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ABSTRACT

1

Virtual reality (VR) allows embodying any possible avatar. Known
as the Proteus effect, avatars can change users’ behavior and attitudes. Previous work found that embodying Albert Einstein can
increase cognitive task performance. The behavioral confirmation
paradigm, however, predicts that our behavior is also affected by
others’ perception of us. Therefore, we investigated the cognitive
performance in collaborative VR when self-perception and external
perception of the own avatar differ. 32 male participants performed
a Tower of London task in pairs. One participant embodied Einstein or a young adult while the other perceived the participant as
Einstein or a young adult. We show that the perception by others
affects cognitive performance. The Einstein avatar also decreased
the perceived workload. Results imply that avatars’ appearance to
both, the user and the others must be considered when designing
for cognitively demanding tasks.

VR allows us to perceive the world through any possible embodiment – the avatar. The avatar is the virtual representation of the
own self and its appearance determines how one perceives the own
body in VR. Current VR systems can provide intuitive and natural
interfaces and even track the users’ limbs to transfer their motion
onto the virtual skeleton of an avatar. Due to the plasticity of the
human brain, VR is, therefore, able to create an illusory feeling of
full body ownership over the avatar - the body ownership illusion
(BOI) [27]. Thus, users experience the avatar’s body as their own.
Previous work found that the illusory feeling of being in an
avatar in VR goes beyond mere self-representation. Avatars can
also influence users’ behavior. An avatar’s skin color [1, 48, 72, 74],
the level of realism [62], shape [16, 51], and even athletic appearance [31, 33] can, for example, induce behavioral and attitudinal
changes. These changes that are caused by embodying an avatar
with specific characteristics are attributed to the Proteus effect [75].
The Proteus effect can occur when the characteristics and traits
of an avatar are associated with stereotypes and individuals based
on users’ experience and knowledge. These identity cues let users
behave in ways they believe others would expect the avatar to
behave. Thus, users’ behavior conforms with the expectations and
stereotypes of the avatar’s identity.
It has been shown that behavioral and attitudinal changes induced by embodying an avatar even retain after the gaming experience and exposition. Banakou et al. [6] showed that embodying
a stereotype for superior intelligence can increase cognitive task
performance. After embodying Albert Einstein, participants performed a cognitively demanding Tower of London (TOL) test that
can be used to measure cognitive abilities. Notably, the TOL test
has been conducted outside of VR after the participants have taken
off the HMD. Participants that embodied the Einstein avatar performed significantly better in the TOL than participants that were
embodied in a young adult avatar.
Due to the progress of VR technology virtual environments
evolved into collaborative virtual environments (CVEs) where multiple users share the same virtual space regardless of their actual
physical location. Nowadays, millions of users play and interact
with each other in large-scale online games via avatars [12]. In
these CVEs users’ behavior is affected by the behavior of other

CCS CONCEPTS
• Human-centered computing → Virtual reality.

KEYWORDS
virtual reality; Proteus effect; avatar embodiment; cognitive performance; body ownership
ACM Reference Format:
Martin Kocur, Philipp Schauhuber, Valentin Schwind, Christian Wolff,
and Niels Henze. 2020. The Effects of Self- and External Perception of
Avatars on Cognitive Task Performance in Virtual Reality. In 26th ACM
Symposium on Virtual Reality Software and Technology (VRST ’20), November
1–4, 2020, Virtual Event, Canada. ACM, New York, NY, USA, 11 pages. https:
//doi.org/10.1145/3385956.3418969

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than ACM
must be honored. Abstracting with credit is permitted. To copy otherwise, or republish,
to post on servers or to redistribute to lists, requires prior specific permission and/or a
fee. Request permissions from permissions@acm.org.
VRST ’20, November 1–4, 2020, Virtual Event, Canada
© 2020 Association for Computing Machinery.
ACM ISBN 978-1-4503-7619-8/20/11. . . $15.00
https://doi.org/10.1145/3385956.3418969

INTRODUCTION

VRST ’20, November 1–4, 2020, Virtual Event, Canada

users. This type of social interaction is described by the behavioral
confirmation paradigm that predicts that a person’s behavior depends on self-perception and the perception by others [69]. Snyder
et al. [69] revealed the effect in what became a seminal study. Male
participants (referred to as perceivers) who believed that the female
counterpart (referred to as the target) was attractive caused her
to behave more friendly and likable compared to targets whom
perceivers believed to be unattractive. Results indicate that the
perception of others defines and affects our behavior. Hence, behavioral changes due to one’s avatar cannot be considered in isolation
from others’ perception. The reciprocal influence of perceivers’ and
targets’ beliefs and expectations associated with the visual appearance of the avatars evoke behavioral changes. As prior research
investigated behavioral changes caused by the avatar isolated from
effects caused by the behavioral confirmation paradigm, it is unknown whether and how self- and external perception affect users’
behavior.
In CVEs the visual appearance of an avatar can be rendered in
any desired style for the user that embodies the avatar and also for
the users that see or interact with the avatar. To understand how
the visual appearance of avatars and the perception of users affect
human behavior and cognition we conducted a study in a CVE. We
investigate how the self- and external perception affect cognitive
task performance and VR experience. Inspired by Banakou et al.
[6], we conducted a study with 32 male participants performing a
Tower of London (TOL) test in pairs inside a CVE. One participant,
the target, embodied Einstein or a young adult while the other
participants, the perceiver, embodied a young adult. While the
target was unaware of what the perceiver was seeing, we changed
the target’s avatar for the perceiver only and investigated effects
on the TOL. We found that the external perception affects cognitive
task performance. This indicates that user performance in CVEs can
be enhanced by manipulating the perception of others. Furthermore,
the Einstein avatar significantly decreases the perceived workload.
We argue that the avatars’ visual appearance to both, the user and
the others must be considered when designing virtual environments
due to interpersonal perception of users in CVEs.

2

RELATED WORK

VR and CVEs enable to design experiences in which users embody
different avatars. As VR in general and different avatars in particular can affect the feeling of presence we first discuss previous work
on measuring presence in the following. Afterward, we discuss previous work on the BOI and inducing changes in behavior through
avatars.

2.1

Presence and Social Presence in VR

VR systems are able to create a sense of presence – a psychological response resulting in a feeling and experience of being and
acting in a computer-generated world – by immersing users in
virtual environments. Previous work indicates that presence is a
key characteristic of VR as it can affect the experienced quality and
immersion of virtual environments [26, 56], task performance [29],
and even treatment outcome of VR therapies [25, 41].
Described by Riva et al. [53] as the “product of an intuitive
experience-based metacognitive judgment to the enaction of our
intentions,” we are present in a virtual environment when we are
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able to turn our intentions into actions. Additionally, Heeter [24]
divides presence into three dimensions: personal, environmental
and social presence. This is in line with Lombard et al. [39] who
characterizes presence as a process of transportation and describe
it using the following three phrases: “You are there”, “It is here”,
and “We are together”. The first depends on the authenticity and
intensity of stimulation of human senses created by virtual environments. According to Zeltzer [77] the more natural and higher
the fidelity of sensory stimuli created by virtual environments is,
the higher is the "sense of being there” [37]. Biocca [9] supports
this notion and adds sensory engagement, motor engagement and
sensorimotor coordination as underlying factors for presence. Furthermore, the reaction of the virtual environment to one’s existence
is an additional component of presence. Sheridan [64] shows that
the responsiveness of virtual worlds to user’s actions is crucial for
creating a feeling of presence.
Particularly in CVEs, the mere existence of others increases presence [24]. This concept, known as social presence, is defined as
the “level of awareness of the co-presence of another human, being
or intelligence” [10]. Hence, social presence in itself is multidimensional, consisting of the user’s reaction to virtual agents, the
perceived virtual agents’ reaction, the impression of interaction
possibilities and the co-presence of other people [52]. As social
presence does not only depend on one user alone but also on the
existence and behavior of others in VR, it is frequently regarded
as an independent construct from presence [23]. Typically both,
presence as well as social presence are being measured using standardized questionnaires [52, 65, 68]. Schwind et al. [60] recommend
assessing presence within the virtual environment as the variance
of presence scores increases when users leave VR, reorient in the
real world, and only then fill in the questionnaire. Additionally, the
authors suggest to use the IPQ by Schubert et al. [59] as it best
covers the concept of presence.

2.2

Body Ownership Illusion

Prior research suggests that presence and social presence in VR
increase when users embody an avatar [7, 71] and have the illusory
feeling that the avatar’s body is their own – the BOI [67]. This
illusion is explained by the integration of visual and haptic cues into
a unified percept [15]. Petkova et al. [50] underlines this notion and
adds that a continuous match between visual and somatosensory
information in combination with a first-person perspective are
critical conditions for inducing perceptual illusions. Transferring
this idea to VR, users can have the feeling of owning an avatar’s
body through a head-mounted display (HMD) perceiving the world
from a first-person perspective in combination with tactile or motor
stimulation [5, 6]. For example, synchronously stroking a real hand
while seeing a virtual hand let a person perceive a surrogate limb as
the own one [66]. Previous findings indicate that the technique of
visuomotor synchrony – a synchrony between movements of the
real body and the virtual body – induces a greater body ownership
than synchronous visuotactile stimulation [6, 32].
In VR, visuomotor synchrony is typically created by motion
capturing systems that track the users’ limbs and transfer their
motions onto the virtual skeleton of a avatar. When the user moves
a limb, the corresponding virtual limb of the avatar is moving accordingly. In contrast to asynchronous sensory stimulation that can
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decrease the experience of being located within and of owning a
body [32, 50], strong body ownership induced by multisensory correlations lets users even accept bodies that are different from their
own [5, 27]. For example, a body swap that includes a mismatch in
gender [67], body shape [45], ethnicity [22, 48], and age [5, 46] still
establishes a feeling of body ownership. These results suggest that
this illusion is rather a bottom-up mechanism that dominates topdown processing [67]. Botvinick and Cohen [11] discuss the “rubber
hand illusion”, finding that visuotactile information is sufficient to
trigger a proprioceptive drift as an indicator for limb ownership.
Conversely, Tsakris and Haggard [70] report that a wooden stick is
not accepted by persons as a their own limb. That is why the authors conclude that both, bottom-up as well as top-down processes
are important factors how multisensory cues are integrated into
the own body scheme. Nevertheless, it remains unclear whether
and which process overweighs the other.
Prior work investigated various methods to measure BOIs in VR
experiences. Llobera et al. [38], for example, assessed the users’ sensitivity towards temperature changes to determine the extent of the
induced BOI. The authors showed a negative correlation between
the BOI and the temperature sensitivity threshold. Sanchez-Vives
et al. [57] used the "proprioceptive drift" as a behavioral measure
that describes an illusory displacement of the real limb position
towards the fake limb [70]. Matsumiya [42], however, revealed
that the proprioceptive drift via haptics and the subjective sensation of body ownership are two distinct processes. This is in line
with Schwind et al. [62] who could not find a systematic relationship between the degree of perceived body ownership and tactile
sensitivity. These ambiguous findings demonstrate the difficulty
to interpret behavioral measures as an instrument for quantifying the BOI. Therefore, motor responses [18, 28, 57], cortical activity [43], breaks in illusions [32], and physiological measures [32, 78]
were also applied in prior investigations to assess the BOI. To support these objective measures, researchers frequently use questionnaires [5, 17, 55] that cover the users’ subjective experience of
embodiment.

2.3

Behavioral Changes through Avatars

Users can have the feeling of embodying an avatar through the BOI.
As a consequence, this experience of being in the virtual avatar triggers a multitude of psychophysical effects on one’s self and other
users in CVE. Previous work found that a user embodying an avatar
can be affected by its visual appearance. This phenomenon is attributed to the Proteus effect [75]. Yee et al. [75], for example, showed
that being in a more attractive avatar increases self-confidence in
terms of interpersonal distance and self-disclosure in a dialogue
[75]. As the virtual appearance indicates attractiveness, which is
associated with higher confidence, extraversion, and friendliness
[35], users’ behavior conforms with the common expectations. The
authors showed similar results in a second experiment where they
manipulated the height of avatars as height is associated with selfesteem and competence. In a VR bargaining task, taller participants
behaved more confidently and performed better in negotiation.
There is further evidence for the Proteus effect in an experiment
where the embodiment of a child causes overestimation of object
sizes [5]. The connection of users’ stereotypical assessments of their
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avatars and the impact on their attitude was illustrated by Yang
et al. [74] who revealed that players with dark-skinned avatars
played more aggressively in a non-immersive violent game than
with light-skinned avatars.
Prior research reported a decrease of implicit racial bias after
embodying light-skinned participants in dark-skinned avatars after
the exposition in VR [40, 48]. Similar could be evidenced by Yoon
and Vargas [76] and Rosenberg et al. [54] where players embodied
in an heroic avatar exhibited more prosocial behavior. These results
are in line with the studies by Peña et al. [49] who demonstrated
that users employing avatars in Ku Klux Klan ropes exhibited more
negative thoughts after the playful exposition. These after-effects
were also shown by Banakou et al. [6] as being Albert Einstein – a
stereotype for superior intelligence – resulted in a higher cognitive
task performance than being in a young adult avatar. These results were measured through the TOL test, derived from the Tower
of Hanoi test, a neuropsychological test for assessing executive
functioning, problem solving skills and planning abilities [63]. Participants performed the TOL in reality after they embodied Einstein
or a young adult.
Prior work revealed the concept of user identification with media
characters as an explanation for behavioral changes caused by
avatars [13]. As the BOI describes the feeling of being physically
in a virtual body, user identification is a cognitive and emotional
state where users are not aware of themselves as users but have
the experience of being the avatar. The users turn into the avatar
and experience and perceive virtual events from inside as if they
were actually happening to them [13, 30]. Due to this strong bond
between avatar and user psychophysical effects like the Proteus
effect can occur. However, previous investigations found that the
visual appearance of an avatar does not only affect the user that
is embodying the avatar but also the other users in CVEs [47].
Bailenson [3], for example, investigated social interaction in virtual
environments and found that participants embodied in an avatar
walked significantly closer to the other participants’ avatar when
approaching their backs than their fronts [2]. These results suggest
that the same psychological social interaction effects that occur in
reality can also occur in CVEs.
One fundamental of human interaction is the fact that the behavior of a person is affected by the behavior of others [8]. Green [19]
defined social interaction as "the mutual influences that individuals
and groups have on one another in their attempts to solve problems
and in their striving towards goals". This is in line with behavioral
confirmation paradigm described by Snyder et al. [69] that indicates
that the mutual influence of perceivers’ and targets’ beliefs and
expectations associated with the visual appearance of the avatars
evoke behavioral changes.

2.4

Summary

Previous investigations showed effects on users’ behavior and even
cognition due to the visual appearance of avatars. These effects
were shown outside or within the virtual environment. Theories
from social interaction, however, state that the behavior of a person is affected by the behavior of others. Hence, in CVEs where
multiple users share the same virtual space and interact with each
other behavioral changes of a user are not only induced by the own
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Target (right avatar) embodied as
Einstein
Normal

Normal

Einstein

Normal
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Target‘s
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Figure 1: The perception of the scene from the target’s perspective (top) and the perceiver’s perspective (bottom) in each
condition. In one group (left of the dotted line), the target was embodied as Einstein and perceived as Einstein, and the target
was embodied as Einstein and perceived as normal. In the other group (right of the dotted line), the target was embodied as
normal and perceived as normal, and the target was embodied as normal and perceived as Einstein (from left to right).
avatar but also by the avatars of other users. Prior work suggests
that these effects can occur in CVEs, nevertheless little is known
about the mutual influence of virtual avatars on multiple users interacting with each other. Due to the importance of avatars on users’
experience and performance in CVEs it is crucial to understand and
consider these effects caused by social interaction.

3

METHOD

Related work found that embodying an avatar that is associated
with superior intelligence – such as Albert Einstein – affects cognitive task performance after the exposition in VR. However, it
is unknown to what degree the Einstein avatar influences the behavior and cognition of other users in CVEs. It is important for
the design of CVEs in general and virtual characters in particular
to understand how the visual appearance of an avatar affects the
behavior and VR experience of one’s self and the other users. Thus,
we investigate whether and how the embodiment of Einstein influences the performance in a cognitively demanding TOL task [63]
performed within a CVE when a user’s self-perception and external
perception differ. The effects on the perceived task load, the sense of
presence, social presence as well as body ownership were assessed.

3.1

Study Design

We selected the stimuli based on previous work by Banakou et al. [6]
to investigate the effects of users’ self- and external perception on
their cognitive task performance. We conducted a mixed-design
study with two independent variables. Two participants were simultaneously in the same virtual environment. In line with behavioral
confirmation theory [69], we considered their roles as target or
perceiver. One participant was the target whereas the other was
the perceiver. The only between-subject variable was the target’s
Self Perception with the two levels being Einstein or being a Normal avatar. Thus, the targets embodied either Einstein or a normal
avatar.
To assess how the perception of the other participant affects cognitive performance, we used the External perception as withinsubject variable with the two levels as Seeing Einstein or Seeing a
Normal avatar. The perceivers embodied a normal avatar and saw
the target either as Einstein or a normal avatar. The targets were
unaware of what the perceivers saw. Since we assumed that a cognitively demanding task can benefit from collaboration, we measured
cognitive task performance in a classical TOL solo task as well as
in a cooperative task. In the solo task, both participants simultaneously performed a TOL task next to each other. They were not
aware of the other’s score and game state. In the cooperative task,
the two participants played the TOL together on the same board.
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Figure 2: Participants in the real world (top) wearing motion capturing suits and their avatars in VR (bottom) performing the
solo TOL task (left) and the cooperative TOL task (right).
To reduce the frequency of swapping the avatars, participants performed both TOL tasks (solo and cooperative) consecutively. After
completing both tasks, we changed the External perception of
the perceiver. We counterbalanced the conditions to reduce order
effects.

3.2

Participants

In line with Banakou et al. [6] we recruited 32 male participants
to avoid gender mismatches between participant and avatar [61].
The recruitment was done through our institution’s mailing lists.
On average, participants were 25.65 years old (SD = 4.53) ranging
from 20 to 41 years. All of them had a technical background in
computer science or engineering. Participants were compensated
with credit points for their study course. We had 29 right-handed
and 3 left-handed participants in our study. All of them had light
skin tones matching the visual appearance of the avatars. None
of the participants have taken part in a TOL experiment before.
All of them had either normal or corrected-to-normal vision. We
had no drop-outs in the study. This study received ethics clearance
according to the ethics and privacy regulations of our institution.

3.3

Apparatus

To immerse participants in a high-fidelity environment, we developed an apparatus that tracks their motions using a full-body motion capture system and renders the scene using a state-of-the-art
3D engine. We implemented the VR application using the Unity3D
game engine (v. 2018.3.2f1). As the study requires a multi-user setup,
the application runs on two identical PCs with Windows 10, Intel
i7-8750H, 16GB RAM, and an NVIDIA GeForce GTX 1060 graphics
card. We set the target frame rate to 90 frames per second (fps) on
both PCs to ensure a constant frame rate for both participants. We
used two HTC Vive HMDs with wireless adapters.
We designed a simple virtual scene consisting of a room with
dark walls, a virtual mirror, questionnaires, and a TOL board. We
integrated a virtual mirror into the scene to ensure that the participants could see themselves in the avatars’ bodies (see Figure 2).
Hence, we limited technical factors causing VR sickness through
constant visuomotor synchrony. We created three avatars using
the 3D-suite Daz3D. We used the character Genesis 8 for the normal avatars and Floyd 8 for the Einstein avatar and adapted their
appearance (body shape, facial expressions, skin) by morph targets
and textures. To track participants’ full-body motion with high
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accuracy and low latency, we used an OptiTrack motion tracking
system with twelve cameras (eight PRIME 13 and four PRIME 13W )
and the software Motive (v. 2.1).
The motion tracking software runs on a dedicated PC with Windows 10, Intel i7-8700, 26GB RAM, and an NVIDIA GeForce GTX 1080
graphics card. We calibrated the OptiTrack system according to the
manufacturer’s specification and achieved an exceptionally precise
calibration result (overall reprojection mean 3D error: 0.852mm,
triangulation residual mean error: 0.8mm, overall wand mean error: 0.187mm, worst camera mean 3D error: 0.949mm). The system
tracks the participants while wearing motion capturing suits. We
provided suits in different sizes (2 ×S, 2 ×M, and 2 ×L) with 49 optical markers attached in a given pattern. The OptiTrack system
tracks participants’ skeleton with 240 fps. The skeletons are transmitted through a local 1000 Mbit network connection to the two
PCs rendering the 3D scene using UDP multicast.

3.4

Measures

We took one objective and a number of subjective measures to
determine the effects of the independent variables. We used the
score computed when performing the TOL task to measure objective cognitive performance. Participants were asked to fill a raw
NASA-Task Load Index (raw TLX) [20, 21] for the solo task and
an extended version of the NASA-Task Load Index (TLX Team)
to measure perceived task load of a team for the cooperative task
[58]. We determined participants’ sense of presence using the IPQ
questionnaire [59], their sense of social presence using the social
presence questionnaire [52] and quantified the experience of body
ownership using the five-post statement-questionnaire [6]. In line
with [60], all questionnaires were filled in the VR environment.
Participants filled in the IPQ, the five-statement post-questionnaire,
and the social presence questionnare after completing both TOL
tasks.
3.4.1 Tower of London Score. The TOL score was used to assess
cognitive task performance. Originally defined to detect cognitive
impairments, the TOL is a neuropsychological test to assess executive functioning, planning, and problem-solving skills [63]. The
TOL task was implemented as suggested by Krikorian et al. [34].
In the solo task, each participant simultaneously played the TOL
alone on a virtual board. In the cooperative task, participants share
one virtual TOL board and performed the task together (see Figure
2). The TOL board consisted of three rods in descending heights
from left to right and three different bricks colored in blue, red
and green. The heights of the rod indicate the maximum number
of bricks allowed to be placed on a rod (left rod: 3, middle rod: 2,
right rod: 1). From a predefined starting position participants were
asked to strategically move the bricks from one rod to another to
match a given pattern. The pattern was shown in the upper part of
the TOL board. To complete the TOL task participants had to solve
12 problems with different difficulties depending on the number
of allowed moves per problem. The first two problems allow two
moves, problem 3 and 4 allow three moves, problem 5 to 8 allow four
moves and problem 9 to 12 allow five moves for solving. A problem
is solved when the bricks are arranged in the given order within
the prescribed number of moves. Participants had a maximum of
three attempts to solve a problem.
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The TOL score was calculated according to the algorithm provided by Krikorian et al. [34]. The participants received three points
for solving a problem in the first attempt, two points in the second
attempt, one point in the third attempt and zero points if they failed
to solve the problem three times. Hence, the maximum score that
can be achieved is 36 (solving all of the 12 problems in the first
attempt).

3.5

Procedure

As participants experienced the VR environment in pairs, we invited them to different rooms in our lab to ensure that they do not
meet each other before entering the VR scene. To avoid that the
perceiver informed the target about his visual appearance and to
prevent mismatches between the appearance of the Einstein avatar
and the target’s voice, we asked the participants not to speak during the experiment. Hence, there was no conversation between the
target and the perceiver before and during the experiment. After
welcoming the participants individually, we explained the course of
the study. We provided a brief introduction into VR, asked them to
sign an informed consent form, and to fill a demographic questionnaire. To familiarize participants with the TOL task, we included a
short training phase where they performed the task on a standard
desktop computer using a mouse before entering the VR scene. In
line with Lazar et al. [36], we also tried to reduce the impact of
learning effects with this training phase, since users learn the most
in initial stages with a lesser improvement in subsequent trials.
After participants felt confident to perform the TOL task, we
helped them to put on the motion capture suit and attached 49
markers to track their skeleton. We further explained that while
in VR, they can interact with the TOL task and the questionnaires
using their hands instead of a mouse. Before leading them into
the VR lab, we adjusted the HMDs to the participants’ head and
calibrated it to their inter-pupil distance for best visual results.
After putting on the HMD, we guided both participants into the
VR lab where they entered the designed scene. We highlighted that
participants could withdraw or discontinue participation at any
time without penalty or losing their compensation.
Before participants entered the VR scene, we adjusted the external and internal perception of both participants according to
the respective condition. After entering the scene, participants (virtually) met for the first time. To accustom themselves to the VR
environment, to perceive their avatar, and to perceive the other
participant’s avatar, they waited in the VR scene for 30 seconds.
Afterward, participants were asked to perform the TOL task as fast
and precisely as possible. After completing the TOL task, we asked
them to fill in the NASA TLX questionnaire. They continued with
the cooperative TOL task which was again followed by the NASA
TLX and TLX Team, IPQ, social presence, and five post-statement
questionnaires.
After completing both tasks and filling all questionnaires, the
whole scene faded to black for one second and we adjusted participants’ external- and self-perception to the next condition. We
counterbalanced the order of the conditions in a 4 × 4 latin square
design. To reduce the frequency of swapping the avatars, participants performed both TOL tasks (solo and cooperative) consecutively. After completing both tasks, we changed the External
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Figure 3: Average TOL scores of the target and the perceiver during their solo and cooperative tasks. The score of the perceiver
in the solo task (left) was significantly better when the target was seen as Einstein instead of Normal.
perception of the perceiver (see Figure 1). At the end of the study,
participants were asked to give feedback about the overall experience, the avatars in VR, and their physical and mental well-being
in a brief questionnaire. On average, the study took 75 minutes per
participant in total.

4

RESULTS

Our measures include both parametric as well as nonparametric
data. Shapiro-Wilk tests for normality indicates that the assumption
of normal distribution has been violated for scores of the TOL task
and of social presence. Items of the 5-statements post questionnaire
concern ordinal data. For multiple factor analyses of nonparametric
data we used the ARTool package for R by Wobbrock et al. [73] for
hypothesis testing. We performed a multifactorial mixed-design
ANOVA on parametric data. Participation was entered as a random
factor in all analyses. To ensure that the task completion time
(TCT) is not a confounder, we tested the effects of both External
Perception as well as Self Perception on the duration of the
TOL tasks and found no statistically significant effects (all 𝑝 >
.274). The following results are structured according to whether the
measurements were taken from the perceiver or from the target.

4.1

Perceiver

4.1.1 Solo TOL Scores. We found a significant main effect of External Perception, 𝐹 (1, 14) = 6.429, 𝑝 = .024, 𝜂𝑝2 = .314, however,
not of Self Perception, 𝐹 (1, 14) = 2.837, 𝑝 = .115, 𝜂𝑝2 = .168, and
no interaction effect of External Perception × Self Perception
𝐹 (1, 14) = 2.168, 𝑝 = .163, 𝜂𝑝2 = .134, on the TOL score. Thus, the
perceivers’ performance during the solo task depended on the targets’ avatar. When the perceivers saw the target as Einstein, their
TOL scores significantly increased (see Figure 3).
4.1.2 Cooperative TOL Scores. We found no significant main effects of External Perception, 𝐹 (1, 14) = .022, 𝑝 = .885, 𝜂𝑝2 = .001,
and Self Perception, 𝐹 (1, 14) = .191, 𝑝 = .669, 𝜂𝑝2 = .013, and
no interaction effect of External Perception × Self Perception,
𝐹 (1, 14) = .047, 𝑝 = .832, 𝜂𝑝2 = .003, on the TOL score. Thus, the

perceivers’ TOL scores during the cooperative tasks were neither
affected by the target’s avatar nor by how the targets saw themselves.
4.1.3 Solo TLX Scores. We found no significant main effect of External Perception, 𝐹 (1, 14) = .101, 𝑝 = .755, 𝜂𝑝2 = .007, however,
we found a significant effect of Self Perception, 𝐹 (1, 14) = 6.586,
𝑝 = .022, 𝜂𝑝2 = .319. There was no interaction effect of External Perception × Self Perception, 𝐹 (1, 14) = 2.419, 𝑝 = .142,
𝜂𝑝2 = .147, on the TLX score. Thus, for the solo task we found that
the perceivers’ task load depended on how the targets perceived
their avatar. When the targets perceived themselves as Einstein,
the perceivers had a significantly lower task load (see Figure 4).
4.1.4 Cooperative TLX Scores. We found no significant main effects
of External Perception, 𝐹 (1, 14) = 1.556, 𝑝 = .233, 𝜂𝑝2 = .052,
Self Perception, 𝐹 (1, 14) = 4.518, 𝑝 = .051, 𝜂𝑝2 = .224, and no
interaction effect of External Perception × Self Perception,
𝐹 (1, 14) = 2.694, 𝑝 = .123, 𝜂𝑝2 = .213, on the TLX score. Thus, the
perceivers’ scores during the cooperative task were not affected by
the targets’ avatar.
4.1.5 Presence. We did not find a significant main effect of External Perception, 𝐹 (1, 14) = .669, 𝑝 = .427, 𝜂𝑝2 = .045, and of
Self Perception, 𝐹 (1, 14) = 1.415, 𝑝 = .254, 𝜂𝑝2 = .091, and no
interaction effect of External Perception × Self Perception,
𝐹 (1, 14) = .283, 𝑝 = .603, 𝜂𝑝2 = .019 on the IPQ score indicating that
presence did not significantly differ between the conditions.
4.1.6 Social Presence. We found a significant main effect of External Perception, 𝐹 (1, 14) = 4.759, 𝑝 = .047, 𝜂𝑝2 = .253, however,
not of Self Perception, 𝐹 (1, 14) = .917, 𝑝 = .354, 𝜂𝑝2 = .061,
and no interaction effect of External Perception × Self Perception, 𝐹 (1, 14) = .578, 𝑝 = .460, 𝜂𝑝2 = .039, on the social presence
scores. We assume that the external appearance of the target’s
avatar changed the level of social presence of the perceiver.
4.1.7 5-Statement Post-experience Questionnaire. Individual multifactorial ART ANOVAs on the items of the post-experience questionnaire as used by Banakou and Slater [6] show significant main
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Figure 4: Average TLX scores of the target and the perceiver during their solo and cooperative task. The perceivers’ task load in
the solo task depends on how the target perceived the own avatar (left). When the targets perceived themselves as Einstein, the
perceivers had a significantly lower task load. In all conditions, the TLX scores from target or perceiver were lower, when the
target’s self perception was Einstein. This indicates that there is a systematic relation between how the participants perceive
themselves and a behavioral change causing a lower workload for their companions when they saw themselves as Einstein.
effects of External Perception, 𝐹 (1, 14) = 4.722, 𝑝 = .047, 𝜂𝑝2 =
.252, and of Self Perception, 𝐹 (1, 14) = 5.935, 𝑝 = .028, 𝜂𝑝2 = .297,
but no interaction effect of Self Perception × External Perception, 𝐹 (1, 30) = 2.250, 𝑝 = .155, 𝜂𝑝2 = .138, on the measure features. The measures of vrbody (all with 𝑝 > .333), mirror (all with
𝑝 > .270), twobodies (all with 𝑝 > .321), and agency (all with
𝑝 > .227) shows no significant main or interaction effects. Thus,
perceived features of Einstein that do not resemble one’s own body
were affected through the external appereance of the targets’ avatar
and how the targets saw themselves.

4.2

Target

There we no significant main effects of External Perception,
Self Perception, and no interaction effects of External Perception × Self Perception on the target’s solo and cooperative
TOL scores, solo and cooperative TLX scores, presence, social presence and the 5-statement post-experience questionnaire (all with
𝑝 > .05).
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DISCUSSION

In this paper, we investigate the effects of self- and external perception on cognitive task performance in VR. A total of 32 male
participants performed a TOL task. We investigated the effects on
cognitive performance when one participant (target) was perceived
as Einstein even when another participant (perceiver) perceived the
target as a normal young adult avatar. We found that the external
perception of the target significantly affected the cognitive performance of the perceiver. Thus, cognitive performance increased
while seeing another person as Einstein. Furthermore, we found
that perceivers who saw targets perceiving themselves as Einstein
had a significantly lower task load. While inferential statistics revealed no significant effects on the cooperative task, descriptive
results are in line with the solo task.

We assume that the cooperative TOL task, used to determine
performance in collaborative problem solving, did not show significant effects as the task was originally designed for individual
problem solving and, thus, not sensitive enough for determining
effects during collaboration. In addition, the perceivers’ social presence and the degree to which the perceived features resemble the
own body significantly decreased when the perceiver saw another
person as Einstein instead of a normal young adult. We assume
that being together in a virtual room with the universally known
Einstein who died a long time ago is an unrealistic scenario leading
to a significant drop in social presence. Similar was shown in prior
investigations which revealed a relationship of the avatars’ realistic
appearance and the degree of social presence in CVEs [4, 79, 80].
Previous work on the Proteus effect suggests that embodying
Einstein should cause a higher cognitive performance. This is supported by Banakou et al. who found that after embodying Einstein,
participants had a significantly higher cognitive performance [6].
Thus, our results do not support the findings by Banakou et al. [6],
which can be attributed to a number of differences between the
study by Banakou et al. and our study. We measured cognitive
performance in VR while embodying Einstein in a CVE whereas
Banakou et al. measured cognitive performance after leaving the
VR [6]. We, however, would expect that cognitive performance
should be highest while embodying Einstein. Additionally, exposure time also differed. Banakou et al. embodied participants for 12
minutes in Einstein, our participants embodied Einstein for around
30 minutes per condition resulting in being Einstein for 60 minutes [6]. The Proteus effect suggests that cognitive performance
should increase the longer Einstein is embodied. Consequently, we
should have observed a stronger effect on cognitive performance,
which was not the case. That is why we assume that being and
interacting with another person might have interpersonal and disruptive effects confounding an increasing cognitive performance
while being Einstein.
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Figure 5: Social presence scores of the target and perceiver.
The external appearance of a target’s avatar changed the
level of social presence for the perceiver.

The behavioral confirmation paradigm would suggest that being
perceived as Einstein should result in a behavior that resembles Einstein. Thus, participants embodied as Einstein should change their
behavior according to how they expect that Einstein would behave.
As Einstein is a stereotype for superior intelligence, one should
behave according to the expectation of having high intelligence
when embodying Einstein. We, however, found neither effects on
cognitive performance nor perceived task load of the person embodied as Einstein. As we limited the interaction between participants
to observing each others movement, we assume that the level of
social interaction was not sufficient to trigger direct behavioral
confirmation effects. Nevertheless, perceived task load depends
on how the other person perceives their own body. There are a
number of potential explanations: One might assume that if the
target performs the task faster, this could encourage the perceiver.
We, however, found no effects on task completion time indicating
that the targets’ speed did not change. We assume that there must
be more underlying factors of social interaction and the targets’
behavior that systematically or subconsciously communicates that
someone embodied as Einstein is confident or assertive in doing
the task.
We found significant effects of the targets’ own perception on
task load of the perceiver. In all conditions, the TLX scores were
lower, when the target’s self perception was Einstein. This indicates
that there is a systematic relation between how the participants perceive themselves and a behavioral change causing a lower workload
for their companions. However, neither the Proteus effect nor the
theory of behavioral confirmation can explain that increased cognitive performance. The increased TOL score might be explained
by an increase in perceived competition and engagement due to
competitive behavior. Research in psychology suggests that competition can increase performance but that the effect is mediated
by effects on the individual goals [14, 44]. Performance-approach
goals, trying to do well relative to others, increase performance
and performance-avoidance goals, trying to avoid doing poorly
compared to others, decrease performance. We assume that seeing
Einstein might have motivated participants to try doing well relative to the other participant. Similarly, targets seeing themselves as
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Cooperative

Target
Einstein might
have displayed behavior that motivated perceivers,
who had a lower task load. While effects mediated by competition
are plausible, we cannot rule out other explanations.
The impact of learning caused by order effects have to be considered in repetitive tasks as well. Learning effects could increase the
amount of unsystematic variance making it more difficult to find a
significant difference between conditions. Although participants
performed better in the TOL game in later stages of the experiment,
as a significant
Perceived aseffect of external perception on the TOL
wePerceived
could find
Einstein
Normal
score. Since we counterbalanced the conditions, we can rule out that
it is the process of learning that enhances participants’ cognitive
performance when the target is perceived as Einstein compared to
a young adult.
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CONCLUSION

In this paper, we have conducted a study to investigate the effects
of self- and external perception. We found that seeing another person as Einstein as well as seeing persons who perceive themselves
as Einstein can significantly affect the user. While previous work
showed that embodying avatars can have effects, we show that
being with someone embodying different avatars can affect the
user as well. While this effect cannot be explained by the Proteus
effect or behavioral confirmation, we assume that other psychological mechanisms, such as effects of competition might explain the
impact of avatars on users. From a HCI perspective, however, the
conclusion is rather simple. When designing avatars for CVEs it is
important to not only consider effects on the user embodying the
avatar but also effects on other users.
Future work should further explore the effects of self- and external perception. We found effects on cognitive performance and
perceived task load. We, however, assume that other effects could be
even stronger. If embodying avatars can reduce racial biases [40, 48],
it is likely that seeing certain avatars can further reinforce the effect.
To avoid gender mismatches between participant and avatar [61],
we only investigated avatars’ effects on male users. Therefore, the
embodiment of "Marie Curie" and the impact on female users could
provide further insights into the underlying mechanisms. Future
work should also find ways to quantify the Proteus effect. The current body of work only determined effects caused by the Proteus
effect without a direct way to measure it. If effects are indeed mediated by the Proteus effect, we need ways to quantify it to predict
the effect of different avatars on users.

REFERENCES
[1] Erin Ash. 2016. Priming or Proteus Effect? Examining the Effects of Avatar
Race on In-Game Behavior and Post-Play Aggressive Cognition and Affect in
Video Games. Games and Culture 11, 4 (2016), 422–440. https://doi.org/10.1177/
1555412014568870 arXiv:https://doi.org/10.1177/1555412014568870
[2] Jeremy N Bailenson. 2006. Transformed social interaction in collaborative virtual
environments. Digital media: Transformations in human communication (2006),
255–264. http://vhil.stanford.edu/pubs/2006/bailenson-social-interaction.pdf
[3] Jeremy N. Bailenson, Jim Blascovich, Andrew C. Beall, and Jack M. Loomis. 2003.
Interpersonal Distances in Virtual Environments. Personality and Social Psychology Bulletin 29, 7 (2003), 819–833. https://doi.org/10.1177/0146167203253270
[4] Jeremy N. Bailenson, Kim Swinth, Crystal Hoyt, Susan Persky, Alex Dimov, and
Jim Blascovich. 2005. The Independent and Interactive Effects of Embodied-Agent
Appearance and Behavior on Self-Report, Cognitive, and Behavioral Markers
of Copresence in Immersive Virtual Environments. Presence: Teleoper. Virtual
Environ. 14, 4 (Aug. 2005), 379–393. https://doi.org/10.1162/105474605774785235
[5] Domna Banakou, Raphaela Groten, and Mel Slater. 2013. Illusory ownership of
a virtual child body causes overestimation of object sizes and implicit attitude

VRST ’20, November 1–4, 2020, Virtual Event, Canada

[6]

[7]

[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]
[18]
[19]
[20]

[21]

[22]
[23]
[24]
[25]

[26]
[27]

[28]
[29]

changes. Proceedings of the National Academy of Sciences of the United States of
America 110, 31 (2013), 12846–51. https://doi.org/10.1073/pnas.1306779110
Domna Banakou, Sameer Kishore, and Mel Slater. 2018. Virtually being Einstein
results in an improvement in cognitive task performance and a decrease in age
bias. Frontiers in Psychology 9, JUN (2018). https://doi.org/10.3389/fpsyg.2018.
00917
Amy L. Baylor. 2009. Promoting motivation with virtual agents and avatars: Role
of visual presence and appearance. Philosophical Transactions of the Royal Society
B: Biological Sciences 364, 1535 (2009), 3559–3565. https://doi.org/10.1098/rstb.
2009.0148
V. Bhushan and D.R. Sachdeva. 2012. Fundamentals of Sociology. Pearson Education India. 60–62 pages. https://books.google.de/books?id=qgZFB3UOuNkC
Frank Biocca. 1997. The Cyborg’s Dilemma : Progressive Embodiment in Virtual
Environments Minding the Body , the Primordial Communication Medium. Jcmc
3, September (1997), 1–29. https://doi.org/10.1111/j.1083-6101.1997.tb00070.x
Frank Biocca and Kristine Nowak. 2001. Plugging your body into the telecommunication system: Mediated embodiment, media interfaces, and social virtual
environments. Communication technology and society (2001), 407–447.
Matthew Botvinick and Jonathan Cohen. 1998. Rubber hands ’feel’ touch that
eyes see. Nature 391, 6669 (1998), 756. https://doi.org/10.1038/35784
Elaine Chan and Peter Vorderer. 2006. Massively Multiplayer Online Games. In
Playing video games: Motives, responses, and consequences. Lawrence Erlbaum
Associates Publishers, Mahwah, NJ, US, 77–88.
Jonathan Cohen. 2001. Defining Identification: A Theoretical Look at the Identification of Audiences With Media Characters. Mass Communication and Society
4, 3 (2001), 245–264. https://doi.org/10.1207/S15327825MCS0403_01
Andrew J Elliot and Marcy A Church. 1997. A hierarchical model of approach and
avoidance achievement motivation. Journal of personality and social psychology
72, 1 (1997), 218.
Marc O. Ernst and Martin S. Banks. 2002. Humans integrate visual and haptic
information in a statistically optimal fashion. Nature 415, January (2002), 429–
433.
Caroline J. Falconer, Aitor Rovira, John A. King, Paul Gilbert, Angus Antley,
Pasco Fearon, Neil Ralph, Mel Slater, and Chris R. Brewin. 2016. Embodying
self-compassion within virtual reality and its effects on patients with depression.
BJPsych Open 2, 1 (2016), 74–80. https://doi.org/10.1192/bjpo.bp.115.002147
Mar Gonzalez-Franco and Tabitha C. Peck. 2018. Avatar Embodiment. Towards
a Standardized Questionnaire. Frontiers in Robotics and AI 5 (2018), 74. https:
//doi.org/10.3389/frobt.2018.00074
Mar González-Franco, Tabitha C Peck, Antoni Rodríguez-Fornells, and Mel Slater.
2014. A threat to a virtual hand elicits motor cortex activation. Experimental
Brain Research 232, 3 (2014), 875–887. https://doi.org/10.1007/s00221-013-3800-1
Arnold Wilfred Green. 1972. Sociology: An Analysis of Life in Modern Society.
McGraw-Hill.
Sandra G. Hart. 2006.
Nasa-Task Load Index (NASA-TLX); 20 Years
Later. Proceedings of the Human Factors and Ergonomics Society Annual
Meeting 50, 9 (2006), 904–908. https://doi.org/10.1177/154193120605000909
arXiv:https://doi.org/10.1177/154193120605000909
Sandra G. Hart and Lowell E. Staveland. 1988. Development of NASA-TLX
(Task Load Index): Results of Empirical and Theoretical Research. In Human
Mental Workload, Peter A. Hancock and Najmedin Meshkati (Eds.). Advances in
Psychology, Vol. 52. North-Holland, 139 – 183. https://doi.org/10.1016/S01664115(08)62386-9
Béatrice S. Hasler, Bernhard Spanlang, and Mel Slater. 2017. Virtual race
transformation reverses racial in-group bias. PLOS ONE 12, 4 (04 2017), 1–20.
https://doi.org/10.1371/journal.pone.0174965
Aleshia Hayes. 2015. The experience of physical and social presence in a virtual
learning environment as impacted by the affordance of movement enabled by motion
tracking. Ph.D. Dissertation. http://stars.library.ucf.edu/etd/5014/
Carrie Heeter. 1992. Being There: The Subjective Experience of Presence. Presence:
Teleoperators and Virtual Environments 1, 2 (1992), 262–271. https://doi.org/10.
1162/pres.1992.1.2.262
Hunter Hoffman, David Patterson, and Gretchen Carrougher. 2000. Use of Virtual
Reality for Adjunctive Treatment of Adult Burn Pain During Physical Therapy:
A Controlled Study. The Clinical Journal of Pain 16 (10 2000), 244–50. https:
//doi.org/10.1097/00002508-200009000-00010
Jason Jerald. 2015. The VR Book: Human-Centered Design for Virtual Reality.
Morgan & Claypool Publishers - ACM.
Konstantina Kilteni, Antonella Maselli, Konrad P. Kording, and Mel Slater. 2015.
Over My Fake Body: Body Ownership Illusions for Studying the Multisensory
Basis of Own-body Perception. Frontiers in Human Neuroscience 9 (2015), 141.
https://doi.org/10.3389/fnhum.2015.00141
Konstantina Kilteni, Jean Marie Normand, Maria V. Sanchez-Vives, and Mel Slater.
2012. Extending body space in immersive virtual reality: A very long arm illusion.
PLoS ONE 7, 7 (2012). https://doi.org/10.1371/journal.pone.0040867
Taeyong Kim and Frank Biocca. 1997. Telepresence via Television: Two Dimensions of Telepresence May Have Different Connections to Memory and
Persuasion. J. Computer-Mediated Communication 3 (1997), 0.

Kocur et al.

[30] Christoph Klimmt, Dorothée Hefner, and Peter Vorderer. 2009. The video game
experience as "true" identification: A theory of enjoyable alterations of players’
self-perception. Communication Theory 19, 4 (2009), 351–373. https://doi.org/10.
1111/j.1468-2885.2009.01347.x
[31] Martin Kocur, Melanie Kloss, Valentin Schwind, Christian Wolff, and Niels Henze.
2020. Flexing Muscles in Virtual Reality: Effects of Avatars ’ Muscular Appearance
on Physical Performance. Proceedings of the Annual Symposium on ComputerHuman Interaction in Play (2020). https://doi.org/10.1145/3410404.3414261
[32] Elena Kokkinara and Mel Slater. 2014. Measuring the effects through time of the
influence of visuomotor and visuotactile synchronous stimulation on a virtual
body ownership illusion. Perception 43, 1 (2014), 43–58. https://doi.org/10.1068/
p7545
[33] Jordan Koulouris, Zoe Jeffery, James Best, Eamonn O Neill, and Christof Lutteroth.
2020. Me vs . Super ( wo ) man : Effects of Customization and Identification in a
VR Exergame. Conference on Human Factors in Computing Systems - Proceedings
(2020), 1–16. https://doi.org/10.1145/3313831.3376661
[34] Robert Krikorian, John Bartok, and Nancy Gay. 1994. Tower of London Procedure: A Standard Method and Developmental Data. Journal of Clinical and
Experimental Neuropsychology 16, 6 (1994), 840–850. https://doi.org/10.1080/
01688639408402697
[35] Judith H. Langlois, Lisa Kalakanis, Adam J. Rubenstein, Andrea Larson, Monica
Hallam, and Monica Smoot. 2000. Maxims or myths of beauty? A meta-analytic
and theoretical review. Psychological Bulletin 126, 3 (2000), 390–423. https:
//doi.org/10.1037/0033-2909.126.3.390
[36] Jonathan Lazar, Jinjuan Heidi Feng, and Harry Hochheiser. 2017. Chapter 3
- Experimental design. In Research Methods in Human Computer Interaction
(Second Edition) (second edition ed.), Jonathan Lazar, Jinjuan Heidi Feng, and
Harry Hochheiser (Eds.). Morgan Kaufmann, Boston, 45 – 69. https://doi.org/10.
1016/B978-0-12-805390-4.00003-0
[37] Rosemary M. Lehman and Simone C. O. Conceição. 2010. Creating a Sense of
Presence in Online Teaching: How to "Be There" for Distance Learners. Wiley.
https://books.google.de/books?id=Bff3GYtfd4YC
[38] Joan Llobera, M. V. Sanchez-Vives, and Mel Slater. 2013. The relationship between
virtual body ownership and temperature sensitivity. Journal of the Royal Society
Interface 10, 85 (2013). https://doi.org/10.1098/rsif.2013.0300
[39] Matthew Lombard and Theresa Ditton. 1997. At the Heart of It All: The Concept of
Presence. Journal of Computer-Mediated Communication 3, 2 (09 1997). https://doi.
org/10.1111/j.1083-6101.1997.tb00072.x arXiv:http://oup.prod.sis.lan JCMC321.
[40] Lara Maister, Natalie Sebanz, Guenther Knoblich, and Manos Tsakiris. 2013.
Experiencing ownership over a dark-skinned body reduces implicit racial bias.
Cognition 128, 2 (2013), 170 – 178. https://doi.org/10.1016/j.cognition.2013.04.002
[41] Eric Malbos, Ronald Rapee, and Manolya Kavakli. 2012. A controlled study of
agoraphobia and the independent effect of virtual reality exposure therapy. The
Australian and New Zealand journal of psychiatry 47 (07 2012). https://doi.org/
10.1177/0004867412453626
[42] Kazumichi Matsumiya. 2019. Separate multisensory integration processes for
ownership and localization of body parts. Scientific Reports 9, 1 (2019), 1–9.
https://doi.org/10.1038/s41598-018-37375-z
[43] G. Lorimer Moseley, Alberto Gallace, and Charles Spence. 2012. Bodily illusions
in health and disease: Physiological and clinical perspectives and the concept
of a cortical ’body matrix’. Neuroscience and Biobehavioral Reviews 36, 1 (2012),
34–46. https://doi.org/10.1016/j.neubiorev.2011.03.013
[44] Kou Murayama and Andrew J Elliot. 2012. The competition–performance relation:
A meta-analytic review and test of the opposing processes model of competition
and performance. Psychological bulletin 138, 6 (2012), 1035.
[45] Jean Marie Normand, Elias Giannopoulos, Bernhard Spanlang, and Mel Slater.
2011. Multisensory stimulation can induce an illusion of larger belly size in
immersive virtual reality. PLoS ONE 6, 1 (2011). https://doi.org/10.1371/journal.
pone.0016128
[46] Sofia Adelaide Osimo, Rodrigo Pizarro, Bernhard Spanlang, and Mel Slater. 2015.
Conversations between self and self as Sigmund Freud - A virtual body ownership
paradigm for self counselling. Scientific Reports 5, July (2015), 1–14. https:
//doi.org/10.1038/srep13899
[47] Ye Pan and Anthony Steed. 2017. The impact of self-avatars on trust and collaboration in shared virtual environments. PLOS ONE 12, 12 (12 2017), 1–20.
https://doi.org/10.1371/journal.pone.0189078
[48] Tabitha C Peck, Sofia Seinfeld, Salvatore M Aglioti, and Mel Slater. 2013. Putting
yourself in the skin of a black avatar reduces implicit racial bias consciousness
and cognition. Consciousness and Cognition (2013), 779–787. https://doi.org/10.
1016/j.concog.2013.04.016
[49] Jorge Peña, Jeffrey T. Hancock, and Nicholas A. Merola. 2009. The priming effects
of avatars in virtual settings. Communication Research 36, 6 (2009), 838–856.
https://doi.org/10.1177/0093650209346802
[50] Valeria I. Petkova and H. Henrik Ehrsson. 2008. If I were you: Perceptual illusion
of body swapping. PLoS ONE 3, 12 (2008). https://doi.org/10.1371/journal.pone.
0003832
[51] Ivelina V. Piryankova, Hong Yu Wong, Sally A. Linkenauger, Catherine Stinson,
Matthew R. Longo, Heinrich H. Bülthoff, and Betty J. Mohler. 2014. Owning an

The Effects of Self- and External Perception of Avatars on Cognitive Task Performance in Virtual Reality

[52]

[53]

[54]

[55]
[56]
[57]
[58]
[59]
[60]

[61]

[62]

[63]
[64]
[65]
[66]
[67]
[68]
[69]

[70]

[71]

[72]
[73]

overweight or underweight body: Distinguishing the physical, experienced and
virtual body. PLoS ONE 9, 8 (2014). https://doi.org/10.1371/journal.pone.0103428
Sandra Poeschl and Nicola Doering. 2015. Measuring co-presence and social
presence in virtual environments - Psychometric construction of a german scale
for a fear of public speaking scenario. Annual Review of CyberTherapy and
Telemedicine 13, February 2016 (2015), 58–63. https://doi.org/10.3233/978-161499-595-1-58
Giuseppe Riva and Fabrizia Mantovani. 2012. Being There: Understanding the
Feeling of Presence in a Synthetic Environment and its Potential for Clinical
Change. Virtual Reality in Psychological, Medical and Pedagogical Applications
(2012), 3–34. https://doi.org/10.5772/46411
Robin S. Rosenberg, Shawnee L. Baughman, and Jeremy N. Bailenson. 2013.
Virtual Superheroes: Using Superpowers in Virtual Reality to Encourage Prosocial
Behavior. PLOS ONE 8, 1 (01 2013), 1–9. https://doi.org/10.1371/journal.pone.
0055003
Daniel Roth and Marc Erich Latoschik. 2019. Construction of a Validated Virtual
Embodiment Questionnaire. arXiv:1911.10176 [cs.HC]
Maria V. Sanchez-Vives and Mel Slater. 2005. From presence to consciousness
through virtual reality. Nature Reviews Neuroscience 6, 4 (2005), 332–339. https:
//doi.org/10.1038/nrn1651
Maria V. Sanchez-Vives, Bernhard Spanlang, Antonio Frisoli, Massimo Bergamasco, and Mel Slater. 2010. Virtual hand illusion induced by visuomotor correlations. PLoS ONE 5, 4 (2010), 1–6. https://doi.org/10.1371/journal.pone.0010381
Kateryna Savchenko, Heather Medema, Ronald Boring, and Thomas Ulrich. 2019.
Measuring Mutual Awareness for Digital Human-Machine Interfaces: A Questionnaire for Simulator Studies. 36–46. https://doi.org/10.1007/978-3-319-94391-6_4
Thomas Schubert, Frank Friedmann, and Holger Regenbrecht. 2001. The Experience of Presence: Factor Analytic Insights. Presence: Teleoperators and Virtual
Environments 10, 3 (2001), 266–281. https://doi.org/10.1162/105474601300343603
Valentin Schwind, Pascal Knierim, Nico Haas, and Niels Henze. 2019. Using
presence questionnaires in virtual reality. Proceedings of the 2019 CHI Conference
on Human Factors in Computing Systems (2019), 1–12. https://doi.org/10.1145/
3290605.3300590
Valentin Schwind, Pascal Knierim, Cagri Tasci, Patrick Franczak, Nico Haas, and
Niels Henze. 2017. “These are not my hands!”: Effect of Gender on the Perception
of Avatar Hands in Virtual Reality. In Proceedings of the 2018 CHI Conference on
Human Factors in Computing Systems (2017-01-01). ACM, New York, NY, USA.
https://doi.org/10.1145/3025453.3025602
Valentin Schwind, Lorraine Lin, Massimiliano Di Luca, Sophie Jörg, and James
Hillis. 2018. Touch with Foreign Hands: The Effect of Virtual Hand Appearance
on Visual-Haptic Integration. Proceedings of the 15th ACM Symposium on Applied
Perception - SAP ’18 (2018), 1–8. https://doi.org/10.1145/3225153.3225158
Tim Shallice. 1982. Specific Impairments of Planning. Philosophical transactions
of the Royal Society of London. Series B, Biological sciences 298 (07 1982), 199–209.
https://doi.org/10.1098/rstb.1982.0082
Thomas Sheridan. 1992. Musings on Telepresence and Virtual Presence. Presence
1 (01 1992), 120–125. https://doi.org/10.1162/pres.1992.1.1.120
Mel Slater. 1999. Measuring Presence: A Response to the Witmer and Singer Presence Questionnaire. Presence: Teleoperators and Virtual Environments 8, 5 (1999),
560–565. https://doi.org/10.1162/105474699566477 arXiv:arXiv:1011.1669v3
Mel Slater, Daniel Perez-Marcos, H. Henrik Ehrsson, and Maria V. Sanchez-Vives.
2008. Towards a digital body: The virtual arm illusion. Frontiers in Human
Neuroscience 2, AUG (2008), 1–8. https://doi.org/10.3389/neuro.09.006.2008
Mel Slater, Bernhard Spanlang, Maria V. Sanchez-Vives, and Olaf Blanke. 2010.
First Person Experience of Body Transfer in Virtual Reality. PLOS ONE 5, 5 (05
2010), 1–9. https://doi.org/10.1371/journal.pone.0010564
Mel Slater and Martin Usoh. 1993. Presence in immersive virtual environments.
In Proceedings of IEEE Virtual Reality Annual International Symposium. 90–96.
https://doi.org/10.1109/VRAIS.1993.380793
Mark Snyder, Elizabeth D. Tanke, and Ellen Berscheid. 1977. Social perception
and interpersonal behavior: On the self-fulfilling nature of social stereotypes.
Journal of Personality and Social Psychology 35, 9 (1977), 656–666. https://doi.
org/10.1037/0022-3514.35.9.656
Manos Tsakiris and Patrick Haggard. 2005. The rubber hand illusion revisited:
Visuotactile integration and self-attribution. Journal of Experimental Psychology:
Human Perception and Performance 31, 1 (2005), 80–91. https://doi.org/10.1037/
0096-1523.31.1.80
Martin Usoh, Kevin Arthur, Mary C. Whitton, Rui Bastos, Anthony Steed, Mel
Slater, and Frederick P. Brooks, Jr. 1999. Walking > Walking-in-place > Flying, in
Virtual Environments. In Proceedings of the 26th Annual Conference on Computer
Graphics and Interactive Techniques (SIGGRAPH ’99). ACM Press/Addison-Wesley
Publishing Co., New York, NY, USA, 359–364. https://doi.org/10.1145/311535.
311589
Christopher M Via. 2016. The Proteus Effect and Gaming: The Impact of Digital
Actors and Race in a Virtual Environment. (2016).
Jacob O. Wobbrock, Leah Findlater, Darren Gergle, and James J. Higgins. 2011.
The Aligned Rank Transform for Nonparametric Factorial Analyses Using Only
Anova Procedures. In Proceedings of the 2011 CHI Conference on Human Factors

[74]

[75]
[76]

[77]
[78]
[79]

[80]

VRST ’20, November 1–4, 2020, Virtual Event, Canada

in Computing Systems (Vancouver, BC, Canada) (CHI ’11). ACM, New York, NY,
USA, 143–146. https://doi.org/10.1145/1978942.1978963
Grace S. Yang, Bryan Gibson, Adam K. Lueke, L. Rowell Huesmann, and
Brad J. Bushman. 2014. Effects of Avatar Race in Violent Video Games
on Racial Attitudes and Aggression. Social Psychological and Personality Science 5, 6 (2014), 698–704. https://doi.org/10.1177/1948550614528008
arXiv:https://doi.org/10.1177/1948550614528008
Nick Yee and Jeremy Bailenson. 2007. The Proteus effect: The Effect of Transformed Self-representation on Behavior. Human Communication Research 33, 3
(2007), 271–290. https://doi.org/10.1111/j.1468-2958.2007.00299.x
Gunwoo Yoon and Patrick T. Vargas. 2014. Know Thy Avatar: The Unintended Effect of Virtual-Self Representation on Behavior. Psychological
Science 25, 4 (2014), 1043–1045. https://doi.org/10.1177/0956797613519271
arXiv:https://doi.org/10.1177/0956797613519271 PMID: 24501111.
David Zeltzer. 1992. Autonomy, Interaction, and Presence. Presence: Teleoper.
Virtual Environ. 1, 1 (Jan. 1992), 127–132. https://doi.org/10.1162/pres.1992.1.1.127
Jing Zhang and Bernhard Hommel. 2016. Body ownership and response to threat.
Psychological Research 80, 6 (2016), 1020–1029. https://doi.org/10.1007/s00426015-0698-1
K. Zibrek, E. Kokkinara, and R. Mcdonnell. 2018. The Effect of Realistic Appearance of Virtual Characters in Immersive Environments - Does the Character’s
Personality Play a Role? IEEE Transactions on Visualization and Computer Graphics 24, 4 (2018), 1681–1690.
Katja Zibrek and Rachel McDonnell. 2019. Social Presence and Place Illusion
Are Affected by Photorealism in Embodied VR. In Motion, Interaction and Games
(Newcastle upon Tyne, United Kingdom) (MIG ’19). Association for Computing
Machinery, New York, NY, USA, Article 13, 7 pages. https://doi.org/10.1145/
3359566.3360064

