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Abstract—This paper proposes a new algorithm for H.264 rate 
control, and aims at improving coding quality of high motion 
scenes. Firstly, the motion estimations using all the possible 
modes are performed, and the mode that produces the least 
mean absolute difference is used to estimate the quantization 
parameter. Secondly, a new motion complexity measure is 
defined to represent the amount of motion contents between 
two consecutive frames, and is used to estimate the target bit. 
Experimental results show that our scheme can effectively 
improve video quality at scene changes and high motions, and 
reduce the sharp drops of PSNR as compared with the H.264 
adopted rate control algorithm [1]. Moreover, our scheme also 
achieves an average PSNR gain of 0.129dB for the test 
sequences.  

I. INTRODUCTION 
     H.264 [2] is the newest international video coding standard 
developed by the Joint Video Team (JVT), which consists of 
experts from VCEG and MPEG. It has achieved a significant 
improvement in coding efficiency compared to all the existing 
standards. As in other video coding standards, H.264 employs 
hybrid DCT-like motion compensated predictive coding which 
intrinsically produces variable bit rates. The encoder employs rate 
control as a way to regulate variable bit rate characteristics of the 
coded bit stream in order to produce high quality video at the bit 
rate provided by the network. Rate control is thus a necessary part 
of the encoder in H.264.  
     One of the novel features of H.264 video coding is the use of 7 
different MB coding modes such as SKIP, INTER 16× 16, INTER 
16× 8, INTER 8× 16, INTER 8× 8, INTRA 16× 16, INTRA 4 × 4, 
so that the temporal and spatial details in an MB are best presented. 
To select the best mode, RDO is employed such that for each MB, 
all the MB modes are tried and the one that leads to the least RD 
cost is selected. This is to achieve the best trade-off of the rate and 
distortion performance. Unfortunately, employing RDO in the mode 
selection makes rate control a difficult task. This is because that in 
order to perform RDO for an MB, a quantization parameter (QP) 
should be firstly determined for this MB depending on its mean 
absolute difference (MAD) after motion compensation. However, 
the MAD of the current MB is only available after performing 
RDO. This is a dilemma and we call it QP dilemma. For this reason, 
it is difficult to adopt existing rate control algorithms directly to 
H.264 video coding. 

To solve the QP dilemma, all the existing H.264 rate control 
methods estimate QP or MAD by using the information of previous 
MBs. For example, Ma et al. [3] have proposed a scheme that was 
derived from MPEG-2 TM5 to estimate QP from neighboring MBs. 

Since the information is estimated and is not directly related to the 
current MB, the estimated QP is not accurate. In [1], Li et al. have 
used a linear model to predict the MAD of current basic unit in the 
current frame by using a co-sited basic unit in the previous frame. It 
is noted that in this approach, the target bit is estimated solely based 
on the buffer fullness, regardless of the frame’s content. This may 
lead to drastic drops in PSNR, especially in the case of high motion 
scenes or scene changes. To improve the video quality at scene 
changes, Jiang et al. [4] have introduced MAD ratio as a measure of 
motion complexity. In their approach, bit budget was allocated to 
frames according to their MAD ratio. However, MAD ratio is not a 
good way of representing the motion contents, as it can only 
represent the similarity between the current frame and its reference 
frame.   

In this paper, we focus on accurately estimating QP and target 
bit at scene changes and high motions. We estimate QP according 
to the minimum distortion after performing motion estimations of 
all the modes. We define a new motion complexity measure to 
represent the amount of motion contents between two consecutive 
frames by using the number of bits consumed by the previous 
frames. Based on motion complexity and all-mode motion 
estimation process, we can estimate the target bit and QP 
accurately, and thus greatly improve the objective and subjective 
quality.   

The rest of this paper is organized as follows. The next section 
describes mode decision and RDO in H.264. Section III presents the 
novel QP estimation method that is based upon all-mode motion 
estimation. Section IV proposes our rate control scheme for H.264 
using motion complexity measure and minimum distortion based 
QP estimation mode decision. Section V shows our experimental 
results. This paper concludes with Section VI. 

II. MODE DECISION AND RATE-DISTORTION OPTIMIZATION IN 
H.264 

     In the JVT reference model software, a Lagrangian multiplier 
method is used to achieve RDO. Lagrangian multiplier method is 
based on converting a constraint optimization problem to an 
unconstraint one. The constraint optimization problem is to 
minimize the distortion D at the constraint that the rate R should be 
less than CR , which can be expressed as follows: 

 min : CD R R<                                                   (1) 
Using the Lagrangian multiplier method, the above problem is 
converted to minimize the RD cost J, with λ  being the Lagrangian 
multiplier:  

 min :J J D Rλ= + ×                                        (2) 
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     R is generated from every MB i’s rate iR , and D is generated 
from every MB i’s distortion iD . Assuming that the rate and 
distortion of each MB are only dependent on the choice of the 
encoding parameters as described above, the optimization of (2) is 
simplified to minimizing the cost of each MB separately: 

 min :i i i i iJ J D Rλ= + ×                                    (3)                                                                                     
     In H.264, both motion estimation and mode decision have been 
optimized using the Lagrangian multiplier method. The motion 
estimation process finds a motion vector that minimizes motion 
vector cost MVJ : 

 MV MV Motion MVJ SAD Rλ= + ×                                (4)                                                                            
where MVSAD  is the sum of absolute differences (SAD) after 
motion compensation, MVR  is the motion vector bits, and Motionλ is 
the motion Lagrangian multiplier. After determining the optimum 
motion vectors for inter modes, the Lagrangian cost of each mode 

MJ  is calculated by using the number of bits MR  consumed by 
this MB and the sum of squared differences (SSD) between the 
original and the reconstructed pixels MSSD : 

 M M Mode MJ SSD Rλ= + ×                                      (5)                                                                                       
The mode that has the minimum MJ  is selected as the optimum 
coding mode for this MB. 
     In the above optimization process, the value of λ  is decided 
empirically as follows [5]: 

 ( 12) 30.85 2 QP
Modeλ −= ×                                         (6) 

 Motion Modeλ λ=                                                  (7) 
Thus rate control is conducted via controlling QP and adjusting 

the Lagrangian multipliers accordingly using (6) and (7). As shown 
in Equation (4) to (7), in order to compute Lagrangian multipliers 
for RDO, QP should be provided before motion compensation. 
However, QP is available only after motion estimation so that the 
residual information is available. This is typically a contradiction. 
We call it QP dilemma, which imposes a big problem in H.264 rate 
control.  

III. MINIMUM DISTORTION BASED QP ESTIMATION MODE 
DECISION  

     To solve the QP dilemma, the existing H.264 rate control 
methods estimate QP or MAD before motion estimation. The 
following figure illustrates the mode decision process of the 
existing H.264 rate control methods. 
 

 
Figure 1     Mode Decision Process of the H.264 Rate Control 

algorithms 
 

     To achieve a good video quality, QP should be estimated 
accurately so that the bits allocated to the individual MBs are in 
accordance with their actual needs. The QP estimation usually 
utilizes the information of the neighboring MBs or the MBs at the 
same place of the previous frame. This estimated QP is then used 
both in quantizing the motion compensated residual information 
after motion estimation and calculating the Lagrangian multiplier 
for RDO.  Since the information of current MB is not used in QP 
estimation, the estimated QP is not accurate enough. This will 
affect the performance of RDO, and consequently the quality of 

the reconstructed video. To estimate QP accurately, we place QP 
estimation after motion estimation. After a full-search of all the 
modes, the minimum MAD of all the modes is obtained and is 
used to estimate QP. We call this new mode decision process 
minimum distortion based QP estimation mode decision. The 
minimum distortion based QP estimation mode decision process is 
illustrated as follows: 
 

 
Figure 2     Minimum Distortion Based QP Estimation Mode 

Decision Process of Proposed Rate Control 
 

 
Figure 3     Flow Chart of Minimum Distortion Based QP 

Estimation Mode Decision Process 
 

     Figure 3 shows the flow chart of minimum distortion based QP 
estimation mode decision process, which can be summarized step 
by step as follows: 

(1) Use a pre-determined QP to compute motion vector 
Lagrangian multiplier Motionλ  in Equation (7).  

(2) Use Motionλ  to compute motion vector cost MVJ  in 
Equation (4). 

(3) Perform motion estimation of all the MB modes, find the 
one which has minimum distortion. 

(4) Use the minimum distortion to compute QP according to 
the quadratic model. 

(5) Compute RD Lagrangian multiplier Modeλ  in Equation (6). 
(6) Use Modeλ  to compute RD cost MJ  in Equation (5). 
(7) Select the best mode with the guide of MJ . 

     In the above minimum distortion based QP estimation mode 
decision process, one important step different from all the existing 
rate control methods is to get the minimum distortion among all 
the MB modes, which is done after performing all-mode motion 
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estimation. The advantage of this method is that the information of 
current MB can be utilized sufficiently. With this minimum 
distortion, QP of the MB is then estimated. Since this QP 
estimation utilizes the MB’s information, QP should be more 
accurate than those obtained without current MB’s information. 

IV. RATE CONTROL SCHEME  
     Based on minimum distortion based QP estimation mode 
decision process and motion complexity measure [6], we propose a 
rate control scheme. This scheme includes two levels of rate 
control: frame-level rate control and MB-level rate control. At 
frame-level rate control, we estimate the target bit of current frame 
according to motion complexity. At MB-level rate control, we 
estimate QP in the mode decision process, according to the 
minimum distortion after all-mode motion estimation. The target 
bit of current MB is estimated equally. The flow chart of the 
scheme is shown in Figure 4.  

 
Figure 4     Flow Chart of Proposed Rate Control Scheme 

 
     At the encoder, all the encoded bits are put into an output buffer 
for transmission. The output buffer fullness should be considered 
in target bit estimation so that the buffer is maintained neither 
overflow nor underflow. The output buffer can be illustrated with a 
fluid model as in Figure 5.  

 
Figure 5     Buffer Model 

     In this model, BR  is the bit rate (suppose it is a constant), FR  is 
the frame rate, iF  is the buffer fullness at time i , iB  is the bits of 
frame i . Then at time 1i + , the buffer fullness is:  

 1
B

i i i
F

RF F B
R+ = + −                                                 (8) 

     At the frame-level rate control, target bit estimation includes the 
total number of bits of a group of pictures (GOP), the remaining 
bits of a GOP, and the target bit of the current frame. The total 
number of bits of a GOP is determined by the following equation: 

  B

F

RB N
R

= ×                                                           (9) 

where B  is the total number of bits of a GOP, N is the number of 
frames in a GOP. The remaining bits of a GOP when encoding 
frame i is: 

 ,
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B
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                      (10) 

The bits consumed by the first frame, that is, the I frame, will not 
be estimated but is obtained actually according to the initial QP. 
The bit allocation of other frames will be estimated according to 
their motion complexity, remaining bits of the GOP, buffer size, 
buffer fullness, bit rate, and frame rate. The target bit of the ith 
frame is: 
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where iC  is the motion complexity [6], iβ  ( 0 1iβ≤ ≤ ) is a 
coefficient to control buffer fullness, sF  is the buffer size.  
     Here motion complexity is employed to estimate target bit. 
From Equation (11) it can be seen that the estimated target bit is 
proportional to motion complexity. Thus this scheme ensures that 
more bits will be allocated to high motion frames, and vice versa. 
     At the MB-level rate control, target bit of the MB is estimated 
according to the total number of bits allocated to the frame. 
Suppose the distribution of coefficient bits and header bits is 
steady in a frame, then we have: 
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where ,C jb  is the coefficient bits of MB j, ,H jb  is the header bits 
of MB j. Let n be the number of MBs in a frame, then the total 
number of bits of MB j can be estimated as: 
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Combining Equation (12) and (13), we obtain the estimated 
coefficient bits of MB j as follows: 
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In the mode decision process, QP is computed according to the 
minimum distortion among all the possible modes. Assuming that 
the source statistics is Laplacian distribution, a quadratic QP model 
which is derived from [7] is employed to estimate current MB’s QP. 

V. SIMULATION RESULTS  
     We implement our rate control scheme in a H.264 reference 
model JM6.1e. To evaluate the performance of our rate control 
scheme, we compare it with JVT-H014 [1]. In the experiments, as 
to determine the target bit rate, we firstly encode the test sequences 
by using a fixed QP to find out the actual bit it consumes, and use 
it as the target bit rate in the rate control scheme. 

We use six video sequences in total, some of them are high 
motion, while others are low motion. In our experiments, we only 
consider the features enabled in the Main Profile of H.264. For 
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every video sequence, we select four QPs which are 28, 32, 36 and 
40. For each QP, the target bit rate is determined by encoding the 
sequence using fixed QP without rate control. To see the overall 
performance of our proposed scheme for all the test sequences, we 
employ average PSNR difference and average bit rate difference as 
performance measure [8]. These measures are often used to 
compare RD performance between two different methods. The 
results are shown in Table 1. 

Table 1     Average PSNR Difference and Bit Rate Difference 
Sequence Average PSNR 

Difference over 
Complete Range of Bit 

Rate (dB) 

Average Bit Rate 
Difference over 

Complete Range of 
PSNR (%) 

Children 0.091 -1.40 
Coastguard 0.017 -0.52 
Foreman 0.011 -0.20 
Grandma 0.313 -7.45 
Silent 0.135 -2.49 
Weather 0.207 -3.01 
 
     As can be seen from Table 1, we can find that the average 
performance of our scheme is better than JVT-H014. As observed 
from Table 1, our scheme is able to improve both the PSNR and bit 
rate in all the cases. In particular, our scheme performs much better 
for low motion sequences such as “Grandma”, “Silent” and 
“Weather”. 
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Figure 6    PSNR vs. Frame Number 
 
     We illustrate the PSNR result with frame by frame as shown in 
Figure 6. Observing from Figure 6(a), we can see that our scheme 
performs better around the 74th frame. Actually in the original 
sequence, there is a scene change starting from the 71st frame. In 
Figure 6(a), JVT-H014 performs poorly around this frame. Our 
scheme has obtained a PSNR gain of 1.3% at this frame. This 
shows our scheme performs better at scene change than JVT-H014 
does. In sequence “Foreman”, a high motion occurs at the 254th 

frame. In Figure 6(b), our scheme has obtained a PSNR gain of 
1.1% at this frame compared to JVT-H014. This shows our scheme 
performs better at very high motion than JVT-H014 does. Figure 
6(c) and (d) are the results for low motion sequences “Weather” 
and “Grandma” at low bit rates. In these cases, our scheme gets 
better performance than JVT-H014. It should be especially noticed 
that even at a very low bit rate of 5.55Kbps (as shown in Figure 6 
(d)), our scheme still performs much better than JVT-H014. This 
shows that for low motion sequences our scheme performs better 
than JVT-H014 both in sequence level and frame level. 

VI. CONCLUSIONS  

     In this paper, we aim at accurately estimating QP and target bit 
in H.264 rate control. We have proposed a minimum distortion 
based QP estimation mode decision process that estimates QP after 
the full-search of motion estimation. Based on motion complexity 
and minimum distortion based QP estimation mode decision, we 
have presented a new rate control scheme for H.264. In this 
scheme, we employ motion complexity to estimate target bit so 
that the bit allocation is in accordance with the complexity of 
frame’s motion contents, and we estimate QP according to the 
MB’s own information. Our experimental results have shown that 
our rate control scheme is simple and effective. It outperforms the 
existing H.264 proposal for low motion sequences, and for high 
motion sequences at scene changes and high motions. 
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