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“Letters are symbols. They are building blocks of words which
form our languages. Languages help us communicate. Even
with complicated languages used by intelligent people, misun-
derstanding is a common occurrence. We write things down
sometimes — letters, words — hoping they will serve us and
those with whom we wish to communicate. Letters and words,

calling out for understanding.”

Log Lady - Twin Peaks

Introduction

This thesis, titled ‘“Contribution to the Study of Factors Influencing the Sense of Em-
bodiment Towards Avatars in Virtual Reality”, presents research that aims to enhance the
experience of being embodied in an avatar in virtual reality by better understanding how users

perceive their avatar through their sense of embodiment.

1.1 Did you say “avatars”?

I like to use the phrase “happiness only real when shared” from the American hiker Christo-
pher McCandless, to justify that one of my greatest pleasures in doing research comes from
being able to share it with others. Yet, talking about one’s own research to a wider audience
is challenging in that one must tailor one’s explanation to a specific public whom knowledge
regarding the research topic can vary and who may even already have misconceptions about it.
For instance, something that I got to notice throughout the three years of my PhD, is that when
mentioning my thesis topic, “avatars”, I would often face people repeating the word slowly:
“avatar...”, trying to figure out what that word evoked in their mind. Most of the time, people

have a very different image of avatars: “my profile picture on facebook*, “my character when
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I play video games”, or even the technologically revolutionary movie from James Cameron !.

Overall, while an avatar always seems to be highly related to the self, it can be many different
things depending on the context, which is why it is important to define the frame of reference
within which we consider avatars: in this thesis, we are interested in avatars in the context of
Virtual Reality (VR).

Talking about VR also often triggers interesting reactions, as the association of the two words
“Virtual” and “Reality” tends to intrigue people. Yet, if they may first appear as oxymoron, their
definitions are not incompatible. Combined together, the two words refer to a distinct concept
whose definition remains under the influence of its novelty: in flux. In this manuscript, we refer
to the following definition of Arnaldi et al. [2003].

Virtual Reality

“Virtual Reality is a technical and scientific area making use of computer

science and behavioral interfaces in order to simulate the behavior of 3D
entities in a virtual world that interact in real time among themselves
and with the user in pseudo-natural immersion through sensory-motor
channels.” [Arnaldi et al. 2003]

Since the early years of VR, research has been conducted to create virtual content in which
users can experience a simulated and virtual world as if it were real. In order to provide such
an illusion, various visual, auditory or haptic stimuli are provided by the simulation in reponse
to users’ actions [Sherman and Craig 2003]. The congruence between all these stimuli and
users’ actions, also referred to as “sensorimotor contingencies” [Kaspar et al. 2014], strongly
characterizes the immersion experienced in VR. This is reflected for instance by changing the
visual display accordingly to user’s head movements [Slater 2009]. In addition, users’ level
of immersion also depends on the visual display systems used to provide the simulation, such
as projection-based systems (e.g. Cave Automatic Virtual Environment, better known by the
recursive acronym “CAVE”) and Head-Mounted Displays (HMDs) (see Figure 8.2). In the last
years, consumer-grade HMDs have become more and more available, leading to a wide spread
of VR applications developped for such equipment in which users can be immersed with a total
visual occlusion of the physical world. This particularity of HMDs to fully hide the physical
world provides the groundwork for this thesis: when users wear an HMD, they cannot see their

physical body anymore.

1. Cameron, James, et al. Avatar. 20th Century Fox, 2010.
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Figure 1.1 — Examples of the two main visual display systems to experience VR. Left: A user immersed in the
Cave Immersia in Rennes, France. Right: A man uses an HMD and joysticks at the MCR offices in Lille, France.
Philippe Huguen / AFP - Getty Images file

In the physical world, our body is a natural point of reference that enables us to situate
ourselves spatially in the surrounding environment. Yet when we are immersed in VR with
HMD-based systems, we lose the visual information of our physical body in the process. While
the sense of self-movement and body position, also known as proprioception, gives us cues
regarding the position of different parts of the body [Tuthill and Azim 2018], executing precise
interactions that involve the body remains challenging without visual feedback of the body. This
has taken on all the more importance due to VR’s objectives of providing realistic and effective
interactions with VEs. For this reason, questions related to the representation of users in the
Virtual Environment (VE) have become more and more important in the last years. This user’s

representation in the VE is commonly referred to as an “avatar”.

1.2 Avatars in Virtual Reality

While the term “Avatar” is also defined in numerous ways, we refer to the general definition
delivered by Sherman and Craig [2003]:

“A virtual object used to represent a participant or a physical object in a
virtual world; the (typically visual) representation may take any form.”
[Sherman and Craig 2003]
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Figure 1.2 — Examples of different avatar representations. Top, left: A cartoonish avatar in Ken Perlin’s Holojam
virtual reality system. Photography by Sebastian Herscher; Holojam Artwork by David Lobser. Top, center: A
cartoon Zuckerberg, with Facebook’s head of social virtual reality, Rachel Franklin, on a flooded street. Photography
by Facebook. Top, right: Puppet avatar from Roth et al. experiment [2016]. Bottom, left: Realistic avatar from the
beingavatar project, bottom, center: ObEN co-founder Adam Zheng and his photorealistic avatar. Bottom, right:
Full-body scanned avatar and face scanned from Latoschik et al.[2017].

This definition is particularly interesting as it combines two important points: first, an avatar
always represents a physical entity, either a person (most commonly) or an object. Therefore,
a virtual character controlled by an artificial intelligence cannot be defined as an avatar in the
context of this definition. Second, while recent research has led to the creation of high-quality
anthropomorphic avatars, it is important to keep in mind that an avatar can have any kind of
representation, from very abstract (e.g., geometric representation of some body parts) to very
realistic (e.g., full body represented with anthropomorphic details) (see Figure 8.3). In the scope
of this thesis, we focus on avatars in the context of immersive virtual reality using HMD-based
systems. In such a configuration, users can fully embody their avatar, control it with their own
movements and may experience it as if it were their own body. The process of being embodied
in an avatar can be represented by a perception-action loop (see Figure 8.4). Users embody a
virtual avatar through which they interact with the VE and its contents (i.e., virtual objects, other
users, ect.). They receive multisensory feedback from these interactions that contributes to their

experience of being embodied in the avatar.

The design of avatars must tailor to a number of technical and algorithmic constraints. For
instance, giving avatars a realistic appearance requires demanding 3D model reconstruction,

and giving users the possiblity of fluidly controlling their avatars with their own movements
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Figure 1.3 — Perception-Action loop involving avatars. Users from the physical world embody a virtual avatar that
represents them in the VE. Through this avatar, they interact with the VE (either with virtual objects, or other users
also represented by avatars). From this interaction, they receive feedback that they perceive and which contributes
towards building their cognitive and subjective experience.

requires high level motion capture capabilities. In addition, complex algorithmic development
is necessary to provide users with sensorimotor contingencies according to their interaction
with the VE through their avatar. Achieving a fully functional avatar is therefore challenging
because of technical limitations, but also because understanding the processes underlying the
perception of avatars is difficult. Indeed, for users to interact realistically with the VE through
their avatar, it is necessary that they “become one” with it, and feel that they own and can control
this virtual body. This experience of the virtual body is commonly characterised by the Sense of
Embodiment (SoE) [Kilteni, Groten, et al. 2012] and is widely studied in order to assess how

users perceive their avatar and to which degree they accept or reject their virtual body.

In recent years, many studies have tried to better characterise and study the SoE in VR as
a way to better assess how users perceive their virtual avatar. In 2012, Kilteni et al. [2012]
introduced a decomposition of the SoE that was further used to study the SoE in a substantial
body of research. According to them, the SoE refers to the feeling of being inside, controlling
and having a virtual body, and can hence be decomposed into three respective and distinct
subcomponents: the sense of self-location, the sense of agency and the sense of ownership. This

decomposition has since extensively been used to better understand how users perceive their
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avatar. Nevertheless, the study of the SoE is challenging because of the difficulty of measuring
a subjective feeling. Indeed, the SoE is a quale (i.e., a quality or property as perceived or
experienced by a person), which makes it difficult to assess. For this reason, it has been necessary
to explore the existing possibilities to measure and assess the SoE, in the context of user studies.
Different methodologies were therefore explored in order to measure the subjective SoE. Among
them, subjective questionnaires [Gonzalez-Franco and Peck 2018] have found widespread use
in embodiment studies, but other studies also tended to integrate objective measures such as as
behavioral (e.g., implicit attitude changes [Banakou, Groten, et al. 2013]) and physiological (e.g.,
heart-rate [Mechan et al. 2002]) measures.

This research has provided valuable insights into the design of avatars in VR towards which
users can achieve a high SoE. In addition, studies of the SOE have uncovered numerous novel
possibilities for exploring the relation between body and mind [Kilteni, Groten, et al. 2012; Hoyet
et al. 2016]. Avatars in VR enable original experiences as they can be altered and controlled in
numerous ways. For example, it is possible to be embodied in avatars with a different gender
[Peck et al. 2018] or with morphological changes such as a hand with six fingers [Hoyet et al.
2016]. Such experiences have helped to better understand own-body perception and have shown
evidence of the plasticity of the brain in the case of altered body illusions. On the other hand, this
research also gave valuable insights into how users perceive their virtual representation in VR
and whether they are willing to accept a virtual body that differs from their own in terms of visual
aspect and control schemes. In particular, applications in psychology and cognitive science have
benefited from such findings in the past years, using for instance avatar embodiment as a tool for
eating disorder therapies by embodying patients in virtual bodies of healthy subjects [Serino et al.
2019], or to sensibilize domestic violence offenders by changing their perspective towards the
victim through avatar embodiment [Seinfeld et al. 2018]. The applications of avatars have now
been widely spread to a very large range of fields, such as VR training, education, entertainment

(e.g. immersive cinema), telemedecine, etc.

1.3 Factors Infuencing the Sense of Embodiment: From Ex-

ternal to Internal

Overall, past studies on the topic have yielded many insights into how to design more efficient
avatars in terms of embodiment. Different “factors of influence” emerged from this research,

mainly in relation to the choices of design of the avatars as well as their technical characteristics.
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For instance, the appearance of the avatar has been demonstrated to be a critical factor of
influence in eliciting the sense of ownership [Argelaguet et al. 2016; Lin and Jorg 2016], while
the control of an avatar seems to have a major impact on user sense of agency [Caspar et al.
2015]. Finally, the point of view can have an impact on where one perceives oneself to be located
and thus alters the sense of self-location [Gorisse, Christmann, Amato, et al. 2017]. These studies
have in common that they focus on factors that are only centered on the avatar: They mostly
consider what might impact the perception of an avatar through its characteristics.

In this thesis, we suggest a categorization of the factors influencing the SoE that involves more
than just the avatar itself. Indeed, as shown in Figure 8.4, an avatar is part of a loop that involves
several additional elements: the user and the virtual environment potentially involving other
users. Despite being an integral part of the avatar experience, characteristics related to the user
(personality traits, gender, etc.) and the virtual environment (interactivity, multi-user capability,
etc.) have rarely been considered in studies on the SOE. We therefore propose a representation
where each layer represents a group of potential factors influencing the SoE (see Figure 8.5).
Factors belonging to the Avatar and VE layer can be characterized as “external” factors, while
factors related to the user can be characterized as “internal” factors. In this manuscript, we also
use this representation to structure the research that has been conducted in the scope of this

thesis.

1.4 Scope and Research Axes

Despite the notable insights from the previously discussed studies, grey areas remain in our
understanding of how users perceive their avatar in VR. This in turn limits our ability to enhance
these avatars in order to strengthen the quality of user experiences. In particular, our proposed
representation of the factors influencing the SoE enabled us to identify several “gaps in the big
picture”, from which we extracted three main research axes, corresponding to the three layers of
our factor representation. We then highlighted different research questions that we mapped on

these layers:

— Virtual Environment - Can the virtual environment in which users are immersed impact
users’ SoE towards their avatar? And more precisely, does the presence of other users in

the VE influence one’s own SoE towards an avatar?

— Avatar - Is there a dominant contribution between the avatar-related factors of influence
towards the SoE? Should some of these factors be prioritized in the creation of virtual

avatars?
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— User - Why are some people easily embodied in their avatar, while others are more
reluctant to the experience? Do individual differences within users or personality traits

influence the way the avatar will be perceived?

These axes of research are detailed in the following subsections, starting with the external

layer of our representation: the virtual environment.

User

- Personality Traits
- Emotional State

- Gender

- Body Awareness...

- Appearance

- Control

- Point of View
Haptic Feedback...

Internal Factors

External Factors

Render Style
- Realism

- Interactivity
- Multi-user Capability...

Figure 1.4 — Suggestion of representation of the factors influencing the SoE: each layer represents a group of
factors: the User, the Avatar and the Virtual Environement.

1.4.1 Influence of the Virtual Environment (External Factors)

Virtual environments can be characterised through a multitude of facets, such as their render
style or realism, their degree of interactivity and the amount of sensory feedback they provide.
The characteristics of VEs are known to influence users’ VR experiences and more precisely, to
influence users’ sense of presence, another quale that refers to “the feeling of being in the virtual
world” [Schuemie et al. 2001]. However, the impact of the VE characteristics on the SoE remains

rarely explored. In particular, we identified two aspects of the VE that are likely to influence the
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SoE: the social dimension of VEs (i.e. the presence of other users sharing the same VE) and the

introduction of threats towards the avatar in the VE.

1.4.1.1 Shared Virtual Environments

More and more high-quality shared VR experiences are now being released by VR developers.
These configurations enable several users to be immersed in the same virtual environment without
necessarily being physically co-located. They also have the possibility to simultaneously interact
with each other and the virtual environment. Such progress has reinvigorated research interests
in shared VEs, e.g. [Brown et al. 2017; Kuszter et al. 2014; Sharma and Chen 2014]. In order
to assess the effect of such shared VEs on users’ experience, the sense of presence has been
intensively studied. It was demonstrated that seeing other users in the VE could be taken as an
evidence of one’s own existence in the VE, and could increase the sense of presence [Heeter
1992]. However, while the sense of presence was investigated in shared VEs, the studies of the
SoE only seemed to focus on single-user experiences. It remains unclear how sharing virtual
experiences with another user embodied in an avatar might influence one’s own SoE. We therefore
decided to explore this question in the thesis.

To this aim, we present a study exploring the influence of VR shared environments on
users’ own SoE in Chapter 3. We thus present an experiment in which two participants shared
the same virtual environment and performed a task together that involved different degrees of
competitiveness, and explore the effects on users SoE towards the avatar and engagement in the
virtual task. In Chapter 4, we explore the context of VR shared environment one step further by
investigating the influence of sharing a virtual avatar with another user. More precisely, we were
interested in the sharing of the control of the avatar, and how the shared weight of control (that
was modulated) would influence users own sense of agency and motor actions. This work was
done in collaboration with Nami Ogawa, a visiting PhD student from the University of Tokyo.

We both contributed equally to this research study.

1.4.1.2 Threat Occurrences in VEs

Another characteristic of VEs that is widely exploited is their capacity to make users go
through a wide range of emotions. For this reason, VR has become especially attractive for
different fields of research where it is crucial that the virtual environment succeeds in inducing
emotional reactions. This involves research exploring user emotional reactions in VR [Diemer

et al. 2015] as well as works investigating the use of virtual threats in VR-based exposure therapy
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to treat phobias [Wald 2004; Tardif et al. 2019]. Another field of research that interests us more
specifically in this thesis, is the study of virtual avatar embodiment, where the introduction
of a threat is frequently used to assess users SoE towards their avatar. More precisely, several
studies successfully showed that the SOE was correlated with the reaction to a virtual threat
towards the virtual body [Yuan and Steed 2010], validating the assumption that if users are well
embodied in the virtual avatar, they will physically react to a virtual threat towards their virtual
body. Nevertheless, while the introduction of a virtual threat in virtual embodiment studies is
widely used, no research has specifically evaluated the impact of the virtual threat on the SoE. In
other words, is the SoE modulated by the actual occurrence of the threat?

In Chapter 5, we therefore present a study investigating the potential impact of threat
introduction on the SoE and do not consider threat introduction only as a measure, but as a factor
likely to affect the SoE. This chapter also explores the little known impacts of threat repetitions

on both threat response and the SoE.

1.4.2 Influence of the Avatar (External Factors)

In our second axis, we were interested in the interlayer of our representation: the Avatar.
Studies exploring the influence of factors towards the SoE usually focus on one factor at a
time and measure its influence on the SoE. Different factors of influence mainly related to the
choices of design of the avatars as well as their technical characteristics emerged from this
research. However, several concerns arise regarding the methodologies used to assess users’ SoE
in VR. First, such measures do not allow the assessment of inter-relations between the factors
influencing the SoE. Indeed, if we start to better understand the influence of isolated factors on
the SoE, we still have little information regarding the relative contribution of each factor towards
the SoE, or regarding the user’s preference for a factor over another while being embodied in an
avatar. As for today, several questions remain open: Is there a dominant contribution between the
factors of influence towards the SOE? Should some of these factors be prioritized in the creation
of virtual avatars? The assessment of inter-relations is challenging in terms of experimental
protocol due to the numerous potential factor combinations and because it usually needs between
group designs which requieres a high amount of participants. For this reason, we were interested
in this thesis in exploring new ways to assess users’ SoE, and more specifically in a way that
would allow the study of inter-relations within factors.

We present in Chapter 6, a study that we conducted to explore inter-relations within factors
of the SoE. To do so, we applied the subjective matching technique for the first time in the

context of embodiment studies in order to explore the relative preference between three factors
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related to the avatar: appearance, control, and point of view.

1.4.3 Influence of the User (Internal Factors)

Finally, our third axis is dedicated to the internal layer of our factor representation: the User.
While most studies on avatar embodiment have been able to show general trends regarding the
way “external” factors seem to influence the SoE, they did not consider the “internal” user state
(e.g. personality or background experiences). However, the inter-user variability remains non-
negligible. In practice, we can observe that some people easily believe in the virtual embodiment
illusion, while others are on the contrary totally refractory. Initial research investigating the
link between personality traits and the perception of VR experiences focused on the sense of
presence [Wallach et al. 2010]. For example, it was found that agreeableness, a personality
trait, was positively associated with spatial presence [Sacau et al. 2005]. More recently, some
works explored the link between users’ individual differences and the SoE. For instance, body
awareness [David, Fiori, et al. 2014] and personality traits [Jeunet et al. 2018] have been studied
in relation to the SoE. In this last one, Jeunet et al. showed that the sense of agency was correlated
with the Locus of Control, another personality trait. However, in spite of the work by Jeunet et
al. [2018], the majority of the works addressing such internal factors have mainly focused on
users’ SoE in the physical world. For this reason, we were interested in further investigating the
influence of a wider range of personality traits and of body awareness on the SoE in VR.

In Chapter 6, we thus aim to provide the global knowledge regarding factors influencing the
SoE by focusing on individual differences between users. We therefore explored the potential
influence of personality traits and body awareness on the SoE. This work was done in collabora-
tion with the former intern Diane Dewez. My contribution to this last study mainly concerned

concept discussions, experimental design and partially writing of the paper.
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“Every now and then one paints a picture that seems to have

opened a door and serves as a stepping stone to other things.”

Pablo Picasso

Related Work: User Perception and Factors of

Influence Towards Avatar in Virtual Reality

Abstract:

In this chapter, we present a review of the literature that paved the way for the research
conducted in this thesis. We first present an overview of the literature about concepts related
to the perception of avatars in VR: the sense of presence in virtual environments and related
concepts, and the perception of one’s own body. We then focus on the perception of virtual
bodies, i.e., avatars in the VR and present several works exploring the Sense of Embodiment
in VR. Finally, we report several works investigating factors of influence towards the Sense of
Embodiment, following the same structure as presented in our factors representation: Factors
related to the VE, the Avatar and the User.

2.1 Introduction

As presented in the introduction of the manuscript, the work of this thesis was articulated

around three categories of factors likely to influence the SoE: Avatar-related, VE-related and
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User-related factors. The main goal of this state of the art is therefore to review the existing
works that explored the factors influencing the SoE in each of these categories. In addition, the
scope of this thesis is multidisciplinary in that it gathers both technological challenges (mostly
investigated in computer science), but also perceptual challenges that relates more to the field
of cognitive science. Therefore, we provide beforehand background concepts related to the
perception of avatars in VR. More precisely, this chapter is organised as followed: First, we
introduce the concept of VEs and their technical characteristics, and we approach the notions
of presence in VEs as well as other related concepts. Second, we present general concepts of
own-body perception, first in the context of the physical world, and then in the context of VR.
We then narrow the focus by describing what is the Sense of Embodiment, its theory and the
ways to measure it, and describe several works exploring how this sense can be elicited and
modulated. Finally, we depict various studies exploring factors that influence the SoE, followinf

the structure of the factors representation previously presented (see Figure 8.5).

2.2 Virtual Environments

“As if by magic...”: One may believe that in some ways, the success of VR towards its public
relates on its analogy with magic. What is sure is that both manipulate reality in order to provide
illusory perceptions. While immersed in a VE, the illusion already begins by substituting the
physical environment with a VE in which the user might believe or not. In this section, we first
describe the technical features that constitute a VE, then we present several concepts related to

the perception of VEs.

2.2.1 Technical Features of Virtual Environments

Slater refers to VR as “a medium in which people respond with their whole bodies, treating
what they perceive as real.” [Slater 2009]. A typical VR system provides users’ head tracking
that is used to compute the VE images according to users’ head movement. With an HMD, the
resulted left and right images for each eye ensure stereo vision of the three-dimensional VE,
and users therefore have the illusion of moving in and being surrounding by the VE. Ideally, a
VR system also provides tracking of users’ body which enables them to effect changes in the
VE, and encompasses multiple sensory displays (visual, auditory, haptic, etc.) to confer users
feedback of these changes and of the global VE.

The congruence of all sensory displays with users’ actions in the VE plays an important
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role in the quality of the VR experience. More precisely, each sensory display can be impacted
by several factors which will modulate by extent the resulted immersion. Some of them were
identified by Sanchez-Vives and Slater [2005]:

1. Visual Display: VE can ve experienced through different visual display systems: projected-
based or through HMD. We are interested here in VE experienced through HMDs.

— Field-of-view: The visual display can be more or less wide (typically around 100
degrees diagonal for an HMD nowadays, compared with 180 degree horizontal and

120 degree vertical for normal vision.)

— Resolution: The visual display may have more or less number of pixels per unit

projected visual area.

— Frame-rate: The number of frames the computer can deliver per second. If the
VE is particularly complex, the computational load required to render it my lead
to a lower frame-rate, and by extent to discontinuities in the image motion. This

contributes to the system latency.

2. Auditory feedback: There can be an ambient sound in the VE that coincides with what is

visually displayed, as well as specific auditory feedback to actions performed in the VE.

3. Haptic feedback: VR systems can also provide haptic feedback (e.g., through a joystick

held in the users’ hands, that would vibrate when it collides with a virtual object).

4. Latency: It designates the time between the initiation of an event in the VE by a user, and

the time that the system responds.

Sanchez-Vives and Slater [2005] state that all these factors define what is called “immersion”.
More precisely, they define immersion as “an objective property of a system that in principle can
be measured independently of the human experience that it engenders”. Although related, they

therefore differentiate it from the subjective experience of being immersed in a VE.

2.2.2 Presence and Related Concepts

In order to understand how to design VEs in a way that provides efficient immersion to
users in VR applications, it is necessary to be able to assess how participants respond such to
VEs [Slater, Spanlang, and Corominas 2010]. Several theories and concepts have emerged in the
last years with the aim of defining and categorizing the subjective experience of being immersed
into a VE. We present hereafter the main concepts that have been studied in order to assess such

subjective experience: Presence, Place Illusion and Plausibility Illusion.
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2.2.2.1 Presence

The concept of presence, originally developed in the early 1990s [Sheridan 1992], has for
many years been thought to provide a measure of the subjective experience of “being” in a virtual
environment, independently of the applications or systems [Slater, Spanlang, and Corominas
2010; Schuemie et al. 2001]. According to Sanchez-Vives and Slater [2005], an evidence of such
experiences relies on the observation of users behaving in the VE the same way as if they were
in the physical world. Based on this statement, a core of research investigated different means
to assess how users respond to the VE, and therefore evaluate their sense of presence. Among
them, the use of subjective questionnaires (e.g., the one proposed by Usoh et al. [2000]) has been
greatly employed to evaluate the subjective experience of presence, but is also often completed
with objective measures as behavioral (e.g., implicit attitude changes [Banakou, Groten, et al.
2013]) and physiological (e.g., heart-rate [Meehan et al. 2002]) measures. Many works tended
to understand which factors may enhance or reduce the sense of presence in VR. In that vein,
Slater et al. [1995] were of the firsts to propose that immersion affected the sense of presence,
where immersion refers to “the extent to which the computer displays are extensive, surrounding,
inclusive, vivid, and matching” [Bulu 2012]. Additionally, Witmer and Singer [1998] considered
involvement as another factor impacting the sense of presence, stating that higher degree of

involvement and immersion in a virtual environment would lead to a higher sense of presence.

2.2.2.2 Place illusion and Plausibility Illusion

In 2009, Slater [2009] proposed a deconstruction of presence into two orthogonal components:
Place Illusion (PI) and Plausibility Illusion (Psi). This decomposition responds to the fact that
the sense of presence on its own does not consider possible loss of credibility of the VE and
how it may affect the plausibility of the experience for the users. The plausibility of the VE was
therefore clearly dissociated from the sensation of “being there” and considered as Psi, while the
sensation of “being there” initially associated to the sense of presence was considered as PI. In
more detail, Psi was designated to be “the extent to which the system is programmed to produce
correlations with the behavior of the participant, how much events in the VE refer personally
to the participant, and the overall credibility of the scenario (in particular in relation to how
a similar situation might be in physical reality)” [Slater, Spanlang, and Corominas 2010]. An
interesting point in the framework proposed by Slater [2009] is also the consideration of users’
avatar as a fusion of PI and Psi: the fact that users can see a virtual body when they look down

towards their body the same way as they would see their own body in the physical world, is
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hence also considered as critical aspect of the realness of the VE.

2.3 Own-Body Perception

Within the scope of this thesis, we are interested in the capacity of VR to provide illusory
body perception through “virtual embodiment”, i.e. the process of putting a user into a virtual
body. In order to comprehend the concepts related to virtual embodiment, it is necessary to

understand beforehand some initial notions of body perception and self-perception.

2.3.1 Bodily Self-Consciousness

“What is it like to have a body?”, questionned Longo et al. [2008] while investigating the
structure of bodily self-consciousness. The ability of distinguishing one’s self body from other
bodies or objects in the surrounding environment has been in the spotlight of many research in
the areas of philosophy, psychology and neuroscience [Ghallager 2000; Jeannerod 2003]. As
stated by Costantini [2007], perceiving one’s own body is a completely different experience
from others’ body perception. It is a “continuous feeling that the body belongs to us and that we
continuously identify with our own body”. According to Mandrigin and Thompson [2015], own-
body perception is a type of “bodily self-awareness”, and therefore, by perceiving our body as our
own, we are aware of our bodily self. What is the process underlying such perception of one’s own
body? The human brain continuously receives information from what can be defined as bodily
events. Such information can be received either by “interoception” or “exteroception” [Costantini
and Haggard 2007]. Interoception refers to the events received from organs inside the body while
exteroception refers to information gathered from the external environment through multiple
sensory (vision, touch, auditory, olfaction, and gustatory). More precisely, this process of sensory

assessment is commonly referred to as “multisensory integration” [Stein and Stanford 2008].

2.3.2 Altered Body Perception

In the process of multisensory integration, it is also stipulated that the congruence between
all the sensory inputs contributes to a higher response from the brain in the experience of owning
a body [Kokkinara and Slater 2014]. Accordingly, discrepancies in the multisensory integration
might lead to altered body perception. Such alterations may occur for instance in case of brain
lesions or limb amputation. The existence of such neurological conditions have been valuable

in order to investigate the perception of one’s own body. For instance, a famous example of
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Figure 2.1 — Demonstration of mirror box therapy for phantom limb pain developed by Ramachandran [1995].

altered body perception is the phenomenon of phantom limbs experienced by amputees. In such
situations, patients have the sensation that their limb is still attached to their body, and might even
feel pain from it. Interestingly, it was found that when these patients see the reflection of their non
missing limb in a mirror, along with tactile stimulation of this limb, they could experience the
feeling of touch towards the missing limb, and have their feeling of pain reduced [Ramachandran
et al. 1995] (see Figure 2.1). While these studies brought valuable insights regarding own-body
perception, the variability and concurrence of the deficits in patients with impairments makes
it difficult to understand and generalize the precise role of own-body perception in everyday
experience [Costantini and Haggard 2007]. Therefore, another core of research tried to investigate
altered body perception on healthy subjects, where controlled experimental settings are used to
provide subjects with an “illusory” body perception. In particular, the bodily self-consciousness
has been investigated using body ownership illusions that enable to identify to which extent we

can integrate external objects has being part of our body.

2.3.3 Body Ownership Illusion

A famous example of body ownership illusion is the Rubber Hand Illusion (RHI) [Botvinick
and Cohen 1998], in which participants experience an artificial limb as part of their own body.
In the experiment, one arm of the participants is hidden and a rubber hand is placed in an
anatomically plausible position in front of the participants (see Figure 2.2). It was shown that
synchronous stroking on the participants’ hidden hand and the aligned rubber hand could results
in an illusion of ownership towards the rubber hand.

In order to assess the extent to which participants experienced the rubber hand as their own,

participants of Botvinick and Cohen’s experiment [1998] were requested to answer a subjective
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Figure 2.2 — The rubber hand illusion setup [Metzinger 2009]. The illustration on the left shows the set up of the
RHI before the illusion occurred. The illustration on the right shows the subject’s illusion while the rubber hand is
being stroked synchronously with the left arm. Dark areas on the brain show areas of heightened activity in the
brain during the illusion, and the phenomenally felt illusionary position of the arm is indicated by the white contour
around the rubber hand. Figure by Litwak illustrations studio, 2004.

questionnaire in which they had to describe their experience and affirm or deny nine perceptual
effects (see Table 2.1). Participants precised their response on a 7-point Likert scale ranging from
‘agree strongly’ (+ + +) to ‘disagree strongly’ (- - -). In a complementary experiment, Botvinick
and Cohen [1998] probed for an objective measure of the ownership illusion. They found that
after a prolonged exposure to the rubber hand, when participants were asked to indicate with their
right finger and eyes closed where they estimated that their hidden arm was, the showed position
was displaced towards the rubber hand, and the magnitude of the displacement correlated to the
reported duration of the illusion. In addition, this effect was diminished when a small asynchrony
was introduced between the brushing of the two hands, which was itself correlated to a reported
low subjective ownership illusion. Another objective measure of the ownership illusion has been
explored by Armel et al. [2003], who were among the first ones to show that response to a threat
towards a rubber hand was linked to the assimilation of the rubber hand as into one’s own body
image. The threat response was in that case assessed by skin conductance response (SCR), e.g.,
if the rubber hand was “injured”, participants displayed a higher skin conductance. These studies
hence provided a worthwhile method to investigate the notion of own-body part perception,
showing that it is possible to feel ownership towards a fake external body part, and that it can be
assessed both subjectively and objectively. However, the experimental limitations of such setup
do not enable the exploration of “full body illusions” but only body-parts ownership illusions. In
addition, the RHI investigates body perception in a passive context: participants do not move

their arm. For this reason, VR has been used in order to further investigate the aspects of body
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ownership illusions that were raised by studies as the RHI.

Table 2.1 — Questionnaire from Botvinick and Cohen’s study [1998].

It seemed as if I were feeling the touch of the paintbrush in the location where I saw the rubber hand
touched.

It seemed as though the touch I felt was caused by the paintbrush touching the rubber hand.

I felt as if the rubber hand were my hand.

I felt as if my (real) hand were drifting towards the right (towards the rubber hand).

It seemed as I might have more than one left hand or arm.

It seemed as if the touch I was feeling came from somewhere between my own hand and the rubber hand.

I felt as if my (real) hand were turning “rubbery”.

It appeared (visually) as if the rubber hand were drifting towards the left (towards my hand).

The rubber hand began to resemble my own (real) hand, in terms of shape, skin tone, freckles or some
other visual feature.

2.4 Own-Body Perception in Virtual Reality

Going back to the question of Longo et al. [2008] previously introduced, we may wonder
in the context of own-body perception in VR: “What is it like to have a virtual body?” In this
effusion of exploration towards the perception of one’s own body, VR rapidly became a targeted
tool to overcome the limitations of initial physical setups as the one of the RHI. As mentioned
by Ford Morie, when a user enters a VE, he has the simultaneous perception of two distinct
bodies “whether there is a virtual body image or whether there is direct or interpreted mappings
of navigation movements” [Morie 2007]. However, we can wonder if it is possible to experience
the same sensations across a virtual body in an immersive VE as we would experience them
through the biological body. Slater et al. [2008] were the first ones to transpose the rubber-hand
illusion in VR. They showed that participants can experience body ownership towards the virtual
arm, and that they react similarly to a virtual threat as participants reacted to threats towards the
rubber hand. Not long after, multiple works explored the possibility of feeling ownership towards
a whole virtual body [Maselli and Slater 2013; Petkova, Bjornsdotter, et al. 2011], showing the
importance of seeing the virtual body from a first-person point of view in order to provide a
consequent ownership illusion.

In such research, the interest was greatly focused on humanoid virtual body, that resemble
user’s physical body. However, a very interesting specificity of virtual bodies is that they can

be altered in numerous ways to assess changes in user’s behavior and perception towards the

42



Related Work: User Perception and Factors of Influence Towards Avatar in Virtual Reality

altered virtual body. It becomes possible to control the realism [Petkova and Ehrsson 2008],
the shape [Piryankova et al. 2014] or even the morphology of the avatar [Hoyet et al. 2016].
For instance, in this study from Hoyet et al., participants could experience what it would be
like to have a hand with 6 fingers, and the illusion was such that participants did believe during
the experiment that the sixth finger belonged to them (see Figure 2.3). Similarly, Steptoe et
al. showed that it was possible to feel ownership towards an original extra body part: a virtual
human tail [Steptoe et al. 2013].

Overall, we see that the plasticity of virtual bodies enable to control many parameters
regarding the virtual body, likely to influence users’ perception of the altered virtual body. The
experience of a virtual body was usually assessed and characterized by the study of the feeling of
ownership towards the avatar. Yet, another qualia started to be used to characterize the experience
of being inside a body, namely, “the Sense of Embodiment (SoE)”. In this thesis, we used this
process of studying the SoE in order to assess user’s perception of their avatar, which is why we
dedicate the following section to the definition and theory of the SoE.

Figure 2.3 — Illustration of the six finger illusion of Hoyet et al study [2016]. Participants’ see in the VE six-finger
hands replacing their real hands tracked by a Leap motion tracker.

2.5 The Sense of Embodiment

For a long time, the SoE has remained undefined and the relation between the SoE and the
sense of ownership was left unclear. As stated by de Vignemont [2011], this relation has been
conceived in three different ways: one saying that they are synonymous, one saying that their
are in opposition (ownership would consist in self-attribution of the body while the SoE would
refer to self-localization [Lopez, Halje, et al. 2008]), and one stating that the sense of ownership
is part of the SOE among other experiences [[.ongo, Schiiiir, et al. 2008]. Before defining the
SoE, it is important to differentiate it from the terms “embodiment’ or “virtual embodiment”.

According to de Vignemont [2011], embodiment can be defined as such: E is embodied if and
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only if some properties of E are processed in the same way as the properties of one’s body.
The SoE in contrast, corresponds to the associated phenomenology, in other words, the way
embodiment is perceived. The SoE was further defined by Kilteni et al. [2012], which stipulates
that SoE refers to the “ensemble of sensations that arise in conjunction with being inside, having,
and controlling a virtual body”. According to Kilteni et al. [2012], this complex phenomenon
that is the SoE can be subdivided into three dimensions: the sense of self-location, the sense of
agency and the sense of body ownership, which is a similar division as the one proposed by De
Vignemont [201 1] in three main dimensions (Spatial, Motor and Affective). To this day, there are
still other representations proposed, as the one from Roth et al. [2017] who suggested an “Alpha
IVBO” scale (where IVBO stands for “Illusion of Virtual Body Ownership”), in which they
considered three subcomponents: Acceptance, Control and Change to measure IVBO. However,
in this thesis we decided to use the definition of Kilteni et al. [2012].

2.5.1 The Sense of Ownership

The sense of ownership can be described as one’s self-attribution of a body [Tsakiris, Schiitz-
Bosbach, et al. 2007] and therefore has a possessive character. As stated by Braun et al. [2018],
its meaning can show through sentences as “This is my hand” or “I am the one who is having
this feeling”. In addition, the sense of ownership can be considered for a single limb as it was
shown for the RHI or for an entire body. A number of studies have explored how ownership
could be elicited, from which two categories of factors were identified: bottom-up and top-down
factors [Tsakiris 2010].

Top-down factors refer to the cognitive processes that accompany the processing of sensory
stimuli [Kilteni, Groten, et al. 2012]. More precisely, the degree of morphological similarity
between the real and virtual body can be considered as a cognitive influence towards the sense of
ownership. For instance, several studies showed that the sense of ownership towards an external
object was diminished if it did not resemble the biological arm or hand of participants [Armel
and Ramachandran 2003] or if it had a different spatial configuration [Costantini and Haggard
2007]. In VR, avatars can be highly anthropomorphic, and therefore resemble consequently
participants biological body. For this reason, anthropomorphism can also be considered as a
top-down factor of the sense of ownership [Lugrin, Latt, et al. 2015].

Bottom-up factors refer to sensory information, such as visual, tactile or proprioceptive
stimuli. More precisely, the induction of a sense of ownership towards a body depends greatly
on the synchronicity of multimodal stimuli. For example, Botvinick et al. [1998] showed that

synchronous visual and tactile stimuli can elicit the illusion of the ownership of a fake limb
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Figure 2.4 — Photograph of the apparatus used for the synchronous visuo-proprioceptive movement conditions in
Dummer et al. [2009] study. The rubber hand is attached to a wood stick that can be moved by the experimentator.

(rubber hand) into one’s body representation. Interestingly, according to [L.loyd 2007], the
strength of the RHI is such, that it can be elicited in less than fifteen seconds in a majority of the
population. In addition, if there is a discrepancy between the tactile and visual stimuli that does
not exceed 300 milliseconds, the illusion can still be elicited. The importance of proprioception
has also been exploited regarding its contribution to elicit a sense of body ownership. Indeed,
another bottom-up factor of the sense of ownership consists in visuomotor synchronicity. In that
line, Dummer et al. [2009] further examined the RHI with conditions of movement. The illusion
of ownership was reported higher when visual movement of the rubber hand and felt movement
were synchronised. Yet, the set up of such study is limited for that the experimenter has to control
the movement of the rubber hand to modulate synchronicity with participants movements. VR
on that regards gives the possibility to provide synchronous visuomotor feedback with the use
of body tracking systems. Sanchez-Vives et al. [2010] exploited this medium opportunity and
showed that the sense of ownership was modulated by the synchronicity of visuomotor feedback
of the virtual hand. Visuomotor correlation was also found to be highly influential over another
subcomponent of the SoE, directly related to own’s own actions and movements: the sense of

agency.

2.5.2 The Sense of Agency

The sense of agency can be described as a motor activity control, and refers to the fact of
experiencing an action, intention or selection toward a body. When proprioception is defined as
the sense “that people know where the parts of their body are”, the sense of agency could be
defined as the sense that people have of knowing which action they can do, which control they
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have over this body and to which extent [Blanke and Metzinger 2009]. In the fields of philosophy
and psychology, the sense of agency is considered to form a fundamental aspect of self-awareness
together with the Sense of Ownership [Ghallager 2000]. Therefore, numerous studies on the
sense of agency have been conducted in the fields of philosophy and psychology to examine
human consciousness. Although the mechanisms of human consciousness are still not fully
understood, two influential theoretical views have been put forward: a comparator model [Frith
et al. 2000] and retrospective inference view [Wegner and Wheatley 1999]. The comparator
model suggests that the comparison between predicted and actual consequences of an action
through sensorimotor processes determines the sense of agency [Frith et al. 2000; Blakemore
et al. 1999] (see Figure 2.5). Thus, the mismatch caused by spatial and temporal distortion
of movements or outcomes can attenuate the sense of agency [Haggard and Chambon 2012].
Indeed, numerous studies have shown evidence that discrepancies between the actual movement
and the corresponding visual feedback [Franck et al. 2001; Farrer, Bouchereau, et al. 2008] or
sensory outcome [Blakemore et al. 1999; Sato and Yasuda 2005] of the action negatively affect
the sense of agency. In comparison, retrospective inference view emphasizes external situational
cues [Wegner and Wheatley 1999].
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Figure 2.5 — A schematic overview of the comparator model [Zaadnoordijk et al. 2019], adapted from David et
al. [2008].

According to Wegner’s theory of apparent mental causation [Wegner and Wheatley 1999],
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the sense of agency arises if (1) an intention precedes an observed action (priority), (2) the
intention is compatible with this action (consistency), and (3) the intention is the most likely
cause of this action (exclusivity). Therefore, priming is often used to modulate the sense of
agency by manipulating prior conscious thought about an outcome [Moore, Wegner, et al. 2009;
Wenke et al. 2010; Linser and Goschke 2007]. However, the sense of agency is increasingly
recognized as being based on a combination of internal motor signals and external evidence
about the source of actions and effects [Moore, Wegner, et al. 2009; Wegner, Sparrow, et al.
2004; Wegner 2004]. Thus, although spatial and temporal contiguity between one’s own and
observed movements are the main cues for sense of agency [Haggard and Chambon 2012;
Farrer, Bouchereau, et al. 2008; Franck et al. 2001], higher-level cognitive processes, such as
background beliefs and contextual knowledge relating to the action, also influence the induction
of sense of agency [Moore 2016; Desantis et al. 201 1]. Such knowledge led to the proposition
of dividing the SoA into two components: the judgment and feeling of agency. Applied to the
context of avatars, these components can be defined as such: the actions performed by the avatar
are judged by users, 1.e. “did the avatar performed the action I wanted?”, referred as the judgment
of agency, but also, in a pre-motor phase, “‘can the avatar perform the action I want?”, referred as
the feeling of agency [Synofzik et al. 2008].

2.5.3 The Sense of Self-location

“The sense of self-location refers to one’s spatial experience of being inside a body and it
does not refer to the spatial experience of being inside a world” [Kilteni, Groten, et al. 2012]. Itis
therefore important to differentiate it from the sense of presence, although it has a spatial character.
It is possible for instance to have a sense of presence in a VE while not being represented by an
avatar, but the sense of self-location necessarily refers to either the biological, artificial or virtual
body. As stated by Kilteni et al. [2012], those two concepts can nonetheless be considered as
complementary in their role to constitute one’s spatial representation. The sense of self-location
towards one’s own biological body is normally egocentric, as when we look down towards our
body, we see ourselves spatially into it from our own perspective. Hence, when it comes to the
sense of self-location towards a virtual body, the visual perspective (or point of view) towards the
virtual body will have a strong importance towards the sense of self-location experienced [Blanke
and Metzinger 2009]. For instance, it has been shown that physiological responses to threat are
higher when induced towards an artificial body seen from a first person point of view rather than
a third person point of view [Petkova, Khoshnevis, et al. 2011]. More recent works also showed

that first person point of view towards an avatar could easily induce a sense of self-location
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towards it [Gorisse, Christmann, Amato, et al. 2017]. Interestingly, the sense of self-location
can also be modulated when synchronous visuo-tactile correlations are applied to a virtual limb
or body [Slater, Perez-Marcos, et al. 2008]. For instance, Normand et al. [201 1] showed that a
sense of self-location induced with synchronous multisensory stimulation with a larger belly size

could result into an altered perception of the personal space (see Figure 2.6).

Figure 2.6 — Tllustration from the study of Normand et al. [2011]. Whenever participants poke their belly with the
rod, the virtual belly is touched at the same time by the virtual rod. It therefore provides synchronous multisensory
stimulation towards the larger virtual body.

2.5.4 Methods of Measure of the Sense of Embodiment

Assessing users’ SoE is important in order to understand how they perceive the avatar they
are embodied in. A critical point therefore lies in the possible ways to measure it, associated with
the known difficulty of measuring subjective feelings. In this section, we hence describe seminal
works related to the methods of measures of the SoE.

2.5.4.1 Subjective Measures of the SoE

As being related to a subjective experience, the first and most common ways to assess
users’ SOE has been the use of subjective questionnaires. More precisely, previous studies on
embodiment in VR adapted individual questionnaires from originating experiments conducted in
the physical world, such as the RHI [Botvinick and Cohen 1998; Longo, Schiiiir, et al. 2008].
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Yet, there is no validated questionnaire to this day, which reinvigorated the interest of researchers
to design such standardized questionnaire. This was first emphasized by Gonzalez-Franco and
Peck [2018], who identified a set of questions which they organized in six different categories:
body ownership, agency and motor control, tactile sensations, location of the body, external
appearance, and response to external stimuli (see Table 2.2).

However, the use of subjective questionnaires is being more and more challenged for that
it depends on users’ own understanding of questionnaires, which may be impacted by many
internal differences between users [Jahedi and Méndez 2014 Slater 2004]. In addition, another
concern in regards to subjective questionnaires was raised by Insko [2003] about the study
of presence in VR, stressing out that because they are post-immersion, they do not measure
potential impact of time on the subjective presence nor potential influences of events during the
experiment. For this reason, other research tended to explore alternatives to assess this perception
of the virtual body.

2.5.4.2 Objective Measures of the Sense of Embodiment

The first studies exploring objective measures of the SOE were conducted out of VR, within
the frame of RHI studies. For instance, the observation of proprioceptive displacement of
users hand towards the rubber hand was found to be correlated with an elevated sense of
ownership towards the rubber hand [LLongo. Schiiiir, et al. 2008]. This measure was at a later
stage used in the context of virtual embodiment, as in the works of Sdnchez-Vives et al. [2010].
In addition, behavioral changes were also shown to be exploitable as an objective measure of the
SoE by Kilteni et al., who showed that people with higher SoE experienced high behavioural
changes [Kilteni, Bergstrom, et al. 2013]. More precisely, they conducted a study in which
participants played hand drum in VR while embodied in a virtual avatar which representation was
modulated. Interestingly, in one avatar representation, participants showed significant increases in
their movement patterns for drumming compared to other representations, and it was found that
the stronger the stronger the sense of ownership towards the avatar was in such representation,
the greater this behavioral change was. Furthermore, recent research also explored the potential
of brain-measurement techniques such as surface ElectroEncephaloGraphy (EEG) as a measure
of the SoE, and highlighted for instance the existence of neurophysiological markers [Jeunet
et al. 2018] correlated to the sense of agency.

Nevertheless, the most common objective measure of the SoE remains to this day the physical
response to a virtual threat towards the avatar. Indeed, the introduction of a threat has become a

popular mean of assessing if users are well embodied in their avatar. The threats in such context
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Table 2.2 — Questionnaire of Mar-Franco and Peck [2018]. Questions in italics are control
questions.

‘ Variable ‘ Question ‘

Ownership 1) I felt as if the virtual body I saw when I looked down was my body.
2) It felt as if the virtual body I saw was someone else.

3) It seemed as if I might have more than one body.

4) 1 felt as if the virtual body I saw when looking in the mirror was
my own body.

5) felt as if the virtual body I saw when looking at myself in the
mirror was another person.

6) It felt like I could control the virtual body as if it was my own
body.

7) The movements of the virtual body were caused by my
movements.

8) I felt as if the movements of the virtual body were influencing my
own movements.

9) I felt as if the virtual body was moving by itself.

Agency

10) It seemed as if I felt the touch of the ____ in the location where I
saw the virtual body touched.

11) It seemed as if the touch I felt was located somewhere between
my physical body and the virtual body.

12) It seemed as if the touch I felt was caused by the _____ touching
the virtual body.

13) It seemed as if my body was touching the ____.

Tactile Sensations

Self-Location 14) I felt as if my body was located where I saw the virtual body.
15) 1 felt out of my body.

16) I felt as if my (real) body were drifting towards the virtual body
or as if the virtual body were drifting towards my (real) body.

Appearance 17) It felt as if my (real) body were turning into an “avatar’ body.
18) At some point it felt as if my real body was starting to take on the
posture or shape of the virtual body that I saw.

19) At some point it felt that the virtual body resembled my own
(real) body, in terms of shape, skin tone or other visual features.

20) I felt like I was wearing different clothes from when I came to the
laboratory.

Response to External Stimuli | 21) I felt that my own body could be affected by ____.
22)Ifelta ____ sensation in my body when I saw ____ .
23) When ____ happened, I felt the instinctto ____.

24) I felt as if my body had ____.

25) I had the feeling that I might be harmed by the .
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can be of many form, such as the threat of a sharp object towards the virtual body (see Figure 2.7).
This practice relies on the assertion that if users react to a virtual threat towards their virtual
body, they must have a strong sense of embodiment towards it. Indeed, several studies showed
that the sense of ownership towards a body was connected with increased affective response to
threat towards the body [Yuan and Steed 2010; Zhang and Hommel 2016].

Virtual

Figure 2.7 — Two examples of threat in embodiment studies. Left: study by Argelaguet et al. [2016] where
participants have to avoid different types of obstacles with their virtual arm, such as a rolling saw. Right: study by
Gonzalez-Franco et al. [2014] in which a knife threatened participants’ hand.

The first studies exploring the relation between body ownership and response to threat were
based on the RHI. Armel et al. [2003] were among the first ones to show that response to a
threat towards a rubber hand was linked to the assimilation of the rubber hand as into one’s
own body image. The threat response was in that case assessed by skin conductance response
(SCR), e.g., if the rubber hand was “injured”, participants displayed a higher skin conductance.
Rapidly, the use of a threat has been extended to RHIs targeting deeper exploration of the body
sense of ownership. Indeed, SCR measures after a threat introduction have been used to show
that amputees of an upper-limb could feel ownership towards a rubber hand prothesis [Ehrsson,
Rosén, et al. 2008] but also that it was possible to feel ownership towards two rubber hands
in supplementary to the physical hand [Ehrsson 2009] or to a third rubber arm supplementary
to the two physical arms [Guterstam, Petkova, et al. 2011]. Studies exploring the concept of
body-swapping also used SCR as an objective measure of ownership towards another body
(either a manikin or someone else’s body) in a context of out-of-body experiences, using an
HMD coupled to a video camera oriented down at the manikin or someone else’s body [Petkova
and Ehrsson 2008; Guterstam and Ehrsson 2012]. Quickly, research exploiting the use of a threat
to measure the sense of ownership have been brought to virtual reality. Yuan and Steed [2010]
were the first ones to transpose the RHI in Immersive Virtual Reality (IVR) and by the same

time the first ones to use SCR as a measure of ownership when a threat is introduced. Ma et
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al. [2013] however questioned their findings in that they did not consider it succeeded in proving
that SCR to threat was linked with ownership, because one can have a similar affective resonance
when someone else is hurt. They [Ma and Hommel 2013] also showed in their own study that if
response to a non dangerous impact was linked to the sense of ownership, response to a threat
appeared to be independent of the sense of ownership, which is in contradiction with other
research using SCR to threat as an objective measure of ownership [Zhang, Ma, et al. 2015;
Hégni et al. 2008].

The introduction of threat in embodiment studies has thus already been widely used as an
objective measure of the SoE. Yet, no research has been conducted to evaluate the actual effect
of introducing a virtual threat on the subjective measures of the SoE. Indeed, while the response
to a virtual threat is used as a measure of the SoE, to our knowledge, it has never been considered
as a possible influencing effect. In other words, the response to a virtual threat is associated to a
strong SoE towards an avatar, but it was never verified whether its introduction could actually

impact an initial SOE. For this reason, a chapter of this thesis investigates this concern.

2.6 Factors Influencing the Sense of Embodiment

The study of the SoE in VR has enabled to investigate many angles of one’s own body percep-
tion, taking advantage of the plasticity of a virtual avatar and all the experimental modulations it
can provide. But the study of the SoE has also been clearly beneficial for the development and
design of avatars for various applications. Indeed, with the recent technological developments,
avatars are now highly used in VR for research purposes, e.g., for 3D graphics and games
research [Trepte and Reinecke 2010], behavioral research in psycholinguistic [Heyselaar et al.
2017], or psychological research in general [Zhang and Hommel 2016]. Therefore, in order to
provide efficient avatars for such applications, many research works used the study of the SoE in
order to test different technical configurations of avatar. From this research emerged different
“factors of influence” towards the three subcomponents of the SoE: the sense of ownership, the
sense of agency and the sense of self-location. However, most of these works considered factors
related to the avatar characteristics. In this thesis, we introduced a visual categorization of the
factors influencing the SoE that groups together several layers of factors (see Figure 8.5). For this
reason, we describe in the following illustrative works exploring the factors influencing the SoE
in these three categories: VE-related, Avatar-related, and User-related factors. Because factors

related to the avatar were the most studied, we will start recounting this part of the literature.
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2.6.1 Avatar-Related Factors

A notable number of studies have explored the factors related to the avatar that could
influence the different subcomponents of the SoE. Mainly, those factors are mapped over avatar
characteristics that cover different ranges of feedback given to the user towards the avatar, such as
the appearance and real-time animation of avatars. This relies for instance on the representation
of the avatar (e.g. realistic vs. cartoon display) or the hardware constraints (e.g. upper-body vs.
full-body tracking).

In order to ensure that users feel a high SoE towards their avatar in VR, it is necessary to
understand how the combination of such characteristics are accepted by users, and affect their
perception of the resulting avatars. These characteristics can be grouped under more global
factors that were studied regarding their potential influence towards the subcomponents of the
SoE.

2.6.1.1 Appearance

An important constraint in avatar design relies on the representation of the avatar, i.e., its
appearance. Indeed, to have realistic avatars of high fidelity, 3D photogrammetry scan systems
of high complexity are needed, which consequent cost and intricacy make them not always
accessible. It is therefore common to have less realistic avatars in VR applications, from cartoon
display to only specific body parts represented (e.g., heads, hands and feet for instance).

The appearance of the avatar can be divided into several characteristics: the general structure
of the virtual body, the shape and dimension of body parts and the render style. These character-
istics combined together contribute to different levels of avatar realism, anthropomorphism and
fidelity towards the user’s real body, which were demonstrated to be of critical influence on the
elicitation of the sense of ownership towards avatars [Argelaguet et al. 2016; Lin and Jorg 2016].
For instance, Lin and Jorg [2016] showed that this sense was stronger with a more realistic
human hand model compared to a non-anthropomorphic hand model (see Figure 2.9). Similarly,
while it is still possible to feel ownership towards full-body avatars with different degrees of
anthropomorphism [Lugrin, Latt, et al. 2015], the Sense of Ownership tends to be higher when
the avatar clothes and skin tone match the user’s ones [Maselli and Slater 2013]. In a higher
level of customization, the use of 3D scanned replicas has been also considered [Waltemate,
Gall, et al. 2018; Gorisse, Christmann, Houzangbe, et al. 2019], and results have shown that
they positively influence the sense of ownership. However, such approaches require complex

3D capture setups, which are costly but also require consequent additional time in order to
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scan participants. In addition, the road to highly realistic avatars also leads to a risk of uncanny
valley. It was suggested by Mori [2012] that increasing human likeness, an entity becomes more
and more accepted by humans, until a point where the entity evokes negative feelings or even
disgusts. It can occur in VR by embodying for instance a woman in a very masculine avatar
although highly realistic: the important realism of the avatar will make more obvious the physical
differences with the woman’s appearance, which will deteriore the experience (see Figure 2.8).
It is therefore important to try to avoid this point when designing realistic avatars. Schwind et
al. [2018] provided to that aim helpful guidelines in order to avoid such uncanny valley effect,
such as for instance the avoidance of “dead eyes” and therefore the use of eye tracking to animate

eyes gaze..

Figure 2.8 — “Female participant not immersed using male hands due to a perceived mismatch between VR hair
and musculature and her appearance in real life” [Schwind, Wolf, et al. 2018]

Furthermore, if the latest research mainly focused on exploring avatars with high realism
and fidelity, other research also explored the capability of users to feel ownership towards an
avatar which differs from their self-representation in terms of body structure [[Laha et al. 2016]
or gender [Slater, Spanlang, Sanchez-Vives, et al. 2010], showing that it is in general possible to
elicit a Sense of Ownership towards such avatars. For instance, Laha et al. [2016] showed that it is
possible to feel ownership towards a third arm, while Slater et al. [2010] showed that body transfer
illusion between male subjects and virtual avatar female body could elicit a Sense of Ownership.
In addition, another study [Banakou, Groten, et al. 2013] showed that adults could feel a sense of
ownership while embodied in a child-like body. Interestingly in this study, the appearance of the
avatar seemed to impact users mind as when embodied in a child-like body, participants tended to

overestimate object sizes and experienced change in their attitude. Similar phenomenon was also
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observed in the experience of Banakou et al. [2018], in which participants embodied Einstein
and experienced significant improvement in cognitive task performance. However, such effect
was not observed in every study. For instance, Verhulst et al.[2018] conducted an experiment in
which participants (of a normal BMI on average) were embodied in a normal or an obese virtual
body and were asked to buy and evaluate food products in the immersive virtual store. While
authors expected to trigger stereotype reactions and therefore observe changes in participants
behaviour and shopping patterns, there were no significant differences between the groups. One
possible explaination argued by the author is that possibilty an obese virtual body would require

some other non-visual stimulus, e.g., the sensation of the extra weight or the change in body size.

Figure 2.9 — Different degrees of realism and anthropomorphism of virtual hands representations [Lin and Jorg
2016].

2.6.1.2 Control

To animate the avatar in real time according to the users’ movements with as much precision
as possible, advanced tracking solutions are necessary, such as full body suits with inertial sensors
(e.g. Xsens system [Roetenberg et al. 2009] (see Figure 2.10, left)) or infrared tracking systems
(e.g., Optitrack) (see Figure 2.10, right)). Lower quality alternative solutions are also possible,
depending as well on the control necessity (either one limb of the avatar or full body avatar).
For instance, for the control of one arm of the avatar, the use of an infrared sensor such as Leap
Motion as used in the study of Argelaguet et al. [2016] is comfortable has it provides forearm
and finger tracking without the need to wear gloves or markers. When only the upper-body
of the avatar needs to be controlled, the use of inverse kinematics is also often used [Huang,
Fratarcangeli, et al. 2017; Luciano and Banerjee 2000], as it only requires one controller for
each hand in addition of the HMD in order to compute an estimation of the avatar position and
orientation. The addition of other trackers is also easy in order to adapt the inverse kinematics
solution to the whole body or to make it more precise. More recently, an intense focus has been
set on a higher level of detail in the control of the avatar, such as fingers animation and real-time

3D facial control. However, this last element is really challenging because of the large occlusion
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caused by the HMD [Song et al. 2018]. Interestingly, sometimes no control at all is provided, and
only animations are played on the avatar, on which users do not have any effect. For instance,
Gonzalez-Franco et al. [2020] found that self-identification was increased towards an avatar on

which facial animations were pre-baked and based on facial idle expressions.

Figure 2.10 — Left: “Xsens MVN consists of 17 inertial and magnetic sensor modules. Data is transmitted by a
wireless connection to the laptop computer on which the processing is performed and visualized. A suit is used
for quick and convenient placement of sensors and cables” [Roetenberg et al. 2009]. Right: Hardware elements
of the embodiment system from [Spanlang, Normand, Borland, et al. 2014], the participant wears a suit with
retro-reflective markers for full body motion capture, which are then tracked using 12 Optitrack motion capture
cameras.

Overall, the control of an avatar has a strong influence on the SoE, and more precisely it
has a direct impact on users’ sense of agency. Indeed visuomotor congruence between real and
virtual body movements highly contributes to the Sense of agency [Caspar et al. 2015], while
discrepancies between visual and motor information tend to decrease it [Farrer, Bouchereau,
et al. 2008; Sanchez-Vives, Spanlang, et al. 2010]. Regarding the feeling of agency, other studies
showed that it is possible for users to feel an illusory Sense of agency towards actions they did
not cause when some requirements are respected, such as a close match between users intentions
and subsequent actions [M Wegner et al. 2004; Kokkinara, Kilteni, et al. 2016]. Nagamine et
al. [2016] also support the important role of motor control in the recognition of one’s own actions.
Regarding avatar animation techniques, such as the use of inverse kinematics or motion capture,
some studies explored the influence of motion artifacts (latency, noise) in such techniques on the
Sense of agency, showing for instance that it impacts the Sense of agency but does not break
it [Waltemate, Senna, et al. 2016]. More precisely, Waltemate et al. [2016] found that the sense
of agency and body ownership only decline at a latency higher than 125 ms, and deteriorate for a
latency greater than 300 ms. Others also explored the impact of such controls on the Sense of

Ownership [Roth, Lugrin, Biiser, et al. 2016] or on the Sense of Embodiment [Parger et al. 2018].
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However, no studies explored to our knowledge the influence of the actual animation technique

on the Sense of agency.

2.6.1.3 Point of View

In the field of non-immersive 3D video games that involve an avatar, there exist multiple
ways to depict users’ point of view towards their avatar [Taylor et al. 2002]: first person Point of
View (PoV), and different types of third person PoV (top down over the shoulders of the avatar,
facing the avatar, “god view” overhead pull-out, etc.). Studies in the area agree in that the third
person PoV in this context may increase the awareness of the virtual space surrounding the avatar
while acting through the avatar with the game environment [Taylor et al. 2002]. Yet, they also
agree on that it is an advantage in detriment of users’ immersion [Denisova and Cairns 2015].

In the field of VR, the third person PoV had been encouraged for its help in adjusting the
posture of an avatar, and to compensate the effect of distance compression usually perceived
by participants in immersive systems [Boulic et al. 2008; Covaci et al. 2014]. However, the
third person PoV is not the natural perspective we have towards our body, which is why some
research tackled the question of this type of PoV regarding the sense of embodiment towards
an avatar [Debarba et al. 2015]. Indeed, the PoV of users in the virtual environment with
respect to their avatar determines the spatial relationship between their avatar and their virtual
body. Such relationship can have an impact on where one perceives oneself to be located and
thus alters the Sense of Self-Location. For example, a first-person PoV can easily induce the
Sense of Self-Location [Gorisse, Christmann, Amato, et al. 2017], while a third-person PoV
is more likely to reduce it [Maselli and Slater 2014; Galvan Debarba et al. 2017]. However,
in out-of-body experiments, the illusion of self-Location might persist if it is preceded by a
stimulation period [Bourdin et al. 2017]. More precisely, the presence of congruent visuotactile
stimulation was also shown to be a key factor regarding the Sense of Self-Location, as it may
lead users to mislocalize themselves towards the virtual body, to a position outside their bodily
borders [Lenggenhager et al. 2007]. Interestingly, Debarba et al. [2015] proposed in their study
an alternative method that enabled participants to switch between first and third PoV. They
showed that subjective evaluations of embodiment were similar in such condition of “alternation”
between first and third PoV compared to a basic first PoV. In particular, they argued that such a
method could be valuable in the context of VR applications for Post Traumatic Stress Disorder
or phobia therapy. They justify this potential application for that the first person PoV could allow
participants to experience a strong SoE towards their avatar, while switching the PoV to third

PoV in case of a threat could help them modulate the intensity of the therapy in a reassuring
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manner.

Figure 2.11 — Tlustration of two different point of views in virtual reality explored by Gorisse et al. [Gorisse,
Christmann, Amato, et al. 2017].

2.6.1.4 Haptic Feedback

Some research also investigated the potential impact of haptic feedback on the SoE. The
role of haptic feedback is to provide the physical component of an interaction, from basic to
more complex interactions [Bergamasco and Ruffaldi 2011]. Several elements were identified as
contributors of the overall haptic feedback [L.ederman and Klatzky 2009]:

— Proprioceptive feedback: information about the position of our body parts and their

movements.
— Kinesthetic feedback: information about the forces applied to the body.
— Tactile feedback: information covering the touch with surfaces.
— Vestibular feedback: perception of the gravity vector.

The first link between haptics and the SoE was therefore introduced through the study of
the RHI, as it was showed that synchronous visual and tactile stimuli could elicit the illusion
of the ownership of a fake limb (rubber hand) [Botvinick and Cohen 1998]. Such effect was
also replicated in VR, towards a virtual arm, by Slater et al. [2008]. However, these studies have
in common that they involve the participation of an experimenter, that will physically make
a action towards the participants to provide tactile feedback. Other research works explored
therefore the potential of wearable haptic systems in the context of virtual embodiment, such
as the work of Spanlang et al. [2010] which describes a system that generates touch on the real
person’s body when the avatar is touched by the mean of a haptic vest mounted with vibrators.

Furthermore, Frohner et al. [2018] explored two types of haptics feedback (vibro-tactile and
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kinesthetic feedback), and showed that haptic feedback significantly improves the subjective
embodiment of a virtual hand and that force feedback leads to stronger sense of ownership. In
addition, a more recent work from Krogmeier et al. [2019] found a positive correlation between
the SoE and a form of vibro-tactile feedback. In this study, participants were immersed in a
VE in which virtual characters were walking past them and sometimes walked too close and
bumped into them. In that case, a vibro-tactile feedback was either provided with different
degree of coherence (strength, synchronicity) or not at all. The results indicated that the SoE
of participants was significantly higher with any kind of vibro-tactile feedback compared to
no vibro-tactile feedback at all. In addition, vibro-tactile feedback with high intensity or non
synchronicity elicited lower SoE, which the authors argue might suggest that the SoE could be
partially linked to the logical interactions of the environment (e.g., a lower SoE for interactions
that are not coherent or plausible). While plausibility of the VE was considered by Slater et al.
as a component that contributes to the realistic response that users may have towards the VEs,
its impact on the SoE remains neglected to this day. Moreover, while not fully related to virtual
embodiment, the use of wearable haptic systems has been particularly exploited in research in
VR social interactions [Huisman et al. 2014; Goedschalk et al. 2018], in which haptic feedback

is used to convey a sense of “social touch”.

Figure 2.12 — Example of visuo-tactile feedback used in an embodiment study. [Krogmeier et al. 2019]

2.6.1.5 Auditory Feedback

A core of research also explored the potential impact of auditory feedback on the way we
perceive our virtual body [Tajadura-Jiménez, Banakou, et al. 2017]. Interesting works explored

the relation between sound and body perception on the physical body (without VR). For instance,
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it was shown that auditory distance of action sounds could influence perceived tactile distances
on one’s arm [ Tajadura-Jiménez, Viljamie, et al. 2012]. This result suggests that the auditory
feedback of an action can recalibrate the mental representation of one’s own arm length. In
that line, additional research explored the impact of smell combined with sound on the body
perception, and found that scent stimuli had an impact of participants own weight perception
and enhance the effect of sound of the perceived body lightness [Brianza et al. 2019]. While
those last works were not conducted in VR, they open up a wide range of questions regarding
the potential influence of auditory feedback on the way we perceive avatars, and reinvigorate the

interest in exploring the influence of auditory cues on the SoE.

2.6.1.6 Inter-relation Between the Factors Influencing the Sense of Embodiment

In the previously presented research, some factors appeared to be clearly linked to a specific
subcomponent of the SOE. However, other research showed that their influence is more complex,
and that some interrelations may exist within the factors and the subcomponents they influence.
For this reason it is also interesting to have knowledge for each factor of its influence on all the
subcomponents of the SoE.

A number of studies have shown that one isolated factor can impact more than one subcom-
ponent. For example, while the appearance factor seems to be mainly connected to the sense
of ownership, it could increase the control expectations over the virtual body. In the work of
Argelaguet et al. [2016] for instance, a virtual hand with lower realism elicited a stronger sense of
agency over a realistic virtual hand. Authors hypothesized that the decrease in the sense of agency
was due to the mismatch between the control mechanism and the actual appearance of the virtual
hand. Users’ expectancy about the actual interactions capabilities of a realistic virtual hand were
not met, decreasing their sense of agency. On the same basis, while the control factor seems
directly linked to the sense of agency, Steptoe et al. showed that the sense of ownership towards
an extra body part (virtual human tail) was higher when users could actually control it by moving
their hips [Steptoe et al. 2013]. Thus, suggesting that the mere fact of being able to control your
virtual body has an effect on the sense of ownership. Similarly, the work of Gonzalez Franco
et al. [2010a] showed that being able to control the upper-body of the avatar elicited a higher
sense of ownership that when just an animation was played. It was also shown by Kokkinara and
Slater. [2014] that multisensory congruence such as visuo-motor-tactile congruence enhances the
sense of ownership, and that it can preserve the same sense of ownership between third-person
and first-person PoV towards an avatar [Galvan Debarba et al. 2017], even though in most cases

the sense of ownership is higher in first-person PoV [Gorisse, Christmann, Amato, et al. 2017].
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This highlights that the point of view factor is not only related to the Sense of Self-Location but
that it can also influence the Sense of Ownership.

However, due to all possible inter-connections between the factors influencing the sense of em-
bodiment and its subcomponents, it remains challenging to quantify their impact on the perceived
Sense of Embodiment as a whole. An analogous question was raised by Kilteni et al. [2012]
regarding the relationship between the SoE and its subcomponents. Some research for instance
would place the Self-Location as the most important subcomponent [Blanke and Metzinger
2009] while others would suggest the sense of ownership to be of low significance [Preester and
Tsakiris 2009] and the Sense of agency to be of much importance [Tsakiris, Prabhu, et al. 2006].
Overall, Kilteni et al. [2012] insisted on the lack of current knowledge regarding the weight
of each subcomponent contribution to the SoE, which coincides with the gap of knowledge
regarding the importance of each factor regarding their influence on the SoE as an entire complex
entity and not towards its specific subcomponents.

Studies exploring the influence of factors towards the SoE therefore usually focus on one
factor at a time and measure its influence on the SoE. However, such measures do not allow the
assessment of inter-relations between the factors influencing the SoE. Indeed, the assessment of
this kind of inter-relations is challenging in terms of experimental protocol due to the numerous
amount of possible factor combinations. To this respect, an axis of this thesis aims at better

understanding the inter-relations among these three factors.

2.6.2 Factors related to the Virtual Environment

As depicted in section 2.2, the VE characteristics have a strong impact on users’ experience
of VR, mainly impacting their sense of presence. However, the potential influence of factors
related to the VE on the SoE remains weackly explored. In this thesis, we were interested in
one aspect of the VE that we believed could influence users’ SoE: the fact of sharing VEs with
other users. Indeed, when being immersed in a VE with other users, the avatar takes much more
sense as it does not only convey users personal spatial representation, but it also enables them to
situate other users in the VE. In the following, we therefore depict several works about avatars in

the context of shared virtual environments.

2.6.2.1 Avatars in Shared Virtual Environments

As people commonly interact and collaborate with each other in real life, the need to enable

such collaborations to create more immersive VR is nowadays increasing. Historically, such ques-
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tions paved the way to the development of Collaborative Virtual Environments (CVEs) [Sharma
and Chen 2014] as for instance social VR developed by Facebook (see Figure 2.13), telepresence
platforms, and led to several types of experiments, e.g., regarding social interaction and group
behavioral studies [Slater and Steed 2002]. For instance, multi-user immersion was used to
evaluate whether users in a small group would be more efficient in realizing a task in the real
world or in virtual reality [Slater, Sadagic, et al. 2000], with results suggesting that the immersed
person tended to emerge as the leader in virtual groups, but not in real meetings. To evaluate and

enhance the quality of such shared experiences, the concept of Presence was originally explored.

Figure 2.13 — Avatars from Facebook Social VR

2.6.2.2 Influence of Avatars on Presence in Shared Virtual Environments

In the context of multi-user experiences, it was demonstrated that seeing other users in the
VE could be taken as an evidence of one’s proper existence in the VE, and could increase the
sense of presence [Heeter 1992]. This supported the necessity to differentiate new notions, such

as co-presence and social presence, from personal presence [Slater, McCarthy, et al. 1998].

— Social Presence was defined in 1976 by Short et al. [1976] as “the degree of salience
of the other person in the interaction and the consequent salience of the interpersonal
relationships”. According to them, social presence is a factor of great influence on the
quality of communication in mediated communication contexts. It can also be more
generally defined as a measure of the perceived presence of another person [Heidicker
et al. 2017]. The term is also sometimes replaced by the word “co-presence” although

they do not refer exactly to the same thing. Biocca et. al [2001] provided in that sense a
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more detailed definition of social presence, dividing into three dimensions: psychological

involvement, behavioral engagement and co-presence.

— Co-presence refers to the sense of being together with a focus more oriented on the
psychological experience [Nowak 2001]. It is indeed the main difference between social
presence and co-presence, where one refers respectively to the communication medium
and how it is perceived by users and the other relates more to the psychological interaction
between users [Nowak 2001; Schroeder 2002].

Those terms became highly employed when conducting studies on CVEs, for example
in [Poeschl and Doering 2015]. It is indeed quite interesting to wonder how being with others
in the same VE might influence the way we perceive it. It was for instance showed by Slater
et al. [1999], that co-presence in VR has for consequence to amplify users’ reactions, making
a “bad” situation worse and a “good” situation better. Following these results, several studies
naturally focused on the effects of the user representation on the sense of presence in shared
VEs. In particular, they demonstrated that embodying users in anthropomorphic and realistic
avatars also increases their own sense of presence [Nowak and Biocca 2003], and more generally
enhances their whole VR experience [Bailenson et al. 2006; Roth, Waldow, et al. 2017]. For
instance, it was demonstrated that changing the avatar representation had a direct effect on the
quality of social interactions in shared VEs, and more precisely that social interactions tend to be
impeded by non-realistic avatars [Roth, Lugrin, Galakhov, et al. 2016].

However, while measuring the quality of VR shared experiences with multi-user immersion
has clearly required to explore new concepts related to the sense of presence, such as co-presence
and social-presence, the sense of embodiment which is widely studied for single-user experiences
is seldom explored in this context (see Figure 2.14 for a summarized representation of these
concepts). For this reason, one axis of this thesis has been to explore the influence of sharing a

VR experience on the sense of embodiment.

2.6.2.3 Shared Body Experiences

Another interesting aspect of shared VR experiences has been to investigate the possibilities of
shared body experiences. Some previous studies, although not always using VR, have developed
shared body experiences, e.g., two individuals sharing 1PP [Petkova and Ehrsson 2008; Kasahara
et al. 2016], kinesthetic experiences [Nishida and Suzuki 2017], or body representations [Petkova
and Ehrsson 2008; Mazzurega et al. 2011; Tsakiris 2008; Sforza et al. 2010; Mazzurega et
al. 2011; Tajadura-Jiménez, Grehl, et al. 2012]. In particular, Petkova and Ehrsson. [2008]

introduced the perceptual illusion of body swapping and showed that 1PP of another person’s
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Figure 2.14 — Representation of two users immersed in the same VE, and experiencing respective subjective

senses of embodiment (towards their own avatar), presence (towards the VE they share) and social/co-presence
(towards their experience of being with one another in the VE).

body, in combination with the receipt of correlated multisensory information from the body, was
sufficient for inducing body ownership (see Figure 2.15). Mutual paralleled first-person-view-
sharing systems, in which a person can observe others’ first-person video perspectives as well
as their own perspective in realtime, are also used in entertainment, remote collaboration, and
skill transmission systems [Kasahara et al. 2016; Kawasaki et al. 2010; Poelman et al. 2012].
Other approaches have also explored the sharing of other senses, e.g., BioSync [Nishida and
Suzuki 2017] which is an interpersonal kinesthetic communication system allowing users to
sense and combine muscle contraction and joint rigidity bidirectionally through electromyogram
measurement and electrical muscle stimulation. Lastly, the enfacement phenomenon is a self-
other merging experience, in which participants reported that morphed images of themselves
and their partner contained more self than other only after synchronous multisensory stimulation
on their faces [Mazzurega et al. 2011; Tsakiris 2008; Sforza et al. 2010]. Through the evidence
of a field of exploration of shared body experiences in VR and the potential impact of such

experiences on the SoE, another axis of this thesis has been to explore the impact of shared body
experiences on the SoE.
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Figure 2.15 — Experiment of body swap illusion conducted by Petkova and Ehrsson [2008], in which participants
experienced the illusion that the experimenter’s arm was their own arm and could sense their entire body just behind
this arm.

2.6.3 User-Related Factors

The two previous sections have addressed questions related to “external” factors related to
the avatar and the virtual environment, that are likely to influence users’ Sense of Embodiment,
while painting a review of the related topics. In this section, we raise questions regarding the
impact of internal factors (related to the user) on the SoE. Indeed, while most studies are able to
show general trends of the influence of such “external” factors, the inter-user variability remains
non-negligible. In practice, we can observe that some people easily believe in the illusion of
virtual embodiment, while others are in the contrary totally refractory. This section reports a
number of works which have explored the role of inter-personal differences (e.g. personality) in
VR. Because of the amount of work that was done in the past on the influence of inter-personal

differences on presence, we first look at this specific aspect of the related work.

2.6.3.1 Role of Individual Differences in Presence

Several works investigated the link between the sense of presence and individual differences,
in which models with different dimensions, like the OCEAN model, have been used in order
to characterise inter-personal differences. The OCEAN model, also known as the “Big Five”
personality traits, is a taxonomy of personality traits that uses common language descriptors
in order to identify five personality dimensions: Openness to experience, Conscientiousness,

Extraversion, Agreeableness and Neuroticism [Rothmann and Coetzer 2003]. For example, it
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was found that agreeableness was positively associated with spatial presence [Sacau et al. 2005].
Weibel et al. [2010] studied the link between the Big Five traits and immersive tendency (which
contributes to the sense of presence [Ling et al. 2013]) and found that openness, extraversion and
neuroticism were positively correlated with immersive tendency. However, a number of studies
have found contradictory results. For example, regarding the influence of extraversion, it was
found to be positively [[Laarni et al. 2004] or to be negatively correlated [Jurnet et al. 2005] with
presence.

In addition to the “Big Five”, other personality traits that have been investigated are absorption
(the disposition for having episodes of “total” attention that fully engage one’s representational
resources [Tellegen and Atkinson 1974]) and dissociation (the lack of normal integration of
thoughts, feelings, and experiences into the stream of consciousness and memory [M. Bernstein
and W. Putnam 1987]). They were first both found associated with reality judgment [Bafos,
Botella, Garcia-Palacios, et al. 1999]. Then their influence on presence was studied and they
were sometimes both found positively correlated with presence [Sacau et al. 2005], sometimes
only dissociation was associated with presence [Murray et al. 2007] or neither of them was
correlated [Phillips et al. 2012]. Kober and Neuper [2013] also found that absorption was a good
predictor of presence, no matter what presence questionnaire was used. Moreover, empathy is
another trait which has been studied in the past, and demonstrated to be related to feeling a
higher sense of presence [Nicovich et al. 2005; Sas and O’Hare 2003; Ling et al. 2013].

Finally, the Locus of Control (LoC) was also studied regarding its potential influence on
the sense of presence. It has been often used in the fields of education, health, and clinical
psychology. It refers to the degree to which people believe that they have control over the
outcome of events in their lives, as opposed to external forces beyond their control [[.evenson
1981]. The Internal-Personal-Chance (IPC) test [Hanna 1974] is one of the measurements for
LoC, indicating a person’s relative standing on each of the three dimensions of internal, powerful
others, and chance. Among them, the individuals with a strong internal LoC believe events in
their life are derived primarily from their own actions. Some research demonstrated that the
locus of control had an influence on the sense of presence. However contradictory results were
found, namely that either an external [Murray et al. 2007] or internal [Wallach et al. 2010] locus

of control was improving presence depending on the study.

2.6.3.2 Individual Differences and Embodiment

The majority of the works addressing such internal factors on the SoE have mainly focused

on the RHI in the physical world. The influence of body awareness, a cognitive ability that makes
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us aware of our body processes, has been studied but no correlation was found with the strength
of RHI [David, Fiori, et al. 2014]. Regarding personality and RHI, it has been found that the
RHI is stronger for empathic people [Asai et al. 2011; Seiryte and Rusconi 2015]. The sense of
ownership in the RHI was also found to be correlated with traits like the Novelty Seeking trait
(from the TCI-R questionnaire) or Psychoticism (from the SCL-90-R questionnaire) [Kdllai et al.
2015]. Also, higher responses to the RHI have been reported for people suffering from personality
or psychotic disorders: dissociative subtype of post-traumatic stress disorder (PTSD) [Rabellino
et al. 2016], schizophrenia [Peled et al. 2000; Thakkar et al. 201 1] and schizotypal personality
disorder [Asai et al. 201 1; Van Doorn et al. 2018]. Finally, recent works have started to focus
on the potential role of personality traits on virtual embodiment. One example being the work
of Jeunet et al. [2018] which showed that the feeling of agency is linked to an internal locus of
control.

The literature review thus showed both a clear interest and important results regarding the
influence of personality on user’s sense of presence in VR and on users’ SoE in the physical
world. Some more recent work also revealed an influence of the locus of control, a personality
trait, on the SoE in VR. This last result highlighted the potential role of individual differences
in the elicitation of the SoE in VR and in this way, raised the concern of exploring deeper their
possible link to the SoE in VR. For this reason, an axis of this thesis has been to explore the

influence of a wider range of individual differences on the SoE in VR.

2.7 Conclusion

In this chapter, we described several concepts related to avatars in virtual reality. After
introducing the concept of VEs and notions of perception of VEs, we reported illustrative studies
about own-body perception in the physical world, and in VR, setting up the ground for the further
presented research works. Afterwards, we introduced the concept that is the most relied on in
the context of studies focusing on avatar: the Sense of Embodiment, and we depicted several
works studying its three subcomponents: the sense of ownership, the sense of agency and the
sense of self-location. After showing that these three subcomponents could be modulated by
many means (e.g.,visuomotor and visuotactile feedback) and could be measured in different
ways (subjective vs objective measures), we re-used our three-layer-factor representation (see
Figure 8.5) to articulate several studies on the factors influencing the SoE: Avatar-related, VE-
related and User-related factors. We first focused on the layer that contains the most factors

studied: Avatar-related factors, and depicted seminal studies on factors that we identified as
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being the most studied regarding their impact on the SoE: the appearance, control, point of view,
presence of haptic and auditory feedback. Second, we broadcasted works studying the avatars in
the context of shared virtual environments, highlighting that if the sense of presence had widely
been studed in shared VEs involving avatars, the SoE in such context was on the other hand
weackly investigated. Third and finally, we depicted illustrative works related to the potential
influence of user’s individual differences on the SOE. We showed in particular that if several
studies had investigated the relation between users’ personality traits and the sense of presence,
the link to the SoE in VR remained unclear. Overall, what can be extracted from these works is
that despite the consequent core of research exploring the SoE in VR and how it can be affected
by several factors, we believe that there still remains a dark area of potential factors not related
to the avatar that might influence the SoE and therefore the appreciation of avatars in VR, more
precisely, factors related to the user and the VE. This thesis hence aims at filling the gaps within

these points of concern, in several contributions presented in the following chapters.
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Influence of the Virtual Environment on the

Sense of Embodiment
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“Some heades haue taken two headis better then one: / But ten
heads without wit, I wene as good none.”

“Two heads are better than one.”

John Heywood, 1546 (old english)

Studying the Sense of Embodiment in Shared

Virtual Reality Experiences

Abstract:

This chapter aims at studying the influence of sharing a VE with another user on the SoE. It
presents a study in which pairs of users were immersed simultaneously in the same VE while being
embodied in their own proper avatar. There were asked to perform a task together, that consisted
in a whac-a-mole game, with several degrees of competitiveness. Users also experienced the
task alone, and in front of a mirror, and subjective as well as objective mesures of the SOE were
collected for each condition. In the following, we describe the protocol of the experiment, as well

as results that we further discuss.

3.1 Introduction

In this first part of the thesis, we are interested in factors related to the VE that are likely to
influence the SoE of users towards their avatar. A very popular aspect of VEs that is still currently

increasing, is that VEs can be shared and experienced with other users. This capacity reinvigorated
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Figure 3.1 — Setup of the experiment: each user was able to interact in the virtual environment with his own
avatar, while the physical setup provided both a reference frame and passive haptic feedback. From left to right:
experimental conditions Alone, Mirror and Shared; Physical setup of the experiment.

the interest in developing efficient shared VE such as Collaborative Virtual Environments
(CVEs) [Sharma and Chen 2014] or telepresence platforms, that would allow users to collaborate,
work or play together in VR. In addition, such platforms have been the playground of an
increasing number of studies and types of experiments, e.g., regarding social interaction and
group behavioral studies [Slater and Steed 2002]. In such context, it is particularly relevant to
represent users with an avatar in the VE, in order to spatially situate them towards other users.
As mentioned in Chapter 2, the impact of avatars on shared VR has been initially assessed by
studying their influence on the sense of presence, which showed overall a strong influence of
avatars and their appearance on the whole VR experience (increasing the sense of presence,
impacting social interactions, etc. [Roth, Lugrin, Galakhov, et al. 2016; Nowak and Biocca
2003]). However, the SoE which is widely studied for single-user experiences is seldom explored
in this context. For this reason, this chapter presents our contribution to explore the influence of
sharing a VR experience on the sense of embodiment. For this aim, we conducted an experiment
where ten pairs of participants sat in front of a table, with co-localized physical and virtual
setups. They were embodied in a co-localized avatar (see Figure 3.1) and were asked to perform
a gamified task. Each participant performed the experiment both alone and facing another
embodied user. In order to assess users’ SOE, we collected subjective questionnaires during and
after the experiment, as well as physical reactions to the presence of a visual threat introduced in

the form of sharp spikes at the edges of the table in half of the experimental conditions.

3.2 Experiment

We hypothesized that being immersed in the same VE while sharing a common task together

with another user will reinforce the SoE. In particular we made the assumption that seeing another
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user’s avatar will reinforce the user experience, and that it will enable users to experience a
higher sense of ownership and agency. In order to test this hypothesis, we designed an experiment
in which users could perform a specific task, i.e. a whac-a-mole game (see Figure 3.1), alone
or together with another user. To ensure that potential differences would not only be due to
additional visual cues due to the presence of another body, we also introduced a condition where
users were immersed alone in front of a mirror and therefore saw their own reflection. In order to
assess users’ SOE, we collected subjective questionnaires during and after the experiment. We
also introduced a visual threat in half of the trials, in the form of sharp spikes at the edges of the

table, and measured users’ behavioral changes while performing the task.

3.2.1 Participants

Twenty male unpaid participants from the university campus took part in the experiment (age:
min=21, max=33, and avg=2642), recruited both among general students and staff. They were
all naive with respect to the purpose of the experiment, had normal or corrected-to-normal vision,
and gave written and informed consent. The study conformed to the declaration of Helsinki.
Participants took part in the experiment in pairs. Among the participants, 9 subjects had none to
very limited previous experience with VR, 6 had some previous experience, and 5 were familiar
with VR. All participants were right-handed male Caucasians, to match the visual appearance of
the virtual avatar as much as possible. In order to avoid any gender interaction bias, we always
used same-gender avatars for each participant pair, with the assumption that mixing genders in

pairs could have influenced interaction between users.

3.2.2 Technical Details

We developed a collaborative platform in Unity in which two users could share the same
virtual and real environment, and interact in real time. Our setup was based on two HTC Vive
Head-Mounted Displays (HMDs) with four HTC Vive controllers, to immerse participants in
the VE. Users were embodied in anthropomorphic virtual avatars in 1PPOV (see Figure 3.4
left). In the center of the tracking zone, two chairs and a table were placed. A thin foam layer
covered the table to avoid impacts of the HTC Vive controllers. The physical furniture had its
virtual counterpart in the VE providing both a reference frame and passive haptic feedback (see
Figure 3.1). Finally, the experiment took place inside a standard virtual office.

In order to elicit high levels of embodiment, we chose to use realistic human avatars in our

experiment. Because sharing experiences with other embodied users means that people do not
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Figure 3.2 — Main steps of the Inverse Kinematics based avatar animation. The physical position and orientation
of the Vive HMD and controllers are displayed in red, and used as targets for our IK method. Steps are in order:
1) avatar initial resting pose, 2) rotation of the torso to align the avatar’s head with the HMD, 3) elbow flexion to
satisfy the distance between the shoulder joint and the target wrist (inferred from the controller transformation), and
4) final pose after rotating the shoulder to align the wrist with the target wrist.

only observe their own virtual body, but also others’, a lot of attention was given to the animation
quality of the avatars, i.e. on the way avatars moved according to their user’s movements. In
particular, animation and control quality are strongly linked to the sense of agency, and are
therefore extremely important to measure the SoE. We then detail two main aspects of the
animation of the avatars: 1) the calibration of the avatar size to the user’s and 2) the animation of

the avatar according to the user controls (i.e. HTC Vive head and hands tracking).

3.2.2.1 Avatar Calibration

In order to provide the best experience, it is important to match the participants’ height with
their avatar’s, in particular to ensure that the camera viewpoint is located near the head of the
avatar, and at a correct height from the floor. Before starting the experiment, participants were
therefore asked to sit upright on their chair while wearing the HMD and to place their hands on
the table while holding the controllers. Then, the avatar’s torso was automatically scaled to align

the vertical position of the HMD with the avatar’s eye height.

3.2.2.2 Avatar Animation

Avatars were controlled by user movements through the use of the HTC Vive HMD (head)
and controllers (hands). However, as users were sitting in a chair, we only needed to animate the
upper part of the avatar body, which was performed using a two-step process. First, we used the
HMD position to drive the torso of the avatar by rotating the torso (from spine to head) around
the pelvis (Figure 3.2.2), thus ensuring the alignment of the HMD position with the avatar’s

eyes (i.e. leaning based on the user’s movements). Yet, during pilot studies we noticed that such
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alignment was not sufficient when users looked behind them, which often occurs when users
want to explore a new virtual environment. As shoulders were not tracked, only the head of the
avatar turned in such cases, which created visual skinning artifacts around the neck. As real life
people would actually twist their spine to look behind them, we therefore included an additional
linear combination of the head rotation along the spine which minimized skinning artifacts.

As a second step, the arms of the avatar were then driven with a standard analytical Inverse
Kinematics method using the position and orientation of the Vive controllers. The rig of the
character hands were modified ensuring that the character grasped the controller as naturally
as possible. As the character rig and the current position and orientation of the controllers
were known, the position and orientation of the characters’ wrist could be inferred (hereafter
referred as target wrist). At that stage we make two assumptions: first that the predefined relative
transformation locating the Vive controller in the hand coordinate system is the same for all
subjects and second, that it remains constant during the experiment, i.e. subjects do not modify
their initial controller grasping posture. This approach provided satisfying results.

Moreover, characters were manually posed at rest (before animation) with the arms at a 10°
abduction angle from the vertical of the trunk (see Figure 3.2.1). During run-time, forearms were
first flexed so that the distance between wrist and shoulder joints matched the distance between
the shoulder joint and the target wrist (Figure 3.2.3). Then, we computed the normal vector to
the plane defined by the shoulder, wrist and target wrist positions, and rotated the arm around
this vector to align the wrist with the target wrist (Figure 3.2.4). This method allows us to avoid
elbow singularities, while creating arm poses driven by the original abduction angle of the avatar
at rest. While the elbow location might not match the users’, this is a solution commonly used in
interactive applications [Kulpa et al. 2005; Hecker et al. 2008]. It is also important to point out

that the avatars’ static hand postures matched a natural grasping of the virtual HTC controllers.

3.2.3 Experimental Protocol

Upon their arrival, participants read and signed the experiment consent form and filled in a
demographic questionnaire. Then, they were briefed about the experiment and immersed into
the VE (occupying one of the two chairs). As some experimental conditions (see Section 3.2.4)
required one user and others two users, we scheduled the experiment so that 1) the first user
performed all single-user conditions, then 2) the second user arrived and the two-users conditions
were performed, and finally 3) the first user left and the second user performed the single-user
conditions (see Figure 3.3).

Before each condition participants performed a short training session, in which they were
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asked to grasp virtual cubes and to place them at specified locations to become familiar with the
system and the environment (see Figure 3.4 center). Using the original 3D model of the HTC
Vive controller, we attached a 3D claw model on top, which was animated when pressing the
trigger button of the controller. The virtual claw was used to pick up the cubes and to move them.
When two users shared the same environment, they performed this task together by positioning

successively one cube at a time.

After the training, participants performed the main task which consisted in a whac-a-mole
game. A virtual foam hammer was attached to the virtual HTC Vive controller of the user’s
dominant hand, which participants used to hit the moles. Moles appeared at random time intervals
and at random spots on the table (4x3 spots), and stayed visible from 0.8 to 2.6 seconds. They
were also color-coded to indicate to participants which moles they had to hit (see Section 3.2.4).
A score panel displayed the accumulated score for each round. Hitting the right mole increased
the score by one, and hitting a wrong mole decreased the score by one. The task was moderately
demanding in terms of attention and required fast reaction. Furthermore, while the non-dominant
was not actively used in the task, users were still holding a controller tracking their non-dominant
hand location. This information was used both for analysis of embodiment and animation
purposes. Finally, participants filled in a subjective questionnaire at the end of each block of the

experiment in order to gather subjective impressions on presence and embodiment.
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Figure 3.4 — 1PPOV when performing the whac-a-mole task (left), 3PPOV when performing the Training (center)
and Danger: virtual spikes appeared around the virtual table in order to threaten the virtual body (right).

3.2.4 Experimental Design

In our within-subject design, three independent variables were considered: Experience, Target
and Danger. The main independent variable (Experience) considered whether there was a shared
experience or not, and had three levels (Figure 3.1): 1) the user performed the task alone (Alone),
2) two users performed the task at the same time, sitting in front of each other (Shared), and
3) a control condition in which the user performed the task alone, but a mirror in front of him
enabled to see his avatar (Mirror). The second independent variable (Target) was the difficulty of
the whac-a-mole task, which had two levels: 1) users could hit all the moles (All7argets) and
2) users could hit only half of the moles (OwnTargets). In OwnTargets, users were asked to hit
only the moles corresponding to their color (matching the color of their shirt, green or purple),
and hitting the wrong mole decreased their score. In AllTargets, all moles had the same color
(white). This variable allowed to create two different situations. One more competitive, where
users had to compete for the same moles, and another less competitive, where they only focused
on their moles. Finally, the addition of potentially harmful elements in VEs is commonly used in
embodiment studies to assess behavioral responses [Hoyet et al. 2016; Zhang and Hommel 2016].
Thus, we considered the additional independent variable (Danger) whether there was a potential
threat to the virtual avatar (Danger) or not (Safe). The potential threat were 25cm-height sharp
spikes placed around the table (Figure 3.4, right).

The overall organization of the experiment is summarized in Figure 3.3, and further described
below. The experiment was divided into 3 blocks, corresponding to the three Experience con-
ditions. The Experience conditions were not fully-counterbalanced due to practical reasons, as
single conditions were always done together. Yet, half of the users did the shared condition first
and half did it last. The Alone and Mirror conditions were counterbalanced for each pair of

users. Each block included the training task and eight rounds of the whac-a-mole task (2 Target x
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2 Danger x 2 repetitions). Each round had a duration of 1 minute and the when a threat was
induced it always appeared 3 seconds after the beginning of the round and remained present
until the end of the round. Target and Danger levels were fully counterbalanced. There were 32
moles for each round. At the end of each block, users removed the HMD and filled a subjective
questionnaire to gather their subjective impressions. In total the experiment lasted approximately

one hour.

The measured data (dependent variables) took into account performance and behavioral
measurements which might show changes on the sense of embodiment. Regarding performance,
we only measured the mean selection time. It considered the time required to hit the mole after
its appearance (in seconds). For each user, only trials in which they successfully hit a mole were
considered. We did not consider the user score because performance was close to 100% in most
conditions. Regarding behavioural measures, we mainly focused on the mean elevation of the
dominant and non-dominant hands (in meters), which could be influenced by the virtual threat.
Finally, there is also the subjective responses for the final questionnaire (see Table 3.1). The
questionnaire was inspired from previous work [Botvinick and Cohen 1998; Longo, Schiiiir,
et al. 2008; Kalckert and Ehrsson 2014] and divided into three groups: presence, ownership and
agency. For each question, participants were asked to rate their answer on a 7-point Likert scale.

Participants also reported general comments and feedback at the end of each questionnaire.

In summary, considering our experimental design, our main hypotheses were:

H1 The more competitive the task is, the lower the mean selection time will be.

H2 The mean elevation of the dominant hand will be higher when the Danger is visible.

H3 The mean elevation of the non-dominant hand will be higher when the Danger is visible.

H4 Presence ratings will be higher when sharing the VE.

HS Body ownership ratings will be higher when sharing the VE.

H6 Agency ratings will be higher when sharing the VE.
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Table 3.1 — Questionnaire used in the experiment.

Variable Question

- Please rate your sense of being in the virtual office space, on the following scale from 1 to 7,
Presence | where 7 represents your normal experience of being in a place. I had a sense of “being there” in
the virtual office space

- To what extent were there times during the experience when the virtual office space was the
reality for you? There were times during the experience when the office space was the reality for
me...

- When you think back about your experience, do you think of the office space more as images
that you saw, or more as somewhere that you visited? The office space seems to me to be more
like ...

- When you think back about your experience, do you think more as being elsewhere, or more as
being in the office space? I thought more as...

- Consider your memory of being in the office space. How similar in terms of the structure of the
memory is this to the structure of the memory of other places you have been today? By ‘structure
of the memory’ consider things like the extent to which you have a visual memory of the office
space, whether that memory is in colour, the extent to which the memory seems vivid or realistic,
its size, location in your imagination, the extent to which it is panoramic in your imagination, and
other such structural elements. I think of the office space as a place in a way similar to other
places that I’ve been today...

- During the time of the experience, did you often think to yourself that you were actually in the

office space? During the experience I often thought that I was really seated in the office space...

Ownership | - I felt that the virtual body was my own body.

- I felt that the virtual arms were part of my body.

- I felt that the virtual arms could be harmed.

- I felt that my real arms could be harmed.

- I felt that virtual arms were not part of my body.

- I felt as if the virtual arms were from someone else’s body.

Agency - I felt as if the virtual body moved just like I wanted it to, as if it was obeying my will.
- I expected the virtual body to react in the same way as my own body.

- I felt like I controlled the virtual body as if it was my own body.

3.2.5 Results

Three-way Repeated Measures ANOVA analyses were performed to test the significance of
the Experience, Danger and Target levels for each dependent variable. When main or interaction
effects were found (p < 0.05), they were explored using pairwise Tukey post-hoc tests. Only
significant results are discussed. Anderson-Darling normality tests were performed to ensure a

normal distribution of the data. Effect size was computed using partial eta squared (1 1%).
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Figure 3.5 — Results summary. (Left) Boxplot of the selection time grouped by Target and Experience. (Right)
Boxplot of the dominant hand elevation when hitting the mole grouped by Danger.

100

®
o

o
o

N
o

20

Normalized Questionnaire Score

Shared Mirror Alone Shared Mirror Alone Shared Mirror Alone
Presence Ownership Agency

Figure 3.6 — Boxplot of questionnaire ratings for presence, ownership and agency, grouped by Experience.

Selection Time: The ANOVA analysis showed three main effects regarding Experience
( o3, =47.31, p<0.001, nl% =0.75), Danger ( Fj 16=22.08, p<0.001, n]% =0.58) and Target
( F1,16 =232.46, p <0.001, 771% =0.94), Figure 3.5 (Left) shows the summary of the results. Post-
hoc tests showed that participants were significantly faster in the Shared condition compared to
the Alone or the Mirror conditions. They were also significantly faster in AllTargets compared
to OwnTargets, as well as in the Safe compared to Danger stages. Furthermore a two-way
interaction was found between Experience and Target (F> 3, = 35.75, p < 0.001, 771% =0.69), where
post-hoc tests showed that users were the fastest in the Shared x AllTargets combination. The
interaction effect supports H1, as the most competitive condition Shared x AllTargets had the

lowest selection time. H1 is further supported by the main effects of Experience and Target.

Dominant Hand Elevation: The ANOVA analysis only showed a main effect of Dan-
ger (F16=33.18, p <0.001, 12 =0.67).
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Post-hoc tests showed that users placed their dominant hand higher when the danger was
visible than when it was not (M =1.03m; SD=0.08m vs M =0.93m; SD =0.04m; table height: 0.8m;
see Figure 3.5, Right). This result supports H2 and showed an adaptation of users’ behaviour
due to the appearance of the virtual spikes.

Non-Dominant Hand Elevation: The ANOVA analysis showed a main effect of Experi-
ence (Fr3=11.03, p<0.05, nl% =0.19) and a two-way interaction effect between Target and
Danger (F; 16 =10.61, p <0.01, n]% =0.4). However, post-hoc tests did not show any significant
effect, and mean differences were not higher than a few centimeters overall. The mean elevation
was M =0.81m; SD=0.05m which shows that it remained very close to the height of the table
(0.8m). In summary, this result does not support H3.

Questionnaires: Data from the questionnaires was structured into three groups (presence,
ownership and agency). For each group and user, the scores were added (control questions were
included by inverting their score), and normalized between 1 and 100 to improve readability (see
Figure 3.6). In order to enable the analysis of the interaction effects (mixed ANOVA analysis)
due to the non-continuous nature of the data, unaligned rank transform [Wobbrock et al. 2011]
was applied. The ANOVA analysis considered the within-subjects variable Experience and the
between-subjects variable Order (Shared first vs Shared last). Regarding presence, the ANOVA
showed a main effect of Experience (F>3,=8.56, p < 0.001). Post-hoc tests showed that the
overall sense of presence was higher for the Shared condition compared to the Mirror condition
(p < 0.05) and also for the Alone condition (p < 0.05). This result supports H4. Regarding
ownership, an interaction was found between Experience and Order (F»3,=5.35, p < 0.01),
which was not confirmed by the post-hoc analysis. Still, a deeper analysis seems to suggest that
participants who started with the Shared condition gave a lower ownership score for the Alone
and Mirror conditions compared to the users finishing with the Shared condition. Yet, the results
are inconclusive and do not support HS. Finally, for agency the ANOVA showed a significant
main effect of Experience (F;3,=3.63, p < 0.05). Post-hoc tests showed that agency ratings were
lower for the Mirror condition compared to the Shared condition (p < 0.05). This result does not

support H6.

3.3 Discussion

The main objective of the experiment was to evaluate the influence of sharing a VE with
another user also embodied in an avatar on each other’s SoE. In this Section we discuss how the

results can be interpreted in terms of body ownership and agency but also provide additional
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insights regarding user engagement and presence. We further illustrate those results with written
user feedback, either supporting our results analysis or highlighting other aspects that did not

arise from the variables observed during the experiment.

3.3.1 User Performance and Engagement

The results on selection time show that users were significantly more “efficient” in performing
the task when sharing the VE and in particular in the competitive level (AllTargets). First, the
main effect of Target shows that participants required less time to select the targets in the
AllTargets level vs the OwnTargets level. This result can be explained by the increased cognitive
load for the OwnTargets level as users had to determine whether the target had to be selected or
not. Second, the main effect of Experience could be explained by an increased user engagement
during the competitive (Shared) condition, leading to decreased selection times. In particular,
this effect was stronger in the AllTargets level (significant interaction effect). This explanation is
supported by Lalmas et al. [2014] who stated that user engagement depends on time, and that

challenge is an element that influences engagement.

Moreover, it is important to highlight that when users had to compete for the same moles, the
evaluated selection time is actually the best out of two participants, rather than their individual
performance. Despite the fact that selection time was significant lower in the Shared condition
compared to the other conditions, it is still possible that this observation could have influenced
this result. However, our result is also supported by the other subset of trials where users had to
hit their own moles, in which a relevant change in the selection time was also observed depending

on Experience, a result also supported by the increased presence ratings in the Shared condition.

User feedback was also in line with this interpretation. Users expressed a positive feeling
towards the fact of sharing the VE with another user: “This is more enjoyable and realistic with
a partner”, “The feeling of incarnating the avatar is globally better with a second user in front”,

or “It is better with another person during the experiment”.

Finally, users were also faster when the danger was not displayed. While it is difficult to
separate selection time from the fact that their dominant hand was closer to the table in the
Safe stage, or from the fact that they might have been more careful in the Danger stage, it is

nonetheless important to take into consideration that users displayed different “motor strategies”.
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3.3.2 Body Ownership

First of all, subjective results on body ownership did not show any significant differences at
the level of Experience. On average, participants reported a medium level of body ownership
M =52.0; SD=15.7. Yet, participants starting with the Shared condition demonstrated a tendency
to report lower ownership ratings for the Alone and Mirror conditions. This suggests that the
Shared condition might have provided an upper bound sense of ownership depending on whether
users started with the Shared condition or not. Nevertheless additional experiments would be
required to validate this assumption.

Regarding the behavioural measurements, we found that participants placed their dominant
hand higher in the presence of a virtual threat. Several hypotheses may explain this phenomenon:
is this reaction due to the fact that they feared the threat? Or is it just because they avoided the
collision? As it is established that a response to a threat testifies of a high sense of ownership, we
make the assumption that participants were really punctually afraid for their virtual body to be
harmed. On the contrary, it appeared that participants nearly did not raise their non-dominant
hand when the threat was introduced, independently of the condition tested. It is however
unclear why participants would react to a threat with their dominant-hand and not with their
non-dominant hand. As participants did not need to interact using their non-dominant hand, it is
therefore possible that this absence of interaction could be a reason why participants seemed to
less appropriate their non-dominant virtual hand as their own. It is also possible that the non-
dominant hand was less present in the field of view of participants, which could have influenced
their reaction. In either way, participants were never asked to maintain their non-dominant hand
on the table. This observation opens the question whether body ownership is uniform regarding
the entire virtual body, or depends on whether a body part is active or not.

In addition, comments from users also testified of a reaction toward the virtual threat: “/
felt strange when I moved my arm through the spikes” or “When the table was surrounded
with spikes, it took me several seconds to be at ease with them and to realize I could not be
harmed” . These remarks support the results of the dominant-hand height regarding the sense
of ownership towards the virtual body. It has been considered the possibility that participants
would actually move their hand thinking that touching the spikes would decrease their score, as
the game was quite competitive, but the way most participants quickly reacted, surprised by the
danger appearing, testifies of a basic instinct to a threat toward their body.

It is also interesting to acknowledge that we did not observe a significant increase in ownership
in the mirror condition, which is contradictory to previous work where the presence of such a

mirror is often use to enhance the sense of ownership [Gonzdlez-Franco, Pérez-Marcos, et al.
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2010b]. One possible explanation is that the mirror might have been distracting for participants,
and have possibly highlighted small animation artifacts, which was however not reported by
any participant. Furthermore, this result can also be explained due to the uncanny valley effect
[McDonnell et al. 2012]. The choice of a realistic anthropomorphic avatars might have influenced
how participants accepted the avatar as their virtual representation, which could be further

explored in future experiments.

3.3.3 Agency

Overall the agency score was high (M =78.09; SD = 15.24), which shows that the avatar control
was realistic and efficient. We took great care in providing a high quality to the visual rendering
of the virtual scene, both in terms of appearance and avatar animation. Users were immersed in a
realistic environment, similar to a real office, and embodied in realistic anthropomorphic avatars.

Interestingly, the analysis of Agency scores showed that the levels of agency were lower for
the Mirror condition. Indeed, three participants communicated a negative feeling towards the
presence of a mirror in the VE: “It is better without the mirror”, “The mirror effect creates a
loss of the sense of presence, I couldn’t say why, but it installs a discomfort”, and “I felt more
immersed without the mirror”. The possibility to look to one’s own avatar motions in the mirror
could have increased the chances to detect imperfections of the avatar control scheme. Also, the
fact that we used inverse kinematics to animate the upper body of the avatar might have induced
a lack of accuracy at the origin of those results.

Unlike the sense of ownership, to our knowledge the sense of agency had not yet been studied
in relation to the presence or not of a mirror in virtual reality. For instance, while Slater et
al. [2010] explored the influence on agency of synchronous or asynchronous mirror reflections
in IVR, they did not compare it to a control case without a mirror. Yet their results appeared to
be in conflict with previous studies that suggested the importance of motor cues for the sense of
self [Jeannerod 2003]. While our results suggest differences in the agency scores between the
mirror and single conditions, such differences were small, showing the need to ensure accurate

avatar control to maximize the sense of agency.

3.3.4 Limitations and Future Works

One of our verified hypotheses was that competition has an impact on user performance,
showing an increase in user engagement. Indeed, the wack-a-mole task had a clear competitive

dimension, which had for consequence that users were more attentive and efficient. However,
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the increase in engagement could have reduced the awareness of participants about their virtual
body. Thus, it would be interesting to consider other tasks, reducing the ambiguity between
engagement and embodiment. For instance, relevant tasks could involve higher awareness of
one’s virtual body and of others, such as users collaborating to achieve common goals while
finely controlling their virtual body.

In addition, the interaction capabilities of the task were satisfying constrained. For example,
a participant reported that remaining seated, without being able to explore the room, reduced
the ability of considering the virtual office as an actual real room. Further studies could explore
increasing the interaction capabilities by providing the possibility to walk/navigate, or to interact
with a wider range of virtual objects. Our results are also limited by the fact that we used
only male participants, and further studies could be conducted using cross-gender or female
participants. Finally, another aspect that requires additional research is the fact that we chose
to have users sharing both the same virtual and physical environment. This implied that users
eventually saw each other physically and could potentially talk and hear each other directly,
which could have introduced additional implications in terms of social interactions. Our study

could also be extended by involving more than two users.

3.4 Conclusion

In this chapter, we explored how sharing a virtual environment with another user could
generate changes in the behaviour and the perception of the virtual experience such as influencing
the sense of embodiment. Our results show that shared experiences increased user engagement
and the sense of presence, which is supported by performance and subjective measurements. In
addition, all experimental conditions generated a strong sense of embodiment. Taken together,
our results lead the way for VR applications designers to identify the important features to
consider in order to develop multi-user VE. It can now be taken as an established fact that
if users are immersed embodied in respective avatars, their SOE remains quite high, and so
does the quality of their experience. It is also well-known that VR finds a large public in the
entertainment area, and that multi-user games are quite popular in the gaming community. It is
therefore relevant in this area to consider the influence of the competitive dimension existing in
these applications on users’ quality of experience.

In the following chapter, we dig in the question of shared VR one step further, involving this

time the sharing of the avatar it self, meaning: two users being embodied in the same avatar.
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“As a body everyone is single, as a soul never.”

Hermann Hesse, Steppenwolf

Exploring the Influence of Sharing an Avatar

with Another on the Sense of Embodiment

Abstract:

This chapter aims at exploring the influence of shared VE on the SoE on a very specific angle:
We are interested not only in the context of two users sharing the same VE, but in two users being
embodied in the same avatar. More precisely, because sharing the same avatar rises questions
regarding how users will manage to control the same virtual body and interact with the VE, we
are particularly interested in how sharing the control of the avatar could influence users’ Sense

of Agency (SoA) towards it. This chapter therefore presents the experiment that was conducted in

order to explore that matter.

4.1 Introduction

In this chapter, we introduce a new concept, termed “virtual co-embodiment.” While the
concept of “‘co-embodiment” has been recently defined outside of the scope of VR [Luria et al.

2019], this is the first study to the best of our knowledge to define “virtual co-embodiment™ as a
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Figure 4.1 — Our “Virtual Co-Embodiment” experience enables a pair of users to be embodied simultaneously
in the same virtual avatar (Left). The positions and orientations of the two users are applied to the virtual body of
the avatar based on a weighted average, e.g., “User A” with 25% control and “User B” with 75% control over the
virtual body (Right).

situation that enables a user and another entity (e.g., another user, robot, or autonomous agent) to
be embodied in the same virtual avatar. Such a situation raises the question about how sharing a
virtual body influences ones’ perception and actions in the VE. Potential applications of this new
concept range from VR-based motion training to collaborative teleoperation, e.g., to efficiently
transfer physical skills from an expert to a novice, or to enable the simultaneous control of
a robot by two experts as if the robot was their actual body. In such scenarios, it is therefore
important to maintain the feeling of control for both users so that they have the impression that
they are controlling the avatar in the same manner that they would control their own bodies. As a
first step, this study focused on two users sharing the same virtual body. As seen in Chapter 2,
the SoE is a theoretical framework widely used to evaluate how users perceive and accept their
avatar to be their own representation in the virtual world [Kilteni, Maselli, et al. 2015; Longo,
Schiiiir, et al. 2008]. This framework is often divided into three dimensions [Kilteni, Groten, et al.
2012]: the sense of agency (SoA), sense of self-location (SoSL), and sense of body ownership
(SoBO). However, owing to the particularity of the virtual co-embodiment experience, in which
users share control over their virtual body, and the potential implications that sharing this control
would increase the interaction capabilities of users in a VE, we decided to focus our efforts on
the assessment of the SoA. The ability to modulate the sharing of avatar control enables the
possibility to assess the SOA when two users collaborate to achieve a task while embodied in the
same virtual avatar. Previous research explored the influence of perceptual and motor mismatches
over the SoA. Such studies showed that it is possible for users to feel agency toward actions they
did not perform [Wegner, Sparrow, et al. 2004], and highlighted interesting insights regarding
the SoA with its possible modulations, inspiring the following question: To which level can users
experience a SOA over a shared virtual avatar?

To answer this question, we conducted a VR experiment in which 12 pairs of individuals
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participated. Each pair was embodied in the same shared avatar from a first-person perspective
(1PP) and was asked to perform different tasks in the VE while sharing the avatar control.
The control was shared by averaging the position and orientation of the hands of both users
according to a predefined level of control for each user (from no-control to full-control) and by
animating the avatar accordingly. Our two main hypotheses were as follows: (1) the SoA would
be positively correlated with the degree of control over the shared avatar; and (2) the SoA would
be positively influenced by how much the task is potentially restricting the participant’s choices.
In addition, as seen in Chapter 2, in a study including manipulations of the SoA in VR, based
on the principles of priority, exclusivity, and consistency, Jeunet et al. [2018] suggested that the
internal dimension of the Locus of Control (LoC), a personality trait, is positively correlated
with participants’ level of agency. We therefore assessed participants’ LoC in our study, and

expected to find a correlation with their SOA towards the shared avatar.

4.2 Related Work on Illusory Sense of Agency

In Chapter 2, we reviewed several works regarding shared VE, as well as shared bodily
experiences. We also reviewed the theory and measures of the SoA, from which we found that
spatial displacement or temporal delay between action and outcome attenuates the SoA [Haggard
and Chambon 2012; Farrer, Bouchereau, et al. 2008; Franck et al. 2001]. However, we feel
illusory SoA over distorted movements as long as the displacement or delay is under the threshold.
For example, a recent study using VR showed that spatial manipulations of 22° of angular offset
from 1PP did not attenuate SoA [Kokkinara, Slater, and Lopez-Moliner 2015]; this showed
much lower detection thresholds than previous studies without VR [Farrer, Bouchereau, et al.
2008; Franck et al. 2001]. Moreover, a study by Galvan Debarbaba et al. [Galvan Debarba et al.
2018] showed that subjects did not detect easily avatar’s movement discrepancies when the
nature of the distortion was not made explicit, and that subjects were biased to self-attributing
distorted movements that made the task perfomed easier. In addition, illusory SoA can occur
over the actions or outcomes made by someone else when there is a close match between
prior intentions and subsequent actions. In a classic study by Nielsen [1963], participants were
instructed to draw a straight line to the goal point. After some repetitions, the experimenter
secretly inserted a mirror so that the participants were looking at another person’s hand in a
mirror. They experienced the illusory SoA and attributed the hand to their own. In Wegner and
Wheatley’s “I-spy” experiment [1999], participants and an experimenter jointly controlled a

cursor. Auditory priming of action-relevant thoughts induced illusory SoA even through the
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Figure 4.2 — Physical setup: two users are physically sitting in front of each other and are immersed in the same
avatar from a 1PP.

cursor was being controlled by someone else. This suggests that post-hoc judgments of SoA can
easily be distorted in a joint action when the action source is ambiguous. Yokosaka et al. [2014]
reported that when participants watched their own and another person’s hand motion alternately
from 1PP, they felt illusory SoA over the movement, although they were aware that they were

not performing a united motion.

Moreover, illusory SoA is possible over body movements even when no actual corresponding
action is being performed. In the “helping hands” experiment by Wegner et al. [2004], participants
watched themselves in a mirror while an experimenter standing directly behind them extended
and moved his or her arms as if the participants themselves moved their arms. They reported
that participants felt an illusory SoA for another person’s hands when they were primed about
instructions for that person’s movements in advance, although they factually did not move.
VR is also used to induce illusory SoA when passively observing movements of a walking
avatar from 1PP [Kokkinara, Kilteni, et al. 2016]. To summarize, in situations where individuals
do not move, the action priming and movement observation from 1PP are considered to be
important for illusory SoA. Therefore, we believe that users might experience all the three
aforementioned types of illusory SoA in a virtual co-embodiment experience, as the feedback
component originates partially from one’s own movements and partially from someone else’s

movements.
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4.3 Co-embodiment platform

In this section, we discuss about the proposed virtual co-embodiment platform, which was

used to conduct the experiment, to be described in Section 4.4.

The platform was developed in Unity and allows two users to share the same virtual envi-
ronment and interact in real time, while being embodied in the same avatar. Our setup is based
on two HTC Vive head-mounted displays (HMDs) with two HTC Vive controllers to immerse
participants in the VE. The application runs on Unity 2018.1.0f2 at a constant frame rate of 90
Hz. Both computers are physically connected on the same network to minimize latency. Users
are embodied in an anthropomorphic virtual avatar from a 1PP (see Figure 4.2). In the center of
the tracking zone, two chairs and a table are placed, enabling users to sit in front of each other.
The physical furniture has its virtual counterpart in the VE providing both a reference frame and

passive haptic feedback. The VE in which users are immersed comprises an empty room.

In terms of avatar appearance, we chose to use a realistic model in our experiment as well
as immerse users in a 1PP, as these criteria were reported by recent studies to be important for
enhancing the overall SoE [Maselli and Slater 2013]. As animation and control quality are known
to be strongly linked to the SoA, we primarily focused on avatar animation. This was especially
challenging in our case owing to the shared control of the avatar. Note that, the differentiation of

avatar animation and control inputs is necessary for its computation.

In the case of a single-user situation, the animation of the avatar depends solely on the control
inputs of this user. However, in this study, the control inputs result from the combination of
the inputs of two users. We therefore implemented a method that allowed the sharing of the
avatar control with another user. As a virtual view that does not correspond to the user’s own
head movement could cause motion sickness, each user observed his/her own perspective in
accordance with his/her head movement; the head position and orientation of the HMDs were not
shared. Regarding the controller, we computed the weighted average of the real-time position and
orientation of each user’s controller, and applied it to the shared avatar’s controller. The weight
defining the level of control could be continuously changed from 0% to 100%. The weighted
average position and orientation were then computed by interpolating between user controller
positions and orientations.

Further, we chose to focus on the animation of the arms and torso because, as stated in [Jeunet
et al. 2018], the arms and hands are the main body medium for interactions in VEs. In addition,
in our setup, as users were seated on a chair, only animation for the upper body was required,

which was animated through inverse kinematics using the Final IK Unity package. The Final
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IK computed inverse kinematics using position and rotation inputs of the head and controllers
of the shared avatar, obtained through the previous shared control computation. Users could
thus observe the same shared avatar, the movements of which, computed by inverse kinematics,

would follow more or less their own hand according to their level of control at a certain time.

4.4 Experiment

4.4.1 Experiment Summary

We conducted an experiment, in which we explored the influence of the degree of control
of an avatar shared with another person on one’s own SoA. More precisely, we address the
two following questions. Does the degree of shared control have an impact on one’s Feeling of
Control (FoC) toward the avatar? Does the predictability of the avatar movement have an impact
on one’s FoC toward the avatar?

In the literature, the SoA was shown to largely depend on the degree of discrepancy between
the predicted sensory feedback of an action and the actual outcome [Sato and Yasuda 2005]. In
addition, participants were observed to feel illusory SoA over distorted movements when the
discrepancy is under a certain threshold [Kokkinara, Slater, and Lopez-Moliner 2015]. Moreover,
other studies focused on situations in which participants did not move and experienced illusory
SoA toward movements they did not perform, when they had prior knowledge of the action
and were immersed in a 1PP [Wegner, Sparrow, et al. 2004]. Based on these findings, we
hypothesized that the level of control over the avatar shared between the two participants would
influence the SoA. We also hypothesized that the freedom of movement in the task and whether
both participants had the same prior knowledge of the action would also influence the SoA.

To test these hypotheses, we designed an experiment in which two participants were immersed
simultaneously in a VE and were embodied in the same avatar. More precisely, the experiment was
divided into three successive phases: the first exposure phase, followed by the main experiment

phase, and finally the last exposure phase.

e First exposure phase: The first exposure phase was conducted to allow the users to be accus-
tomed to the shared body control and experimental environment (see Figure 4.3). Moreover,
we took advantage of this phase to evaluate users’ SoA and SoBO to assess their level of
embodiment when possessing full (independent body) or half control (shared body) over

the virtual avatar.

e Main experiment: To explore the influence of the level of shared control toward the avatar on
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Figure 4.3 — Exposure phase in which participants were asked to light candles (left); main experiment in which
participants were asked to touch some spheres with the tip of their controller (right). Images are shown from
third-person perspective for illustrative reasons.

Figure 4.4 — The three tasks that the users were asked to perform. Free task: participants had to choose which
sphere to touch (left). Target task: the sphere that the participants were to touch was highlighted (center). Trajectory
task: the sphere to touch was highlighted and participants had to follow a path from the table to the sphere with the
tip of their controller (right).

the SoA, five controlling weights were considered between 0% and 100% (with a 25%
step). In addition, to evaluate the influence of the freedom of movement and the intention
toward an action on the SoA, three tasks were considered (Figure 4.4).

e Last exposure phase: This phase was conducted to evaluate potential training effects of the

main experiment over agency and ownership ratings.

4.4.2 Participants

Twenty-four male participants from the university campus participated in the experiment
[age: M = 264+5 (SD)]; they were recruited from among both students and staff. They were all

unaware with respect to the purpose of the experiment, had normal or corrected-to-normal vision,
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and gave written and informed consent. The study conformed to the declaration of Helsinki.
The participants were paired with those they had never interacted with prior to the experiment.
Among the participants, seven had no previous experience with VR, fourteen had limited previous
experience, and three were familiar with VR. All participants were right-handed male Caucasians,

to match the visual appearance of the virtual avatar as much as possible.

4.4.3 Experimental Protocol

The overall organization of the experiment is summarized in Figure 4.5 and is further
described as follows.

Upon their arrival, participants read and signed the experiment consent form and filled in
a demographic questionnaire. They also completed the IPC cognitive test [Hanna 1974]. The
internal score computed from this test was used later to measure LoC and explore its influence
on the SoA. Then, they were briefed about the experiment through an explanatory video. They
were explained that they would share a body and control over it with the other participant. After
the explanation, they were instructed to sit on a chair in front of a table facing each other and
wear an HMD to get immersed in the VE (Figure 4.2).

As previously explained, the experiment was divided into three phases, which the participants
experienced in order: the first exposure phase, main experiment, and last exposure phase. In
addition, while participants were immersed in the VE, they were instructed not to talk or interact
with each other. As the tasks to perform only required motions of the right arm, we decided to
focus on the right arm and did not animate the left arm. Participants were therefore asked to
keep their left arm along their torso and not move it. After the experiment, they were instructed
to remove their HMDs and provide general comments and feedback through a web form. The

overall process took approximately 1 h.

4.4.3.1 First and last exposure phases

Participants started with the first exposure phase and finished with the last exposure phase, in
which they were asked to light candles using a virtual lighter (Figure 4.3, left). Once participants
had lit all their candles, the candles would extinguish, and the participants were asked to light
them again. This task lasted for 2 min, and each phase was repeated twice (2 blocks): once with
half of the avatar control for each participant, and once with full control over their own avatar.
Each block would finish with an ownership and an agency questionnaire, which consisted of 11

items (Table 4.1); the participants answered based on a scale ranging from 1 to 7 by pressing
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buttons on the controller in their hand. Each participant thus answered the questionnaires four

times.

4.4.3.2 Main experiment

In the main experiment, the avatar was always shared and the weight of avatar control for a
participant varied between 0% and 100% (respectively 100% minus this weight for the other
participant). We considered five weights between 0% and 100% (with a 25% step) to evaluate
how differences in the degree of control would impact participants’ SoA. Thus, we hypothesized
that the SoA would be positively correlated with the degree of control.

Participants were asked to perform three tasks involving touching one virtual sphere among
four spheres, with the extremity of the virtual controller held in the right hand. Four spheres were
presented in front of the participants, all at equidistance from their right hand. More precisely, by
using the original 3D model of the HTC Vive controller, we attached a short rod with a small
sphere on top; this tip collided with the sphere (Figure 4.3, right).

There were three types of tasks: free, target, and trajectory. The different tasks contrasted from
each other with respect to the freedom of movement they allowed and whether both participants
possessed the same prior knowledge of the same action to perform. More precisely, in the free
task, each participant was free to choose which sphere to touch (Figure 4.4, left). In the target
task, the sphere to touch was imposed and highlighted with a colored halo (see Figure 4.4,
center). Similarly, in the trajectory task, the sphere to touch was imposed and highlighted, and
the participants were asked to follow a displayed path from the table to the highlighted sphere by
using the tip of the controller; this task required more precision (see Figure 4.4, right).

These three tasks were selected in line with the hypothesis that constraints in the movements
and prior knowledge of the action to perform (i.e., the intention toward the action) both impact
the SoA. In the free task, each participant was free to choose which sphere to touch (Figure 4.4,
left), under a condition where the movement of participants was not restricted and where the
movement intention was not assuredly shared as participants might not decide to touch the same
sphere. In the target task, the sphere to touch was highlighted with a colored halo (Figure 4.4,
center), under the condition that the movement was not restricted and the movement intention
was shared as both participants focused on touching the same sphere. In the trajectory task, the
sphere to touch was highlighted and participants were to follow a path from the table to the
sphere by using the tip of the controller. This task required more precision (Figure 4.4, right),
and included both movement restriction and the shared intention, as participants had to follow a

specific path to touch the same sphere.
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These choices were driven by the demonstration of previous studies that SOA increases
when participants have more action choices [Barlas et al. 2017]. However, in our case, owing to
changes in the level of control over the avatar, the more the participants had the choice of the
action (in the free task compared to the target and trajectory tasks), the more the visuomotor
discrepancies were expected between participants and avatar movements. We thus supposed that
the SoA would be higher for the target and trajectory tasks with smaller visuomotor discrepancies.
Considering the results of Wegner et al. [2004], we also expected that SOA would be higher in
tasks where the intention of movement was shared (in target and trajectory tasks compared to
free task).

In each task, participants performed 45 trials. For each trial, the participants started observing
their own avatar over which they had full control. To ensure that both participants had the same
initial position, they were asked to place their right hand holding the controller on the table on
a specific virtual reference and to remain on the initial reference. After 2 s, the four spheres
were displayed in red with a message “don’t move yet”. The message disappeared after 2 s, the
spheres turned blue, and then the participants could perform the task. When a sphere (any of the
four spheres for the free task, specified sphere in other tasks) was touched for 1 s by the tip of
the controller of the shared avatar, the task was over and the following question was asked to
both participants: “On a scale ranging from 1 to 7, how much did you feel in control during this
trial?”. As such, we followed the same protocol as that used by Jeunet et al. [2018] to assess the
SoA through a question that is easily understandable by participants and proved to relate to the
judgment of agency. Participants provided a rating between 1 and 7 to validate their choice using
the controller. When both participants had answered the question, they were asked to place their

hand on the highlighted spot to start the next trial.

4.4.4 Experimental Design
4.4.4.1 First and Last Exposure Phases

A within-subject design was set up for these experimental phases, where we considered two
independent variables: Control and Stage. The main variable (Control) considered whether the
participants were sharing the avatar, and possessed two levels: 1) participants sharing the avatar
with 50% control each (Half) or 2) participants having full control over their own avatars (Full).
The Stage variable determined whether the task was completed in the first or last part of the
experiment, and thus had two levels: First and Last. This part of the experiment was divided into

two blocks corresponding to the two levels of the control condition. In both first and last exposure
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Figure 4.5 — Diagram of experimental flow.

phases, whether participants would start with one block or the other was fully counterbalanced
in the experiment.

The measured data (dependent variables) in a questionnaire were inspired from previous
work [Botvinick and Cohen 1998; Longo, Schiiiir, et al. 2008; Kalckert and Ehrsson 2014;
Gonzalez-Franco and Peck 2018], where questions were divided into two groups: agency and
ownership (Table 4.1). For each question, participants were asked to provide rating based on a
7-point Likert scale. Based on previous works showing that asynchronous visual information in
relation to participants’ own movements affects both SOBO [Banakou and Slater 2014; Kalckert
and Ehrsson 2012; Ma and Hommel 2015] and SoA [Franck et al. 2001; Farrer, Bouchereau,
et al. 2008], our main hypothesis was that participants would have lower agency and ownership

when they had only half control than when they had full control of their avatar.

4.4.4.2 Main Experiment

We also adopted a within-subject design for the main part of the experiment, considering two
independent variables: Weight and Task. The Weight variable determined the degree of control
the participants had over the avatar and had five levels (W0, W25, W50, W75, and W100). For
each pair, Weight was inverted between participants, i.e., the sum of the controlling weights
of the two participants was always 100%. Task corresponded to the three tasks included in
the experiment (Free, Target, and Task; see Section 4.4.3.2 for details). The main experiment

was divided into three blocks. To minimize the ordering effect, the orders of the blocks and
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Table 4.1 — Questionnaire used in the first and last exposure phases. Questions in italics are
control questions regarding agency and ownership.

Variable | Question

Agency 1) The virtual arm moved just like I wanted to, as if it was obeying my will.
2) I felt as if I was controlling the movement of the virtual arm.
3) I felt as if the virtual arm was controlling my will.

4) 1 felt as if the virtual arm was controlling my movements.

5) I felt as if the virtual arm had a will of its own.

6) I felt as if I was causing the movement I saw.

Ownership | 1) I felt as if I was looking at my own arm.

2) I felt as if the virtual arm was part of my body.

3) I felt as if the virtual arm was my arm.

4) 1 felt as if I had no longer a right arm, as if my right arm had
disappeared.

5) I felt as if the virtual arm was from someone else’s body.

tasks were counterbalanced following a Latin square design. Each iteration of Task in one block
comprised one training trial (with half control of the avatar) and three repetitions of the five trials
(for the five levels of Weight). The order of Weight levels within the three repetitions was fully
counterbalanced. Without considering the training trials, each participant performed 135 trials.

Each trial lasted around 3 s.

The measured data (dependent variables) considered the performance and behavioral mea-
surements. Regarding performance, we measured task-completion time, i.e., the time required to
select the sphere after it turned blue (in seconds). Regarding behavioral measures, the motions
(position and orientation per frame) of the participants’ and shared avatar’s controllers were
recorded during the trials. Finally, the subjective FoC ratings for the question, “How much did
you feel in control?” asked after each trial were rated on a 7-point Likert scale. Participants also

reported general comments and feedback at the end of the experiment.

In summary, considering our experimental design, our main hypotheses are as follows.

H1 When the degree of control (Weight) decreases, the FoC ratings decrease.

H2 The FoC ratings will be higher for the tasks in which movements are more constrained

(Trajectory > Target > Free).

H3 Participants with a higher Internal score of LoC experience higher FoC.
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Figure 4.6 — Left: Line plot of the mean subjective ratings of Feeling of Control (FoC) considering Weight of
control and Task during main experiment. Right: Scatter plots with linear regression lines of FoC ratings on Weight
for each task (Free: R*=0.83, Target: R*=0.66, Trajectory: R*=0.74). Error bars (left) and translucent bands (right)
indicate 95% Cls. A total of 10,000 bootstrap samples were used to estimate each 95% CI.

4.5 Results

4.5.1 Main Experiment

Eleven trials out of all 3240 trials were excluded from the analysis after a visual inspection
of the raw data revealed that either the task completion time, participant motion, or motion of
the avatar exhibited abnormal values (values outside the range of three standard deviations from
the mean). ANOVA analyses were conducted when the normality assumption (Shapiro—Wilk’s
normality test) was not violated (p > .05). In particular, two-way ANOVA analyses with repeated
measures were conducted, considering the within-group factors of Weight (5 levels: W0, W25,
W50, W75, and W100) and Task (3 levels: Free, Target, and Trajectory). When the sphericity
assumption was violated (Mauchly’s sphericity test), the degrees of freedom were corrected using
the Greenhouse—Geisser correction. In addition, nl% was provided for the quantitative comparison
of effect sizes. Finally, Tukey’s post-hoc tests (@ = .05) were conducted to check the significance
for pairwise comparisons of the parametric data.

When the normality assumption was violated (Shapiro—Wilk’s normality test, p < 0.05),
Friedman test was conducted for each task independently followed by a post-hoc Wilcoxon-

signed ranks test. For multiple post-hoc comparisons, Holm correction was applied for the
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non-parametric data. As for the correlation analyses, Pearson’s r (r) was used for parametric data

and Spearman’s r (ry) was used for non-parametric data.

4.5.1.1 Feeling of Control (FoC)

The two-way ANOVA analysis revealed a significant main effect of Task (Fj g4 4237 = 17.07,
p <.001, nl% =0.43) and of Weight (F» 45515 = 256.86, p < .001, n,% =0.92). However, the two-way
ANOVA also exhibited a significant interaction effect between Task and Weight (Fs 22 120.01 = 6.30,
p <.001, nﬁ =0.22). First, Tukey’s post-hoc tests indicated that, for all tasks, the FoC significantly
decreased as the degree of control (Weight) decreased (p < .001 for all), which is further sup-
ported by the primary effects on Weight. Thus, this result supports [H1]. Next, when comparing
the FoCs for each Weight level (see Figure 4.6 left), Tukey’s post-hoc tests demonstrated that,
for the WO Weight, the FoC was significantly higher for the 7arget task than for the other tasks
(both p < .05).

In contrast, for the W25, W50, W75 levels of Weight, the FoC was significantly lower for
the Free task than for the other tasks (all p < .05). Finally, for the W100 Weight, the post-hoc
tests did not exhibit any significant difference. Thus, these results only support [H2] partially, as
although the Free task (the less constrained task) consistently obtained the lowest FoC ratings
(except for the W100), this effect was not visible between Target and Trajectory tasks.

As the ANOVA analysis indicated that the strongest effects originated from the Weight factor,
to further characterize the relationship between FoC and the Weight factor, a linear regression
analysis was conducted across participants for each task (Figure 4.6 right). The regression

equations were

Free:y = 0.0487x+ 1.77(R* = 0.83)
Target: y = 0.0379x 4 2.94(R* = 0.65)
Trajectory: y = 0.0444x+2.49(R* = 0.73).

The regression equations exhibited linear positive correlations between the FoC and the
Weight. To determine whether the computed slopes differed significantly from 0, we computed
the slope of each participant’s linear regression and conducted a t-test (Hp: Slope is equal to 0):
(Free: 1(23)=35.665, p < .001, Target: t(23)=13.219, p < .001, Trajectory: t(23)=16.622, p <
.001). The results of the t-test indicated that the mean slopes all significantly differed from 0.

These results further support [H1]. Section 4.5.2 further analyzes the FoC ratings in correlation
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Figure 4.7 — Box plots of the task completion time considering the different Weight groups for each task.

with the IPC scores.

4.5.1.2 Task Completion Time

Because the task completion time was dependent on the weights of the two participants (their
sum adding to 100%), for the task completion time analysis, the Weight group factor had only
three levels: WO-W100, W25-W75, and W50-W50 (see Figure 4.7). In addition, owing to the
different natures of each task (aimed movement, path following task), we did not assess the
differences among Tasks for the task completion time. Therefore, we conducted three Friedman
tests considering Weight group as a factor, one for each task. The Friedman tests exhibited
significant differences among the task completion times of the Weight groups only for the Free
task (y2=14, p < .001), and no significant differences were found for the Target task (x?=0.17, p
= .92) or the Trajectory task: (x*>=3.5, p = .17). Post-hoc pairwise comparisons indicated that for
the Free task, the task completion time was significantly smaller in the W0O-W100 condition (W0-
W100 < W25-W75: Z=-2.81, p<.01, WO-W100 < W50-W50: Z=-3.30, p<.01). No significant
differences were found between W25-W75 and W50-W50 (Z=-1.68, p = .092).

4.5.1.3 Motion Data

The offsets (Euclidean distance) between the positions of the participant’s and avatar’s
hands were calculated for each frame and then averaged for each trial (see Figure 4.8). This

value provided a rough estimate of the overall visuo-motor discrepancies for each trial. We
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excluded the W100 condition from the analysis as the discrepancy was 0 regardless of the Task
(condition with full control). The residuals did not follow a normal distribution; thus, Friedman
tests were considered. In addition, the analysis considered each Task independently. Friedman
tests exhibited significant differences of the mean offsets among Weights for all Tasks: (Free:
x%=56.75, p < .001, Target: x*>=67.25, p < .001, Trajectory: x*=61.85, p < .001). Post-hoc
pairwise comparisons indicated that the mean offsets were significantly smaller when the Weight
was larger for all comparisons in all Tasks (p<.001 all) except for the comparison between
offsets in the WO and W25 conditions for the Free task.

An additional correlation analysis was performed to assess the link between the mean offset
across all weights and the perceived FoC. The correlation analysis revealed that the offsets
were negatively correlated with FoC for all Tasks: Free: ry=-0.84, p<.001, Target: ry=-0.84,
p<.001, Trajectory: rs=-0.83, p<.001) (See Figure 4.9). Moreover, to check if the mean offsets
would vary between tasks, another analysis was performed for each weight. Friedman tests
revealed significant differences among the mean offsets of Tasks for WO (y2=28.58, p < .001),
W25 (x2=32.33, p < .001), W50 (3%=37.33, p < .001), and W75 (3%=32.33, p < .001). Post-
hoc pairwise comparisons showed that for W0, W25, W50, and W75 the mean offsets were
significantly higher for Free compared to Target and Trajectory (both p<.001).
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Figure 4.8 — Box plots of the mean offsets between the positions of the avatar’s hand and the participant’s actual
hand considering the Weight for each Task.
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Figure 4.9 — Scatter plots with linear regression lines of FoC ratings on mean offsets between the positions of the
avatar’s hand and the participant’s actual hand for each Task. Translucent bands indicate 95% Cls.

Finally, to gain some insight regarding the global behavior of users during each trial, speed
profiles were computed for each participant per Weight and Task for each trial (see Figure 4.10).
Speed profiles were normalized in time by resampling the values at 100 intervals between the
start (time 0%) and end of the trial (time 100%). We then computed the mean and standard
deviation of the speed profiles between all participants. To compare the speed profiles for each
Task and for each interval, we conducted a Friedman test considering Weight as a factor. Tasks
were not compared among each other as the nature of each Task was different. Among those
intervals, post-hoc pairwise comparisons (Wilcoxon signed-rank tests) were performed to find
pairwise differences among different Weights. The results of pairwise comparisons are also
summarized in Figure 4.10, in which each Weight is denoted by a color; lighter colors are
associated with lower Weights and vice-versa, and colored segments are placed at the intervals in
which significant differences were found. Thus, the presence of a colored segment indicates that
a significant difference (p < .05) was found between the current interval and the corresponding
interval of the color-coded condition.This result allows us to highlight the tasks in which changes
in the control induced differences in participant behavior. For example, for Target and Trajectory
tasks, the Weight seems to only have a visible impact at the end of the motion, in particular for

WO and W25, whereas more discrepancies were found for the Free task.

4.5.2 Locus of Control

According to the responses of the IPC test, each participant obtained three scores (from
0 to 48), one for each dimension of the IPC test (i.e. Internal, Powerful Others, and Chance).
Each score was calculated by adding the responses of the eight items for each dimension and a

constant of 24. Similar to previous studies, only the Internal dimension was assessed [Jeunet
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et al. 2018], as it was found to be the dimension that was more related to the FoC. A high rating
on the Internal score indicates that the subject has a strong internal Locus of Control (i.e., they

believe that events in their life derive primarily from their own actions).
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Figure 4.10 — Averaged Speed profiles between all participants for each Weight and Task, normalized in time and
re-sampled at 100 intervals. Colored segments were placed at intervals in which significant differences (Friedman
and Wilcoxon pairwise comparison tests) were found. Colors are associated to a specific Weight.

First, to verify whether participants with higher internal score of IPC tended to experience
higher FoC when they had full control (W100), we conducted a correlation analysis between
the internal scores and the mean FoC scores in the W100 condition for each task. As a result,

no significant correlation was found between the internal score and the FoC: Free (r,=0.23, p

104



4.5. Results

=.29), Target (r;=0.33, p = .11), Trajectory (r;=0.25, p = .23). This result might be explained
by a ceiling effect of very high values of FoC in the W100 condition. This result does not
support [H3].

In contrast to previous studies, the modulation of the participant’s control was quantified by
the Weight parameter. This enables us to analyze the correlation of the internal component of the
IPC with the FoC in a wider range of FoC values. First, as already detailed in Subsection 4.5.1.1,
we computed the correlation between the Weight and the FoC for each participant. The intercept
coefficient could be considered as the FoC “baseline,” while the slope could be related to the
“sensitivity” to changes in the participant’s control. In other words, the slope provides information
on how much the change in the participant’s control influences the FoC, and the intercept provides
a lower bound for the FoC. In practice, in our scenario, both parameters are strongly correlated
because there is a strong ceiling effect for the FoC at W100. Thus, we computed the regression
equations of FoC on Weight for each participant and performed correlation analyses of both
the slopes and intercepts with the participants’ score of the Internal dimension of the Locus
of Control (from the IPC test). The results show a positive correlation between the slope and
the Internal dimension for each Task (Free: r=0.54, p<.01, Target: r=0.47, p<.05, Trajectory:
r=0.49, p<.05, see Figure 4.11 up), as well as the negative correlation between the intercept
and the Internal dimension for Target and Trajectory tasks (Target: r=-0.44, p<.05, Trajectory:
r=-0.47 p<.05), and a marginally significant effect for the Free task (r=-0.40, p=.05) (See Figure
4.11 down).

These results seem to suggest that participants with a higher Internal score were more
sensitive to changes in the avatar control as they had lower intercept values and higher slope

values.

4.5.3 First and Last Exposure Phases

The agency and ownership ratings for the First and Last exposure phases were aggregated and
averaged (control item answers were inverted) to compute one agency and one body ownership
score per participant. Owing to the non-parametric nature of the data and the need of testing
interaction effects, we applied an aligned rank transform (ART) on the data. This procedure
enables the use of ANOVA to analyze the interaction effects with non-parametric data [ Wobbrock
et al. 2011]. Two-way repeated measures ANOVAs with the within-subjects factors Control
(2 levels: Half and Full) and Stage (2 levels: First and Last) were performed for both agency
and ownership scores. Regarding the agency scores, the ANOVA revealed a significant main
effect of Weight (F1 53 =198.41, p <.001, n2 =0.90) and Stage (Fy »3 = 19.22, p <.001, 07 =0.46)
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Figure 4.11 — Scatter plots with linear regression lines between the internal score of the IPC test and the regression
coefficient terms obtained between the FoC ratings and Weight for each participant (slope (top) and intercept (down)).
Translucent bands indicate 95% ClIs. 10,000 bootstrap samples were used to estimate each 95% CI.

(Figure 4.12 Left). In addition, the Weight x Stage interaction effect was significant (F; »3 =5.17,
p <.05, nﬁ =0.18). Thus, we only report the post-hoc tests for the interaction effect. First, post-
hoc pairwise comparisons using the Wilcoxon signed-rank test (Holm corrected) showed that in
both First and Last phases the agency scores were significantly higher in the Full condition than
in the Half condition (First: Z=-5.29, p<.001, Last: Z=-5.29, p<.001). Second, in both Full and
Half conditions, the agency scores were higher in the Last than First phases (Full: Z=-2.58, p <
.05, Half: Z=-2.09, p < .05).

Regarding the ownership scores, the ANOVA showed a main effect of Weight (F 3 = 84.96,
p <.001, n,%:O.79) and a marginally significant main effect of Stage (Fj23=3.78, p=.06,
771% =0.14) (See Figure 4.12 Center). The Weight x Stage interaction effect was not signifi-
cant (Fj 23 =0.68, p= .42, nﬁ =0.03). Similar to the agency ratings, the ownership scores were
significantly higher for the Full condition. In addition, we conducted a correlation analysis
between the agency and the ownership scores for each participant, showing that ownership was
positively correlated with agency in the Half condition (r,=0.54, p<.01), but not in the Full
condition (r;=0.31, p = .14) (See Figure 4.12 Right).
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Figure 4.12 — Box plots of mean ratings of agency (Left) and ownership (Center) obtained in the questionnaires
in First and Last exposure phases. Right: Scatter plots with linear regression lines of agency ratings on ownership
ratings. Translucent bands indicate 95% ClIs. 10,000 bootstrap samples were used to estimate each 95% CI.

4.6 Discussion

In this section, we discuss how the results can be interpreted in terms of SoA, which is
measured by subjective judgments of FoC over the participants’ actions. We also provide

additional insights regarding the Locus of Control and the relation between SoA and SoBO.

4.6.1 Main Results

The SoA results show that changes in the degree of control clearly influenced the SoA, which
validated [H1]. More precisely, the FoC ratings, which were treated as an explicit measure of the
SoA according to previous studies [Wegner, Sparrow, et al. 2004; Linser and Goschke 2007],
increased linearly with the increase in the degree of control for all three tasks. This result can be
explained by the fact that the higher the degree of control is, the closer the visual feedback of the
avatar hand is to the actual hand position of the participant, thereby reducing visual mismatch
between the movements of the avatar and the participants’ actual movements. As stated by
Farrer et al. [2003], our ability to recognize SoA from the visual cues of movement tend to
decrease in case of mismatch between visual feedback and actual movement, i.e., when there are
visuo-proprioceptive discrepancies, which could justify the correlation observed between the
SoA and the degree of control. The participants’ feedback is also in line with this interpretation,
as they expressed their disturbance when their arm was controlled out of their will: “It was
confusing when the hand was going in the direction I intended it to go but the speed did not

totally match my movements”. These results can also be explained by the phenomenon of “body
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semantic violation” introduced by Padrao et al. [2016]. In our case, it refers to the fact that the
agency illusion will break when the discrepancy between feedback and intended motion becomes

too important.

Another interesting result reveals that when participants had no control over the avatar
(WO0), the SoA was higher for the Target task than for the Free and Trajectory tasks. While we
hypothesized that the nature of the task could influence the perceived SoA, the tasks differed in
two main aspects. The first difference relates to whether participants shared an intention toward
the action to perform. In the Target and Trajectory tasks, the sphere to be touched was indicated,
meaning that both participants shared the same intention of action: touching the same sphere.
On the contrary, in the Free task, participants could have different spheres to touch in mind;
this sometimes resulted in a difference between the intention, the sphere a participant wanted
to touch, and the resulting action, the sphere finally touched by the shared avatar. According
to Wegner et al. [1999], SoA arises if (1) an intention precedes an observed action (priority),
(2) the intention is compatible with this action (consistency), and (3) the intention is the most
likely cause of this action (exclusivity). In the Target and Trajectory tasks, the three principles
of priority, consistency, and exclusivity are more likely to be respected as participants share
the same intention. Independently of their degree of control, the controller of the shared avatar
will therefore reach the targeted sphere. This would support why SoA ratings where higher in
the Target and Trajectory tasks when participants had no control over the shared avatar. The
second difference was in the visual difference between participants and avatar hand positions
(See Figure 4.8) depending on the task. Indeed, results showed for example that visuo-motor
and visuo-proprioceptive discrepancies were lower in the Target task compared to Free when
participants had no control. This can be because in the Target task, participants have the indication
of which sphere to touch, resulting globally in the same movement toward the target sphere.
Following the statements of Farrer et al. [2008] that visuo-motor discrepancies tend to decrease
the SoA, this could explain why the SoA was higher in Target than in the Free task where

participants had no control at all. However, these results only partially support [H2].

Furthermore, a surprising result is that in the Target and Trajectory tasks, participants tended
to overestimate their SoA, feeling some SoA despite the absence of control. From the analysis
of speed profiles, we observed that major differences between control weights were found in
the Free task, whereas only some differences were observed in the Target and Trajectory tasks,
mostly at the end of trials. This seems to show that participants tended to have similar reaching
behaviors regardless of their degree of control in the tasks where the goal was shared. Other

authors also observed that the SoA was affected when the avatar’s and the participant’s speed
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of movement differed [Kokkinara, Slater, and L.opez-Moliner 2015], but not with spatial shift
of movement without speed alteration. These results could explain why participants tended to
overestimate their SOA in the Target and Trajectory tasks, as we can see that even with no or
very low control, participants still performed the task in a similar manner, therefore minimizing
spatio-temporal discrepancies.

We also observed during the experiment that some participants reported a pure illusion of the
control: “Sometimes, when the task was accomplished in an excellent manner, I wondered if it
was actually me who had moved the arm . It is known how high-level contextual information
(whether participants believe that the outcome is either triggered by themselves or by somebody
else) can influence intentional binding [Desantis et al. 2011], referring to the implicit measure of
the conscious experience of SOA [Moore and Obhi 2012]. Depending on whether participants
were more or less aware of their degree of control over the avatar may have affected their
SoA. Furthermore, another feedback particularly illustrates potential future studies: “I had the
impression that sometimes no one controlled my movement and that I was actually watching a
video”. Indeed, sharing the control of the avatar with an autonomous virtual agent instead of
another person would be an interesting topic to explore, in line with other studies which explored
the influence of human and computer co-actors over the SoA in joint actions [Obhi and Hall
2011]. In particular, they showed that SoA for self-generated actions was inhibited when the
participants knew that a computer was the co-actor of the action, which would be interesting to

explore in the context of our co-embodiment setup.

4.6.2 SoA and Locus of Control

According to the results of the correlation analyses between the slope or intercept of FoC
and the internal dimension of the locus of control (Figure 4.11), the intercept of the regression of
FoC scores on the weight factor was negatively correlated with the Internal scores, especially
when participants had little or no control over the virtual body, which does not validate H3. More
precisely, participants with a high Internal score tend to have their feeling of agency be more
impacted by changes in the level of control.

In previous studies, the Internal score was observed to be positively correlated with par-
ticipants’ SoA when participants were immersed in a VE and embodied in their own virtual
avatar over which they had full control [Jeunet et al. 2018]. Our results do not support those
findings, probably due to the ceiling effect we observed on SoA when participants had full
control. However, we herein investigated the influence of the locus of control one-step further,

exploring the influence of the Internal score on the SoA when participants did not have full
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control over their avatar. We found that participants with a high Internal score tend to have
their SOA more impacted by changes in their degree of control of the avatar. People with a high
Internal score are known to attribute the consequences to themselves rather than to chance or
other more powerful entities and tend to believe that they have personal control over performance
and rewards. However, such a definition does not commonly consider body movements. Given
the little amount of previous work linking LoC and SoA, the results from such analyses should
thus be treated with considerable caution. On the one hand, our results seem to suggest that
people who tend to attribute consequences to themselves are possibly more aware of their own
actions and thus notice more when they do not have control. On the contrary, people with a
high Internal score might attribute events, movements included, to themselves and then attribute
the movements of the avatar they did not cause to themselves. We would thus expect from
participants to experience a high SoA even with no control over the shared avatar. While our
results are in contradiction with this hypothesis, it would be in agreement with Desantis et al.’s
study [2011] wherein they showed that when participants believe that they have control over the
environment, intentional binding, an implicit measure of the SoA, is stronger. However, in our
analysis, we only tried to correlate the Internal score with FoC, an explicit measure of the SoA.
As previous findings do not always agree on whether implicit and explicit measures of agency
relate to the same thing [Dewey and Knoblich 2014], it would be interesting to also consider
correlating implicit measures of the SoA with the Internal score. Therefore, our results on the
influence of the Internal score of the Locus of Control over the SoA demonstrate the need for

further investigation on the topic.

4.6.3 Sense of Embodiment

Results from the agency and ownership questionnaires in the first and last exposure phases
showed that having only half the control of an avatar significantly decreased both SoBO and
SoA compared to when they fully controlled an avatar (Figure 4.12 Left and Center). Such
results are in line with numerous previous studies showing that asynchronous visual information
with reference to participants’ own movements eliminates both SoBO [Banakou and Slater
2014; Kalckert and Ehrsson 2012; Ma and Hommel 2015] and SoA [Franck et al. 2001; Farrer,
Bouchereau, et al. 2008]. In addition, our results showed that agency and ownership scores were
positively correlated when each participant had half of the control of the avatar, whereas no
correlation was found when they had full control over their own avatar (see Figure 4.12, right).
As for the relationship between SoBO and SoA, some studies indicate that both experiences can
partially double dissociate [Kalckert and Ehrsson 2012; Sato and Yasuda 2005; Braun, Thorne,
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et al. 2014; Tsakiris, Prabhu, et al. 2006] while some others suggest that they may strengthen
each other if they co-occur [[Longo, Schiiiir, et al. 2008; Tsakiris, Prabhu, et al. 2006; Banakou
and Slater 2014; Dummer et al. 2009] (For review, see [Braun, Debener, et al. 2018]). While we
observed a ceiling effect of the agency scores when participants had full control, the positive
correlation found in the half condition indicates a close relationship between SoA and SoBO.
Furthermore, the variability of participants’ responses suggest that the subjective experience of

being embodied in a shared avatar varies strongly among individuals.

Considering such positive correlations, the induction of the stronger SoBO over the virtual
body can be considered to make SoA stronger and vice versa. Indeed, Kokkinara et al. [2015]
observed that illusory SoA occurred despite the distortion of movements being larger than the
detection thresholds of discrepancies found in previous studies. They also remarked that their
results might be due to the full-body ownership illusion. In our study, Figure 4.9 indicates that in
the Free task, participants felt more than half control when the distance between participant’s
and avatar’s controller positions were below 0.1 m on average. As SoBO is known to be affected
by top-down factors such as the congruence of the structural and morphological features between
one’s own and virtual bodies [Kilteni, Maselli, et al. 2015], making the features more congruent
might therefore induce a stronger SoA. It is also considered to increase the detection threshold of
visuo-motor discrepancies. In VR, some studies have exploited such visuo-motor discrepancies
to enhance passive haptics or improve manipulations by changing the mapping of movements
from the physical to the virtual space [Lecuyer et al. 2000; Azmandian et al. 2016; Kohli et al.
2012]. The interplay between SoBO and SoA is a subject of psychological interests, but seeking
to reduce the detection threshold of visuo-motor discrepancies by strengthening SoBO might

also be useful to VR applications.

In addition, there has been some evidence showing the dynamic relationship between self-
attribution and sensorimotor systems. In Nielsen’s study [1963], participants experienced the
illusory SoA and attributed the experimenter’s hand in a mirror to their own while drawing a
straight line. In particular, when the experimenter distorted their movement so that he/she drew a
curved line, participants still attributed the movement to themselves and moved in the opposition
to the experimenter’s movement to compensate for the error between the predicted and actual
movements. This means that as long as they attributed a movement to themselves, they tried
to control it. Asai [2015] also reported that illusory self-attribution of fake movements might
coordinate sensory input and motor output. Conversely, when participants became aware of the
uncontrollability of the cursor, the illusory self-attribution was also dismissed. In our experiment,

the degree of control was different for each trial. Therefore, participants could not fully adapt to
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it. However, in case of a constant degree of control, participants might feel a stronger SoA since
visuo-motor adaptation might enable participants to predict the avatar’s movements. Investigation
of the adaptation process of co-embodiment would therefore be necessary to further understand

how to elicit higher SoA for future applications.

4.6.4 SoA in Joint Action

We perform joint actions together with others in our daily lives, e.g., carrying heavy things,
and admirably coordinate our plans and actions to achieve our joint goal. Indeed, in such cases,
individuals build up a shared motor plan, incorporating others’ actions into their own motor
system during a joint action [Obhi and Hall 2011]. In joint actions, there is therefore an automatic
formation of a new agentic identity (a “we” identity) [Obhi and Hall 2011], and we feel the sense
of us.

In the virtual co-embodiment situation where two individuals jointly control one avatar, as
mutually coordinated actions of self and other produce the united movements, individuals might
therefore also feel a sense of “us”. In our experiment, we found it particularly surprising that
participants were able to immediately coordinate their actions to the joint goal even with the
completely novel way of interacting and the lack of verbal communication.

Nevertheless, according to participants’ feedback, this collaborative behavior was not shared
between all participants and some of them even tended to get the feeling of competing while
performing the task: “I felt in competition especially for the free task™, “I sometimes felt in
competition when we both had control and wanted to go on different spheres”. We also observed
that the time to complete the task was higher when the control was equally shared between
participants compared to when one participant had more control than the other in the Free task.
Such differences could be caused by the adoption of “leader/follower” behaviours when one
participant has more control that the other; however, further investigation would be necessary to
explore such a hypothesis. Overall, research on virtual co-embodiment could therefore contribute
to studies of joint action that investigate the mechanisms of how individuals coordinate their

actions online, which is the essential capacity of humans as social beings.

4.6.5 Future Work

Despite the interesting insights gained from our experiment, we believe that there are still
other aspects that would require further research.

First, our study focused on a particular virtual co-embodiment experience, namely two users
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sharing an avatar to accomplish simple tasks with different degrees of control. The results showed
that users were able to perform the tasks and their SoA positively correlated with their degree
of control. Additionally, previous knowledge of actions to be performed significantly increased
their SoA. However, owing to the inter-relation of sharing the avatar and the actual degree of
control, clearly quantifying the effects of each is difficult at this stage. Thus, the actual effect of
being embodied in the same virtual avatar with someone else remains unclear. Does the mere fact
of knowing that you share your avatar with someone else have an impact on the perception over
the avatar? This is still an unanswered question that would require additional experiments, e.g., a

virtual co-embodiment scenario in which a user shares the avatar with an autonomous agent.

Second, the proposed control scheme demonstrated that a partial degree of control can still
elicit a SOA over a shared virtual body and that the motor actions performed in such a context
resemble the ones performed with full control of the virtual body. Our implementation was meant
to evaluate a novel concept, for which we tested one of the potential shared-control schemes.
For example, as the shared control of the avatar head was particularly problematic, we decided
that each user would keep full control of the avatar head as sharing its control might require
unwanted changes at the user’s viewpoint. Such situations could lead the user to be prone to
motion sickness. However, in situations where users are allowed to move freely around, a more
complex scheme would therefore be required as the overall shared posture might be different than
the users’ own posture. This would therefore require exploring more complex control schemes,
techniques for switching control schemes depending on the situations and objectives, or even
supporting more people embodied in the same avatar. Moreover, even at the level of controlling
individual body parts, different control schemes can be considered. In our implementation, we
averaged the positions and orientations of the controllers, but other methods could, for instance,
explore splitting the control of different body parts or taking control depending on a certain

movement threshold.

Third, virtual co-embodiment has a variety of potential applications such as remote training
or entertainment. In a manner similar to our method, Yang and Kim’s “Just Follow Me” [2002]
method visualizes the motion of the trainer as a ghost, superimposed on the avatar of the trainee
in the virtual environment. A similar method was also proposed in augmented and mixed realities
for remote guidance and collaboration [Chenechal et al. 2016; Huang, Alem, et al. 2013]. In
contrast, a system based on the principle of virtual co-embodiment could allow trainers to control
a trainee’s movements to different degrees depending on the training needs and allow them
to interact with each other through body movements while sharing the same experience. The

results of our study showed that even when participants had no control over the avatar, they
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overestimated their FOC when the situation constrained the movements and indicated a shared
goal. It suggests that in the training situation, the trainee could feel SOA over their body even
when the body is fully controlled by the trainer. In addition, training could be made more effective
by changing the degree of control depending on the learning phase, which in turn would require
designing efficient and intuitive ways to adapt the degree of control to the situation. Moreover,
it would be interesting to compare the cognitive load inferred by our system with the one felt
in an approach similar to the “Just Follow Me” method [Yang and Kim 2002], searching if one
method is more susceptible to increase the cognitive load of the trainee while learning through
an application. This will also open new opportunities to explore how mismatching the actual and
announced degrees of control influences the user’s SoA, e.g., by telling both users that they have
a 75% control even though they actually have 50% control each. Furthermore, another potential
application of virtual co-embodiment could be the tele-operation of one robot by two experts at a
time, as for instance the co-manipulation of a medical robot by two surgeons. In such a scenario,
we may imagine experts taking alternatively more or less control over the avatar in order to
actuate the robot, giving them the possibility of making “pauses” in the manipulation, while
maintaining a first-person point of view in the avatar in order to keep following the procedure
easily. Such applications could also be extended and relevant for tele-operations in asymmetric
telepresence systems, as the one developed by Steed et al. [2012], where several users might be
immersed in the same environment with different capabilities of interacting. Overall, considering
new means of making users efficiently collaborate in future applications, e.g., through the use of

verbal interactions, visual cues, and interaction design, will be important.

Nevertheless, it must be emphasized that the results of this study were obtained only for male
participants from the university campus (students and staff). Given that recent evidence suggests
that interactions and collaboration between persons can be influenced by gender diversity (e.g.,
in teams [Bear and Woolley 2011], in pedestrian interactions [Basten et al. 2009]), gender
might have influenced the results of our study, particularly in terms of whether the participants
adopted collaborative or competitive strategies. It would be valuable to replicate our study with

participants of more diverse gender and attributes.

Lastly, as virtual co-embodiment is a merging experience with someone else, it has the
possibility to produce cognitive effects on users. Indeed, shared bodily experiences such as the
enfacement illusion (i.e., self-other face-perception modification by synchronous multisensory
stimulation) [Mazzurega et al. 201 1; Tsakiris 2008; Sforza et al. 2010] are known to produce
both perceptual and social binding. A stranger stimulated in synchrony was judged as more

similar, physically and in terms of personality, and as closer to the self [Mazzurega et al. 2011;
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Tajadura-Jiménez, Grehl, et al. 2012]. In addition, enfacement was positively correlated with the
participant’s empathic traits and with the physical attractiveness that the participants attributed
to their partners [Sforza et al. 2010]. In this sense, co-embodiment could be used as a tool for

psychological investigations of the “self™.

4.7 Conclusion

In this chapter, we introduced the concept of “virtual co-embodiment”, a situation that enables
a user and another entity (e.g., another user, robot, autonomous agent) to be embodied in the same
virtual avatar. In addition, we described an experiment that examined the influence of the degree
of control of an avatar shared with another person on one’s own SoA, as well as the influence
of the predictability of avatar movements. Our results indicated that participants succeeded
frequently in estimating their actual level of control over the shared avatar. Interestingly, they
tended to overestimate their feeling of control when the visual feedback of the avatar’s movements
was closer to their actual movements, as well as when they had prior knowledge of the action
to be performed. In addition, our results showed that participants performed similar motions
regardless of their level of control. Finally, our results reveal that the internal dimension of the
locus of control is negatively correlated with the participants’ perceived FoC. Taken together,
these findings not only corroborate and extend previous studies, but they also pave the way for
further applications in the field of VR-based training and collaborative tele-operation applications
in which users would be able to share their virtual body.

In the following chapter, we put aside the context of VR shared environments, and we explore
the influence of VEs on the SoE by another angle. More precisely, after noticing the important use
of threat introduction as an objective measure of the SOE, we realised that the fact of introducing
a threat in the VE towards the avatar had never been considered as potentially influential over the

SoE. We therefore explore that matter in the following chapter.
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“It’s as if you’ve been shot in the heart, Bill, but you’re unaware
of the hole or the loss of blood. I doubt you even heard the
shot!”

John Irving, In One Person

Exploring the Impact of Virtual Threat on the

Sense of Embodiment

Abstract:

This chapter aims at exploring the impact of threat introduction on the SoE. We therefore
present an experiment in which participants were embodied in a virtual avatar, and performed a
task in which a threat towards the virtual body was introduced a first time, then repeated several
times through the experiment. The SoE of participants as well as their subjective response to
the threat were assessed through subjective questionnaires before the introduction of the threat,
after a first introduction of the threat and at the end of the experiment. A control group did the

same experiment with no threat introduced during the task.

5.1 Introduction

VEs are particularly seducing in that they have the capacity to make users feel a wide
range of emotions. For this reason, VR has become especially attractive for research into threat

perception [Diemer et al. 2015], where it is crucial that the virtual environment succeeds in

117



Part I, Chapter 5 — Exploring the Impact of Virtual Threat on the Sense of Embodiment

Figure 5.1 — Overview of the virtual environment representing a factory (left), an avatar representing a user
placing an ingot on the plate arrived on the conveyor lay (center) and the crusher threatening the user by suddenly
going down while the user’s hand is under it.

inducing emotional reactions. One of the main application of such feature is the study of virtual
avatar embodiment, where the introduction of a threat is frequently used to assess users’ Sense
of Embodiment (SoE) towards their avatar. Indeed, the SoE is usually determined by the use
of subjective questionnaires such as the one suggested by Gonzdlez-Franco and Peck [2018].
However, the use of objective measures of the SoE is being increasingly frequent in embodiment
studies. For instance, Kilteni et al. showed that people with higher SoE experienced high
behavioural changes [Kilteni, Bergstrom, et al. 2013]. Yet, the more common objective measure
of the SoE remains to this day the response to a virtual threat towards the avatar. Indeed, as
shown in Chapter 2, some research successfully showed that the SOoE was correlated with the
response to a virtual threat towards the virtual body [Yuan and Steed 2010; Zhang and Hommel
2016]. Nevertheless, while the introduction of a virtual threat in virtual embodiment studies is
widely used, no research has specifically evaluated the impact of the virtual threat on the SoE.
In other words, is the SoE modulated by the actual occurrence of the threat? For example, the
stress induced by threats can be detrimental to cognitive functions such as spatial working or
memory [Murphy et al. 1996]. More precisely, a study from Christensen et al. [2019] showed that
fear induction was detrimental to the sense of agency of users towards their actions. While these
studies were not conducted in VR, we may wonder if a virtual threat would impact similarly
user cognitive functions and possibly their SOE. Moreover, a virtual threat has no nociceptive
feedback corresponding to the event, unlike a real threat, although visual, acoustic and haptic
feedback can be provided. While in most studies a threat is only introduced at the end of the
experiment [Petkova and Ehrsson 2008; Guterstam and Ehrsson 2012], in other studies the threat
can be repeated multiple times [Zhang and Hommel 2016]. Hence, the repetition of a threat in
virtual reality may lead to decreased relevance of the illusion and thus less response from the
participants. The aim of this chapter is therefore to explore the impact of threat occurrence and

repeatability on the SoE and threat response.
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5.2 Related Work on Threat in Embodiment Studies

In Chapter 2, we presented several works that used response to threat introduction as an
objective measure of the SoE. In the following, we browse in more detail the methods of measure
of threat response, the different types of threat commonly implemented and finally, we present

several works in relation to the potential influence of threat on the SoE.

5.2.1 Measures of Threat Response

As mentionned in Chapter 2, early studies mainly used (Skin Conductance Response) SCR
as an objective measure of threat response [Zhang, Ma, et al. 2015; Higni et al. 2008]. However,
while SCR was the most common way to objectively measure threat response, some limitations
were raised by Zhang et al. [2016] saying that it cannot be differentiated if SCR measured general
level of arousal or specific fear emotion. For this reason other measures of threat response have
been explored. For instance, Slater et al. [2010] reproduced an out-of-body experience in IVR
exploiting response to a virtual threat as an objective measure of ownership but using this
time another measure: the heart-rate deceleration in response to threat. Furthemore, Erhsson
et al. [2007] explored brain activity patterns than SCR to assess the link between the sense of
ownership towards a rubber hand and response to a threat towards it. They successfully showed
that threatening a rubber hand that feels “owned” can induce brain-activity patterns that are
associated with anxiety. They also highlighted that this brain activity was similar to when the
participant’s real hand was threatened. This heightened the evidence that brain activity after
a threat towards a rubber hand can provide an objective measure that the rubber hand is fully
incorporated into the body. While this previous study was not conducted in VR, Gonzélez-
Franco et al. [2014] showed in another study that when a threat is introduced towards a virtual
body in IVR, brain activity (motor cortex activation) is correlated to the sense of ownership.
Physical avoidance of a threat towards the virtual body was also used in IVR as a measure of
ownership [Gonzdlez-Franco, Pérez-Marcos, et al. 2010a], where participants had to avoid a
virtual fan going down in their direction. Kilteni et al. [2012] also used physical avoidance of
threat, such as body defensive mechanisms, as an evidence of ownership towards virtual body
parts. Other works used subjective questions [Steptoe et al. 2013] to assess the perception of
threat and its link with the sense of ownership, such as an anxiety inventory (SA-I) [Zhang and

Hommel 2016].
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5.2.2 Types of Threat in Embodiment Studies

While the methods to assess response to threats towards a virtual body thus appear very nu-
merous, the types of threat that were implemented so far also tend to vary. In rubber hand studies,
the threat is often induced by an experimenter (e.g. bending a finger into a painful position [Armel
and Ramachandran 2003] or introducing a sharp needle into the rubber hand [Ehrsson, Rosén,
et al. 2008]). Yet, threats in virtual embodiment studies are rarely introduced by a third party,
although some studies did use virtual characters in order to introduce a threat (e.g. a virtual
character slapping the face of one’s virtual body [Slater, Spanlang, Sanchez-Vives, et al. 2010]).
It is thus more common in virtual reality to have the threat induced “by itself”, like a virtual
knife flying in the air and stabbing the virtual body [Gonzdlez-Franco, Peck, et al. 2014; Zhang,
Ma, et al. 2015; Zhang and Hommel 2016].

In addition, the threats may also differ by the way they are introduced. A threat may be
introduced with a goal of “surprise”, in order to observe the direct physical response of par-
ticipants to a sudden threat towards their virtual body [Zhang, Ma, et al. 2015], and may be
characterized as “active threat”. Otherwise, threats can also be “passive”, being present in the
virtual environment from the beginning, with participants needing to avoid them in order to
perform the task [Argelaguet et al. 2016]. We may also characterize participants as “active” or
“passive” considering that in experiments participants are asked to stand motionless while a
threat is introduced towards their virtual body [Gonzdlez-Franco, Peck, et al. 2014], while in
other experiments participants perform a task and are therefore in movement when a threat is
introduced towards them [Zhang and Hommel 2016]. Moreover, virtual threats in embodiment
studies also vary by their frequency and time of occurrence. Most of the time, the threats are
introduced at the end of the experiment [Guterstam and Ehrsson 2012; Guterstam, Petkova,
et al. 201 1] but they sometimes occur repeatedly [Gonzdlez-Franco, Peck, et al. 2014; Ma and
Hommel 2013]. Finally, we may consider the differences of feedback used in embodiment studies
to accompany the threat, which may be strictly visual [Gonzdlez-Franco, Peck, et al. 2014] or
associated with tactile stimulation [Ma and Hommel 2013] or sound [Zhang and Hommel 2016].
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Participant Y
{wearing HMDs) F) _‘ A _:: Participant

(wearing HMDs)

Figure 5.2 — Tllustrative examples of types of threat. Top: threat from Slater et al. study [2010], on the left a woman
is stroking the shoulder of the participant’s avatar seen from third person point of view, on the right the woman
suddenly strikes the avatar three times around the face. Middle: threat from Gusternam and Erhsson study [2012]
that used a threatening knife seen behing the participant’s back from third person point of view in the context of
out-of-body illusion. Bottom left: threat introduced in Gonzales-Franco et al. study [2014] that consisted in a knife
hurting avatar’s hand stabbing from behind the table. Botton right: different threats to avoid by participants in
Argelaguet et al. study [2016].

5.2.3 Impact of Virtual Threat on the Sense of Embodiment

The introduction of threat in embodiment studies has thus already been widely used as an

objective measure of the SoE. Yet, no research has been conducted to evaluate the actual effect of
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introducing a virtual threat on the subjective measures of the SoE. Indeed, while the response to a
virtual threat is used as a measure of the SoE, to our knowledge, it has never been considered as a
possible influencing effect. In other words, the response to a virtual threat is associated to a strong
SoE towards an avatar, but it was never verified whether its introduction could actually impact an
initial SoE. However, some studies showed that stress induced by threats can be detrimental to
cognitive functions such as spatial working or memory [Murphy et al. 1996]. More precisely, a
study from Christensen et al. [2019] showed that fear induction was detrimental to the sense of
agency of users towards their actions. While these studies do not depict the context of VR, we
may wonder if a virtual threat would impact similarly user cognitive functions and possibly their
SoE. Furthermore, both immersion and affective content had been shown to impact the sense of
presence in virtual environments [Bafnos, Botella, Alcafiz, et al. 2004; Gromer et al. 2019], a
cognitive feeling also widely studied to assess users’ perception of virtual environments.
Additionally, in most studies a threat is only introduced at the end of the experiment [Petkova
and Ehrsson 2008; Guterstam and Ehrsson 2012], although sometimes it is repeated and occurs
randomly [Zhang and Hommel 2016]. Nevertheless, to our knowledge the impact of threat
repeatably on its efficiency has never been assessed. Yet, when a virtual threat is induced to users
in virtual reality, they may see their virtual body visually impacted by the threat (collision or
even virtual blood), but have no nociceptive feedback corresponding to the event. Hence, it is
possible that the repetition of a threat in virtual reality may lead to a decreased relevance of the

illusion and thus a diminished response from participants.

5.3 Experiment

The main scope of this paper is therefore to explore the impact of threat occurrence and
repeatability on the SOE and on threat response. The first goal was to study the potential impact
of a first threat occurrence on the SoE. The second goal was to observe if the repetition of a
threat would impact the way it is perceived by participants, and by extent their SoE. Therefore,
in this experiment participants experienced multiple threats occurrences and their SoE was
assessed through subjective questionnaires before the first threat occurrence, right after the first
occurrence, and finally after all the occurrences at the end of the experiment. A control group
did the same experiment with no threat introduced during the task. We also assessed participants
sense of presence through subjective questionnaires at the end of the experiment in both groups,
as previous work showed that fear in VR could be influenced by the sense of presence [Diemer

et al. 2015], but also because both immersion and affective content have been shown to impact
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the sense of presence in virtual environments [Banos, Botella, Alcaniz, et al. 2004; Gromer et al.
2019].

5.3.1 Participants

Sixty participants volunteered to take part in the experiment (30 males and 30 females;
mean/S.D. age: 34.1+10.6). They were recruited from the university campus, were naive with
respect to the purpose of the experiment and had normal or corrected-to-normal vision. The
studies conformed to the declaration of Helsinki. Among the participants, 19 subjects had never
tried VR, 33 had limited experience with VR and 8 had knowledgeable experience with VR.

Every participant signed an informed-consent form before the experiment.

5.3.2 Apparatus

The experiment was developed using Unity software (version 2018.2.19f1). Participants were
immersed in VR using a HTC Vive PRO Head-Mounted-Display (HMD) and equipped with two
Vive controllers (one in each hand) and two Vive trackers (one attached to each foot). There were
embodied in a gender-matched avatar that was animated using inverse kinematics (Unity FinallK

plugin) using the positions of the HMD, the controllers and the trackers.

5.3.3 Task & Threat

In order to increase the coherence of a potential threat occurrence, we chose to put participants
in a virtual environment that represented a factory where potential incidents might happen, e.g.,
a malfunction of a dangerous machine (see Figure 5.1, left). More precisely, participants had
to perform a task that consisted in grabbing a metallic ingot, putting it on a plate coming on a
conveyor lay, then pressing a button so that a crusher smashed the ingot to transform it into a
metallic pinion (see Figure 5.6). Before the ingot was placed on the plate, the button remained
red, and only if the ingot was correctly placed within rectangular boundaries drawn on the plate,
the button would turn green and become pressable. Therefore, participants had to be precise in
their gesture.

All the task interactions were performed by participants using their dominant hand. Depend-
ing of whether participants were left or right-handed, the environment was mirrored symmetri-
cally, e.g., the box containing the ingots as well as the button were placed on the opposite side.
Using the original 3D model of the HTC Vive controller, we attached a 3D magnet on top, which
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participants used to grab the virtual ingot by pressing the controller trigger. To release the ingot,
participants simply released the controller trigger.

The threat consisted in a malfunction of the crusher, which would suddenly activate while
participants were positioning the ingot on the plate (i.e., the participants’ hand was still under
it). It was accompanied by a threatening sound of a “machine crash”, working not only on the
visual but also on the auditive dimension. The crusher would go down to the plate, to increase
the chances to collide with the virtual arm, by the speed of 2 m/s. The threat was thus designed
in a way that would make it plausible for the participants, in order to ensure its efficiency in
virtually threatening them. Moreover, a vibration was given through the HTC Vive controller

each time the crusher smashed the ingot or malfunctioned.

5.3.4 Experimental Protocol

Upon their arrival, participants read and signed the experiment consent form and filled in a
demographic questionnaire (collecting age, gender and experience in video games and VR). They
were then briefed about the experiment and equipped with the HMD, controllers and trackers.
Afterwards, avatars were re-scaled so that the dimensions matched the participant’s eye-height,
as well as arm span, which were computed from the position of the HMD and controllers while
the participant held a N-pose. Finally, participants were immersed in the virtual environment.
They all started the experiment facing a virtual mirror in the virtual factory (see Figure 5.3),
giving them the opportunity to see their full virtual body animated by their own motions. When
they were ready to start, the mirror disappeared by mechanically sliding towards the ceiling, and
the experiment began. From this point, the experimental flow was divided into three blocks that
involved 12 trials each. One trial consisted in performing the task once. The overall organization
of the experimental flow is summarized in Figure 5.5.

A threat was introduced at the end of the second block (in the 24th trial). The same threat
was then introduced again in the third block during trials 26, 30, 33 and 34. A control group of
participants was considered for the experiment, for which no threat was ever introduced, meaning
that all trials were similar. At the end of each block, participants answered an embodiment ques-
tionnaire (an adapted version of Gonzdalez-Franco and Peck’s embodiment questionnaire [2018])
while being immersed in the virtual environment. A virtual television appeared in the factory
with questions written on it, and participants answered the questions with the trackpad and trigger
of their right controller (see figure 5.4). Finally, after the last block, participants were unequipped
and answered a final questionnaire which included a presence questionnaire [Usoh et al. 2000].

Each trial lasted approximately 5 seconds and participants performed in total 36 trials each. The
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5.3. Experiment

Figure 5.3 — Phase of familiarization with the virtual avatar facing a mirror, captured from a third person point of
view (left) and a first person point of view (right).
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Figure 5.4 — Television displaying the subjective questions asked to participants between blocks.

whole experiment, including welcoming of participants, reading and signing the consent form,

and answering questionnaires lasted approximately thirty-five minutes.

5.3.5 Experimental Design

A mixed-design was adopted for the experiment, considering two independent variables:
Group and Block. Group was a between-subject factor with two levels (threat and control),
corresponding respectively to half of the participants (n=30: 15 women and 15 men) that
encountered a threat during the experiment and the other half of the participants (n=30: 15
women and 15 men) who performed the whole experiment without experiencing a threat. Block

was a within-subject factor with three levels corresponding to the blocks of the experiment flow:
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Trial
with
Threat

Block 1 Block 3

Trial
without

Embodiment Embodiment Embodiment Threat

Questionnaire Questionnaire Questionnaire

Figure 5.5 — Summary of the experimental design. In control group, threat trials were replaced by safe trials
without any threat.

Figure 5.6 — Different steps of the task: grab the ingot (first), place it on the plate (second), press the button (third),
the ingot was smashed into a pinion (fourth).

first, second and third.
Regarding dependent variables, both objective and subjective data were collected during the

experiment to assess participants’ SOE as well as threat responses.

5.3.5.1 Subjective Data

Each participant answered a subjective embodiment questionnaire at the end of each block,
inspired from the questionnaire proposed by Gonzalez-Franco and Peck [2018]. The questions
were divided into four categories (Ownership, Agency, Self-Location and Threat). However,
since one group did not encounter any danger, only Ownership, Agency and Self-Location were
used to compute SoE scores. For the same reason, threat related questions were only analysed
for the group with danger. All the questions were answered on a 7-point Likert scale, from -3
(strongly disagree) to 3 (strongly agree), and can be found in Table 5.1.

In addition, participants answered a final questionnaire at the end of the experiment,