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Abstract

Eye trackers are non-invasive devices that can be integrated into VR head-
mounted displays and the data they seamlessly provide can be instrumental
in mitigating cybersickness. However, the connection of eye-activity to cyber-
sickness has not been studied in a broad sense, where the effects of different
VR content factors causing cybersickness are examined together. Addressing
this gap, we present an extensive investigation of the relationship between
eye-activity and cybersickness in response to three major cybersickness fac-
tors — navigation speed, scene complexity and stereoscopic rendering — sim-
ulated in varied severity. Our findings reveal multiple links between several
eye-activity features and user-reported discomfort reports, the most signifi-
cant of which are associated with speed levels, highlighting the relationship
between feeling of vection and eye-activity. The evaluation also established
significant differences in eye-activity response with different stimulus types
and time spent in VR, suggesting an accumulation effect. Furthermore, the
regression analysis hints that blink frequency can be utilized as a significant
predictor of cybersickness, regardless of time spent in VR.

Keywords: virtual reality, cybersickness, eye-activity

1. Introduction

Today, most virtual reality (VR) setups make use of head mounted dis-
plays (HMDs) in order to immerse users within the virtual environment
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(VE). Thanks to affordable commercial VR kits and easy-to-use game en-
gines with VR capabilities, the technology has become more accessible and
engaging (Celikcan, 2022). Nevertheless, the medium still has important
issues remaining to be resolved. Among these, the most notorious one is cy-
bersickness (LaViola Jr, 2000). This affliction is mainly associated with VR
applications and presents itself with symptoms similar to motion sickness and
simulator sickness. Yet, cybersickness is different as it can arise during VR
experience without any real (physical) movement while motion sickness and
simulator sickness occur in systems with real-life movement. Cybersickness
may present itself in many symptoms including headache, eye strain, nausea
and disorientation (Rebenitsch and Owen, 2016). It is theorized that the
conflict between the visual and vestibular systems in response to the purely
visual motion is a major contributor to the discomfort (Kim et al., 2021).
This is supported by the studies that show a connection between environ-
ment realism and presence of cybersickness (Liu and Uang, 2011). As these
symptoms are detrimental to user experience, they diminish the accessibility
of VR applications.

Vergence-accommodation conflict (VAC) (Hoffman et al., 2008) is another
major contributor to cybersickness in VR experiences where stereoscopic cues
are used to create the illusion of three-dimensional environments. The dis-
comfort arises due to the conflict between the distances of vergence location,
where the eyes converge or align over the object of interest, and accommo-
dation location, where the eye lenses adjust to in order to focus vision. This
conflict does not usually occur in normal vision as the two distances match,
however when stereoscopic vision is emulated by VR displays such as con-
temporary HMDs, the vergence distance can change but the accommodation
distance stays constant on the display. The conflict causes a feedback loop
that leads to discomfort, especially with extended use.

The Simulator Sickness Questionnaire (SSQ) (Kennedy et al., 1993) has
been widely used as a tool for assessing cybersickness. The questionnaire
returns subscores labeled as nausea (SSQ-N), oculomotor (SSQ-0O), and dis-
orientation (SSQ-D) as well as an overall ailment score (total score, SSQ-T)
in response to questions about 16 different symptoms and their severity. The
use of SSQ has been criticized for its length, as the time required to admin-
ister it may lead to the attenuation of cybersickness symptoms (Ames et al.,
2005). Accordingly, some studies (van Emmerik et al., 2011) moved towards
including single-question probes to quickly capture immediate discomfort. In
this study, we employ SSQ and a single-question discomfort query together



42

43

44

45

46

47

48

49

50

51

52

53

54

55

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

to capture both long-term and immediate effects of cybersickness factors.

Cybersickness has been studied using biofeedback measures such as elec-
troencephalograms (EEG), electrocardiograms (ECG), and skin conductance
to examine the relationship between physiological signals and the severity of
experienced discomfort (Kim et al., 2005). A thorough understanding of this
relationship could allow for the development of systems that can accommo-
date the VE for discomfort mitigation without interfering the user for explicit
input. Such systems could increase the accessibility of VR applications by
facilitating better utilization of VR stimuli.

In this study, we investigate the influence of major VR content factors on
user-reported cybersickness and their link to five eye-activity features (fixa-
tion count, saccade count, blink count, mean fixation duration and change
in pupil size). Our study aims to address two primary research questions:

e How does the selected set of eye-activity features relate to cybersickness
experienced with VR-HMDs in response to varying stimuli of navigation
speed, scene complexity and stereoscopic rendering parameters?

e How is this relationship affected by the duration of exposure to VR?
To this end, we evaluate the following hypotheses:

e The change in persistent cybersickness differs with each passing session
(H1)

e Eye-activity features are linked to immediate cybersickness (H2)
e Eye-activity features are linked to persistent cybersickness (H3)

e Eye-activity features show different responses to cybersickness in dif-
ferent sessions (H4)

e Eye-activity features show different responses to cybersickness invoked
by different factors (H5)

e Stimuli levels and eye-activity features are predictors of immediate cy-
bersickness (H6)

These hypotheses were tested with data from our user experiment, where
the set of independent variables included VR content parameters associated
with the three content factors under consideration - i.e., navigation speed,
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of scene complexity and the two stereoscopic rendering parameters

74 (interaxial-distance and zero-parallax distance) - and duration of exposure
to VR. The results are reported in Section 4 and discussed in Section 5.
Overall, the main contributions of this study are as follows:

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

The effects of three major VR content factors - navigation speed, scene
complexity and stereoscopic rendering parameters - on cybersickness
are explored conjointly by evaluating responses elicited by the same
VE using both eye-activity feedback and subjective discomfort reports.

The study presents an innovative experimental design realized with
a sample of 33 participants immersed in a VE designed to gradually
induce discomfort by simulating the factor types in isolation while their
eye-activity features are collected.

By conducting the experiment in three repeated sessions, the time spent
in VR is also taken into account to assess the accumulation of cyber-
sickness.

The study employs two self-reported measures of cybersickness: im-
mediate levels of discomfort taken via responses to immersive single

question probes and persistent levels of discomfort taken via responses
to SSQ forms.

In light of the collected measures, an extensive analysis of the relation-
ship between the eye-activity and cybersickness is provided.

2. Related Work

Kolasinski’s study (1995), one of the earliest works on cybersickness, iden-
tified multiple factors including frame rate and tracking errors as the main
causes of cybersickness. Rebenitsch and Owen (2016) compiled a review
about the subject, with an extensive overview of the research done in the

field.

According to their review, a large portion of the research focused on

the factors within the VE contributing to the discomfort. In a more re-
cent work (2021), they also proposed multiple statistical models that can be
used to estimate reports of cybersickness using either demographic informa-
tion from the user or hardware/software factors of the application. They
reported that demographic factors explained 44.2% of the adjusted variance
in a linear model while the hardware/software factors explained 55.3%.

4



106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

In this work, we focus on three content factors of cybersickness: navi-
gation speed, scene complexity and stereoscopic rendering. All three have
been established as major cybersickness factors that can be controlled by
software (Rebenitsch and Owen, 2016; 941, 2021; Lawson et al., 2022). So et
al. (2001) reported that navigation speed in a VE had a significant effect on
the oculomotor subscore of SSQ and thus related to eye and vision related
symptoms. Agic et al. (2020) investigated the effects of movement speed on
cybersickness and biometrically measured stress. They did not find a signif-
icant difference of symptoms or stress with respect to speed, however they
reported some correlations between demographic and measured information,
such as gender and physical discomfort while wearing the HMD. On the other
hand, Keshavarz et al. (2019) found that both the duration and the intensity
of vection (the sense of movement felt by the user purely based on visual
stimulus) was connected to the speed of navigation. They also reported that
crowdedness of the environment contributed to the intensity of the vection
felt. Terenzi and Zaal (2020) investigated reactions to particle fields with
different acceleration and optic flow variations. They found that different
thresholds of discomfort were associated with different flow fields. Kavakli
et al. (2008) compared SSQ scores of two groups of users exposed to two
different VEs, one with a realistic city and another rendering only the lines
of this city. While they reported higher SSQ results at the end of exposure
for the realistic city group, these findings were not statistically significant.
Similarly, Pouke et al. (2018) immersed users in two VEs for them to walk
in, one being a realistic version and another being a cel-shaded version of the
same outdoor museum. However, they did not observe significant differences
in reported motion sickness between the realistic and cel-shaded versions.

Scenes with roller coasters were used for several studies for their ability
to feature high speed scenes with multiple rotations to induce cybersickness.
Wibirama et al. (2018) reported that users experienced more severe symp-
toms of cybersickness on the higher speed footage of a real roller coaster
rather than the slower one without real-world footage. Nalivaiko et al. (2015)
also reported their more realistic simulation of a roller coaster caused more
nausea in the users.

The type of display used such as an HMD or a flat display and the
content on it were also shown to have a significant effect on cybersickness.
Yildirim (2019a) looked into player enjoyment and feeling of cybersickness
with different display types and reported more discomfort when using HMDs.
Yildirim (2019b) also evaluated different game genres (racing games and first
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person shooters) with different display types. Both genres caused signifi-
cantly different ratings of discomfort between display types, in line with the
previous research. Wibirama et al. (2019) compared user activity (playing or
spectating) in games. They also evaluated type of movement in the games
(flow-like motion as in racing games or fast, unpredictable movement as in
shooter games). They reported higher sense of discomfort in games with
unpredictable movement and spectating rather than flow-like movement and
actively playing, respectively. Kwok et al. (2018) compared combinations
of two different speeds in two types of VR display (HMD and CAVE sys-
tems). They reported significant difference in both discomfort and misery
scores related to different speeds. The authors also reported a non-significant
difference between display types, but only when the speed was low.

Eye tracking is a non-invasive means of acquiring rich and timely biomet-
ric feedback. It has been used by several works (Chen et al., 2017; Snowden
et al., 2016; Tichon et al., 2014) in evaluating virtually created environments
and the emotional responses they elicit. Eye tracking has also been used to
evaluate cybersickness, though to a lesser extent compared to other biometric
measures such as ECG or EEG (Celikcan, 2019; Kim et al., 2008). Nonethe-
less, the increasing availability of VR-HMDs with embedded eye trackers
and its non-invasive nature make eye tracking a particularly valuable tool for
cybersickness research. The eye-activity data provided through easy-to-use
software interfaces can offer objective insight into cybersickness in contrast to
subjective questionnaires. Cebeci et al. (2019) investigated the effects of VEs
with different emotional stimuli on the biometric responses from the viewers
as well as cybersickness. They reported that eye-activity features such as
number of fixations and saccades correlated with the changes in SSQ scores
in addition to emotional changes. Similarly, Bahit et al. (2016) discovered
a correlation between the amount of fixations and level of cybersickness in
simulation of driving in the morning while being sleep-deprived, with severe
symptoms reducing visual attention. Wibirama et al. (2018) used three-
dimensional gaze tracking in their aforementioned roller coaster VEs and
reported more frequent depth oscillations for participants with higher scores
on the SSQ. Lopes et al. (2020) evaluated pupil movement and blink fre-
quency as a marker for cybersickness. However, they reported that the blink
data did not show any statistically significant difference for the presence of
discomfort and the pupil position data was deemed inconclusive.

3D delivery of content, usually via stereoscopy, is an important part of VR
applications. Hence, researchers also investigated VAC in these applications.

6
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Kim and Lee (2011) investigated visual fatigue when users were shown 2D and
3D images and the effects on EEG signals. They found significant differences
in EEG features, blink rate and eye fatigue between 2D and 3D delivery.
Wang et al. (2019) proposed a trained model that can detect eye fatigue by
using eye features up to 90% accuracy and reported a significant change in
these features between the start and end of the experiment.

In contrast to the previous work, this study investigates multiple VR
content factors contributing to cybersickness, including navigation speed,
scene complexity, and stereoscopic rendering. Scene complexity, in particular,
has received relatively little attention in prior research, which has focused
more on realism (Kavakli et al., 2008; Pouke et al., 2018) than other aspects
of scene complexity such as the number of objects in view, their color and
movement patterns. While there have been studies that explored the link
between VAC and cybersickness (Szpak et al., 2019; Zheng et al., 2019; Zou
et al., 2015), to the best of our knowledge, no other work has examined
the effects of different stereoscopic rendering parameters on cybersickness
experienced with VR-HMDs. Simulated speed has been studied as a factor
of cybersickness to a greater extent (Keshavarz et al., 2019; Nalivaiko et al.,
2015; Kwok et al., 2018; Agi¢ et al., 2020). Yet, just a few of these studies
have assessed the eye response to speed-induced cybersickness using only
a subset of the eye-activity features analyzed in this work. In addition,
many studies on cybersickness and the associated physiological responses
have made evaluations accounting for the time spent in VR but without
considering the effects of other controllable factors (Kim et al., 2005; Bahit
et al., 2016). Whereas, in this study, we investigate the relationship between
cybersickness and eye-activity based on self-reports of discomfort in response
to multiple VR content factors that are simulated by the same VE in varying
severities, but in isolation. Furthermore, we present an extensive evaluation
of this relationship by also regarding the time spent in VR and utilizing two
self-reported measures of cybersickness in order to capture both immediate
and persistent levels of discomfort.

3. Experiment

We have conducted a within-subject user experiment with a VE designed
to induce cybersickness symptoms via the simulation of three types of VR
content factors in varying degrees. For the sake of clarity, first we make a
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list of definitions that we use in the experiment design. Then, we discuss the
components of the user experiment in the remainder of the section.

Scene: A specific version of the implemented VE that simulates one of the
three factors to induce cybersickness in isolation from the other two.
Level: A stage of a scene during which a participant experiences the spe-
cific factor simulated by that scene at a predetermined stimulus intensity.
Each scene comprises of a fixed set of levels that the participant experiences
consecutively.

Trial: This refers to the period of data collection during which a participant
is exposed to a single level of a given scene. Hence, a participant viewing a
single level of a particular scene constitutes a single trial and they experience
as many consecutive trials as the number of levels defined for that scene.
Sesston: A single cycle of the experiment in which a participant experiences
all levels of all three scenes once.

3.1. Participants

Participants for the study were gathered via a campus-wide announce-
ment at Hacettepe University. Participants volunteered by providing their
available times using an online form. Prior to the experiment, participants
were tested for the conditions that would make them insensitive to the simu-
lated cybersickness factors. For this, they were required to take an Ishihara
color blindness test, and a stereo blindness test where they were asked to
identify a shape with a different depth in a red-cyan random dot stereogram
image. They were also asked to provide confirmation that they were not
susceptible to light induced epileptic seizures.

A total of 35 participants completed the experiment from start to finish.
However, two of these participants did not report any discomfort during the
study. As the goal of this experiment is to observe cybersickness on the eye-
activity data, these two participants were considered outliers and their data
were excluded from the study.

Thus, 33 remaining participants made up the study sample for the anal-
ysis. The sample was aged 18-42 (mean age 23.8+£5.56, 7 females and 26
males). On average, the sample belonged to 29.7422.7 percentile on the
motion sickness susceptibility questionnaire (MSSQ), which indicates low
susceptibility. The average level of VR experience of the sample was low
(0.9£1.1 on a Likert scale from 0 to 4), while they showed moderate video
gaming habits (2.14+1.4 on a Likert scale from 0 to 4).

8
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3.2. FExperimental Procedure and the Virtual Environment

The overall procedure of the experiment is out-
lined in Figure 1. During the experiment, partic-
ipants were immersed in the VE for three such
sessions back-to-back. This design allowed for the
evaluation of time spent immersed in VR as a vari-
able and thus to account for accumulation effects.
In this experiment, in addition to eye activity, we
also collected participants’ brain activity feedback
in the form of EEG signals. Due to the scope of the
current study, we refer the reader to Ozkan et al.
(2023) for details on the EEG-related aspects of
the experiment and their analysis in connection to
cybersickness.

The VR application, including the VE, was re-
alized in Unity and participants experienced it us-
ing an HTC Vive VR setup.

Prior to starting the experiment, participants
were checked for the inclusion criteria and pro-
vided with information on cybersickness and its
symptoms, the experimental setup and necessary
controls. They were also informed of their right
to quit the experiment any time in case they felt
extreme discomfort. They filled a consent form,
an MSSQ-Short form and a demographic informa-
tion form that included VR experience level, video
gaming habits, age, and gender.

The HMD helmet was fitted to their head af-
ter their interpupillary distance (IPD) was mea-
sured with a digital pupillometer and the HMD
lenses were adjusted to match their IPD. Next,
participants had a tutorial session, in which they
were acclimated to the VE and learned how to re-
port their intensity of discomfort felt during a level
(henceforth called immediate discomfort score) on
a scale from 1 (“none at all”) to 7 (“extremely”)
via a pop-up VR interface (shown in Figure 2)
using the HT'C Vive Controller. Participants were

9

Figure 1: Flowchart of the
experimental procedure for
a single session. Each par-
ticipant experienced three
such sessions, in which the
scenes were ordered in a 3x3
Latin square design. IDS
stands for immediate dis-
comfort score.
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explicitly informed that only a score of 1 indicated
absence of discomfort and any discomfort should
be reported with a higher score (2 or up) propor-
tional to the severity of discomfort they feel. The
tutorial was continued until they declared that they were confident in using
the system. This was followed by eye-tracker calibration and pupil-size base-
line recording (as detailed later in Section 3.3). An initial SSQ response was
also taken before proceeding with the experiment.

Figure 2: Pop-up VR interface for immediate discomfort score reporting at the end of a
level.

Afterwards started the actual experiment phase, where each cybersick-
ness factor was simulated in a separate scene of the VE with its own set
of stimulus levels, as detailed below. A sample frame from each scene can
be seen in Figure 1, and additional frames are given in Figures 4 and 6.
The supplementary video demonstrates a complete run of the three scenes
comprising all simulated levels.

The VE was designed in the form of a corridor having a width of 11 Unity
Engine units, which are taken as corresponding to meters in physical units. A
point light placed at the center of the focus object served as the main source
of lighting in the environment, while background objects and/or textures
provided inferior auxiliary lighting, as detailed in the following subsections.
Over the course of a level, participants were asked to follow a moving focal
object, a glowing blue octahedron, which had a width of 0.4 Unity Engine
units, as it moved down a dark wide corridor on a winding path for 10 seconds.

10
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While moving, the focus object oscillated horizontally, requiring participants
to shift their vision between left and right.

After each level was presented, participants were prompted to provide
their immediate discomfort score. Once the score was obtained, the ap-
plication proceeded to showing the next level of stimulus according to the
predefined order of that stimulus set when participants indicated they were
ready for the next level by pressing the designated hand controller button.

When all levels of a stimulus set were exhausted, a black screen was dis-
played for a minimum of 30 seconds to allow participants rest their eyes
and recollect themselves. The scene for the next stimulus factor was initi-
ated when participants pressed the same button as before, expressing their
readiness to continue.

A session was concluded when all three scenes were completed. After
this, participants were asked to remove the helmet and fill out an SSQ. A
single session consisted of a total of 270 seconds of eye-activity data collected
in approximately 9-10 minutes, which includes baseline recording and breaks
in-between the levels where immediate discomfort scores were obtained.

After resting for at least three minutes, participants were reminded that
they could stop at any time if they felt overwhelming discomfort, otherwise
they could continue whenever they felt ready. At their request, they were
re-fitted with the HMD and shown the VE for another session.

Once participants were exposed to the VE for a total of three sessions,
the experiment was finalized. The order of the scenes across the sessions
was arranged in a 3x3 Latin square design in order to offset any carry-over
influence between different factor types.

Details on how each of the three cybersickness factors was simulated in
the VE are given below.

3.2.1. Navigation Speed

Ten levels of navigation speed (1.2, 2.4, 4.8, 9.6, 14.4, 19.2, 28.8, 38.4,
57.6, and 76.8 meters/sec for the consecutive levels) were used in the exper-
iment, as shown in Figure 3. The speed of the focus object was set to match
the designated navigation speed for each level. Additionally, for this scene
only, red arrows pointing forward were added on the surface textures of the
walls and floor to promote the sense of vection. An emission shader was
applied to these arrows, making them unaffected by the scene lighting and
visible independently from the focus object, which was the only other light
source in the environment.

11
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Figure 3: Plot showing the navigation speed values for each stimulus level.

3.2.2. Stereoscopic Rendering Parameters

In our study, two major stereoscopic rendering parameters were consid-
ered: interaxial-distance, which is the distance between the two cameras
rendering the scene, and zero-parallax -distance, which is the distance from
the cameras where the captured points in each view appear at the same
relative screen location, i.e., without disparity. While today’s commercially
available HMDs, including the HTC Vive used in this study, keep these pa-
rameters fixed by default, it is possible to alter them using projection matrix
manipulations (Avan et al., 2022) to create different levels of stereoscopic
depth perception.

To evaluate the effects of different stereoscopic rendering settings in vary-
ing degrees of disparity and depth, 10 different pairs of interaxial-distance
and zero-parallax distance (Table 1) were used in this scene. Only one of the
two parameters was changed at a time between consecutive levels. Initially,
the scene was rendered with a moderate interaxial-distance and a relatively
short zero-parallax distance setting. Next, the zero-parallax -distance was
increased first, followed by the interaxial-distance. After interaxial-distance
was increased to its maximum level, the zero-parallax -distance was reduced
again, causing severe visual strain while fusing the left and right views. The
overall adjustment scheme of the two parameters through the 10 levels is il-

12



371

372

373

374

Table 1: Table showing the values (in Unity Engine units) used through the levels simu-
lating stereoscopic rendering parameters and the corresponding disparity values observed
for the focus object (in number of pixels for frames rendered in a resolution of 1415 by
674 pixels). The separate row at the bottom gives the default values of the stereoscopic
rendering parameters, which are used with the scenes simulating navigation speed and
scene complexity, and the corresponding disparity.

Stimulus Interaxial Zero-Parallax

Level Distance Distance Disparity

Level 1 0.400 4.0 175

Level 2 0.400 6.0 140

Level 3 0.400 8.0 106

Level 4 0.400 10.0 95

Level 5 0.600 10.0 137

Level 6 0.800 10.0 160

Level 7 1.000 10.0 213

Level 8 1.000 8.5 226

Level 9 1.000 7.0 253

Level 10 1.000 5.0 270

Default 0.022 10.0 105
(a) Level 1 (b) Level 2 (c) Level 3 (d) Level 4 (e) Level 5
(f) Level 6 (g) Level 7 (h) Level 8 (i) Level 9 (j) Level 10

Figure 4: Sample frames demonstrating each pair of stereoscopic rendering parameters
per level. The frames were converted first to grayscale and then to a red-cyan scheme for
the sake of illustration clarity.

lustrated in Figure 5. Additionally, in order to increase the amount of depth
cues, the scene was populated with smaller stationary copies of the focus
object, randomly colored red, green or blue, in the background. Sample
anaglyph frames from the levels are provided in Figure 4.

13
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Figure 5: Directed chart showing the change of stereoscopic rendering parameters for each
stimulus level.

3.2.8. Scene Complezity

Seven levels of scene complexity were simulated with increasing intensity.
The first level consisted of only the empty corridor environment and the focus
object. The second level employed 84 copies of the focus object, which were
identical to the original and oscillated up and down periodically along the
edges of the environment. The third level further increased the number of
these copies by another 171, which were arranged in three additional lines
along the corridor with increasing density towards the end. The fourth level
did not add more objects, but randomly colored the copies red, green or blue,
creating a more vibrant background. The fifth level added particle emitters
to the copies directed towards the central path of the user, which produced
20 particles per second matching the color of the source object. At the sixth
level, the particles were given extra intensity via HDR textures and a force
field was activated to propel them directly at participants’ view. Also, the
amount of particles were increased to 50 particles per second. The seventh
level substantially increased brightness of particles and boosted the emission
rate to 75 particles per second, causing the particles to occupy most of the
field of view at severe discomfort. A set of sample frames, one illustrating

14
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(a) Level 1 (b) Level 2 (c) Level 3 (d) Level 4

(e) Level 5 (f) Level 6 (g) Level 7

Figure 6: Sample frames demonstrating the levels of scene complexity employed in the
user study as explained in section 3.2.3.

each level, is provided in Figure 6.

It should be noted that the scenes simulating navigation speed and stereo-
scopic rendering parameters were kept at minimal complexity in order to
isolate the effects of varying complexity on responses to the scene complexity
trials as much as possible. Similarly, the navigation speed during the sim-
ulation of scene complexity and stereoscopic rendering parameters was kept
at the same minimum value (1.2 meters/sec) that is used in the first level of
the navigation speed scene and the stereoscopic rendering parameters were
kept at the default values (given at the bottom row of Table 1) during the
simulation of navigation speed and scene complexity levels.

3.3. Collection and Processing of Fye-Activity Data

For evaluation, we used several prominent eye-activity features extracted
from the data collected with a Tobii eye-tracker embedded inside an HTC
Vive HMD. Eye-activity data collected with HMDs is robust and not prone to
outside artifacts as HMDs provide an isolated environment, while the tracker
can also adapt to low-light conditions automatically. Besides, as the tracker
is securely attached to the HMD, it does not affect the user’s immersion
in the VE in any way, unlike other biofeedback alternatives such as EEG,
ECG or galvanic skin response measurement devices/probes that need to be
attached to the body.

The Tobii SDK for Unity enabled recording the gaze information and the
measured pupil size in real-time. The data can be acquired with every frame
rendered but it was sampled at a constant 50 Hz in the interest of keeping
the samples uniform. Using PyGaze (Dalmaijer et al., 2014), an open source
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eye-tracking toolbox, the raw data was converted into the following features
of eye-activity:

- Fization Count, the number of instances where the gaze is fixated on a
certain region during a trial.

- Saccade Count, the number of instances where the gaze moves quickly
from one point to another during a trial.

- Blink Count, the number of eye blinks during a trial.

- Mean Fixation Duration, the average duration of fixations recorded
during a trial expressed in milliseconds.

- Pupil-Size Change, per-frame change in pupil size relative to the baseline
recording at the matching illumination level as averaged over the duration of
a trial.

To measure pupil-size change, a personal baseline recording was con-
ducted for each participant at the start of each session. This involved showing
the participant a blank, completely dark background, and gradually increas-
ing the brightness in even steps to establish a baseline level of pupil diameter
per brightness step. The mean pupil diameters of the user sample are shown
per brightness step in Figure 7. During each stimulus level, screenshots were
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Figure 7: The average pupil diameter per brightness level captured with the baseline
recordings.
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taken at fixed intervals and the mean brightness of each screenshot was com-
pared to the steps of the baseline recording to identify the closest match.
The percentage difference between the pupil diameter at a given screenshot
and the baseline diameter at the matching brightness step was then used to
determine the change in pupil size at that instant.

The effect of various artifacts on the other collected eye-activity measures
were mitigated during feature extraction. For saccade and fixation detection,
the samples where a subject’s either eye was closed were not taken into
account. For blinks, fixations and saccades, individual minimum durations
that are larger than the sampling rate (0.02 seconds) were used in order to
eliminate false positives.

4. Results

In the user study, each participant completed 27 trials for the three cy-
bersickness factors (corresponding to seven levels of scene complexity, ten
levels of navigation speed and ten levels of stereoscopic rendering parame-
ters) in each session (totaling 81 trials after three sessions). To have a binary
measure of discomfort, participants were instructed to give an immediate dis-
comfort score of 1 out of 7 only when they did not feel any discomfort upon
the experienced trial. Accordingly, the trials that were rated with scores of
2 or higher were registered as the discomfort cases. Altogether, the whole
sample of 33 participants completed a total of

e (693 scene complexity trials, 377 of which resulted in no discomfort while
316 reported discomfort;

e 990 navigation speed trials, 622 of which resulted in no discomfort while
368 reported discomfort;

e and 990 stereoscopic rendering trials, 381 of which resulted in no dis-
comfort while 609 reported discomfort.

Over the collected data, the evaluation was carried out based on the
posited hypotheses.

4.1. The change in persistent cybersickness differs with each passing session
(H1)

The changes between consecutive SSQ responses across the sessions were

subjected to a one way repeated measures analysis of variance (RMANOVA)

17



470

471

472

473

474

475

476

478

479

480

481

482

483

484

485

486

487

488

489

490

491

Table 2: Statistics of the changes between pre- and post- session SSQ scores and the
corresponding RMANOVA test results.

After Session 1 After Session 2 After Session 3
M + SD M + SD M + SD

Significance

Difference in

0441240 443 £10.95 12144 1456 Fog — 12,558, p < 0.001
Nausea (SSQ-N)

Difference in

2.06 + 14.83 10.56 £ 17.04  13.09 £ 16.33  Fy4 = 4.283, p = 0.018
Oculomotor (SSQ-0O)

Difference in

8.01 + 19.38 9.28 + 20.49 7.59 £+ 20.90 Fo4 = 0.053, p = 0.949
Disorientation (SSQ-D) )

Difference in

150 +£13.99 940 £ 1667 1326 £ 1584  Fyq — 4728, p = 0.012
Total SSQ (SSQ-T)

test. The results are shown in Table 2 along with means and standard de-
viations of the reported changes in SSQ scores for each session. A promi-
nent increase is evident in nausea, oculomotor and total SSQ scores as the
experiment progresses and the corresponding distributions are found to be
significantly different.

4.2. Eye-activity features are linked to immediate cybersickness (H2)

Curves of the collected eye-activity features as averaged over the sample
per session are given in Figure 8 separated by factor type. The curves show
particularly noticeable trends when speed trials are concerned. The num-
ber of saccades, number of fixations and mean fixation duration attenuate
as speed increases. In addition to this, variations across different sessions
are observed, indicating an effect based on time spent in VR. Also, height-
ened measures of immediate discomfort are evident as the sessions progress,
especially with the stereoscopic rendering parameters, indicating a lowered
tolerance as more time is spent in VR. The recorded eye-activity shows mostly
negative pupil diameter change, suggesting pupil constriction. This is mainly
due to pupil near response (Mathot, 2018; Kasthurirangan and Glasser, 2005)
which is observed when the viewer focuses on a nearby point. As the study
participants were instructed to keep their gaze on the nearby focus object,
this is likely to have triggered pupil near response and resulted in constriction
in general.

To see how the reported cybersickness in response to the experienced
stimuli presented itself in the recorded eye-activity features, Pearson corre-
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Figure 8: Curves of eye-activity features for the scene complexity, navigation speed and
stereoscopic rendering trials as averaged over the subject sample. To facilitate the com-
parison, the curves are presented using the same vertical scale in all three graphs.

lation analysis was used. The trials were grouped up according to factor
type and session order. The analysis revealed several weak but statisti-
cally significant correlations between the immediate discomfort scores and
the eye-activity features. When participants were exposed to different scene
complexity levels, we observed significant correlations with the blink counts
recorded in sessions 1 and 2 and the mean fixation durations in session 1.
When participants experienced different stereoscopic rendering parameters,
their immediate discomfort scores significantly correlated with the saccade
counts of sessions 1 and 2 and the blink counts recorded in sessions 2 and
3. While the discomfort experienced with the speed levels showed significant
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Table 3: Pearson correlation coefficients (r) between immediate discomfort scores and eye-
activity features. The discomfort scores are analyzed as separated by session and factor
type. Results that are statistically significant are given in bold.

Session 1 Session 2 Session 3
Feature Complexity Speed Stereo Complexity Speed Stereo Complexity Speed Stereo
Fixation Count —0.016 —0.075 —0.006 0.009 —0.232* 0.067 0.016 —0.150** 0.005
Saccade Count 0.119 —0.159* 0.271%* 0.086 —0.281**  0.143** 0.098 —0.268** —0.055
Blink Count 0.223*** 0.025 0.043 0.248*** 0.131* 0.138* 0.098 0.241***  0.167**
Mean Fixation Duration 0.151* —0.081 0.107 0.114 —0.195**  0.039 0.070 —0.122* —0.100
Change in Pupil Size 0.000 0.059 —0.107 0.151* 0.152**  —0.043 0.157* 0.287** 0.084

*p < 0.05, % p < 0.01, ¥* p < 0.001

negative correlation with saccade counts only for the first session, significant
correlations were observed with all eye-activity features in the following ses-
sions. The r values of the correlation analysis are given in Table 3 with their
significance levels marked.

4.3. Eye-activity features are linked to persistent cybersickness (H3)

With this correlation analysis, we are interested in the relationship be-
tween the eye-activity features and the SSQ results, which represent the
persistent discomfort felt at the end of a session rather than the immediate
discomfort felt during a given level of a session. For this, Pearson correlation
was applied between the averages of the eye-activity features over the ses-
sions and the differences between the pre- and post- session SSQ) responses.
Blink count, change in pupil size and saccade count are not found to be sig-
nificantly correlated with the SSQ scores. Mean fixation duration is found
to be weakly correlated with changes in nausea scores. In addition, fixation
count is found to have weak but statistically significant negative correlations
with changes in the disorientation and oculomotor subscores, as well as the
total SSQ scores. The complete set of results are given in Table 4.

4.4. Bye-activity features show different responses to cybersickness in differ-
ent sessions (H4)

As further sessions mean more time spent in the VE, eye-activity re-
sponses to cybersickness from different session can be compared to assess
for significant differences. For this, individual analysis of variance (ANOVA)
tests were conducted using only the trials where participants reported imme-
diate discomfort. The blink, saccade and fixation counts showed significant
changes across different sessions while the other eye features showed no such
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Table 4: Pearson correlation coefficients (r) between the changes in SSQ scores and eye-
activity features. Statistically significant correllations are shown in bold.

Blink Fixation = Saccade Mean Fixation Pupil Size

Count Count Count Duration Change
SSQ-N  0.108 —0.174 0.036 0.266** —0.011
SSQ-O  0.130  —0.220* —0.086 0.137 0.157
SSQ-D  0.066 —0.229* —0.104 0.025 0.101
SSQ-T  0.125  —0.248* 0.066 0.170 0.110

*p < 0.05, ** p < 0.01, ¥* p < 0.001

s27 change. Corresponding statistics and the significance values are given in

s Lable 5.

Table 5: Statistics of eye-activity features in trials where immediate discomfort is reported
and the corresponding ANOVA analysis results per session. ANOVA results with p values
less than 0.05 were considered statistically significant and shown in bold.

Session 1 Session 2 Session 3 o
Significance
M £+ SD M £+ SD M £+ SD
F2 1284 — 8.345
Blink Count 1.71 £ 2.22 2.19 + 2.53 2.40 £ 2.76 '
p < 0.001
Pupil Size Fo 1284 = 0.788
-19.48 £10.38  -19.25 £ 10.09  -18.65 = 10.43
Change (%) p = 0.455
F2,1284 == 3.194
Saccade Count  17.67 + 10.49 16.63 + 10.54 16.14 + 10.14
p = 0.041
F2_1284 = 3.914
Fixation Count  14.24 4+ 3.54 13.54 £+ 3.92 13.89 + 4.05 '
p = 0.020
Mean Fixation Fa 1084 = 0.224
432.13 £ 126.71 437.79 £ 153.56 436.33 + 157.45 ’
Duration (msec) p =0.799
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4.5. FEye-activity features show different responses to cybersickness invoked
by different factors (H5)

ANOVA tests using only the trials where immediate discomfort was re-
ported were also conducted to investigate which eye-activity features exhib-
ited significant differences between the factors. Significant differences were
observed for all eye-activity features between different factors. Correspond-
ing statistics and the significance values are provided in Table 6.

Further, two-way multivariate analysis of variance (MANOVA) test showed
statistically significant differences with discomfort for both different factor
types and different sessions in the VE (Fg 1084 = 72.322, p < 0.001 for differ-
ent factors, Fa 1984 = 3.390, p < 0.001 for time spent, Fy 1084 = 3.923, p <
0.001 for interaction effect). This indicates a significant interaction between
factor type and time spent in VE. That is, the effect of factor type changes
as the sessions progress and vice versa.

The distributions of the eye-activity features extracted from the trials
where immediate discomfort was reported are further illustrated using violin
plots combined with box plots in Figure 9.

Table 6: Statistics of eye-activity features in trials where immediate discomfort is reported
and the corresponding ANOVA analysis results per cybersickness factor. ANOVA results
with p values less than 0.05 were considered statistically significant and shown in bold.

Complexity Speed Stereo o
Significance
M £+ SD M £+ SD M £+ SD
F2 1284 — 3.172
Blink Count 2.07 £ 2.74 1.88 + 2.40 2.30 £ 2.52 '
p = 0.042
Pupll Size F2_1284 = 66.444
-20.68 £ 9.60 -14.19 £ 9.35 -21.24 +£ 10.24 '
Change (%) p < 0.001
F2,1284 = 374.518
Saccade Count  21.83 4+ 9.12 6.87 £ 9.96 20.12 £+ 8.55
p < 0.001

F2_1284 = 91.649
Fixation Count  14.82 £ 3.10 11.74 + 3.01 14.70 + 3.01 '

p < 0.001
Mean Fixation Fy 1084 = 48.305
482.46 £ 157.65 378.51 &+ 147.50 445.51 £+ 129.75 '
Duration (msec) p < 0.001
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Figure 9: Combined violin and box plots of eye-activity features extracted from the trials
where immediate discomfort was reported. The plots on the left side are separated by
factor type and the plots on the right side are separated by session. Violin plots give
density distributions for corresponding features. The lower and upper bound of the box
plots represent the first and third quartile of the samples, respectively, while the one in
the middle represents the median.
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Table 7: Statistics from linear regression models that take factor parameters and eye-
activity features as input and attempt to predict the immediate discomfort score separated
by session. Adjusted R? metric, ranging from 0 to 1, describes how well the model predicts
the output, while ( is the standardized coefficient for the corresponding input. Inputs with
p values less than 0.05 were considered statistically significant predictors of immediate

discomfort and shown in bold.

Session 1 Session 2 Session 3
Adjusted R? R?=0.212 R?>=0.263 R?=0.366
= 0.104 = 0.191 = 0.164
Blink Count p P P
p < 0.001 p < 0.001 p<0.001
Pupil Size 5=0.034 B =0.077 B =0.237
Change p=0304 p=0.010 p < 0.001
= 0.168 =-0.027 =-0.039
Saccade Count p g p
p <0.001 p=0537 p=0.332
= 0.069 = 0.112 = 0.065
Fixation Count b “ b
p=0.066 p=0.004 p=0.058
Mean Fixation 5 =0.048 [ =0.061 B =-0.006
Duration p=0201 p=0.183 p=0.874
B =0.287 B =0.410 (B = 0.389
Scene Complexity
p < 0.001 p < 0.001 p < 0.001
B =0.394 (3 =0.358 3 =0.306
Navigation Speed
p < 0.001 p < 0.001 p < 0.001
Camera Interaxial- @ = 0.361 (3 = 0.362 3 = 0.557
Distance p < 0.001 p < 0.001 p<0.001
Camera Zero- B8 =0.092 (3 =0.102 B =0.078
Parallax Distance p = 0.009 p = 0.002 p = 0.013

sas 4.0, Stimuli levels and eye-activity features are predictors of immediate cy-
547 bersickness (H6)

548 To evaluate the predictive effect, a linear regression test was applied to the
sa9 entire dataset. The trials were divided into three sessions, and all eye-activity
ss0 features and factor parameters (navigation speed, scene complexity level,
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camera interaxial distance, and camera zero-parallax distance) were analyzed
as potential predictors of immediate discomfort scores. The detailed results
of the test are provided in Table 7. It was found that all factor parameters
were significant predictors of discomfort in all sessions. Among the eye-
activity features, blink count was a significant predictor in all sessions, while
change in pupil size was identified as a significant predictor in the last two
sessions. Saccade and fixation counts were significant predictors in sessions
1 and 2, respectively, while average fixation duration was not found to be a
significant predictor in any session.

5. Discussion

To examine the accumulated discomfort associated with extended expo-
sure to the simulated cybersickness factors, we used the differences in SSQ
responses to assess changes in persistent symptoms across different VR ses-
sions. Our analysis showed that the changes in SSQ subscales relating to
nausea and oculomotor discomfort and the changes in overall cybersickness
severity given by the total SSQ scale were significantly different across dif-
ferent sessions. Although the changes in disorientation subscale did not dif-
fer significantly, disorientation ratings showed large increases in all sessions,
while nausea and oculomotor discomfort ratings showed large increases in
later sessions. This implies that disorientation symptoms such as dizziness
and vertigo may have been experienced earlier than the others. Overall, the
results support hypothesis H1, which posited that the change in persistent
cybersickness severity would be significantly different across sessions.

Evaluation of the immediate discomfort scores revealed multiple signifi-
cant correlations with the eye-activity features scattered across the sessions.
Fixation counts were observed to decrease with cybersickness related to nav-
igation speed, similar to the results by Bahit et al. (2016), who reported a
decrease in focus with high SSQ ratings in a driving simulator. However,
during the navigation speed trials, saccade counts were reduced, indicating
slower eye movements rather than rapid ones, when participants experienced
cybersickness. Conversely, the analysis revealed positive correlation (increas-
ing relationship) between immediate discomfort and saccade count when par-
ticipants experienced VAC-related cybersickness, likely due to an inability to
focus their gaze coherently, searching for objects that can be fused comfort-
ably. These differing reactions in saccade counts suggest that VAC-related
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cybersickness and vection-related cybersickness can be distinguished using
eye-activity features.

Similarly, mean fixation duration returned positive correlations with im-
mediate discomfort during scene complexity trials while navigation speed
trials returned negative correlations, indicating fixations with shorter du-
ration. Increase in blink count was a persistent indicator of cybersickness
across all factor types. This is consistent with Cebeci et al.’s (2019) find-
ings that reported increased blink rates in users who returned higher ratings
of nausea and oculomotor discomfort. Increased pupil size was associated
with cybersickness due to movement speed, similar to the amount of fixa-
tions. We have observed the strongest reaction from the navigation speed
related recordings, which showed correlations across all features. The analy-
sis indicates that hypothesis H2 is confirmed only between saccade count and
immediate discomfort for the navigation speed trials as no other eye-activity
feature demonstrated a consistently significant link across all sessions. The
analysis also hints that the blink count and change in pupil size can become
more correlated with the cybersickness associated with the speed trials as
participants spend more time in the VE.

However, correlation analysis with accumulated discomfort assessed via
the SSQ ratings depicted a different picture by confirming hypothesis H3
for fixation count and mean fixation duration. Fixation count was found
to correlate negatively with total SSQQ and subscales of disorientation and
oculomotor discomfort while mean fixation duration was found to correlate
positively with nausea subscale. The contrast with the previous correlations
on immediate discomfort imply that persistent cybersickness and immediate
cybersickness from the simulated cybersickness factors can manifest differ-
ently in eye-activity features. The findings further suggest that the accumu-
lated severity of cybersickness may be connected to fixation count and mean
fixation duration.

The evaluation indicated both different sessions and different factors can
evoke significantly different eye responses in case of cybersickness. Further
examination of Figure 9 shows different eye-activity distributions related to
speed trials in contrast to stereoscopic rendering and scene complexity trials
when cybersickness is present. The finding is in line with the correlation
analysis with immediate discomfort scores, where eye-activity features from
the speed trials showed the highest correlations to immediate discomfort
while the stereoscopic rendering and scene complexity trials displayed fewer.
This distinction points out that eye-activity features can simplify the task
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of identifying the source of cybersickness once it is detected. Number of
blinks, fixations and saccades were significant for both different factors and
sessions. Cebeci et al. (2019) also reported significantly different saccade
rates and fixation counts for environments differing in scene complexity and
speed trials. Our results confirm hypothesis H4 for blink, saccade and fixation
counts as they are significantly different in all sessions. Moreover, hypothesis
H5 is confirmed for the whole set of eye-activity features we investigated as
they all have significant differences for different factors.

Regression analysis identified that several eye-activity features and scene
parameters can serve as significant predictors for immediate cybersickness.
Stereoscopic rendering parameters were found to be significant predictors,
especially the zero-parallax distance with the highest weight, suggesting the
strongest effect. While we have manipulated the stereoscopic parameters
from the default HMD values to induce visual discomfort with extreme dis-
parities, they can be adjusted to improve the VR experience, as well. For in-
stance, the system proposed by Avan et al. (2022) can automatically provide
stereoscopic rendering parameters according to a sparsely pre-defined param-
eter set as the user navigates the virtual scene using a VR-HMD setup. The
results indicate that their method is able to enhance the user experience in
terms of overall perceived depth and picture quality while maintaining visual
comfort on a par with the HMD'’s default settings. Navigation speed emerges
as another significant predictor of immediate discomfort. However, the im-
mediate discomfort curves across the simulated speed levels do not point to
a critical value that could be regarded as a limit beyond which discomfort
scores drastically increase. Same can be argued for scene complexity, which
was also found to be a significant predictor in all sessions.

Number of blinks detected in a given stimulus interval (i.e., blink fre-
quency) was also found to be a reliable predictor as it was significant in all
three sessions. This suggests that blink frequency can be instrumental in
predicting the existence of cybersickness, regardless of the time spent in VR.
Several studies (Kim et al., 2005; Dennison et al., 2016) have demonstrated
an increase in blink frequency with prolonged immersion in VR, highlighting
the significance of this predictor and its increasing effect in further sessions.
Change in pupil size was shown to be a significant predictor in sessions 2
and 3. The regression analysis designated saccade and fixation counts to be
less reliable predictors, as they were significant only for a single session. Yet,
saccade count was shown to have significant connections to navigation speed
levels, which is compatible with Cebeci et al.’s (2019) findings that indicated
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significant correlations between SSQ subscores and saccade rate in a roller
coaster scene. The adjusted R? values indicate that a linear regression model
can explain some of the relationship between eye-activity features and cyber-
sickness but not fully. This relationship is likely more complex than what a
linear regression model might suggest, and could be further explored using
a neural network. The resulting model partially supports hypothesis H6, as
mean fixation duration was not found to be a significant predictor in any
session.

6. Limitations and Future Work

Each scene of the VE employed in this study was designed with the pur-
pose of invoking discomfort due to a single cybersickness factor alone and
studying it in isolation from the others. Similarly, the scenes were structured
in abstract unrealistic layouts with the aim to minimize emotional and cog-
nitive effects that are unrelated to that specific factor. Yet, these measures
constitute an inherent limitation as the resulting scenes are quite unlike what
users encounter in most VR applications. As a complementary to this work,
these factors can be studied together in realistically designed VR scenes in
future studies. Such realistic scenes would facilitate the study of aspects
related to presence, as well.

The use of back-to-back sessions with three-minute breaks in between
was a deliberate experimental design choice in order to evaluate time spent
immersed in VR as a variable and account for accumulated cybersickness.
However, the duration of the breaks between consecutive levels and scenes
may be seen as somewhat limiting. In order to prevent contamination effects,
participants were asked at the end of each designated break period if they
were comfortable continuing the experiment. They were also instructed to
resume the experiment by pressing a designated hand controller button only
if they felt ready after any break following a level or scene. While such pre-
cautions have been utilized in previous cybersickness studies that employed
multiple short-term stimuli in succession (Péhlmann et al., 2021; Terenzi and
Zaal, 2020; Pohlmann et al., 2022), similar to our study, it should be noted
that these measures may not have completely eliminated carryover effects.

Another noteworthy limitation is the sample demographics. Our sample
is comprised of a fairly young (23.8 average) and mostly male (26 out of 33
total) group. They also showed somewhat low motion sickness susceptibil-
ity as reported by MSSQ and moderate video gaming habits. Should the
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future studies be carried out with larger samples that are more balanced
in the demographics in question, they can convey a broader understanding
of the nature of cybersickness in relation to the cybersickness factors under
consideration.

7. Conclusions

In this study, we focused on investigating cybersickness experienced with
VR-HMDs and addressed two primary research questions. Firstly, we aimed
to assess the association between certain eye-activity features, including fix-
ation count, saccade count, blink count, mean fixation duration, and pupil
size change, with cybersickness in response to stimulus variations in key con-
tent factors of cybersickness, namely, navigation speed, scene complexity,
and stereoscopic rendering parameters. Secondly, we aimed to investigate
how the relationship between the aforementioned eye-activity features and
cybersickness changes with the duration of exposure to VR. To achieve these
objectives, we conducted a within-subject user study with 33 participants
immersed in a VE through a VR-HMD. We collected their eye-activity data
with corresponding self-reported discomfort measures while they experienced
three different versions of the VE, each simulating one of the three content
factors in varying degrees of severity. The experiment was conducted in
three repeated sessions to account for the accumulation effects with increas-
ing exposure duration. Additionally, we collected self-reported measures of
discomfort using in-VR single-item queries and post-VR SSQs to account
for both immediate and persistent cybersickness, respectively. The collected
data and the code used to process the data are publicly available at the link
provided below. Furthermore, we provide a supplemental video to illustrate
the scenes used as stimuli in the study.

Our findings suggest that eye-activity can be instrumental in detecting
cybersickness experienced with VR-HMDs, and may also be promising for de-
termining the type of cybersickness, s.t., whether it stems from VAC, vection
etc., as well. Eye-activity features are particularly relevant for speed-related
stimuli that elicit vection, and further research in this area could be beneficial
for creating more immersive movements in VEs while minimizing cybersick-
ness. Blink frequency appears to be an especially important feature, as it
was significant in both the correlation analysis with immediate discomfort
scores and the regression analysis. The results also highlight the importance
of carefully selected stereoscopic rendering parameters, as this factor was the
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most likely to cause discomfort, even though the effect also contributes to
the feeling of depth. Methods offering optimized alternatives to the default
stereoscopic parameters (Avan et al., 2022), can be key in improving the
feeling of depth while maintaining visual comfort.

Declarations

Data Availability. The data collected with the user study is available at
the paper website.

Code availability. The code used to process the data is available at the
paper website.

Authors’ contributions.

Alper Ozkan: Methodology, Investigation, Data Curation, Validation, Soft-
ware, Formal analysis, Writing - Original Draft, Writing - Review & Editing,
Visualization

Ufuk Celikcan: Conceptualization, Methodology, Validation, Writing - Orig-
inal Draft, Writing - Review & Editing, Supervision, Project administration,
Funding acquisition

Funding. This work was supported by the Scientific and Technical Research
Council of Turkey (TUBITAK, project number 116E280).

Conflicts of interest/Competing interests. The authors declare that
they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.
Ethics approval. This study has been approved by Hacettepe University
Ethics Board.

Consent to participate. Written informed consent was obtained from all
individuals participated in this study.

Consent for publication. Participants consented to the publication of
their collected data without identifying information.

References

Celikcan, U. Egitimde ve tipta sanal gerceklik uygulamalari: Gegmisten
gelecege uzanan bir inceleme. Dicle Universitesi Miihendislik Fakiiltesi
Miihendislik Dergisi 2022;13(2):235-251.

LaViola Jr, JJ. A discussion of cybersickness in virtual environments. ACM
SIGCHI Bulletin 2000;32(1):47-56.

30


https://graphics.cs.hacettepe.edu.tr/eye_eeg_cs_vr/
https://graphics.cs.hacettepe.edu.tr/eye_eeg_cs_vr/
https://graphics.cs.hacettepe.edu.tr/eye_eeg_cs_vr/
https://graphics.cs.hacettepe.edu.tr/eye_eeg_cs_vr/

767

768

769

770

771

772

773

774

775

776

T

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

Rebenitsch, L, Owen, C. Review on cybersickness in applications and visual
displays. Virtual Reality 2016;20(2):101-125.

Kim, J, Palmisano, S, Luu, W, Iwasaki, S. Effects of linear visual-vestibular
conflict on presence, perceived scene stability and cybersickness in the
oculus go and oculus quest. Frontiers in Virtual Reality 2021;2:582156.

Liu, CL, Uang, ST. Effects of presence on causing cybersickness in the
elderly within a 3d virtual store. In: International Conference on Human-
Computer Interaction. Springer; 2011, p. 490-499.

Hoffman, DM, Girshick, AR, Akeley, K, Banks, MS. Vergence—
accommodation conflicts hinder visual performance and cause visual fa-
tigue. Journal of vision 2008;8(3):33-33.

Kennedy, RS, Lane, NE, Berbaum, KS, Lilienthal, MG. Simulator sickness
questionnaire: An enhanced method for quantifying simulator sickness.
The international journal of aviation psychology 1993;3(3):203—-220.

Ames, SL, Wolffsohn, JS, Mcbrien, NA. The development of a symptom
questionnaire for assessing virtual reality viewing using a head-mounted
display. Optometry and Vision Science 2005;82(3):168-176.

van Emmerik, ML, de Vries, SC, Bos, JE. Internal and external fields of
view affect cybersickness. Displays 2011;32(4):169-174.

Kim, YY, Kim, HJ, Kim, EN, Ko, HD, Kim, HT. Characteristic
changes in the physiological components of cybersickness. Psychophysiol-
ogy 2005;42(5):616-625.

Kolasinski, EM. Simulator sickness in virtual environments. Tech. Rep.;
Army research Inst for the behavioral and social sciences Alexandria VA;
1995.

Rebenitsch, L, Owen, C. Estimating cybersickness from virtual reality
applications. Virtual Reality 2021;25(1):165-174.

leee standard for head-mounted display (hmd)-based virtual reality(vr) sick-
ness reduction technology. IEEE Std 3079-2020 2021;:1-74d0i:10.1109/
IEEESTD.2021.9416950.

31


http://dx.doi.org/10.1109/IEEESTD.2021.9416950
http://dx.doi.org/10.1109/IEEESTD.2021.9416950
http://dx.doi.org/10.1109/IEEESTD.2021.9416950

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

Lawson, BD, Proietti, P, Burov, O, Sjolund, P, Rodabaugh, T, Kirollos,
R, et al. —factors impacting cybersickness. NATO STO Technical Report:
Guidelines for Mitigating Cybersickness in Virtual Reality Systems 2022;.

So, RH, Lo, W, Ho, AT. Effects of navigation speed on motion
sickness caused by an immersive virtual environment. Human factors

2001;43(3):452-461.

Agi¢, A, Murseli, E, Mandi¢, L, Skorin-Kapov, L. The impact of differ-
ent navigation speeds on cybersickness and stress level in vr. Journal of
Graphic Engineering and Design 2020;11(1):5.

Keshavarz, B, Philipp-Muller, AE, Hemmerich, W, Riecke, BE, Campos,
JL. The effect of visual motion stimulus characteristics on vection and
visually induced motion sickness. Displays 2019;58:71-81.

Terenzi, L, Zaal, P. Rotational and translational velocity and acceleration
thresholds for the onset of cybersickness in virtual reality. In: ATAA Scitech
2020 Forum. 2020, p. 0171.

Kavakli, M, Kartiko, I, Porte, J, Bigoin, N. Effects of digital content
on motion sickness in immersive virtual environments. In: Petratos, P,
Dandapani, P, editors. Current advances in computing, engineering and in-
formation. Athens Institute for Education and Research (ATINER). ISBN
9789606672347; 2008, p. 331-343. International Conference on Computer
Science and Information Systems (3rd : 2007) ; Conference date: 23-07-
2007 Through 24-07-2007.

Pouke, M, Tiiro, A, LaValle, SM, Ojala, T. Effects of visual realism
and moving detail on cybersickness. In: 2018 IEEE Conference on Virtual
Reality and 3D User Interfaces (VR). IEEE; 2018, p. 665-666.

Wibirama, S, Nugroho, HA, Hamamoto, K. Depth gaze and ecg based
frequency dynamics during motion sickness in stereoscopic 3d movie. En-
tertainment computing 2018;26:117-127.

Nalivaiko, E, Davis, SL, Blackmore, KL, Vakulin, A, Nesbitt, KV. Cy-
bersickness provoked by head-mounted display affects cutaneous vascular

tone, heart rate and reaction time. Physiology & behavior 2015;151:583—
590.

32



829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

Yildirim, C. Cybersickness during vr gaming undermines game enjoyment:
A mediation model. Displays 2019a;59:35-43.

Yildirim, C. Don’t make me sick: investigating the incidence of cybersickness
in commercial virtual reality headsets. Virtual Reality 2019b;:1-9.

Wibirama, S, Santosa, PI, Widyarani, P, Brilianto, N, Hafidh, W.
Physical discomfort and eye movements during arbitrary and optical flow-
like motions in stereo 3d contents. Virtual Reality 2019;:1-13.

Kwok, KK, Ng, AK, Lau, HY. Effect of navigation speed and vr devices
on cybersickness. In: 2018 IEEE International Symposium on Mixed and
Augmented Reality Adjunct (ISMAR-Adjunct). IEEE; 2018, p. 91-92.

Chen, H, Dey, A, Billinghurst, M, Lindeman, RW. Exploring pupil dilation
in emotional virtual reality environments. In: Proceedings of the 27th In-
ternational Conference on Artificial Reality and Telexistence and 22nd Eu-
rographics Symposium on Virtual Environments. ICAT-EGVE ’17; Goslar,
DEU: Eurographics Association; 2017, p. 169-176.

Snowden, RJ, O’Farrell, KR, Burley, D, Erichsen, JT, Newton, NV, Gray,
NS. The pupil’s response to affective pictures: Role of image duration,
habituation, and viewing mode. Psychophysiology 2016;53(8):1217-1223.

Tichon, JG, Mavin, T, Wallis, G, Visser, TA, Riek, S. Using pupillometry
and electromyography to track positive and negative affect during flight
simulation. Aviation Psychology and Applied Human Factors 2014;.

Celikcan, U. Detection and mitigation of cybersickness via eeg-based visual
comfort improvement. In: 2019 3rd International Symposium on Multidis-
ciplinary Studies and Innovative Technologies (ISMSIT). 2019, p. 1-4.

Kim, YY, Kim, EN, Park, MJ, Park, KS, Ko, HD, Kim, HT. The appli-
cation of biosignal feedback for reducing cybersickness from exposure to a
virtual environment. Presence: Teleoperators and Virtual Environments
2008;17(1):1-16.

Cebeci, B, Celikcan, U, Capin, TK. A comprehensive study of the affective
and physiological responses induced by dynamic virtual reality environ-
ments. Computer Animation and Virtual Worlds 2019;:e1893.

33



860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

Bahit, M, Wibirama, S, Nugroho, HA, Wijayanto, T, Winadi, MN. In-
vestigation of visual attention in day-night driving simulator during cyber-
sickness occurrence. In: 2016 8th International Conference on Information
Technology and Electrical Engineering (ICITEE). IEEE; 2016, p. 1-4.

Lopes, P, Tian, N, Boulic, R. Eye thought you were sick! exploring eye
behaviors for cybersickness detection in vr. In: Motion, Interaction and
Games. 2020, p. 1-10.

Kim, YJ, Lee, EC. Eeg based comparative measurement of visual fatigue
caused by 2d and 3d displays. In: International Conference on Human-
Computer Interaction. Springer; 2011, p. 289-292.

Wang, Y, Zhai, G, Chen, S, Min, X, Gao, Z, Song, X. Assessment of eye
fatigue caused by head-mounted displays using eye-tracking. Biomedical
engineering online 2019;18(1):111.

Szpak, A, Michalski, SC, Saredakis, D, Chen, CS, Loetscher, T. Beyond
feeling sick: The visual and cognitive aftereffects of virtual reality. IEEE
Access 2019;7:130883-130892.

Zheng, Y, Zhao, X, Yao, L. The assessment of the visual discomfort caused
by vergence-accommodation conflicts based on eeg. Journal of the Society
for Information Display 2019;.

Zou, B, Liu, Y, Guo, M, Wang, Y. Eeg-based assessment of stereoscopic
3d visual fatigue caused by vergence-accommodation conflict. Journal of
Display Technology 2015;11(12):1076-1083.

Ozkan, A, Uyan, U, Celikcan, U. Effects of speed, complexity and stereo-
scopic vr cues on cybersickness examined via eeg and self-reported mea-
sures. Displays 2023;78:102415.

Avan, E, Capin, TK, Gurcay, H, Celikcan, U. Enhancing vr experi-
ence with rbf interpolation based dynamic tuning of stereoscopic rendering.
Computers & Graphics 2022;102:390-401.

Dalmaijer, ES, Mathot, S, Van der Stigchel, S. Pygaze: An open-source,
cross-platform toolbox for minimal-effort programming of eyetracking ex-
periments. Behavior research methods 2014;46(4):913-921.

34



891

892

893

894

895

896

897

898

899

900

901

902

903

Mathot, S. Pupillometry: Psychology, physiology, and function. Journal of
Cognition 2018;1(1).

Kasthurirangan, S, Glasser, A. Characteristics of pupil responses during
far-to-near and near-to-far accommodation. Ophthalmic and Physiological
Optics 2005;25(4):328-339.

Dennison, MS, Wisti, AZ, D’Zmura, M. Use of physiological signals to
predict cybersickness. Displays 2016;44:42-52.

Pohlmann, KMT, Focker, J, Dickinson, P, Parke, A, O’Hare, L. The
effect of motion direction and eccentricity on vection, vr sickness and head
movements in virtual reality. Multisensory Research 2021;34(6):623-662.

Pohlmann, KMT, Focker, J, Dickinson, P, Parke, A, O’Hare, L. The
relationship between vection, cybersickness and head movements elicited
by illusory motion in virtual reality. Displays 2022;71:102111.

35



	Introduction
	Related Work
	Experiment
	Participants
	Experimental Procedure and the Virtual Environment
	Navigation Speed
	Stereoscopic Rendering Parameters
	Scene Complexity

	Collection and Processing of Eye-Activity Data

	Results
	The change in persistent cybersickness differs with each passing session (H1)
	Eye-activity features are linked to immediate cybersickness (H2)
	Eye-activity features are linked to persistent cybersickness (H3)
	Eye-activity features show different responses to cybersickness in different sessions (H4)
	Eye-activity features show different responses to cybersickness invoked by different factors (H5)
	Stimuli levels and eye-activity features are predictors of immediate cybersickness (H6)

	Discussion
	Limitations and Future Work
	Conclusions

