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Video bit-rate requirements for 8K 120-Hz
HEVC/H.265 temporal scalable coding:
experimental study based on 8K subjective
evaluations

yasuko sugito,1 shinya iwasaki,1 kazuhiro chida,1 kazuhisa iguchi,1
kikufumi kanda,1 xuying lei,2 hidenobu miyoshi2 and kimihiko kazui2

8K video parameters were designed to provide an immersive experience; meanwhile, special considerations are necessary to
assess the entire screen subjectively. This paper studies the video bit-rate required for 8K 119.88-Hz (120-Hz) and 59.94-Hz
(60-Hz) the high efficiency video coding (HEVC)/H.265 temporal scalable coding based on subjective evaluation experiments.
To investigate the appropriate bit-rate for both 8K 120- and 60-Hz videos for broadcasting purposes, we compress 8K 120-Hz test
sequences using software that emulates our real-time HEVC encoder and conduct two types of experiments. The experimental
results demonstrate that the required video bit-rate for 8K 120-Hz temporal scalable coding is estimated to be 85–110Mbps, which
is equivalent to the practical bit-rate for 8K 60-Hz videos, and the appropriate bit-rate for 8K 60-Hz video in 8K 120-Hz video at
85Mbps is assumed to be∼80Mbps. From the analyses of the encoded videos, it is confirmed that the experimental results are
primarily influenced by the image quality on the slice boundary positioned at the middle of the screen height. When conducting
the experiments, we determined settings referring to an initial 8K subjective assessment; we further mention requirements for
future 8K subjective evaluations from the experimental results.

Keywords: Temporal scalable video coding, Required bit-rate, Subjective evaluation, 8K ultrahigh definition, 120Hz high frame-rate

Received 31 May 2019; Revised 10 January 2020

I . I NTRODUCT ION

In Japan, 8K 59.94-Hz (60-Hz) satellite video broadcast-
ing (spatial resolution 7680× 4320) began December 1,
2018. Meanwhile, the Japanese 8K broadcasting standard
(ARIB STD-B32 [1]) also supports a frame-rate of 119.88Hz
(120Hz), which is twice higher than that of the current
8K broadcasting and facilitates reproducing rapid motion
more clearly and smoothly. To verify the effectiveness
of high-frame-rate video transmission, we developed the
world’s first 8K 120-Hz real-time video encoder that com-
plies with the 8K broadcasting standard [2]. The encoder
employs the high efficiency video coding (HEVC)/H.265
[3] temporal scalable coding, which is decodable as both
120- and 60-Hz videos from encoded 120-Hz bit-streams,
to satisfy the compatibility requirements for 8K 60-Hz
broadcasting.
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To consider the required bit-rate for 8K 120-Hz tem-
poral scalable video coding for broadcasting purposes, we
conducted two types of subjective evaluation experiments
using video encoding software that emulates our real-time
encoder. In the first experiment, to investigate the required
bit-rate for 8K 120-Hz videos, we evaluated videos com-
pressed using four different bit-rates using a general subjec-
tive evaluation method for 8K encoded videos. The general
method was determined based on an initial 8K subjective
evaluation experiment. To the best of our knowledge, par-
ticular considerations for 8K subjective evaluationmethods,
which are mainly caused by the sense of immersion, have
never been mentioned, though some papers including 8K
subjective evaluation experiments exist (e.g. [4,5]). Then,
based on the first experiment, we compared videos encoded
using the same bit-rate to 8K 120-Hz videos and encoded
with three different bit-rates to 8K 60-Hz videos to study
the appropriate bit-rate for 8K 60-Hz videos within the 8K
120-Hz videos. To assess such slightly different conditions,
we employed a new subjective evaluation method for 8K
encoded videos. In addition to the considerations on the
required bit-rate, we analyzed the encoded videos used for
the first experiment to investigate a factor to determine
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the subjective image quality of our encoder. We further
considered experimental settings for future 8K subjective
evaluations by analyzing the experimental results.

This paper is a merged version of two conference papers
[6,7] and a presentation at an international standardization
meeting [8]. The remainder of this paper is organized as fol-
lows. We introduce a general subjective evaluation method
for 8K encoded videos in Section 2 and describe the fea-
tures of the 8K 120-Hz encoder in Section 3. Two informal
experiments conducted to study the video bit-rate require-
ments and the experimental results are provided in Sections
4 and 5. In Section 6, we discuss the required video bit-rate,
analyses on encoded videos, and requirements for future
8K subjective evaluations. Conclusions and suggestions for
future work are given in Section 7.

I I . GENERAL 8K SUBJECT IVE
EVALUAT ION METHOD

This section introduces a general subjective evaluation
method for 8K encoded videos based on an initial experi-
ment.

A) Initial 8K subjective evaluation experiment
In 2013, a subjective evaluation experiment was conducted
to assess the image quality of the world’s first 8K 60-
Hz HEVC real-time encoder [5]. Tables 1 and 2 show the
experimental conditions for the encoder and the viewing
conditions for the experiment, respectively.

Ten 8K 60-Hz video sequences were used for the experi-
ment, and the spatial and temporal perceptual information
(SI and TI) of each sequence based on Rec. ITU-T P.910 [9]
is shown in Fig. 1. The information is calculated based on
themaximum standard deviation (SD) of the spatial or tem-
poral difference in the luma component computed for each
frame. In the graph, a high value indicates that the spatial or
temporal complexity is high.

A subjective evaluation method based on the dou-
ble stimulus impairment scale (DSIS) method, Variant I
described in Rec. ITU-R BT.500 [10] was used, and the pre-
sentation method is shown in Fig. 2. Twelve video coding

Table 1. Experimental conditions for 8K 60-Hz HEVC encoder

Video coding scheme HEVC Main 10 Profile (4:2:0/10 bit)
Bit-rate setting 4 bit-rates: 60, 85, 120, and 170Mbps
Test sequences 10 videos: 8K 60Hz, 15 s (900 frames)
Evaluation method DSIS method, Variant I

Table 2. Experimental viewing conditions

Monitor 85-in 8K SDR LCD monitor (∼1.8m
wide× 1.05m high)

Video format 7680× 4320/59.94p/10 bit
Viewing distance 0.75H (∼0.8m)
Viewing position Two viewing points: left and right in

front of the monitor

Fig. 1. Spatial and temporal perceptual information of ten 8K 60-Hz sequences.

Fig. 2. Presentation of videos in our experiment.

experts participated in the evaluation. After an original
(uncompressed) and encoded (compressed) videos were
displayed once, each subject rated the deterioration of the
encoded video relative to the original video using a five-
grade scale:

1 imperceptible
2 perceptible, but not annoying
3 slightly annoying
4 annoying
5 very annoying.

The videos were displayed on an 85-in 8K standard
dynamic range (SDR) liquid crystal display (LCD) monitor.
The viewing distance was set to 0.75 times the picture height
(H) in consideration of the design of 8K video parameters
[11] as well as an optimal viewing distance for 8K subjec-
tive assessment described in Rec. ITU-R BT.2022 [12]. To
observe as many areas of the screen as possible, we consid-
ered that at least two viewing points might be required. As a
result, two points were prepared tomake thematter simpler
(see the top view shown in Fig. 3): in total, six subjects were

Fig. 3. 85-in 8K monitor and two viewing points at 0.75H (top view).
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positioned to the left of themonitor, and sixwere positioned
to the right.

B) Experimental results
A screening method of subjects based on BT.500 [10] was
conducted, and it was confirmed that there is no outlier.
Figure 4 shows the experimental results for each sequence.
The graphs illustrate the relationship between the bit-rate
and the mean opinion score (MOS) for subjects sitting to
the left (red line) and right (gray line) of themonitor. In this
and the following graphs, the error bars correspond to a 95
confidence interval (CI) using the Student’s t-distribution,
which takes into account sample size, i.e. CI is longer at
fewer sample size. Note that the MOS for each condition is
commonly calculated as the combined average score of both
the left and right and the corresponding CIs become shorter
owing to a twice larger number of the subjects.

As shown in the graphs, the MOS values generally dif-
fered depending on the viewing position. For five sequences
(top row) out of all 10 sequences, theMOS value of one posi-
tion, i.e. the left or right of the monitor, is higher than or
equal to that of another position for all four bit-rates. In
those five sequences, lowerMOS values are assigned to parts
where degradation can easily be seen.

We confirmed whether there is a statistical difference
between the MOS values of the left and right (MOSL and
MOSR) using Welch’s two-sided t-test. Since the test must
be applied to data which follows a normal distribution, we
checked that the distributions of both the left and right
scores are Gaussian, after making the quantile–quantile
(Q–Q) plots (we show an example of the Q–Q plot later).
Here, we tested the null hypothesis:

H0 : MOSL = MOSR (1)

against the alternative hypothesis

H1 : MOSL �= MOSR (2)

at a 5 significance level (α = 0.05) for 40 conditions (10
sequences × 4 bit-rates). In the lowest bit-rate of the Farm
and Snow sequences, marked by a pair of white large square
and triangle in each graph, H0 was rejected and H1 was

adopted. In such cases, the probability values (p-values), a
smaller p-value shows a lower possibility of extremer events
under H0, were p = 0.018 and 0.044, and the effect sizes
(ES) d were 1.678 and 1.328, respectively. Since the ES val-
ues d were greater than 0.8, which is the criterion of large
ES [13], it is safe to say that the difference between MOSL
andMOSR is sufficiently large at such two conditions.

Regarding the Snow sequence, MOSL and MOSR fluc-
tuate with changes in the bit-rate. Since high complexity
objects exist everywhere in this sequence, e.g. snow, foun-
tain, texture on the tiled floor, and a woman with a fine
patterned umbrella, deterioration caused by compression
can be seen the whole screen; however, degradation owing
to the fountain on the right side might be dominant at the
lowest bit-rate condition.

In addition to ranking the deterioration, the subjects
were interviewed about how they observed 8K videos dur-
ing the evaluation, and all of them indicated that they saw a
part immediately in front of them. The subjects followed a
moving object bymoving their eyes and head; however, they
said that it was impossible to see deterioration in another
side or the entire display.

C) Considerations from results
Considering the human visual system, such results, the
differences of the MOS values depending on the viewing
position and the answers of the interview, were reasonable.
Figure 5 represents an 8K monitor and the corresponding

Fig. 5. 8K monitor and corresponding visual field at 0.75H.

Fig. 4. Results of subjective evaluation experiment for 10 sequences.
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Fig. 6. 8K monitor and corresponding visual field at 1.5H.

visual field for a subject seated to the right of the moni-
tor at a viewing distance of 0.75H. Note that Figs 5 and 6
were depicted to apply for an 8K monitor by reference to
[14]. If a subject is seated directly in front of the screen,
a viewing distance of 0.75H with an aspect ratio of 16:9 is
equal to a 100-degree of field of view (FOV). In Fig. 5, the
white circle indicates the central visual field and its diameter
corresponds to an FOV of ∼20◦ (∼1500 pixels). The cen-
tral high-acuity area (yellow circle) perceived by the fovea
is very limited, i.e. an FOV of 6◦ (∼500 pixels). The spa-
tial resolution capacity of this area is 25 or greater cycles per
degree. Blind spots exist at each side of the fovea,∼15-degree
of FOV from the central. Since the areas corresponding to
the blind spots (blue circles) are situated within the screen,
head motion, as well as eye rotation, is required to view the
entire screen. Moreover, the distance to the far-left side of
the monitor can be approximately twice as far as that to the
right side (see Fig. 3), and this may prevent subjects from
observing deterioration on the left side.

The viewing distance for the 8K videos (0.75H) was
designed to achieve a sense of being there and to ensure
that the pixel structure was not visible [11]. Whereas the
selected viewing distance provides an immersive experi-
ence, it was found that subjects were forced to have a
narrow view. A similar problem might be raised at an
assessment of other immersive videos such as a virtual
reality system, a 360-degree video, and a free-viewpoint
television.

D) General subjective evaluation method for
8K encoded videos
Based on the previously described considerations, we gen-
erally conduct 8K subjective evaluation experiments for 8K
encoded videos with conditions given in Table 3.

Fig. 7. 85-in 8K monitor and three viewing points at 0.75H (top view).

Here, we remark conditions different from the previ-
ously mentioned experiment. Regarding an 8K monitor
size, experimentally, 50-in or greater is preferable. If not,
deterioration of encoded videos is hardly detectable. This
may be caused by a pixel density of a monitor: 104 and
176 pixel per inch for 85- and 50-in 8K monitors, respec-
tively. Since the viewing field at 0.75H is relatively small,
we frequently prepare three viewing points for an 85-in 8K
monitor. Figure 7 shows the top view in such a case. In
total, the same number of subjects should be assigned at
each position in view of calculating the MOS values. For
a subject to observe the entire display, a viewing distance
of 1.5H, which is equivalent to an optimal viewing distance
of 4 K videos [12], may be optionally used. An 8K monitor
and the corresponding visual field of a subject at the central
viewing position at a distance of 1.5H is shown in Fig. 6. In
this case, a viewing distance of 1.5H with an aspect ratio of
16:9 is equal to a 60-degree of FOV, and the diameter of the
central visual field corresponds to one-third of the screen
width.

I I I . 8K 120 -HZ V IDEO ENCODER
FEATURES

In this section, we describe the features of our 8K 120-Hz
HEVC real-time video encoder [2]. As mentioned previ-
ously, we used video coding software that emulates this
encoder for our experiments.

A) Compliance
The encoder complies with the 8K broadcasting standard
(ARIB STD-B32) [1]. The standard is based on HEVC
Main 10 Profile, which supports 4:2:0 10 bit encoding, and
employs temporal scalable coding for 120-Hz videos that
considers compatibility with 60-Hz videos.

Table 3. Experimental conditions for general 8K subjective evaluations

Evaluation method DSIS method, Variant I
Monitor size Experimentally, 50-in or greater is preferable to notice deterioration
Viewing distance 0.75H 1.5H (optional)
Viewing position • Two or more viewing points • One viewing point (center) to see the entire display

• Frequently three (left, center, and right) points for an 85-in monitor
• Total number of subjects at each point is equal
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Fig. 8. SOP for 120-Hz videos and timing chart.

Figure 8 shows a structure of pictures (SOP) diagram
comprising 16 pictures (frame numbers 1–16) for 120-Hz
videos described in the standard and a timing chart to
decode and display 120- and 60-Hz videos. We used this
SOP for the experiments. In Fig. 8, the numbers in rectan-
gles are the frame numbers, the numbers above or below
the rectangles indicate the encoding and decoding order,
and the arrows between the rectangles indicate reference
frames. Frame number 16 can be any one of intra coded
picture (I picture), predictive coded picture (P picture),
and bidirectionally predictive coded picture (B picture).
The first frame, frame number 0, must be I picture and
frame numbers 1–15 are B pictures. In this SOP, both the
120- and 60-Hz videos are decodable since only the even
frames in gray or black can partially decode from the com-
pressed 120-Hz video streams, and the 120- and 60-Hz
videos can be played synchronously, as shown in the timing
chart.

In addition, the standard mandates the use of a spa-
tial division by four slices for 8K videos. The details are
explained in the following sections.

B) 4K encoder parallel processing
The 8K 120-Hz encoding process is illustrated in Fig. 9. The
pre-processor divides 8K 120-Hz videos into four and three
partitions in the spatial and temporal directions, respec-
tively. The video encoding processor comprises 12 4K 60-
Hz HEVC encoders (FUJITSU IP-HE950E [15]), and each
encoder processes a single spatio-temporal partition (slice).

The encoding processor comprises three temporal pro-
cessing groups. Each group processes at 60Hz and encodes
an SOP and the reference pictures required to encode the
SOP in parallel. These reference pictures are encoded with
the same parameter in each group to maintain consistency.
For example, to encode the SOP shown in Fig. 8, frame
number 0 is required. Then, the frame numbers 0–16 will
be input frames for Group 1. To encode the next SOP with
frame numbers 17–32, frame number 16 should be the refer-
ence frame, and frame number 0 is also required to encode
frame number 16. Therefore, frame number 0 and frame
numbers 16–32 will be input frames for Group 2. Similarly,
the next SOP with frame numbers 33–48 and its reference

Fig. 9. Diagram of 8K 120-Hz video encoder.
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frames, frame numbers 0, 16, and 32, will be input frames
for Group 3. Although the 120-Hz frame-rate is twice that
of the 60-Hz frame-rate, as the reference pictures will be
encoded in their respective groups, 120-Hz real-time encod-
ing is achieved by three 60-Hz real-time temporal encoding
groups.

As shown in Fig. 9, each temporal processing group
has four 4K 60-Hz encoders. The 8K pictures are spatially
divided into four slices as mandated by the 8K broadcast-
ing standard, and each 4K encoder processes each slice. In
total, 12 encoded video streams are output from the encod-
ing processor, and the transport stream (TS) reconstructor
multiplexes the streams as an 8K 120-Hz video stream.

C) Image quality control with
down-converted video
Since the 8K pictures are encoded using four slices, the dif-
ferences in image quality between slices, especially on the
borders of the slices, could easily be perceived as deteriora-
tion. To prevent this, the 8K broadcasting standard allows
to apply a smoothing filter on such boundaries and to refer
pixels on adjacent slices at inter prediction [1].

However, our encoder does not employ such technolo-
gies: 12 4 K encoders in the video encoding processor
independently process each slice and do not exchange infor-
mation on such borders due to the limitation of the band-
width. To resolve this problem, the video rate controller,
shown in Fig. 9, adjusts the bit allocation while analyzing
the down-converted 4K 60-Hz input video: in fact, the con-
troller consists of a 4K 60-Hz encoder, which is equal to the
12 4K encoders, and the down-converted video is encoded
prior to the 8K 120-Hz video. Figure 10 shows the relation-
ship between the down-converted 4K60-Hz and 8K 120-Hz
pictures. When encoding, the down-converted 4K 60-Hz
video is divided into four slices in the same manner as 8K
videos, but each slice is able to refer to pixels on adjacent
slices in inter prediction.

The adjustment of the bit allocation is conducted in two
steps. First, the controller estimates the complexity of each

picture and slice for the 8K 120-Hz video using the encod-
ing results of the 4K 60-Hz video and decides the target
bit amount of each slice, taking into account the actual bit
amount sent from the encoding processor. Second, the con-
troller increases the bit amount of a border area of a slice,
one or more coding tree unit (CTU) lines, depending on
the motion vectors of the 4K video in the corresponding
part, while maintaining the bit amount of the slice decided
in the first step. For example, in Fig. 10, themotion vectors in
the upper CTU line(s) of the second slice refer to the above
slice, and this may cause image deterioration on the cor-
responding CTU line(s) in the 8K picture. This is because,
in the 8K encoding process, such efficient encoding mode,
which refers to the adjacent slice in inter prediction is unse-
lectable, and selecting another inefficientway is to be forced.
In that case, the controller increases the bit amount of the
CTU line(s) by decreasing quantize parameter (QP) values;
meanwhile, to keep the target bit-rate decided in the first
step, the controller reduces the bit amount of the remaining
area of the second slice by increasing QP values.

I V . EXPER IMENT 1 : REQU IRED
B IT -RATE FOR 8K 120 -HZ V IDEOS

The purpose of Experiment 1 is to verify the required bit-
rate for 8K 120-Hz videos. In this experiment, we eval-
uated distortions in compressed videos for four bit-rates
compared to the original uncompressed videos using the
general 8K evaluation method. As previously explained in
Section 3.1, our 8K 120-Hz encoded streams can be viewed
as both 8K 120- and 60-Hz videos. Thus, we conducted an
assessment for videos with both frame-rates.

A) Test sequences
As shown in Fig. 11, we used six 8K 120-Hz test sequences for
the experiments. The color space complies with Rec. ITU-R
BT.2020 [16], and the image format is YCBCR 4:2:0 10 bit.
Originally, the sequences were 15 s (1800 frames), and we
encoded all the frames. However, we evaluated the middle

Fig. 10. Down-converted 4K 60-Hz and 8K 120-Hz pictures.

Fig. 11. Thumbnails of 8K 120-Hz test sequences.
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Fig. 12. Spatial and temporal perceptual information of six sequences.

10 s (1200 frames) considering that the image quality at the
beginning and the end of the encoded videos fluctuated due
to bit-rate control. In the following description, the analysis
results and the bit-rate of the sequences are described for
each of the 10 s.

The SI and TI of each sequence based on P.910 [9] is
shown in Fig. 12. The characteristics of the six sequences
spread in both spatial and temporal directions. Comparing
with those of the 8K 60-Hz sequences shown in Fig. 1, the
SI and TI values of 8K 120Hz are relatively small and quite
similar, respectively. Since the time interval of 120-Hz video
frames is twice shorter than that of 60Hz, the similar TI
values mean that considerably rapid motion is included in
the 8K 120-Hz sequences. Overall, it is found that the test
sequences place emphasis on rapid motion rather than on
spatial complexity.

B) Experimental setup
We used video coding software that emulated our 8K 120-
Hz encoder and set the video coding parameters to comply
with the 8K broadcasting standard [1]: HEVCMain 10 Pro-
file, the SOP shown in Fig. 8 (I pictures were inserted every

64 frames, approximately every 0.5 s), and 8K picture par-
titioning with four slices (Fig. 9). Using four bit-rates (60,
85, 110, and 135Mbps), the six 8K 120-Hz sequences were
encoded. In experimental broadcasting satellite transmis-
sions, 85Mbps is the same bit-rate as 8K 60-Hz video [17].
As defined by the ARIB TR-B39 ver. 1.3 8K broadcasting
guideline, 110Mbps is the maximum bit-rate for 8K 60-Hz
videos. Two other bit-rates were selected such that there
were equal differences.

In this experiment, the bit-rates for 8K 60-Hz videos
were controlled automatically by the software. Figure 13
shows the bit allocation for 8K 120- and 60-Hz videos. In
the graph, the gray parts correspond to the bit amount
for the difference between 8K 120- and 60-Hz videos, and
the parts in other colors are that for 8K 60-Hz videos.
In each bit-rate setting, the six sequences are aligned in
the descending order of the bit amount for the difference
between 8K 120- and 60-Hz videos (gray parts). The dif-
ferences account for from 1.2 (the Fountain sequence at
60Mbps) to 20.4 (the Butterfly sequence at 135Mbps) of
the total bit amount. Overall, there is a tendency that the
greater the total bit amount, the greater the percentage of the
difference.

An 8K monitor, an 8K 120-Hz uncompressed recorder,
and a 120 to 60Hz frame-rate converter was used in this
experiment, as shown in Fig. 14. The frame-rate converter
which extracts the even frames shown in Fig. 8 from a
recorded 8K 120-Hz video in real-time was applied for eval-
uations of 8K 60-Hz videos. Tables 4 and 5 show the specifi-
cations of the 8Kmonitor that supports a 120-Hz frame-rate
and the viewing conditions, respectively.

In accordance with the general subjective evaluation
method for 8K encoded videos discussed in Section 2.4,
the evaluation method was based on DSIS Variant I
described in BT.500 [10]. Figure 15 shows the presenta-
tion method during the evaluations, and the five-grade
scale described in Section 2.1 was used. Twelve and 9
video coding experts participated in the 8K 120- and 60-Hz
video evaluations, respectively. Note that the experimen-
tal sessions for 8K 120- and 60-Hz videos were conducted
separately.

Fig. 13. Bit allocation for 8K 120- and 60-Hz videos in Experiment 1.
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Fig. 14. Equipment for Experiment 1.

Table 4. 8K monitor specifications

Size 85-in 8K SDR LCD monitor (∼1.8m wide× 1.05m high)
Video format 7680× 4320/119.88p, 59.94p/10 bit

Table 5. Viewing conditions of Experiment 1

Distance 0.75H (∼0.8m)
Position Three sitting points: left, center, and right in front of the

monitor
Total number of subjects at each point is equal

Fig. 15. Presentation method of Experiment 1.

C) Experimental results
A screening method of subjects described in BT.500 [10]
was conducted, and it was confirmed that there is no outlier.
Figures 16 and 17 show evaluation results for the 8K 120- and
60-Hz videos, respectively. In these graphs, the vertical axis

Fig. 16. Results of Experiment 1 (120Hz).

Fig. 17. Results of Experiment 1 (60Hz).

shows the MOS, and the horizontal axis is the bit-rate set-
tings. In Fig. 17, the actual bit-rates for 60-Hz videos are less
than the settings for 120-Hz videos written in the horizon-
tal axis and are varied by sequences as shown in Fig. 13. The
results demonstrate that the average of the six sequences
began to exceed a MOS of 3.5, which is referred to as the
acceptable threshold of distortions, at 85Mbps for the both
8K 120- and 60-Hz videos.

We also confirmedwhether there is a statistical difference
between theMOS values of the left, center, and right (MOSL,
MOSC, and MOSR) using the one-way analysis of variance
(ANOVA). Here, we tested the null hypothesis

H0 : MOSL = MOSC = MOSR (3)

against the alternative hypothesis

H1 : MOSX �= MOSY (4)

for some X �= Y and X,Y = L,C,R at a 5 significance
level (α = 0.05) for 48 conditions (6 sequences × 4
bit-rates × 2 frame-rates). Then, a multiple compari-
son using Tukey’s test was conducted if H0 was rejected,
i.e. p < 0.05. This additional test provides the minimum
distance between MOS values required to be a signif-
icant difference. The results show that the two out of
the 48 conditions, the Sunflowers sequence of 120 Hz at
85Mbps (p = 0.007) and the Fountain sequence of 60Hz
at 85Mbps (p = 0.031), were in the rejection region, and
the ES values f were 1.225 and 1.202, respectively, which
were greater than the criterion of large ES, f = 0.40 [13].
Also, Tukey’s test indicated the same significant differ-
ences in the viewing positions for the two conditions:
MOSR > MOSC,MOSL.

V . EXPER IMENT 2 : APPROPR IATE
B IT -RATE ALLOCAT ION FOR 8K
60 -HZ TEMPORAL SCALABLE
V IDEOS

Experiment 2 was conducted to verify appropriate bit-rate
allocation for 8K 60-Hz video within the 8K 120-Hz video
bit-rate. Here, “the appropriate bit-rate allocation” should
maximize the image quality for both 8K 120- and 60-Hz
videos. We evaluated the difference between videos com-
pressed by three types of allocation techniques using a new
subjective evaluation method.
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A) Subjective evaluation method
Prior to conducting the experiment, we considered a sub-
jective evaluation method suitable to distinguish slightly
different 8K videos. In the DSIS method, the original and
compressed videos are compared; however, different com-
pressed videos are not compared. Thus, this method is not
suitable for our experimental purposes.

The subjective assessmentmethod for video quality eval-
uation (SAMVIQ) described in Rec. ITU-R BT.1788 [18] is
a detailed approach that can be used to detect small differ-
ences between videos. In SAMVIQ, subjects can freely play
and stop the reference video or the evaluation videos cor-
responding to the reference video until the videos under
evaluation have been scored. Therefore, an integrated sys-
tem with a user interface, video recorder, and monitor is
required for this method; however, systems that support 8K
120- and 60-Hz videos are not available.

Another detailed subjective evaluation method is the
pair comparison (PC) method described in P.910 [9]. Note
that an equivalent method is described in BT.500 [10]. For
PC, each pair of videos is typically presented only once or
twice, and the subjects compare the videos by grading them
with a relative score. Thus, a simple system with a recorder
and monitor is sufficient for the PC method.

To create an evaluationmethod that ismore detailed than
normal PC and one that requires simple equipment for 8K
120- and 60-Hz videos, we tested a PC method that has
desired repetitions like SAMVIQ. We refer to this as the
repeatable PC (RPC) method.

We also considered how to display 8K videos in the RPC
method. To compare a pair of videos, two monitors can be
used to present each video; however, we found this approach
is not suitable for 8K encoded video evaluations. Due to the
8K viewing distance, subjects can only see a part immedi-
ately in front of them; thus, they must switch from monitor
tomonitor to compare the samepart of each video.Here, the
moving distance is approximately the width of the monitor,
e.g. at least 1.1m given that a 50-in or greater monitor size
is required, as shown in Table 3. Thus, we used a single 8K

Table 6. Video coding conditions for Experiment 2

Condition Bit-rate for 60Hz+MTid Bit-rate 120Hz/60Hz

A 80+ 5 Mbps 106.3
B 70+ 15 Mbps 121.4
C 60+ 25 Mbps 141.7

monitor for the evaluations by displaying a pair of videos in
sequence.

B) Video coding conditions
Although the RPC method enables us to conduct detailed
evaluations, one defect of the method is that it may take a
long time to finish the assessment. Therefore, we decided
to select four 8K 120-Hz sequences, the Butterfly, Cart,
Round, and Sunflowers sequences, out of the six sequences
in Experiment 1 in consideration of their characteristics.
The Butterfly and Crawl sequences are swimming videos
with camera motion, and they have similar SI and TI val-
ues (Fig. 12). So, we chose the Butterfly sequence which has
a higher encoding complexity than the Crawl sequence as
shown in Figs 16 and 17. TheRound and Fountain sequences
were shot by a fixed camera, and their SI and TI values are
quite similar. Thus, the Round sequence was selected in the
same manner as the previous case.

In consideration of the results obtained in Experiment 1,
we encoded the four 8K 120-Hz sequences at 85Mbps under
the three conditions given in Table 6.We configured the bit-
rate for themaximumTemporal ID (MTid) shown in Fig. 8,
which corresponds to the difference between 8K 120- and
60-Hz videos, and the 8K 120-Hz video bit-rate. The other
video coding parameters were the same as in Experiment 1.

Figure 18 shows the peak signal-to-noise ratio (PSNR)
and bit-rate of the three conditions and 85Mbps setting
for Experiment 1, where the vertical axis shows the average
PSNR for the luma component Y over the frames. For each
sequence, one of the three conditions is close to the settings
of Experiment 1 (purple markers).

C) Experimental setup
Experiment 2 used the same equipment used in Experi-
ment 1 (Fig. 14). The viewing conditions are given in Table
7. Note that each evaluation was with a single subject.

Figure 19 shows the evaluation presentation method
based on P.910 [9]. As can be seen, Videos A and B are two
of the three conditions, and the order effect was considered,
i.e. comparisons of both Conditions B after A (A–B) and

Table 7. Viewing conditions of Experiment 2

Distance 0.75H (∼0.8m)
Position Free (a chair on casters was used)

Fig. 18. PSNR and bit-rate of experimental conditions.
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Fig. 19. Presentation method of Experiment 2.

Fig. 20. Scale used for Experiment 2 and corresponding scores.

B–A were assessed. Videos A and B after the gray titles A
and B shown in the figure were repeated until each subject
finished grading the score. If a session continued for more
than 30min, each subject took at least a 30-min break prior
to resuming evaluations.

In Experiment 2, Video B relative to Video A was eval-
uated using the seven-grade scale defined in BT.500 [10].
Figure 20 shows the scale on the evaluation sheet (top) and
the corresponding seven-grade scores (bottom).

Here, nine video coding experts participated in the 8K
120- and 60-Hz video evaluations, and these experts eval-
uated all 24 items (3P2 pairs × 4 sequences) for the two
frame-rates.

D) Experimental results
We calculated MOS values and analyzed statistical differ-
ences of these values for Conditions A, B, and C using
Scheffé’s method modified by Ura. The method, which
is ANOVA with repeated measurements, was modified to
consider the order effect and to evaluate all conditions by
all observers. For example, the MOS of Condition A in a
sequence of a frame-rate is calculated by equation (5), where
SiXA and SiAX are the scores for X–A and A–X given by sub-
ject i =1–9, respectively,X isA, B, or C, and SiXX is assumed
to be 0.

MOSA =
∑9

i=1
∑C

X=A(SiXA − SiAX)

9× 3P2
(5)

Here, we tested the null hypothesis of the main effect

H0 : MOSA = MOSB = MOSC (6)

against the alternative hypothesis

H1 : MOSX �= MOSY (7)

for someX �= Y andX,Y = A,B,C at a 5 significance level
(α = 0.05) for 10 items (four sequences and their average
for two frame-rates). To find specific conditions that have a
significant difference, we further conducted multiple com-
parisons using Tukey’s test if H0 was rejected, i.e. when a
p-value was smaller than 0.05.

Figures 21 and 22 show the Experiment 2 analysis
results for the 120- and 60-Hz videos, respectively. In
these graphs, each marker shows the MOS (the theoret-
ical range is ±2), and the p-value of the main effect is
described under each title. The arrow above a scale rep-
resents the minimum width of a statistically significant
difference, which is the result of the multiple comparison.
The significant differences are indicated under the titles
by the > symbol, which means that a difference between
the MOS values is larger than the corresponding scale. In
terms of the Butterfly sequence for 120Hz, though the p-
value was smaller than 0.05, the difference between MOSA
and MOSC was slightly smaller than the corresponding
scale.

For the 120-Hz videos, the Sunflowers sequence and
the average of the four sequences demonstrate a signifi-
cant difference, i.e. Conditions A and B are better than
Condition C. The ES values f are 0.658 and 0.493, respec-
tively. With the 60-Hz videos, the Sunflowers sequence
demonstrates a significant difference in the same manner
as that of the 120-Hz videos, and the Butterfly sequence
and the average demonstrate another significant differ-
ence, i.e. Condition A is better than Conditions B and
C. The ES values f were 0.700, 0.544, and 0.656, respec-
tively. Since the ES values f were greater than 0.4, which
is the criterion of large ES [13], it can be said that
the differences between the MOS values are sufficiently
large.

Fig. 21. Results of analysis for Experiment 2 (120Hz).

Fig. 22. Results of analysis for Experiment 2 (60Hz).



video bit-rate requirements for 8k 120-hz hevc/h.265 temporal scalable coding 11

V I . CONS IDERAT IONS

A) Required bit-rate for 8K 120-Hz HEVC
temporal scalable coding
Here, we discuss the required bit-rate in consideration of the
results obtained in Experiments 1 and 2.

1) Required bit-rate for 8K 120-Hz videos
Ichigaya and Nishida [4] mention criteria to achieve broad-
cast quality at a subjective evaluation experiment assessed
by experts: (a) most of the sequences should satisfy at least
a MOS of 3.5, which is referred to as “the acceptable thresh-
old,” and at the same time, (b) no sequence should be less
than a MOS of 3.0, which is referred to as the “annoying
level.”

First of all, we look at what the MOS values used for
the criteria statistically mean. Figure 23 illustrates the rela-
tionship between a MOS value (horizontal axis) and the
proportions of scores (vertical axis) for four different ranges
in Experiment 1. Each marker indicates an experimental
result of a condition (e.g. the four plots at the minimum
MOS value correspond to the Butterfly sequence for 60Hz
at 60Mbps as can be seen in Figs 16 and 17). The colors of
the markers correspond to the ranges of scores, namely, 2 or
greater (2–5, blue), 3 or greater (3–5, red), 4 or greater (4–5,
green), and 5 (purple). The shapes of the markers corre-
spond to the frame-rates, namely, 120Hz (circle), and 60Hz
(triangle). The dashed lines are the results of the curve fit-
ting using the least square method. The logistic function ŷ
shown in equation (8) was applied, and the colors of the
lines are equivalent to the ranges of scores:

ŷ = 1
1+ exp(−a(x− b))

(8)

where x and ŷ are a MOS value and a predicted propor-
tion, respectively. The true proportion y corresponding to
x exists as shown in the circle or triangle markers in the
graph. The variables a and b were selected to minimize∑

all conditions i(yi − ŷi)2. There are 48 conditions (6 sequences

Fig. 23. Relationship between score distribution and MOS in Experiment 1.

× 4 bit-rates× 2 frame-rates) for each line.Note that a curve
for the range of scores 2–5 was not derived due to the lack
of MOS values smaller than 2.

In general, video coding experts are sensitive to deteri-
oration caused by compression, i.e. experts tend to grade
lower scores than non-experts for low-quality images.
Figure 23 shows that inMOS=3.0, almost 100of such stern
subjects rank 2 or higher scores. In other words, if a MOS is
less than 3.0, there is a possibility to exist a score of 1, which
means “very annoying.” Thus, this can be said that aMOSof
3.0 is a minimum level to avoid a very low quality. Also, the
figure shows that inMOS=3.5, more than 90 and∼50 of
subjects grade scores 3–5 and 4–5, respectively. This means
that if a MOS of a condition is 3.5 or higher, more than half
of subjects don’t consider it as an annoying level, and almost
all of the rest of the subjects perceive it as a barely annoying
level.

Getting back to the criteria of (a), the results of Exper-
iment 1 for both the 120- and 60-Hz videos demonstrate
that the average of the six sequences and at least four out
of the six sequences exceed the acceptable threshold of dis-
tortions, MOS=3.5, under the 85Mbps or greater bit-rate
settings. Regarding the criteria of (b), the Butterfly sequence
has a MOS of less than 3.0 for 120Hz at 85Mbps, and all
sequences for both 120 and 60Hz exceed aMOSof 3.0 in the
110Mbps setting. From these results, the bit-rate required
for 8K 120-Hz videos with a similar difficulty relative to
sequence testing is estimated as 85–110Mbps, which means
that 8K 120-Hz videos are transmittable without large dis-
tortions at a bit-rate that is equivalent to that of 8K 60-Hz
videos.

2) Appropriate bit-rate allocation at 85Mbps
The results of Experiment 2 indicate that (1) the differ-
ence between conditions is hardly detectable in the Cart
and Round sequences, and the PSNR values of the two
sequences exhibit small changes, as shown in Fig. 18, (2)
Condition C was worse than Conditions A and B, and (3)
Condition A was much better than Conditions B and C.

Thus, the bit-rate for a 60-Hz video should be the largest
among the three conditions, and appropriate bit-rate allo-
cation for a 60-Hz video in 8K 120-Hz temporal scalable
video coding at 85Mbps is assumed to be ∼80Mbps. The
video bit-rate required for 8K 60-Hz broadcasting com-
pressed with HEVC is considered to be 80–100Mbps [4].
Note that the bit-rate for the 8K 60-Hz video in Condi-
tion A is 80Mbps, and this is the same as the lower limit.
In addition, the bit-rate for the 60-Hz video should not
be too small, and 60Mbps for the 60-Hz video in Con-
dition C may cause subjective deterioration for both 120-
and 60-Hz videos. As shown in Figs 13 and 18, our encoder
can control bit-rate allocation automatically in the same
manner as Condition A (the Fountain, Cart, Round, and
Sunflowers sequences) or Condition B (the Butterfly and
Crawl sequences), and the encoder does not tend to allo-
cate small bit amount for a 60-Hz video as Condition C.
Thus, we confirm that the orientation of the rate control
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Table 8. BD-rate on temporal scalable video coding [20]

7.5 to 15 Hz 15 to 30 Hz 30 to 60 Hz

Average 44 29 22
Min. to Max. 20 to 74 15 to 45 12 to 38

method is appropriate, and the possibility to increase the
60-Hz Butterfly and Crawl videos should be considered.

To verify the bit-rate allocation, we calculated the Bjønte-
gaard delta rate (BD-rate) [19], which represents the average
bit-rate growth using a positive value, based on the results
of previous temporal scalable video coding experiments
[20]. Table 8 shows the average, minimum, and maximum
BD-rates for the case where the frame-rate was doubled.

Generally, a higher frame-rate indicates higher correla-
tion between consecutive frames and smaller bit-rate incre-
ment. As can be seen in Table 8, the average bit-rate incre-
ment from 60 to 120Hz should be less than 20, and it
can be predicted as ∼10 because the average decreases
by roughly 10 in the doubled frame-rate case. Moreover,
the maximum increment should be less than 40. Con-
sidering the bit-rate increment from 60- to 120-Hz videos
for each condition (third column in Table 6), the above
results derived from the objective metric correspond to our
subjective evaluation results.

B) Analyses on encoded videos
We analyzed encoded videos used for Experiment 1 and
studied a factor to determine the subjective image quality.

1) Investigation on influence of slice borders
As previously described in Section 3.3, our encoder con-
trols the image quality particularly on the slice borders. We
hypothesized that such borders may have a large influence
on the subjective image quality of the encoder.

Here, we call parts corresponding to borders of the four
slices the first, second, and third slice borders as illus-
trated in Fig. 10. Since the 8K broadcasting standard [1]
restricts referable pixels on adjacent slices to within 128 lines
from the slice border, the height of each border was set to
256 lines, respective 128 lines above and below the border
between the slices. As we configured the CTU size as 64×
64, the 128 lines equal to 2 CTU lines. In the same manner
as [21], we investigated the similarity between the subjec-
tive evaluation results (i.e.MOS values) in Experiment 1 and
the average of the structural similarity index (SSIM) [22]
for the luma component Y over the frames for each pic-
ture and slice border. As it is known that SSIM calculated
after down-conversion shows better correlations with sub-
jective evaluation results than that for images in original size
[21,23], input images for SSIM were down-converted to be
half size of the original images in both horizontal and ver-
tical directions, i.e. an 8K picture was down-converted to a
4K picture. Tables 9–11 show the Pearson linear correlation
coefficient (PLCC), Spearman rank order correlation coef-
ficient (SROCC), and root-mean-square error (RMSE) for

Table 9. PLCC for each part of picture

Part PLCC

2nd Border 0.723
3rd Border 0.717
Picture 0.715
1st Border 0.656

Table 10. SROCC for each part of picture

Part SROCC

2nd Border 0.723
Picture 0.670
3rd Border 0.649
1st Border 0.603

Table 11. RMSE for each part of picture

Part RMSE

2nd Border 0.358
3rd Border 0.362
Picture 0.363
1st Border 0.392

each part of the picture, respectively. In the tables, “Picture”
indicates the entire area of the 8K picture.

Although there is no significant difference between the
four conditions, the second slice border, which is posi-
tioned in themiddle of the screen height, 2049–2304th lines,
showed the best results for all the three statistics. Thus, it
was found that in our encoder, the image quality of the sec-
ond border has larger influence than that of the entire area
of the 8K picture.

2) Analysis of temporal direction
From the results of the previous section, it was confirmed
that the second slice border is primarily concerned with
the subjective image quality. So, it can be thought that the
motion on the second border is a major cause of degrada-
tion. To verify this, we calculated the SD of frame difference
for the luma component Y in the same manner as a calcu-
lation of TI [9]. Figures 24 and 25 show the SD of frame
difference for the entire area of the 8K picture and on the
second slice (vertical axis) calculated for each frame, respec-
tively. Note that for each sequence, the maximum value of
the SD in Fig. 24 corresponds to the TI value in Fig. 12.

In Fig. 24, the SD values of the Butterfly, Cart, Crawl, and
Sunflowers sequences fluctuate and achieve more than 50.
This is because the four sequences include camera motion.
In such sequences, the ranking of the temporal complex-
ity on the second slice shown in Fig. 25 corresponds to the
subjective evaluation results for 120Hz at 60Mbps (see Fig.
16), which should be the most notable condition of dete-
rioration: the higher the complexity, the lower the MOS
value. Notably, the Butterfly sequence showed the MOS
value of less than 2.5, and the primary cause might be ver-
tical motions crossing the slice borders caused by jumping
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Fig. 24. SD of frame difference.

Fig. 25. SD of frame difference on 2nd slice border.

into the pool at the beginning of the sequence. The SD val-
ues of the Butterfly sequence at the initial 2 s in Fig. 25 reflect
the difficulty well. On the other hand, the SD values of the
Fountain and Round sequences in the figure do not. Since
the two sequences were shot by a fixed camera, the encoding
complexity is relatively low in a normal situation. However,
as these sequences include a random noise due to the cam-
era characteristics, this makes the MOS values small. Also,
the influence of the noise can be seen as stable low PSNRs of
the Round sequence in Fig. 18. In the future, we are planning
to add a noise reduction technique to our encoder as a func-
tion of the pre-processor, and the methods may improve
both the coding efficiency and the image quality of those
sequences.

C) Experimental conditions for 8K subjective
evaluations using the DSIS method
We further analyzed the results of 8K subjective evalua-
tion experiments using the DSIS method and considered
experimental setups.

1) Number of viewing positions
In Experiment 1, we prepared three viewing points at 0.75H,
and a significant difference between MOS values was statis-
tically shown in some conditions (Section 4.3) as with the
initial experiment in Section 2.2. The differences were suf-
ficiently notable in light of their large ES values. Thus, it is
reasonable to assess 8K encoded videos using two or greater
viewing positions also in the future. Moreover, the number

of viewing points may also be determined by the monitor
size. For example, the width of a 50-in monitor is ∼1.1m,
and that is not enough to align three viewing positions, i.e.
three evaluators, in a straight line.

2) Number of subjects
BT.500 [10] recommends using at least 15 observers, while
it also allows using those of fewer than 15 for mainly
exploratory purposes. In this paper, we conducted sub-
jective evaluation experiments using twelve or nine video
coding experts, and this corresponds to the latter case.

In addition to this, the number of subjects can be deter-
mined by statistical power analysis. In this method, one of
the variables, sample size (N), significance level (α), effect
size (ES), and statistical power (1− β), can be derived from
the other three variables. We conducted power analyses
using G*Power [24]. The statistical power (1− β), which
represents the probability of rejecting a false null hypoth-
esis correctly, is generally set as 0.80 or more [13]. Also,
the variable β indicates the probability of the type II error,
whereas the variable α shows that of the type I error. These
two values are in a trade-off relationship.

In general, the number of subjects N should not be
too large, considering that it takes a long time for subjec-
tive evaluations. For Experiment 1, we tested a difference
betweenMOS values of three viewing positions atα = 0.05,
and the ES values f were ∼1.2, as shown in Section 4.3. In
such cases, the minimum number of subjects to achieve
1− β = 0.8 is 12. Therefore, the number of evaluators for



14 yasuko sugito et al.

120-Hz videos in Experiment 1 was sufficient to prove the
hypothesis test, and at least 15 observers will be required for
future experiments so that it complies with the recommen-
dation.

If two viewing points are used, the minimum number of
subjects to study the difference betweenMOS values can be
estimated using the ES values d shown in Section 2.2: 20 for
d = 1.328 and 14 for d = 1.678. Thus, from 16 to 20 subjects
will be required for future experiments so that it complies
with the recommendation, and the number of subjects in
each position is to be equal.

D) Experimental conditions for 8K subjective
evaluations using the RPCmethod
We further analyzed the results of Experiment 2 and con-
sidered experimental settings using the RPC method.

1) Confirmation of occurrence of order
effect
The order effect is caused by the presentation order of eval-
uation videos. In Experiment 2, all pairs of conditions were
evaluated as described in P.910 [9], which considers the
order effect. However, we hypothesized that the effect may
becomeweak and negligible in the RPCmethod because the
videos can be repeated many times.

Thus, a dependent two-sided t-test was conducted on the
mean difference of each combination, i.e. the mean differ-
ence between SiXY and −SiYX , where SiXY is the score for
X–Y given by subject i = 1–9 andXY isAB,BC, orAC. Here,
we tested the null hypothesis

H0 : SXY − (−SYX) = 0 (9)

against the alternative hypothesis

H1 : SXY − (−SYX) �= 0 (10)

where SXY − (−SYX) is the mean of SiXY − (−SiYX) for 24
items (4 sequences × 3 combinations × 2 frame-rates) at a
5 significance level (α = 0.05). Since the test is premised
on normal distribution of data, we confirmed it previous to
the test. Figures 26 and 27 show the distribution of differ-
ences of all combinations (i.e. all SiXY + SiYX) and the Q–Q
plot of the differences, respectively. The Q–Q plot roughly
appears as a straight line, which confirms that the data can
be assumed to have normal distribution.

The two out of the 24 items, the combination AB of the
Butterfly sequence of 120Hz and the combination BC of the
Sunflowers sequence of 60Hz, were in the rejection region
(p = 0.038 and 0.030, respectively). The ES values d were
0.825 and 0.875, respectively, which is greater than the crite-
rion of large ES (d = 0.8) [13]. Thus, it is safe to say that the
mean differences are sufficiently large. The results demon-
strate that the order effect is not negligible; therefore, in the
RPC method, all pairs of conditions must be evaluated also
in the future.

Fig. 26. Distribution of differences of all combinations.

Fig. 27. Q–Q plot of differences of all combinations.

2) Number of grade scale
With the RPC method, we used the seven-grade scale writ-
ten in BT.500 [10] (Fig. 20). To consider the possibility
of reducing the number of a grade scale, we analyzed the
results of Experiment 2 using the Bradley–Terry (BT)model
[25, 26].

In the BT model, πXY , i.e. the probability that Condi-
tion X is better than Y(X �= Y and X,Y = A,B,C), can be
defined as follows:

πXY = πX

πX + πY
(11)

where πX ,πY > 0 and
∑C

X=A πX = 1. The BT score for
Condition X VX , which represents its merit, can be calcu-
lated as follows:

VX = log(πX) (12)

In equations (11) and (12), πX can be solved iteratively after
counting the total number of comparisons preferring Con-
dition X aX from the results of Experiment 2. Here, we
counted the variables as follows:

⎧⎪⎨
⎪⎩

aX ← aX + 1 (SiXY < 0)

aX ← aX + 0.5, aY ← aY + 0.5 (SiXY = 0)

aY ← aY + 1 (SiXY > 0)

(13)

Note that this corresponds to a three-grade scale. We con-
ducted a two-sided chi-square test to confirmwhether there
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is a significant difference between the three merits. We
tested the null hypothesis

H0 : πA = πB = πC = 1/3 (14)

against the alternative hypothesis

H1 : πX �= πY (15)

for someX �= Y andX,Y = A,B,C at a 5 significance level
(α = 0.05) for 10 items (4 sequences and their average for 2
frame-rates). To bemore specific, aXY (XY isAB,BC, orAC),
which describes the total number of comparisons prefer-
ring Condition X over Condition Y, should be equal to aYX
under H0. We calculated the chi-square values using such
expected values and a′XY derived from πX and πY . WhenH0
was rejected, i.e. a p-value was smaller than 0.05, we further
conductedmultiple comparisons using the residual analysis
to find a specific pair of conditions that shows a significant
difference.

Figure 28 shows the analysis results for Experiment 2
obtained using the BT model. As shown in the p-values
under the titles, for the 120-Hz videos, the Butterfly and
Sunflowers sequences and the average of the four sequences
were in the rejection region. The ES values w were 0.869,
0.640, and 0.885, respectively, which were greater than the
criterion of large ES, w = 0.5 [13]. For the 60-Hz videos,
the same conditions as those of 120Hz showed the p-values
smaller than 0.05, and the ES valueswwere 0.833, 0.910, and
0.888, respectively.

Comparing with the results shown in Figs 21 and 22, the
Sunflowers sequence of 120 and 60Hz and the average of
120Hz showed the same significant differences: A, B, > C.
The Butterfly sequence of 60Hz and the average of 60Hz do
not indicate a significant difference for A>B. On the other
hand, the Butterfly sequence of 120Hz newly demonstrates
a significant difference for A>C. In summary, the results
using the BT model indicate that Condition A was the best
and ConditionC was the worst among the three conditions.

From these results, we confirm that similar significant
differences are detectable if we consider the seven-grade
scale of Experiment 2, i.e. −3 to +3, as a three-grade scale,
i.e.−1, 0, and+1. This maymean that the ratio of the scores
±2 and 3 was small in the experiment (the frequency was

11). The subjects may have been able to score ±1 for a
slight difference due to extreme scores, e.g.±3. In that case,
if RPC is conducted with a three-grade scale, instructions
to encourage the subjects to actively score ±1 for subtle
differences would be required.

3) Number of subjects
In the samemanner as Section 6.3.2, we estimated the num-
ber of subjects for future experiments using G*Power [24].
In Section 5.4, we tested a significant difference between
conditions using ANOVA with repeated measurements,
and the ES values f were from 0.493 to 0.700. In such cases,
the minimum number of subjects to achieve 1− β = 0.8 is
from 6 to 10. Thus, the number of subjects in Experiment
2, nine, was partially sufficient for the analysis. Considering
the number of subjects described in BT.500 [10], 15 subjects
should be prepared for future experiments with the same
settings as Experiment 2.

Also, in the previous section, we confirmed a significant
difference between conditions using the chi-square test. The
ES values w were from 0.640 to 0.910, and the minimum
number of subjects to achieve 1− β = 0.8 is from 10 to 20,
which is larger than those in the seven-grade scale case.
Thus, from 15 to 20 subjects will be required for future
experiments if we use a three-grade scale.

V I I . CONCLUS IONS

In this study, we encoded 8K 120-Hz sequences using soft-
ware equivalent to a real-time encoder and conducted two
types of informative subjective evaluation experiments to
ensure the bit-rate required for 8K 120-Hz temporal scalable
video coding. The experimental results confirm that the bit-
rate required for 8K 120-Hz videos is 85 to 110Mbps, which
is equivalent to the practical bit-rate for 8K 60-Hz videos,
and the appropriate bit-rate allocation for 8K 60-Hz videos
in 8K 120-Hz temporal scalable video coding at 85Mbps is
assumed to be ∼80Mbps. The requirements are applicable
to 8K 120-Hz videos which have a similar difficulty in the
test sequences used for the experiments. From the analyses
of the encoded videos, it was confirmed that the image qual-
ity on the slice boundary in the middle of the screen height

Fig. 28. Results of analysis of Experiment 2 usingthe BT model.
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has a large influence on the subjective evaluation results.
Additionally, it was found that the encoding complexity of
a sequence is related to the motions on such boundary. This
may be a clue to improve the image quality of our encoder.

When conducting the experiments, we used some spe-
cial settings taking into account the viewing distance of 8K
videos.We analyzed the results of the experiments and con-
sidered experimental conditions for 8K subjective evalua-
tions: preparing two or greater viewing positions is desirable
also in the future. We estimated the number of subjects
required for future experiments which complies with the
recommendation and satisfies statistical requirements.

We also confirmed that the encoder achieved good base
image quality without referring pixels on adjacent slices.
In the future, we plan to evaluate the real-time encoder
using other types of sequences, such as high dynamic range
videos. In addition, we plan to improve the encoder’s image
quality reflecting those experimental results.
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