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Siwei Ma, Student Member, IEEE, Wen Gao, Member, IEEE, and Yan Lu

Abstract—In this paper, an efficient rate-control scheme for
H.264/AVC video encoding is proposed. The redesign of the
quantization scheme in H.264/AVC results in that the relationship
between the quantization parameter and the true quantization
stepsize is no longer linear. Based on this observation, we propose a
new rate-distortion (R-D) model by utilizing the true quantization
stepsize and then develop an improved rate-control scheme for
the H.264/AVC encoder based on this new R-D model. In general,
the current R-D optimization (RDO) mode-selection scheme in
H.264/AVC test model is difficult for rate control, because rate
control usually requires a predetermined set of motion vectors
and coding modes to select the quantization parameter, whereas
the RDO does in the different order and requires a predeter-
mined quantization parameter to select motion vectors and coding
modes. To tackle this problem, we develop a complexity-adjustable
rate-control scheme based on the proposed R-D model. Briefly,
the proposed scheme is a one-pass process at frame level and a
partial two-pass process at macroblock level. Since the number
of macroblocks with the two-pass processing can be controlled
by an encoder parameter, the fully one-pass implementation is a
subset of the proposed algorithm. An additional topic discussed in
this paper is about video buffering. Since a hypothetical reference
decoder (HRD) has been defined in H.264/AVC to guarantee
that the buffers never overflow or underflow, the more accurate
rate-allocation schemes are proposed to satisfy these requirements
of HRD.

Index Terms—H.264/AVC, hypothetical reference decoder
(HRD), rate control, rate-distortion optimization (RDO), video
coding.

I. INTRODUCTION

RATE control plays an important role in all standard-com-
pliant video encoders. Without rate control, the underflow

and overflow of the client buffer may occur due to the mis-
matching between the source bit rate and the available channel
bandwidth for delivering a compressed bitstream. In other
words, without rate control, any video coding encoder would
be practically hard to use. Therefore, the video coding stan-
dards usually recommend their own nonnormative rate-control
schemes during the standardization process, such as TM5 for
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MPEG-2 [1], TMN8 for H.263 [2], and VM8 for MPEG-4 [3],
which have been developed with regards to these video coding
standards.

Nowadays, rate control has become one of the important re-
search topics in the field of video compression and transmission.
Besides these standard-recommended rate-control schemes,
many improved algorithms have also been developed in the
past years. In terms of the transmission style, these rate-con-
trol schemes can be classified into two major categories:
constant-bit-rate (CBR) control for the constant-channel-band-
width video transmission [1], [4] and variable-bit-rate (VBR)
control for the variable-channel-bandwidth video transmission
[4]–[6]. In terms of the unit of rate-control operation, these
rate-control schemes can be classified into macroblock- [1],
[2], slice-, or frame-layer [3] rate control. These rate-control
schemes usually resolve two main problems. The first is how to
allocate proper bits to each coding unit according to the buffer
status, i.e., rate allocation, and the second is how to adjust
the encoder parameters to properly encode each unit with the
allocated bits, i.e., quantization parameter adjustment.

The rate allocation in the rate control is usually associated
with a buffer model specified in the video coding standard. In the
standard, the hypothetical reference decoder (HRD) is usually a
normative part to represent a set of normative requirements on
bitstreams. It is conceptually connected to the output of an en-
coder and consists of a decoder buffer, a decoder, and a display
unit. A mathematical model, also known as leaky bucket, is usu-
ally employed to characterize the hypothetical decoder and its
input buffer called coded picture buffers (CPBs). Bits flow into
the decoder buffer at a constant rate and are removed from the
decoder buffer in chunks. An HRD-compliant bit stream must
be decoded in the CPB without overflow and underflow. This
requirement can be strictly satisfied by the rate control imple-
mented in the encoder.

The key point of quantization parameter adjustment is to find
the relation between the rate and the quantization parameter.
Since the source distortion is closely related with the quanti-
zation error that is decided by the quantization parameter, the
relation between rate and quantization is usually derived based
on a rate-distortion (R-D) model [7], [8]. For example, in TM5,
a simple linear R-D model, i.e., [9], is em-
ployed, where is a constant, is the quantization parameter
and is the coded bits for the picture. In TMN8 and VM8, the
more accurate R-D models, i.e., in
TMN8 and
in VM8, are used respectively. In TMN8, is the variance of
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residual coefficients in a macroblock. , , and are con-
stants. In VM8, MAD is the mean absolute difference of a
residual macroblock, and are model parameters. TMN8
and VM8 can achieve more accurate rate control and provide
better performance than TM5 at the price of having relatively
higher computational complexity. In [10]–[12], the relation be-
tween rate and quantization parameter is indirectly represented
with the relation between rate and , where indicates the per-
cent of zero coefficients after quantization. In [13] and [14], a
modified linear R-D model with an offset indicating the over-
head bits, i.e., , is used for rate control on
H.261/H.263.

H.264/AVC is the most up-to-date video coding standard
jointly developed by ISO/IEC and ITU-T. The official name
is Advanced Video Coding (AVC) of MPEG-4 (part 10 of
MPEG-4) in ISO/IEC and H.264 in ITU-T, respectively [15].
The coding efficiency offered by H.264/AVC is much higher
than any other existing video coding standards. Similar to the
previous standards, H.264/AVC also recommends a rate-con-
trol scheme. In the current H.264/AVC test model [16], the
recommended rate-control technique was developed partly
based on our previous work [17]–[19]. Although it can improve
the coding efficiency of fixed quantization and reach the target
bit rate accurately, it is still based on the R-D model in VM8.
However, the quantization scheme in H.264/AVC has been
significantly changed, which leads to the nonlinear relation
between the quantization parameter and the true quantization
stepsize. Therefore, it is highly desirable to develop a more
efficient R-D model for the rate control in H.264/AVC encoder.

In this paper, a more efficient method to realize the rate
control on H.264/AVC encoder is proposed. The proposed tech-
nique is based on the statistical and theoretical rate-distortion
analysis on H.264/AVC. Considering the HRD specification in
H.264/AVC, we extend the previous work to strictly satisfy the
HRD requirements in the scheme of rate allocation [20]. The
target bit for each picture is clipped with an upper and lower
bound to guarantee the CPB neither overflow nor underflow.
As for the quantization parameter adjustment, it is based on
a new R-D model. The R-D relation in H.264/AVC differs
from the previous standards because the quantization scheme
in H.264/AVC is significantly changed. The quantization pa-
rameter and the true quantization stepsize are no longer linear.
Therefore, we have to investigate the true relation between rate
and quantization parameter. For this purpose, we have exten-
sively investigated the quantization scheme in H.264/AVC and
have obtained useful statistics about the relations between dis-
tortion and quantization parameter and then derived a new R-D
model. Based on the new R-D model, a macroblock-layer rate
control is then proposed and implemented in the H.264/AVC
encoder.

In addition, the rate-distortion optimization (RDO) [21], [22]
scheme also makes the rate control a difficult task, because both
RDO-based coding mode selection and rate control depend on
the quantization parameter. In other words, rate control usu-
ally requires a predetermined set of motion vectors and coding
modes to select the quantization parameter, while RDO requires

a predetermined set of quantization parameters to select the mo-
tion vectors and coding modes. The interference between rate
control and RDO has been discussed in [23], whereas it has not
provided an efficient way to resolve the interference.

In this paper, we propose a novel way to tackle the interfer-
ence between rate control and RDO. Briefly, the predicted quan-
tization parameter for the RDO-based mode selection is calcu-
lated using the proposed R-D model. After the optimal mode
selection the estimated quantization parameter is refined ac-
cording to the macroblock information, and an estimated R-D
cost is then calculated based on the R-D model. If the refined
quantization parameter can reach a better R-D cost than the pre-
dicted quantization parameter, the refined quantization param-
eter is used to do RDO again. A threshold can be used to con-
trol the number of macroblocks that need to do the second RDO
mode selection. Therefore, the proposed technique is a one-pass
rate control at frame level or a partial two-pass rate control at
macroblock level.

The remainder of this paper is organized as follows.
In Section II, the RDO scheme and HRD specification in
H.264/AVC are briefly reviewed to reveal their relationship
with rate control. In Section III, the R-D relation is statistically
and theoretically analyzed, from which a novel R-D model
is derived for H.264/AVC. Based on the proposed rate-quan-
tization model, an efficient rate-control algorithm is detailed
in Section IV. In Section V, we present some experimental
results to evaluate the proposed algorithm. Finally, Section VI
concludes the paper.

II. RDO AND HRD IN H.264/AVC

In H.264/AVC encoder, there are two important issues (i.e.,
RDO and HRD) closely related to rate control. To better un-
derstand the proposed technique, we briefly review the RDO
scheme and HRD specification in H.264/AVC, respectively.

A. R-D Optimization

The coding mode of a macroblock in H.264/AVC can vary
from the set

. The
Lagrangian method is used to find the optimal motion vector
for inter coded block and the optimal coding mode for any
block. It provides high performance in solving the optimal bit
allocation to the motion vectors and the residual coding in the
encoder.

For a block in an inter frame, the rate-constrained motion
estimation is first done to find the optimal motion vector by
minimizing

(1)

where is the motion vector gotten by motion estimation,
is the predicted motion vector, and is the

Lagrange multiplier. The rate term represents
the motion information. is the sum of absolute
differences (SAD) or SATD: the sum of absolute differences
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after Hadamard transform) between the original video signal
and the coded video signal . For multireference prediction, the
reference frame that minimizes the following expression will
be selected as the final reference frame:

(2)

where is between original
signal and the reference video signal from reference frame

.
Afterwards, the rate-constrained mode selection is performed

to choose the optimal coding mode by minimizing

(3)

where the distortion is measured as the
sum of squared errors between the original block and the
reconstructed block , and is the quantization parameter.

is the rate obtained after run-level vari-
able-length coding.

In (1) and (2), the Lagrange multiplier and
have the following relation with :

(4)

where is a constant. As is well known,
is also associated with the macroblock quantization parameter

. It means that the macroblock quantization parameter
would affect the motion vector and mode selection. With the
different , the different motion vectors and modes might be
selected.

B. Hypothetical Reference Decoder

The operation of HRD in H.264/AVC video encoding is
briefly reviewed here. More detailed description can be found
in [15]. In [15], the basic operation unit in the HRD buffer is
an access unit. An access unit may be a coded picture or a slice
data partition. For the sake of simplicity, an access unit denotes
a coded picture in this paper. As shown in Fig. 1 [27], is the
bit rate at which the CPB is filled, is the size in bits of
picture , is the time when the first bit of picture enters
the CPB, called the initial arrival time of picture , is
the time when the last bit of picture enters the CPB, called
the final arrival time of picture , and is the time when
the picture is removed from the CPB, called the removal
time. According to the specification of H.264/AVC, and

can be computed by

, the first picture
(5)

where . The removal time of
picture can be computed by

(6)
is the earliest time when picture can reach the

buffer or, in other words, it indicates the display time offset from

Fig. 1. HRD (coded picture buffer occupancy in the HRD model).

the first picture in the sequence. In particular, can
be computed as follows:

where is [20].
represents the delay between the

time when the first bit of the coded data arrives in the CPB
and the time when the first time removal of coded data from
the CPB. denotes the time
offset from . The sum of

and
shall be constant and the bits flowing into the CBP at this time
interval shall not exceed the CPB size.
specifies how many clock ticks between the recent two times of
data removal. is time of a clock tick [20].

To ensure that the CPB does not overflow and underflow, the
bits allocated to picture by rate control must not surpass an
upper bound . For CBR, a lower bound must be set to
ensure the bit stream enters into the CPB continuously. In other
words, the following equation must be true:

(7)

From (5) and (7), we have

(8)

Therefore, the lower bound is

(9)

According to the rate-control considerations in [20], it is
stated that the CPB should neither overflow nor underflow if
the following equation remains true:

(10)

where and denote the bit equivalent of a time and
the time equivalent of a number of bits , respectively, and

(11)



1536 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 15, NO. 12, DECEMBER 2005

Fig. 2. Relation between QP and Q in H.264/AVC.

From (6) and (7), we have

(12)

Therefore, the upper bound for the picture is

(13)

This means that the picture must be in the buffer when it
is removed from the buffer. Since sometimes the rate control
is not very accurate, further limits need to be done on or

through the bit allocation of rate control. Usually the bits
allocated to a picture are clipped to , where
and .

III. PROPOSED RATE-QSTEP MODEL

Before we present the proposed rate-control technique, we
first make a study of the quantization scheme and the R-D re-
lation in H.264/AVC. Before starting the discussion, we would
like to clarify the difference between quantization parameter
and quantization stepsize. Quantization parameter denotes the
quantization scale indirectly, whereas the quantization stepsize
is the true value used in quantization. In the previous video
coding standards, the relation between quantization parameter
and quantization stepsize is usually linear. For example, in
H.263 quantization scheme, in terms of the quantization param-
eter ranging from 1 to 31, a coefficient is quantized
to

(14)

In this case, the quantization stepsize .
However, in H.264/AVC, the relation between and

is that , as shown in Fig. 2. This change
comes from the integer transform and division-free quantization
scheme used in H.264/AVC, i.e., the integer transform [24], [25]
is

(15)

Since the integer transform is not a unitary matrix, must be
normalized with

(16)

where and . In H.264/AVC, the transform
normalization is in conjunction with quantization for the pur-
pose of being division-free, and therefore the division operation
is replaced with multiply and right-shift operations. Concretely,
with regard to quantization parameter , the quantization is
implemented as

(17)

where . is defined by matrix
as

for others.

In the remaining part of this section, we present the R-D anal-
ysis as well as the relation between rate and quantization param-
eter in H.264/AVC. It has been proved in [26] that the relation
between the peak SNR PSNR and the quantization parameter

is linear as follows:

PSNR
MSE

(18)

where and are the constants. An example of this linear rela-
tion is shown in Fig. 3. Supposing the MSE is used as the distor-
tion measure for a frame distortion , we can derive the relation
of the distortion and the quantization parameter as

MSE (19)

Statistics have shown that, when increases by 1, PSNR
usually loses 0.6–0.75 dB. As for the relation between and

in H.264/AVC, we also know that increases by 1 with
a corresponding 12.5% bit-rate reduction. To further reveal the
relation of and , we have done experiments
on a large number of sequences. Figs. 4 and 5 show the relation
between and and the relation between and
on the News sequence, respectively, wherein is the number



MA et al.: RATE-DISTORTION ANALYSIS FOR H.264/AVC VIDEO CODING AND ITS APPLICATION TO RATE CONTROL 1537

TABLE I
EXPERIMENTAL RESULTS ON NEWS

Fig. 3. PSNR of News IPP 100 frames 10 f/s QP range from 4 to 48 with a
stepsize of 4.

Fig. 4. Relation between coded coefficient bits R and 1=QP for News.

Fig. 5. Relation between coded coefficient bits R and 1=Q for News.

of bits for luminance and chrominance coefficients. Table I
provides the statistical results. According to Table I, the corre-
lation coefficient for and is 0.991, whereas
the correlation coefficient for and is
0.999. The sum of squared errors for the linear approximation

Fig. 6. Relation between coded coefficient bits R and 1=QP for Foreman.

Fig. 7. Relation between coded coefficient bits R and 1=Q for Foreman.

of is also much larger than that of .
Conclusively, the relation between and can be
more accurately approximated by a linear model rather than
the relation between and . More experimental results
on the other sequences also show the similar results, e.g., the
statistical results on Foreman sequence shown in Figs. 6, 7, and
Table II, respectively.

As a consequence, we can draw a conclusion that the relation
between and can be taken as linear in H.264/AVC.
The relationship between rate and quantization stepsize (herein
referred to as the R-Qstep model) is then denoted as

SAD
(20)

where is the estimated number of coded bits of a macroblock
and SAD is the SAD of a motion-compensated macroblock.
The first item reflects the bits used to code the transform co-
efficients. The second item is the bits used to code the header
information of a macroblock. Compared to the previous linear
models in terms of the quantization parameter [1], [13], [14], the
proposed linear model in terms of quantization stepsize is more
accurate for H.264/AVC. For intra frame, a fixed quantization
parameter computed as the average quantization parameter
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TABLE II
EXPERIMENTAL RESULTS ON NEWS

Fig. 8. Joint mode selection and rate control for MPEG-2 encoder. (a) Optimal path found by full search. (b) Near optimal path found by greedy search.

of coded frames in previous GOP (group of pictures) is used
to code the whole frame.

IV. PROPOSED RATE CONTROL

In [28], the coding efficiency of MPEG-2 encoder is improved
by jointly optimizing coding mode selection and rate control.
The solution to this optimization problem is viewed as finding
an optimum path in a trellis, as shown in Fig. 8(a). In the trellis,
each node in a stage denotes a coding mode for the current mac-
roblock, and each link entering the node is assigned a cost to
denote the cost used to code the macroblock with the mode. In
[28], the cost is the bits used to code the macroblock under a
given distortion. The optimum path can be found by full search
in the trellis, but it is too complex for the practical applica-
tions. Therefore, in [28], a greedy approach is proposed to get
the near optimal solution, shown as Fig. 8(b). In the greedy
search process, an estimated distortion is given for a macroblock
according to the macroblock spatial-masking-activity and the
mode with the least coded bits is selected as the best mode. After
one pass coding of all the macroblocks in the frame, the distor-
tion should be adjusted to reach the target bitrate and another
one or more pass coding may be needed to reach the target bi-
trate. In [28], the rate control is reached by one or more pass
coding for a frame to reach the target bitrate. It is not very suit-
able for real coding due to its high complexity.

While having the same merit of jointly optimizing coding
mode selection and rate control, the proposed algorithm that re-
solves coding mode selection and rate control at the macroblock
level can further improve the coding efficiency. In the previous
section, a linear R-Qstep model has been proposed to represent
the relation of rate and quantization stepsize in H.264/AVC. In
this section, an efficient rate control scheme for H.264/AVC
is presented. Both the RDO and HRD are considered in the
implementation.

TABLE III
NOTATIONS USED IN PROPOSED RATE-CONTROL ALGORITHM

Before describing our proposed rate-control algorithm, we
would like to give a summary of the frequently used notations
in rate control. These notations are listed in the Table III. The
proposed rate-control algorithm is performed in the following
steps.

Step 1) Bit allocation.
In this step, a target bit is allocated to each picture

in a group of pictures (GOP). For the first
picture, bit allocation is not performed, and a fixed
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TABLE IV
EXPERIMENTAL RESULTS ON TEST SEQUENCES (� = 0)

is then used. After coding the picture, param-
eters , and are initialized, respectively, as
follows:

SAD
(21)

where is global complexity measure for a pic-
ture as defined in TM5, is the coded bits of
the picture, SAD is the average SAD of all mac-
roblocks in the picture, is the average header
bits for a macroblock, including motion and mode
information, and is the bits used to code lu-
minance and chrominance coefficients.

For the other frames, let denote the target bits
for the th -type picture in a GOP. is computed
using the method in TM5. In this paper, should
be clipped to achieve the number of bits allocated
to this picture, i.e.,

other.
(22)

In our experiments, . Set for the
first -type picture, which is used to update in the
R-D model. Set ,

.
Step 2) Initialization for the current macroblock.

In this step, we initialize some parameters. Let
for the first macroblock. is the number

of remaining uncoded macroblocks in the current
frame. Assume that is the number of available
bits for encoding the remaining uncoded mac-
roblocks in this frame and .



1540 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 15, NO. 12, DECEMBER 2005

Step 3) First RDO-based coding mode selection.
In this step, a predicted quantization parameter

is used to perform RDO-based coding mode se-
lection. If the current macroblock is the first one in
the frame, is set to be the average quantization
parameter of the previous frame; otherwise,
if , , else we calculate

based on the proposed R-Qstep model for the
current macroblock as follows:

(23)

Therefore, . Fur-
ther, the calculated is clipped to be

(24)

The predicted quantization parameter is then
used to perform mode selection for the current mac-
roblok. Afterwards, an R-D cost is computed in
terms of the current macroblock as

(25)

and denote the number of coded bits and the
associated distortion in terms of the selected mode
for the current macroblock, wherein the distortion

is indicated with the MSE, MSE , calculated
with

MSE (26)

Step 4) Second RDO-based coding mode selection.
Calculate SAD in terms of the selected coding

mode and then compute a new quantization param-
eter using SAD in the same way as Step 3).
Thus, an estimated is computed for the new

as follows:

(27)

where and
. For simplicity, set .

If , the target bits are used to calculate the
R-D cost and ; otherwise the coded
bits of first RDO-based coding mode selection are
used to estimate the R-D cost and . If

, the new quantization parameter
is selected to perform RDO-based coding

mode selection again.
Step 5) Counter updating.

In this step, the remaining bits and the number of
not coded macroblocks of the frame are updated as
follows:

and

Fig. 9. PSNR curve of news sequence with QCIF format at 10 fps.

Fig. 10. PSNR curve of Foreman sequence with QCIF format at 15 fps.

Fig. 11. PSNR curve of football sequence with SD format at 30 fps.

Assume that is the total number of
macroblocks in the frame. If , all
macroblocks in the frame are coded; otherwise, let

, and go to Step 2).
Step 6) R-D model parameter updating.

The R-D mode parameters and updating
process is similar to [2]. However, in this paper, it
is performed at frame level rather than macroblock
level for the sake of simplicity.

First, calculate

and

(28)
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Fig. 12. PSNR curve of flowergarden sequence with SD format at 30 fps.

Fig. 13. PSNR curve of News sequence with QCIF format at 10 fps.

where is the coded bits of the just coded pic-
ture and is the number of bits spent for the lu-
minance and chrominance. If and

, set and

(29)

is updated with

(30)

Then, and are updated as a weighted
average of the initial estimates and the current
average, i.e.,

(31)

From the above steps, we can summarize that the proposed
algorithm performs one-pass operation at frame level and a par-
tial two-pass operation at the macroblock level. Since the second
RDO-based coding model selection in Step 4) is a conditional
operation, the percentage of such macroblocks can be controlled
by parameter ; consequently, the computing complexity is con-
trollable as well. In other words, the second RDO-based coding
model selection can be discarded in the rate-control implemen-
tation if setting . In this case, the coding efficiency may
be slightly decreased while the accuracy of rate control is still
doing well.

Fig. 14. PSNR curve of Foreman sequence with QCIF format at 15 fps.

Fig. 15. Bit error between target bits and coded bits for scene cut (at frame
30) test.

V. EXPERIMENTAL RESULTS

In order to evaluate the performance of the proposed al-
gorithm, we have performed some experiments on some test
sequences. The H.264/AVC reference software1 has been
employed as the test platform. Several schemes including
the proposed rate-control scheme, TM5 with some parameter
adjustment, the current rate control scheme in H.264/AVC
test model (AVC-TM) [16], and fixed quantization parameter
(Fixed-QP) coding, i.e., without rate control, are tested and
compared. The complexity of the proposed scheme can be con-
trolled by parameter , e.g., means that any macroblock
is coded with only one RDO-based coding mode selection,
and hence the proposed rate control becomes fully a one-pass
algorithm. The proposed algorithm is tested with the different
values of .

Table IV illustrates the coding results on some test sequences.
The target bit rate is selected according to Fixed-QP coding. In
these experiments, set in the proposed rate-control imple-
mentation. The table shows that the proposed algorithm can ac-
curately control the bit rate at different resolution and frame rate
and, at the same time, achieve better coding efficiency than any
other coding scheme. Compared to AVC-TM, the proposed al-
gorithm can achieve a maximum gain of 0.48 dB and an average
gain of 0.2 dB on the News sequence. The complexity of the pro-
posed rate control is also much lower than that of AVC-TM in
that it employs a simple linear prediction rather than the com-
plicated MAD prediction as used in the latter. Compared to the

1[Online]. Available: http://www.jdl.ac.cn/user/swma/jm61a_rc.zip
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Fig. 16. Visual quality comparison between fixed QP coding (left) and proposed rate-control scheme (right) at scene cut position.

optimized TM5 implementation and Fixed-QP coding, the pro-
posed algorithm can improve the coding efficiency with the av-
erage PSNR gains of 0.46 and 0.33 dB, respectively. Figs. 9–12
show the R-D curves achieved from the proposed rate control,
TM5, AVC-TM, and Fixed-QP coding, respectively. These fig-
ures further prove that the proposed algorithm can achieve better
performance than any other coding scheme. The experimental
results of the proposed algorithm with are also shown. No-
tice that is unnecessary in the proposed algorithm. In the
experiments, about 25% of the macroblocks have performed the
second RDO-based coding mode selection with . In this
case, the average gain is 0.17 dB over the proposed algorithm
with , i.e., full one-pass operation. The improvement is
due to the fact that the partial two-pass rate control at the mac-
roblock level can further refine the bit allocation.

The proposed R-D model developed according to the quan-
tization scheme in H.264/AVC leads to these improvements of
the proposed algorithm over the other schemes. For the News
sequence with small motion, the proposed algorithm can reach
much better results. The performance is almost the optimum in
terms of bit allocation. Since the motion vectors also cost the
coded bits, the motion in the sequence may influence the rate-
control scheme as well. However, for the Foreman sequence
with high motion, the performance of the proposed scheme is

Fig. 17. Buffer occupancy of News sequence at 27 kbps, QCIF, IPP, and 10 fps.

still better than that of the other schemes, which demonstrates
that the proposed R-D model is sufficiently accurate even for the
sequence with high motion. We also make an implementation
of TM5 on JM6.1a software with some parameter adjustment,
which still leads to the performance loss and large errors in rate
control, because it does not define a dynamic rate of the quanti-
zation parameter of each macroblock. Figs. 13 and 14 show the
PSNR per frame for some test sequences. These figures further
indicate that the proposed rate control shows better performance
and has improved the coding efficiency of the original AVC en-
coder. The proposed rate-control scheme also performs well for
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Fig. 18. Buffer occupancy of Foreman sequence at 45 kbps, QCIF, IPP, and
15 fps.

the video sequences with scene cuts. A merged sequence by
News and Foreman is used for test and the scene cut happens
at the 30th frame (count from 0).

Fig. 15 shows the mismatch between the numbers of target
bits and coded bits. At the scene cut, the mismatch is somehow
large, whereas the mismatches at the subsequent frames are re-
duced immediately. Fig. 16 shows the visual quality comparison
at the scene cut. After the scene cut, proposed rate control can
also reach approximated visual quality compared with fixed QP
coding.

Figs. 17 and 18 show the buffer occupancy in terms of the
proposed rate-control scheme. According to these plots, the pro-
posed rate control can maintain suitable buffer occupancy levels.
In other words, the proposed rate-control algorithm can prevent
the buffer from overflow or underflow.

VI. CONCLUSION

This paper has presented an efficient rate-control algorithm
for H.264/AVC video encoder. The proposed algorithm is the
extension of our previous work adopted in the H.264/AVC
test model. In this paper, a more accurate linear R-D model
is developed based on the statistical and theoretical anal-
ysis on the quantization scheme as well as the other coding
tools in H.264/AVC. The proposed rate-control algorithm is
implemented by considering both the generated bit rate and
the optimal coding mode selection. In other words, the R-D
optimization is performed in conjunction with the proposed
rate-control algorithm. In addition, the requirements of HRD on
rate control have been satisfied with some clipping operations in
the proposed algorithm. Experimental results have shown that
the proposed algorithm can generate the bit stream very close to
the target bit rate, and meanwhile its coding efficiency is better
than the current rate control scheme in H.264/AVC test model
as well as the coding with the fixed quantization parameter.
Experimental results have also shown that the coding efficiency
can be further improved with a little computing complexity
increase when using partial two-pass processing.
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