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Chapter I

Introduction

This chapter introduces the context and motivation for this thesis,
outlining the growing role of data-driven approaches in business research
and the transformative potential of emerging technologies. Businesses
increasingly rely on analytics and quantitative methodologies to enhance
decision-making, optimise performance, and better understand human
behaviour in organisational settings. At the same time, advancements
in Machine Learning (ML) have opened new possibilities for immersive
training and behavioural analysis. Virtual Reality (VR)’s ability to create
controlled, interactive, and data-rich environments makes it an effective tool
for skill development, including public speaking training (PST). This chapter
explores the evolution of VR, detailing its mechanisms, system types and its
expanding research applications. Furthermore, the chapter highlights how
VR can enhance communication skills, particularly in public speaking (PS),
by providing dynamic, interactive, and adaptive training environments.
Finally, this chapter sets the stage for the rest of the dissertation, presenting
the research questions, objectives, and the structure of the following chapters,
each addressing a key aspect of VR-based PST and its evaluation through
multimodal analytics.

1.1 Analytics

In today’s rapidly evolving digital landscape, businesses increasingly
rely on analytics and artificial intelligence (Al) to drive decision-making,
optimise operations, and gain deeper insights into consumer behaviour and
market trends. The ability to extract meaningful patterns from large volumes
of data has revolutionised industries, enabling organisations to improve
efficiency, reduce costs, and enhance customer experiences. Analytics serves
as the foundation of modern business intelligence, combining statistical
methods, ML algorithms to transform raw data into actionable knowledge.
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CHAPTER I. INTRODUCTION

1.1.1 The Role of Data-Driven Approaches

Data-driven decision-making has become a fundamental aspect of
business strategy, allowing organisations to base their decisions on empir-
ical evidence rather than intuition. Statistical analysis plays a crucial role
in this process, providing methods for identifying trends, making predic-
tions, and quantifying uncertainty. Techniques such as regression analysis,
hypothesis testing, and clustering enable businesses to segment markets,
optimise pricing strategies, and forecast demand with greater precision [45].
By leveraging structured and unstructured data, businesses can improve
performance in areas such as financial analysis, supply chain management,
and human resource optimisation.

Furthermore, the rise of big data analytics has enabled companies to
process and analyse massive datasets that were previously too complex to
handle with traditional statistical techniques. Cloud computing, distributed
storage, and real-time data processing have made it possible to capture, store,
and interpret data at an unprecedented scale. As a result, organisations can
uncover hidden correlations and anticipate market shifts, leading to more
agile and informed business strategies [259].

ML extends traditional statistical methods by enabling systems to
learn from data and improve performance without explicit programming.
For example, supervised learning techniques, such as decision trees, sup-
port vector machines, and neural networks, allow businesses to predict
customer churn, detect fraud, and recommend personalised products based
on historical data [267].

1.2 New Technologies

The rapid advancement of technologies, especially those of new re-
ality formats (XR, with X being a placeholder for any form of extended
reality [309]), has significantly impacted various sectors, offering transfor-
mative opportunities in business and daily life. XR encompasses a spectrum
of immersive technologies, including VR, Augmented Reality (AR), and
Mixed Reality (MR). While AR overlays digital elements onto the real world
and MR blends physical and virtual environments interactively, this work
focuses specifically on VR.

Experts from universities, consultancies, and public authorities recog-
nise that immersive technologies and Virtual Environments (VEs) have
the potential to revolutionise society by enhancing education and training.
Indeed the European Commission emphasises the role of virtual worlds in
education, stating that these technologies can increase the efficiency of train-
ing at a lower cost and produce better results in areas such as soft skills
training [112]. Furthermore, Deloitte highlights the benefits of immersive
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1.2. NEW TECHNOLOGIES

learning, noting that VR can improve learner engagement and create inter-
active experiences that enhance knowledge retention and application [89].
Additionally, the XR Association points out that extended VR is a powerful
tool for workforce development, offering immersive training that replicates
real-world scenarios, thereby democratizing and enriching education [385].
These perspectives underscore the consensus among experts regarding the
transformative potential of immersive technologies.

Industry reports highlight the substantial economic impact of immer-
sive technologies. For instance, PwC estimates that VR could contribute
nearly $300 billion to the global economy by 2030, with companies increas-
ingly adopting VR for employee training, customer engagement, and pro-
cess optimisation [83]. Moreover, 82% of European businesses that have
integrated VR into their workflows consider digital training programs to be
a key next step [371].

Specifically, the global VR market is experiencing rapid growth. Ac-
cording to Grand View Research, the market size was valued at approximately
$59.96 billion in 2022 and is expected to reach $435.36 billion by 2030, grow-
ing at a compound annual growth rate of 27.5%. Major companies such as
Meta, Apple, and Nvidia are heavily investing in VR development, signalling
its significance in the market. The metaverse, which is defined in [160]
(p. 1) as being a “computer-mediated environment consisting of virtual
‘worlds’, within which users can act and communicate in real-time using
virtual people”, is also emerging as a transformative space for businesses,
enabling new consumer experiences, digital collaboration, and innovative
marketing strategies.

In this context, VE-based education is considered by experts as strate-
gic topics with significant societal impact. VR’s potential extends to various
business areas and psychology, offering realistic, safe, and controllable sim-
ulations for research and education, as well as new 3D-enriched consumer
experiences and services.

1.2.1 Virtual Reality
Definition, Origin and Evolution

Virtual Reality refers to an immersive, computer-generated environ-
ment typically experienced through a head-mounted display (HMD), where
users can interact with 3D content in real-time and experience a strong sense
of presence [341, 260]. In this context, VR relies on technologies such as
stereoscopic displays, spatial audio, motion tracking, and haptic feedback to
simulate sensory input and respond dynamically to the user’s movements.
While the concept of encompasses a wide range of systems, this work fo-
cuses specifically on immersive VR using HMDs for training and public
speaking applications. However, a broader overview of VR technologies

3



CHAPTER I. INTRODUCTION

and their historical evolution is presented in the introduction to provide
context.

The concept of VR dates back to the 1960s, with pioneers like Morton
Heilig, who developed the Sensorama [158], and later Ivan Sutherland, who
created the first head-mounted display (HMD) [354]. VR gained momentum
in the 1990s, notably with the work of Milgram et al. Reference [260],
but technological limitations, such as low processing power and limited
tracking accuracy, initially hindered public adoption. However, the field has
experienced a rapid evolution over the past decade due to advancements
in hardware and software. The resurgence of interest in VR began in the
2010s, driven by the introduction of powerful and affordable headsets such
as the Meta Quest and HTC Vive. As explained in [382], in 2016, VR reached
Gartner’s slope of enlightenment in the Gartner Hype Cycle for emerging
technologies after being stuck in the trough of disillusionment [222]. Thanks to
continuous technological progress, VR systems now offer higher-resolution
displays, lower latency, and more precise motion tracking, making virtual
experiences more immersive and realistic than ever before.

Mechanisms

VR systems operate by combining multiple technologies to create
an immersive and interactive experience. HMDs are central to VR setups,
featuring dual high-resolution screens positioned close to the user’s eyes to
create a stereoscopic 3D effect. To ensure a sense of depth and realism, mod-
ern HMDs optimise graphical performance by rendering high-resolution
details only where the user is looking. Motion tracking plays a crucial role
in VR immersion, allowing users to move naturally within a virtual space.
This is achieved through inside-out tracking, which uses onboard cameras
and sensors to map the user’s surroundings, or outside-in tracking, where
external sensors (e.g., lighthouse systems in HTC Vive) track movements
with high precision.

Beyond visual immersion, spatialised audio enhances the experience
by simulating realistic sound propagation and adjusting volume and direc-
tion based on the user’s head position. Interaction in VR is enabled through
hand controllers, full-body motion tracking, or even hand-tracking technol-
ogy, which allows direct manipulation of virtual objects without physical
controllers.

Types of Systems

VR systems can be categorised based on both the hardware used and
the type of virtual environment provided. Broadly, VR setups fall into two
main categories: CAVE systems and VR headsets. A Cave Automatic Virtual
Environment (CAVE) consists of multiple large projection screens arranged
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around the user, creating an immersive experience where movement is
possible within a controlled physical space, and interaction is facilitated
through motion capture, controllers, or hand-tracking technology [81]. On
the other hand, VR headsets offer a more personal and flexible immersive
experience by placing screens directly in front of the user’s eyes. VR head-
sets can further be classified based on their level of autonomy and required
hardware. First, smartphone-based VR (see Figure 1.2a), such as Google
Cardboard, which relies on a mobile device inserted into a headset and of-
fers only basic immersion with limited tracking and interaction capabilities
[179]. VR headsets can generally operate in two modes: PC-tethered and
stand-alone (see Figures 1.2b and 1.2c). In PC-tethered mode, devices such
as the Meta Quest, HTC Vive, Pico Neo and Valve Index connect to a powerful
computer to deliver high-quality graphics and full interactivity with precise
motion tracking. These setups sometimes rely on additional sensors, like
lighthouses, to enhance environmental tracking and ensure accurate detec-
tion of user movements and spatial positioning [342]. In stand-alone mode,
headsets function independently with integrated processing and tracking
capabilities, offering greater mobility and accessibility while maintaining
a high level of immersion. In addition to hardware distinctions, VR expe-
riences can also differ in terms of the virtual environment they provide.
The first type, 360° video-based VR, uses pre-recorded spherical videos
captured from real-world locations, allowing users to explore the scene visu-
ally but without physical interaction beyond changing the viewpoint [343].
The second type consists of fully virtual environments, which are entirely
computer-generated and allow users to navigate, interact with objects, and
experience dynamic changes in the environment. These environments are
typically built using game engines such as Unity or Unreal Engine, enabling
high levels of realism and interactivity. The rapid evolution of both VR
hardware and software has significantly expanded the possibilities for re-
search and applications. Advancements such as real-time motion tracking,
integrated eye-tracking, and physiological sensors have made it possible
to collect precise behavioural data within VR environments, allowing for a
more detailed analysis of user engagement, cognitive load, and emotional
responses. As a result, VR is becoming an increasingly powerful tool not
only for immersive experiences but also for scientific research, training,
and behavioural analysis, enabling new opportunities for studying human
interaction and performance in controlled virtual settings.

Research Opportunities

As previously stated, with the rapid evolution of VR technology, an in-
creasing number of tools are available to record and analyse user behaviour
within virtual environments. Eye-tracking technology embedded in modern
headsets allows for the precise measurement of gaze patterns, enabling

5



CHAPTER I. INTRODUCTION

a.  Smartphone-based b. Computer-linked
headset headset c. Stand-alone headset

Figure 1.2: Different types of VR headsets

researchers to study user attention, cognitive load, and engagement in real-
time. This is particularly useful in fields such as marketing, psychology, and
training simulations. Additionally, facial expression tracking is being inte-
grated into high-end VR systems, providing valuable insights into emotional
responses.

Another critical advancement is physiological sensing, which enables
VR systems to be upgraded with additional objects to record biometric data
such as heart rate, skin conductance, and pupil dilation, offering deeper
insights into user reactions. This is particularly relevant for research on
stress, emotional engagement, and cognitive load in immersive experiences.

Moreover, the ability to collect motion-tracking data in real-time has
opened new possibilities for research. By analysing body posture, ges-
tures, and locomotion patterns, VR can provide objective measures of user
behaviour.

These advancements significantly expand the scope of research possi-
ble in VR. The integration of Al and ML allows for real-time data analysis,
enhancing adaptive training environments that respond dynamically to user
behaviours. As a result, VR has become a powerful tool for studying human
behaviour, improving training simulations, and developing personalised
virtual experiences.
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Applications

As digitalisation continues to enhance business performance [313],
VR presents new opportunities across various sectors. Major corporations
are incorporating VR into their strategies, with Meta’s (formerly Facebook)
Metaverse project serving as a prominent example [182]. VR is particularly
valuable when human behaviour is a crucial element of the business process,
leading to increased activity in marketing and psychology research. For
instance, reference [227] analysed 150 papers across 115 journals on the use
of VR in marketing, highlighting its growing significance. Additionally, VR
is now commonly used in sectors such as tourism [24, 181] and retailing [34].
Beyond business, VR has seen significant growth in the health sector [172,
171, 29] and education, particularly in training applications [372, 148].

To ensure effective application, VR environments must be truly immer-
sive and accurately replicate desired situations. However, challenges such
as barriers to adoption and acceptance persist [213, 242]. Many research
papers focus on applications using simple and well-established approaches
like 360-degree videos, which may not fully exploit VR’s potential. In VR,
the concepts of presence and immersion are crucial, and their measurement
is essential for validating environments [381, 289]. Furthermore, research
exists on enhancing presence and immersion [176, 175] and on stimulating
additional emotions [120, 74, 130, 264].

Since human behaviour is critical in most business processes, design-
ing realistic human interactions in VR is essential. The increasing ability to
collect fine-grained behavioural and physiological data within VR environ-
ments enables more robust research, paving the way for future innovations
and deeper insights into human interaction in virtual spaces.

1.3 Communication

PS is among the most critical competencies in professional and man-
agerial contexts, essential for tasks such as pitching a product to investors,
engaging with customers and collaborators, or leading a team. Despite its
societal significance, PS often provokes apprehension, affects performance
[318], and can be a decisive factor in career progression.

However, PS is not an innate talent but a skill that can be developed
through training [320, 361, 173]. Research demonstrates that teachers can
learn to manage disruptive behaviour more effectively [32], entrepreneurs
can enhance the persuasiveness of their speeches [256], and individuals can
reduce their stress during presentations [297]. In all these cases, speakers
improve their ability to communicate effectively.

PS is a cornerstone of business activities. Sales representatives must
confidently present products to customers, tourist guides must engage
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CHAPTER I. INTRODUCTION

groups with compelling narratives, and managers must defend their projects
in front of stakeholders. Yet, many organisations report deficiencies in their
employees’ PS abilities. One major obstacle is PS anxiety—the fear of deliv-
ering a speech or presentation due to concerns about negative evaluation
or embarrassment [367]. This is one of the most common fears [297] and a
primary cause of poor performance in PS [318, 256].

Crucially, PS anxiety differs from general social anxiety, as noted in
[32]. While it is common, it is also manageable through repeated training,
exposure, and skill development. Training in front of an audience, even in
controlled environments, helps speakers gain confidence and improve both
emotional regulation and delivery [320, 361, 173, 223]. Given its fundamental
role in professional success, organisations and educators must prioritise the
development of PS skills, ensuring individuals are equipped to communicate
effectively in diverse settings.

1.4 Virtual Reality to Enhance Communication Skills
Using Analytics

1.4.1 A Promising Tool for Training

Learning by doing has many benefits, and it is well known that VR
has significant potential in this area, as demonstrated in [123, 171, 172, 103,
350]. In the context of PS, references [153, 186, 115] have demonstrated the
benefits of VR-based training. As illustrated in Figure 1.3, active learning
approaches such as learning by doing are associated with significantly
higher retention rates than passive methods. Although not a substitute for
real-world training, VR facilitates experiential learning in a highly accessible
and controlled manner.

A virtual environment with an interactive virtual audience—i.e., an
audience providing non-verbal feedback—has proven to be highly effective
in PST [63, 68, 66, 20, 65, 188, 141, 230, 337]. Such environments allow
speakers to practice in realistic conditions similar to those they will face in
real-life speaking scenarios.

VR enables learners to practice whenever and wherever needed, rein-
forcing their sense of competence and readiness to deliver speeches [327, 80].
Furthermore, VR-based training can be designed to be progressive, allowing
controlled variations in audience size, behaviour, and level of engagement,
which leads to more efficient learning processes and faster progression [103].

Another key strength of VR lies in the high transferability of the ac-
quired skills to real-world contexts, especially when the virtual environment
closely replicates real-life situations. This fidelity allows learners to adapt
and apply what they have practised more effectively than with traditional
theoretical training—although real-life practice remains a final and essential

8
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USING ANALYTICS
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Figure 1.3: Dale’s Cone of Experience (adapted), illustrating how active
learning methods, such as VR-based training, lead to higher retention and
application rates compared to passive methods.

step in skill development.

The interactivity of the virtual audience plays a crucial role in training
effectiveness. Indeed, reference [63] demonstrated that VR can improve
speaking performances, particularly when the audience reacts dynamically
to the speaker’s behaviour [384, 143]. Thus, the reactions of the audience
significantly impact the speaker’s emotions and performance [292, 296, 200].
As shown in [64, 65], interactivity is a key factor in the effectiveness of
VR-based PST.

1.4.2 Analytics and Human Behaviour Research

The integration of analytics with VR has opened new avenues for
research and training, particularly in fields that require immersive and
interactive simulations. By combining VR with Al-driven analytics, re-
searchers can assess human behaviour with a level of precision that was
previously unattainable. Real-time tracking of user movements, eye gaze,
and physiological responses provides valuable insights into engagement,
decision-making processes, and emotional states [380].

In PST, for example, Al-powered speech and gesture analysis can ob-
jectively evaluate performance, identifying factors such as vocal intonation,
pacing, and body language [65]. Similarly, emotions analysis and Natural
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Language Processing (NLP) techniques can assess speaker-audience interac-
tions providing adaptive feedback to improve communication skills. These
advancements enable the development of personalised training programs
tailored to individual needs, fostering skill acquisition in a controlled and
measurable manner.

Additionally, predictive analytics in VR allows businesses to simulate
and test different scenarios before implementing them in real-world settings.
This is particularly valuable in areas such as product design, user experience
testing, and workplace training, where virtual simulations reduce costs and
enhance safety.

1.4.3 Limitations and Challenges

While VR presents numerous advantages for PST, it is not without
limitations. The effectiveness of VR-based training is still under evaluation,
and several aspects require further research.

First, although VR offers a high level of immersion, it does not fully
replicate the social dynamics of real-life PS. Factors such as audience un-
predictability, emotional reactions, and live interaction remain difficult to
simulate accurately.

Furthermore, despite promising results, PST using VR has received
relatively little attention in the literature. While some studies confirm that
VR can help speakers cope with anxiety and improve their presentation
skills, few have thoroughly investigated the impact of virtual audience
characteristics on performance evolution. For example, audience realism,
responsiveness, and variability are key factors that may influence training
outcomes but have not yet been systematically analysed.

Another limitation lies in the erosion effect observed in repeated pre-
sentations. In traditional settings, repeated exposure to the same speaking
conditions can lead to diminishing engagement and effectiveness. Never-
theless, reference [65] found that VR training helped mitigate this effect,
as users adapted their presentation and vocal effort depending on the size
of the virtual audience, as they would in real-life situations. Additionally,
research suggests that VR training can induce changes in vocal parameters
toward a more charismatic voice [65]. However, further studies are needed
to confirm the consistency and transferability of these effects to real-world
speaking scenarios.

Finally, customisation remains one of VR'’s greatest advantages but
also a challenge. While VR allows for adjustments in audience size, be-
haviour, and environmental factors, creating fully adaptive and person-
alised experiences requires advanced Al models and NLP. Currently, many
VR-based training systems rely on pre-scripted audience reactions, which
limits their effectiveness in simulating spontaneous, real-time interactions.

Despite its limitations, VR remains an exceptional tool for PST. By
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immersing users in a controlled and scalable simulation, VR provides a safe
environment to practice and refine presentation skills. The flexibility of VR
enables personalised training, allowing speakers to gradually increase the
difficulty of their sessions and receive tailored feedback. However, to fully
unlock its potential, future research should focus on enhancing audience
realism, refining real-time interactivity, and ensuring that improvements
in VR translate effectively into real-world performance. Addressing these
challenges will be crucial for establishing VR as a comprehensive public
speaking training tool—this is what this thesis is humbly trying to do.

1.5 Thesis Overview and Research Line

This thesis, conducted within a PhD program in Economics and Man-
agement, explores the intersection of VR, analytics, and multimodal com-
munication to enhance PST. Given the increasing reliance on immersive
technologies in education, corporate training, and human resources, this
research aligns with the multidisciplinary nature of modern business stud-
ies. It contributes to both theoretical and applied knowledge by developing
methodologies for assessing and improving PS performance using VR and
multimodal analytics.

This thesis is structured around a series of research papers, published,
submitted, and forthcoming (see Table 1.1 for the list of publications, and 1.2
for the affiliations of co-authors). These papers investigate key multimodal
characteristics of effective PS in virtual environments. The research aims to
address five critical questions related to VR-based training, including;:

1. How are virtual agents’ behaviours perceived, and how do they impact
the VR-based user?

2. How does VR training compare to traditional methods in terms of
effectiveness, engagement, and user experience, and what limitations
of current VR training systems can be addressed through technological
and pedagogical improvements?

3. What are the key verbal and non-verbal indicators of effective PS in
VR?

4. Can emotions be accurately detected based solely on speech?

5. How can ML and multimodal analytics be leveraged to assess and
improve PS skills?

To answer these questions, this research employs a combination of
systematic literature reviews, empirical studies, and ML techniques. The
methodology integrates quantitative and qualitative analyses, experimental
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design, and advanced data processing to extract insights from VR-based PS
sessions.

This thesis contributes to the broader discussion on the effectiveness of
VR for skill development while advancing business analytics methodologies.
By focusing on PST, it underscores how emerging technologies can be used
to enhance critical workplace competencies, ultimately providing valuable
insights for researchers, educators, and industry practitioners.

1.5.1 Thesis Structure

This dissertation is structured into multiple research studies, each
addressing a key aspect of VR-based PST. First, Chapter II provides a com-
prehensive literature review on the perception of Intelligent Virtual Agent
(IVA) behaviours, examining how they can influence speaker by emphasiz-
ing realism, responsiveness, and interactivity. Next, Chapter III focuses on
the role of non-verbal cues in virtual agents, exploring how gestures, facial
expressions, and body language contribute to the perception of presence
and immersion in VR-based training scenarios. Building on this, Chapter IV
investigates the application of VR in legal education, particularly in court-
room simulations, and assesses its effectiveness in developing advocacy and
argumentation skills among law students compared to traditional training
methods. Furthermore, Chapter V delves into the automatic assessment
of PS cues (including verbal, para-verbal, and non-verbal behaviour) in
order to provide objective feedback. In addition, Chapter VI introduces a
dataset of emotionally validated audiovisual expressions, specifically de-
signed to improve the detection and analysis of speaker emotions, thereby
enhancing real-time feedback mechanisms in virtual training environments.
Subsequently, Chapter VII presents a set of corpora collected from VR-based
PS sessions, offering a rich dataset for studying speech dynamics and the
impact of training conditions on speaker performance. Finally, Chapter VIII
investigates predictive models for assessing PS performance, exploring how
ML techniques can be applied to multimodal features in order to predict the
performance of a presentation.

This research advances our understanding of VR as a tool for PST,
addressing both its strengths and limitations. This thesis aims to bridge
the gap between technological innovation and practical skill development,
contributing to the broader fields of business analytics, education, and
human-computer interaction.
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Chapter 11

A Systematic Review on the
Socio-affective Perception of
IVAs” Multi-modal behaviour

This chapter presents a collaboration done from February 2024 to April
2024 to prepare for my upcoming (at that time) research stay at the Aix-
Marseille University. The co-authors are Marion Ristorcelli, Sarah Saufnay,
Aurélien Quilez, Rémy Casanova, Michaél Schyns, and Magalie Ochs. It
is now a paper, for which I am the first author, that has been published
in Proceedings of the 24th ACM International Conference on Intelligent Virtual
Agents in 2024. In this thesis, the paper is presented as originally published,
and I apologise for any outdated information, repetitions, or formatting
inconsistencies with other chapters.

Abstract

The multimodal behaviour of IVAs may convey different socio-affective
dimensions, such as emotions, personality, or social capabilities. Several
research works show that factors may impact the perception of the IVA’s
behaviour. This paper proposes a systematic review, based on the PRISMA
method, to investigate how the multimodal behaviour of IVAs is perceived
with respect to socio-affective dimensions. To compare the results of differ-
ent research works, a socio-emotional framework is proposed, considering
the dimensions commonly employed in the studies. The conducted analysis
of a wide array of studies ensures a comprehensive and transparent review,
providing guidelines on the design of socio-affective IVAs.
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2.1 Introduction

Intelligent Virtual Agents (IVAs) are able to display a wide range
of multimodal behaviours to interact naturally with the users in a virtual
environment, whether in 2D or 3D. Depending on the role endowed by
the IVAs (e.g., virtual guide [31], virtual recruiter [51], or virtual patient
[277]), they may be required to convey different socio-affective states such
as a dominant attitude, positive emotions, or a behaviour that inspires
confidence. Several research works show that both the verbal and the non-
verbal behaviour of the IVA strongly impact the users’ perception of the
IVA’s socio-affective state. For instance, IVA may display different facial
expressions such as smiles, frowns and raised eyebrows to convey a specific
emotional state during the interaction [31, 299, 300, 207, 140, 51, 170, 169, 67,
90, 111, 244, 323, 215, 275, 351, 374]. The IVA can also direct or avert its gaze
from the interlocutor to display different levels of engagement [92, 93, 207,
140, 51, 67,90, 111, 244, 272, 323, 351]. The other modalities of non-verbal
behaviours are the head movements (shaking, nodding, or tilting) [67, 111],
the orientations of the head (downward, upward, inclined or straight) [51,
395], the torso positions (leaning forwards, backwards or straight) [244], the
arms positions (e.g., crossed arms, arms behind the head, hands on the hips),
and the body position (e.g., standing or sitting on a chair) [31, 316, 351, 272].
Furthermore, the breadth of movements (from small to large radius), their
intensity (light, moderate, or forceful) [31], and the directionality of gestures
(pointing with a finger or an open palm) further enrich this non-verbal
vocabulary to convey socio-emotional state [51, 395]. Hand gestures also
play a crucial role, ranging from central positioning to peripheral actions,
and alternating between behaviours like fiddling with hands, and shrugging
[31, 272], or hands clasped on a table.

Regarding the verbal modalities, there exists a variety of linguistic and
paralinguistic signals. Linguistic signals pertain to the elements of language
and communication that can be explicitly observed and analysed. These
include the choice of words, the structure of sentences, grammar, and syntax.
Some specific examples are the use of subjective pronouns, verbs, nouns, the
level of formality of the language, the use of self-references, the variation of
vocabulary, the length of the sentences, the use of positive or negative con-
tents [31, 25, 51], and the use of commanding or suggesting sentences [395].
Paralinguistic signals, although closely related to linguistic ones, extend
beyond the basic grammar and syntax to include aspects of meaning that
are not directly encoded in the linguistic elements. These include acoustic
signals such as the pitch and the speech rate [121], the behaviour impact-
ing the flow of the conversation, as for example the overlapping of speech
when the participant interrupts the IVA [132]. Another important aspect is
the alignment or coordination of the behaviours of the two interlocutors,
considering, for instance, the sequentiality and temporality of signals [92,
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275] to develop IVAs capable to display different attitude variations or to
adapt to the user’s perception, as proposed in [31].

Furthermore, several factors can have an impact on the socio-affective
perception of the IVA’s behaviour, some related to the IVA (e.g., its appear-
ance [85, 93, 170, 244]), others related to the user (e.g., age) [170].

Although there are many studies on this subject, it remains difficult
to have a clear vision of the different socio-affective behaviours that IVAs
can convey and how they can express them. The objective of the paper
is precisely to provide a systematic review, based on the PRISMA method [378,
249], of the research works investigating the users” perception of the socio-affective
dimensions of IVAs conveyed through their multimodal behaviours.

Researchers have explored a wide range of socio-affective dimensions
that IVAs may convey through their behaviour. In order to compare the re-
sults of different studies, the socio-affective dimensions have been gathered
into five categories: emotions, personality, trustworthiness, social capabili-
ties, and believability. The emotions category groups the perceptive studies
on the users’ perception of the emotions or the moods expressed by the
IVAs. The personality category includes the studies on the users’ perception
of the IVAs’ personality traits such as friendliness, dominance, and extrover-
sion. The trustworthiness category gathers perceptive studies on the impact
of IVAs’ behaviour on the perception of trust, including the perception of
competence, intelligence and cooperativeness. The social capabilities category
covers studies on the perception of a virtual relationship for the creation of
a social connection with the user or between IVAs [145]. The last category is
dedicated to the perceived believability of the IVAs. Of course, the proposed
socio-emotional framework is subject to scrutiny. The categories are closely
linked to each other, e.g., emotions are influenced by personality [251, 97],
some personality traits are sometimes considered as emotional dimensions
[323]. However, this socio-emotional framework - constructed by grouping
the socio-affective dimensions mentioned in the papers according to their
proximity in terms of definition and use - enables a comprehensive and
transparent review of the existing works presented in this paper.

This systematic review is guided by a central research question: How
are the emotions, personality, trustworthiness, social capabilities, and believability
of IVAs perceived by users through their multimodal behaviour? Indeed, the
objective is to identify more precisely the signals that IVAs can use to convey
these socio-affective dimensions, but also the importance of each modality
depending on the considered socio-affective dimension, and the effects of
the combinations of signals on perception. Moreover, the aim is to highlight
the different factors - related to the IVA, to the user, and to the interactive
device - that may influence the perception of the user.

This paper is structured as follows. The next section (Section 2.2)
outlines the approach, based on the PRISMA method [378, 249], to perform
the systematic review. Subsequently, Section 2.3 describes the results of the
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papers included in the systematic review on users’ perception of the five
socio-affective categories introduced above through the IVAs” multimodal
behaviour. Finally, Section 2.4 delves into the discussion of the variability in
the perception of multimodal behaviour influenced by various factors.

2.2 Methodology

The PRISMA method [378, 249] is used to guide the systematic review
process. This method ensures transparency and rigour by systematically
identifying, assessing, and evaluating relevant literature. The focus is on
the perceptual review of how the verbal and non-verbal behaviours of IVAs
influence the perception of emotions, personality, trustworthiness, social
capabilities, and believability. The criteria applied in the selection process
include studies on the perception of the socio-affective dimensions of at
least one IVA depicted in virtual environments based on monitor or VR.

Thus, the literature search conducted in the Scopus database! uses the
following request:

(virtual AND (audience* OR avatar* OR agent* OR listener

OR characterx))

AND (perception OR perceivex)

AND (behaviour* OR behavior* OR "body language" OR

arousal

OR valence OR stance OR attitudex)

AND (nonverbal OR non-verbal OR verbal)

NOT patholog*

NOT autism.
This search aims to identify papers exploring the perception and

behaviours of IVA, excluding those related to pathology and autism.

The search process retrieves a total of 162 papers in Scopus. Exclusion
criteria are defined to refine the search results, ensuring relevance and focus
on the research question. The criteria encompass the exclusion of papers
with accessibility issues, duplicates entries, non full papers or papers with-
out any DOI, papers that are not a perceptive study. Furthermore, as the
focus is on the perception of IVA using multimodal behaviour, papers in
which the IVA does not have a face or a humanoid body are removed. The
same happened for papers that present neither verbal nor non-verbal be-
haviour for the IVA. With the focus on virtual environments using monitor
or VR, papers not using monitor or VR are excluded. Finally, the emphasis
is placed on adult Occidental participants. Consequently, all studies in-
volving participants with a mean age below 18 years old or non-Occidental

n fact, the search was also performed using Web of Science, resulting in 98 papers.
However, since these papers were already included in Scopus, they were not utilised.
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Table 2.1: Reasons and numbers of papers rejected during the PRISMA
process.

Reason Step1 | Step 2
Accessibility issue 0 4
Duplicate entry 1 1
Abstract or poster 2 0
Paper without DOI 11 0
No perception task 25 18
Perception of human agents 0 1
Perception of embodied avatars 9 2
Perception of robots 7 2
Faceless agents 0 5
Non-humanoid agents 2 2
No non-verbal or verbal behaviours 0 6
No monitor or VR 4 0
Participants with mean age under 18 years old 1 2
Non-Occidental participants 3 14
Pathological participants 8 0
Total 73 57

participants are also excluded?.

The first step of the PRISMA method consists of selecting articles
by reading their title and abstract. From the 162 articles identified using
the query presented above, the initial screening leads to the exclusion of
73 papers. Subsequently, a more thorough examination of the remaining
papers is conducted, involving reading through each in its entirety, which
constitutes step 2 of the screening process. After this comprehensive review,
an additional 57 papers are excluded. See Table 2.1 for more details.

This methodical filtration underscores the rigorous selection and ex-
clusion criteria inherent in the PRISMA approach, ensuring that the review
focuses on the studies most relevant to the research question. Table 2.2
proposes a summary of the dimensions, sub-dimensions, and signals in-
volved as dependent variables for each selected paper. In the next section,
the results of the paper for each socio-affective category are described in
more detail.

2For studies conducted in Occidental universities or research groups, the absence of such
participants cannot be definitively confirmed when full details were not given.
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2.3 Results

2.3.1 Emotions

In this section, the research works investigating the perception of IVA's
emotions through their multimodal behaviour are reported. Initially, the
literature reveals that emotional dimensions are explored through different
affective concepts such as mood and emotions [7]. To compare the research
results, the analysis of the research works on the emotional perception of
IVA behaviour is proposed in light of the valence and arousal dimensions.

These dimensions are expressed and perceived in various ways, for
example, through posture and facial expressions [189]. According to the
authors, the SAM questionnaire, which studies the dimensions of valence,
arousal, and dominance, is a good tool to assess the perception of these
dimensions. However, dominance, which could also be considered as a
personality trait, is discussed in Section 2.3.2.

According to [67], the notion of valence refers to the IVA’s opinion,
i.e., the positive or negative feelings it has towards the user. As shown
in several research works [275, 215, 90, 67, 140, 111], the emotional state,
and more specifically valence, is conveyed by facial expressions to display
basic emotions such as anger, happiness, and sadness [215], but also more
subtle emotional states such as stress [90], amusement, or politeness [275].
Even if facial expressions are a strong cue of emotional state, the way they
are displayed in IVAs can vary considerably from one study to another,
leading to misinterpretation depending on the considered representation,
the intensity of the expression, and the combination of modalities [111, 215].
Although it seems that the frown conveys a negative valence [106, 90], the
way it is represented in the IVA could vary, particularly in terms of intensity
and of the parameters used to display facial expression. For example, in
the study of [111], a smiling facial expression is perceived as neutral, while
it is generally a positive valence signal, indicating a potential confusion
between a fake smile and a genuine smile [275, 111]. Valence is mainly
conveyed by the combination of facial expressions and head movements.
Indeed, researchers consistently associate smiling and nodding with positive
valence, and frowning and shaking the head with negative valence [67, 140,
111, 90]. However, some signals may be predominant in the perception
of valence. Indeed, as shown in [111], head shake is the most negative
modality identified and is always judged negatively, regardless of the other
modality it is associated with. Regarding the other signals, the literature is
not consensual. For example, posture, such as crossed arms, may convey a
negative valence as shown in [67, 111], while [140] does not find no impact
of posture on the assessment of valence. To express the valence, some
modalities may be more important than others. For instance, as highlighted
in [67], to assess the IVA’s valence, the users generally first consider the
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head movements, then the posture, the gaze direction, and finally the facial
expressions, as this signal is more subtle in VR. Additionally, research on
the perception of behaviour on the valence highlights the importance of
combining non-verbal behavioral modalities. For example, nodding is
mainly a sign of positive valence but is sometimes considered as neutral
based on the associated signals [111]. In the same way, an IVA with the head
tilted, its elbow on the table and its torso leaning forward appears to be
positive, while separately, these signals convey a neutral or negative valence
[111]. The perception of the non-verbal modality may also vary according to
the associated verbal behaviour, as highlighted in [275]. In addition, vocal
non-verbal immediacy, corresponding to the pitch level and speech rate,
may also have an impact on the assessment of participants” affect towards
the content or the virtual model. It also impacts the likelihood of following
the same virtual instructor again for other similar videos in the future [121].
Indeed, stronger vocal immediacy, characterised by an average pitch of 260
Hz and a speech rate of 133 words per minute (wpm), enhance affective
learning compared with a virtual model that uses weaker vocal immediacy,
with an average pitch of 115 Hz and a speech rate of 119 wpm [121]. Some
factors may influence the perception of valence, such as the appearance
of the IVA itself. Although few studies examine this factor, some research
shows that a female IVA is perceived as more positive than a male IVA when
smiling [275]. Another study also shows that for a given facial expression,
such as raising eyebrows, a virtual female IVA appears to be more stressed
if it uses a frontal body with direct gaze than if it used an averted body with
an averted gaze, whereas no difference is found between these behaviours
for the male IVA [90].

The dimension of arousal describes the excitement of the event for a
person and ranges from low to high alertness [393]. It takes the form of an
IVA interested or attentive to what people are saying and is characterised
by two types of non-verbal behaviour, namely proximity and body move-
ments [393]. Consistently, all the authors who study this dimension find
a relationship between the evaluation of arousal and the direction of gaze,
the frequency of movements, and the proximity of posture [67, 140, 111]. A
high level of arousal or engagement is associated with an IVA looking at
the speaker, with a closer posture, i.e. a torso leaning forward and frequent
head movements and facial expressions. On the contrary, an IVA that looks
away with a more distant and relaxed posture is perceived as disconnected
[67, 140]. It is also interesting that eyebrow raising is judged to be neutral
in terms of arousal and that head shaking is always associated with high
arousal, regardless of other signals [111]. Another interesting point is the
relationship between perception of valence and arousal. The combination
of the valence-arousal pair can convey a specific attitude, and, as indicated
by [140], users are able to perceive different social attitudes based on these
dimensions (indifferent, critical, and enthusiastic). However, several au-
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thors report that users do not distinguish between different levels of valence
(positive and negative) for low arousal [67, 140, 111].

2.3.2 Personality

In this section, three personality traits are considered: the dominance,
the extroversion, and the friendliness. The dominance is part of the PAD
(Pleasure-Arousal-Dominance) model, described by [319]. The dominance
corresponds to a scale ranging from the absence of control or impact on
the event to the feeling of influence or control on the situation [393]. Extro-
version and friendliness are two components of the "Big Five" personality
traits model [167] that identifies Openness, Conscientiousness, Extroversion,
Agreeableness, and Neuroticism. As explained in [93], agreeableness is
an indicator of friendliness. Warmth may also refer to friendliness [208].
Similarly, the concept of politeness involves the dimension of friendliness,
as explained in [396, 395]. For the sake of clarity, only the term friendliness
is used in this section. According to [7], extroversion corresponds to the
sociability of IVA perceived by users.

The choice of only keeping dominance, extroversion and friendliness
to express personality is explained by the interrelationships between them.
Indeed, reference [25] shows that dominance and extroversion are positively
correlated, while dominance and friendliness are negatively correlated. In
addition, friendliness and dominance are two dimensions that appear in the
Interpersonal Circumplex model [208], which further indicates their strong
relationship.

To express dominance, an IVA can look at the user in various ways:
by looking from below, which is perceived as less dominant, from above,
or by aligning its eyes close to those of the participant [25]. Furthermore,
as shown by [316, 351], dominant non-verbal behaviours can be displayed
using akimbo posture, crossing arms, sagittal head up, gesture with large
radius. On the contrary, submissive non-verbal behaviour includes neck-
adapter (self-touch), arms open, sagittal head down, gesture with small
radius.

Regarding non-verbal signals, the more dominant position is adopted,
the more dominant the IVA is perceived [316]. Furthermore, reference [351]
shows that, concerning the perception of dominance, crossing arms and
the akimbo position are the most effective gestures, but taking up more
space (gesture with a large radius) is not perceived as more dominant
than the other gestures. Furthermore, references [93] and [92] demonstrate
that by using more (or less) dominant cues, an increase (or decrease) in
perceived dominance can indeed be implied. As shown by [25], the more
linguistic friendly cues are used, the less dominant is the IVA perceived. It
is further established by [51] when using verbal modalities of friendliness.
Moreover, regarding vocal modalities, reference [132] shows that the longer
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the interruption handling time, the more dominant the IVA was perceived.

To express extroversion, IVAs can exhibit positive emotional states and
medium arousal levels (see Section 2.3.1), and high dominance behaviours
(closer interaction distances, expansive gestures, rapid gesture execution,
sustained eye contact, and prolonged gaze duration). In contrast, intro-
verted agents display negative emotional states, low arousal, more distant
interactions, reduced spatial extent in gestures, slower gesture speeds, and
averted gazes [85, 323].

As shown by [25], the more dominant gaze cues are used, the less
extroverted the IVA is perceived. Generally, it is possible to distinguish
extroversion from introversion by voice or facial expression alone [348].
However, if the voice is combined with body movements, it is the most
informative signal to judge the extroversion of the virtual agent [348]. More
specifically, reference [323] shows that a virtual agent is considered to be
extroverted if it has a positive emotional state, a medium level of arousal
(see Section 2.3.1), and a positive dominance value. On the contrary, an
introverted virtual agent has a negative emotional state, a low level of
arousal, and a low dominance value. At the behavioural level, extroverted
personality translates into a closer distance during the interaction (e.g., the
torso leaning forward), a higher value of spatial extent during the execution
of gestures, a higher speed of execution gestures with greater eye contact,
and a longer duration of gaze for an extroverted virtual agent. On the
contrary, an introverted virtual agent is more distant during interaction
(leaning back) and adopts a lower value of spatial extent and speed of
gesture execution, with an averted gaze [85].

To express friendliness, regarding verbal modalities, an IVA can use
fewer synonyms and negations, shorter sentences, more pronouns, verbs,
informal language, positive content, and references to the speaker [31].

Regarding non-verbal modalities, the more dominant positions are
adopted, the less friendly the IVA is perceived [316]. As expected, IVA
friendliness can be perceived through positive facial expression (e.g., smile
[275]) but specific gestures, such as commanding the user through arm
gestures (using finger pointing) can have quite the reverse effect [396]. How-
ever, reference [51] shows that non-verbal behaviour or verbal modalities of
friendliness alone are not sufficient to render friendliness, suggesting that
verbal modalities must be added to ensure the right perception of it. Further-
more, reference [396] shows that, to maintain a certain degree of friendliness
in the IVA, it is preferable to use suggestion rather than command. In addi-
tion, one may prefer stronger vocal immediacy (i.e. higher pitch and faster
speech rate) to depict a more friendly IVA [25]. Lastly, regarding vocal
modalities, reference [132] shows that the longer the interruption handling
time, the less friendly the IVA is perceived. Moreover, reference [92] and
[93] show that using more (respectively less) dominant cues and/or less
(respectively more) friendly cues imply a decrease (respectively an increase)

23



CHAPTER II. PERCEPTION OF IVAS” BEHAVIOUR

of perceived friendliness. Similarly, reference [31] shows that the model that
uses adaptive algorithm (Reinforcement Learning) to adapt to user impres-
sions can indeed increase the perceived degree of friendliness compared to
when IVA does not adapt its behaviour to user reactions.

2.3.3 Trustworthiness

Trustworthiness is a complex dimension, closely related to underlying
concepts, such as the performance of the IVA and its inclination to collabo-
rate [150]. In this literature review, the perception of several sub-dimensions
of trust is investigated, such as the IVA's competence, intelligence, autonomy
and helpfulness, reflecting its performance, and its cooperativeness and per-
suasiveness, displaying a certain predisposition for collaboration with the
user.

In the literature, research highlights the impact of IVA’s emotional
non-verbal behaviour on its attributed trust level. In [170], the IVA dis-
plays an emotional non-verbal behaviour, either positive (i.e. smile, head
nod, head nod plus smile) or negative (i.e. sad face, head down, dropping
the arms plus sad face), while respectively announcing good or bad news.
Compared to an IVA that remains neutral in its behaviour, its perceived
trustworthiness increases under emotional conditions. This relationship is
further studied in [351], more specifically by investigating the impact of
emotional behaviours on perceived cooperativeness. The hypothesis as-
sumed by the authors, justifying the adoption of such behaviours to depict
cooperativeness, states that this sub-dimension is closely related to IVAs’
expressiveness. This hypothesis is confirmed, therefore strengthening the
already established link between an IVA’s emotions and trustworthiness.
The results of the considered study include the preeminence of behaviours
combining expressive gestures and mimic to provide the IVA with a cooper-
ative attitude. The impact of lateral head tilts, whatever the side, is positive
as well. Naturally, opposite results are found for neutral and non-expressive
behaviours, which are associated to lower cooperativeness perception levels,
however not as low as averting gazes.

The personality of the IVA, either depicted by its friendly or dominant
behaviour towards the user, is also recognised as primordial in shaping
perceived competence, trustworthiness, and cooperativeness [272, 316, 31,
92, 351]. A model commonly used in the literature is the Warmth and Com-
petence model [118], which links the IVA’s friendliness (see 2.3.2) with its
competence. This model is adopted by [31] and [272] to assign specific non-
verbal behaviours to IVAs depending on the desired competence level. High
competence perception is successfully obtained by synchronising the IVA’s
gestures with the semantic content of the speech [272]. In contrast, [IVAs
convey low competency through desynchronised gestures [272]. This ma-
nipulation effectively transmits the expected competence signal, regardless

24



2.3. RESULTS

of the IVA warmth level, which is characterised by an open (high warmth)
or closed gesture (low warmth). However, it is worth mentioning that IVA’s
warmth, and by extension its friendliness, also has an impact on competence
perception, with a positive correlation between these two variables. The
accuracy of the warmth and Competence model to design IVAs perceived
as such is confirmed in a second study [31].

As previously stated, studies also investigate the interrelation between
dominant behaviours and trust sub-dimensions, more specifically consider-
ing the impact on competence, intelligence and persuasion [316], as well as
on helpfulness [92] and cooperativeness [316, 92, 351]. The effect of domi-
nance is, however, not confirmed for all sub-dimensions. In [316], classical
dominant non-verbal signals (i.e. akimbo posture, arms crossed, gestures
with large radius, sagittal head up) have no effect on competence, autonomy;,
intelligence, and persuasion ratings. On the contrary, the helpfulness of the
IVA appears to be negatively impacted [92]. When it comes to cooperative-
ness perception, contradictory results can, however, be observed. Despite
[316] additionally confirms that no relationship can be established between
these two variables, reference [351] finds a negative effect of dominance on
cooperativeness, although its effect remains quite small. The latter study
additionally identifies specific dominant signals, particularly perceived as
uncooperative, such as keeping the arms crossed, which corresponded to the
lowest cooperativeness rating among several dominant behaviours, includ-
ing keeping the head up or making large radius movements. Conversely,
the authors identify IVA’ behaviours, associated to submission, interpreted
as cooperative signals. More specifically, an IVA adopting small radius
gestures or keeping its arms open improves its attributed cooperativeness
level.

The persuasiveness of IVAs’” multimodal behaviour is also investi-
gated. Two studies firstly compare the effectiveness of several strategies
in order to persuade the user to join a group of IVAs, either using monitor
[396] or a VR headset [395]. In both conditions, similar results are obtained.
Strategies adopting a direct approach, explicitly formalising the request, are
the most persuasive ones. Actually, when the IVA directly commands the
user to move to a specific location, while pointing it with its index, the level
of associated persuasiveness is the highest among all possible strategies
[396]. In comparison, less commanding approaches, such as politely asking
or proposing to the user to join the group, are less persuasive but yet still
effective [396]. The authors further highlights the primordial importance of
clear formulation of the demand to maximise IVAs’ force of persuasion. In
addition to the influence of the strategy adopted, communication modali-
ties also play a role. Indeed, multimodal modalities, combining verbal (i.e.
proposition or command) and non-verbal communication (i.e. gaze and
hand movements), reach the highest impact levels on persuasiveness [395].
Nevertheless, in [285], results indicate that verbal modality only should be
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preferred to maximise the IVA’s force of persuasion, reducing distractions for
the user, who can therefore be focused on the command itself. An important
difference between this study and previous ones that should be considered
is that the non-verbal behaviour in this case is not directly related to the
command asked of the user, thereby justifying its perceived uselessness.

Generally speaking, the IVA’s verbal behaviour also plays a significant
role in trust perception. The importance of a realistic voice is highlighted,
with IVAs eliciting higher level of trust when endowed with a human voice
rather than a synthetic one [285]. Verbal behaviour also turns out to be
important in eliciting competence. An interesting signal used to reflect
high competence and proved to be relevant is the formulation of sentences
using “We” or “You” pronouns, rather than sentences formulated in the first
person singular [31]. Similarly, IVAs disclosing personal information are
not perceived as more competent [301], further reinforcing the previous
statement regarding the irrelevance of “I” pronouns to elicit competence.
Although the words used are important, the number of words used has no
influence on competence perception [301].

Valuable insights for the design of trustworthy IVAs are provided, but
the design of their behaviours should still be carefully considered. Indeed,
specific aspects can considerably impact perception, leading to undesired
effects. Such negative effects are observed in [374], with mimicking IVAs,
evoking a low level of trust and of helpfulness among users when reproduc-
ing their behaviour, being even perceived as creepy. The immediacy of the
reaction further reinforces the identified negative effect. Another surprising
result from the considered papers. Reference [316] identifies that guiding
behaviours reduce the perceived level of competence. Such behaviours are
represented with deistic gestures and gaze, meaning that IVAs pointing to
specific elements are not seen as competent.

2.3.4 Social Capabilities

In this section, the research works exploring users’ perception of IVAs’
social capabilities are presented. The articles considered in the systematic
review identify the following main dimensions related to social capabilities:
the mutual understanding or comprehension, the mutual agreement, the intimacy
or self-disclosure, the interpersonal and dyadic stances and finally, the social
status. These dimensions are strongly related to the notion of virtual rapport
[145].

The mutual understanding, attention, agreement, interest and pleasantness
are explored in [300] in terms of users” perception of an interaction betw-
een two IVAs. In social interaction, intimacy corresponds to "a reciprocal
expression of personal or emotional contents, and the perception of positive
feelings and comprehension." [298]. In [190], intimacy refers to the per-
ceived self-disclosure of the IVA, which corresponds to the capacity to share
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personal information with the user to create social connections. The interper-
sonal stances in [275] correspond to the perceived relationship expressed by
the IVA toward its interlocutor, as for instance cold or warmth. Finally, the
dyadic stance results from a behaviour alignment or nonalignment between
the two agents reflecting for instance an agreement or hostility [275].

The perception of these social capabilities dimensions described above
can be significantly influenced by the multimodal behaviour of the IVA. For
instance, as shown in [300] and [275], the mutual reinforcement of smiles
between two IVAs or between an IVA and a user, enhances the perception
of the mutual understanding and impacts the perception of the interpersonal
and dyadic stances [275].

Concerning intimacy, in [299, 298], the authors show that a high level
of perceived intimacy leads to a longer interaction with the user. Moreover,
the behaviour of the agent may influence its perceived honesty and genuine-
ness: users rated the IVA as more honest and authentic when it displays
behaviours associated with intimacy such as emotional facial expressions
(e.g., smiling), open-arm gestures, self-directed motions, head nods and tilts,
and eye contact. Moreover, reference [301] investigates the perception of
the talkative and self-disclosure dimensions. Results show that an IVA is
perceived as more talkative and open, when it uses more words and shares
personals information with the user.

A last sub-dimension is the influence of its non-verbal behaviours
on its perceived social status. Among the selected papers in this literature
review (see Table 2.2), a unique study, reference [274] aims to investigate the
effects of different gaze behaviours, reflective of either high or low social
status, during a job interview scenario with an IVA. The study finds that
an IVA perceived as belonging to a higher social status displays longer
duration of eye contact and prolongs stares following the user’s responses.
Furthermore, an IVA raising his head posture and with a body leaned
toward the user is also associated with a higher social status, highlighting
the significance of non-verbal modalities in shaping perceptions of social
hierarchies within virtual interactions.

2.3.5 Believability

The user’s perception may be strongly impacted by the believability
of the IVAs influenced by the quality of the animations and of the voice. In
this literature review, believability is assessed across several dimensions.
In [121], the authors refer to the dimensions of animacy, anthropomorphism
and liveliness which correspond to dimensions of the Godspeed question-
naire [18]. The notion of believability corresponds also to the perception
of credibility, for instance in [51] to explore how credible the IVA is in its
role of recruiter. In [207], the believability of the IVA’s behaviour is evalu-
ated through the notion of plausibility and naturalness focusing on both the
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behaviour and the appearance.

Several articles in our literature review have shown the influence
of IVAs’ behaviours on the users’ perception of believability. First of all,
concerning the animations, references [285] and [207] emphasise that an ani-
mated IVA, regardless of the animation mode, is perceived as more natural
and more plausible than a static one, indicating that the movements are a
key factor in the perception of believability. Moreover, reference [285] shows
that a more varied and nuanced behaviour leads to a better perception of
the realism. Reference [207] also focuses on the naturalness and plausibility
of facial animation behaviour, showing that synthesised expressions (i.e.
facial expressions generated from data such as audio, head movements,
and tagged gaze targets to correspond with expected facial expressions in
specific situations) are evaluated as more natural and plausible than tracked
expressions (i.e. facial expressions captured in real-time from facial move-
ments), both for verbal and non-verbal behaviour. In [216], the authors
highlight the importance of the appropriateness of the expressed signals
showing that inappropriate nods are perceived as less natural than those
adhering to established norms.

In [121], the authors investigate the impact of the verbal behaviour
and in particular the vocal immediacy on the animacy, anthropomorphism
and liveliness. They manipulate the virtual agent’s vocal parameters, such
as pitch and speech rate. Results indicate that participants exposed to
the condition with stronger vocal immediacy (high pitch and fast speech
rate) perceive the agent as more anthropomorphic, animated, and likeable
compared to those in the weaker vocal immediacy condition.

2.4 Discussion

In this paper, the interplay of socio-affective perceptions of IVAs by
users is delved into, specifically focusing on how emotions, personality,
trustworthiness, social capabilities, and believability are discerned through
the IVAs” multimodal behaviour. To achieve this goal, the PRISMA method
is employed, ensuring a systematic and transparent review process that
underpins the analysis.

This exploration reveals a rich tapestry of dimensions used across
studies to discuss socio-affective perception. However, a detailed analysis of
the dimensions described in the papers shows that the diverse terminology
are used to describe similar or overlapping concepts. This diversity poses
challenges but also offers an opportunity for synthesis. For example, as
explained in Section 2.3.2, several terms can be used to describe friendliness
(e.g., agreeableness, politeness, warmth). In this paper, a novel comparison
of papers included in this study is proposed by aligning compatible sub-
dimensions that reference analogous notions or concepts. This categorisation
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is grounded in the definitions of the sub-dimensions, the behavioural models
they reference, and the contexts within which they are employed. However,
this categorisation can suffer of limitations because of the interplay between
dimensions and sub-dimensions. Indeed, for example, the concepts of
extroversion and dominance are intimately linked to the valence and arousal,
as encapsulated in the PAD model, suggesting that dominance could be
considered as a component of extroversion. Similarly, trustworthiness is
deeply intertwined with valence and arousal, and warmth significantly
influences the competence (warmth and competence model).

In Sections 2.3.1 to 2.3.5, for each dimension separately, the influences
of modalities and signals influence on these dimensions are explained. Thus,
it is now possible to highlight the main effect of a specific signal on a di-
mension. For instance, a smile, generally associated with positive valence
[111], can lead to ambiguity if not clearly genuine [275], and its impact on
friendliness can be reversed by contradictory gestures like authoritative arm
movements [396]. Head movements such as nodding, typically signalling
agreement [67, 140, 111, 90], can be perceived differently based on accom-
panying signals [111], highlighting the importance of signal congruence.
Similarly, head tilts and orientation underscore the nuanced interpretation of
emotional states, where a combination with other positive signals or specific
contexts (like a forward-leaning posture) can significantly alter perceptions
from negative to positive valence and arousal [67]. For verbal modalities,
the linguistic choices made by IVAs, such as the use of inclusive pronouns
and the level of formality, play pivotal roles in shaping perceived compe-
tence, friendliness and dominance [301]. Sentence length and content tone
further influence perceptions of clarity, engagement, and emotions, affecting
the user’s interaction experience. Paralinguistic vocal immediacy such as
pitch and speech rate stands out as a critical factor, with higher immediacy
enhancing the IVA’s anthropomorphism and friendliness [25]. Interruption
handling times also markedly affect perceived friendliness and dominance,
underscoring the delicate balance between responsiveness and assertiveness
in verbal exchanges [132]. Overall, the synchronisation of verbal and non-
verbal modalities, alongside the realism of vocal expressions, emerges as
paramount in amplifying the IVA’s perceived competence, trustworthiness,
and naturalness in communication.

Throughout this paper, it is shown how the interplay and combination
of various signals and modalities significantly influence the perception of
IVAs, altering and amplifying user interpretations. For instance, a head
shake stands out as a strongly negative cue [111], consistently associated
with high arousal and negativity, irrespective of other modalities it accom-
panies. Contrarily, nodding typically signifies positive valence but can be
perceived as neutral if conflicting signals accompany it [111]. Similarly, an
IVA with a forward-leaning posture and head tilt can project positivity, a
perception that might shift to neutrality or negativity when these signals
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are isolated. Interestingly, while a smile generally conveys friendliness,
commanding gestures like finger-pointing can negate this effect [396]. The
synchronisation of an IVA’s gestures with its speech notably enhances per-
ceived competence, highlighting the importance of congruence between
verbal and non-verbal modalities. Moreover, the combination of voice and
facial expressions, especially when aligned with body movements, serves
as a powerful indicator of extroversion, underscoring the amplifying effect
of multimodal communication. This synchronisation not only boosts the
perception of competence [272] but also the persuasive power of the IVA,
demonstrating the significant impact of integrated verbal and non-verbal
modalities on user perceptions.

The interdependence between socio-affective perception and user
characteristics should not be disregarded. Users’” age has an influence on
trust [170, 285] and on autonomy, persuasiveness and cooperativeness per-
ception [316], with older users who are more likely to put their trust in the
IVA. Divergent results are obtained in [351] regarding the impact of age
on cooperativeness perception, since no correlation is established between
these variables. With regard to competence [272], intelligence [316] and help-
fulness [170], no impact of age is identified. The gender of participants also
plays a crucial role in the interaction dynamics with IVAs. Indeed, reference
[85] shows that women tend to engage more closely and attentively with
IVAs than men, who prefer a closer interpersonal distance particularly with
female IVAs. Additionally, in [51], the authors show that the IVA, playing
the role of a recruiter, is perceived significantly more believable by women
than by men. Moreover, the gender of participants affects the perception of
an IVA's friendliness, with female participants often perceiving IVAs as less
friendly, regardless of the non-verbal behaviours displayed by the IVA [51,
85, 244, 351]. A last factor influencing the perception is the realism. Indeed,
both animations quality [216, 207] and voice quality [121] crucially affect
user perceptions of VA, with effective verbal and non-verbal behaviours
enhancing believability.

In the discussion of the systematic review, it should be noted that only
a small fraction of the studies specifically address immersive VR headsets.
Out of the 32 papers analysed, merely five focus on immersive VR tech-
nologies. This observation underscores a significant gap in the literature,
as immersive VR environments offer unique opportunities and challenges
for the study of IVAs. These environments can potentially provide a more
controlled and immersive context for examining the nuances of user interac-
tions with IVAs, which might differ significantly from interactions in less
immersive or monitor-based setups.

In addition, there is a significant body of research that is not included
in this literature review. The strict adherence to the PRISMA method, while
ensuring rigour, may have limited the scope of included studies and research
groups considered and overlooked relevant research that falls outside the
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specified criteria. For example, the impact of cultural and demographic
factors on socio-affective perceptions, though noted, warrants further ex-
ploration to understand how different cultural backgrounds influence user
experiences with IVAs. It should be noted that several research works in-
vestigate these differences between cultures, comparing the perception of
participants from Europe and Asia. Perception differs effectively when it
comes to personality (i.e., friendliness) [170, 169, 244] and trustworthiness
aspects [169]. The same statement can be made when it comes to social
capabilities of IVAs. Indeed, users are more likely to take part in a conversa-
tion with agents when they belong to the same culture [228], highlighting
a preference between users for signals attributed to their culture [229]. In
[88], a comparison is established between Individualistic and Collectivist
cultures. A significant impact of this cultural aspect is identified, influenc-
ing the perceived appropriateness of a discussion between virtual agents,
either adopting a warmth and friendly behaviour, or a more aggressive and
competitive conduct.

In conclusion, this systematic review sheds light on the intricate rela-
tionship between the multimodal behaviour of IVAs and the socio-affective
perceptions of users, offering valuable insights and guidelines for the design
of socio-affective IVAs. The findings underscore the need for a nuanced
approach to IVA design that considers the full spectrum of non-verbal
modalities and their interplay with verbal communication. As technology
evolves and user expectations change, the field must continue to explore
these dynamics, ensuring that IVAs remain effective, engaging, and capable
of meeting the diverse needs of their users.
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Chapter II1

Perception of Avatars
Non-verbal Behaviours in
Virtual Reality

This chapter is based on a collaboration with the Faculty of Psychol-
ogy, Speech Therapy, and Education of the University of Liege and HEC
Liége. This chapter is a paper, for which I am the first author, that has been
published in the Journal Psychology & Marketing in 2023. The co-authors
are Anne-Lise Leclercq, Angélique Remacle, Laurence Dessart, and Michaél
Schyns. In this thesis, the paper is presented in its original published form,
and I apologise for any outdated information, repetitions, or formatting
inconsistencies, including the use of numbered citations instead of author
names, without modifying the original text.

Abstract

Virtual reality has shown great potential in many fields, especially
in business and psychology. By immersing someone in a new computer-
generated reality, it is possible to create realistic, safe, and controllable simu-
lations for research and training, as well as new three-dimensional-enriched
consumer experiences and services. Most of these environments, especially
in the metaverse, rely on virtual representations of people called “avatars”.
The design and non-verbal behaviours of these avatars must be carefully
crafted to provide a realistic and truly immersive experience. This paper
aims to understand how avatar non-verbal behaviours (i.e., body posture,
facial expression, and head movement) are perceived by users immersed in
a virtual reality context, a very common situation encountered in many sim-
ulations and especially during training. Therefore, the first objective of this
study is to validate, through an experiment with 125 participants, how the
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audience’s levels of emotional valence and arousal are perceived in virtual
reality. Based on these results, a library of audience non-verbal behaviours
corresponding to different arousal and valence levels is now available for
future applications. The experiment also examines the benefits of using
low-end versus high-end virtual reality headsets, and photo-realistic versus
cartoon avatars. The results have implications for the design of realistic,
challenging, and interactive virtual audiences.

3.1 Introduction

Virtual reality offers tremendous opportunities in business practice
due to its ability to provide realistic, safe, and controllable experiences and
services. By immersing individuals in a life-like environment and replicating
real-life situations [311], virtual reality is particularly valuable when human
behaviour is a critical element of the business process under study. Not
surprisingly, virtual reality research is especially prevalent in the fields of
marketing and psychology. Reference [227] studied no less than 150 papers
in 115 journals on the use of virtual reality in marketing. In a special issue
on virtual reality in marketing, reference [39] provide essential insights into
various aspects of virtual reality and its implications for this field. Virtual
reality, but also augmented reality, are now widely used in many business
areas, such as tourism [24, 181], retail [34], and health [172, 171, 29]. Virtual
reality is also widely used in education through training [372, 148, 312].

A concept related to virtual reality is the metaverse, which reference
[160, p. 1] defines as a “computer-mediated environment consisting of vir-
tual worlds, within which users can act and communicate in real-time using
virtual people”. In these virtual worlds, if virtual people (also called avatars)
are present, their design and non-verbal behaviours must be realistic to
enhance the learning experience. Avatars can be defined as “digital entities
with anthropomorphic appearance, controlled by a human or software, that
have an ability to interact” [258, p. 67]. Accordingly, the term avatar is
used in this study to refer to interactive representations of people, whether
realistic or cartoons. The metaverse and avatars are becoming increasingly
popular concepts, especially in marketing. For instance, in their recent study,
reference [102] argues that the metaverse has the potential to revolutionise
the way businesses interact with consumers. The authors discuss various
applications of the metaverse in marketing, including brand experiences,
customer engagement, and immersive advertising, highlighting the chal-
lenges and ethical considerations associated with using the metaverse in
marketing, such as privacy concerns and potential biases in avatar design.

The present study focuses on public speaking situations where an
avatar listens to a user speaking. Public speaking is a widespread activity
in everyday life. Whether in front of a small or large audience, individuals
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often need to mobilise their public speaking skills. Psychology research has
investigated different activities, such as presenting research findings, teach-
ing and lecturing in classrooms or professional development workshops
[311, 312]. There are also more complex situations that involve public speak-
ing, such as providing psycho-education to patients in individual or group
therapy settings, advocating for mental health policies and initiatives at
public events or rallies, leading support groups for individuals with mental
health challenges, and so forth [126].

Focusing on public speaking tasks in various fields and a virtual
environment with an interactive virtual audience (i.e., providing non-verbal
feedback) has been the focus of several studies [63, 66, 68, 20, 65, 188, 141,
230, 337, 337]. Virtual reality allows public speakers to practice in a situation
very similar to what they will face in real life. People can practice where,
when, and as often as they need to build their confidence and be ready
to give a speech [327, 80]. In addition, the training can be progressive
and controlled in terms of the number of participants, their non-verbal
behaviours, and so on, resulting in much more efficient and faster learning
[103].

There are also a number of tasks in marketing that involve public
speaking: pitching a product or service to potential customers or investors,
giving a progress report to a team or supervisor, presenting a proposal or
idea to a group or board of directors, and interacting with clients. The
practical application of this study is improving the public speaking skills of
frontline employees who play a critical role in fostering positive consumer
perceptions through effective communications in face-to-face interactions.
Frontline employees play a crucial role in delivering high-quality services
that increase customer satisfaction and loyalty [245]. In such customer-
facing situations, frontline employees would benefit from public speaking
training. However, providing effective training for these employees can be
a challenging task, particularly in the context of rapidly evolving service
technologies and complex service encounters [211, 315, 102]. Virtual reality
has also emerged as a promising technology for employee training, provid-
ing an immersive and interactive learning experience that can improve their
skills, knowledge, and confidence in dealing with customers. Indeed, virtual
reality technology has become increasingly popular in frontline employee
training across a range of industries [87] due to its ability to simulate real-life
situations, allowing trainees to develop and practice their skills in a safe and
controlled environment.

Whilst the benefits of virtual reality for training purposes have been
demonstrated, blind spots remain in the precise application and design of
this technology to maximise training effectiveness and foster positive percep-
tions among trainees. Specifically, the trainee-avatar interaction is relevant
to understanding the impact that the listening avatar in the simulated envi-
ronment may have on the trainee practising public speaking. Indeed, the
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immersed person must perceive these listening avatars as realistic in order
to provide a truly immersive and effective experience. However, the impact
of the avatar’s perceived responses on the trainee and the resulting sense of
presence in the virtual reality environment remain unclear. Furthermore, the
development of accurate and authentic non-verbal avatar behaviour is still
in its infancy. Therefore, the first objective of this study is to investigate how
virtual reality users perceive the levels of emotional valence and arousal of
avatars. The second and third objectives concern a more in-depth analysis of
the sense of presence using different types of headsets and different avatar
qualities. In sum, this study aims to investigate how avatars are perceived
and the benefits of using different headsets or graphics.

3.2 Theoretical Development

One of the key benefits of virtual reality in training frontline em-
ployees is its ability to simulate real-life service encounters and practice
situational skills. According to [225], interaction behaviours that lead to
feeling comfortable in the service encounter are crucial to creating a pos-
itive customer experience. Virtual reality can help trainees develop these
behaviours by creating realistic simulations of different service encounters,
allowing them to practice their skills in a safe and controlled environment.
This can help build confidence and reduce anxiety in real-life service en-
counters. In addition, virtual reality can provide a platform for role-playing
exercises that are effective in developing the skills and behaviours required
for successful service encounters. Reference [347] suggests that role theory
can be used to understand the dynamics of service encounters, with service
employees and customers playing specific roles in the interaction. Virtual
reality can provide a platform for employees to practice different roles and
scenarios, allowing them to develop a better understanding of the service
encounter dynamics and how to respond effectively. Furthermore, virtual
reality can help improve the quality of service encounters by enhancing em-
ployees’ non-verbal communication skills. According to [353], non-verbal
communication plays a critical role in service encounters, with cues such
as facial expressions, gestures, and tone of voice conveying important in-
formation to customers. Virtual reality can also be used to simulate various
non-verbal cues, allowing employees to practice their communication skills
and become more effective in conveying information to customers. As the
question of how frontline employees respond to consumer emotions in ser-
vice encounters is still a black hole [303], virtual reality can help address this
question.

In addition, virtual reality can provide a cost-effective and scalable
solution for training frontline staff [163]. Reference [114] suggests that con-
ceptualizing service encounters is important for understanding employee
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behaviour and how it affects customer perceptions of service quality. How-
ever, traditional training methods, such as classroom teaching and on-the-job
training, can be time consuming and costly. Virtual reality can provide a
cost-effective solution for training large numbers of employees, allowing
organizations to scale their training programs without incurring high costs.
Reference [91] highlights the importance of technology infusion in frontline
service delivery. They argue that technological advances have changed
the nature of service encounters and created new opportunities for service
providers to improve the customer experience. However, they also note that
effectively integrating technology in service encounters requires adequate
training and support for frontline staff. Virtual reality can be an effective tool
for such training by simulating realistic service encounters in a controlled
environment. However, research on the appropriate design of a virtual
reality environment for frontline employee training is still lacking [196].

In the context of public speaking in general, virtual reality can im-
prove communication self-efficacy [312], and speaking performance [63],
especially when the audience (the listening avatar) is interactive [384, 143].
The avatar’s reactions can have a significant impact on the speaker’s emo-
tions and performance [292, 296, 200, 64, 65], interactivity in virtual reality
is also an important part of the training process. Therefore, it is essen-
tial to know if the user perceives the interactions between the avatar and
her/himself in the virtual environment as representative of reality and how
each interaction is interpreted. Two dimensions related to emotion and
affect are essential: the level of arousal and emotional valence. According
to [63], arousal can be understood as the avatar’s level of alertness, while
valence corresponds to how positively or negatively the avatar feels toward
the speaker or the presentation. Specifically, body postures, facial expres-
sions, and head movements are found to express some degrees of arousal
and valence [9, 201].

In the context of service encounters, marketers face the challenge of
creating positive experiences that meet or exceed customer expectations. To
achieve this goal, marketers can use the concepts of valence and arousal,
which are critical in shaping customer perceptions and behaviours during
service encounters. A positive emotional response to a service encounter
can lead to more favourable perceptions of the service provider and the
service itself, resulting in higher customer satisfaction and loyalty [11, 42].
However, negative emotional responses and excessive arousal can have
the opposite effect, resulting in lower customer satisfaction and loyalty.
Negative emotional responses can lead to negative word-of-mouth, which
can have a significant impact on a service provider’s reputation [345]. In
addition, excessive arousal can lead to anxiety and discomfort, which can
negatively impact the overall experience and result in lower customer sat-
isfaction [220]. Valence and arousal are important concepts in marketing,
particularly in the context of service encounters. They play a critical role in
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shaping customer perceptions and behaviours, thereby influencing their sat-
isfaction and loyalty. By designing service encounters that promote positive
emotional experiences and appropriate levels of arousal, service providers
can increase customer satisfaction, loyalty, and ultimately business success.
It is therefore important to gain a better understanding of how frontline
employees perceive the emotional valence and arousal of avatars in virtual
reality.

This leads to two hypotheses linking emotional valence and arousal
to body postures, facial expressions, and head movements.

H1: Avatar smiles and nods are associated with positive valence by
users, frowns and head shakes with negative valence, and raised
eyebrows are mostly neutral.

H2: Higher levels of avatar facial expressions, head movements, and
forward postures are positively related to higher levels of arousal
perceived by participants.

Following [341, p. 1]’s terminology, immersion is what the technology
delivers from an objective point of view, or the objective level of sensory
fidelity a virtual reality system provides. Presence is the human response
to immersion, i.e., the participant’s subjective sense of being in the virtual
place. It is the “observer’s sense of psychologically leaving their real location
and feeling as if transported to a virtual environment” [379, p. 2]. It has
long been known that presence can affect user performance [268]. For a
virtual reality environment and its associated goals to be effective (in this
case, training frontline employees to adequately respond to the emotions
of avatarised consumers), the presence and the immersion components of
virtual reality must be as high as possible.

To study variations in presence due to the immersive quality of the
virtual reality environment, the device used to display the virtual reality is of
paramount importance [119, 219]. Indeed, low-end virtual reality headsets,
i.e., smartphones in Samsung Gear VR Cardboards (see Figure 3.1), and
high-end virtual reality headsets, i.e., Meta Rift S headsets (see Figure 3.2)
are expected to lead to significant differences in the sense of presence. Due
to hardware limitations, the low-end headset is not expected to perform
better than the high-end headset (higher display resolution, wider field of
view, more accurate tracking, amongst others), and the latter is often the
preferred choice in terms of sense of presence (e.g., [336]). The reasons for
this are cost, ease of operation, and portability. As [6] explain in comparing
immersion in the Cardboard and Oculus Rift headsets, a high-end headset is
expensive, requires professional technical operation, and is less mobile than
Cardboard with its affordability (only a smartphone is needed in addition
to the Cardboard) and ease of use. A high-end headset can thus make
virtual reality inaccessible to everyone or enable mass adoption (a hundred
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people at a time). Reference [6]’s results suggest that cardboard is capable
of providing an acceptable level of immersion. Similar results may be
derived when assessing valence and arousal between low-end and high-
end headsets. Should this be the case, it may be possible to address the
challenges of affordability and widespread adoption at a lower cost. This
leads to the third hypothesis regarding the device used.

Figure 3.1: LOW'E?nd headsgt: Figure 3.2: High-end headset:
Samsung Gear Virtual Reality Oculus Rift S
headset headset

H3:

a. Both headsets, including the low-end, are capable enough to ac-
curately evaluate emotional valence and arousal with confidence.

b. High-end headsets provide a higher sense of presence than low-
end headsets.

The third objective concerns the quality of the avatars used. In the
event that virtual reality and the metaverse come to fruition, avatars will
assume the role of our digital representations or embodiments [197]. Most
often the virtual audience is represented by “simplified” cartoon avatars (in
terms of the method used to create them), but interactive three-dimensional
avatars have the highest level of the digital object continuum, as [203] ex-
plain. Several studies examine the importance to users of the creation of their
avatars [340, 332, 187, 338]. For example, reference [338] examines whether
participants have different affinity, trustworthiness!, and preferences for
avatars with two levels of realism (one almost human-realistic and one a
cartoon). Another study shows that participants who interacted with the
human-realistic avatar in a two-dimensional video display had a positive
experience, rated the avatar as more trustworthy, had more affinity, and pre-
ferred it [339]. The level of confidence in their answers was therefore higher
when they dealt with human-realistic avatars. When the same questions
were asked of participants immersed in virtual reality, the affinities and
preferences were even stronger. Similar results were found for robots and
their anthropomorphism. For example, reference [218] found in their work

ITrust can be applied to information systems as explained in [375]
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that consumers prefer a higher level of humanness and a moderate to high
level of sociability. Other studies emphasise the importance of anthropo-
morphism in promoting trust and positive responses [199, 365, 266, 125, 26,
388]. Regarding the comparison of avatar non-verbal behaviours, reference
[206] shows a high degree of correspondence between the effects produced
by synthetic and human smiles. In addition, reference [50] highlights that
first impressions may determine important relationship decisions. The final
question therefore examines whether fully rigged three-dimensional photo-
realistic models can significantly improve participants’ perceptions of the
avatar’s arousal and valence or their confidence level. The desire for this
comparison lies in the ease of avatar creation. In the context of a virtual
audience, it would be possible to create a virtual environment with avatars
that look like the people supposedly present in the real context [332]. The
last hypothesis is therefore related to the method used to create the avatars.

H4: Compared to cartoon avatars, photo-realistic avatars improve the
level of confidence of users.

3.3 Methodology

3.3.1 The Virtual Reality Environment

The avatars and the environment were created by three-dimensional
animation specialists, technical artists, and three-dimensional game artists
working in a research lab at HEC Liege (University of Liege). The technical
artists used the Unity three-dimensional engine. The three-dimensional
artists used the Blender and Maya software. The photo-realistic avatars were
created and animated using the Reallusion suite.

The virtual reality environment (see Figure 3.3) depicts an office with
the avatar behind a desk, animated (see Section 3.3.2 for the possible ani-
mations) as he listens to the immersed participant for at least 15 seconds.
The environment was designed to represent a common interaction between
a frontline employee and a customer, such as in the context of a banking,
insurance, or real estate agency appointment. The environment was op-
timised to support the highest quality virtual reality experience possible
using an autonomous low-end Samsung S7 smartphone and a high-end
Oculus headset connected to a computer (HP Omen) with a virtual reality-
compatible graphic power unit (NVIDIA GeForce GTX1070 graphics card)
and processor (Intel(R) Core(TM) i7-8550U CPU @ 1.80GHz 1.99 GHz). Due
to the relative simplicity of the scene, it was not necessary to drastically
reduce the complexity of the three-dimensional avatars.

Eight avatars were created for this experiment, represented in Figure
3.4 in their neutral state in the Unity software. Thus, in the virtual reality
environment, these images represent the quality of the avatars, not their
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Figure 3.3: Screenshot of the virtual reality environment used for the experi-
ment

non-verbal behaviours. To determine whether the method used to create
the avatars influenced participants” perceptions of the avatar’s arousal and
valence or their interpretation of the audience’s confidence levels, half were
cartoon avatars and half were photo-realistic avatars based on real people.
Photo-realistic avatars are created from photos of real people (women and
men) who gave informed consent. The software used is Character Creator
with the plugin HeadShot, which is part of the Reallusion suite. The avatars
were then enhanced by three-dimensional artists and animated by three-
dimensional animators. For the sake of diversity and to avoid gender bias,
half of the avatars are female and half male. In terms of origin, four avatars
are European, two are Indian with a dark complexion, and two are African.

3.3.2 Non-Verbal Behaviours

The avatars and their animations were created by three-dimensional
and technical artists. Several animations were created for different types of
avatars (male or female avatars of European, African, or Indian origin). To
define the sets of animations, the results of [63] were used as a basis. The
parameters considered in their study include: posture (forward, backward,
neutral), amount of averted gaze (0, 25, 50, 75, or 100%), direction of averted
gaze (sideways, down, or up), type of facial expression (smile, frown, or
raised eyebrows), facial expression frequency, head movements (nod or
shake), and head movement frequency. Considering all these parameters
for a true immersion virtual reality experiment is excessive and unnecessary,
since the will is not to study the valence and level of arousal for each possible
combination. In fact, only the most common non-verbal behaviours of an
audience are needed. Therefore, the results of [63] were used to define
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Figure 3.4: Avatars created using two different methods. The first row
represents cartoon avatars and the second row photo-realistic avatars.

appropriate combinations that are expected to represent positive, neutral,
and negative valence with a low or high level of arousal. For example, a
head nod is expected to have positive valence in contrast to a head shake,
and a forward posture is expected to have a higher level of arousal. Table
3.1 displays the parameters used. It leads to 144 possible combinations (9
postures x 4 facial expressions x 4 head movements).

Table 3.1: Parameters of non-verbal behaviour

Postures (P) Facial expressions (F) | Head (H)
1: Backward posture — Arms crossed 1: None 1: None
2: Backward posture —~Arms stand 2: Smiling 2: Nod
(elbows on the table with hands crossed) 3: Frowning 3: Shake

3: Backward posture — Arms behind head 4: Eyebrows raised 4: Questioning
4: Upright posture — Hand on hand

(hands on the table, one on top of the other)
5: Upright posture — Hands together
(hands crossed on the table)

6: Upright posture — Hands separated

7: Forward posture — Hands together

8: Forward posture — Arms stand

(elbows on the table with hands crossed)

9: Froward posture — Arms crossed

In order to reduce the number of manageable combinations in the
experiment, a set of 40 non-verbal behaviours (as described in the next
section) was randomly selected. In this selection process, a priori clear
animations (e.g., smile and nod), neutral animations, and more ambiguous
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animations (e.g., smile and shake) were intentionally kept to broadly cover
the set of possibilities.

3.3.3 The Virtual Reality Conditions

An experiment was conducted to determine whether a set of prede-
fined animated avatars were interpreted in virtual reality to express different
levels of valence and arousal. Each participant had to rate the level of va-
lence and arousal for 20 animated 15-second sequences. Across participants,
40 sequences (i.e., combination of postures, facial expressions, and head
movements) were tested. Table 3.2 shows these animations.

Table 3.2: Sequences
Seq.1 | Seq.2 |Seq.3 |Seq.4 |Seq.5 |Seq.6 |Seq.7 |Seq.8 |Seq.9 | Seq.10
P1F3H4 | P3F4H2 | P7F2H2 | P7F2H4 | P7F3H3 | P7F4H3 | P7F4H4 | PO9F1H2 | P9F2H3 | P9F3H3
Seq. 11 | Seq.12 | Seq. 13 | Seq. 14 | Seq.15 | Seq. 16 | Seq.17 | Seq. 18 | Seq. 19 | Seq. 20
P2F2H3 | P2F4H2 | P3F3H3 | P3F4H3 | P4F4H1 | PAF4AH3 | PSF3H1 | P7F3H1 | P8F4H1 | PO9F1H3
Seq. 21 | Seq. 22 | Seq. 23 | Seq.24 | Seq.25 | Seq.26 | Seq.27 | Seq.28 | Seq.29 | Seq. 30
P2F1H2 | P2F4H4 | P3F1H2 | P3F3H2 | P3F4H4 | PAF1H2 | PSF1H4 | P6F3H4 | P7F1H1 | P7F1H2
Seq.31 | Seq. 32 | Seq.33 | Seq.34 | Seq. 35 | Seq.36 | Seq.37 | Seq. 38 | Seq.39 | Seq. 40
P1F3H1 | P2F4H3 | P3F2H3 | P3F4H1 | P4AF1H3 | PAF2H2 | P6F3H3 | P7F1H4 | P7F4H3 | PSF3H4

The avatars and animations were divided into four sets?. Each set
contains one male and one female avatar, one photo-realistic version and
one cartoon version. Ten animations were randomly attached to each of
these two avatars.

Each participant in the experiment viewed 20 sequences from one
of the four sets. The sequences were randomly presented. For the first
three sets, all the experiments were conducted using an autonomous low-
end virtual reality headset based on a Samsung S7 smartphone and the
Samsung Gear virtual reality adapter, an improved version of the Google
Cardboard. The experiment was repeated for the Set 3 sequences using a
high-end Oculus headset connected to a computer with an Nvidia Geforce
GTX1070 graphics card. The experiment for Set 4 was also conducted using
a high-end Oculus headset connected to a computer with an Nvidia Geforce
GTX1070 graphics card.

3.3.4 The Experiment Settings

The present study was approved by the Ethics Committee of the
Faculty of Psychology, Speech Therapy, and Educational Sciences of the
University of Liege (file number: 1920-81). The participants were recruited
voluntarily through a targeted advertisement sent via the official university
e-mail. A website was created and participants had to register and provide

2Throughout this paper, a distinction is made between the animations (sequences), which
are divided into sefs, and participants divided into groups.
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informed consent after receiving a full description of the study. Once regis-
tered, they were given an anonymous identifier that allowed them to access
the online questionnaire once the experiment began. Based on a power test,
24 participants were required to rate each animation in order to draw valid
conclusions. 125 participants took part in the experiment. The participants
were immersed in a virtual reality environment to rate the valence and
arousal of a single avatar. They were divided into 5 groups by order of regis-
tration®. To test the third hypothesis (a and b), the same animation settings
were used for the third and fourth groups, but with different headsets.

After being given the definitions of valence and arousal (written at
the beginning of their online questionnaire) as defined in Section 3.1, partici-
pants were asked to wear the provided headset (Cardboard and Samsung
S7, or Rift S headset). The virtual reality application contained the list of
animations to be viewed. The 20 animated sequences were presented in
random order. Each participant had to watch each animation for at least 15
seconds (at the end of the 15 seconds, the sequence repeated endlessly until
the participant moved on), and each animation was played in its entirety
before moving on to the next one. In addition, the sequence was restarted
as often as necessary. For each of the 20 animations, using their computer
or smartphone, they responded to an online questionnaire set up for this
experiment. Participants had to remove the headset after each sequence to
complete the questionnaire. They were asked to rate their level of arousal
(7-point Likert-type scale from very low to very high) and valence (7-point
Likert-type scale from very negative to very positive), as well as their level
of confidence for each of their answers (7-point Likert-type scale from very
unconfident to very confident). They could also write down open-ended
comments about the video they had watched.

After watching all the sequences (post-immersion), participants an-
swered some questions (in the online questionnaire) about the sense of
presence they experienced in the virtual reality environment. The French-
Canadian version of The Gatineau Presence Questionnaire [209], was used
[36]. It is a 4-item questionnaire scored on a percentage scale. As [209, p. 4]
explain, Gatineau Presence Questionnaire consists of four items: “1) the
feeling of being there, 2) the perception of the experience as real, 3) the
awareness of the virtual environment as artificial, and 4) the feeling of being
in the physical office instead of a virtual environment”. The last two items
were scored in reverse, and the average percentage was computed to obtain
the global score for the Gatineau Presence Questionnaire and thus the sense
of presence in general. In the following, these items will be summarised as

325 participants for the first group with the Samsung Gear, 25 in the second group with
the Samsung Gear, 25 in the third group with the Samsung Gear, 25 in the third group with
the Oculus, 25 for the fourth group with the Oculus. The first three groups used the Samsung
Gear, i.e., the low-end headset, and the two other groups the Oculus, i.e., the high-end
headset.
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1) presence in virtual reality, 2) level of realism, 3) level of artificiality, and 4)
spatial awareness. At the end of the experiment, participants completed the
online sociodemographic questionnaire, reporting any recent events that
might have altered their perception, such as an upsetting or joyful event.

A total of 125 people (64 men and 58 women) participated in the study,
with an age range between 17 and 62 (with an average of 27.25), and most
are Belgian (with French as mother tongue).

3.4 Results

This section analyses emotional valence and level of arousal for the
parameters of the non-verbal behaviours separately (posture, facial expres-
sion, and head movement). Then, the sequences presented in Table 3.2 are
analysed for emotional valence and level of arousal. The two subsequent
sections compare the use of the low-end and high-end headsets, and photo-
realistic versus cartoon avatars. Finally, the results of the Gatineau Presence
Questionnaire are presented.

3.4.1 Analysis of Posture, Facial Expression, and Head Movement

This section first presents the levels of arousal and valence attributed
by participants for each parameter (posture, facial expression, and head
movement). The global goal is to identify in the list of possibilities the be-
haviours that are clearly associated with specific levels of valence (positive,
neutral, negative) and arousal (high, neutral, low). An association is clear
when all participants, or at least the vast majority, interpret a behaviour
in the same way. If the interpretations differ significantly among partici-
pants, special care must be taken when using them. A Chi-square test was
performed to see if the participants’ responses were equally distributed
between negative interpretations (responses 1 to 3 in the Likert-type scale)
and positive interpretations (responses 5 to 7 in the Likert-type scale)*. The
aim is to determine whether the difference between the proportions of pos-
itive and negative interpretations is statistically significant. For the sake
of brevity, Table 3.3 summarises the results of the statistical tests. The full
analysis can be found in the Appendix (see Tables 3.5 and 3.6).

In order to determine whether some postures are more significant
than others in assessing valence or arousal, ANOVA tests were conducted.
Only significant results are presented in this section. Among the backward
postures, the crossed arms posture is considered the most negative (p-value

“Throughout this paper, and for the sake of clarity, all responses from 1 to 3 in the Likert-
type scale are referred to as “negative” and all responses from 5 to 7 in the Likert-type scale
are referred to as “positive”. However, the words “negative” and “positive” need to be used
with care. For valence, it can be understood as negative and positive levels, for arousal, as
low and high levels.
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Table 3.3: Interpretations of the Chi-square tests
Interpretation Interpretation

valence arousal

Postures

P1  Backward posture — Arms crossed - +
P2 Backward posture - Arms down - +
P3  Backward posture — Arms behind the head +
P4  Upright posture — Hand on hand / +
P5 Upright posture — Hands together /
P6  Upright posture — Hands separated in front - +
P7  Forward posture — Hands together / +
P8 Forward posture — Arms down /
P9 Forward posture — Arms crossed - +

Facial expressions

F1  Neutral / +
F2  Smiling / +
F3  Frowning +
F4  Eyebrows raised - +
Head movements

H1 Neutral +
H2 Nod + +
H3 Shake - +
H4 Questioning - +

= 0.041). Similarly, among the head movements associated with negative
valence, head shaking expresses the most negative valence. Furthermore,
although arousal is almost always perceived as positive, the degree of
positivity differs between postures, facial expressions, and head movements
(p values < 0.001).

3.4.2 Library of Animated Avatars

A particularly interesting question is how the combination of the pa-
rameters (postures, facial expressions, and head movements) is perceived.
Some combinations may enhance the arousal or valence perception, or con-
versely, blur the results. The perception of the different sequences presented
in Table 3.2 is next analysed. Figures 3.5 and 3.6 show the results for emo-
tional valence and arousal. Each row in the figure corresponds to a particular
sequence, where the distribution of responses is shown according to the
legend below the figure (responses from 1 to 7 represent the 7 points of
the Likert-type scale). The three percentages represent the proportion of
negative responses (1 to 3), neutral responses (4), and positive responses (5
to 7). The sequences are ordered by the percentage of positive responses (de-
creasing) and then by the percentage of negative responses (increasing). The
first row is thus the most positive sequence for the parameter assessed, and
the last is the most negative. For example, for emotional valence, Sequence
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36 (P4F2H2: an avatar with an upright posture, hands on top of each other,
a neutral facial expression, and nodding his head) is perceived as having the
most positive emotional valence, while Sequence 14 (P3F4H3: an avatar with
a backward posture, hands behind his head, frowning eyes, and shaking
his head) is perceived as having the most negative emotional valence (see
Figure 3.5). For level of arousal, Sequence 11 (P2F2H3: an avatar with a
backward posture, elbows on the table, a smiling face, and shaking his head)
is perceived as having the highest level of arousal, whereas Sequence 30
(P7F1H2: an avatar with a forward posture, hands together, a neutral face,
and nodding the head) is perceived as having the lowest level of arousal
(see Figure 3.6).

To determine which sequence is associated with a particular level of
valence and arousal, further tests were conducted (using the same method
as explained in Section 3.4.1), and three groups emerged (see Figures 3.5
and 3.6, and Table 3.4):

* Sequences for which the difference between the proportion of negative
and positive responses is statistically significant and for which there
are more positive than negative responses. These are the sequences
above the green line in the figures.

* Sequences for which the distribution of the Likert-type scale responses
are equally distributed between negative responses and positive re-
sponses. These are the sequences between the green and the red line
in the figures.

* Sequences for which the difference between the proportion of negative
and positive responses is statistically significant and for which there
are more negative than positive responses. These are the sequences
below the red line in the figures.

Comparing the results from the previous section (see Table 3.3) and
this section (see Figures 3.5 and 3.6) shows that sometimes non-verbal be-
haviours are separately perceived in same way, but their combination leads
to a different perception. For example, regarding emotional valence, in Se-
quence 4 (i.e., P7F2H4: an avatar with a forward posture, with elbows on the
table, head tilted), all the non-verbal behaviours were separately perceived
as neutral or negative, but their combination led to positive valence. In
this case, a smile seems to be perceived as positive and outperforms the
evaluation of other non-verbal behaviours. Another example of the level
of arousal is Sequence 29 (i.e., P7F1H1: an avatar with a forward posture,
without any facial expression or head movement). In this sequence, all the
non-verbal behaviours separately were perceived as representing a high
level of arousal. However, their combination led to a perception of low
arousal.
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Table 3.4: Sequences per level of valence and arousal
(Please refer to Tables 3.1 and 3.2 for the meaning of the parameters and

sequences)
Negative valence | Neutral valence | Positive valence
Low level of arousal | @ Seq. 27: P5F1H4 | ©
Seq. 29: P7F1H1
Seq. 30: P7F1H2
Neutral arousal Seq. 07: P7H4H4 | Seq. 15: P4F4H1 | Seq. 02: P3F4H2
Seq. 19: P8F4AH1 | Seq. 22: P2F4H4 | Seq. 26: PAF1H2
Seq. 25: P3F4H4
Seq. 34: P3F4H1
High level of arousal | Seq. 01: P1F3H4 | Seq. 23: P3F1H2 | Seq. 03: P7F2H2
Seq. 05: P7F3H3 | Seq. 24: P3F3H2 | Seq. 04: P7F2H4
Seq. 06: P7F4H3 | Seq. 38: P7F1H4 | Seq. 08: P9F1H2
Seq. 09: P9F2H3 Seq. 12: P2F4H2
Seq. 10: P9F3H3 Seq. 21: P2F1H2
Seq. 11: P2F2H3 Seq. 36: P4F2H2
Seq. 13: P3F3H3
Seq. 14: P3F4H3
Seq. 16: P4F4H3
Seq. 17: PSF3H1
Seq. 18: P7F3H1
Seq. 20: P9F1H3
Seq. 28: P6F3H4
Seq. 31: P1F3H1
Seq. 32: P2F4H3
Seq. 33: P2F2H3
Seq. 35: P4F1H3
Seq. 37: P6F3H3
Seq. 39: P7F4H3
Seq. 40: PSF3H4

A closer look at the categories in Table 3.4 shows that some non-verbal
behaviours dominate over others. For example, every time an avatar shakes
his head (sequences associated with the third head movement, i.e., P*F*H3),
it is perceived as having negative emotional valence and a high level of
arousal, regardless of the associated posture or facial expression. Similarly,
when the avatar nods his head (sequences associated with the second head
movement, i.e., P*F*H2), it is mainly perceived as having positive emotional
valence. Sometimes, depending on the other parameters (posture and facial
expression), it is perceived as neutral, but never as negative, as expected.

This confirms the first hypothesis.

It also seems that when the avatar raises his eyebrows (sequences asso-

48




3.4. RESULTS

ciated with the fourth facial expression, i.e., P*F4H*), the level of arousal is
perceived as neutral, except if shaking his head at the same time (sequences
associated with the fourth facial expression and the third head movement,
i.e.,, P*F4H3). In this case, it is perceived as having a high level of arousal.

Some links between emotional valence and the level of arousal can
be inferred. If the avatar’s emotional valence is perceived as positive or
negative, the associated level of arousal is never low.

This confirms the second hypothesis.

3.4.3 Comparison Between Low-end and High-end Headsets

This section investigates whether there is a difference in the confidence
of assessing emotional valence and level of arousal when different headsets
are used. T-tests were used to answer these questions. For consistency, only
the results for the third set of non-verbal behaviours are compared. As
explained in Section 3.3.3, both low-end and high-end headsets were used
for the sequences of the third set. Therefore, only Sequences 21 to 40 will be
considered in this section. The results of the comparison between these two
headsets in terms of sense of presence are presented in Section 3.4.5).

The confidence level for the valence rating does not differ between the
low-end headset (mean;,,, = 5.972) and high-end headset (meany,;g;, = 5.96)
(p-value=0.863). The confidence level for the arousal rating does not differ
between the low-end headset (mean,,,, = 6.252) and the high-end headset
(meany;gn, = 6.266) (p-value=0.820). For both tests, the headset used does not
influence the confidence level, and confirms Hypothesis 3a.

3.4.4 Comparison Between Photo-realistic and Cartoon Avatars

Valence does not differ between the cartoon and the photo-realistic
avatars (meancartoon = 3.476, meanpop, = 3.519, and p-value=0.427), nor
does arousal (meancartoon = 4.681, mean o, = 4.687, and p-value=0.427).
For both tests, the non-verbal behaviours of the avatars are perceived in the
same way for valence and arousal, regardless of the quality of the graphics
used to represent them.

Finally, the seek was to determine whether the confidence level im-
proves when assessing the level of valence and arousal for photo-realistic
avatars. The confidence level for the valence rating is statistically different
between the cartoon avatars and photo-realistic avatars (mean s rtoon = 5.729,
mean o, = 6.228, and p-value < 0.001), as is the confidence level for the
arousal rating (mean art00n = 6.067, mean ppoto = 6.577, and p-value < 0.001).
Both tests confirmed Hypothesis 4.
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3.4.5 Sense of Presence

Overall, participants rated presence in virtual reality as 66.76% on
average based on the Gatineau Presence Questionnaire. Participants found
their experience half realistic (average of 51.1%), and the virtual reality
environment highly artificial (average of 84.16%). They forgot about their
presence in the actual room (average of 58.32% for spatial awareness). The
average of these four items is 65.085%.

T-tests, on the results of the Gatineau Presence Questionnaire for both
the low-end and high-end headsets, were performed. On average, pres-
ence in virtual reality does not differ between headsets (mean;,,, = 64.78%,
meany;gn, = 65.35%, and p-value = 0.962). Apart from the level of artificiality
(meano, = 83.33%, meany;g, = 85.58%, and p-value = 0.498), using the high-
end headset compared to the low-end headset increases presence in virtual
reality (mean;p, = 62.46%, meany;q, = 73.14%, and p-value = 0.002), the
level of realism (mean;o,, = 46.44%, meany;g, = 57.3%, and p-value = 0.018),
and decreases spatial awareness® (mean;y, = 66.9%, meanypg, = 45.4%, and
p-value < 0.001). Thus, there is a significant difference for presence, realism,
and spatial awareness. Only artificiality does not seem to have changed,
which is confirmed by a t-test. As a result, using the high-end headset
improves the sense of presence in general®. This supports Hypothesis 3b.

3.5 Qualitative Assessment

In this study, participants were given the opportunity to provide writ-
ten comments on the avatars as they watched the sequences, allowing them
to nuance their responses or provide valuable insights into their experiences.
This section is not intended to be exhaustive, but rather to highlight certain
aspects mentioned in the previous sections or add further insights.

First, participants felt able to imagine realistic situations that went
beyond the sense of presence. As one participant noted, “This is an attitude
that my boss could have.”

Second, participants found it more difficult to evaluate emotions due
to the absence of micro-expressions. One stated, “There are not enough
micro facial expressions”. On the other hand, the high-end headset provided
a more detailed avatar, which interestingly made participants perplexed. As
one participant mentioned, “The corner of the mouth changes everything.
It looks like he is mocking or if we agree on a sensitive issue. Never sure
about the level of alertness.”

5This means that with the high-end headset, participants are more likely to forget they
are in the actual room.

6In the Gatineau Presence Questionnaire, spatial awareness is rated in reverse order to
presence in virtual reality and level of realism.
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Third, some comments related to the potential difficulty of interpreting
some expressions. Three different participants who watched an avatar
smiling and shaking her head mentioned”“The smile doesn’t go with the
head movement, it looks like mockery”, “Her smile looks fake”, and “I don’t
like her wry smile”. Cultural specificities also played a role in participants’
interpretations. Without context, it was sometimes difficult to determine the
meaning behind certain behaviours. As one participant pointed out, “If I
had a European person in front of me, they would say yes, but if it was an
Indian person, they would say no”, when referring to a shake of the head.

In addition, participants sometimes expressed their own emotional
reactions to the avatar’s emotions, which was not a specific aspect of the
study. As one participant noted, “The sighs suggest an indifferent behaviour,
which annoys me” or “He’s scary, he doesn’t look happy, I want to run
away”.

Finally, participants also expressed their own perceptions of the avatar’s
emotions: "She looks quite angry" or "He looks happy and joyful".

3.6 Discussion

This study examines how people perceive a virtual audience provided
by virtual reality technology and how to select non-verbal behaviours to
faithfully represent a range of audience reactions. The main contributions
can be summarised as follows.

First, the study of perceived emotional valence and arousal for pre-
defined parameters individually and in combination provides insights into
how different combinations of non-verbal behaviours can be used to express
specific levels of valence and arousal. Second, the comparison of the valence
and arousal results when using low-end versus high-end virtual reality
headsets shows that the sense of presence is improved with high-end head-
sets. Third, the comparison of the valence and arousal results when using
cartoon avatars versus photo-realistic avatars shows that photo-realistic
avatars improve the confidence level of participants” judgments without
changing their assessment of valence and arousal. The results provide a
typology of perceptions of valence and arousal, while clearly identifying
the sequences associated with positive, neutral, and negative valence, and a
low, neutral, or high level of arousal.

This study builds on the results of [63]'s work focused on participants
creating combinations of non-verbal behaviours from a list (body postures,
facial expressions, and head movements) to express the desired level of
arousal and valence. In the present study, the focus is on immersed users’
perceptions of some of the resulting non-verbal combinations in virtual
reality rather than only on how creators might build such combinations in a
two/three-dimensional setting (as in [63]). Moreover, their experiment was
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conducted on a flat screen via the web, rather than in a full virtual reality
setting (with a head-mounted display), so it is unknown whether their
results can be generalised to virtual reality. The aim of this present study
is to determine whether the experiment medium influences the results.
Another area of interest is the measurement of valence and arousal for
specific non-verbal behaviours separately.

An interesting observation from these findings is the perception of
smiles. In this study, smiles are primarily neutral, and raised eyebrows are
associated with negative valence. This finding is notable because smiles are
typically perceived as positive. However, based on participants” comments,
this may be due to the fact that participants cannot distinguish between gen-
uine and fake smiles. This ambiguity may be influenced by the combination
of the smile with other non-verbal behaviours in the sequence, such as head
shaking. This analysis is consistent with [206]'s work on smiles.

Furthermore, this study shows that photo-realistic avatars can increase
confidence levels by making it easier for participants to associate the avatar’s
non-verbal behaviours with real-life experiences (as also highlighted in the
qualitative assessment and in [87]). This idea is consistent with [339] who
find increased trustworthiness and affinity with human-realistic avatars. De-
spite the uncanny valley phenomenon implying an aversion to near-realistic
avatars, our findings are consistent with [339]. Indeed, they conclude that it
is now possible to overcome the uncanny valley using real-time-rendered
human realistic avatars, and we believe our similar results support this
notion.

In addition, this study shows that emotional valence is easily per-
ceived regardless of the headset used, although high-end headsets provide
more accurate details. Valence may not be directly affected when non-verbal
behaviour combinations are easily visible. However, arousal levels can be
influenced by facial expressions, with high-end headsets providing clearer
details, particularly around the eyes, resulting in higher perceived arousal.
This is consistent with [279], as high-end headsets enhance the participant’s
sense of presence, making it easier to associate the avatar’s non-verbal
behaviours with real-life experiences. Surprisingly, high-end headsets do
not increase confidence levels, possibly because their effect is already ev-
ident in the arousal assessment. Another explanation can be linked with
the uncanny valley effect, as explained in [95]. The comparison between
low-end and high-end headsets highlights the effectiveness of future virtual
reality training environments using simple Cardboard, addressing issues of
affordability and mass diffusion.

In this study, the Gatineau Presence Questionnaire was used to mea-
sure the sense of presence in virtual reality. The average score obtained
is 65.085%, consistent with the studies of [209] and [37] who report scores
between 48.11% and 65.73%. The lower than expected presence score in this
study may be due to the time and disorientation of leaving and re-entering
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the virtual reality environment, as explained in [334]. Moreover, asking
participants about their sense of presence can lead to biased results and the
so-called break-in-presence, as discussed in [180] and [344].

Overall, this study demonstrates the complexity of interpreting non-
verbal cues and emotions in virtual environments. The participants’ com-
ments shed light on the subjective experiences and the impact of various
factors on their perceptions.

These findings have significant implications for the use of virtual real-
ity technology in training frontline staff and improving their interactions
with consumers. By identifying specific non-verbal behaviours associated
with certain levels of emotional valence and arousal, this study offers guid-
ance on designing avatars in virtual reality for training purposes. For exam-
ple, using photo-realistic avatars can improve participants’ confidence in
their valence and arousal judgements, potentially leading to more effective
training outcomes. Similarly, using high-end virtual reality headsets can
enhance the sense of presence, resulting in a more realistic training experi-
ence. Understanding the link between non-verbal behaviours and emotional
valence and arousal can help tailor training content to specific situations
and interactions that employees may encounter with customers. This can
lead to more targeted and effective training programs, ultimately resulting
in improved employee behaviours and better customer experiences.

3.7 Limitations and Future Research

This study has a number of limitations that should be taken into ac-
count when interpreting the results. One such limitation is the fact that
certain sequences were performed exclusively by either female or male
avatars, despite attempts to control for gender-related factors. This limi-
tation may have influenced the results, and future research could address
this issue by using a more balanced design that includes an equal number
of male and female avatars executing all sequences. In addition, future
research could explore the complex ways in which gender may interact
with other factors, such as emotional valence and arousal levels, to better
understand the impact of gender on avatar non-verbal behaviours. Another
limitation relates to the need for caution when interpreting the results and
their generalizability to different populations. For instance, the interpre-
tation of nods varies across cultures, and this factor may have influenced
the present results. Moreover, the number of combinations of animations
that we were able to test in this study was limited due to the nature of the
experiment based on true virtual reality immersion. Finally, the methodol-
ogy is limited by the need for participants to leave and re-enter the virtual
reality environment to complete the questionnaire, which may also have
influenced the results.
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The participants” comments also highlight the complexity of inter-
preting emotions in virtual environments and the need to consider cultural
influences when analysing virtual interactions. This unexpected finding
provides insights into how participants perceive and internalise emotions,
offering potential avenues for future research.

In conclusion, this study provides valuable insights into the emotional
design of avatar non-verbal behaviours in the virtual reality context. Further-
more, thanks to the typology developed in this paper, it is now clear which
sequences to choose in order to demonstrate specific levels of arousal (low,
neutral, and high) and emotional valence (negative, neutral, and positive).
This can be very useful when designing new virtual reality environments
for training to determine the non-verbal behaviour to employ in response
to a particular situation. As well as contributing to understanding virtual
interactions, this research opens up new possibilities for applications, such
as public speaking training, highlighting the virtual reality potential to
simulate future scenarios.

Future work will therefore aim to use these avatar non-verbal be-
haviours to elicit appropriate responses from the avatars during a user’s
training in virtual reality, such as gradually increasing the induced anxi-
ety or rewarding good performance. There will be two types of avatars:
other participants (trainees, experts, teachers, etc.) and artificial intelligence
driven avatars [48]. A study on automatic methods based on statistical,
machine learning, and natural language processing methods to implement
real-time feedback from the audience to the speaker’s presentation is un-
der consideration. While the first application being considered next is the
training in front of multiple avatars (public speaking in general), the present
results could be useful in many other contexts.
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Figure 3.5: Valence per sequence evaluated on a seven-point Likert scale. All
sequences above the green line are perceived as positive, and all sequences
under the red line are perceived as negative.
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Figure 3.6: Arousal per sequence evaluated on a seven-point Likert scale. All
sequences above the green line are perceived as positive, and all sequences

under the red line are perceived as negative.

Seq. 1 Seq. 2 Seq. 3 Seq. 4 Seq. 5 Seq. 6 Seq. T Seq. 8 Seq. 9 Seq. 10
PIF3H4 | P3F4H2 | PTF2H2 | PTF2H4 | PTF3H3 | PTF4H3 | PTF4HA | POFIH2 | POF2H3 | POF3H3
Seq. 11 | Seq. 12 | Seq. 13 Seq. 14 Seq. 15 | Seq. 16 | Seq. 17 | Seq. 18 | Seq. 19 | Seq. 20
’ﬁl"‘ZHS P2F4H2 J P3F3H3 J P3F4H3 I PAF4HI1 | PAF4H3 | PSF3HI | PTF3HI | PSF4HL | POFIH3
Seq. 21 | Seq. 22 | Seq. 23 | Seq. 24 Seq. 25 | Seq. 26 | Seq. 27 | Seq. 28 | Seq. 20 | Seq. 30
P2FIH2 | P2F4H4 | P3F1H2 | P3F3H2 | P3FAH4 | PAFIH2 | P5FIHA | P6F3H4 | PTFIH] | PTFIH2
Seq. 31 | Seq. 32 | Seq. 33  Seq. 34  Seq. 35 | Seq. 36 | Seq. 37 | Seq. 38 | Seq. 39 | Seq. 40
P1F3H1 | P2F4H3 | P3F2H3 | P3F4HI [ PAF1H3 | PAF2H2 | P6F3H3 | PTFIHA | PTF4H3 | PSF3HA

Postures Facial expressions Head

1: Backward posture — Arms crossed 1: None 1: None

2: Backward posture — Arms down 2: Smiling 2: Nod

3: Backward posture — Arms behind head 3: Frowning 3: Shake

1: Upright posture — Hand on hand 4: Eyebrows raised  4: Questioning
5: Upright posture — Hands together

G: Upright posture — Hands separated

7. Forward posture — Hands together

8: Forward posture — Arms stand

9: Froward posture — Arms crossed 55

Recall of Tables 1 and 2 for the sake of readability
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3.8 Appendix

3.8.1 Analysis of Postures, Facial Expressions, and Head Move-
ments

A Chi-square test was conducted to see if the participants’ responses
were evenly distributed between negative interpretations (answers 1 to 3 in
the Likert-type scale) and positive interpretations (answers 5 to 7 in Likert-
type scale)’; first for valence (Table 3.5) and then for the arousal (Table 3.6).
The aim is to determine whether the difference between the proportions of
positive (denoted with p. ) and negative interpretations (denoted with p_)
are statistically significant. The p-values obtained for this test are presented
in the two tables. If the difference between the proportions of positive and
negative interpretations is not statistically significant, it is denoted with
“/”. If not, and if there are more positive than negative interpretations, it is
denoted with “+”. If there were more negative than positive interpretations,
it is denoted with “-”. The two percentages correspond to the proportion
of participants with a negative interpretation (1, 2, or 3) and a positive
interpretation (5, 6, or 7). The proportion of neutral answers (4) is thus not
in the table but can be easily derived®.

"Throughout this paper, and for clarity, all responses from 1 to 3 in the Likert-type scale
will be referred to as “negative” and those from 5 to 7 in the Likert-type scale as “positive”.
The words “negative” and “positive” must be used with caution. For valence, it can be
understood as having negative and positive levels. For arousal, it can be understood as low
and high levels.

8100 % minus the two other percentages.

56



3.8. APPENDIX

Table 3.5: P-values and interpretations for valence per non-verbal behaviour.
(Please refer to Table 3.1 and Section 3.4.1 for the notations)

Proportions P-value Interpretation
p- P+

Postures

P1  Backward posture — Arms crossed 48%  32% < 0.001 -
P2 Backward posture — Arms down 49%  30% < 0.001 -
P3  Backward posture — Arms behind the head | 55% 15% < 0.001 -
P4 Upright posture — Hand on hand 40%  39% 0.887 /
P5  Upright posture — Hands together 56%  22% < 0.001 -
P6  Upright posture — Hands separated in front | 64% 21% < 0.001 -
P7  Forward posture — Hands together 38%  38% 0.918 /
P8  Forward posture — Arms down 52%  21% < 0.001 -
P9 Forward posture — Arms crossed 50%  30% 0.002 -
Facial expressions

F1  None 36% 41%  0.185 /
F2  Smiling 38% 43%  0.305 /
F3  Frowning 57%  26% < 0.001 -
F4  Eyebrows raised 50% 23% < 0.001 -
Head movements

H1 None 50% 28% < 0.001 -
H2 Nod 22% 60% < 0.001 +
H3 Shake 70% 14% < 0.001 -
H4 Questioning 38%  29% 0.028 -

Table 3.6: P-values and interpretations of the test where the null hypothesis
is p_ = p4+ for arousal per non-verbal behaviour. (Please refer to Table 3.1
and Section 3.4.1 for the notations)

Proportions P-value Interpretation
p- P+

Postures

P1  Backward posture — Arms crossed 21%  52%  0.0006 +
P2 Backward posture — Arms down 18% 68% < 0.001 +
P3  Backward posture — Arms behind the head  26%  51% < 0.001 +
P4  Upright posture — Hand on hand 23% 60% < 0.001 +
P5  Upright posture — Hands together 43%  40%  0.8262 /
P6  Upright posture — Hands separated in front 16%  70% < 0.001 +
P7  Forward posture — Hands together 29%  56% < 0.001 +
P8 Forward posture — Arms down 34% 53%  0.0536 /
P9  Forward posture — Arms crossed 24% 60% < 0.001 +
Facial expressions

F1  None 31% 52% < 0.001 +
F2  Smiling 18% 66% < 0.001 +
F3  Frowning 22%  58% < 0.001 +
F4  Eyebrows raised 29% 55% < 0.001 +
Head movements

H1 None 33% 50%  0.0004 +
H2 Nod 22%  60% < 0.001 +
H3 Shake 18%  65% < 0.001 +
H4 Questioning 35% 47%  0.0049 +
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Chapter IV

A framework for the
implementation of virtual
reality in legal education: A
mixed methods and multiple
case study investigation

This chapter presents a collaboration done from January 2023 to De-
cember 2024 between the Manchester Metropolitan University (MMU) and
the University of Liége based on Justin Cho’s subject thesis. Justin Cho is a
Ph.D. candidate from MMU in the Faculty of Business and Law under the
supervision of Timothy Jung. The present chapter is now a paper, for which
I am the second author, that has been submitted to the peer-reviewed Jour-
nal Studies in Higher Education in 2025. The co-authors are thus Justin Cho,
Michaél Schyns, and Timothy Jung. Although the co-authors themselves
acknowledged that my contribution was equal to that of the first author,
we agreed that Justin would be listed first, as the project is based on his
main thesis topic. In this thesis, the paper is presented in its original sub-
mitted form, and I apologise for any outdated information, repetitions, or
formatting inconsistencies, including the use of numbered citations instead
of author names, without modifying the original text.

Abstract

This study explores the implementation of Virtual Reality in higher
legal education, focusing on mock trials as a pedagogical tool. Building on
the limitations of traditional simulation methods, a high-fidelity VR envi-
ronment was designed to enhance immersion and engagement. The study
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integrates insights from legal education literature and empirical feedback
from 60 participants across two universities in the UK and Belgium, using
a mixed-method approach combining qualitative interviews and quantita-
tive questionnaires. Results highlight VR’s potential to foster knowledge
acquisition, skill development, and confidence through immersive and
contextualised learning. The study proposes the Immersive Experiential
Learning Theory, an extension of Kolb’s framework, tailored for VR learning
contexts, offering theoretical and practical contributions to the design of VR
environments for legal education.

4.1 Introduction

The Carnegie Report on educating US lawyers identifies in 2007 three
key dimensions: legal knowledge, practical skills, and ethical awareness
[352]. Effective practice requires proficiency in all three [235, 134]. However,
the UK Legal Education and Training Review (LETR) in 2013 highlighted
gaps in the UK higher education system in training future lawyers. Simu-
lated learning has traditionally been used to teach various skills [84]. Unlike
traditional methods, simulations provide a contextualised and active learn-
ing environment [377, 293, 84]. However, simulations have limitations, such
as lack realism [377]. Technologies are now being used to enhance legal
simulations to increase immersion and engagement [270, 377]. For example,
reference [239] developed a virtual environment for role-playing as solic-
itors, actively engaging students in a professional context. Virtual reality
(VR) is increasingly used in various higher education learning contexts [194].
Its visual and auditory characteristics enhance student immersion and en-
gagement [389, 194]. VR creates rich, contextualised learning experiences,
closely replicating real-life scenarios to help students develop skills [194, 65,
111]. Evidence supports VR as a useful tool for simulated learning in legal
education. Although VR has been explored in areas such as healthcare [183]
and soft skills training [111] its use in legal education is limited. This study
addresses three main gaps in the literature. Firstly, it integrates learning
design and technical feasibility to explore VR’s potential in higher legal edu-
cation, addressing the lack of empirical evidence. Secondly, existing learning
theories are unsuitable for immersive contexts [149]. This study proposes
a novel conceptual theory, the Immersive Experiential Learning Theory,
for immersive learning. Thirdly, despite the importance of environment
fidelity in technology-enhanced learning, few studies use high-quality envi-
ronments. This study develops and proposes a high-quality virtual learning
environment tailored to legal education. Based on the research questions,
proposed conceptual theory, and novel immersive learning environment,
this study aims to propose a theoretical framework for implementing VR in
legal education. Section 2 explores key themes in legal simulation and VR
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education studies. Section 3 examines theoretical foundations in existing re-
search and extends experiential learning theory to immersive education for
further empirical investigation. Section 4 discusses methodological choices.
Section 5 analyses findings and proposes the novel immersive experiential
learning theory for legal education. Section 6 discusses contributions, future
research directions, and limitations.

4.2 Literature Review

4.2.1 Legal Simulation

Various forms of legal simulation facilitate different learning objec-
tives, including clinical teaching, mock trials, and case studies [8]. Clinical
teaching involves students acting as legal advisors in law clinics, supporting
professional clinicians and performing tasks like legal research, client inter-
views, and document drafting [362]. Mock trials require students to prepare
and present legal arguments in a courtroom setting, enhancing their research
and advocacy skills [392, 76]. Case studies present problem scenarios for
students to apply their legal knowledge to practical situations [127, 38].

4.2.2 Impacts of Simulated Learning Techniques in Legal Educa-
tion

Previous studies have extensively investigated the impacts of simu-
lated learning. Simulations facilitate knowledge acquisition [174, 221, 248].
The active nature of simulations helps students visualise and apply legal
concepts, enhancing their understanding [38, 392, 261]. Reference [269]
highlights that effective learning environments, like simulations, should em-
phasise active, problem-centred approaches, aligning with benefits in legal
education. [177] suggest that this approach can help students identify gaps
in their knowledge. Besides legal knowledge, simulations aid in acquiring
practical skills [49] such as advocacy [75], legal research [56], case man-
agement [27], client interviewing [22], and document drafting [75]. More
generally, simulations can enhance time management [377], communication
[346], teamwork [265], and public speaking skills [392]. They also improve
professionalism and ethical awareness [174, 346], fostering a “professional
identity” where students take ownership of their work and act responsibly
[177,139].

Immersion plays a crucial role in simulations [221]. Contextualising
legal concepts leads to deep learning [346, 127], and increased interactivity
enhances understanding and knowledge retention [261]. The novel and
active nature of simulations increases enjoyment [49, 108, 265], leading to
greater engagement and motivation [116, 255]. Problem-centred learning
approaches [269], support these findings by showing how constructivist
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principles guide effective learning tool design, enabling the VR courtroom
to contextualise legal concepts and foster critical thinking and skill develop-
ment. Reference [349] notes that the practical relevance of simulations boosts
student motivation, and [49] state that the active nature helps students focus
on the learning experience.

Limitations of Simulated Learning in Legal Education

In contrast, studies have identified numerous limitations of simulated
learning. Although simulations can improve legal knowledge acquisition,
a lack of existing legal knowledge may hinder their effectiveness, as stu-
dents have nothing to put into practice [56, 356]. Insufficiently prepared
students are unlikely to benefit from simulations [168]. Simulations are
resource-demanding, requiring extensive preparation from both staff and
students [265, 100, 56]. Educators find simulations time-consuming, making
it difficult to provide sufficient individual feedback, which is essential in
legal education [100, 168, 116].

Furthermore, increased immersion is a significant advantage of simu-
lated learning, but inadequate immersion or realism can discourage students
and hinder learning [377]. For example, poor acting skills in simulations
involving real actors can reduce immersion [56]. Additionally, accurately
replicating the complex realities of a lawyer’s role is challenging, limiting
scenario authenticity [168]. Conversely, too much detail can result in cogni-
tive overload, making simulations physically and emotionally draining and
distracting students from the learning content [127, 346].

Scholars are increasingly incorporating technologies in simulated
learning [358]. Reference [248] used a blended learning approach for case
study simulations, employing online methods to handle large student num-
bers and provide personalised feedback. Reference [261] used a video game
to create a narrative, increasing immersion and engagement. However,
reference [270] argues that using technology without careful consideration
can distract students and hinder learning. This theme is common in VR edu-
cation literature, which will be explored further in the following subsection.

4.2.3 Virtual Reality Education

Technological innovations such as the advancement of internet speeds,
computing power, and high-quality hardware have paved the way for im-
mersive technologies [309, 119]. More generally, students in higher educa-
tion are now accustomed to using digital technologies in their learning, also
known as digital natives [159]. In particular, the use of VR in educational
contexts has greatly increased due to its novelty and engaging nature [194].
This subsection explores the ways in which VR has been used in educational
contexts and the impacts that the technology has had. Before exploring VR'’s
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impacts in education, it is crucial to define virtual reality. There is confusion
about the boundaries between immersive technologies [309, 119]. Reference
[260] describes VR as computer-generated environments that fully immerse
users. Reference [119] defines VR by high embodiment, presence, and inter-
activity. Reference [309] highlights VR’s ability to create telepresence, fully
immersing users by blocking out the physical environment. This study de-
fines VR as “a computer-generated 3D fully immersive environment using
sensory-enhancing and interactive devices to create telepresence.”

4.2.4 Impacts of Virtual Reality on Learning

VR has numerous positive impacts in education. Studies show VR
enhances both substantive and skills-based knowledge. For example, ref-
erence [185] found VR helps students visualise concepts, deepening their
understanding of human anatomy. Reference [135] noted VR improves
problem-solving skills. VR also enhances psychomotor skills like surgical
[226] and resuscitation skills [290], which are transferable to real scenarios.
VR can improve empathy [307, 151] and interpersonal skills through social
interactions [161]. For instance, reference [307] created a VR simulation for
users to experience life as a wheelchair user. VR learning experiences boost
confidence, providing a safe context for making mistakes [322, 221].

VR'’s design flexibility also suits various learning contexts. In class-
room management, reflection is key [5]. To facilitate this, the authors embed-
ded a recording function in VR for performance reflection. In healthcare, VR
can be used to enhance communication and teamwork skills [368]. Immer-
sion and presence are crucial in VR learning. Increased immersion enhances
learning [5, 1, 262]. Reference [310] stated VR provides detailed 3D visuals
for understanding complex concepts. VR also immerses learners in emotion-
ally engaging contexts, fostering empathy [307]. Greater immersion boosts
motivation [165], engagement [94], and enjoyment [35]. Reference [94] noted
immersion leads to deeper cognitive learning and engagement. Further-
more, enhanced engagement increases interest, motivation, and learning
effectiveness [290].

4.2.,5 Limitations of Virtual Reality in Education

Although many studies have found a positive impact of VR on learn-
ing outcomes, some studies found no impact [321, 240]. Both [321] and
[185] used VR in human anatomy, but only [185] found a positive effect,
suggesting other factors influence VR's effectiveness. Some studies found
VR provided no additional benefit compared to desktop simulations and
conventional learning [241, 305].

While VR’s design flexibility can tailor experiences to learning objec-
tives, inadequate design can hinder learning. For example, reference [193]

63



CHAPTER IV. IMPLEMENTATION OF VR IN LEGAL EDUCATION

found conventional radiography training more effective than VR due to
the lack of patient interactions within VR. Technical issues also affect VR
use. Some studies found VR easy to use [243, 290], but others noted diffi-
culties in navigation and limited physical space [210, 165]. Lower-quality
VR applications also led to cybersickness [246, 165], hindering enjoyment
[321]. However, the use of higher-end headsets reduced discomfort and
cybersickness [243, 35], though [321] found these issues did not significantly
impact learning outcomes.

Lastly, increased sensory stimulation in VR often leads to cognitive
overload. Reference [355] noted the human mind’s limited capacity to pro-
cess information, and excessive input can hinder memory retention [78,
17,119]. Compared to other learning methods, VR can cause higher cogni-
tive overload, distracting learners from main tasks and reducing learning
effectiveness [129, 241].

4.3 Framework Development

4.3.1 Identification of Research Gaps

There is theoretical evidence supporting the use of VR in legal educa-
tion. Inadequate immersion in simulations can hinder learning [377]. In this
regard, VR’s novelty and sensory stimulation can enhance immersion [310].
However, cognitive load may make VR unsuitable, as too much detail can
distract students [168, 129].

Despite VR’s potential, empirical studies in legal education are lim-
ited. Two key studies should be noted. Reference [253] used mobile VR to
improve law students’ presentation skills, measuring engagement and per-
ceptions of the usefulness of VR. They found low engagement because using
VR was time-consuming to learn and poorly aligned with their curriculum.
Reference [98] used 360 video VR to teach pleading skills, measuring sce-
nario authenticity and perceived learning. Students found the VR experience
anxious but useful.

[253] provided insights into VR’s technological feasibility and suit-
ability, while [98] focused on realistic learning scenarios. However, neither
study holistically explores VR’s impact on both the learning experience
and technological feasibility. Effective VR educational experiences must
be tailored to the learning objectives [270]. Indeed, existing VR studies
highlight this need (e.g., [5, 368]). In this way, both VR’s impact on learning
and its technological suitability must be investigated to design effective VR
educational experiences.
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4.3.2 Proposal of Extended Kolb’s Experiential Learning Theory

Many studies draw from learning theories to design and facilitate
teaching methods. Academics in legal simulation and VR education litera-
ture emphasise the importance of strong pedagogical foundations to achieve
desired learning outcomes [19, 302]. Key theories include experiential learn-
ing theory (ELT) [75, 290], problem-based learning theory [390, 185], and
constructivism [151, 247].

ELT [202] is the most commonly used. It posits that learning occurs
through experience, involving four stages: concrete experience, reflective ob-
servation, abstract conceptualisation, and active experimentation. Learners
participate in tasks, reflect on their actions, conceptualise their learning, and
apply new knowledge in subsequent tasks, creating a continuous learning
cycle. ELT is widely used in practical and reflective learning contexts. For
instance, reference [75] used ELT to develop a negotiation simulation, while
[377] applied it in a mediation exercise, highlighting the role of reflection
in deep learning. In VR education, reference [290] used ELT for resusci-
tation skills training, and [287] explored its effects on healthcare training
effectiveness.

Despite their benefits, learning theories are underused in both legal
simulation and VR education [238, 302]. Reference [149] suggested that
existing theories may not suit immersive education contexts. Literature
indicates that VR’s technological suitability and immersion levels impact
learning experiences. VR experiences should be designed with appropriate
functions to create realistic simulations (e.g., [5]. Additionally, the increased
interactivity and sensory inputs of VR require careful design to avoid cog-
nitive overload, which can arise when excessive sensory details or overly
complex tasks are presented, distracting learners from the main objectives
and making it harder for them to retain information [129].

This concern has also been previously highlighted in the works of [86],
where Kolb’s theory [202] was extended to account for the rise of digital
pedagogy. The authors noted that the increase in e-learning tools provided
learners with more autonomy over their learning and suggested the need
for learning theories to account for this new “exploratory” step to learning
[86]. As a result, the authors propose a 5-stage exploratory learning model
shown in Figure 4.1.

In a similar vein, a conceptual framework is proposed based on Kolb’s
experiential learning cycle. This framework extends Kolb’s theory to include
the influence of VR technological suitability and immersion to account
for the new factors that can contribute to the overall immersive learning
experience (see Figure 4.2).

Using this proposed conceptual framework, and based on the gaps
identified in the literature, the following research questions are proposed
for the present study.
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Figure 4.2: The Immersive Experiential Learning Theory

1. How does VR technology impact the simulated learning experience in
legal education?

2. How suitable is VR technology for facilitating simulated learning in
legal education?

3. How does immersion of VR influence the learning experience in a
legal education context?
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44 Methodology

4.4.1 Virtual Reality Environment Design

A high-quality VR environment, based on [324] and [111], was de-
veloped to address the lack of advanced virtual mooting settings. Unlike
existing simulated learning tools in legal education [8], this innovative VR

setup supports a mock trial format to help students cultivate essential legal
skills [392].

Figure 4.3: Virtual Reality mock trial courtroom environment. User is
positioned at the lectern. The opposing counsel is seated to the left.

To enhance immersion, the VR environment was developed in Unity
3D, modeled on an actual courtroom, and accessed via Meta Quest 2 head-
sets. High-fidelity design, shown to improve real-world skill transfer [304]
and task performance [4], included photorealistic avatars displaying realistic
nonverbal cues, such as posture adjustments for valence and arousal [111],
addressing VR limitations noted by [338, 339]. Recognising the importance
of supporting diverse student groups, the design also reflects insights from
[55], leveraging technology to foster equitable interaction (e.g., by offering
diverse agents representations and creating neutral spaces that minimise the
impact of race, gender, or social background) and reduce barriers to commu-
nication. Avatars were pivotal in enhancing users’ sense of presence [333,
p-445], with behavioural fidelity proving more critical than visual fidelity
for achieving realism and effective immersion [333].

The VR environment was designed to meet educational goals, fol-
lowing research on effective technological learning tools [270, 302] and
incorporating principles of active, problem-centered learning to foster en-
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a. Photorealistic Judge b. Photorealistic Clerk

Figure 4.4: Avatars

gagement and skill development [269]. Key features include a recording
tool [324] for replaying presentations via avatars (see Figure 4.5) and reflect-
ing on performance with verbal (voice and transcript) and nonverbal (eye
tracking, body, head movements) feedback as preconised by [49] (see Figure
4.6). Additional features, like a timer and a notes function (see Figure 4.7b),
enhance realism, with notes prepared through a companion website (see
Figure 4.7a) before the simulation [349, 324].

PublicSpeakingTraining 15y

Figure 4.5: Replay scene. An avatar is placed at the user’s position and
replicates his speech and movements.
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Figure 4.7: Notes

4.4.2 Refining the Virtual Reality Environment Through Educator
Feedback

Before student implementation, the VR courtroom was rigorously
tested by legal education experts from UK and Belgian universities, who
provided valuable feedback. Positive remarks highlighted its immersive
quality and anxiety-reducing potential. A Belgian professor noted,

“VR offers unique advantages for students who may struggle with anxiety
or shyness, providing a controlled environment that allows them to build
confidence without the immediate pressures of a real audience” [PB1].

UK professors praised its repeatable practice benefits:
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“You are able to repeat the experience and personalise it as well... it’s about
practicing the moot multiple times without actually needing to go into a
mock trial” [PA1].

Critiques led to significant enhancements. A UK professor suggested,

“There needs to be some sort of responsiveness from the court... nodding
or occasional affirmation” [PA2],

prompting the addition of nonverbal cues. Lip synchronization was intro-
duced after feedback stating,

“Initially I didn’t know who was talking... the lips weren’t moving as they
would normally” [PA4].

Usability concerns with note-taking were addressed by creating a
virtual note-holding system after a professor remarked,

“There was no way I could hold [the paper] in a way that I could actually
read it” [PA6].

Accessibility improvements included a step-by-step guide based on
the suggestion,

“Adding a detailed introduction at the start would help” [PA9].

These expert-driven adjustments preserved the VR tool’s strengths
while addressing key limitations, creating an immersive and effective train-
ing environment for law students.

4.4.3 Mixed Methods Strategy

The study employed two comparative case studies at universities in
the UK and Belgium [391, 105], chosen for their contrasting educational
and cultural contexts where societal and institutional norms interact with
individual assumptions to influence design and implementation (Heaton,
1998). It provided valuable insights into learning tool expectations and
theoretical development. While the UK’s common law system emphasises
case law, and Belgium’s civil law system is codified, these differences were
deemed irrelevant as the study focused on practical skills and legal knowl-
edge application [377, 233]. A mixed-method approach was used, with
participants completing a quantitative questionnaire and a subset participat-
ing in semi-structured interviews. Initially, students familiarised themselves
with VR in a waiting room before delivering their courtroom presentations.
This period allowed exploration of VR functionalities. Qualitative data
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were gathered from 9 UK participants (A1-A9) and 14 Belgian participants
(B1-B14), with recruitment continuing until data saturation. To ensure ade-
quate sample size for quantitative analysis, 21 additional UK participants
and 16 Belgian participants were recruited, totaling 30 from each university.
Ethical approval was received for this study, and informed consent from all
participants was received.

44.4 Procedure and Participants

All participating students had a mock trial or exam scheduled in the
days or weeks following the study. Before starting the study, students pro-
vided informed consent to participate and to be recorded by the VR system.
They then encoded their initial presentation notes using a dedicated web-
site (see Figure 4.7a). Next, they completed a pre-immersion questionnaire
assessing their anxiety about presenting in a real courtroom for their actual
mooting, not in VR (measured on a percentage scale) and their initial opin-
ion about VR as a learning tool (measured on a 7-point Likert scale, where 1
means not at all useful and 7 means totally useful).

After completing the questionnaire, students entered the VR environ-
ment and delivered their speech in the virtual courtroom.

Immediately after the immersion, they completed the 24-item Presence
Questionnaire, in either English [381] or French [314], assessing dimensions
such as Realism, Interaction, Examination, Performance, Sounds, Haptics,
and Interface Quality, using a 7-point Likert scale. Presence scores were
calculated following established formulas [314] and normalised in this study
to provide a comprehensive view of participants” immersive experiences.
Following this, participants assessed the extent to which they felt they mas-
tered the content of the case they were assigned to defend (mastery of the
presentation, using a percentage scale) and completed a post-immersion
questionnaire measuring their anxiety about presenting their case in an ac-
tual mock trial or exam setting. They then received feedback via the website
and had the opportunity to replay their performance in VR and through the
website. After having received the feedback, participants reassessed their
mastery of the presentation and answered an updated questionnaire about
their opinion on VR. Finally, participants were asked about their willingness
to reuse VR in the future, measured on a 7-point Likert scale (with 1 meaning
not at all likely and 7 meaning extremely likely).

A subset of participants subsequently took part in a qualitative inter-
view conducted using a semi-structured interview guide (see Table 4.3 in
the Appendix section). Semi-structured interviews explored the learning
experience, VR’s suitability, and the role of immersion. The questions were
aligned with Kolb’s experiential learning cycle [202] (concrete experience, re-
flective observation, abstract conceptualisation, and active experimentation)
to ensure that the concept of learning experience was clearly understood by
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participants and to capture perceptions and impacts at each stage. Thematic
analysis [43] was employed to analyse transcripts, codify data, and iden-
tify key themes, with cross-case synthesis used to compare findings across
participants [391]. The study involved 60 participants, with a balanced
gender distribution and a diversity of native languages. Among them, 23
participated in qualitative interviews. Regarding prior VR experience, 63%
of participants had no previous exposure to VR, while those with prior
experience mainly used it for entertainment purposes. Full demographic
details are provided in Appendix (see Section 4.8).

4.5 Findings

A total of 3 themes and 8 sub-themes were identified through the
analysis of the qualitative data, in direct relation to the research questions.

4.5.1 Enhanced and Contextualised Learning

The first theme focuses on how VR can enhance the overall learning ex-
perience through a contextualised environment and additional tools tailored
to the learning objectives. Under the overarching theme of learning, 4 main
sub-themes related to the learning experience were identified: Knowledge
and skills acquisition, Accuracy of learning context, Reflection and feedback,
and Novelty of learning method.

Knowledge and Skills Acquisition

Opverall, participants found the VR mock trial experience beneficial for
knowledge and skills acquisition. Some viewed VR as an excellent supple-
mentary tool, allowing them to practice what they had learned. Furthermore,
applying knowledge to practical situations strengthened their substantive
knowledge and improved confidence in their legal skills.

“It gives you a backbone on what you already know” [A8]
“Good to learn to speak” [B3]

The difference in participants’ pre- and post-immersion mastery scores
was calculated, yielding values from -100 to 100. Positive scores indicate
improved mastery, while negative scores suggest a decrease. These results
highlight VR’s role in skill development: improvement reflects confidence-
building, while decreases emphasise self-critical awareness and opportuni-
ties for targeted practice. In this study, scores ranged from -45 to 40, with
an average change of -4.61, suggesting VR increases self-awareness by high-
lighting areas for improvement (see the sub-theme Reflection and Feedback
for related quotes).
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Figure 4.8: Boxplot illustrating the change in mastery of presentation.

Differences were noted between the two case studies. UK participants
placed more emphasis on knowledge and skills acquisition than Belgian par-
ticipants. This may be due to differences in how mock trials are used at each
institution. At the UK institution, mock trials are used mainly for practis-
ing advocacy skills and preparing for competitions, whereas at the Belgian
institution, they are used for assessments. These differences are reflected
in participants” comments. For example, one UK participant seemed to
implicitly divide their university degree from mock trials. Furthermore, one
Belgian participant talked about a “d-day”, discussing how their behaviour
during the VR experience may differ from their examination.

“Solidify the knowledge that you've learnt in your degree” [A2]
“I think that there are things that I wouldn’t do on the d-day (for example,
throwing notes in the courtroom).” [B10]

Quantitative analysis revealed a statistically significant difference in
self-assessed presentation mastery between Belgian and UK participants
(T=2.9063, df=22.282, p=0.0081). Belgian students rated themselves lower
post-VR (see Figure 4.9), indicating increased self-awareness of weaknesses,
consistent with qualitative findings where they viewed VR as an assessment
tool for critical self-evaluation. In contrast, UK participants maintained their
initial assessment and saw VR primarily as a skill enhancement tool. This
dual perspective underscores VR’s role in promoting both self-awareness
and skill development.

Accuracy of Learning Context

Many participants commented on the contextualization that VR pro-
vides, allowing them to get a feel for the courtroom setting. Linked to the
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Figure 4.9: Boxplot illustrating the change in mastery levels pre- and post-
immersion by case study.

theme of immersion, participants noted that their interactions with the envi-
ronment and avatars helped them understand what it would be like to be a
lawyer. One participant stated that this experience could influence students’
career considerations.

“Give students the opportunity to see what other career options they might
have” [A1]

Despite these benefits, participants highlighted limitations regarding
interactivity. In an actual mock trial, participants would expect to be inter-
rupted or questioned by the judge. The lack of these interactions in the VR
environment changed the atmosphere and impacted learning outcomes.

“Regular mooting is more spontaneous and virtual mooting is more
planned and straightforward” [A8]
“[1t lacks] the ability to cut you off whilst you're talking” [A2]

Differences were noted between the two case studies. The UK study
focused more on the learning context, providing feedback on expected
interactions, whereas the Belgian study placed less importance on this factor.
This may be due to institutional curriculum differences. For example, one
Belgian participant stated,

“at the university, we never had a mock trial” [B2].

Reflection and Feedback

Participants stated that replaying their performance helped them
identify unnoticed mistakes. The 3D representation of hand and head
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movements made them more aware of their body language compared to
simple audio recordings, allowing for critical reflection and improvement.
Findings suggest that VR reflections provide richer insights into learner
performances by going beyond audio.

“[The recording] makes you more aware of your body language. .. not just
verbally but physically too” [A4]
“[It allows for] critical element of improvement” [A6]
“Nice to see it, otherwise I wouldn’t have noticed” [B1]

VR also facilitates enhanced feedback. One participant noted that
VR recordings with 3D visualizations might be better for feedback than
videoconferencing software, as

“things (for example, body language) [that] might be missed online,
contrastingly might be noticed in virtual reality” [A6].

Another suggested that individual performance recordings would
allow for more personalised feedback.

“Things [that] might be missed online, contrastingly might be noticed in
virtual reality” [A6].
“Feedback, I think that would help... that is catered to you specifically”
[A8].

As seen previously, change of mastery scores support these findings:
for some students, increased self-awareness led to lower self-assessed mas-
tery (See Figure 4.8), while others gained confidence through the visualisa-
tion of their performance, illustrating VR’s varying impact on participants.

Results also indicate a general reduction in anxiety levels following
the VR experience. In the Belgian study, where mock trials are used for
assessment, one participant noted that the lack of immediate feedback made
the VR experience less anxious. Another valued the opportunity for self-
feedback rather than receiving it from an educator.

“Not rated... less stressful” [B1]
“Good to have a neutral point of view, thanks to virtual reality” [B4]

The difference in pre- and post-immersion anxiety scores showed
an average decrease of -18.87, ranging from -80 to 40, with a median of
-20 (See Figure 4.10). A t-test confirmed this reduction was significant
(T=3.666, df=85.114, p=0.0004). This suggests the controlled VR environment
fostered a less anxious, more relaxed atmosphere, aligning with participants’
descriptions of VR as a “safe space” for skill practice in a non-judgmental
setting.
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Figure 4.10: Boxplot illustrating the change in anxiety levels pre- and post-
immersion, calculated as the difference between post- and pre-immersion
percentage scores (ranging from -100 to 100). Positive values indicate an
increase in anxiety, while negative values represent a decrease in anxiety
following immersion.

A key difference between the case studies lies in their focus. The UK
study emphasised VR as a platform for educator feedback, reflecting its use
of mooting to prepare for competitions. This likely led UK students to seek
educator input and compare VR with videoconferencing tools. Conversely,
the Belgian study valued VR for self-criticism and individual learning, align-
ing with its use of mock trials for assessment. Belgian students appreciated
VR as a risk- and anxiety-free environment for preparation.

Quantitative findings showed Belgian students rated their mastery
lower post-task (See Figure 4.9), supporting qualitative insights that VR
fosters self-reflection, especially in assessment contexts. In contrast, UK
students, viewing VR as a preparatory tool, exhibited less change in self-
assessed mastery. Although no significant difference in anxiety reduction
between groups was found via t-test, Belgian students reported feeling less
anxiety in VR due to the absence of real-time assessment. This underscores
VR’s role as a “safe space” for skill practice, reducing anxiety through the
lack of immediate judgment.
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Figure 4.11: Boxplot illustrating the change in anxiety levels pre- and post-
immersion by case study

Novelty of learning method

Participants felt that the new learning method increased their engage-
ment and provided opportunities to experience courtroom settings they had
not previously seen. They found the VR mock trial more engaging than
conventional methods (e.g., simulations in a regular classroom, or online
mock trials via videoconferencing, and PowerPoint-based case discussions),
which are usually more passive. Furthermore, increased engagement made
students likely to use the VR tool again.

“[It's a] new thing for me.. Very engaging... take a different approach” [A1]
“I haven’t had the opportunity to use [a real courtroom]” [A6]
“Actually experience it for myself rather than just listening” [A1]

“It generates an interest and curiosity in everyone... may be inclined to
return” [B11]

Participants also stated that VR provided a safe environment where
mistakes would not have great consequences.

“[It’s a] safe environment. You can make a mistake without consequence”
[A5]

Quantitative results confirm an overall reduction in anxiety, with de-
creases up to -80 points (See Figure 4.10), attributed to the VR environment’s
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low-pressure nature. However, some participants experienced increased
anxiety, likely due to the novelty of VR. No significant difference in anxiety
reduction was found between groups (See Figure 4.11), consistent with qual-
itative insights that VR offers an engaging experience across educational
contexts. Post-immersion opinions on VR as a learning tool showed a statis-
tically significant improvement compared to pre-immersion opinions (See
Figure 4.12, T=-6.7771, df=109.38, p<0.001). This aligns with qualitative find-
ings, indicating participants recognised VR'’s value for enhancing mock trial
learning despite usability challenges. No significant difference in opinions
was observed between UK and Belgian participants, reflecting consistently
positive attitudes across both groups.

Opinion about VR Pre Immersion | 22% I 3% I 42%

Opinion about VR Post Immersion 2% %,
100 50 o 50 100
Percentage
B oot s s [l 7 oty
Response
. 2 4(Neutra|). 3]

Figure 4.12: Opinions on the usefulness of VR as a learning tool, measured
on a 7-point Likert scale ranging from 'not at all’ to "totally.” Percentages
represent responses grouped as 1-3 (left), 4 (middle), and 5-7 (right).

4.5.2 Technological Feasibility of Virtual Reality for Mock Trials

The second theme focuses on the suitability of VR technology and
its characteristics to facilitate mock trials. Importantly, the theme focuses
on how these characteristics improve or limit the learning experience. Two
sub-themes were identified: Usability/functionality, and accessibility.
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Usability and Functionality

Many participants found the VR environment difficult to use, particu-
larly with reading notes. However, some felt that the note function closely
replicated real mock trials.

“It was quite difficult to read [the notes]” [A4]
“The notes were good... very similar to reality” [A2]

Quantitative findings from the Presence Questionnaire support quali-
tative impressions, with the Examination category achieving a mean score
of 5.18, reflecting a positive experience in exploring the VR environment
(See Table 4.1 and Figure 4.14).

Categories | Our findings (1-7) | [314] (1-7)
Realism 4.84 (0.8) 421 (1.72)
Interaction 4.92 (1.05) 5.19 (1.5)
Examination 5.18 (0.92) 5.12 (1.71)
Performance 5.16 (1.12) 5.50 (1.44)
Sounds 5.23 (1.29) /

Haptics 5.04 (1.04) /

Quality 2.98 (1.09) 512 (1.71)

Table 4.1: Presence Questionnaire results. Normalised means and standard
deviations (in brackets) for the categories found in our study are shown,
alongside the standard reference values established by [314] for the Presence
Questionnaire. Note that sounds and haptics were not part of the French
questionnaire and are thus not compared. Except for the quality of immer-
sion category, the higher the better.

Some participants found the headset to be quite uncomfortable to use
and noted that they felt sick after use, confirming the findings of [246].

“Made me feel a little sick.” [A3]
“Physically, it’s a bit annoying, it’s the headset.” [B7]

Similarly to [210], participants suggested adding more guidance to
navigate the VR experience, though opinions varied.

“Adding a detailed introduction at the start [would help].” [A9]

The Quality of Immersion category scored a mean of 2.98, indicating
good VR usability (see Figure 4.14 and Table 4.1, and note that for this
item, lower scores are better). Self-assessed Performance in VR had a mean
score of 5.16, with English participants rating their performance significantly
higher than French participants (T=3.44; df=56.501, p=0.0011), possibly due
to differing educational expectations or familiarity with VR.
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Figure 4.13: Boxplots illustrating the normalised Presence Questionnaire
scores on a 7-point Likert scale for each category. Scores range from 1
(lowest) to 7 (highest), except for the quality category, where the scale is
reversed.

Accessibility

Participants stated that VR as a learning tool could enable them to
practice in their own time, making mock trials more accessible. VR allows
access to the courtroom environment from any physical space, providing
flexibility in when and where students practice. This accessibility may
encourage more participation in mock trials outside of VR, as VR helps
students build confidence and better understand the trial process, reducing
common barriers to engagement.

“[The VR] would be really helpful to just practice in my own time” [AS8]
“[I could] have that at home... I would have all day to train” [B1]

Participants also noted that VR could facilitate unique experiences, as
gaining access to real courtrooms can be difficult.
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“[Mooting] requires a lot of time and resources... [when using VR], people
are more inclined to squeeze things in” [A7]

Quantitative results show that 95% of participants expressed willing-
ness to reuse VR for legal training, with 5% remaining neutral (See Figure
4.13). This strong endorsement aligns with qualitative insights on VR’s ac-
cessibility benefits, highlighting its potential to make legal education more
flexible and inclusive. No significant difference was observed between UK
and Belgian participants, reflecting consistently positive attitudes across
both educational contexts.

Reuse 0% 5% 95%
100 50 0 50 100
Percentage
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Figure 4.14: Willingness to reuse VR for learning, measured on a 7-point
Likert scale ranging from 'not at all” to “totally.” Percentages represent
responses grouped as 1-3 (left), 4 (middle), and 5-7 (right).

4.5.3 Influence of Immersion on Learning

The third theme focuses more on the role of immersion into the VR en-
vironment in the learning experience. Specifically, this theme focuses on how
the immersive qualities of VR contribute to or limit the learning experience.
2 sub-themes were identified: Realism and sense of presence/engagement
using qualitative analysis.
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Realism

Opinions on the realism of the VR environment were divided. Many
found it unnatural and unrealistic, criticising the avatars’ movements. Some
felt that knowing the avatars weren’t real reduced their immersion and
learning, as it lacked the pressure of real people watching.

“The breathing was quite forced” [A3]
“Not real people and therefore the pressure won’t be the same” [B5]

Similarly, participants noted that the environment didn’t feel like reality,
impacting their behaviour and the transferability of their learning.

“It is not completely adequate... you're not going to evaluate something
based on an environment that isn’t adequate for reality” [B8]
“I think that there are things that I wouldn’t do on the d-day (for example,
throwing notes in the courtroom).” [B10]

Conversely, some participants found the avatars’ movements realistic,
with their reactions and appearance creating a sense of immersion. Also, the
courtroom environment accurately recreated courtroom etiquette, adding to
the realism.

“There is an etiquette... a way to talk and present yourself in court” [A5]
“You could see that they reacted, they weren’t robotic people who were
static” [B5]

“We capture his attention with his head nodding. .. I have the impression
that he is shaking his head and passing judgement” [B2]

Quantitative findings support these observations, with the Realism
category scoring an average of 4.84 (Table 1, Figure 4.14). Participants noted
that the courtroom setting did not accurately represent an English and Welsh
court, which was expected as it was based on a Belgian court. This was not
necessarily a problem for learning.

“[It] doesn’t look like an English and Welsh court.” [A2]

Figure 4.15 reveals that Belgian participants rated realism significantly
lower than English participants (T=5.8444, df=54, p<0.001). This is likely
due to the Belgian VR courtroom design reflecting their real-life context,
prompting Belgian participants to critique the realism more harshly.

82



4.5. FINDINGS

Realism* of VR Interaction” with VR Examination through VR
= - —:— = - [E— M~ - J—
o — . | = —— o E
1B = ] — = - E
o2 o - © o : I ©
N T T A T T - T T
UK BEL UK BEL UK BEL
Performance® with VR Sounds in VR Haptics in VR

—
-
| 1
R 1

1

1H
1
ﬂ}

1
1

T
UK BEL UK BEL UK BEL

Interface Quality

.
ol T
- | B ==

UIK BlIEL

Figure 4.15: Boxplots illustrating, by case study, the normalised Presence
Questionnaire scores on a 7-point Likert scale for each category. Scores
range from 1 (lowest) to 7 (highest), except for the quality category, where
the scale is reversed.

Sense of presence and engagement

Closely linked to realism is the sense of presence. Commenting on the
avatars, one participant reported that the avatars’ actions helped them feel
as if they were actually present in the courtroom. Participants discussed how
VR transported them to a realistic courtroom regardless of their physical
location.

“[The avatars] actually looked at you and followed you” [A1]
“[It] felt like I was a real person in this virtual reality” [A4]
“[I can use it] in my living room, it really makes for a real environment” [B1]

The Interaction category scored a mean of 4.92, indicating generally
positive engagement (Table 1, Figure 4.14). However, English participants
reported significantly higher Interaction scores than Belgian participants
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(T=4.2036, df=57.828, p<0.0001; Figure 4.15), in VR familiarity and the nov-
elty effect of using the technology (see Figures 4.18a and 4.18b). Being
transported to a different environment helped students focus and stay en-
gaged, separated from real-world distractions. This contrasts with concerns
of cognitive overload highlighted in previous studies in VR [129, 241]. No
comments were made about the VR environment being cognitively strenu-
ous.

“Being able to put yourself into that mind space to optimis my learning. ..
from anywhere” [A6]
“Switch off from the distractions and just focus on what matters” [A6]

4.6 Discussion

Using the findings, the immersive experiential learning theory ex-
tended to the legal education context is proposed and discussed below.
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Figure 4.16: The Immersive Experiential Learning Theory in Legal Education

Findings show VR significantly enhances knowledge and skills acqui-
sition in legal education (RQ1). Students found VR useful for applying sub-
stantive knowledge and boosting confidence, aligning with prior research
[185, 226, 322]. However, preparation is crucial [56, 356], as simulations are
less effective without prior substantive knowledge [168]. Notably, VR educa-
tion literature overlooks this necessity, highlighting its particular relevance
in legal education.

Qualitative findings confirmed VR’s benefits, while quantitative re-
sults showed differences between UK and Belgian students. UK students,
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focused on competition skills, valued VR for future moots, whereas Belgian
students, seeing it as an assessment tool, prioritised performance evalua-
tion. These differences reflect cultural influences [156] and prior experiences
with teaching methods [94]. Knowledge and skills acquisition shape ab-
stract conceptualization (where learning takes place), active experimentation
(application of knowledge in future scenarios), and reflective observation
(self-evaluation), following the stages of Kolb’s experiential learning cycle.

The accuracy of the learning context is a key factor. VR created a realis-
tic environment, allowing students to assume the lawyer’s role. Interactivity
enhanced immersion [261, 377, 194], yet limited interaction with judges
hindered the experience, supporting findings that restricted VR functions
reduce learning effectiveness [193].

Reflection is crucial in legal education [377]. This study confirmed
that VR feedback helps students identify mistakes and become more aware
of body language. Its 3D visualization aids understanding [185], fostering
critical reflection. UK students valued VR’s enhanced feedback [248], while
Belgian students found post-experience feedback less anxious. These factors
influence reflective observation, abstract conceptualization (learning from
feedback), and concrete experience (reduced anxiety).

VR’s novelty boosts engagement through active participation, sup-
porting prior findings[290, 165, 94]. It also provides a safe environment
where mistakes carry no severe consequences, unlike traditional mock trials
[221, 322], fostering confidence in the concrete experience itself. Overall,
VR positively impacts legal simulations by creating a safe, contextualised
practice environment that boosts confidence and knowledge application. It
enhances learning through reflection, though its effectiveness varies with
students’ familiarity. However, VR’s limited interactivity and reliance on
prior knowledge (i.e., the learning context and the scenario) may hinder its
ability to fully replicate real mock trials and serve as a stand-alone teaching
tool.

Regarding the suitability of VR for facilitating simulated learning
(RQ2), participants struggled with some embedded functions and experi-
enced sickness, confirming previous findings [246]. Some suggested fur-
ther guidance during the experience [210]. However, others had no issues
and felt the notes function increased realism. Quantitative data showed
a positive change in perceived usefulness of VR pre and post-experience,
indicating that difficulties and sickness did not significantly hinder VR’s use-
fulness. Reference [321] also found cybersickness had no significant effect
on learning outcomes and technology acceptance. VR increases accessibility
as there is no need for physical space, and students can practice in their
own time, encouraging participation in mock trials, which are often difficult
to schedule [265, 100, 56]. For students without courtroom experience, VR
provides valuable exposure, impacting both the concrete experience (unique
exposure and fewer space/time restrictions) and active experimentation
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(willingness to participate in future VR trials).

To conclude RQ2, VR technology can be challenging for some students
due to function use and sickness. However, these issues do not necessarily
hinder perceptions of VR’s usefulness. VR creates a learning space accessible
from anywhere at any time, increasing opportunities for students to access a
contextualised learning experience. This is beneficial given the difficulty of
organising and participating in resource-demanding mock trials. Immersion
significantly impacts learning (RQ3), with realism playing a key role. Some
participants found the avatars and environment unrealistic, negatively af-
fecting learning performance and skill transferability, aligning with research
on visual fidelity [304, 4, 338]. Others felt the avatars and environment accu-
rately represented the courtroom and mock trial, supporting [333] claim that
avatars enhance presence, increasing immersion and situated learning, as
confirmed by [98]. This sub-theme influences concrete experience (learning
performance, contextualization) and active experimentation (future applica-
tion). However, realism is subjective; Belgian students were more critical
of the courtroom’s design than UK students due to its Belgian style. VR
also created a strong sense of presence by immersing students in realistic
surroundings, supporting [309] and [282]. This sense of presence helped
contextualis learning without concerns of cognitive overload [129, 241].

To address RQ3, immersion strongly influences learning. While real-
ism is subjective, higher realism enhances learning and skill transferability.
VR fosters sense of presence, allowing students to focus on content without
cognitive strain.

4.7 Conclusions

Technology has already solidified its place in many areas of education
[159]. In doing so, it has significantly influenced pedagogies and teach-
ing methods. However, technology should not be used as an end goal in
learning but rather must be designed to accommodate and enhance the
existing learning objectives of the curriculum [270]. Therefore, it is vital
that pedagogies are adapted to ensure that technologies are implemented
properly and effectively.

4.7.1 Theoretical Contributions

This study has provided two theoretical contributions. Firstly, al-
though learning theories can provide a solid foundation for the design of
excellent pedagogical tools [358, 302, 149] identified that existing learning
theories may not be suitable for the immersive learning context. By ex-
ploring the literature on how VR has been used in education, a conceptual
framework to extend Kolb’s [202] experiential learning theory to the im-
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mersive context was proposed, similar to the works of [86]. Specifically, the
literature review presented in this paper has shown that the technological
suitability of VR and the qualities of immersion that it creates are deeply con-
nected to and influence the learning experience, which confirms suggestions
made by [270] and [5]. This framework can be further employed to explore
the uses of VR in other areas of education. Secondly, through empirical
investigation, the immersive experiential learning theory has been extended
to the legal education context. As a result, the study has proposed a the-
oretical framework to guide the implementation of VR in legal education.
While developed for legal education, this framework could also be applied
more broadly to other educational contexts involving experiential and skills-
based learning. The framework reveals 8 influential sub-themes under the 3
overarching themes of learning, technological suitability, and immersion. In
this way, the framework holistically brings together the elements of legal
simulation and VR technology, extending the studies conducted by [253]
and [98].

4.7.2 Practical Contributions

In terms of practical contributions, this study has designed a tailored,
high-quality VR learning environment for mock trials, following recommen-
dations from the literature [270, 302]. By incorporating context-relevant
tools such as recording and note-taking features, it provides practical in-
sights into how VR environments can enhance conventional mock trial
methods, offering a realistic and effective courtroom experience. To the
authors’ knowledge, this is the first VR mock trial application with these
functionalities.

Furthermore, the study brings important implications and guidelines
for educators when designing VR experiences in legal education. As dis-
cussed, VR learning experiences should be designed carefully based on solid
learning theory to effectively facilitate a high quality of learning [270, 358,
302]. The framework provides insight into the various considerations that
educators must consider developing and implement immersive experiences.

Lastly, the study has shown that educators must ensure that the char-
acteristics of VR technology must be carefully and smoothly integrated
with the learning content. This will ensure that the learning experience is
enhanced, and that the students are not distracted by the technology [270].
Indeed, cognitive overload was not identified as a concern in the findings of
this study.

4.7.3 Limitations and Future Research Directions

It is important to acknowledge key limitations. First, although the
study employed a comparative case study method to explore themes, its
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findings are limited by the sample size and contextual differences between
institutions. Future research could include larger, longitudinal studies with
control groups to quantitatively test the proposed framework and compare
VR with non-VR learning approaches.

A significant limitation was the use of the same virtual courtroom for
UK and Belgian students, despite their distinct legal systems. The courtroom
was designed based on the Belgian context, which may not have aligned
with some UK students” expectations, potentially affecting their immersion
and engagement. While the mock trial focused on transferable skills like
advocacy and public speaking, the mismatch in environmental fidelity could
have impacted students’ ability to fully contextualise their learning. This
highlights the need to tailor VR environments to specific legal systems to
ensure equitable benefits for all students.

Another limitation was the restricted interactivity within the VR envi-
ronment due to the structured nature of the task. The absence of real-time
interactions, such as interruptions or questioning by a virtual judge, reduced
the authenticity of the experience. These dynamic elements are crucial for
developing adaptability and quick thinking in legal practice. Future itera-
tions should incorporate such features to enhance realism and interactivity.
Additionally, the VR environment limited participants” ability to use notes
effectively. In traditional mock trials, students rely on notes to structure
arguments and reference key points, but the VR setup restricted access, mak-
ing some feel less prepared. Difficulties in navigating virtual note-taking
tools further added to the challenge. Since legal practitioners rely on docu-
ments in real-world courtrooms, improving note functionality or integrating
physical notes into VR could enhance the learning experience and realism.

4.8 Appendix

Group Nb. of participants Nb. of men Nb. of women Mean Age (SD)
Overall 60 26 34 25.95 (11.42)
UK (EN) 30 12 18 26.13 (15.66)
Belgium (FR) 30 14 16 25.77 (4.47)

Table 4.2: Participant demographics.
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Figure 4.17: Past experience in VR of participants rated as a 7-point Likert
scale from 1 (=no experience) to 7(=expert).
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Figure 4.18: Comparison of past experience of participants.

Interview Question

10
11
12
13
14

15
16

17
18
19

How was your learning experience with the Virtual Reality moot trial?

‘What was good and what could be improved? Why do you think so?

Could you tell me a bit more about the trial itself?

What characteristics of the virtual trial stood out the most, and how did they affect your learning?

Tell me more about [X] (e.g., realism, engagement, sense of presence, use of skills, interactivity, active participation)
How did the virtual trial make you feel?

As part of the experience, you were given time to look over your recording.

Do you think that having this time contributed to your learning? How?

Tell me more about [X] (e.g., curiosity, structure, critical reflection)

How effective was the experience as a learning tool? Or: How did this experience help your learning?

Tell me more about [X] (e.g., applying previous knowledge, acquiring new knowledge, personal achievement, real-life applicability)
How did you feel overall during the learning experience?

Do you feel that this overall experience has better equipped you for future moot scenarios? Why?

Tell me more about [X] (e.g., learning from mistakes, application of knowledge, motivation, learning new skills)
Would you be willing to use the VR moot trial again for your studies? Why?

Have you participated in a non-VR mooting exercise before?

If so, what are your general thoughts on the pros and cons of mooting in terms of your learning?

‘What role has VR played in your learning experience? What differences has it made, if any?

In your opinion, how suitable is VR technology for use in mooting?

What characteristics of VR in particular make it suitable or not suitable?

How did the virtual reality technology make you feel overall?

What did you think about the design of the virtual environment?

Are there any further comments you would like to make about the overall experience or about any particular points?

Table 4.3: Interview guide used to explore students’ learning experience
with the VR moot trial.
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Participant ID | University Level of study Age | Previous VR experience | Previous mooting experience
Al UK 3rd year undergraduate | 20 No Yes
A2 UK 3rd year undergraduate | 20 Yes (1 time) Yes
A3 UK 1st year postgraduate 26 Yes (A few times) Yes
A4 UK 3rd year undergraduate | 21 No No
A5 UK 1st year postgraduate 23 Yes (Many times) Yes
A6 UK 3rd year undergraduate | 21 No Yes
A7 UK 3rd year undergraduate | 20 No Yes
A8 UK 1st year postgraduate 24 No Yes
A9 UK 1st year postgraduate 61 No Yes
Bl Belgium 1st year postgraduate 22 No No
B2 Belgium 1st year postgraduate 25 No Yes
B3 Belgium | 2nd year postgraduate | 25 No Yes
B4 Belgium 1st year postgraduate 25 Yes (Many times) Yes
B5 Belgium 1st year postgraduate 22 No Yes
B6 Belgium 1st year postgraduate 22 Yes (A few times) No
B7 Belgium 1st year postgraduate 22 Yes (Many times) No
B8 Belgium 1st year postgraduate | 25 No No
B9 Belgium 1st year postgraduate | 25 No Yes
B10 Belgium 1st year postgraduate 24 No No
B11 Belgium 1st year postgraduate 26 Yes (1 time) No
B12 Belgium 1st year postgraduate 23 Yes (1 time) No
B13 Belgium 1st year postgraduate 32 No No
Bl4 Belgium 1st year postgraduate 30 Yes (A few times) No

Table 4.4: Participant demographics for the qualitative interviews.
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Chapter V

Automatic Assessment of
Multimodal Cues for Public
Speaking Training in Virtual
Reality

This chapter presents part of what I worked on during my research
stay at Aix-Marseille University. This work was done between July 2024 and
November 2024. The co-authors are Marion Ristorcelli, Jean-Marie Pergandi,
Rémy Casanova, Michaél Schyns, and Magalie Ochs. It is now a paper, for
which I am the first author, that has been submitted to the 17th ACM SIGCHI
Symposium on Engineering Interactive Computing Systems (EICS52025) in 2025.
In this thesis, the paper is presented as originally submitted, and I apologise
for any outdated information, repetitions, or formatting inconsistencies with
other chapters.

Abstract

The quality of public speaking depends heavily on the multimodal
behaviour of the speaker. Recent advances in virtual reality and automated
measurement tools have enabled the computation of various multimodal
cues (verbal and non-verbal) that contribute to assess public speaking per-
formance. However, the challenge remains to determine which among the
myriad of available cues are the most relevant for training purposes. This
paper addresses this question by (1) defining criteria for characterising the
relevance of behavioural cues in public speaking training, (2) identifying
a set of key multimodal cues to consider for this training context, and (3)
outlining methods for their computation, from raw data extraction to index
calculation. These multimodal cues are integrated into a VR-based public
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speaking tool, offering actionable feedback to trainees and supporting skill
enhancement.

5.1 Introduction

Public speaking is a skill that, while invaluable, does not come natu-
rally to everyone. Effective public speaking requires training and practice to
refine one’s ability to engage, inform, and persuade an audience. Even if
the appropriate behaviour of a public speaking may depend on the context,
several research have shown that a set of generic multimodal cues charac-
terising a good performance of public speaking can be defined, whatever
the context [384, 284]. For instance, high loudness [99], hands with palms
upward [71], and eye contact toward the audience [147] play critical roles,
contributing to the speaker’s overall effectiveness.

This paper aims to identify multimodal cues relevant for assessing
public speaking performance, with the goal of providing feedback enabling
users to train and improve their skills. A cue is defined as relevant if it meets
four key criteria: (1) the cue has an impact on the perceived quality of public
speaking as shown by empirical and theoretical research works, (2) the cue
can be measured automatically, (3) the cue does not depend on the context
of the public speaking (i.e. use of slides, standing or sitting position, etc.),
and (4) the cue is explainable and interpretable by the users, allowing for
targeted self-improvement. These criteria are based on a synthesis of current
gaps in existing Virtual Reality (VR) public speaking training (PST) tools
presented in the next paragraph.

Despite advancements in VR training tools, no comprehensive list of
relevant multimodal cues for PST in VR or clear guidance on calculating
them automatically exists, and current tools have yet to address this gap.
Indeed, commercial tools in VR like Chiara (https://bechiara.com/en/),
Ovation (ovationvr.com), Virtual Orator (virtualorator.com), and Virtu-
alSpeech (virtualspeech.com) use VR and sometimes Al to offer feedback
on public speaking elements such as volume, pacing, body language, eye
contact, and speech clarity. However, while these tools provide tips on these
key performance aspects, the methods for calculating metrics remain largely
undisclosed, reducing transparency and potentially limiting users’ ability
to fully understand the reasons behind the proposed feedback. Available
research training tools also suffer of limitations. In the research, many VR
tools for PST exist [20, 64, 281, 142, 111, 324] but they also face significant
limitations. While some tools focus primarily on eye gaze and time spent on
specific components [142], others include feedback on clarity of speech but
lack comprehensive multimodal feedback [20, 64]. Efforts have been made
to address multimodal cues [280, 324]; however, the feedback relies on raw
metrics (e.g. number of words per minute, volume in dB), limiting both the
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interpretability and practical utility for users.

The main objective of the paper is to provide a framework to integrate
automatic multimodal cues assessments for PST in Virtual Reality. Thus,
its first contribution is the presentation of empirically and theoretically
grounded multimodal cues identified as critical for effective public speaking.
Then, its second contribution is a practical methodology to automatically
compute these cues to provide interpretable feedback, helping users enhance
specific aspects of their performance.

The paper is organised as follows. The next two sections cover the
theoretical background of multimodal cues in public speaking, focusing on
verbal (Section 5.2) and non-verbal (Section 5.3) features. Each feature is
developed based on its theoretical foundation, interpretability, calculation
method, and, if available, expected values for effective versus ineffective
speaking. Then, Section 5.4 introduces our integrated tool, which combines
VR PST with these feedback mechanisms. The last section (Section 5.5)
discusses future work and limitations.

5.2 Verbal Features

5.2.1 Acoustic Features

Acoustic features are crucial for assessing vocal delivery in public
speaking, as they provide insights into elements that greatly influence audi-
ence engagement, such as pitch, loudness, and rhythm [44, 143, 387, 99].

Despite the wide range of acoustic features available, this section
is dedicated to interpretable and straightforward features, intentionally
excluding more complex metrics (e.g., formants or harmonic differences)
and low-interpretability metrics often used in sustained vowel exercises in
contexts such as speech therapy (e.g., jitter, shimmer).

The methods of calculating these features vary among researchers,
with some relying on formulas and others using different software, often
without clarity on the exact settings used for the extraction, which compli-
cates direct comparisons [113]. To ensure metric consistency, the GeMAPS
set [113] from the OpenSMILE toolkit is used wherever possible, as it was
specifically designed for this purpose. Otherwise, the widely accepted for
acoustic analysis software Praat (https://www.fon.hum.uva.nl/praat/) is
used.

Pitch

It is “the degree of highness or lowness of a tone, which is determined
by the vibration of the vocal folds (i.e., the faster the vibration per second
(Hz), the higher the pitch).” [122].
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Average pitch and coefficient of variation: The mean and the coefficient of
variation (CV) of the pitch are extracted using GeMAPS.

Indeed different pitch significantly enhances the expressiveness, charisma,
and emotional tone conveyed by a speaker [44, 387] and is crucial in per-
ceived speaker engagement and effectiveness [164]. Pitch during speech
varies among individuals of the same sex, with men’s average ranging from
about 80 to 180 Hz and women’s from 125 to 300 Hz [295].

Furthermore, effective public speakers likely display a moderate pitch
CV, balancing consistency with expressive variation to engage the audience.
High CV can signal joy [44] and confidence [326], while low CV may convey
sadness [44]; however, extreme values in either direction could suggest
either nervousness or monotony [143].

Loudness

It serves as an indicator of vocal projection and intensity, essential for
ensuring audibility and emphasising key points in public speaking.

Average loudness and coefficient of variation: The mean and the CV of
loudness are extracted using GeMAPS.

Effective speakers adjust their loudness to highlight important content,
enhancing audience engagement. Research shows that managing loudness
is critical in communication contexts, where modulation can influence per-
ceptions of confidence and control [143]. For example, weaker loudness is
associated with shy people and higher loudness to confident people [99].

Rate of loudness peaks: The frequency of changes in loudness per sec-
ond, indicating emphasis and expressiveness. It is extracted using GeMAPS.
Controlled loudness peaks help draw attention to key points, while a lack
of variation can make speech monotonous [143].

Silent Pauses

They are marked by a complete absence of sound and serve to reduce
cognitive load on listeners, giving them time to mentally organise and
absorb the content, adding rhythm and clarity to speech [234]. To capture
these nuances, additional parameters are included in our analysis.

Silent pause count, duration and speech rate: The total number of silent
pauses within a speech segment. This value will is calculated using Praat
software and the TextGrid method. Then the length of silent pauses, and
the frequency of silent pauses by speaking time is extracted. Campione
and Véronis (2002) categorised silent pauses into brief (less than 200 ms),
medium (200-1000 ms), and long (over 1000 ms). They suggest that while
brief and medium pauses aid in structuring speech and enhancing clarity,
long pauses (over 1000 ms) should generally be avoided as they may disrupt
the flow and reduce engagement.
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5.2.2 Textual Features

Textual features play a crucial role in assessing speech quality by
capturing the nuances of language use, structure, and content.

This analysis uses the Linguistic Inquiry and Word Count (LIWC) [40],
a dictionary-based text analysis tool that quantifies psychological, emotional,
and cognitive elements in written or spoken language by matching words
against predefined categories representing psychological constructs.

LIWC Linguistic Metrics

These metrics are used to retain the following parameters due to their
relevance to PST.

Analytical thinking: The logical and structured thinking in language
[288]. A high score is well perceived in academic settings and is corre-
lated with things like grades and reasoning skills. However, a low score is
perceived as more familiar [40].

Clout: The speaker’s confidence or authority level. Higher scores
suggest that the speaker projects confidence and social dominance, whereas
lower scores may indicate a more humble or tentative tone [184].

Authenticity: The honesty and openness [271]. Higher scores are as-
sociated with spontaneous conversations between friendly people, while
lower scores might suggest a more prepared (in advance) speech [40].

Emotional tone: The overall positivity or negativity of language [73].
Numbers below 50 indicate a negative emotional tone, while those above 50
suggest a positive tone [40].

LIWC Percentage Words

The percentages encompass the following parameters retained for
their relevance to PST.

Anxiety: Words like "worry, fear, nervous" that may risk distancing
the audience if overused or translates discomfort.

Swear words: Profanity or strong language (e.g., “damn,” “hell”). These
should be avoided as they can detract from professionalism.

Netspeak: Internet slang or abbreviations like “lol,” “fyi”. These terms
are generally discouraged in professional public speaking to maintain for-
mality.

Assent: Words that indicate agreement, such as “yes,” “okay,” or
“alright.” These can help foster a sense of rapport with the audience.

Non fluencies and fillers: Non fluencies are words like “uh,” “um,” or
“ah” that indicate hesitation or thought pauses. Fillers are words that add
no substantive meaning, like “you know”, “like”, or “I mean”. Fillers
can influence listeners’ perceptions of confidence [96], as frequent fillers

7w
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often signal hesitation and affect the listener’s impression of the speaker’s
confidence Chollet et al. Furthermore, minimising fillers improves perceived
speech fluency, leading to smoother and more engaging public speaking
performances [64].

Flow of the Speech

It can be disrupted by the excessive use of fillers. As noted in the
previous section, minimising the use of non fluencies and fillers, also known
as disfluencies, is essential for effective speech [64]. To efficiently compute dis-
fluencies, in addition to the LIWC dictionary presented earlier, one should
examine the most frequently used words within the specific speech. Words
that appear excessively may act as unintended fillers.

Disfluencies and speech flow metrics: The total count of disfluencies, the
number of times disfluencies occur at the beginning of sentences, or within sen-
tences, and the overall speech rate, measured as the frequency of words over
time [96]. Excessive disfluencies can negatively impact speech rate, which
ideally should not be too slow or too fast to maintain audience engagement.

Diversity Metric

It includes vocabulary richness features and captures the depth and
sophistication of language use, making them essential for assessing verbal
mastery and complexity.

Type-token ratio (TTR): The total number of unique words (types) by
the total number of words (tokens) in a text segment [363]. It provides insight
into how varied the vocabulary is within a text. A higher TTR indicates
more diverse vocabulary while a lower TTR suggests repetition or limited
vocabulary. TTR obviously varies with text length. A threshold near 0.7
effectively distinguishes lexical diversity, as seen in the MTLD (measure of
textual lexical diversity), which measures the average length of continuous
text sequences that maintain a TTR above 0.72 [250, 15]. This metric can help
assess the richness of vocabulary in spoken presentations, where a diverse
lexicon enhances engagement and clarity.

5.3 Non-Verbal Features

Non-verbal behavioural cues, such as gaze, postures, gestures, fa-
cial expressions, are widely recognised in the literature as indicators of a
speaker’s confidence, anxiety, and engagement, all of which impact pre-
sentation performance [147, 329, 330]. Given the lack of standardised VR
measures for these cues, this paper adapts existing features and introduces
new metrics tailored for automated feedback in VR, emphasising relevant
literature to support these innovations.
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All the non-verbal behavioural measurements described below can
be computed using the Meta Quest Pro headset and a Unity game engine,
by using the advanced tracking capabilities of gaze and facial expressions
(e.g., the OVR Camera Rig offered for 3D visualization and tracking man-
agement).

The Gaze Behaviour

The gaze plays a crucial role in presentations. For example, a positive
performance assessment requires maintaining at least 80% audience eye
contact [69] and a successful presentation involves the speaker keeping
their head and eyes directed toward the audience [306, 147] rather than
toward slides [70] or notes [360]. Experts also agree that eye contact should
alternate rather than fixate on a single person [330]. Effective speakers
sustain continuous eye contact by sweeping their gaze across the audience,
adjusting their focus according to audience size [280]. To ensure audience-
directed gaze, most studies approximate eye gaze direction through face or
head orientation in both VR and live contexts [59, 70, 306, 280, 394]. Based
on this literature, the paper proposes the following features linked to the
gaze behaviour.

Score of characters viewed: A weighted average of the numbers of audi-
ence members viewed across set time segments, with each unique audience
member observed contributing to the total. A score closer to the total number
of audience members N indicates more balanced gaze distribution over time,
reflecting consistent engagement with all audience members and suggesting
effective gaze behaviour.

Gaze fixation time: The duration of uninterrupted gaze toward each
virtual audience character. The median and interquartile range of this duration
time are used to assess if the gaze duration is excessively long or too brief,
with uninterrupted gazes beyond a threshold, to be determined, considered
inappropriate.

Gaze duration metrics: The total time spent looking at characters is
first assessed across the whole audience, then further examined by specific
position within the audience and then, by gender. The overall proportion of
time spent focusing on the audience versus other elements serves as a
measure of attentiveness, with effective presentations maintaining at least
80% audience focus [69]. For smaller audiences, an even distribution of gaze
across individual positions demonstrates spatial attentiveness, suggesting
strong engagement. Separately summing gaze duration toward male and
female characters, normalised by the presentation’s total time, indicates
whether any gender bias influences gaze patterns.

Hesitation time: The speaker’s hesitation time, indicated by looking at
the ceiling or floor when searching for words or ideas. It represents the pro-
portion of time spent in reflection during a presentation, calculated as time
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spent gazing downward or upward, normalised by the total presentation
duration. If this feature reflects hesitation [23], a higher value may correlate
with a more negative assessment of presentation quality.

Entropy of gaze direction: This feature assesses the dynamics of gaze di-
rection towards the virtual audience, measuring the uncertainty or diversity
in gaze distribution across targets. Entropy helps determine how evenly
the speaker’s attention is spread across these targets, with each target’s
gaze time calculated as a proportion of total gaze time. Various entropy
measures can be used to assess distribution balance, allowing flexibility in
selecting a formula that best fits specific analysis needs. A higher entropy
score suggests a well-distributed gaze across all targets, while a lower score
indicates a focus on fewer targets.

Body Movements and Postures

They are powerful indicators of a speaker’s attitude and state of mind
[394]. Fidgeting or crossing legs may suggest low self-confidence and a
negative attitude [3, 330, 147]. Experts identify ineffective stage practices,
such as standing stationary behind a screen and moving purposelessly
across the stage, while recommending purposeful movements that align
with the presentation’s structure and timing [330].

Studies consistently indicate that gestures like crossing arms, hiding
hands, touching the face or hair, or fidgeting should be avoided during
presentations [330, 394]. Arm-crossing and holding the opposite wrist or
arm, known as arm barrier gestures, signal a defensive or nervous attitude,
implying uncertainty [3]. An open posture, with arms open, hands near
the body, palms facing the audience, or hands held above the belt without
interlacing, is recommended. Effective speakers use smooth upper-body
gestures to emphasize points, while less effective speakers keep their arms
down or hands at the abdomen [147].

Drawing on this literature, this paper proposes the following features
related to body movements, derived from tracking data captured within the
virtual environment.

Amplitude of the horizontal displacement: The speaker’s use of the stage.
By calculating horizontal movement, amplitude is determined as the abso-
lute difference between the maximum and minimum x-axis values during
the presentation. Depending on the context, one can expect to see some
horizontal movement, but not too much, because, according to the experts,
movement on stage must be linked to a particular section of the presentation
and have a purpose [330].

Distance covered by the speaker: The stage use and potential fidgetiness.
The Euclidean distance covered (chosen for reasons of interpretability of this
metric) is calculated and normalised by the presentation duration, yielding
a distance per unit of time. Combining it with the previous feature gives
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interesting information about the speaker, for instance, it is expected that
if a speaker covers a large distance with low amplitude, it may indicate
agitation.

Entropy of body movements: This feature captures the dynamics of the
trainee’s body movements, indicating movement or immobility during the
presentation. To align with previous entropy calculations, the space is
divided into N zones, and for each zone, the proportion of being in that
zone is computed. The entropy formula is then applied. High entropy
reflects frequent movement or varied positions, while low entropy suggests
a dominant, static posture.

Gestures

They provide valuable insight into a speaker’s state of mind and
message. Palm-up gestures convey confidence and have a positive impact
on listeners [71], while open palms signify qualities like truth, honesty,
and openness [3]. Conversely, palm-down gestures, such as pointing, may
communicate authority or even intimidation [254]. Mixed palm gestures
can indicate knowledgeable power, which may either build trust or come
across as intimidating. Gestures such as clasping hands, rubbing hands, or
self-touching (e.g., touching the body or head) are typically associated with
anxiety and are best avoided [3, 21, 71].

Building on the insights from this literature, this paper suggests the
following features associated with gestures. The analysis employs advanced
hand tracking technology to capture each hand’s 3D position and rotation
(without controllers). Hand orientation is categorised based on rotational
values along the vertical axis, with positions classified as Palm Down for
rotations above some chosen threshold «, Palm Up for rotations below «,
and Neutral for rotations between —a and «. Hand openness is similarly
classified: open when all fingers are extended, closed when all fingers are
flexed, and neutral when finger positions vary. This approach combines
continuous and categorical features to provide a comprehensive analysis of
hand gestures.

Frequency of hand positioning and openness: The frequency of each hand’s
positioning (neutral, palm-up, palm-down) and openness (neutral, open,
closed) states is calculated as the count of each state divided by the total
presentation duration. Effective speakers are generally expected to display
a higher frequency of open states and palm-up positions, indicating confi-
dence and openness, and a lower frequency of closed states and palm-down
positions.

Proportion of hand detection: Hands are detected by the headset’s inte-
grated camera when they are within its field of view, about 10 cm from the
torso and between the headset and abdomen. The proportion of right and
left hand detections relative to total measurements during the presentation
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is calculated, with skilled speakers expected to show a high proportion of
detections in this space [54].

Duration of palm positions: The duration of uninterrupted palm specific
posture. The median and interquartile range assess if the speaker maintains
an open posture for extended or brief periods. For example, beyond a
certain threshold, to be determined, an uninterrupted palm-up posture is
considered ideal for oral presentations.

Duration of a closed and open posture: The proportion of open posture
relative to total hand measurements. Indeed, posture openness is also
indicated by the distance between hands, and distances below a threshold,
to be determined, suggest clasped or overlapped hands, while negative
values indicate crossed arms, reflecting a closed posture. Effective speakers
are expected to maintain a higher proportion of open posture.

Entropy of hand openness and direction: The variability in hand open-
ness and direction states (neutral, open, closed; palm-up, palm-down, neu-
tral) is analysed using entropy to assess the balance in hand positioning
dynamics. Proportion of being in each state are thus calculate. High entropy
indicates a balanced variation in hand states, while low entropy suggests a
preference for a particular hand position or openness.

Facial Expressions

They are crucial for assessing presentation quality [386]. Experts
advise against maintaining a blank expression; instead, speakers should
appear lively, using varied expressions and smiles, even in professional
settings. Expressions should align with the presentation’s content, and
positive emotions should be shown over 20% of the time, with negative
expressions kept below 20% [69].

Blend shapes, available through the Meta data, are numbers represent-
ing specific muscle movements. They vary between 0 (no activation) and 1
(maximum activation) and align with the Facial Action Coding System (FACS)
and provide a framework for describing facial expressions through muscle
activations (Action Units), either positive or negative. In this paper, the left
and right sides of the face expressions are extracted and are averaged for
each facial expression.

Frequency of positive or negative facial expressions: The frequency of fa-
cial expressions either positive or negative. Only blend shapes that deviate
by more than one standard deviation from the subject’s mean blend shape
value are considered. The frequency is calculated by counting the number
of blend shapes associated to positive or negative AU and dividing it by the
presentation time. To reflect engagement, a speaker should use varied facial
expressions. Ideally, positive expressions should appear more frequently,
while negative expressions should be rare, indicating higher frequencies for
positive blend shapes and lower frequencies for negative ones.
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Entropy of blend-shapes: The dynamics of the speaker’s facial expressions by
measuring expression variability is analysed using entropy. The interval of
values between [0,1] are divided into N categories and for each category, the
proportion of the blend shapes belonging to this category is calculated. Then
the formula of entropy is then applied. A high entropy value is expected
for effective speakers, indicating diverse facial expressions throughout the
presentation.

5.4 Virtual Reality Solution

The goal of this section is to demonstrate the feasibility of automati-
cally computing all the multimodal cues identified in this paper within the
context of a VR public speaking training environment.

The VR environment used in this project (see Fig. 5.1) supports var-
ious configurations, including audience size, demographic composition,
and behavioural styles, to tailor training experiences to individual needs.
Additionally, the system employs full-body tracking to make presentations
feel natural and lifelike, accurately capturing users’ gestures and postures
without the need for restrictive devices.

Figure 5.1: The virtual environment used for public speaking training.

To complement this VR environment, based on the automatic assess-
ment of multimodal cues identified in this paper, a companion website
(see Fig. 5.2) serves as the central hub for feedback and analytics. After
each training session, users can access a detailed performance report, which
integrates verbal and non-verbal cues. The website further provides visual-
izations and replay features of the VR scene (see Fig. 5.3) enabling users to
review their presentations and track their improvement over time.
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Figure 5.2: Combined view of the website for feedback and analytics.

Figure 5.3: Replay screen

The integration of this VR environment with its companion website
creates a user-friendly solution for public speaking training, addressing
both skill development and self-assessment. This dual-platform approach
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ensures that users receive actionable insights and maintain engagement
throughout their training journey.

5.5 Discussion

This paper makes several key contributions to advancing VR-based
PST by defining and detailing a comprehensive set of multimodal features
that provide insights into effective presentation skills. In the verbal domain,
metrics related to acoustic (pitch, loudness, pauses) and textual (linguistic
metrics, word percentages, speech flow, and vocabulary diversity) features
are carefully selected and quantified using established methodologies. These
metrics are designed to be applicable beyond VR contexts. On the non-verbal
side, methods were developed to calculate critical metrics such as gaze
distribution, body movement patterns, hand gestures, and facial expressions.
These metrics are derived from VR tracking data, enabling an in-depth
analysis of speaker non-verbal behaviour.

The presented tool incorporates open-access software and toolkits.
The only exception is the LIWC, a widely used software for textual analysis
but that requires a license. However, as its selected features are based
primarily on linguistic metrics and word percentages, users interested in a
totally open-access alternative could generate similar metrics by creating
custom dictionaries.

Despite these contributions, some limitations remain. The tool’s
context-independent design means it does not account for factors that may
impact performance. For instance, while the identified LIWC categories cap-
ture verbal features, they provide no insight into specific topics addressed in
the speech. For non-verbal behaviour, the tool lacks indicators for contextual
elements, such as using a computer, slides, or podium, which may influence
movement or gaze direction (Schneider et al., 2017).

Through this paper, specific choices for computing certain metrics
(e.g. palm orientation thresholds, spatial zone splits, or entropy functions),
along with ideal values for effective public speaking metrics are not yet
fully established. Although a set of multimodal cues has been provided,
optimal ranges for these indicators have not been determined. Future work
could leverage machine learning techniques on a corpus of PST sessions to
establish these thresholds, enhancing the tool’s precision and making the
feedback even more actionable.

While this paper evaluates a set of multimodal indicators, each modal-
ity is presented individually, allowing users to focus on specific cues depend-
ing on their interest. However, public speaking is inherently multimodal,
with dynamic interactions across modalities in real-life scenarios. For exam-
ple, emphasising words using higher pitch and large gestures, coordinating
movement on stage with the presentation structure, or synchronising pauses
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with gestures are key combined features not considered here. Future it-
erations could integrate these multimodal interactions to provide a more
holistic view, yielding richer insights and more contextually relevant feed-
back.

Another limitation not yet discussed is the challenge of data visual-
ization for users. Presenting feedback in an interpretable and user-friendly
format is essential for effective training. Decisions must be made on whether
metrics should be presented as numerical values, graphs, or interactive vi-
sual elements. For example, metrics such as gaze distribution could be
represented with heat maps to show focus areas, while more abstract met-
rics like entropy could benefit from graphical representations to illustrate
variability and balance in gaze or movement patterns. Developing an in-
tuitive visualization approach that allows users to understand and act on
these insights is crucial for enhancing the tool’s usability and impact on PST.

In conclusion, the VR-based tool presented in this paper delivers on
critical verbal and non-verbal features to support public speaking skills
improvement. While the tool is effective in its current form, addressing the
limitations highlighted would make it an essential resource in PST.
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Chapter VI

EVE: Emotional Validated
Expressions, an acted
audiovisual corpus

This chapter is a paper, for which I am the first author, that has been
submitted to the International Conference INTERSPEECH?25 in 2025. It is
based on a collaboration with the Faculty of Psychology, Speech Therapy,
and Education of the University of Liege and HEC Liege. The co-authors
are Anne-Lise Leclercq, Angélique Remacle, and Michaél Schyns. In this
thesis, the paper is presented as originally submitted, and I apologise for
any outdated information, repetitions, or formatting inconsistencies with
other chapters.

Abtract

This paper presents the creation and perceptual validation of the EVE
corpus, a resource for speech emotion recognition in English and French
audio and audiovisual content. For each language, ten native or near-native
actors per language performed 10 linguistically and semantically neutral
sentences with different emotions: six basic (fear, anger, happiness, sad-
ness, disgust, surprise), and four complex (confidence, confusion, contempt,
empathy). Each was expressed at two arousal levels, with two trials per
level. Additionally, each sentence was also produced in a neutral condition,
leading to a total of 4,100 recordings. The emotional content of the corpus
was perceptually validated by 600 participants per language. The audiovi-
sual recordings were made in high-definition quality following a rigorous
methodology, positioning the EVE corpus as a valuable tool for academic
and development purposes. The corpus is available under an open license
to facilitate research.
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6.1 Introduction

6.1.1 Emotions and Implications for Affective Computing

As Ekman said, emotions are “a particular kind of automatic appraisal
influenced by our evolutionary and personal past, in which it is sensed that
something important to one’s welfare is occurring, and a set of psychological
changes and emotional behaviours begins to address the situation.”[286].
These emotions play a crucial role in daily human interactions, manifesting
themselves through speech, written text, and facial expressions.

Two models are usually used for emotion analysis: categorical and
dimensional. The first model categorizes basic emotions into discrete states
[107], such as fear, anger, happiness, sadness, disgust, and surprise (see
Table 6.1). In contrast, the second model, illustrated by the Valence-Arousal-
Dominance framework [369], views emotions as continuous variables, char-
acterized by dimensions of valence, arousal, and dominance. The present
paper focuses on the categorical model. This choice reflects the model’s com-
patibility with actor-based data collection and practicality for annotation by
external raters.

The six basic emotions fail to capture the full spectrum of traditional
interactions, where more nuanced emotions like self-confidence, confusion,
and empathy often play a crucial role in communication. Self-confidence
[291] is an important emotion in professional contexts, influencing leader-
ship and decision-making. Similarly, confusion [162] is pivotal in decision-
making scenarios, where individuals often experience uncertainty when
faced with ambiguous or complex information. Additionally, emotions like
contempt [152] are critical in social dynamics, especially in power-related
interactions, and empathy [133] is fundamental for building compassionate,
supportive relationships. Expanding the range of emotions to include these
complex states can enhance the effectiveness and relevance of emotional
expression analysis in diverse social and interactive contexts. While other
complex emotions could have been considered, only a limited set was in-
cluded to maintain clarity and reliability, as too many similar emotions can
hinder their distinction [79].

As human-computer interactions expand, accurately detecting emo-
tions across multiple modalities (such as speech, text, and facial expressions)
becomes crucial, yet recognizing emotions remains a significant challenge,
particularly when relying solely on speech. Audiovisual speech databases
are vital for emotion recognition, as they support feature extraction and clas-
sifier training. These databases rely on diverse speakers and multilingual
data to ensure robust performance.

Speech corpora are generated through various methods, including
acted or induced modes, each offering unique advantages. The first method
requires speakers to express specific emotions according to set guidelines,
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while the latter method captures spontaneous speech in real-life scenarios.

Table 6.1: Definitions of the 6 basic emotions by Ekman* and 4 complex**

emotions

Emotion Definition

Fear A primal emotion that is important to survival and triggers a fight
or flight response.

Anger An emotional state leading to feelings of hostility and frustration.

Happiness A pleasant emotional state that elicits feelings of joy, contentment,
and satisfaction.

Sadness An emotional state characterized by feelings of disappointment,
grief, or hopelessness.

Disgust A strong emotion that results in feeling repulsed.

Surprise A brief emotional state, either positive or negative, following

(Self)-Confidence

something unexpected.
A person’s belief that he or she can succeed.

Confusion Emotion where the individual is unsure about how to interpret
certain stimuli.

Contempt A response that devalues its objects to the point of nullifying them
and their capabilities.

Empathy The ability to perceive another person’s point-of-view, experience

the emotions of another, and behave compassionately.

*https://online.uwa.edu/infographics/basic-emotions/
**[291, 162,152, 133]

6.1.2 Existing Emotional Speech Corpora

The creation of the EVE (Emotional Validated Expressions) corpus
was motivated by the scarcity or limited accessibility of publicly available
high-quality databases for Speech Emotion Recognition (SER) in both French
and English, a gap that became apparent with the advancement of emotion-
based software applications. Indeed, many existing speech audiovisual
corpora are limited in scope or prohibitively expensive. Affective computing
has evolved into a multidisciplinary field focused on recognising human
emotions to improve work conditions, entertainment, and services through
artificial intelligence [369]. However, the challenges with existing SER
databases are manifold due to their limitations. For instance, the Hume
Al database [79], despite its extensive data volume (400,000 recordings),
may be inaccessible to many researchers due to its cost or usage conditions.
Additionally, its restriction to only five different sentences results in an
unbalanced distribution of expressions, limiting the range available for
study. Similarly, databases commonly used in SER research in English
(see Table 6.2), often do not simultaneously fulfil various crucial criteria
such as emotional diversity, phonetic balance, and perceptual validation
of intended emotions by a statistical significant number of participants.
The challenge intensifies for French databases which face similar issues in
terms of emotional diversity, affordability, recording quality (e.g., control
of microphone types, background noise, or studio vs. in situ recordings),
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phonetic balance, and validity through perceptual studies. These databases
have various limitations, underscoring the need for more inclusive and
freely available datasets for effective SER.

Table 6.2: Most popular open-access datasets.

Language | Name of Modality | Generation | Nb. of | Nb. of Phonetically | Nb. of | Perceptual
the corpus method speakers | emotions | balanced arousal | study
levels
EN CREMA-D [53] | AV A 91 5+1 No 4 Yes
EN EMOVOX [325] | A I&A 16 2 No 1 No
EN IEMOCAP [47] | AV A 10 8+1 No 1 No
EN RAVDESS [224] | AV A 24 7+1 No 2 Yes
EN SAVEE [178] AV A 4 6+1 Yes 1 Yes
EN TESS [294] AV A 6+1 No 1 No
FR CaFE [144] A A 12 6+1 No 2 No
FR EMOVOX [325] | A I&A 54 2 No 1 No
FR GEMEP [14] AV A 10 15 Yes 3 No
FR Oréau [195] A A 32 6+1 No 1 Yes

In this table, for the modality, A (respectively AV) refers to audio (respectively audiovisual). Regarding
the generation method, A (respectively I) refers to acted (respectively induced) Regarding emotions,

n + 1 = n refers to n different emotions and a neutral condition.

6.2 The EVE (Emotional Validated Expressions) Cor-
pus

This study was approved by the Ethics Committee of the Faculty of
Psychology, Speech Therapy, and Educational Sciences of a European Uni-
versity (file number: 2223-087). Actors were recruited voluntarily through
targeted advertisements shared via the university’s official email and social
media channels, and provided informed written consent after receiving
a comprehensive description of the study. Similarly, participants for the
perceptual study were recruited via the Prolific platform and also provided
informed consent before participating.

6.2.1 Corpus Creation: Audiovisual Data Collection

Beyond the neutral condition, the emotions selected for the corpus
were chosen to encompass a broad spectrum, including six basic emotions
and four complex emotions, ensuring both foundational and nuanced emo-
tional states are represented for diverse research applications (see Table
6.1).
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Each emotion was expressed at two levels of arousal (low and high).
For example, for sadness, low arousal was like having a lump in the throat,
while strong arousal resembled almost bursting into tears [144].

The sentences of this corpus were carefully chosen to ensure neutral
linguistic and semantic content, avoiding any emotional connotations. From
a phonemic perspective, the goal was to achieve phonetic completeness and
balance. To this end, a phonetically balanced list of sentences was selected
from established corpora: the first ten sentences of the Harvard Sentences
for English [317] and the FHarvard corpus for French [10].

The EVE corpus was created with the participation of ten actors per
language, consisting, for each language, of five males and five females, all
possessing expertise in the dramatic arts. These individuals had at least
three years of professional acting experience or a background that spans
at least ten years in the cinema, television, or theatre as amateur actors.
Moreover, all actors were native speakers or near-native speakers of English
or French respectively.

The recording sessions were conducted individually in a professional
soundproof room to ensure optimal audio quality. The actors stood approx-
imately 20 cm away from a green wall. They wore a headset microphone
(AKG C 54) positioned around 5 cm from their mouths and connected to
a microphone preamp (Focusrite iTrack Solo). This setup was linked to an
Apple MacBook Pro laptop (2.3 GHz Intel Core i5 Dual CoreN) running
Camtasia software (version 22.5.4) to enable recording at the high definition
(1280x720). In addition, a tracking camera (Obsbot Tiny OWB-2004-CE) was
placed in front of them to capture their faces and upper torsos.

Each recording session was structured to last two hours per actor. The
actors were instructed to perform each sentence with every emotion at both
arousal levels, with two trials for each level, incorporating techniques from
the Meisner acting method (also known as the repetition technique [72]) to
enhance emotional authenticity and spontaneity. Indeed, it was observed
that emotions tended to be more accurately conveyed on the second trial,
possibly due to the emphasis on repetition and response [328]. A random se-
quence of sentences and emotions was assigned for each actor to prevent any
order effects. Rigorous quality control measures were implemented, focus-
ing on correcting mispronunciations, reducing hesitations and background
noise, and ensuring a consistent recording environment.

In total, for each language, 4,100 utterances were recorded: 100 neutral
utterances (10 actors x 10 sentences), and 4000 emotional utterances (10
actors x 10 sentences x 10 emotions x 2 arousal levels x 2 trials)

The 2-hour raw video was segmented in Camtasia, with each clip
including 300 ms before and after the sentence based on the waveform plot.

For each sentence in the corpus, two files were exported: one stereo
video containing both audio and visual cues (format H.264, image resolution
of 1,920 x 1,080, 16:9 aspect ratio, 60 fps, with a MP4 extension), and one
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mono audio file (format Waveform Audio, 16-bit, 44.1 kHz, with a WAV
extension).

6.2.2 Availability of the Corpus

The EVE corpus is available under the CC BY-NC-SA 4.0 license, ac-
cessible through this link: ANONYMOUS_LINK. It comprises 8,200 high-quality
recordings, evenly split between English and French. The English corpus
totals 3 hours, 46 minutes, 50 seconds, with individual file durations rang-
ing from 2 to 8.12 seconds. The French corpus totals 4 hours, 3 minutes, 45
seconds, with durations from 2.06 to 11.6 seconds.

In addition to the full dataset, the corpus offers subsets organized
by arousal level (low or high), modality (audio-only or audiovisual), and
individual actors, enabling researchers to focus on specific aspects of SER.

The availability of these structured datasets ensures that researchers
can select the most relevant data for their specific purposes, offering maxi-
mum flexibility and utility across a wide range of research applications.

6.2.3 Corpus Validation: Perceptual Study

An online perceptual experiment was carried out on the corpus, to
assess the presence of the portrayed emotions in the audio recordings. For
the perceptual study, 2000 recordings were selected for each language. They
correspond to the second trial of each utterance. The goal was to assess the
perceived emotions using first the audio and then the audiovisual stimuli.
Thus, for each audio, participants were asked to identify the emotion being
depicted, and rate their confidence in their identification. Additionally, they
were asked whether they would have preferred to select “no idea” instead of
choosing an emotion and whether they hesitated between several possible
emotions. In the latter case, they were prompted to specify the emotions
they considered, ranking them from the most to the least probable. This
process was then immediately repeated for the corresponding audiovisual
recording, with participants’ previous choices from the audio-only evalua-
tion preselected to help them recall their initial responses. However, they
were free to modify their selections if the addition of visual information
altered their perception of the emotion or confidence level. Figure 6.1 depicts
the perceptual task for both audio and audiovisual modalities

Participants for the perceptual study were recruited through Prolific, a
widely used platform for online participant sourcing, ensuring a diverse and
representative sample. Participants were compensated £6 for an estimated
1-hour study, although the median completion time for this study was 40
minutes. To ensure data quality, participants were rigorously screened
using platform-based filters based on their commitment in previous stud-
ies. Random responses were filtered out through automated and manual
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Figure 6.1: Screenshots of the online platform for both audio (a) and audio-
visual (b) modalities of the perceptual study.

validation checks. The platform implemented controls, with hidden mech-
anisms flagging inattentive behaviour, ensuring high-quality annotations
throughout.

The study involved 1,200 participants, evenly divided between those
fluent in English and French, who were screened for language proficiency
(using filters available in Prolific). Participants were also required to reside
in countries where the respective language is an official language. Ages
ranged from 18 to 78 years for the English group (median age: 34 years),
comprising 55.5% females, 43.3% males, and 1.2% who did not specify their
gender. For the French group, ages ranged from 18 to 75 years (median age:
29 years), with 49% females, 50% males, and 1% preferring not to disclose
their gender.

6.2.4 Availability of the Perceptual Raw Data

Trough the link ANONYMOUS_LINK, comprehensive online perceptual
experiment results are provided in CSV format, where each row corresponds
to an evaluation by a participant for a specific file. Another CSV file sum-
marizes perceived emotions for each recording, with rows representing
individual recordings and columns indicating the proportions of perceived
emotions. CSV files specific to each parameter are also provided, ensuring a
detailed analysis and offering all the necessary information of this corpus.
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6.3 Results of the Perceptual Study

In terms of recognition rates per emotion, Figures 6.2 and 6.3 show
that visual cues significantly enhance emotion recognition rates in both
English and French. Even with audio-only data, all emotions are recognized
above the random recognition rate (i.e., 0.1), with some emotions being
more accurately identified than others. Specifically, sadness, anger, self-
confidence, and surprise tend to be recognized more reliably in English,
while in French, sadness, anger, surprise, self-confidence, and confusion
show higher recognition rates compared to other emotions.
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Figure 6.2: Confusion matrices of recognition rate based on audio (a) and
audiovisual (b) data in English.
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Figure 6.3: Confusion matrices of recognition rate based on audio (a) and
audiovisual (b) data in French.

For confidence levels per modality, Figure 6.4 highlights the significant
improvement brought by visual cues. Paired t-tests confirm this statistical
difference for both English, (T = —65.64,df = 29999, p < 0.001) and French
(T = —74.96,df = 29999, p < 0.001), suggesting that visual information
not only boosts recognition rates (Figure 6.2 and 6.3) but also increases
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confidence in emotion identification. When analysing emotions individually,
all tested emotions exhibit significant differences. Disgust and happiness
exhibit the largest confidence gains in both languages. In English, confusion,
anger, and self-confidence follow, while in French, contempt, confusion, and
self-confidence follow with similar effects.

Fesgose o Fesgose

a. English b. French

Figure 6.4: Comparison of confidence level based on modality in English (a)
and in French (b). Participants answered on a 7-point Likert scale ranging
from “Not at all” to "Totally”.

When examining recognition rates across arousal levels for all emo-
tions combined, Figure 6.5 illustrates a trend where emotions expressed
with higher arousal are generally recognized more accurately. However,
even at lower arousal levels, recognition rates remain consistently above the
random choice threshold (0.1), indicating that emotions can still be reliably
identified regardless of the arousal level. Paired t-tests suggest a tendency
for improved recognition at higher arousal levels, though the statistical
difference is not strongly significant for either English (T = —1.9762,df =
9,p = 0.07955) or French (T = —2.1722,df = 9, p = 0.05791). In fact, Chi-
squared tests comparing recognition rates for each emotion individually
further indicate that, in English, only sadness, self-confidence and empathy
do not show a significant difference (at a level of significance « = 0.05) in
recognition rates between arousal levels. In French, with the same level
of significance, only confusion and empathy are non-significant, while all
other emotions exhibit a significant effect of arousal levels.

The ranking of recognition rates per actor differs between audio-only
and audiovisual conditions (see Figures 6.6 and 6.7), as the actors who are
the best in conveying emotions through voice alone are not necessarily
the best when visual information are included. These results highlight the
impact of individual differences in actors’ ability to portray emotions.

Lastly, for each language, the Marascuilo Procedure was applied to
test for statistical differences between the recognition rates by sentence.
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Figure 6.5: Comparison of recognition rate based on emotion arousal level.
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Figure 6.6: Comparison of recognition rate for each actor based on audio (a)
audiovisual (b) data in English.
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Figure 6.7: Comparison of recognition rate for each actor based on audio (a)
and audiovisual (b) data in French.

As expected, no difference was found, as the sentences were designed to
be emotionally neutral. Yet, this is an important result that validates our
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methodological procedure.

6.4 Discussion

This paper presents a significant advancement in SER research through
the creation and validation of the EVE corpus, focusing on emotional audio
and audiovisual speech in English and French. While the corpus provides a
valuable resource, it carries some limitations or constraints that highlight
opportunities for future improvements.

First, the dataset is relatively small. However, research has demon-
strated that high-quality small datasets can outperform low-quality large
datasets in deep learning applications [308]. Expanding the dataset size
could nonetheless enhance its robustness.

Additionally, the corpus is limited to English and French. Although
these two languages yielded consistent results, suggesting shared percep-
tual biases or acoustic and visual patterns, incorporating a wider array of
languages and cultural contexts would increase the corpus’s global applica-
bility.

Furthermore, the dependence on acted emotional expressions within
a single sentence, while ensuring consistency, may not fully capture the
richness of natural or spontaneous emotional nuances or how they are per-
ceived [128]. In line with this, research has shown that sentence-length
stimuli yield higher recognition accuracy and increased variability com-
pared to isolated words [263], highlighting the importance of stimulus
selection in auditory emotion recognition studies. A notable example is
surprise, which could benefit from more contextual exploration, as it can
range from curiosity and engagement to speechless disbelief marked by
incredulity [278]. Similarly, confusion can be split into internal confusion,
marked by introspective doubt, and external confusion, shown through hes-
itation or visible disorientation, with its perception varying depending on
factors such as emotion-regulation strategies and cultural context [16]. For
these emotions, longer speech segments could offer a richer representation,
enhancing recognition accuracy.

In addition, basic emotions (e.g., sadness, anger, happiness) were
recognised more accurately than complex ones like empathy or contempt,
which showed greater overlap with other emotions. This supports findings
by [79], who showed that closely related emotions are harder to distinguish.

Moreover, while some patterns in recognition accuracy were consis-
tent, differences in arousal levels, especially for high-arousal emotions, did
not always reach statistical significance. This may be due to perceptual am-
biguity or limited expressive cues in short utterances, highlighting the need
for further investigation into how arousal level is perceived in emotional
speech.
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Finally, the variability in emotion perception presents a challenge.
Native and fluent participants may perceive emotions differently from non-
fluent individuals or those unfamiliar with the languages [104, 359]. Con-
ducting a perceptual study with participants of varying language proficiency
levels and different cultural backgrounds could provide valuable insights.

Expanding linguistic and cultural diversity, exploring more nuanced
emotional expressions, and incorporating a broader range of participant
profiles would significantly enhance the corpus’s utility and applicability to
real-world scenarios.
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Chapter VII

Corpora of Public Speaking in
Virtual Reality

This chapter presents part of two ongoing research projects led by two
Ph.D. candidates, Lamia Bettahi (University of Liege) and Marion Ristorcelli
(Aix-Marseille University). As these works have not yet been published,
the detailed results will not be included here to prevent any publication
conflicts. Although I was not the lead investigator, I contributed to various
aspects of the project and will be a co-author of some papers involving
this research, which justifies the inclusion of the data presentation in my
thesis. My contributions involved assisting with the study design (ULiege),
contributing to the statistical analysis (ULiege and AMU), and extracting
voice and speech parameters (ULiége and AMU). Beyond the ones already
cited, the co-authors for ULiége are Angélique Remacle, Michaél Schyns, and
Anne-Lise Leclercq, while the co-authors for AMU are Jean-Marie Pergandi,
Rémy Casanova, and Magalie Ochs.

Specifically, this chapter details the development of two corpora de-
signed for research on PS in VR. It aims to provide an overview of their
structure, data collection process, and intended applications. The first cor-
pus was created at the University of Liege, and the second at Aix-Marseille
University, referred to as the ULiege corpus and the AMU corpus, respectively,
throughout this chapter. It is worth mentioning that these corpora were
developed for different research purposes and objectives, and neither this
chapter nor any future research intends to compare them directly or use
them simultaneously. However, since their overall structure and data collec-
tion procedures are similar, they are presented together in a single chapter
for clarity and coherence.
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7.1 Introduction

PS anxiety can manifest across cognitive, physiological, and behavioural
dimensions [214]. Cognitively, it can lead to catastrophic thoughts stem-
ming from the fear of negative evaluation. Physiologically, PS is an acute
psychosocial stressor that activates the autonomic stress response, increas-
ing heart rate (HR), sweat production, and pupil dilation within minutes
[357]. HR is particularly relevant as an objective measure of stress, given its
well-established use in neurobiological research [198]. Elevated HR values
correlate with heightened anxiety, with increases of as little as 4.7 beats per
minute (bpm) being indicative of significant stress responses in PS contexts
[331]. Behaviourally, PS anxiety affects voice and speech production. It leads
to an increase in fundamental frequency (F0), resulting in a higher-pitched
voice, along with a reduction in FO variability, making speech sound more
monotonous [46, 136, 146, 366]. Speech fluency is also impacted, with an
increase in disfluencies such as filled pauses (e.g., "uh," "um" [101]), and
prolonged silent pauses [46, 143, 166, 212, 257]. These changes in speech pat-
terns can negatively influence audience perception, affecting the speaker’s
credibility, career progression, and social reputation [273, 384]. Beyond ver-
bal and vocal aspects, PS anxiety also alters non-verbal behaviour, including
posture, gestures, and facial expressions [67, 140].

Repeated exposure to anxiety-inducing situations in a safe environ-
ment can help reduce PS anxiety by breaking the association between the
situation and the expected negative outcomes [80]. However, real-world
exposure is often impractical due to logistical constraints. VR offers a con-
trolled, immersive, and customisable solution, allowing individuals to prac-
tice PS in simulated environments that replicate real-world conditions [80,
191, 327]. Despite its potential, only a few studies have directly compared
oral communication performance in front of real and virtual audiences.
To address this gap, the University of Liege and Aix-Marseille University
developed two corpora dedicated to the study of PS in VR. These corpora
aim to provide a richer dataset for analysing both non-verbal and/or ver-
bal behavioural indicators, as well as their relationship with anxiety and
performance in virtual environments.

The primary objective of these corpora is to analyse PS behaviour in
VR, thereby improving the acceptability and usability of virtual environ-
ments for training and assessment purposes. The ULiége corpus was designed
to validate a virtual audience environment by comparing three conditions:
PS in VR without an audience, VR with an audience, and in a real-world
setting. The main goal was to assess how the presence of a real versus virtual
audience influences anxiety, voice, and speech parameters. In contrast, the
AMU corpus focuses on the impact of virtual audience characteristics, such
as gender composition and social attitude, on speakers” perceived difficulty
and performance. By examining multimodal behavioural indicators, this
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corpus provides valuable insights into how different audience configura-
tions affect PS performance in VR. Indeed, [64, 142, 12, 30] highlighted the
audience as a key factor influencing speaker behaviour, and thus a central
focus for improving VR training design.

In the context of this thesis, these corpora serve as a critical resource for
addressing the scarcity of PS datasets in VR. By leveraging these corpora, the
aim is to evaluate objective performance metrics, which will later enable the
assessment of training strategies in VR-based PS interventions. Establishing
reliable performance measures is a necessary step before exploring the
effectiveness of training methodologies, making these corpora foundational
to advancing PST in immersive environments.

7.2 Corpora Collection

Both corpus creations received approval from the Ethics Committees
of their respective universities.

7.2.1 Conditions

In designing the experimental conditions for both the ULiege and
AMU corpora, methodological choices were guided by the need to system-
atically examine how different audience types and settings influence PS
anxiety (for exact measurement details, see Subsection 7.2.3) and perfor-
mance (for exact measurement details, see Section 7.4). The ULiege corpus
included a real audience, a virtual audience, and an empty virtual room
to control for anxiety induced by VR immersion itself. Similarly, the AMU
corpus explored variations in virtual audience composition and attitude
(gender-balanced versus all-male or all-female audiences and positive versus
negative attitudes). These decisions align with literature recommendations
to control for both environmental and social factors impacting anxiety [205,
204, 373]. Including these varied conditions enables a comprehensive un-
derstanding of how virtual and real audiences influence PS behaviour and
stress responses.

a. Virtual room b. Virtual room c. Real room
without audience with audience with audience

Figure 7.1: Different conditions for the ULiege Corpus
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The real audience consisted of eight individuals (four women and four
men) seated around a rectangular table in the meeting room. They were in-
structed to remain neutral, neither explicitly distracted nor supportive. The
virtual environments and virtual agents were created by the SIG AR/VR Lab
at HEC Liege using Unity platform. In the virtual audience condition, eight
virtual agents (four women and four men) were seated around a rectangular
table, with the participant standing in front of a screen displaying slides and
a timer. A projection screen behind the participant also showed the slides.
Virtual agents’ posture, facial expressions, and head movements were cali-
brated to express medium levels of valence and arousal, ensuring a realistic
but neutral audience. The perception of these non-verbal behaviours was
validated in Chapter III.

In the AMU corpus, participants were asked to deliver their speech
under six different conditions. The virtual room was developed by the
Centre de Réalité Virtuelle de ln Méditerranée (CRVM) using Unity platform,
featured four agents arranged in a half-circle, varying in gender composition
(all-male, all-female, or mixed-gender) and social attitude (positive versus
negative, according to [276]) (see Figure 7.2).

a. All-male audience b. All-female audience c. Mixed audience

Figure 7.2: Different conditions for the AMU Corpus

7.2.2 Public Speaking Tasks

The design of PS tasks in both corpora aimed to ensure ecological
validity while controlling for task complexity and content familiarity. This
approach ensures methodological consistency and aligns with recommenda-
tions to minimise cognitive overload [129].

In the ULiége corpus, each condition featured a different theme related
to sports, ecology, or university cultural organisations, ensuring minimal
prior knowledge differences among participants. Before their speech, par-
ticipants had 10 minutes to prepare using a provided set of slides and a
one-page informative text. They were instructed to deliver a five-minute
presentation.

In the AMU corpus, for each condition, participants were assigned one
of several presentation topics, including introducing themselves, describing
a city, recounting the story of a film or book, discussing a life project, talking
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about their passions, or narrating a typical day. These topics were designed
to be accessible and engaging while allowing for variation in speech content.
Participants had to prepare in advance notes to assist them and were also
given 10 minutes of preparation.

7.2.3 Measures

The selection of subjective and objective measures in both corpora was
driven by the need to capture a holistic view of PS performance and anxiety.
Subjective measures offered valuable insights into personal experiences
and perceptions, while objective measures provided robust, quantifiable
data, ensuring a comprehensive and balanced understanding of the findings.
This combination aligns with established methodologies for measuring PS
anxiety and performance in immersive environments [28, 33].

Subjective Measures

In the ULiege corpus, subjective measures were collected to assess
the impact of real and virtual audiences on PS performance. Participants
provided self-reported anxiety ratings using the Subjective Units of Distress
Scale (SUDS [28]) at multiple time points: before the task, immediately
after, and as a retrospective evaluation of anxiety during the task. Anxiety
was further assessed using the Liebowitz Social Anxiety Scale - Self Report
(LSAS-SR [157]), the State-Trait Anxiety Inventory — Trait subscale (STAI-T
[131]) and the Personal Report of Confidence as a Speaker (PRCS [138]). Ad-
ditionally, the Voice Handicap Index (VHI [383]) was used to screen for voice
disorders, while speech fluency was assessed using the Stuttering Severity
Instrument - 4 (SSI-4 Riley, 2009). To evaluate immersive tendencies and the
sense of presence in VR, participants completed the French version [314] of
the Immersive Tendencies Questionnaire (ITQ [381]) before immersion and
the ITC-Sense of Presence Inventory (ITC-SOPI [217]) afterwards.

Similarly, in the AMU corpus, subjective measures were collected
throughout different stages of the experiment. Upon arrival, participants
completed the Personal Report of Public Speaking Anxiety (PRPSA [252]) to
assess their PS-related anxiety, the Big Five Inventory (BFI [77]) to measure
personality traits. Before their PS task, participants rated their predisposi-
tion to feeling immersed in virtual environments using ITQ, then their ease
of PS using the PRCS, and the self-reported emotional states were tracked
using the Self-Assessment Manikin (SAM [41]), capturing dimensions of va-
lence, arousal, and dominance. After each presentation, they were asked to
evaluate their performance (for exact performance measurement details, see
Section 7.4), rate the audience attitude and then answer the PRCS and SAM
questionnaires again. After completing all the tasks, participants assessed
their sense of presence in the virtual environment using the Igroup Pres-
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ence Questionnaire (IPQ [334]) and their perceived social presence with the
Co-Presence Questionnaire [13]. Finally, an end-of-experience questionnaire
was administered to gather qualitative feedback on participants” perceptions
of the VR environment and their overall experience.

Objective Measures

The recording methodology for both corpora was carefully designed
to ensure high-quality data while maintaining consistency across conditions.
Both studies prioritised minimising external distractions and technical bi-
ases, aligning with best practices in VR research to enhance immersion and
reduce cybersickness [155, 117]. These protocols ensured reliable and valid
data collection across all experimental conditions.

In the ULiege corpus, physiological anxiety was tracked via HR
recorded every second using a Polar Verity Sense wrist-worn device [137],
with HR values analysed at different phases of the task to capture vari-
ations in physiological stress. Speech fluency was manually transcribed
and analysed using CLAN software [236], measuring the total percentage
of disfluencies and the percentage of filled pauses. Regarding speech pro-
duction, the Praat software and Python code were used to automatically
retrieved most important acoustic features decided by the Speech and Ther-
apy team. These included the fundamental frequency (F0) (mean, median,
inter-percentile range, inter-quartile range, standard deviation, minimum,
and maximum). Additional spectral characteristics were assessed, including
the cepstral peak prominence, centre of gravity, spectral slope, and alpha
ratio. Voice quality parameters, such as the L0/L1 ratio, noise-to-harmonics
ratio, and harmonics-to-noise ratio were also examined. Furthermore, tem-
poral aspects of speech were analysed by measuring silent pause count, total
silent duration, and the number of pauses per minute.

In the AMU corpus, objective measures were collected to assess speech,
physiological, and behavioural responses during PS in VR. Physiological
data were obtained using electrodes and AcqKnowledge software to capture
variations in stress responses. Automatic speech-to-text transcription was
performed using Whisper, based on pause detection, to facilitate further
linguistic analysis. Then verbal, para-verbal, and non-verbal features were
extracted through automated scripts developed specifically for this dataset.
These scripts, based on the framework outlined in Chapter V, enabled
precise analysis of multimodal behavioural indicators. The combination
of physiological recordings and automated feature extraction allows for a
detailed evaluation of speaker performance in different virtual audience
conditions.

In this research, my specific contribution centred on enhancing the
transcription process and the automatic extraction of verbal features. By
designing and implementing customised Python scripts, I streamlined the
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integration of multiple software outputs into a unified processing pipeline.
This approach significantly reduced the time and complexity typically asso-
ciated with managing diverse tools for speech analysis. The development of
these scripts required a deep understanding of various software systems,
allowing for efficient and accurate extraction of key verbal features. This not
only facilitated a more consistent and reliable analysis but also contributed
to the overall methodological robustness of the study.

7.24 Recordings

For the ULiege corpus, each of the two recording sessions, lasting
1.5 hours, took place in a dedicated 10 x 8 m quiet room. In the real audi-
ence condition, participants stood in front of a rectangular table, with the
audience seated at a distance of 2 meters. The VR setup featured an HTC
Vive Pro Eye Office which was connected to high-performance workstation,
providing real-time rendering and low-latency tracking. Two HTC Vive
Pro controllers were used for interaction, while external SteamVR 2.0 base
stations ensured precise spatial tracking. The researcher monitored the
participant’s perspective on an external screen. To maintain consistency
between conditions, the real meeting room served as the reference for de-
signing the virtual environment. No auditory stimuli were incorporated
into the VR simulations.

For the AMU corpus, recording sessions lasted approximately two
hours, during which participants delivered their presentations sequentially
within a controlled virtual environment. The setup used a Meta Quest
Pro head-mounted display connected to a high-performance workstation,
providing real-time rendering and low-latency tracking. The virtual envi-
ronment was developed under Unity. The room was arranged to minimise
external distractions, ensuring a controlled experimental setting. Similarly,
no auditory stimuli were included in the virtual simulation.

7.2.5 Procedure

The procedures for both corpora were carefully structured to control
for confounding variables, such as order effects (a common experimental
bias) and adaptation to VR, as unfamiliarity with VR interfaces can increase
cognitive load and impact performance [129, 241]. Both studies used coun-
terbalancing to mitigate sequence effects and included calibration phases to
ensure participants” comfort within the VR environment. Pre- and post-task
measures were applied to track anxiety and presence. By adhering to these
standardised procedures, the studies ensured consistent data collection
and minimised variability arising from procedural differences, reflecting
methodological rigour consistent with previous VR research.
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In the ULiege corpus, the experiment was conducted over two ses-
sions scheduled 1 to 14 days apart. One session was dedicated to the real
meeting room condition, where participants delivered their speech in front
of a live audience, while the other session focused on the VR conditions,
where they spoke in a virtual meeting room with either a virtual audience or
no audience. The order of exposure was counterbalanced across participants
to control for sequence effects. Upon arrival at their first session, participants
provided demographic information and completed initial assessments. Each
PS task was preceded by a preparation phase, where participants were given
a topic and supporting materials. They then delivered their speech while
physiological and behavioural data were recorded. In the VR sessions, partic-
ipants first underwent headset calibration and a brief acclimatisation period
prior to immersion. After completing each speech, participants provided
self-reported measures and answered questionnaires. The sessions took
place in a controlled, quiet environment to minimise external distractions.
Figure 7.3 describes the procedure for ULiege.
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Figure 7.3: ULiége Procedure

In the AMU corpus, the experiment was conducted in a single two-
hour session, where participants successively delivered the six presentations
in a VR environment. After providing demographic information, partic-
ipants completed preliminary assessments before beginning the PS tasks.
Each participant was immersed in a VR setting where they performed their
speech in front of a virtual audience varying in gender composition and
social attitude. The sequence of audience conditions was randomised to
avoid order effects. The VR headset was calibrated before immersion, and
participants were monitored for potential cybersickness symptoms. Dur-
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ing each speech, physiological and behavioural data were recorded while
the researcher observed the participant’s perspective on an external screen.
After each presentations, participants provided post-task self-reports and
quantitative questionnaires on their experience. Finally, they answer two
presence questionnaires. Figure 7.4 describes the process for AMU.
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Figure 7.4: AMU Procedure

7.3 Participants

To ensure adequate statistical power and the reliability of findings, a
sample size of 60 participants was determined to be sufficient for both stud-
ies. This number was selected based on standard practices in behavioural
research, allowing for robust comparisons and meaningful statistical analy-
ses across experimental conditions.

The sample for the ULiege corpus included university students (34
females and 26 males) with a mean age of 21.03 years (SD = 6.4). Inclu-
sion criteria required participants to be native French speakers and first-
or second-year university students. Recruiting native speakers ensured
that variations in anxiety and oral communication (voice and speech) were
not influenced by language proficiency. Additionally, selecting newly en-
rolled students minimised variability in PS experience related to academic
exposure. As the study focused on non-pathological individuals, exclusion
criteria included self-reported voice, fluency, or hearing disorders at the
time of the experiment. The absence of voice and fluency disorders was
further verified through specific screening tasks.

For the Aix-Marseille University corpus, participants were recruited
based on similar criteria, with an additional selection criterion related to
anxiety levels (having a PRPSA score below 120, consistent with [252]’s
norms and prior research [110]). Participants were required to be within the
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target age range and have no professional training in PS to ensure a natural
variation in speech fluency and anxiety responses. The sample consisted of
27 females, 30 males, and 3 individuals who preferred not to disclose their
gender, with a mean age of 31 years (SD = 13).

In total, the ULiége corpus comprises 180 PS recordings, each lasting
five minutes, while the AMU corpus consists of 360 presentations (60 partic-
ipants delivering six speeches each), with a duration of three minutes per
speech.

7.4 Performance Evaluations

Performance evaluation combined subjective self-assessments and /or
external perceptive judgments to ensure robust and balanced insights. Both
corpora included a subset of recordings reviewed for inter-annotator re-
liability. This dual approach is supported by research that advocates for
diverse rater perspectives to ensure comprehensive and unbiased perfor-
mance evaluations [273, 384]. The integration of structured rating criteria
and qualitative feedback ensures a deeper understanding of PS effectiveness
across different conditions.

In the ULiege corpus, each speech recording was evaluated by four
independent judges: two PS experts and two Speech Therapy experts raters
with no specific expertise in PS. This approach ensures a balanced assess-
ment, incorporating both expert-level evaluation and general audience
perception. In addition to providing ratings on a 5-point Likert scale, the
experts answered specific questions about key voice and speech param-
eters (simplified for accessibility) to establish a connection between their
subjective assessments.

In the AMU corpus, self-assessment was conducted using a 7-point
Likert scale, allowing participants to rate their perceived effectiveness. Then,
speeches will be evaluated by one PS expert, with 20% of the recordings ad-
ditionally assigned to a second expert to measure inter-annotator agreement.
While expert evaluations remain subjective, they offer a more informed and
consistent assessment than self-evaluations. These external evaluations will
enhance the analysis of speech quality and effectiveness by providing a
more reliable reference point for performance measurement.

7.5 Results

The ULiege corpus demonstrated that the virtual audience elicited
notable changes in anticipatory anxiety, voice (median fundamental fre-
quency), and speech (frequency of filled pauses) when compared to the
control condition without an audience. Additionally, participants reported
a strong sense of presence in the virtual environment, with minimal side

126



7.6. CONCLUSIONS

effects such as cybersickness, thereby supporting the acceptability and us-
ability of the VR setup for PS tasks. Furthermore, distinct VR immersion
profiles were identified among participants, suggesting variability in how
individuals experience and adapt to virtual environments.

For the AMU corpus, statistical analyses are still ongoing to assess
the specific effects of audience gender composition and social attitude (pos-
itive versus negative) on anxiety, voice, and speech parameters. These
analyses aim to provide deeper insights into how variations in virtual audi-
ence characteristics influence PS performance and participant experience in
immersive environments.

As the findings from both the ULiege and AMU corpora are part
of ongoing publications, detailed results and statistical analyses are not
presented in this chapter to avoid any conflict with future dissemination.

7.6 Conclusions

This chapter presented the development and structure of two corpora
designed to investigate PS in VR environments: the ULiege and AMU
corpora. These corpora contribute to advancing research on PS anxiety,
performance, and behavioural indicators within immersive contexts.

My contributions to these projects encompassed key aspects of the re-
search process, including supporting the design of the experimental method-
ology, assisting with the setup and execution of VR recordings, and con-
tributing to the statistical analysis. These contributions were integral to
ensuring methodological rigour and the reliable collection of data.

While this chapter does not detail specific results, the corpora provide
a valuable foundation for future research. They will be used to explore objec-
tive and subjective performance metrics, investigate individual differences
in VR immersion, and develop more adaptive and effective VR-based PST
interventions. As previously mentioned, detailed findings will be dissemi-
nated through forthcoming publications.

Overall, these corpora lay the groundwork for advancing research
on VR-based PS interventions by offering empirical data on behavioural,
verbal, and physiological responses, contributing to the development of
more effective and adaptive training environments.
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Chapter VIII

Public Speaking Performance
Prediction Using Machine
Learning

This chapter presents part of what I worked on during my research
stay at Aix-Marseille University. This work began in November 2024. The
co-authors are Marion Ristorcelli, Michaél Schyns, and Magalie Ochs. Specif-
ically, this chapter aims to predict the self-evaluation of participants per-
formances using the AMU corpus, presented in chapter VII, based on the
multimodal features presented in Chapter V. As this research is still ongoing,
the current analysis is limited to self-evaluations (excluding expert evalua-
tions) and focuses solely on one type of neural network, namely multi-layer
perceptron.

8.1 Introduction

VR environments offer immersive platforms for simulating PS scenar-
ios, making the evaluation and enhancement of presentation performance
a critical task. Accurately assessing presentation quality is challenging,
particularly when it involves capturing and interpreting subtle multimodal
cues, including vocal characteristics, non-verbal gestures, and behavioural
patterns [384, 20].

To address this, the chapter explores the application of multi-layer
perceptron (MLP), a type of Machine Learning (ML) model known for
effectively capturing complex, non-linear relationships within data. The
classification task focuses on predicting self-evaluation scores reported on
a 7-point Likert scale after each presentation based on the multimodal
features.

However, given the central goal of providing useful feedback to
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speakers, several labelling strategies were tested to improve learning per-
formance and interpretability. These include three-class groupings (e.g.,
low—neutral-high) and two-class groupings (e.g., bad vs. good).

8.2 Theoretical Background

8.2.1 Prediction

ML develops algorithms capable of learning patterns from data and
making predictions without being explicitly programmed for each specific
task. In the context of this chapter, the aim is to model complex relation-
ships between multimodal features (input) and the self-evaluated quality of
participant’s presentation (output).

This chapter focuses on supervised learning, a subset of ML where the
model is trained on a dataset containing input-output pairs. The goal is to
learn a function that can accurately predict the output for unseen inputs.
A classification model, also known as a classifier, aims to categorise inputs
into one of several predefined classes. In this study, the classes represent
levels of self-evaluation scores (grouped or not) provided by participants.

8.2.2 Multi-layer Perceptron

An artificial neural network is a computational model inspired by the
human brain’s network of neurons. It consists of layers of interconnected
neurons that process input data and generate an output.

At the most fundamental level, a single neuron takes multiple inputs,
each associated with a weight, and computes their weighted sum. This sum
is passed through an activation function, which determines whether the
neuron should be activated (see Figure 8.1). A commonly used activation
function is the sigmoid function. In the case of multi-class classification, the
softmax function is used instead to convert the outputs into a probability
distribution over multiple classes. This simple model can be extended
to networks with multiple layers, allowing the representation of complex
relationships in data.

A Multi-Layer Perceptron (MLP) extends this concept by introducing
multiple layers of neurons. An MLP consists of an input layer, one or
more hidden layers, and an output layer (see Figure 8.2). Each neuron
in a layer is connected to every neuron in the next layer, forming a fully
connected network. The neurons in each layer apply a weighted sum and
an activation function before passing their outputs to the next layer. This
architecture enables the network to model complex, non-linear relationships.
The intelligence of the MLP is thus encoded in its weights, which determine
how inputs influence the final prediction.
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Figure 8.1: A single neuron computing a weighted sum (z = I ; w; X; + b)
and applying an activation function to predict a single output neuron y.

Figure 8.2: Multi-Layer Perceptron architecture for classification, including
forward and backward propagation. The network consists of an input layer
with [ inputs, a hidden layer with | neurons, and an output layer with K
neurons. Each hidden neuron g; computes a weighted sum of the inputs
using weights vj;, and then applies an activation function, and outputs
yj- Then, each output neuron f; computes a weighted sum of the y; using
weights wy; and finally applies activation functions to compute the output
ok. During training, errors between predicted and target outputs propagate
backward through the network, and all weights v;; and wy; are adjusted to
minimise the classification loss.
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In classification tasks, the structure of the output layer depends on the
number of target classes. For binary classification, a single output neuron is
typically used, while for multi-class classification, the output layer contains
one neuron per class.

The effectiveness of an MLP depends not only on hyper-parameters
such as the number of hidden layers, neurons, and the choice of activation
functions, but also on the training process, which aims to minimise the
error between predicted and actual outputs. This is achieved by iteratively
adjusting the weights using backpropagation, an algorithm that computes
the gradient of the loss function with respect to each weight. The model
continuously refines its parameters until the loss converges to an optimal
value.

To achieve optimal performance, an MLP relies on several key hyper-
parameters that influence its learning capacity and efficiency. One of the
most critical parameters is the learning rate, which controls how much the
model adjusts its weights during training. A learning rate that is too high
may prevent convergence, while one that is too low can lead to slow learning.
The batch size also plays a significant role, determining how many samples
are processed before updating the weights. Training is typically performed
in mini-batches, striking a balance between computational efficiency and
convergence stability. The number of epochs, i.e., the complete passes
through the dataset, must be carefully chosen to avoid both underfitting
and overfitting. Another essential hyper-parameter is the optimiser, which
determines how the model updates its weights. For example, Adam is a
widely used optimiser that combines adaptive learning rates with estimates
of first and second moments of the gradients, allowing for faster and more
stable convergence during training. The activation functions applied in
hidden and output layers, further influence how the network learns complex
patterns.

8.2.3 Cross-Validation

The training and validation procedure is essential to ensure that the
model learns meaningful patterns while maintaining generalisability to un-
seen data. During training, the model iteratively updates its weights based
on a training dataset by minimising the difference between predicted and
actual outputs. This optimisation process enables the model to progressively
refine its internal parameters. Validation is used to assess performance on a
separate dataset, helping to detect overfitting, where the model performs
well on training data but generalises poorly to new data. By evaluating the
model on a validation set, adjustments can be made to hyper-parameters
and the overall architecture to improve predictive capability.

To address the small dataset size, Leave-One-Out Cross-Validation
(LOOCYV) was used to evaluate model performance. This approach max-
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imises data usage but is computationally demanding (see Figure 8.3 for full
description).
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Figure 8.3: Leave-One-Out Cross-Validation process. Each iteration selects
a single sample as the validation set (highlighted), while the remaining
samples are used for training. This process is repeated N times (N being the
total number of observations), ensuring that each sample is used once as
validation.

8.2.4 Model Evaluation

The performance of classification models is evaluated using standard
metrics, including the confusion matrix, accuracy, precision, recall, and
Fl-score.

In K-class classification problem, the confusion matrix is a K x K table.
Each entry (i,j) represents the number of instances whose true label is
class i but were predicted as class j. The diagonal elements correspond
to correct predictions (true positives for each class), while off-diagonal
elements indicate misclassifications. Accuracy measures the proportion of
correct predictions, precision reflects the proportion of true positives among
all predicted positives, and recall indicates the proportion of true positives
among all actual positives. The F1-score, the harmonic mean of precision
and recall, balances the two. In the case of imbalanced datasets, macro and
weighted averages are often used: the macro average gives equal weight to
each class, while the weighted average accounts for class frequency.

8.3 Data

8.3.1 Description of the Dataset

The data used in this study is sourced from the AMU corpus (see
Chapter VII), comprising multimodal features (verbal and non-verbal) fully
described in Chapter V. Specifically, the features used in this study include
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verbal features, with acoustic cues such as pitch (mean and variation), loud-
ness (mean and variation), rate of loudness peaks, silent pause count (distin-
guishing small, medium, and long pauses), total duration of silent pauses,
and speech rate. Linguistic features and complementary metrics, include
the percentage of words related to analytical thinking, clout, authenticity,
emotional tone, anxiety, swear words, netspeak, assent, non-fluencies, fillers,
and overall disfluencies count. Non-verbal features include gaze-related
metrics (such as the score of characters viewed, gaze fixation time, gaze
duration by audience member, hesitation time, and gaze direction entropy),
body posture and movement features (including horizontal displacement
amplitude, distance covered, and movement entropy), gesture-related met-
rics (such as the frequency and duration of palm-up, palm-down, neutral,
open, and closed hand positions, hand detection rate, posture openness, and
entropy of hand openness and direction), and facial expression features (in-
cluding the frequency of positive and negative expressions and the entropy
of blend-shapes).

The self-evaluation scores, provided by participants after their pre-
sentations, serve as the target variable for prediction. Figure 8.4a shows
the distribution of scores across the 7-point Likert scale. In order to pro-
vide more interpretable and meaningful feedback to the speaker, grouping
strategies are explored. Three-class strategies aim to preserve distinctions
between weak, average, and strong performances: one uses the midpoint
of the scale (1-3 as low, 4 as neutral, 5-7 as high), and the other follows
thresholds used in prior work (1-2 as low, 3-5 as moderate, 6-7 as high) [60,
283]. In addition, two binary grouping strategies were tested: one grouping
1-4 as low and 5-7 as high, and the other considering 1-3 as low and 4-7
as high. These configurations allow for different levels of granularity in
feedback, depending on whether the goal is to distinguish finer differences
or provide broader, actionable guidance. Figures 8.4b to 8.4d show the
distributions of these different groupings.

8.3.2 Data Segmentation

The dataset originally comprised 360 full-length presentation record-
ings. To increase data volume and capture temporal dynamics, each pre-
sentation was segmented into three equal parts (beginning T;, middle T,
and end T3) following [30], resulting in 1,080 segments. This approach
enables finer-grained analysis of performance over time and aligns with
socio-cognitive theories such as the primacy and recency effects, which sug-
gest that the beginning and end of a presentation may disproportionately
influence audience perception [30]. All features were recomputed separately
for each segment to capture these temporal variations in behaviour and
delivery.
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8.3.3 Dataset Preparation

A fundamental step in any data-driven study is ensuring that the
dataset is clean, consistent, and properly formatted before analysis. The
quality of the data directly impacts the validity of the results, making data
cleaning and preprocessing essential in avoiding misleading interpretations.
Preparing the data involves handling missing values, ensuring uniform
feature representation, and applying transformations to standardise the
input variables.

Handling missing values is particularly crucial to preserve the in-
tegrity of the dataset while maintaining as much information as possible. In
this study, feature extraction follows predefined criteria based on Chapter
V, allowing for the computation of relevant features. However, due to the
nature of the task, certain missing values arise that require careful handling.
Missing values may result from technical issues during recording. When a
specific feature is partially missing but available in other segments for the
same subject and condition, the missing value is imputed using the mean
of that feature within the corresponding subject-condition combination. In
cases where no data is available for a specific condition, the mean is instead
computed using observations from other conditions of the same subject.
This approach ensures that missing values are filled in a way that main-
tains individual consistency while leveraging existing data to approximate
missing information. Another case of missing data occurs when features
are inherently undefined due to the experimental setup. For instance, the
duration of gaze towards female members is undefined when the audience
consists solely of male participants (see Chapter VII). This situation is differ-
ent from a case where female members were present but not looked at. To
address this, such undefined values are assigned a value of —1 to maintain
consistency in feature representation.

Beyond handling missing data, standardisation and normalisation are
critical steps in ensuring that features are on a comparable scale. Differences
in magnitude across variables can introduce biases in machine learning
models, where features with larger values may dominate those with sma-
ller values. To prevent this, all variables are standardised per participant,
ensuring that internal variations do not introduce unintended differences
between subjects. This step is particularly important for studies involving
human performance, where individual baselines can vary significantly.

The choices made in this preprocessing stage, from handling missing
values to applying standardisation, have a direct impact on the downstream
analysis. Any inconsistency or bias introduced at this step can propagate
through the modelling process, influencing both the interpretability and the
performance of predictive models. Ensuring a robust data preparation is
therefore essential in achieving reliable and meaningful results.
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8.3.4 Data Augmentation

The dataset presents class imbalance (see Figure 8.4), which can lead to
biased predictions favouring majority classes. To address this, the Synthetic
Minority Over-sampling Technique (SMOTE) was applied [58]. It generates
synthetic minority class samples by interpolating between similar observa-
tions [60]. SMOTE was applied to verbal and non-verbal features of each
training set to preserve the internal structure of each modality and avoid
unrealistic combinations. This approach was preferred over class weighting
or undersampling, as it better maintains multimodal diversity and supports
the model’s ability to capture nuanced behaviours in PS performances.

8.3.5 Model Configuration

To ensure transparency and reproducibility, Table 8.1 summarises the
final configuration of the MLP model used throughout the experiments.

Parameter Value / Description

Number of hidden layers | 2

Neurons per layer 16

Activation function ReLU

Output layer activation Softmax (multi-class) / Sigmoid (binary)

Loss function Categorical Cross-Entropy / Binary Cross-Entropy
Optimizer Adam

Learning rate 5.75 x 1074

Batch size 16

Epochs 300

Table 8.1: Final MLP model configuration

8.3.6 Finetuning

Hyper-parameter tuning was performed using Optuna [2] on the
seven-class classification task to optimise model performance. The search
covered the number of hidden layers (1 or 2), neurons per layer (8 or 16),
learning rate (13’5 to 16’3), batch size (16, 32, or 64), and number of epochs
(100 to 300). The final configuration, selected after 100 trials, used 2 hidden
layers with 16 neurons each, a learning rate of 5.75 x 10~%, batch size of
16, and 300 epochs. These hyper-parameters were then fixed for all label
groupings to ensure comparability.

8.4 Results

All results presented in this section are based on the MLP model
configuration described in Sections 8.2.2 and 8.3.6. Due to the limited size
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of the dataset, performance was evaluated using LOOCYV, and reported
metrics represent the mean across all iterations. This approach maximises
data usage and provides an almost unbiased estimate of generalisation
performance [57, 232]. Thus, the class distributions used for comparison
correspond to those shown in the distribution figures.

8.4.1 Performance with Seven Classes

The results of the MLP model on seven classes (see Figure 8.5) show
limited performance on the seven-class classification task. Accuracy reached
21.6%, which is above the random baseline of 14.3% but still below the naive
strategy of always predicting the most frequent class (28.7%, see Figure
8.4a). The weighted Fl-score was 21.8%. Class 6 achieved the highest recall
(29.4%), while classes 1, 2, and 7 were classified worse than random, with
recall scores below the random baseline. The confusion matrix revealed
frequent misclassification between adjacent classes from classes 3 to 6. These
results highlight the difficulty of generalising in a seven-class setting and
support the use of alternative groupings to improve prediction reliability
and feedback relevance.

8.4.2 Performance with Grouped Classes

In this section, the results of the MLP model are presented, now
focusing on a grouping strategy with fewer classes.

Grouping in Three Classes

Figures 8.6 and 8.7 show the results for the 3-class groupings. The
123-4-567 strategy yielded 38.7% accuracy, which is above the random
baseline of 33.33% but substantially below the naive strategy of always
predicting the most frequent class (57.5%, see Figure 8.4b) and a weighted
F1-score of 41.1%. Class 123 was the easiest to identify (recall: 43.3%), while
class 4 was the most difficult (recall: 34.7%, score just above the random
baseline), frequently misclassified into adjacent groups.

The 12-345-67 grouping achieved better results, with 48% accuracy
(which is, once again, above the random baseline of 33.33% but substantially
below the naive strategy of always predicting the most frequent class (62.1%,
see Figure 8.4c) and a score of 49% for weighted F1-score. Class 345 showed
the highest recall (51%). Classes 12 and 567 were often misclassified as 345.
These results suggest that broader groupings improve classification, though
distinguishing between low and high performance levels, especially relative
to the neutral class, remains challenging. This difficulty is likely due to
overlapping features and subjective self-evaluations, and since the second
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class was dominant in this grouping (see Figure 8.4c), SMOTE may have
had limited impact on improving performance.

Grouping in Two Classes

Figures 8.9 and 8.8 present the results for the two binary groupings.

The 1234-567 strategy achieved 53.4% accuracy, which is above the
random baseline of 50% but slightly below the naive strategy of always
predicting the most frequent class (57.5%, see Figure 8.4d). The weighted
Fl-score is similar, since this grouping was quite balanced. This grouping
allows the model to identify the lower class 1234 relatively well, but per-
forms close to random for the higher class 567, which is not even predicted
correctly in most cases.

Using 1234567 strategy achieved 56.9% accuracy, which is above the
random baseline of 50% but substantially below the naive strategy of always
predicting the most frequent class (77.9%, see Figure 8.4e). The weighted
F1-score is 57.1%. This grouping allows the model to identify the lower class
123 relatively well, and the model manages to distinguish the higher class
4567, correctly predicting it 54% of the time.

8.4.3 Segmentation

This section evaluates the MLP model on different segments of the
presentations—overall (full 3 minutes), T; (first minute), T, (second minute),
and T3 (third minute)—using binary classification with the 123-4567 group-
ing, which showed the best performance (see Figure 8.9). Unlike previous
analyses based on 1,080 segments, this comparison uses 360 full presenta-
tions, analysing each time interval independently.

The classification performance without segmentation, using the entire
3-minute presentations, achieved an accuracy of 56%, with a similar F1-
score. The results align with results using segmentation (see Figure 8.10a)
and suggests a reasonable ability to distinguish between the two groups
when considering the full presentation.

Figures 8.11, 8.12, and 8.13 present results obtained using only seg-
ments T1, T, and T3 respectively.

The first minute (T7) achieved the highest accuracy (58.6%) and has
a similar confusion matrix than when using the whole presentation (see
Figure 8.10b). Accuracy dropped in T (52.3%) and further in Tz (50.3%),
indicating increasing difficulty in distinguishing performance levels as the
presentation progresses (see Figures 8.12 and 8.13).
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8.4.4 Expert Evaluations

Until now, the model has aimed to predict participants’ self-evaluation
scores, introducing two levels of approximation: one from the model itself,
and another from the variability and subjectivity inherent in self-assessment.
The latter (stemming from participants’ personal biases) can be mitigated by
relying on external expert ratings, which provide a more consistent and stan-
dardised reference across participants. Thus, this section briefly explores
the impact of using expert evaluations for 7-class classification. While the
distribution (Figure 8.14) resembles that of self-evaluations (Figure 8.4a), in-
dividual ratings often differ, highlighting the added value of more objective
assessments.

Figure 8.15 shows the 7-class model results using expert evaluations.
Overall performance remains similar to self-evaluations, with nearly identi-
cal macro F1-scores (16.0%, and 16.1%). However, class 1 recall improves
markedly to 44.4%, suggesting that the identified multimodal cues are better
able to predict expert low ratings than low self-assessments. While this high-
lights the potential of expert-driven labels for more reliable classification,
further analysis is beyond the scope of this chapter.

8.5 Discussion

This study examined the impact of class grouping strategies on model
performance, highlighting the trade-offs between classification accuracy
and feedback granularity in VR PST. The results confirm that simpler class
structures improve classification accuracy but at the cost of reduced inter-
pretability. Reducing intra-class variance helped the model generalise better,
as reflected in lower misclassification rates within the confusion matrices of
grouping strategies. Depending on the intended goal, among the three-level
grouping strategies presented in this chapter, the approach proposed by [60,
283], i.e., 12-345-67 grouping, appears to be the most suitable choice at this
stage. For binary classification, using the preliminary results of this chapter,
the neutral score should be considered a high performance rather than a
low one, leading to the selection of the 123-4567 grouping.

However, broader groupings introduced bias by merging distinct
performance levels, potentially masking subtle differences in PS skills. The
difficulty in classifying intermediate categories, suggests that the features
extracted for these performance levels were not sufficiently distinct. This
challenge may be due to overlap in verbal and non-verbal characteristics
or subjective variability in self-assessment, both of which contribute to
ambiguity in classification.

Another important consideration is the impact of timing segmentation
on classification. Segmenting the presentation into temporal phases allows
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for finer-grained analysis and may uncover when specific behaviours are
most predictive of performance. Preliminary results suggest that early
segments are more strongly correlated with self-evaluation scores, indicating
a possible primacy effect. However, additional testing, particularly with
expert ratings, is needed to validate this finding or to corroborate [30]’s
findings.

The choice of an MLP architecture enabled the model to capture com-
plex relationships between multimodal features. However, its performance
was constrained by the complexity of multimodal feature interactions and
the inherent variability introduced by subjective self-evaluations. It was
intentionally chosen for its simplicity, to demonstrate that the data, prepro-
cessing, and modelling pipeline were ready and functional for predicting
performance scores based on the multimodal features identified. Hyper-
parameter tuning using Optuna improved model generalisation by selecting
optimal configurations for learning rate, network depth, and regularisation.
Despite these improvements, the results indicate that more advanced archi-
tectures, such as Recurrent Neural Networks (specifically Long Short-Term
Memory or Gated Recurrent Unit models) or Transformer based approaches,
may be better suited for capturing long-range dependencies and subtle
variations in multimodal PS data.

While the current experiments establish the foundation for automated
performance prediction using multimodal features, they represent an initial
step. Further experiments are needed to systematically evaluate the im-
pact of alternative model architectures, input representations, and training
strategies. This includes testing different neural network depths, activa-
tion functions, and optimisers, as well as exploring feature selection or
dimensionality reduction methods. Such investigations would help refine
the modelling approach and identify configurations that better capture the
complexity of public speaking behaviour.

Data augmentation and SMOTE were applied to mitigate class imbal-
ance, improving data diversity and model robustness. However, SMOTE
may not have fully captured the complexity of multimodal features, particu-
larly for speech and behavioural patterns in PS. While generating synthetic
samples helped balance class distributions, it did not entirely resolve the
difficulty in classifying under-represented or intermediate classes. This sug-
gests that augmentation techniques need to be refined to better reflect the
temporal and expressive variations inherent in PS performances. Further
work could explore alternative strategies such as few-shot learning [376]
or Generative Adversarial Network (GAN)-based [192] data generation to
better address the natural imbalance in performance classes.

Additionally, the absence of feature attribution analysis means that
it is unclear which specific verbal or non-verbal cues most influenced the
model’s decisions. Once the model achieves sufficient performance, a deeper
interpretability analysis using SHAPLEY values [231] could provide insights
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into the importance of different multimodal features in classification deci-
sions.

In addition, future work should consider setting aside a small test set
for model selection or fine-tuning. While LOOCYV offers an almost unbiased
estimate of generalisation, it may exhibit higher variance compared to other
cross-validation methods, such as k-fold cross-validation [154]. Using a
dedicated test set would help avoid overfitting during hyper-parameter
optimisation and ensure better assessment of model performance when
comparing different architectures or preprocessing strategies.

Furthermore, the large number of extracted features may introduce
redundancy and noise, potentially hindering the model’s ability to focus
on the most relevant predictors. Another important consideration is the
potential benefit of selecting only participants with high variability in pre-
sentation scores for training, as they may exhibit specific patterns that are
not captured in participants with less variation.

Future research should aim to enhance data reliability by incorporat-
ing objective performance measures, such as expert evaluations, in addition
to self-assessments. Expanding the dataset to include more diverse and
representative samples (self-assessments or expert ratings), especially from
under-represented classes, will also be crucial for improving model general-
isability and robustness.

From an applied standpoint, the preliminary results suggest that bi-
nary and three-class classifications have the potential to provide consistent
and interpretable feedback within VR-based training system , but these
findings are based on limited data and exploratory analyses and require fur-
ther validation to confirm their reliability and effectiveness across broader
contexts. Anyway, this broader categorisation comes at the cost of reduced
granularity, limiting the ability to capture specific strengths and weaknesses.
To address this, future VR training tools should strive for a balance betw-
een classification accuracy and detailed, personalised feedback—ideally
by combining automated predictions with expert input to deliver a more
comprehensive and actionable evaluation of public speaking performance.
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Class Precision Recall F1-Score
1 0.000 0.000 0.000
2 0.083 0.097 0.090
3 0.196 0.274 0.228
4 0.185 0.239 0.209
5 0.298 0.177 0.222
6 0.302 0.294 0.298
7 0.079 0.067 0.072
Accuracy - - 0.216
Macro Average 0.163 0.164 0.160
Weighted Average 0.232 0.216 0.218
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Figure 8.5: Overall results with 7 classes

Class Precision Recall F1-Score
123 0.324 0.433 0.370
4 0.192 0.347 0.247
567 0.659 0.383 0.485
Accuracy - - 0.387
Macro Average 0.391 0.388 0.367
Weighted Average 0.489 0.387 0.411

a. Metrics summary
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b. Confusion matrix
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Figure 8.6: Overall results with 3 classes
Grouping 123-4-567

Class Precision Recall F1-Score
12 0.183 0.208 0.195
345 0.637 0.511 0.567
67 0.361 0.500 0.420
Accuracy - - 0.48
Macro Average 0.394 0.406 0.394
Weighted Average 0.516 0.480 0.490

a. Metrics summary
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Figure 8.7: Overall results with 3 classes
Grouping 12-345-67
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Class Precision Recall Fl-score
1234 0.463 0.599 0.523
567 0.621 0.487 0.546
Accuracy - - 0.534
Macro Average 0.542 0.543 0.534
Weighted Average 0.554 0.534 0.536

a. Metrics summary

Normalized Canfusion Matrix - Overall

Fredicted Labels

b. Confusion matrix

Figure 8.8: Overall results with 2 classes

Grouping 1234-567

Class Precision Recall F1-Score
123 0.495 0.610 0.546
4567 0.651 0.538 0.589
Accuracy - - 0.569
Macro Average 0.573 0.574 0.568
Weighted Average 0.585 0.569 0.571

a. Metrics summary

Normalized Canfusion Matrix - Overall

121 4547
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b. Confusion matrix

Figure 8.9: Overall results with 2 classes

Grouping 123-4567

Class Precision Recall F1-Score
123 0.486 0.588 0.532
4567 0.639 0.540 0.585
Accuracy - - 0.560
Macro Average 0.563 0.564 0.559
Weighted Average 0.574 0.560 0.563

a. Metrics summary
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Figure 8.10: Confusion matrix without segmentation

Grouping 1234-567
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Class Precision Recall F1-Score
123 0.511 0.615 0.558
4567 0.665 0.565 0.611
Accuracy 0.586

Macro Average

W

0.588 0.590 0.585
ighted Average 0.599 0.586 0.588

a. Metrics summary
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Figure 8.11: Overall Results with only T; segments

Grouping 1234-567

Class Precision Recall F1-Score
123 0.444 0.486 0.465
4567 0.591 0.550 0.570
Accuracy - - 0.523
Macro Average 0.518 0.518 0.517
Weighted Average 0.529 0.523 0.525

a. Metrics summary
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Figure 8.12: Overall Results with only T, segments

Grouping 1234-567

Class Precision Recall F1-Score
123 0.429 0.514 0.468
4567 0.579 0.495 0.534
Accuracy - - 0.503
Macro Average 0.504 0.504 0.501
Weighted Average 0.515 0.503 0.506

a. Metrics summary

True Lebeis

Normalized Confusion Matnx - Overall 10

b. Confusion matrix

Figure 8.13: Overall Results with only T3 segments

Grouping 1234-567

145



CHAPTER VIIL

PS PERFORMANCE PREDICTION USING ML

Pertaniape

8%

2B8%
2555
204%
- .
[
3%
. |

Figure 8.14: Distribution of expert performance scores

Class Precision Recall F1-Score
1 0.121 0.444 0.190
2 0.040 0.121 0.060
3 0.156 0.340 0.214
4 0.266 0.219 0.240
5 0.222 0.061 0.095
6 0.353 0.228 0.277
7 0.040 0.067 0.050
Accuracy - - 0.190
Macro Average 0.171 0.211 0.161
Weighted Average 0.239 0.190 0.189

a. Metrics summary

Figure 8.15: Overall results with 7 classes using expert evaluations
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Chapter IX

Conclusion

This thesis has explored the development of a VR-based PST system,
integrating machine learning and multimodal analytics to provide struc-
tured, data-driven feedback for speakers. Over six years, this tool has been
developed from scratch, refining its capabilities to assess and enhance PS
skills effectively. This research was guided by five core questions, each of
which has been addressed across different chapters of this thesis.

First, the perception of virtual agents” behaviours and their impact on
VR-based users was investigated through a systematic literature review and
an empirical study on agent’s perception in VR. This research highlighted
the importance of non-verbal cues in shaping user experience and engage-
ment. Second, the comparison of VR training with traditional methods
(e.g., simulations in a regular classroom, or online mock trials via video-
conferencing) was explored in the context of legal education, where results
demonstrated that VR-based training provides a more immersive and struc-
tured learning experience, improving both engagement and knowledge
retention. Third, the identification of key verbal and non-verbal indicators
of effective PS was examined through multimodal analysis, emphasising the
role of vocal, gestural, and facial dynamics. Fourth, the question of whether
emotions can be accurately detected based solely on speech was addressed
through the EVE perceptive study, suggesting that acoustic parameters only
is a promising approach to recognise speaker’s emotions, though further
validation, such as using ML to predict emotions from the EVE audio cor-
pus, is needed to confirm its robustness. Finally, the potential of machine
learning and multimodal analytics for assessing and improving PS skills
was examined through the development of performance prediction models,
demonstrating preliminary directions for automated speaker evaluation and
feedback.

The contributions of this work extend beyond empirical findings. The
literature review has consolidated knowledge from human-computer inter-
action, PS pedagogy, and affective computing, providing a robust theoretical
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foundation for VR-based training research. The development of the EVE
corpus has contributed to emotional speech recognition, while the creation
of a PS corpus has enabled data-driven analysis of performance assessment
in VR. These corpora provide essential datasets for further advancements in
speech analytics and interactive training systems.

Beyond its technical contributions, this research also addresses key
challenges in management and business education, where data-driven
decision-making and soft skills development are increasingly interlinked.
As organisations turn to immersive technologies and learning analytics to
train future professionals, this work illustrates how VR, combined with
machine learning and multimodal analysis, can enhance communication
skills in a measurable, scalable, and ethical way. It aligns with the growing
trend in management science to integrate behavioural insights, digital tools,
and interpretable Al systems to improve human performance and support
evidence-based training strategies.

As part of this research, several VR environments were designed and
implemented to support PST. These environments, depicted in the figure
below (see Figure 9.1), include realistic settings such as a meeting room, an
auditorium, a courtroom, a classroom, a boardroom, and an office.

As part of this thesis, three VR environments were developed in col-
laboration with other research groups to support specific research goals: the
office environment (see Chapter III), the virtual courtroom (see Chapter IV),
and the meeting room used in the ULiége corpus (see Chapter VII). Beyond
the scope of this thesis, the AR/VR SIG lab was subsequently approached
to design additional environments (see Figure 9.1) for other collaborative
projects. This includes the boardroom to train manager, the classroom,
created in partnership with the Faculty of Education, and the auditorium,
developed for the Faculty of Political Sciences. All of them that are now
part of another doctoral thesis. These ongoing developments reflect the
broader applicability of VR for public speaking training across varied aca-
demic contexts. Each environment was developed to provide immersive
and contextually relevant training experiences tailored to a range of pro-
fessional and academic speaking scenarios. Moreover, these environments
were refined and enhanced based on insights gained from the findings pre-
sented in this dissertation, ensuring their effectiveness in addressing key
aspects of PS performance. Specifically, all environments were equipped
with validated audience attitudes based on the findings from Chapter III,
as well as the integrated note-taking and replay functionalities described in
Chapter IV. The feedback modules were enriched to include the multimodal
cues identified in Chapter V. The AR/VR SIG lab is currently working on
integrating more advanced prediction models (both for performance and
emotion recognition) by deepening machine learning techniques primarily
in this thesis.

Despite its numerous advantages, the widespread adoption of ana-
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Office room Courtroom Meeting room

Figure 9.1: VR environment for Public Speaking Training

lytics and Al presents several challenges, including data privacy concerns
(e.g., protecting sensitive audio-visual and behavioural data collected dur-
ing training), algorithmic bias, and the need for transparency in decision-
making. The increasing reliance on automated systems necessitates rigorous
validation of machine learning models to ensure fairness and reliability,
particularly in high-impact applications like PST.

This research aligns with the principles outlined in the AI Act, which
emphasises transparency, fairness, and accountability in Al-driven systems
[237]. By integrating explainability into every analytical process, this study
ensures that users and practitioners can understand how performance evalu-
ations are generated, fostering trust in Al-assisted training. Furthermore, in-
sights from this dissertation have contributed to refining Al-driven feedback
systems, enhancing the interpretability and ethical application of automated
PS assessments.

Reflecting on six years of development, this project has grown from
an initial concept into a functional and promising VR-based training system.
The work has progressed from theoretical exploration to the implementation
and validation of multimodal analytics, culminating in a comprehensive
framework for PS assessment. The refinement of Al-driven models, the
creation of corpora, and the execution of user studies have shaped a tool that
that aims to provide meaningful feedback and support skill development in
an immersive and controlled environment.

As this research moves forward, the focus should be on enhancing
adaptive learning mechanisms, incorporating real-time physiological sig-
nals to deepen insights into speaker engagement, and expanding datasets to
ensure the system’s applicability across diverse speaking contexts. Another
critical challenge lies in simulating realistic audience reactions in VR, requir-
ing advanced Al models, robust datasets, and carefully designed virtual
agents that respond dynamically to speaker performance. Furthermore,
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ensuring that feedback remains both interpretable and actionable is also
crucial for user engagement and learning outcomes.

Additionally, bias in data presents a significant challenge [62]. Stereo-
types related to gender, culture, or professional hierarchies can shape both
Al-generated feedback and virtual audience reactions [364, 124], potentially
reinforcing societal inequalities [370]. This, in turn, can introduce further
bias into human interactions and the design of virtual agents, affecting the
authenticity and fairness of the training experience. To mitigate these biases,
it is essential to diversify training data, refine bias-detection mechanisms,
and continuously validate both AI models and virtual agent behaviours
against fairness benchmarks.

Beyond its academic scope, this thesis contributes to managerial
practice by illustrating how immersive technologies can support strate-
gic skills development in organisations. The proposed system addresses
real-world challenges such as scalable soft-skills training, standardised
performance evaluation, and data-informed coaching. By enabling struc-
tured, explainable, and ethical feedback, it provides a model for integrating
Al-driven tools into leadership development, employee assessment, and
communication-intensive roles, where effective speaking directly impacts
managerial decision-making and organisational success.

In conclusion, this thesis has demonstrated the potential of VR, Al, and
multimodal analytics to transform PST by offering structured and objective
feedback in a virtual setting. By embedding fairness-driven methodologies
into Al development, virtual agent design, and interaction modelling, this
research contributes to the creation of ethical and inclusive VR-based train-
ing systems. With further advancements, these systems will continue to
evolve, providing increasingly effective, fair, and interpretable solutions for
skill development in PS.
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