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Abstract—Today, 360° video has become an integral part of
people’s lives. Despite the fact that the latest generation standard
Versatile Video Coding (VVC) demonstrates a significant gain in
encoding capacity over High Efficiency Video Coding (HEVC), it
still has room for 360° video encoding improvements. To further
enhance the applicability of 360° video coding, an optimized rate
control (RC) algorithm in VVC for 360° video is proposed in this
paper. We present an efficient extraction algorithm for obtaining
the video’s saliency feature. Furthermore, for the characteristics
of 360° video, a partitioning algorithm is also proposed to divide
a frame into demand and non-demand regions. Additionally, to
achieve precise and rational RC, a Coding Tree Unit (CTU)-level
bit allocation strategy is proposed based on the saliency feature
for the above-mentioned regions. The experimental results show
that the proposed RC algorithm can achieve 11.77 % bitrate
savings and more accurate allocation compared with the default
algorithm of VVC. Also, performance enhancement has been
observed in comparison to the most advanced algorithm.

Index Terms—360° Video, Versatile Video Coding, Rate Con-
trol, Saliency Feature, Partitioning Algorithm.

I. INTRODUCTION

L IVE streaming and short videos have recently infiltrated
daily life, emphasizing the role of video in a modern

information culture. In July 2020, the Joint Video Exploration
Team (JVET) announced the completion of the Versatile Video
Coding (VVC) standard, which reduces data by approximately
50% compared with High Efficiency Video Coding (HEVC).
For the future research, many techniques in VVC have partic-
ular optimization potential and deserve to be explored. As in
[1–5], various teams have carried out several works based on
VVC.

With the increasing demand for video quality and types,
ultra-high-definition (UHD) video, 360° video and high-
dynamic-range (HDR) video have entered people’s field of
vision. In particular, more and more 360° videos are being
released on the internet with the emergence of various head-
mounted displays. Since 360° video is a sphere that encom-
passes the entire environment, the resolution needs to be 4K
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and above to provide a satisfying visual experience. Therefore,
excessive data has become one of the resistances to the
widespread use of 360° video. Previously, JVET investigated
the potential need and proposed the basic idea of compressed
coding for 360° video [9], and Ye et al. [10] summarized them.
Recently, some new approaches have been proposed for 360°
video in various modules [11–23]. Xiu et al. [11] proposed
an extra coding tool specifically designed to optimize the
compression efficiency. In [12], a spherical adaptive objective
function is proposed to reduce the redundant information.
In intra and inter-prediction module [15–18], a new tech-
nique was proposed in [15], allowing inter-prediction directly
achieve in 3D sphere space. In [17] and [18], various new
fast algorithms in inter-coding for 360° video are proposed,
respectively.

As one of the core modules of VVC, rate control (RC)
enables more accurate bit allocation and has a specific sig-
nificance in minimizing the distortion [6–8]. Since RC can
explicitly alter the process of bit allocation, optimizing RC
for 360° video can effectively improve coding performance.
Specifically, a distributed tiling coding system RC algorithm
based on VVC is proposed in [19] to improve coding perfor-
mance. Liu et al. [13] combined the spherical rate distortion
algorithm with a multiple subdomain algorithm. Li et al. [20]
proposed an optimized weight allocation model to make the
bit allocation more accurate. Since the viewer cannot view the
full Field-of-View (FoV) in real-time, [21] and [22] achieved
high-quality encoding of a certain angle at any moment.

However, the existing outcomes do not sufficiently consider
the saliency feature of video, which can effectively draw the
attention of the human visual system (HVS)[26–28]. It is
sensible to utilize the saliency feature in the 360° video coding.
In addition, the commonly used Equirectangular projection
(ERP) of 360° video causes bit wastage and distortion at both
poles [32]. Meanwhile, according to visual habits, human eyes
also pay more attention to the region near the equator. To ad-
dress these issues, this paper will propose a novel partitioning
algorithm that can divide the frame into demand and non-
demand regions. The partitioning algorithm can further fine-
tune the process of bit allocation, thus improving the accuracy
and rationality of RC.

In summary, this paper proposes an optimized RC algorithm
for 360° video. The main contributions are as follows:
• To sufficiently consider the characteristics of the saliency

in 360° video, we proposed a new algorithm that can extract
the spatial-temporal saliency feature of video effectively.
• To refine the process of bit allocation, we present a
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partitioning algorithm that divides the frame into demand
and non-demand regions. Meanwhile, the idea of sub-regional
processing is proposed to be of significance to the future
development of 360° video coding.

• To obtain a more accurate and reasonable RC, an effective
Coding Tree Unit (CTU)-level bit allocation strategy is pro-
posed based on the saliency feature and the partitioning algo-
rithm mentioned above. The experimental results demonstrate
that the proposed RC algorithm is remarkable in improving
the coding performance and can be exemplary for future 360°
video coding.

II. PROPOSED METHOD

A. Extraction algorithm of spatial-temporal saliency feature

To obtain the saliency feature, we propose an effective
extraction algorithm for 360° video as follows. Herein, the
saliency feature comprises the spatial and temporal feature,
with global and local feature constituting the spatial feature.
According to [25], the luminance (Y) channel contains more
texture information compared to the chromatic (UV) channels.
Also, based on the masking characteristics, the Y channel is
more important for HVS [29]. Therefore, in this paper, we
only extract the saliency feature in the Y channel.

Firstly, due to the advantages of image signature [24]
such as calculation simplicity and the ability to extract the
foreground features of video effectively, the spatial global
saliency feature in this work is obtained by using the image
signature, which is calculated as,

IS(YS) = sign[DCT(YS)], (1)

where YS and IS(YS) denote the original frame and the image
signature, separately. DCT(·) is the Discrete Cosine Trans-
form (DCT) operation, and sign[·] denotes the sign function
[24]. To obtain the spatial global saliency feature SSG, the
inverse DCT IDCT(·) is performed on IS(YS), and then the
Hadamard product arithmetic ⊙ is carried out, as shown in
Eq. (2),

SSG = IDCT(IS(YS))⊙ IDCT(IS(YS)). (2)

Secondly, the spatial local saliency feature will be extracted
in the step. To investigate the local correlation between the pix-
els, the frame is firstly divided into multiple non-overlapping
and 4 × 4 blocks. Then, each block is transformed by DCT to
obtain 15 Alternating Current (AC) coefficients and 1 Direct
Current (DC) coefficient, as shown in Fig. 1(a).

DC AC01 AC01 AC01

AC10 AC11 AC12 AC13

AC20 AC21 AC22 AC23

AC30 AC31 AC32 AC33

(a)

R1 R2 R3

R4 C R5

R6 R7 R8

(b)
Fig. 1. Location schematic. (a) DCT coefficients of 4 × 4 block; (b) central
block C and associated blocks Ri.

According to [25], the DC coefficient and AC coefficients
can indicate the luminance and texture information of the
current block, separately. Hence, the luminance and texture

information are treated as the DC and AC feature in this
paper. However, the DC and AC feature of each block are
not isolated, which are highly correlated with the surrounding
blocks, as shown in Fig. 1(b). Therefore, the DC and AC
feature of the current block can be derived as follows,

SSL(Y,DC) =
1

NL

NL∑
i=1

√
(YDC00,c − YDC00,i)

2
,

SSL(Y,AC) =
1

NL

NL∑
i=1

√√√√ 3∑
m=0

3∑
n=0

(YACmn,c − YACmn,i)
2
,

(3)
where SSL(Y,DC) and SSL(Y,AC) are the current block’s
DC and AC feature, respectively. NL represents the number of
block C and blocks Ri. It generally takes the value of 9, except
for the boundary blocks. YDC00,c and YDC00,i are the DC
coefficient of block C and blocks Ri, YACmn,c and YACmn,i

are the AC coefficients of block C and blocks Ri, separately.
m and n are the position coordinates of AC coefficients, shown
in Fig. 1(a).

On the basis of the above DC and AC feature, the spatial
local saliency feature of the current block SSL can be obtained
by,

SSL = γY,DC × SSL(Y,DC) + γY,AC × SSL(Y,AC), (4)

where γY,DC and γY,AC denote the weight coefficients, which
are similar as [25]. After all the SSG and SSL have been
extracted, their values will be normalized to the range [0, 255].
Then, the calculating spatial saliency feature of the current
frame SS is shown as,

SS = α× SSG + β × SSL, (5)

where α and β are the corresponding weight coefficients,
respectively. Since the importance of SSG and SSL are the
same, α and β are both taken as 0.5 in this paper.

Thirdly, according to [29–31], HVS is more sensitive to the
motion region. Particularly in 360° video, where the human
eyes are the first perspective, the temporal saliency feature is
especially crucial. Therefore, the temporal saliency feature ST

in this paper can be extracted by,

ST =
[
YScur − YSref

]2
, (6)

where YScur and YSref represent the pixel value of the current
and reference frame in the same position, respectively.

Finally, for calculation convenience, the spatial and tempo-
ral saliency feature obtained above are transformed into 4 × 4
channels. Subsequently, the spatial saliency feature SSCTU (j)
and temporal saliency feature STCTU (j) of the j-th CTU in
the current frame are deduced from,

SSCTU (j) =
1

Ns,j

Ns,j∑
i=1

SS(i|j),

STCTU (j) =
1

Ns,j

Ns,j∑
i=1

ST (i|j),

(7)

where Ns,j denotes the number of 4 × 4 blocks in the j-
th CTU. SS(i|j) and ST (i|j) are the spatial and temporal
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saliency feature of the i-th 4 × 4 block in the j-th CTU, respec-
tively. Then, SSCTU (j) and STCTU (j) are also normalized to
the range [0, 255]. So far, the spatial-temporal saliency feature
of the j-th CTU SSTCTU (j) can be calculated as,

SSTCTU (j) = εSSSCTU (j) + εTSTCTU (j), (8)

where εS and εT are the corresponding weight coefficients,
taken as 0.5 in this paper. It is due to the fact that the spatial
and temporal saliency features are of equal significance for
360° videos.

B. Partitioning algorithm of demand and non-demand region

The ERP is widely adopted in 360° video coding as it
is easier to calculate. However, it can result in bits waste
and severe distortion towards the poles [32]. To address this
issue, Hendry et al. [32] proposed an adaptive Quantization
Parameters (QP) algorithm. Nevertheless, the optimization can
be severely constrained by just fine-tuning the QP without
explicitly adjusting the bit allocation.

Meanwhile, the region around the equator in spherical
model corresponds to the flat view of human eyes. According
to visual habits, human eyes pay more attention to the region of
flat viewing. That is to say, regions near the equator are more
important than those near the poles for HVS. Therefore, this
paper proposes a partitioning algorithm to classify all CTUs
in a frame based on location information and spatial-temporal
saliency feature.

To capture the location information of CTUs, we assume
that the two-dimensional vertical coordinate of the center
point in the current CTU is h, the vertical coordinate of the
equatorial point in the current frame is H/2. Here, H is the
height of the 360° video. Then, the vertical distance of current
CTU relative to the equatorial point DV and the threshold εV
are calculated by,

DV =

∣∣∣∣h− H

2

∣∣∣∣ , εV = µV
H

2
, (9)

where µV denotes weight coefficient, which is set to 0.6 after
extensive experiments. If the DV of current CTU is less than
the εV , the current CTU is located near the equator. Otherwise,
it is located near the poles.

In addition, the average saliency feature of the current frame
SSTavgCTU can be caculated as,

SSTavgCTU =
1

N

N∑
j=1

SSTCTU (j), (10)

here N is the number of CTUs in the current frame. Ac-
cordingly, the partitioning algorithm is: if the current CTU’s
SSTCTU is larger than SSTavgCTU and is located near the
equator, the current CTU is classified as a demand CTU.
Otherwise, it is classified as non-demand CTU. Here, the
demand and non-demand regions are comprised of all demand
and non-demand CTUs in the current frame, respectively.

C. CTU-level bit allocation

To accomplish the rationality and accuracy of RC, this paper
proposes a novel bit allocation strategy at the CTU-level based
on the above saliency feature and partitioning algorithm. The
strategy allocates bits to demand and non-demand regions

independently. Here, we take the bit allocation of the demand
region as an illustration.

Firstly, given the spatial-temporal saliency feature of the
CTU SSTCTU , the remaining bits of the demand region
BitLeftde−region can be obtained by,

BitLeftde−region =
NCTUde−region∑

i=1

SSTCTU (i)

NCTU∑
j=1

SSTCTU (j)

· TcurFrame −Bitcoded,
(11)

where TcurFrame and Bitcoded denote the target bits and the
consumed bits encoded for the current frame, respectively.
NCTU and NCTUde−region are the number of CTUs in the
current frame and the demand region.

Secondly, the weight coefficient of the current CTU
SSWcurCTU can be calculated by,

SSallde−region =

NCTUde−region∑
j=1

SSCTU (j),

SSWcurCTU =
SScurCTU

SSallde−region
,

(12)

herein, the SSallde−region and SScurCTU denote the spatial
saliency feature of the demand regions and current CTU,
respectively.

Finally, based on SSWcurCTU and BitLeftde−region, the
target bits for the current CTU TcurCTU are determined by,

TcurCTU = SSWcurCTU ·BitLeftde−region. (13)

The larger the value of SSWcurCTU , the more bits are
allocated, the more critical to HVS, and vice versa. There-
fore, the proposed RC algorithm can adequately satisfy the
requirements of HVS for 360° video. Furthermore, since the
above procedure is compatible with the bit allocation for the
non-demand region, it will not be repeated here. Based on
the RC algorithm mentioned above, the overall proposed RC
algorithm is shown in Fig. 2.

Fig. 2. The implementation of proposed RC algorithm for 360° video.
III. EXPERIMENTS

A. Experimental Settings

The experiments are carried out on VTM 10.0-360Lib 11.0
with LowDelay P (LDP) configuration, and four QPs {22,
27, 32, 37} are utilized to encode the sequences, which

This article has been accepted for publication in IEEE Signal Processing Letters. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/LSP.2022.3219359

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Edge Hill University. Downloaded on November 14,2022 at 13:05:02 UTC from IEEE Xplore.  Restrictions apply. 



MANUSCRIPT SUBMITTED TO IEEE SIGNAL PROCESSING LETTERS, OCTOBER, 2022 4

were selected from the official standard test sequences [9].
All frames of each test sequence are encoded in this paper.
To measure the degree of difference between actual bitrate
Bitrateact and target bitrate Bitratetar, the Bitrate Error
∆BRerror is calculated as,

∆BRerror=

∣∣∣∣Bitrateact −Bitratetar
Bitratetar

∣∣∣∣× 100%. (14)

In addition, ∆SSIM and Tenc denote the Structural Simi-
larity Index (SSIM) difference between the two algorithms and
the time complexity, respectively. These metrics are shown as
follows,

∆SSIM =SSIMpro − SSIMdef ,

Tenc =
T pro
enc

T def
enc

× 100%,
(15)

here, SSIMpro and SSIMdef are the SSIM of the proposed
and default RC algorithms, respectively. T pro

enc and T def
enc are

the time-consuming variables of the proposed and default
RC algorithms, separately. Furthermore, all experiments are
conducted on a hardware platform Intel(R) Core (TM) i7-
11700 CPU @ 2.50GHz, with 16.00GB RAM.
B. Experimental Results

To demonstrate the effectiveness of the proposed RC al-
gorithm, we involve the default RC algorithm of VVC and
the perceptual RC algorithm proposed by Li et al. [20] for
comparison. For the fairness of comparison, all comparison
experiments are configured identically, and results are shown
in TABLE I. When compared with the default algorithm, the
∆BRerror of proposed algorithm is smaller, and the SSIM
improvement is 0.00724 on average. Meanwhile, under the
same Weighted to Spherically uniform PSNR (WS-PSNR),
the proposed algorithm can achieve Bjøntegaard Delta-Rate
(BD-Rate) 11.77 % savings on average. Benefiting from the
partitioning algorithm, the proposed refined bit allocation
is more compatible with HVS in 360° video coding and
saves more bits. Consequently, the proposed algorithm can
achieve more accurate bit allocation with fewer ∆BRerror

while guaranteeing the reconstructed video quality. Also, the
rate distortion (RD) performance of the proposed algorithm
is better than the state-of-the-art RC algorithm in HEVC.
This is attributed to the fact that the proposed RC algorithm
can maintain the quality and structure of video and save a
large number of bits in the non-demand region. In addition,
compared with the default algorithm, the time complexity of
the proposed algorithm increases by about 10 %, mainly due
to the extraction of saliency feature.

Nonetheless, the ∆BRerror of the proposed algorithm is
higher than that of the default algorithm in sequence “Driving-
InCity” and “SkateboardingTrick”. This is due to the fact that
the Bitrateact of the proposed algorithm being much lower
than the target bitrate. Meanwhile, combined with the RD
performance, the WS-PSNR of the proposed algorithm is still
higher than that of the default algorithm. The foregoing analy-
sis demonstrates that the proposed RC algorithm maintains or
even enhances the WS-PSNR with significant bit rate savings
from the non-demand region.

To further illustrate the RD performance clearly, the RD
curves of various algorithm are displayed in Fig. 3. Obviously,

TABLE I
COMPARISON OF THE PERFORMANCE BETWEEN THE

PROPOSED RC ALGORITHM AND OTHERS
Sequences ∆BRerror/% ∆SSIM BD-Rate/% BD-Rate/%

Default Proposed [20] as anchor

AerialCity 4.05 0.92 0.00646 -22.99 -1.26
DrivingInCity 1.41 2.36 0.00763 -6.35 -0.83

DrivingInCountry 1.29 0.37 0.01264 -13.89 -0.97
PoleVault 2.32 0.51 0.01546 -18.19 -1.19

Harbor 3.05 2.27 0.00076 -8.66 -0.65
KiteFlite 2.77 0.67 0.00861 -11.89 -0.94

SkateboardingTrick 0.77 0.93 0.00304 -6.37 -0.53
Train 1.26 0.99 0.00546 -6.70 -0.62

SkateboardInLot 0.50 0.22 0.00593 -9.46 -0.59
ChairliftRide 1.28 0.49 0.00647 -13.24 -0.73

Average 1.87 0.97 0.00724 -11.77 -0.83
Tenc 110/%

the RD curves of the proposed algorithm are higher than the
default algorithm in all bitrate bands. It is self-evident that
the proposed algorithm achieves superior RD performance to
the default algorithm. Also, it can be observed from Fig. 4
that the subjective quality of the proposed algorithm is clearer
compared to the [20]. In summary, in comparison to the default
and state-of-the-art algorithms, the proposed algorithm offers
relatively superior performance with a manageable increase in
time complexity.

(a) (b)
Fig. 3. The R-D curves of sequences with different resolution. (a) “Aerial-
City”; (b) “KiteFlite”.

(a) (b)
Fig. 4. The subjective quality comparison for POC 178 of “DaylightRoad2”.
(a) Li et al.[20]; (b) Proposed.

IV. CONCLUSION
This paper proposes an optimized rate control algorithm

in VVC for 360° video. First, the spatial-temporal saliency
feature of 360° video is extracted efficiently for the charac-
teristics of HVS. Second, based on the proposed partitioning
algorithm, the frame is divided into demand and non-demand
regions. Finally, an optimized RC algorithm is proposed for
the two previously stated regions, which can explicitly adjust
the bit allocation. The experimental results reveal that the
performance of the proposed RC algorithm is superior to the
VVC default RC algorithm and the state-of-the-art algorithm,
enabling a more rational and precise RC algorithm.
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