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Abstract

Recently, many researchers have been intensively conducting quality of service (QoS), quality of experience
(QoE), and user experience (UX) studies in the field of video analysis. This paper is intended to make a new,
complementary contribution to this field. Currently, streaming platforms are key products in relation to deliver-
ing video content online. Most often, they include the MP4 video format, which is most widely utilized among
audio-visual codecs. This study involves a group of 38 individuals, aged between 21-35 years old, in a labo-
ratory consisting of 20 iMacs with 4K retina display. The presented signal sequences included content sourced
from the Netflix Chimera repository, with 8- and 10-bit depth, available in different resolutions of 270p, 432p,
720p, and 1080p. Tests included a subjective quality evaluation in a 5-step mean opinion score (MOS) scale,
focused on the UX aspect. According to the obtained results, content with the lowest and highest resolutions is
optimal in 8-bit depth, while movies with intermediate resolutions are better in 10-bit depth. For 8-bit content,
the main problem is pixelation, whereas, in the case of 10-bit samples, the main issue is color noise, particularly
in the case of the lowest resolution. Many viewers indicated that 10-bit encoding offered lower quality. More-
over, 8-bit movies caused a lower quality of the gradient, presumably due to the smaller range of the available
color. However, 8-bit movies in the same situation generate visible stripes on static images in the background,
causing a lower quality of the gradient, which is probably due to the smaller range of available colors. The re-
sults of the performed experiments may be of particular interest to content creators and distributors, particularly
network and cable operators, as well as wireless and wired providers.

Introduction

In the opinion of many people, the most important
parameter in relation to video content is increased
image resolution since it provides the most visible
results (Falkowski-Gilski & Uhl, 2020). It becomes
an even more important aspect for cable and net-
work operators with respect to network throughput
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prediction, including 5G, as well as adaptive mobile
solutions (Biernacki, 2024). Watching movies and
TV shows, even with subtitles, is a basic every-
day activity. A variety of evolving factors relating
to technological advances, cinema production, and
social behavior challenge our perception and under-
standing. In the study of Becerra et al. (Becerra et
al., 2024), the authors seek to formalize and provide
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context to these influential factors under a wider and
novel term referred to as dialogue understandability.
They propose a working definition, which is a lis-
tener’s capacity to follow the story without undue
cognitive effort or concentration being required
that impacts their quality of experience (QoE). This
paper identifies, describes, and categorizes the fac-
tors and then explores available measurement tools
in the literature and links them to the factors they
could potentially be used for. The maturity and suit-
ability of these tools are evaluated using a set of pilot
experiments.

The scale of the online video platform industry is
growing rapidly, and with the increase in the number
of such platforms, the competition is becoming more
intense. A previous study (Ying Jie, Kee & Omar,
2023) examined the factors that influence willing-
ness to pay on the Tencent video platform. It draws
upon the theory of planned behavior and other rele-
vant concepts, i.e., perceived value, perceived use-
fulness, perceived playability, perceived quality,
and copyright awareness. This study aims to devel-
op a conceptual model to determine the influence
of psychological and individual aspects on the will-
ingness to pay among video users. The results indi-
cate that the theoretically assumed path relationships
were consistent with the actual measured data. There
were significant relationships between user attitudes,
subjective norms, perceived behavioral control, per-
ceived usefulness, perceived value, perceived play-
fulness, perceived quality, copyright awareness, and
willingness to pay.

Generally speaking, mobile cloud computing
(MCC) is one of the most visible efforts to launch
computing technology beyond the use of tools and
achieve universal acceptance. It has become increas-
ingly important in people’s daily lives, highlighting
the urgent need for new approaches. The motivation
of mobile users and the nature of cloud comput-
ing make it ideal for developing various services.
The focus of another paper (Mirusmonov et al., 2023)
was on the cognitive, social, and technical motiva-
tions that mobile users experience when owning,
interacting with, and using mobile devices through
MCC. These authors also explored the moderating
role of network externalities between perceived
utility, usage attitudes, and actual use. The results
showed that the positive effects of perceived utili-
ty and attitudes on mobile cloud computing usage
increase gradually with network externalities. This
study provides a theoretical basis for academics and
practical guidance for service providers to promote
MCC.
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The market, tests, and quality evaluation

In today’s fiercely competitive markets, custom-
ers’ desire for instant gratification has shifted toward
subscription video-on-demand (SVOD) services as
the preferred choice for digital entertainment. More-
over, as viewers increasingly abandon traditional
broadcast TV, the billion-dollar market for SVOD is
projected to expand further. A paper by Badr, Sharaf,
and Mahrous (Badr, Sharaf & Mahrous, 2024) aimed
to analyze the market dynamics and explore expan-
sion opportunities in the SVOD industry. By pre-
senting a comprehensive overview of the global
streaming market, it emphasizes the pivotal role
of customer choice and incorporates the perspectives
of content creators. It also highlighted the signifi-
cance of financial analysis in understanding the com-
plex landscape of streaming services.

As is well-known, a codec is the most important
element of any streaming application, such as Net-
flix or YouTube, but its complexity increases with
its advancement. The high-efficiency video coding
(HEVC) codec selects an intra-mode out of a total
of 35 intra-modes using the brute-force meth-
od. In the study of Tariq et al. (Tariq et al., 2024),
the authors utilized a spiral optimization algorithm
(SOA) to overcome the aforementioned limitation
of HEVC. Firstly, the elements of SOA are effi-
ciently mapped to the elements of HEVC. Second-
ly, the current best intra-mode becomes the center
of the spiral of SOA. Thirdly, the current best intra-
mode is considered optimal if the spiral completes
three spiral loops and the current intra-mode still
remains the best. Otherwise, the new optimal intra-
modes become the center of the spiral.

Spatial information (SI) and temporal informa-
tion (TI) have been used widely as an approximate
estimation of video complexity. Recently, they have
found use in many other applications, such as QoE
modeling, bandwidth, and rate-distortion modeling,
for both traditional and non-traditional (including
gaming and dynamic vision sensors) videos. It is
often assumed that SI and TI only depend on video
content while, in fact, factors such as resolution, bit
depth, and compression have an impact on the val-
ues of SI and TI for specific video content. A system-
atic study on SI and TI for videos that investigates
the effect of different video encoding and processing
steps on SI and TI values has been missing so far.
Moreover, SI and TI calculations have been limit-
ed to 8-bit videos, while there has been increasing
popularity and usage of 10-bit videos. Toward this
end, Barman, Khan, and Martini (Barman, Khan
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& Martini, 2019) present a comprehensive evalua-
tion of the variation of SI and TI for different 8- and
10-bit videos. Results and insights into the variation
of SI and TI values for different encoding settings,
choice of encoders, temporal pooling methods, reso-
lution, etc., are also presented.

Another paper (Topiwala, Krishnan & Dai, 2018)
presented a study comparing the coding efficiency
performance of three video codecs: versatile video
coding (VVC) benchmark set 1 (BMS1), AV1 codec
of the Alliance for Open Media (AOM), and HEVC
main profile reference software. Two approaches to
coding were used, i.e., constant quality (QP) and tar-
get bit rate (VBR). Constant quality encoding was
performed with all three codecs for an unbiased
comparison of the core coding tools. Whereas target
bitrate coding was undertaken with the AV1 codec
to study the compression efficiency achieved with
rate control, which can and does have a significant
impact. Performance was tabulated on two fronts,
namely, objective performance based on PSNRs
and an informal subjective assessment. The general
conclusion derived from the assessment of objec-
tive metrics and subjective evaluation was that VVC
(BMST1) appeared to be superior to AV1 and HEVC
under both constant quality and target bitrate cod-
ing constraints. AV1 showed superior coding gains
with respect to HEVC under target bitrate coding,
but, in general, it had increased computational com-
plexity and, hence, an encode time factor of 20-30
over HEVC.

The rise of Internet services in recent years, espe-
cially the flourishing development of new social
platforms, such as Taobao Live, TikTok, Huya, You-
Tube, and Twitch, has led to a significant increase
in Internet video services. For example, YouTube
Live stats revealed that 2020 was the largest year ever
for Gaming Live, with 100 billion watch time hours.
As a result, the entire network communication mod-
el has gradually evolved into a livecast computing
network (LCN) architecture, where various network
units involved in Internet live video services, with
their computing, storage, distribution, and transmis-
sion capabilities, form an architecture that can meet
high concurrency and low latency requirements.
A previous article (Zeng et al., 2023) investigated,
sorted, and analyzed LCN architecture relating to
standards, protocols, and network model solutions
from the perspective of Internet live video services.
Firstly, it outlined the standards, system architecture,
and main streaming media protocols of Internet live
video. Secondly, it analyzed the video algorithm net-
work architecture models, including cloud-based,
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edge-based, and cloud-network-edge collaborative
models. Finally, it summarized the main challeng-
es and research directions faced by video algorithm
networks in the future. Additional comments on
QoS, QoE, and network quality evaluation studies
may be found in numerous previous works (Nowicki
& Uhl, 2017; Falkowski-Gilski, 2023; Falkowski-
Gilski & Uhl, 2023; Zmyslowski, Kelner & Falkow-
ski-Gilski, 2023).

Materials and methods

The subjective user experience (UX) part
of this study was performed according to ITU-T
Rec. BT.500-14 (ITU-T, 2019) on an Intel Core i7
iMac with a 21.5-inch 4K Retina (4096x2304 pix-
els) display. The group of viewers consisted of 38
individuals aged between 21-35 years old.

Test equipment and participating individuals

The laboratory class included 20 iMac stands, as
in a previous study (Falkowski-Gilski, Uhl & Hoppe,
2024), which enables the evaluations to be carried
out simultaneously on a wider group of individuals.
The whole campaign was performed over a single
week. Users were asked to provide a score in a stan-
dard 5-step mean opinion score (MOS) scale, from
1 (bad quality) to 5 (excellent quality), as well as
feedback and comments with respect to consumed
content. The test included two groups of people with
different ages and backgrounds, as shown in Table 1.

Table 1. Individuals participating in the study

Group no N5 s Description
P10 o individuals (years old) p
1 10 21-24 Full-time B.Sc.
and M.Sc. students
2 28 25-35 Part-time

M.Sc. students

Each person undertook the training phase before
beginning the essential study, during which they
could adjust the stand and viewing angle, as well as
the screen brightness level of the display, according
to their own preferences. This was performed in order
to best meet their everyday settings based on each
individual’s background and previous experience.

Video samples

The processed video content included four files
for each bit depth, as described in Table 2, including
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eight samples presented in a randomized way in full-
screen mode. Each video sample was composed
of five sequences that were a couple of seconds

in length, as described in Table 3.

Table 2. Tested video samples

File name Bit depth Rf;io)::lt;m ](Bkl{)rss
Video 1 8-bit 480x270 552
Video 2 8-bit 768x432 1160
Video 3 8-bit 1280x720 3363
Video 4 8-bit 1920x1080 6736
Video 5 10-bit 480x270 531
Video 6 10-bit 768x432 1090
Video 7 10-bit 1280x720 2380
Video 8 10-bit 1920x1080 6191

Table 3. Analyzed video sequences
Sequence no. Description
1 Walk like a man
2 Windmill
3 Traffic
4 Toddler fountain
5 Toddler montage

There was a short break between switching from
one resolution to another so that the users could
write down their comments. Of course, no one
was informed about the resolution, bitrate, or other
parameters of the currently evaluated video content.
For the purpose of this study, the presented MP4 files
were anonymized and only labeled as Video 1-8.
All of them were sourced from the Chimera Netflix
repository (Netflix, 2024).

Results

The overall subjective MOS results, including all
eight video files, as well as age groups ranging from
21-35 years old, are shown in Figures 1-8. Video
sequences for the 8-bit depth are shown in Figures
1-4, whereas those for the 10-bit depth are shown
in Figures 5-8, respectively.

All the obtained data were processed using
the analysis of variance (ANOVA) statistical meth-
od, with the confidence level set at 0.95. It is note-
worthy that the obtained confidence intervals for
measured parameters were always less than 10 %
of their average values. This proves that a sufficient-
ly large number of measurements have been made
in order to treat the obtained results as reliable.
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Figure 1. Subjective results for all age groups — Video 1 file
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Figure 4. Subjective results for all age groups — Video 4 file

Figures 1-4 show a clear increase in the rat-
ings of watched video sequences as the image res-
olution and bit rate grew. There is a rule here:
the greater the amount of information contained
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in the transmitted video, the higher the assessment
of the test subjects.

When watching a video in 8-bit depth, the main
problem was pixelation of the image due to the low
resolution itself. This had the greatest effect on
the judgment of sequences with small objects, such
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Figure 7. Subjective results for all age groups — Video 7 file
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Figure 8. Subjective results for all age groups — Video 8 file
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as drops from a fountain or windmills, but was less
noticeable in scenes with fast-moving objects, such
as cars on a highway, because a person needs lit-
tle detail to see a familiar object and not very high
quality if it moves quickly and only stays on screen
for a fraction of a second. Interestingly, increasing
the resolution from 480p to 768p and the bitrate
by almost two times did not have a major impact
on the highway scene, but significantly improved
the experience of watching a video with a walking
person. Videos with a huge number of moving small
objects (like water drops) looked poor, even in full
HD. To summarize, it seems that the minimum
acceptable resolution is 1280x720.

The QoE plots in Figures 5-8 are very similar to
the results presented in Figures 1-4. Only at a low
resolution and a low video transmission speed is
a worse evaluation noticeable for 10-bit sequences
compared to 8-bit sequences.

When watching videos in 10-bit depth, the main
problem of low resolution was color noise, which
was very noticeable at a low pixel density and was
most strongly expressed in the case of shadows,
bright and monotonous colors, and static objects.
This artifact significantly worsened the impres-
sion of watching the video of the highway because
all static objects were clearly distorted. This arti-
fact disappeared once sufficient pixel density was
achieved (i.e., higher than 1280x720) and resulted
in significant improvements in video transmission
and smoothness. Some artifacts were still visible but
only in dark places.

In high resolutions and scenes with fast objects,
such as cars, water drops, and windmills, the main
factor lowering the overall high-resolution score was
the frame rate. Only 24 frames per second was not
enough for active scenes where objects noticeably
started to move discontinuously, but not so signifi-
cantly for calm scenes such as a person walking.

Discussion

Next, we performed an analysis of MOS scores
for particular age groups: Group 1 (21-24 years old)
and Group 2 (25-35 years old).

Results for Group 1

Subjective scores for the second group (old-
er, part-time M.Sc. students) are shown in Figures
9-16, whereas those for the 8-bit depth are dis-
played in Figures 9-12. Those for the 10-bit depth
are shown in Figures 13-16.
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Figure 9. Subjective results for Group 1 — Video 1 file
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Figure 10. Subjective results for Group 1 — Video 2 file
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Figure 12. Subjective results for Group 1 — Video 4 file

The test results shown in Figures 9-16 dis-
play a similar course to those in the 21-35 years
old age group. Only with a lower image resolu-
tion one can notice a slightly better rating. There is
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Figure 16. Subjective results for Group 1 — Video 8 file

a possibility that the group of younger test subjects
does not yet have as much experience with multi-
media applications as the group of more mature
people.
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The ratings for individual videos with 8- and
10-bit encoding are almost identical, which may
suggest that this factor does not matter much when
consuming such content. In both cases, one can
notice a significant leap in the rating when travers-
ing from 480x270 to 1280x720 resolution. In this
case, the greatest increase in quality and decrease
in image pixelation can be seen, while a further
increase in subjective MOS scores in relation to
image quality seems to be logarithmic, i.e., sub-
sequent increases in resolution have little impact
on the change in the rating. The video with
a toddler received the lowest average ratings due to
the fact that there are many small particles (water)
in it, which negatively affect the overall image
quality.

It is expected that 10-bit encoding should offer
greater color richness due to the use of more data to
store a single color. When comparing movies with
the same resolution, many people indicated that
movies with 10-bit encoding were of lower quali-
ty. The difference was most noticeable in low-reso-
lution videos. Videos with a higher encoding mode
were grainier. Perhaps this effect was not related to
the encoding but to the bitrate. The evaluated 10-bit
movies had a lower bitrate, even though this method
of encoding requires more data, potentially resulting
in lower quality for movies of the same length and
resolution. This is probably an effect of increased
compression, given that, despite the higher encoding,
the mere file size differences were not significant.

Results for Group 2

Subjective scores for the second group (old-
er, part-time M.Sc. students) are shown in Figures
17-24, whereas those for the 8-bit depth are dis-
played in Figures 17-20 and those for the 10-bit
depth are shown in Figures 21-24. As proven during
the preliminary phase, these people tend to con-
sume audio-visual content much more often than
the younger group (full-time B.Sc. and M.Sc. stu-
dents) and are keener on technology. Furthermore,
they are more eager to pay for higher quality con-
tent, as most of them are subscribed to at least one
of the popular streaming platforms.

The results shown in Figures 17-24 confirm
the hypothesis that the group of more mature test
subjects evaluates video sequences more critically
compared with the group of younger people. This
is especially visible when evaluating low-resolution
video sequences. The more mature group of viewers
often pays for access to multimedia resources and
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Figure 18. Subjective results for Group 2 — Video 2 file
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Figure 19. Subjective results for Group 2 — Video 3 file
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Figure 20. Subjective results for Group 2 — Video 4 file

are, therefore, more critical of the quality of services
provided to them.

Accordingtotheviewers, 8-and 10-bitmovies gen-
erally do not present a clear difference. Interestingly,
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Figure 22. Subjective results for Group 2 — Video 6 file
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Figure 23. Subjective results for Group 2 — Video 7 file
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Figure 24. Subjective results for Group 2 — Video 8 file

content that has high dynamics in the foreground and
is converted in a 10-bit depth generates a slight noise
on static images in the background. However, 8-bit
movies in the same situation generate visible stripes
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on static images in the background, causing a low-
er quality of the gradient, which is probably due to
the smaller range of available colors.

Conclusions

Generally speaking, the conclusions of this study
can be summarized in the following way. Obviously,
content with higher resolution simply looks better,
as the difference between 270p and 432p files was
noticeably higher than between 720p and 1080p
files. Content with fast-moving elements (windmills,
cars, or water) was rated worse due to their low num-
ber of frames per second (FPS).

Next, files with 10-bit encoding, especially at
lower resolutions, proved to be of lower quality than
files with 8-bit encoding because of the noticeable
graininess. Nevertheless, they were smaller in size.
Furthermore, there was no perceived difference
in color reproduction for files with 8- and 10-bit
encoding. Additionally, in relation to higher video
resolutions, scores for both bit depths were quite
similar.

To summarize, movies in 8- and 10-bit depths
are similar at all resolution levels. However, there
are slight differences between them. It is noteworthy
that content with the lowest and highest resolutions
is better in 8-bit depth, while movies with interme-
diate resolutions are optimal in 10-bit depth. Purely
theoretically, the image in the 10-bit depth should
be better, but most likely, due to double conversion,
the image remains distorted.

According to the obtained results, the group
of more mature viewers (25-35 years old) evaluat-
ed video sequences more critically than the younger
group (21-24 years old). This was especially visible
when evaluating low-resolution video sequences.
Additionally, the more mature group often paid for
access to multimedia resources and was, therefore,
more critical of the quality of services provided to
them. In the future, it would be interesting to com-
pare the obtained results with those from an objec-
tive metric such as the peak signal-to-noise ratio
(PSRN) or structural similarity index (SSIM) (Ruiz
et al., 2013).

In the opinion of many students, the optimal res-
olution for such a display would be 1080p or 1440p.
Of course, there are many mobile devices with even
smaller screen sizes that offer resolutions higher than
full HD, with refresh rates above 60 FPS. It is worth
pointing out that, for many of the participating indi-
viduals, higher refresh rates and FPS would be more
effective. This becomes an important aspect when
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watching any kind of real-time online streamed or
buffered video content, especially on mobile termi-
nals that offer a refresh rate of 120 FPS and higher.

As pointed out by many, 4K resolution would
work better on a screen with a larger diagonal size.
Probably, even in the case of native 4K content,
the difference with full HD would be small or even
unnoticeable to most people if they were not informed
about the difference in parameters in advance. Nev-
ertheless, 4K and even 8K TV screens that are 65+
inches across the diagonal are becoming increasing-
ly affordable. Even though gaming consoles support
4K resolutions, this is most often only in an upscal-
ing mode. It seems that the future of image resolu-
tion is strongly connected with consoles and gam-
ing, including both portable and domestic consumer
devices. Therefore, it would also be interesting to
broaden the type, as well as the resolution and file
format of the evaluated content, on a wider range
of consumer devices, including handhelds and other
terminals.
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