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Featured Application: The results of the research may be helpful in the setup of video quality
assessment procedures in order to achieve results as close as possible to the quality experienced
by the end users of the video streaming services.

Abstract: The paper presents the results of subjective and objective quality assessments of H.264-,
H.265-, and VP9-encoded video. Most of the literature is devoted to subjective quality assessment
in well-defined laboratory circumstances. However, the end users usually watch the films in their
home environments, which may be different from the conditions recommended for laboratory
measurements. This may cause significant differences in the quality assessment scores. Thus, the aim
of the research is to show the impact of environmental conditions on the video quality perceived by
the user. The subjective assessment was made in two different environments: in the laboratory and in
users’ homes, where people often watch movies on their laptops. The video signal was assessed by
young viewers who were not experts in the field of quality assessment. The tests were performed
taking into account different image resolutions and different bit rates. The research showed strong
correlations between the obtained results and the coding bit rates used, and revealed a significant
difference between the quality scores obtained in the laboratory and at home. As a conclusion, it must
be underlined that the laboratory tests are necessary for comparative purposes, while the assessment
of the video quality experienced by end users should be performed under circumstances that are as
close as possible to the user’s home environment.

Keywords: video quality; objective quality assessment methods; subjective quality assessment
methods; user experience; user perception; QoE; video codecs; H.264 (AVC); H.265 (HEVC); VP9

1. Introduction

For many years, in everyday life, television played the role of the most important
medium. Significant changes are currently being observed, especially among the young
generation. Today’s youth are increasingly willing to watch TV broadcasts, including
movies, via the Internet using mobile devices or laptops. An important issue is the quality
of the video delivered to the users. There are two general approaches to quality assessment,
namely, subjective and objective. The recommendations of the International Telecommu-
nication Union (ITU) [1] specity, in detail, the conditions for performing measurements
related to the subjective assessment of video quality. In general, the assessment should be
conducted under laboratory conditions, possibly simulating home conditions. The univer-
sal measurement room should be able to meet the requirements of an idealized room as well
as a domestic room. Recommendation BT.500 [1] defines the general viewing conditions for
subjective assessments in a laboratory and in the home environment. However, it should
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be taken into account that the general viewing conditions for the home environment do
not guarantee that they will suit the specific home conditions of each user. An Internet
user usually watches a video transmission under conditions that do not always meet the
requirements of the ITU BT.500 recommendation. Consequently, the evaluation of video
quality performed under real home conditions and under home conditions emulated in
the laboratory will not necessarily be the same. Moreover, conducting the research in real
users’ locations allows us to spread the test environment across a much wider population
of service customers. In general, the viewing conditions can significantly impact the results
obtained. The purpose of the evaluation and the audience to whom the evaluation is
devoted may determine the acceptable circumstances of the test. The next issue of such
a subjective evaluation is its high cost, because many factors must be included in the
experimental design and many subjects (human testers) must be involved. Therefore, many
studies try to find a replacement for these methods by modeling, simulating the real world
in an artificial environment, or using objective approaches to quality assessment [2]. In the
next step, different approaches to quality modeling may be applied, taking into account
the different points of view of various stakeholders in the media streaming process [3].
However, the results obtained from objective methods may not always correlate with
subjective users’ scores, especially when the circumstances of subjective quality assessment
are changing. The authors anticipate that the video quality assessment performed in the
artificial environment (even if the conditions emulate an ‘average’ home) may give different
results from the scores obtained under real home conditions. Examining this may provide
an answer as to whether the assessment of video quality experienced by users may (or
may not) always be replaced by laboratory tests. The next issue occurs when we talk about
comparisons between the subjective and objective results of the quality assessment. This
is not a trivial task, taking into account that there are plenty of objective methods and
quality metrics. There is a long list of literature that describes their characteristics. Some
studies discuss their strengths and weaknesses, as well as their usability to predict video
quality assessed by end users, especially when talking about metrics such as mean squared
error (MSE) and peak signal-to-noise ratio (PSNR) [4-6]. Others show that the correspon-
dence between objective and subjective scores also depends on the video content and show
that some metrics, such as the structural similarity (SSIM) index, present characteristics
similar to the human visual system (HVS) and their results are closer to users’ subjective
scores [7,8]. Finally, there are papers that give a comprehensive view of the different factors
that influence the degradation of the video content delivered to the user, present a broad
review of objective video quality assessment methods, their classification, and performance
comparison [9], and give a survey of the evolution of these methods, analyzing their charac-
teristics, advantages, and drawbacks [10,11]. Most of them are good enough for comparison
and benchmarking purposes [12-15], but some give results that present stronger corre-
lations with quality of experience (QoE) scores, given by users during subjective quality
assessment, than others. Mapping the quality of service (QoS) onto QoE allows us to build
proper QoE models. However, finding general relationships between QoS and QoE is not
an easy task. Sometimes, the content of the video may influence the perceptual-based
quality assessment in specific circumstances [16-19]. This is why big content providers
and streaming platforms, which use Dynamic Adaptive Streaming over HTTP (DASH)
mechanisms to provide their content via the Internet, use different coding bit rate ladders
according to the video content provided [20,21]. Furthermore, the bit rate coding ladder
for specific video content may depend on the video codec [22]. The authors chose three
objective quality metrics, namely, the PSNR [23], SSIM [24], and the video multimethod
assessment fusion (VMAF) [25], from the long list of metrics proposed in the literature.
The PSNR metric is often used because it has a clear physical meaning and is simple to
calculate. It presents good results when assessing the influence of some degradation factors
on the quality of specific video footage, e.g., before and after compression. However, it may
not always be sufficiently correlated with subjective quality assessment scores. PSNR is
memoryless, which means that it is calculated pixel by pixel, independently, for each pair
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of corresponding frames of the two compared videos and assumes that the video quality is
independent of the spatial and temporal relationships between the samples of the source
footage. Reordering the pixels in the reference and examined videos, in the same way, does
not change the PSNR values, although the subjective quality may change. Moreover, it
can be found in the literature that video signals are highly structured and the ordering of
pixels carries important perceptual structural information about the contents of the visual
scene [4]. This led to also taking into account other video quality metrics, such as SSIM and
VMAF, which take into account the fact that natural image signals are highly structured
and may possibly better correlate with subjective quality assessment scores [11,24-26].
When there is no possibility to access the original footage, then no-reference (NR) image
or video quality assessment methods can be used to evaluate the quality of the material
delivered to the end user. The original footage may be distorted at any stage of the media
delivery chain, that is, during acquisition, processing, compression, transmission, decoding,
or presentation at the receiver’s site. Therefore, it is important to use quality assessment
methods that are based on a good representation of different types of distortions and may
use them for a proper evaluation. Early NR quality assessment methods usually took into
account specific distortion types, such as blur [27], blocking [28], and ringing artifacts [29].
In real situations, the distortion types are usually not known in advance; thus, recently,
more attention has been paid to general-purpose NR methods. These metrics attempt to
learn the knowledge when evaluating the quality of images and characterize the general
rules of image distortions. On the basis of this knowledge, image quality prediction models
can be established and adapted to unknown distortions [30]. There are many approaches
based on deep convolutional neural networks (DCNN) NR image quality assessment
(IQA) [31-33]. They emphasize a good distortion representation, which is crucial for the
performance of NR-IQA or blind image quality assessment (BIQA). In [34], the relationship
between different distortion levels and their types is analyzed. The authors proposed a
new approach, named ‘GraphIQA’, which presents a distortion graph representation-based
deep learning BIQA. General-purpose BIQA models suffer from catastrophic forgetting,
which refers to the tendency of a neural network to ‘forget’. A solution to this problem may
be the lifelong blind image quality assessment (LIQA) approach, which not only learns new
distortions, but can also mitigate the catastrophic forgetting of identified distortions [35].
The main purpose of our work was to assess the influence of the environment on the video
quality experienced by the user and to find correlations with the results of the objective
quality assessment. The objective evaluation was based on the full reference (FR) method,
where not only the distorted video, but also the reference footage was available.
The goals of the research were to:

1. Conduct a comparative analysis of the video quality assessment results obtained
under laboratory and real home (not lab-emulated) conditions;

2. Find correlations between objective results and subjective assessment scores, taking
into account the influence of the test environment.

The results of the research should answer the question of whether laboratory tests
can replace the video quality assessment conducted in users” homes and reduce testing
costs. Furthermore, the research should show which type of subjective quality assessment
is more closely correlated with objective quality assessment methods and which metric is
worth using.

The video quality assessment was made taking into account:

1. H.264, H.265, and VP9 encodings [36-38];

The bit rate (from 300 kbps to 6000 kbps);

3. Resolutions (640 x 360—ninth high definition (nHD), 858 x 480—standard definition
(SD), 1280 x 720—high definition (HD), and 1920 x 1080—full high definition (Full HD)).

N
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The paper is organized as follows. After the introduction, Section 2 describes the
video test sample preparation procedure and the methods used in the research. In the next
section, the results of the subjective and objective quality assessment are presented and
discussed. At the end, the results are summarized and the conclusions drawn.

2. Materials and Methods

The first step of the research consisted of using the subjective video quality assessment.
From many different video quality assessment methods [1,39-42], the comparative method
Double Stimulus Impairment Scale Method (DSSM) was used in the study. The DSSM
is recommended by the International Telecommunication Union (ITU), and the measure-
ment technique is described in the BT.500 recommendation [1]. The evaluation consists of
comparing the reference video sequence (reference signal) with the evaluated sequence.
The reference signal was presented first and assessed second. The task of the observer
(viewer) was to assess the degree of deterioration of the second signal in relation to the
first signal. The rating was given on a five-point mean opinion score (MOS) scale, where
5 means invisible quality deterioration, 4—noticeable but not annoying, 3—slightly annoy-
ing, 2—annoying, and 1—very annoying [39]. The video sequences were presented to the
observers in single pairs (pattern-evaluated sequence). Each pair was assessed separately.
The reference and evaluated video sequences were separated by a gray screen presented to
the observers for about 2 s.

Measurements were made for two cases:

1. Evaluation in the laboratory;
2. Ratings at the viewer’s home.

The evaluation of video quality for condition 1, that is, in the laboratory, was car-
ried out in a room adapted for the evaluation of video signals, equipped with a 60-inch
TV screen. The laboratory room met the requirements of the recommendations of the
International Telecommunication Union [1,39,43,44]. Its additional advantage was the fact
that all participants in the research knew about it, so it did not affect the distraction of
the students related to the adaptation to the location of the research. In turn, the video
quality assessment for Case 2 was made in home conditions, i.e., not ideal, but still ensuring
the quality assessment by the consumer. All participants in the measurements evaluated
the video sequence on high-definition television (HDTV) monitors with a resolution of
1920 x 1080 [45]. The standard test material was a 20 s video sequence (without sound)
with a resolution of 1920 x 1080 pixels in AVI format. The length of the video footage was
twice as long as the (minimum) value proposed in [1]. This decision does not negatively
affect the results of the subjective assessment, but, in the case of objective evaluation,
allows one to calculate quality metrics based on a larger dataset, which, in the case of films
with varied dynamics and content of the presented scenes, may positively influence the
proper calculation of objective quality metrics, which will be more representative and more
correlated with the subjective assessment. However, there are studies that take into account
longer video samples. This case was described in [46], where the authors considered 180 s
samples for the evaluation of QoE in adaptive video streaming over wireless networks.
Longer samples allow for a better evaluation of the quality perceived by users, especially
when transmission disturbances may occur irregularly and at relatively longer intervals.
The test footage included horse racing start scenes (see Figure 1) [47].

The original sequence was encoded in H.264, H.265, and VP09 with different reso-
lutions and different bit rates. Four resolutions were taken into account in the research:
640 x 360 (360p), 858 x 480 (480p), 1280 x 720 (720p), and 1920 x 1080 (1080p). For the cod-
ing techniques and a specific resolution, various transmission conditions were simulated
with 18 bit rates: 300, 400, 500, 600, 700, 800, 900, 1000, 1500, 2000, 2500, 3000, 3500, 4000,
4500, 5000, 5500, and 6000 kbps. The test material was presented to viewers divided into
encoding technique and resolution. The test videos with different transmission conditions
(bit rate) were randomly presented to the viewers. Each group of viewers evaluated the
video signal subjected to one encoding technique for all resolutions and bit rates. In both
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cases, the team of observers consisted of second-year electronics students at the Faculty
of Electronics, Photonics, and Microsystems of the Wroctaw University of Science and
Technology, aged 20-21, with normal visual acuity and correct color discrimination. As
recommended by the International Telecommunication Union BT. 500 [1], the minimum
number of observers should be 15. In the presented studies, three groups were created for
home measurements and three groups for laboratory measurements. Each group evaluated
a different type of coding. The number of individual test groups examining individual
codecs was as follows:

1.  H.264—25 people under home conditions and 45 people under laboratory conditions;
2. H.265—35 people under home conditions and 35 people under laboratory conditions;
3. VP09—30 people under home conditions and 40 people under laboratory conditions.

Figure 1. An example frame from the original video.

The different size of the groups was, among other reasons, the result of a different
number of individuals willing to participate in a given measurement session, the effect
of a statistical analysis of observer ratings, and the elimination of those observers who
were characterized by low participation (regardless of the bit rate or resolution, they
gave the same quality rating). Before beginning the measurements, the participants were
familiarized with the assessment method and had one training session. During the training,
the observers became acquainted with the technique of presenting the test material and how
to assess the changes in video quality. After the training, the actual measurements began.
After viewing the original and encoded sequences, each study participant recorded their
assessment of quality deterioration in a special form. In the second part of the research, the
authors performed video quality assessment using the objective double stimulus method,
which relies on a comparison of the encoded video samples with the reference original
video (see Figure 2).

> Video

Quality

Encoding Assessment
H.264 ' PSNR |
Original [ — | H.265 ! sSIM

I V

video ,'_'_'_'_'_'_'_'_'_I
VP9 ' VMAF
_________ )

Figure 2. Video quality assessment using double stimulus method.

The original video footage was encoded using the FFmpeg [48] tool with implemented
H.264, H.265, and VP9 video codecs. Four spatial resolutions and coding bit rates in the
range from 300 to 6000 kbps, mentioned above, were taken into account. There were
216 video samples (3 codecs x 4 spatial resolutions x 18 coding bit rates) prepared in total.
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Each set of video samples for specific spatial resolution should be compared with source
video footage of the same resolution. This way, the quality of each set of videos is objectively
assessed independently of the other sets of videos. When it comes to subjective quality
assessment, each set of videos should be presented on a display with proper resolution that
should be fitted to the resolution of the assessed video. This may be difficult to achieve when
the quality assessment is performed by many different users in their home environments,
where a specific display resolution may be used by default. Thus, the authors assumed
that the objective assessment should be conducted using one display resolution. The most
popular spatial resolution of the displays used by end users was 1920 x 1080 pixels (FHD).
Therefore, the sample preparation process was a bit more complicated than just encoding.
It also included upsizing all of the videos of smaller spatial resolution, i.e., 640 x 360,
858 x 480 and 1280 x 720, to FHD (Figure 3). This way, the authors wanted to achieve the
same effect observed on the end-user equipment, which usually resizes smaller resolution
videos to the maximum display size, with FHD resolution set by default.

Encoding
| VP9
| H.265
Resolution 264
changing .
| I Upsizing | —p
640x360 Compressmn to FHD | » R
I Upsizing | ‘='
Original | 858x480 ICOmpressmn o | >
video — >
|1280x720| ICOmpress|onH Upsizing | >>
| toFHD | .
1920x1280| [ 1 >
Jref, ICompressmnI =

Figure 3. Video sample preparation procedure.

After this preparation, the tested video samples were objectively assessed, by com-
parison with the reference video (denoted in Figure 3 as “1920 x 1280/ref./’), using three
metrics, i.e., PSNR, SSIM, and VMAF. Finally, these results could be compared with the
subjective user scores. A detailed description of the methodology in the form of a flow
diagram of the work is presented in Figure 4.

Quality

assessment

Obijecti Correlation Analysis

» (PSNR SJSE;;/IIV\(;MAF) | coefficients |— &

’ ’ calculation discussion
Video ‘
sample [— —
preparation Subjective

(double stimulus)

=|| In laboratory II

[ Athome |
> At

home
1 |

\ 4

Data validation

\ 4

Figure 4. Flow diagram of the work.

3. Results and Discussion

The results of the subjective assessment of the quality of the video were entered into
a spreadsheet and subjected to statistical analysis according to the procedure described in
the ITU-R BT.500 recommendation [1]. In accordance with this recommendation, a 95%
confidence interval was adopted. The mean value of the MOS score in the group of observers
was calculated separately for each encoding technique, screen resolution, and bit rate.
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3.1. Subjective Quality Assessment of Video Encoded Using H.264 Standard

The H.264 standard [36], also known as MPEG-4 Part 10 or AVC (advanced video
coding), was introduced in 2003 as a result of cooperation between the ITU-T Q.6/5G16
Video Coding Experts Group (VCEG) and ISO/IEC Moving Picture Experts Group (MPEG).
The team formed in this way is known as the Joint Video Team (JVT). The H.264 standard
uses differential compression, in which the current image is created based on one or more
previous images, taking into account the differences that occurred between them at that
time. In relation to earlier solutions, the H.264 standard uses a number of improvements,
on the one hand, allowing a reduction in the bit rate with unchanged image quality, and on
the other hand, significantly increasing the demand for computing power during encoding.
The degradation of the quality of the video signal encoded in the H.264 standard was
assessed in a group of 25 people at home and 45 people in a laboratory. The obtained results
of the measurements made under home conditions are presented in Table 1 and graphically
in Figure 5, with the laboratory conditions presented in Table 2 and Figure 6. In addition to
the MOS mean value, the tables also include the standard deviation values (S), as well as
the values of the confidence interval coefficient () calculated according to the ITU BT.500
recommendation [1].

Table 1. Mean value of the video quality assessment (MOS) for H.264 codec, standard deviation (S),
and confidence interval coefficient (8) for four resolutions—measurements at home [49].

Bit Rate 640 x 360 858 x 480 1280 x 720 1920 x 1080
(kbps) MOS S 5 MOS S 5 MOS S 8 MOS S 8
300 1.00 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.05 0.23 0.10
400 1.11 0.32 0.15 1.21 0.42 0.19 1.26 0.45 0.20 1.26 0.45 0.20
500 1.50 0.51 0.24 1.42 0.69 0.31 1.58 0.69 0.31 1.42 0.51 0.23
600 1.74 0.73 0.33 1.72 0.57 0.27 1.84 0.60 0.27 1.68 0.48 0.21
700 1.94 0.73 0.34 2.11 0.58 0.27 2.11 0.57 0.26 1.89 0.32 0.14
800 2.33 0.49 0.22 2.26 0.65 0.29 2.39 0.70 0.32 221 0.54 0.24
900 2.42 0.51 0.23 2.47 0.62 0.30 2.61 0.70 0.32 2.58 0.51 0.23
1000 271 0.92 0.44 2.79 0.54 0.24 2.83 0.62 0.29 2.84 0.50 0.23
1500 2.89 0.88 0.39 3.00 0.49 0.22 3.16 0.76 0.34 3.37 0.50 0.22
2000 2.95 0.71 0.32 3.11 0.68 0.31 3.50 0.51 0.24 3.79 0.63 0.28
2500 3.00 0.67 0.30 3.24 0.75 0.36 3.67 0.59 0.27 4.06 0.73 0.34
3000 3.05 0.62 0.28 3.33 0.77 0.35 3.88 0.78 0.37 4.28 0.67 0.31
3500 3.17 0.62 0.29 3.42 0.77 0.35 4.06 0.68 0.33 441 0.51 0.24
4000 3.22 0.55 0.25 3.58 0.84 0.38 411 0.58 0.27 4.56 0.51 0.24
4500 3.33 0.59 0.27 3.68 0.89 0.40 4.19 0.66 0.32 4.67 0.49 0.22
5000 3.38 0.72 0.35 3.84 0.76 0.34 425 0.58 0.28 4.78 0.43 0.20
5500 3.44 0.62 0.28 3.95 0.71 0.32 4.32 0.58 0.26 4.83 0.38 0.18
6000 3.57 0.65 0.34 4.06 0.73 0.34 4.37 0.50 0.22 494 0.24 0.11

.0
. n
45 ~
40 - =l
35
(D &
g 30 .
25 5
2 o 640x360
20 .\5 - o— 858x480
. | 1280X720
= /3 o— 1920x1080
[ 4
10 L« I
0 1000 2000 3000 4000 5000 6000

Bitrate [kbps]

Figure 5. Results of the subjective quality assessment (MOS) for the H.264-encoded video as a
function of bit rate for different spatial resolutions—measurements at home [49].
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Table 2. Mean value of the video quality assessment (MOS) for H.264 codec, standard deviation (S),
and confidence interval coefficient (3) for four resolutions—measurements in laboratory.

Bit Rate 640 x 360 858 x 480 1280 x 720 1920 x 1080
(kbps) MOS S 5 MOS S 5 MOS S 8 MOS S 8
300 1.33 0.48 0.15 1.21 0.42 0.13 1.16 0.43 0.13 1.05 0.32 0.10
400 1.54 0.51 0.16 1.51 0.55 0.16 1.33 0.57 0.17 1.19 0.45 0.13
500 1.85 0.71 0.22 1.95 0.49 0.15 1.81 0.55 0.16 1.35 0.57 0.17
600 2.18 0.79 0.25 2.26 0.62 0.19 224 0.66 0.20 1.58 0.59 0.18
700 2.69 0.52 0.16 2.63 0.66 0.20 2.71 0.56 0.17 1.98 0.64 0.19
800 2.90 0.55 0.17 2.95 0.49 0.15 2.86 0.64 0.19 240 0.54 0.16
900 297 0.49 0.15 3.00 0.62 0.19 3.12 0.54 0.16 2.81 0.55 0.16
1000 3.08 0.62 0.20 3.16 0.69 0.21 3.26 0.54 0.16 3.16 0.57 0.17
1500 3.38 0.49 0.15 3.60 0.69 0.21 3.74 0.66 0.20 3.86 0.47 0.14
2000 3.49 0.64 0.20 3.81 0.70 0.21 4.07 0.70 0.21 4.26 0.49 0.15
2500 3.54 0.79 0.25 391 0.53 0.16 4.19 0.59 0.18 4.40 0.54 0.16
3000 3.59 0.64 0.20 4.05 0.58 0.17 4.28 0.55 0.16 4.49 0.51 0.15
3500 3.61 0.72 0.23 4.07 0.74 0.22 433 0.47 0.14 4.54 0.55 0.17
4000 3.68 0.66 0.21 4.14 0.74 0.22 4.40 0.49 0.15 4.63 0.49 0.15
4500 3.74 0.60 0.19 421 0.60 0.18 4.49 0.51 0.15 4.70 0.46 0.14
5000 3.79 0.77 0.24 4.26 0.62 0.19 4.56 0.50 0.15 4.79 0.41 0.12
5500 3.82 0.51 0.16 4.36 0.48 0.15 4.65 0.48 0.14 4.84 0.37 0.11
6000 3.85 0.49 0.15 4.40 0.49 0.15 472 0.45 0.14 491 0.29 0.09

5.0 ‘ I

45 —

4.0 I

3.0 2

MOS

25

4 o 640x360

858x480
- 1280X720

5 aod o— 1920x1080

2.0

1o L& |
0 1000 2000 3000 4000 5000 6000

Bitrate [kbps]

Figure 6. Results of the subjective quality assessment (MOS) for the H.264-encoded video as a
function of bit rate for different spatial resolutions—measurements in the laboratory.

The statistical analysis of the results showed that up to a bit rate of 1000 kbps, the reso-
lution does not affect the assessment of the video image quality made at home, while the lab-
oratory measurements show a slightly lower assessment for the resolution of 1920 x 1080.
Above this bit rate, the video quality depends on the resolution, and as expected, the video
signal with a resolution of 1920 x 1080 is the highest rated. For this resolution, an MOS
rating of at least 4 was achieved in home conditions at a bit rate starting from 2500 kbps
and in laboratory conditions from approximately 1500 kbps. On the other hand, for a
resolution of 1280 x 720, the MOS value of 4 was achieved at home at 3500 kbps and in
laboratory conditions at 2000 kbps. Comparing the results of the MOS evaluation obtained
in the laboratory and home conditions, it can be seen that viewers rated the video image
presented under laboratory conditions more highly; only for the highest resolution at bit
rates up to 600 kbps was the opposite MOS result found. Table 3 and Figure 7 show the
difference of AMOS in the evaluation of video quality obtained for measurements made in
the laboratory and home conditions according to Formula (1):

AMOS = MOS; — MOSy, )
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where MOS;, is the evaluation obtained under laboratory conditions and MOSy; is the
evaluation obtained under home conditions.

Table 3. Value of the difference in AMOS (for H.264 codec) between the results obtained under
laboratory and home conditions.

AMOS

-0.10

Bit Rate AMOS
(kbps) 640 x 360 858 x 480 1280 x 720 1920 x 1080
300 0.33 0.21 0.16 0.00
400 0.43 0.30 0.06 —0.08
500 0.35 0.53 0.24 —0.07
600 0.44 0.53 0.40 —0.10
700 0.75 0.52 0.60 0.08
800 0.56 0.69 0.47 0.18
900 0.55 0.53 0.51 0.24
1000 0.37 0.37 0.42 0.32
1500 0.49 0.60 0.58 0.49
2000 0.54 0.70 0.57 0.47
2500 0.54 0.67 0.52 0.34
3000 0.54 0.71 0.40 0.21
3500 0.44 0.65 0.26 0.13
4000 0.46 0.56 0.28 0.07
4500 0.40 0.53 0.30 0.03
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Figure 7. Difference between the results of the subjective evaluation of the H.264-encoded video

(AMOS), conducted in the laboratory and at home, as a function of bit rate for different resolutions.

The statistical analysis of the results obtained using the t-test showed that at the

confidence level of o = 0.05, there is no basis to accept the hypothesis of the identity of the
results obtained under laboratory and home conditions. The t-test values obtained using
the Statistica tool for each resolution are as follows:

640 x 360;t=17.6 >t x =2.1, at « = 0.05;
858 x 480;t=149>tx=2.1, at « =0.05;
1280 x 720;t=10.7 >t o« = 2.1, at o« = 0.05;
1920 x 1080;t =29 >t o = 2.1, with o« = 0.05.

It can be concluded that the differences between the MOS values obtained under the

laboratory and home conditions are significant.
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3.2. Subjective Quality Assessment of Video Encoded Using H.265 Standard

The H.265 standard [37], also known as high-efficiency video coding (HEVC), was
originally published on 13 April 2013 and is currently the most recent and most efficient
video coding system. This standard was created in cooperation between the Video Coding
Experts Group (VCEG) and the Moving Picture Experts Group. The H.265 standard ensures
the compression of videos in very high resolution (2 K, 4 K, 8 K, etc.) and also allows the
use of images with increasingly higher resolutions on mobile devices. The H.265 standard
offers up to twice the compression compared to H.264. Video compression is based on
motion prediction; that is, when there are no changes to a pixel, the codec references that
pixel instead of reproducing it. The motion prediction and compensation procedure have
also been improved. Another improvement is the enlargement of the macroblock from
16 x 16 pixels (H.264) to 64 x 64 pixels, which is especially important in high-definition
movies. The quality degradation of the video signal encoded in the H265 standard was
evaluated in a group of 35 people, under both home and laboratory conditions. The results
of the measurements taken at home are presented in Table 4 and graphically represented
in Figure 8, with the laboratory conditions presented in Table 5 and Figure 9. In addition
to the mean MOS value, the tables also include the standard deviation (S) and the values
of the confidence interval coefficient () calculated in accordance with the ITU BT.500
recommendation [1]. The statistical analysis of the results showed that up to a bit rate
of 600 kbps, the resolution does not affect the evaluation of video image quality. In turn,
by comparing the quality ratings for 1280 x 720 and 1920 x 1080 resolutions, it can be
observed that there is no significant difference in the image quality rating for bit rates up to
900 kbps for home measurements and up to 1000 kbps under laboratory conditions.

Table 4. Mean value of the video quality assessment (MOS) for H.265 codec, standard deviation (S),
and confidence interval coefficient (8) for four resolutions—measurements at home.

Bit Rate 640 x 360 858 x 480 1280 x 720 1920 x 1080
(kbps) MOS S ) MOS S 5 MOS S 5 MOS S 5
300 1.09 0.34 0.16 1.09 0.33 0.11 1.09 0.28 0.10 1.12 0.38 0.13
400 1.33 0.56 0.22 1.35 0.50 0.17 1.48 0.59 0.20 1.42 0.65 0.22
500 1.73 0.79 0.33 1.74 0.85 0.29 1.76 0.74 0.25 1.79 0.73 0.24
600 1.97 0.73 0.26 1.97 0.71 0.24 2.16 0.62 0.21 2.18 0.71 0.24
700 2.09 0.72 0.26 223 0.77 0.27 242 0.67 0.24 2.50 0.76 0.26
800 2.33 0.66 0.22 2.55 0.82 0.28 2.69 0.65 0.22 2.82 0.72 0.25
900 247 0.56 0.22 2.76 0.74 0.25 294 0.55 0.19 3.06 0.55 0.19
1000 2.56 0.59 0.27 294 0.73 0.25 3.13 0.29 0.10 3.35 0.57 0.19
1500 2.75 0.72 0.23 3.18 0.58 0.19 3.44 0.51 0.18 3.79 0.57 0.19
2000 293 0.84 0.22 3.35 0.56 0.19 3.64 0.49 0.17 4.03 0.57 0.19
2500 3.06 0.86 0.33 3.58 0.58 0.20 3.85 0.53 0.18 4.26 0.68 0.23
3000 3.24 0.81 0.21 3.68 0.60 0.20 4.00 0.60 0.21 4.44 0.65 0.22
3500 3.33 0.75 0.16 3.82 0.85 0.29 4.18 0.54 0.18 4.53 0.58 0.19
4000 3.44 0.72 0.15 3.88 0.61 0.21 4.25 0.58 0.20 4.65 0.46 0.15
4500 3.52 0.78 0.00 4.03 0.62 0.21 431 0.60 0.21 471 0.41 0.14
5000 3.63 0.65 0.20 4.09 0.63 0.22 4.39 0.65 0.23 4.79 0.41 0.14
5500 3.69 0.63 0.16 418 0.76 0.26 453 0.58 0.20 4.85 0.37 0.13
6000 3.84 0.80 0.19 421 0.78 0.27 4.59 0.51 0.18 4.88 0.37 0.13

Above these bit rates, the video quality is clearly resolution dependent. For a video
signal with a resolution of 1920 x 1080, the MOS rating exceeds the value of 4.0 for the
bit rate starting from 2000 kbps for home measurements and approximately 1500 kbps
for laboratory measurements. On the other hand, for the resolution of 1280 x 720, the
MOS value = 4.0 is reached for a bit rate of 3000 kbps for home measurements, and for
laboratory measurements for a bit rate of 2000 kbps. Level 4.0 was also exceeded for a
resolution of 858 x 480 with a bit rate of at least 4500 kbps for the home measurements
and 2500 kbps for laboratory measurements. A video signal with a resolution of 640 x 360
under home conditions does not reach MOS = 4.0, while under laboratory conditions,
starting at 4500 kbps, the MOS reaches a value of 4.0.
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Figure 8. Results of the subjective quality assessment (MOS) for the H.265-encoded video as a
function of bit rate for different spatial resolutions—measurements at home.

Table 5. Mean value of the video quality assessment (MOS) for H.265 codec, standard deviation (S),
and confidence interval coefficient (3) for four resolutions—measurements in laboratory.

Bit Rate 640 x 360 858 x 480 1280 x 720 1920 x 1080
(kbps) MOS S ) MOS S ) MOS S ) MOS S 5
300 1.15 0.37 0.16 1.22 0.42 0.17 1.09 0.29 0.12 1.13 0.34 0.14
400 1.55 0.51 0.22 1.43 0.51 0.22 1.61 0.50 0.20 1.65 0.49 0.20
500 1.85 0.75 0.33 1.96 0.71 0.29 2.09 0.42 0.17 2.04 0.64 0.26
600 2.15 0.59 0.26 2.26 0.54 0.22 2.48 0.59 0.24 2.48 0.51 0.21
700 2.35 0.59 0.26 2.57 0.66 0.27 2.87 0.34 0.14 2.83 0.58 0.24
800 2.50 0.51 0.22 2.87 0.55 0.22 3.09 0.42 0.17 3.13 0.76 0.31
900 2.60 0.50 0.22 3.05 0.49 0.20 3.26 0.45 0.18 3.35 0.49 0.20
1000 2.80 0.62 0.27 3.17 0.49 0.20 3.43 0.51 0.21 3.48 0.59 0.24
1500 3.20 0.52 0.23 3.57 0.51 0.21 3.78 0.42 0.17 3.91 0.51 0.21
2000 3.40 0.50 0.22 391 0.60 0.24 4.09 0.67 0.27 4.22 0.52 0.21
2500 3.55 0.76 0.33 4.04 0.47 0.19 4.30 0.56 0.23 443 0.51 0.21
3000 3.70 0.47 0.21 4.17 0.39 0.16 4.43 0.59 0.24 4.57 0.51 0.21
3500 3.80 0.41 0.18 426 0.45 0.18 4.48 0.59 0.24 4.70 0.47 0.19
4000 3.89 0.32 0.14 4.30 0.47 0.19 4.57 0.51 0.21 4.78 0.42 0.17
4500 4.00 0.00 0.00 4.35 0.49 0.20 4.61 0.50 0.20 4.83 0.39 0.16
5000 4.05 0.39 0.17 4.39 0.50 0.20 4.70 0.47 0.19 4.87 0.34 0.14
5500 4.10 0.31 0.13 4.39 0.50 0.20 4.74 0.45 0.18 491 0.29 0.12
6000 4.15 0.37 0.16 441 0.50 0.21 4.78 0.42 0.17 491 0.29 0.12

Compared to the H.264-encoding standard, much higher MOS rating values are
observed for the H.265 standard. Comparing the results of the MOS evaluation obtained
under laboratory and home conditions, it can be seen that the viewers rated the video
image presented under laboratory conditions more highly; Table 6 and Figure 10 show the
difference of AMOS in the evaluation of video quality obtained for measurements made
under laboratory and home conditions according to Formula (1).
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Figure 9. Results of the subjective quality assessment (MOS) for the H.265-encoded video as a
function of bit rate for different spatial resolutions—measurements in the laboratory.

Table 6. Value of the difference in AMOS (for H.265 codec) between the results obtained under
laboratory and home conditions.

Bit Rate AMOS
(kbps) 640 x 360 858 x 480 1280 x 720 1920 x 1080
300 0.06 0.13 0.00 0.01
400 0.22 0.08 0.12 0.23
500 0.12 0.22 0.33 0.25
600 0.18 0.29 0.32 0.30
700 0.26 0.34 0.45 0.33
800 0.17 0.32 0.40 0.31
900 0.13 0.29 0.32 0.29
1000 0.24 0.23 0.31 0.13
1500 0.45 0.39 0.35 0.12
2000 0.47 0.56 0.45 0.19
2500 0.49 0.47 0.46 0.17
3000 0.46 0.50 0.43 0.12
3500 0.47 0.44 0.30 0.17
4000 0.46 0.43 0.32 0.14
4500 048 0.32 0.30 0.12
5000 0.43 0.30 0.31 0.08
5500 041 0.21 0.21 0.06
6000 0.31 0.20 0.19 0.03

The statistical analysis of the results obtained using the t-test showed that at the
confidence level of o = 0.05, there is no basis to accept the hypothesis of the identity of the
results obtained under laboratory and home conditions. The ¢-test values obtained with the
Statistica tool for each resolution are as follows:

- 640 x 360;t=9.1>ta=2.1,at = 0.05;

- 858 x 480;t=104>t o =2.1,at « =0.05;
- 1280 x 720;t=109 >t o = 2.1, at o = 0.05;
- 1920 x 1080;t=73 >t a =2.1, at o = 0.05.

It can be concluded that the differences between the MOS values obtained under the
laboratory and home conditions are significant.
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Figure 10. Difference between the results of the subjective evaluation of the H.265-encoded video
(AMOS), conducted in the laboratory and at home, as a function of bit rate for different resolutions.

3.3. Subjective Quality Assessment of Video Encoded Using VP9 Standard

The VP9 standard, developed by Google, was the last evaluated coding technique.
The VP9 codec is used, among others, on YouTube. The VP9 codec is based on an open-
source license, uses the Webm container, and is basically MKV (the H.264 and H.265 codecs
use the MP4 container) [40]. The degradation of the quality of the video signal encoded
in the VP9 standard was assessed in a group of 30 people at home and 40 people in a
laboratory. The results of the measurements made under home conditions are presented
in Table 7 and graphically in Figure 11, with the results of the laboratory conditions in
Table 8 and Figure 12. In addition to the MOS mean value, the tables also include the
standard deviation values (S), as well as the values of the confidence interval coefficient (5)
calculated according to the ITU BT.500 recommendation [1]. The statistical analysis of the
results showed that up to a bit rate of 2000 kbps, there is no difference in the assessment
of image quality with resolutions of 1920 x 1080 and 1280 x 720 in home measurements;
for higher speeds, slight differences can be observed in favor of the image with higher
resolution. However, the differences in the quality assessment are within the designated
confidence interval. For both resolutions, the MOS value of 4.0 is exceeded at 3000 kbps.
The quality assessment made at home for other resolutions is comparable to the H.265
standard, which is probably related to the young people’s habits, as this standard is very
popular, among others, on YouTube. In turn, the statistical analysis of the results obtained
in the laboratory measurements showed that up to a bit rate of 1000 kbps, there is no
difference in the assessment of image quality for all of the resolutions assessed. Above this
bit rate, the video quality slightly depends on the resolution and, as expected, the video
signal with a resolution of 1920 x 1080 is rated the highest, for which MOS = 4 was already
achieved at a bit rate of 2000 kbps. An MOS value of 4.0 was obtained for 1280 x 720 at a
bit rate of 2500 kbps and for 858 x 480 at a bit rate of 3000 kbps. The smallest resolution,
i.e., 640 x 360, achieves the worst MOS values, but starting from 4500 kbps, the quality
rating reaches the level of 4.0, just like in home measurements.
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Table 7. Mean value of the video quality assessment (MOS) for VP9 codec, standard deviation (S),
and confidence interval coefficient (8) for four resolutions—measurements at home.

Bit Rate 640 x 360 858 x 480 1280 x 720 1920 x 1080
(kbps) MOS S 8 MOS S ) MOS S 8 MOS S 8
300 1.12 0.35 0.14 1.24 0.46 0.18 1.26 0.45 0.13 1.29 0.48 0.19
400 1.48 0.51 0.20 1.52 0.51 0.20 1.69 0.56 0.17 1.62 0.76 0.29
500 1.76 0.43 0.17 1.80 0.71 0.28 2.07 0.64 0.19 2.00 0.86 0.32
600 1.92 0.56 0.22 1.96 0.71 0.28 241 0.55 0.17 2.25 0.75 0.28
700 2.09 0.57 0.23 2.04 0.74 0.30 2.71 0.55 0.17 2.43 0.92 0.34
800 2.30 0.62 0.24 2.29 0.58 0.23 2.93 0.71 0.22 2.64 0.85 0.32
900 2.38 0.66 0.25 2.46 0.60 0.24 3.12 0.50 0.15 2.85 0.80 0.30
1000 2.48 0.51 0.20 2.60 0.50 0.20 3.26 0.45 0.13 3.00 0.76 0.28
1500 2.81 0.74 0.28 2.96 0.71 0.27 3.64 0.48 0.15 3.37 0.81 0.31
2000 2.96 0.85 0.33 3.19 0.72 0.28 3.90 0.43 0.13 3.71 0.56 0.21
2500 3.07 0.72 0.27 3.35 0.70 0.27 4.07 0.51 0.16 3.93 0.57 0.21
3000 3.19 0.72 0.27 3.50 0.59 0.23 4.29 0.60 0.18 4.14 0.60 0.22
3500 3.30 0.64 0.24 3.64 0.66 0.26 4.43 0.55 0.17 4.36 0.56 0.21
4000 3.44 0.59 0.22 3.77 0.62 0.24 4.52 0.55 0.17 4.46 0.51 0.19
4500 3.52 0.51 0.19 3.85 0.58 0.22 4.57 0.55 0.17 4.61 0.51 0.19
5000 3.63 0.65 0.24 3.96 0.71 0.27 4.64 0.48 0.15 4.67 0.49 0.19
5500 3.70 0.62 0.24 4.04 0.71 0.27 4.69 0.47 0.14 4.70 0.48 0.18
6000 3.74 0.61 0.23 4.15 0.63 0.24 4.74 0.45 0.13 4.75 0.46 0.17
50
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Figure 11. Results of the subjective quality assessment (MOS) for the VP9-encoded video as a function
of bit rate for different spatial resolutions—measurements at home.
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Figure 12. Results of the subjective quality assessment (MOS) for the VP9-encoded video as a function
of bit rate for different spatial resolutions—measurements in laboratory.
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Comparing the results of the MOS evaluation obtained in the laboratory and home
conditions, it can be seen that the viewers rated the video image presented under labora-
tory conditions more highly; Table 9 and Figure 13 show the difference in AMOS in the
evaluation of video quality obtained for measurements made under laboratory and home
conditions according to Formula (1).

Table 8. Mean value of the video quality assessment (MOS) for VP9 codec, standard deviation (S),
and confidence interval coefficient (3) for four resolutions—measurements in laboratory.

Bit Rate 640 x 360 858 x 480 1280 x 720 1920 x 1080
(kbps) MOS S ) MOS S ) MOS S ) MOS S 5
300 1.32 0.47 0.14 1.27 0.45 0.14 1.26 0.45 0.13 1.50 0.55 0.17
400 1.62 0.58 0.18 1.64 0.58 0.17 1.69 0.56 0.17 1.83 0.66 0.20
500 2.00 0.44 0.13 1.98 0.51 0.15 2.07 0.64 0.19 217 0.61 0.20
600 224 0.48 0.15 2.37 0.62 0.18 241 0.55 0.17 2.49 0.63 0.19
700 2.50 0.51 0.15 2.63 0.49 0.15 271 0.55 0.17 274 0.76 0.23
800 2.71 0.46 0.14 2.84 0.43 0.13 2.93 0.71 0.22 3.02 0.47 0.14
900 2.90 0.30 0.09 3.02 0.34 0.10 3.12 0.50 0.15 3.23 0.43 0.13
1000 3.05 0.44 0.13 3.14 0.41 0.12 3.26 0.45 0.13 343 0.50 0.15
1500 3.48 0.51 0.15 3.53 0.50 0.15 3.64 0.48 0.15 3.84 0.48 0.14
2000 3.69 0.56 0.17 3.81 0.45 0.13 3.90 0.43 0.13 4.05 0.43 0.13
2500 3.81 0.45 0.14 3.93 0.40 0.12 4.07 0.51 0.16 4.26 0.44 0.13
3000 3.88 0.33 0.10 4.07 0.40 0.12 4.29 0.60 0.18 4.44 0.50 0.15
3500 3.95 0.38 0.11 4.19 0.50 0.15 443 0.55 0.17 4.60 0.49 0.15
4000 3.95 0.44 0.13 4.28 0.50 0.15 4.52 0.55 0.17 4.72 0.45 0.14
4500 4.00 0.58 0.18 4.35 0.53 0.16 4.57 0.55 0.17 4.77 0.43 0.13
5000 4.05 0.44 0.14 4.44 0.50 0.15 4.64 0.48 0.15 4.81 0.39 0.12
5500 4.10 0.43 0.13 4.51 0.51 0.15 4.69 0.47 0.14 4.83 0.38 0.11
6000 4.15 0.48 0.15 4.56 0.50 0.15 4.74 0.45 0.13 4.84 0.37 0.11

Table 9. Value of the difference in AMOS (for VP9 codec) between the results obtained under
laboratory and home conditions.

Bit Rate AMOS

(kbps) 640 x 360 858 x 480 1280 x 720 1920 x 1080
300 0.20 0.03 —0.01 0.21
400 0.14 0.12 0.17 0.22
500 0.24 0.18 0.29 0.17
600 0.32 0.41 0.38 0.24
700 041 0.59 0.39 0.32
800 0.42 0.55 0.39 0.38
900 0.52 0.56 0.40 0.38
1000 0.57 0.54 0.44 0.43
1500 0.66 0.57 0.32 0.47
2000 0.73 0.62 0.31 0.33
2500 0.74 0.58 0.29 0.33
3000 0.70 0.57 0.32 0.30
3500 0.66 0.55 0.35 0.25
4000 0.51 0.51 0.30 0.26
4500 0.48 0.50 0.28 0.16
5000 0.42 0.48 0.30 0.15
5500 0.39 0.47 0.31 0.13

6000 0.41 0.40 0.28 0.09
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Figure 13. Difference between the results of the subjective evaluation of the VP9-encoded video
(AMOS), conducted in the laboratory and at home, as a function of bit rate for different resolutions.

The statistical analysis of the results obtained using the t-test showed that at the
confidence level of o = 0.05, there is no basis to accept the hypothesis of the identity of the
results obtained under laboratory and home conditions. The t-test values obtained with the
Statistica tool for each resolution are as follows:

- 640 x360;t=111>tx =21, at a =0.05

- 858 x 480;t=11.3>t«a =21, at x =0.05;

- 1280 x 720;t=13.0>t o = 2.1, at o« = 0.05;
- 1920 x 1080; t=10.5>t o =2.1, at oc = 0.05.

It can be concluded that the differences between the MOS values obtained under the
laboratory and home conditions are significant.

3.4. Objective Quality Assessment of Video Encoded Using H.264, H.265, and VP9 Standards

The results of the objective video quality assessment are presented using three metrics:
PSNR, SSIM, and VMAF (see Figures 14-16).
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Figure 14. Relationship of the objective assessment of video quality encoded in the H.264 standard
vs. bit rate for the resolutions 640 x 360, 858 x 480, 1280 x 720, and 1920 x 1080.

It can be noted that, just like in the case of subjective quality assessment, the objective
video quality results are directly proportional to the used coding bit rate, which is valid
for all presented metrics and video codecs. The most significant changes in quality are
observed for low bit rates, while for higher bit rates, the quality changes seem to be very
small or imperceptible. The results are also consistent with those presented in the literature,
where the H.265 and VP9 codecs are more efficient than the H.264 codec. A very important
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issue here is the problem of the spatial resolutions of the examined videos. Here, each set
of video samples of a specific resolution was compared (double-stimulus method) with
a reference footage of proper resolution, i.e., 360p reference with 360p test sample, 480p
reference with 480p test sample, etc. This resulted in higher quality values for videos
with higher spatial resolution, which was consistent with the results of the subjective
assessment. The correlation coefficients between these objective results and subjective
quality assessment scores in the laboratory and in users” homes for each codec and video
spatial resolution were determined and are presented in Tables 10-12.
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Figure 15. Relationship of the objective assessment of video quality encoded in the H.265 standard
vs. bit rate for the resolutions 640 x 360, 858 x 480, 1280 x 720, and 1920 x 1080.
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Figure 16. Relationship of the objective assessment of video quality encoded in the VP9 standard vs.
bit rate for the resolutions 640 x 360, 858 x 480, 1280 x 720, and 1920 x 1080.
Table 10. Correlations between QoS and QoE values (in the lab and home) for H.264 encoded video.
QoS vs. QoE Correlations
Lab Home
360p 480p 720p 1080p 360p 480p 720p 1080p
PSNR 360p 0.981 0.996 0.995 0.986 0.986 0.988 0.995 0.985
480p 0.968 0.989 0.990 0.987 0.980 0.989 0.998 0.994
720p 0.951 0.978 0.981 0.982 0.970 0.986 0.995 0.996
1080p 0.949 0.976 0.979 0.981 0.968 0.985 0.994 0.996
SSIM 360p 0.989 0.997 0.995 0.977 0.988 0.983 0.987 0.970
480p 0.987 0.997 0.996 0.981 0.988 0.985 0.990 0.975
720p 0.985 0.997 0.996 0.984 0.988 0.987 0.993 0.980
1080p 0.989 0.997 0.995 0.978 0.988 0.982 0.987 0.970
VMAF 360p 0.974 0.992 0.994 0.992 0.983 0.988 0.998 0.992
480p 0.973 0.992 0.993 0.992 0.982 0.987 0.998 0.993
720p 0.971 0.990 0.992 0.993 0.979 0.984 0.996 0.992
1080p 0.981 0.994 0.994 0.990 0.982 0.979 0.989 0.980
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Table 11. Correlations between QoS and QoE values (in the lab and home) for H.265 encoded video.

QoS vs. QoE Correlations

Lab Home
360p 480p 720p 1080p 360p 480p 720p 1080p
PSNR 360p 0.998 0.997 0.997 0.998 0.991 0.995 0.996 0.997
480p 0.999 0.991 0.990 0.993 0.993 0.994 0.995 0.996
720p 0.995 0.981 0.980 0.983 0.991 0.989 0.991 0.989
1080p 0.991 0.975 0.973 0.977 0.989 0.986 0.987 0.985
SSIM 360p 0.993 0.997 0.999 0.998 0.986 0.991 0.992 0.993
480p 0.995 0.998 0.999 0.999 0.988 0.993 0.994 0.995
720p 0.995 0.998 0.999 0.999 0.988 0.993 0.994 0.995
1080p 0.994 0.996 0.998 0.998 0.987 0.991 0.993 0.993
VMAF 360p 0.998 0.995 0.992 0.995 0.989 0.994 0.995 0.998
480p 0.997 0.995 0.992 0.995 0.988 0.993 0.995 0.997
720p 0.995 0.996 0.992 0.995 0.985 0.991 0.993 0.996
1080p 0.976 0.989 0.991 0.989 0.965 0.976 0.977 0.981
Table 12. Correlations between QoS and QoE values (in the lab and home) for VP9 encoded video.
QoS vs. QoE Correlations
Lab Home
360p 480p 720p 1080p 360p 480p 720p 1080p
PSNR 360p 0.997 0.998 0.999 0.998 0.994 0.990 0.996 0.993
480p 0.990 0.996 0.997 0.997 0.997 0.997 0.999 0.999
720p 0.980 0.989 0.990 0.991 0.995 0.999 0.997 0.999
1080p 0.951 0.966 0.968 0.972 0.978 0.989 0.984 0.987
SSIM 360p 0.998 0.997 0.997 0.995 0.988 0.981 0.989 0.985
480p 0.998 0.998 0.998 0.996 0.991 0.984 0.991 0.988
720p 0.998 0.998 0.998 0.997 0.991 0.986 0.993 0.990
1080p 0.988 0.991 0.992 0.995 0.990 0.994 0.999 0.995
VMAF 360p 0.995 0.996 0.997 0.998 0.993 0.993 0.998 0.995
480p 0.994 0.995 0.996 0.998 0.992 0.993 0.998 0.996
720p 0.994 0.994 0.995 0.997 0.989 0.990 0.997 0.993
1080p 0.993 0.988 0.987 0.991 0.978 0.980 0.991 0.983

All tests and calculated correlations were conducted for the selected video resolutions
and a limited number of coding bit rates (i.e., 18 coding bit rates for each video sample of a
specific resolution). To validate these results and check how much of the whole population
of different cases is well described by this research, a determination coefficient (R?) was
calculated for each previously determined correlation.

Taking into account each codec, it can be stated that the determination coefficients
fluctuated as follows:

1.  For the H.264 codec: from 0.9 to 0.996;
2. For the H.265 codec: from 0.931 to 0.998;
3.  For the VP9 codec: from 0.905 to 0.998.

This means that the obtained results of the correlations well describe 90 to 99 percent
of the whole population. This leads to the conclusion that the obtained correlations are
very strong and that they are representative for a population that can be much wider than
the video set that was used during the research.
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4. Conclusions

The authors presented the problem of subjective quality assessment conducted in
different environments. Most papers and formal regulations recommend performing such
tests in a laboratory under special circumstances. It is understandable that test conditions
must be strictly determined, especially when the procedure must be repeatable and should
give representative results that are comparable with those of other laboratories. However,
in the case of watching the video at home, the environment may not meet the laboratory
conditions described in formal recommendations. This may cause the quality experienced
by the home user to differ from the quality measured in the laboratory. The results of our
investigations confirmed these assumptions and showed statistically significant differences.
This implies the need to separate these two types of environments and to conduct the tests in
both depending on their purpose. The second part of the research was devoted to objective
video quality evaluation and identifying the relationships between their results and the
results of the subjective assessment conducted in different environments. The authors
observed very high correlations between all three sets of results, i.e., objective, subjective
in the laboratory, and subjective at home. The very high determination coefficients imply
that the results obtained from testing a limited number of video samples may produce
conclusions that can be generalized to the entire population. Obviously, here, the QoS/QoE
models can be made, but their parameters must be determined separately for laboratory
and home environments. Searching for better quality models for other environments
(different from laboratory) may help to better fit the video delivered to its recipients.
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