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Abstract—Rate control is an important technique for practi-
cal video coding applications by allocating suitable quantization
parameters (QPs) for CTUs or frames to satisfy bandwidth
requirement. However, rate control may result in video quality
fluctuation because neighboring regions are quantized into differ-
ent quality levels, which may affect viewing experience seriously,
especially at low bitrate scenarios. In this paper, we propose a
novel CTU (Coding Tree Unit) level rate control approach for
intra frame of the high efficiency video coding (HEVC) stan-
dard with consistent perceptual quality. In particular, a new
perceptual hyperbolic rate distortion (R-D) optimization method
is proposed for rate control with the constraint of constant per-
ceptual quality, which shows good compatibility with other R-D
models. Herein, a novel CTU level perceptual distortion model
is presented to achieve the optimal rate control of intra frames
for HEVC, where the Lagrange multiplier is adjusted by taking
advantage of the different perceptual characteristics to achieve
the minimal perceptual distortion variation across CTUs within
one frame. Extensive experiments prove that the proposed algo-
rithm outperforms the state-of-the-art CTU level rate control
methods by considering R-D performance. In addition, subjec-
tive simulation results demonstrate that our algorithm further
improves the visual quality of compressed videos by reducing
perceptual quality fluctuation.

Index Terms—Rate control, HEVC, perceptual distortion
model, Lagrange multiplier, perceptual quality consistency.

I. INTRODUCTION

W ITH the increasing demand for high-definition (HD)
and ultra high-definition (UHD) videos on various
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applications, e.g., the broadcast television, traffic surveillance
and Internet programs in daily life, it is challenging to utilize
them with high quality due to the bandwidth-insufficiency
problem. In order to alleviate the problem, efficient video
coding standards have been proposed in the past decades,
e.g., H.264/AVC [1] and H.265/HEVC [2]. During the devel-
opment, extensive video coding tools have been presented
to improve the compression performance [3], [4]. Besides
the coding tools, rate control (RC) is also a key factor in
exploiting the potential of video coding standards, which aims
to minimize the coding distortion under bandwidth-limitation
constraints.

A typical rate control algorithm in video coding consists
of two goals [5], i.e., optimizing the bit allocation process to
achieve minimal distortion and estimating an accurate quan-
tization parameter (QP) to approach the target bitrate. To
achieve the two targets, various rate control algorithms have
been proposed and implemented at different coding levels,
such as the group of picture (GOP) level [6], frame level [7]
and macroblock (MB) level [8] or CTU level [9]. Rate control
methods performed at different levels contribute differently
to compression performance and video quality. For example,
the GOP and frame level rate control methods mainly influ-
ence the buffer control accuracy significantly while the MB
level or CTU level rate control approaches can improve the
rate-distortion (R-D) performance [10].

In H.264/AVC and the early HEVC reference software
(HM6.0), the rate control schemes are mainly performed in
Q-domain [11]–[14] and λ-domain [7], [15]–[17]. These meth-
ods are mainly derived by formulating the relationship between
the rate R and quantization step Q or zero-valued transformed
coefficients, respectively. Most of the rate control schemes in
the Q-domain utilize a quadratic function of Q to approach R.
One typical quadratic R-Q rate control model was introduced
in [11], which was widely utilized in H.264/AVC. With the
quadratic function, an optimal formulation was proposed to
minimize the distortion at given bitrates by a switched mean
absolute difference (MAD) prediction method [12], which can
improve the RC performance for H.264/AVC. Furthermore, as
an extension of the quadratic rate control model, the pixel-
wise unified R-Q model (URQ) was proposed for HEVC [13]
in which the complexity measurement for rate estimation was
also based on MAD. However, the URQ model suffers from
inaccurate results of rate control due to the more flexible par-
tition structures in HEVC, and the R-Q model fails to achieve
acceptable performance without header bits consideration. In
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addition, the well-known “chicken and egg” dilemma [14]
for Q and R-D process also can result in inaccurate
results.

In the ρ-domain, the rate model is established based
on the percentage of zero quantized coefficients [15], [16].
Compared with the conventional ρ-domain models, Liu et al.
proposed a novel linear model to optimize the frame level
Q for rate control of scalable video coding [16]. For HEVC,
Wang et al. [17] developed a ρ-domain based quadratic rate
quantization model, in which QP determination was performed
within GOPs. However, as aforementioned analysis, both the
Q-domain and ρ-domain rate control models are not very
suitable for HEVC due to the more flexible partitions.

To improve the rate control performance for HEVC, the
Lagrange multiplier based rate control algorithms have been
studied and integrated into the later HEVC reference soft-
ware [18], [19], which can be denoted as the λ-domain rate
control schemes. In the λ-domain, the Lagrange multiplier is
employed to adjust the rate and distortion during encoding
process instead of determining the Q directly. Although the
R-λ model can outperform the URQ model due to the overall
bitrate consideration, it only takes the target bits into account
but ignores the characteristics of video content complexity.
For better performance of R-λ rate control, recently, both the
frame level and basic unit level bit allocation algorithms were
designed based on the R-D constraint with the content-guided
principles in [20]. It achieved obvious improvement on R-D
performance and was adopted in the HEVC reference soft-
ware, such as the HM16.0. An optimal bit allocation scheme
for CTU level RC was presented in [5] by utilizing a novel
R-D estimation with an optimization formulation to improve
the estimation accuracy, and it obtained coding gains in low
delay configuration of HEVC. Besides these RC schemes, a
complexity based intra frame rate control method by jointly
utilizing inter-frame correlation for HEVC was developed to
smooth quality variations among inter frames [21].

However, the above RC methods mainly focused on mean
square error (MSE) based distortion metric, which is not well
correlated with perceptual quality [22]. To further improve
the perceptual quality, an SSIM (Structure Similarity Index
Metric) inspired two-pass rate control method was introduced
based on R-λ model for HEVC [22], in which λ was derived
according to the Laplacian based rate model and percep-
tual distortion via the first pass coding. Another SSIM based
game theory approach for CTU level bit allocation algorithm
was proposed for intra frames in [10], but the bitrate con-
trol process was not optimized. In [23], Zhou et al. proposed
another CTU level rate control method with SSIM-based
global optimization using divisive normalization scheme to
characterize the relationship between local visual quality and
coding bits. Although many rate control works on HEVC have
been proposed, there are still several main insufficiencies in
them as follows.

1) For HEVC, it consists of three coding structures, i.e.,
all intra (AI), low delay (LD) and random access (RA). The
compression performance of intra frames not only occupy the
AI structure but also can greatly influence the other frames
in LD and RA structures. However, most existing rate control

algorithms mainly focus on the LD and RA coding structures.
Efficient CTU level rate control for intra frames is rarely
studied, which remains improvement room for rate control.

2) The R-D performance can be improved by CTU level
rate control while the quality fluctuation may increase. Since
quality consistency plays a key role in video quality of expe-
rience, only focusing on the R-D performance cannot ensure
optimal perceptual quality for human visual system (HVS).

3) Several quality consistency oriented rate control meth-
ods have been proposed for different coding levels to improve
visual quality. However, to the best of our knowledge, there are
no CTU level rate control algorithms to improve the perceptual
quality consistency for intra frames particularly.

In this paper, we propose a novel perceptual quality con-
sistency optimized CTU level rate control approach for intra
frames of HEVC. The major contributions of our work can be
summarized in three aspects. Firstly, we propose a consistent
quality assumption for rate control model, in which a general
optimal solution is derived with the minimal perceptual dis-
tortion variation constraint in the R-D optimization process.
The solution is compatible with most of R-D optimization
schemes. Secondly, a specific CTU level perceptual rate
control method is proposed based on a just noticeable dif-
ference (JND) model, which achieves the final R-λ rate
control with consistent perceptual quality for CTUs within an
intra frame. Finally, extensive experiments are conducted with
detailed analysis to prove the performance of the proposed
algorithm.

The rest of this paper is organized as follows. Several related
works are introduced and analyzed in Section II. In Section III,
the R-D functions at different levels are investigated, with
which we propose a novel CTU level rate control algorithm for
intra frames to achieve perceptual quality consistency. To solve
the optimization problem in HEVC, a CTU level masking
effect model is then presented based on a spatial JND model
in Section IV. Experimental results are shown in Section V
and Section VI presents the conclusions of our work.

II. RELATED WORK IN HEVC

Since our goal is to improve the rate control performance
of intra frames in HEVC, we present a brief review of related
work to facilitate the study of this paper. The R-D models,
rate control models and consistent quality optimization study
of rate control for HEVC are introduced as follows.

A. R-D Models

The R-D relationship plays an important role in video
coding and two typical R-D schemes are studied in main-
stream video coding standards [1], [2]. One of them can be
approximated as an exponential function [24],

D(R) = Ce−KR, (1)

where C and K are the video content related model parame-
ters. In addition, the exponential R-D model can be expressed
equivalently as a logarithmic model [25], [26],

R(D) = k1log

(
η2

D

)
, (2)
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where k1 is the model parameter and η2 is the signal
variance. For convenient utilization in video coding, several
polynomial approximate functions are proposed with Taylor
expansion [26], [27]. For example, a typical quadratic R-D
model for rate control [11] was described as,

R(D) = k2D−2 + k3D−1, (3)

where k2 and k3 are controlled by video contents.
The exponential R-D models are widely investigated for

video coding standards including MPEG-4, H.264/AVC, and
early HEVC. However, these R-D schemes are mainly
proposed based on the high bitrate assumption [24], in which
the header bits are ignored. They are not suitable for HEVC to
some extent since more proportion of header bits is observed.

Another R-D model was introduced by Mallat and
Falzon [28], i.e., the hyperbolic R-D model as expressed as,

R(D) = CR−K, (4)

where C and K are also the parameters related to video
contents and different from those in the equation (1).
Several works were also studied with the hyperbolic model
for H.264/AVC to achieve better performance [29], [30].
Moreover, for HEVC, it has been proved that the hyperbolic
model is better than the exponential model in characteriz-
ing the R-D relationship [18], [19]. Therefore, the hyperbolic
function dominates the rate distortion optimization (RDO) for
performance improvement of HEVC [5], [20], [21].

B. Rate Control Models for HEVC Intra Frames

Several typical and improved rate control models are
proposed for HEVC [5], [18]–[21]. However, rare works are
focused on the CTU level rate control for intra frames. In [18],
a typical R-λ rate control method as the proposal of JCTVC-
K0103 determined the CTU level QP and Lagrange multiplier
λ using the same strategy as the frame level method for the
first intra frame. A special intra frame rate control method
with the sum of absolute transformed difference (SATD) as
the complexity of each CTU was proposed in the JCTVC-
M0257 [31], in which the complexity was accumulated by the
SATD of all 8x8 blocks of the CTU. With intra frame rate
control of JCTVC-M0257, more accurate rate control can be
obtained than the method in JCTVC-K0103. Instead of SATD,
the gradients were employed as the intra frame content com-
plexity [32]. In [32], the relationship between the rate-gradient
and the Lagrange multiplier λ was modeled and the gradient
based R-λ rate control method (GRL) for intra frames was
presented. The GRL achieved smaller QP fluctuation and more
stable buffer status compared to the JCTVC-M0257.

These methods only utilize specific complexity metrics
(SATD or gradient) of original CTUs to perform the intra
frame rate control, while they ignore the diverse R-D char-
acteristics among CTUs within one frame. By taking the
R-D characteristics into account, an SSIM based game theory
approach for rate distortion optimized CTU level bit allocation
algorithm was proposed for intra frames in [10]. Each CTU
was modeled as a player and the Nash bargaining solution was
used to achieve the optimal bit allocation with a SSIM based

initial minimum utility. Although the game theory guided
method can improve the compression performance, it only
focused on the bit re-allocation according to the SSIM charac-
teristics of CTUs while the bitrate control process remained the
same as the default R-λ rate control model [18]. In addition,
the quality of compressed intra CTUs can affect other CTUs
in intra and inter frames. With this assumption, a complexity
based intra frame rate control by jointly utilizing inter frame
correlation was developed in [21] and Li et al. [33] presented
a CTU dependent distortion model for HEVC intra coding, in
which a SAD (Sum of Absolute Difference) based formula-
tion was derived for five intra mode categories. However, the
R-D characteristics were not fully considered, and the SAD
approximated method was not accurate enough.

Although these methods [10], [18], [21], [31]–[33] can
achieve various performance improvements for intra rate
control with the quality evaluation metrics including PSNR
(Peak Signal to Noise Ratio) and SSIM, two important
issues remain to be further studied, i.e., the consistent qual-
ity optimization and perceptual quality regulation for final
reconstructed frames.

C. Consistent Quality Optimization in RC for HEVC

Quality consistency is an important factor in the viewing
experience of compressed frames. More consistent quality
can result in better objective and subjective performance
for HVS. To pursue quality consistency, many efforts have
been conducted for different video standards [34]–[41]. A
rate control scheme using R-D estimation model depicted
in [34] can produce a more consistent quality among con-
secutive frames than MEPG-2 TM5 model. Xie and Zeng
proposed a sequence based frame-level bit allocation frame-
work employing a rate-complexity model. The model can
well represent the non-stationary characteristics of videos [35],
and is benefit to achieve less quality flicker. For H.264/AVC,
a sliding window-level rate control scheme was devised to
achieve performance gains including better consistent qual-
ity and buffer control [36]. Another latest constant objective
quality video coding strategy [41] was presented for HEVC by
designing the assumption about constant R-D characteristics
among consecutive frames to adjust to Lagrangian multiplier.

A few rate control works with consistent quality have
been studied for HEVC [37]–[40]. Distortion-quantization
and rate-quantization models were established in the ρ-
domain according to the Laplacian distribution of transformed
coefficients [37]. In [37], frame-level QP was derived accord-
ing to the distortion of previous frames, and it achieved better
consistent quality than conventional methods. With the consid-
eration of inter frame characteristics, Li et al. introduced an
inter-dependent distortion model based rate control for consis-
tent video quality [38]. The optimal rate control method can
significantly reduce the fluctuation of video quality. However,
it mainly focused on the rate control of inter frames. A new
relationship between the distortion and the Lagrange multiplier
was established in [39] and based on the relationship, an
optimal rate control method minimizing the distortion vari-
ation across video frames at CTU level was presented. The
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TABLE I
CTU-LEVEL HYPERBOLIC FITTING CORRELATION COEFFICIENTS BETWEEN RATE AND BISTORTION

Lagrange multiplier in [39] was adjusted according to the dis-
tortions of previous CTUs to benefit the quality deviation. But
the method still only focused on the inter CTUs rate control
and the co-located CTU’s distortion may differ a lot from true
distortion of current CTU, especially when there exists scene
changes or large motions. A two pass rate control method
which aims for consistent quality by down sampling video
coding was given in [40], where the Lagrange multiplier was
derived from the first pass and then was applied to reduce
quality fluctuation.

Obviously, although these existing consistent quality ori-
ented algorithms can help to smooth the compressed video
quality, most of them concentrated on the quality fluctuation
among inter frames while ignoring the quality deviation within
an intra frame. What is more, to the best of our knowledge,
none of the existing work has taken the HVS characteristics
into account to optimize the rate control of HEVC intra frames
for better consistent visual quality.

III. CTU-LEVEL INTRA FRAME RATE CONTROL FOR

CONSISTENT PERCEPTUAL QUALITY

The RDO technique has been widely applied in mainstream
video coding standards [1], [2], which is performed to solve
the trade-off problem between the rate R and the distortion D
for each CTU. Larger rate R will result in smaller distortion
D and vice versa. Thus in this paper, we will investigate the
RDO based rate control for consistent perceptual quality. The
algorithm is formulated with a general perceptual distortion
based RDO function firstly, and then applied in CTU level
rate control using JND model to construct perceptual distortion
metric in Section IV.

In general, given a target bitrate budget RT , the RDO process
can be described as,

min{D}, s.t. R ≤ RT . (5)

The function can be converted to an unconstrained problem
with the Lagrangian cost optimization method [42] as,

min{J}, J = D + λR. (6)

With the assumption that the R-D relationship is convex,
the Lagrange multiplier λ can be computed by,

λ = −∂D

∂R
. (7)

It can be seen that the rate R and the distortion D are
both influenced by the factor, Lagrange multiplier λ. For lossy
video compression, the distortion D is determined by the QP,
which is calculated with the Lagrange multiplier λ in HEVC
reference software [18] as,

QP = 4.2005 · ln(λ) + 13.7122. (8)

For the influence of the rate R, the Lagrange multiplier
λ not only affects the residue bits but also determines the
non-residue bits, such as the header bits. Thus, λ can pro-
duce significant influence on the selection of the best partition
modes and motions etc. during the RDO process.

In general, the R-D model of equation (4) can be approx-
imated by the frame level distortion and rate results [18].
However, the R-D characteristics vary a lot among CTUs,
which are different a lot from frame level results. For the
effectiveness of the hyperbolic model for CTU level rate con-
trol, we will investigate the CTU-level R-D characteristics of
intra frames in the following section.

A. CTU Level R-D Modeling for Intra Frame

The RDO process is performed for CUs with different sizes
from 8 × 8 to 64 × 64 in HEVC, while λ is the same for the
whole CTU during the CTU level rate control. That is to say,
the CTU level rate control is modeled with the characteristics
of the largest coding unit (LCU) in size of 64 × 64. To study
the CTU level R-D relationship in intra frames, sequences
BasketballDrive, ParkScene, BasketballDrill, and PartyScene
from [43] with their first frames are selected and compressed
at QP = 38, 41, 44, 47. The distortion and rate results of nine
random LCUs at different regions of each frame are recorded.
The hyperbolic function is applied for the rate and distortion
of each LCU/CTU in the form of bpp (bit per pixel) and MSE
(Mean Square Error). The correlation coefficients are listed in
Table I while approximated hyperbolic relationships between
the rate and distortion of several random CTUs are shown
in detail in Fig. 1. It can be seen that the hyperbolic func-
tion is accurate enough to fit the bpp and MSE for all CTUs
with the fitting correlation coefficient (CC) up to 98.57% on
average. Thus, although the fitting parameters differ a lot, the
hyperbolic function can also be utilized for the CTU-level R-D
modeling in intra frames. Similar results can be also found for
exponetial R-D models. Therefore, we can apply similar R-D
formulations for both CTU-level and frame-level rate control.
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Fig. 1. CTU-level R-D hyperbolic relationships. (a) BasketabllDrive
(b) PartyScene.

B. Perceptual Quality Consistency Rate Control

With the HVS consideration, distortions below certain
thresholds cannot be perceived by HVS. For example, the dis-
tortions with the same magnitude in simple plane areas are
easier to be perceived than those in complex texture areas
for HVS. It is caused by the masking effect, which means
the reduced capability of HVS to detect a stimulus with a
spatially and/or temporally complex background. Thus, the
pixel-level distortion metric, e.g., MSE, cannot well reflect the
HVS characteristics. To achieve consistent perceptual quality
of compressed videos, the CTU-level perceptual distortion is
taken into account in this paper. We define the masking effect
of a CTU as M, and formulate the perceptual distortion as,

PDi =
{

0, if Di ≤ Mi

Di − Mi, others
, (9)

where i is the CTU index in a frame, D is the objective distor-
tion measured by MSE. It can be seen that when the objective
distortion of a CTU is no more than its masking effect, the
compression distortion cannot be perceived.

Similar to the objective quality consistency optimization
in [44], the consistent quality assumption means that the
minimum coding quality variance among CTUs. To achieve

the consistent perceptual quality of CTUs in a frame, our
optimized objective function is formulated as,

arg min

{
1

N

∑
[PDi − PDF]2

}
, s.t.

∑
Ri ≤ RT , (10)

where N is the number of CTUs in a frame, and PDF is
the average perceptual distortion at frame level. Hence, the
goal of perceptual quality consistency rate control is to find
an optimal solution to the equation (10) with the minimum
perceptual distortion variance. We assume that the perceptual
distortion of each CTU is consistent, denoted as σ , which can
be expressed as,

PDi = Di − Mi = σ. (11)

We can derive that the frame-level perceptual distortion also
equals to σ , since the term PDF is computed as,

PDF = 1

N

N∑
i=1

(Di − Mi)

= DF − MF = 1

N
· N · σ

= σ, (12)

where the DF and MF are the frame-level average MSE
and masking effect, respectively. Apparently, if equation (11)
and (12) can be achieved by the rate control, we can obtain
the consistent quality for an intra frame with similar perceptual
distortions of CTUs.

In our method, for the bit rate at the frame level and CTU
level, we firstly denote their relationships as the function of
distortions as, {

RF = f (DF)

Ri = f (Di)
. (13)

Then based on the consistent quality assumption, DF and
Di are calculated by,{

DF = MF + σ = f −1(RF) = f −1(RT)

Di = Mi + σ = f −1(Ri)
. (14)

Considering the Lagrange multiplier computation in equa-
tion (7), the Lagrange multipliers are rewritten as,{

λF = − ∂DF
∂RF

= − 1
f ′

(DF)

λi = − ∂Di
∂Ri

= − 1
f ′

(Di)

, (15)

where λi and λF denote the CTU level and frame level
Lagrange multipliers, respectively. Thus, the relationship
between the λi and λF is obtained by,

λi

λF
= f

′
(DF)

f ′
(Di)

. (16)

With equation (12), we can get the expression f
′
(Di) as,

f
′
(Di) = f

′
(Mi + σ)

= f
′
(Mi + DF − MF)

= f
′
(DF + �Mi), (17)

where �Mi is the masking effect difference of CTUs from
that of the frame. The larger �Mi implies that the current
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CTU has larger masking effect, which means its distortions
can be masked more than other CTUs and vice versa.

The CTU level λi can be derived as,

λi = f
′
(DF)

f ′
(Di)

λF

= f
′
(MF + σ)

f ′
(Mi + σ)

λF

= f
′
(f −1(RT))

f ′
(f −1(RT) + �Mi)

λF. (18)

Therefore, the perceptual CTU level rate control can be real-
ized with the adaptive Lagrange multiplier of equation (18).
Moreover, the optimal solution is compatible well with main-
stream R-D models for rate control algorithms including the
exponential and the hyperbolic function schemes. For exam-
ple, an approximated inverse R-D model from the exponential
scheme can be given as,

R = f (D) = k

D
, (19)

where k is the empirical rate control parameter. Assuming that
k is constant in a frame, by substitute the equation (19) into the
equation (18), we can get the perceptual CTU level Lagrange
multiplier λi as,

λi = (1 + �Mi · RT

k
)2λF. (20)

Besides the λ-domain rate control algorithms, the optimal
process can also be conducted for the Q-domain methods.
For traditional Q-domain rate control methods, the relationship
between λ and Q is expressed as,

λ = ω · Q2, (21)

where ω is a fitting parameter determined according to coding
settings. Similarly, for the simple first-order R-D model, we
can have the adjusted Q according to the masking effects as,

Qi = (1 + �Mi · RT

k
)QF, (22)

where QF is the default frame level quantization step.
Hence, the proposed perceptual quality consistency rate con-

trol algorithm of intra frame has good compatibility with
different R-D models, which can be extended to popular video
coding standards including H.264/AVC and H.265/HEVC.

IV. JND TUNED LAGRANGE MULTIPLIER FOR INTRA

FRAME RC WITH CONSISTENT PERCEPTUAL QUALITY

In order to obtain the final CTU level intra frame rate control
for HEVC, we should select an effective perceptual model
to measure the HVS characteristics. In this paper, the JND
model is utilized to achieve the CTU level perceptual distortion
model as a specific case and the rate control for perceptual
quality consistency optimal function in λ-domain is introduced
and solved in this section, respectively.

A. JND Based CTU Level Perceptual Masking Effect

For HVS, the visual resolution is limited, which means we
cannot perceive the distortions below certain thresholds. The
thresholds can be estimated by a JND model, which indicates
the distortion that observers can just figure out for each pixel.
“Low-level” visual characteristics, such as luminance adap-
tion, spatial texture visual masking effect, contrast sensitivity
function, etc., are usually utilized to formulate JND function
in different domains [45]–[47]. It has been proved that JND
model can help to improve the perceptual quality in rate con-
trol [48], [49] and we also exploit a similar JND model here
for consistent perceptual quality improvement. Cognition sci-
ence research shows that HVS is adaptive to extract the visual
regularities from an input scene for content perception and
understanding. With the characteristics, we adopt the pixel
domain JND estimation model in [46] to formulate the spatial
masking effect model including the luminance adaptation and
visual masking as,

JND(p) = LA(p) + VM(p) − 0.3 · min{LA(p), VM(p)}, (23)

where p denotes one pixel in a CTU. LA is the luminance
adaptation for the pixel and is calculated as,

LA(p) =
⎧⎨
⎩

17 ·
(

1 −
√

B(p)
127

)
, if B(p) ≤ 127

3
128 · (B(p) − 127) + 3, else

, (24)

where B is the average background luminance of a 5×5 block.
The larger the background luminance, the larger the masking
effect can be derived for spatial masking effect.

The term VM is the visual masking, which is calculated
according to luminance contrast and texture regularity masking
effect as,

VM(p) = Lc(p) · N (p) = 1.84 · L2.4
c

L2
c + 262

· 0.3 · N 2.7

N 2 + 1
, (25)

where Lc is the luminance contrast. N is the number of quan-
tified orientation differences, which denotes the orientation
complexity and regularity masking effect. More details can
be found in [46].

When observing a video frame, HVS cannot distinguish the
pixel-level distortion well, which implies we may mainly focus
on a region and the region level masking effect dominates
the perceptual quality rather than the pixels’ variation. In this
paper, each region is denoted as a CTU with size of 64 × 64
in the rate control. Considering the JND value indicating the
masking effect of each pixel in a CTU, we define a simple
CTU-level masking effect model by averaging JND values as,

Mi = 1

P

∑
p

JND(p), (26)

where the P is the number of pixels in current CTU. It can
be seen that the larger the JND, the larger the masking effect
can be obtained for the CTU.

B. JND Based λ-Domain CTU Level Rate Control

With the optimal perceptual quality consistency rate control
function in equation (18) and the CTU level masking effect
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model, we will give the detailed perceptual CTU level λ com-
putation process as follows. Firstly, with the hyperbolic R-D
model, we can have,⎧⎨

⎩
RF = f (DF) = (DF

CF
)
(− 1

KF
)

Ri = f (Di) = (Di
Ci

)
(− 1

Ki
)

, (27)

where the parameters CF, KF, Ci and Ki are the constants for
frame level and CTU level rate control, respectively. Then
differential results of equation (27) can be derived as,⎧⎨

⎩
f

′
(DF) = − 1

KF
(CF)

1
KF · D

− KF+1
KF

F

f
′
(Di) = − 1

Ki
(Ci)

1
Ki · (DF + �Mi)

− Ki+1
Ki

. (28)

Substitute equation (28) into the equation (18), we can have
the CTU level λi as,

λi = Ki(Ci)
1

Ki

KF(CF)
1

KF

· D
− Ki+1

Ki
F

(DF + �Mi)
− Ki+1

Ki

· D
1

Ki
− 1

KF
F · λF

= Ki(Ci)
1

Ki

KF(CF)
1

KF

· (1 + �Mi

DF
)

Ki+1
Ki · D

1
Ki

− 1
KF

F · λF

= A · (1 + �Mi

DF
)

Ki+1
Ki · λF, (29)

where the term A is expressed as,

A = Ki(Ci)
1

Ki

KF(CF)
1

KF

· D
1

Ki
− 1

KF
F . (30)

Thus, with equation (4) and the target frame level bits RT ,
the optimal λi can be computed by,

λi = A ·
(

1 + �Mi

CFR−KF
F

)Ki+1
Ki

· λF

= A ·
(

1 + �Mi

CFR−KF
T

)Ki+1
Ki

· λF. (31)

For the convenience of rate control implementation on the
reference software of HEVC, the Lagrange multiplier in the
equation (7) is denoted as,

λ = CK · R−K−1 � αR−β, (32)

where α and β are the rate control parameters updated during
video coding, which can be expressed as,{

α = CK
β = K + 1.

(33)

Based on the equation above, C and K are calculated by,{
K = β − 1
C = α

K = α
β−1 .

(34)

Therefore, with frame level and CTU level parameters in
equation (34), we can also rewrite the λi as,

λi = A ·
⎛
⎝1 + �Mi

αF
βF−1 R1−βF

T

⎞
⎠

βi
βi−1

· λF. (35)

From the equation above, we can find that the optimal CTU
level λi is determined by both the frame-level target bits RT

and masking effect difference �Mi. Considering RT is con-
stant for an intra frame, λi is dominated by �Mi. Apparently,
Lagrange multipliers for the CTUs with larger masking effect
will be larger than those CTUs with smaller masking effect. It
means that we can apply larger quantization steps on them to
reduce more bits without perceptual distortion increase. While
for CTUs with smaller Lagrange multipliers, coding modes
with smaller perceptual distortion are selected. This strategy
can help to achieve the perceptual quality consistency among
CTUs in an intra frame. Moreover, the proposed CTU level
rate control is directly conducted with the frame level target
RT instead of the estimated CTU level bit allocation, which
can further help reduce the bitrate fluctuation.

It can be seen that in the equation (35), λi is related to both
the CTU level and frame level updated parameters, which may
require different updating models. Considering the complexity
of the parameter updating method, we also only update these
parameters at frame level for simplification, which is similar
to the JCTVC-M0257 [31], i.e., αi = αF and βi = βF . Thus,
A = 1 and the proposed optimal CTU-level λi is given as,

λi =
⎛
⎝1 + �Mi

αF
βF−1 R1−βF

T

⎞
⎠

βF
βF−1

· λF. (36)

Substitute λi into equation (8), the optimal quantization
parameter QPi can be achieved for each CTU. In addi-
tion, for further consistent quality consideration, the final
λi is restrained by the maximum and minimum frame level
Lagrange multiplier, λF max and λF min, as,

λ∗
i = min(max(λi, λF max), λF min), (37)

where λF max and λF min are expressed as,{
λF max = exp((QPF max − 13.7122)/4.2005)

λF min = exp((QPF min − 13.7122)/4.2005)
, (38)

where the QPF max and QPF min are the empirical constraints
obtained by the default frame level QPF with offsets 2 and
−2, respectively. The overall procedure of the proposed CTU
level rate control algorithm for consistent perceptual quality
of intra frame in HEVC is briefly shown in Algorithm 1.

V. EXPERIMENTAL RESULTS

A. Experimental Environment Setup

In order to verify the performance of the proposed con-
sistent perceptual quality rate control (PRC) for intra frames
of HEVC, we conduct extensive experiments on HM16.0. The
all intra configuration with CTU level rate control is employed
for experiments. Since we only focus on the rate control of
intra frames, several the state-of-the-art intra rate control algo-
rithms are selected for comparison including the algorithms in
JCTVC-M0257 [31], JCTVC-K0103 [18] and the GRL rate
control method [32].

As recommended in [43], 18 video sequences with all
frames and default frame rates from Class A to Class E are
selected for the test. With low bitrate consideration, four fixed
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Algorithm 1 Consistent Perceptual Quality Control Algorithm
1: Step 1: Conduct the default frame-level rate control.

Obtain the frame-level target bits RT , QPF , αF and βF .

2: Step 2: Masking effect computation.
3: 2.1: Calculate the JND values for each pixel of the

current frame by equation (23);
4: 2.2: Calculate the CTU level masking effect Mi from

equation (26) and average them to obtain MF;
5: Step 3:
6: 3.1: Begin with the CTU as i = 0;
7: 3.2: Compute the masking effect difference �Mi;
8: 3.3: Substitute the parameters RT , αF , βF , and the

frame-level λF into equation (36) to obtain the λi as,

λi =
(

1 + �Mi
αF

βF−1 R
1−βF
T

) βF
βF−1

· λF;

9: 3.4: Adjust the CTU-level λi according to the equation
(37) to obtain the final perceptual λi

∗ as,
λ∗

i = min(max(λi, λF max), λF min);

10: 3.5: Compute the perceptual QPi with λi
∗ as,

QPi = 4.2005 · ln(λ∗
i ) + 13.7122;

11: 3.6: Compress the current CTU with λi
∗ and its QPi;

12: 3.7: Set i = i + 1 and if i > N, finish CTUs coding in
a frame and jump to Step 4; Otherwise jump to Step 3.2;

13: Step 4: Update the frame-level parameters αF and βF by
real bits Rbpp,real and target bits Rbpp,T as,

αF,new = αF,olde�λF ;

βF,new = βF,old + �λF
ln(MF/Rbpp,real)

;

�λF = 0.25 · βF,old(ln(Rbpp,real) − ln(Rbpp,T));

14: Step 5: Continue rate control process from Step 1 to Step
4 for another frame until the sequence end.

QP as 38, 41, 44 and 47 are set to perform video coding
on sequences without rate control at first, denoted as FixQP
method. Then the bitrates of FixQP based compression are
set as the target bitrates for all rate control algorithms in this
paper. The performance of JCTVC-M0257 rate control method
is selected as the anchor for comparisons with other algo-
rithms. It should be noted that the GOP level and frame level
rate control process are kept the same as the default method
of HM16.0. Detailed experimental results including the RC
accuracy at different levels, the objective and perceptual R-D
performance, the quality variation and the subjective quality
with coding complexity are compared and provided for all rate
control algorithms in the following subsections.

B. RC Accuracy

In this subsection, the RC accuracy results are evaluated.
Firstly, since the CTU level λi is directly given according
to the masking effect, frame-level target bits and frame level
Lagrange multiplier in equation (36), we have not performed
the CTU level bit allocation process as [18], [31]. Thus, there

Fig. 2. Frame-level bit fluctuation comparisons. (a) PeopleOnStreet(2560 ×
1600)@ 6771 kbps/s (b) Cactus(1920×1080)@ 3603 kbps/s (c) BQMall(832×
480)@ 1220 kbps/s.

TABLE II
VIDEO LEVEL RC ACCURACY COMPARISONS

are not CTU level target bits and the CTU level RC accuracy
evaluation is ignored here.

Secondly, for frame level RC accuracy assessment, the
frame level bitrate fluctuations from three sequences are eval-
uated and compared frame by frame for random frames in
Fig. 2. Our method shows comparable stability with JCTVC-
M0257 method, which demonstrates our algorithm’s good
compatibility with HM16.0.

Finally, the average RC accuracy of whole frames of each
video is tabulated in Table II. Our method also achieves
acceptable performance with a little loss compared with
JCTVC-M0257. Therefore, in comparison with other methods
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TABLE III
PSNR BASED BDBR COMPARISONS OF RATE CONTROL METHODS

at different levels, our CTU-level PRC scheme is compatible
well with HM16.0 with negligible effects on the whole RC
accuracy, which can prove its good feasibility.

C. R-D Performance

The R-D performance of RC algorithms are evaluated in
this subsection with BDBR (Bjøntegaard Delta Bit Rate) [50]
(%) metric. Considering that the goal of the PRC is to
achieve better perceptual compression quality, rather than the
PSNR performance, the JND based PSPNR (Peak Signal to
Perceptual Noise Ratio) metric [45] is provided to evaluate the
perceptual quality as computed by,

PSPNR = 255 · 255
1

W·H
∑W·H

p=1 (|I(p) − Î(p)| − JND(p))2 · δ(p)
, (39)

where W and H denote the frame width and height, respec-
tively. Î(p) is the reconstructed pixel at point p. The term δ(p)

is computed as,

δ(p) =
{

1, if (|I(p) − Î(p)| ≥ JND(p))

0, otherwise.
(40)

The BDBR results of JCTVC-M027 as anchor are given
with both the PSNR and PSPNR quality assessment metrics,
which are tabulated in Table III and Table IV, respectively.
We can observe that both the PSNR and PSPNR based BDBR
have achieved significant coding gain with 3.6% and 6.4%
bitrate savings on average, respectively. The perceptual encod-
ing performance gain with PSPNR proves the effectiveness
of our PRC algorithm. Considering that the PRC model is
established with the RDO constraint to achieve optimal CTU-
level rate control, it can benefit the overall bit allocation and
bitrate control process among CTUs in an intra frame. Thus,
even though our goal is to achieve perceptual consistent qual-
ity, performance with PSNR metric can also be benefited by
adjusting the Lagrange multiplier.

Detailed performance curves of sequences with different
bitrates are shown in Fig. 3, where the PSNR and PSPNR are
utilized, respectively. These results demonstrate the significant

TABLE IV
PSPNR BASED BDBR COMPARISONS OF RATE CONTROL METHODS

TABLE V
PSNR DEVIATION COMPARISONS OF RATE CONTROL METHODS

coding gain using both PSNR and PSPNR. Moreover, some
R-D performance for both PSNR and PSPNR are better than
the FixQP method, which can further prove the improvements
on R-D characteristics using optimal CTU-level Lagrange
multipliers derived by the proposed PRC method.

D. Quality Variation

To validate the goal of the PRC algorithm, i.e., the con-
sistent quality with rate control, the standard deviation results
of PSNR and PSPNR are provided for different rate control
methods as listed in Table V and VI, respectively. Evidently,
the PRC has less PSNR and PSPNR deviation results than
other rate control methods, and our method achieves very close
variation to that of the FixQP method. In general, the same
QPs will be applied for all frames and CTUs at FixQP con-
figuration, which means similar distortions can be obtained
for CTUs [10]. Thus, FixQP can often achieve the minimum
quality derivations and can be set as a benchmark. From the
results, we can see that our method can obtain smooth quality
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Fig. 3. R-D curves comparison with PSNR and PSPNR metric: (a) R-D
curve for sequence Traffic with PSNR metric, (b) R-D curve for sequence
Traffic with PSPNR metric, (c) R-D curve for sequence Cactus with PSNR
metric, (d) R-D curve for sequence Cactus with PSPNR metric, (e) R-D
curve for sequence PartyScene with PSNR metric, (f) R-D curve for sequence
PartyScene with PSPNR metric.

nearly as FixQP based compression and outperform the other
rate control methods. In general, for a given bitrate, similar
performance of FixQP can only be achieved by conducting
multiple experiments with many candidate QPs. Obviously, it
is very time consuming and complex. Therefore, the proposed
method demonstrates its performance with only one pass
compression.

To further understand the effectiveness of the consistent
quality based rate control, the CTU level minimum QPs
(MINQP) and maximum QPs (MAXQP) in each frame of
sequences are shown with random frames in Fig. 4. In Fig. 4,
the smaller the gap between MAXQP and MINQP curves, the
less QPs’ deviation can be obtained for CTUs. It can be seen
that the PRC algorithm has the minimum QP gaps among all
test rate control methods, which means the QP variations of
CTUs are reduced significantly and the quality smoothness
is improved. Hence, our PRC method has obtained acceptable
RC accuracy, the minimum CTU level QP deviations, the R-D
performance gain and the consistent quality at the same time.

TABLE VI
PSPNR DEVIATION COMPARISONS OF RATE CONTROL METHODS

Fig. 4. CTU-level MINQP and MAXQP fluctuation comparisons. Similar
results can found for the other sequences. (a) Cactus(1920 × 1080)@
3603 kbps/s (b) BQMall(832×480)@ 1220 kbps/s (c) BlowingBubbles(416×
240)@ 363 kbps/s.

E. Subjective Quality and Compression Complexity

In this subsection, the subjective visual quality evaluation
experiments are conducted with the double stimulus continu-
ous quality scale (DSCQS) as suggested in [51]. 10 observers
are employed to perform the experiment with the necessary
training in advance to introduce the task. Video presenta-
tions with different bitrates are clipped into 10 seconds and
presented for observers. For each presentation, one is original
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Fig. 5. MOS comparisons of different rate control methods.

sequence without compression, and the other is its compressed
version using different rate control methods randomly. The
observers are asked to provide quality scores from the contin-
uous scales ranging from 1 to 5, and the MOS (Mean Opinion
Score) for each video presentation is obtained by averaging the
scores from 10 subjects.

For the comparison of subjective quality, we randomly
select the five reconstructed videos from Class A to Class E
with different bitrates. The MOS results are shown in Fig. 5,
where the PRC method can achieve the biggest MOS val-
ues for all sequences. In addition, a random reconstructed
frame of sequence Cactus is selected to show the subjec-
tive quality improvement directly over that bitrate encoded at
QP = 38. The selected frames and their segments compressed
by the JCTVC-M0257 and PRC methods are shown in Fig. 6.
Obliviously, there is remarkable visual quality improvement
of PRC scheme, such as more details can be protected for the
clown’s faces and words. Furthermore, better visual appear-
ance with consistent quality can be achieved with the PRC
scheme, which is consistent with the QP fluctuation as shown
in Fig. 4. Similar improvements of MOS and visual quality can
be found for other sequences.For better comparison and more
comprehensive, the CTU level QP distribution maps of M0257
and PRC are also shown in the Fig. 7, respectively. Herein, the
corresponding compressed texture images of Fig. 7 (a) and (b)
are shown in Fig. 6 (a) and (b), respectively. In the QP dis-
tribution maps, the warmer regions will be compressed more
with larger QPs. By comparing them, it can be seen that the
PRC’s CTU level QP range is 37 to 38, while the range of
M0257 is 36 to 40. Apparently, our deviation is small than
the M0257. Therefore, our algorithm can achieve better visual
quality with smaller QP and more consistent perceptual quality
with lower QP variations.

Although the we have demonstrated that the goal to improve
the HEVC compressed video visual quality at low bitrates, for
more comprehensive of our work, we have also conducted all
the compared experiments at more bitrates with FixQP as 3,
18, 33, and 48. Generally, the compressed video visual qual-
ity is good enough when the compressed QP is very small.
Therefore, we constraint the PRC only work when initial
frame-level QP > 4 (means QPstep = 1), which means when
QP = 3, the rate control is implemented as the default M0257
method in our PRC model. The other experimental conditions
remain unchanged as before. All the experimental results have
proved that our model is also effective for wide range bitrates.

Fig. 6. Subjective quality comparsion for M0257 and PRC: (a) Subjective
quality of M0257 (b) Subjective quality of PRC (c) Segments subjective
quality. Above: M0257, Down: PRC (d) Segments subjective quality. Above:
M0257, Down: PRC.

Finally, the complexity of the PRC method is evaluated
with encoding time. The encoding time of each class are aver-
aged as tabulated in Table VII. Compared to the anchor, the
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Fig. 7. QP distribution maps comparisons (a) M0257 (b) PRC.

TABLE VII
ENCODING TIME COMPARISONS OF RATE CONTROL METHODS

proposed scheme has a little time increase. Even though the
JND model is employed, better R-D characteristics can benefit
the speed of encoding process. For example, more quantiza-
tion in larger masking effect areas and better intra prediction
for the other regions can help to reduce the encoding com-
plexity. In brief, the proposed PRC scheme outperforms the
compared rate control methods including the objective and
perceptual R-D performance, objective and perceptual quality
consistency and subjective quality with acceptable complexity.

VI. CONCLUSION

In this paper, we proposed a novel perceptual rate control
method for intra frames of HEVC to improve the consistent
perceptual quality. A general perceptual CTU level rate con-
trol model is proposed firstly. Then in order to give a specific
case in HEVC intra coding, the CTU level R-D characteris-
tics in intra frames are investigated to prove the feasibility
of hyperbolic functions for CTU level R-D formulation. By
the hyperbolic model, a consistent perceptual quality oriented
CTU level intra frame rate control scheme with masking
effect and RDO constraint is then presented. Finally, with the
JND model tuned CTU level masking effect, we specify the
proposed PRC scheme to the HEVC intra frame rate control
process by producing executable parameters in video coding.

Experimental results demonstrate that the proposed rate con-
trol algorithm can achieve better performance improvements
including R-D performances and quality smoothness for both
objective and perceptual quality assessment with little encod-
ing complexity increase. The idea of the proposed algorithm

cannot only be utilized for λ-domain rate control scheme of
HEVC, but also can be extended to other schemes. In the
future, we will study advanced consistent quality rate con-
trol methods with more accurate perceptual distortion models
and apply them to different encoding standards with different
frame types to improve the compressed video quality.
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