores that range from —3 to +3,
indicating both the sentiment polarity and its relative intensity.

MOSEI is an extended version of MOSI annotated with sentiment and emotion.
It includes 22,856 film review clips sourced from YouTube. Importantly, there is no
overlap between MOSI and MOSEI, as their data collection and labeling processes are
conducted independently.

CH-SIMS is a Mandarin language dataset containing the same modalities, audio, text,
and video, collected from 2281 annotated video clips. It includes data from TV programs
and films.

4.2. Evaluation Metrics

Following previous studies (CH-SIMS [17], UniMSE [1], and ConFEDE [28]), we
choose the mean absolute error (MAE), Pearson correlation (Corr), seven-class classification
accuracy (ACC-7), binary classification accuracy (ACC-2), and F1 scores as evaluation
metrics. Specifically, ACC-2 and the F1 score are calculated for negative/positive (NP) and
non-negative/negative (NN) classifications using the MOSI and MOSEI datasets [28]. All
indicators reflect better performance with higher values, except for the mean absolute error
(MAE), where a lower value indicates better performance.

4.3. Baselines

To thoroughly validate the effectiveness of our CMDAF, we perform a fair comparison
with several SOTA methods for MSA tasks. We do not select methods that only report
results from a single round of experiments nor methods that do not have an officially
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valid code for reproduction. For MSA, the methods we compare can be broadly classi-
fied into two groups: (1) early multimodal fusion methods, such as the Tensor Fusion
Network (TFN) (Zadeh et al., 2017) [13] and Low-rank Multimodal Fusion (LMF) (Liu
et al., 2018) [33], and (2) methods exploring modality interaction fusion, including Multi-
modal Transformer (MulT) (Tsai et al., 2019) [11], modality-invariant and specific represen-
tations (MISAs) (Hazarika et al., 2020) [18], large pre-trained transformers (MAG-BERT)
(Rahman et al., 2020) [15], Multi-Task Learning (Self-MM) (Yu et al., 2021) [34], hybrid
contrastive learning (HyCon) (Mai et al., 2021) [35], a unified learning framework (Con-
FEDE) (Yang et al., 2023) [28], and Multimodality Multi-Loss Fusion Network (MMML)
(Wu et al., 2023) [24].

4.4. Experimental Settings

We use Roberta-Base, We used Roberta-base, Data2Vec-Audio-base, HuBERT-base,
and Data2Vec-Vision-base as unimodal feature extractors. Feature extractors were fine-
tuned on MSA datasets Roberta-Base to better extract MSA-specific unimodal features. The
number of previous utterances k is 2. The length of the extracted unimodal feature is 768.
In addition, we adopt Transformer-based encoders as the backbone of CMDAF. The batch
size is 16, the main learning rate is 5 x 1072, and the AdamW optimizer is used with loss
functions, including smooth L1Loss and NT-Xent. The whole process is run on a single
RTX 3090 GPU, manufactured by NVIDIA, Santa Clara, CA, USA, and the experimental
results are averaged over three rounds. « and  are set to 0.1 and 0.02, respectively.

4.5. Results

We evaluated the experimental performance of CMDAF on MOSI, MOSEI, and CH-
SIMS. In comparison to the previous SOTA, CMDAF showed a significant improvement
across all three publicly available datasets. The experimental scores of CMDAF were
averaged over three rounds of experimental results.

The comparison results with baseline methods are presented in Tables 2—4. The
performances of all other baselines, except for MAG-BERT, are sourced from published
papers [1,2,24,28]. 1 signifies that the higher values reflect better performance, while
} indicates that lower values for MAE are preferred. The best results are highlighted
in boldface, while the underlined values indicate the second-best results. For ACC-2
and the F1 score, the left and right of the “/” represents the negative /non-negative and
negative/positive, respectively.

The proposed method outperforms all baselines across all metrics on the MOSI dataset
as shown in Table 2. Compared to the SOTA model MMML, our method improves by
1.03% in NP for ACC-2, by 1.4% in NN for ACC-2, by 0.98% in NP for the F1 score, by 1.54%
in NN for the F1 score, by 2.4% in the Pearson correlation (Corr), and by 3.7% in MAE.
In addition, the proposed model shows exceptional ability in multi-class classification,
outperforming the optimal baseline by 1.04% on ACC-7.

As seen in Table 3, CMDATF outperforms all baselines across all metrics except ACC-7
for the MOSEI dataset. Furthermore, the ACC-2 and F1 scores of NN are significantly
higher than all baselines at 0.99% and 1.07%, respectively. Table 4 demonstrates that
our proposed method outperforms all baselines across most metrics on the CH-SIMS
dataset. Specifically, our method improves ACC-2 by 0.89%, F1 scores by 0.95%, and ACC-5
by 0.73%.

As shown in the results, our method has a significant improvement in classification
ability. The superior network performance implies that CMDAF can understand modality-
consistent and modality-inconsistent information more comprehensively. Our approach
provides richer and more accurate information for downstream tasks, demonstrating
capabilities in multimodal sentiment analysis.
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Table 2. Comparison SOTA: the MOSI dataset demonstrates exceptional performance. Note:
2. results from [1]; ?: results from [28]; ©: results from [24].

Model MAE] CORR? ACC-71 ACC-21 F11
LMF “ [33] 0.917 0.695 33.20 -/82.50 -/82.40
TFN # [13] 0.901 0.698 34.90 -/80.80 -/80.70
MulT “ [11] 0.861 0.711 - 81.50/84.10  80.60/83.90
MISA “ [18] 0.804 0.764 - 80.79/82.10  80.77/82.03

MAG-BERT “ [15] 0.712 0.796 - 84.20/86.10  84.10/86.00
HyCon * [35] 0.713 0.790 46.60 -/85.20 -/85.10
Self-MM ? [34] 0.708 0.796 46.67 83.44/85.46  83.36/85.43
ConFEDE ? [28] 0.742 0.784 4227 84.17/85.52  84.13/85.52
MMML € [24] 0.643 0.838 4825 85.91/88.16  85.85/88.15
CMDATF (ours) 0.606 0.862 49.29 87.31/89.19  87.39/89.13

Table 3. Comparison with SOTA: the MOSEI dataset demonstrates exceptional performance. Note:
2. results from [1]; ?: results from [28]; ¢: results from [24].

Model MAE/ CORR} ACC-71 ACC-21 F11
LMF “ [33] 0.623 0.7 48.00 -/82.0 -/82.1
TFN “ [13] 0.593 0.677 50.20 -/82.50 -/82.10
MulT “ [11] 0.580 0.713 - -/82.50 -/82.30
MISA “ [20] 0.568 0.717 - 82.59/84.23  82.67/83.97

MAG-BERT “ [15] - - - 84.70/- 84.50/-

HyCon  [35] 0.601 0.776 52.80 -/85.40 -/85.60
Self-MM © [34] 0.531 0.765 53.87 83.76/85.15  82.17/85.83
ConFEDE ! [28] 0.522 0.78 54.86 81.65/85.82  82.17/85.83
MMML € [24] 0.517 0.791 54.95 86.32/86.73  86.23/86.49
CMDAF (ours) 0.509 0.806 54.11 86.43/87.72  86.41/87.56

Table 4. Comparison with SOTA: the CH-SIMS dataset demonstrates exceptional performance. Note:
2 results from [2]; ?: results from [28]; ¢: results from [24].

Model ACC-27  ACC-3t  ACC-51 F11 MAE] Corr!
ALMT“ [2] 81.19 68.93 45.73 81.57 0.404 0.619
ConFEDE ' [28]  82.23 70.15 46.30 82.08 0.392 0.637
MMML € [24] 82.93 69.37 49.38 82.90 0.332 0.732
CMDAF (ours) 83.82 70.42 50.11 83.85 0.325 0.723

4.6. Ablation Study

To verify the effect of different components on overall performance, we perform a
range of ablation experiments on the MOSI dataset, with the results shown in Tables 5-7.
Note that “w/0” indicates that CMDAF is evaluated without a specific setting.

4.6.1. Effects of Different Modalities

We investigate the effect of incorporating acoustic and visual modalities on the pro-
posed model. As shown in Table 5, the removal of both acoustic and visual modalities leads
to a noticeable decline in the overall performance of the model. Model performance degra-
dation is more pronounced in the absence of inputs from acoustic and visual modalities.
This phenomenon suggests that MSA can analyze and use multimodal information in a
complementary way, removing semantic and affective ambiguity. The results above demon-
strate that the textual modality provides richer and more accurate affective information
than the other two modalities.
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Table 5. Ablation study of CMDAF on MOSI: different modalities. A and V denote the acoustic and
visual modalities, respectively. Note that the best result is highlighted in bold.

MAE] CORR? ACC-2} F11
CMDAF 0.606 0.862 87.31/89.19 87.39/89.13
w/oA 0.619 0.844 85.71/87.91 85.68/87.94
w/oV 0.611 0.851 85.86/88.11 85.79/88.10
w/o ANV 0.620 0.841 85.28/87.53 85.30/87.59

An interesting phenomenon is that removing acoustic modalities weakens the per-
formance of the network more than removing visual modalities. This phenomenon also
appears in recent work [1]. A plausible explanation for this observation is that the network
can more easily extract key emotional information from the acoustic than from the visual
modality. In other words, images typically contain more complex noise.

4.6.2. Effects of Cross-Modality Dual-Attention Fusion Module

As seen in Table 6, we examine the effect of the cross-modality dual-attention (CMDA)
module on model performance. We can observe that eliminating CMDA has a greater
impact on modal performance. These results suggest that CMDA can address the het-
erogeneity of multimodal data and effectively capture intra-modality and inter-modality
correlations. In addition, CMDA allows each of the three modalities to be fully learned and
enhances the interaction and fusion between the modalities. The results clearly demonstrate
that the CMDA plays a crucial role in emotion prediction.

Table 6. Ablation study of CMDAF on MOSI: CMDA vs. MHSA. CMDA represents the cross-modality
dual-attention module. Note that the best result is highlighted in bold.

MAE/] CORR? ACC-21 F11
CMDAF 0.606 0.862 87.31/89.19 87.39/89.13
w/o CMDA 0.618 0.841 85.99/88.39 85.96,/88.31

4.6.3. Effects on Multi-Loss

Moreover, we can observe from Table 7 the instructive significance of multi-scale
contrastive learning and unimodal sentiment analysis for multimodal sentiment analysis.
Through the application of multi-scale contrastive learning, the model effectively captures
both similarities and dissimilarities across modalities. This capability allows for a nuanced
analysis of the underlying sentiments in the data, particularly when there are significant
emotional variations among different modal features. As shown in Table 7, ‘w /o intra’
exhibits higher performance than ‘w/o inter” on MAE and lower accuracy on NN ACC-2.
On the one hand, intra-sample contrast learning improves the binary classification accuracy
of the model by comparing textual modality with other modal features. On the other hand,
inter-sample contrast learning improves the multi-classification stability by distinguishing
between consistency and inconsistency across samples. Unimodal sentiment analysis also
emphasizes the consistency information embedded in modal similarity features and the
discrepancy information retained by dissimilarity features.
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Table 7. Ablation study of CMDAF on MOSI: Multi-Loss. CL and Inter represent multi-scale and inter-
sample contrastive learning modules, respectively. Uni represents unimodal sentiment classification.
Note that the best result is highlighted in bold.

MAE] CORR? ACC-21 F11
CMDAF 0.606 0.862 87.31/89.19 87.39/89.13
w/oCL 0.614 0.848 85.71/87.76 85.70/87.81
w/o Intra 0.608 0.858 86.03/88.25 0.8599/88.29
w/o Inter 0.612 0.851 86.30/88.72 86.27/88.70
w/o Uni 0.611 0.852 86.25/88.57 86.28/88.56

4.7. Visualization of Features Extraction

Extracting richer modal features from the raw data significantly enhances the over-
all performance of our approach. To assess the efficacy of feature extraction using the
pre-trained model, we visualize the representations obtained through various extraction
methods. Using the MOSI dataset as a case study, we select all samples in the test set,
excluding those with neutral annotations. Figure 4a illustrates the modal representation
from the standard MOSI preprocessing. In contrast, Figure 4b presents the feature represen-
tations generated by our proposed method, highlighting the improvements achieved. It is
evident that the clustering of features from the samples extracted using our method is more
pronounced. This observation underscores the enhanced effectiveness of our approach in
the extraction of sample features.
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Figure 4. The T-SNE visualization compares the feature representations of three modalities between
(a) samples extracted using the MOSI method and (b) samples obtained through the pre-trained
extractors of our proposed method.

5. Conclusions

In summary, we propose a cross-modal dual-attention fusion network (CMDAF). First,
we fine-tune pre-trained models to extract rich features from the raw data for CMDAF.
Next, CMDAF simultaneously learns both modality-consistent and modality-inconsistent
information, enabling multi-level interaction and fusion of inter-modal information. Addi-
tionally, we introduce multi-scale contrastive learning to enhance both intra-modal and
inter-modal comparisons. The results demonstrate that CMDAF achieves state-of-the-art
performance across most metrics on the three datasets. While our proposed CMDAF
method demonstrates several advantages, there are some limitations that should be ad-
dressed. First, our method is currently designed to work in environments where all three
modalities are present. The performance of the method in scenarios where one modality is
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missing requires further investigation. Additionally, we plan to explore the application of
CMDAF in downstream tasks, such as healthcare, in future work.
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Abstract: Haptics for stress regulation is well developed these years. Using vibrotactile to present
biofeedback, guiding breathing or heartbeat regulation is a dominant technical approach. However,
designing computer-mediated affective touch for stress regulation is also a promising way and
has not been fully explored. In this paper, a haptic device was developed to test whether the
computer-mediated affective stroking on the forearm could help to assist people in reducing stress.
In our method, we used mid-air technology to generate subtle pressure force by blowing air and
generating thermal feedback by using Peltier elements simultaneously. Firstly, we found intensity and
velocity parameters to present comfort and pleasant stroking sensations. Afterward, an experiment
was conducted to find out whether this approach could help people mediate their perceived and
physiological stress. A total of 49 participants were randomly assigned to either a Stroking Group (SG)
or a Control Group (CG). Results showed that participants from SG felt more relaxed than those from
CG. The physiological stress index, RMSSD, increased and LF/HF decreased in SG although these
changes were not statistically significant. Our exploration created subtle, non-invasive, noiseless
haptic sensations. It could be a promising alternative for assisting people in stress regulation. Design
implications and future applicable scenarios were discussed.

Keywords: mid-air; thermal; haptic; tactile; affective touch; computer-mediated stroking; heart rate
variability; stress reduction; digital health; human—-computer interaction

1. Introduction
1.1. Background

In everyday life, people encounter various stressors, eliciting people’s anxiety feelings.
In the field of human-computer interaction (HCI), researchers have developed techno-
logical devices and systems, such as guided breathing [1], biofeedback for reflection [2],
relaxation training through biofeedback [3,4], and tools for aiding meditation [5] to help
individuals reduce stress and regulate emotions. The mainstream methods of stress regula-
tion typically employ visual [1-4] and auditory [5,6] stimuli. In recent years, a growing
body of research has been examining the role of haptics. In the context of haptic-based
stress regulation, most cases involve vibrations or pressure sensations used to guide breath-
ing rhythms [7-9], reflect heartbeat rhythms [10-13], or use tactile sensation to present
biofeedback to relax [14] and ease anxiety [15]. However, the current haptic sensation is
relatively simple, resulting in a monotonous tactile display form, and there is no way to
create a more detailed tactile experience. Meanwhile, these haptic actuators generated
mechanical noise, affecting the overall user experience.

Touch is a primary non-verbal communication channel for conveying intimate emo-
tions and it is essential for our physical and mental well-being [16,17]. In the appropriate
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context, non-harmful touch can not only reduce physiological stress indicators, such as
heart rate, blood pressure, and cortisol levels, but also enhance heart rate variability. It can
also increase levels of oxytocin, serotonin, and dopamine, which are linked to positive emo-
tional states and overall well-being. Moreover, this type of touch can reduce sympathetic
nervous activity linked to stress and anxiety [18-23]. Humans, compared to other species,
have specialized nerve fibers (CT afferents) that are highly sensitive to gentle, warm, and
caress-like touch, yielding positive emotional and physiological effects [24]. Prior research
has shown that touch can support emotional regulation through affective touch, which
includes gentle stroking characterized by slow, warm movements. This form of touch
has been proven to promote secure attachment [25-27]. Other studies also proved that
affective touch led to a reduction in autonomic responses and anxiety levels, indicating a
calming effect [28]. Touch could be taken as “comforting or caring”. Offering comfort is a
vital prosocial behavior, which is frequently manifested through affiliative touch directed
at individuals in distress, providing alleviation from their troubled state [29]. Usually,
individuals who receive affective touch, experience three stages of emotion regulation [30]:
situation modification, attentional deployment, and cognitive reappraisal (feeling closeness,
connection, and support). This process helps to alleviate anxiety and stress through both
external assistance and personal effort.

1.2. Studies About Affective Touch

Affective touch occurs when in contact with the skin [31]. Research in the field of
neuroscience has found that CT afferent fibers are closely linked to encoding the emotional
aspects of pain, itch, and tickle, as well as sensations of roughness and pleasantness [32].
Additionally, the emotional responses to touch differ between hairy and glabrous skin
areas [33]. Two key factors influencing CT afferents are the intensity and speed of the
stimulus. Generally, gentle, slow, and light movements are associated with more pleasant
experiences compared to firmer strokes [34], and rough surfaces or rapid movements are
perceived as less pleasant compared to smooth surfaces [35]. The rating of pleasantness for
brush stroking gestures is greater when the stroking velocity is optimal for activating CT
afferents (e.g., 3 m/s), compared to other velocities [36]. Temperature sensations are also
linked to the mechanisms underlying the perception of pleasantness. People are more likely
to accept caress-like touches that are similar to their own body temperature, approximately
around 32 °C [37].

1.2.1. Different Actuation Technologies to Imitate Pleasant Stroking

In the field of Human—-Computer Interaction, many studies focus on using different
actuation technologies to reproduce CT stroking. The common approach is using vibro-
tactile stimulation. With varying intensity, frequency, velocity, and direction of motion,
researchers generate pleasant sensations, similar to real touch [38—40]. Jukka Raisman et al.
also found the more continuous the stimulation, the more pleasant it was and the lower the
arousal level [41].

In addition, studies have used SMA or voice coil to generate mechanical movement
on the skin, thereby producing a feeling of pressure or friction and providing pleasant and
natural sensations [42—44]. Lawrence H. Kim et al. studied the VPS (Vibration, Pressure, and
Shear) display and found that participants rated the shear mode the highest pleasantness
and continuity [45]. Weicheng Wu et al. designed a wearable device consisting of a fabric
sleeve and thermoplastic pneumatic actuators arranged in a linear array and found pressure
changes during the inflation process did not affect continuity or pleasure [46]. Yiran Zhao
et al. developed a wearable device, using synthetic fur which simulated a gentle stroking
sensation on the user’s forearm. Results showed that participants who received affective
touch experienced lower state anxiety and the same physiological stress response level
compared to the control group participants. They also found that affective touch facilitated
stress regulation by rendering pleasantness, providing emotional support, and shifting
attention [47].
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1.2.2. Using Mid-Air and Thermal Technology to Influence Affections

Existing technologies have limits for displaying haptic renderings, such as affective
touch. The tactile sensations produced by vibration devices are relatively simplistic, often
requiring visual assistance to understand the specific haptic gestures [48,49]. Additionally,
both vibration and mechanical devices generate noticeable noise [43], which affects the
ability of mediated touch to provide a similar experience to human-to-human touch and
thus could result in less authentic and skewed emotional expressions. Emerging trends
in contactless haptic interfaces are gaining attraction, utilizing mid-air technologies, such
as air-jet [50,51] and acoustic radiation pressure [52-55], to generate tactile stimulation
without physical contact with the user. Mohamed Yassine Tsalamlal et al. emphasized
a significant impact of the air jet’s intensity and movement speed on assessments of
valence, arousal, and dominance [50]. Marianna Obrist et al. suggested that spatial,
directional, haptic characteristics, such as frequency, intensity, and duration of the haptic
stimulation, were important factors in generating haptic sensations by employing mid-air
tactile stimulation [52]. Sean Chew et al. found that users could directly experience the
applications without the need to wear any devices, enhancing the speed and hygiene of
the experience [53]. What is more, mid-air tactile is a new promising technology used for
stress regulation. Yuka Sato et al. assessed how users perceive haptic stimuli created by air
vortex rings applied to the cheek and examined their impact on physiological responses.
The findings indicate that specific stimuli may help alleviate stress [51]. In the field of VR,
researchers have explored the effect of combining mid-air technology with thermal haptics
to create a better immersive experience [55].

Researchers have also found a fundamental link between temperature and intimacy [56],
social connections [57], social closeness [58], trust [59], and a warm personality [60]. Fur-
thermore, psychotherapy research shows that warm hands in clients are linked to emotional
security [61]. Participants thought these thermal sensations were comfortable and felt like
human touch. In the HCI community, thermal touch technologies created thermal sensations
of heat or cold. Many studies have shown that temperature affects both the valence and
arousal of emotions [62-64]. Warm stimuli are perceived as more pleasant/positive compared
to cold stimuli, and both emotional valence and arousal are influenced by modifying the rate
or degree of temperature change [62]. Using thermal tactile for stress regulation has become
more and more popular. Some works have focused on using heat to guide participants to
pay attention to themselves [65] and engage in physical meditation [66] or relaxation [67].
Muhammad Umair et al. designed a personalized thermal tactile module for affect regula-
tion following stress induction in participants [68]. The results showed that thermal tactile
feedback effectively helped regulate stress and anxiety, playing a crucial role in the process.
Individuals use the perceptual attributes of thermal patterns, along with emotional interpreta-
tions and metaphors, to attribute familiar meanings to thermal patterns. However, presenting
temperature strokes is technically challenging. Yuhu Liu introduced a haptic device designed
to generate a stroking sensation on the forearm by simultaneously applying pressure and
thermal feedback. The compact and soft device employs micro blowers and inflatable pouches
to create a pressure sensation while utilizing water to provide thermal feedback. According to
a user study, it effectively simulated a thermal stroking sensation, and it was observed that
cooler temperatures enhanced the perceived pleasantness of the stroking [69].

1.3. Scope of Our Research

A substantial number of haptic technologies have been developed to simulate the sen-
sation of stroking, yet the exploration of combining mid-air and thermal tactile technologies
remains relatively limited. Also, few cases use the combination to simulate affective touch
to assist stress regulation. A large number of blank areas have yet to be verified. We empha-
size mid-air and thermal tactile technologies for stress regulation due to their experiential
and material qualities, such as convenience to proceed, comfort, subtlety, ability to direct
attention, gradual nature, and privacy. We believe that combining mid-air and thermal
feedback can create a comfortable and pleasant stroking experience, further helping users
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alleviate anxiety and support stress regulation. Compared to other affective touch gestures,
such as hugging or patting, which require more complex hardware, stroking demands
lower technical complexity. Additionally, stroking can maximize the potential of mid-air
technology by simulating a gentle and soothing tactile experience, which is more effective
for alleviating stress and anxiety. For the body part selection, we chose the forearm. The
forearm is the most extensively studied body part, providing a solid foundation of previ-
ous research [38-47,50,53]. Moreover, it is one of the most commonly and easily touched
body parts, offering significant potential for developing various corresponding devices.
This paper explores affective touch technologies based on mid-air technology, combining
thermal sensation for personal stress regulation. We defined research questions as follows:

e  How can designs utilize mid-air and thermal tactile technology to create a sensation
of being caressed and evoke positive feelings in users?
What are the effects and impacts of this technology on participants” stress regulation?
What are other potential applications or scenarios that can adopt this technology?

To address these questions, we developed a haptic stroking simulation device. Ini-
tially, we evaluated the device to determine the suitable intensity and velocity settings
for delivering comforting and pleasant stroking sensations. Subsequently, we conducted
a between-group experiment and semi-open interviews with 49 participants. They were
randomly divided into either the Stroking Group (SC) or the Control Group (CC). We
hypothesized that the computer-mediated stroking device for stress regulation could help
to assist people in reducing stress, compared to those who did not use our designed device.
After experiencing the stress induction phase, participants who interacted with our haptic
device showed a significant reduction in anxiety based on the State-Trait Anxiety Inventory
(STAI). The heart rate variability (HRV) feature of those participants also altered, indicat-
ing reduced stress and increased relaxation, although the difference was not statistically
significant. Our contributions are as follows:

1. We introduce a novel method that creates subtle stroking sensations by combining
mid-air and thermal feedback technologies, thereby exploring new design possibilities
offered by haptic sub-modalities;

2. Weexplore design insights of computer-mediated affective stroking, which contributes
to the expansion of the design space for stress regulation technologies;

3. We summarize promising design solutions for practical application scenarios, which
refine future research and design in mid-air and thermal tactile technologies.

2. Materials and Methods
2.1. Hardware Design and Components

The Stroking Device is composed of three components: the Stroking Component,
Thermal Control Component, and Hardware Driver Component (Figure 1). The first
component is the Stroking Component, consisting of 8 fans, each measuring 4 cm x 4 cm.
These fans are relatively small and can be combined freely. Therefore, it can be better
designed according to the needs of the situation. They are arranged in two columns. Each
column contains 4 fans and has a total length of 20.5 cm. The distance between each fan is
1.5 cm. One column is placed on the top of the forearm, while the other is positioned on
the outer side (Figure 2). Each corresponding pair of fans from the two columns forms a
row, resulting in four rows (P1, P2, P3, P4).
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Figure 1. Hardware design: (a) hardware of the stroking device and (b) framework of the whole system.
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Figure 2. Arrangements of 8 fans and blowing-air pressure on the skin to imitate stroking sensation.

The second component is the Thermal Control Component (Figure 1). Each column
of four fans is fixed onto a metal heat conduction layer, which has three Peltier elements
(TEC1-12702) attached to its back. Peltier elements have been frequently used as thermal
driving devices in previous studies [62-64]. The heat generation and transfer by the
Peltier elements are quick and easy. A motor driver (L298N Dual H Bridge) regulates the
temperature hot/cold changes in the Peltier elements by controlling the current. Heat is
transferred through the conductive layer to the back of each fan. The fan blades disperse
the heated air, allowing participants to feel the temperature, thereby simulating the human
warmth that should be included in stroking. In this setup, we set the constant temperature
to 32 °C [37]. It is within a comfortable temperature range for humans. The DS18B20
temperature sensor detects real-time temperature changes. A PID (Proportional, Integral,
Derivative) algorithm is implemented in the software to maintain the temperature at
32 4+ 0.5 °C. L298N motor drivers are powered by 12 V power supplies.
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The third component is the Hardware Driver Component (Figure 1). Because there
are many electronic components, the Mega2560 MCU can provide enough interfaces to
ensure the normal operation of the system. We use it to control the fan’s blowing speed, the
variation in the simulated stroking speed, and the output current of the two motor drivers
to manage the thermal changes produced by Peltier elements. Additionally, we develop an
Android application that connects to the MCU via a JDY31 Bluetooth module. This allows
us to trigger various stroking effects, facilitating participant relaxation based on affective
touch in subsequent experiments.

2.2. Computer-Mediated Stroking Design
2.2.1. Parameters of Generating Stroking

Based on previous research [38—40], stroking is a dynamic movement influenced by
three factors: the force applied during stroking, the speed of stroking, and the direction
of stroking.

Since we use an Arduino Mega 2560 MCU, all control programs are written in Arduino.
We translate the stroking force into the intensity of the fan’s airflow. In Arduino, the output
signal has only two states: high (5 V) and low (0 V). However, many applications require
analog signals (signals that can take any value between 0 V and 5 V). PWM (Pulse Width
Modulation) simulates an analog signal by adjusting the duty cycle of the high state. By
adjusting the duty cycle, we can change the proportion of time the fan motor receives
power, thereby controlling the fan motor’s speed and, consequently, the intensity of the
fan’s airflow.

The stroking speed is controlled by the rhythm of the fan’s airflow in our device. We
group the fans into four rows (P1, P2, P3, and P4). In the Arduino program, only one row
of fans blows air at a time, while the other three rows remain off. The blowing sequence is
either P1-P2-P3-P4 or P4-P3-P2-P1 (Figure 2). By setting the time intervals for each row’s
blowing, we control the overall speed of the simulated stroking produced by the device.

L

where L is the length of the device, T is the total duration when our device starts blowing
from one end to when it finishes blowing at the other end, and V is the stroking velocity.
Since we set the intervals to 1.5s,2 s, and 2.5 s. The total duration (T) we set in the Arduino
program will be 7.5 s, 10 s, and 12.5 s, respectively. Our device has a total length (L) of
20.5 cm. Thus, the corresponding velocities (V) calculated will be 2.73 cm/s, 2.05 cm/s,
and 1.64 cm/s, respectively. Research has shown that the optimal speed for a comfortable
stroking sensation on hairy skin is between 1 and 10 cm/s [36,69]. The user’s forearm skin
will feel the slight pressure from the airflow, and the movement of this pressure across
different parts of the forearm creates a continuous sensation similar to stroking (Figure 2).
Since the blowing sequence can proceed in two directions, and the device’s size generally
covers most people’s forearms, participants can experience stroking in two directions,
either from wrist to elbow or from elbow to wrist.

2.2.2. Pilot Study

The purpose of this study is to test which combination of independent parameter
variables can best simulate the effect of stroking, providing users with comfort and a sense
of pleasantness. Our experimental device consists of an array of 8 fans arranged in four
rows, surrounding the outer and upper sides of the arm (Figure 3). To avoid any potential
influence from the experimental device, we used KT boards to make a box that covers
the device.
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Stroking ———

above the forearm

Outer lateral side
of the forearm

Figure 3. Fans around the outer and upper sides of the arm, blowing air pressure on the forearm.

We designed a 2 (“Moving Direction”) x 3 (“Duration”) x 2 (“Intensity”) repeated
measures experiment. The “Moving Direction” variable includes two levels: from the wrist
to the elbow, and from the elbow to the wrist. The “Duration” variable refers to the time
interval between the activation of adjacent fans, with intervals of 1.5, 2 s, and 2.5 s. The
“Intensity” variable controls the air force output of the fans using Arduino’s PWM, with
levels set at “200” and “255.”

We recruited 10 participants, including 7 males and 3 females, aged between 23 and 25.
All participants were students from a local university. Each participant signed a consent
form, agreeing to participate in the experiment and allowing their data to be used for
research purposes.

The experiment included 12 parameter combinations based on a 2 (“Moving Direc-
tion”) x 3 (“Duration”) x 2 (“Intensity”) design, plus two additional sets without parame-
ters, resulting in 14 sets of wind haptic parameters. These 14 sets were counterbalanced by
randomly ordered for each participant to experience.

Upon entering the experimental environment, participants were asked to choose their
dominant hand, and the experimenter adjusted the device’s position accordingly. Each
participant then inserted their arm into the device’s box and closed their eyes. During
the experience, the participants needed to report whether they felt a stroking sensation
and identify the direction of the stroke. They then evaluated each parameter set on
four dimensions: perceived continuity, perceived authenticity, perceived comfort, and
perceived pleasantness, using a 7-point Likert scale for their ratings. These are the four
metrics commonly measured in previous studies on mediated stroking design [41-46].
Participants reported their scores, and the experimenter recorded the data. At the end of
the experiment, we conducted a brief semi-structured interview to gather qualitative data
from the participants.

2.2.3. Mediated Stroking Design Decisions

Shapiro-Wilk normality tests showed that most participants” ratings are normally
distributed (p > 0.05). Ratings also met Mauchly’s Test of sphericity (p > 0.05).

Firstly, Intensity had statistically significant effects on the ratings of continuity and
authenticity. It had no statistically significant effects on the ratings of comfort and pleas-
antness. The ratings for continuity were 4.87 £ 0.29 for PWM_200 and 5.59 + 0.28 for
PWM_255. The ratings for Authenticity were 4.28 + 0.37 for PWM_200 and 4.88 + 0.36
for PWM_255. Compared to PWM_200, PWM_255 provides greater power output. There-
fore, with increased airflow, the perception becomes more pronounced, resulting in better
scores across all evaluation metrics. Secondly, Duration had statistically significant effects
on the ratings of continuity, comfort, and pleasantness. It had no statistically significant
effect on the ratings of authenticity. Post hoc LSD comparisons showed that there was a
significant difference between 1.5 s and 2.5 s on continuity (p = 0.03), comfort (p = 0.01),
and pleasantness (p = 0.003). Since the air generated a gentle sensation, the 2.5 s interval
provided a longer blowing duration, resulting in a more sustained and stable airflow. This
made the perception more pronounced, leading to higher scores across all evaluation met-
rics. Thirdly, the two-way interaction of Intensity x Duration had statistically significant
effects on the ratings of continuity (F (2, 18) = 5.42, p = 0.01), authenticity (F (2, 18) = 8.07,
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p =0.001), and comfort (F (2, 18) = 5.23, p = 0.01). However, it had no statistically significant
effect on the ratings of pleasantness (F (2, 18) = 2.11, p = 0.15). Figure 4 shows the results.
The two-way interaction of Moving Direction x Intensity and the two-way interaction of
Moving Direction x Duration did not reveal any significant effects on any of the measured
variables. The three-way interaction was not found significant on any dependent variable.
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Figure 4. The two-way interaction of Intensity x Duration on four metrics: (a) perceived continuity;
(b) perceived authenticity; (c) perceived comfort; and (d) perceived pleasantness.

From the study, we can see the intensity of the airflow affects the perception of the
stroking force. In our experiment, users felt that the stroking was closer to a gentle human
touch when the force was generated by the PWM_255 setting. Additionally, the duration of
the interval influences the airflow output, altering the perceived stroking force. The longer
the duration is, the stronger the perceived force is. In our study, the 2.5 s interval provided
better results across all evaluation metrics. However, due to the varying speeds in real
stroking, the 2.5 s interval setting was felt slower. On the other hand, the 1.5 s interval
setting resembles the speed of a real human stroking more closely.

We also found that the user’s perception of stroking primarily depends on the stroking
force and the speed. The higher airflow intensity closely resembles the feeling of actual
stroking. Blowing duration also affects the real-stroking perception, but not as important
as the intensity. In our study, each fan operated sequentially to create a continuous tactile
sensation, with the airflow rhythm being consistently maintained across different stroking
parameter sets. The participants could tell the difference in the stroking direction. However,
they told us that the Direction of the stroking did not lead to any differences in perceived
continuity, perceived authenticity, perceived comfort, and perceived pleasantness for them
because the blowing rhythm was fixed.

Considering the above findings, we finally chose PWM_255 as the intensity parameter,
with a 1.5 s interval for a fast-stroking effect and a 2.5 s interval for a slow-stroking effect.
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The comfort and pleasure provided by the combinations of PWM_255 and 1.5 s interval
or 2.5 s interval scored among the highest of all the combinations. We tried the effects of
fast-slow stoking cycling and slow-fast stroking cycling within 5 min on the subjects and
found that there was not much difference between the two. We decided to use fast-slow
stroking as a cycle in the following experiments.

2.2.4. Air Pressure Testing

We further tested the force of air pressure exerted on the skin by a fan under PWM_255
setting for intensity, 1.5 s interval, and 2.5 s interval setting for fast and slow stroking speed.
First, we measured the airflow velocity of the fan using an anemometer and then calculated
the dynamic pressure using the formula from fluid mechanics. The dynamic pressure is the
pressure caused by the airflow when an object is exposed to wind and can be expressed by
the following formula:

q= 3P @

where q is the dynamic pressure, measured in Pascals (Pa); p is the air density, measured
in kilograms per cubic meter (kg/m?), typically around 1.225 kg/m? under standard
conditions; and v is the airflow speed, measured in meters per second (m/s). Subsequently,
the dynamic pressure can exert a force F on the surface of an object, which can be calculated
using the following formula:

F=q-A, 3)

where F is the force, measured in Newtons (N), and A is the surface area of the object
exposed to the airflow, measured in square meters (m?). Substituting the dynamic pressure
equation into the formula for force yields:

F=_--pvZA, (4)

In our case, the surface area of each fan is 0.0016 m?, which corresponds to the skin
area exposed to air pressure. The time intervals were set to 1.5 s for the slow stroking and
2.5 s for the fast stroking, with each fan blowing for durations of 3 s and 5 s, respectively.
Figure 5 illustrates the variation of the force generated by a single fan blowing on a fixed
skin area for a predetermined duration. The data represent the mean values obtained from
three separate measurements.
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Figure 5. Force generated by a single fan blowing once for 3 s (a) and 5 s (b).
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We compared the air pressure parameter with the pressure parameter caused by
human touch. In this instance, we used OKWILL pressure sensors to measure the pressure
values exerted on the skin of the human arm by both light and firm real human touches. We
also sensed air pressure from our device. The testing durations were set to a predetermined
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fast stroking time of 7.5 s and a slow stroking time of 12.5 s. As shown in Figures 6
and 7, the pressure data from real human touches fluctuated continuously, whereas the air
pressure generated by our device exhibited an initial increase and a decrease at the start
and end, respectively, while maintaining relatively stable output in between. The results
indicated that the pressure generated by the fan differed from that of a firm human touch,
but was relatively similar to that of a light human touch. These results aligned with our
expectations, as our goal was to replicate the sensation of gentle stroking and further assess
its potential for stress relief in users.
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Figure 6. Comparison of pressure parameters caused by air and human touch for fast stroking.
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Figure 7. Comparison of pressure parameters caused by air and human touch for slow stroking.

2.3. Experiment Design and Setup

The purpose of this experiment was to evaluate the effectiveness of computer-mediated
stroking in reducing stress. The participants were divided into two groups: the Stroking
Group (SG) and the Control Group (CG). Both groups carried out a within-subjects experi-
ment, including phases of baseline relaxation, stress induction, and subsequent relaxation.
Initially, baseline physiological data were collected for two groups. After obtaining data
from the first phase, both groups undergo the same stress induction task. In the final phase,
participants from SG relaxed with their eyes closed and received computer-mediated
stroking from the device at the same time (Figure 6), while CG only relaxed with their
eyes closed.

The experimental room was surrounded by acoustic boards as the experimental envi-
ronment to avoid noise. The room’s windows were equipped with curtains to completely
block outside light and prevent potential visual distractions. The experiment took place
during the summer, and we used an air conditioner to maintain the room temperature
between 22 and 24 degrees Celsius. The lighting in the room was cool-colored light. Inside
the room, we arranged the tables and chairs for the experiment. A mat was placed in the
center of the table. Since the experiment involved wearable devices, we placed sanitizer
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and tissues on the left side of the mat for disinfection and cleaning. Since participants
needed to close their eyes during the experiment, we also prepared an eyeshade on the
left for each participant. The Empatica E4 Wristband (Measuring HRV) was also placed
on the left side. On the right side of the mat, we placed the mediated stroking device,
covered by a KT board-made box. In front of the participant’s seat, we placed an iPad for
completing experimental questionnaires (Figure 8). The experiment was approved by the
ethics committee from Macau University of Science and Technology (MUST-20230925001).

Stroking device
(For Relaxing)

) = Empatica E4
Wristband

Empatica E4 Wristband
(Measuring HRV)

Figure 8. Experiment design: (a) experiment setup and (b) experiment environment.

2.4. Participants

When selecting participants, we inquired about their physical and mental health. Only
those with good overall health were eligible to participate in our experiment. A total of
55 participants (24 males and 31 females) took part in the experiment. Their professions
included university students and professors, freelancers, and corporate employees, with
ages ranging from 23 to 50 years old. The participants were recruited through Snowball
Sampling [70] and they were all right-handed. All participants read and signed informed
consent forms before the experiment. They were randomly assigned to either the SG or the
CG. In total, 6 participants quit the experiment because they did not want to experience
stress induction (doing mathematical tasks) during the experiment or had something
interrupted and could not wait until the experiment finished. In the end, the SG consisted
of 25 participants, while the CG had 24 participants. In the SG, there were 8 participants
(4 males, 4 females) aged 20-29, 8 participants (3 males, 5 females) aged 30-39, and
9 participants (3 males, 6 females) aged 40-49. In the CG, there were 8 participants (3 males,
5 females) aged 20-29, 8 participants (4 males, 4 females) aged 30-39, and 8 participants
(4 males, 4 females) aged 4049 (Table 1). The participants we selected represented the
target user group for our design in terms of occupation, age, and gender distribution.

Table 1. The participants were assigned to the experimental conditions.

(Measuring HRV)

Age 20-29 Age 30-39 Age 40-49
Males  Females F{.mfal Par nriles  Females  ORIPAT hije Females  Lofal Par- Total Total Total Par-
icipants ticipants ticipants Males Females ticipants
Stroking
Group 4 8 3 5 8 3 6 9 10 15 25
(SG)
Control
Group 5 8 4 4 8 4 4 8 11 13 24
(CG)
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2.5. Procedure

The experiment consists of three phases (Figure 9), lasting a total of 3040 min. Be-
fore the first phase, participants read and sign an informed consent form, followed by a
brief introduction to the experiment. They were equipped with the Empatica E4, which
continuously captured their physiological data throughout the experiment.

Both Groups:Empatica E4 Wristband E4 Device on

— I — m-» STAI Interview

Control Group Stroking Device off

Stl‘oking Group Stroking Device off » Stroking Device on Stroking Device off.
__________________________________ S

Figure 9. Experiment Procedure.

In the first phase, all participants were asked to sit quietly with their eyes closed for
5 min to collect HRV baseline data. The participants then completed the “state” part of the
State-Trait Anxiety Inventory (STAIL-S) [71] questionnaire. This phase will last about 10 min.

In the second phase, all participants underwent a 5 min stress induction, details can be
seen in Section 2.6. Following this, they completed the STAI-S questionnaire for the second
time. This phase was completed within a total of 10 min.

In the third phase, all participants were required to close their eyes and relax uniformly.
Members of the SG received an affective touch from a stroking device at the same time,
while members of the CG only relaxed with their eyes closed. We applied the fast and slow
stroking designed in the pilot study. The stroking protocol was a fast stroking back and
forth, followed by a slow stroking back and forth, repeated in a cycle. A total of 15 cycles
were performed in 5 min. Both groups experienced 5 min. The participants then completed
the STAI-S questionnaire for the third time. This phase was also completed within 10 min.

At the end of the experiment, we also conducted user interviews to collect and analyze
qualitative data from the participants. The interpretation of the quantitative findings would
be supported by the interview data.

2.6. Anxiety-Inducing Stimulus

The participants of the two groups received an anxiety-inducing event in the form of
a mental arithmetic task, after the baseline measures had been taken and prior to the final
relaxing intervention. The task [72] required participants to count aloud a reverse counting
task starting from 9000 and subtracting 7 each time. This part lasted 5 min.

2.7. Hypotheses
Our experiment hypotheses were as follows:

e Participants who used the computer-mediated stroking device for stress regulation
would reduce subjective stress perception more than the control group (H1);

e Participants who used the computer-mediated stroking device for stress reduction
were expected to show a greater increase in the physiological indicator RMSSD, com-
pared to the control group (H2);

e  Participants who used the computer-mediated stroking device for stress reduction
were expected to show a greater decrease in the physiological indicator LF/HF, com-
pared to the control group (H3).

2.8. Measurements

According to previous research [13], due to individual differences, comparing the
mean data between groups during the relaxation phase does not effectively reveal the
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actual impact of the design intervention. Instead, comparing the mean changes in metrics
(relaxation phase—stress induction phase) between the SG and CG is a more accurate way
to assess the true effect of our design intervention. We used a subjective scale and two
physiological indicators as follows:

e  State-Trait Anxiety Inventory (STAI);

For this experiment, which focused on short-term changes in anxiety rather than long-
term anxiety issues at the individual level, we used the part of “state” of the State-Trait
Anxiety Inventory (STAI-S) [71] to collect subjective data from participants at the end of
each experimental phase. The questionnaire consisted of 20 items and used a 4-point scale
for responses, ranging from 1 (“not at all” or “almost never”) to 4 (“very much” or “almost
always”), based on the participant’s current state.

e  Root Mean Square of Successive Differences (RMSSD);

RMSSD [73-75] is a commonly used metric for assessing heart rate variability (HRV).
It measures the differences in time intervals between successive heartbeats (RR intervals),
reflecting instantaneous changes in heart rate and the ability to self-regulate. In HRV analy-
sis, RMSSD is primarily used to evaluate the activity level of the parasympathetic nervous
system, which plays a crucial role in heart rate regulation. An increase in RMSSD indicates
heightened parasympathetic activity, often observed during recovery from high-intensity
exercise or stressful environments [74,75]. Conversely, a decrease in RMSSD suggests
reduced parasympathetic activity, which is associated with higher levels of stress [74,75].

e  Low Frequency/High Frequency (LF/HF);

In HRV analysis, LF and HF [76,77] are commonly used frequency domain indica-
tors. The LE/HEF ratio is frequently used to assess the balance between sympathetic and
parasympathetic nervous system activity. A higher LF/HF ratio may indicate predominant
sympathetic activity, which is typically associated with higher stress levels [76,77]. Con-
versely, a lower LF/HF ratio may suggest a dominant parasympathetic activity, which is
generally linked to lower stress levels and better relaxation [76,77].

We calculated HRV metrics from the cleaned RR intervals for each 5 min segment of
our experiment [47]. The processing software was Kubios 4.1.1. This 5 min window is
selected as it is the widely accepted minimum duration for deriving neurophysiologically
significant HRV metric [74].

e Interview.

In our interviews, we addressed eight questions across three parts (Appendix A).
The first part (Q1, Q2) focused on the sensory experience and related associations of the
computer-mediated stroking itself (with emphasis on the perception of stroking, tem-
perature sensation, comfort, and pleasantness). The second part (Q3-Q6) involved the
participants’ perceptions during the relaxation phase of the experiment and the impact
on individual stress regulation (whether or not it was effective). The third part (Q7, Q8)
discussed potential improvements in design features and future usage scenarios. We
audio-recorded interviews with each participant. The data were transcribed following
the methodology of qualitative content analysis [78]. Two researchers independently tran-
scribed and analyzed the recordings line by line, extracting descriptions relevant to the
themes. They named similar events and situations, categorized them, and conducted
frequency counts, including the number of participants under each description, to highlight
the significance of each theme.

3. Results

We conducted operational checks to determine whether the stress induction phase
successfully elicited anxiety states and changes in objective HRV metrics among all partici-
pants. The Shapiro-Wilk test indicated that not all subjective and objective measures were
statistically normal across three phases. Therefore, we conducted the Wilcoxon test and
Mann-Whitney U Test for non-parametric measures and independent samples t-test for the
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parametric measurement between baseline phase and stress-induction phase. Significant
differences were found between these two phases for STAI scores (p < 0.01), RMSSD metrics
(p <0.01), and LF/HF metrics (p < 0.01). During the stress induction phase, we successfully
elicited anxiety states in all participants, as evidenced by the decrease in RMSSD and the
increase in LF/HF.

3.1. Reduces Subjective Anxiety

We assessed whether our stroking device effectively helped participants relax and
alleviate anxiety by comparing the change in STAI scores (relaxation phase—stress induc-
tion phase) between the SG and the CG. The Shapiro-Wilk test indicated the change in
STAI scores was statistically normal for both groups. An independent-samples T test was
conducted to analyze the data. The results indicated a significant difference (p = 0.045,
two-tailed) between the SG (M = —19.6, SD = 10.50) and the CG (M = —13.38, SD = 9.04).
Then, we calculated effect sizes and confidence intervals. Cohen’s d was 0.63 and the 95%
confidence intervals ranged from —11.43 to —0.14. The result showed the effect size was
medium, and the 95% confidence intervals also proved a significant difference between
groups. The participants from the Stroking Group felt more relaxed than those from the
Control Group (Figure 10). Hypothesis 1 was supported.
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Figure 10. STAI scores: (a) mean scores across three phases and (b) changes during the relaxation
phase. (*: p < 0.050).

3.2. Enhances Heart Rate Variability

We evaluated whether our stroking device effectively helped the participants relax
and alleviate anxiety by examining changes in RMSSD metrics (relaxation phase—stress
induction phase) and changes in LF/HF metrics (relaxation phase—stress induction phase)
between the SG and the CG. The Shapiro-Wilk test indicated changes in RMSSD metrics
and LF/HF metrics were statistically normal for both groups.

An independent-samples T test was conducted on the changes in RMSSD metrics
(Figure 11), revealing no significant difference (p = 0.07, two-tailed) between the SG
(M =3.65,SD = 3.33) and the CG (M = 1.71, SD = 4.06). Then, we calculated effect sizes and
confidence intervals. Cohen’s d was 0.52 and the 95% confidence intervals ranged from
—0.20 to 4.07. It meant the effect size was medium, while the 95% confidence intervals
presented no significant difference between groups. Similarly, an independent-samples T
test on the changes in LF/HF metrics showed no significant difference (p = 0.051, two-tailed)
between the SG (M = —1.03, SD = 0.68) and the CG (M = —0.87, SD = 1.00) (Figure 12). Then,
we calculated effect sizes and confidence intervals between groups. Cohen’s d was 0.19 and
the 95% confidence intervals ranged from —0.65 to 0.33. It meant the effect size was small
and the 95% confidence intervals also presented no significant difference between groups.
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Figure 11. RMSSD metrics: (a) mean RMSSD metrics across three phases and (b) changes in RMSSD
metrics during the relaxation phase.
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Figure 12. LF/HF metrics: (a) mean LF/HF metrics across three phases and (b) changes in LF/HF
metrics during the relaxation phase. (*: abnormal value).

In all, the results showed that RMSSD metrics increased, and LF/HF metrics decreased
in SG, which means our haptic device had a positive effect on participants in improving
Heart Rate Variability, although they were not significantly proven. Hypothesis 2 and 3
were denied. We also conducted a three-way ANOVA (gender, age, and group), and found
that neither the main effects, two-way interactions, nor the three-way interaction revealed
any statistically significant influence of age and gender on the changes in subjective and
objective measures.

3.3. Qualitative Results
3.3.1. User’s Perception of Mediated Stroking

The majority of participants (20/25) felt the sensation of gentle stroking. Seventeen
participants felt it resembled a human'’s stroking. Three participants compared it to stroking
sensations from plush toys, bristle brushes, or curtains. However, five participants thought
that it lacked a tangible feeling. Among them, three participants felt it was more like wind
and two participants did not think it resembled stroking. Most participants (16/25) like
the temperature sensation. They felt the temperature was comfortable and similar to body
temperature. Seven participants felt it was slightly warm (with two of them preferring
cooler temperatures). One participant found it a bit cool, and one participant felt it was
not noticeable.

Almost all participants (22/25) reported the overall feeling is comfortable. However,
three participants mentioned a tingling sensation, which was a little bit disturbing. We
asked the participants to imagine what kind of emotions were conveyed by computer-
mediated stroking. Seven participants mentioned feelings of calmness, tranquility, and
relaxation. Nine participants reported feelings of comfort, reassurance, and safety. Three
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participants felt that the stroking helped them slow down and conveyed gentle emotions.
Three participants felt that the machine was trying to communicate with them like a human,
expressing care, or even conveying a playful feeling. Three participants did not have any
particular associations.

Overall, our design provided participants with a sensation of gentle stroking. Due
to the inherently gentle nature of airflow haptics and the addition of body-temperature-
comfortable warmth, almost all users reported a positive and comfortable sensory experi-
ence. These laid the foundation for further stress regulation and relaxation.

3.3.2. Users Recalled Positive Experience for Stress Regulation

Regarding whether the mediated stroking evoked positive experiences, the majority of
participants (20/25) reported recalling positive and pleasant experiences during relaxation.
Among them, seven participants mentioned feeling relaxed before bedtime. P02: “It
felt like the state before sleep, receiving a new kind of hypnotic effect”. Seven participants felt
that the simulated touch closely resembled a gentle touch from a real person, evoking
experiences from intimate relationships, such as touches from parents or other caregivers
during childhood, or emotional touches from romantic partners. PO1: “It reminded me of
being stroked as a child and because I am a mom, I usually stroke my baby similar to this sensation”.
P22: “It felt like someone stroking me to sleep, thinking of my grandmother”. P24: “It felt like when
my mother used to hold and pat and stroke me as a child”. P34:” it feels like my wife is flirting
with me”. Two participants reminisced about past experiences with nature. P18: “When I
was a child, there was no air conditioning at home. Lying on the sofa by the window, the breeze
would blow the curtains, and they would brush over me. It's a pleasant memory. The stroking
was light, barely noticeable.” PA2: “It reminded me of standing on a grassy hillside, with the wind
blowing, lifting my hair”. One participant felt it was similar to a spa experience, which was
very pleasant. Three participants found it fun and intriguing, wanting to know what was
stroking them. The remaining five participants had neutral emotions, with no significant
emotional fluctuations.

Regarding whether the mediated stroking helped with stress regulation, almost all
participants (23/25) mentioned that it provided emotional comfort. Concerning their
stress regulation and relaxation methods during the relaxation phase, twelve participants
mentioned zoning out or dozing off. Ten participants recalled pleasant memories and
experiences related to intimate relationships. Four participants focused on the stroking
itself. However, two participants felt it had little effect. P16 said: “my personality tends to
be unaffected by external factors”. P12 mentioned: “He couldn’t fully relax because they were
preoccupied with thinking about the previous math problems”.

According to the interviews mentioned above, the positive and enjoyable sensory
experiences, combined with the recalled positive memories, counterbalanced the negative
feelings of stress and anxiety induced by the math test. Affective stroking helped partici-
pants to modify the situation, divert attention, and achieve cognitive reappraisal, as part of
the emotion regulation strategy [30], alleviating negative emotions. It might contribute to
further stress relief and relaxation.

3.3.3. Users Raised Expectations for More Design Details

Fourteen participants provided various suggestions for the further development of
the technology and equipment, indicating they would use it if these conditions were met.
Among them, four participants suggested integrating it with existing devices, such as
massage equipment and office or home furniture. Four participants mentioned the need
for more body parts and areas to be covered, such as both arms and eventually various
parts of the body. Four participants emphasized user customization. P05: “Control over
the stroking rhythm”. P17: “The interaction process should be simple”. P18: “Users should
be able to set preferences; for example, I enjoy the feeling of friction with textiles when sleeping.
This includes control over force, temperature, and body area”. P37: “The ability to adjust the air
temperature would enhance comfort”. One participant mentioned the need for more detailed
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usage scenarios, and another suggested designing more touch gestures and combining
them with multimodal interactions. The remaining five participants expressed that they
might use the technology, with four preferring their own methods, such as exercising,
listening to music, or watching videos. One participant mentioned that she would not
use the device to relax during stressful situations, but rather to enhance relaxation when
she is already in a calm state. Another six participants mentioned that the current device
already helps them relax, and they would continue using it without other suggestions.
Design needs mentioned by the participants stemmed directly from their individual life
experiences, providing valuable insights for our future research directions.

3.3.4. Users” Thoughts About Future Applications and Scenarios

We asked the participants to give more possibilities of using this technology and
device in other applications or scenarios, according to their own experiences. Eight par-
ticipants mentioned applications in gaming, entertainment, movie-watching, exhibition
spaces, VR immersive experiences, and multimodal synesthetic experiences. Eight partic-
ipants suggested integrating the technology with existing devices to aid relaxation and
emotional regulation. Examples included scarves, clothing, home furnishings, office desks,
car seats, massage chairs, beauty devices, sleep pods, and spa spaces. Six Participants
expressed interest in using this technology to imitate humans’ or animals’ touch for remote
communications with their family members and friends. Six participants mentioned it
could be used as a relaxation aid during personal psychological therapy. Four participants
suggested designing it as a sleep aid device. Three participants mentioned it could be used
for personal relaxation and meditation. One participant mentioned that the touch felt like
a playful interaction with a robot. This suggests that in the future, this technology could
be used to design companion robots that engage in touch-based interactions, potentially
addressing social issues such as loneliness. The participants mentioned potential usage
scenarios, including homes, medical facilities, elderly care centers, physical therapy set-
tings, workplaces, and car interiors. The participants” diverse opinions suggest that this
technology has a wide range of potential applications in the future. A detailed discussion
can be found in Section 4.2.2.

4. Discussion
4.1. Why Did the STAI Measurements Not Align with the Physiological Responses?

The results showed participants from the SG significantly felt more relaxed than those
from the CG based on STAI measurements. The physiological stress index, RMSSD, also
increased more, and LF/HF also decreased more in the SG, compared to the CG. However,
the physiological data were not significantly proven. Three possible reasons are as follows:

e  Thenovelty of the device may induce subjective preference in users: Some participants
in the SG felt excited by using our novel device. They may have anticipated greater
relaxation effects, potentially leading to elevated self-reported relaxation scores that
do not necessarily reflect genuine physiological changes;

e  The limits of the stress induction method: Real-world stressors are varied. The stress
induction task mostly affects cognitive load. In real life, people are affected by lots of
emotional-driven situations such as social stress caused by interpersonal relationships.
Many participants noted that the anxiety induced by mathematical tasks is temporary,
unlike ongoing life stressors. This made it easier for them (no matter which group
they were in) to relieve anxiety during the relaxation phase, which may challenge the
effectiveness of our design intervention;

e  Not enough time for the affective touch to take effect on physiological response: Previ-
ous research has shown that the effect of affective touch on parasympathetic activation
becomes significant only when participants remain in a stress-free environment for
more than 16 min [47]. Our study only proceeded for 5 min for intervention.

Future research should aim to conduct experiments either in the lab with a new stress
induction method, or in real-world settings, tracking users’ stress regulation behaviors
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for a period of time. We should also let participants become familiar with the device and
then test them to avoid of preference or bias, creating enough time for an affective touch to
impact the parasympathetic activity.

4.2. Design Implications
4.2.1. Individual Haptic Sensory Experiences Vary Significantly and User’s Needs Differ

Numerous studies have highlighted that touch heavily relies on individualized con-
textual interpretation. Individual customization to meet specific needs is essential.

e  The touch of the skin with different intensities affects the tactile sensation: Because we
used mid-air tactile to imitate touch on human skin, most users appreciated the gentle
sensation it provided. However, some users felt that the intensity was still insufficient
compared to physical touch, lacking a sense of realism. Some participants mentioned
that touch is not always at the same intensity. Further design should consider the
change in stroking intensity to imitate real touch sensations. Others reported a tingling
sensation akin to electric shock. This might be due to the fact that we connected
eight fan devices simultaneously, and the MCU's supply voltage and current were
insufficient, leading to inadequate power for each individual device. As a result, the
airflow was weaker or produced a tingling sensation. Variations in hardware fan
specifications might also cause inconsistencies in start-up times during operation,
affecting continuity and diminishing the realism of the touch experience. Future
designs should find appropriate voltage and current supply, consider the balance
between airflow intensity and speed, and test the different sensory experiences they
provide to users.

e  People like thermal tactile at different individuals’ preferences: To simulate human
body temperature, we maintained the temperature at 32 £ 0.5 °C. Most users stated
that a warm touch makes them feel real. They found this range comfortable and
acceptable, while a few expressed contrary opinions, feeling either too hot or too
cold. Previous studies have indicated a wide variability in users’ temperature per-
ceptions; some users experience pleasure from warmth [62,68], while others find cold
temperatures pleasurable [68,69]. Future designs should further explore how vari-
ations in temperature intensity and rate affect sensory experiences. Consideration
could be given to allowing users to customize the temperature to better suit their
individual needs.

e  Variations in stroking rhythm provide more real touch sensations: During the relax-
ation phase, we provided users with a fixed, uniform stroking rhythm, which led
some users to perceive it as monotonous, particularly over the course of 5 min. Future
designs should incorporate variations in stroking rhythm to enhance user experience.
This could include one-directional repetitive stroking, bi-directional back-and-forth
stroking, or variations in rhythm and pauses during stroking, all of which could
contribute to a more authentic stroking sensation. Additionally, offering users the
ability to customize their stroking preferences could be considered.

e Considering different body parts and areas for relaxation: Many users felt that apply-
ing the touch solely on the forearm was insufficient. They expressed a desire for this
tactile experience to extend to more body parts, such as the head and face, and even
for a full-body relaxation experience. Our mediated stroking simulation has evoked
a sense of relaxation in users reminiscent of various other contexts. These similar
experiences have led users to desire that our technology also provide comparable
sensations in similar body areas.

4.2.2. Possible Design Directions

Several participants (P02, P05, P08, P22, P24, P29, P31, P41, P42, and P51) became
extremely relaxed during the relaxation phase due to our affective touch-based assistance,
leading them to either doze off or enter a state of mental blankness. This led them to believe
that our technology could be used as a sleep aid. This effect might be attributed to the
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inherently gentle nature of air-based haptics or possibly because our haptic simulation
evokes the comforting experiences of being soothed by caregivers in childhood (as men-
tioned by many users). We observed a study on using auditory vibrations to aid sleep
before bedtime [79], and future research could explore the potential application of using
our technology in this context.

Users also expressed a desire to integrate haptics with other modalities. Previous re-
search has suggested that the synchronous integration of haptics with other modalities can
better convey emotional experiences [48]. In the experiment, many users mentioned that
they preferred to use visual or auditory methods to decompress and relax. Research has
shown that combining touch with other modalities, such as sound, can more accurately con-
vey the overall characteristics of the tactile experience [80]. The study and design of haptics
in conjunction with other modalities are thus expected to become increasingly important.

Our intermediary stroking simulation has users recall similar relaxation experiences
in many other scenarios, leading users to believe that our technology could be effectively
combined with existing relaxation and massage devices, or embedded within spa facilities
or space for meditation.

Some participants (P05, P11, P17, P29, P34) felt that our rendered touch technology
created a sense of interacting with a real person or a robot. Mediated remote emotion
communication [81] and emotional haptic interaction with robots [82] are crucial future
development areas that merit dedicated exploration and research. What is more, our haptic
technology could be taken as haptic feedback and integrated into other technical research
programs, such as robot control [83]. It would help facilitate robot design and assist in
understanding users’ perceptions about interactions with robots.

Regarding the design direction of the user interface or form factors, we see four
possibilities: (1) a lightweight design to meet the needs of wearable devices, particularly
integrating with traditional clothing items such as hats, scarves, and garments; (2) inte-
gration with existing massage instruments, which can be either wearable massage devices
like neck massagers or embedded in larger massage equipment such as massage chairs;
(3) development of embedded devices that integrate into living spaces, combining with
sofas and beds, embedding into workplaces with desks and chairs, or integrating into
automotive environments with car dashboards or seats; and (4) combining haptic rendering
technology with robotics could enhance robots” ability to engage in social interactions
with humans.

4.3. Limitation and Future Work

Firstly, we only used mid-air haptics to simulate a stroking gesture. Further research
is needed to determine whether other gestures, such as hugging or tapping, might yield
similar or even better stress regulation effects. Secondly, due to time constraints, we were
unable to recruit more participants and thus did not compare our approach with other
haptic feedback technologies, constraining the understanding of this method’s performance.
Future research should explore the different impacts of various haptic technologies. Thirdly,
some participants mentioned that the temperature of a hand stroking might not always be
gentle or warm. Further studies are required to investigate how variations in temperature
and the rate of temperature change, as well as differences in the pressure of touch, affect
stress regulation. Fourthly, according to the limits mentioned in Section 4.1, we should
carefully design our research. Further studies could use other stress-induction methods
like TSST to induce social stress [47] or be conducted in the wild based on different stress
situations. It is better to conduct longer research and avoid the bias or preference caused by
participants for using the novel device. We want to fully test whether our approach could
help people or not in stress regulation.
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5. Conclusions

In this paper, we designed stroking sensations by using Peltier elements to generate
warm air and blow it by an array of fans. Computer-mediated stroking is subtle, com-
fortable, gradual in nature, noiseless, and private, giving participants comfortable and
pleasant sensations, evoking participants positive experiences, and distracting attention
from stressful work. The experiment showed that participants in the SG reduced anxiety
and felt more relaxed after stress induction by using our haptic device. This novel technol-
ogy shows the potential for stress regulation and needs to be developed further on detailed
parameters, such as intensity and velocity of airflow, temperature variations, and the rate
of temperature change, according to specific situations and personal requirements.

This work presents an innovative approach that combines mid-air and thermal feed-
back technologies, opening up new design possibilities within haptic sub-modalities. It
also delves into the design insights of affective stroking, contributing to the expansion of
the design landscape for stress regulation technologies. Meanwhile, this work outlines
possible design solutions for real-world applications, which will guide future research
and development in mid-air and thermal tactile technologies. At last, all discoveries are
contributing to the advancement of studies in the field of digital health, promoting people’s
mental health and well-being.
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Appendix A. Questions of User Interview

Q1: How do you feel about this stroking sensation? (Does it feel like a gentle stroking?
How does the temperature feel? How comfortable is the sensation?)

Q2: How do you interpret this stroking and the emotions it conveys?

Q3: What kind of experience does this stroking provide?

Q4: Does the stroking evoke positive and pleasant feelings?

Q5: Does the stroking help to provide emotional comfort?

Q6: What is your personal stress regulation method during the relaxation phase?

Q7: If the prototype were further developed, would you be inclined to use this feature to
assist with stress regulation in the future?

Q8: What other scenarios do you think this feature could be useful for?
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Abstract: This paper presents a quantitative vision of the study of artificial intelligence risk
assessment in business based on a bibliometric analysis of the most relevant publications.
The main goal is to determine whether the risk assessment of artificial intelligence systems
used in businesses is really a subject of increasing interest and to identify the most influ-
ential and productive sources of scientific research in this area. Data were collected from
the Web of Science Core Collection, one of the most complete and prestigious databases.
Regarding the temporal evolution of publications and citations this study evidences, this
research subject shows rapid growth in the number of publications (at a compound annual
rate of 31.20% from 2018 to 2024 inclusive), showing its high attraction for researchers,
responding to the need to implement systematic risk assessment processes in the orga-
nizations using Al to mitigate potential harms, ensure compliance with regulations, and
enhance artificial intelligence systems’ trust and adoption. Especially after the surge of
large language models like ChatGPT or Gemini, Al is revolutionizing the dynamics of
human-computer interaction using natural language, video, and audio. However, as the
scientific community initiates rigorous studies on Al risk assessment within organizational
contexts, it is imperative to consider critical issues such as data privacy, ethics, bias, and
hallucinations to ensure the successful integration and interaction of Al systems with
human operators. Furthermore, this paper constitutes a starting point, including for any
researcher who wants to be introduced to this topic, indicating new challenges that should
be dealt by researchers interested in Al and hot topics, in addition to the most relevant
literature, authors, and journals about this research subject.

Keywords: artificial intelligence; bibliometrics; risk assessment; risk; impact assessment; Al

1. Introduction

Artificial intelligence (Al) is a highly used concept in business nowadays, and is
sometimes even used as a synonym for digital transformation. In many cases, managers
and other decision-makers do not understand the pros and cons of Al initiatives inside
their organizations.

The confidentiality and privacy of the corporate or personal data provided to the Al
systems is sometimes assumed and not guaranteed in many cases [1].
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Also, there are concerns about the ethical aspects of Al implementation [2,3], especially
in some fields like healthcare [4]. That is the reason we can find recent and interesting
works on explainable (or interpretable) Al [5,6].

On the other hand, Al is a promising technology, and businesses should see how this
technology allows them to compete in a better way, in terms of quality improvement or
cost reduction.

This paper aims to identify and study the state-of-the-art research on the assessment
of these risks introduced by artificial intelligence systems on businesses because this could
be an emerging theme with interesting development opportunities.

For this, we will use these research hypotheses:

1. The state-of-the-art developments in this research subject are characterized by a con-
centration of highly cited publications, predominantly authored by leading researchers
from top-tier institutions and published in high-impact journals.

2. The number of publications on Al risk assessment in businesses has significantly
increased over the last seven years, reflecting a growing global emphasis on cyberse-
curity and explainable AL

3. Collaborative research involving multiple institutions is undertaken frequently and
generates a scientific impact on the research subject of Al risk assessment in businesses.

Just to clarify what we are talking about, risk assessment is defined in the ISO
31000:2018 standard [7] as “the overall process of risk identification, risk analysis, and risk
evaluation”, so it is a more general concept than risk analysis or risk evaluation. Actually,
these concepts are part of the assessment process.

This risk assessment should be done systematically, iteratively, and collaboratively,
according to ISO, and so it should also be done in the Al context.

Besides that, official references from the government about risk assessment are present
in the European Al Regulation, which was recently published [8], or in the NIST Al risk
management framework [9].

This allows businesses to apply a risk—benefit analysis in their decisions concerning
Al investments, in case they are both acquiring or developing an Al system.

Our study demonstrates that this is a very novel concept in research, although it
has increased its relevance in synchrony with the explosion of research production in
artificial intelligence.

This paper aims to assess the relevance of the research subject of risk assessment of
artificial intelligence initiatives in businesses, to be useful as a guide for other researchers
interested in this topic, indicating the most relevant references, listing the most relevant
researchers and institutions, identifying the journals with a specific interest in this topic,
and finally, signaling the ability of this research subject to attract funds for research.

This paper is distributed in the following way: The first section presents an introduc-
tion to the research subject and to the bibliometric analysis, explaining why and how we
have decided to use these methods and indicating relevant works on bibliometric analysis
in Al and the differences between them.

The next section presents the methodology we have decided to use for the study,
including the search strategy, the methods of analysis, and the tools used.

The following section analyzes the results of our research, highlighting the most
important findings in the most productive and influential journals, the most influential
articles, the most prolific and influential authors, institutions, and countries, and the
collaboration between countries. Then, we identify the landscapes and evolution of our
research subject and the emerging related topics.

Finally, this paper presents the conclusions of this research and the bibliography used.
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2. Literature Review

According to Noyons et al. [10], Gil-Gomez et al. [11], and Ninkov et al. [12], bib-
liometrics represents a statistically standard way to analyze scientific performance and
dynamics in a specific research subject, based on a quantitative analysis of bibliographic
data of academic publishing.

Bibliometrics is, according to them, a useful way to determine if the interest of the
subject is expanding or reducing in a specific period of time and to identify the most
relevant authors, publications, and institutions generating knowledge on the topic.

Nevertheless, bibliometrics has been used in this way in an important number of re-
search subjects. Just looking at management research areas, we can find relevant works such
as green supply management [13], operations research [14], sustainable manufacturing [15],
entrepreneurship [16], or crowdfunding [11].

Besides that, according to Passas [17], while a meta-analysis is focused on quantitative
analysis and a systematic literature review is focused on qualitative analysis, a bibliometric
analysis can cover both sides, and that is the approach we used when defining this research.
Additionally, given the size and the heterogeneity of our dataset, a systematic literature
review was not realistic if we wanted to cover all the different approaches, and a meta-
analysis was not feasible without excessively restricting the number of studies analyzed,
given the mentioned heterogeneity and scarcity of quality studies.

By looking at new technologies (such as artificial intelligence), we can also find relevant
bibliometrics works in Big Data Analytics [18,19], artificial intelligence in e-commerce [20],
blockchain in logistics and supply chain [21], digital transformation [22], artificial intelli-
gence in society [23], or even cybersecurity in healthcare [24].

In our preliminary search to verify that this paper would be relevant enough, we
did not find previous bibliometric research on the business risk assessment of artificial
intelligence. There are some works, such as the aforementioned Fosso Wamba et al. [23], and
Zhang et al. [25] and Albahri and AlAmoodi [26], about the impact of artificial intelligence
on society. The first two were focused on ethics in society, and the last one performed
a bibliometric analysis on cybersecurity aspects of artificial intelligence, but none were
specifically on the risk assessment of artificial intelligence in businesses.

Finally, and complementarily to our bibliometric analysis, we conducted additional
manual searches using alternative platforms such as arXiv and ResearchGate.

ArXiv: Our search on arXiv yielded eight references, primarily communications to
international conferences and preprints. Our reading of these references identified no
leading journal or relevant paper to be included in our research.

ResearchGate: On ResearchGate, we discovered several journals with noteworthy pub-
lications, although they were not considered influential in our initial bibliometric analysis.
For example, Novelli et al. published works in “Al & Society”, a Q3 journal with an impact
factor of 2.9, and in “Digital Society”, which is not indexed in the Web of Science catalog with
a high number of citations. These works [27,28] are coincident in proposing an alternative
model for Al risk assessment based on real-world risk scenarios and frameworks developed
previously for climate change, offering a different approach from the existing European Al
regulation. Both works are highly cited according to ResearchGate. Additionally, the “AGI—
Artificial General Intelligence, Robotics, Safety & Alignment” journal includes impactful articles
such as “The Al Risk Repository: A Comprehensive Meta-Review, Database, and Taxonomy
of Risks From Artificial Intelligence” by Slattery et al. [29], which proposes a living database
with 777 risk entries based on various taxonomies, hosted at MIT “https:/ /airisk.mit.edu
(accessed on 10 January 2025)”, one of the most comprehensive and dynamic repositories
of potential Al risks for businesses, classified by both causes and by domains.
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These findings suggest that some researchers publish their work on Al risk assessment
in journals that may not be highly visible in mainstream repositories but offer valuable and
innovative real-world approaches; so, we should take these into account, although it does
not replace a bibliometric analysis at all.

Future research could explore the reasons behind this publication trend and the
potential benefits of considering these alternative sources.

3. Materials and Methods

The bibliometric analysis in this paper is developed to identify the most active and
influential research clusters, both in terms of authors and themes on the subject of artificial
intelligence risk assessment in business.

Applying a bibliometric analysis can avoid the subjectivity of a literature review and
comprehensively and objectively reflect the status of a research subject.

The analysis is based on data collected from the Web of Science Core Collection
(WoSCC) database, a database with a specially high reputation as a scientific reposi-
tory [30,31]. These data made it possible to analyze the number of publications and
number of citations, in terms of affiliation, authors, or countries, and elaborate the h-Index,
co-occurrence network, and thematic or strategic map, among other techniques, to set a
high-resolution picture of the current situation of this research area.

For this research, we excluded Google Scholar due to its inclusion of non-peer-
reviewed publications and the lack of a mechanism to export the entire dataset for further
analysis. This limitation forces the manual selection of each publication before exporting,
which is impractical for a comprehensive bibliometric analysis.

Additionally, the differences between Scopus’ subject areas and the Web of Science
Core Collection (WoSCC) research areas’ classification posed challenges for direct com-
parison. For instance, equating Scopus’ “Business, Management and Accounting” with
WoSCC'’s “Business Economics” is highly subjective and debatable. Ultimately, WoSCC
provided a slightly larger dataset than Scopus, and WoSCC'’s inclusion of high-quality,
peer-reviewed journals ensures reliable and representative data, consequently enhancing
the validity of the results presented.

To develop a bibliometric study, this paper follows the steps indicated in Figure 1:

1. The choice of the subject (“artificial intelligence risk assessment on business”), the
time span (we chose two periods; the first one includes all production before 2018,
and the second one includes the period between 2018 and 2024, both inclusive),
and keywords (“risk assessment” AND “business” AND (“artificial intelligence” OR
“machine learning”)).

2. The choice of Web of Science Core Collection as the database to use responds
to productivity criteria (92 million records since the year 1900 with more than
22,000 peer-reviewed journals) and influence criteria (2.2 billion cited references) [32]

3. Inorder to reduce the noise generated by the results, this paper excluded retracted
publications and 2025 production (to ensure a fair comparison of annual production);
and it included only articles and review articles of the following research areas: Com-
puter Science, Engineering, Business Economics, Operations Research Management
Science, Mathematics, Science Technology Other Topics, Telecommunications, Govern-
ment Law, Public Administration, Social Sciences Other Topics, Information Science
Library Science, Sociology, Mathematical Methods In Social Sciences, Instruments
Instrumentation, Remote Sensing, and Medical Informatics.
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4. Our research obtained 244 publications that met the chosen criteria (227 of them
between 2018 and 2024). Of these, 18 publications (7.4%) were reviews and 226 (92.6%)
were articles.

5. According to the methodology described, this paper classifies the results according to
the performance analysis and the science mapping.

6.  Finally, this paper discusses and presents the conclusions, identifying the most pro-
ductive and influential authors, sources, articles, and countries and the most relevant
relationships between them.

Literature studies retrieved
from WoSCC (N=474)

Excluded articles after data filtering (N=230)
- Not published before 2025 (N=3)
- Retracted Publications (N=5)

- Early Acces (N=19)
- Proceedings (N=108)
- Research Areas not in “Computer Science, Engineering, Business Economics, Operations Research
i i Topics, icati
Law, Public Administration, Social Sciences Other Topics, Information Science Library Science, Sociology,
ial Sciences, Remote Sensing and Medical

Informatics”(N=95)

Included studies (N=244)
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Figure 1. Flowchart of the bibliometric research strategy.

Method of Analysis

According to Noyons et al. [10], there are two main procedures in bibliometric analysis:
performance analysis and science mapping.

While the former aims to evaluate the impact of the activity of authors, institutions,
countries, etc., the second is focused on displaying the structure and dynamics of the
research on one specific area, according to Cobo et al. [33].

A performance analysis is usually composed of the number of publications, the
number of citations, and an index based on both numbers, the h-Index [34]. Although
many authors have reviewed the h-Index and proposed alternatives ([35-38], among
others), this index offers a high value and is easy to obtain, so it is used very frequently in
bibliometric performance analysis.

We discarded the use of the g-Index in our bibliographic analysis for several reasons:
we saw few differences in using this index compared with the use of the h-Index (no new
entrants nor items exiting from the tables). This can be due to the generally low number of
citations [39], as this topic is very new, and the g-Index is not an official number given by
WoS. Thus, the process of calculations could introduce undesired errors in our analysis due
to authors using different names, the absence of ORCID ID in some cases, etc.

Based on the previous considerations, this paper shows the journals ordered according
to the h-Index computed based on the author’s number of existing publications and
citations in the WoSCC dataset (h); second, by the number of citations (TC); and third, by
total scientific production in AI (TPAI).

In the case of the most productive and influential journals, this paper combines these
indexes with the impact factor (IF) for 2023 (the last year published at the time we wrote

153



Appl. Sci. 2025, 15, 1412

this paper), and the last 5-year impact factor (5-IF) to provide a complete picture of each
included source.

Regarding the science mapping techniques, these are aimed at monitoring a research
field to define its cognitive structure, that is, the structure of relationships between key-
words, authors, etc., and its evolution in specific periods [10].

For the selected period, we analyzed all results from the Web of Science Core Collection
(WoSCC) spanning from 1997 to 2024, the time at which this analysis was conducted. Upon
examining the evolution of published material, we observed a significant increase starting in
2018. Furthermore, we chose to specifically analyze the period between the substantial rise
of large language model-based chatbots (2021) and the last year analyzed. Consequently,
we divided the dataset into two distinct periods (pre-2018 and post-2018) and conducted a
detailed examination of the years 2021-2024 for a specific inquiry.

This research used a suite of software tools for comprehensive quantitative analysis
and visualization of the collected literature. These tools included R-version 4.4.1 combined
with Bibliometrix and Biblioshiny [40], VOSviewer 1.6.20, SCIMat 1.1.06 [33], and Microsoft
Excel for Microsoft 365 Version 2410 Build 16.0.18129.20158.

This paper presents and discusses different charts within this science mapping, like the
coupling maps chart, the co-occurrence networks chart, and the thematic evolution chart.

4. Results

The results are presented in the following order: the most productive and influential
journals are shown and discussed first; then we analyze the evolution of published articles
on the research subject we selected; and after that, this paper discusses the most prolific and
influential authors, and the most productive and influential institutions. Then a country
analysis is performed, and finally, after presenting the landscape and evolution, and the
current emerging issues of our research subject, we discuss the general results.

4.1. Publishing Journals

After analyzing the 244 journals returned by the previously described query to the
Web of Science Core Collection, Table 1 was prepared to show the publication trends of
each of the top 25 journals:

In Table 2, if we look just at the last four years of our dataset (2021-2024), a period
chosen for the appearance of relevant outcomes on large language models (LLMs) from
OpenAl (GPT-3), Google (BERT), Facebook (preparing OPT), and Microsoft (Azure Ope-
nAl service) that have enabled easier access to Al systems for the general public and
social and economic actors, then we see how, except for the top 5, all the other positions
change, showing differences in which journals are becoming more active on this topic
(like RISKS, RISK ANALYSIS or SENSORS), and which ones are losing positions (like
ARTIFICIAL INTELLIGENCE REVIEW, STOCHASTIC ENVIRONMENTAL RESEARCH
AND RISK ASSESSMENT, and SCIENTIFIC REPORTYS).

Finally, if we zoom out and look at publishers, we identify the top 5 in Table 3.

We can see in Table 3 that MDPI is the most productive publisher between these
years, with four journals having an h-Index greater than 1. Looking at the journals of this
publisher, SENSORS is the most cited journal, and also contains MDPI’s most cited article
of the dataset with 40 citations.

Note that, due to the novelty of the research subject, the dataset is relatively small,
and given the multidisciplinary nature of Al, encompassing aspects of computer science,
business, ethics, and more, the combination of that results in a very heterogeneous set
of journals.
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Table 1. Publication trends by journal (top 25).

o ©n
§ 8 g § § 8§ g @ =
N\ S S) S S S S S =
§ Q Q N N Q N N E
EXPERT SYSTEMS WITH APPLICATIONS - 0 0 1 0 4 2 1 13
ENGINEERING APPLICATIONS OF ARTIFICIAL
INTELLIGENCE 0 0 L 0 0 0 € $ 7
SUSTAINABILITY 0 0 1 0 0 0 4 2 7
IEEE ACCESS 0 1 0 0 2 2 0 2 7
APPLIED SOFT COMPUTING 0 1 0 0 2 0 2 1 6
ARTIFICIAL INTELLIGENCE REVIEW 1 0 1 0 0 0 3 1 6
STOCHASTIC ENVIRONMENTAL RESEARCH & 0 0 1 0 1 1 1 1 5
RISK ASSESSMENT
SCIENTIFIC REPORTS 0 1 0 0 0 1 3 5
RISKS 0 0 0 2 1 5
EUROPEAN JOURNAL OF OPERATIONAL
J RESEARCH 1 0 0 2 0 0 1 0 4
SAFETY SCIENCE 0 0 1 2 1 0 0 0 4
SENSORS 0 0 0 1 0 2 0 1 4
RISK ANALYSIS 0 0 0 0 0 1 1 2 4
REMOTE SENSING 0 0 0 1 1 0 1 0 3
INDUSTRIAL MANAGEMENT & DATA SYSTEMS 0 0 0 1 1 0 1 0 3
NANOTOXICOLOGY 0 0 1 1 0 0 0 0 2
JOURNAL OF CLEANER PRODUCTION 0 0 0 0 1 0 1 0 2
SOCIETY 0 0 0 0 2 0 0 0 2
RELIABILITY ENGINEERING & SYSTEM SAFETY 0 0 0 0 1 0 0 1 2
TECHNOLOGICAL FORECASTING AND SOCIAL
CHANGE 0 0 0 1 0 0 1 0 2
COMPLEX & INTELLIGENT SYSTEMS 0 1 0 0 0 0 1 0 2
NEURAL COMPUTING & APPLICATIONS 0 0 0 0 1 1 0 0 2
PATTERNS 0 0 0 0 2 0 0 0 2
DECISION SUPPORT SYSTEMS 0 0 0 1 0 0 1 0 2
RESEARCH IN INTERNATIONAL BUSINESS
AND FINANCE 1 0 0 0 0 0 1 0 2
TOTAL PUBLICATIONS IN TOP 25 JOURNALS 8 3 7 11 17 12 26 19 103
TOTAL PUBLICATIONS IN DATASET 13 10 10 26 40 38 52 55 244
5 4 3 2 1 0 Publications

In Table 4, ordered first by h-Index, second by the total number of citations, and third
by the total number of publications on this research subject, we can see clearly that the
Journal “EXPERT SYSTEMS WITH APPLICATIONS” is the most influential one, according
to its h-Index (11), owning the highest number of papers about the research subject (13)
and the highest number of citations (661), and being second in terms of the ratio between
citations and publications, with a value of 50.85. This journal is also one of the two unique
members of the list with a paper having more than 100 citations, i.e., “Risk assessment in
social lending via random forests”. R denotes the rank, while Name refers to the journal or
source title. The h-Index is represented by h, and TC signifies the total number of citations.
TP stands for the total number of papers published. The ratio of total citations to total
published papers is expressed as TC/TP. The number of papers with more than 100, 50, 25,
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and 10 citations is indicated as >100, >50, >25, and >10, respectively. IF represents the 2023
impact factor, and 5-IF denotes the five-year impact factor.

Table 2. Publication trends by journal (top 25 between 2021 and 2024).

2021 2022 2023 2024 TOTALS VAR (+/—)

EXPERT SYSTEMS WITH APPLICATIONS o AN 2 1 T

ENGINEERING APPLICATIONS OF ARTIFICIAL INTELLIGENCE 0 0 3 3 6
SUSTAINABILITY 0 0 - 2 6
IEEE ACCESS 2 2 0 2 6
APPLIED SOFT COMPUTING 2 0 2 1 5
RISKS 2 1 1 1 5 +3
ARTIFICIAL INTELLIGENCE REVIEW 0 0 3 1 4 -1
STOCHASTIC ENVIRONMENTAL RESEARCH & RISK 1 1 1 1 4 9
ASSESSMENT
SCIENTIFIC REPORTS 0 0 1 3 4 -1
RISK ANALYSIS 0 1 1 2 4 +3
SENSORS 0 2 0 1 3 +1
JOURNAL OF CLEANER PRODUCTION 1 0 1 0 2 +5
SOCIETY 2 0 0 0 2 +5
RELIABILITY ENGINEERING & SYSTEM SAFETY 1 0 0 1 2 +5
NEURAL COMPUTING & APPLICATIONS 1 1 0 0 2 +7
REMOTE SENSING 1 0 1 0 2 -2
PATTERNS 2 0 0 0 2 +6
INDUSTRIAL MANAGEMENT & DATA SYSTEMS 1 0 1 0 2 -3
EUROPEAN JOURNAL OF OPERATIONAL RESEARCH 0 0 1 0 1 -9
SAFETY SCIENCE 1 0 0 0 1 -9
TECHNOLOGICAL FORECASTING AND SOCIAL CHANGE 0 0 1 0 1 -1
COMPLEX & INTELLIGENT SYSTEMS 0 0 1 0 1 -1
DECISION SUPPORT SYSTEMS 0 0 1 0 1 +1
RESEARCH IN INTERNATIONAL BUSINESS AND FINANCE 0 0 1 0 1 +1
NANOTOXICOLOGY 0 0 0 0 0 -9
TOTAL PUBLICATIONS IN TOP 25 JOURNALS 17 12 26 19 74
TOTAL PUBLICATIONS IN DATASET 40 38 52 55 185
L
6 5 4 3 2 1 0 Publications
Table 3. Publication trends by publisher (top 5 between 2021 and 2024).
2021 2022 2023 2024 TOTALS Journal’s h-Index > 1
MDPI 6 5 8 12 31 4
ELSEVIER 8 2 6 10 26 1
SPRINGER 3 4 6 7 20 4
PERGAMON-ELSEVIER SCIENCE LTD 0 4 5 4 13 2
WILEY 1 3 3 2 9 1

The rest of the journals have five or fewer publications on this research subject.

If we look at the number of citations, the top five Journals are “EXPERT SYSTEMS
WITH APPLICATIONS”, “APPLIED SOFT COMPUTING”, “ARTIFICIAL INTELLIGENCE
REVIEW” (containing another paper with more than 100 citations, “Financial credit risk
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assessment: a recent review”), “EUROPEAN JOURNAL OF OPERATIONAL RESEARCH”,
and “SAFETY SCIENCE”, all with more than 100 citations.

Table 4. The 25 most productive and influential journals on artificial intelligence risk assessment

in businesses.
R Row Labels h TC TP TC/TP >100 >50 >25 >10 (2(1)12:3) 5-1F
EXPERT SYSTEMS WITH
1 APPLICATIONS 11 661 13 50.85 1 4 1 5 7.5 7.6
2 APPLIED SOFT COMPUTING 5 156 4 39.00 0 1 1 0 7.2 7
3 ARTIFICIAL INTELLIGENCE REVIEW 4 198 4 49.50 1 0 2 1 10.7 11.7
EUROPEAN JOURNAL OF
4 OPERATIONAL RESEARCH 4 130 3 43.33 0 1 1 2 6 5.9
5 SAFETY SCIENCE 4 129 3 43.00 0 0 3 0 4.7 5.3
STOCHASTIC ENVIRONMENTAL
6 RESEARCH AND RISK ASSESSMENT 4 78 5 15.60 0 1 0 0 39 3.6
ENGINEERING APPLICATIONS OF
7 ARTIFICIAL INTELLIGENCE 4 43 5 8.60 0 0 0 1 75 74
8 SENSORS 3 81 3 27.00 0 0 2 0 3.4 3.7
9 SUSTAINABILITY 3 39 5 7.80 0 0 0 2 3.3 3.6
10 IEEE ACCESS 3 29 5 5.80 0 0 0 1 34 3.7
11 NANOTOXICOLOGY 2 77 2 38.50 0 0 2 0 3.6 4.6
12 SCIENTIFIC REPORTS 2 68 5 13.60 0 1 0 0 3.8 4.3
JOURNAL OF CLEANER
13 PRODUCTION 2 63 1 63.00 0 0 1 1 9.7 10.2
14 SOCIETY 2 52 2 26.00 0 0 1 1 1.4 0.9
RELIABILITY ENGINEERING &
15 SYSTEM SAFETY 2 52 2 26.00 0 0 1 0 94 8.1
TECHNOLOGICAL FORECASTING
16 AND SOCIAL CHANGE 2 50 1 50.00 0 0 1 0 12.9 13
17 COMPLEX & INTELLIGENT SYSTEMS 2 49 1 49.00 0 0 1 1 5 5.2
NEURAL COMPUTING &
18 APPLICATIONS 2 48 2 24.00 0 0 1 1 45 4.7
19 REMOTE SENSING 2 46 3 15.33 0 0 1 1 4.2 49
20 PATTERNS 2 37 2 18.50 0 0 0 1 6.7 6.6
INDUSTRIAL MANAGEMENT &
21 DATA SYSTEMS 2 34 3 11.33 0 0 0 2 42 5.4
22 DECISION SUPPORT SYSTEMS 2 32 2 16.00 0 0 1 0 6.7 75
RESEARCH IN INTERNATIONAL
23 BUSINESS AND FINANCE 2 28 2 14.00 0 0 0 1 6.3 5.8
24 RISKS 2 20 4 5.00 0 0 0 0 2 1.7
25 RISK ANALYSIS 2 19 3 6.33 0 0 0 1 3 3.5

“ARTIFICIAL INTELLIGENCE REVIEW”, with 198 citations, is the one with the second
highest impact factor in the list (both in 2023, 10.7, and in the 5 last years, 11.7) of this top
five, and “SAFETY SCIENCE”, the one with a lower impact factor (4.7 and 5.3 for 2023 and
for the 5 last years, respectively).

Based on these data, we can consider these top five journals to be the most productive

and influential ones.

A special mention should be made regarding “TECHNOLOGICAL FORECASTING
AND SOCIAL CHANGE”, in 16th position, “JOURNAL OF CLEANER PRODUCTION”,
ranked in 13th position, and “ARTIFICIAL INTELLIGENCE REVIEW”, ranked third, as the
three journals with the highest impact factor in the list. Note that this impact factor is not

focused on the subject of our research, but it is general.
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4.2. Evolution of Published Articles

As we could expect after the previous analysis, the number of published articles and
citations is low compared to the bibliometric analysis conducted for other topics, showing
that this topic has not been a main topic in scientific research until recent years.

A chart was elaborated to identify whether the research on this area was stable or
increasing (or decreasing).

In Figure 2, we can see that the annual number of publications has been increasing
since 2018, with a Compound Annual Growth Rate (CAGR) of 31.20% calculated from 2018
to 2024 inclusive.

Total publications in ATI's business risk assessment vs
total publications in AI
60.00 40.000.00
35.000.00
50.00
30.000.00
40.00
25.000.00
30.00 20.000.00
15.000.00
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10.000.00

10.00
5000.00

\

1997
1998
1999 F
2000
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00,
003
2004
005
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TPAI

Figure 2. Number of annual publications according to WoS Core Collection query on artificial
intelligence’s business risk assessment (TPS) vs. annual publications in AI (TPAI).

We can benchmark this CAGR with the one from the results of a more general query
“ARTIFICIAL INTELLIGENCE” in WoS Core Collection between 2018 and 2024 and with
the other restrictions applied to make it comparable, i.e., 41.15%. So, a part of our research
subject CAGR could be explained by the CAGR of research in the artificial intelligence
subject, although we can take account of two additional considerations:

- While the CAGR of publications in the period between 1997 and 2017 of the search
term “artificial intelligence” was 5.14%, the CAGR of publications in the same period
of our search terms was 0%.

- On the other hand, analyzing the correlation between publications on “artificial
intelligence” and publications analyzed in this paper, we can find a correlation of 0.99
with a p-value < 0.001, so we can consider it is very correlated.

In Figure 2 we can see the compared data:

In any case, we can consider that the interest in this topic has increased, especially
since 2018. The first paper on this research subject was published in 1997 (42 years after the
first mention of artificial intelligence, in 1955 [41]).

Note that the youth of this research topic, while justifying the importance of this
paper’s research, is why, in most of the tables, we can see lower productivity and influence
measurements compared to other research topics with a longer life in scholar terms. That is
the reason we built Table 5, allowing readers to compare the period between 2018 and 2024
with the whole dataset results.

Table 5 shows that 94.67% of the papers on this research topic were published in the
period between 2018 and 2024, and 83.5% of the papers with more than 20 citations were
published in 2018-2024 period as well.
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This is the reason why, in specific parts of this paper, when appropriate, we made a
distinction between these two periods.

Table 5. General citation structure on artificial intelligence risk assessment in businesses in

WOS database.
All Time 2018-2024
Citations
Number of Papers % Papers Number of Papers % Papers

>200 citations 3 1.230 1 0.433
>100 citations 2 0.820 1 0.433
>50 citations 13 5.328 10 4.329
>20 citations 41 16.803 37 16.017
<20 citations 185 75.820 182 78.788

Total 244 100.000 231 100.000

4.3. The Most Influential Articles

The next step in the performance analysis is to identify the most influential articles on
this subject so far. With this aim, Table 6 was built, ranking the 30 articles with the biggest
number of citations, also calculating the citations per year in the whole period to include a
relative indicator that allows for comparison of the influence of each article independently
from the year it was published.

The most cited paper in the dataset we are analyzing was published by Wang, Yonggiao
et al. [42], followed closely by papers by Malekipirbazari and Aksakalli [43] and Liao
et al. [44].

These should, therefore, be considered the most influential studies in the business risk
assessment of artificial intelligence.

On the other hand, if we look at the number of citations per year, the most important
paper was published very recently, in 2022, and appears in fourth position in our list [45],
another symptom of the youth of the research topic our paper is analyzing. The second
paper in the top 30 was the aforementioned paper by Liao et al., and the third was by
Malekipirbazari and Aksakalli [43], with 25.89 citations per year.

So, in relative terms of citations per year, the paper by Sun et al. should be considered
the most influential paper, while in absolute terms of the total number of citations, the
Wang, Yonggqiao, et al. 2005 paper should be the most influential paper.

Additionally, Table 6 shows that five of the most cited papers correspond with the
most influential journal in Table 4, “EXPERT SYSTEMS WITH APPLICATIONS”.

The five journals that concentrate the majority of citations in Table 6 are, in this or-
der, “EXPERT SYSTEMS WITH APPLICATIONS”, “IEEE TRANSACTIONS ON FUZZY
SYSTEMS”, “INTERNATIONAL JOURNAL OF FUZZY SYSTEMS”, “ARTIFICIAL INTEL-
LIGENCE REVIEW”, and “APPLIED SOFT COMPUTING”. These thirty papers gather
2180 citations, 59.94% of the total citations in the dataset.

The three journals that concentrate the highest number of papers in Table 6 are, in this
order, “EXPERT SYSTEMS WITH APPLICATIONS”, “SAFETY SCIENCE”, and “APPLIED
SOFT COMPUTING”, but the fact is that, actually, the thirty most influential papers of
Table 6 are very scattered in up to twenty-four different journals.

Finally, if we look at the WoS h-Index of both corresponding authors, Sun has an
h-Index of seven and Wang has an h-Index of one, again a symptom of the freshness of
this research field (Malekipirbazari, the corresponding author of the second paper in the
list, has an h-Index of ten). The exception is Liao, the corresponding author of the paper in
third position, who has an h-Index of seventy-two.
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4.4. The Most Prolific and Influential Authors

The next ranking shows the most prolific and influential authors. It was elaborated
based on the number of publications of the authors on the risk assessment of artificial
intelligence in business.

Table 7 details these authors and their production, along with the number of citations,
the local h-Index (elaborated with the data collected), and the global h-Index (taken directly

from the WoS database).

Table 7. The 20 most productive and influential authors on artificial intelligence risk assessment

in businesses.

p e Local Global > > >
R Author’s Name Institution Country h-Index  h-Index TC TP TC/TP 50 20 10
1 MULLINS, M Univ Limerick Ireland 4 21 155 4 38.75 1 2 1
2 GARCIA, V. Univ Jaume 1 Spain 3 23 180 3 60.00 2 1 0
3 MARQUES, A. . Univ Jaume 1 Spain 3 34 180 3 60.00 2 1 0
4 SANCHEZ, ].S. Univ Jaume 1 Spain 3 31 180 3 60.00 2 1 0
5 FURXHI, I Univ Limerick Ireland 3 12 140 3 46.67 1 2 0
6 MURPHY, F Univ Limerick Ireland 3 23 140 3 46.67 1 2 0
7 POLAND, CA ELEGI/Colt Scotland 3 27 140 3 46.67 1 2 0
Laboratory
8 GOH, M Natl Univ Singapore 3 49 78 3 2600 0 2 1
Singapore
Wuhan Univ Peoples’ R
9 RAO, CJ Technol China 3 20 78 3 26.00 0 2 1
HERRERA- . .
10 VIEDMA, E Univ Granada Spain 2 101 283 3 94.33 1 2 0
11 XU, 7S Sichuan University Pegﬂf; R 2 125 25 3 83 1 1 0
12 LIAO, HC Sichuan University Pegfllif; R 2 72 25 2 11250 1 0 0
13 CHEN, A Chinese Acad Sci | €OPles'R 2 10 44 2 7200 1 1 0
China
14 CHEN, N Beijing City Univ Pegféf; R 2 21 44 2 7200 1 1 0
15 ARVANITIS, A  Aristotle University o 2 11 112 2 50 1 1 0
of Thessaloniki
16 PETROSELLI, A Univ Tuscia Italy 2 31 66 2 33.00 1 0 0
17 BRITO, M Univ Southampton England 2 16 61 3 20.33 0 1 1
18 XIAO, XP Wuhan Univ Peoples’R 2 26 61 2 305 0 2 0
Technol China
19 ARON, M University of USA 2 26 57 1 5700 1 0 0
Southern California

20 RAWSON, A Univ Southampton England 2 9 56 2 28.00 0 1 1

Abbreviations are the same as in Tables 1 and 3. h-Index is calculated from the dataset (local) and as indicated by

WoS (global).

To complete the data, this table includes the authors’ affiliation to an institution and

the country indicated in the WoS database.

Data are ordered first by local h-Index, second by total number of citations, and third

by the total number of publications.
Global h-Index is not used in the order because it is not based on the dataset obtained

and does not depend on it, although it is considered an additional value that should be
considered for our analysis.

A share of 53.33% of the citations in Table 7 is concentrated on the seven authors
with more citations, “HERRERA-VIEDMA, E”, “XU, ZS”, “LIAO, HC”, “GARCIA, V”,
“MARQUES, A. 1”7, “SANCHEZ, J. §”, and “MULLINS, M”.
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None of the authors with the highest local h-Index are from the U.S.A., with China
being first in the ranking, with six authors, followed by Spain with four authors and Ireland
with three authors, in the first 20. These last three countries have 13 of 20 authors with the
highest local h-Index. By looking at the whole dataset, we find the first U.S.A. author in
position 19th, “ARON, M”, with a local h-Index of 2, as for others in the table, and with
57 citations for two publications and a global h-Index of 26.

Despite that, note that there is an important overlap between some of the authors:
MARQUEZ, SANCHEZ, and GARCIA published together all their papers in the dataset,
and the same happened with POLAND, MURPHY, and FURXHI (and partially MULLINS
and ARVANITIS).

This could be understood as a consequence of being a very specialized research subject,
with few people highly cited. Note anyway that, while the publications of the second group
ranged from 2019 to 2020, the three publications of the first group are from 2012.

The publications of the other Spanish author, HERRERA-VIEDMA, are more stable in
time, with the first in 2018 and the last in 2023, and were made in collaboration with people
from China, the country with most of the authors in the list.

4.5. The Most Productive and Influential Institutions

This paper provides another interesting ranking comparing the production and in-
fluence of institutions. Note that different authors in the same paper could be linked to
different entities.

We can see the results in Table 8, ordered first by the h-Index, representing the influence
of each institution, second by the total number of citations (TC), and third by the total
number of publications, satisfying the criteria indicated in Section 3.

In this case, Table 5 includes the position of the institution in two well-known rankings,
ARWU (Shanghai Academic Ranking of World Universities) and QS (Quacquarelli Symonds
World University Rankings). In cases where the institution is not in any of these rankings,
we put two hyphens “--” representing this situation.

Finally, the table includes a ratio (x1000) between the total number of publications
that meet the requirements of this paper (TPS) and the total number of publications of
each institution, to put it in relative terms (some institutions can produce more papers in
risk assessment of artificial intelligence in business, but they can produce more papers in
general due to their type or size, for example).

The third institution in terms of influence (h-Index and citations) and production
(number of publications included in our research) in the table is “KING ABDULAZIZ UNI-
VERSITY” from Saudi Arabia, followed by “NATIONAL UNIVERSITY OF SINGAPORE”,
and “UNIVERSITY OF EDINBURGH” from the United Kingdom.

These top five institutions represent 43.02% of the total citations and 34.34% of the
publications in Table 8.

In these data, as well, the youth (and the specialization) of the research subject is
evident; the former because of small values of publications and citations compared to more
extended topics, and the latter because the papers of these institutions published in the
research subject only represent 0.019%. of the papers these institutions have published in
the same period.
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A total of 15 entities from the list of 25 are positioned in all the university rankings
included, and 14 entities from the list of 20 are ranked in the top 500 in some of the
university rankings included.

In Figure 3, we can see clearly the novelty of this field, with papers cited between
the top 22 institutions ranging from 2018 to 2024. The first of the four clusters identified
by VOSviewer comprises Chinese Academy of Sciences, Dalian University of Technology,
Dongpbei University of Finance and Economics, and Universitat Jaume I; the second cluster
is formed by Sichuan University, Rutgers University-New Brunswick, and King Abdulaziz
University; the third one is composed of the University of Edinburgh, the University of
Limerick, and Sejong University; and finally the fourth one holds the National University
of Singapore, the Southwestern University of Finance, and Wuhan Technology School.

Again, we see that institutions from China are the most prolific and influential, with
7 Chinese institutions included, accounting for a total of 1479 citations and 41 papers,
led by “SICHUAN UNIVERSITY” in first place, followed by “CHINESE ACADEMY OF
SCIENCES” in second place and “UNIVERSITY OF CHINESE ACADEMY OF SCIENCES,
CAS” in third place. Although the names are similar and they have strong links, we
preferred to keep separate the Chinese Academy of Sciences and the University of Academy
of Sciences, run by the former [72], just as WoS does. That allows the research to respect the
exact affiliation indicated by each author.

At Figure 3, the size of the nodes represents the number of citations, while the con-
nection thickness represents the strength of citation relationships; thicker, stronger, and
lighter-color lines represent newer activity, and the darker color represents older activity.

So, we can see that Sichuan University is pivotal in this citation network, with its
research widely recognized. Other institutions, like Sejong University at the right, could be
considered new research leaders, and the Chinese Academy of Sciences and Sichuan Uni-
versity could be especially suitable for collaboration, as they bridge multiple organizations.

4.6. Country Analysis

The following elaborated ranking in Table 9 allows us to compare productivity and
influence between countries and see if it is aligned with the previous rankings.

Table 9. The 15 most productive and influential countries in research on artificial intelligence risk
assessment in businesses.

R Country h TC TPS Pop TC/Pop TPS/Pop >100 >50 >20
1 CHINA 23 1909 96 1422.58 1.342 0.067 4 6 16
2 USA 10 371 23 343.48 1.080 0.067 0 3 5
3 UNITED KINGDOM 8 217 11 68.68 3.159 0.160 0 0 4
4 AUSTRALIA 5 101 8 26.45 3.818 0.302 0 0 1
5 INDIA 5 85 9 1438.07 0.059 0.006 0 0 2
6 IRELAND 4 155 4 5.20 29.827 0.770 0 1 2
7 MALAYSIA 4 63 4 35.13 1.794 0.114 0 0 1
8 ITALY 4 57 5 59.50 0.958 0.084 0 0 1
9 SPAIN 3 186 7 4791 3.882 0.146 0 2 1
10 SWEDEN 3 67 3 10.55 6.350 0.284 0 0 1
11 PORTUGAL 3 46 3 10.53 4.368 0.285 0 0 1
12 SAUDI ARABIA 3 24 6 33.26 0.721 0.180 0 0 0
13 TURKEY 2 235 2 87.27 2.693 0.023 1 0 0
14 GREECE 2 90 4 10.24 8.787 0.391 0 1 1
15 NORWAY 2 54 3 5.52 9.783 0.543 0 0 1

The abbreviations are the same as in Tables 1 and 3, except for Pop—population (in millions), TPS/Pop—studies
per millions of population, and TC/Pop—citations per millions of population.
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As for the previous ones, it is ordered first by the country’s local h-Index, second
by the number of citations received, and third by the number of papers published on the
research subject, according to the WoS database.

We can see in Table 9 some countries that were identified before, such as China,
the U.S.A,, the United Kingdom, Australia, Ireland, Italy, Spain, Sweden, Portugal, and
Saudi Arabia.

In contrast, there are countries appearing in Table 8 that do not appear in Table 9, such
as Singapore, Lithuania, and UAE. This is because other countries have a higher number of
active and influential institutions, allowing them to overcome the former in terms of the
combination of the h-Index, the number of publications, and the number of citations.

On the other hand, countries appearing in Table 9 for the first time, namely, India,
Malaysia, Turkey, Greece, and Norway, have a high number of publications but are highly
distributed among different institutions; India, for example, has nine publications from
nine different institutions.

These are the reasons why Table 9 has been included in this paper, that is, in order to
provide a precise view of the most productive and influential countries.

Countries with larger populations can have some advantages regarding scientific
production. To take this into account, the total populations in millions in 2023 according to
Our World In Data, a website curated by the University of Oxford [73], have been included,
accompanied by the ratios of citations and publications per million inhabitants. Population
data for 2024 were not available at the time we wrote this paper.

According to these data, the country with the most publications and citations per
inhabitant was Ireland, followed by Norway, Greece, and Australia (all above average).

Additionally, only two countries (China and Turkey) have papers with 100 or more
citations, five have papers with 50 or more citations (China, U.S.A., Ireland, Spain, and
Greece), and thirteen have papers with 20 or more citations.

Another aspect that this paper evaluates is the diversity of nationalities of the teams
that collaborate in each paper. In Figure 4 we can see in green the number of papers that
Bibliometrix considers an intra-country collaboration, and in red the number of papers that
Bibliometrix considers an inter-country collaboration.

Corresponding Author's Countries

Countries CHiNA-

USA-

UNITED KINGDOM -
INDIA-
AUSTRALIA-
SPAIN-

SAUDI ARABIA -
ITALY -

GERMANY -
Collaboration

W sce
B wer

GREECE -

IRELAND -

KOREA-

MALAYSIA-

FRANCE -

ISRAEL -

NORWAY -

PORTUGAL -

SWEDEN-

CANADA-

CYPRUS-

0 50 75 100
N. of Documents
SCP: Single Country Publications, MCP: Multiple Country Publications

Figure 4. Corresponding author’s countries and diversity of nationalities.

The data analyzed show that the total production of French and Irish corresponding
authors is in collaboration with other countries, and that when the corresponding author is
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from Saudi Arabia, Germany, or Canada, all the production is intra-country. This could
contribute to the fact that countries with an important Al industry and influence, like
Germany or France, are not in Table 9.

The average percentage of inter-country collaboration in the top 20 is 41.32% and
41.75% if we omit the outliers (0% and 100%).

Please note that Bibliometrix uses the corresponding author’s country to assign the
publication’s country. We should be aware of this because, for instance, articles in which
Herrera-Viedma, a Spanish author, has collaborated, are assigned to China, as the cor-
responding author has this nationality. So, we can have articles that contribute to the
production or influence of some authors but are assigned to a different country (in the
MCP bar).

Figure 5, generated with the Bibliometrix tool, shows graphically the collaboration
links between different countries. The thickness of red lines is related to the production of
each country, and the lines between different countries show the strength of collaboration
between them.

Country Collaboration Map

-

.
— ;E

- \‘\(w
-~

v

Longitude

Latitude
Figure 5. Collaboration between countries.

4.7. Landscapes and Evolution of Artificial Intelligence’s Risk Assessment in Business

As we have seen in the previous sections of this paper, the selected subject is very
young, scholarly speaking; although this bibliometric analysis has enough data to reach
some important conclusions, numbers are very low compared to older subjects.

The landscape in Figure 6, based on the most used words through Keywords Plus,
that is, on the frequency that these words appear in the titles of the papers referenced by

7o

each publication [74], throws no surprises: “risk-assessment”, “model”, “classification”,
“prediction”, and “feature-selection” or “performance” constitute the basis of the chal-
lenges any Al tool has to deal with, so we can consider the basis is shared with many Al
research topics.

If, alternatively, we look at the Bibliometrix treemap using author’s keywords in
Figure 7, we can see the landscape is slightly different: although we have “machine
learning” and “risk assessment” as two of the main keywords, together with “artificial
intelligence” and “deep learning”, we can see that terms like “credit risk”, “credit scoring”,
and “risk management” now have more importance.

Additionally, if we look in detail at the Bibliometrix list of the 25 most used author’s
keywords, we can see a new word at the “tail” of the list more related to risk assessment,

namely, “cybersecurity”.
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Figure 6. Bibliometrix 25-word treemap (Keywords Plus).
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Figure 7. Bibliometrix 25-word treemap (author’s keywords).

If we look in Figure 8 at these author’s keywords in a chronological way, we can easily
see the recent emergence of interest in risk assessment in A, noting that the peak year was
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2023, with 43 occurrences, and is still echoing today. Of course, there are more general
terms, such as “machine learning” with a larger size of the bubble (more occurrences), and
others, such as “neural network”, more present over time, but if we focus on the risk topics,
the risk assessment is the most important subject of research.
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Figure 8. Trends in the co-occurrence of author’s keywords over time.

4.8. Current Emerging Issues in Artificial Intelligence’s Risk Assessment in Business

This paper uses SciMat to elaborate on the strategic map and identify emerging issues
in artificial intelligence risk assessment in business.

The periods are annual between 2018 and 2024, including all the publications returned
by the search strategy explained in Section 3. A unique period was allocated comprising
years between 1997 and 2017, both inclusive, given that it was an interval with very few
publications, i.e., only 13 in total (0.62 publications per year on average, considerably less
than in any year from 2018 until 2023).

Taking this into account, Figures 9-11. were elaborated, using the SciMat tool with the
following parameters [33]: We chose words as the unit of analysis, including author’s words,
source words, and added words; we also used a frequency reduction for all the periods of
2; a co-occurrence matrix; network reduction of 2; normalization by an equivalence index; a
simple center algorithm as the clustering algorithm, with network size between 3 and 12; a
union mapper as document mapper; h-Index and sum of citations as quality measures; an
evolution map based on an inclusion index; and Jaccard’s index for an overlapping map.

16 (0.1) 10 (0.06) 15 (0.05) 208 38 (0.08) 53 (0.1) 65 (0.12) 344 80 (0.12) 404

o:.uWLm—w«wu_ = QEUsSSIFIERS

(QPERFORMANCE

Figure 9. SciMat overlapping map and document count evolution map.
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Figure 10. SciMat document count strategic map.

Figure 11. SciMat cluster networks.

We can see in the thematic overlapping map that for each period selected, the number
of words entering and exiting is relevant, with similar numbers of words entering and
exiting around the research subject; this shows a very dynamic research subject, although
a total of 53, 65, and 80 keywords were maintained for periods 2022, 2023, and 2024,
respectively. By looking at this progression, we can appreciate a potential progressive
stabilization of the research subject.
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We can see by looking at the evolution map that in the period between 2021 and 2024,
the term “risk assessment” was used frequently in most of the dataset papers, although in
2024 the term does not appear unless looking at the cluster networks of artificial intelligence,
machine learning, and performance.

Figure 10 shows the strategic map for the last period analyzed (2024). As Cobo et al.
explain [33], this map is divided into quadrants regarding Callon’s centrality and density
factors. The upper-left quadrant shows the niche of very developed themes (such as
selection), the upper-right quadrant shows the motor themes (such as machine learning in
this case), and at the lower-right quadrant, corresponding to basic or transversal themes,
we can find artificial intelligence, which does not show unexpected results.

Despite this, if we delve into detail in these terms” cluster networks in Figure 11,
we can see some interesting findings around the importance of risk assessment and risk
analysis, safety, and explainability of artificial intelligence systems.

5. Discussion

This paper identifies the top 25 most productive and influential journals for risk
assessment of Al in businesses. The top 13 journals in the list (52%) concentrate 78.95% of
the citations, with the top 4 having 51.59% of the citations; so, a certain concentration can
be identified, although it is not considered relevant.

Applying the Herfindhal-Hirschman concentration index to evaluate the concentra-
tion of the market in specific journals [75] shows that it is not a highly concentrated market
(0.12 in citations, 0.06 in papers published).

This paper has also identified an important increase in the number of papers published
since 2018 on the research subject of risk assessment of artificial intelligence in business.
Note that 2018 is the first year with 10 publications, compared to 9 in the 10 previous years
and 13 in total in the 20 previous years.

This increase in the topic “risk assessment in artificial intelligence on business” is
consistent with the increase in publications about “artificial intelligence”, as we have seen
in the results.

This paper also confirms that this subject is a very novel one, with a relevant number
of data to enable a bibliometric analysis. However, the number of citations and publica-
tions is still far from that of other more mature topics, and is also significantly lower in
relation to the total number of publications of the institutions where corresponding authors
are affiliated.

The novelty of this research subject signals it as an emerging theme with great potential
development opportunities.

This is also evident when we look at the publishing dates of the three most influential
articles: 2005, 2015, and 2018, while the term artificial intelligence was coined in 1955. We
could say that only in recent years, once the significant progress of artificial intelligence
has been recognized, has society started analyzing its risks.

As could be expected in a novel research subject, the local h-Index (calculated within
the given dataset) of the 20 most productive and influential authors is very low, ranging in
the top 20 between 4 and 2. One interesting finding is that only in the cases of China and
Spain can we find very influential authors (by looking at the global h-Index) contributing
to the risk assessment of artificial intelligence in business.

We have also identified the most productive and influential institutions, with the ones
from China, Spain, and the United Kingdom having the highest number of citations.
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When we look at the ranking of the top 15 countries, data are not exactly the same be-
cause other countries are more influential and have, in some cases, more publications. How-
ever, we see China and the United Kingdom as the leaders, with the U.S.A. also included.

We should note that, with the European Union Al regulation becoming effective on 1
August 2024 [8], other regions are leading the research on Al risk assessment in business
instead, although in most cases, these non-EU countries’ researchers are collaborating with
EU researchers on an inter-country basis.

This is aligned with Bradford’s law, claiming that “there are a few very productive
periodicals, a larger number of more moderate producers, and a still larger number of
constantly diminishing productivity” [76].

Another positive finding in this paper is that explainable Al and cyber security are
both part of the emerging concepts related to the research on risk assessment of Al in
business, so transparency and security of the Al systems are identified as a clear trend by
the results obtained.

According to our research results, a scientist could probably consider China, Spain,
and the United Kingdom as the best places to look for research institutions to work with.
However, relying solely on quantitative data can be misleading, as Al risk assessment
challenges are global, and advances are intertwined across countries and institutions. As
the data show, it is not just about which country is leading, but about fostering collabora-
tion and openness to diverse perspectives. While China, Spain, and the UK are leading
because of their research throughput, other countries like the US, France, and Germany
also contribute significantly to high-quality Al research, particularly due to their strong Al
industries. However, the fact that the corresponding author is not of these countries or that
the collaboration between these and other countries is rare is penalizing these countries in
the overall ranking.

An analogous situation happens when looking solely at journals from MDPI and
Elsevier as the most influential for an author to submit his or her work. It is crucial for
science to prioritize those journals with strong peer review standards, rigorous editorial
policies, and a proven track record of publishing impactful, high-quality work. Therefore,
any journal from other publishers meeting these criteria could be a perfectly suitable
candidate for submitting research.

At this point, we found several gaps in the research about risk assessment in orga-
nizations. For instance, a search for explainable Al in our dataset shows only 11 papers,
all between 2021 (1) and 2024 (4), mostly centered on Al in financial (6), medicine (2), and
insurance (2) sectors. In a search for standardized Al risk assessment tools, we found
NIST Al risk management framework and MIT Al risk database references (2), but none
indexed at the WoSCC dataset. Only one of the papers (from 2021) in our dataset [77] deals
with corporate digital responsibility (that is, managing opportunities while addressing
the related risks of digital transformation, a key to Al adoption), and was cited 38 times
according to our dataset. When we searched for “agents”, given that agentic Al seems
one of the recent fields to be explored, only one result was found. Furthermore, when
looking for challenges related to intellectual property, consumer protection, democracy, or
multimodal Al risks, zero results were found. In the specific case of explainable Al we
can find works included in the analyzed dataset such as Bharodia and Chen [78], Chen
et al. [79], Cho and Shin [80], Pnevmatikakis et al. [81], and Yang et al. [82].

The fact that risk assessment is found inside 2024 SCIMat clusters and not in the
evolution map nor in the strategic map could be a symptom of this research subject being
strongly associated with artificial intelligence and machine learning, as is the case of
“explainable-AI"” as well.
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We can also identify that the performance of artificial intelligence systems is, in 2024,
a focus word and that explainability, safety, and risk assessment are strongly linked to
performance research as well (note that these could be antagonistic targets in many cases).

Additionally, we found the relative novelty of this subject, showing only in recent
years, once the significant progress of artificial intelligence had been recognized, that
society started to analyze its risks in a scientific way. Policy-related facts mentioned in the
introduction, such as the emergence of the European Al regulation or the NIST AI Risk
Management Framework, could probably be other factors facilitating this surge of studies
in the last few years. An additional factor related to the increasing focus on Al has been the
appearance of LLM-based conversational generative Al, which has enabled easier access to
Al systems for the general public, just as the IBM PC did with computers.

6. Conclusions

The findings of this paper determine which are the most productive and influential
references in the research subject of risk assessment of artificial intelligence in business. We
have identified the following:

- The evolution of production on the research subject through the years;

- The most cited papers;

- The most productive and most influential journals, authors, institutions, and countries;
- The existing collaboration links between countries;

- The landscape and evolution of the selected research subject;

- The emerging concepts that specialized scholars are now dealing with.

Based on the results and the discussion above, we recommend the following actionable
insights for scientists, businesses, and policymakers:

1.  Focus on explainable Al: Researchers should prioritize developing and imple-
menting explainable AI (XAI) techniques. This will enhance transparency and
trust in Al systems, making it easier for stakeholders to understand and manage
Al-driven decisions.

2. Enhance cybersecurity measures: Given the increasing integration of Al in busi-
ness operations, it is crucial to incorporate robust cybersecurity measures. This in-
cludes developing Al systems resilient to cyber threats and maintaining data privacy
and security.

3.  Interdisciplinary collaboration: Encourage collaboration between Al researchers and
experts in cognitive biases, behavioral economics, and organizational psychology.
This interdisciplinary approach can provide deeper insights into AI's human and
organizational impacts, leading to more comprehensive risk assessments.

4. Policy development: Policymakers should consider the implications of Al risk assess-
ment in their regulatory frameworks. This includes creating guidelines that promote
the ethical use of Al and addressing potential risks associated with Al deployment in
various sectors. Initiatives like the EU Al Regulation could be a reference for them.

5. Continuous monitoring and adaptation: Businesses should establish mechanisms
for continuous monitoring of Al systems to identify and mitigate risks promptly.
This involves regular audits, updates to Al models, and adapting to new threats and
challenges as they arise. Databases such as that at https:/ /airisk.mit.edu (accessed on
10 January 2025) could be helpful for them.

This research offers interesting findings related to the emerging technologies of human-—
computer Interaction because although Al is revolutionizing the dynamics of human-—
computer interaction, this advancement presents a dual-edged sword: as the scientific
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community initiates rigorous studies on Al risk assessment within organizational contexts,
it is imperative to consider critical issues such as data privacy, consumer protection, intel-
lectual property, Al corporate digital responsibility, ethics, multimodal Al risks, bias, and
explainable Al. Addressing these factors is essential to ensure the successful integration
and interaction of Al systems with human operators.

These challenges, together with the promising line of research in how the social and
governmental initiatives, such as regulations and guidelines could have accelerated the
scientific progress of Al risk assessment, are signaled as future research directions for
our community.

Regarding limitations, it is necessary to state that this study is limited to the WoS Core
Collection database. Although this repository is well recognized in all areas, we could
expect differences in results and conclusions if another database is used, as discussed in
Section 3.

Another issue we have identified is that the results include both the risk assessment
of Al in businesses and Al-based risk assessment in businesses. Although that does not
reduce the importance of this paper, future research separating both concepts should be
interesting for specialized research.

Other interesting future research would be to evaluate the content and significance
of key papers or authors as a qualitative analysis or to combine metrics with societal or
political impact.
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