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ABSTRACT

Recent years have witnessed increasing advances in im-
mersive media technologies. Omnidirectional videos, which
record a 360-degree spherical visual scene, have gained popu-
larity at an accelerated speed. However, streaming this visual
media is extremely bandwidth demanding when compared to
traditional 2D videos, thus challenging current video stream-
ing strategies and network conditions. Understanding how
human visual system perceives the omnidirectional video be-
comes an urgent research topic. In this work, we focus on
investigating the impact of stalling on the perceptual quality
of omnidirectional video streaming. A systematic experi-
ment with various phases was conducted to obtain the quality
perception results towards omnidirectional video stalling.
Experimental results showed that human visual system views
the omnidirectional video in a different manner if compared
with traditional 2D videos. This difference further triggers
an alleviation in the annoyance level of stalling. A question-
naire focused on revealing the underlying reason regarding
this difference was further designed. Findings of this work
provide insights into the visual quality perception of stalling
events during omnidirectional video playback. Conclusions
of this paper can be used as guidelines for the design of video
streaming protocols as well as network dimensioning.

Index Terms— Omnidirectional video, perceptual qual-
ity, stalling, video streaming, subjective experiment.

1. INTRODUCTION

With the development of immersive media technologies and
the popularity of virtual reality (VR) display device such as
Head Mounted Display (HMD), omnidirectional video ser-
vice is rapidly expanding in many fields including business,
entertainment, military, and education. As a representative
type of immersive media, omnidirectional videos can provide

This research was supported by the National Nature Science Foundation
of China (Grant No. 61801364) and the Fundamental Research Funds for the
Central Universities (Grant No. JB180105)

978-1-5386-4658-8/18/$31.00 ©2019 IEEE

4060

users with 360-degree visual scenes which can enhance the
sense of immersion and presence of end users. Due to these
advantages, omnidirectional videos soon attract a large num-
ber of users. Mainstream video streaming service providers
such as YouTube, Netflix all deployed omnidirectional video
services in their platforms.

In recent years, HTTP-based video streaming has become
a popular solution for the majority of video-sharing websites
and video-on-demand services. This streaming strategy fea-
tures several advantages including the reliable delivery of
video streams through TCP and progressive download tech-
nology [1]. Compared with traditional UDP-based streaming,
TCP-based streaming frees the video decoders from han-
dling packet loss and prevents the video quality degradation
caused by packet loss. However, due to channel throughput
fluctuations and bandwidth limitations, undesirable playback
interruptions, also known as stalling [2], can greatly impact
the perceived quality of end users [3, 4, 5, 6]. Although
some HTTP Adaptive Streaming (HAS) technologies have
been proposed to mitigate the risk of playback interruptions
by adapting the bitrate of the video stream to the network
throughput, HTTP-based video streaming is still unable to
completely avoid rebuffering during playback [7]. Therefore,
it becomes crucial for the research community and industrial
to evaluate the quality perception behaviour of HTTP-based
video streaming services.

In [4, 5], authors considered the impact of stalling fre-
quency on the perceived quality of traditional 2D videos.
They concluded that a single stalling is a better solution than
repeated stalling events. In [6], authors compared the influ-
ence of initial rebuffering and stalling during watching on
the quality perception of 2D videos. Experimental results
showed that users are extremely sensitive to stalling events
if compared with the initial rebuffering. In [8], a subjective
experiment was conducted to investigate the effect of stalling
on the perceived quality of mobile video watching. Results
showed that the subjective quality of users were highly corre-
lated with stalling duration and the number of stalling events.
In general, the results of existing psychophysical studies re-
vealed that the stalling events perceived during the video
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Fig. 1. [lustration (5 out of 20) of the omnidirectional videos used in the experiment.

streaming can strongly degrade the quality perception results
of end users. It may provide inspirations for researchers
regarding the quality perception of stalling events in omni-
directional videos. However, compared with traditional 2D
videos, omnidirectional videos provide end users a larger
field of vision (FOV) and a higher degree of freedom (DOF)
in selecting desired viewpoints. This intrinsic characteristic
of omnidirectional videos may alter the viewing behaviour
of end users and thus impact their quality perception results
when stalling occurs. To this end, it is crucial to investi-
gate how stalling plays a role in the quality perception of
omnidirectional videos.

To our best knowledge, so far there exists few study in the
literature towards the effect of stalling on the perceived qual-
ity of omnidirectional videos, especially for highlighting the
quality perception difference between 2D viewing condition
using flat monitors and immersive condition using HMDs. A
recent research in [9] investigated the impact of stalling in
the context of omnidirectional video streaming using HMD.
Experimental results showed that stalling events seriously im-
pact the perceived quality of omnidirectional video streaming
in a very similar way as they do in the context of traditional
viewing conditions. It should be noted that this research fo-
cused on investigating the stalling pattern with different num-
bers of stalling, and the duration of each stalling was fixed.
As the duration of stalling is also a crucial factor to influence
the perceived quality of end users, it is therefore necessary to
investigate the effect of stalling in different durations.

In this paper, we hypothesize that the stalling event has
different impact on the perceived quality between omnidi-
rectional videos and traditional videos. To validate our hy-
pothesis, we first designed a systematic experiment with var-
ious phases towards the subjective quality of omnidirectional
video streaming. A questionnaire was also designed to fur-
ther reveal the viewing behaviour difference between the two
viewing conditions.

2. EXPERIMENTAL DESIGN

2.1. Stimuli

A total number of twenty omnidirectional videos were se-
lected as test stimuli. These videos features a resolution of 4K
and a duration ranging from 10 to 30 seconds. To ensure the
stimulus selection is not restrictive in terms of the diversity of
video content, we further screened the spatial perceptual in-

Table 1. The playback and stalling duration (/seconds) setting
in our experiment.

Initial playback | stalling \ playback
8 1 2

00| OO| OO| OO OO OO| OO CO| CO| CO| OO| OO
—_
(e}

—_
—
DO DI DI D DN DN D N DN D[ b

formation (SI) and temporal perceptual information (TI) for
each content. Experimental results showed that the distribu-
tions of SI and TI cover a wide range of space indicating a suf-
ficient stimulus diversity. To generate stimuli with different
perceived quality levels, different durations of stalling were
simulated as shown in Table 1. More specifically, after a cer-
tain period of initial playback (e.g., 8 seconds in our setup),
the video sequences will suffer from a stalling event with 13
different durations from 1 second to 50 seconds. To notify
the viewers that the stalling is finished, we empirically set a
two-second playback as with [10] before the viewers giving
their opinion scores.

2.2. Procedure

To compare the effect of stalling between traditional 2D view-
ing condition and the immersive HMD viewing condition, the
experiment was divided into three phases:

2.2.1. Phase 1: quality rating in 2D viewing condition

In this experiment, subjects were asked to view the omnidi-
rectional videos shown on a flat screen. A fixed viewpoint
(i.e., the initial viewpoint) per stimulus was shown on the
screen to subjects without giving freedom of changing view-
point. A 32-inch LCD monitor with a native resolution of
3840x2160 pixels was utilized as the display device. In total,
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Table 2. Questions used for acquiring the overall user experience after Phase 2.

questions rating scale
Ql I will explore the 360-degree visual scene when stalling occurs fully disagree — fully agree
Q2 | The exploration of scenes during stalling alleviates its impact on perceptual quality not at all — very much
Q3 The annoyance level rises up along with the extension of stalling duration fully disagree — full agree

40 subjects participated in Phase 1, including 21 males and
19 females. All of them reported normal or correct-to-normal
sight. Since standardised protocol for conducting subjective
experiment on omnidirectional videos do not exist, we thus
followed the suggestion of ITU-T P.913 [11] as the experi-
ment protocol. In our setup, each video has 13 derivatives
with different durations of stalling. This may involve mas-
sive stimulus repetition which leads to undesired carry-over
effects such as learning effect [12]. To reduce this effect, we
followed a rigorously validated methodology as used in [12]
based on the between-subjects design. We randomly divided
subjects into two groups with 20 subjects each. For each
video content, one group has only to view 6 derivatives and
the other view the rest 7 derivatives. A five-point ACR rat-
ing scale (corresponding to the perceived quality of excellent,
good, fair, poor and bad) was used to rate the perceived qual-
ity. The mean opinion score (MOS) representing the average
quality perception results is then derived according to the data
processing method in Rec. ITU-T P913 [11].

2.2.2. Phase 2:quality rating in immersive viewing condition

In Phase 2, subjects were asked to rate the perceived quality of
the same omnidirectional videos with stalling using an HMD.
Note, a two-day interval was adopted as a “washout” period
between Phase 1 and Phase 2 to further reduce the memory
effect due to content repetition. All 40 subjects participated
in the experiment and were asked to view the videos “as they
normally would”. Again, the between-subjects design was
utilised and the same grouping method was followed. The
HMD has a screen resolution of 2160x 1200 pixels, a refresh
rate of 90 Hz and a horizontal FOV of 110 degrees. A scoring
interface was also designed for subjects that allows them to
rate the perceptual quality without taking off the HMD.

2.2.3. Phase 3: Post-questionnaire

To investigate the viewing behaviour of users during the pe-
riod of stalling in Phase 2, a questionnaire including three
items was designed. Each subjects should answer all the
questions after they scoring all the video sequences using
an HMD. Details regarding the questionnaire are shown in
Table 2. A 5-point Likert scale is used to rate individual
items as included in the questionnaire. We managed to un-
derstand the viewing behaviour when stalling occurs during
the HMD viewing condition. More specifically, we focused
on evaluating the change of viewpoint during stalling event.
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Fig. 2. The relationship between perceived quality and the
stalling events in different durations for traditional 2D view-
ing condition.

3. EXPERIMENTAL RESULTS

3.1. Data validation

To make use of questionnaire rating scores as a solid “ground
truth”, various tests were conducted toward the quesitonnaire.
To check the reliability of the questionnaire, Cronbach’s «
test [13] was performed. The Cronbach’s « value ranges
from O to 1 with a higher value indicating a higher reliabil-
ity of the questionnaire. Following the rule of thumb, a value
greater than 0.8 indicates a high reliability. In our case, the
Cronbach’s « value is 0.833, showing that the questionnaire
is reliable. To also check the validity of the questionnaire,
Kaiser-Meyer-Olkin (KMO) test [14] was performed. The
KMO value ranges from O to 1 with a higher value indicating a
higher sampling adequacy. Experimental results showed that
the KMO value of the questionnaire is 0.697, demonstrating
that the questionnaire holds sufficient validity for conducting
further data analysis.

3.2. The effect of stalling on two viewing conditions

As illustrated in Fig. 2, the perceived quality of subjects grad-
ually decreases along with the increase of stalling duration.
In contrast, as shown in Fig. 3, the observed tendency can
be divided into three stages. The first stage corresponds to
the stalling duration from 1 second to 10 seconds where the
perceptual quality decreases gradually. The second stage cor-
responds to the stalling duration from 10 seconds to 30 sec-
onds where the perceptual quality of end users maintains sta-
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Fig. 3. The relationship between perceived quality and the
stalling events in different durations for immersive HMD
viewing condition.
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Fig. 4. The histgram of the rating score distribution corre-
sponding to Q1 in the questionnaire.

ble. The third stage corresponds to the stalling duration from
30 seconds to 50 seconds where the subjective quality of end
users decreases rapidly. The comparison between these two
plots clearly evidenced that stalling is relatively less annoying
when streaming omnidirectional videos.

To clarify the underlying reason for the difference in the
tendency, we analysed the questionnaire results over individ-
ual items. Figure. 4 shows the rating score distribution toward
QI in the questionnaire. It can be seen that most subjects
(38 out of 40) strongly agree that they will explore the 360-
degree visual scene when stalling event occur. It indicates
that the viewing strategy of subjects are dramatically changed
when compared to viewing traditional 2D videos where no
surrounding visual scene is provided when stalling occurs.
Figure. 5 shows the distribution of rating scores of Q2. It
shows that most subjects (37 out of 40) felt that exploring
the visual scene during the stalling can alleviate its annoy-
ance level. It thus explains why the perceived quality main-
tains approximately the same when the duration of stalling
extends. Moreover, as shown in Fig. 6, not all subjects agreed
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Fig. 5. The histgram of the rating score distribution corre-
sponding to Q2 in the questionnaire.
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Fig. 6. The histgram of the rating score distribution corre-
sponding to Q3 in the questionnaire.

that the annoyance level rises up along with the extension of
stalling duration. Instead, 13 out of 40 subjects thought that
the stalling has less impact on their quality judgement by giv-
ing a score of 3, which is necessary to be taken into account
in the design of streaming strategies.

4. CONCLUSION

In this work, we focused on investigating the impact of
stalling events on the perceptual quality of omnidirectional
video streaming. A systematic experiment with various
phases was designed to clarify the knowledge. Experimental
results showed that human visual system views the omni-
directional video in a different manner if compared with
traditional 2D viewing condition. This difference further
triggers an alleviation in the annoyance level of stalling. A
questionnaire focused on revealing the underlying reason re-
garding this phenomena was further designed. Conclusions
of this paper can be used as guidelines for the design of video
streaming strategies as well as network dimensioning.
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