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Abstract

Eye-gaze is an important part of nonverbal com-

munication, but its e�ect in avatar-mediated com-

munication for object-based tasks has barely been

researched. Eye tracking is a novel technology

that is expected to become important for immer-

sive technologies using head-mounted displays in

the near future as it allows for a rich form of me-

dia communication. This project tested an object-

based cooperative task in a shared virtual environ-

ment with di�erent oculesic behaviour including

occluded, static, modelled, and tracked eye-gaze.

Four preliminary experiments were conducted in

order to evaluate the eye tracker's accuracy, and

the appropriateness of the task. The study's main

experiment was conducted in order to evaluate

whether the study's four oculesic behaviour condi-

tions a�ected the participants in regards to social

presence, performance, or perceived naturalness.

In the main experiment it was found that among

the di�erent conditions, there were in most cases

no significant di�erences, although tracked eye-

gaze was considered more natural than occluded

oculesic behaviour from the viewpoint of the par-

ticipants not wearing an eye tracker. Several lim-

itations regarding the technologies used and the

task design were discussed and, despite the lack

of novel findings, the authors encouraged future

studies on the subject a�er improving either of

them.

Copyright 2018. This report and/or appended material may not be partly or completely published or copied without prior wri�en approval from the

authors. Neither may the contents be used for commercial purposes without this wri�en approval.





Preface

Throughout this report, various expressions, methods, etc. will be mentioned multiple times. This section provides

an overview of the most important expressions, methods etc., which in turn should make it easier and clearer to

read the report.

Definitions

Whenever a new expression, name, or something of utmost importance is mentioned throughout the report, it will

be wri�en in italics the first time it is mentioned. If it is an expression that is normally abbreviated, the abbreviation

too is wri�en in italics and used henceforth. An expression, name, etc. is only wri�en in italics the first time it is

mentioned. A�er that point, it is wri�en normally.

Virtual Environments

Various expressions forvirtual environments(VEs) will be utilised. For the sake of clarity, the authors have divided

virtual environments into two expressions:

1. CAVE-like VR: This expression covers all VEs found through the literature review, Section 2,Previous Work,

where the visuals are projected onto a surface, but is still rendered relative to the user's view such as:CAVE-

environments, projection technologies, etc. This could, for example, relate to studies such as Murray et al.

(2009); Peters et al. (2010); Steptoe et al. (2009).

2. HMD-based VR: This expression covers all VEs found through the literature review, Section 2,Previous Work

and commercially available virtual reality environments, in which the participants wearhead-mounted displays

(HMDs). This could for example be studies such as Lutz et al. (2017); Roth et al. (2016b); Elgarf et al. (2017).
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Chapter 1

Introduction

The technology that drives modernvirtual reality (VR) systems is rapidly evolving, and eye tracking is seen as one

of the next big steps (Velloso and Carter, 2016). By adding small sensors inside thehead-mounted displays(HMDs),

it is possible to track individual eye movements of the users. This potentially allows for technological leaps such

as foveated rendering, but it is also interesting how the eye movement can be translated to digital avatars that

represent the users Tobii Pro ((n.d.). Most modern VR systems already provide a high level of kinematic fidelity in

terms of position tracking for both the head and the hands, which allows for a rich form of communication as it

enables nonverbal communication (Roth et al., 2016b). Adding another layer by also having accurate eye movements

using the eye trackers would enhance the richness of the media, but the question is to what extent this will a�ect

users.

VR is growing at a fast pace and is predicted to grow at an even faster pace in the years to come. The gaming

focusedPlayStation VRwas announced as being the best selling VR system in 2017, and is expected to reach two

million units sold in 2018. The number of sales reflects the popularity of the new wave of VR devices commercially

available. Similarly, the gaming industry is also starting to adopt eye tracking in games such asAssassin's Creed

Rogue(Velloso and Carter, 2016; Smith, 2018; Statista, 2017). With VR system developers announcing eye tracking

as the next add-on to their products, the relevance for research related to commercially available VR products and

eye tracking has become increasingly relevant.

The subject of eye tracking has been researched in several studies over the years. For example tracked eye-gaze

in virtual environments (VEs)is expected to improve social presence compared to static eye-gaze (Seele et al., 2017),

however it has also been shown that the kinematic realism should be correlated with the visual realism of avatars

(Garau et al., 2003; McDonnell et al., 2012; Howard and Steptoe, 2016). Avatars with tracked eye-gaze have also been

shown to make social interactions more detailed, for example making it easier to see if people are paying a�ention

or even lying (Steptoe et al., 2010). Eye-gaze has also been used for enabling new forms of interaction. Experimental

video games have used eye tracking as an input method to enable quick selection or gaze sensitive AI (Velloso and

Carter, 2016). There have also been studies on how eye-gaze increases interaction between collaborators in ashared

virtual environment(SVE) when working on object-based tasks by using gaze direction estimation to determine

objects in a 3D space that are being looked at (Garau et al., 2003; Steptoe et al., 2008, 2009; Elgarf et al., 2017).

However, none of these studies have used two real collaborators working with modern consumer HMD-based VR

technologies.

The purpose of this study is to investigate whether the combination of modern eye tracking systems and HMDs

for collaborative object-based tasks will improve users' error rates, completion times,social presence, and the per-

ceived naturalness of avatars' eyes. Furthermore, the study's task is based on previous research in the areas of

eye-gaze in social contexts, nonverbal communication, eye tracking, etc. Two participants will simultaneously be

immersed in a SVE where they will use nonverbal communication to locate objects placed in the environment. The

experiment will compare how completing the task using tracked eye-gaze will compare with more commonly used

eye-gaze behaviours.
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Chapter 2

Previous Works

This chapter explores literature relevant for this study. The topic of eye-gaze and how it can be used inshared virtual

environments (SVEs)is researched, and the findings will be presented here. The findings are about how eye-gaze

is used in natural se�ings, as well as how it has been used inhuman-computer interactionresearch. Theory about

eye-gaze and trends in relevant literature will also be explained. The chapter will also touch upon the kinematic

and visual realism that is relevant for choosing a style of avatar that is most suited for this study. Lastly, the study's

goals and how it stands out from the existing research will be explained.

2.1 Literature Search

The first approach to finding literature for this project was to use the AAU research portal,AUB, and search on

keywords thought to be related to the project regarding eye tracking and SVEs. Several sources were found to be

relevant and used to find more formal keywords for a structured search. A list of repeating keywords found in the

sources was created and the most important ones were picked out. These keywords were used for a structured

search on the research databasesIEEE, ACM, Proquest, andCompendex. The keywords were adjusted until a search

result came up with a reasonable amount of sources that used the keywords, approximately 50-100. The final search

resulted in 56 relevant sources. Further information regarding the literature search can be seen in Appendix C,

Literature Review Search Protocol. Parts of the found papers were read systematically, which were used for assessing

whether they still seemed relevant to the study. If a source was deemed irrelevant at some point during the reading

order, it was discarded. The reading order mostly was: the title, the abstract, conclusion, method, discussion,

introduction/previous works, and then the entire document.

While reading through these sources, it was found that several papers shared citations for fundamental points

during their previous work sections. In some cases, these references were already found during the search, but if

not, they were also thoroughly read and added to the literature review.

2.2 Motivation

Normally, communication between humans may be thought of as primarily using wri�en and spoken languages.

However, despite the complex thoughts that can be conveyed this way, we still rely onnonverbal communicationto

a high degree. Nonverbal communication in this context refers to things such as body posture, hand gestures, facial

expressions, and eye-gaze. It is said that up to 55% of our understanding of each other's feelings comes from facial

gestures Mehrabian and Ferris (1967).

Eye behaviour can be used to gauge things such as how a conversation is flowing, signal a search for feedback

from the interlocutor, express emotion, or even influence others' behaviour (Lee et al., 2002). This is why much

literature based aroundvirtual environments(VEs) revolve around the concept ofcopresenceandsocial presence- i.e.

the ability to capture the sense of fully being in the virtual company of another person through a virtual medium.

The use of eye tracking allows researchers to capture participants' oculesic behaviour, e.g. eye-gaze, blinks, eyelid

movements, pupil size, etc., which can then be simulated and displayed by avatars inimmersive collaborative virtual

environments(ICVEs) (Steptoe et al., 2010; Eichert et al., 2017).

3
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2.3 How Eye Tracking Has Been Used in Research

A multitude of previous studies have used eye tracking for various purposes. Some studies used eye tracking for

proving that it was possible for people inside ICVEs to discern that other participants, or avatars, were looking at

either them or at objects placed inside the SVE. Eye tracking was used for testing at which distances eye-gaze was

more discernible than head gaze. In extension to this, it was tested at what distance eye-gaze had higher accuracy

than head gaze. Findings show that the ability to discern eye-gaze and head orientation decreases significantly

a�er approximately six metres. As part of testing accuracy of eye-gaze, eye tracking was used in se�ings where one

participant had to look at objects between them and another digital avatar. The participant then had to discern at

which objects the avatar was gazing (Roberts et al., 2009; Murray et al., 2009; Steptoe et al., 2009). It has also been

studied whether participants' task performance and user experience were a�ected by avatars expressing tracked

oculesic behaviour. Tracked eye-gaze yielded be�er results than static and modelled eye-gaze however, not signifi-

cantly so when compared to static eye-gaze. Also, tracked eye-gaze yielded fewer errors and lower completion times

and be�er user experience (Steptoe et al., 2009). Oculesic behaviour has also been found to enable participants to

discern between truthful and deceptive behaviour in avatars (Steptoe et al., 2010).

Velloso and Carter (2016) made a survey regarding previous uses of eye-gaze, e.g. eye tracking as an input device

for video games. Eye tracking implemented in video games can be used e.g. for emulating computer mouse and

keyboard commands. This can, for example, be used for selection purposes inside video game environments where

you would normally use a computer mouse. However, it was advised to not use it as a single modality due to the

Midas touchproblem. Velloso and Carter (2016) also mentioned how games can use unwri�en social rules in regards

to eye-gaze as an interaction method.

Finally, a single study was found to not utilise eye tracking and instead compared a real world scenario with a

virtual simulation without eye movement and facial expression cues (Roth et al., 2016a).

2.4 Small Overview of Technology

Eye tracking technology has improved significantly during the last decade or so and more types of oculesic behaviour

are thus becoming trackable. Eye trackers are also becoming more commonplace technology. This is also the case in

the gaming industry, where for example Assassin's Creed Rogue has gaze-interactions enabled (Velloso and Carter,

2016).

A magnitude of equipment has been utilised in previous research regarding eye tracking in VEs. An eye tracker is

a so-calledabsoluteinput device, which means that it outputs tracked coordinates in the screen frame of reference.

Because of the ji�ery and sudden nature of eye movements, it is infeasible to use for controlling a precise system

such as a cursor (Velloso and Carter, 2016). Most eye tracking systems measure the participant's pupil size during

interaction. When the diameter size is zero, it usually means that the participant blinks. However, it could also

mean that the pupil recognition is lost (Murray et al., 2009). Finally, Steptoe et al. (2010) tracked pupil dilation,

eyelid movement, and eye blinks to simulate this behaviour on their avatar.

Some studies utilised ICVE systems, which can be populated with multiple participants, avatars, objects, etc.

One ICVE system found during the literature review was theEyeCVE. The EyeCVE has built-in binocular eye tracking

and was supposedly the first system that allows the user to move around in a 3D space with eye tracking (Steptoe

et al., 2010). Finally, an ICVE calledReaCTorwas used in a study by Vinayagamoorthy et al. (2004). Most studies

(Murray et al., 2009; Steptoe et al., 2008, 2009; Roberts et al., 2009), utilised IPTs, whereas others used a normal

computer screen. In some studies, optical trackers have been used to capture the participants' head and/or hand
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movements and then mapped this data to avatars in ICVEs (Murray et al., 2009).

Some eye tracker systems, like theASL Model 501used by Murray et al. (2009), only enable monocular eye

tracking. This means, that it is not possible for the researchers to consider and calculate convergence of the eyes.

This might mean that it becomes di�icult to estimate what people are gazing at, especially in regards to their gaze's

depth of field.

Other eye tracker systems, such as theViewPoint EyeTrackerfrom Arrington Research Inc.andSMI Eye-Tracking

Glasses 2 Wirelessfrom SensoMotoric Instruments GmbHcan track eye-gaze while users are wearing HMDs (Steptoe

et al., 2010; Eichert et al., 2017). Both of these eye trackers are binocular, which enable researchers to track both eyes

simultaneously. The tracked eye movements can then be used to animate avatar eye movements (Roberts et al.,

2009; Eichert et al., 2017).

2.5 Theory

In the following subsections, important theory aspects found during the literature review, which are applicable to

the authors' study, are presented.

2.5.1 Media Richness

Da� and Lengel proposed the theory of media richness, in which they describe a medium's capability of transmi�ing

and reproducing the full extent of human communication whererichinformation involves nonverbal communication

such as in ICVEs. The theory states that task performance will improve in a medium that is capable of transmi�ing

more rich and relevant information compared to media that are less rich in information, such as text-based media

(Steptoe et al., 2010). It has been shown that there seems to be a correlation between the visual fidelity of avatars

and peoples' expectations of the behavioural fidelity of them. With rich media, it has been shown that aspects such

aspersonal spaceand the unease of eye contact with strangers can also occur in a virtual world (Steptoe et al., 2009).

Steptoe et al. (2010) a�empted to illustrate the theory of media richness in terms of how well people can assess

whether someone is lying with focus on the importance of eye-gaze. In one experiment, they had participants tell

either truths or lies where the audio and eye-gaze was recorded. Later, in another experiment, these recordings

were shown in di�erent levels of richness. The recordings were presented on a digital avatar with tracked oculesic

behaviour, no oculesic behaviour, or audio-only. Accuracy of detecting lies was found to be 48% with tracked oculesic

behaviour, which was statistically higher than without (39%), and the lowest case was with audio-only (34%).

2.5.2 Oculesic Behaviour Properties

According to Eichert et al. (2017); Velloso and Carter (2016), the human eyes are limited to specific movements and

properties which are covered in the following:

ˆ Fixations stabilise the retina on an object of interest so that its image falls on the fovea of the eyes. This way,

it is possible for the viewer to focus on an object. Measuring fixations can tell you what a person is focusing

their gaze on and what catches their a�ention. A fixation consists of a look lasting for at least 100 ms.

ˆ Saccadesare the rapid movements made when the eyes move from one focused position to another. Saccades

can be used for gesture matching or mode selection.

ˆ Saccade duration is the time it takes for the eye to change from one position to another.
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ˆ Saccade magnitude is the angle the eye needs to rotate in order to focus at a new position. 90% of all natural

saccades have a magnitude of less than 15 degrees. In a dyadic conversation, the speaker's maximum saccade

magnitude is 27.5 degrees. For a listener in the same condition, this magnitude is 22.7 degrees.

ˆ Saccade direction is the direction the eye moves.

ˆ Saccade velocity is the non-uniform velocity with which the eye moves in order to reach a new position.

The eyes do not have a constant velocity, instead, they accelerate from one position to the maximum velocity,

then they decrease and stop at a new position. The higher the saccade magnitude, the higher average saccade

velocity becomes.

ˆ Smooth pursuits are the eye movements occurring when one follows a moving object with the eyes. Contrary

to saccades, smooth pursuits are smooth and match the targets' relative velocity. Smooth pursuits only occur

while following moving targets, which makes it possible to identify whether a participant actually follows a

moving target on e.g. a screen. Smooth pursuits can be used for calibrating an eye tracker and for selecting

moving targets.

ˆ Compensatory eye movements are involuntary smooth movements occurring when moving the head while

keep fixating at a specific point in one's field of view. Compensatory eye movements could e.g. be used for

recognising head nods and hand gestures for NPCs in a VE.

ˆ Vergence is the movements focusing the eyes at distant objects. The further away an object is, the more

parallel the eyes will be. In a virtual environment, vergence could be used for detecting whether a participant

focuses on an object or another player.

ˆ Optokinetic nystagmus is an eye movement comprised of smooth pursuits and saccades, which enables

people to keep perceiving an object moving through the field of view. Optokinetic nystagmus movements

occur while observing e.g. a train passing by.

ˆ At gaze is exhibited when the eye is looking directly ahead, thus, it is inprimary position.

ˆ Away gaze is exhibited when the eye isnot looking directly ahead.

ˆ Theinter-saccadic interval is the time the eye spends at a focused position.

2.5.3 Dyadic and Triadic Eye-Gaze

According to Vinayagamoorthy et al. (2004); Elgarf et al. (2017); Steptoe et al. (2009, 2010), two types of eye-gaze

exist; dyadic and triadic:

Dyadic eye-gaze regards eye to eye or eye to face interactions. Dyadic eye-gaze enables people to read other

people's emotions. Dyadic eye-gaze is used for ge�ing feedback during conversation.

Triadic eye-gaze, also known asjoint a�ention, regards a person's perception of another person gazing in

some direction. Triadic eye-gaze is used for understanding other people's intentions. Also, triadic eye-gaze regards

object-oriented interactions with another person.

Some studies focused on dyadic and triadic eye-gaze in ICVE systems. The experimental task could be that

one participant had to gauge which object in the VE that the other participant was looking at. Some of these

experiments studied whether participants were able to discern which objects in an ICVE participants were gazing

at. Most studies focused on training participants in an ICVE using triadic eye-gaze in various social se�ings with
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real-world applicability (Murray et al., 2009; Roberts et al., 2009; Steptoe et al., 2009; Elgarf et al., 2017; Eichert et al.,

2017).

2.5.4 Eye Tracking in Social Contexts

In the experiment by Steptoe et al. (2010), they asked about the perceived engagement of a virtual avatar under three

di�erent conditions. Each condition had a di�erent level of richness for the avatar, ranging from audio only, to a

tracked eye-gaze animated avatar with audio. It was found that higher levels of richness increased the perceived

levels of engagement. Eye-gaze has been shown to be an important part of initiating, terminating, and gauging

interest in a conversation, so the correlation should be a natural consequence of this (Steptoe et al., 2009). In an

experiment by Grillon and Thalmann (2008), eye-gaze of virtual avatars was experimented with to find how realism

of avatars was a�ected by eye-gaze behaviour triggered by a user. In this scenario, a virtual avatar would appear

either 1) a�entive and look straight at the user or 2) bored with a distracted appearance towards the user based on

whether the user was looking directly at the avatar. The scenario was tested in regards to four conditions based on

the avatar's behaviour: always a�entive, always bored, random, or a�entive when looked at and bored otherwise.

Based on a questionnaire, results from 12 participants suggested a significant di�erence in how normal they viewed

the avatar. The more a�entive the avatar was, the more normal it seemed. Though the researchers could not find

evidence to suggest that having a reactive behaviour was more normal than always a�entive, they did show a

di�erence in how people notice and describe nonverbal behaviour from digital avatars.

One of the more recent studies on how eye tracking a�ects the quality of communication is by Seele et al. (2017)

who claims that most research in the field of virtual reality has been performed on outdated technology. Seele et al.

(2017) had couples participate in social verbal interaction games usingavatar-mediated communication, AMC in VR

with di�erent oculesic behaviour conditions including tracked eye data. A saccadic oculesic behaviour model was

used together with an altered model that also accounted for dynamic fixations. Despite these di�erent models, the

participants found no significant changes in quality of communication and perceived avatar realism. However, Seele

et al. (2017) also strongly argue that the novelty of the VR technology overwhelmed the participants more than the

subtlety of the eye animations, as the participants expressed a very low rating in experience with VR (median of 1

out of 7).

2.5.5 Kinematic and Visual Realism

Studies have investigated the di�erences in communication that exist between AMC andvideo-mediated commu-

nication(VMC). Currently, VMC is the more accessible and the higher quality option of the two as it is able to

faithfully show how the user looks, while AMC still has some way to go in that regard (Roberts et al., 2009; Steptoe

et al., 2010). Not showing the user faithfully enables users to ignore the physical aspect of anyone they might be

interacting with. Thus, enabling the users to form impressions about other users, purely on the behaviour that

they display in theimmersive virtual environment (IVE). AMC not automatically being a faithful representation of

the user, allows researchers to take control of relevant and irrelevant nonverbal behaviour, if they should wish to

do so (Bente et al., 2007). For example testing oculesic behaviour conditions on participant avatars to determine

perceived realism. This control over nonverbal behaviour can be used in the creation of both realistic and abstract

avatars alike. Realistic avatars try to simulate/replicate aspects such as looks and/or the verbal or nonverbal be-

haviour of the user. Abstract avatars, however, are created as representations of humans in general. This general

human appearance can make them simple to create and animate (Roth et al., 2016a).

Working with object-based tasks where moving around an environment is required, a VMC based system already
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has its limitations, as it is dependant on finding a proper viewpoint for the system's camera. Such an object-based

task making use of eye tracking would not function reliably if done on a VMC platform since the eye tracking would

lose its accuracy when participants would navigate the environment. A similar scenario is mentioned by Roberts

et al. (2009) when conducting an eye tracking experiment on a VMC system. An AMC system making use of an

HMD for the object-based task, however, places the screen right in front of the participant's eyes at all times, thus

it is not as prone to the same movement based tracking discrepancies (Roberts et al., 2009).

Rendering Styles and Uncanny Valley

With the rise of VE's, their avatars have become a subject for research. With the rise of VE's, avatars have become

a subject for research. Especially the di�erent styles of avatars and the e�ect they have on the user of the virtual

system have been subject for a number of studies.

A study on di�erent render styles was conducted by McDonnell et al. (2012). It compared ten di�erent render

styles, five cartoonish and five realistic, to see how these were perceived by participants. It was found that what

participants used to rate the virtual characters could mostly be derived from a still image of the characters. Of the

six experiment measures, showing character movement would only change how participants rated the familiarity

and appeal of the characters. Especially highly unappealing characters were seen as being even more so when

movement had been applied. Also, motion anomalies on realistic characters were found more unpleasant than they

were on cartoonish characters. This correlates with earlier findings by Garau et al. (2003) that showed that the more

photorealistic an avatar is, the more people demand/expect it to display realistic behaviour.

Latoschik et al. (2017) investigated theillusion of virtual body ownership(IVBO) for participants who were placed

in an SVE within one of two avatar body render styles. One render style was a photorealistic human avatar, while

the other was an abstract genderless humanoid avatar, made to look like a wooden mannequin. IVBO refers to the

users' acceptance of the virtual body, or parts thereof, as their own. The realistic avatars were shown to produce

a higher level of acceptance in the participants in relation to IVBO than the abstract avatar. The realistic avatars

showed higher scores in regards to eeriness, while the abstract avatar showed higher scores for a�ractiveness.

Vinayagamoorthy et al. (2004) found that perceived communication quality did not increase when the developed

oculesic behaviour model was used for neither a cartoonish nor a realistic avatar. Additionally, it was found that the

more visually realistic an avatar is, the more users expect from that avatar in terms of behaviour and human-like

qualities (Howard and Steptoe, 2016).

The findings by Latoschik et al. (2017); Garau et al. (2003); McDonnell et al. (2012); Vinayagamoorthy et al. (2004)

could be contributed to the uncanny valley relationship. The uncanny valley has long existed as the explanation

for why increasingly realistic renderings of humans may have a�ributes that appear disturbing or o� to viewers

(McDonnell et al., 2012; Vinayagamoorthy et al., 2004; Howard and Steptoe, 2016). Uncanny valley has been observed

within advances in making robots, avatars, movies, etc. or more generally said, in areas where human appearance

or behaviour are being simulated or recreated for some purpose. The causes for these feelings have been a�ributed

to higher awareness of minor imperfections in various areas of the realistic objects' behaviour or look (McDonnell

et al., 2012).

A study done by Roth et al. (2016a) investigated the social interactions of abstract avatars in an SVE where

social and behavioural channels had been limited. The experiment had the participants participate in two real-

world and virtual-world tasks, where gaze and facial expression cues had been excluded from the interaction in

the virtual world. Roth found that these limited channels can have an impeding e�ect on social interactions when

using abstract avatars. The missing gaze and face expression cues can, however, be partly compensated for since

participants would shi� their focus to the available channels, such as movement behaviour. Roth's results thus
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show that using abstract avatars that do not display facial expressions or eye-gaze cues impedes social interactions

through AMC, but it does not make social interactions impossible. Further work suggested by Roth et al. includes

applying eye-gaze or facial expression to similar tests on abstract avatars to uncover the added e�ect they may

bring. Applying di�erent types of eye-gaze to abstract avatars in an SVE will be the focus of this report and its

corresponding experiments.

Levels of Body Tracking

Naturally, the equipment used by older sources considered in this review makes use of less advanced tracking

devices, such as tracking of only head, hand(s) or similar body parts (Steptoe et al., 2010; Vinayagamoorthy et al.,

2004; Roberts et al., 2009), while more recent sources make use of full body tracking instead (Latoschik et al., 2017;

Dodds et al., 2011; Roth et al., 2016a). Full body tracking suits have the benefit of enabling movement for all body

parts covered by the suit to be tracked and simulated directly onto the corresponding body parts of a virtual avatar.

Although systems that enable tracking of a full body motion tracking suit are e�ective at tracking motion, they are

nonetheless expensive and not commercially common (Roth et al., 2016a).

The currently available consumer VR headsets mostly utilise three point tracking, i.e. tracking six degrees of

freedom for the head and the hands. Mainly theOculus Ri�, HTC Vive, and Playstation VR (VR, n.d.; htc, n.d.; Sony,

n.d.a) have been considered as the primary commercially available VR headsets at the time of this report. Since

most of these devices are shipped with three tracked objects, this study will use this as the commercially available

standard. Having three trackers distributed between the head, and one for each hand, creates some challenges for

displaying the tracked movement of users on the avatars used within the SVE. The occurrence of proprioceptive

conflict is one of the main concerns for having untracked body parts. It occurs when the felt physical placement

of body parts through one's own proprioception does not correlate with the viewed placement of one's virtual

body parts (Howard and Steptoe, 2016). A video on the avatar creation process for Oculus VR's avatar so�ware

development kit explains their measures taken to avoid proprioceptive conflict. The approach taken is to only display

the virtual body parts that can be tracked reliably by the trackers available. In the case of a three point tracking

system, only the hands, head, neck, and shoulders are shown to the user. Hands are tracked by the controllers

which users have in each hand while the HMD tracks the head placement and rotation which is used to control the

neck and shoulders. Furthermore, Howard and Steptoe (2016) explicitly avoided to simulate eye movement or facial

expressions that cannot accurately be tracked, in order to avoid the uncanny valley relationship.

Similar approaches to avatar design have become increasingly popular in multiplayer VR games, especially over

the recent years (AGAINST GRAVITY, n.d.; Oculus, n.d.; Sony, n.d.b). At the time of this study, no research has been

found on this specific avatar design, nor have a commonly used term been found. Therefore, this study will refer to

this avatar design as a floating limb avatar.

2.6 The Gap in Literature

One of the more recent studies on how eye tracking a�ects the quality of communication is by Seele et al. (2017),

which claims that most research in the field of VR has been conducted using outdated technology. Seele had

couples participate in social verbal interaction games using AMC in VR with di�erent oculesic behaviour models,

including tracked eye-gaze. Seele used a saccadic oculesic behaviour model and an altered model that also accounts

for dynamic fixations. Despite these di�erent models, the participants found no significant changes in quality

of communication and perceived avatar realism. However, Seele also strongly argue that the novelty of the VR

technology overwhelmed the participants more than the subtlety of the eye animations helped them.
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Instead of working with a social task, Murray et al. (2009); Steptoe et al. (2009) focused on how eye tracking

allowed people to judge what digital avatars are looking at using spatial object based tasks. However, as mentioned

by Seele et al. (2017), these studies were using already dated technologies that had lower fidelity and less features

than modern HMD-based immersive environments. Both Murray et al. (2009); Steptoe et al. (2009) limited their

participants by having them standing still and not being able to freely communicate with the other avatar, while

Seele et al. (2017) was focused on a social verbal task and the participants were si�ing down. To the knowledge

of the authors, this project is the first time that an object-based task has been combined with a VE in which the

participants are able to move and communicate freely, including tracked eye-gaze, with each other using an HMD-

based IPT.



Chapter 3

Design

Based on the literature search, see Chapter 2Previous Works, the authors found a gap in the existing literature. The

gap was, to the knowledge of the authors, that no other study had utilised an object-based task, making use of

an HMD and focusing on eye tracking, within a SVE. This combination of task and technology should provide the

participants the best collaboration possibilities and increase object-based task performance in virtual environments.

This chapter will elaborate upon the design choices made for this study. Some of the design solutions were

made and/or changed recursively based on the study's four preliminary experiments, see Section 5,Preliminary

Experiments. Thus, this chapter should be read as regarding the design decisions made throughout the entirety of

the study and not as a single revision of the virtual environment. This chapter also presents information on the

design of the experiment task, game elements, interactions, avatar, objects, environment, and the tutorial. The

chapter concludes with a summary of the findings and decisions made throughout the design phase in order to

highlight what was to be implemented in the study's SVE.

3.1 Task Design

Based on the literature review, it was decided that the task should revolve around two immersed participants trying

to use eye-gaze to communicate about the position of objects in a 3D scene. The participants had a role each, these

being thefixer andfetcher, respectively. Only one eye tracker was available for the project, meaning only one person

would have tracked eye-gaze. Because of this, the task was made to be asymmetrical, where one participant with

the eye tracker, the fixer, had to look at di�erent objects and then tell the other participant which object to pick up.

It was important that the participants were not restricted in terms of the conventional movements one can perform

in a VR application, such as free room scale movement. To ensure that the fixer participant would not simply move

to the objects and pick them up, it was decided to have a virtual window separating the players. On the side of the

participant with the eye tracker, a screen was placed which showed them what object to look for and a UI crosshair,

which was only visible to that participant, was placed over the object.

In order to mask the true aim of the study and to contextualise the task in a fictional se�ing, a few more parts

to the task were added. A�er the participants correctly identified an object together, the participant without the

eye tracker, the fetcher, had to interact with a teleporter to send the object to the fixer participant. The fetcher

participant then had to pick up this object and move it into a black hole. This was narratively described as the

solution to closing the black hole and functioned as the end of the base task

Murray et al. (2009); Elgarf et al. (2017); Eichert et al. (2017); Roberts et al. (2009) all had tasks with objects spread

out in a similar fashion, where a participant had to guess which object a digital avatar was looking at. The studies

were di�erent in how the objects were laid out though, where Murray et al. (2009); Elgarf et al. (2017) had objects

aligned on an xy-plane, Eichert used an xz-plane, and Roberts had objects only in the horizontal dimension. This

study internally tested a couple of configurations, but se�led with having objects placed on a shelf in an xy-plane.

The reasoning being that it was deemed to be the configuration that most likely would create a scenario in which

tracked eye movement would have a significant e�ect.

11
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3.1.1 Goal-Driven Behaviour

Goal-driven behaviour covers establishing a new goal, which leads to planned goals (Jerald, 2016: p. 285-287).

Goal-Driven Behaviour in This Study

1. This study used goal-driven behaviour by establishing a clear goal for the interaction; two participants help

each other choose, transfer, and use various objects to close a black hole from destroying the virtual world.

2. This goal-driven behaviour tried to reduce thegulf of executionas much as possible. The gulf of execution

happens when participants knowwhat to do, but not how to do it. The authors of this study have tried

to define how to complete the task as clearly as possible. This was done by using a tutorial explaining the

point of the study, how both participants can interact with the environment and complete their part of the

experiment, and how to finish it. In addition, to reduce the gulf of execution, the authors used signifiers,

constraints, and mappings, as suggested by (Jerald, 2016: p. 285-287).

3.1.2 Interaction Design in Task

The study's task made use of several interaction design techniques that can all be seen in the Appendix E,Inter-

action Design. In accordance to the definition of interaction design, found in this related section of the appendix,

interaction design techniques were used in order to make the task aspects easier to understand and use for the

study's participants.

Object Interactions

With the base of the task built on participants moving objects from one room to another, and their controllers being

the only direct way to influence the environment, some measures were taken to make the controller interactions

intuitive. The virtual hands were given a grabbing animation that was mapped directly to the Vive controllers'

trigger bu�ons. This gave instant information of how much the trigger was pushed down. A physical constraint for

the controllers was the virtual floor being calibrated too high up in accordance to the real world floor, making it hard

to pick up dropped objects. This was solved by making objects reset positions when they were dropped. The reset

was accompanied by feedback showing the object disappearing into a small particle explosion. Participants' object

interactions was a crucial part of the task. Therefore, object interaction feedback was emi�ed when either of the

participants' controllers collided with an object. This would make the otherwise idle object's shader outline expand

to another size and change to another colour while the controller was colliding with the object. This feedback was

used to convey when participants were within range to grab an object. When a participant would grab an object,

auditory feedback in the form of a grabbing sound was emi�ed to notify them of the action having been performed.

Almost the same feedback was used on all virtual bu�ons, where their outline colour from yellow to green when

the participants' controller collided with them. When a bu�on was pushed, a click sound was played as feedback

for the action.

Teleporter Bu�on

For the participants to successfully complete the task, they had to interact with a teleporter or a black hole depend-

ing on whether their role was the fetcher or the fixer. The teleporter was designed to a�ord the fetcher participants

the ability to place objects and teleport them to the the room with the fixer participants. The a�ordances of where
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to place the objects, and where they were teleported, were implemented by adding the particle field on the tele-

porter and by using a similar particle field on the receiver in the adjacent room. How to activate the teleporter was

indicated by a single bu�on placed on a stand right next to it, designed in the same style as the field and the tele-

porter model itself. Feedback was used to assist the fetcher participants when they pressed the teleporter bu�on,

as it moved into its stand. The teleporter bu�on's vibrotactile feedback was delivered by making the participant's

controller vibrate when colliding with the bu�on. The pressing interaction was based on the direct interaction of

pressing a bu�on in the real world. When pressed all the way in, the teleporter bu�on activated the teleporter and

started a cooldown timer, which was visualised by the bu�on becoming a darker colour. During this cooldown, the

bu�on was not a�ected by controller colliders. The cooldown is further visualised by making the teleporter bu�on

move slowly back to its initial position while regaining its original colour. Activating the teleporter caused the cor-

rect object to be dissolved, an animation for the teleportation field to play, a teleportation sound to be emi�ed, and

a�erwards it would appear in the receiver.

Black Hole

Having picked up an object from the receiver, the last step was for the fixer participant to throw it into the black

hole placed in the SVE. The black hole had the a�ordance of allowing the fixer participant to throw objects into it

to complete the goal of the task. A particle e�ect was created to make the black hole one of the SVE's few animated

parts signalling its importance to the participants. When an object was thrown into the black hole, feedback was

provided to the participants through visual and auditory channels. Visually, the hole, like the teleporter field, quickly

expanded in scale and then returned to its original scale, while auditorily it would play a sound when beginning the

expansion.

Signifiers

In relation to the tutorial, described in Section 3.6,Tutorial Design, signifiers were assigned to the teleporter and

black hole in form of non-diegetic spatial UI name tags. These signifiers were added to make the objects easy to

identify by the participants when mentioned in the tutorial for each participant role. The tutorial also contained

pictures of the Vive controllers, showing the mapping of the grabbing mechanic to the trigger bu�ons, which is

another example of signifiers added to assist participants in the experience.

3.2 Game Design

The task was designed using theory and principles from game design to make it more compelling and to make the

scenario resemble a situation from a real video game. At the same time, it was stressed that the design was meant for

an experimental scientific study and not a reason for playing around. Schell (2014) discusses the di�erence between

a game and a normal task, and concludes that the main di�erence is the individual's approach to the task, whether

if it is with a playful mind or not. The design is supposed to reflect the intended purpose so that participants are

willful to complete the task, but that they do not get too caught up in playing around.

Fullerton (2008) distinguishes between the formal and the dramatic elements of a game, similar to how Schell

(2014) defines four categories of game design: mechanics, technology (formal elements), aesthetics, and story (dra-

matic elements). The aesthetics and story behind the task were created to give the participants a sense of conflict

and a concrete goal rather than an abstract task. The rules and mechanics were created to be simple to understand

and execute. Besides communicating freely, the participants can grab and throw objects as the main mechanic. This
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is what Schell (2014) describes as thetoy: the main interaction with the system and the main way the players can

have an impact on the environment. Therefore, it is essential that this toy is intuitive and engaging to use. The main

resources of the experiment wasinformationandtime. As one participant had access to more information, the main

task was for them to cooperate and share this information as quickly as possible. The time taken to complete the

task was recorded and put on a leaderboard to create a form of intrinsic motivation. If the other participant made

a mistake and grabbed the wrong object, there would be a penalty to their overall time This was done to encourage

the participants to not recklessly a�empt to try all objects quickly, but rather make sure they were confident in

their choice beforehand.

3.3 Avatar Design

For this project, an avatar was needed in order to embody the participants in the virtual environment. Also, an

avatar makes participants feel as if they are part of the virtual environment and that their virtual limbs move

correspondingly to their real-world limbs, which reduces the proprioceptive conflict. The avatar was decided to be

a humanoid character for representing a human participant, as this enables a connection between the participant's

real-world and visual behaviour and movements (Howard and Steptoe, 2016).

Initially, it was intended to implement a realistically looking avatar, described in Appendix A,Discarded Items.

Instead, it was decided to use an abstract cartoonish floating limb character which consists of a head, two hands, and

a torso. Though the authors had found no studies utilising one such throughout their literature review, there was

a range of commercially available VR applications already using abstract floating limb gender neutral characters,

such asRec Room(AGAINST GRAVITY, n.d.),Job Simulator(Owlchemy Labs, n.d.) andRacket Fury VR(10Ants Hill),

as seen in Figure 3.1.

(a) Rec Room (AGAINST GRAVITY, n.d.) (b) Job Simulator (Owlchemy Labs, n.d.) (c) Racket Fury VR (10Ants Hill)

Figure 3.1: Three commercial VR applications utilising floating limb characters.

In order to create naturally moving limbs with a limited number of tracking points, most avatars are made

with inverse kinematics. However, despite the use of inverse kinematics, it is highly di�icult to accurately model

how a user is moving in a VE. Because of this lack of accuracy, limbs such as elbows and knees are usually not

implemented. An elaboration on the importance of kinematic realism can be seen in Section 2.5.5,Kinematic Realism

and Visual Realism. According to Howard and Steptoe (2016), having floating limb characters does not a�ect a

participant's perception, as we as humans are able to perceive a whole from characters only consisting of floating

limbs. Additionally, when creating virtual embodiment one of the most important parts is the motion of the avatar,

rather than the visuals (Jerald, 2016). Another reason for using an abstract floating limb character was to avoid

having the character's appearance influence the participants' perception, e.g. if the participants thought it looked

sad. This avatar functioning was similar to that of Bente et al. (2007).

As the authors did not track other facial movements, no mouth was implemented for the abstract avatar. Accord-
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ing to Howard and Steptoe (2016), simulating the avatar's facial expressions with mouth movements is a di�icult

feat. Simulating only mouth movements, on the other hand, is simpler, however this likely induces the Uncanny

Valley relationship and thereby breaks participant's feeling of talking to someone real. Thus, the participant's

immersion in the VE is broken. For these reasons, the authors decided to not implement mouth movements. Ad-

ditionally, the authors did not find anything about the importance of having mouth movements throughout the

literature review, seen in Section 2,Previous Works.

The avatar's head and hands were controlled through tracking. Head and hand tracking matching real-world

head and hand movements was used as it makes an avatar seem more realistic, increases social presence and makes

participants use their hands significantly more for communicative purposes while being inside SVEs (Howard and

Steptoe, 2016). The hands were by default shown as open, but had a grabbing animation which was mapped to how

much the user would hold down the trigger bu�on.

The avatar had eyes as this was seen throughout large parts of the literature and in commercial VR applications.

Having avatars with eyes increases the social interaction and duration of mutual eye-gaze in virtual environments.

This was important in two aspects for this study, as it was based on a collaborative object-based task for measuring

the e�ects of utilising tracked eye-gaze for avatars. Mutual eye-gaze awareness and eye contact is achieved by

co-locating the participant's eyes and viewpoint (Howard and Steptoe, 2016). These eyes were separate meshes

which allowed for them to rotate individually from the head and each other. The eyeballs and sockets were scaled

to closely resemble the size one would expect from a real person.

Next, the abstract floating limb avatar needed some visual characteristics. These were added to the character

using shaders. Through the use of a shader, the authors were able to change the avatar's skin colour. However, real-

istic skin rendering should be avoided. The reason for this is that it is close to impossible to match the real-world's

and the virtual environment's skin colours and texture exactly. This slight mismatch may induce the uncanny val-

ley relationship and thus decrease the participant's immersion and believability in the virtual environment. In this

project, the skin colour of the avatar was somewhat orange, rendered using a cel shading style. This skin rendering

was intended to be somewhat familiar to the participants, however, without being so similar that the uncanny valley

relationship would make them lose their immersion in the virtual environment (Howard and Steptoe, 2016).

The abstract floating limb avatar can be seen in Figure 3.2

Finally, this study's avatar had its oculesic behaviour represented through four di�erent eye-gaze control models;

occluded, static, modelledand trackedeye-gaze. Because only one eye tracker was available for this study, only the

fixer participant's avatar would change between these models. The fetcher participant would always be represented

with static eye-gaze.

In the first condition, occluded eye-gaze, the participants saw an avatar wearing an HMD, modelled by the

authors, in order to occlude their eyes. Furthermore, the lack of eye-gaze forces the fixer participant to focus on

other collaborative aspects, such as physical and verbal social interactions throughout the experiment (Roth et al.,

2016a). The study's avatar, using the HMD, can be seen in Figure 3.3.

In the second condition, static eye-gaze, the fetcher participant saw an avatar with static eye-gaze. Static eye-

gaze simply means that the eyes did not move under any circumstances. The fetcher participant had to discern the

fixer participant's head gaze direction in order to pick up and transfer the correct object. Based on (Steptoe et al.,

2009)'s experiences, the authors expected the static eye-gaze model to perform worse than tracked eye-gaze, but

be�er than modelled eye-gaze. The study's avatar with visible eyes can be seen in Figure 3.4.

In the third condition, modelled eye-gaze, the fetcher participant saw an avatar with modelled eye-gaze. The

mathematically based eye-gaze model controlled the avatar's oculesic behaviour randomly in regards to saccadic

movements and gaze direction. Based on Vinayagamoorthy et al. (2004)'s findings, the authors expected modelled
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Figure 3.2: The abstract floating limb avatar used throughout the study.

eye-gaze to increase quality of communication. However, modelled eye-gaze was expected to perform the worst in

regards to task performance, cause most errors, and be the most confusing eye-gaze model, based on the findings

by (Steptoe et al., 2009). The eye model used was theRealistic Eye Movementsasset by (Knabe, n.d.).

In the fourth condition, tracked eye-gaze, the fetcher participant saw an avatar with eye movement controlled

by the other player's tracked eye-gaze. This eye-gaze model was expected to best enable the fetcher participant to

discern where the fixer participant was gazing. Also, eye tracking was expected to yield the best task performance

i.e. the lowest error rate and completion times, based on the literature (Steptoe et al., 2009; Murray et al., 2009;

Vinayagamoorthy et al., 2004; Roberts et al., 2009).

3.4 Objects

For this study, a variety of objects was modelled usingAutodesk Maya. The objects used for the object-based task

and the shelf used for placing the task objects on will be elaborated upon throughout this section.

3.4.1 Super Shapes

For this study, a way of estimating gaze direction for the fetcher participants was needed. For this purpose, it

was decided to implement relatively small objects, approximately the size of a handball, in the SVE. In the first

iteration, the objects were randomly generated using Autodesk Maya'sSuper Shapes(AUTODESK.Help, 2018) cube

and sphere based primitives. Using this feature, the authors could create objects which were unfamiliar to the

participants. The intention behind this was to make it more di�icult for participants to tell each other to pick up a

specific object, such as the cylindrical, pyramid shaped or spherical object, etc. Finally, the objects were modelled

to morph between two or three states in order to further avoid participants being able to describe them. The super

shaped objects can be seen in Figure 3.5.
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Figure 3.3: The study's avatar with the HMD added.

Figure 3.4: The study's avatar with visible eyes.
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Figure 3.5: Selection of the super shapes used in the study.

During internal testing, the authors were made aware that focusing at the center of the objects was highly dif-

ficult due to their special geometric properties. Elaboration on the preliminary experiments is provided in Chapter,

5, Preliminary Experiments. Because of this, it was decided to discard the super shapes and instead use standard

Unity sphere primitives for the preliminary experiments.

The objects in the SVE had a shader added to them in order to make them clearly visible. It also conveyed the

a�ordance that something would happen when touching them with the participant's virtual hands. This was in the

form of an outline shader which was added to the spheres and super shapes. This way it was easier for participants

to focus on the objects and especially their centre points.

It was decided to place the objects vertically in the SVE, as seen in studies (Peters et al., 2010; Roberts et al.,

2009; Elgarf et al., 2017; Murray et al., 2009). This was done as it was believed that this placement would distort the

participants' vision the least, thus providing the best circumstances for discerning precise eye-gaze direction. It was

decided to model a shelf for placing the objects in. This enabled the authors to place the objects in a grid pa�ern.

The first two preliminary experiments used a 3x3 grid, while the rest of the experiments used a 5x3 grid.

3.4.2 Waiting Room

Before starting the task, the participants were located in a di�erent VE where they would, for example, complete

their calibration. This area was designed to be open and bland, though with some visual features relatively close

the viewpoints of the participants, so they had something to frame their position around. Between the main ex-

periment's conditions, the participants had to answer a module of theGame Experience �estionnaire(GEQ). An

explanation of the experiment and its various parts can be found in Chapter 6,Experiment. The participants were

placed in the waiting room while answering questions which were from the social presence module of the GEQ. The

participants could see their virtual selves in a mirror. Using a mirror in a VE increases the participants' awareness

of their virtual body/avatar (Dodds et al., 2011). The awareness of one's own virtual self happens as the avatar

is embodied through presenting the participants to themselves as an avatar in the virtual environment. In short,

the participants are able to inspect their own and each other's avatars from a first-person perspective in a VE. The

participants first saw their avatars as they faced directly towards the mirror yielding an egocentric view using the

HMD. Finally, mirrors let the participants see their own virtual bodies and thus their IVBO is increased. Being able

to see themselves should help the participants' body ownership (Jerald, 2016: p. 301-302) (Latoschik et al., 2017;

Howard and Steptoe, 2016).
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