
130 IEEE JOURNAL OF SELECTED TOPICS IN SIGNAL PROCESSING, VOL. 14, NO. 1, JANUARY 2020

λ-Domain Perceptual Rate Control for 360-Degree
Video Compression
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Abstract—The 360-degree video is projected to 2-D formats
using various projection methods for efficient compression. As
a necessary part of general-video compression, rate control is
also indispensable for the projected 360-degree video compression.
However, the current rate control algorithm has not been optimized
for the 360-degree video compression yet. The Coding Tree Unit
(CTU) level bit allocation in the rate control algorithm has not
taken into consideration the characteristic that various pixels in
2-D formats have different influences on the visual experiences.
In this article, we first propose an optimal CTU level weight tak-
ing this characteristic into consideration. The CTU level weight
is an approximation to the pixel level weight since the smallest
granularity of a rate control algorithm is usually CTU. Second,
based on the CTU level weight, a weighted CTU level bit allocation
algorithm is proposed to achieve better coding performance. The
bits of each CTU are assigned that the Lagrange multiplier λ of a
CTU is inversely proportional to its CTU level weight. This CTU
level bit allocation scheme is applied to all the 360-degree video
projection formats. Third, we propose a CTU row (CR) level rate
control algorithm for the Equi-Rectangle Projection (ERP) format.
Different CTUs in the same row in the ERP format are combined
into a CR to provide more stable model parameters. The proposed
algorithms are implemented in the newest video coding standard
High Efficiency Video Coding (HEVC) reference software. The
experimental results show that the proposed algorithm is able
to achieve much better subjective and objective qualities as well
as smaller bitrate errors compared with the state-of-the-art rate
control algorithm.

Index Terms—High Efficiency Video Coding, Rate control, Rate
distortion optimization, λ-domain rate control, 360-degree video
compression.
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I. INTRODUCTION

INNOVATIVE applications of 360-degree videos [1] are ex-
pected to become widespread in the near future due to its

capability to bring immersive experiences to the users. Espe-
cially, thanks to the emergence of various head-mounted dis-
plays [2] such as High Tech Computer (HTC) Vive, Samsung
Gear Virtual Reality (VR), and Oculus Rift, there are more and
more 360-degree videos distributed online. However, since a
360-degree video is a bounding sphere containing the whole
surroundings, the resolution of a 360-degree video should be
8 K or even higher to provide satisfactory visual experience.
The high resolution would absolutely bring high bitrate, which
is now preventing the 360-degree video from its wide use.
Therefore, there is an urgent need to compress the 360-degree
video efficiently.

Currently, the Joint Video Exploration Team (JVET) of
Video Coding Experts Group (VCEG) and Moving Pictures
Experts Group (MPEG) is studying the potential need to include
360-degree video coding technologies in a future video coding
standard. Fig. 1 shows the pipeline of the 360-degree video
compression defined by JVET [3]. The high fidelity 8 K Equi-
Rectangle Projection (ERP) video source is first down-sampled
and projected to a 2-D video such as ERP, Cube Map Projection
(CMP), OctaHedron Projection (OHP), and IcoSahedron Projec-
tion (ISP) [4]. The 2-D video is then compressed using the video
coding standard such as High Efficiency Video Coding (HEVC)
[5] or the coming Versatile Video Coding (VVC) [6]. In the final,
the reconstructed ERP, CMP, OHP, or ISP is up-sampled and
projected back to the sphere for the users. Since various pixels
in a projected 2-D video correspond to different areas in 3-D
space, some specific quality measurements [4] other than Peak
Signal to Noise Ratio (PSNR), such as Weighted Sphere-PSNR
(WS-PSNR) [7], Crasters Parabolic Projection-PSNR (CPP-
PSNR), Sphere PSNR-Nearest Neighbor (SPSNR-NN) [8], and
Sphere PSNR-Interpolation (SPSNR-I) are provided to better
approximate the subjective quality of the 360-degree video. In
addition, some researchers try to use the 360-degree padding
[9]–[12] or the advanced motion model [13], [14] to improve
the performance of the 360-degree video compression. However,
the framework of using HEVC or VVC keeps unchanged.

In the 2-D video compression, a suitable rate control scheme
is necessary to make full use of the bandwidth to improve the
reconstructed video quality as much as possible. According to
the key parameters used to control the bitrate, the rate control
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Fig. 1. Pipeline of the 360-degree video compression defined by JVET.

algorithms can be roughly divided into three groups: the
Q-domain rate control algorithm, the ρ-domain rate control
algorithm, and the λ-domain rate control algorithm. As its
name implies, the Q-domain rate control algorithm considers
the quantization step (Q) as the key factor to determine the
bitrate and models the relationship between the target bitrate
R and Q as linear [15] or second-order [16]. The ρ-domain rate
control algorithm considers the percentage of non-zero trans-
form coefficients after quantization ρ as a more robust factor to
characterize the bitrate thanQ and proposes a linear relationship
between R and ρ [17]. However, as pointed out in [18], both
the Q and ρ can only determine the residue bitrate and the
Lagrange multiplier λ is essentially the key factor to determine
the overall bitrate. A hyperbolic model is further proposed in [18]
to accurately characterize the relationship betweenR and λ. The
λ-domain rate control algorithm is integrated into the HEVC and
VVC reference software. However, the rate control algorithm
designed for general videos has not been optimized for the
360-degree video compression yet. The Coding Tree Unit (CTU)
level bit allocation in the rate control algorithm has not taken into
consideration the “unequal characteristics” that various pixels in
2-D formats have different influences on the visual experiences.
Therefore, the optimal performance for 360-degree video rate
control has not been achieved yet.

Some researchers propose using spherical rate distortion opti-
mization (RDO) [19], [20] to take the “unequal characteristics”
in the 360-degree video compression into consideration. The
mean square error (MSE) is replaced by the weighted MSE to
better reflect the features of the 360-degree video. The spherical
RDO is further combined with a general λ-domain rate control
algorithm to improve the rate control performance [21]. How-
ever, without explicit changes to the bit allocation, the perfor-
mance improvement provided by the rate control algorithm is
limited. In addition, the repetitive calculations of the complex
weighted MSE will increase the complexity of the encoder.
Furthermore, the float weights per pixels used to calculate
the weighted MSE make the RDO process unfriendly to the
hardware design.

Therefore, in this paper, we design specified rate control
algorithms for the 360-degree video compression by taking the
“unequal characteristics” into consideration. The proposed rate
control algorithms mainly have the following contributions.
� We propose a CTU level weight as an approximation of the

pixel level weight to consider the “unequal characteristics”.
We prove that our proposed CTU level weight is optimal
if we consider the CTU as a basic unit.

� We propose a CTU level bit allocation algorithm utiliz-
ing the CTU level weight to achieve better compression
performance. The bits of each CTU are assigned that the
λ of a CTU is inversely proportional to its CTU level
weight. This CTU level bit allocation algorithm is applied
to various projection formats including ERP, CMP, and
OHP.

� We further provide a CTU Row (CR) level rate control
algorithm for the ERP format since the CTUs in the same
row have the same CTU level weight. The CR level rate
control algorithm is between the picture level bit allocation
and the CTU level bit allocation. It can provide more stable
model parameters than the CTU level and make each CTU
be assigned a more reasonable number of bits.

The proposed algorithms are implemented in the newest video
coding standard High Efficiency Video Coding (HEVC) refer-
ence software. The source codes of the proposed algorithms
are released at https://github.com/xiaoliqiu/360_Rate_Control.
The experimental results show that the proposed algorithms
can achieve obvious bitrate savings and smaller bitrate errors
compared with the state-of-the-art rate control algorithms.

The rest of this paper is organized as follows. We will re-
view the related works on general rate control algorithms and
spherical RDO in Section II. In Section III, we will introduce
the derivation of the optimal CTU level weight from the pixel
level weight. In Section V-B and Section V, we will introduce
the proposed CTU and CR level bit allocation algorithms in
detail. The detailed experimental results are shown in Section VI.
Section VII concludes the paper.

II. RELATED WORK

A. General Rate Control Algorithm

The current rate control algorithms can be roughly divided
into three groups: Q-domain rate control algorithm, ρ-domain
rate control algorithm, and λ-domain rate control algorithm. In
the Q-domain rate control algorithm, Q is considered as the
key factor to determine the bitrate and a relationship between
R and Q is built to control the bitrate. Chiang and Zhang [16]
proposed a quadratic relationship betweenR andQ and provided
a rate control algorithm for MPEG-4. Ma et al. [15] proposed a
linear R-Q relationship and an efficient rate control algorithm
for H.264/Advanced Video Coding. Kwon et al. [22] introduced
a relationship between R and Q that varies depending on the
frame types. As we can see from the previous works that there
are multiple relationships between R and Q, which shows that
the relationship between R and Q is not robust enough. There-
fore, the performance of the Q-domain rate control algorithm
is limited. In addition, the header bits estimation [23], initial
quantization parameter (QP) determination [24], and frame skip
avoidance [25] are also widely studied for the Q-domain rate
control algorithms.

He et al. [26] first proposed that there is a more robust
relationship between R and ρ compared with R and Q. They
proposed a linear R-ρ relationship and provided a ρ-domain rate
control algorithm for video compression [26]. A bit allocation
algorithm is further provided to improve the performance [27].
Pitrey et al. [28], [29] extended the ρ-domain rate control
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algorithm to H.264/Scalable Video Coding [30]. Wang et al.
[31] proposed a quadratic R-ρ model and a corresponding rate
control algorithm for HEVC. Gao et al. [32] introduced a ρ-
domain frame-level bit allocation method based on a synthesized
Laplacian distribution model. However, as we have mentioned in
Section I, both theQ and ρ can only determine the residue bitrate
but have no influences on the non-residue bitrate. Especially,
along with the increase of the header bits of HEVC and VVC,
the Q and ρ-domain rate control algorithms become unsuitable
for them.

To address this problem, Li et al. [18] first revealed that the
λ is essentially the key factor to determine the overall bitrate.
A hyperbolic R-λ model and a corresponding rate control algo-
rithm are proposed to precisely control the bitrate for HEVC.
They [33] and Li et al. [34] further provided picture level
and CTU level bit allocation algorithms to improve the per-
formance. The λ-domain rate control algorithm is implemented
in the reference software of HEVC and VVC and used as the
recommended rate control algorithm. In addition, Guo et al.
[35] proposed a λ-domain frame level bit allocation considering
the content-related quality dependencies. They further extended
the frame level bit allocation to CTU level in [36]. Cai et al.
[37] introduced a real-time constant quality rate control strategy
for HEVC. Chen et al. [38] took the distribution of the R-λ
model parameters into consideration and proposed a CTU level
bit allocation to improve the performance. Gao et al. [39]
proposed a structure similarity-based game theory approach
for CTU level bit allocation. There are also some algorithms
focusing on the λ-domain intra frame rate control [40]–[42] and
initial encoding parameters determination [43]. In addition to
the rate control for general videos, some researchers extended
theλ-domain rate control schemes to scalable video coding [44],
[45], high dynamic range video coding [46], multi-view video
coding [47]–[49], and 3D video coding [50], [51]. However,
most current CTU level bit allocation algorithms treat all the
CTUs with equal importance and are unsuitable for the pro-
jected 360-degree video compression. For the rate control for
360-degree video compression, Li et al. [52] proposed assign-
ing the bits inversely proportional to the CTU level weights.
However, as far as we can see, those weights are not used in a
proper way.

B. Spherical Rate Distortion Optimization

Some works considered the “unequal characteristics” of the
CTUs of the 360-degree video in the RDO process. Tang et al.
[53] proposed using an adaptive quantization scheme to apply
different QPs for various pixels according to their importance for
the ERP format. Li et al. [19], [20] introduced a spherical RDO
by applying a pixel level weight to improve the 360-degree video
compression performance. This method was applied to various
projection formats of the 360-degree video. In addition, Liu et al.
[21] proposed using the spherical MSE as the distortion metric
and provided a rate control algorithm by combining it with the
generalλ-domain rate control algorithm. However, the repetitive
calculations of the spherical MSE will increase the complexity
of the encoder.

III. OPTIMAL CTU LEVEL WEIGHT

All projections from sphere to the 2-D projection formats
are performed pixel by pixel. In these projections, different
small units containing various pixels in the projected plane may
correspond to different surface areas on the sphere. For example,
under the ERP format, the pixels near the equatorial correspond
to larger areas compared with those near the north and south
poles. Since the quality of the 360-degree video is essentially
measured on the sphere, the pixels corresponding to larger
areas should be considered as more “important”. Therefore,
the weights to indicate the “importance” of various pixels are
different. However, when we design a rate control algorithm,
the smallest granularity is usually CTU. Therefore, we need to
first derive an optimal CTU level weight to replace the pixel
level weight for the following bit allocation and rate control
processes.

We first define the weighted distortion Dω
i,j of position (i, j)

as

Dω
i,j = ωi,jDi,j , (1)

where ωi,j is the pixel level weight of position (i, j). Di,j is
the distortion of that pixel. The distortion is usually the square
error between the original pixel and the reconstructed pixel. If
we unify the weights of all the pixels in the kth CTU as ωk, the
difference Ek between the pixel level weighted distortion and
the block level weighted distortion is calculated as

Ek =
∑

(i,j)∈CTUk

(Dω
i,j − ωkDi,j)

2, (2)

where CTUk is the pixel set of the kth CTU.
We try to minimize Ek to optimize the CTU level weight,

min
ωk

Ek = min
ωk

∑

(i,j)∈CTUk

(Dω
i,j − ωkDi,j)

2. (3)

This unconstrained problem is solved by setting the derivative
of Ek with respect to ωk to 0,

∂Ek

∂ωk
=

∂
∑

(i,j)∈CTUk
(Dω

i,j − ωkDi,j)
2

∂ωk
= 0. (4)

If we substitute (1) into (4), (4) is converted as

ωk =

∑
(i,j)∈CTUk

ωi,jD
2
i,j∑

(i,j)∈CTUk
D2

i,j

. (5)

In theory, ωk is not only related to ωi,j but also related to
the distortion of each pixel Di,j . However, Di,j will only be
available after the encoding of the current CTU. Therefore, we
have to find another way to estimate ωk.

Eq. (5) can be converted to the following form,

ωk =

∑
(i,j)∈CTUk

(ωi,j − Ck + Ck)D
2
i,j∑

(i,j)∈CTUk
D2

i,j

. (6)

Here, we set Ck as

Ck =

∑
(m,n)∈CTUk

ωm,n

Nk
, (7)
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TABLE I
THE AVERAGE RATIOS BETWEEN THE SECOND TERM AND THE FIRST TERM

IN (8) FOR ALL THE CTUS FOR ALL THE TEST SEQUENCES UNDER

DIFFERENT BITRATES

where Nk is number of pixels in CTUk. The typical value of
Nk is 64× 64 except for the CTUs in right or bottom borders.
Eq. (6) can be further composed into two terms,

ωk = Ck +

∑
(i,j)∈CTUk

(ωi,j − Ck)D
2
i,j∑

(i,j)∈CTUk
D2

i,j

. (8)

From (8), we can see that if the second term is much smaller than
the first term, we can approximate the value of ωk as the first
term. Therefore, we count the average ratio between the second
term and the first term for all the CTUs for many 360-degree
sequences under different bitrates as shown in Table I. We can see
that the average ratio is small under both low and high bitrates.
This demonstrates that the second term can be ignored compared
with the first term. Therefore, the ωk is approximated Ck,

ωk ≈ Ck =

∑
(m,n)∈CTUk

ωm,n

Nk
. (9)

Eq. (9) indicates that the CTU level optimal weight ωk is equal
to the average weight of all the pixels in the current CTU.
Therefore, to derive the optimal weight ωk, the only problem
is to derive the ωi,j that is related to each specified projection.

According to [7] and [20], it is assumed that each pixel (i, j)
lies in the center of a small unit, whose area is P (i, j). The area
of the corresponding unit on the sphere is S(i, j). Then the ωi,j

is calculated as

ωi,j = P (i, j)/S(i, j). (10)

For the ERP format, the ωi,j is calculated as

ωi,j = cos
(j + 0.5−H/2)π

H
, (11)

where H is the height of the ERP format. We can see that the
ωi,j is only related to the longitude of the pixel. For the CMP and
OHP formats, the ωi,j is calculated face by face. Using CMP as
an example, the ωi,j of the top left face is calculated by

ωi,j =

(
1 +

d2(i, j)

r2

)(−3/2)
, (12)

Fig. 2. CTU level weights illustration of different projection formats of the
360-degree video.

where r is the radius of the sphere that is equal to half of the edge
length of the cube. d2(i, j) = (i+ 0.5− r)2 + (j + 0.5− r)2

is the squared distance between position (i, j) and the center
position of the face. The ωi,j of the other faces can be calculated
accordingly.

After the calculation of the ωi,j , the ωk of the kth CTU is
calculated using (9). Fig. 2 shows the CTU level weights for
various projection formats of the 360-degree video. They are in
accordance with the pixel level weights as shown in [20] but
with a coarser granularity. In Fig. 2, the extent of the brightness
indicates the importance of each CTU. The brighter a CTU is,
the more important a CTU will be and vice versa. The more im-
portant CTUs will be assigned more bits in the following bit allo-
cation process. For example, for the ERP format, the CTUs near
the equatorial will be assigned the largest number of bits while
those near the poles will be assigned the smallest number of bits.

IV. THE PROPOSED CTU LEVEL RATE CONTROL

As indicated in [18], λ is a more robust factor to determine
the bitrate compared with Q and ρ. Therefore, the λ-domain
rate control algorithm has been integrated into the HEVC and
VVC reference software. In this paper, we follow the λ-domain
rate control algorithm to determine a proper λ for each picture or
CTU to achieve accurate bitrate control. Note that the CTU level
weights mainly have influences on the bit allocation of various
CTUs in a CTU level rate control algorithm. Therefore, for the
group of pictures (GOP) and picture level bit allocation and rate
control algorithms, we follow the original rate control algorithm
for general videos as in [33].

The optimization target of the CTU level rate control is to
determine the λk for each CTU to minimize the sum of the
weighted distortions of all the CTUs under the constraint of the
picture level target bits Rt,

min
λk

N∑

i=1

ωiDi s.t.
N∑

i=1

Ri ≤ Rt, k = 1, 2, . . . , N, (13)

where Di and Ri are the distortion and bits of the ith CTU,
respectively. N is the number of CTUs in the frame. λk is the λ
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of the kth CTU. ωi is the CTU level weight derived in (9). The
constrained problem is converted to the following unconstrained
problem by introducing the Lagrange multiplier λ,

min
λk

N∑

i=1

ωiDi + λ

N∑

i=1

Ri, k = 1, 2, . . ., N. (14)

The unconstrained problem can then be solved using the method
of Lagrange multipliers,

∂
∑N

i=1 ωiDi

∂λk
+ λ

∂
∑N

i=1 Ri

∂λk
= 0, k = 1, 2, . . ., N. (15)

In an inter frame, most CTUs use inter prediction and obtain the
prediction from the reference frames instead of the neighboring
CTUs. Therefore, these CTUs can be considered as independent
of each other,

∂Di

∂λk
= 0,

∂Ri

∂λk
= 0, i �= k. (16)

If we substitute (16) into (15), (15) is converted to

ωk
∂Dk

∂λk
+ λ

∂Rk

∂λk
= 0, k = 1, 2, . . ., N. (17)

Since the λk is slope of the rate distortion (R-D) curve of the
kth CTU, λk can be expressed as

λk = −∂Dk

∂Rk
= −∂Dk

∂λk

/
∂Rk

∂λk
, k = 1, 2, . . ., N. (18)

Therefore, (17) is solved as

λk =
λ

ωk
, k = 1, 2, . . ., N. (19)

Eq. (19) indicates that the λk of various CTUs should be in-
versely proportional to its ωk to optimize the R-D performance.
In addition, since ωk can reflect the perceptual quality of the
360-degree video, the proposed algorithm is able to improve
both the objective and subjective qualities significantly.

In addition to the constraint shown in (19), the sum of the
target bits of all the CTUs should be equal to the picture level
target bits,

N∑

k=1

Rk = Rt. (20)

Moreover, in theλ-domain rate control algorithm, theλk follows
a hyperbolic relationship with Rk,

λk = αkR
βk

k , k = 1, 2, . . ., N. (21)

Through combining (19), (20), and (21), we can derive the
following equation as

N∑

k=1

(
λ

αkωk

) 1
βk

= Rt. (22)

In (22), there is only one unknown parameter λ. However, it is
difficult for us to obtain the analytic solution of λ since the βk is
a negative decimal number. In fact, (22) can be solved using
numerical methods such as the bisection method. However,

since N is large for the high-resolution 360-degree videos, the
bisection method will increase the encoder complexity.

In this work, we consider that the average λ of all the CTUs
is approximated as the picture level λp. The average λ of all the
CTUs is the picture level actual λ. The picture level λp is the
calculated λ according to the picture level R-λ model,

λp = αpR
βp

t , (23)

where αp and βp are the picture level R-λ model parameters. As
the picture level model parameters are stable, we approximate
the picture level actual λ as the picture level λp. Note that the
average of λs is the geometric average instead of arithmetic
average as we try to keep the exponential relationships between
QP and λ in both picture and CTU levels,

N

√∏N

i=1

λ

ωi
= λp. (24)

In this way, the λ is calculated using the following equation
without complex calculations,

λ = λp
N

√∏N

i=1
ωi. (25)

Therefore, the target bits of each CTU are calculated as

Rk =

⎛

⎝λp
N

√∏N
i=1 ωi

αkωk

⎞

⎠

1
βk

, k = 1, 2, . . ., N. (26)

As we can see from (26), the target bits are related to the
content-related parameters αk, βk, and ωk. The content-related
characteristics are the key why the proposed CTU-level bit
allocation algorithm can achieve good performance. Note that
the actual bit cost of each CTU will not match exactly with the
CTU level target bits. Therefore, the CTU level target bits TRk

should be related to the remained picture level target bits LRP

and calculated as

TRk = Rk −
⎛

⎝
N∑

j=k

Rj − LRP

⎞

⎠
/

SW, k = 1, 2, . . ., N,

(27)
where SW is the slide window size that is set as 4 in our
experiments. Eq. (27) indicates that we will assign a less number
of bits to the current CTU when the actual bit cost of the previous
coded CTUs is more than the target bits and vice versa. We try
to balance the budget within SW .

After determining the CTU level target bits, the λ is then
calculated using (21) for the following encoding process. In the
general rate control algorithm, the λ of each CTU is clipped
within an offset of 2 using the λP to prevent the quality of
the current frame from fluctuating seriously. In this work, we
intentionally change the λs of all the CTUs. Therefore, the
clipping operation is changed accordingly as follows,

λclip,k =
λP

N

√∏N
i=1 ωi

ωk
, k = 1, 2, . . ., N, (28)

λk = clip(λclip,k × 2(−
2
3 ), λclip,k × 2

2
3 , λk)

k = 1, 2, . . ., N. (29)
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Fig. 3. The change of the model parameters α and β in the CTU level and
CTU row level.

The λk is clipped in the desired range within an offset of 2
to avoid the quality fluctuation on the sphere. The QPk of
the kth CTU is calculated according to λk using the following
equation [54],

QPk = 4.2003× ln(λk) + 13.7122, k = 1, 2, . . ., N. (30)

After the determination of the λk and QPk, we finish the
encoding process using RDO.

V. THE PROPOSED CTU ROW LEVEL RATE CONTROL

For the ERP format, we can see from Fig. 2(a) that all the
CTUs in the same row have the same weights. From (19),
we can see that the CTUs with the same weights should be
encoded using the same λ to achieve the best performance.
However, for each co-located CTU pair in the same hierarchical
level especially in the lower levels of the random access coding
structure, the content of each CTU may be unstable. The change
of the content may lead to the change of the αi and βi of the
ith CTU. Even if the λi is clipped in a suitable range, it may
still lead to an inaccurate bit allocation of the ith CTU and bad
influences on the bitrate accuracy and compression performance.
Therefore, we try to organize all the CTUs with the same weights
together to be a CTU row (CR) and propose a CR level rate
control algorithm in this section. Compared with the CTU level
model parameters, the model parameters of the CR level are
much more accurate since the video content of a CR is relatively
stable. We give a typical example of the change of the model
parameters α and β in the CTU level and CR level in Fig. 3.
We can see that the model parameters of the CTU level change

much more seriously than that of the CR level. Fig. 3 obviously
demonstrates that the model parameters in the CR level are more
stable than that in the CTU level.

The proposed CR level rate control algorithm is between the
picture level and CTU level. The CR level rate control algorithm
can be roughly divided into two processes: CR level λ and QP
determination, CTU level λ and QP determination. As the basic
process is similar to the CTU level rate control, we will just
introduce these concepts briefly in the following.

A. CTU Row Level λ and QP Determination

The CR level bit allocation algorithm tries to assign the
picture level target bits to each CR to minimize the picture level
distortion. The problem formulation is similar to the CTU level
bit allocation. Through solving a similar optimization problem,
we can obtain a CR level λ constraint similar to (19).

λk =
λ

Ωk
. (31)

The main difference is that ωk which indicates the weight of the
kth CTU is replaced by Ωk which is the weight of the kth CR.
The weight of the kth CR is equal to the sum of the weights of
all the CTUs in the CR,

Ωk =

Nk∑

i=1

ωi, (32)

where Nk is the number of CTUs in the kth CR. Then under
the constraint of the picture level target bits, we can estimate the
target bits of each CR using a similar equation as (27). The λk

of the kth CR is then calculated using (21) and clipped using
(28) and (29). The QPk of the kth CR is computed using (30).
Since the model parameters are much more stable in CR level
compared with that in the CTU level, the CR level λk will be a
good constraint for the CTU level rate control.

B. CTU Level λ and QP Determination

After we obtain the CR level target bits of the kth CR Rk,
the optimization target of the CTU level rate control becomes
minimizing the distortion of the kth CR under the constraint of
Rk,

min
λi
k

Nk∑

i=1

Di
k,

Nk∑

i=1

Ri
k ≤ Rk, i = 1, 2, . . ., Nk. (33)

Different from (13), the CTU level bit allocation under the
CR level rate control does not have any weight in front of the
distortion since all the CTUs in a CR have the same importance.
Using the method of Lagrange multipliers, (33) is solved as

λi
k = λk, i = 1, 2, . . ., Nk. (34)

Then the target bits Ri
k of the ith CTU in the kth CR are

calculated as

Ri
k =

(
λk

αi
k

) 1

βi
k , i = 1, 2, . . ., Nk, (35)
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Algorithm 1: CTU Row Level Rate Control.
1: Input: Picture level target bits Rt, Picture level λp,

CTU row level αk and βk, CTU level αi
k and βi

k

2: Output: CTU level λi
k, CTU level QP i

k

3: CTU row level λk and QPk determination
4: Ωk ← ωi �Eq. (32)
5: Rk ← Ωk, αk, βk, λp �Eq. (26)
6: TRk ← Rk, LRp, SW �Eq. (27)
7: λk ← TRk, αk, βk �Eq. (21)
8: λk clip operation �Eq. (28)(29)
9: QPk ← λk �Eq. (30)

10: CTU level λi
k and QP i

k determination
11: Ri

k ← λk, α
i
k, β

i
k �Eq. (35)

12: λi
k ← Ri

k, α
i
k, β

i
k �Eq. (21)

13: λi
k clip operation �Eq. (36)

14: QP i
k ← λi

k �Eq. (30)
15: QP i

k clip operation �Eq. (37)

where the αi
k and βi

k are the model parameters of the ith CTU of
the kth CR. Similar to the CTU level rate control, the real target
bits of each CTU are related to the remained bits in each CR
and calculated using a similar equation as (27). The λi

k is then
calculated using (21). Since the CTUs are in the same row, the
λi
k is clipped within a limited range of λk to prevent the quality

fluctuations of the CTUs with the same weights,

λi
k = clip(λk × 2(−

1
3 ), λk × 2

1
3 , λi

k). (36)

TheQP i
k is then computed using (30). TheQP i

k is clipped using

QP i
k = clip(QPk − 1, QPk + 1, QP i

k). (37)

The RDO process of each CTU is performed based on the λi
k

and QP i
k. A detailed description of the proposed CR level rate

control method is shown in Algorithm 1 for a better illustration.

VI. EXPERIMENTAL RESULTS

A. Simulation Setup

The proposed algorithms are implemented in the HEVC ref-
erence software HM16.20 [55] to compare with HEVC test
Model (HM) anchor with and without rate control. We also
compare the proposed algorithms with the state-of-the-art 360-
degree video rate control methods in [21] and [52]. To better
compare the proposed rate control algorithms with the HM an-
chor, we generate the target bitrates using the following steps. We
first run the anchor under the common test condition (CTC) for
the 360-degree video compression [3]. Then the bitrates gener-
ated by the anchor are rounded and used as the target bitrates for
the rate control algorithms. In this way, the comparison becomes
easier since the bitrate generated by the rate control algorithms
will be similar to that of the HM anchor. However, the bitrates
generated by all the algorithms are still not exactly the same.
Therefore, the Bjontegaard Delta rate (BD-rate) [56] is used
to measure the performance. The quality metrics WS-PSNR,
S-PSNR-NN, S-PSNR-I, CPP-PSNR that are more appropriate
for the 360-degree video are used as the quality measurements.

TABLE II
RESOLUTIONS FOR DIFFERENT PROJECTIONS

We test all the bitrates generated by the HM without rate control
using QPs 22, 27, 32, and 37. Since the proposed algorithms are
mainly proposed for the inter frames, we test the random access
main10 and low delay main10 configurations to demonstrate the
effectiveness of the proposed algorithms.

We test all the 360-degree videos defined in [3] and [57] to
validate the performance of the proposed algorithms. As shown
in Fig. 1, the 8 K, 6 K, or 4 K video source is first projected
to the 2D video formats for compression. We test the ERP,
compact CMP (CCMP), and two compact OHP (COHP1 and
COHP2) projection formats to demonstrate the benefits of the
proposed algorithms. The detailed resolutions of the projected
2D videos are shown in Table II. In the following, we will
first show the bitrate accuracy and the R-D performance of the
proposed CTU and CR level rate control algorithms. We will then
show some examples of bit cost per picture, R-D curves, and the
subjective improvements to further demonstrate the benefits of
the proposed algorithms.

B. Performance of the Proposed CTU Level Rate Control

1) R-D Performance of the ERP Format: Table III and
Table IV show the R-D performance of the proposed CTU level
bit allocation algorithm compared with the HM with and without
rate control in random access main10 and low delay main10,
respectively. From Table III, we can see that the proposed
algorithm can achieve an average of 3.1%, 3.1%, 3.1%, and
3.1% bitrate savings in random access main10 case compared
with the HM with rate control for the WS-PSNR, S-PSNR-NN,
S-PSNR-I, and CPP-PSNR, respectively. Compared with the
HM anchor without rate control, the proposed algorithm suffers
about 8.5% performance losses accordingly. From Table IV, we
can see that the proposed algorithm can achieve 5.5%, 5.5%,
5.5%, and 5.5% R-D performance improvements on average in
low delay main10 case compared with the HM with rate control
for the WS-PSNR, S-PSNR-NN, S-PSNR-I, and CPP-PSNR,
respectively. Compared with the HM anchor without rate con-
trol, the proposed algorithm can lead to about 5.0% performance
improvements accordingly. The experimental results obviously
demonstrate that the proposed CTU level rate control algorithm
can lead to significant bitrate savings compared with the HM
with rate control. In addition, the experimental results show
that the performance improvements brought by the proposed
algorithm are consistent under different quality metrics. In the
following, we will only show the performance of the proposed
algorithms under the WS-PSNR metric. Furthermore, we can
see that the encoder and decoder complexities of the proposed
algorithm are similar to the HM with and without rate control.
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TABLE III
THE PERFORMANCE OF THE PROPOSED CTU LEVEL RATE CONTROL PROBLEM FOR THE ERP FORMAT IN RANDOM ACCESS MAIN10 CASE

TABLE IV
THE PERFORMANCE OF THE PROPOSED CTU LEVEL RATE CONTROL PROBLEM FOR THE ERP FORMAT IN LOW DELAY MAIN10 CASE

In Table III and Table IV, we can see that the proposed CTU
level bit allocation algorithm can achieve obvious performance
improvements for 90% test sequences compared with the HM
with rate control. However, the proposed algorithm suffers 1.6%
and 0.5% performance losses for the sequence Broadway in the
random access main10 and low delay main10 cases, respectively.
Compared with the HM without rate control, the performance
loss of the sequence Train can be as high as 40.6%. This
loss is mainly caused by the following two reasons. First, the
characteristics of the sequence Train change seriously. The first
part of the sequence is stationary while the second part has many
motions. Therefore, fewer bits are assigned to the first part while
more bits are assigned to the second part in the HM without
rate control. However, in a rate control algorithm, we need to
keep the GOP level target bits stable, which inevitably leads to
some performance losses. Second, the stationary characteristic
of the first part results in many skip coding blocks that lead

to inaccurate CTU level models. The inaccurate models have
significant influences on the following bit allocation and rate
control algorithms. This problem can be partially alleviated
by the proposed CR level rate control algorithm that will be
illustrated in the next subsection.

2) Performance of the Other Projection Formats: Table V
and Table VI show the WS-PSNR performance of the proposed
CTU level rate control under the CCMP, COHP1, and COHP2
formats compared with HM with and without rate control in
random access main10 and low delay main10 cases, respectively.
From Table V, we can see that, compared with the HM with
rate control, the proposed algorithm achieves an average of
3.6%, 2.8%, and 2.7% bitrate savings in random access main10
case for the CCMP, COHP1, and COHP2 formats, respectively.
From Table VI, we can see that the proposed algorithm can
lead to 3.6%, 2.8%, and 3.7% R-D performance improvements
on average in low delay main10 case for the CCMP, COHP1,
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TABLE V
THE WS-PSNR PERFORMANCE OF THE PROPOSED CTU LEVEL RATE CONTROL PROBLEM FOR THE CMP, COHP1, AND COHP2 FORMATS

IN RANDOM ACCESS MAIN10 CASE

TABLE VI
THE WS-PSNR PERFORMANCE OF THE PROPOSED CTU LEVEL RATE CONTROL PROBLEM FOR THE CMP, COHP1, AND COHP2 FORMATS

IN LOW DELAY MAIN10 CASE

and COHP2, respectively. The proposed algorithm achieves
consistent bitrate savings for almost all the test sequences un-
der all projection formats. The proposed algorithm obviously
demonstrate the effectiveness of the proposed CTU level rate
control algorithm. Compared with the HM without rate control,
the proposed algorithm suffers about 8% performance losses
in random access main10 case while it achieves about 4%
performance improvement in low delay main10 case. In terms
of the complexity, the proposed algorithm leads to a similar
encoding/decoding time compared with HM with and without
rate control.

3) Bitrate Accuracy of the Proposed CTU Level Rate Control:
Table VII and Table VIII show the bitrate accuracy of the
proposed CTU level rate control method compared with the
HM16.20 rate control in random access main10 and low delay

TABLE VII
THE BITRATE ACCURACY COMPARISON OF THE CTU LEVEL RATE CONTROL

AND HM WITH RATE CONTROL IN RANDOM ACCESS MAIN10 CASE

main10 cases, respectively. We can see that the proposed CTU
level bit allocation algorithm achieves both smaller average
bitrate error and maximum bitrate error compared with the
original rate control method in HM for ERP, CCMP, COHP1,
and COHP2 formats, respectively. The experimental results
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TABLE VIII
THE BITRATE ACCURACY COMPARISON OF THE CTU LEVEL RATE CONTROL

AND HM WITH RATE CONTROL IN LOW DELAY MAIN10 CASE

TABLE IX
THE WS-PSNR PERFORMANCE OF THE PROPOSED CR LEVEL RATE CONTROL

ALGORITHM FOR THE ERP FORMAT IN RANDOM ACCESS MAIN10 CASE

show consistently better average bitrate accuracy in all these
projection formats. The benefits mainly come from a more rea-
sonable number of bits assigned to each CTU that can effectively
prevent the cases where the bits are unable to be achieved.

C. Performance of the CR Level Rate Control on ERP Format

Table IX shows the R-D performance of the proposed CR
level rate control algorithm in terms of WS-PSNR in random
access main10 case. Compared with the HM with rate con-
trol, the proposed CR level rate control algorithm is able to
achieve an average of 5.0% performance improvements. Ex-
cept for the sequence SkateboardingTrick that suffers a few
performance losses, the proposed algorithm can bring significant
performance improvements for all the other test sequences. The
experimental results obviously demonstrate the effectiveness of
the proposed CR level rate control algorithm.

Compared with the proposed CTU level bit allocation, the
proposed CR level rate control algorithm can lead to 1.9% bitrate
savings on average. For the sequence Train, the proposed CR
level rate control algorithm brings 8.9% performance improve-
ments compared with the CTU level bit allocation. The proposed
algorithm can lead to more accurate bit allocation and rate
control by providing an accurate CR level model. The CR level
λ calculated from the accurate CR level model is used as a good
constraint for the CTU level λ, and thus the proposed CR level
rate control can further improve the R-D performance. In terms
of complexity, the proposed algorithm has approximately the

TABLE X
THE BITRATE ACCURACY OF THE CR LEVEL RATE CONTROL IN RANDOM

ACCESS MAIN10 CASE

TABLE XI
THE S-PSNR PERFORMANCE OF THE PROPOSED CTU LEVEL BIT ALLOCATION

AND THE METHOD IN [21] COMPARED WITH THE HM ANCHOR WITHOUT

RATE CONTROL

same encoding and decoding time compared with the CTU level
bit allocation algorithm. Table X shows the bitrate accuracy of
the proposed CR level rate control algorithm. The proposed CR
level rate control algorithm brings both smaller average bitrate
error and maximum bitrate error compared with the CTU level
bit allocation algorithm.

D. Comparison With the State-of-the-Art Rate Control
for 360-Degree Video

To compare with the method in [21], we test our proposed
algorithm under low delay P main configuration for low bitrates
ranging from QPs 32 to 47. We test the sequences defined
in the IEEE 1857 working group [58]. Table XI shows the
experimental results comparison of the proposed CTU level bit
allocation with the method proposed by Liu et al.. We can see
that the proposed algorithm achieves an average of 2.4% R-D
performance improvement compared with Liu et al.’s method.
The method proposed by Liu et al. uses the pixel level weight that
has higher precision than the CTU level weight proposed in this
paper. Therefore, it leads to some performance improvements
compared with the proposed method for some sequences. How-
ever, without an explicit change to the bit allocation algorithm,
it may lead to some performance losses for the other sequences.
On average, the proposed algorithm leads to some performance
improvements compared with [21]. In addition, although no
complexity is shown in Liu et al.’s paper, we consider that the
algorithm will bring some complexity increase as it needs to
calculate the sphere MSE many times during the RDO.

We show the comparison between the proposed CTU level
bit allocation method and the method proposed by Li et al.
[52] in random access main10 and low delay main10 cases in
Table XII. We can see that the proposed algorithm can bring
4.2% and 4.4% R-D performance improvements on average in
random access main10 and low delay main10 cases, respectively.
The performance improvement is consistent for almost all the
sequences since the CTU level weights are used in a more proper
way under the proposed bit allocation method.
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Fig. 4. Some examples of the R-D curves for various projection formats.

TABLE XII
THE WS-PSNR PERFORMANCE COMPARISON BETWEEN THE PROPOSED CTU

LEVEL BIT ALLOCATION AND THE METHOD PROPOSED BY LI et al. [52]

E. R-D Curves

Some examples of R-D curves for different projection formats
in random access main10 case are shown in Fig. 4. We can see
that the proposed CTU level rate control algorithm can lead
to significant bitrate savings compared with the original rate
control algorithm in HM. We can also see that the benefits
are more obvious in high bitrate case compared with that in
low bitrate case. In high bitrate case, more blocks with small
weights and large λs will choose skip mode and thus can provide
more bits for the blocks with large weights and improve the
quality. In low bitrate case, the situation is not as obvious as the

high bitrate case. In addition, we can see that for the sequence
train, the CR level rate control algorithm can bring significant
gain compared with the CTU level rate control. However, it
still suffers obvious losses compared with the HM without rate
control. This is mainly due to the change of the characteristics
of the test sequence. The motion of the first half of the sequence
Train is slow while that of the second half becomes fast. For
the HM anchor without rate control, the bits can be assigned
according to the content. However, the rate control algorithm
needs to make the GOP level target bits steady, and therefore
leads to some performance losses.

F. Bit Cost Per Frame

Fig. 5 shows some examples of the bit cost per frame for
various projection formats in random access main10 and low
delay main10 cases. We can see from Fig. 5 that the bit cost
of various pictures in a GOP follows the hierarchical coding
structure in both cases. The intra frame consumes more bits
compared with the inter frames. Especially, in the low delay
main10 case, the difference between the picture level bit cost
under the original and proposed rate control algorithms is small.
The benefit of the proposed algorithm mainly comes from the
proposed CTU level bit allocation algorithm.

G. Subjective Quality

Some examples of the subjective quality improvements of the
proposed rate control algorithms for ERP and CMP formats are
shown in Figs. 6, 7, 8, and 9. Fig. 6 and Fig. 7 are 200× 200
regions cropped from the sequence DrivingInCountry, dynamic
view port 0 with size 856× 856. The sub-figures (a), (b), (c),
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Fig. 5. Bit cost per frame for various projection formats.

Fig. 6. View port subjective improvement of the ERP format. Test sequence: DrivingInCountry. Picture order count: 187. Configuration: random access. Target
bitrate: 2130 kbps. The region shown is a cropped 200× 200 zone staring at (300, 500) from the dynamic view port 0 with size 856× 856. (a) original sequence;
(b) HM16.20 RC (frame bit cost: 9376); (c) HM16.20 CTU level (frame bit cost: 7544); (d) HM16.20 CR level (frame bit cost: 7800).

and (d) are the original sequence, HM with rate control, the
proposed CTU level rate control, and the proposed CR level rate
control, respectively. From Fig. 6, we can see that the taillights
are encoded with better qualities under the proposed CTU and
CR level rate control algorithms compared with the HM16.20
original rate control algorithm. From Fig. 7, we can see that the
edges between the car and the mountain are encoded with better
qualities accordingly.

Fig. 8 and Fig. 9 are 500× 500 regions cropped from the
sequence SkateboardInLot, dynamic view port 0 with size
1816× 1816. The sub-figures (a), (b), and (c) are the original
sequence, HM with rate control, and the proposed CTU level
rate control, respectively. From Fig. 8 and Fig. 9, we can see that

the car is encoded with a better quality under the proposed CTU
level rate control algorithm compared with the HM16.20 original
rate control algorithm. All these results are obtained under the
same target bitrate. The experimental results obviously demon-
strate that the proposed algorithms are able to significantly
improve the subjective qualities of the 360-degree video com-
pression.

In addition, we show the BD-rate performance of various view
ports and dynamic view ports in Table XIII as the PSNR of
the view ports can partially reflect the subjective quality. Note
that the view ports and dynamic view ports are not selected
by ourselves but defined in the CTC. We can see that the
proposed algorithms show consistently better R-D performance
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Fig. 7. View port subjective improvement of the ERP format. Test sequence: DrivingInCountry. Picture order count: 115. Configuration: random access. Target
bitrate: 2130 kbps. The region shown is a cropped 200× 200 zone staring at (0, 600) from the dynamic view port 0 with size 856× 856. (a) original sequence;
(b) HM16.20 RC (frame bit cost: 7760); (c) HM16.20 CTU level (frame bit cost: 6264); (d) HM16.20 CR level (frame bit cost: 6336).

Fig. 8. View port subjective improvement of the CMP format. Test sequence: SkateboardInLot. Picture order count: 9. Configuration: random access. Target
bitrate: 2357 kbps. The region shown is a cropped 500× 500 zone staring at (1200, 1300) from the dynamic view port 0 with size 1816× 1816. (a) original
sequence; (b) HM16.20 RC (frame bit cost: 9304); (c) HM16.20 CTU level (frame bit cost: 8696).

Fig. 9. View port subjective improvement of the CMP format. Test sequence: SkateboardInLot. Picture order count: 165. Configuration: random access. Target
bitrate: 2357 kbps. The region shown is a cropped 500× 500 zone staring at (1200, 1200) from the dynamic view port 0 with size 1816× 1816. (a) original
sequence; (b) HM16.20 RC (frame bit cost: 20424); (c) HM16.20 CTU level (frame bit cost: 20304).
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TABLE XIII
THE PERFORMANCE COMPARISON BETWEEN THE PROPOSED RATE CONTROL

ALGORITHMS COMPARED WITH THE HM WITH RATE CONTROL FOR THE

VIEW PORTS DEFINED IN THE CTC IN RANDOM ACCESS MAIN10 CASE

for various view ports compared with the HM with rate control.
We can also see that the proposed CR level rate control can
bring better R-D performance compared with the CTU level bit
allocation for the ERP format.

VII. CONCLUSION

In this paper, we propose a λ-domain perceptual rate con-
trol algorithm for the 360-degree video compression. We first
propose a Coding Tree Unit (CTU) level weight for each CTU
and prove that this CTU level weight is optimal to measure
the importance of each CTU. Then based on the CTU level
weight, we propose a CTU level bit allocation algorithm that
can be applied to all the projection formats of the 360-degree
video. Furthermore, for the ERP format, a CTU Row (CR) level
rate control algorithm is proposed to make each CR achieve
the target bitrate more precisely. The proposed algorithms are
implemented in the High Efficiency Video Coding reference
software. The experimental results show that the proposed al-
gorithms are able to provide significant bitrate savings for mul-
tiple projection formats compared with the original rate control
algorithm in the HEVC reference software. The experimental
results demonstrate the effectiveness of the proposed algorithm.
In our future work, we will consider providing a more accurate
CTU level weight to optimize the performance of the proposed
algorithms. In addition, we will adapt the proposed algorithms
to more projection formats especially those with some padding
operations.
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