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ABSTRACT 

 
Rate distortion optimization (RDO) is a very efficient tool for 
deciding a macroblock’s coding mode, which has been adopted 
by H.264/AVC codec and brings higher coding efficiency. 
However, due to precise calculation of current macroblock’s 
distortion and coding-bits for each coding modes, RDO-based 
mode decision involves high computational complexity. In this 
paper, a simple model for fast estimating the coding-bits of the 
quantized transform coefficients, which account for the major 
part of computation when coding a macroblock, is presented. The 
model only uses nonzero coefficients’ magnitude and coordinates 
information by add operation to fulfill estimation so that 
computational complexity can be significantly reduced. 
Experimental results show that with this model computational 
complexity of RDO-based mode decision in H.264/AVC codec 
can be reduced 40~60% while coding efficiency has no much of 
drop.  
 

1. INTRODUCTION 
 
Macroblock-based multimode coding scheme has been widely 
used in video coding system like MPEG-2/4 [1] [2] and 
H.264/AVC [3]. Multiple modes mean that there is more than 
one coding method and the best one is selected to code current 
macroblock. For example, in coding prediction frame (P frame), 
inter-frame motion estimation generally is the best coding 
method. But when motion estimation breaks down by reason of 
abrupt brightness change or else, intra-frame spatial prediction 
becomes a good choice. These different coding methods are 
called different coding modes. By multimode coding, a video 
coder can obtain more efficient coding performance, which is the 
profit from the ability of flexibly matching the variety of video 
content and situation [4]. Therefore, a rule is needed to 
implement mode decision.  

Basically there are two methods to realize mode decision. One is 
SAD (Sum of Absolute Difference) -based decision method, and 
another is RDO-based. For mode decision with SAD criteria, 
macroblock’s prediction errors with their absolute value are 
added as SAD result, and then the mode resulting in minimal 
SAD value is determined as current macroblock’s best coding 
mode. This method supposes the mode with minimal energy of 
prediction errors can bring best coding efficiency. Its advantage 
is low computational complexity, but it doesn’t consider the 
trade off relationship between bitrate and decoded reconstruction 
image quality, so loses coding efficiency in terms of rate 
distortion performance. In [4] [5], T. Wiegand et al. applied rate 

distortion theorem in mode decision and proposed an efficient 
RDO-based mode selection method. In the view of rate distortion 
theorem, the mode decision issue can be described as among all 
the coding modes looking for the minimal required rate R to 
achieve a give distortion D. The mode with the minimal rate R is 
determined as the best coding mode. T. Wiegand et al. use 
Lagrange Multiplier method to find the upper solution. That is, 
cost function 

 RDCost D Rλ= + i                               (1) 

is calculated for each coding modes and the mode with minimal 
cost is selected as the best one.  

From equation (1) we can see to decide a macroblock’s coding 
mode is equal to encode the macroblock multiple times, which is 
obviously high complexity. So in order to reduce computation, a 
simple but effective coding-bits estimation model is presented to 
simplify the calculation of bitrate of the transform coefficients. 
Experimental results show that the proposed model can largely 
reduce computation complexity, and at the same time coding 
efficiency has no much of drop which comes from the model can 
match the entropy coding mechanism of H.264/AVC. 

The rest of the paper is organized as follows. Section 2 describes 
the mode decision algorithm in H.264/AVC codec and analyzes 
its computational complexity. Section 3 presents the proposed 
fast coding-bits estimation model and discusses its validation. 
Section 4 gives the experiment results. Finally, the paper is 
concluded in section 5. 
 

2. MODE DECISION ALGORITHM 
 
H.264/AVC standard enables variable block-size motion 
estimation with block size from 16x16 to 4x4 pixel and intra-
frame prediction with multiple spatial directions. Therefore, 
H.264/AVC holds a relative bigger coding mode set including 
intra4x4, intra16x16, inter16x16, inter16x8, inter8x16, inter8x8-
P, Direct and Skip mode. Direct and Skip modes are used in B 
frame and P frame respectively; the two intra-modes correspond 
to two block-size intra predictions, that is 16x16 and 4x4 pixel 
size; inter8x8-P mode expresses that a macroblock is segmented 
into four 8x8 blocks, and each 8x8 block (one subpartition) is 
predicted by a best mode among the set of inter8x8, inter8x4, 
inter4x8, inter4x4 and intra4x4 (intra4x4 in inter8x8-P mode 
exits in reference software JM4.2, but is not accepted into final 
H.264 standard). The upper inter-modes correspond to different 
block-size inter frame motion estimation. The task of mode 
decision algorithm is to choose the best coding mode from upper 
mode sets for every macroblock.  
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Figure 1. Mode decision algorithm in H.264/AVC coder.

2.1. Mode Decision Algorithm in H.264/AVC 
 
H.264/AVC coder supports two mode decision methods, RDO-
based and SAD-based (for the convenience of following writing 
they are marked as RDO_ON and RDO_OFF, respectively). The 
two methods have the same decision procedures, but the 
differences lie in different criteria used to determine coding 
parameters like intra-prediction direction and motion vectors. For 
example of encoding a macroblock in P frame, the mode decision 
algorithm can be depicted as that in figure 1 (the whole algorithm 
can be referred to [6]). 

In RDO_ON method, both procedure (1) (3a) (3c) and (5) uses 

MODE blockJ SSD Rλ= + ⋅                                 (2) 
to choose intra prediction direction and determine macroblock’s 
best coding mode. The procedure (3b) (4) utilizes 

( ) MOTION mvJ SA T D Rλ= + ⋅                            (3) 
to obtain motion vectors. In equation (2), SSD signals the 
distortion between original block and decoded reconstruction 
block, and Rblock signals the coding-bits. In equation (3), Rmv 
denotes the coding-bits for motion vector, and SA(T)D is defined 
as  

,
( ) ( ) / 2, 0 , 3( )( , )

i j
SA T D i jDiff T i j= ≤ ≤∑ .      (4) 

DiffT expresses that the 4x4 residual is Hadamard transformed. 
In case of RDO_OFF method, every procedure uses equation (4) 
to make decision. In both RDO_ON and RDO_OFF, procedure 
(2) uses formula (4) to determine intra16x16 prediction direction. 
 
2.2. Analysis of Computational Complexity of RDO-
based Mode Decision  
 
In the process of RDO_ON mode decision, the computation for 
SSD in equation (2) involves integer discrete cosine transform 
(IDCT), quantization (Q), dequantization (Q-1) and inverse IDCT 
(IDCT-1); the computation for Rblock need make entropy coding 
for prediction direction, motion vector, mode, quantization 
parameter (QP), quantized transform coefficients and so on. The 
method of table look-up is used for the computation of Rmv in 
equation (3); to obtain the value of SATD needs adding the 

hadamard transformed coefficients of each 4x4 residual blocks, 
and to calculate SAD is getting the sum of absolute value of each 
4x4 residual. Table I lists the major computations for every 
procedure in H.264’s mode decision algorithm, where HMT 
expresses hadamard transform. 

TABLE I. Computation Comparison of RDO_ON and 
RDO_OFF 

Mode Decision Algorithm 
Step 

RDO_ON RDO_OFF 

(1)(3a) IDCT, Q, Q-1,IDCT-1, Rateblock HMT 
(2) HMT HMT 

(3b)(4) HMT, Ratemv HMT 
(3c)(5) IDCT, Q, Q-1,IDCT-1, Rateblock HMT 

The computational complexity of rate distortion optimized mode 
decision is much higher than that of RDO_OFF. The experiment 
results show that, in the coding condition of one reference frame, 
+/-32 pixel motion search range, 1/4-pixel motion vector 
resolution and Context-based Adaptive Variable Length Coding 
(CAVLC) [3] entropy coder, the computing time difference 
between RDO_ON and RDO_OFF accounts for 10~17 percent 
of total coding time when RDO_ON from QP 28 to 40 at JM4.2 
reference platform. If the proposal of fast motion estimation [7] 
is used in JM4.2 for the experiment, the time difference will 
account for as much as 30 percent, which is almost one third of 
total coding time. 

From Table I, it can be seen that the reason of higher complexity 
of RDO_ON lies in the computation for IDCT&IDCT-1, Q&Q-1, 
Rblock and Rmv. Thereby, to reduce the complexity it is obvious to 
design some simple and direct method as a substitution for the 
computation of Rblock, Rmv and others. For IDCT& IDCT-1, 
H.264/AVC utilizes a simple 4x4 integer DCT transform. As 
there are only 1 and 2 in the transform matrix, the transform can 
be implemented only by add operation and shift operation instead 
of multiplication. So the computational complexity of IDCT 
transform is not high. With respect to Rmv coding, in order to 
speed up motion estimation, calculating the coding-bits of Rmv is 
by the means of table look-up, so the space for reducing this kind 
of complexity is also small. The procedure of getting the value of 

(1) In intra4x4 mode, select the optimal prediction direction from 8 directions + DC 
prediction; 

(2) In intra16x16 mode, select the optimal prediction direction from 3 directions + DC 
prediction; 

(3) In inter8x8-P mode, select the optimal mode for each 8x8 block in one macroblock 
from setA {intra4x4, inter8x8, inter8x4, inter4x8, inter4x4}; 
a) In intra4x4 mode, select the optimal prediction direction as Procedure(1); 
b) In the other modes in setA, motion estimation to get motion vector; 
c) For the 8x8 block, select the final best mode from the setA; 

(4) In inter16x16, inter16x8 and inter8x16 modes, motion estimation to get motion 
vector; 

(5) For the macroblock select the final mode from setB {intra4x4, intra16x16, Skip, 
 inter16x16, inter16x8, inter8x16, inter8x8-P}, inter8x8-P denotes the best mode  
selected from Procedure(3), intra4x4 and intra16x16 denote the best prediction 
direction decided in Prodecure(1)(2); 
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Rblock is the one where entropy coding for the quantized 
transform coefficients takes up. Entropy coding for the transform 
coefficients is a key procedure in video coding system, and at the 
same time is one of the most complex step. So it becomes 
prerequisite to reduce coefficients’ coding complexity. 
Therefore, the proposed model in this paper aims at reducing it. 
 

3. LOW COMPLEXITY RDO MODE DECISION 
 
Coding-bits estimation for the quantized transform coefficients is 
closely related to entropy coding method. To estimate more 
exactly, the model should more closely match the coding trait of 
entropy coder. So this section firstly introduces CAVLC entropy 
coding method in H.264/AVC, then gives out the fast estimation 
mode, and at last analyses its validation.  
 
3.1. CAVLC 
 
H.264/AVC standard supports two entropy coding methods: 
context-based adaptive arithmetic coding (CABAC) [3] and 
variable length coding (VLC). In CABAC, many context models, 
each corresponding to specific syntax element, are built. So its 
prominent characteristic is adaptation to symbol’s non-stationary 
statistics, which enables CABAC further improve coding 
efficiency. VLC coding, a simpler method, uses a single infinite-
extent codeword table for all syntax element except the quantized 
transform coefficients. For coding of transform coefficients, a 
sophisticate VLC method named CAVLC is employed. This 
method has low software and hardware implementation 
complexity compared with CABAC, and at the same time can 
keep high coding efficiency. The model for fast estimating the 
coding-bits of transform coefficients comes from CAVLC, but 
also can be used when entropy coder is CABAC. 

Compared with earlier VLC coding for the transform 
coefficients, CAVLC is different at the following points. First, 
the number of nonzero coefficients instead of End of Block 
(EOB) is coded to indicate a block’s end. Second, the magnitude 
information of the nonzero coefficients called Level and the 
position information or the number of successive zero 
coefficients before this nonzero one called Run are coded 
separately. Third, Level and run are coded by multiple VLC 
tables with adaptive table switch. Among these points, the 
second one is important to design the proposed model.  
 
3.2. Fast Coding-bits Estimation Model 
 
According to the coding strategy of CAVLC, the bits spent by 
nonzero coefficient’s magnitude information and position 
information should be estimated separately. In detail, the bits for 
coding the magnitude of one nonzero coefficient is estimated by 

( )levelR C A= ,                                             (5) 
and the bits for the position information is estimated by 

( )run C CR C i j= + , , 0,1, 2,3C Ci j = .       (6) 
C denotes one nonzero coefficient. | | denotes absolute operation, 
A is the magnitude of coefficient C, and iC, jC are the coordinates 
of the coefficient in a 4x4 block. Rlevel(C) and Rrun(C) denote the 
estimation of the bits for coding the magnitude and position 
information respectively. 
Therefore, the model for estimating the coding-bits of the 
transform coefficients in a 4x4 block can be described as 

, 0
( ( ) ( ))

k k

runcoeff level k k
C Block C

R R C R C
∈ ≠

= +∑       (7) 

or  

, 0
( )

k k k

k k

coeff C C C
C Block C

R A i j
∈ ≠

= + +∑  .          (8) 

Ck is a nonzero coefficient, and Rcoeff denotes the estimated 
coding-bits for the coefficients in a 4x4 block. As a macroblock 
is composed of sixteen 4x4 blocks, the estimation of the coding-
bits for the whole macroblock’s coefficients is the sum of that of 
every 4x4 block. 

By equation (8), we can find that only addition and absolute 
operation are needed in the estimation process, so that some 
complex procedures such as forming VLC codes and switching 
tables are avoided. Consequently, the amount of computation for 
coding block coefficients is reduced, which results in complexity 
reduction in RDO mode decision. 
 
3.3. Validation Analysis of the Estimation Model 
 
As the model is composed of two parts, Rlevel(C) and Rrun(C), the 
analysis of the model’s validation is divided into two parts, 
which also match CAVLC’s coding strategy. 
Part 1: analysis of ( )levelR C A=  
CAVLC entropy coder utilizes six Golomb-Rice code tables to 
encode the magnitude of the nonzero coefficients. For the 
specific range of the coefficient value, there is one table in six 
better than the others. After coding one coefficient, a judgement 
of whether or not switching the table, which is based on the just 
coded coefficient, takes place. So the adaptation is obtained by 
the use of multi-table switching coding. Case 1: multiple 
coefficients are coded using the same table. Suppose that the two 
coefficients of them are C1 and C2 with |A1| ≥ |A2|. By the 
equation (5), we can get Rlevel(C1) ≥ Rlevel(C2). Observing all the 
six tables, we also can obtain that Rate(C1) ≥ Rate(C2) if |A1| ≥ 
|A2|. So in this case the estimated coding-bits and the real coding-
bits have the same increase or decrease tendence. Case 2: 
multiple coefficients are coded by more than one table. If in the 
coding order the earlier coefficient isn’t bigger than the 
following coefficient, by observing the tables and the rule of 
table switching there is Rate(C1) ≥ Rate(C2) if |A1| ≥ |A2| in the 
real coding process, which is consistent with the result of 
equation (5). Else if at some point the earlier coefficient is bigger 
than the following coefficient, at some times there will be 
Rate(C1) ≥ Rate(C2) if |A1| < |A2| in real coding process, which 
conflicts with equation (5). But fortunately this event does not 
occur high frequently, and is slight to influence the estimation 
result. 
Part 2: analysis of ( )run C CR C i j= +  
Equation (6) expresses that more bits are spent for encoding the 
position information of the coefficient close to the right-down 
corner of a 4x4 block. After the IDCT transform, the high-
frequency coefficient usually has small energy. Then by the 
operation of quantization, more zeros occur at the high-frequency 
positions in a 4x4 block, so that the value of Run for the high-
frequency nonzero coefficient, indicating the position 
information, is bigger. In the real coding process, from the tables 
used for coding Run in CAVLC, we can find that the bigger the 
value of ZerosLeft [3] and Run is (ZerosLeft is a context element 
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in CAVLC used for selecting the table while coding Run), more 
bits are used to encode. Because the big ZerosLeft and Run 
denotes the corresponding coefficient occurs closer to the right-
down corner, equation (6) is a good simulation to the real coding. 

Based on the analysis of Part 1 and Part 2, we can say that at the 
most moment the estimation model proposed in this paper can 
reflect big-small relationship for the coding-bits among different 
macroblock coding modes. 
 

4. EXPERIMENTAL RESULTS 
 
Performance comparison of RDO_ON, RDO_OFF and the low 
complexity RDO mode decision based on the fast coding-bits 
estimation model (marked as RDO_LC) is tested on the CIF or 
QCIF sequences specified by JVT at JM4.2 reference platform. 
The experimental conditions are one reference frame, 1/4-pixel 
motion vector resolution, +/-32 pixel motion search range, 
CAVLC entropy coder, 300 frames coded with IBBPBBP order 
and QP from 28 to 40. As the proposed model aims at reducing 
the complexity of equation (2), similar performance will be 
obtained when multiple or one reference frame is used.  

Figure 2 presents on the most complex sequence in the sequence 
set, Mobile & Calendar (CIF), the ratio of the complexity 
reduction of RDO_LC against RDO_ON to the complexity 
increase of RDO_ON against RDO_OFF. It can be seen that 
when QP is 28 the percentage of complexity reduction is 61%, 
but as QP becomes large, the percentage decreases. The reason 
for this is that when QP increases the number of nonzero 
coefficients is reduced, and consequently the computation for 
encoding the block coefficients is cut down. Figure 3 shows the 
rate-distortion coding efficiency of RDO_ON, RDO_OFF and 
RDO_LC on Mobile & Calendar sequence. In the QP range of 28 
to 40, RDO_LC loses 0.32dB relative to RDO_ON, but relative 
to RDO_OFF 0.74dB is gained, which verifies the estimating 
effectivity of proposed fast coding-bits estimation model. Figure 
4 shows average complexity reduction on the entire sequence set 
including Foreman, Silent, Mobile & Calendar, Paris, Container 
and News sequence. Over all the six sequences, 0.46dB is 
obtained relative to RDO_OFF when coding with RDO_LC. 
 

5. CONCLUSIONS 
 
This paper presents a simple model for fast estimating the 
coding-bits of the quantized transform coefficients. The major 
contribution is to provide a low complexity RDO-based mode 
decision scheme, which can be used in limited computation 
ability video coding applications. The experimental results show 
that the proposed model can significantly reduce computational 
complexity of RDO-base mode decision, meanwhile no much 
drop of coding efficiency. 
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Figure 2. Ratio of complexity reduction of RDO_LC against RDO_ON to 
complexity increase of RDO_ON against RDO_OFF on Mobile & 
Calendar sequence. 
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Figure 3. Rate-distortion coding efficiency of RDO_ON, RDO_OFF and 
RDO_LC on Mobile & Calendar sequence. 
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Figure 4. Ratio of complexity reduction of RDO_LC against RDO_ON to 
complexity increase of RDO_ON against RDO_OFF averagely over all 
the six sequences. 
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