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Abstract

The research domain on the Quality of Experience (QoE) of 2D video streaming has been well
established. However, a new video format is emerging and gaining popularity and availability: VR
360-degree video. The processing and transmission of 360-degree videos brings along new challenges
such as large bandwidth requirements and the occurrence of different distortions. The viewing
experience is also substantially different from 2D video, it offers more interactive freedom on the
viewing angle but can also be more demanding and cause cybersickness. Further research on the QoE
of 360-videos specifically is thus required.

The first goal of this thesis is to complement earlier research by (Tran, Ngoc, Pham, Jung, and Thank,
2017) testing the effects of quality degradation, freezing, and content on the QoE of 360-videos. The
second goal is to test the contribution of visual attention as influence factor in the QoE assessment.
Data will be gathered through subjective tests where participants watch degraded versions of 360-
videos through an HMD with integrated eye-tracking sensors. After each video they will answer
questions regarding their quality perception, experience, perceptual load, and cybersickness.

Results of the first part show overall rather low QoE ratings and it decreases even more as quality is
degraded and freezing events are added. Cyber sickness was found not to be an issue. The effects of
the manipulation on visual attention were minimal. Attention was mainly directed by content, but also
by surprising elements. The addition of eye-tracking metrics did not further explain individual
differences in subjective ratings. Nevertheless it was found that looking at moving objects increased
the negative effect of freezing events and made participants less sensitive for quality distortions. The
results of this thesis alone are not enough to successfully regard visual attention as an influence factor
in 360-video.
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Chapter 1

Introduction

Multimedia streaming has been gaining great popularity amongst consumers everywhere. The number
of streaming services (e.g. Netflix, Amazon prime, and HBO) has been growing, and the available
content even more so. The Majority of the offer is 2D video streaming such as movies and TV shows.
However, a new format, “VR 360-degree video” -omnidirectional content that can be viewed through
a head-mounted display (HMD)- is growing in popularity. This format offers a much more immersive
viewing experience compared to 2D video. Popular streaming platforms such as YouTube, Vimeo
and Fox Sports are increasing their offer of 360-degree content. Additionally, HMD’s are becoming
more affordable and available for the general public allowing for a larger audience to access these
omnidirectional videos. For acceptance and application of this media format in people’s everyday
life, an understanding of how to provide a pleasant viewing experience while efficiently utilizing
network resources is needed. In multimedia research the Quality of Experience is an important
measure, which is defined by the ITU-T standard as follows: “Quality of Experience (QoE) refers to
the overall acceptability of an application or service, as perceived subjectively by the end-user.”
(ITU-T 2017). There are many factors that can influence the QoE. An influencing factor (IF) is any
characteristic of a user, system, application, or context whose actual state or setting may influence on
the QoE (Callet et. al., 2012).

As with 2D video, studying the QoE is important in the development and improvement of
360-video technology. Even more so as the processing and transmission of 360-degree format brings
along new challenges such as large bandwidth requirements and the occurrence of different
distortions. The viewing experience is also substantially different from 2D video; it offers more
interactive freedom on the viewing angle but can also be more demanding and cause cybersickness.
The goal of this thesis is to first complement earlier research by gathering subjective data on the
effects of different influence factors such as quality degradations, freezing events and content on the
QoE, cybersickness and the perceptual load of 360-videos. Secondly, it will add to that by evaluating
visual attention as an influencing factor and study its relation to the QoE through the use of eye-
tracking technology embedded in the HMD. Results may be used to define quality recommendations
and contribute to the improvement of objective QoE metrics.

Now let’s first go back and discuss QoE a bit more. As mentioned earlier, many factors could
influence the QoE. There are Human IFs, System IFs, and Context IFs. Human IFs are characteristics
of the user such as demographics, socio-economic background or the physical and mental/emotional
state. System IFs are properties of characteristics influencing the technical quality of a product and
can be content-, media-, network-, or device-related. Context IFs are situational properties and the
physical, temporal, social, economic and technical characteristics of a user’s environment. In the end,
a combination of influence factors defines the QoE. (Reiter et al., 2014). QoE research focusses on
studying how IFs are related to the user’s experience to support the development of media
technologies and has become an important domain with the growing availability of multimedia.
Important system IFs on the QoE of 2D video streaming are among others: viewing distance, display
size, resolution, bitrates, network performance (Kuipers, Kooij, Brunnstrom, 2018). Furthermore,
distortions and artifacts that occur during the different processing steps also have negative influence
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on the QoE,(Mdller, Raake and Kiipper 2014) with distortions in salient regions having even more so.
(Engelke, Pepion, Callet, and Zepernick, 2010).

To simply apply the theory and methods of 2D video to the 360-video domain is not trivial
and requires more specific research on how new challenges and a different viewing experience that
come with 360-video relate to the QoE. The following section will first discuss these challenges and
differences in a bit more detail.

360-Videos are recorded with multiple dioptric cameras each capturing a different angle. The
input from these cameras is then stitched together by a mosaicking algorithm. Artifacts may occur
due to inconsistency between the cameras. For example, the light could be different in different
viewpoints. As the material is stitched together, issues could arise causing quality artifact and
distortions. How these new artifacts affect the QoE and users viewing behavior has yet to be
determined. The transmission of 360-videos is a great challenges due to the large required bandwidth.
Today, 4K resolution is accepted as a minimum functional resolution but requirements are increasing
with prospects of 8K, and even 16K resolutions to be stored and transmitted efficiently (Azevedo et
al., 2018). To lower the bandwidth requirements, video material has to be compressed to lower
qualities which causes compression artifacts which may negatively affect the experience (Azevedo et
al., 2018). The right balance between compression, latency and user satisfaction has thus to be found.

Watching VR 360-videos through an HMD offers a much more immersive experience. The
level of immersiveness and presence a person experiences is related to the video quality and
influences the QoE (Tran, Ngoc, Pham et al., 2017). Furthermore, delays, rebuffering and quality
fluctuations due to networks reaching their limits, could cause confusion and cybersickness by
disrupting the course of movements which negatively influences the viewing experience (e.g.
Hettinger and Riccio, 1992; Porcino, Clua, Trevisan, Vasconcelos and Valente, 2017). The HMD is
also much closer to the eye compared to conventional 2D displays, which may increase the visibility
of distortions and induce more eye strain and fatigue which makes the experience more demanding.
Space between pixels may also be visible due to the closeness of the screen to the eyes (Azevedo et
al., 2018). The quality perception and experience may, therefore, be different in VR 360-videos
compared to regular 2D video.

Additionally, the 360-degree material allows for a new way of interacting with media. In
contrary to 2D video, users have more freedom in deciding from what angle to watch the content. The
total image is also larger than the users’ field of view, therefore, different users may view different
parts and proportions of the content and each explores it in a different order. Visual attention would
thus be an interesting IF in 360-video and its relation to the QoE should be studied.

In summary, QoE research is important for the development of video streaming technology to
most efficiently handle the trade-off between providing good quality and limiting network burden.
Additionally, 360-video offers a substantially different experience compared to regular 2D, therefore,
it would be prudent to do more research on the QoE in 360-video specifically. So far not many
studies have been conducted, and subjective methods have yet to be standardized. Nevertheless, some
studies have been performed adapting methodologies from 2D video quality assessments. An
elaborate study by Tran, Ngoc, Pham et al. (2017) tested the effects of several IFs such as resolution,
bitrate, content, and camera motion and viewing device on the perceptual quality, presence,
cybersickness and acceptability of 360-video. Their results are a step towards understanding the QoE
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in 360-video and will additionally be used in the development of objective QoE metrics. Another
study looked at the effects of stalling events on the QoE and annoyance (Schatz, Sackl, Timmerer and
Gardlo, 2017). Their results show that even a single stalling event leads to a significant increase in
annoyance and should thus be avoided. However, different patterns did not necessarily result in
different annoyance scores. Chapter 2 will give a more elaborate overview of these two studies.

So coming back to the research scope, in 360-video users have more interactive freedom to
direct their viewing angle, which results in different users seeing different parts of the total image. An
understanding of users’ visual attention while watching 360-videos and how that relates to the QoE
would be beneficial to be considered in the improvement of QoE assessments. Therefore, in this
thesis, the combination of QoE with eye-tracking will be evaluated. Due to a lack of a substantial
body of research on 360-video, some of effects found in the studies mentioned will be tested again to
see if they still hold. In addition to that, eye tracking will be added to measure visual attention and
test how that is related to the users’ quality perception and experience. Based on the results it can be
evaluated whether eye-tracking and visual attention are valuable contributions to QoE assessment of
360-videos. In the next section visual attention will be further explained, as well as what is already
known about its relations to the QoE in 2D video.

In the next chapter, an overview of the topics covered in this thesis is provided after which the
research questions and hypothesis will be discussed followed by the used methodology as well as a
discussion of the results and conclusions. For an even more elaborate overview of the literature of the
topics covered in this thesis, see Appendix A, .
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Chapter 2

Background

This chapter will elaborate on the topic covered in this thesis after which the research questions and
hypotheses will be discussed.

2.1 Description of 360-degree Video

360-video is omnidirectional content providing the user with a more immersive experience compared
to 2D video. Tthe user can turn his/her head and look at the video from different angles. An overview
of the processing steps taken from acquisition to consumption of 360-video material is given in
Figure 1 (Azevedo et al., 2018). Currently, 360-video cameras consist of multiple dioptric cameras
each capturing a different angle. The input of the different cameras is then stitched together by a
mosaicking algorithm. Inconsistencies between the cameras could cause visible distortions as for
example different lighting from different angles.

Acquisition Encoding

Project to the
Optical Frame .
Stitching Code . Compression -
Acquisition Packing \
Geometry \
Storage and
Transmission
Conversion to Frame
HMD Rendering Display X Decompression
Unpacking
Geometry

Consumption Decoding

Figure 1. lllustration of the processing steps for 360-video from acquisition to consumption (Azevedo et al.).

This algorithm merges the overlapping fields together with as output a wide-view panorama image
referred to as equirectangular panorama (ERP). An alternative representation is a cube map
octahedron (CMP). (Figure 2). The process of stitching together the images of the different cameras is
challenging in thus prone to cause artifacts. Common problems are for example blurring, visible
seams, ghosting, broken edges, missing information and geometrical distortions (Azevedo et al.). The
second stage is the encoding of the material. In this stage the space needed to store and transmit the
video is reduced in either a lossy or lossless way by reducing the redundancy in the signal.
Compressing the material can cause several quality artifacts and distortions such as blurring,
blocking, ringing and the staircase effect. The transmission of 360-material can be done over the
same channels are traditional 2D video. However, new challenges arise due to the large file size and
required bandwidth. Today, 4K resolution is accepted as a minimum functional resolution but
requirements are rising with prospects for 12K video. To provide some perspective: 4K requires
bitrates between 15Mbit/s to 25Mbit/s, but 8K already needs 80Mbit/s to 100Mbit/s.
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Figure 2. representation of the image either through an equitangular panorama (top) or a cub map octahedron
(bottom). (Azevedo et al., 2018).

Response time and smoothness of movements is an important factor in the viewing experience as a
high latency might result in cybersickness, which has a strong negative effect on the QoE (Porcino,
Clua, Trevisan, Vasconcelos and Valente, 2017; Hettinger and Riccio, 1992). To reduce the required
bandwidth methods for dynamic adaptive streaming methods are explored. The last stage is the
consumption. The viewer is centered in the sphere and able to navigate through the content by
moving their head to change the viewing direction. Next to the commonly used HMD, the video can
be rendered on smartphones or desktops where the viewer navigates by moving the device or the use
of'a mouse (Azevedo et al., 2018), however, in the scope of this thesis only the use of HMD’s is
covered.

2.2 QoE Assessment

QoE research focusses on studying how influence factors are related to the user’s experience to
support the development of media technologies and has become an important domain with the
growing availability of multimedia. In QoE assessment both objective and subjective measures are
important, as it involves the objective quality of the video/audio content, the human perception and
the Quality of Service (QoS). (Kuipers, Kooij, de Vleeschauwer, and Brunnstrom, 2010). Several
standardized methodologies for subjective testing have been defined by the ITU-T (2014). In this
thesis, the Absolute Category Rating (ACR) method will be used. In this method, each video is shown
independently to an observer who is then asked to score it (Nidhi and Naveen, 2014). Results are
often expressed through a Mean Opinion Score (MOS) on a 5-point scale where 5 corresponds to
excellent and 1 to bad. However, people have the tendency to avoid perfect ratings, therefore, scores
from 4.3 could be considered as excellent quality. Additionally, a MOS of 3.5 is considered be
acceptable quality by most users and is, therefore, often used as standard minimal threshold for this.
Subjective methods are valuable to capture users’ perception and experience but are expensive and
time-consuming. Therefore, objective methods are developed that give quality estimates based on
algorithms. The most widely used is the peak-signal-to-noise ratio (PSNR) where the original video
signal is compared to a compressed signal (Tran, Ngoc, Pham, et al., 2017). To develop and improve
these algorithms, data from subjective methods are used as ground truth and the goal is to predict the
quality scores (MOS) as close as possible by means of objective data about the video (Mdller, Raake
and Kiipper 2014).

Objective algorithms specialized for 360-video are also still in development. Conventional
metrics give similar importance to all parts of the spherical image, even though different parts have
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different viewing probabilities and thus different importance. For example, viewport-based PSNR
metrics, in which weights of distortions are distributed based on the viewing probabilities could be a
solution closer to what the users perceive. In a study by Upenik, Rerabek, and Ebrahimi (2017) three
metrics especially designed for omnidirectional content were compared to conventional 2D metrics.
The results showed only moderate correlations with the subjective scores. The metrics designed for
360-video content did not perform better compared to conventional methods. This was once more
confirmed by a study on different quality metrics for 360-video by Tran, Ngoc, Bui, Pham, and Thang
(2017). They showed as well that traditional PSNR outperformed the other metrics due to its
simplicity. Additionally, all objective metrics still fail to consider perceptual artifacts such as for
example visible seams. (Azevedo et al., 2018).

2.3 Visual Attention and the QoE

Human vision involves a complex process. To process visual information and consciously perceive an
object or scene, attention is required. By placing stimuli on the fovea, a 2-degree area with most
receptors and thus the sharpest image, attention is shifted. Fast eye movements called saccades
maintain sharp vision by moving the fovea. By moving the eyes such that an object of interest is on
the fovea, makes that the information is available for processing; attention is then needed to select
what to process. This perceptual and attentional process puts a load on a person’s working memory.
There is a limit to the perceptual resources, called capacity, which relies on different factors such as
alertness and motivation. This perceptual capacity is a form of intrinsic and extraneous cognitive
load, the first is related to the effort that is required for a cognitive task, and the second represents
how a task is presented. Overload may induce stress and negatively influence one’s experience.
(Sweller, Ayres and Kalyuga, 2011). To avoid overload, our brains select relevant stimuli to attend to
and irrelevant ones to ignore (Palmer, 1999). Lavie (1995) showed that this selective attention only
occurs when the maximum capacity has been reached. Therefore, it can be determined whether an
individual’s perceptual system is overloaded by looking at how a stimulus or scene is attended to. If it
is more divided over the complete visual environment, overload is less likely. However, if more
relevant stimuli are selected, the system may be overloaded. Visual attention is thus defined as a set
of cognitive operations that mediate the selection of relevant and the filtering out of irrelevant
information from cluttered visual scenes (McMains & Kastner, 2009). In the late 90’s it was already
shown that watching a video with high cognitive load resulted in people forming impressions based
on more salient traits (e.g. relevant areas or more extreme distortions) compared to a video with low
cognitive load, indicating that some form of selective attention occurred (Hinds, 1999). Observing
eye movements and fixations can thus serve as a means to study visual attention and thus perceptual
overload. Furthermore, it has been found that in situations with higher cognitive load, the average
fixation duration increases. (e.g. Ikehara and Crosby, 2005; Zu, Hutson, Loschky and Rebello, 2018).
A study by Wang, Yang, Liu, Cao, and Ma (2014) found a U-shaped effect. It was found that in tasks
of medium complexity number of fixations was higher compared to low and high complexity. The
researchers argued that in the medium group the participants had an optimal level of arousal and
cognitive processing whereas in the high group overload was observed and in the low group
underload.

Attention is thus guided by this selective mechanism. Furthermore, it has been found that that
eye gaze is mostly directed by the natural content but that visible distortion may also draw attention
to them. It was found that global distortions, for example caused by compression, do not significantly
alter our gaze patterns (Ninassi, le Meur, le Callet and Barba, 2007). Local distortions, however, have
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been shown to draw significant attention, due to the novelty they stand out and are more salient. By
drawing more attention, local distortions, caused by for example packet loss, do alter viewing
behavior. (Engelke, Barkowsky, le Callet and Zenernick, 2010). This impact on gaze behavior has
been shown to have an impact on the overall QoE (Engelke et al., 2017). For example, a study by
Engelke, Pepion, Callet, and Zepernick (2010) showed that distortions in salient regions have
significantly larger impact on the perceived quality. Lui and Heynderickx (2011) successfully
implemented natural scene saliency (NSS) based weights in their objective image QoE metric and
improved its performance. Likewise, Engelke, Barkowsky, Callet, and Zepernick (2010) successfully
improved the accuracy of as 2D video QoE metric also by implementing saliency-based weights.
Whether the implementation of visual attention could also improve objective 360-video quality
metrics has yet to be studied. This thesis will provide some first explorations to the relation between
visual attention and the QoE. As mentioned before, in 360-video users have much more freedom on
where to look which may provide different experiences for different users looking at different
proportions of the 360-degree field. Additionally, encoders have more problems generating good
quality when there is a lot of movement, quality distortion may, therefore, be more visible when there
is a lot of movement and users attend to it. However, masking and contrast sensitivity may cause
opposite effects. Masking is defined as the effect of stimuli on the visibility of other stimuli. Contrast
sensitivity refers to the effect of the surroundings on the visibility of a stimulus, as a higher contrast
makes a stimulus stand out more (Winkler, 2005). It has been observed that when looking at moving
objects, observers are less sensitive to detail. In other words, the movements distract from the details
due to lower contrast sensitivity and temporal masking. Quality degradations and distortions could
become less salient. Both the proportion looked at and saliency on moving objects will be explored
regarding their relation to the QoE for the development of objective metrics.

2.4 Eye tracking Metrics and Measurements

As mentioned above, this thesis will evaluate visual attention as an influence factor in QoE
assessment of 360-videos. To do this, an HMD with integrated eye-trackers will be used for the
subjective experiments to gather data on the users’ attention. This section will shortly cover the eye-
tracking metrics and measurements used in this study.

Eye-tracking data can be described through quantitative metrics (based on fixations, saccades or
smooth pursuit eye movements) or through visualizations such as heatmaps and scan paths. Before
further describing these metrics, the concept of area of interest (AOI) should be introduced. Simply
put, an AOI is an area on the stimulus (e.g. an image or video) on which one wants to collect data.
Many metrics can be applied to the total but applying them to AOI’s could reveal more valuable
information. AOI’s allow to divide the stimulus space and gather more detailed data. (Holmqvist,
Nystrom & Andersson, 2017). There exists an almost infinite list of objective metrics. Therefore, only
the metrics relevant for this thesis and their definition are described below.

o Total Fixation duration: The total cumulative duration of all fixations in a certain area. This
metric is less interesting if applied to the total stimulus, but when applied to AOI’s it can
provide insights into how long a person looked at a certain area within a certain timespan.

e Average Fixation duration: The average time of a fixation. It has been shown that longer
fixations can be an indication of a person having more trouble finding or processing
information.
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e Fixation count: The number of fixations in a certain area. This metric can be applied to the
total stimulus but also to AOI’s, also referred to as AOI hits. A higher fixation could indicate
lower search efficiency. AOI hits could indicate the importance of that particular area, with
more hits meaning more important.

e Fixation Rate: Refers to the number of fixations per second and is closely related to the
fixation duration. A higher fixation rate could indicate less focus, and more difficulty
searching or processing a stimulus.

Additionally, this thesis makes use of attention maps, which are often visualized as a heatmap (Figure
3). Attention maps represent the spatial distribution of the eye-movement data. It can provide a quick
and intuitive overview of overall focus areas. Typically, a color spectrum between blue and red is
used where blue represents low frequency and red high frequency of attention. Red spots on these
heat maps can be interpreted as important and/or interesting areas of the stimulus. Another
interpretation could be that these areas require more attention to process them. Heat maps also reveal
something about the spread of attention. If many areas are colored, this is an indication that more
search took place and persons were less focused.

Figure 3. Example attention map displayed as a heatmap

2.5 Related Work

Methods for subjective assessment of the QoE of 360-videos have yet to be standardized.
Nevertheless, some studies have been done adapting methods from the 2D video domain. An
elaborate study by Tran, Ngoc, Pham et al. (2017) tested the effects of several IFs such as resolution,
bitrate, content, and camera motion and viewing device on the QoE. In general, their results show that
acceptance is high and drops significantly for resolutions below 2K, which should, therefore, be
avoided if possible. Furthermore, cybersickness was found to be a serious problem as 93% felt dizzy
or nauseous while watching 360-videos. The same study also compared different settings of the
Quantization Parameter (QP), which is a parameter ranging between 0 and 51 defining the quality
such that as the QP value increases the video will be more compressed and the quality will thus
decrease. They found that videos with QP 40 or higher the acceptance level drops below 30%, but
that QP values 22 and 28 did not significantly differ in acceptance. Using QP 28 instead of 22 would
thus save significant bandwidth but not lower the acceptance. Additionally, the acceptable bitrate was
found to be content-dependent as more motion required higher bitrates, indicating motion activity
should be accounted for in objective metrics and when defining quality standards. Their results are a
step towards understanding the QoE in 360-video and will additionally be used in the development of
objective QoE metrics. A study by Schatz et al. (2017) tested the impact of stalling events on the QoE
when streaming 360-video. They performed a subjective study in their lab where they compared
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different stalling frequencies and duration and additionally compared results for 360-video to
traditional TV. They used an adaption of standardized ITU-R and ITU-T methodologies for
conventional 2D video. Results show that even a single stalling event leads to a significant increase in
annoyance. Different stalling patterns did not necessarily show different annoyance scores, adding
any stalling in the main impact. The results did not vary significantly between traditional TV and VR.
Both these studies found that adaptation of the 2D video methods to 360-video is not trivial due to
differences between the format influencing the experience. As there is no large body of QoE research
on 360-video yet, this thesis will complement their results by gathering more subjective data and
build on that by including eye-tracking data to evaluate visual attention as an influence factor to the
QoE in 360-videos.

2.7 Research Goal

To recap, the study of the QoE of 360-videos is important to understand how new processing and
transmission challenges relate to the users quality perception. Furthermore, it offers a new,
complicated experience which we need to understand better to further improve the technology but
also to support the development of accurate objective metrics. The first purpose of this thesis is to
collect additional subjective data on the effects of quality degradations, freezing events and content
on the QoE, PCL and cybersickness on the QoE of 360-videos to validate and complement earlier
findings; and to support the development of good quality standards and recommendations.
Additionally, 360-videos offer users more interactive freedom and different users may look at videos
differently. The second purpose is to study the relation of the proportion looked at and saliency on
moving objects to the quality perception and experience by means of eye-tracking to evaluate the
contribution of visual attention in the QoE assessment of 360-video.

2.7 Research Questions and Hypotheses
The first purpose of this study leads to the first set of research questions:

1. Which factors influence the QoE in 360-degree video and how?
a. How do video quality degradations, freezing events, and content relate to the QoE?
b. Where lays the threshold for an acceptable QoE (MOS > 3.5) regarding these
influence factors?

Based on the theory described in the previous chapters the following is hypothesized about the first
research question:

Hla: Degrading the video quality will have a stronger than linear negative effect on the perceived
quality and overall experience; additionally, it will lead to an increase the PCL.

H1b: Adding freezing events and increasing the frequency of these events will have a negative effect
on the perceived quality and the overall experience; additionally, it is expected to increase the
perceived PCL and cybersickness.

Hlec: The content of the video will have a moderating effect on the video quality. It is expected that
degrading the video quality will have a stronger effect on videos with higher motion activity.

The second purpose leads to the second set of research questions:

2. How can eye tracking be used to gain further insights into factors influencing the QoE of 360-
videos?
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a. How do video quality degradations, freezing events, and content influence the
viewer’s eye movements?

b. How are eye movements and the user’s focus related to their quality perception and
assessment and their overall experience?

Based on the theory described in the previous chapters the following is hypothesized about the second
research question:

H2a: Degrading the video quality, adding freezing events and increasing the frequency increases the
average fixation duration, decreases fixation count and attention will be more selective.

H2b: Where a person looks is expected to be affected by the content of the video. Additionally,
content with high motion activity is expected to result in higher average fixation duration and lower
fixation count.

H2c: The proportion of the 360-degree field that is looked at is related to the QoE.

H2d: How much a viewer looks at moving objects moderates the quality perception, thus the effect of
the video quality on the QoE.

H2e: How much a viewer looks at moving objects moderates the effect of freezing events. It is
expected that the effect of freezing events on the QoE will be stronger if a viewer looks more at
moving objects, as the course of movements in the viewers’ attention are disrupted causing more
annoyance.

H2f: Quality degradations and freezing events may increase the PCL, which in turn negatively affects
the QoE. Thus, eye tracking metrics on selective attention and the average fixation duration and
would be expected to mediate the effect of video quality and freezing.

Selective
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Motion /;ﬂb
activit . \Hk H2a,/ ot
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A" ~
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Figure 4. llustration of the different hypotheses. Dashed lines represent interaction effects.
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Chapter 3
Pilot Study

To decide on the final study design, a small pilot study was conducted. The main goals of the pilot
were to support the decision on the length of the videos, to evaluate what questions to ask and how to
do this.

3.1  Method

For the experiment, two different timelines of videos were prepared and tested. One was to evaluate
different types of content and one to evaluate the length of the videos. The first sequence consisted of
9 different 30-second videos with content about: football, a sidecar race, skiing, a basketball game, F1
racecar, a tennis match, boxing, and two biking videos. Videos were found on and downloaded from
Vimeo. The videos differed in terms of camera position and movement, and inside and outside
scenes. The second sequence consisted of 12 videos, 6 of 30 seconds and 6 of 45 seconds. 3 different
contents were chosen for this sequence: boxing, tennis, and basketball. For each content the video
would be degraded to different quality levels. In both sequences’ questions were asked after each
video where the participants evaluate their experience. The questions asked were:

e “How would you rate the quality of the video?”

e “Do you feel nauseous or dizzy?”

e “How would you rate the perceptual demand of the video?”
e “How would you rate the motion activity of the video?”

e “How would you rate the viewing experience?”’

These questions were displayed in the headset together with a five points scale. Participants were
asked to look at their answer and then say it out loud. Additionally, to the question, participants were
given a slider to indicate their feelings during the video. They were asked to indicate the perceptual
demand and experience of the video. Thus, one side meaning a nice and easy experience and the other
side meaning “it is a lot on me” and a less nice experience. After all videos were evaluated there was
some time for open questions and to give comments. In total there were 4 participants, two for each
sequence.

3.2 Conclusion

Following conclusions were drawn to support some of the decisions on how to design the final
experiments. First, the length of the video. The length of the video was considered fine to answer
questions on the video quality, but it was found a little too short to really experience the video and
judge how they felt by it. The total length of the trial was not considered too long but on the edge. It
was decided to use 45-second videos in the final experiments to provide enough time to form a
judgment collect valid eye-tracking data. This would provide more time for effects to occur, for
participants to do a proper evaluation and to collect enough eye-tracking data without extending the
experiment too much. Second, even though there was good potential for replacing one of the
questions with a slider, as it would make it possible to match answers with exact times in the video,
none of the participants interacted with it during the pilot experiments. If used and implemented
properly it could be great added value, but the results of the pilot caused worries on whether to
implement it in the current study. By using just the slider without a backup question there is a great
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risk of participants not using it and potential data being lost by that. Asking questions afterwards can
capture the experience at the moment less accurate and cannot be mapped to the video timeline or
eye-tracking data but will at least always provide an answer that corresponds to the users remembered
experience. For this reason, it was decided to not use the slider in the current experiment. A similar
question style as used in the pilot will be applied to the final experiments with slight rephrasing of the
questions. The number of questions will also be reduced to four to avoid difficulty answering, which
was indicated to be a fair amount.

Regarding the content, it was decided not to use any of the pilot videos in the final
experiment. Since their original quality is not high enough, and even though Vimeo allowed for
downloading the original file, it cannot be sure what happened to the file before uploading. Based on
results of this pilot it was decided however that the videos to be used should have a static camera to
rule camera motion out as a factor and because camera movement can cause more dizziness and
nausea which could possibly increase the dropout rate.

Due to the problems with videos freezing during the pilot experiments, further investigation
into the problem was done. It was found that the problem was the CPU of the computer being maxed
out causing the Tobii program to experience trouble playing videos. The occurrence of this was
considered carefully in the design of the final experiments.
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Chapter 4
Method

41 Design

The study had a 4 x 3 x 3 within-subject design. The main dependent variable of the study is the QoE
of 360-videos, which is measured through four subjective post-hoc evaluations. After viewing a
video, participants were asked to rate their perceived video quality, cybersickness, overall experience,
and perceptual load. While viewing the videos the eye-movements of the participants were tracked.
Based on the studies. To test the hypothesis, the manipulated independent variables are:

e the video content: there were 3 different videos;
e the video quality: degrading the videos to 4 levels;
e freezing events in no, low and high frequency.

This results in a 4 (video quality) x 3 (freezing events) x 3 (content) design with multiple
dependent variables. Participants view all the versions of the videos according to the Absolute
Category Rating method (ITU-T, 2014). The eye-tracking resulted in several variables to be
considered in the analysis which will be explained in the measurement section. Demographic
variables collected are age, gender, education/profession, acuity, colorblindness, and whether they
wear glasses or contacts. Additionally, questions were asked regarding their VR experience and
motion sickness.

4.2 Participants

Based on the a priori method proposed in a recent paper by Brunnstrom and Barkowsky (2018) on
sample size estimation in QoE studies, the number of minimum required participants was calculated.
As there are multiple dependent variables in this study, several previous studies investigating similar
effects have been evaluated. The final calculation was based on results of the effect of resolution on
perceived quality which was the smallest effect found resulting in the largest required sample. Based
on this analysis, 33 participants would be needed to obtain 90% power, as is required by the Human
Technology Interaction group. Participants were recruited internally at the RISE Kista office or via
known affiliates. Participants were required to have good vision (through aids that do not interfere
with the HMD), have no other severe eye or vision impairments and do not have progressive glasses
or contact lenses. 33 people, in the end, participated in the experiment. One participant had to be
excluded due to such severe software issues that most data was missing and including the participant
would not be possible. Due to some last-minute cancelations, a number of 33 participants was not
reached, leaving data of 32 participants available for analysis, 22 of which are male and 10 are
female. Participants were aged 21 to 44 (Mean=28.8, SD=6.3), 9 of them have glasses and 3 have
contact lenses, one suffers from minor colorblindness. Acuity was measured before the experiment
and results were between 0.65 and 1.5 (Mean=1.1, SD=0.2).

4.3 Experiment Setup and Stimulus Materials

The experiments took place at the RISE office in Kista in one of the labs designated for subjective
testing. The lab was 2 by 3 meter. Inside the lab room were 2 cabinets, a high table to fill out forms, a
chair for the participant to sit on and a chair and desk with a computer used by the researcher. The
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participant chair allowed the participant to turn, for them to be able to fully explore the 360
environments.

Hardware used in the experiments was an ASUS ROG ZEPHYRUS (GX501) laptop running
on Windows 10 and an HTC VIVE VR headset with integrated Tobii eye trackers. For this headset
the maximum recommended resolution of 360 video material is 4096 x 2048 @ 30 fps. Supported file
formats include for images: jpeg, png, and bmp; for videos: mp4 and avi with codecs H264, DIVX, or
XVID.

The software used to conduct the experiments was Tobii pro lab v1.111. In the program video
or image material can be uploaded and prepared in timelines (Figure 5, left). Seven separate timelines
were created for the current study. One timeline for the practice trial, and for each video a reference
and degradations timeline. In addition to the videos, images with the questions were added to the
timeline after each video. The order of the videos was randomized within the software; however, the
order of the timelines cannot be randomized automatically for which then a dice was used to
determine the order on the spot.

the AOI drawing tool.

In the Tobii software, one could define areas of interest (AOIs) (Figure 5, right), on which then
metrics were calculated such as the fixation duration and count. Different presets for exporting this
data are available, the current dataset was downloaded with the Tobii [-VT fixation preset (Tobii Pro,
2019). Defining AOI’s allows for easier and faster data processing. Based on the theory, research
goals and the pilot experiments, AOIs were drawn on moving objects, buffer spinners, bottom logos
(if applicable), and the total video. Besides exporting metrics data, the program would allow
downloading the raw data. During the experiments, the software shows the eye-movements live
during the experiment (Figure 6), which can also be viewed in hindsight. Lastly, the program can
create heatmap or scan path visualizations.

During the experiment, participants were asked to sign a consent form and fill out a short survey
about their demographics, vision, and VR experience (Appendix B). Before the start a Snellen acuity
test and Ishihara colorblind deficiency test were done. Preprinted instructions (Appendix C) are
handed to participants to make sure all get the same information.
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Figure 6. Example of the live view during experiments. The prticipant’s fixation-point is indicated by the red circle.

4.3.1 Overview of the video stimuli.
Three different videos were selected to use in the current experiments. These videos were selected as
the source was known, and there was access to the pristine version of the video. This limited the
number of available videos. However, it was attempted to find distinctive material. Table 1 shows the
properties of each of the original video files. Figure 7 shows still images of each of the videos. Of
each of the videos, the motion vectors were calculated as well as the spatial and temporal index (SI
and TI) (Figure 8 & 9). The motion vector example script of FFmpeg was used to generate the motion
vectors, and for the SI and TI a python program called “siti” written by W. Robitza (2017-2019) was
used. These can be used to classify the videos based on their motion activity. However, with the
limiting number of available videos this distinction is less prominent as aimed for initially. Looking at
the SI, TI and motion vectors it can be seen however that there is less movement in the intersection
video. Comparing the Dojo and Flamenco video, the movements in the dojo video are more intense,
hence, larger spikes in the motion vector graphs (Figure 8). The spatial index is slightly higher for
the flamenco video as there are simply more moving objects (people in this case). Another distinction
between videos is the lighting. The intersection video is recorded outside with natural lighting, the
flamenco video is inside but with a reasonable number of windows and the Dojo video is inside in a
more closed of space with mainly artificial lighting.

These videos were degraded to different quality levels using FFmpeg, the script can be found
in Appendix D. With FFmpeg the videos were cut, encoded to H.264 .mp4 with resolution
3840x2160 format and degraded to lower qualities by changing the Constant Rate Factor (CRF). CRF
is a quality setting with values ranging between 0 and 51. Higher values result in more compression.
To add the freezing events, the program “bufferer” written by W. Robitza (2017-2019) was used. The
bufferer program will freeze the video and add a spinner at desired moments for a set time (script in
appendix D). In total, it resulted in 36 videos to be used in the experiment.

Table 1.
Properties of the original videos used in the experiment.
Name Orlgln.a I Original fps Bitrate Size Duration Source Setting AOI Bottom
resolution encoder logo
. . Nantes/ L
Dojo 3840x2160 h264 30 | 40 mb/s 1.2GB 4:19min Nokia inside People Yes
. Nantes/ -
Flamenco 3840x2160 h264 30 | 40mb/s | 0.92GB 3:10min Nokia inside People Yes
Inter- 1 y6g0x3840 | h2es | 30 | =7 5.5GB | Smin Inter | outside | Cars No
section mb/s digital
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Figure 8. Motion vector graphs over time for the three videos. Left to right: Dojo, Intersection, Flamenco.
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Figure 9. the mean Spatial (SI) and Temporal (TI) index of the three videos.

4.4 Measurements

Variables used in the study can be divided into four categories: subjective measurements (dependent
variables), manipulation variables (independent variables), eye-tracking data (both dependent and
independent variables) and the other variables.

4-41 Subjective measures.
The subjective measurements were collected by asking four questions after each video. The questions
were chosen based on the hypotheses and previous research by Tran, Ngoc, Pham et al. (2017) and
Schatz et al. (2017). These questions were accompanied with a 5-point scale and participants verbally
answered by stating the number corresponding to their answer. These four questions are:
e “Did you experience nausea or dizziness?”’ 1 (not at all) — 5 (a lot)
e “How would you rate the video quality?” 1 (very low) — 5 (very high)
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e “How much cognitive and perceptual load did you experience?”” 1 (none) — 5 (a lot)

e “How would you rate your overall experience?” 1 (unpleasant) — 5 (pleasant)
These four questions resulted in the four variables in the dataset perceived video quality (VQ), overall
experience, cybersickness, and perceptual and cognitive load (PCL).

4.4.2 Manipulations.
The second category is the manipulations that will serve as independent variables. The CRF value is a
quality parameter. Increasing the CRF value will result in more compression and thus lower the video
quality. Videos were generated with CRF values of 15 (visible lossless), 20, 28, and 36. CRF was
added at categorical variable. The second manipulation variable is the freezing event frequency.
Freezing events of three seconds were added in different frequencies to the videos. Videos either had
no freezing (none), 2 freezing events (low), or 4 freezing events (high). The third manipulation is the
content of the video. There are 3 different videos: Dojo, Intersection, and Flamenco. These are
described in the stimulus material section above.

4-4.3 Eye-tracking data.
The Tobii program provides a wide variety and a large set of data on participants’ eye movements.
The current study will focus on a selection of these variables which will be considered both
dependent and independent variable in different parts of the analysis. Variables that will be in the
scope of the current study are Total fixation duration (in ms), average fixation duration (in ms),
fixation count, pupil dilation (in mm), fixation points, and average distance between fixation points.
The first three will be reported on the total video surface as well as on relevant or irrelevant stimuli,
with moving objects/people being considered relevant.

4-4.4 Other variables.
The final category is the other variables. These include demographics, variables on participants
vision, VR experience and motion sickness. Most of these variables were collected through
participants filling out a short survey prior to the experiment (Appendix B). Demographics include
age, gender, and education or profession. Questions on participants vision include whether they wear
glasses or contact, if they have any other severe vision disability, their acuity and if whether they are
colorblind. The last two were tested prior to the experiment.

4-4.5 Qualitative measures.
Besides these quantifiable variables, there are measures of a more qualitative nature. During the
experiment, the researcher can view live what the participant is looking at. These observations are
annotated. Comments regarded what people looked at, how they moved their head and eyes and how
they explore the 360-environment. The Tobii program also would generate attention maps. These
served as a tool to evaluate where on average people looked at the most and how they explore the
video, mainly to support further data analysis.

4.5 Procedure

Participants were received and welcomed at the lab after which a short introduction of the experiment
was given. Participants were sent instructions beforehand, these will be discussed to make sure the
participants have understood the procedure. If everything is clear a consent form was signed after
which a vision test is done to measure participant’s acuity and possible color deficiencies. The
participant then filled out a form asking their demographics. Once the form is completed the
participant was seated and instructed on how to adjust the headset. First, a training round was done
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for the participant to get acquainted with the VR environment and the question format. The training
sequence consists of one omnidirectional image to set up the lenses, an example of the calibration,
and videos acquitting participants with different quality and freezing conditions. All four questions
will be asked once during the training to give the participant an idea of how to answer these. If
everything is clear after the training sequence, the first experiment sequence will be shown. The
experiment consists of a total of 3 sequences with each 11 degraded videos and one reference video.
The order of the sequences is determined by rolling a dice. The order of the videos within a sequence
was randomized within the software, except for the reference, this video was shown first. After each
video the 4 rating questions will be shown one by one inside the headset and the participant will be
asked to answer verbally on a 1 — 5 scale. After each sequence the participant can take off the headset
for a short break. This is repeated for all 3 sequences. After all videos have been viewed the
participant hands the HMD back over to the researcher and they are given a movie ticket as
compensation. The experiments followed the script in Appendix D.

4.6 Analysis
Analysis of the results consists of two parts, a qualitative analysis of observations and a statistical
data analysis.

4.6.1 Qualitative analysis.
Observations of the visual behavior were analyzed and summarized as well as comments made by
participants during or after the experiment. Additionally, attention maps in the form of heat maps will
be generated of each video to visualize the attentional behavior and compliment the observations. To
Generate the heatmaps the default fixation gaze filter of the Tobii program was used, and the
visualization is based on the absolute fixation count.

4.6.2 Quantitative analysis.
The dataset contains 1148 observations gathered from 32 participants with 36 measurements each.
For two participants two measurements are missing due to technical issues.

4.6.2.1 Data preparation.
The final dataset on which the data analysis was performed is a combination of hand-written
subjective answers, the metric-based data and raw data export from the Tobii program. Data
preparation was done both using Python and STATA. The metric-based export contains data based on
the marked AOI’s. Each line in the data represents a video. In the output, a new column was created
for each AOI, even if videos had similar AOI’s. This is reduced to one column per similar AOI. In the
next step, the AOI’s were further summarized in relevant, irrelevant, spinner, bottom and total. The
raw data is millisecond interval-based and contains a large bulk of data. Interesting variables from
this dataset were selected and grouped on video level such that one line corresponds to one video
again. These two sets were then merged, and the subjective ratings were added by hand. To give a
more global representation of the eye-tracking data, four summarizing variables were created by
principal component factor analysis (Table 2). These variables are be linked to the research goals and
the to be tested hypotheses. To capture the proportion of the total viewing area that participants look
at AreaX and AreaY are created. As a measure of selective attention, Rvsl is created and as a measure
of focus-related fixation data, PCL-fix was created. Additionally, the ratings of perceived video
quality and overall experience were quite similar, therefore, to create a better representation of the
quality of experience, a scale variable, QoE (alpha = 0.84), was created as well.
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4.6.2.2 Variable description.
As mentioned before, there are four categories of variables: manipulations, subjective measures, eye-
tracking data, and other descriptive variables. For easy referral Table 2 shows the taxonomy and
description of the variables included in the analysis.

4.6.2.3 Analysis.
The analysis is done in three parts: the effects of the manipulations on the subjective evaluation, the
effect of the manipulations on the eye-tracking data, and third to test the relation between the eye-
tracking data and the subjective evaluations. Multiple multi-level regressions were done, where single
observations are the first level and participants the second to account for individual differences. In the
first step (H1a, H1b, and H1c) the subjective evaluations of perceived quality, overall experience,
perceptual and cognitive load, and cybersickness as the dependent variables and the manipulations
CRF, Freezing, Content and their interactions would be added as independent variables. The video
order is added as covariate. The final models are selected through backward elimination based on the
AIC, BIC and likelihood ratio tests.

For the second part (H2a, and H2b), the eye-tracking data was first summarized in the four
scale variables (see Table 3 for description) using principal component factoring and Cronbach’s
alpha. These four variables would be used as dependent variables, and the manipulations and their
interactions as independent variables. Additionally, the video order was added as covariate. The final
models are selected through backward elimination based on the AIC, BIC and likelihood ratio tests.

In the final step of the analysis (H2c, H2d, H2e, and H2f), the four eye-tracking scale
variables and their interactions with the manipulations are added to the multi-level regressions of the
first part to test if they have a relation to the subjective evaluations. The final models are selected
through backward elimination based on the AIC, BIC and likelihood ratio tests. Additionally,
significant eye tracking variables are tested for mediating effects.

The Contribution of Eye-Tracking to QoE Assessment of 360-video



22

Table 2.
Taxonomy of the variables used in the quantitative data analysis.
Name Category Description Values
CRF Manipulation/ Quality Parameter. Larger 15 (Reference), 20
Independent means worse quality (Good), 28 (Medium), 36
(Bad)
Freeze Manipulation/ Freezing events None, low, high frequency
Independent
Content Manipulation/ The video content Dojo, Flamenco,
Independent Intersection
vQ Subjective measure/ The perceived video Scale: 1 (very low) - 5
Dependent quality (Very high)
Experience Subjective measure/ The perceived overall Scale: 1 (Very
Dependent experience unpleasant)— 5 (Very
Pleasant)
QoE Subjective scale The Quality of Experience Scale: 1 -5

fixation duration, total
fixation count and total
saccade count

(Alpha = 0.84) variable/ as scale variable of VQ
Dependent and experience
PCL Subjective measure/ The perceived perceptual | Scale: 1 (none)—5 (a lot)
Dependent and cognitive load
Cybersickness Subjective measure/ The perceived dizziness | Scale: 1 (Not at all) — 5 (A
Dependent and or nausea lot)
Areax Eye tracking/ The area looked at in the x Standardized values
(Alpha = 0.90) Dependent and dimension as scale between —1.69 and 4.14
independent variable of:
Pixels looked at in the x
dimension, the
standard deviation of pixel
looked at in the x
dimension and the
distance between fixation
points.

Areay Eye tracking/ The area looked at in the y Standardized values
(Alpha=10.72) Dependent and dimension as scale between —1.48 and 5.41
independent variable of: Pixels looked

at in the x dimension, the
standard deviation of
pixels looked at in the y
dimension.
Rvsl Eye tracking/ How much a participant Standardized values
(Alpha =0.94) Dependent and looks at relevant vs. between: -2.60 and 1.51
independent irrelevant areas as scale
of: total fixation duration
and the fixation count on
both relevant and
irrelevant areas.
PCLfix Eye tracking/ Fixation data related to Standardized values
(Alpha=0.79) Dependent and perceptual and cognitive between -1.81 and 5.66
independent load as scale of: average
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Chapter s
Results

Results of the experiment were analyzed both in a qualitative as well as a quantitative manner. Where
observation notes and gaze plots served as qualitative material, the eye-tracking data combined with
the subjective questions data were used for the quantitative statistical analysis.

5.1 Qualitative Analysis

5.1.1  Observations.
While observing participants viewing the 360-videos it quickly became clear how their behavior
differs between one another. These differences will be described below.

What stood out was the difference in answers between participants. Some rated all the videos
on average high, others were rated all the videos on average low. Some had a large variation in their
answers to different conditions whereas others hardly noticed any difference. This raised questions
about why and how these differences in answers were present. Regarding participants’ head
movements and positions, some were calm in their head movements where others moved their head
rapidly around. In both cases there were participants who remained their view more in the front of the
video or at least stay on one side, while others explored the whole 360 view. What many participants
did have in common, however, is that after watching the same video a few times they start moving
their headless and focus longer on one point before moving on. How fast this effect occurs would
differ between participants. To a certain degree all participants’ attention was at some point drawn to
faces, signs, other text, hands, feet, and other moving objects. “Leader” persons such as the teachers
also drew more attention. Some participants would only look at these “relevant” stimuli and ignore
the surroundings partly or even completely. In contrast, other participants would mainly focus on
surroundings and only briefly pay attention to the aspects mentioned above. A similar difference was
observed on whether participants looked at the spinner during freezing events or not. Some would
immediately be drawn to look at it even when they are facing the opposite direction and others won’t
even look at the spinner even if it appears right next to their current focus point. Furthermore,
distortions and artifacts would also draw attention to different degrees. Even though asked to ignore it
in their judgment as it was not possible to control for, participants would still get distracted by for
example stitching artifacts or focus on them for a while.

Apart from these observed individual differences, some other comments and observation
worth mentioning were made. Quite an amount of comments on the buffering and freezing were
made. One participant stated that without sound the buffering had a less strong effect as it seems less
of an interruption. Another participant mentioned that when buffering occurred while looking at
moving objects it was perceived as more annoying. Furthermore, it was observed that after more
videos were played some participants that initially were drawn to the spinner seemed to have gotten
less sensitive to it. Another comment made a few times was the fact that the camera appears to be
higher than the participant's natural height which made them feel uncomfortable. Not being able to
see details or read text was also mentioned as annoying feature. One participant said he got tired after
a few videos and that moving his head would make him dizzier. Finally, some participants indicated
that they were too busy comparing videos and that they were influenced by the previous video when

The Contribution of Eye-Tracking to QoE Assessment of 360-video



24

rating the current one. It was, for example, observed that after seeing one of the worst quality videos,
participants would rate the videos of CRF=20 higher than the reference video.

5.1.2 Attention map analysis.
The Tobii software would generate attention maps of the videos as heat maps. These maps show in
one picture a summary of where participants fixated on in that video. Figure 10, 11 and 12 give an
example of these attention maps for the reference videos. Appendix E gives an overview of all
attention maps of all conditions. In all three videos, a horizontal pattern can be seen, indicating people
explore more in the horizontal dimension compared to the vertical dimension. In all three videos,
participants attend to areas that help them orient. In the Dojo and Flamenco videos this is by looking
at people’s faces or limbs. In the intersection video people look into streets and at traffic lights and
signs. Comparing different conditions, it can be seen that as freezing events are added, more attention
is focused to the center. In the intersection video it appears that the horizontal spread becomes smaller
and more focus is put on the center areas. However, to draw conclusions the effects are tested by
means of statistical analysis.

Figure 10. Attention map pasted on a video still from the Dojo video.

Figure 11. Attention map pasted on a video still from the Flamenco video.
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Figure 12. Attention map pasted on a video still from the Intersection video.

5.2 Quantitative analysis
Statistical analysis of the data was performed to test the hypotheses. The analysis consists of 3 main
parts:
1. The effects of the manipulations (CRF, freeze, and content) on the subjective ratings (video
quality, nausea, perceptual demand, and overall experience).
2. The effects of the manipulations on eye movements and overt attention.
3. Including eye-tracking metrics into the first part to test the moderating effect of visual
attention of the quality perception and experience.

5.2.1 Effects of the Manipulation on the Subjective Ratings.
To test the first set of hypotheses the effects of the manipulation on the subjective ratings are
analyzed to see if the manipulations have the expected effects on the subjective measures expressed
in hypotheses Hla, H1b, and Hlc

QoE was measured through the perceived quality and the overall experience and expressed in
a MOS. Values range from 1 to 5 (mean = 3.10; SD = 0.97). Figure 13 shows the QoE MOS as an
interaction plot of the different manipulations. Inspecting these results none of the videos received a
MOS above 4. The highest MOS is received by the flamenco reference video without freezing (MOS
=3.92). For the none freezing condition all but videos with CRF = 28 or higher have a score above
the acceptable level of 3.5. Any of the freezing conditions fall below 3.5. The lowest MOS is received
by the flamenco video with CRF = 36 and high freezing frequency.

Looking at the individual responses (Figure 14), it can be seen that there are differences in
baseline between participants. Some would rate everything high as for example participant 31, while
others would rate everything low as for example participant 1. Therefore, to test the significance of
these results a multilevel regression is performed, with video condition as the first level and
participant as the second. An empty model shows that 45% of the variance is on participant level,
confirming the need for multi-level analysis.
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Figure 13. MOS Quality of Experience interaction plot for the different manipulation conditions. Reference line of
the acceptable level of 3.5 included.
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Figure 14. Quality of Experience rating per participant for consecutive videos.

The resulting model on QoE after backward elimination can be seen in Table 3 column “QoE
part 1” (within-R?*= 0.42; between-R?=0.02; rho=0.57). Included in the model are CRF, Freeze,
Content, and the interactions between CRF and both freeze and content. The results show a negative
effect of CRF in the none freezing condition where higher CRF values result in lower QoE. This
effect increases as the CRF value increases showing a larger than linear effect. As can be seen in
Figure 15, the effect of CRF in the low and high freezing frequency conditions was found to be
smaller compared to the none condition. The effect of freezing is larger for lower CRF values
compared to higher ones. Furthermore, it was found that the effect of CRF 36 on the QoE is more
negative in the Dojo and Flamenco video compared to the Intersection video. Additionally, a small
but significant effect of the video order was found.

Secondly, the effects of the manipulations on the PCL were evaluated. Answers were
expressed in a MOS. answers range from 1 to 4 (mean = 1.97; SD = 0.91). Figure 15 shows the
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interaction plot of the effects in the different conditions. PCL scores were rather low in all conditions,
never surpassing MOS=2.5. The resulting model of the multi-level regression on PLC after backward
elimination can be seen in Table 3 (within-R?= 0.06; between-R?=0.02; rho=0.58). Included in the
model are CRF, Freeze, Content and the video order. Results show that the PCL is larger in the
CRF=36 condition compared to and the other CRF values. Furthermore, increasing the freezing
frequency significantly increases the PCL. Comparing the different contents, the PCL is larger in the
Dojo video compared to the Flamenco and Intersection video. Video order also has a small but
significant negative effect
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Figure 15. MOS Perceptual and Cognitive load interaction plot for the different manipulation conditions

Third, the effect of the manipulations on cybersickness was tested. Answers are again
expressed through a MOS, ranging between 1 and 4 (mean=1.25; SD=0.52). The MOS never exceeds
1.5 indicating low levels of cybersickness. Figure 16 displays the interaction plots for the different
conditions and shows no clear trends. Scores are low as the mean is never above 1.5. Looking at
Figure 17, it can be seen that it is quite dependent on the participant whether cybersickness occurs at
all. The resulting model of the multi-level regression on PLC after backward elimination can be seen
in Table 3 (within-R?= 0.04; between-R?>=0.00; tho=0.50). Results show that for CRF only 36 has a
significant positive effect, increasing the cybersickness slightly. Although rather small, freezing was
also found to have a significant positive effect on the cybersickness. Finally, a very small effect of
video order was found, increasing the cybersickness as more videos have been watched.
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Figure 16. MOS Cybersickness interaction plot for the different manipulation conditions
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Figure 17. Cybersickness MOS per participant.

5.2.1.1 Intermediate discussion.
It was hypothesized (H1a, H1b, and H1c) that increasing the quality parameter (CRF) and adding
freezing events negatively affect the QoE and increase the PCL and cybersickness. Furthermore it
was expected that the content of the video would moderate the effect of quality degradations. As
expected in H1a, results showed a stronger than linear effect of quality degradations on the QoE. The
MOS drops strongly below the acceptable level in the CRF 36 conditions. CRF 28 was found to be on
the border of acceptable quality. As expected in Hlc, The effect of strong quality degradations on the
QoE is larger for the more active videos (Dojo, Flamenco). These results are in line with the findings
of Tran, Ngoc, Pham et al. (2017). It was also found that adding even a single freezing event would
drop the QoE below the acceptable level, as expected, based on findings by Schatz et al. (2017). The
effect of quality degradation was found to be smaller when freezing events were added as the QoE is
rated lower in higher quality conditions already. The PCL, however, was found to be low in all
conditions and only slightly elevated in the lowest quality condition and after adding freezing events.
Contrary to the expectations, increased PCL is not a concern in the conditions tested in this thesis.
Overall, cybersickness was rated very low and the effects, even though significant, are so small one
should wonder whether the difference can be consciously perceived. Cyber sickness was not found to
be an issue in the conditions tested. This is not in line with the expectations based on e.g. Tran, Ngoc,
Pham et al. (2017) who found cybersickness to be a serious problem in 360-videos.

5.2.2 Effects of Manipulations on Visual Attention.
In the second step of the data analysis, it is tested whether the manipulations have a relation to visual
attention. This part of the analysis will test hypothesis H2a, H2b, and H2c. Starting with how the area
looked at in the x dimension is affected by the manipulations. Looking at the absolute variable of area
looked at in the x dimension, people on average look at 2654 pixels of the total area of 4086 pixels,
with an average standard deviation of 645.5. Further analysis was done on the scale variable Areax,
which interaction plot can be seen in Figure 18. The resulting multi-level regression model after
backward elimination can be seen in Table 4 (within-R?>= 0.13; between-R?>=0.04; rho=0.25). Included
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in the model are CRF, Freeze, Content and total fixation duration on the spinner. Results show a
significant effect of CRF. values 20, 28, and 36 decrease the Areax compared to the CRF 15
conditions, however, they do not differ significantly from each other. Furthermore, the Areax is larger
for the Dojo video compared to the Intersection and Flamenco video. Initially it seemed Freezing had
a significant effect on the Areax, however after further analysis it was found that this effect was
mediated by the total fixation duration on the spinner (which appears during freezing events). No
significant interaction effects were found.
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Figure 18. Interaction plot of the manipulation effects on Area X.

Next, the effects on the area looked at in the y-direction are analyzed. Looking at the absolute
variable of the area looked at in the x-dimension, people on average look at 583 pixels of the total
area of 1970 pixels, with an average standard deviation of 90. This shows people explore a smaller
proportion of the y-dimension compared to the x-dimension. Further analysis was done on the scale
variable Areay. The resulting multi-level regression model after backward elimination can be seen in
Table 4 (within-R?= 0.02; between-R?>=0.04; tho=0.19 The model explains such a small proportion of
the variance in the data that further analysis is discarded.

The third eye-tracking variable refers to how much participants look at relevant or moving
objects compared to the surroundings as a measure of selective attention. The mean of the absolute
ratio is 0.64 with standard deviation 0.24, meaning on average participants fixate on relevant areas
64% of their total fixations. Further analysis will be done on the scale variable Rvsl, which
interaction plot is visible in Figure 19. The proportion areas marked as relevant differ between the
videos, this difference can be seen in Figure 19, as the scores are lower in the intersection video due
to fewer areas marked relevant. The resulting model after backward elimination can be seen in Table
4 (within-R?= 0.67; between-R?=0.02; tho=0.27). Included in the model are: Freeze, Content, video
order (As the difference between the first and the rest of the videos). Results show a negative Rvsl
values for the Intersection video which significantly increases for the Dojo and Flamenco videos
which for both results in positive values. In the Flamenco video the values are also significantly
larger compared to the Dojo video. Furthermore, adding freezing events increases selective attention
slightly. Mainly a difference between the first and the other videos was observed through the video
order variable.
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Figure 19. Interaction plot of the manipulation effects on Rvsl.

The last eye-tracking variable evaluated is PCLfix which refers to fixation data related to the
perceptual and cognitive load. The mean fixation duration is 285ms with standard deviation of
104ms. The mean fixation count is 2.48 with standard deviation 0.46. Further analysis is done on the
scale variable PCLfix, which interaction plots are visible in Figure 20. The resulting model after
backward elimination is displayed in Table 4 (within-R?= 0.14; between-R?=0.14; tho=0.37). Results
show a significant positive effect of CRF values 20, 28, and 36 compared to the CRF 15 conditions,
however, they do not differ significantly from each other. Freezing also has a significant effect,
increasing the PCLfix when more freezing is added. Significant interaction effects between Freezing
and CRF show that for CRF 20, 28, and 36 the effect of Freezing decreases to almost disappear as the
difference between the CRF 15 and other values is smaller for the low and high freezing condition.
Furthermore, the PCLfix is significantly higher in the Dojo video compared to the Intersection and
Flamenco video. These findings are in line with hypothesis H2a, and partly with hypothesis H2b as
freezing effects are only present in the CRF 15 condition. It is also only partly in line with H2c as
only the Dojo video had a significant increase in PCLfix.
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Figure 20. Interaction plot of the manipulation effects on PCLfix.

5.2.2.1 Intermediate discussion.
In the second step, the effects of the manipulations on participants eye movements and visual
attention was evaluated to test whether they induced selective attention and/or influenced the fixation
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duration and count which are related to the PCL. According to the theory, if more perceptual load is
put on participants, more selective attention would occur (Lavie, 1995) and the fixation duration
would increase (Zu et al., 2018). It was hypothesized (H2a and H2b) that degrading the video quality
and adding freezing events would increase the PCL and thus increase the selective attention and the
average fixation duration. Furthermore, it was expected that visual attention is affected by the natural
content of the video and that videos with higher motion activity would result in an increase in
selective attention and the average fixation duration.

Results show participants on average look at 50% of the total 360-degree horizontal field. As
expected in H2a, the degraded videos it was found that participants look at a smaller compared to the
reference video. However, no difference between the degraded videos themselves was observed. As
expected in H2b, it was found that content influences where people look and at how much of the total
field they look. looked at. For example, In the Dojo video, there is action covering more of the 360-
degrees which can be observed in the data as well. On average, 64% of the total fixations were on
relevant areas. Against the expectation of H2a, quality degradations do not have an effect on the
selectiveness of attention. More selective attention was, however observed after repeating the same
video. Additionally, the average fixation duration was also found to increase in the degraded videos
compared to the reference but did not differ among the degradations self (H2a). Freezing events affect
the visual attention, as expected in H2a, except for the Areax for which the effect of freezing is due to
the spinner.

5.2.3 Effects of Visual Attention on Quality Perception.
In the third part of the analysis, these are combined to test how eye movements are related to the
quality perception. In this part of the analysis hypothesis H2d and H2e are tested.

The resulting model after backward elimination can be seen in Table 3 column “QoE part 37,
(within-R?= 0.44; between-R*=0.01; rho=0.65). Only PCLfix, Rvsl, the interaction between PCLfix
and CRF, and the interactions between Rvsl and CRF and Freeze were additionally included in the
final model. Of these only the interaction effects between Rvsl & CRF and Rvsl &Freeze were found
to be significant. The contribution of the other eye-tracking variables (Areax, and AreaY) to the
model and their effects were too small to be included. The results still show a negative effect of CRF,
which is especially strong for CRF 36. The effect of CRF is larger and more exponential for the Dojo
and Flamenco video, CRF 36 has the most negative effect for the flamenco video. Freezing frequency
also still have a negative effect on the QoE, this effect is smaller in conditions with higher CRF
values. The video order was also found to have small negative effect. A significant interaction effect
between Rvsl and CRF was found. In the CRF 20 (B=0.181) and 28 (B=0.201) conditions, RvsI has
a positive moderating effect on the QoE which shifts to a negative moderating effect for negative
RvslI values (Figure 21). For higher values of RvslI this could thus result in videos in the CRF 20 and
28 conditions to be rated higher than the reference (CRF 15). The interaction effect between Rvsl and
CRF 36 is not significant, keeping it constant for all RvsI values. Due to this the difference between
CRF 36 and CRF 20 and 28 increases as the Rvsl increases as well. Finally, there is a significant
negative interaction effect between Rvsl and Freeze, resulting the effect of Rvsl to be smaller in the
low and high freezing conditions (Figure 21, right). Rvsl was the only eye-tracking variable with
effects on the QoE, however, as the manipulations were not found to affect RvsI (part 2), mediation
was ruled out. Furthermore, a large rho of 0.65 shows that in the final model still 65% of the variance
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is explained on participant level. Including eye tracking data was not able to explain part of this
variance.
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Figure 21. Illustration of the interaction effect between CRF and Rvsl on QoE for the Flamenco video with freezing
event frequency none (left) or high (right).

5.2.3.1 Intermediate Discussion.
In the third part of the analysis, the relation visual attention to the QoE is tested by including the eye
tracking variables in the analysis of part 1. It was hypothesized that looking at moving objects would
moderate the effect of quality degradations and freezing events (H2d and H2e). Furthermore, it was
expected that selective attention and focus as measures of PCL would (partially) mediate the effects
of the manipulations (H2f). Additionally, individual differences in viewing behavior were observed
and it was therefore tested whether that could (partially) explain the individual differences in
subjective ratings. In H2c¢ it was expected that the proportion of the total viewing space that was
looked at is related to the QoE.

Against the expectation of H2¢, Areax was found to have no relation to the QoE, meaning
that the proportion of the total viewing space looked at does not influence the quality perception or
experience. Furthermore, results are partly in line with H2d as looking at moving objects was found
to only moderate the effect of low and medium compression. The effects of freezing events were
moderated by looking at moving objects as was expected in H2e; freezing is experienced as more
intense when it disrupts the course of movements in the user’s field of attention. Additionally, as the
manipulations had some effects on the eye-tracking data, it was tested whether the eye tracking
variables mediated any of the manipulation effects. However, this was found not to be the case,
neither when removing outliers from the data or only testing data of later videos or of bad quality
videos. These findings are thus not in line with H2f.
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Table 3. Table 4.
Regression coefficients of the multi-level regressions on the Regression coefficients of the multi-level regressions on the
subjective metrics. eye tracking scale variables.
b | QoE partl | QoEpart3 | PCL | Cybersick b | Areax | Areay | Rvsl | PCLfix
CRF (15) CRF (15)
20 -0.156 0.024 -0.039 0.058 20 0415%** 0.641***
28 -0.282** | -0.088 -0.025 0.036 28 0416+ 0.699%**
36 -0.891*** [ -0.771*** | 0.125* | 0.117*** 36 T0.351%%F 0.782%%%
Freeze [ -0.398*** [ -0.398*** [0.124*** [ 0.046*** | Fo;e [ -0.005 (0102 [ 0.088"** | 0.323%*

Content (Intersection)

Content (Intersection)

H i * %k k
FD|°J° 00606826 g"l);f g'(l)‘l‘z 06059?2 Dojo 0.419%** | -0.085 1.269%** | 0.195%**
amenco ' ' ' ' Flamenco | 0.063 20.134 1.633*** | 0.06
Video Order | -0.004* -0.003* 0.004* | 0.003** Total
PCLfix -0.028 Fixation | -1.78x10 | 0.841x10%
Rsl| -0.018 Duration | #+* x
Spinner
CRF*Freeze (15)
%
ig gigi* giig* Content*Freeze (Intersection)
: : Dojo 0.167*
36 0.302*** | 0.309***
Flamenco 0.135*
Content*CRF (Intersection | 15) ”
Dojo | 20 20.101 -0.326* Vi deo 0.237%%*
Dojo | 28 20.147 ~0.403** Order
Dojo | 36 -0.419%** | -0.591%** .
Flamenco | 20 | -0.002 -0.311 CRF*Freeze (15) _
Flamenco | 28 | -0.123 -0.458** 20 -0.246
Flamenco | 36 | -0.581*** | -0.788*** 28 -0.250***
36 -0.292%**
CRF*Rvsl (15)
20 0.181* _cons | 0.237* | 0.119 -0.944%** | -0.736%**
28 0.201* Note: * = |level of significance
36 0.127
Freeze*Rvsl | | -0.054* |
CRF*PCLfix
20 -0.101
28 -0.042
36 0.052
_cons | 3.860*** | 3.750*** [ 1.703*** | 1.067***

Note: * = level of significance
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Chapter 6

Discussion

The current study tried to provide insights into users’ visual behavior and QoE in VR 360-videos.
Observations and heatmaps showed that participants’ attention is drawn to faces, moving objects, and
surprising/unexpected events. It is known people have an attentional bias towards faces (e.g.
Bindemann, Burton, Hooge, Jenkins & Haan, 2005). Looking at signs and text can be explained by
the desire to orient in one’s environment. Thus, these human attentional behaviors as they have been
observed in reality, are also observed in the VR environment. However, differences in visual behavior
between participants in a free viewing quality assessment were observed too. People’s behavior
differs in terms of how much they looked around, how much they would look to the surroundings and
whether they would be distracted by the spinner. On the contrary, similar for most people was that
they would look around less and focus more on one area after watching the same video several times.
Furthermore, the attention maps show indications of selective attention in videos with lower quality
and/or freezing events which were further tested in the statistical analysis.

6.1 Manipulations and the Subjective Experience

The data analysis was done in several parts, to give an answer to the research questions. The goal of
first part was to test the effects of quality degradations, freezing events and content on the QoE, PCL
and cybersickness to complement earlier findings by for example Tran, Ngoc, Pham et al. (2017) and
Schatz et al. (2017). Additionally, the results could support recommendations on quality standards in
the development and application of 360-video technology. The first part provides answers to research
question la: “How do video quality degradations, freezing events, and content relate to the QoE?”
and research question 1b: “Where lays the threshold for an acceptable QoE (MOS > 3.5) regarding
these influence factors?”

The overall QoE was found to be rather low, even the visually lossless reference video would
not reach a MOS of 4 (good). This shows that 4K resolution is alright if an acceptable QoE is
sufficient. However, to provide users with good quality and a more pleasant experience, higher
resolutions may be required which in turn has higher bandwidth demands. Furthermore, as expected,
it was found that quality degradations negatively influence the QoE, with a more intense drop in QoE
at CRF 36. Overall, it was found that for 360-videos encoded in 4K resolution and CRF 28 were rated
on the border of acceptance. In contrast to the lowest quality condition, quality differences between
the visually lossless reference video and those compressed with CRF 20 and 28 were found to be less
impactful on the QoE. Adding a single freezing event, however, immediately drops the QoE below
the acceptable level of MOS=3.5; even in the high-quality videos. These findings support the results
of Tran, Ngoc, Pham et al. (2017) and Schatz et al. (2017). Thus, based on results from prior studies
and the current thesis, one could thus argue that in the trade-off between bandwidth requirements and
user satisfaction, increasing the compression which could avoid freezing events would result in a
better experience compared to remaining higher quality video with more risk of the occurrence of
freezing. As an example, when compressing the Flamenco video to CRF 28 instead of a visually
lossless level of CF 15, the bitrate decreases by a factor 6 saving significant bandwidth without
significantly decreasing the QoE. It should be noted that the effect of quality degradation was found

The Contribution of Eye-Tracking to QoE Assessment of 360-video



35

to be stronger for videos with higher motion activity. Therefore, it would be recommended to
compress these videos less if acceptable quality is desired.

The subjective PCL was overall rated low, indicating that at least in the situation of the
current study, watching 360-videos did not put much load on the participants. The manipulations
were expected to influence the annoyance caused by bad quality and freezing events; and the mental
effort caused by disruptions in the flow due to freezing (Porcino, 2017). Additionally, the closeness of
the HMD was expected to be more demanding (Azevedo et al., 2018). Merely in the lowest quality
condition and with added freezing events, a minor increase was observed. As there are many aspects
that can influence a person’s PCL, a large effect was not expected. However, the size of the found
effects and R? of the model are so small that the impact on the experience would be minimal. It could
be concluded that under the conditions tested in this thesis, PCL does not cause any serious issues for
QoE of 360-videos.

Cybersickness was also reported to be very low in all conditions, as the group means would
never surpass MOS=1.4. This is interesting as other studies, as for example Tran, Ngoc, Pham et al.
(2017), found cybersickness to be prominent problem in 360-videos. 93% of the participants
experienced symptoms. It was also expected that the disruptions due to freezing events could
discrepancies in movements causing confusion and cybersickness symptoms (Porcino, 2017). It must
be noted that all videos in the current study had a static camera position which could play are role in
the absence of cybersickness as a moving camera is often one of the causes. Freezing events were
found to influence the cybersickness, however, this effect is so small that it is debatable whether it is
a noticeable difference. Additionally, some participants did mention to be more annoyed by freezing
events when there is more movement in the video. The occurrence of cybersickness also appeared to
be more participant dependent. In conclusions, the level of cybersickness remains low overall
conditions, showing that cybersickness is not an issue and is not seriously affected by quality
degradations or freezing events.

6.2 Manipulations and Visual Attention

Effects on the area looked at in the vertical dimension are discarded due to an extremely low R?,
effects observed explain merely 2% of the variance observed and considering the results from the
heatmap showing that there is not much exploration in the vertical dimension. The remaining data of
the second part of the analysis is used to answer research question 2a: “How do video quality
degradations, freezing events and content influence the viewer’s eye movements? ”. To start with the
proportion of the area looked at in the horizontal dimension, on average 50% of the total viewing
field of a video is looked was. This is a rather small area considering that on average half the
available viewing space is left untouched. Furthermore, the area looked at is smaller in the degraded
videos compared to the reference video. As the reference video was shown first, an order effect
between the first and the remainder of videos could not be ruled out. Repetition of the videos could
therefore also explain the low average proportion looked at as after the first time, less exploration and
orientation is needed. The effect of freezing on the area looked at in x-dimension is mediated by the
total fixation duration on the spinner. As the spinner only appeared in the center and would draw
attention, it influences the area looked at in the low and high freezing conditions. Furthermore, it was
found that content does influence where people look. As it was found that in the Dojo video
participants looked at more area compared to the Intersection and Flamenco video.
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Quality degradations did not have an effect on selective attention. This is not in line with prior
expectations. Considering the theory by Lavie (1995) it could thus be concluded that global quality
distortions not cause substantial annoyance and PCL that overload occurs and attention becomes
more selective. However, an increase in selective attention was observed after watching a video once.
This could be interpreted as a form of late selective attention as the scene had already been evaluated
during the first time the video was watched. Additionally, results show an increase in fixation
duration and a decrease in fixation count (more focus) between the reference video and the quality
degradations. However, these degraded videos did again not differ from each other and an order
effect should be considered. Results of the study by Wang et al. (2014) showed an upside-down U-
shaped effect of cognitive load on the fixation count. With an optimal level of cognitive load, the
fixation count was high, but in conditions of under- or overload, the fixation count would decrease.
Considering this, the effect observed in the current study may be one of cognitive underload. The first
time watching a video it is new and allows for exploration, which would, following the theory, be the
optimal level of load. Once the video is known, watching the same video could become boring and
unchallenging, resulting in under load and thus a lower fixation counts and longer average fixation
duration. Furthermore, freezing events increased the focus. Considering the study by Schultz et al.
(2017) showing freezing does cause annoyance which is associated with cognitive load (Hart &
Staveland, 1988).

In conclusion, as with 2D video (Ninassi et al., 2007), visual attention in 360-video is directed
by the natural content, but also surprising elements such as the spinner during freezing events.
Comparing the different quality degradations, the visual attention was not affected by global
distortions, except in comparison to the reference video. The degradations did not increase the PCL
such that more selective attention occurred. Freezing however, did alter the visual behavior slightly
by increasing the selective attention. If the network resources are limited, switching from low
compression to higher compression to avoid freezing would not cause issues of changed visual
attention and would thus not impact the experience that way.

6.3 Relation Between Visual Attention and the QoE

In the last step of the analysis, the eye-tracking data was added to the model on the QOoE to test if
there are any relationships. In 360-videos, different people may look at different parts or proportions
of the available omnidirectional space; people are not exposed to the same view and might have
different experiences. The area looked at in the horizontal dimension was excluded from the model as
it did not contribute significantly to it. This means that even though people look at different
proportion of the 360 degrees, it does not result in different quality perception or experience.

As no (partially) mediating effects were found of selective attention and/or focus, perceptual
and cognitive overload cannot further explain why quality degradations and freezing events have a
negative effect on the QoE. Neither subjective evaluations nor the eye-tracking data showed a clear
relation between the manipulations, PCL and the QoE. The manipulations did not have an effect on
the PCL, such that selective attention and more focus occurs or have a significant influence on the
users’ experience.

What the model does show is how the ratio of how much participants look at relevant versus
irrelevant areas moderates the effect of CRF 20 and 28. In good and medium quality conditions, if
participants look more at relevant areas (which are in general the moving objects), they would rate the
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QoE higher. Looking at the theory on masking and contrast sensitivity (Mdoller, 2005), attending to
movement would make people less sensitive for other details, such as quality distortions which could,
therefore, be noticed less resulting in the higher QoE rating. Depending on the condition and the
effects of other factors, this can result in the degraded videos being rated higher than the reference
video. For the Intersection video, for example, it occurs more often that a degraded video is rated
higher than the reference compared to the other two videos. The effect of CRF was already found to
be smaller in the intersection video, thus differences were already less visible, and thus combined
with the masking effect even less. Additionally, previously watched videos and memory could play a
role as well. After seeing the worst quality, videos with CRF 20 could be perceived of higher quality
due to the contrast. If the memory of the reference quality and rating is ceasing it can occur that a
degraded video is rated higher than the reference. the effect of Rvsl is absent in the CRF 36
conditions, indicating that the quality degradation is prominent enough that the negative effect on the
QoE is equally present regardless of how much one looks at moving objects. The effect of CRF 36
being constant means that as participants look more at moving objects, the difference in perceived
quality and experience between CRF 36 and CRF 20 and 28 increases.

How much one looks at relevant areas was also found to have a moderating effect on the
effect of freezing. The effect becomes more negative when people look more at moving objects.
Movements are being disrupted as the images freezes; when looking at these movements this
disruption is more salient and can thus cause more annoyance

to the person. Content
. o . Motion | _
In conclusion, the freedom in viewing angle that is activit A

new to 360-videos allowing different people to look at T

different proportions of the total viewing space did not have S

any consequences for the quality experience and cannot Quality \\ -
further explain individual differences in QoE ratings. Degradation

However, regarding what people look at, movement in salient
regions does affect the quality perception as well as enhancing
the negative effect of freezing events. Effects are small,
therefore, to successfully include visual attention in objective Freezing
QoE metrics as has been done in 2D (e.g. Heynderickx, 2011;
Engelke, Barkowsky, Callet & Zepernick, 2010), more
research on other relations between visual attention and the Looking at
QoE is needed. Nonetheless, the variance explained on moving
participant-level remains high in the final model, it should be objects
considered that perhaps individual difference in quality
perception are too large and are not explainable by people’s
visual behavior.
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6.4 Application and Further Research

Results from the subjective ratings may be used in the development of 360-video technology and
applications regarding the trade-off between bandwidth requirements and user satisfaction. In case of
network resources reaching their limits, delays and freezing should be avoided. In this study for
example, are 4K videos compressed with CRF value 28 still on the border of acceptable and are not
rated significantly lower than for example CRF 20. To save bandwidth quality could be degraded
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quite a bit before its negative effects are worse than those of freezing. Additionally, videos with more
motion activity should be compresses less to remain an acceptable quality perception.

Another objective of this study was to see if eye-tracking could be of any value in QoE research of
VR 360-videos. It has been shown for 2D video that applying weights based on a simulation of the
HVS and NSS significantly adds to objective quality metrics (e.g. Engelke, Barkowsky, Callet &
Zepernick, 2010). This thesis showed that visual attention on movement has a small effect on quality
perception and experience. Other eye-tracking metrics used in the study did not show any relation to
the QoE. Accounting for effects of motion in salient regions alone might not be enough to
successfully improve objective metrics by implementing visual attention. Therefore, if we want to
include human perception in objective metrics, more research on possible other relations between
visual attention and the QoE would be needed. For example, the effects discussed in this thesis are
related to the visual attention on natural content (movements), a next step would, for example, be to
study the relation of visual attention on (local) distortions and the QoE. Furthermore, for actual
implementation more data of subjective tests is needed as ground truth; as well as more eye-tracking
data to develop a simulation of the human visual system to be implemented in objective QoE
algorithms.

On a final note, based on the finding of the current study, the quality of VR 360-videos is not
optimal yet. Where 4K is considered a good resolution in 2D video, almost all video conditions in this
study were rated only just above or below an acceptable level. Furthermore, the HMD screen is
perceived as grainy and it is comfortable to watch for a longer period of time. Some participants, for
example, commented that it is quite frustrating they cannot see certain details they would be able to
see in real life. Possibly, due to the more immersive experience of the VR environment, they expect a
certain level of quality as they would expect in the natural world. For future research, it would be
interesting to study how the immersiveness is related to quality expectations and thus perception.
Overall, more work and improvement is required to make streaming 360-video a successful, and
pleasant experience. It is important that streaming in higher resolutions videos become more feasible
and available. Additionally, HMD’s could be further improved to be able to handle these higher
resolutions.

6.5 Limitations

6.5.1 Technical Limitations.
Critically reflecting on the study results and set up, some limitations should be mentioned. First
regarding some technical aspects. The software was limiting in a way that it was not possible to
show uncompressed material. Even more so, if the file size would be too large, the software
would not be able to play it as the videos freeze unintended. After further investigation it was
found that as long as the program would be running, videos would remain in memory until the
CPU reached its maximum capacity. At this point the program would freeze. Due to this, the
reference video could not be full reference but had to be degraded. Even though still on a visually
lossless level, it should be accounted for that the reference in the current experiment is not an
uncompressed version. Additionally, the reference had to be shown separately as the software
would not be able to handle it in the same time-line, causing a possible order effect as the
reference was shown first. Furthermore, after each timeline the software had to be restarted to
empty the memory to avoid freezing which would increase the total experiment time.
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The AOI’s on which large part of the analysis is based had to be defined manually. This
was done with most care and precision, and it was thought through what should be regarded as
AOPI’s based in theory and a pilot. However, it remained a subjective task. It was done with great
care to make sure the AOI’s were applied similarly in all videos and where possible they were
copied and pasted, but due to software limitations the AOI’s could not be moved in time and had
to be drawn again manually in the low and high freezing condition after the first freezing event.
What areas were selected, how the AOI’s are shaped and drawn influences the data they produce.
This should be taken into account when reproducing the study, as different people might draw
AOTI’s slightly different which could possibly alter results.

Furthermore, the spinner was only placed in one position during the freezing events which
would significantly draw participants attention to the center. This especially affected the analysis
on the area looked at. Also, in future applications, it might not be desirable to distract viewers’
attention during freezing. Therefore, in future studies and applications making use of spinners, it
should be carefully considered where to place them. Example solutions would be four spinners
equally distributed or a spinner appearing in the center of the viewer's current viewport.

Finally, there was no audio included in the current study to isolate the effects which were
studied. However, in future studies or applications, it should be noted that audio also influences
the experience and might even influence the effects observed in the current study as more senses
are triggered. Therefore, further research should be done on if and how the addition of audio
influences the QoE.

6.5.2 Experience Related Limitations.
Some participants had indicated they did not see much difference between the videos, which was
also visible in the data. This, on the one hand, shows that there are individual differences between
people regarding quality perception. However, it may be that the worst degradation could have
been worse than it was in the current study to make sure the difference would be noticeable for
everyone.

Participants also indicated they were quite busy comparing videos and their own answers.
This behavior would distract them from observing and experiencing video material. If they would
lose track or be too distracted it could have influenced their answers. Related to this, after seeing
the worst degradation participants would often rate the QoE higher in the videos after, sometimes
even higher than the reference. Randomization should correct for this except for the reference.
This effect, however, shows how the ratings are related to memory and reference material.

Finally, it could become boring seeing the same video repeatedly. Again, randomization
should account for this. Only the reference video would be shown first, hence, some order effect
may occur there.

6.6 Conclusion

360-video is a video format that is currently growing in popularity and even though QoE research
on 2D video streaming is well established, little is done yet on 360-video. 360-video brings new
challenges and experiences along. Applying QoE theory and methods from 2D video streaming is
not trivial and more research is one 360-video specifically is needed. QoE assessment metrics are
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still in development and subjective methods have yet to be standardized. The goal of the current
study was to provide subjective data on the effects of quality degradations, freezing, and content
on the QoE; and to evaluate the contribution of visual attention as influence factor in the QoE
assessment.

The overall quality and experience was rated rather low, and answers varied a lot among
participants. Degrading the quality does not have much impact on the QoE up until the threshold
(here CRF 28), after which the QoE dropped. Freezing events drop the QoE below acceptable
level in any condition. In general, higher qualities for 360-video would be required. However, if
network resources are limited, more compression would be desired to avoid freezing.
Furthermore, the results of this thesis show that PCL and cybersickness do not cause any serious
issues for the QoE and are not much affected by the manipulations.

The effects of the manipulation on visual attention were minimal. It was found that
attention was mainly directed by content, but also by surprising elements such as for example the
spinner. An increase in selective attention and focus was only observed between the reference
videos and the others, no difference between the degraded videos self was observed. Freezing
also increased selective attention and focus slightly. It can be concluded that freezing does alter
the visual attention, but that switching between different levels of degradation does not cause any
changes and has thus no consequences for the experience in that way. If network resources are
limited more compression would be preferred over freezing, which should be avoided.

Including eye-tracking metrics in the model did not further explain individual differences
in subjective ratings as found in part 1. The proportion of the total viewing area looked at did not
have any relation to the QoE. The only effect found was a small moderating effect. When looking
more at moving objects, participants get less sensitive for quality distortions and the effect of
freezing becomes slightly more negative. Effects found are small and the variance on participant-
level remains high. Implementation of visual attention based on these results alone is most likely
not enough to successfully improve objective QoE metrics. To do so, more research on other
relations between visual attention and the QoE would be required.
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Appendix A

Extended Literature Review
Aa  Video Quality

Video has become an indispensable multimedia in our daily lives. When watching video material, we
want it to be of good quality while reducing bandwidth and storage requirements to keep it accessible
and affordable. When providing multimedia, companies deal with the tradeoff between providing
good quality and low costs. However, before material is reached by the user, it could be affected by
different errors and impairments. The material undergoes three stages before reaching its end user. In
the first stage the video material is created, in the second stage the material is edited, in the third and
last stage the material is transmitted through communication channels (Nidhi and Naveen, 2014).
Through these stages different artifacts affecting the quality may appear in the material. Some of
these are: blocking, ringing effect, flickering, blurring, mosquito noise, aliasing, delay and the
staircase effect (Table 5). Besides these artifacts other important factors to assess in video quality are:
viewing distance, display size, resolution, brightness, contrast, sharpness, colorfulness and
naturalness (Kuipers, Kooij, Brunnstrom, 2018). Additionally, the synchronization between video and
audio is an important factor of video quality. Zooming in on the second stage, the editing. In this
stage material is combined to form the final product. However, this still uncompressed material
requires an unrealistic amount of bandwidth. To overcome this the material is encoded and
compressed. When the compression is a perfect reconstruction of the original video data, it is called
lossless. If patterns not visible to the observer due to limitation of our visual system (psychovisual
redundancies) are discarded, it is referred to as lossy. (Winkler, 2005). Today compression methods
usually include three stages. The first step is transformation, in this stage the material is transformed
to exploit psychovisual redundancies. After the transformation quantization is applied. In this stage
the number of bits in the stream is reduced by decreasing the numerical precision of the
transformation coefficients. This can be achieved by the discrete cosine transform (DCT). The degree
of the quantization defines the lossyness of the result. The final stage of compression is the coding.
Here the finite set of values in the data is encoded. (Winkler, 2005). In compressing video material,
the use of the similarity between frames and compensation of motion in the video are key elements.
The international standards regarding video compression and coding are largely defined by the
moving picture expert group (MPEG) which was founded in 1988. As mentioned before, this
compression and encoding can lead to certain artefacts and distortions. The third stage, transmission,
also causes possible artefacts. The digitally compressed material is transmitted over a packet-switch
network. A noisy channel can lead to two different distortions in the stream. Packets can be damaged
and thus removed or they can be delayed such that they are not received in time for decoding
(Winkler, 2005). The visual effects of these deficits depend on how well the decoder can handle
losses in data. This differs significantly between decoders.

External factors may also influence how the video quality is perceived. This is referred to as visual
quality (Winkler, 2005). Examples are the viewing distance, display properties and types. External
factors may also influence how the video quality is perceived.
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Table 5

Video quality artifacts and their descriptions (Azevedo et al.,2018)
Artifact Characteristics

Blocking horizontally and vertically visible edges in a block like
pattern due to a harsh quantization of low-detail
regions.

Blurring Loss of spatial details due to strong deblocking filters
and encoding high frequencies of the original image
are lost.

Ringing Wave-like structure or ring shapes around sharp edges.
Often caused by to sharp cut-off of frequencies in the
frequency domain of the filters.

Stair case Inaccurate representation of diagonal edges. Due to
effect square-like pixel grid and finite resolution or not fine
enough resolution

Flickering Frequent changes in luminance or chrominance. It can
appear at the boarder of moving objects (mosquito
noise) or in random spatial areas (granularity
flickering). Flickering can also occur due to irregular
sequences of video frames.

Jerkiness When objects are not represented in a continuous way
due to resolution not being able to catch up with the
speed of moving objects. Causes can be for example
low frame rate or packet loss.

External factors may also influence how the video quality is perceived. This is referred to as visual
quality (Winkler, 2005). Examples are the viewing distance, display properties and types. Viewing
conditions such as lighting and possible distractions may also affect the visual quality. Finally, there
are subjective differences between the preferences and expectations of the observers which may
influence their perceived quality.

To assess the video quality there are subjective and objective techniques. The subjective video quality
assessment defines how a user experiences a video (ITU-R, 2012; ITU-T, 1999; ITU-T, 2014).
Examples are the Double Stimulus Continuous Quality Scale, the Single Stimulus Continuous Quality
Evaluation, the Degradation Category Rating and the Absolute Category Rating. In the double
stimulus continuous quality scale both the distorted as the original video is shown without telling the
observer about the reference. In the Degradation Category Rating the observer is first shown the
distorted video and is asked to rate the reference video while keeping in mind the distorted version.
The Absolute Category Rating is a Single Stimulus method where the observer is shown each video
independently and asked to score the video after watching it. (Nidhi and Naveen, 2014). These
methods are straightforward on how to use but also have some limitations. It can be time consuming
and expensive to get enough participants into a lab to sit through experiments and results may not
always be as accurate as desired because different users have different perspectives. However, if the
pool of subjects is large and diverse enough the subjective method can be quite reliable (Liu, Lin, Lin,
Kuo, 2013).

In objective quality assessment there are three categories: full reference, reduced reference, and no
reference. When both the original and the distorted material is available a full reference assessment
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can be done by objectively comparing the material on chosen metrics. If only some of the features of
the original is available, reduced reference assessment can be done. Methods often used are
watermarking or making use of a sliding windows (Nidhi and Naveen,2014). If no reference or
original material is available, one is bound to no reference assessment where only the
processed/distorted material is used. The most widely used objective measure is the peak-signal-to-
noise ratio (PSNR). In this metric some original signal is compared to a received or compressed
signal by means of for example the mean squared error (MSE) (Tran et al, 2017). Objective
assessment also has some limitations to it namely: it is difficult to correlate it with the human vision
system, particular metrics can waste computation time, and lastly it is not always possible to obtain a
distorted test video in real time environments in which case objective assessment is not possible. The
subjective and objective scores can be compared through a set of metrics to test the performance.
Some of which are the Spearman rank order correlation coefficient, the Pearson linear correlation
coefficient, an outlier ratio, and the root mean square error. (ITU-T, 2012) In general, objective
methods are used in production and monitoring when no time and money is available for subjective
tested. It can also be used to better understand the objective aspects of video quality. Subjective
methods are used in the development of objective methods but are also useful to get insights in the
perceived quality and experience of observers.

(Nidhi and Naveen, 2014).

A.2 Quality of Experience

To evaluate the users’ experience and subjective perception of a product, system or service different
concepts are being used. Two popular examples of these are the user experience (UX) and quality of
experience (QoE). UX studies the evaluation and subjective experience people have using a system or
service, QoE add to this by relating these measures more directly to the perceived quality of the
content and objective metrics of the system itself (Le Callet, Moller, and Perkis, 2012). This adds
value to the evaluation of technical systems of services as their functionality is becoming more
complex with a growing number of dimensions involved.

To define quality of experience a definition of its underlying concepts is needed first. In the
whitepaper by Callet et. al., (2012) these are defined as followed:

“Event: An observable occurrence. An event is determined in space (i.e. where it occurs), time (i.e.
when it occurs), and character (i.e. what can be observed).”

“Experience: An experience is an individual’s stream of perception and interpretation of one or
multiple events.”

“Quality: Is the outcome of an individual’s comparison and judgment process. It includes perception,
reflection about the perception, and the description of the outcome. In contrast to definitions which
see quality as “qualitas”, i.e. a set of inherent characteristics, we consider quality in terms of the
evaluated excellence or goodness, of the degree of need fulfillment, and in terms of a “quality event”

Leading to the definition of QoE as defined by the ITU-T standard:

“Quality of Experience (QoE): Quality of Experience (QoE) refers to the overall acceptability of an
application or service, as perceived subjectively by the end-user.” (ITU-T 2017).

When forming a judgement on the quality, users will go through a process in which they will have
reference path: the temporal and contextual memory of former experiences; and a quality perception
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path: a physical event resulting in perceived sensory signals. In the formation of an experienced
quality both paths are compared, after which a judgement is formed, and the resulting experience is
delimited in time, space and character.

Research on the QoE has become increasingly important with the growing availability of multimedia.
Meeting the user expectations and requirements of the desired quality are of importance to deliver
acceptable media. Objective and subjective measures are both important in QoE assessment,
meaning, actual users should be involved to covers for the human perception aspect. Thus, QoE
involves the quality of the video/audio content, the human perception. Additionally, it involves the
Quality of Service (QoS), how the content is delivered to its end users. (Kuipers, Kooij, de
Vleeschauwer, and Brunnstrom, 2010).

A.2a Influence factors.
There are several factors influencing the quality of experience. An influence factor (IF) is any
characteristic of a user, system, application, or context whose actual state or setting may have
influence of the quality of experience for the user (Callet et. al., 2012). There are Human IFs, System
IFs, and context IFs (Reiter et al., 2014).

Human IFs are properties or characteristics of the user self. These can describe the demographic,
socio-economic background, or the physical and mental/emotional state. This factor can influence the
low-level early sensory processes but also the higher-level cognitive processes related to
understanding stimuli. Some examples of low-level IFs are visual acuity, colorblindness, gender, or
age. High-level IFs are more elaborate. They can include norms and beliefs one has, their cultural
background, but also their previous experiences. Other examples are a person’s knowledge, skills,
and expectations. Moreover, someone’s’ viewing behavior such as visual attention are cognitive
processes that can influence the QoE. (Reiter et al., 2014).

System IFs refer to properties of characteristics influencing the technical quality of a product or
service. These factors can be content-related, media-related, network-related, and device-related.
Media content is highly influential to the QoE, as well as to system requirements. For example, the
amount of motion or detail in the information. Media related IFs refer to media parameters such as
encoding, resolution, bitrate, or framerate. When space is limited, media is compressed for storage
and transmission, which may have an impact on the quality which in turn will influence the QoE.
Network-related IFs refer to the influence data transmission has on the QoE. Bad network
connections and bandwidth limitations may cause delays and data loss affecting a viewer’s
experience. Delays for example could cause annoyance with the observer, and corrupted unwatchable
files even more so. Device related IFs refer to the device the media is rendered on and the observer
watches is from. Different devices have different characteristics and limitations which could
influence how the media is displayed and thus experienced by the observer. (Reiter et al., 2014).

Context IFs are related to the situational property and the physical, temporal, social, economic, task
and technical characteristics of a user’s environment. The physical context describes the location and
space of the observer. Characteristics of this space may have an influence on the experience of the
observer. Examples are lighting, background noise or temperature. Temporal context refers to
temporal aspects such as the time of day, week, month or year and how this might influence the
experience. Furthermore, historical context should be considered as a temporal factor. Social context
is about the inter-personal relations during the experience. In this context it is considered whether
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media is viewed or used alone or together, and if used together, with who they are and how they are
related may affect the experience. Economic context refers to the costs and brands of the media. Task
context is defined by whether the experience has a certain task and if so what that task entails.
Finally, technical and information context refers to the relation between the media of interest and

other systems or services. Examples are networks, connected devices or mediums. (Reiter et al.,
2014).

In the end a combination of the influence factors mentioned above will define the QoE for the end
user. Which, as you can read, relies on many factors that have different importance depending on the
situation at hand. The challenge lays in defining and selecting the relevant factors for the right media
and situations and find the appropriate methodology to measure and quantify them.

A.2.2 Measuring QoE.
Measuring the QoE involves three components: the video quality, the QoS, and the human
perception. This results in different quality assessment methods. Perception-based methods make use
of a subjective set-up where human participants view different videos and evaluate these. Data
resulting from these methods is often used as ground truth in the development of
objective/instrumental methods. In these methods the video quality and human perception come
together. (Moller, Raake and Kiipper 2014). Subjective results are usually expressed through a Mean
Opinion Score (MOS) reflecting the perceptual quality and experience. The MOS is generally related
to a 5-point scale where 5 corresponds to excellent and 1 to bad. The standard minimum threshold for
acceptable quality is a MOS of 3,5 (Kuipers, Kooij, de Vleeschauwer, and Brunnstrom, 2010).
Several standardized methodologies have been described in the video quality section above and are
further defined by the ITU-T (2014). Instrumental methods give quality estimates based on
algorithms. Some of these algorithms have been described in the video quality section above.
Algorithms are developed based on ground truth data from perception-based methods and try to
predict these quality scores as close as possible by means of objective data about the video material.
(Mdller, Raake and Kiipper 2014).

The QoE can have specific features itself as well. these features are defined as “A perceivable,
recognized and namable characteristic of the individual’s experience of a service which contributes to
its quality”. In other words, it describes how the influence factors are perceived by the user. These
features can be monotonic, or they can be based on a reference/ideal point on which the experience of
the quality is determined. There are perceptual and interpretational features that can be further
classified on four levels: (1) perception, which includes sensory information; (2) interaction, which
can be human-to-human or human-to machine; (3) the usage situation which contains the physical or
social situation; and (4) service, which relates to the use beyond one instance.

Links between quality features and quality factors will help in identifying cause-effect relationships.
These relationships will give insights beyond the perceptual and judgement-related processes
underlying the QoE, but also provide knowledge for quality engineering. (Mdller, Raake and Kiipper
2014).

A.3 Virtual Reality and 360-degree videos

360-degree video (360-video) is an omnidirectional video that can be explored by the user. The
videos can be viewed from a display where turning it would turn the image in the video or viewed in
virtual reality (VR) by means of a head mounted display (HMD). The latter will be the focus in the
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current study. Since the commercialization of VR in the recent years, more 360-videos have been
emerging on the internet. Material can be found on popular streaming platforms such as YouTube and
Vimeo. Also, Fox Sports is experimenting with streaming sports in VR. Before diving further into the
topic of 360-video, a brief description of VR in general will be given first.

Ideas related to virtual reality date back as far as 1838. In that year sir Charles Wheatstone. invented
the stereoscope, a device where two photos of a scene were presented so the observer sees a left and
right view. In 1956 Morton Heilig developed the multimodal experience “Sensorama”. An observer
would have an experience via sight, sound, smell, vibration and wind. (Sherman & Craig, 2019). Ivan
Sutherland (1968) presented a paper with his idea about a head mounted three-dimensional display. In
this display the user would be presented with a perspective image that would change as he moves his
head, creating the illusion that the user is seeing a three-dimensional image. His setup was still quite
robust, it required a large installation and has limit freedom of motion. Since then Virtual Reality has
come a long way to develop to the technology we know today. The technology for HMD’s got further
improved and became more available and affordable over time. In 1995 the $1000 price barrier for an
HMD was broken by Virtual I/0. A kick-starter campaign for the Oculus Rift, a low-cost HMD,
regained broad interest for VR in 2012. In 2016 Oculus Rift releases their first consumer-oriented VR
products, followed by HTC, Valve, and Sony. These products and their available content have been
improving since. (Sherman & Craig, 2019).

The term “virtual reality” is be interpreted differently by different groups of people. However, in
general VR can be defined by five key elements: the participant and creators, a virtual world,
immersion, sensory feedback, and interactivity. The first, a virtual world, would be defined as an
imaginary space or environment created by some medium. This medium usually is a computer and a
headset. The second element, immersion, defines the feeling of “being there” in an environment, in
this case the virtual reality. It can be divided in mental immersion, a state of deep involvement and
engagement which could remove disbelief; and physical immersion, the bodily entering of a medium
where synthetic stimulus of the senses takes place. Another term used to describe the experience of
“being there” is presence. Next the third key element, sensory feedback, which referred to the virtual
environment responding to our actions as we would expect. For example, the view changing when we
move our head. When this feedback does not align with our expectations it can cause troubling
confusion, annoyance and even nausea. The forth element is interactivity, a virtual environment
should not just stimulate our senses. For a full experience it should also respond to our actions and
allow us to interact with the environment. An example of an implementation is position tracking,
which entails computerized sensing of the position of an object in the physical world and translating
this to the virtual world. The last element, the participants and the creators, might even the most
important element. As with any experience, it happens in the mind of the participant. The creators of
the virtual environment naturally play an important role as well in designing the VR to meet the
participants needs and expectations. (Sherman & Craig, 2019). When putting together these five
elements the book by Sherman and Craig defines Virtual Reality as followed:

“A Medium composed of interactive computer simulations that sense the participants position and
actions and replace or augment the feedback to one or more senses, giving the feeling of being
mentally immersed or present in the simulation (a virtual world)”

The application of VR may be different for different purposes. There are several types of technologies
which could be applied to create a virtual reality. These technologies could be grouped in three
paradigms: Head-based, Stationary and Hand based. With the head-based technology the user would
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wear a helmet, or a head mounted display (HMD). Inside these HMD, images are displayed on one or
a pair of screens. These images change when the user moves his or her head as motion sensors are
integrated in the HMD. Depending on the media the user can explore and, if for example hand held
controllers are connected, interact with the environment. The current study will make use of an HMD.
Second is the stationary paradigm, in which the hardware is not worn or carried by the participant but
located around him or her. Large screens or projectors are often used to convey the experience. One
of the most known examples is the CAVE system in which the participant stands in a room-like
setting where the environment is displayed around him. The third paradigm, the hand-based VR is
when the participants holds an object containing the experience in their hands. These objects could be
smartphones or tables on which the information is displayed. These technologies are popular with
augmented reality, where the device is held in front of the participant to view the world with the
augmentation. (Sherman & Craig, 2019)

The possibilities and applications of VR keep growing and one of those is the 360-degree video, topic
of the current study. An omnidirectional video giving the viewer a more immersive experience
compared to 2D video. The videos are watched passively, the user cannot interact with it as with for
example a VR game. Users can view a clip in all directions by moving their head. In the next section
first more detail about these 360-videos will be explained, after which the challenges will be
discussed and last an overview of recent studies on the QoE in such videos will be given.

A3.a 360-video processing.
An overview of the processing steps taken from acquisition to consumption of 360-video material is
given in Figure 23. This process described by Azevedo et al. (2018) will be summarized in the
following section. The first stage is the acquisition of the material. Currently, 360-video cameras
consist of multiple dioptric cameras each capturing a different angle. The input of the different
cameras is then stitched together by a mosaicking algorithm.

Acquisition Encoding

Optical Project to the Frame
p' . Stitching Code . Compression .
Acquisition Packing \
Geometry
v
Storage and
Transmission
Conversion to Frame
HMD «—1 Rendering Display N X —— Decompression
Unpacking
Geometry

Consumption Decoding

W

Figure 23. llustration of the processing steps for 360-video from acquisition to consumption (Azevedo et al.).

This algorithm merges the overlapping fields together with as output a wide-view panorama image
referred to as equirectangular panorama (ERP). An alternative representation is a cube map
octahedron (CMP). (Figure 24). Systems capturing stereoscopic dynamic omnidirectional scenes is
however still in development as it presents many challenges (Gurrieri and Dubois, 2013). The second
stage is the encoding of the material. In this stage the space needed to store and transmit the video is
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reduced in either a lossy or lossless way by reducing the redundancy in the signal. The content will be
mapped into rectangular frames, which is the typical input for popular encoders such as H.264,
H.265, VP9 and AV 1. The transmission of 360-material can be done over the same channels are
traditional 2D video. However, new challenges arise due to the large file size and required bandwidth.
Additionally, response time is an important factor in the viewing experience as a high latency might
result in cyber sickness (Porcino, Clua, Trevisan, Vasconcelos and Valente, 2017) (Hettinger and
Riccio, 1992). To reduce the required bandwidth two dynamic adaptive streaming methods are
explored: viewport-dependent projected and a tile-based approach. In both, quality differs between
parts of the stream where the parts in the active viewport are streamed in higher quality compared to
the non-visible parts. The third stage is decoding. Here the transmitted material is decompressed and
is converted to the display geometry, in case of an HMD, a spherical representation. The last stage is
the consumption. The viewer is centered in the sphere an able to navigate through the content by
moving their head to change the viewing direction. Next to the commonly used HMD, the video can
be rendered on smartphones or desktops where the viewer navigates by moving the device or the use
of a mouse. (Azevedo et al., 2018).

To gain a better insight in 360-videos and their streaming requirements, Afzal, Chen and
Ramakrishnan (2017) made a comprehensive characterization of the available material on YouTube.
Their results show that 360-videos have substantially higher bitrates and a larger recommended
resolution (7168x3584) compared to conventional 2D video. However, they did find that the bitrates
of 360-videos are less variable compared to traditional 2D video, which could be beneficial for the
network. The reason bitrates are less variable is because the motion in 360-videos is on average less
than regular video. This can be explained by the fact that less

X

Figure 24. representation of the image either through an equitangular panorama (top) or a cub map octahedron
(bottom). (Azevedo et al., 2018).

camera motion is needed to capture a whole scene. Overall, with these larger requirements we might
need to rethink how we satisfy users’ QoE while limiting bandwidth.

A.3.2 Distortions and Artifacts in 360-video.
As with traditional video streaming, 360-video is also subjective to distortions and artefacts while
being processed. Some are similar to those in traditional video, but also new problems and challenges
arise. In the acquisition stage, sensory limits and stitching issues may add visual distortions. Each of
the cameras of 360-multicamera is subject to common optical distortions such as barrel, pincushion
distortions, chromatic aberrations, noise and motions blur. Specifically, for 360-video, artefacts may
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occur due to inconsistency between the cameras. For example, the light could be different in different
viewpoints. The process of stitching together the images of the different cameras is challenges in thus
prone to cause artefacts. Common problems are for example blurring, visible seams, ghosting, broken
edges, missing information and geometrical distortions (Figure 25). Additionally, the poles could

contain a black circle or blurred content when the camera is unable to reach those areas. (Azevedo et
al., 2018).

The encoding stage could cause artefact while projecting to the coding geometry and during
compression. Geometrical distortions may occur when the spherical image is projected to a plane.
Neighboring regions in one representation might not be neighbors in the other. Many compression
artifacts present in traditional 2D video may also occur in 360-video due to the use of the same
compression schemes. These artifacts are mentioned in the video quality section above and Table 5.

S
Figure 25.. Examples of stitching artifacts in 360-videos. From left to right: broken edges, missing information,
ghosting, wrapping, and geometrical distortion. (Azevedo et al., 2018, p.6).

The omnidirectional nature of the videos may however cause for a different appearance of these
artifacts. Blocking artifacts for example, may be perceived as wrapped patterns depending on the
geometric map projection. Discontinuities or visible seams may also occur during the encoding stage.
During the transmission stage delays and communication losses can cause distortions in the stream.
This is similar to transmission artifacts of traditional 2D video as is described in the video quality
section above. Rebuffering and quality fluctuations may occur strongly affecting the viewing
experience and aversiveness. Effects may be stronger when viewing through an HMD as
discontinuities between viewers movements and system response could cause confusion and even
cybersickness. (Hettinger and Riccio, 1992). (Porcino, Clua, Trevisan, Vasconcelos and Valente,
2017). Especially in viewport dependent projections, when different regions have different qualities,
these spatial fluctuations may become annoying. Additional to artifacts in the video material, the
display may also present challenges and artifacts. An HMD is for example very close to the eyes;
thus, the system should support a comfortable viewing to avoid eyestrain. Another problem that arises
from the close viewing distance is the screen door effect. It is often possible to see a fixed lattice
pattern on the HMD because the space between pixels is too visible. (Azevedo et al., 2018).

Effects of these artifacts on the QoE had yet to be determined. No large body of research on the QoE
in 360-video is available yet, as well as consensus on the best approach to this. However, first steps
are being made and will be described in the next section.

A.3.3. Quality of Experience in 360-videos.
As with traditional 2D video, quality assessment of 360-videos can be done through both subjective
and objective tests which both have their own advantages and disadvantages. Currently objective
quality in 360-video is measured through standard PSNR and SSIM in the planar projection.
However, they give similar importance to all parts of the spherical image, even though different parts
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have different viewing probabilities and thus different importance. Additionally, they still do not give
a good representation of the subjective quality. Viewport-based PSNR or SSIM metrics could be a
solution closer to what the users perceive. However, all objective metrics still fail to consider
perceptual artifacts such as for example visible seams. (Azevedo et al., 2018). In a study by Upenik,
Rerabek, and Ebrahimi (2017) three metrics specially designed for omnidirectional content were
compared to conventional 2D metrics. They evaluated: spherical PSNR, weighted spherical PSNR,
and crater parabolic projection PSNR. The results showed only moderate correlations with the
subjective scores. The metrics designed for 360-video content did not perform better compared to the
conventional methods. This was once more confirmed by a study on different quality metrics for 360-
video by Tran, Ngoc, Bui, Pham, and Thang (2017). They considered 10 quality metrics in their
study. Their results show a better correlation to the subjective metrics. Moreover, they showed as well
that traditional PSNR outperformed the other metrics due to its simplicity.

There is still a lack of standardized methodologies for subjective studies and metrics for 360-video.
The debate on how to develop these is still ongoing, and consensus has not been reached yet within
the research community. Nevertheless, some studies on the subjective experience of omnidirectional
content have been performed adapting methodologies from classical video quality assessment.
However, this adaptation is not trivial as viewing through an HMD is substantially different
compared to a regular display which presents different experiences. The viewer is more immersed in
the content and challenges regarding strain and cybersickness arise. Moreover, different people might
explore the content differently, looking at other parts, resulting in a different experience. Visual
attention and salience are therefore important aspects to consider in subjective assessment of 360-
video content. (Azevedo et al., 2018). In the next section some of the studies performed so far and
their results will be discussed.

In an elaborate subjective study, Tran, Ngoc, Pham, Jung, and Thang (2017) test several parameters
and their effect on the perceptual quality and acceptability of 360-videos. Additionally, they evaluate
how the quality affects the presence and cybersickness among participants. Factors included in the
study were encoding parameters (quantization parameter QP, resolution, and bitrate), content
characteristics and device types. Key results are described as follows. High resolution (2.5K and 4K)
videos receive a high perceptual quality score whereas the presence is also influenced by the content.
Acceptability is high for these videos and is affected by the perceptual quality and presence. Majority
of the participants experienced cybersickness while watching the 360-videos. It was also found that
for resolutions below 2.5K the perceptual quality score would drop significantly. Encoding 360-
videos in HD resolution or below should be avoided. A similar effect was observed for QP, as it
increases the perceived quality would decrease faster. The acceptance rate for videos with QP=40 was
found to be below 30%. Acceptable bitrate varied between the different content types. Fast motion
content type would require higher bitrates compared to lower motion content. Moreover, Camera
motion was found to have a strong correlation with presence and cybersickness.

A study by Schatz, Sackl, Timmerer and Gardlo (2017) tested the impact of stalling events on the
QoE when streaming 360-video. They performed a subjective study in their lab where they compared
different stalling frequencies and duration and additionally compared results for 360-video to
traditional TV. They used and adaption of standardized ITU-R and ITU-T methodologies for
conventional 2D video. Results show that even a single stalling event leads to a significant increase in
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annoyance. Different stalling patterns did not necessarily show different annoyance scores, adding
any stalling in the main impact. The results did not vary significantly between traditional TV and VR.

Some other notable results are from a study compared QoE and cybersickness between different
HMD’s. The HTC VIVE was found to offer a slightly better integral quality compared to the oculus
rift. Additionally, content and resolution were found to influence the quality, hinting to an interplay
between content and device. Content was moreover found to have an influence on cybersickness,
some contents result in more sickness than others. Moreover, the exploration behavior was evaluated,
and it was found that content and in some cases quality would influence how users explore the video.
(Singla, Fremerey, Robitza, and Raake 2017). Another study on the QoE of streaming 360-videos
found how delay, quality variations and interruptions could support the evaluation of the QoE by
including these factors into their model, indicating these factors do have an influence on the quality
perception. (Tran, Ngoc, Pham and Thang, 2016).

A.4 The Human Visual System

As mentioned in the previous section, our senses influence how we experience something. Our visual
perception and behavior are Human influence factors to the QoE. To further understand how they
might be of influence a better understanding of how they work is required. In this section first an
general overview of our visual system will be explained, including our perception and attention. After
which the relation between these systems and the QoE will be elaborated on.

Vision is one of our most essential senses and it involves complex processes. Visual stimuli are first
observed by the eye (Figure 26). Through refraction by the cornea, lens and both humors the images
reach the retina which consists of many receptors. Most receptors are located in the fovea, here the
image will be the sharpest. This foveal vision is only 2 degrees of the complete 180-degree visual
field. When we want to further processes a piece of visual information, it requires visual attention.
Visual stimuli in the foveal vision are processed and paid attention to. The eyes make fast
movements, called saccades to maintain a clear and sharp vision by moving the fovea. The eyes fixate
on objects to put focus on them. There are voluntary fixations that allow us to direct our eyes towards
an object of interest. Involuntary fixations lock the eyes on objects of interested once found, for
example when the observer moves or makes head movements. (Palmer, 1999)
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Figure 26. Anatomy of the human eye.

We cannot focus on everything around us, by means of fixations we make selections to what our
visual perception pays attention to. We control what we perceive by directing our eyes towards. The
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easiest, fastest and most precise way to keep something on the fovea is by moving one’s eyes. By
moving our eyes, we perceive different parts of our visual field.

There are several different eye movements. The first one is the physiological nystagmus. These are
tiny involuntary eye movements. Under normal circumstances these movements go unnoticed.
Saccadic movements are rapid eye movements to bring new objects of interest into the fovea. They
occur most when one is scanning an environment for example or when reading a sentence. Saccades
are ballistic movements, once it has started its direction cannot be changed. a saccade takes
approximately 150-200 ms to plan and execute where the actual eye movement only takes around 30
ms with a speed of 900 degrees per second. During these saccadic movement’s perception is
suppressed to avoid a blurry vision. Between saccades, a person fixates on an object of interest to
process this information. These fixations last around 300 ms. Smooth pursuit eye movements are
made to track a moving object. The smooth pursuit movements differ from saccades in terms of
smoothness, direction, speed and acuity. Where saccades can be quite jerky and abrupt, pursuit
movements are not ballistic but are corrected based on feedback. The pursuit movements only have
speed of around 100 degrees per second which is much slower compared to saccades. Furthermore, in
pursuit movements the tracked object is clear in the visual field whereas the other objects are blurred,
which does not occur with saccadic movements as the perception is suppressed during the movement.
The success with which an object can be tracked depends partly on the speed of the object to be
tracked. If an object moves too fast the feedback loop is too slow to keep up with it. Vergence eye
movements are movements to determine the distance to an object and is supported by accomodation.
The eyes converge to select an object of interest and the angle of the convergence is used as
information about the distance. To track an object moving in depth vergence eye movements are
required. These movements are slow and disconjugate. The so far discussed eye movements are
meant to get or keep and object on the fovea when the head is still, the next two types are to keep the
object on the fovea when the head or body moves. The vestibular eye movements keep the eyes
fixated on an object when the head or body moves. They are called like this because they are being
controlled by information from the vestibular system. They are very rapid and accurate, much more
than the pursuit movements. The final type is optokinec eye movements, which is an involuntary
tracking that occurs when a large portion of the visual field moves. (Palmer, 1999)

All these types off eye movements work together to observe the visual field and objects of interest
while keeping our vision sharp and clear? Looking at saccades and fixations is probably most
interesting to answer questions about our visual behavior because of their frequency and selective
nature.

One can look at patterns of fixations to see how a person explores and perceives a visual stimulus.
These sequences of saccades are called scan paths. Given different tasks, scan paths would look
differently as people would choose different information to focus their visual information to.

A.4a Cognitive and perceptual load and selective attention.
While we explore a visual environment, we process different information at different times depending
on our goals. To consciously perceive an object or scene, attention is required. By moving the eyes
such that an object of interest is on the fovea, makes that the information is available for processing;
attention is then needed to select what to process. This perceptual and attentional process puts load on
a person’s working memory. However, there is a limit to the perceptual resources, called capacity,
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which relies on different factors such as alertness and motivation. This perceptual capacity is a form
of intrinsic and extraneous cognitive load, the first is related to the effort that is required for a
cognitive task, the second represents how a task is presented. Crossing one’s load capacity could have
negative influence on learning efficiency and attention. It will become harder to pay attention to
stimuli as the brain will make a selection. Furthermore, it may increase stress levels which negatively
influences the experience. (Sweller, Ayres and Kalyuga, 2011). Therefore, when the total capacity is
full, the amount of attention paid to certain objects of interest can be allocated by selecting what gets
processed. Selection can avoid perceptual overload, it is important though that the right information is
being processed. Attention should go to important stimuli instead of irrelevant ones. But here the
paradox of intelligent selection comes in. How do you select the relevant information without first
processing all the information to determine what is relevant? A distinction between early and late
selection is made. If the selection appears early, how would the cognitive system select what is
relevant? However, if the information is processed first to make a selection, the benefit of selection
disappears partly because a great deal of processing is already done. (Palmer, 1999).

For early selection we make use of innate or learned heuristics. A study by Lavie (1995) has shown
that for selection to occur, the maximum capacity must be reached. Therefore, it can be determined
whether an individual’s perceptual system is overloaded by looking at how a stimulus or scene is
attended to. If it is more divided over the complete visual environment, overload is less likely.
However, if more relevant stimuli selected compared to irrelevant to pay attention to, the system may
be overloaded.

A.5 Eye Tracking

The study of eye movements has been around since 1878 (Javal) and the first non-invasive eye
tracking technique dates back to 1901 when Dodge and Cline developed the technique to measure
light reflected from the cornea. Since then eye tracking has gone through great developments and
made its appearance in the technical landscape through the years. Fitts, Jones & Milton (1950) were
the first to introduce a motion picture camera to study eye movements. They tracked the eyes of pilots
interacting in the cockpit and with this introduced eye tracking as a means of what we today call
usability research. The first head mounted eye tracker was developed by Hartridge and Thompson
(1948). Eye tracking research especially started taking off after 1970. In that time both, the
technologies used for eye tracking, but also the psychological theory linking eye movements to
cognitive processes had great developments (Jacob and Karn, 2003). In the 1980’s eye tracking in the
field of Human Computer Interaction (HCI) developed further. Besides studying how users interact
with interfaces, possibilities of using eye tracking as means of interaction started to develop (Levine,
1981). In the 1990’s and beyond these technologies have further grown and eye-tracking is now more
widely applied in research domains and as interaction means. As Senders (2000, p. 8) stated: “the use
of eye tracking has come back to solve problems every decade since the 1950s”. In the next section
some of the currently available applications of eye tracking and the most interesting metrics will be
discussed.

A variety of products are available these days to facilitate the use of eye tracking. Some examples are:
trackers to be integrated with notebooks, PC’s or desktops; trackers to easily connect to your PC via
USB; glasses with integrated tracker for real-world eye-tracking; trackers integrated in cars and since
recently also VR HMD’s with integrated eye-trackers (Tobii, 2015). This great availability or
products allow for several interesting application. One of the widely used application fields of eye
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tracking is usability studies of both digital and tangible products and services. The goal of these
studies is to uncover the user’s search patterns to see if a product or service is designed in a good and
intuitive way. When performing a usability study, data can be gathered and analyzed in two different
ways. Either in a confirmative (top-down) or explorative (bottom-up) nature Goldberg, Stimson,
Lewenstein, Scott & Wichansky, 2002). Top-down methods can be based on a cognitive theory or a
design hypothesis. Example studies could be to test if frequent saccades are in indication of a loss of
focus; or to test the theory that blinking buttons catch more attention. Bottom up methods are fully
based on observed data and no predefined theories are involved. For example, if it has been
established that users on a website are not interacting as it would be expected, eye-tracking could be
used to test whether users have trouble navigating the webpage.

Another popular application of eye-tracking is to use it as a means of interaction, or input to systems.
The use of these type of technologies could allow us to improve the human-computer interaction by
making it faster, more natural and convenient. One could say it could increase the useful bandwidth
of the communication between user and the interface. It has been shown that eye movements are
faster than conventional input technologies as for example a mouse (Sibert & Jacob, 2000). Before
the movement of the mouse even has started our eyes are already fixated on the destination.
Furthermore, operating one’s eyes does not require any training, it happens automatically. However,
it could also be a limitation of the technology as it is harder to consciously control your eye position.
It is also not trivial to engage in an eye-tracking operated interaction in terms of selecting something,
as for example pressing a mouse button. The eyes are always on, unlike other pointing devices from
which we can just remove or hand and stop interacting with it. Implementing these technologies can
therefore be quite challenging, but if done correctly, they could be a valuable addition to the way we
interact with our devices. (Jacob & Karn, 2003). In one field the use of eye-tracking as means of
input is especially valuable, namely in adapting for people with severe motor disabilities making it
impossible to use conventual means of interaction (e.g. Soltani & Mahnam, 2016; Shinde, Kumar, &
Johri, 2018).

Over the last years, eye-tracking has shown to be useful also in the medical domain where it can serve
multiple purposes. One of these is the use of eye-tracking in the diagnosis of mental illnesses using
simple tests such as the anti-saccadic task (Pereira, Camargo, Forlenza, 2014) or the smooth pursuit
task (Diefendorf & Dodge, 1908). Additionally, there have been experiments with using eye-tracking
as a way of therapy and has, especially with children, shown great potential. Games using gaze-based
interfaces have proven to be engaging and have positive effect on children’s visual abilities.
Additionally, eye-tracking based devices could contribute in the recovery of people with vision
defects. Last, eye tracking can support in disclosing visual patterns of medical experts, giving insights
in their examination process. This information can be useful in the training of medical students and
staff. (Harezlak, Kasprowski, 2018).

The final application domain that will be discussed here is that of the topic of this thesis, virtual
reality. Recently eye trackers have become available inside HMD’s. This does open possibilities for
research as well as development of VR media. It is now possible to study users’ visual behavior when
interaction with and/or exploring a virtual environment. Usability of VR media can be tested on the
level of visual attention and search behavior. It also opens doors to cognitive research involving eye-
movements that is difficult or unethical to perform in real-life but might be feasible in VR. As another
example, it could be complimentary to the use of VR in therapy for anxiety and/or phobia’s (e.g.
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Cooper, 1996; Wang & Li, 2013). Eye tracking could also offer interaction possibilities for VR. It
could be an intuitive replacement of controllers as one is not able to see their hands when wearing an
HMD, which could trouble the interaction efficiency. A final application of eye tracking in VR worth
mentioning is foveal-based adaptive rendering of either 360-videos or games. One of the larger
challenges with VR streaming is the large required storage space and streaming bandwidth to provide
good quality material. To limit these requirements, technology to adapt the quality to where the user
is looking, called foveated rendering, is being developed (Patney et al., 2016). This would mean that
in the fovea area the media would be rendered in full quality and the surroundings in lower quality by
means of for example resolution. This resembles our natural visual system in which we also only
perceive a sharp image of the fovea area. To optimize this technology, research is done on fixation
prediction (Fan et al., 2017). This to make the adaptive quality faster and more accurate.

A.5.1  Eye tracking metrics and measurements.
As described earlier, eye tracking can serve in a top-down or bottom-up way. Different goals and
methods require different metrics to be evaluated. Eye tracking data can be described through
quantitative metrics (based on fixations, saccades or smooth pursuit eye movements) or through
visualizations such as heatmaps and scan paths. Before further describing these methods, the concept
of area of interest (AOI) should be introduced. Simply put, an AOI is an area on the stimulus (e.g. an
image or video) on which one wants to collect data. Many metrics can be applied to the total but
applying them to AOI’s could reveal more valuable information. AOI’s allow the researcher to divide
the stimulus space and gather more detailed data. AOI’s are usually defined before starting
experiments based on a hypothesis. If the data reveals information that needs to be further
investigated, new AOI’s can be defined based on post-hoc hypothesis. AOI’s can be both static or
dynamic, and both should be applied with great care to make secure reliable measurements.
(Holmgqvist, Nystrom & Andersson, 2017).

A complete list of metrics is almost infinite. Therefore, only some of the most popular quantitative
metrics together with their definition and application are described as followed:

e Total Fixation duration: The total cumulative duration of all fixations on a certain area. This
metric is less interesting if applied to the total stimulus, but when applied to AOI’s it can
provide insights in how long a person looked at a certain area within a certain timespan.

o Average Fixation duration: The average time of a fixation. It has been shown that longer
fixations can be an indication of a person having more trouble finding or processing
information.

e Fixation count. The number of fixations on a certain area. This metric can be applied to the
total stimulus but also to AOI’s, also referred to as AOI hits. A higher fixation could indicate
lower search efficiency. AOI hits could indicate the importance of that particular area, with
more hits meaning more important.

e Gaze proportion: The proportion of the total time that a person looks at an AOL. It could be
interpreted as a measure of important of that element.

e Fixation Rate: Refers to the number of fixations per second and is closely related to the
fixation duration. A higher fixation rate could indicate less focus, and more difficulty
searching or processing a stimulus.

e Dwell time: A dwell is an event of consecutive fixations on an AOI. Dwell time thus refers to
the time a person keeps looking at an area before moving their eyes somewhere else. It can
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also be an indication of the processing difficulty of a certain area. The dwell count could
inform about the importance of an area.

e Pupil dilation: The size of the pupil diameter. It could be an indication of emotional reactions
such as stress and task difficulty. However, it is important that comparison is made between
situations where equal lighting is applied as light has a great influence on the pupil dilation.

e Saccadic Velocity: The degrees moved per second during a saccade. Low velocities can be an
indication sleepiness or low arousal.

e Standard deviation fixation positions: A measure to express the variability in the fixation
position data. A high standard deviation indicates a large proportion of the stimulus is looked
at by the participant.

e Fuclidean distance fixation points: A way to calculate the difference between two (fixation)
points. Can be an indication of the size of the jumps people make between fixation.

Other measures often used are visualizations, especially attention maps and scan paths. Each will be
shortly discussed in the following section. Starting with attention maps, which are often visualized as
a heatmap (Figure 27 (left)), represent the spatial distribution of the eye-movement data. It can
provide a quick and intuitive overview of overall focus areas. These maps can be generated per
person or as a mean over a group of people. Typically, a color spectrum between blue and red is used
where blue represents low frequency and red high frequency of attention. Red spots on these heat
maps can be interpreted as important and/or interesting areas of the stimulus. Another interpretation
could be that these areas require more attention to process them. Heat maps also reveal something
about the spread of attention. If many areas are colored, this is an indication that more search took
place and persons were less focused. Attention maps are mainly a valuable explorative tool to
compliment quantitative analysis.

A second type of visualization are scan paths, see Figure 27 (right), a trace of a person’s eye-
movements in space and time. A scan path does not only give insights in what a person looks at but
also the order in which he scans a stimulus. These paths are usually visualized by means of dots
(fixations) and arrows or lines (saccades). Dot size could be a parameter to indicate visit frequency.
Several different scan path events could be observed from such maps. The backtrack is when to
subsequent saccades occur where the second goes in the opposite direction of the first. Look-back
events refers to saccades to AOI’s that are already looked at, this event occurs for example in
searching behavior. Look-ahead events refer to saccades towards or fixations on areas or objects that
are going to be interacted with. These events are part of the planning of future actions. A sequence of
saccades moving in the same direction are called sweeps. Similar as for attention maps, scan paths
can be used to explore the data and compliment quantitate analysis. (Holmqvist, Nystrom &
Andersson, 2017).
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Figure 27. an Example attention map displayed as heatmap (left) and a scanpath (right).

A.5.2 Eye tracking and QoE.
The use and application of eye tracking has been accepted in the QoE research domain. Eye
tracking could facilitate the study of overt visual attention when looking at certain stimulus
media. It has been found that eye gaze is mostly directed by the natural content but that visible
distortions may also draw attention to them. This impact on the gaze behavior has been shown to
have an impact on the overall QoE (Engelke et al., 2017). For example, a study by Engelke,
Pepion, Callet, and Zepernick (2010) showed that distortions in salient regions have significantly
larger impact on the perceived quality. Ninassi, le Meur, le Callet and Barba (2007) also studied
if artifacts and distortions in salient areas are experienced as more annoying in image quality
assessment. To do this, they simulated the human visual system (HVS) and implement this in the
development of objective quality metrics. A follow up study they tried the same for video quality
assessment (le Meur, Ninassi, le Callet and Barba, 2010). Both studies concluded however, that
implementing this technology is complicated. Results show that adjusting the weight applied on
the distortions based on a simulated HVS did not have a significant contribution to an objective
quality metric. However, Lui and Heynderickx (2011) did successfully implemented natural
scene saliency (NSS) based weights in their objective image quality metric and improved its
performance. Likewise, Engelke, Barkowsky, le Callet and Zenernick (2010) successfully
improved the accuracy of objective video quality metric by implementing saliency-based
weights.

Additionally, the effects of visible distortions on our gaze patterns have been studied. It was
found that global distortions, for example caused by compression, do not significantly alter our
gaze patterns (Ninassi, le Meur, le Callet and Barba, 2007). Local distortions however, have been
shown to draw significant attention, due to the novelty they stand out and are more salient. By
drawing more attention, local distortions, caused by for example packet loss, do alter viewing
behavior. (Engelke, Barkowsky, le Callet and Zenernick, 2010).

As has been described in the previous section on vision and attention, looking at visual stimuli
put load on our perceptual capacity. If this capacity gets overloaded, it can induce stress and
cause a negative experience. To tackle this, selective attention will occur in our perceptual
system, as has been described in the previous section. A study by Hinds (1999) showed that
watching a video with high cognitive load resulted in people forming impressions based on more
salient traits compared to viewing a video with low cognitive load. Eye tracking would further
enable to observe selective attention to in turn detect perceptual overload, as multiple more recent
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studies investigated. A study on how website complexity and task complexity influence attention
and visual behavior due to differences in cognitive load showed that for the simple tasks a higher
site complexity resulted in more fixations. In complex tasks a U-shape was found where on
medium complexity number of fixations was higher compared to low and high complexity. The
researchers argued that in the medium group the participants had an optimal level of arousal and
cognitive processing whereas in the high group overload was observed. (Wang, Yang, Liu, Cao,
& Ma, 2014). Similar results were observed by Ikehara and Crosby (2005) where task difficulty
resulted in less eye movement due to longer fixation durations. Zu, Hutson, Loschky and Rebello
(2018) made the distinction between the different types of cognitive load and how they affect eye
movements. Their results show that average fixation duration is influenced by extraneous load,
load depending on how a task is presented. All these study results agree on the fact that more load
results in longer average fixation duration.
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Appendix B

Question Form

Participant number:

Time & Date:

Age

Gender

Profession/Education

Do you have experience with VR?

Do you get car/sea/motion sickness?

Do you wear glasses or contacts? If yes, are they
progressive?

Do you have any other eye related disabilities? If
yes, state which.

Acuity

Colorblind

How would you rate your energy level?

Very low

0

0

0

0

very high

0

If you want to be updated on the progress and results of the study you can leave your e-mail address

here:
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Appendix C

Experiment Instructions

Thank you for participating in this study, please read these instructions carefully before we start.

This study investigates the effects of video degradations on the Quality of Experience and eye
movements in 360-degree videos. You will be viewing 360 videos through a head mounted display
(HMD) and rate their quality and your experience. While watching the videos, your eye movements will
be tracked from within the HMD.

Procedure

- The experiment will consist of 3 blocks of each 12 videos, the first will be a reference video
without degradation. Between these blocks you will be able to take a short break and take off
the HMD.

- Atthe beginning of each block you will calibrate the eye tracker, this is done by looking at dots
displayed in the HMD.

- After each video, you will answer 4 questions regarding the video. The questions together with a
rating scale will be shown in the HMD. You will answer these questions verbally by stating the
number of your answer (rating score 1-5). The questions you will answer:

e “Did you experience nausea or dizziness?” 1 (not at all) - 5 (a lot)

e “How would you rate the video quality?” 1 (very low) — 5 (very high)

e  “How much cognitive and perceptual load did you experience?” 1 (none) — 5 (a lot)
e “How would you rate your overall experience?” 1 (unpleasant) — 5 (pleasant)

- This process will be repeated for all 3 blocks.

- You will first do a test trial to get acquainted with the VR environment and procedure. Make sure
you carefully adjust the HMD display so it fits tight but comfortable. You can adjust the sides and
the top of the elastic band. The lens distance can be adjusted by turning the knob on the right
hand side, a picture will be displayed to help you adjust it to the right setting.

Please note

- Some of the videos will have rebuffering events i.e. the video freezes, these can be recognized by
a blur and spinning wheel. This will be shown during the test trial.

- 360 video is often made by stitching together multiple videos i.e. combining video views covering
parts of the 360 view. These stitches often cause a certain distortion on the seam. Please try to
disregard these types of distortions when evaluation the video quality as this effect is present in
all versions.
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Appendix D

Experiment Script

STEP Do Say

1 Prepare Lab:
- Tobii pro ready
- Headset ready
- Chair ready
- Consent and test form printed
- Vision test ready

2 Pick up participant “Hello, welcome” “Thank you for participating”

3 Introduction of experiment - “So let me first introduce what we will do today”

- “The project is about the effect of video quality
of 360 videos.”

- “You will be watching several 360 videos and
rate the quality and your experience. How
exactly, | will explain in a bit. We will also track
your eye movements.”

- “We will first go over the consent form, then we
will perform a vision test to confirm you are
suitable for the experiment, next you will fill out
this form”

- Then we will go over the rating questions you
will be asked and do a test run. If all is good we
will then proceed with the experiments”

- “Any questions so far?”

4 Sign consent form - “Please read this carefully and sign”
5 Perform vision test - “Please follow me, here we will perform a short
vision test”

- *explain test*

6 Prep the participant: - “Please read these instruction carefully and let
- Take participant to the lab me know if you have any questions”
- Seat him/her
- Explain experiment
- Go over the questions
7 Let participant fill out the test form - “If you could fill out these questions for me.”
- “if anything is unclear let me know”
8 - Adjust the headset together with | “Is the headset steady and comfortable?”
the participant so it fits.
- Show where it is adjustable
9 Test run - “We will now do a test run, so you can see how
- Check if headset fits ok it looks and feels”
- Select training timeline in tobii - “Itis important not to move the headset
- Make sure cables are good anymore after calibration”
- Penand paper ready After:

- “Was everything ok? Do you understand what is
expected? Any other last questions?”

10 Experiment: - “Are you ready for the real experiments?”
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Check headset again
Check cables
Test form and pen ready
Tobii ready:

o Participant: number

o Recording: timeline
Dice block 1(1+2=dojo, 3+4=flam,
5+6=inter)
Dice block 2(1+2+3=first dojo
scnd flam|4+5+6=first inter scnd
flam)
Fill out form after each video

- “lIs the headset still ok?”

- “We will start with the first block and remember
not to move the headset after calibration!”

- “You can tell me your answers”

After block:
- “That was the ... block, you may take of the
headset for a short moment and tell me when
you are ready for the next block”

11 Ending experiments: - “That’s it, thank you very much you may now
- Stop recording take of the headset”
- Take back the headset and put - “How do you feel?”
secure - “What did you think? Any comments or
- Check if all data is collected and feedback?”
filled out. - “How do you feel towards these VR videos
- Possible discussion with now?”
participant
12 Wrap up -

let out participant

Put necessary form data into
tobii program

Write additional comments

If time, rewatch parts

Check ifthe forms are correctly
marked

Check off participant in excel
planning

Carefully sort and store the paper
forms

Clear up/prep for next
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Appendix E
Attention Maps

Table 4.
Attention maps of the Dojo video in the different conditions.

None Low High

15

20

36 oot 5
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Table 5.
Attention maps of the Flamenco video in the different conditions.

None Low High
15 = g s
20 = =
28 =e . s =e
36 o<k =e
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Table 6.
Attention maps of the Intersection video in the different conditions.

None Low High
15 2
20 S
28 - . i) o
36 s e S

The Contribution of Eye-Tracking to QoE Assessment of 360-video




