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Quality of Experience (QoE) is a key component in adaptive bitrate (ABR) streaming. While the effects of
delivery disruptions - such as changes in video quality or rebuffering - have been extensively studied, the
impact of playback rate variations remains relatively unexplored. Existing work has examined the QoE impact
of playback rate in isolation, without comparing it to other common ABR streaming artifacts such as video
quality variations, rebuffering, or seeking. Moreover, the role of gradual playback rate transitions has not
been explored. This paper addresses these gaps through four large-scale subjective studies that provide a
systematic QoE evaluation of playback rate. We compare the acceptability of playback rate changes against
quality degradations and rebuffering, and assess rate increases relative to seeking, both of which are strategies
for maintaining the desired latency in low-latency streaming. We further investigate how gradual versus
instantaneous playback rate transitions affect QoE. Through our subjective studies we identify levels of
slowed-down playback that are imperceptible to users, and can be combined with video quality adaptation
in ABR algorithms to reduce rebuffering. Moreover, we identify imperceptible rates of speeded-up video
playback, which can be used as part of catch-up mechanisms to maintain a desired latency in live streaming,
offering a less detrimental alternative to seeking events, which we found to significantly degrade QoE. This
work presents the first systematic comparison of playback rate variations with video quality degradation,
rebuffering, and seeking. The findings extend our understanding of QoE in adaptive video streaming and
provide actionable design guidelines for video players to improve the user experience of streaming services.
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1 Introduction

Video streaming over HTTP, such as DASH [18] and HLS [16], typically makes use of adaptive
bitrate (ABR) algorithms in video players that continually learn which video quality (bitrate
representation) optimally fits the prevailing network conditions and reacts to key network events
such as congestion and packet loss. For maximum Quality of Experience (QoE), these algorithms
must maintain a balance of achieving high video quality whilst minimising rebuffering and bitrate
oscillations. To do so, client-side ABR algorithms will measure a range of metrics including playback
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buffer occupancy, frequency of rebuffering and quality oscillations, whilst attempting to estimate
the available bandwidth, in order to select the most appropriate bitrate level for the next segment
to be downloaded.

The majority of research in client-side bitrate adaptation focuses on either bandwidth-based
adaptation schemes, where bandwidth fluctuations and congestion are detected based on video
segment download times, or buffer-based adaptation schemes, where playback buffer occupancy
is used as a criterion to select the next segment’s bitrate [9]. While selecting a lower bitrate is
the primary strategy to respond to network congestion and avoid rebuffering, less attention has
been paid to a complementary strategy: adjusting the video and audio playback rate. Client-side
playback rate adaptation can be used alongside existing bitrate switching mechanisms in order to
reduce the occurrence of rebuffering in adaptive video streaming. However, it is also critical to
understand the impact of slowing down video and audio playback on QoE.

In recent years, attention in video streaming has shifted to live streaming, and specifically the
challenge of achieving low latency in live streaming scenarios. This has resulted in a number of low
latency adaptive streaming standards (CMAF [19], LL-DASH [10], LL-HLS [17]). In live streaming,
rebuffering events typically result in an increase in a client’s latency; as a pause in the playout of
content leads to the client moving further away from live. Once the client’s latency drifts away
from live, it can only be reduced through the use of a catch-up mechanism employed by the video
player. A catch-up mechanism can utilise two methods to reduce a client’s latency. The first involves
increasing the playback rate, which will result in the client slowly converging towards the desired
latency. The second involves the video player skipping ahead (seeking) by a number of seconds,
quickly achieving the desired latency but at the cost of content not being shown to the viewer.

Playback rate adaptations, such as slowing down playback in order to avoid rebuffering, or
speeding up playback to reduce latency, have significant potential to enhance video streaming
experiences. However, the impact this range of adaptations has on QoE is not well understood.
This research presents a detailed investigation into the impact of playback rate adjustments on
QOoE in adaptive video streaming. While previous studies have explored the effects of video quality
drops and rebuffering events, this research is the first to systematically compare these QoE factors
with playback rate fluctuations. Additionally, this research is the first to evaluate the QoE impact of
seeking events in adaptive video streaming, and to compare them against playback rate adjustments.
Through extensive subjective user studies, we provide a comprehensive evaluation of the QoE
impact of playback rate changes in relation to other quality impairments, offering new insights for
ABR and latency management.

This work explores and evaluates the QoE impact of client-side playback-rate adaptation in
adaptive video streaming, addressing the following research questions (RQs):

RQ1: How are drops in playback rate perceived by users across different content genres compared
to other QoE-affecting factors in adaptive video streaming?

RQ2: Conversely, how are increases in playback rate perceived by users in relation to other
QoE-affecting factors?

RQ3: Furthermore, how are increases in playback rate perceived by the user when compared to
seeking events?

RQ4: Are gradual changes in playback rate perceived better than more drastic adjustments, and
can such a strategy enable greater variations in altered playback rate?

RQ1 is motivated by the exploration of alternative means of dealing with delivery issues while
maintaining high QoE. RQ2 and RQ3 investigate the QoE impact of the two methods used by catch-
up mechanisms to reduce latency in live adaptive streaming. RQ4 is exemplified by recent studies
on the impact on QoE by the magnitude of bitrate oscillations in adaptive bitrate streaming.
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Our contributions in this paper include:

(1) Evaluation of playback rate drops and increases when compared to two main QoE factors in
adaptive video streaming: video quality and rebuffering, using two subjective studies, in total
consisting of 108 test sequences, 6 pieces of content and 82 participants.

(2) Evaluation of seeking events and playback rate increases, using a subjective study made of 54
test sequences, 6 pieces of content and 42 participants.

(3) Investigation of gradual changes in playback rate, across two magnitudes of change, using a
subjective study consisting of 48 test sequences and 80 participants.

Based on the results of the four subjective studies outlined above, this paper also contributes a
number of improvements to the design of video players in adaptive video streaming. It highlights
cases where playback rate adaptation can safely be used to supplement bitrate adaptation to reduce
the amount of rebuffering and where playback rate adaptation is superior to seeking in reducing
the client’s latency in live streaming scenarios. This work significantly extends our conference
paper [25], where only drops in playback rate and gradual changes were evaluated (answering
RQ1 and RQ4). This paper offers a complete evaluation of playback rate and its impact on QoE, by
presenting two additional subjective studies and addressing two more research questions, focusing
on increases in playback rate and seeking events - as both can be found in low latency streaming.
Our final contribution is the release of the dataset containing the full results from all four subjective
studies for the benefit of the research community [1].

2 Background and Related Work

Quality of Experience (QoE) is an important aspect of ABR streaming. A number of factors influence
QOE, as outlined in the survey by Barman et al. [7]. Rebuffering events, which occur when the client
buffer is fully depleted causing the playback to stall, have a strong negative impact on QoE, with
both the duration and frequency being relevant [3, 5, 6, 11, 12, 14, 27, 32, 36, 38, 39]. Video quality
of each segment is another important factor, with lower bitrates having negative impact on QoE;
however, the relationship between the bitrate and its perceptibility is non-linear [13, 26, 33, 37].
Furthermore, quality switches, where the video quality between two consecutive segments changes,
can potentially impact the QoE, with high frequency of switches being detrimental [13, 33, 37].
This is especially the case with multi-level switches, where there is a change in quality across more
than one level between two consecutive segments [24, 33, 35].

In recent years, new ABR algorithms for low latency live adaptive streaming have been proposed
[2, 8, 15, 20, 21, 23, 34]. These ABRs have been designed to operate in scenarios where the client
buffer is severely restricted by the need to maintain low latency. In such conditions, the playback
rate might be adjusted by the ABR to aid rebuffering avoidance, or by the video player to maintain
a specific target latency. Additionally, the playback rate might be increased to maintain a specific
target latency by the client, using a catch-up mechanism [22].

There is very limited literature on the relationship between playback rate and QoE. The following
three studies investigated this issue to different extents. Rainer and Timmerer [30] studied the QoE
impact of decreasing and increasing playback rates using a single piece of content. They found that
audio plays an important role in the perceptibility of playback rate changes, and that decreases
were more perceptible than increases. Mu et al. [28] evaluated the QoE impact of increases in
playback rate, in terms of magnitude and duration of altered playback rate. The authors found that
both of these factors had non-linear impact on the perceptibility of increases in playback rate, and
that a 20% increase was imperceptible to most users. Pérez et al. [29] conducted a study in which
they investigated increases and decreases in playback rate across a variety of content, finding that
its perceptibility is content-dependent and that a 10% change was considered safe. All three studies
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investigated playback rate in isolation; that is, without considering any variation in video quality
or the occurrence of rebuffering during playback. Current literature has also not investigated the
use of seeking events during playback and the associated impact on QoE.

In this paper, we address this gap in the literature by evaluating playback rate, reductions in
video quality and rebuffering events in the same study. Furthermore, we compare playback rate
increases and seeking events, as both can be used to maintain target latency in low latency adaptive
streaming. Finally, we investigate whether gradual changes in playback rate are less perceptible -
an area of study currently unexplored in the literature.

3 Methodology

In order to perform a comprehensive evaluation of playback rate, we have designed four subjective
studies - one for each RQ outlined in Section 1. All four studies share some common methodologies,
which are detailed in this section.

First, we outline the testing procedure selected for our studies, then we describe an online survey
tool we developed to gather reliable results, and the recruitment of participants using an online
crowdsourcing platform. Thereafter, we describe the selected clips of various content genres for
stimuli used in the studies. Finally, we detail the encoding process behind the test sequence creation
for our studies to produce multiple types of quality impairments.

3.1 Testing Procedure

We selected the Absolute Category Rating (ACR), outlined in ITU Rec. P.910 [31], as our video
quality assessment method. In ACR, test sequences are presented individually, and participants are
asked to score each sequence immediately after presentation. The standard 5-point Mean Opinion
Score (MOS) scale was used: Bad, Poor, Fair, Good, and Excellent. For the first three studies, we used
the Absolute Category Rating with Hidden Reference (ACR-HR) method, which adds an additional
test sequence that is presented without any quality impairments.

In order to collect reliable results and avoid participant fatigue, we limited the duration of each
test to a maximum of 10 minutes. For studies where the number of test clips exceeded this limit,
we divided the test clips into smaller subsets based on content and showed each participant only a
single subset of clips. This required more participants to be recruited overall. We describe this in
more detail in the set-up section of each study.

3.2 Survey Tool

In order to perform the studies remotely, we created an online survey capable of clip playback
without unintended quality impairments, such as rebuffering. In the survey, the test sequences were
always fully fetched before playback began. Additionally, clips are always presented in full-screen
mode with the sound enabled.

The survey begins with a consent form as well as questions about gender, age, and past experience
with video quality assessment studies. It then proceeds to the instructions page, demonstrating
the video playback mechanism along with a single example clip for each tested video quality
impairment; different content is used for the remainder of the survey.

Next, the survey proceeds to the video quality assessment stage, where the participant is shown
and asked to score the test sequences, one at a time. The first few test sequences are a training
set, presenting a subset of the tested conditions using different content to allow the participant to
become accustomed to the scoring scale. The remaining test sequences are arranged at random
with a single constraint to ensure that the same content was never presented twice in a row.
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Fig. 1. Thumbnails of the clips used in the studies (from top left): Vegesaurs, Football, Forza, Frozen Planet,
Top Gear, and Wolf Hall.

Table 1. A summary of the properties of the content used in our studies.

Clip Genre SI | TI
Vegesaurs Cartoon 33 | 35
Football Sports 49 | 19
Forza Gaming 39 | 33

Frozen Planet | Documentary | 21 | 44
Top Gear Entertainment | 24 | 37
Wolf Hall Drama 19 | 33

The survey ends with an attention-check question, querying the participant about one of the
scenes shown in one of the clips. Additionally, the participant is asked to confirm whether they
had watched the clips in full-screen mode and with the sound on as instructed.

All four studies were performed using an ethical crowdsourcing platform Prolific!. All participants
were required to complete the survey on a desktop/laptop device with a screen resolution of
1920x1080 — the video resolution of our test sequences. To ensure that the responses given by
participants were reliable, we incorporated mechanisms to detect whether the participant had
watched all of the test sequences completely before rating them. We also tracked whether the
participant attempted to adjust the playback rate or seek whilst watching the clips. Any responses
where participants did not watch the clips in full or tried to seek or adjust the playback rate were
discarded. The study was approved by our ethics committee.

3.3 Content

As observed in a previous study on this topic [29], the impact of changes in playback rate can
vary across content genres. Given this, we sourced six clips of different genres. Figure 1 shows
the thumbnails of the selected clips and Table 1 describes the clips in terms of calculated Spatial
Information (SI) and Temporal Information (TI) according to ITU P.910 [31], as well as content genre.
Each clip was 11s long at 25FPS, and had resolution and bitrate greater than or equal to 1920x1080
at 6000kbps. We selected content to cover both on-demand and live streaming scenarios, aiming
to provide a comprehensive evaluation of playback rate that applies to both. The clip Football
represents sports content, typically found in live streaming services, while clip Forza represents
gaming with commentary — content commonly found on live streaming platforms such as YouTube
or Twitch.

3.4 Encoding

In order to prepare the test sequences, we used fimpeg? to introduce the desired video and audio
quality impairments. Clips were encoded using the H.264 and AAC codecs.

To create the test sequences, the clips were first divided into segments using trim (for video)
and atrim (for audio) filters. Each segment was then adjusted to introduce the quality impairment

Thttps://www.prolific.com/
Zhttps://fimpeg.org/
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Default Playback Playback Rate Drop Default Playback
Rate (1.0) {0.6,0.7,0.8, 0.9} Rate (1.0)
f t t {
3s 5s { Rate 3s
Default Video Video Quality Drop Default Video
Quality (High) {Low, Medium} Quality (High)

3s ) ' 3s

Stall of Duration

Continuous Playback {0.55, 25}

Continuous Playback ‘

5.55 Stall Duration 5.55

Playback Time (s)

Fig. 2. Test conditions used in the first study, describing playback rate drops, video quality drops, and
rebuffering events.

required for the studies. First, changes in playback rate were achieved using setpts (for video) and
atempo (for audio) filters. Second, video quality changes were executed by encoding the segments
at different bitrate and resolution settings and upscaled to the highest resolution tested. Third,
rebuffering events were introduced by repeating the last frame of a segment with silent audio for a
period of time matching the desired rebuffering duration. Fourth, seeking events were introduced
by the removal of segments where seeking occurs, emulating the behaviour of a real video player
where a seeking event would cause part of the video to be skipped and not displayed to the user.

Finally, the adjusted segments were stitched together (using the concat filter) along with an
‘End of Clip’ message at the end. Further compression was applied to reduce file size by setting
the CRF parameter to 23. For video quality impairment sequences, three video quality levels were
defined, based on the recommended HLS specifications for Apple devices [4]: low, medium, and
high, corresponding to the following resolution and bitrate pairings: 416x234 at 145kbps, 960x540
at 2000kbps, and 1920x1080 at 6000kbps respectively. All test sequences that did not contain any
video quality impairments were encoded at the highest quality level.

4 Playback Rate Drops vs. Other QoE Factors

In this section we present and describe the results of the first subjective study, designed to investigate
the QoE impact of drops in playback rate when compared to drops in video quality and rebuffering
events.

4.1 Study Set-up

We created eight test conditions, as illustrated in Figure 2, which were shown to each participant
along with a hidden reference test sequence that did not contain any quality impairments. Four
test conditions focused on decreases in playback rate, whereby playback was slowed to one of four
rates throughout the middle section of the clip. The next two test conditions contained a single
rebuffering event during the middle of the clip, of 0.5s or 2s duration. In the last two conditions,
the video quality of the middle section of the clip was reduced to a low or medium quality level.

All six sourced clips were used for this study, resulting in 54 test sequences, which were divided
into two sets with each containing all test sequences belonging to 3 out of 6 clips. Set A contained
all test sequences based on clips: Vegesaurs, Football, and Forza, while set B contained all test
sequences based on clips: Frozen Planet, Top Gear, and Wolf Hall. This resulted in each participant
rating 27 clips.

We recruited 40 participants in total. Each set of test sequences was watched by 20 participants.
50% of participants were male, and 50% female. The age groups can be described as 18-28 for 5%,

, Vol. 1, No. 1, Article . Publication date: February .



Beyond Bitrate: Understanding the QoE Impact of Playback Rate and Seeking in Adaptive Video Streaming 7

Vegesaurs
Football
Forza

Frozen Planet
Top Gear
Wolf Hall

PR-0.7 PR-0.8 PR-0.9 QD-L
Test Condition

Fig. 3. Results of the first subjective study, with Differential Mean Opinion Scores (DMOS) plotted for each
test condition and content.

Table 2. Table showing the p-values for the paired T-test between all test sequences in the first study. Each
cell contains the values for each content in the following order: Vegesaurs, Football, Forza, Frozen Planet, Top
Gear, and Wolf Hall.

PR-0.6 PR-0.7 PR-0.8 PR-0.9 Ref QD-L QD-M R-0.5s R-2s
PR-0.6 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 1.0,0.3,0.0, | 0.0,0.0,0.0, | 0.1,0.0,0.2, | 0.5,0.1,0.2,
0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.1,0.2,0.3 | 0.0,0.0,0.0 | 0.2,0.0,0.0 | 0.5,0.2,1.0
PR-0.7 | 0.0,0.0,0.0, 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.5,0.0,0.0, | 0.0,0.2,0.0,
0.0,0.0,0.0 0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.8,0.3,0.1 0.0,0.0,0.0 | 0.4,0.1,0.2 | 0.0,0.3,0.0
PR-0.8 | 0.0,0.0,0.0, | 0.0,0.0,0.0, 0.7,0.1,0.3, | 0.2,0.0,0.0, | 0.0,0.0,0.0, | 0.4,0.1,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0,
0.0,0.0,0.0 | 0.0,0.0,0.0 0.6,0.3,0.0 | 0.8,1.0,0.0 | 0.0,0.0,0.0 | 0.4,0.4,0.0 | 0.0,0.0,0.3 | 0.0,0.0,0.0
PR-0.9 | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.7,0.1,0.3, 0.0,0.2,0.1, | 0.0,0.0,0.0, | 0.1,0.8,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0,
0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.6,0.3,0.0 0.1,0.3,0.6 | 0.0,0.0,0.0 | 0.1,0.8,0.3 | 0.0,0.0,0.0 | 0.0,0.0,0.0
Ref 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.2,0.0,0.0, | 0.0,0.2,0.1, 0.0,0.0,0.0, | 0.8,0.2,0.3, | 0.0,0.0,0.0, | 0.0,0.0,0.0,
0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.8,1.0,0.0 | 0.1,0.3,0.6 0.0,0.0,0.0 | 0.5,0.2,0.5 | 0.0,0.0,0.0 | 0.0,0.0,0.0
QD-L | 1.0,0.3,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, 0.0,0.0,0.0, | 0.1,0.0,0.0, | 0.6,0.0,0.1,
0.1,0.2,0.3 | 0.8,0.3,0.1 0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.0,0.0,0.0 0.0,0.0,0.0 | 0.6,0.0,0.1 0.0,0.9,0.3
QD-M | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.4,0.1,0.0, | 0.1,0.8,0.0, | 0.8,0.2,0.3, | 0.0,0.0,0.0, 0.0,0.0,0.0, | 0.0,0.0,0.0,
0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.4,0.4,0.0 | 0.1,0.8,0.3 | 0.5,0.2,0.5 | 0.0,0.0,0.0 0.0,0.0,0.0 | 0.0,0.0,0.0
R-0.5s | 0.1,0.0,0.2, | 0.5,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.1,0.0,0.0, | 0.0,0.0,0.0, 0.0,0.0,0.0,
0.2,0.0,0.0 | 0.4,0.1,0.2 | 0.0,0.0,0.3 | 0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.6,0.0,0.1 0.0,0.0,0.0 0.1,0.0,0.0
R-2s 0.5,0.1,0.2, | 0.0,0.2,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.6,0.0,0.1, | 0.0,0.0,0.0, | 0.0,0.0,0.0,
0.5,0.2,1.0 | 0.0,0.3,0.0 | 0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.0,0.9,0.3 | 0.0,0.0,0.0 | 0.1,0.0,0.0

29-38 for 40%, 39-48 for 35%, 49-58 for 15%, and 59-68 for 5% of participants. 90% of the participants
reported having no previous experience in video quality assessment studies.

4.2 Results

Figure 3 presents the comprehensive outcomes of the first study, organised by content type. Differ-
ential Mean Opinion Scores (DMOS) calculated using the hidden reference test sequence without
quality impairments, were plotted against the test conditions, with confidence intervals of 95%
plotted in the error bars. Two-point crushing function was applied as outlined in ITU Rec. P.910
[31]. Additionally, we performed a paired T-test (¢ = 0.05) to determine whether differences in
MOS between test conditions were statistically significant, with p-values shown in Table 2.
Impact of Individual Quality Impairments. The results presented in Figure 3 show the impact
of drops in the playback rate alone. For all playback rate test sequences, the first and last 3s of the
clip would play at a normal rate (1.0x) with the middle of the clip playing at the reduced playback
rate. These test sequences were encoded at the highest level and did not contain rebuffering.

For test condition PR-0.9, where the playback rate dropped to 0.9, the average DMOS across
all content equalled 4.7; differences between these test sequences and the hidden reference are
statistically insignificant — except for the Vegesaurs clip. At a lower playback rate of 0.8, presented
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in test condition PR-0.8, the average DMOS decreased to 4.5, with differences still statistically
insignificant for half of the clips: Vegesaurs, Frozen Planet and Top Gear. This rate was most
noticeable for the Wolf Hall clip with a DMOS of 3.9. Compared to the playback rate of 0.9, PR-0.8
resulted in reduced DMOS by only 0.2 on average, with all differences between the two sets of test
sequences being statistically insignificant — except for the Wolf Hall content, where the DMOS
dropped by 0.9. For playback rates of 0.7 and 0.6, presented in PR-0.7 and PR-0.6, the average DMOS
further decreased to 3.4 and 2.9 respectively, with all differences being statistically significant. The
differences between the scores of both rates were statistically significant for all content.

When comparing the scores of test sequences featuring quality drops, we can observe the impact
of this quality impairment alone. For test condition QD-M, where the middle of the clip was
presented at medium quality, the average DMOS across all content was equal to 4.8, meaning
it was only 0.2 lower than the score of the hidden reference clip which was encoded at high
quality in its entirety. All differences between these test sequences and the hidden reference
were statistically insignificant. This suggests that this quality impairment was imperceptible to
participants and therefore did not have an impact on QoE, despite the bitrate decreasing significantly,
from 6000 to 2000kbps. For the test sequences featuring a quality drop to the lowest level, QD-L,
the average DMOS dropped significantly to 2.9 on average across all content with all differences
being statistically significant. However, the range of scores between pieces of content was at 1.2,
with Frozen Planet scoring the highest at 3.6 and Forza scoring the lowest at 2.4.

We can observe the impact of rebuffering alone, of various durations, by comparing the scores of
test sequences for the two test conditions featuring rebuffering events, R-0.5s and R-2s. In these
clips, there was a single rebuffering event in the middle of the video, of 0.5s or 2s duration. These
test sequences were encoded at the highest quality level, with a regular playback rate of 1.0.

For the test sequences with a rebuffering event of 0.5s, the average DMOS across all content
equalled 3.5, with all differences between the test sequences and the hidden reference being
statistically significant. This test condition was perceptible and decreased QoE across all content.
When the rebuffering increased to 2s, the average DMOS further decreased to 2.9 on average
across all content, with all differences being statistically significant again. As expected, the negative
impact on QoE grew as the rebuffering duration increased, with differences between 0.5 and 2s test
sequences being statistically significant for all content except the Frozen Planet clip.

FINDING 1. A medium quality drop as well as playback rate drops of 0.8-0.9 had little to no impact on
perceived quality.

Playback Rate Drops vs. Quality Drops. When comparing the test sequences containing
variations in playback rate and quality drops, the following observations can be made. The test
condition QD-M, where the video quality dropped to medium level in the middle of the clip,
was imperceptible with an average DMOS of 4.8 across all content. Similarly, PR-0.9, where the
playback rate of the middle section of the clip was reduced to 0.9, was also imperceptible but with a
slightly lower average DMOS of 4.7. Differences in DMOS between these two test conditions were
statistically insignificant for all content except for Vegesaurs and Forza.

PR-0.8 was scored only 0.3 lower than QD-M on average across all content, with only Forza and
Wolf Hall clips showing statistically significant differences. Wolf Hall had notably lower DMOS
for PR-0.8 when compared to other content, suggesting that dropping the quality level to medium
would be much better in this case. The next lowest-scored test condition, PR-0.7 still achieved 0.5
higher DMOS on average than QD-L, where the video quality of the middle segment dropped to
the lowest level. The differences were statistically significant for half of the content: Vegesaurs,
Football, and Forza.
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The two lowest-scored test conditions, PR-0.6 and QD-L, were rated similarly with an average
DMOS of 2.9 across content and differences statistically insignificant for all clips except Forza. This
suggests that a playback rate of 0.6 is as perceptible and detrimental to QoE as dropping the video
quality to the lowest level.

FINDING 2. A playback rate drop of 0.6 was perceived as poorly as a low drop in quality.

Playback Rate Drops vs. Rebuffering. We now compare the test conditions containing playback
rate changes and rebuffering events.

Test conditions PR-0.9 and PR-0.8, containing playback rates drops of 0.9 and 0.8 respectively,
were rated better than both test conditions containing rebuffering events R-0.5s and R-2s — where
the rebuffering duration was 0.5s and 2s respectively. PR-0.9 had a 1.2 and 1.8 higher DMOS on
average across all content than R-0.5s and R-2s respectively, while the average DMOS for PR-0.8
was only 0.2 lower than for PR-0.9. All differences between PR-0.9 and both R test conditions were
statistically significant.

PR-0.7 and R-0.5s were rated similarly with average DMOS of 3.4 and 3.5 respectively across
all content. Most of the differences were statistically insignificant, except for clips of Football and
Forza, suggesting that a playback rate of 0.7 has a similar detrimental impact on QoE as a single
rebuffering event of 0.5s.

Similar observations are made for test conditions PR-0.6 and R-2s, which had an average DMOS
of 2.9, with the differences being statistically insignificant for all clips. This suggests that a single
rebuffering event of 2s is perceived similarly to a playback rate of 0.6, with both having a notable
negative impact on QoE.

FINDING 3. Playback rate drops of 0.6 and 0.7 were rated as poorly as rebuffering events of 2s and 0.5s
respectively.

5 Playback Rate Increases vs. Other QoE Factors

In this section, we analyse the results of the second subjective study, designed to investigate the
QoE impact of increases in playback rate. Similar to the first study, we compare the playback rate
changes to video quality drops and rebuffering events, with these QoE factors acting as reference
points between the two studies, allowing for further comparison between the temporary drops and
increases in playback rate. Furthermore, playback rate adaptation for the purposes of rebuffering
avoidance in live streaming will require both, a playback rate drop to avoid rebuffering, and a
subsequent playback rate increase to reduce the latency to the original level prior to the playback
rate drop. Therefore, it is important to compare both playback rate drops and increases against
other QoE factors.

5.1 Study Set-up

Figure 4 illustrates the eight test conditions created for this study. These test conditions were shown
to each participant along with a hidden reference test sequence that did not contain any quality
impairments. Four test conditions focused on increases in playback rate, whereby the playback
speed was increased at one of four rates during the middle section of the clip. The other four test
conditions were exactly the same as in the first study. Two containing a single rebuffering event, of
0.5s or 2s, and two where the video quality was reduced to a low or medium quality level, each
occurring during the middle of the clip.

As in the first study, all six sourced clips were used, resulting in 54 test sequences, which were
divided into two sets with each containing all test sequences belonging to 3 out of 6 clips. Set A
contained all test sequences based on clips: Vegesaurs, Football, and Forza, while set B contained
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Fig. 4. Test conditions used in the second study, describing playback rate increases, video quality drops, and
rebuffering events.
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Fig. 5. Results of the second subjective study, with DMOS plotted for each test condition and content.

all test sequences based on: Frozen Planet, Top Gear, and Wolf Hall - following the same content
allocation from the first study. This resulted in each participant rating 27 clips.

In total, 42 participants were recruited. Each set of test sequences was watched by 21 participants.
50% of participants were male, and 50% female. The age groups can be described as 18-28 for 14%,
29-38 for 28%, 39-48 for 24%, 49-58 for 24%, 59-68 for 7%, and 69 or older for 2% of participants. 93%
of the participants reported having no previous experience in video quality assessment studies.

5.2 Results

The results of the second study are shown in Figure 5 and are presented in a manner similar to the
results shown in the previous section. DMOS were plotted against the test conditions, organised by
content, with confidence intervals of 95% plotted in the error bars. Two-point crushing function was
applied (ITU Rec. P.910 [31]). Furthermore, we performed a paired T-test (¢ = 0.05) to determine
whether the differences in MOS between test conditions were statistically significant, with p-values
shown in Table 3.
Impact of Individual Quality Impairments. In the results presented in Figure 5, we can observe
the impact of each QoE factor individually, including increases in playback rate, drops in video
quality, and rebuffering. We start by considering the increases in playback rate, where for all of the
test sequences, the first and last 3s of the clip would play at a normal rate (1.0x) with the middle of
the clip playing at the increased target playback rate (for 5s). These test sequences were encoded at
the highest level and did not contain any rebuffering.

As the playback rate increased, the average DMOS across all content decreased. For the lowest
tested playback rate increase of 1.2 (presented in test condition PR-1.2) the average DMOS equalled
4.7. The differences between these test sequences and the hidden reference were statistically

, Vol. 1, No. 1, Article . Publication date: February .



Beyond Bitrate: Understanding the QoE Impact of Playback Rate and Seeking in Adaptive Video Streaming 11

Table 3. Table showing the p-values for the paired T-test between all test sequences in the second study. Each
cell contains the values for each content in the following order: Vegesaurs, Football, Forza, Frozen Planet, Top
Gear, and Wolf Hall.

PR-1.8 PR-1.6 PR-1.4 PR-1.2 Ref QD-L QD-M R-0.5s R-2s
PR-1.8 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.1,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.2, | 0.0,0.2,0.0,
0.0,0.0,0.1 0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.9,0.2,0.0 | 0.0,0.0,0.0 | 0.9,0.0,0.3 | 0.0,0.0,0.1
PR-1.6 | 0.0,0.0,0.0, 0.7,0.8,0.0, | 0.1,0.0,0.0, | 0.2,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.6,0.0, | 0.0,0.0,0.0,
0.0,0.0,0.1 0.0,0.0,0.0 | 0.0,0.1,0.0 | 0.0,0.0,0.0 | 0.1,0.0,0.0 | 0.0,0.0,0.0 | 0.1,0.0,0.4 | 0.0,0.0,0.0
PR-1.4 | 0.0,0.0,0.0, | 0.7,0.8,0.0, 0.1,0.0,0.0, | 0.3,0.0,0.1, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.8,0.0, | 0.0,0.0,0.0,
0.0,0.0,0.0 | 0.0,0.0,0.0 0.0,0.0,0.1 0.0,0.0,0.3 | 0.0,0.0,0.0 | 0.2,0.0,0.0 | 0.0,0.5,0.0 | 0.0,0.1,0.0
PR-1.2 | 0.0,0.0,0.0, | 0.1,0.0,0.0, | 0.1,0.0,0.0, 0.6,0.0,0.5, | 0.0,0.0,0.0, | 0.3,0.3,1.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0,
0.0,0.0,0.0 | 0.0,0.1,0.0 | 0.0,0.0,0.1 0.0,0.1,0.8 | 0.0,0.0,0.0 | 0.1,0.0,0.1 0.0,0.0,0.0 | 0.0,0.0,0.0
Ref 0.0,0.0,0.0, | 0.2,0.0,0.0, | 0.3,0.0,0.1, | 0.6,0.0,0.5, 0.0,0.0,0.0, | 0.1,0.2,0.5, | 0.0,0.0,0.0, | 0.0,0.0,0.0,
0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.0,0.0,0.3 | 0.0,0.1,0.8 0.0,0.0,0.0 | 0.0,0.1,0.1 0.0,0.0,0.0 | 0.0,0.0,0.0
QD-L | 0.0,0.1,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, 0.0,0.0,0.0, | 0.2,0.0,0.0, | 0.0,0.0,0.5,
0.9,0.2,0.0 | 0.1,0.0,0.0 | 0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.0,0.0,0.0 0.0,0.0,0.0 1.0,0.0,0.0 | 0.0,0.5,0.0
QD-M | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.3,0.3,1.0, | 0.1,0.2,0.5, | 0.0,0.0,0.0, 0.0,0.0,0.0, | 0.0,0.0,0.0,
0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.2,0.0,0.0 | 0.1,0.0,0.1 0.0,0.1,0.1 0.0,0.0,0.0 0.0,0.0,0.0 | 0.0,0.0,0.0
R-0.5s | 0.0,0.0,0.2, | 0.0,0.6,0.0, | 0.0,0.8,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.2,0.0,0.0, | 0.0,0.0,0.0, 0.0,0.0,0.0,
0.9,0.0,0.3 | 0.1,0.0,0.4 | 0.0,0.5,0.0 | 0.0,0.0,0.0 | 0.0,0.0,0.0 1.0,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0
R-2s 0.0,0.2,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.5, | 0.0,0.0,0.0, | 0.0,0.0,0.0,
0.0,0.0,0.1 0.0,0.0,0.0 | 0.0,0.1,0.0 | 0.0,0.0,0.0 | 0.0,0.0,0.0 | 0.0,0.5,0.0 | 0.0,0.0,0.0 | 0.0,0.0,0.0

insignificant for half of the clips: Vegesaurs, Forza, and Wolf Hall. At a playback rate of 1.4 (PR-1.4),
the average DMOS decreased to 4.0, with differences being statistically insignificant for the same
clips as for PR-1.2: Vegesaurs, Forza, and Wolf Hall. These three clips experienced a significantly
smaller decrease in DMOS of just 0.2 on average, when compared with the three other clips
(Football, Frozen Planet, and Top Gear) where the average decrease was 1.1. At a playback rate of
1.6, represented in test condition PR-1.6, the average DMOS equalled 3.9, only a 0.1 decrease from
PR-1.4, with the differences for clips Vegesaurs and Football being statistically insignificant. When
compared to PR-1.4, the DMOS increased by 0.1 and 0.6 for clips Football and Top Gear respectively,
remained unchanged for Vegesaurs, and decreased by 0.3, 0.5, and 0.7 for clips Forza, Frozen Planet
and Wolf Hall respectively. At the highest tested playback rate increase of 1.8 (PR-1.8), the average
DMOS decreased to 3.2, with all differences statistically significant, and the decrease present across
all clips — even the Vegesaurs clip for which all other playback rate increases were imperceptible.

When comparing the scores of test sequences featuring quality drops, we can observe the impact
of this quality impairment alone — similarly to the first study. For test condition QD-M, where the
middle of the clip was presented at medium quality, the average DMOS across all content was equal
to 4.7. All of the differences between these test sequences and the hidden reference were statistically
insignificant — except the Frozen Planet clips which was scored the lowest. For the test sequences
featuring a quality drop to the lowest level, QD-L, the average DMOS dropped significantly to 2.5
on average across all content with all differences being statistically significant. Both test conditions
were scored lower than the equivalent conditions from the first study, presented in the previous
section, by 0.1 and 0.4 for QD-M and QD-L, respectively.

We can observe the impact of rebuffering alone, of various durations, by comparing the scores of
test sequences for the two test conditions featuring rebuffering events, R-0.5s and R-2s, as in the
previous section. In these clips, there was a single rebuffering event in the middle of the video, of
0.5s or 2s duration. These test sequences were encoded at the highest quality level, with a regular
playback rate of 1.0.

For the test sequences with a rebuffering event of 0.5s, the average DMOS across all content
equalled 3.1, with all differences between the test sequences and the hidden reference being
statistically significant. This test condition was perceptible and decreased QoE across all content.
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When the rebuffering increased to 2s, the average DMOS further decreased to 2.4, on average, across
all content, with all differences being statistically significant again. Both rebuffering variants were
scored lower than the equivalent conditions in the first study presented in the previous section,
where drops in playback rate were evaluated.

FINDING 4. There is a great disparity between how playback rate increases are perceived across different
content genres.

Playback Rate Increases vs. Quality Drops. When comparing the test sequences containing
variations in playback rate increases and quality drops, the following observations can be made.
The test condition QD-M, where the video quality dropped to a medium level in the middle of the
clip, was imperceptible with an average DMOS of 4.7 across all content. Similarly, PR-1.2, where
the playback rate of the middle section of the clip was increased to 1.2, was also imperceptible, with
an average DMOS of 4.7. Differences in DMOS between these two test conditions were statistically
insignificant for all content except the Top Gear clip.

PR-1.4 was scored 0.7 lower than QD-M on average across all content, with the differences for
all clips except Frozen Planet being statistically significant. PR-1.6 still achieved 1.4 higher DMOS
on average than QD-L, where the video quality of the middle segment dropped to the lowest level.
The differences were statistically significant for all clips except Frozen Planet.

The highest playback rate increase of 1.8 (PR-1.8) was scored higher than QD-L, with 0.5 higher
average DMOS across all clips, with statistically insignificant differences for half of the clips:
Football, Frozen Planet, and Top Gear - suggesting that playback rate increase of 1.8 was perceived
as poorly as a quality drop to low level. PR-1.8 was scored higher than QD-L by 1.1, 1.4, and 0.9 for
Vegesaurs, Forza, and Wolf Hall respectively, indicating that for these clips, even the highest tested
playback rate increase was significantly better perceived than a drop to low quality.

FINDING 5. All variations of playback rate increases were perceived better than a drop to low quality

for half of the clips.

Playback Rate Increases vs. Rebuffering. We now compare the test conditions containing
playback rate increases and rebuffering events.

Test condition R-0.5s, which contained a single rebuffering event of 0.5s, was scored on average
only 0.1 higher than the highest playback rate increase tested of 1.8, present in test condition PR-1.8.
However, this increase was not uniform across all content. For the Vegesaurs clip, PR-1.8 was scored
0.9 higher than R-0.5s. In the case of Football and Top Gear clips, PR-1.8 achieved lower DMOS than
R-0.5s, by 0.8 and 0.7, respectively. Football’s R-0.5s was scored 0.1 lower than its PR-1.6, which
contained a playback rate increase of 1.6, with the difference being statistically insignificant. On the
other hand, Top Gear’s R-0.5s was scored 0.9 lower than its PR-1.6. For the three remaining clips
Forza, Frozen Planet, and Wolf Hall, the differences between R-0.5s and PR-1.8 ranged between -0.3
and 0.3 — all of which were statistically insignificant.

A single rebuffering event of 2s, contained in test condition R-2s, achieved on average 0.6 lower
DMOS than the highest playback rate increase of 1.8 (PR-1.8). The DMOS was 1.7, 1.3, 0.8, and 0.4
lower for Vegesaurs, Forza, Frozen Planet, and Wolf Hall clips respectively — however, the DMOS
difference for Wolf Hall was statistically insignificant. For the two remaining clips, the DMOS was
higher for R-2s, specifically by 0.3 and 0.4 for Football and Top Gear respectively — with the former
being statistically insignificant. This suggests that three out of six clips were significantly more
sensitive to increases in playback rate in terms of its perceptibility.

FINDING 6. Rebuffering of 2s was perceived to be worse than an increase of 1.8 in playback rate for
half of the content.

, Vol. 1, No. 1, Article . Publication date: February .




Beyond Bitrate: Understanding the QoE Impact of Playback Rate and Seeking in Adaptive Video Streaming 13

Rate (1.0)

Default Playback
{1.1,1.2,13, 1.4} Rate (1.0)

Playback Rate Increase ‘ Default Playback

' ' 55/ Rate ' 3s

3s

Part Cut

Continuous Playback i1, 25, 35, 45}

Continuous Playback

| . . ,
' " Seeking Duration

Playback Time (s)

Fig. 6. Test conditions used in the third study, describing playback rate increases and seeking events.

6 Playback Rate Increases vs. Seeking Events

In this section, we present and describe the results of the third subjective study, designed to
investigate the QoE impact of increases in playback rate when compared to seeking events. Both
playback rate increases and seeking events can be employed to maintain the desired target latency
in live adaptive streaming. This is the first study to evaluate the perceptibility of seeking events,
which are currently under-represented in the literature despite having the potential to impact QoE.

6.1 Study Set-up

We created eight test conditions, as illustrated in Figure 6, which were shown to each participant
along with a hidden reference test sequence that did not contain any quality impairments. The
first four test conditions focused on increases in playback rate, whereby the playback speed was
increased to one of four rates (1.1, 1.2, 1.3 and 1.4) during the middle section of the clip. These rates
were chosen based on the findings from the second study, indicating that increases in playback rate
would be imperceptible for most content somewhere within this range. The remaining four test
conditions are designed to explore scenarios involving seeking, with a single seek event occurring
in the middle of the clip, of 1, 2, 3, and 4 seconds. The seeking event in each test condition is
instantaneous, which represents the best-case scenario, whereby the video player jumps ahead to a
segment that is already fetched and available in the client buffer.

Similar to the two previous studies, all six sourced clips were used. This resulted in 54 test
sequences which were divided into two sets with each containing all test sequences belonging
to 3 out of 6 clips. As in the first two studies, Set A contained all test sequences based on clips:
Vegesaurs, Football, and Forza, whereas Set B contained all test sequences based on clips: Frozen
Planet, Top Gear, and Wolf Hall. This resulted in each participant rating 27 clips.

We recruited 42 participants. Test sequences belonging to Set A were viewed by 20 participants,
while Set B was viewed by 22 participants. 22 participants were male, and 20 were female. The
age groups can be described as: 18-28 for 19%, 29-38 for 36%, 39-48 for 19%, 49-58 for 17%, 59-68
for 7%, and 69 or older for 2% of participants. 90% of the participants reported having no previous
experience in video quality assessment studies.

6.2 Results

Figure 7 presents the comprehensive results of the third study, organised by content. Similar to the
first two studies, DMOS were calculated using the hidden reference test sequence without quality
impairments and plotted against the test conditions, with confidence intervals of 95% plotted in
the error bars. Two-point crushing function was applied (ITU Rec. P.910 [31]) and a paired T-test
(a = 0.05) was used to determine whether differences were statistically significant, with p-values
shown in Table 4.

Impact of Individual Quality Impairments. First, we analyse the QoE impact of each quality
impairment alone, starting with increases in playback rate. In these test sequences, the first and
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Fig. 7. Results of the third subjective study, with DMOS plotted for each test condition and content.

Table 4. Table showing the p-values for the paired T-test between all test sequences in the third study. Each
cell contains the values for each content in the following order: Vegesaurs, Football, Forza, Frozen Planet, Top
Gear, and Wolf Hall.

PR-1.4 PR-1.3 PR-1.2 PR-1.1 Ref S-1s S-2s S-3s S-4s
PR-1.4 0.5,0.0,0.1, | 1.0,0.0,0.0, | 0.4,0.0,0.1, | 0.1,0.0,0.0, | 0.0,0.8,0.0, | 0.0,0.6,0.5, | 0.0,0.1,0.0, | 0.0,0.0,0.0,
0.0,0.4,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.7,0.1,0.4 0.4,0.0,0.0 0.4,0.0,0.0 0.0,0.0,0.0
PR-1.3 | 0.5,0.0,0.1, 0.6,0.2,0.5, | 0.3,0.2,1.0, | 0.1,0.0,0.1, | 0.0,0.0,0.0, | 0.0,0.0,0.6, | 0.0,0.0,0.0, | 0.0,0.0,0.0,
0.0,0.4,0.0 0.5,0.0,0.7 0.1,0.0,0.6 0.0,0.1,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.2,0.0,0.0 0.0,0.0,0.0
PR-1.2 | 1.0,0.0,0.0, | 0.6,0.2,0.5, 0.4,0.6,0.5, | 0.1,0.0,0.1, | 0.0,0.0,0.0, | 0.0,0.0,0.3, | 0.0,0.0,0.0, | 0.0,0.0,0.0,
0.0,0.0,0.0 0.5,0.0,0.7 0.0,1.0,0.4 0.0,0.5,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.1,0.0,0.0 0.0,0.0,0.0
PR-1.1 | 0.4,0.0,0.1, | 0.3,0.2,1.0, | 0.4,0.6,0.5, 0.3,0.0,0.1, | 0.0,0.0,0.0, | 0.0,0.0,0.7, | 0.0,0.0,0.0, | 0.0,0.0,0.0,
0.0,0.0,0.0 0.1,0.0,0.6 0.0,1.0,0.4 0.3,0.5,0.3 0.0,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0
Ref 0.1,0.0,0.0, | 0.1,0.0,0.1, | 0.1,0.0,0.1, | 0.3,0.0,0.1, 0.0,0.0,0.0, | 0.0,0.0,0.1, | 0.0,0.0,0.0, | 0.0,0.0,0.0,
0.0,0.0,0.0 0.0,0.1,0.0 0.0,0.5,0.0 0.3,0.5,0.3 0.0,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0
S-1s 0.0,0.8,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, 0.0,0.3,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.5,
0.7,0.1,0.4 0.0,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.7,0.1,0.1 0.3,0.0,0.0 0.0,0.0,0.0
S-2s 0.0,0.6,0.5, | 0.0,0.0,0.6, | 0.0,0.0,0.3, | 0.0,0.0,0.7, | 0.0,0.0,0.1, | 0.0,0.3,0.0, 0.0,0.0,0.0, | 0.0,0.0,0.0,
0.4,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.7,0.1,0.1 0.1,0.0,0.0 0.0,0.1,0.0
S-3s 0.0,0.1,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, 0.0,0.0,0.0,
0.4,0.0,0.0 0.2,0.0,0.0 0.1,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.3,0.0,0.0 0.1,0.0,0.0 0.0,0.5,0.0
S-4s 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.0, | 0.0,0.0,0.5, | 0.0,0.0,0.0, | 0.0,0.0,0.0,
0.0,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.0,0.0,0.0 0.0,0.1,0.0 0.0,0.5,0.0

last 3s would play at normal rate (1.0x), with the middle 5s played at the increased playback rate.
These test sequences were encoded at the highest level and did not contain any seeking events.
For the lowest tested playback rate increase of 1.1, represented by test condition PR-1.1, the
average DMOS across all content equalled to 4.7, with all differences statistically insignificant —
except for the Football clip which was scored the lowest at 4.5. The next playback rate increases of
1.2 and 1.3 (PR-1.2 and PR-1.3) were scored only 0.1 and 0.3, respectively, lower, on average across
all clips. The highest playback rate increase tested, 1.4 in test condition PR-1.4, resulted in average
across all content DMOS of 3.9, with the Football clip being scored significantly lower than the rest
of the content, at DMOS of 3.0. These results indicate that a playback rate increase of up to 1.3 had
little to no impact of QoE for all content. This trend continued for playback rate of 1.4, however,
only for half of the content: Vegesaurs, Forza, and Top Gear. The sports content, presented in the
Football clip, was the most sensitive to playback rate increases when it comes to perceptibility.
Next, we compare the QoFE impact of seeking events alone for various durations. Even the shortest
seeking event tested of 1s, presented in test condition S-1s, resulted in a significant reduction in
DMOS - which equalled to 3.3 on average across all content. However, a high disparity between
the scores across content can be observed, with Forza at the lowest of 2.6, and Top Gear at the
highest of 4.0. For test condition S-2s, where a seeking event of 2s was present, the average DMOS
remained the same. However, it changed drastically for two of the clips, with Forza now scored the
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highest at 4.3 and Vegesaurs scored the lowest at 2.4. For seeking events of 3s and 4s, the average
DMOS further decreased to 3.0 and 2.3 respectively, with the latter indicating a significant negative
impact on QoE. Furthermore, for all seeking durations tested, a high disparity between the scores
across content can be observed. For example, at the highest duration of seeking, there was a 1.2
gap between the lowest and the highest score, of Vegesaurs and Top Gear respectively.

FINDING 7. There is a significant disparity between the perceptibility of seeking events across different
content.

Playback Rate Increases vs. Seeking Events.

We now compare the test conditions containing playback rate increases and seeking events.

In general, playback rate increases were perceived as significantly better than seeking events.
For playback rate increases of 1.1-1.3, the average across all content DMOS was 1.3-1.1 higher
than a seeking event of 1 second, the lowest duration tested. A notable exception can be observed
between the scores of PR-1.3 and S-2s for the Forza clip, which was scored exceptionally high in
the case of a seeking event of 2s, with the difference between scores equalling to only 0.3 and being
statistically insignificant.

The highest tested playback rate increase of 1.4, presented in PR-1.4, was scored on average 0.6
higher than the seeking event of the lowest duration of 1 second, tested in S-1s. However, this
varied significantly across content. For the Vegesaurs and Forza clips, PR-1.4 was scored higher
by 1.3 and 1.7 respectively. For the remaining clips, this difference decreased to 0, 0.1, 0.4, and
0.2 for Football, Frozen Planet, Top Gear, and Wolf Hall respectively — with all differences being
statistically insignificant. This indicates that a seeking event of 1 second was perceived as poorly
as a playback rate increase of 1.4 for four out of six clips tested.

FINDING 8. In the vast majority of cases, playback rate increases were perceived significantly better
than seeking events.

7 Gradual vs. Instant Changes in Playback Rate

We turn our attention to the last subjective study which investigates the impact of gradual changes
in playback rate. This is inspired by existing literature on the impact of changes in video quality in
adaptive streaming, which suggests that gradual changes - i.e. one quality level at a time - can offer
improved QoE in contrast to making a major change to video quality between two consecutive
segments [33, 35]. Motivated by this related work, we set out to find out whether a given target
playback rate can become more tolerable to the user if the video player changes the rate gradually
towards the target, as opposed to instantly modifying the rate to the target setting. For example,
when the video player needs to slow down the playback to 0.7, which has a significant impact on
QOE, the video player could start to slow down gradually before reaching the target rate — aiming to
minimise its negative QoE impact. The reason for slowing down remains the same as with instant
change in playback rate (to avoid rebuffering).

7.1 Study Set-up

For this study, we created 4 sets of test conditions, grouped by a target playback rate of 0.7, 0.8,
1.2, and 1.3. In each group there are 3 test conditions: I, where the playback rate change is instant,
and G-0.05 and G-0.1, where the playback rate gradually changes, by 0.05/s and 0.1/s, respectively,
towards the target playback rate. Figure 8 illustrates the test conditions. For both instant and
gradual playback rate variations, the test sequence always begins with playback at the default
rate (1.0) and finishes at the target playback rate. For each content, the presented part remained
the same between instant and gradual variations of each target playback rate: first 9s for 0.8, 1.2,
and first 11s for 0.7, 1.3. In total 12 test conditions were created, assessing not only a drop in
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Fig. 8. Test conditions used in the fourth study, describing instant and gradual changes in playback rate.
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mmm Frozen Planet
Top Gear

e Wolf Hall

Test Condition

Fig. 9. Results of the fourth subjective study, with Mean Opinion Scores (MOS) plotted for each test condition
and clip.

playback rate, but also an increase in playback rate. This study differs from the first three studies
as it does not include a hidden reference - a test condition without any quality impairments which
can be used to calculate DMOS. Instead, this study follows the standard Absolute Category Rating
(ACR) methodology, where Mean Opinion Scores (MOS) of test conditions are analysed, enabling a
comparison between instant and gradual changes in playback rate.

Four of the six pieces of content were used for this study. Based on the results of our first study,
we selected the clips where changes in playback rate were the most perceptible: Football, Frozen
Planet, Top Gear, and Wolf Hall. For each clip, test sequences covering all 12 test conditions were
created, resulting in 48 test sequences in total. Test sequences were divided into 4 sets, each set
containing all four pieces of content, with each content presented at different target playback rate,
including one instant and two gradual variations. This resulted in each participant rating 12 clips.

A total of 80 participants were recruited for this study. 20 participants watched each set of test
sequences. The gender of the participants was reported as 50% male and 50% female. The age group
representation was: 16.25% for 18-28, 26.25% for 29-38, 26.25% for 39-48, 16.25% for 49-58, and 15%
for 59-68. Of the participants, 92.5% reported no previous experience with video quality assessment.

7.2 Results

Figure 9 shows the full results of the fourth study, broken down by content. Mean Opinion Scores
were plotted against the test conditions, with confidence intervals of 95% plotted in the error bars.
Additionally, we performed a paired T-Test (& = 0.05) to determine whether differences in MOS
between test sequences were statistically significant, with p-values shown in Table 5. We analyse
the impact of gradual changes in playback rate across the different variations tested: two rate
decreases of 0.7 and 0.8, as well as two rate increases of 1.2 and 1.3.
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Table 5. Table showing the p-values for the paired T-test between all test sequences in the fourth study. Each
cell contains the values for each content in the following order: Vegesaurs, Football, Forza, Frozen Planet, Top
Gear, and Wolf Hall.

07-G- [07-G- [o071  [08-G- [08-G- [081 [12-G- [1.2-G-0.1[121 [1.3-G- [1.3-G-0.1[1.31
0.05 0.1 0.05 0.1 0.05 0.05
0.7-G- 0.1,00, [0.000, (0207, [0.1,1.0, [0.209, [0.006, [0310, [0.1,04, [00038 [0.109, [0402,
0.05 00,06 (0000 (0007 [0107 (0102 [0002 [0000 [0.000 [0005 [0.004 [0.003
0.7-G-  ]0.1,0.0, 02,03, (0003, (0002 [0002 [0003, [0102 [0000, [0.002 [0002 [01009,
0.1 0.0,0.6 00,00 [0009 (0010 [0004 [0001 [0000 [0000 [0.009 0006 [0.006
071 [0.0,00, 0203, 00,06, [0.003, 00,03, (0005 [0.003, [0001, [0.003, [0.0,04, 00,08,
0.0,00 [0.0,0.0 0001 (0001 [0.003 [0.000 (0000 [0000 [0000 [0001 [0.00.1
08-G- [0.2,0.7, [0.0,03, [0.0,0.6, 1.0,0.6, (0607, (0409, 0507, (0902 [01,05 0608 [0.50.3,
0.05 00,07 (0009 00,01 00,08 (0003 (0801 [0800 (01,00 [0810 (0306 [0.1,08
08-G- [0.1,1.0, [0.0,02, [0.0,03, [1.0,0.6, 06,08, [0.3,05, [0.510, [0904, [0.1,08 [0.6038, [0.4,0.1,
0.1 01,07 (00,10 [0.001 [0.0,038 0801 (0001 (0000 [0500 [0.108 [0205 [03,06
081  [0.2,09, [0.002 [0003, [0.607, [0603, 02,06, (07,09, (0902, [0.1,07, [04,10, [0.70.1,
01,02 (0004 (0003 [0003 [080.1 00,00 [0000 (0300 [0005 (0108 [0.207
12-G- 00,06, [0.0,03, [0.0,05 [0409, [0.305 [0.206, 00,03, [0.0,0.0, [0.604, [0506, ]0.1,02,
0.05 00,02 (0001 (0000 [0801 [0.001 [0.0,00 0604 (0004 (0701 [01,01 [0.20.1
12-G-0.1[0.3,1.0, [0.1,0.2, [0.0,03, [0507, [0.510, [0.7,09, [0.0,03, 0502, [0.008, [0.1,09, [1.0,0.1,
00,00 [0.000 (0000 [0800 [0.000 0000 [0.604 00,10 [1.000 (03,00 [04,00
121 [0.1,04, [0.0,00, [0001, [0902 [0904, [0902 [0.000, [0502 0.1,06, ]0.50.3, ]0.6,0.0,
00,00 (0000 0000 [01,00 (0500 [0300 [0.004 [0.0,10 02,00 (0400 06,00
13-G- (00,08, [0.002, 0003, [0.105 [0.1,08 [0107, [0.604, [00038 [0.106, 03,06, ]0.0,0.0,
0.05 00,05 (0009 (0000 [0810 (0108 [0005 [0701 [1.000 [0.200 03,06 (0207
1.3-G-0.1[0.1,0.9, [0.0,0.2, [0.0,04, [0.6,0.8, [0.608 [04,1.0, 0506, [0.1,09, [0.50.3, |0.3,06, 0.1,0.0,
00,04 (0006 (0001 [0306 (0205 [0.1,08 [0.1,01 (0300 [0400 [0306 0.8,0.8
131 [0402, [01,09, [0008, [0503, [0401, [0701, [0.1,02, [1.00.1, [0600, [0.00.0, [0.1,00,
00,03 (0006 [0.001 [01,08 [0306 [0207 (0201 [0400 [0600 [0.207 [0808

At a playback rate of 0.7, the instant change variation presented in 0.7-I had an average MOS
of 2.7 across all content. A gradual change of 0.1/s, present in 0.7-G-0.1, improved MOS by 0.3
on average, however, the differences were statistically significant for only two clips: Top Gear
and Wolf Hall which improved by 0.4 and 0.8 respectively. A gradual change of 0.05/s, present in
0.7-G-0.05 and offering even more subtle change, further improved the MOS by 0.7 on average with
all differences being statistically significant. The improvement varied across content, with increased
MOS by 0.8, 0.4, 1, and 0.9 for Football, Frozen Planet, Top Gear, and Wolf Hall respectively.

For a playback rate of 0.8, when comparing the test sequences containing gradual changes and
instant changes, most differences were statistically insignificant with an average MOS only 0.2-0.3
higher. The only exception was 0.8-G-0.05 for the Top Gear clip, which scored 0.7 higher than the
corresponding 0.8-I test sequence.

FINDING 9. Gradual changes were perceived better for playback rate drops to 0.7 only.

When looking at increases in playback rate, starting with 1.2, gradual changes offered little to no
improvement, with average MOS of 3.9, 3.9, and 4 for test conditions 1.2-I, 1.2-G-0.1, and 1.2-G-0.05,
respectively. In the case of the Wolf Hall clip, MOS remained the same for a gradual change of 0.1/s
and decreased by 0.2 for 0.05/s — however, both of these differences were statistically insignificant.
For the Frozen Planet clip, MOS decreased by 0.3 and 0.5 for gradual changes of 0.1/s and 0.05/s
respectively, but only the latter was statistically significant. For the Football clip, there was only one
decrease in MOS, of 0.2, for a gradual change of 0.1/s, however, it was not statistically significant.
For a gradual change of 0.05/s, the MOS improved by 0.3, with a statistically significant difference.
In the case of Top Gear content, the MOS improved by 0.4 and 0.5 for gradual changes of 0.1/s and
0.05/s, respectively.
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Table 6. A summary of the four studies in terms of the key findings.

Study | Finding

A medium quality drop as well as playback rate drops of 0.8-0.9 had little to no impact on perceived quality.
A playback rate drop of 0.6 was perceived as poorly as a low drop in quality.

Playback rate drops of 0.6 and 0.7 were rated as poorly as rebuffering events of 2s and 0.5s respectively.
There is a great disparity between how playback rate increases are perceived across different content genres.
All variations of playback rate increases were perceived better than a drop to low quality for half of the clips.
Rebuffering of 2s was perceived to be worse than an increase of 1.8 in playback rate for half of the content.
There is a significant disparity between the perceptibility of seeking events across different content.

—_

In the vast majority of cases, playback rate increases were perceived significantly better than seeking events.
Gradual changes were perceived better for playback rate drops to 0.7 only.
Gradual changes offered some QoE improvement for increases in playback rate to 1.3 only.

Wl Wl W NN N =] =

For a playback rate of 1.3, we can observe some improvement as the average MOS increased by
0.2 and 0.4 for gradual changes of 0.1/s and 0.05/s, respectively. However, not all differences were
statistically significant. For the Football clip, only a gradual change of 0.05/s achieved a statistically
significant MOS improvement of 0.4. In the case of Frozen Planet content, both improvements
were statistically significant, resulting in 0.5 and 0.7 better MOS for gradual changes of 0.1/s and
0.05/s, respectively. For the remaining two clips, Top Gear and Wolf Hall, the differences were not
statistically significant.

FINDING 10. Gradual changes offered some QoE improvement for increases in playback rate to 1.3
only.

Overall, the gentler gradual changes of 0.05/s were perceived to be better than gradual changes
of 0.1/s. However, both variations of gradual changes offered improvement in only some cases,
suggesting that it is dependent on the playback rate and content. Improvement was most notable
for the lowest and highest playback rates tested, namely 0.7 and 1.3. In terms of content, Wolf Hall
benefited the most from gradual changes, however, the improvement in MOS was not universal
across all playback rates with no difference at the rate of 1.3.

8 Discussion

Our four subjective studies were designed to provide comprehensive evaluation of playback rate
changes and their impact on QoE, exploring the RQs set out in Section 1. The studies revealed
several important patterns in how users perceive playback rate adjustments in adaptive streaming,
with a summary of findings shown in Table 6. Most notably, we found an asymmetric perception
between rate increases and decreases, with increases being generally more tolerable although this
is also more content-dependent. In addition, we discovered clear thresholds for acceptable rate
changes and identified important interactions between playback rate adjustments and content
characteristics. Table 7 shows a summary of the tested playback rates in each study, as well as the
emerging acceptable ranges.

In this section we discuss the implications of the results, first on ABR algorithm design, informed
by the first and last studies, and second on catch-up mechanism design, informed primarily by the
second and third studies. In addition, we discuss the constraints of our research methodology and
scope.
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Table 7. A summary of the four studies in terms of tested playback rate.

Study | Tested Playback Rates | Acceptable Playback Rates
1 0.6, 0.7, 0.8, 0.9 0.8-1.0
2 1.2,1.4,1.6,1.8 1.0-1.2
3 1.1,1.2,13,14 1.0-1.3
4 0.7,0.8,1.2,1.3 0.8-1.3

8.1 Implications for ABR Algorithm Design

In our first study, designed to answer RQ1, we investigated the QoE impact of playback rate drops
in comparison with two other important QoE factors in adaptive video streaming: video quality
and rebuffering.

We found that a quality drop to the medium level (where bitrate was reduced from 6000 to
2000kbps) and a playback rate drop of 0.9 were both imperceptible to participants. A playback rate
drop of 0.8 was still imperceptible for half of the content. Overall, these three quality impairments
were rated the highest in our test. This suggests that temporarily reducing the playback rate to 0.8
or higher could be a viable option in ABR algorithm design as it has little to no negative impact on
overall QoE while allowing the client to reduce its buffer depletion rate. For example, this might
be preferred in a scenario where the video quality is already at a medium level and dropping the
bitrate further would have a negative impact on QoE.

For half of the content, a playback rate drop of 0.7 offered some improvement over the quality
drop to the lowest level, which was perceived as the worst along with a playback rate of 0.6 and a
rebuffering event of 2s. A smaller rebuffering duration of 0.5s was perceived similarly to a playback
rate drop of 0.7; however, both of these conditions still had significant negative impacts on QoE.
These results indicate that a playback rate of 0.7 and lower should be avoided in ABR design as a
method for rebuffering avoidance, since its negative impact is comparable to rebuffering itself.

In the fourth study, we investigated gradual changes in playback rate and whether they can
absorb some of the negative QoE impact caused by the target playback rate, aiming to answer RQ4.
This varied greatly across content, target playback rates, and the magnitude of gradual change.
In the case of most content, for target playback rates of 0.8, 1.2, 1.3 gradual changes offered no
significant improvement over instant variations. However, there were exceptions, with Wolf Hall
clips improving at 0.8, and Top Gear clips being perceived better in gradual variations for target
playback rates of 1.2 and 1.3. At the lowest target playback rate tested (0.7), there was a significant
improvement in perceived quality for both variations of gradual change, but only for half of the
content in the case of the less subtle variant.

These results suggest that gradual changes in playback rate can be less perceptible, but only in a
minority of cases, as this improvement is not universal across all content and target playback rates.
Additionally, the magnitude of the gradual playback rate change is an important factor. In terms of
ABR algorithm design, lower playback rates of 0.7 and 0.8 can be more effective in a rebuffering
avoidance strategy; however, even if adjusted gradually, they can still have severe negative impact
on QoE and therefore should be avoided.

Dynamic playback rate can be employed to supplement quality bitrate adaptation in adaptive
video streaming, potentially improving the QoE of steaming services by reducing the amount
of rebuffering experienced by users. In particular, in low latency live streaming services, where
the client buffer is restricted by the latency, creating challenging streaming conditions in which
playback rate adaptation alone might not be sufficient to counteract any changes in network
conditions. However, this requires a careful redesign of ABR algorithms that are built into video
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players for the following reasons. First, playback rates of 0.7 and below can be counterproductive,
resulting in similar QoE degradation to that of rebuffering itself. Second, playback rates of 0.8 and
0.9 can be imperceptible, offering a valuable rebuffering avoidance strategy in scenarios where
further quality bitrate degradation would negatively impact QoE. Third, dynamic playback rate
and quality bitrate adaptation might require careful coordination to prevent the video player from
overreacting to changes in network conditions that can reduce the overall QoE.

8.2 Implications for Catch-up Mechanism Design

In the second study, we focused on evaluating the QoE impact of temporary increases in playback
rate, in attempt to answer RQ2. Similar to the first study, we compared the playback rate test
conditions against the same variations of video quality drops and rebuffering events, allowing
for a further comparison between decreases and increases in playback rate using the overlapping
test conditions. Based on related work, which indicated that increases are less perceptible than
decreases in the playback rate, we evaluated a higher range of playback rates, up to 1.8.

A playback rate increase of 1.2 was on average rated as high as a medium quality drop across
all content, indicating its negligible impact on QoE. Playback rates of 1.4 and 1.6 were on average
rated higher than both variations of rebuffering tested, 0.5 and 2s. Compared to playback rate drops
in the first study, where a playback rate of 0.7 was rated as poor as a rebuffering event of 0.5s, these
results confirm that playback rate increases are less perceptible than the decreases. Nonetheless,
the average scores across the tested content varied to a greater degree in the case of playback rate
increases when compared to the playback rate drops. This suggests that the perceptibility of the
playback rate increase is much more content-dependent.

In our third study, we evaluated the QoE impact of playback rate increases against seeking events
of various duration. This study aimed to answer our third research question. For this study, we
tested a smaller range of playback rates of 1.1, 1.2, 1.3, and 1.4, and compared them with seeking
events of various durations: 1, 2, 3, and 4s.

In most cases, playback rate increases were perceived significantly better than the seeking events,
with the latter test conditions scored 1.4 lower on average across all content. These results clearly
demonstrate the significance of the negative impact of seeking events on the overall QoE, especially
since the seeking events tested were instantaneous and therefore the best case scenario. In addition,
the smallest seeking event of 1s was perceived as the same as the highest tested playback rate
increase of 1.4 for four out of six clips. Furthermore, a great variance in scores across different pieces
of content can be seen in the results, as in the second study. The only exceptions were playback
rates of 1.1-1.3 as they had negligible impact on QoE. On the other hand, a playback rate of 1.4
was perceived differently across content, with the DMOS ranging from 3 to 4.7 for Football and
Vegesaurs clips, respectively. For seeking events this was even more prominent, with considerable
variance across content for each tested seeking duration. In addition, the best perceived content for
each seeking duration was not the same. This suggests that, in rare cases, heavily dependent on
the content, a seeking event might not be as noticeable; however, it can still negatively impact QoE.
Moreover, the perceptibility of seeking might be dependent on various content characteristics, with
the timing rather than the duration of seeking being more important. For example, it might depend
on user engagement or the importance of the missing content, for example a goal being scored
during a football match.

Taking into consideration the results of these two studies, playback rate alteration appears to
be a better way of reducing client latency in live streaming scenarios than the use of seeking
events, in terms of the overall QoE, with playback rate increases of up to 1.3 having little to no
impact on the overall QoE. Seeking events, even of just 1s, seem significantly more perceptible
across all content and, therefore, should be avoided in the design of catch-up mechanisms where
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possible. However, this might not apply to scenarios where the latency needs to be reduced by a
large margin, as seeking would be vastly more effective, whereas a playback rate increase would
need to be maintained for a prolonged period of time to achieve the same latency reduction, which
could potentially become more perceptible to the user.

Smooth latency management can improve low latency live streaming services by reducing the
average latency experienced by users. This is due to the fact that in low latency adaptive streaming,
any rebuffering will cause the latency to increase, requiring a catch-up mechanism to bring it back
down to the target setting of the video player. Both playback rate increase and seeking events can
disrupt the overall QoE; therefore, a sophisticated catch-up mechanism needs to be designed as
part of the video player. Such a catch-up mechanism needs to strike a balance between the QoE
impact and the effectiveness of actions taken to reduce latency during a streaming session. Seeking
events disrupt QoE to a greater degree but offer instant latency reduction, whereas playback rate
increases are less perceptible but take longer to achieve equivalent latency reduction. Furthermore,
video players need to consider the QoE importance of latency itself, as its positive impact should
outweigh the potential negative impact of actions taken to reduce it, in order to maximise the
overall Quality of Experience.

8.3 Study Constraints

Content genres representation. While we used six diverse content clips (four in the final study),
this sample size limits our ability to draw definitive conclusions about genre-specific effects. The
disparities we observed in scores across different content, particularly for playback rate increases
and seeking events, suggest important content dependencies that require more extensive sampling
within each genre for reliable conclusions on how content genres affect the perceptibility of changes
in playback rate.

Content characteristics. Similarly to the content genres, our limited content sample size does
not allow us to make general conclusions around how various content characteristics impact
the perceptibility of playback rate changes. Such characteristics include Spatial Information (SI)
and Temporal Information (TI), as described in ITU P.910 [31]. A larger sample size is needed to
investigate a potential correlation between SI/TI and the perceptibility of playback rate.

Scope of test conditions. The experimental design of each study incorporated test conditions
aligned to answer a specific research question. While the test conditions encompassed a wide range
of quality impairments, testing all possible permutations was not feasible due to substantial resource
requirements associated with evaluating additional test sequences. In the first three studies, the
investigation of playback rate variations was constrained to examining single-duration alterations.
This enabled us to evaluate how short temporary changes in playback rate are perceived by users,
but precluded extrapolation to extended periods of adjusted playback rate. The final study explored
a subset of gradual changes in playback rate, facilitating preliminary comparative analysis between
gradual and instantaneous changes, while acknowledging that there still remains unexplored
parameter space in possible gradual rate variations.

Participant data collection. Our use of the ethical crowdsourcing platform Prolific enabled
the recruitment of a large number of participants. However, this introduced potential obstacles in
contrast to in-lab studies as we could not directly observe the participants taking the survey to
ensure the reliability of their responses. Moreover, we could not ensure a consistent environment
across participants, such as the display configuration, screen size, noise levels, or the lighting
intensity. In order to mitigate this, we incorporated metrics collection within the survey to report
details of the clips watched and any pauses, restarts, playback rate adjustments or seeking initiated
by the user. Finally, in order to confirm attention to the content, at the end of the survey we presented
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participants with a specific question about the content they had viewed. In order to compensate for
potential differences in the environment, we recruited a higher number of participants.
Objective metrics. For all four studies we have analysed the subjective scores given by participants.
It would be useful to calculate an objective metric for each test sequence to complement the
subjective data. However, currently there is no objective metric that captures playback rate or
seeking. Our findings show the significance of these factors to overall QoE, highlighting the need
for these factors to be included in the development of future objective metrics.

9 Conclusion

This paper presents a comprehensive evaluation of playback rate and its impact on QoE in adaptive
video streaming. We conducted four subjective studies, covering 210 test sequences and involving
204 participants, each addressing one of the research questions outlined in Section 1. Based on
our findings, we offer practical design guidelines for video players, emphasising potential QoE
improvements in two major areas of adaptive streaming: ABR algorithms and catch-up mechanisms.
As our final contribution, we make our results dataset available to the research community [1].

Playback rate adaptation, in combination with bitrate adaptation informed by an ABR algorithm,
can reduce the rebuffering and improve the QoE of streaming services. However, this requires a
careful balancing act: slowing down video playback excessively can be as detrimental to QoE as
rebuffering itself. Our studies identified that playback rates of 0.7 and lower were perceived as
equally disruptive as rebuffering, even when applied gradually. In contrast, playback rate reductions
down to 0.8 were imperceptible and therefore could be used to prevent rebuffering, especially in
scenarios where bitrate reductions would be more detrimental to QoE.

Furthermore, playback rate adaptation can be used to maintain a desired latency in live streaming
when implemented as part of a catch-up mechanism. Such mechanisms typically employ two
methods to reduce latency during a streaming session: seeking ahead and/or speeding up video
playback. However, our findings show that seeking is highly detrimental to QoE, whereas playback
rate increases of up to 1.3 had little to no impact. This highlights how playback rate adaptations
can enable smooth latency management leading to improvements in QoE of low latency streaming
services.

In summary, playback rate adaptation offers a promising means of balancing quality, rebuffering,
and latency to improve QoE in adaptive video streaming. Future work will explore content-aware
approaches, examining how factors such as scene transitions and camera movements influence the
perceptibility of playback rate changes.
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