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In this paper, we propose a novel two-pass rate control algorithm to achieve constant

quality for H.264/AVC high definition video coding. With the first-pass collected rate

and distortion information and the built model of scene complexity, the encoder can

determine the expected distortion which could be achieved in the second-pass encoding

under the target bit rate. According to the built linear distortion-quantizer (D-Q) model,

before encoding one frame, the quantization parameter can be solved to realize constant

quality encoding. After encoding one frame, the model parameters will be updated with

linear regression method to ensure the prediction accuracy of the quantization

parameter of next encoded frame with the same coding type. In order to obtain the

expected distortion of each frame under the target bit rate, a GOP-level bit allocation

scheme is also designed to adjust the target bit rate of each GOP based on the scene

complexity of the GOP in the second-pass encoding. In addition, the effect of scene

change on the updating of D-Q model is considered. The model will be re-initialized at

the scene change to minimize modeling error. The experimental results show that

compared with the latest two-pass rate control algorithm, our proposed algorithm can

significantly improve the bit control accuracy at comparable coding performance in

terms of constant quality and average PSNR. On average, the improvement of bit control

accuracy achieved about 90%.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

The H.264/AVC is the most effective and popular video
coding standard, which has been used extensively for
various video applications such as high definition televi-
sion (HDTV) broadcasting, high definition digital video
disc (HD-DVD), mobile TV, videoconferencing and internet
video streaming. In terms of the requirement of bit rate,
these video applications can be classified into two
ll rights reserved.
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categories: constant bit rate (CBR) encoding and variable
bit rate (VBR) encoding. CBR encoding means that an
encoder generates the output bit stream at a constant rate.
It is useful for streaming multimedia content on limited
capacity channels, but it is not the optimal choice for
storage as it cannot allocate enough data for complex
sections (resulting in degraded quality) while wasting
data on simple sections. As opposed to CBR encoding, VBR
encoding vary the amount of output data per time
segment so that a better visual quality can be achieved
by flexibly allocating the coding bits according to the
complexity of different sections. Whatever for CBR or VBR
encoding, a well-designed rate control scheme is neces-
sary for an encoder to meet the requirement of the
network bandwidth limitation, the transportation delay,
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or the storage size. For CBR encoding, the one-pass rate
control is usually designed to improve the matching
accuracy between the target bit rate and the actual bit rate
and satisfy the low-latency and buffer constraints. The
complexity of CBR rate control could not be too high so as
to meet the requirement of real-time encoding. The
fluctuation of video quality cannot be avoided for CBR
rate control due to the varying content in natural scenes.
For VBR encoding, the delay or rate constraint is not as
strict as real-time video coding. So more complex rate
control modules could be used to generate constant
quality videos or improve coding performance. It is
commonly employed with two-pass method.

Since the first rate control algorithm for H.264/AVC
was proposed by Ma et al. [1] in 2002, a lot of
improvement work of CBR rate control has been done
for H.264/AVC real-time video applications. With the
quadratic rate-quantizer (R-Q) model, Li et al. [2]
proposed an adaptive basic-unit-layer rate control algo-
rithm to optimize bit allocation according to the relative
complexity of each unit and further adjust quantization
parameters (QP). This algorithm can provide more
accurate target bit matching and better buffer regulation
and has been adopted by JVT in the H.264/AVC JM
reference model. However, this algorithm has large quality
fluctuation among frames since the quality consistency of
adjacent frames is not considered. Based on the algorithm
in [2], some real-time rate control techniques [3–12] are
further proposed to reduce the control complexity,
improve the control accuracy and enhance the visual
quality for low-delay communications. By taking the
advantage of the encoder buffer, smoothing video quality
is possible for these algorithms as the buffer can tolerate
limited bit rate fluctuation whilst the buffer does not
either overflow or underflow. But these single-pass rate
control algorithms cannot provide constant quality video
services since they do not have sufficient information of
the whole video sequence. These algorithms are more
suitable for real-time applications in which the bit rate
constraint is more important than the constant quality
constraint. However, for off-line high-definition applica-
tions, constant quality video is more desirable and larger
bit rate fluctuation of adjacent frames is tolerable. So
researchers proposed to use two-pass VBR rate control
techniques to optimize video quality for off-line video
applications.

The basic principle of all the two-pass rate control
algorithms is that in the whole or part of sequence, the
first-pass encoding is employed with fixed quantization
parameter value or CBR rate control method to obtain the
information about the coding complexity of the frames.
Then the model reflecting the coding complexity is built
according to the first-pass statistics information and the
quantization parameters can be adjusted correspondingly
before or in the second-pass VBR encoding, so as to
achieve higher coding performance or more consistent
video quality. Westerink et al. [13] first introduced two-
pass rate control algorithm for non-real-time applications
based on MPEG-2 encoding. In their algorithm, the first-
pass encoding gathers the quantization scale, spatial
activity and temporal activity of each frame. Based on
these statistics and an R-Q model built by employing a
perceptual experiment with several scenes, the target
number of bits for each frame in the second-pass encoding
is appropriately adjusted and quantization parameter can
be obtained. Since considering the perceptual perfor-
mance, this algorithm can achieve a constant visual
quality. However, the visual perception experiments
largely increase the complexity of the algorithm. For
different resolution and frame-rate sequences, the new
perceptual experiments could be needed to ensure
accuracy of the R-Q model. In [14], for each frame of the
first-pass encoding, the R-Q function is computed for all
possible quantization factors. During the off-line proces-
sing, three optimal quantization factors for I-, P- and
B-frames are first determined based on the MPEG2 TM5 rate
control model. Then the quantization factor for each frame
is adjusted based on the R-Q function of each frame. With
adjusted quantization factors, the second-pass encoding is
executed to generate the final VBR output bit stream. This
algorithm can build efficient R-Q function and obtain
more consistent video quality compared to TM5 CBR rate
control scheme. However, this algorithm may cause quite
large bit control error. Since all quantization factors for
second-pass encoding are determined in advance, the
encoder could not make adjustment according to the
actual status of bits consumption in the second-pass
encoding. So the large mismatch between the actual bit
rate and the target bit rate would occur. Lie et al. [15] used
a window-based two-pass rate control mechanism for the
whole sequence. In each window segment which usually
includes several frames, with the first-pass statistics, the
content characteristics of each frame can be described by
the models of rate vs. Lagrange multiplier and distortion
vs. Lagrange multiplier. Then the second-pass encoding
will adjust the QP value for each MB according to these
models. This algorithm can obviously improve the coding
efficiency and bit control accuracy, but only slightly
smoother video quality can be achieved compared to JM
CBR rate control. Since the two-pass encoding is employed
in a limited window, only the content characteristics of
several future encoded frames can be obtained for second-
pass encoding, which makes the consistent video quality
for the whole sequence is impossible because the encoder
could not appropriately allocate the target coding bits
according to the characteristic information of the whole
sequence. Similarly, the GOP-level based two-pass rate
control algorithm developed by Kwon et al. [16] can
obtain higher coding efficiency, lower bit control error and
smoother video quality compared to JM CBR rate control.
But it could not realize the constant quality video coding
for the whole sequence. In [17], Que et al. used the
statistics information of first-pass CBR encoding to more
appropriately allocate target bits and determine quantiza-
tion parameters of all frames based on R-Q model before
starting the second-pass encoding. Even though the
experimental results show that this algorithm can achieve
a constant video quality through the whole sequence for
CIF sequences with comparable bit control accuracy to JM
CBR rate control, it may suffer large bit control error for a
higher resolution video encoded at a higher bit rate
because it has no mechanism to monitor the bit control
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status in the second-pass encoding and just uses the
preset quantization parameter for each frame. The latest
two-pass rate control algorithm, proposed by Huang et al.
in [18], built the rate distortion (R-D) model based on the
statistical analysis of the first-pass integer transform
coefficients with generalized Gaussian distributions. Then
the optimized quantization parameters for all frames
would be determined by recursive calculation during the
off-line processing. This algorithm improves video quality
consistence of the whole sequence. However, it suffers
from large bit rate mismatch, since it determines the
quantization parameters for the second-pass with their
R-D model obtained from the first-pass only and the
bit budget constraint is neglected in the second-pass
encoding. Therefore, the bit rate mismatch of each frame
will propagate without any control mechanism imple-
mented according to the actual status of the second-pass
encoding.

In this paper, we propose a novel two-pass rate control
algorithm for constant quality H.264/AVC high definition
video coding based on our previous work [19,20]. Based
on the prototype of our rate control method proposed in
[19], we further optimized the algorithm including scene
change detection, adaptive adjustment of the factor of R-D
model according to the actual coding status of the second-
pass encoding, the building of the D-Q model with lower
computation complexity, and the parameter updating of
the D-Q model at the scene change. In addition, a lot of
comparison tests have been done to prove our two-pass
algorithm is superior to the latest two-pass rate control
algorithm [18] for H.264 HDTV encoding. In the first-pass
encoding, all the frames are encoded with a fixed QP
value. Then the rate and distortion information is
collected to build the scene complexity model and detect
the scene change frames. In the second-pass encoding, a
GOP-level bit allocation scheme is first designed to adjust
the target bit rate of each GOP based on the scene
complexity of the GOP. Then with the built complexity
model, the encoder can determine the expected distortion
which could be achieved in the second-pass encoding
under the target bit rate. According to the built linear
distortion-quantizer (D-Q) model, before encoding one
frame, the quantization parameter can be solved to realize
constant quality encoding. Different from the latest
constant quality two-pass rate control algorithm [18],
our algorithm determines the second-pass quantization
parameter of each frame according to the actual coding
status. The encoder has a GOP-level-based rate control
mechanism for second-pass VBR encoding to monitor the
control error. When the GOP bit allocation is adaptively
adjusted according to the overdue coding bits of the
previous GOP, the excepted distortion of this GOP, which is
used to determine the QP value of each frame, is
correspondingly adjusted. So the QP value of each frame
in this GOP can be adjusted accordingly. As a result, the
coding bit rate can be limited in a small error range. In
addition, after encoding one frame, the D-Q model
parameters will be updated with linear regression method
to ensure the prediction accuracy of the quantization
parameter of next encoded frame with the same coding
type. The effect of scene change on the updating of D-Q
model is also considered. The model will be re-initialized
at the scene change to minimize modeling error.

The rest of this paper is organized as follows. In
Section 2, we describe the proposed two-pass rate control
algorithm. The first-pass coding which is to build the
scene complexity model and detect the scene complexity
change is first presented. Then the GOP-level bit allocation
and frame-level quantizer control of the second-pass
coding are described. Section 3 presents and discusses
the experimental results of comparison tests between our
algorithm and the latest constant quality rate control
algorithm [18]. Finally, Section 4 concludes this paper.

2. Two-pass rate control algorithm

Fig. 1 presents the flowchart of our proposed constant
quality rate control algorithm. In the first-pass encoding,
all the frames are first encoded with a fixed QP value. Then
the characteristic information of each coded frame is
collected to build its scene complexity model and the
scene changes will be detected with the complexity
information of the whole sequence. The complexity of
each frame and the scene change information will be
passed to the second-pass encoding. In the second-pass
encoding, the GOP-level bit allocation is first adjusted
according to the average scene complexity of each GOP.
Then the expected average distortion of each GOP under
the constraint of the target coding bits is determined with
the first-pass complexity statistics. According to the built
linear D-Q model, before encoding one frame, the
quantization parameter can be solved to realize constant
quality encoding. After encoding one P-/B-frame, the
model parameters will be updated with linear regression
method. In addition, in the process of updating the model
parameters, the effect of scene change on the updation of
D-Q model is considered. The model will be re-initialized
at the scene change to minimize modeling error. The
newly updated model is more accurate for providing the
relationship between the quantization parameter and
distortion. With the corresponding quantization para-
meter computed by the model, each frame is encoded to
generate constant quality bit stream.

2.1. The first-pass encoding

2.1.1. Information collection

In the first-pass encoding, the video frames are first
encoded using a fixed QP value. The fixed QP value is
recommended to be a value from 16 to 30. The coding
parameters, such as GOP size and the number of reference
frames, are set to be the same as those in the second-pass
encoding. The statistics of each frame are collected, which
include the rate (i.e., the coding bits for texture and
motion information) and the distortion (as measured by
MSE). These statistics will be used to model the scene
complexity of each frame.

2.1.2. Frame scene complexity modeling

Considering that the typical rate distortion charac-
teristics can be modeled as the inverse-proportion
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Fig. 1. The flowchart of proposed two-pass rate control algorithm.
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relationship, we adopt the product of rate and distortion
of each frame to approximately model the scene complex-
ity of each frame as follows [21]:

Ci ¼ DiRi (1)

where, Ci, Di and Ri are the scene complexity, the MSE
distortion and the bit rate of the ith frame, respectively.
The larger the value of Ci, the higher is the scene
complexity.
2.1.3. Scene change detection

With the scene complexity information, we can easily
detect the scene changes of the whole sequence. Fig. 2
shows an example of the scene complexity distribution of
the sequence named Comb, which is composed of three
different sequences: 100 frames of Bigship (moderate
motion), Night (fast Motion) and Jet (low motion). The
data is in display order. The coding structure is IBBP and
the GOP length is 30 frames. From this figure, we can
find that there is quite a large scene complexity difference
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in I-frames, P-frames and B-frames among the different
segments. So we can use the complexity difference of the
frames with the same coding type to detect the scene
changes. Since scene change has no effect on the coding of
I-frame, we only need to judge whether a P/B- frame is a
scene-change frame.

We define the complexity difference of the ith frame as

DCi ¼ jCi � Cprevj (2)

In (2), Cprev is the scene complexity of the previous
P-frame if the ith frame is a P-frame. If the ith frame is a
B-frame, Cprev is the scene complexity of the previous
B-frame at the similar coding position to the ith frame.
That is, if there are two successive B-frames between
adjacent P-frames, the complexity difference of these two
B-frames should be computed with the scene complexity
of the previous two successive B-frames. To detect the
scene change frames, we simply use the following
expression.

DCi4yDCAver (3)

where DCAver is the average value of the complexity
difference of all the coded frames with same coding type,
and y is a constant with a typical value of 7.0. It is noted
that the scene change detection is to detect the scene
complexity change to achieve constant quality coding.
Different scene with same coding complexity is not
considered in the scene change detection since it will
not affect the coding result.

2.2. The second-pass encoding

In the second-pass encoding, we first compute the
average scene complexity of each GOP and adjust the
GOP-level bit allocation accordingly. Then the expected
distortion of each frame will be derived with the com-
plexity of each frame, and the quantization step (Q-step)
of each frame can be resolved according to the linear
relationship between the distortion and the Q-step.

2.2.1. GOP-level bit allocation adjustment

In our algorithm, two aspects are first considered in the
GOP-level bit allocation of the second-pass encoding. One
aspect is that the number of coding bits for each GOP
should be determined according to the scene complexity
of each GOP. If the scene complexity of one GOP is lower
than the average scene complexity of all GOPs, its
allocated bits should be less than the average number of
bits allocated to each GOP. The other aspect to be
considered is how to compensate for the difference
between the actual coding bits and the budget bits of
one encoded GOP. Here, we apportion the difference to all
the future GOPs to be encoded.

Based on the above consideration, the target bits of
each GOP can be adjusted as follows:

Tj ¼ ðC
GOP
j =CGOP

AverÞT
a
j �

Xj�1

k¼0

ðBk=ðM � k� 1ÞÞ (4)

The first part in the right side of the above expression
means the number of bits that should be allocated to the
jth GOP according to its scene complexity, where Tj

a is the
number of average target bits of each GOP obtained by
equal allocation. It can be computed with second-pass
target bit rate Rt, frame rate fr and the number of frames in
the GOP

Ta
j ¼ ðNj � Nj�1ÞðRt=f rÞ (5)

here, Nj and Nj�1 denote the number of coded frames after
the jth and (j�1)th GOP encoding, respectively. Cj

GOP is the
scene complexity of the jth GOP. It is defined as:

CGOP
j ¼

1

Nj � Nj�1
�
XNj�1

i¼Nj�1

Ci (6)

CAver
GOP is the average GOP complexity of the whole

sequence computed by

CGOP
Aver ¼

1

M

XM�1

j¼0

CGOP
j (7)

Here, M is the number of GOPs in the whole sequence.
The second part in the right side of (2) denotes the

total number of bits that needs to be compensated in the
jth GOP. Here, Bk is the difference between the actual
coding bits and the target bits of the kth GOP. If the actual
coding bits of the (j�1)th GOP is used as reference, the
target bits of the jth GOP can be finally adjusted as

~Tj ¼ ð1� aÞ
CGOP

j

CGOP
j�1

Nj � Nj�1

Nj�1 � Nj�2
Tc

j�1 þ aTj (8)
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Here, Tj�1
c is the number of the actual coding bits

of the (j�1)th GOP. a is a constant with the typical value
of 0.8.

2.2.2. Frame-level QP calculation

For off-line video applications, at a given bit budget,
the encoder is expected to provide constant quality except
for the high coding efficiency. Since the scene complexity
of each frame may be different, the QP of each frame
should be adjusted frame by frame to achieve constant
quality. In CBR JM rate control algorithm, the Q-step of P-
frame is obtained by solving the quadratic R-Q model and
the QP value of B-frame is interpolated by the QP values of
its adjacent P-frames. This algorithm can effectively
control the bit rate of each frame, but the quality
fluctuation among frames is large since the quality
consistency of adjacent frames is not considered. The JM
algorithm is suitable for real-time applications in which
the bit rate constraint is more important than the
constant quality constraint. However, for off-line high-
definition applications, constant quality video is more
desirable and larger bit rate fluctuation of adjacent frames
is tolerable. In this paper, we consider the two-pass VBR
rate control method. In our algorithm, we try to obtain the
expected average distortion of each GOP with the first-
pass complexity information and the second-pass target
bit rate. Then, we adopt linear D-Q model to compute the
Q-step of a P/B-frame. Since the expected distortion of
each frame in one GOP is same and the expected
distortion among GOPs is closer so that encoding the
frame with the computed Q-step can achieve constant
quality among the whole sequence.

2.2.2.1. Derivation of the excepted distortion. If the first-
pass QP value is selected to make the actual bit rate as
close as possible to that of the second-pass encoding, the
scene complexity of each GOP for these two-pass coding
can be assumed to be close. So we have

XNj�1

i¼Nj�1

R2nd
i D2nd

i ¼ kj

XNj�1

i¼Nj�1

R1st
i D1st

i ; j ¼ 0; . . . ; M � 1 (9)

here, Ri
2nd and Di

2nd are the expected coding bits and
distortion of the ith frame in the second-pass encoding.
Ri

1st and Di
1st are the corresponding rate and distortion

obtained by the first-pass encoding. Nj and Nj�1 denote
the number of coded frames after the jth and (j�1)th GOP
encoding, respectively. kj is a scale factor. The value of kj is
adaptively adjusted according to the ratio of the actual
coding bit rate and the predicted one of the (j�1)th GOP.

kj ¼

minðkj�1;k0Þ þ Dkj; if Tc
j�141:05 ~Tj�1

maxðkj�1;k0Þ �Dkj; if Tc
j�1o0:95 ~Tj�1

k0; else

8>><
>>: (10)

where k0 is the initial value of kj and is empirically set to
be a value between 1.0 and 1.2. Dkj is an adjustment
constant with a typical value of 0.05.

We further assume that all the frames in the jth GOP
achieve almost the same distortion Dc

j under the con-
straint of the target coding bits ~Tj in the second-pass
encoding. We have

Dj
c

XNj�1

i¼Nj�1

R2nd
i ¼ Dj

c
~Tj ¼ kj

XNj�1

i¼Nj�1

R1st
i D1st

i (11)

So the expected average frame distortion of this GOP
can be solved as follows:

Dj
c ¼ kj

XNj�1

i¼Nj�1

R1st
i D1st

i = ~Tj (12)

To control the potential quality fluctuation among
different GOPs, the expected distortion of the previous
GOP will be used to further adjust the expected distortion
Dc

j as follows:

~D
j

c ¼ bDj
c þ ð1� bÞDj�1

c (13)

Here, b is a constant and its typical value is 0.6.
2.2.2.2. The QP calculation of regular P- and B-frames. To
determine the QP value of one P/B-frame according to its
expected distortion, we build the relationship between
the distortion and the Q-step. Two types of D-Q models
have been investigated to describe the relationship
between the distortion and the Q-step. One is quadratic
model [8,9] for CIF and QCIF sequences. The other is the
linear model with intercept equal to zero for QCIF
sequences [6]. However, according to the results of our
extensive experiments for H.264/AVC high definition
video, the relationship between the distortion and the
Q-step fits well in a linear model in which the intercept
usually is not equal to zero. Fig. 3(a) shows the examples
of the relationship between the average MSE distortion of
the whole sequence and the Q-step. Fig. 3(b) shows the
examples of the relationship between the MSE distortion
of the first P-frame and the Q-step. Here, each frame in the
test sequence was encoded using a fixed QP value, and
the chosen QP values were 20–29. After encoding, linear
regression was applied to fit the obtained average MSE
values of the whole sequence and Q-steps to study the
relationship between them. For all the tests, the coding
structure was IBBP, the motion estimation used the
UMHexagonS mode with search range 48, the number of
reference frames was 2, RD Optimization was enabled, and
the number of coded frames was 300. From these two
figures, we can find that the relationship between the MSE
and the Q-step of one frame can be built with a linear
model. The same relationship can also be found between
the average MSE distortion of the whole sequence and the
Q-step.

So we use the following linear D-Q model to calculate
the Q-step of one B- or P-frame of the jth GOP

DF ¼
~D

j

c ¼ XF � QF þ YF ; F 2 ðP; BÞ (14)

After encoding a P/B-frame, the parameters XP/XB and
YP/YB of model (14) are updated with linear regression
method to ensure the prediction accuracy of the quantiza-
tion parameter of next encoded frame with the same
coding type.
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To maintain the smoothness of the quality between the
successive frames, the QP value derived from the
corresponding Q-step is further adjusted by

~QPF ¼ minfQPprev þ 2;maxfQPprev � 2;QPFgg (15)

here, QPprev is the QP of the previous frame which has the
same coding type as current frame.
2.2.2.3. The QP calculation of i-frames and the first P- and

B-frames of each scene. Since the distance between two
I-frames is usually very large, their correlation will be very
small. So we could not use a model like (14) to recursively
obtain the QP value of each I-frame for the second-pass
encoding. For the first P- and B-frames of each scene, the
model of (14) is also not usable since we could not have
information about the model parameters. Here, we decide
the QP value of these frames with the following experi-
mental relationship between the first-pass QP and the
second-pass one

QP2nd
¼

~D
j

c

D1st

 !1=4

ðQP1st
þ gÞ (16)

here, QP1st is the fixed QP value for the first-pass encoding.
D1st is the MSE distortion of each I-frame or the first P-/B-
frame of each scene in the first-pass encoding and g is a
constant. When the first-pass actual bit rate is close to the
second-pass one, the value of g is set to 0. Otherwise, its
value is experimentally set to be 1 or 2.

2.2.2.4. The parameter update of the D-Q model at the be-

ginning of a new scene. When a scene change is detected,
the window for updating the model parameters XP/XB and
YP/YB needs to be re-initialized. If the update window is
not re-initialized at the beginning of the new scene, the
distortion and Q-step values of some last frames in the
previous scene will be used to update the model para-
meters of the first frames in the new scene. This will make
the linear regression method to exclude the data of the
new scene as outliers when computing the update para-
meters of the first frames in the new scene. This is not
right because the parameter update of a frame is generally
more correlated to the future frames in the same scene.
Fig. 4 shows the coding results of Bigship sequence, which
has a scene change at the 202nd frame, for updating the
model parameters with and without window re-in-
itialization at the scene change with the same coding
configurations. From this figure, we can see that there is
obvious PSNR fluctuation up to about 2 dB at the scene
change without the window re-initialization. In addition,
for all the frames in the new scene, smoother PSNR per-
formance can be achieved with the window re-initializa-
tion. The reason is that the encoder views the data of the
previous scene as outliers and excludes them out of the
update window by re-initializing the update window at
the scene change so that the model can obtain more ac-
curate updated parameters which makes the model con-
verge faster than not re-initializing the window.

3. Experimental results

Based on JM11.0 encoder [22], we have compared our
two-pass rate control algorithm against the latest two-
pass rate control algorithm—Huang’s method [18] with
various sequences. The test sequences are 720p
(1280�720) or 1080p (1920�1080) and encoded at
frame rate 30 fps. The GOP size is 30 frames, the coding
structure is IBBPBB; the motion estimation uses the
UMHexagonS mode with the search range of 48 for 720p
or 64 for 1080p; the number of reference frames is 2; and,
the RD Optimization is enabled.

Table 1 shows the simulation results of various high
definition video sequences, Crew, Sailormen, Night, Jet,
Bigship, Comb, Pedestrianarea and Rushhour. Each sequence
is encoded at four different bit rates. We use PSNR
variance of the whole sequence to evaluate the quality
consistency of one encoded sequence. Average PSNR of the
whole sequence is used to measure the coding efficiency.
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Fig. 4. The coding results for updating the model parameters with and without window re-initialization at the same coding configurations.
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The bit control error denotes the bit control accuracy of
each algorithm for different videos, which is computed by
dividing the target bit rate into the difference between the
target bit rate and the actual bit rate. A positive control
error means that the encoder uses too many coding bits
and the actual bit rate overruns the limit of the target bit
rate. Whereas a negative error value expresses that the
actual bit rate is less than the target bit rate and there are
some surplus coding bits after encoding. The average
control errors in the table are the average values of the
absolute control errors of all the coded sequences for
different algorithms, respectively. From this table, we can
see that both our two-pass rate control algorithm (Ours)
and Huang’s algorithm (H’s) can significantly reduce the
PSNR variance, compared to JM11.0 rate control algorithm
(JM). The highest improvement of our algorithm is 98.7%
for Bigship sequence at bit rate 12 Mbps. The highest
improvement of Huang’s algorithm is 99.4% for Bigship

sequence at bit rate 14 Mbps. On average, our algorithm
and Huang’s algorithm have 89.0% and 97.6% improve-
ment of PSNR variance reduction, respectively. Even
though our algorithm has marginal loss in terms of PSNR
variance compared to Huang’s algorithm, our algorithm
can achieve higher bit control accuracy. By comparing the
bit control errors of our algorithm with Huang’s method,
we found that among all the 32 encoded videos, only
three encoded videos have absolute control errors over 1%
for our algorithm and the highest control error is 1.94%.
However, for Huang’s method, only four encoded videos
have bit control error less than 1%, and there are eleven
encoded videos with absolute control error over 5%. The
highest absolute control error is up to 25.9%. On average,
the bit control error of our algorithm is 0.58%, and the bit
control error of Huang’s method is 5.73%. The improve-
ment of bit control accuracy of our algorithm is about 90%.
It is obvious that the Huang’s method is not suitable for
HDTV encoding due to its low bit rate control accuracy.
The reason for the lower bit control accuracy of Huang’s
method is that it uses the preset QP for each frame
encoding and has no mechanism to monitor the bit
control status in the second-pass encoding. However, in
our algorithm, the encoder has a GOP-level-based rate
control mechanism for second-pass VBR encoding to
monitor the control error. The QP for each frame is
determined according to the actual coding status in the
second-pass encoding. In addition, after encoding one
frame, the parameters of D-Q model, which is used to
compute the QP value, will be updated with linear
regression method to ensure the prediction accuracy of
the quantization parameter of next encoded frame with
the same coding type. These rate control modules make
our algorithm to achieve higher bit control accuracy than
Huang’s algorithm. When comparing our algorithm to JM
rate control algorithm, we can find that JM rate control
algorithm has more accurate bit control than our
algorithm. However, we can find that the bit rate control
error of our algorithm is lower than 2% in the worst case,
and on average the bit control errors of our algorithm and
JM rate control algorithm are 0.58% and 0.16%, respec-
tively, which are comparable. That is because our algo-
rithm considers the GOP-level bit allocation adjustment in
the second-pass encoding and further determines the QP
value for each frame with the expected distortion derived
under the GOP target bit rate. At the beginning of one GOP,
the excepted distortion of this GOP is adaptively adjusted
according to the overdue coding bits of the previous GOP.
So the QP value of each frame in this GOP can be adjusted
accordingly. As a result, the coding bit rate can be limited
in a small error range even though there is no direct
frame-level bit control in our algorithm. More complex bit
rate control of frame level could be included in the
proposed algorithm to achieve more accurate bit rate
control. However, it will introduce higher computational
complexity and cause larger quality fluctuation so that it
is not considered in this paper. Our rate control algorithm
and Huang’s algorithm achieve improved average PSNR
over JM rate control algorithm on average by 0.05 dB and
0.09 dB, respectively. However, it is noted that some
improvements of Huang’s method are achieved by
increased bit rate.
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Table 1
The simulation results.

Sequence Target bit rate (Mbps) PSNR variance Average PSNR (dB) Actual bit rate

(Mbps)

Bit control error (%)

JM H’s Ours Improvement

against JM (%)

JM H’s Ours Gain against

JM

JM H’s Ours JM H’s Ours

H’s Ours H’s Ours

Crew 8 2.84 0.07 0.23 97.5 91.9 41.47 41.47 41.61 0 0.14 8.02 7.65 8.08 0.25 �4.38 1

10 3.32 0.06 0.10 98.2 97.0 42.10 42.36 42.26 0.26 0.16 10.04 10.33 9.97 0.4 3.3 �0.3

12 4.13 0.05 0.20 98.8 95.2 42.65 42.71 42.88 0.06 0.23 12.04 11.44 12.03 0.33 �4.67 0.25

14 4.86 0.03 0.16 99.4 96.7 43.16 43.47 43.40 0.31 0.24 14.06 14.45 14.14 0.43 3.21 1

Sailormen 8 1.84 0.05 0.14 97.3 92.4 37.83 38.06 37.76 0.23 �0.07 8.00 8.81 7.96 0 10.13 �0.5

10 2.27 0.09 0.17 96.0 92.5 38.40 38.28 38.42 �0.12 0.02 10.01 9.44 9.96 0.1 �5.6 �0.4

12 2.58 0.07 0.11 97.3 95.7 38.92 38.79 38.93 �0.13 0.01 12.00 11.49 12.10 0 �4.25 0.83

14 2.86 0.04 0.21 98.6 92.7 39.41 39.59 39.41 0.18 0 14.01 14.83 14.04 0.07 5.93 0.29

Night 8 1.80 0.05 0.11 97.2 93.9 38.99 39.06 38.72 0.07 �0.27 8.01 8.54 8.02 0.13 6.75 0.25

10 2.26 0.08 0.18 96.5 92.0 39.70 39.55 39.67 �0.15 �0.03 10.01 9.74 10.01 0.1 �2.6 0.1

12 2.72 0.10 0.21 96.3 92.3 40.33 40.34 40.22 0.01 �0.11 12.00 12.48 11.95 0 4 �0.42

14 3.42 0.09 0.18 97.4 94.7 40.89 40.97 40.91 0.08 0.02 14.01 14.32 14.01 0.07 2.29 0.07

Jet 8 2.36 0.03 0.10 98.7 95.8 43.21 43.29 43.50 0.08 0.29 8.01 6.90 8.01 0.13 �13.75 0.13

10 3.05 0.04 0.09 98.7 97.0 43.56 43.39 43.84 �0.17 0.28 10.02 7.41 9.99 0.2 �25.9 �0.1

12 4.26 0.05 0.15 98.8 96.5 43.90 44.19 44.17 0.29 0.27 12.01 12.10 12.02 0.08 0.83 0.17

14 5.13 0.05 0.16 99.0 96.9 44.23 44.18 44.47 �0.05 0.24 14.00 11.99 13.91 0 �14.36 �0.64

Bigship 8 3.14 0.10 0.32 96.8 89.8 40.17 40.06 39.89 �0.11 �0.28 8.01 8.31 7.96 0.13 3.88 �0.5

10 3.60 0.09 0.28 97.5 92.2 40.76 40.92 40.60 0.16 �0.16 10.01 11.00 9.94 0.1 10 �0.6

12 3.97 0.05 0.05 98.7 98.7 41.30 41.29 41.30 �0.01 0 12.01 11.88 11.91 0.08 �1 �0.75

14 4.70 0.03 0.13 99.4 97.2 41.76 42.06 41.79 0.3 0.03 14.03 14.98 13.99 0.21 7 �0.07

Comb 8 6.80 0.05 0.36 99.3 94.7 40.69 40.81 40.77 0.12 0.08 8.01 8.25 8.04 0.13 3.13 0.5

10 6.21 0.09 0.30 98.6 95.2 41.31 41.66 41.50 0.35 0.19 10.01 10.84 10.06 0.1 8.4 0.6

12 5.49 0.06 0.33 98.9 94.0 41.86 42.04 42.11 0.18 0.25 12.00 11.95 12.11 0 �0.42 0.92

14 4.59 0.08 0.29 98.3 93.7 42.41 42.59 42.60 0.18 0.19 14.01 13.91 14.02 0.07 �0.65 0.14

Pedesterian area 12 1.36 0.05 0.31 96.3 77.2 42.00 42.20 41.89 0.2 �0.11 12.03 12.75 12.06 0.25 6.25 0.5

14 0.99 0.04 0.24 96.0 75.8 42.26 42.54 42.37 0.28 0.11 14.04 15.82 13.86 0.29 13 �1

16 1.23 0.03 0.30 97.6 75.6 42.61 42.57 42.53 �0.04 �0.08 16.04 16.19 16.05 0.25 1.19 0.31

18 1.28 0.06 0.35 95.3 72.7 42.80 42.77 42.80 �0.03 0 18.07 17.90 18.35 0.39 �0.56 1.94

Rushhour 12 0.70 0.02 0.33 97.1 52.9 42.74 42.97 42.78 0.23 0.04 12.02 12.21 11.81 0.17 1.75 �1.58

14 0.63 0.05 0.28 92.1 55.6 42.97 43.12 43.00 0.15 0.03 14.05 14.45 13.96 0.36 3.21 �0.29

16 0.87 0.02 0.21 97.7 75.9 43.13 43.29 43.19 0.16 0.06 16.04 16.52 15.86 0.25 3.25 �0.88

18 0.93 0.02 0.07 97.9 92.5 43.30 43.29 43.40 �0.01 0.10 18.03 16.62 17.73 0.17 �7.67 �1.5

Average improvement 97.6 89.0 Average gain 0.09 0.05 Average control

error

0.16 5.73 0.58
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Fig. 5. Frame PSNR comparison for Crew sequence at 8 Mbps bit rate.
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Fig. 6. Frame PSNR comparison for Bigship sequence at 8 Mbps bit rate.
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Fig. 7. Frame PSNR comparison for Comb sequence at 8 Mbps bit rate.
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Fig. 8. Frame PSNR comparison for Sailormen sequence at 8 Mbps bit rate.
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Figs. 5–8 compare the frame PSNRs of our rate control
algorithm, Huang’s rate control algorithm and JM rate
control algorithm for Crew, Bigship, Comb and Sailormen,
respectively. The significant reduction of the PSNR
fluctuation can be seen from these figures for both our
algorithm and Huang’s algorithm. Since our algorithm and
Huang’s algorithm are two-pass rate control algorithm,
the coding complexity information of the whole sequence
can be obtained by first-pass encoding to adjust the QP
values of the second-pass encoding and achieve constant
quality video coding. These figures also show that Huang’s
method has a little more consistent video quality than our
algorithm. That is because there is a GOP-level bit
allocation adjustment mechanism monitoring the bit rate
control of each GOP in our algorithm. When the GOP bit
allocation is adaptively adjusted according to the overdue
coding bits of the previous GOP, the excepted distortion of
this GOP, which is used to determine the QP value of each
frame, is correspondingly adjusted, which may cause the
fluctuation among the distortions of different GOPs. But it
is negligible since the fluctuation among different GOPs is
very small.
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4. Conclusions

A two-pass rate control algorithm has been proposed
for constant quality H.264/AVC high definition video
coding. With the first-pass characteristic statistics and
the scene complexity model, the encoder can derive
the expected distortion which could be achieved in the
second-pass encoding under the adjusted target bit
rate of each GOP. Further, when encoding one frame, the
encoder can first determine the Q-step of the frame
according to the built linear D-Q model. After one frame’s
encoding, the model parameters will be updated with
linear regression method to ensure the prediction accu-
racy of the Q-step of next encoded frame with the same
coding type. In addition, the D-Q model is re-initialized to
minimize modeling error when scene change is detected.
With the proposed two-pass rate control algorithm, a
higher bit control accuracy than the latest two-pass rate
control algorithm can be achieved at comparable constant
quality and average PSNR.
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