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ABSTRACT

INVESTIGATING PHYSIOLOGICAL AND AFFECTIVE RESPONSES IN
VIRTUAL REALITY SCENES AND ENHANCING USER EXPERIENCE
WITH A GAZE-DIRECTED METHOD

BERK CEBECI
M.S., Interactive Computing and Information Systems
Supervisor : Prof. Dr. Tolga. K. Capin
Co-Supervisor : Assist. Prof. Dr. Ufuk Celikcan

December 2020

Virtual Reality (VR) 1s becoming more common and growing its application areas in
many fields. Aside from professional usage. recent releases of commercially
available head-mounted displays (HMDs) increased the popularity of VR among
consumers. However, VR can cause unwanted effects and fixed stereoscopic camera
parameters cause discomfort and shallow depth feeling. Thus, achieving comfortable
and high quality stereoscopic 3D view became more crucial. In this thesis, we aim to
mvestigate the effects of VR in detail and develop a method to improve the quality
of VR experience. In the first part of the thesis, we investigate the physiological and
emotional changes caused by VR. We also take account the cybersickness and
analyze these measures jointly. For the second part of the thesis, we propose a
method which modifies stereoscopic camera parameters of HMD based on gaze-
tracking in real time. We conduct a user study that demonstrates improvements of
our method in terms of visual quality, visual comfort, perceived depth and overall
experience of the VE. The results show that our method significantly enhances VR

experience compared to fixed default parameters.

Keywords: Virtual Reality, Eye Tracking, Stereoscopic 3D, User Experience,

Physiological and Affective Responses



OZET

SANAL GERCEKLIK SAHNELERINDEKI FIZYOLOJIK VE DUYGUSAL
TEPKILERIN ARASTIRILMASI VE BAKIS GUDUMLU YONTEM ILE
KULLANICI KALITESININ IYILESTIRILMESI

BERK CEBECI
M.S.. Interaktif Bilisim Sistemleri
Tez Yoneticisi : Prof. Dr. Tolga. K. Capmn
Ortak Tez Yoneticisi : Assist. Prof. Dr. Ufuk Celikcan

Aralik 2020

Glintimiizde Sanal Gergeklik (VR) vyaygmlasmakta ve uygulama alanlarimi
genisletmektedir. Profesyonel kullanim disinda, piyvasada satisa ¢ikarilan 3 boyutlu
(3B) gozliikler VR popiilerligini kullanicilar arasinda da arttwmistir. Ancak, VR
kullanim1 istenmeyen etkilere sebep olurken sabit ciftli (stereo) kamera
parametreleri rahatsizliga sebep olup derinlik hissini azaltmaktadir. Bu nedenle,
konforlu ve yiiksek kaliteli stereo 3B goriintii elde edilmesi dnem kazanmistir. Bu
tezde, VR etkilerini detayli olarak inceleyip ve VR tecriibesinin kalitesini arttiracak
bir yontem gelistirmeyi amacladik. Tezin ilk boliimiinde, VR tarafindan ortaya ¢ikan
fizyolojik ve duygusal degisimleri arastirdik. Sanal gergeklik tutmasini da dikkate
alarak sonuclarin analizini yaptik. Tezin ikinci boliimii i¢in, VR gozliigiiniin stereo
kamera parametrelerini gercek zamanli goz takibine gore degistiren yontemimizi
sunduk. Yontemimizi kullanicr testleriyle test etmis ve gorsel kalite, gorsel konfor,
hissedilen derinlik ve genel VR tecriibesindeki iyilestirmelerini  gdstermis
bulunmaktayiz. Bu sonuglar, metodumuzun sabit kamera parametreleriyle

karsilastirildiginda VR tecriibesini dnemli dl¢iide 1yilestirdigini gdstermistir.

Keywords: Sanal Gergeklik, Goz Takibi, Stereo 3D, Izleyici Konforu, Fizyolojik ve

Duygusal Tepkiler
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CHAPTER 1

INTRODUCTION

Rapid technological advances in recent years led Virtual Reality (VR) to become
more common in many different professional fields such as education, health, ar-
chaeology and entertainment [1]. Aside from professional fields, major technology
companies released commercially available head-mounted displays (HMDs) such as
Oculus Rift, HTC Vive and Sony PlayStation VR. Due to the increase in available
commercial HMDs and their compatibility with widely used game engines such as
Unity 3D, led developers to create VR specific interactive applications and games
which resulted in a rapid increase in VR’s popularity. Achieving a high quality and
comfortable stereoscopic 3D view has gained more importance in real time VR ap-
plications. However, there are still unresolved issues with the VR technology which
prevent it to reach its full potential. Since VR is becoming more accessible and its
application areas are growing, solving these problems are crucial for achieving high

quality experience in HMDs.

Due to immersive nature of HMDs, virtual environments (VEs) are more engaging
and believable to users. VEs can be used to help people overcome their phobias [2]

or positively affect post-traumatic stress disorder patients |3].

Apart from positive effects, VEs can cause unwanted physiological and affective re-
sponses on humans, such as causing anxiety [4]. Considering VEs effects on the
people’s emotional states, it is very important to monitor people’s feelings accurately
so that developers can modify the VEs according to this information, thus improve

the general quality of the scenes.

A widely use method to measure a user’s emotional state is using questionnaires [5]



[6]. In addition to that, the user’s physiological measurements such as heart rate and

pupil dilation also can be used for this purpose |7, 8, 9].

VEs do not only cause emotional changes. A phenomenon called cybersickness
causes unpleasant symptoms [10] after using HMDs for a period of time, thus de-
creasing the quality of VR experience greatly. Similar to emotional state measure-
ments, cybersickness can be detected using questionnaires [11] and physiological

measurements [12, 13].

Another issue with commercial HMDs is the fixed stereoscopic parameters. There
are two important parameters while creating a stereoscopic vision in VR: interaxial
separation, which is the distance between two virtual cameras, and convergence dis-
tance of the virtual cameras. These parameters have a major role on perceived depth
and comfort of the VE, however they have fixed values in commercially available
HMDs. For the purpose of achieving maximum depth perception and comfort, an
optimization is needed on scene parameters. Since there is not a single setting for the
optimized scene depth, these parameters have to be adjusted based on scene’s depth

range and content.

Increasing the perceived depth and general experience without causing discomfort is
a challenge in stereoscopic VEs. Detecting the region which has viewer’s attention
and setting stereoscopic parameters according to that is a method used for enhancing
scene depth without invoking discomfort [14]. Modifying stereoscopic parameters
can be done by estimating the viewer’s gaze positions [ 15] [16]. Another method is
using an eye tracker which provides more accurate gaze points compared to estima-

tion [17] [18].

While these issues are present, there are not many work done in VR field regarding
investigating physiological and affective responses caused by VEs and evaluating a
stereoscopic parameter optimization algorithm based on gaze data from eye tracker
which works in real time in terms of depth perception and general improvements.
Within this study, first we aimed to investigate physiological and affective responses
caused by VEs which are specifically designed to induce certain emotions and cy-
bersickness symptoms. We conducted a user study and gathered data by measuring

physiological data of participants while they are experiencing VEs and collecting



their self assessments. We analyzed the data we collected and investigated their rela-
tionship with scene context in a comprehensive study and we reported our findings.
We also developed a gaze-directed stereoscopic camera control method which works
in real time and uses viewer’s gaze points to modify VE’s stereoscopic parameters.
Furthermore we conducted another user study to evaluate the quality of our method
by comparing it with default HMD settings in two VEs. We reported our findings

after analyzing participants’ self assessments.

1.1 Scope of the Thesis

Within this thesis, first we aimed to investigate and analyze the physiological and af-
fective responses caused by experiencing VR scenes in a comprehensive study. For
this purpose, we created (i) an emotionally neutral VE, (ii1) a VE which induces un-
pleasant emotions and (iii) a cybersickness symptoms causing VE where all have
different properties. We concentrated on finding which physiological measurement
can be used for detecting viewer’s emotional state and whether they are feeling cy-
bersickness symptoms or not. We conducted an extensive analysis and reported our

findings in detail.

We also intended to propose a method which optimizes stereoscopic scene parame-
ters in real time based on viewer’s gaze data without requiring any pre-processing, in
order to improve the scene depth and comfort. Our goal was to find strengths and im-
provements of our method and for this purpose, we compared it with the default fixed
parameters setup of HTC Vive by conducting a user study where viewers experience
an indoor and an outdoor interactive VE. We reported our method’s performance after

a comprehensive analysis.
The main contributions of the thesis are given below:
e We analyze the physiological and affective responses induced by immersive

dynamic VEs through an extensive analysis and investigate the interaction be-

tween cybersickness and emotions.

e We conduct a formal user study using VEs with varying context and collect

3



broad set of measures of physiological and affective responses.

e We propose a method to optimize stereoscopic camera parameters in real time

using viewer’s gaze input.

e We present a formal study to compare our dynamically modified stereoscopic
parameters with default VR parameters in terms of various subjective assess-
ments (image quality, perceived depth, visual comfort) using two unique VEs

with different context.

1.2 OQutline of the Thesis

The rest of the chapters are outlined below.

In Chapter 2, first we briefly introduce our study and present an overview of previous
works. We explain our experiment and data collection in detail. The results of our

user study are presented and discussed.

In Chapter 3, we explain our second study and give background information regard-
ing components of our work and address previous works. Our proposed method is
explained in detail. We evaluate our method after a formal user study and discuss our

findings.

Finally, in Chapter 4, we conclude our work by our evaluated results. We suggest

further improvements based on our findings.



CHAPTER 2

PHYSIOLOGICAL AND AFFECTIVE RESPONSES CAUSED BY
DYNAMIC VIRTUAL ENVIRONMENTS

Virtual reality (VR) is improving and becoming widely used in many different profes-
sional fields such as education, health, archaeology and entertainment | 1]. Further-
more, VR technology has became more popular among consumers after the releases
of commercially available VR headsets. Unfortunately, experiencing virtual envi-
ronments (VEs) can cause variety of unwanted physiological and affective responses
on humans. Physiological responses can range from change in heart rate and pupil
diameter, affective responses are related to emotions and mood. Some of these re-
sponses can effect the quality of VR experience and reduce it greatly. Monitoring and

reducing these responses is crucial for improving user experience quality in VR.

Many researchers have conducted studies to investigate the users’ responses caused
by VEs with different context. For example, it is revealed that people felt the cor-
responding responses when they experience anxious and relaxing VEs [4]. Addi-
tionally, various studies showed that VEs are effective enough to change a partici-
pant’s behaviour towards a condition they fear, which makes using VEs to overcome
phobias possible [2]. Apart from phobias, some studies revealed that VR usage on

post-traumatic stress disorder patients have positively affected their treatment | 3].

As previous studies showed, VR environments can cause a great change in user’s
emotional state, which is why it is really important to measure people’s feelings cor-
rectly while they are experiencing a VE. With correct measurements, VE developers
could use the user’s emotional state to improve the user experience and VE quality,
thus they will have more control over VEs they create. Many methods have been

proposed and used for monitoring user’s emotions in desktop environments. Ques-



tionnaires like Visual Analogue Scale (VAS) [6] and Positive and Negative Affect
Schedule (PANAS) [5] are widely used in many studies. On the other hand, recording
physiological measurements such as pupil dilation, heart rate, facial expressions, skin
conductance, electroencephalogram (EEG) signals and body temperature |7, 8, 9]. is

another widely used method.

VEs have another effect aside from changing user’s emotional state which is a phe-
nomenon called VR sickness, also called cybersickness. People who are experiencing
VR sickness show symptoms such as disorientation, nausea, headaches, sweating and
dizziness | 10] which greatly reduces the quality of the VE and results in a poor overall
user experience. Despite being a widely known phenomenon, conducted studies still
cannot fully explain causes of cybersickness. Many theories try to explain it, most

popular ones are sensory conflict and postural instability [19].

Apart from its causes, accurately detecting the cybersickness levels induced while
experiencing a VE is crucial for improving the overall quality of VR experience.
Simulator sickness questionnaire (SSQ) | 11] is widely used for this purpose by the
researchers in order to measure users’ cybersickness level. Participants can rate the
severity of 16 symptoms they feel during the VR experience with Nausea, Oculomo-

tor and Disorientation subscales.

Using physiological measurements is another common alternative to the question-
naires. Heart rate, breathing rate, electrogastrogram (EGQG), electrooculogram (EOG),
electrocardiogram (ECG), photoplethysmogram (PPG), galvanic skin response (GSR)
and skin temperature have been used to approximate cybersickness symptoms [12,

13].

Our purpose is to detect and analyze the physiological responses such as change in
pupil diameter, blink count, heart rate, and affective responses for instance happiness
and anxiety changes of participants while they are experiencing our VEs which are
specifically designed to make them feel varying of emotions and cause cybersickness.
To achieve our goal, we created 3 VEs with distinct contexts. Each virtual environ-
ment has a different aim; the first one is emotionally neutral campfire environment,
the second one is a hospital environment that causes unpleasant symptoms and the

third one is a roller coaster environment that causes cybersickness symptoms. Gaze



point, pupil diameter, heart rate and blinks were recorded while participants were ex-
periencing these VEs. Eye fixations and saccadic movements were computed using
the collected gaze data. Aside from physiological measurements, participants’ self
assessments of level of motion sickness sensitivity, emotional state and cybersickness

symptoms were collected.

We investigated the relationship between objective physiological measurements and
subjective self assessments and impact of the affective VEs we have created on these
outcomes with a detailed approach, and examined how cybersickness interacted with
emotions through a comprehensive analysis. In addition to that, the link between
susceptibility to motion sickness and observed cybersickness was explored. The re-
sults of this work were published as a journal article [20] and presented in CASA

(Computer Animation and Social Agents) 2019 conference.

2.1 Related Works

Many works have explored the physiological effects of VR. Kim et al. [21] gave a
task to the participants in a virtual environment and monitored their electrophysio-
logical signals while they are completing the task. Aside from objective measure-
ments, in order to report the level of symptoms they were feeling, participants filled
a simulator sickness questionnaire. Results have shown that increased cybersickness
severity also increased physiological responses such as gastric tachyarrhythmia, blink
rate and heart rate. Dennison, Wisti & D’Zmura [12] conducted a similar study and
monitored participants’ physiological changes during VR experience. They discov-
ered that physiological responses such as changes in blinking, stomach activity and
breathing are related to cybersickness severity and can be used to detect severity lev-
els. Nalivaiko et al. [13] divided the participants into two groups based on their
initial skin temperature. They found that skin temperature of the group with lower

initial temperature increased due to cybersickness.

Emotional changes caused by VR have also been studied widely besides cybersick-
ness. Riva et al. [4] explored the effects of VEs with distinct emotional context on

users. They measured users” affective responses with questionnaires and discovered



that relaxing and anxious VEs caused corresponding feelings on participants. Meehan
et al. |22] investigated how stressful and nonthreatening VEs affect users physiologi-
cally. They found out that heart rate is a reliable metric which can be used to measure

presence in a VE.

While studies cited above explored how to detect the viewer’s emotional state or if
he/she is having cybersickness symptoms, they mostly required attaching sensors to
users’ body to monitor their physiological activity during VR sessions. Gaze data
such as eye fixations, pupil dilation and saccadic eye movements are used as an al-
ternative method for predicting user’s current emotional state without attaching ex-
tra sensors to users. Bradley et al. [7] investigated effects of emotional arousal on
pupil dilation while users are viewing desktop images. In their study, they showed
neutral, pleasant and unpleasant images to the participants and found that pupil di-
lation changes were larger while viewing pleasant and unpleasant images compared
to neutral images. After measuring skin conductance and heart rate, they also found
a relation between skin conductance and pupil dilation. Similarly, Snowden et al.
[23] showed neutral and fearful unpleasant images and observed that pupil diame-
ter was larger after showing unpleasant images. Partala & Surakka [24] investigated
how pupil diameter is affected by listening to arousing sounds. Participants listened
to neutral, pleasant and unpleasant sounds and results showed that while participants
were listening to pleasant and unpleasant sounds, their pupil sizes were larger. Gian-
nakakis et al. [25] discovered that participants’ blink rate increased while they were
in stress and felt anxiety. McCall et al. [26] explored the gaze and body movements
behavior in different VEs. Their results showed that while experiencing a virtual art
museum, participants avoided looking at unpleasant images. They also discovered
that in another VE containing realistic human models showing pleasant and unpleas-
ant emotions, participants looked at the faces of human models showing unpleasant

emotions.

As seen on works cited above, even though studied many times in desktop environ-
ments, very few research has been conducted in VR for investigating the effects of
VEs with distinct contexts on pupil dilation. Chen et al. [27] explored the effects
of different emotions on pupil diameter in VR by creating VEs with happiness, sad-

ness, disgust and fear contexts and measuring pupil dilation while participants explore



those VEs. They also showed additional feedback to participants by measuring the
heart rate and showing heart beat cues using combinations of visual, audio and haptic
channels. They discovered that VEs with negative emotions, especially disgust VE,
increased pupil dilation more than VEs with positive emotions. They also found out
that showing the heart beat cues with haptic-visual feedback combination affected the

pupil dilation greater than the other feedback combinations.

As mentioned earlier, an important advantage of monitoring pupil dilation to predict
user’s emotional state is that no extra equipment such as sensors attached to user in
order to measure ECG or EGG signals is needed. A VR headset integrated with an

eye tracker is sufficient for pupil measurements.

2.2 Experimental Evaluation

2.2.1 Equipment

We used a desktop computer with an Intel(R) Core(TM) i7-6700 CPU, 16 GB RAM,
and a Nvidia GeForce GTX 1050 Ti graphics card. Our virtual scenes displayed in
an HTC Vive head-mounted display (HMD) containing the Tobii Pro eye trackers.
Integrated eye trackers have output frequency of 120 Hz with estimated accuracy of
0.5 degree. For the measuring heart rate of participants’, we used Polar OHI heart

rate sensor.

2.2.2 Virtual Environments

We created three VEs with explicit themes for our study (Figure 2.1). Campfire envi-
ronment (CF) has emotionally neutral elements and setting. Its purpose is to observe
participants’ behaviour in a VR environment which doesn’t have any emotionally
charged or cybersickness causing elements. Hospital environment (HH) is the second
environment which is designed to induce unpleasant emotions on participants with-
out causing cybersickness using horror themed elements such as terrifying characters,
narrow and dark corridors, sound effects. Third environment, Roller Coaster (RC),

is specifically created to cause cybersickness symptoms while remaining emotionally

9



neutral thus participants’ physiological states can be measured while cybersickness is

present but affective factors are not.

Virtual cameras in VEs moved through predefined paths, head and position tracking
of the HMD was disabled for the purpose of ensuring that each participant precisely
experiences the same content as they traverse our VEs thus minimizing uncontrolled
factors in our experiment. All 3 VEs had similar lighting settings in order to keep
pupil diameter changes based on light to minimum. Each VE took 125 seconds to

raverse.

(a) (b) (©)

Figure 2.1: Sample frames from (a) Campfire VE (b) Hospital VE (c¢) Roller Coaster
VE

2.2.3 Subjects

27 people volunteered for our study however, 7 of them with mean age 30.29 + 6.32
(five males, two females) failed to complete the experiment. 1, 2 and 4 volunteers
ended the experiment during CE, HH and RC VEs respectively. Their data are not
included in our analysis. Remaining 20 volunteers, who will be referred as partici-
pants from this point, with mean age 27 + 8.46 (15 males, five females) completed

the study with success.



Using a five-point Likert scale questionnaire (0: “no previous experience,” 4: “very
experienced”), we gathered all volunteers™ previous VR experience levels. Partici-
pants’ mean experience level was 0.75 £ 0.89 and 11 of the participants experienced

VR for the first time.

As an additional precaution, participants were told not to consume caffeine [28] or
smoke [29] on the day they will attend to our experiment since studies showed that

these products significantly affect pupil responses such as dilation and speed.

2.2.4 Procedure

Signed Consent Form
Demographic Form
MSSQ-Short

- B

1 minute break

. 3 minutes break
[ e

One of the VEs displayed

~
=
[¥2]

SS

Q

Figure 2.2: User study flow.

When participants first arrived, they were asked to sign a consent form. After their
approval, they completed a demographic form containing questions regarding their
names, ages, VR experiences and university departments they graduated. Following

that, they were seated and filled the revised version of motion sickness susceptibility
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questionnaire (MSSQ) by Golding [30]. Before the experiment started, participants
were informed about the general instructions to consider while experiencing VR en-
vironments; then HMD was placed on their head and heart rate sensor was attached

to their forearm.

After putting on the HMD, a baseline test scene is shown to participants before our
3 main VEs in order to eliminate the effects of brightness in pupil diameter measure-
ment (Section 2.3). This scene is an entirely empty room without any elements in
it. In the baseline test, virtual room is completely dark in the beginning and virtual
camera in the room has a fixed 3D position (Figure 2.2). During the test, brightness
of the room increased in 11 steps for 60 seconds and average pupil diameter of the
participants recorded for each brightness level. After the baseline test, participants

removed the HMD and took a one minute break.

After the break, participants put on the HMD again and experienced 3 VEs in a ran-
dom order. Participants traversed CF and HH VEs only once, however In RC, they

rode the roller coaster for 2 laps where coaster’s speed increased in the second lap.

At the beginning of the each VE, general instructions about experiment displayed on
HMD screen for 30 seconds. Following that, the eye tracker calibration phase started
where 5 dots appeared on the screen one by one and participants had to follow them
with their eyes. The calibration process repeated until it was successful in order to
measure gaze data as accurately as possible. After the calibration succeeded, eye
tracker position guide which shows the status of right and left eye trackers was dis-
played on the HMD screen and participants were asked to adjust the HMD until it was
positioned correctly and accepted by the system. After the HMD positioned correctly,
VE movement started. When participants reached the end point in VE and finished
the movement, they were informed to remove the HMD. After completing each VE,

participants took a three minutes break before starting experiencing the next VE.

Before and after experiencing each VE, participants filled a VAS questionnaire [6]
where they rated how happy, sad, comfortable and anxious they felt at that moment in
a seven-point Likert scale (1: “not at all,” 7: “very”) and SSQ [11] where they rated
how severely they feel 16 different cybersickness symptoms with nausea, Oculomotor

and Disorientation subscales (See Appendices A and B for details).
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2.3 Information Gathered

While participants were experiencing each VE, their pupil diameter and gaze data
for both eyes were recorded with 15.15 Hz sampling rate. Participants’ blink counts
were measured real time. On the other hand, using PyGaze library |31], saccade rate,
saccade mean speed, fixation count and fixation duration were calculated offline. In
order to have consistent measurements, blinks and fixations were counted within a

window of 5 seconds.

To eliminate the effect of brightness on pupil diameter, measurements of the baseline
test were used as in Chen et al.’s work [27]. First of all, for all 11 luminance levels
from baseline scene, average pupil diameter of each participant was calculated. Fol-
lowing that, we captured screenshots in baseline scene whenever brightness changed
and each second in other 3 VEs. All screenshots converted into grayscale images and
their average luminance values were computed. Grayscale images from VEs were

matched with images from baseline scene according to their luminance values.

For each participant, pupil diameter measurements related to a screenshot (measure-
ments within 0.5 second of a screenshot) were subtracted from corresponding average
pupil diameter value of that participant from matched baseline scene luminance level.

We calculated pupil dilation caused by emotional arousal with this procedure. This

£ IS N B e <5 G T
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=

Figure 2.3: Average pupil diameter length for each brightness step. The error bars

represent the corresponding 41 standard deviation.
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difference gives the pupil dilation response, which we will be referred as pupil dila-
tion, caused by emotions and cybersickness at given instant. This procedure carried
on offline. For each luminance level in baseline scene, average pupil diameter of

participants is shown in Figure 2.3.

Polar OH1 optical heart rate sensor was used to record a participant’s heart rate once
per second. The validity of the heart rate measurement by Polar OH1 was established
with respect to the criterion measure in Schubert et al. [32]. MSSQ and SSQ scores
were calculated as explained in Golding [30] and Kennedy et al. [11], respectively.

VAS ratings were accumulated as is.

2.4 Results

Mean curves of momentary pupil dilation, blink count per 5 seconds, fixation count
per 5 seconds and momentary heart rate as averaged over all participants” data through-
out the three VEs is shown in Figure 2.4. With a running average of 10 samples, pupil

dilation curves were smoothed in the figure.

Reflection of CF environment’s neutral and calm setting compared to the other two
VEs is noticeable on heart rate and pupil dilation curves. For HH, the pupil dilation
curve reaches its the highest value (1.27 mm) and the largest average (0.77 mm)
while the fixation curve has the lowest average (0.63). The heart rate and blink curves
also have their lowest averages (0.61 and 76.28 bpm) and display higher variance
(0.06 and 0.87 bpm?) than for CF (0.03 and 0.22 bpm?). During RC, the heart rate
curve peaks (84.6 bpm) and exhibits the largest variance (7.28 bpm?). Blink curve
also displays the largest variance (0.13) in RC. The effect of the faster second half of

RC can be clearly observed on the heart rate curve.

As seen on Table 2.1, physiological measurements and questionnaire outcomes as
averaged over study sample showed that average pupil dilation was the highest in HH
due to unpleasant emotional setting of the VE and the lowest in CF (Fig. 2.5.a) where
environment does not have any emotionally charged elements. Cybersickness causing
elements in RC resulted in the highest averages of heart rate (Fig. 2.5.b) and saccade

mean speed (Fig. 2.5.d). Average blink count was the highest in CF and the lowest in
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Figure 2.4: Mean curves of blinks per 5 seconds, fixations per 5 seconds, momentary
heart rate and momentary pupil dilation for the three VEs. (a) Campfire VE (b) Hos-
pital VE (c) Roller Coaster VE. The horizontal axis represents the time passed since

the start of a VE 1n seconds.

HH (Fig. 2.5.¢). Fixation duration was the highest in RC and the lowest in HH (Fig.
2.5.f). Saccade rate was the highest in HH (Fig. 2.5.e). These outcomes revealed
that unpleasant emotions caused participants to blink and fixate less and make more

saccadic eye movements.

Previous research showed that viewing pleasant or unpleasant images causes higher
pupil dilation. In our work, unpleasant HH caused the largest pupil dilation thus sup-
porting the previous statement. On the other hand, neutral themed CF and RC which
causes cybersickness symptoms did not affect pupil dilation significantly. Unpleasant
emotions also caused participants to fixate less and their saccade rates were signifi-

cantly higher. They can be used as indicator for unpleasant emotions.
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Table 2.1: Differences in physiological measurements and questionnaire outcomes

between the VEs. Both groups are in descending significance order.

Campfire Hospital Roller Coaster
Significance
(M £5D) (M+£SD) (M £5D)
Saccade Mean Speed Flogoggm = 37.21;
0.63 +0.31 0.83 4+ 0.46 2.26 £ 0.95 ’
(pixel/millisecond) p < 0.001
Pupil Diameter F5 a5 = 13.32;
0.45 + 040 0.77 £ 0.56 0.57 £ 0.48 ’
Change (mm) p < 0.001
Saccade Rate Fy 35 = 7.35;
0.07 £+ 0.05 0.10 £ 0.04 0.06 + 0.04 ’
(saccade/minute) p < 0.01
Heart Rate F5 a5 = 6.541;
77.52 + 14.55 76.28 + 15.58 81.01 4+ 15.78 ’
(bpm) p < 0.01
Fixation Count F5 a5 = 5.23;
24.05 +11.30 16.40 £ 7.61 2535+ 11.11 ’ '
p < 0.05
Fixation Duration F5 a5 = 5.04;
1779.69 + 629.20 | 1599.92 4+ 237.3 | 1924.79 4+ 682.50 ’ '
(millisecond) p < 0.05
Blink Count Fy 44 = 1.92;
22.90 4+ 29.98 15.90 + 17.90 17.65 +17.17 ’
p=10.16
Oculomotor F5 a5 = 15.16;
10.99 4+ 14.07 12.13 £ 18.63 28.43 +32.15 ’
Difference p < 0.001
Total 88 Figzanm = 11.51;
otal 35Q 11.97 + 18.42 17.58 £30.87 | 41.70 £ 38.47 Hozs0 "
Difference p < 0.001
Nausea Fy 99 = 9.42;
7.16 £ 14.11 13.83 + 25.86 31.01 4+ 29.38 ’
Difference p < 0.001
Disorientation Fl 562306 = D.5T;
13.92 +31.44 22.97 + 47.06 57.77 +54.14 ’
Difference p < 0.05

Aside from emotions, we found out saccade mean speed and heart rate were signif-

icantly higher in RC where participants felt cybersickness symptoms. These metrics

can be used as indicator of cybersickness.

Effects of Scene Context on Cybersickness and Emotions. We observed high-

est average change in total SSQ (Fig. 2.5.g), nausea, oculomotor and disorientation

scores (Table. 2.2) after RC. All VEs decreased comfort feeling (Fig. 2.5., Table.

2.2) where possibly due to unpleasant emotional setting and cybersickness causing

elements, this increase was greater after HH and RC. Another possible effect of un-

pleasant emotions and cybersickess can be seen on average anxiety where HH and
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Figure 2.5: Color bars indicate means for physiological response measures and ques-
tionnaire outcomes in the three VEs: (a) Pupil dilation (b) Heart rate (¢) Blink count
(d) Saccade mean speed (e) Saccade rate (f) Fixation duration (g) Change in total
SSQ score (h) Change in happiness feeling (i) Change in sadness feeling (j) Change
in comfort feeling (k) Change in anxiety feeling. The error bars represent the corre-

sponding 41 standard error of the mean.

RC increased it while neutral CF reduced it (Fig. 2.5.k, Table. 2.2). Average sadness
decreased after CF while cybersickness symptoms increased it (Fig. 2.5.1). Unexpect-
edly, unpleasant HH did not affect sadness levels of participants. Another interesting
finding was that CF and HH decreased average happiness, on the other hand with a
large standard deviation from the sample mean, RC increased it (Fig. 2.5.h, Table.
2.2). Despite increasing happiness, RC also increased sadness the most with a large

standard deviation (Fig. 2.5.1, Table. 2.2).

Significant Effects of Scene Context. To investigate the effects of VEs with distinct
scene context on physiological responses in detail, we ran one-way repeated measure
ANOVAS on the physiological data we collected from the participants while they were
experiencing all 3 VEs. We found statistically significant effect of scene context on
pupil dilation (p < 0.001), saccade mean speed (p < 0.001), saccade rate (p < 0.01),

heart rate (p < 0.01), fixation count (p < 0.05) and fixation duration (p < 0.05)
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Table 2.2: SSQ scores and VAS ratings before and after the VEs.

SSQ
Nausea Oculomotor  Disorientation Total SSQ
Campfire | Before 8.10 £ 11.79 1099 £ 17.53 1253 +£25.63 1197 +17.16
After 1526 £ 1579 21.98 £+ 18.24 2645+ 38.85 2394 +21.98
Hospital | Before 7.16 = 11.24 12.89 + 14.80 12.53 +19.64 12.53 + 14.11
After 2099 £29.80 25.01 £23.62 3550+ 54.18 30.11 +=35.17
Roller Before  7.63 £10.71 1251 £12.75 11.83 +£1542 1234+ 10.85
Coaster | After  38.64 +37.01 4093 £37.50 69.60 £ 63.64 54.04 +44.48
VAS
Happiness Sadness Comfort Anxiety
Campfire | Before 4.50 +1.43 1.65 £ 1.11 5.00 + 1.52 1.85 +1.35
After 4.45 +1.32 1.50 +£0.92 4.75 + 1.41 1.60 + 1.07
Hospital | Before 4.65 + 1.35 1.65 £ 1.15 5.10 + 1.48 1.65 +1.53
After 4.50 + 1.63 1.65 £ 1.15 4.50 + 1.63 1.95 + 1.50
Roller Before 440 £1.07 1.55 £ 0.92 495 £1.32 1.65 + 1.19
Coaster | After 4.80 £ 1.63 1.90 £+ 1.61 440+ 1.83 200+ 1.73

(Table 2.1). To further analyze the data, we applied post hoc tests with Bonferroni

correction and they revealed the following:

e Pupil dilation was significantly the highest in unpleasant HH scene (p < 0.001

between HH and CF and p < 0.01 between HH and RC).

e Saccade mean speed was found to be significantly higher in RC than other VEs

after the Greenhouse-Geisser correction was applied to eliminate sphericity vi-

olation (p < 0.001).

e HH caused significantly higher saccade rate compared to the other VEs (p =

0.05 between HH and CF and p = 0.001 between HH and RC).

e Heart rate was significantly different between HH and RC (p < 0.05) while

it was almost significantly different between CF and RC. However it wasn’t

significantly different between CF and HH.

e Fixation count was significantly the highest in HH (p < (.05 between HH and
both CF and RC).
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e There was a significant difference between fixation durations measured during
HH and RC (p < 0.05) while the difference between CF versus HH or RC were

not significant.

Furthermore, in order to analyse VEs effect on emotions and cybersickness, we ran
one-way repeated measure ANOVAs on the score changes of questionnaires filled
before and after each VE session, SSQ and VAS. Our analyses revealed that the scene
context had significant effects on changes in nausea (p < 0.001), oculomotor (p <
0.001) and disorientation (p < 0.05) scores of SSQ as well as the total SSQ score

(p < 0.001) (Table 2.1). Post hoc tests with Bonferroni correction revealed:

e RC caused the significantly highest nausea score change (p < 0.01 between RC
and CF and p < 0.05 between RC and HH).

e After Greenhouse-Geisser correction was applied to eliminate sphericity vio-
lation, SSQ oculomotor score changes were almost significantly different be-
tween HH and RC (p = 0.055). There were not any significant differences

between CF-HH and CF-RC in terms of SSQ oculomotor score change.

e RC caused the significantly highest disorientation score change (p < 0.001

between RC and CF and p < 0.01 between RC and HH).

e After Huynh-Feldt correction was applied to eliminate sphericity violation, RC
was found to have caused the significantly highest total SSQ score change (p <
0.01).

Through our analysis, we found that scene context does not have a significant effect
on changes between pre- and post-session in VAS questionnaire responses, that is, in

feelings of happiness, sadness, anxiety or comfort.

Correlations Between Objective Measurements and Subjective Outcomes. With
the purpose of exploring the relationship between physiological responses measure-
ments and the questionnaire outcomes, we used Pearson’s correlation with linear re-
gression. Correlation results for all VEs are given in Table 2.3. We did not find a

significant correlation which is present in all three VEs. The correlation between
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heart rate and change in total SSQ score was positively correlated across all VEs
however it was only significant for HH (p < 0.05). Similarly, there was a positive
correlation between blink count and change in anxiety feeling in all VEs but it was
significantly so for HH (p < 0.05). Another overall positive correlation was found
between fixation count and change in comfort feeling which was significantly so only
for RC (p < 0.05). Saccade rate was found to have positive correlations with total
SSQ scores and changes in disorientation feeling in general, where this relationship
is only significant in RC (p < 0.05). Another overall positive correlation emerged
between blink count and changes in both nausea and oculomotor discomfort scores,
particularly in CF and HH VEs where these correlations were significant (p < 0.05
and p < 0.01, respectively). We also found a significant negative correlation between

fixation duration and change in sadness in CF (p < 0.001) and in HH (p < 0.01).

Correlation Between Cybersickness and Emotions. We found an interesting re-
lationship between SSQ and VAS outcomes after using Pearson’s correlation with
linear regression. For all 3 VEs, there was a significantly negative correlation be-
tween change in total SSQ score and change in happiness (r = —0.55, p < 0.05 for

CF; r = —0.45, p < 0.05 for HH; r = —0.49, p < 0.05 for RC).

Relationship Between Motion Sickness Sensitivity and Cybersickness. In order
to analyse data collected by questionnaires based on motion sickness sensitivity, we
divided the participants into two groups depending on their MSSQ total scores. The
mean MSSQ score of healthy people without any type of vestibulopathy (n = 167)
was revealed to be at 36.4 percentile in a previous work by Paillard et al. [33], which
is converted to 7.9 MSSQ total score. Using this score as a threshold, 14 of the
20 participants in our study established the group of people with more than average
motion sickness sensitivity. For comparison of these two groups, we ran independent
samples ? test on total SSQ score changes for each VE. Our analysis did not reveal a
significant difference between two groups on changes in total SSQ scores, however

there was an almost significant difference (p = 0.071) on RC outcomes.

For exploring the relationship between VR sickness and motion sickness sensitivity
in detail, we investigated the correlation between SSQ and MSSQ score changes for

all VEs. In our analysis, we found a positive correlation between change in total SSQ
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Table 2.3: Correlations between physiological measures and questionnaire scores for

each VE.
Campfire
Change in  Change in Change in Change in  Change in ~ Change in  Change in  Change in
Nausea Oculomotor Disorientation  Total $5Q  Hapiness Sadness Comfort Anxiety
Pupil Change 007 0.25 .14 0.18 —0.31 0.04 —0.52* n.n2
Heart Rate (.35 0.42 .34 0.42 0.12 —0.20 —0.13 —0.17
Fixation Duration —0.50* —0.23 —0.21 —0.33 0.40 —0.77**=* 0.15 —0.60*
Fixation Count .22 —0.05 —0.05 0.03 0.06 0.34 0.25 0.05
Blink Count 0.47% 0.53* (.11 0.40 —0.10 0.23 —0.21 0.34
Saccade Rate —0.01 0.09 (.15 0.10 —0.34 0.00 —0.25 0.05
Saccade Mean Speed .12 —0.01 .22 0.14 —0.14 0.03 —0.13 —0.16
Hospital
Change in  Change in Change in Change in  Change in ~ Change in  Change in  Change in
Nausea Oculomotor Disorientation  Total $5Q  Hapiness Sadness Comfort Anxiety
Pupil Change (.05 n.12 013 0.11 0.36 —0.20 0.20 0.08
Heart Rate 0.49* 0.53* .42 0.49* —0.04 0.01 —0.06 0.16
Fixation Duration 0.37 0.29 0.54* 0.43 —0.27 —0.64** —0.08 —0.36
Fixation Count —0.02 —0.08 —0.16 —0.01 0.31 0.04 0.28 —0.29
Blink Count 0.61% 0.66™ .38 0.55% 0.06 0.40 —0.30 0.46*
Saccade Rate 0.23 0.26 0.27 0.27 —0.30 —0.28 —0.32 0.09
Saccade Mean Speed .01 0.06 .04 0.04 —0.07 —0.29 n.12 —0.29
Roller Coaster
Change in  Change in Change in Change in  Change in ~ Change in  Change in  Change in
Nausea Oculomotor Disorientation  Total $5Q  Hapiness Sadness Comfort Anxiety
Pupil Change —0.03 0n.27 (.00 0.10 0.10 —0.10 0.09 —0.23
Heart Rate .18 0n.27 .22 0.25 —0.10 0.22 0.01 0.13
Fixation Duration (.11 0.11 (.36 0.21 —0.43 0.00 —0.54* 0.21
Fixation Count —0.07 —0.11 .04 —0.05 0.24 n.02 0.53* —0.38
Blink Count .04 0n.22 —0.18 0.04 0.20 0n.17 0.29 0.27
Saccade Rate 0.63* 0.44 0.48* 0.55% —0.31 0.55* 0.10 —0.15
Saccade Mean Speed .03 —0.05 .12 0.04 0.23 0.11 0.14 n.12

*Correlation is significant at .05 level. **Correlation is significant at 0.01 level

. F¥5Correlation is significant at 0.001 level.

and MSSQ scores for RC (p < 0.01) which revealed that participants who are more

susceptible to motion sickness showed more cybersickness symptoms.

2.5 Threats to Validity

In our user study, we showed the VEs in a completely random order to the participants

in order to minimize the threats to internal validity. For the purpose of minimizing

the threats to external validity, we avoided using abstract VEs in order to achieve an
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experience which is close to the real world VR scenarios. We also used a widely
available commercial HMD in our study. However, disabled HMD head tracking and
predefined paths in VEs for achieving a controlled experiment decreased the external

validity due to limiting HMD’s features.

2.6 Discussion

In our analysis, we found that context of the scene has statistically significant effect on
pupil dilation, heart rate, fixation duration, fixation count, saccade mean speed and
saccade rate. Among these measurements, pupil dilation and saccade mean speed
were effected by scene context the most significantly. We did not observe a signif-
icant effect of scene context on measured happiness, sadness, comfort and anxiety
feelings while we found that it was significantly effective on nausea, disorientation

and oculomotor discomfort in addition to total feeling of cybersickness.

The uneventful and relaxing environment of CF decreased the anxiety feeling of the
participants, on the other hand unpleasant elements in HH and cybersickness causing
roller-coaster ride in RC scene increased it. Significantly the highest pupil dilation
and saccade rate was seen on HH, caused by unpleasant elements and sounds in the
VE. A notable result was compared to RC, HH decreased the comfort feeling more
which indicates the important effect of unpleasant sensory feedback and how it can
be as effective as cybersickness symptoms in context of affecting and reducing the

general comfort levels of a person.

Our results showed that cybersickness symptoms were clearly felt by participants the
most while experiencing RC. Interestingly, participants also felt cybersickness while
traversing CF and HH as seen from change in SSQ scores. These result revealed that
even experiencing a VE which is specifically designed not to cause cybersickness and
be uneventful can cause cybersickness, especially in people who are more susceptible

to it while using a highly immersive setup.

Another interesting finding revealed in our analysis was that change in happiness
and cybersickness had significant negative correlation between them. On the other

hand, despite being the VE that caused the greatest increase in cybersickness, RC
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increased happiness while other VEs decreased it. We examined this behaviour and
found that since participants who are less susceptible to motion sickness had not felt
cybersickness as much as the ones who are susceptible to it, had enjoyed experiencing

RC and felt happier.

Finally, even though our findings were obtained after extensive analysis, in order
to better understand the interaction of such complex network of inputs and outputs,

further studies with larger sample sizes are necessary.

2.6.1 Related Publications
Cebeci, B., Celikcan, U., & Capin, T. K. (2019). A comprehensive study of the af-

fective and physiological responses induced by dynamic virtual reality environments.

Computer Animation and Virtual Worlds, 30(3-4), e1893.
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CHAPTER 3

OPTIMIZING STEREOSCOPIC PARAMETERS IN REAL TIME USING A
GAZE-DIRECTED METHOD

Providing visually realistic and comfortable experience is still a challenge in VR ap-
plications which prevents them to reach their full potential. Poorly optimized stereo
parameter settings will result in eye fatigue and discomfort while viewing 3D stereo-
scopic images, thus further causes accommodation-convergence conflict and large
disparities. Additionally, experiencing interactive stereoscopic virtual environments
(VEs) for extensive periods can further cause eye strain, visual fatigue, headaches and

inability to fuse two images (diplopia) [14].

Based on our eyes’ positions, we see the world in two slightly different views which
creates binocular vision. Stereoscopic parameters such as convergence distance and
interaxial separation produce these different views, also called screen disparities,
which results in perceived depth. Finding a comfortable range of this perceived depth
is a challenge while creating stereoscopic content. Knowing the region which has
viewer’s attention and modifying stereoscopic parameters according to that is known
for increasing the general viewing comfort [ 14]. For this reason, a method is needed
to detect the region of the viewer’s attention and modify the stereoscopic parame-
ters based on the objects in that region in order to achieve highest viewing comfort

possible.

A number of studies modified stereoscopic parameters, thus perceived depth of the
scene, in post production of 3D videos [34, 35], on the other hand, other studies
performed this parameter optimization in real time since it is more applicable to in-
teractive stereoscopic scenes. However, keeping the perceived depth in a comfortable

range in VEs where viewer’s are free to move around is challenging. To overcome
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this, Oskam et al. [15] and Celikcan et al. [16] optimized stereoscopic parameters
in real time based on scene elements. However, these methods estimate the region
of viewer’s attention while optimizing stereoscopic parameters. In order to avoid
estimation, eye tracking can be used for more accurate optimization. Earlier works
showed that tracking and using viewer’s gaze movements in optimization can reduce
fusion time thus increase the scene comfort [17]. Also, it has been demonstrated that
viewer’s gaze can improve comfort of binocular viewing while preserving original

depth of the scene [18].

Although these stereoscopic parameter optimization methods showed promising re-
sults on increasing viewing experience on traditional monitor-based 3D displays.
there are not many works conducted for immersive VR displays regarding this topic.
Widely available commercial HMDs generally have fixed stereoscopic camera param-
eters regardless of the scene content, which reduces the perceived depth and general

visual comfort.

In this part of the thesis, our goal is to investigate the effects of dynamically mod-
ifying stereoscopic camera parameters on the visual comfort and depth perception
in immersive stereoscopic VEs using an HMD. To achieve our goal, we developed
a stereoscopic camera control method based on eye tracking. We conducted a user
study to evaluate the quality of our method based on participants’ subjective self as-
sessments. For the user study, we created an indoor and an outdoor interactive VEs
and compared our method’s results with the a state-of-art commercial HMD, HTC

Vive’s default settings.

3.1 Background

3.1.1 Stereo Geometry

Depth cues are very important for human visual system to use objects’ spatial rela-
tionships to perceive them. Motion cues such as motion parallax and kinetic depth,
oculomotor cues based on eye movements, pictorial cues such as relative height and

size, binocular cues are the visual cues used for depth perception. Especially binoc-
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ular depth cues have a critical importance in stereo geometry. Our left and right eyes
receive different views due to the position differences between them, which causes
different retinal images, thus binocular vision is created as a result. Human visual
system uses two parameters in real world for creating binocular vision; binocular
disparity, the difference between two retinal images, convergence which is an eye
movement based on the rotation of the eyes that enables our eyes to fixate at a certain

point.

Figure 3.1: Accommodation and convergence conflict

Similar to real world parameters, there are two major parameters while creating a
stereoscopic image: interaxial separation (t.) and convergence distance (Z,). As
seen in Figure 3.2a, interaxial separation corresponds to the distance between two
cameras. Convergence distance is the distance between the cameras and the focus
plane (zero parallax plane) where both cameras converge. Interaxial separation (t,.)
affects the image disparity directly thus it will change the perceived depth amount
of the final created image. It has a positive correlation with perceived depth and
disparity. Compared to t., convergence distance does not affect the perceived depth,
whereas increasing it shifts the perceived depth forward and decreasing it shifts the

perceived depth backward.
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The disparity of an object which is positioned at scene distance (Z) is given as:

1 1

which shows that image disparity depends on interaxial separation (¢..), convergence

distance (Z,.) and focal length of the cameras ( f.).

There are three conditions based on an object’s position (Z) in the scene. The first
one is called zero parallax setting, the object is located on the focus plane where two
cameras converge (Z = Z.). In this condition, retinal position of the object also
appear at that distance which will cause it to appear at the surface of the physical
screen. In Z > Z_. condition, object has a positive disparity and appears behind the

screen where in Z < Z. condition, object has a negative disparity and appears in front

of the screen.

Zero parallax
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Figure 3.2: Different stereoscopic scene rendering methods
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3.1.2 Stereoscopic Scene Rendering Method

Asymmetric projection [36] is a widely used stereoscopic scene rendering method
for HMDs. In this method, cameras have an asymmetric frustum after the projection
matrix is modified as seen in Figure 3.2a. This projection matrix modification process

extends one side of the view frustum while condensing the other side.

This method is preferred over another method called toe-in stereo where virtual cam-
eras rotate based on convergence distance (Figure 3.2b). This rotation causes dis-
tortion in rendered images |36], therefore commercial HMDs such as HTC Vive and

Oculus Rift uses asymmetric projection.

3.1.3 Accommodation and Convergence Conflict

In the real world while looking at an object, our eyes accommodate and converge at
the same point where the object is positioned. On the other hand, while viewing a
stereoscopic image displayed on the screen, the viewer’s eyes accommodate on the
display screen, however their eyes converge on depth of the object they are looking
at as seen in Figure 3.1. Since this condition does not occur in real world, it creates a
conflict between accommodation and convergence of the eyes. Due to this unnatural
experience, general comfort while viewing stereoscopic images on a 3D display or

HMD greatly decreases.

3.2 Related Work On Improving Stereo Viewing Comfort

In order to increase the general comfort of a stereoscopic scene, many studies mod-
ified stereoscopic parameters in different methods. One of the earliest conducted
studies about this topic is made by Ware et al. [37], where they implemented a stereo
parameter modification algorithm which works in real time and reduces discomfort.
Similarly, Kulshreshth et al. [38] proposed a dynamic stereo parameter adjustment
algorithm but they used the depth map of the VE to find optimum stereo parameters.
They found that their dynamic stereo parameter adjustment algorithm was preferred

over the fixed stereo parameters by the subjects. Celikcan et al. [16] optimized stereo
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parameters based on importance of the scene objects and the distance between them
and virtual cameras, and improved scene depth considering viewer’s disparity range.
Their results showed that their method improved the general quality of the stereo-
scopic viewing experience. Oskam et al. [15] modified virtual cameras’ convergence
distance and interaxial distance dynamically based on virtual objects and viewer’s
position in the VE and they increased scene comfort without decreasing perceived
realism. Aside from these works which used a desktop 3D display in their studies,
Sherstyuk et al. [39] used an HMD and optimized the convergence distance based
on the virtual hand model’s position. They stated that their dynamic eye conver-
gence model increased the VR quality. Although these studies improved the quality
of stereoscopic scenes, they based their methods on gaze estimation which is not as

accurate as using the gaze points directly.

Therefore, instead of using viewer’s gaze based on estimation, detecting and tracking
their gaze points with an eye tracker will provide more accurate and reliable results
while developing stereoscopic scene parameters optimization methods. Thus, in order
to enhance stereoscopic viewing experience, many studies used eye tracker in their

optimization methods.

Foveated rendering, a rendering technique which uses an eye tracker to acquire the
gaze center and reduces the quality of the image in the outside area of the gaze point,
is widely used in both screen-based and VR stereoscopic displays. Arabadzhiyska et
al. [40] improved the quality of foveated rendering by estimating ending position of
a saccadic eye movement in screen based stereoscopic displays. Pai et al. [41] and
Romero et al. [42] used foveated rendering in VR however they did not validate their
studies with a user study. Aside from foveated rendering, Conti et al. [43] used the
viewer’s gaze to implement a dynamic depth of field (DOF) blur effect in a CAVE
Automatic Virtual Environment, however participants did not preferred DOF blur.
Kellnhofer et al. [44] improved the depth of stereoscopic images using eye fixation

points in stereoscopic 3D displays.

The effect of dynamic adjustment of stereo parameters based on gaze feedback is in-
vestigated in a number of studies using stereoscopic 3D displays. Gurrieri [ 18] used

viewer’s gaze points to apply disparity correction in order to increase comfort and
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decrease accommodation and convergence conflict. However, they manually gener-
ated disparity maps in their method which is not applicable for real time applications
such as interactive 3D games. Bernhard et al. [17] avoided manual adjustment steps
and used a a gaze-directed stereoscopic parameter optimization method in an abstract
scene which works in real time and found that their method increased comfort and
scene depth while lowering fusion times. Aside from their stereo parameter adjust-
ment algorithm based on depth maps, Kulshreshth et al. [38] also developed a stereo
parameter modification model using viewer’s gaze points. They noted that their model

performed better while virtual objects are close to the camera.

Unlike traditional stereoscopic 3D displays, not many studies are conducted regarding
this topic in VR. Koulieris et al. [45] implemented a gaze predictor method using
machine learning. For collecting data to train their classifier, they used an eye tracker
integrated in an HMD. Their method predicted viewers™ gaze points during a video
game viewing session and modified stereoscopic parameters dynamically. They stated
that their method can make accurate gaze point predictions and improves general
scene quality. Despite using eye tracker only for classifier training purpose and not
in real time optimization, their method showed improvement over other methods they

have compared with in their study.

Konrad et al. [46] dynamically changed ocular parallax stereo parameter using view-
ers’ gaze points captured with an eye tracker integrated HMD. They found that mod-
ifying ocular parallax also improved the realistic depth feeling in VR environments.
Jacobs et al. [47] dynamically modified vergence angle and interaxial distance of vir-
tual cameras based on the depth of viewers™ gazes in VR. They also implemented a
probability model to improve tracked eye movements’ accuracy. Yet their subjective
assessments and objective measurements revealed that their method unexpectedly de-
creased visual comfort of the VE which shows the challenges of stereoscopic camera

parameter modification without causing discomfort.

Although there are studies in the literature which modify stereoscopic parameters in
order to improve general quality of VR using eye tracker systems, our gaze-directed
stereoscopic camera control method is an improvement over for those mentioned

methods, mainly for not requiring any pre-processing such as training a machine
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learning model and can work with any 3D scene in real time. Unlike our study,
similar works [45] [47] used limited to non interactable VEs where freely moving

around the VE is not available.

3.3 Approach

Gaze point distance
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Figure 3.3: Flow diagram of gaze-directed method

3.3.1 Gaze-Directed Stereoscopic Camera Control

As mentioned in the previous chapters, commercial HMD devices such as HTC Vive
have fixed stereoscopic camera parameters which results in poor depth perception and

general comfort. For the improvement of these concepts, we propose a gaze-directed
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method which uses a built-in eye tracker in HTC Vive to modify the stereoscopic

parameters in real time. Our method’s flow can be seen in Figure 3.3.

The main idea of our method is based on changing the scene objects” depth by po-
sitioning them in a region called viewer’s zone of comfort, in order to minimize the
visual discomfort in stereoscopic displays [48]. This process is also called stereo-
grading |45]. Without this stereo-grading process, viewer’s eyes accommodate and
converge on separate distances which causes blurred or double vision, further results
in eyestrain, headache and fatigue. Therefore, to avoid any unwanted effects, we

performed stereo grading by modifying the projections of the objects in VEs.

3.3.2 Stereopsis Limits Calculation

Calculating viewer’s stereopsis limits, i.e., comfortable depth perception range is cru-
cial to avoid visual artifacts causing eye strains on too high disparity values or low

depth feeling on too low disparity values.

For this purpose, a scene for stereopsis limits calculation which includes a realistic
human model, is created. At the beginning, the human model positioned close to
the virtual cameras as seen in Figure 3.4a. The viewers adjusted the disparity to
find a point which makes the stereoscopic scene not comfortable to view. We saved
this personalized disparity value as minimum disparity (d,,,;,,). Following that, the
human model positioned further to the virtual cameras as seen in Figure 3.4b and the
viewer again adjusted the disparity similar to last step. This disparity value saved as
maximum disparity (d,,..). This calculation phase is performed at the beginning of
the experiment for each viewer and their unique (d,i, ) and (d,,q.) values used in the

stereoscopic parameters optimization.

3.3.3 Camera Convergence Distance Modification

Camera convergence distance of the virtual cameras positioned as close as possible to
the area in 3D environment which has the attention of the viewer in order to minimize

the comfort reducing effects. As mentioned in Section 3.2, several works used gaze
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Figure 3.4: Stereopsis limits calculation steps

approximation of the viewer while they are experiencing VE in order to achieve this

goal. We used an eye tracker to obtain precise and accurate gaze points of the viewers

to eliminate the need for approximating gaze points.

To find out which virtual object has the attention of the viewer, we cast rays from the

virtual cameras to the gaze point at that moment. After calculating the distance be-

tween the object which has viewer’s attention and virtual cameras, we set the camera

convergence distance based on the newly calculated distance each frame. A summary

of the camera convergence distance modification algorithm can be seen in Algorithm

l.

Algorithm 1 Camera convergence distance setting algorithm

1:

2:

3:

obj < getTrackedObject()

> Finding the object viewer is looking at

dist < calculateDistance(obj)

> Calculate the distance between virtual cameras and the object viewer is looking

at

. SetConvergenceDistance(dist)

> Set convergence distance according to the new distance calculated.

However, this approach may result in unwanted effects considering frame-to-frame

calculations. Viewers can quickly shift their attention from a far object to closer
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object and vice versa. Changing camera convergence distance immediately based on
these movements will decrease the viewing comfort. As a solution, we set the camera

convergence distance gradually based on the value from previous frame:

z(t—1)+ax,ifz(t) —z(t—1) <z
Fx(t) =zt — 1) + zg, if 2(t) —z(t — 1) > 33

z(t — 1) + k(z(t) — z(t — 1)), otherwise.

where z; e R7, 29 € R and kischosentobe 0 < k < 1.

3.3.4 Optimizing the Interaxial Camera Distance

For the interaxial camera distance optimization, we determined and labeled focus
objects, which are potential objects that will have viewer’s attention in the VE. We
labelled focus objects offline for both VEs. Each frame, visible focus objects to the
virtual cameras are detected and their distances to the cameras are calculated. Ob-
jects far from the virtual cameras more than the maximum allowed distance are not

included 1n calculations.

In order to use focus objects for optimizing interaxial distance value each frame,
we formulated an energy function E(t.) for the purpose of maximizing total scene
disparity, thus increasing general depth feeling of the stereoscopic scene. E(t.) is

formulated as

- 11
E(tc) = Zfr:t(: (? - ?) (32)

i=1

where Z; is forward distance of i** focus object from the virtual cameras and n is
the number of focus objects found for current frame. Our algorithm for finding focus

objects and their forward distances from cameras is outlined in Algorithm 2.
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Algorithm 2 Focus object distance calculation algorithm

1: e|| < getFocusObjects()

2: > Get all focus objects in the current scene
3270

4: for Ve|i| do

5: if e|i|is visible by camera then

6: cli|.Z + ForwardDistance FromCamera()

7: if ¢[i|.Z < D, then

8: > Dypee : maximum allowed forward distance
9: o[j] « elil

10: > implies o[j].Z < eli|.Z

11: 1 7+1

12: end if

13: end if

14: end for

15: return o]

Our model maximizes E(t..) based on following constraints:

1 1
dmu;:: 2 ff:tc(z - Z) 2 dmin;vﬂl § 1 S n, (33)

where d,,,4, and d,,,;;, obtained from disparity calibration. Using these constraints, we
kept the scene depth in a comfortable perceivable depth range while viewers experi-

enced our VEs.

We used improved stochastic ranking based evolutionary strategy (ISRES) algorithm
[49] for the optimization of our energy function. In constrained optimization, the
ISRES algorithm is a well known solution which is also available in NLopt library
[50]. In order to optimize our energy function in real time, we used multi-threading

to run the algorithm while viewer is traversing our VEs.
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3.3.5 Projection Matrix Modification

For adjusting stereoscopic view of the HMD based on our newly calculated con-
vergence distance and interaxial separation values, we used asymmetric projection
matrix modification method as described in Avan et al.’s [51] work. They swapped
the left and right eye projection matrices in order to make the modification method

suitable for HMDs.

The projection matrix we used in our work is:

o t—b t—b
P = 0 —(f+4+n) —2fn (34)
f—b f—n
0 0 —1 0

where 1,7, t,b,n and f corresponds to left, right, top, bottom, near and far plane

positions of the view frustum. :%2 and :—:i create vertical and horizontal off-axis

asymmetry |52]. Because of the built-in vertical asymmetry of the HMD lenses, only
the horizontal off-axis asymmetry is modified and vertical off-axis asymmetry (¢ and

b values) remain unaltered.

New [ and 7 values for left frustum are calculated as

9 t(: T 9 tc 4

and for the right frustum, they are calculated as

7 t.\ n d t.\ n
| = —(Z(;qt(ln(i) - E)Z r= (Z(:qtan(i) + E)Z (36)

where ¢ is the aspect ratio and 6 is the vertical FOV. Newly calculated values of [ and

N| =

7 used in matrix P in Eq. 34.
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3.4 Experimental Evaluation

3.4.1 Equipment

We developed and conducted our study on a PC which has Intel(R) Core(TM) i7-6700
CPU, 16 GB RAM and an Nvidia GeForce GTX 1050 Ti graphics card. As VR set,
we used an HTC Vive head-mounted display (HMD) containing the Tobii Pro eye

trackers that have 120 Hz output frequency with estimated accuracy of 0.5 degree.

3.4.2 Virtual Environments

For our study, we created two distinct VEs; the first one is a classroom environment
(CR) which is an indoor environment that contains animated realistic human models
(Figure 3.5a), the second one is suburban street (SS) which is an outdoor environ-
ment with animated realistic drone and robot models (Figure 3.5b). Using HTC Vive
controllers, participants moved freely around in the VEs. In SS, participants further

interacted with the VE using a virtual gun which tracks the controllers movements.

3.4.3 Subjects

21 people volunteered for our study however, three volunteers with mean age 27 +
1.41 failed to participate in the study. Despite passing the Monoyer chart test, one
of them had blurred vision which prevented a high quality VR experience and others
failed to pass eye tracker calibration. Remaining 18 volunteers, who will be referred
as participants from this point, with mean age 24.88 + 5.32 (13 males, 5 females)

completed the study with success. Participants™ ages varied between 20 and 42.

Using a five-point Likert scale questionnaire (0: “no previous experience,” 4: “very
experienced”), participants rated their previous VR experience levels. Participants’
mean experience level was 1.27 = 1.28 and 6 of the participants experienced VR for
the first time. All participants volunteered for our study and did not received payment

or anything else in return.
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() (b)

Figure 3.5: Sample frames from (a) CR and (b) SS

3.4.4 Procedure

Before participants started the experiment, first their general vision acuity and stereo-
scopic viewing ability were checked using Monoyer chart and random dot stereogram
test respectively. All participants scored at least 9 out of 10 in Monoyer test and

passed random stereogram test thus qualified for the experiment.

Following that, participants were asked to sign a consent form. After their approval,
they completed a demographic form containing questions regarding their names, ages,
VR experiences and university departments they graduated. After that, experiment

procedure and usage of the HTC Vive controllers explained to the participants.

As a last step, each participant’s interpupillary distance was measured and the HTC

Vive HMD was adjusted according to measured distance value. In order to achieve
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Figure 3.6: Eye tracker calibration points

accurate tracking of the eye movements, the eye tracker has to be placed on the head
of the user correctly and calibrated first. When participants put on the HMD, headset
is adjusted until it is in an acceptable position by the eye tracking system. Following
that, eye tracker calibration phase started with displaying 5 dots on the screen one by
one as seen in Figure 3.6. Participants followed these dots only with their eyes. If
the calibration is successful, depth perception calibration phase started. This phase is

carried on as explained in Section 3.3.2.

For comparing our method, participants experienced each VE twice in random order;
with the default HTC Vive parameters where no stereoscopic camera parameter opti-
mization is present, and with our Gaze-Directed Stereoscopic Camera Control where
stereoscopic camera parameters optimized in real time. Participants were told to ex-

amine their surroundings while traversing the VEs for a better methods comparison.

Firstly, CR sessions showed to the participants. They were asked to go near to the 5
checkpoints placed across the VE in an unrestricted order using HTC Vive controllers.
After 5th checkpoint is reached, session concluded. After experiencing CR twice with
different methods, SS sessions started. Participants traversed a suburban street where
robot and drone enemies attacked as they progressed. Participants were asked to shoot
them using HTC Vive controllers. When they reached at the end of the VE, session

ended. After experiencing SS with the other method, experiment concluded.

After each session, the participants removed the HMD and were asked to evaluate
the visual quality, visual comfort, perceived depth and overall experience of the VE

they viewed in that session on a 7-point Likert scale questionnaire where 1 indicates
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the worst score and 7 indicates the best (See Appendix C for details). While some
studies investigated realistic depth [46] [53], we aimed to measure depth perceived

by participants and explore its possible improvements.

3.5 Results

3.5.1 Frame Rate
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Figure 3.7: Ranges of frame rates of sessions are shown with blue bars. Red dots

mark the averages.

Virtual Reality applications are required to meet averagely 90 frames per second while
running in order to avoid unwanted effects on the users. Considering this, we had to
optimize our VEs and camera optimization method to match this requirement while
real time stereoscopic camera optimization is present. We recorded average frame

rate of each session and results can be seen on Figure 3.7.

Our frame rate recordings showed that sessions with default HTC Vive configuration
had slightly higher frame rates compared to sessions with our optimization method.
This result was expected since there are no extra elements which require additional
computational power in default HTC Vive settings unlike our method which works
with additional hardware and software such as an eye tracker and libraries for the

stereoscopic parameters optimization. While this difference 1s unnoticeable in CR
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which has approximately 598 thousand polygons per frame, it is more significant in
SS which has approximately 903 thousand polygons per frame. Focus objects are
another factor to cause frame drops in SS for our method. On average 16 focus
objects per frame were used in optimization although this number increased to 20
focus objects per frame in SS where it also peaked at 25 at the beginning part of the

VE.

These results showed that our method causes frame rate drops in VEs with higher
polygon count per frame and increased number of focus object. Despite the fact that
frame rate drops in our method, in the end it does not effect the VR experience and

our method can still catch up with the frame rate requirements of the VR applications.

3.5.2 Evaluation Scores

Average scores of participants’ self assessments for four different measures (Image
Quality, Perceived Depth, Visual Comfort, Overall Experience) where 1 is the lowest
score and 7 is the highest, for both Default HTC Vive setup and our Gaze-Directed
Stereoscopic Camera Control Method can be seen on Table 3.1a for CR and Table
3.1b for SS.

Results on Table 3.1 showed that our method overperformed HTC Vive camera setup
and had higher average scores for all four measurement metrics in both VEs, where
the differences between average scores of default setup and our method are greater in

SS. Figure 3.8 shows the average scores in detail.

3.5.3 Statistical Analysis

For analysis we conducted two-tailed paired sample t-tests to participants™ self as-
sessment scores. Analysis showed that there was a statistically significant difference
between our method and default HTC Vive setup in terms of perceived depth in CR,
image quality, perceived depth, visual comfort and overall experience in SS. These

results revealed the following:

e Our method’s perceived depth (M = 6.06, SD = 0.73) provided significantly
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Figure 3.8: Ranges of scores given by the user study participants are shown with blue
bars for (a) image quality, (b) perceived depth, (c) visual comfort, and (d) overall

experience. Red dots mark the respective averages.

better depth perception than provided by default parameters (M = 5.17, SD =
0.99) in CR (¢t = 3.332,df = 17,p = 0.004).

e Our method’s overall experience score (M = 5.67,SD = 0.68) was almost
significantly better compared to default parameters (M = 5.22, 5D = 0.80)
sessions in CR (¢ = 2.046, df = 17, p = 0.057).

e Image quality in our method (M = 5.72,SD = (0.67) was significantly better
than default parameters’ image quality (M = 5.11, 5D = 0.90) in SS (f =
2.829,df = 17,p = 0.012).

e Perceived depth of our method (M = 6.11, SD = 0.58) was significantly better
than depth perception in default parameters sessions (M = 4.94, 5D = (.87)
in SS (t = 4.302,df = 17,p < 0.001).
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e Our method’s visual comfort (M = 5.78, 5D = 1.35) was significantly higher
than default parameters’ visual comfort (M = 4.94, 5D = 0.80) in SS (t =
2.185,df = 17,p < 0.043).

e Our method provided significantly better overall experience (M = 5.83,SD =
0.99) than default parameters (M = 5.17,5D = 0.51) sessions in SS (f =
2817, df = 17,p = 0.012).

As seen from the analysis results, our Gaze-Directed Stereoscopic Camera Control

Method did not yield significant effect on image quality, visual comfort and overall

experience aside from perceived depth in CR. Thus, we believe that our method can

be used to improve overall depth perception for indoor scenes. On the other hand,

our method clearly performed better in SS, an outside environment with wide depth

range and more engaging VE interaction, providing significant improvement over

default HTC Vive parameters on all four measures.

Table 3.1: Averages of participants’ ratings on 7-point Likert scale (a) for CR (b) for

SS.
(a)
Image Quality | Perceived Depth | Visual Comfort | Overall Experience
(M +£SD) (M £ SD) (M +£SD) (M £ SD)
Experience with
5.33 +£1.00 5.17 £ 0.96 S.17+1.12 522+0.79
Default Settings
Experience with
544 +£0.76 6.06 + 0.70* 5.39 £ 0.83 5.67 £ 0.67
Gaze-Directed Camera Control
(b)
Image Quality | Perceived Depth | Visual Comfort | Overall Experience
(M +£SD) (M £ SD) (M +£SD) (M £ SD)
Experience with
5.11 £0.87 494 £ 0.85 494 +0.78 5.17 £0.50
Default Settings
Experience with
5.72 + 0.65% 6.11 + 0.57* 5.78 + 1.31% 5.83 = 0.96%
Gaze-Directed Camera Control
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3.5.4 Comparing With Saliency Guided Camera Control Method

In addition to our analysis, we also compared our Gaze-Directed Stereoscopic Camera
Control method with a Saliency Guided Camera Control Method which uses Zhang
et al.’s [54] visual saliency methods, in an unpublished manuscript [55] with the
same participants and VEs as our study and without changing the experiment pro-
cedure. Along with the sessions where our method and default VR parameters are
present, participants experienced the same VEs with saliency guided method mod-
ifying stereoscopic parameters in real time. Analysis showed that, saliency guided
method showed a significant improvement over default VR parameters only in terms
of perceived depth in SS (p = 0.044). However, our method provided significantly
better perceived depth compared to saliency guided method in SS (p = 0.021). The
results showed that aside from improvements over default VR parameters, our method
also provided better VR experience compared to the saliency guided method, espe-

cially in the outdoor scene.

3.6 Threats to Validity

In our user study, while participants experienced the sessions with our method and
default VR parameters in a random order, the order of the VEs did not change. To
further eliminate possible threats to internal validity, instead of showing SS after CR,
order of the VEs can be randomized as well. Similar to the user study conducted
in Chapter 2, we used a widely available commercial HMD and created VEs which
are applicable in real world VR scenarios. HMD's features were not restricted and
participants moved freely in VEs similar to the real VR applications. For the purpose
of minimizing threats to external validity and acquiring more generalized results, our
gaze-directed stereoscopic camera control method can be tested with additional in-

door and outdoor VEs with different contexts.
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3.7 Discussion

In our study, we proposed a novel automated gaze-directed stereoscopic camera con-
trol method which works in real time for the purpose of increasing visual comfort and
depth feeling of VEs, thus improving general quality of VR experience. For testing
our method, we created two interactive VEs with different settings and we conducted
a user study with 21 participants where each participant experienced both VEs twice,
once with our method is present and once with default HTC Vive fixed stereoscopic

parameters.

We compared our method and default HTC Vive parameters in terms of VE’s image
quality, perceived depth, visual comfort and overall experience based on participants’
self assessments. Our results showed that our method showed an improvement in all
four metrics of the VE we have measured in SS, while in CR only improvement was
in perceived depth. These results suggest that our method works significantly better

in VEs with more engaging interaction and wide depth range.

In conclusion, our study showed that dynamically modifying stereoscopic parameters
based on gaze data in VEs is an applicable method to improve the VR experience of
commercial HMDs. Besides the success of our gaze-directed method, further studies
with larger sample sizes and different VEs are necessary to see the full potential of

our method.

45



CHAPTER 4

CONCLUSION

In this thesis, we investigated the physiological and affective responses induced by
experiencing VEs with different contexts in our first study. Through our comprehen-
sive analysis of participants’ objective physiological measurements and subjective
self assessments, we distinguished whether a response is caused by cybersickness
symptoms or the unpleasant setting of the VE, explored the interaction between emo-
tions and cybersickness, examined the link between motion sickness susceptibility
and cybersickness. The results of our user study revealed that context of the VE can
cause significant physiological responses; pupil dilation, saccade rate and fixation
count were significantly higher when participants were experiencing VE with un-
pleasant setting, saccade mean speed was the highest while cybersickness symptoms
are present. These findings demonstrate how VR technology can affect our emotional

state and cause physiological responses in human body.

In our second study, we introduced a real time working stereoscopic camera param-
eters optimization method based on viewer’s gaze and scene contents in VR in order
to improve VR experience by increasing perceived depth and general comfort. Re-
sults of our user study showed that dynamically modifying stereoscopic parameters
based on gaze information in outdoor VE provided improved image quality, perceived
depth, visual comfort and better overall experience compared to default fixed VR pa-
rameters. On the other hand, changing stereoscopic parameters dynamically in indoor
VE still showed a promising result by providing a higher perceived depth quality. Our
study demonstrated that our gaze-directed stereoscopic camera control method can be
used as a suitable solution in VR in order to increase the quality of the experience,

especially in VEs with wide depth range and more interaction.
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4.1 Future Work

Even though we gathered valuable information in the first study and found mul-
tiple physiological measurements has a relationship with unpleasant scene setting,
only saccade mean speed was found to be highest when cybersickness symptoms are
present. In a further study with increased range of physiological response measure-
ments, additional metrics can be found and by using them, our stereoscopic camera
control method’s effects on cybersickness can be explored. Besides the success of
our stereoscopic camera control method, it can be integrated with foveated rendering
technique and the effects of the foveated rendering can be investigated to find further
possible improvements. Sense of presence in VEs is also another important concept
which can show the effectiveness of the VEs and can be measured using question-
naires [56]. As an additional metric, sense of presence can be measured in order to

explore the effects of our stereoscopic camera control method on presence in VR.
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APPENDIX A

VAS QUESTIONNAIRE

Asagida verilen duygulan su anda ne derece hissettiginizi 1 (“hi¢”) ile 7 (“gok”) arasinda puanlayimz.

‘ Su anda kendinizi ne kadar Mutlu hissediyorsunuz?

|

Hig Mutlu Mutlu Cok Mutlu
Hissetmiyorum Hissediyorum Hissediyorum
1 I 2 I | 3 I I 4 I | 5 I I 6 I 7
D L1 L L L1 Ll EI
‘ Su anda kendinizi ne kadar Uzgiin hissediyorsunuz? ‘
Hig Uzgiin Uzgiin Gok Uzgiin
Hissetmiyorum Hissediyorum Hissediyorum
1 I 2 l I 3 l I 4 l I 5 l I 6 l 7
D L1 | L L- 1 L D
$u anda kendinizi ne kadar Rahat hissediyorsunuz? l
Hig Rahat Rahat Cok Rahat
Hissetmiyorum Hissediyorum Hissediyorum
1 I 2 I I 3 I I 4 I | 5 I I 6 I 7
D L1 L L1 L L1 D
‘ Su anda kendinizi ne kadar Endigeli hissediyorsunuz? ‘
Hig Endigeli Endiseli Cok Endigeli
Hissetmiyorum Hissediyorum Hissediyorum
1 I 2 I | 3 I I 4 I | 5 I I 6 I 7
D L= L1 L | | L EI
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No

APPENDIX B

SIMULATOR SICKNESS QUESTIONNAIRE

Date

Sanal Gergeklik Tutmasi Anketi

Asafidaki belirtilerin su anda sizi ne dlgiide etkiledigini isaretleyin.

10.

1.

13.

14.

l6.

. Genel rahatsizhk

Yorgunluk

Bas agnis1

Goz yorgunlugu

. Odaklanmada zorluk

Tiikiirtikte artis

Terleme

Mide bulantis:

Konsantrasyonda gii¢liik

Basta doluluk hissi

Bulanik goriis

. Goz agikken bas donmesi

Goz kapaliyken bas donmesi

Vertigo

. Az miktarda mide bulantisi

Gegirmek

5
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APPENDIX C

SCENE EVALUATION QUESTIONNAIRE

User ID Number:

Test Scene # :

izlediginiz sekansin ortalama

@ 200
7 6 5 4 3 2 1

Resim (Goriintii) Kalitesini
Degerlendiriniz
|
) "
Izlediginiz sekansin verdigi ortalama e
Derinlik Hissini
Degerlendiriniz 7 ¢ 51 : 2 !
|
"
izleme sirasinda hissettiginiz ortalama —
Gorsel Konforu
Degerlendiriniz 7 e y 4 3 z !
|
) "
Izlediginiz sekansa bir -
Genel Deierle}m".llfme Puani ; 6 s s 3 2 )
Veriniz
|

Faydal Agiklamalar

1- Resim (Gariintii) Kalitesi icin:

Koti 3B gorintl Gretimi, gift goruntlye (ghosting efektine) ve goriintl keskinligi kaybina yol agmaktadir.

2-Derinlik Hissi igin:

lyi iretilmis 3B goruntuler, 2B goruntilerden farkedilir dizeyde ayrilacak denli iyi derinlik hissi

sunmaktadir.

3- Gorsel Konfor igin:

Kot uretilmis 3B goruntiler size gorsel rahatsizlik verir, gozlerinizi daha fazla yorar.
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