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摘要 
本計畫以先前自行開發的研究成果為基礎，繼續探討MPEG-2至H.264之轉換編碼架構。此轉換

編碼器的功能是將視訊轉換至H.264格式，並將影像解析度降至原來的一半。在此架構中，我們將轉

換核心變換 (transform kernel conversion, 亦即從MPEG-2之離散餘弦轉換至H.264之近似離散餘弦)之
計算合併至降採樣(down sampling)的程序中。對Intra frame的轉換編碼，我們探討DCT-to-PEL和
DCT-to-DCT兩種轉換編碼架構。相形之下，DCT-to-PEL之運算較簡單。然而DCT-to-DCT的intra frame
轉換編碼尚未有人做過，我們是第一個完成理論性探討的研究單位。對inter frame的轉換編碼我們則

採用DCT-to-DCT之轉換編碼架構，盡量避開完全解碼再重新編碼的轉換編碼工作，減少運算量。 
本計畫的另一目標為H.264最佳化，針對移動估測和模式選擇兩項關鍵模組，繼續研究簡化運算

量之方法。在移動估測方面發展可調變式搜尋策略 (包括動態移動向量預估器、提前終止，與動態搜

尋樣式) 與動態多重參考畫面選擇技術，將編碼速度增為原本參考軟體 (JM 8.5) 的六倍左右。在模式

選擇方面，利用方塊模式在空間與時間上的相關性，發展快速模式選擇演算法，將編碼速度提升約

兩倍左右。整合這兩種快速演算法於編碼器中，總編碼速度增加約十二倍，而編碼效能仍維持在原

來的程度，僅受非常輕微影響。 
 
關鍵詞：H.264、MPEG-4、H.263、離散餘弦轉換、轉換編碼器、降採樣、多重方塊大小、移動估

測、模式選擇、多重參考畫面 
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Abstract 
A key objective of this project is to develop a transcoder for converting an MPEG-2 video bitstream to 

the H.264 format. Along with the conversion, we also reduce the image resolution by half in each dimension. 
For computational efficiency, we avoid full decompression and full recompression in the spatial domain. The 
output bitstream is fully compliant to the H.264 standard. In our technique, the "transform conversion" 
between the DCT of MPEG-2 and the modified DCT of H.264 is incorporated in the down-sampling process. 
Inter and intra frames are processed separately. For transcoding of intra frames, both DCT-to-PEL and 
DCT-to-DCT architectures are considered, while for inter frames a DCT-to-DCT architecture is adopted. 

Another objective of this project is to improve the computational efficiency of two core modules, motion 
estimation and mode decision, of H.264. For motion estimation, we develop a fast algorithm with adaptive 
search strategy and intelligent reference frame selection.  Compared with the H.264 reference software JM 
8.5, this algorithm achieves, on the average, a 600% reduction of encoding time.  For mode decision, we 
exploit the correlation between neighboring image blocks to predict the best possible mode. Compared with 
the reference software, this method achieves about 204% reduction of encoding time with negligible PSNR 
drop and bit rate increase.  Integrating these two fast algorithms in the H.264 reference software, this 
combined method, on the average, is about 12.1 times faster in the total encoding time, at the cost of a slight 
PSNR drop. 
 
Keywords: H.264, MPEG-4, H.263, DCT, transcoding, down-sampling, variable block-size, motion 
estimation, mode decision, multiple reference frames 
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I.  INTRODUCTION 
A. MPEG-2 to H.264 Transcoding 

In the context of MPEG-2 to H.264 transcoding, the issues 
to be addressed include macroblock mode selection, motion 
vector determination, transform kernel conversion, transform 
block size conversion, and transform-domain intra prediction.  

In macroblock mode selection, the four macroblocks to be 
converted to one may have different modes. Based on the four 
modes, a best mode has to be determined for the down-sampled 
macroblock. Our approach, in order to save the computational 
cost, is to simply assign the inter mode to the resulting 
macroblock if the four original macroblocks are not of the same 
mode, instead of carrying out a new macroblock mode decision 
process.  

Likewise, the motion vectors of the four original 
macroblocks may be different. Simply converting the four 
motion vectors to one by averaging does not work well in 
practice. In our work, we consider the advanced prediction 
mode supported in H.264 that allows one motion vector per 8 x 
8 luminance block. Under this mode, the motion vector of a 16 
x 16 macroblock is scaled down by a factor of 2 and assigned to 
the down-sampled 8 x 8 block.  

The down-sampling process is performed in the 
DCT-domain, like that in [2]. However, the problem we deal 
with here demands a new treatment because H.264 and 
MPEG-2 have different transform kernels and transform block 
sizes. The block size used for transform and quantization in 
H.264 is 4 x 4, while the block size is 8 x 8 in MPEG-2. In 
addition, H.264 uses a modified DCT, which is different from 
the conventional DCT in MPEG-2. Our goal is to solve these 
problems without introducing additional computational cost. 

B. Optimization of H.264 
H.264/AVC [1], which will play an important role in 

multimedia communications and consumer electronics 
applications, is a new international video coding standard 
jointly developed by the ITU-T Video Coding Experts Group 
and the ISO/IEC Moving Picture Experts Group.  It achieves 
higher coding efficiency than that of previous standards such as 
MPEG-2 and H.263.  However, the coding gain comes at the 
cost of a much higher computational complexity.  For practical 
purposes, there is a need for reducing the computational 
complexity of H.264.  

The increase of the computational cost of H.264 is largely 
due to the use of variable block-size motion estimation (ME), 
multiple reference frames, and rate-distortion (R-D) optimized 
mode decision (MD). Like previous video coding standards, 
H.264/AVC employs motion estimation/compensation to 
remove temporal redundancy between frames.  However, the 
size of a block in H.264 can be 16x16, 16x8, 8x16, 8x8, 8x4, 
4x8, or 4x4 [1].  The number of possible modes that an encoder 
has to examine is significantly increased since each block size 
leads to a different mode.  Our run time analysis of the H.264 
reference software indicates that ME and MD consume about 
90% of the total encoding time (for either 1 or 5 reference 

frames).  Therefore, these two modules are the main target of 
complexity reduction in our work. 

We develop fast multi-frame motion estimation and mode 
decision algorithms which reduce the computational 
complexity of H.264 encoders.  For MD, we develop a fast 
algorithm by exploiting the mode distribution and the mode 
similarity of neighboring macroblocks to reduce the 
computational load.  The most information used in our mode 
decision method, such as the modes of neighboring 
macroblocks, is already available in the encoding processes.  
For ME, we develop a fast multi-frame motion estimation 
algorithm with an adaptive search strategy and a flexible 
multi-frame search scheme.  The core of our adaptive search 
strategy is formed by a combination of motion prediction, 
adaptive early termination, and dynamic search pattern to 
maintain the coding efficiency and reduce the computational 
cost.  Our multi-frame search scheme increases the search 
efficiency by skipping unnecessary reference frames. 

II.   TRANSCODING AND DOWNSAMPLING 
The architecture of the proposed transcoder is depicted in 

Figure 1, where the switches control the intra/inter decision. 
The input of the transcoder is a full resolution MPEG-2 video 
bitstream, and the output is a half resolution H.264 video 
bitstream. 

Recall that every four 16 x 16 macroblocks (total size 32 x 
32) in the original picture are converted into one 16 x 16 
macroblock in our method. In the following, we describe how 
the down-sampling process works. Here, upper case letter is 
used to represent a block of DCT coefficients, and lower case 
letter is used to represent a block of pixel values. 

A. Transcoding of I-Pictures 
We start with the transcoding of I-pictures. In our approach, 

the down-sampling process of I-pictures is combined with 
IDCT.  Both down-sampling and transform are represented by 
matrix multiplications in the following discusison. 

Let xi, i = 1…4, be the four 8x8 blocks before 
down-sampling and y the 8x8 block after down-sampling. The 
down-sampling operation (a simple 2 x 2 averaging filter) can 
be represented in the matrix form 

1 1 1 1 2 2 2 3 1 2 4 2
1

4

t t t ty = q x q + q x q + q x q + q x q( ),       (1) 
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Denote the eight-point DCT matrix by S, with 
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Then we can write the DCT operation of in the following 
matrix form 

.= tX SxS                            (6) 
Therefore, (1) can be rewritten as 

(1
4

= + +t t t t
1 1 1 1 2 2y q S X Sq q S X Sq  

) .+t t t t
2 3 1 2 4 2q S X Sq q S X Sq           (7) 

Note that the matrices
t

1q S , 
t

2q S , 
t
1Sq , and

t
2Sq  can be 

pre-computed to save computations. 

B. Transcoding of P-Pictures 
For the transcoding of P-pictures, we first describe the 

process of down-sampling and transform conversion. Then the 
motion vector mapping scheme we adopted is discussed.  
Finally, motion compensation in the transform domain is 
presented. 
1) Down-Sampling and Transform Conversion 

Because the 4 x 4 modified DCT is used in H.264, we need 
to convert an 8 x 8 block of conventional DCT coefficients into 
four 4 x 4 blocks of modified DCT coefficients. In our 
transcoder, the transform conversion and the down-sampling 
process is performed together in one operation in order to save 
computations. 

Let X1, X2, X3, and X4 denote the four 8 x 8 blocks of DCT 
coefficients before down-sampling. We want to obtain a new 8 
x 8 block Y, which consists of four 4 x 4 blocks of modified 
DCT coefficients.  

Let us begin our derivation in the spatial domain. The new 
block y in the spatial domain can be obtained from X1, X2, X3, 
and X4 as follows  

( )1
4= + + +t t t t

1 1 1 1 2 2 2 3 1 2 4 2y q x q q x q q x q q x q  

1
4 (= + +t t t t

1 1 1 1 2 2q S X Sq q S X Sq  

 ).+t t t t
2 3 1 2 4 2q S X Sq q S X Sq    (8) 

Because the block size of the modified DCT transform in 
H.264 is 4 x 4, we divide y into four sub-blocks xi, i = 1…4. 
Then, the modified DCT is applied to each 4 x 4 sub-block. Let 
T be the transform matrix for a 4 x 4 modified DCT, 

 
Figure 1. The block diagram of MPEG-2 to H.264 transcoder. 
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Then the modified DCT transform of xi can be written as 

.
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Therefore, we can perform the 4 x 4 modified DCT on the four 

sub-blocks of y using ⎡ ⎤
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0 T  and 
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which can be rewritten as: 

1
4
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where 
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t

1 1
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t
2 2

T 0U q S0 T  

Again, the matrices U1 and U2 can be pre-computed to 
eliminate unnecessary computations. 

2) Fast Computations 
In this section, we analyze the computational complexity of 

transform conversion combined with down-sampling and 
represent it by the number of operations.  

In (12), the matrices U1 and U2 are pre-computed, where 

1
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Then, we can write (12) as: 

 
( )

( ) ( )( )
1 1 1 1 2 2 2 3 1 2 4 2
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where Ui and Vi differ by a scaling factor. 
We now demonstrate the implementation of multiplication 

using V1 as an example. V2 can be handled in a similar way. 

1 1
1
2
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     (16) 

where a = 0.9783, b = －0.0589, c = 0.0393, d = －0.1946, e = 
0.9238, f = －0.3827. Let y = (y1,…,y8)t and x = (x1,…,x8)t, then 
we can compute y = U1x according to the following steps: 

1 2 8s a x d x= ⋅ + ⋅                                  (17) 

2 4 6s b x c x= ⋅ + ⋅                                  (18) 

1 1y x=                                         (19) 

2 1 214.071 + y s s= ⋅                                   (20) 

3 3 5y e x f x= ⋅ + ⋅                                  (21) 

4 1 214.071y s s= − ⋅                               (22) 

5 6 7 8 0.y y y y= = = =                           (23) 

It requires eight multiplications and five additions. 
Therefore, the number of computations for each 8 x 8 block is 
384 multiplications plus 240 additions. 

This concludes the transform-domain down-sampling and 
the transform kernel conversion. Next, we describe how to 
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re-use the motion information carried in the original bitstream 
to construct a reduced-resolution representation of the original 
bitstream.  

III.  TRANSFORM-DOMAIN INTRA PREDICTION 
Here we present the idea of performing intra prediction in 

the transform domain. An illustration of the 4 x 4 intra 
prediction in H.264 is shown in Figure 2 (a), where the symbols 
A to L and Q denote the pixels of neighboring blocks that are 
used to predict the current block. Figure 2 (b) shows the 
direction of intra prediction for various modes. 

 
(a)                                           (b) 

Figure 2. Illustration of 4 x 4 intra prediction. 

The intra prediction process can be described 
mathematically as a sequence of matrix multiplications. Take 
mode 0 (vertical prediction) [1] as an example, we can 
represent the prediction of the current block as: 

0 0 0 1
0 0 0 1
0 0 0 1
0 0 0 1

A B C D
A B C D
A B C D
A B C D A B C D

× × × ×⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥× × × ×=⎢ ⎥ ⎢ ⎥ ⎢ ⎥× × × ×⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦

,     (24) 

where the matrix on the left hand side of (24) represents the 
predicted block, the second matrix on the right hand side of (24) 
represents the upper block above the current block, and the 
symbol ×  means “don’t care” pixel since we only need the 
bottom four pixels of the upper block in this prediction mode. 
The first matrix on the right hand side of (24) is called an 
operation matrix.   

Then we apply the modified DCT transform to both sides of 
(24). Because modified DCT is a linear transformation, we can 
rewrite the right side of the above equation after the modified 
DCT transform as: 

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

8 21 15 5
0 0 0 0
0 0 0 0
0 0 0 0

X X X X
X X X X
X X X X
X X X X

⎡ ⎤ ⎡ ⎤− −⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦⎢ ⎥⎣ ⎦

,   (25) 

where Xij’s are the modified DCT coefficients of the upper 
block. For computational efficiency of the transcoding process, 
the operating matrix can be pre-computed and stored in 
memory. As we can see, 8 multiplications and 12 additions are 
required to perform this prediction mode in transform domain 
for a 4 x 4 block. 

For mode 1 (horizontal) and mode 2 (DC) of the intra 
prediction [1], their transform-domain predictions can be 

derived in the same way.  Except the first 3 modes, the 
transform-domain prediction processes of the remaining modes 
are relatively complicated. Due to the page limit, we only 
illustrate the transform-domain prediction for mode 3 
(diagonal_down_left) here. All the remaining 4 x 4 intra 
prediction modes can be derived in a similar way [3]. 

The prediction performed in mode 3 can be described as 
follows: 

2 2 2 2
1 2 2 2 2

2 2 2 24
2 2 2 3

A B C B C D C D E D E F
B C D C D E D E F E F G
C D E D E F E F G F G H
D E F E F G F G H G H

⎛ + + + + + + + + ⎞⎡ ⎤
⎜ ⎟⎢ ⎥+ + + + + + + +
⎜ ⎟⎢ ⎥+ + + + + + + +⎜ ⎟⎢ ⎥⎜ ⎟+ + + + + + +⎢ ⎥⎣ ⎦⎝ ⎠

.      

(26) 

Dividing the above equation into two terms according to the 
source of the pixel (from the upper block or from the 
upper-right block) yields: 

2 2 2
1 2 2 0

2 0 04
0 0 0

A B C B C D C D D
B C D C D D

C D D
D

⎛ + + + + +⎡ ⎤
⎜ ⎢ ⎥+ + + +⎜ ⎢ ⎥+⎜ ⎢ ⎥⎜ ⎢ ⎥⎣ ⎦⎝

 

0 0 2
0 2 2

2 2 2
2 2 2 3

E E F
E E F E F G .E E F E F G F G H

E F E F G F G H G H

+ ⎞⎡ ⎤
⎟⎢ ⎥+ + +
⎟⎢ ⎥+ + + + + ⎟⎢ ⎥ ⎟+ + + + + +⎢ ⎥⎣ ⎦ ⎠

(27) 

We further divide each term into four rows. The first row of 
the first term can be rewritten as follows: 

   

2 2 2
0 0 0 0
0 0 0 0
0 0 0 0

A B C B C D C D D+ + + + +⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

0 0 0 1 1 0 0 0
0 0 0 0 2 1 0 0
0 0 0 0 1 2 1 0
0 0 0 0 0 1 2 1

.

A B C D

× × × ×⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥× × × ×= ⎢ ⎥ ⎢ ⎥ ⎢ ⎥× × × ×⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦

(28) 

Similarly, other rows can be determined. The final value of 
the prediction is obtained by adding all these terms together.  

At the first look, it may seem that the matrix multiplications 
involved in the transform-domain prediction would involve lots 
of computations, but in fact it can be further simplified because 
the operating matrices of each row have a vertical shift 
relationship [3]. 

IV. OPTIMIZATION OF H.264 

A. Fast Mode Decision 
For MD, we develop a fast algorithm by exploiting the 

mode distribution and the mode similarity of neighboring 
macroblocks to reduce the computational load.   
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(a) 

                                     
(b) 

Figure 3. Mode distribution. (a) QP = 24. (b) QP = 40. 

 
Figure 4. The current macroblock X and its neighboring macroblocks A, B, C, 
and D. 

1) Analysis  
We first observe the relationship between the selected mode 

and the encoded video content.  In general, the SKIP mode or 
the 16x16 mode is the best mode for macroblocks in the 
background or the smooth regions of the images.  On the other 
hand, smaller block size, such as the 8x8 mode and the 4x4 
mode, are chosen as the best modes on object boundaries, 
complex textures, and fast moving regions of images.  

Using the H.264 reference software JM 8.5, we encoded 8 
test sequences (Silent, Tempete, Flower, Container, Foreman, 
Mobile, Stefan, and Mother & Daughter) at CIF resolution to 
analyze their mode distribution.  The result is shown in Figure 3.  
Based on our analysis, about 30% to 70% of the macroblocks 
are encoded with the SKIP mode.  This important result 
indicates that the SKIP mode is a good initial guess for fast 
mode decision. 

We analyze the relationship between the mode and the 
encoded video content. It is observed that when an video object 
moves, all parts of the video object tend to move together.  This 
implies the existence of temporal and spatial correlations of 
modes.  Now the question is: how the modes of neighboring 
macroblocks are related to the mode of the current macroblock.  
The neighboring macroblocks under consideration are shown 
in Figure 4. With respect to the current macroblock X, 
macroblocks A, B, C, and D denote the left, top, right-top, and 
left-top macroblocks of X, respectively.  The result of our 
analysis is shown in Table 1.  It is interesting to note that if 
macroblocks A, B, C, and D have the same mode, it is about 
60% to 90% likely that the current macroblock would have the 

same mode as well (Case 2).  This is a useful piece of 
information we may use to predict the mode of the current 
macroblock based on the modes of its neighboring 
macroblocks.   

Intuitively, the probability that three out of the four 
neighboring macroblocks have the same mode should be higher 
than the probability that all four neighboring macroblocks have 
the same mode. However, the likelihood that the current 
macroblock favors the majority mode would decrease.  This is 
clearly supported by the empirical results shown in Table 1, 
where Case 3 has a higher percentage than Case 1 but Case 4 
gets a lower percentage than Case 2.  In this work, we call the 
mode used in Case 1 and Case 3 as the majority mode. 

Table 1. Percentage of similar modes for neighboring macroblocks 

Sequence QP Case 1 
(%) 

Case 2 
(%) 

Case 3 
(%) 

Case 4
(%) 

24 6.3 63.0 30.6 46.7 Foreman 
40 36.1 88.2 69.3 74.8 
24 11.0 62.0 44.9 52.8 

Mobile 
40 21.8 78.7 55.4 63.8 
24 41.2 95.0 62.2 82.7 Silent 
40 66.7 96.3 84.3 90.1 
24 6.6 58.8 34.1 46.9 

Tempete 
40 17.6 75.5 54.0 58.3 
24 10.6 61.8 44.8 50.6 Flower 
40 16.5 76.2 48.3 57.9 
24 22.7 82.6 53.0 65.9 Container 
40 78.8 97.3 91.7 93.3 
24 10.0 64.5 41.3 49.7 Stefan 
40 21.5 84.3 53.0 64.5 
24 36.5 92.8 57.7 77.2 Mother & 

Daughter 40 73.8 95.9 91.3 91.6 
Case 1: Macroblocks A, B, C, and D have the same mode. 
Case 2: Macroblock X has the same mode as that of macroblocks A, B, C, and 

D when Case 1 is true. 
Case 3: Macroblocks A, B, and D have the same mode. 
Case 4: Macroblock X has the same mode as that of macroblocks A, B, and D 

when Case 3 is true. 

Furthermore, we analyze how the modes of neighboring 
macroblocks correlate with the mode of current macroblock in 
the case where the majority mode does not exist or is not the 
best mode.  Table 2 shows the percentage of similar modes for 
neighboring macroblocks in the case.  Note that the block size 
corresponding to the majority mode is excluded from the 
consideration. 

Table 2. Percentage of similar modes 

Sequence QP Case I (%) Case II (%)
24 72.3 57.6 Foreman 
40 41.6 68.8 
24 67.4 64.3 Mobile 
40 55.8 65.9 
24 41.0 59.8 Silent 
40 20.0 62.9 
24 72.5 60.4 Tempete 
40 60.7 66.3 
24 68.6 67.3 Flower 
40 63.1 63.9 
24 55.9 62.4 Container 
40 12.1 75.7 
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24 68.2 63.3 Stefan 
40 56.8 66.7 
24 46.7 55.0 Mother & 

Daughter 40 13.0 71.8 
Case I: The majority mode does not exist or is not the best mode. 
Case II: One of the modes that correspond to the neighboring block of the 

current block is the same as that of Macroblock X when Case I is true.   

The results shown in Table 2 indicate that the modes 
considered in Case I are also useful for mode prediction.  We 
exploit this useful information to predict the possible mode.  
We call these modes as the secondary modes in our algorithm.  
The selection method of secondary modes is described below:   
• Majority mode exists.  The secondary mode is chosen form 

the modes of the neighboring blocks.  Here, the majority 
mode is excluded from the consideration when determining 
the secondary mode.  Figure 5 (a) shows an example of this 
case. 

• Majority mode does not exist and two out of the four 
neighboring blocks have the sane mode.  Figure 5 (b) and 5 
(c) are examples of this case.  In Figure 5(b), both M1 and 
M2 are chosen as the secondary modes.  The smaller block 
mode between M1 and M2 is tested first.  In Figure 5(c), 
only M1 has to be tested. 

• A, B, C, and D are in different modes (Figure 5 (d)).  In this 
case, only the largest neighboring block mode of the 
current block is selected as the secondary mode. 

As described above, this step is introduced to examine the 
secondary mode after the majority mode is tested.  Note that the 
block size of the secondary mode may be larger than the block 
size of the majority mode. 

2) Algorithm Description 
Figures 6-7 show our proposed fast mode decision scheme.  

The computational load of the mode decision process can be 
reduced by predicting the best mode and skipping the 
expensive motion estimation step for all remaining candidate 
modes. 

In our scheme, we predict the current mode based on the 
previously encoded macroblocks.  Therefore, it is important to 
have a good head start in the chain of predictions.  We apply the 
exhaustive search method for macroblocks that are located in 
the first row or the first column of the image to ensure that a 
correct mode is always obtained for such macroblocks. 

 
(a)                                              (b)                                  

 
(c)                                              (d)                                  

Figure 5. Examples of the secondary mode. 

 
Figure 6. Mode decision flow. 

 
Figure 7. Mode prediction flow. 

In the mode decision process, we need to measure the 
goodness of a prediction.  Two different thresholds TSKIP and T1 

are used, the first one for SKIP mode prediction and the second 
one for mode similarity test.  Since a fixed threshold may not 
work well, the values of TSKIP and T1 are determined adaptively.  
TSKIP is an adaptive threshold determined by the average R-D 
cost of all coded macroblocks of the skip mode.  T1 is the 
average R-D cost of the macroblocks of the majority mode or 
the secondary mode.  Moreover, a weighting factor α is 
introduced to control the speed and the coding quality in our 
algorithm (α = 0.8 in our simulations).   

The proposed fast mode decision algorithm consists of the 
following steps: 
Step 1: If the current macroblock is located in the first column 

or the first row of the image, examine all available 
modes.  Calculate the R-D costs of all available modes, 
select the best one, and stop. 

Step 2: Examine the skip mode and calculate its R-D cost.  If 
this cost is smaller than α*TSKIP, set the skip mode as the 
best mode and stop. 

Step 3: Check the availability of macroblocks A, B, C, and D.  
If all of them are available, go to Step 4.  Otherwise, go 
to Step 5. 

Step 4: If more than two neighboring macroblocks A, B, C, and 
D have the same mode, go to Step 6.  Otherwise, go to 
Step 5. 
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Step 5: If more than one neighboring macroblocks A, B, and D 
have the same mode go to Step 6.  Otherwise, go to Step 
7. 

Step 6: Calculate the R-D cost of the majority mode.  If this 
cost is smaller than T1, choose the majority mode as the 
best mode and stop.  Otherwise, go to Step 7. 

Step 7: Examine the secondary mode and calculate its R-D cost.  
If this cost is smaller than T1, choose the secondary 
mode as the best mode and stop.  Otherwise, go to Step 
8. 

Step 8: Examine the remaining modes and calculate their R-D 
costs.  Select the best one and stop. 

Note that J(mode) stands for the rate-distortion cost of 
mode.  Step 8 is applied when no best mode has been chosen at 
the end of Step 7.  

In our proposed fast mode decision scheme, even though 
ME does not need to be performed for some block types, it still 
involves a lot of computation at the encoder.  Therefore, we 
propose a fast multi-frame motion estimation algorithm for 
reducing the computational complexity in the next section. 

B. Fast Motion Estimation 
In this section, we present a fast multi-frame motion 

estimation algorithm.  This algorithm is based on an adaptive 
search strategy and a flexible multi-frame search scheme.   

In general, the matching process in our fast ME visits the 
seven block sizes [1], from 16x16 to 4x4, in a hierarchical 
descending order.  Like wise, in the case of multiple reference 
frames, the references frames are visited sequentially starting 
from the previous frame for each macroblock to be coded.  
However, the modes to be visited in the combined fast motion 
estimation and mode decision algorithm may not follow the 
descending order due to the introduction of the FMD algorithm.  
More specifically, the mode prediction procedure in the FMD 
algorithm is based on the modes of the neighboring 
macroblocks, not the order of block sizes. 

1) Adaptive Search Strategy 
Figure 8 illustrates the flow of adaptive search strategy for a 

testing mode.  To increase the hit rate, five motion predictors 
are employed in our motion estimation algorithm, which 
sequentially tests the five predictors and stops when an early 
termination condition described below is reached or when all 
five predictors are tested.  When no early termination is 
detected at the end, a dynamic search pattern is applied to refine 
the motion vector. 

A) Motion prediction 
Five motion predictors are used to find the best initial 

search point in the motion estimation process, by exploiting the 
temporal and spatial correlations of motion vectors in a video 
sequence.  To increase the hit rate, five motion predictors are 
employed in our motion estimation algorithm.  The average hit 
rate of five combined motion predictors achieves 69%.  

 
Figure 8. Flowchart for adaptive search strategy. 

These five predictors are tested sequentially according to  
the order: median predictor, upper-layer predictor, spatial 
predictor, temporal predictor, and accelerator predictor.  The 
process stops when an early termination condition described 
below is reached or when all five predictors are tested.  When 
no early termination is detected at the end, a dynamic search 
pattern is applied to refine the motion vector.  Note that the 
motion vectors referred to in this section are obtained with 
respect to the reference frame under consideration. 

a) Median predictor: The median value of motion vectors 
of adjacent blocks on the left, top, and top-right of the current 
block is used to predict the motion vector of the current block to 
be coded. 

pred -median left top top-rightV median (V , V , V )=     ,      (29) 

where Vleft, Vtop, and Vtop-right are motion vectors of the left, top, 
and top-right blocks, respectively.  The median operation is 
performed on each component of the motion vector. 

b) Neighboring-layer predictor: The different modes 
tested in one macroblock are considered as different layers [24], 
[25].  With respect to the layer under consideration, the lower 
layer is considered as smaller block modes than the testing 
mode, and the upper layer is considered as larger block modes.  
For example, the 16x16 mode is the upper layer of the 16x8 and 
8x16 modes; the 8x8, 8x4, 4x8, and 4x4 modes are regarded as 
the lower layers of those.  The motion vectors of the 
neighboring-layer (upper-layer and lower-layer) block are used 
as the motion predictor for the current block mode.   

Figure 9 illustrate the example of neighboring-layer 
predictor.  In Figure 9 (a), the motion vector of partition 0 of 
mode 2 can be used as the motion prediction for partitions 0 and 
1 of mode 4.  With respect to the layer under consideration, the 
lower-layer predictor is selected as the motion predictor if both 
upper-layer and lower-layer blocks have been examined.  This 
motion predictor is used because the motion vectors of smaller 
blocks are expected to have better prediction of the motion 
behavior in a macroblock. 

c) Spatial predictor: The motion vectors of adjacent 
blocks (left, top, and top-right) that have the same mode as the 
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current block are used as the motion predictor of the current 
block. 

d) Temporal predictor: The motion vectors of 
corresponding blocks in the neighboring frames are used as the 
motion predictors of the current block.   

e) Accelerator predictor: For high motion sequences, the 
object may move with increasing or decreasing acceleration 
[19].  To deal with such cases, an accelerator predictor is used 
and defined as follows: 

1 1 2pred -accel t - t - t -V V V -V= +    (  ) ,             (30) 

where Vt-1 is the motion vector of corresponding block in the 
previous frame t–1, and Vt-2 is the motion vector of 
corresponding block in frame t–2. Figure 10 shows an example 
of accelerator predictor.  

When no early termination condition is reached, the motion 
predictor with the smallest Lagrangian cost [1] is chosen as the 
best motion prediction Pbest.  

B)  Adaptive early termination 
An early termination of motion prediction and refinement is 

applied when the video quality is good enough.  By exploiting 
the correlations [14], [15] of Lagrangian costs, a threshold to 
determine the video quality of the current block is derived 
based on the Lagrangian costs of its neighboring blocks with 
respect to the reference frame under consideration.  Here, we 
set this threshold Cpred to be the smallest value among Cadjacent, 
Clayer, and Cref defined in the following. 

 
(a) 

 
(b) 

Figure 9. Illustration of neighboring-layer predictor. 

 
Figure 10. Example of accelerator predictor. 

a) Cadjacent: The smallest Lagrangian cost of the adjacent 
blocks (left, top, and top-right) that have the same mode as the 
current block, as shown in Figure 11.  X is the current block.  
CA, CB, and CC denote the smallest Lagrangian costs of the left, 
top, and top-right blocks, respectively. 

b) Clayer: A value derived from the smallest Lagrangian 
cost of the neighboring layers.  Similar to the neighboring-layer 
motion predictor, the smallest Lagrangian cost of lower-layer 
block is used to derive the termination threshold Clayer if both 
the upper-layer and lower-layer blocks have been examined.  If 
the value Clayer derived from the upper layer, Clayer is computed 
by Equation 31.  Otherwise, Clayer is computed by Equation 32. 

2 0 9layer upper -layerC C / .= ⋅  ( ) .                  (31) 
0 0 1 1 2 3layer , layer ,C C C , C C C= + = +   (   )    (   ).    (32) 

Because smaller blocks are expected to have a better prediction, 
a multiplication factor 0.9 is applied in the equation. 

c) Cref: A termination threshold of Lagrangian cost for 
the reference block in frame t’ (the reference frame under 
consideration).  If there is no uncovered background or 
occluded object in a macroblock, the difference of Lagrangian 
costs of a block between different reference frames is small.  
Based on this property, Cref is computed by 

1ref t 'C C +=  ,                               (33) 

where Ct’+1 is the Lagrangian cost of the same block in frame t’ 

+1 (t’< t–1), as shown in Figure 13.  When t’=t – 1, Cref is set to 
a very large number. 

In order to avoid using an extremely large threshold (and 
thereby ensure the video quality), Cpred is limited to 3*Ti (Ti is 
computed by Equation 35).  The matching process for the 
current block is terminated when the Lagrangian cost (Ccurr) of 
the current block is smaller than Cpred. 

 
Figure 11. Illustration of early termination threshold Cadjacent. 

 
(a)                                                              (b) 

Figure 12. Examples of early termination threshold Clayer. 
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Figure 13. Example of early termination threshold Cref. 

C) Dynamic search pattern 
This scheme is applied for motion refinement.  We set the 

search center at the position pointed to by Pbest.  The mechanism 
of the dynamic search pattern selection is shown in Figure 14.  
The refinement search pattern is selected from four candidates: 
large cross search pattern (Figure 15 (a)), hexagon search 
pattern (Figure 15 (b)), cross search pattern (Figure 15 (c)), and 
adaptive rood search pattern (Figure 16).  When CΔ  =Ccurr – 
Cpred is smaller than the threshold H2, the best motion vector is 
expected to be close to Pbest.  In this case, the cross search 
pattern is used to refine the motion vector.  Else if CΔ  ≦ H1, 
the hexagon search pattern is used to refine the motion vector.  
If CΔ  > H1, the refinement search pattern is selected between 
the rood search pattern and the large cross search pattern based 
on the magnitude of Vpred-median (we set the threshold Vth to 7).  
For low and medium motion sequences, the rood search pattern 
often obtains the best motion vector accurately and rapidly.  
However, it does not perform well for high motion sequences.  
Therefore, the large cross search pattern is adopted to refine the 
motion vector for high motion sequences. 

 
Figure 14. The flowchart of the dynamic search pattern selection. 

 

Figure 15. (a) Large cross search pattern.  (b) Hexagon search pattern. (c) 
Cross search pattern. 

 
Figure 16. Adaptive rood search pattern. 

2) Flexible Multi-Frame Search Scheme 
With multiple reference frames, the computational cost can 

increase significantly [26].  We develop a flexible multi-frame 
search scheme that avoids unnecessary search operations.   

A matching is good if the quantized transform coefficients 
of the motion-compensated block are all close to zeros.  A block 
with all zero quantized transform coefficients is called as a zero 
block [25].  A threshold is used in our algorithm.  When the 
SAD of a motion-compensated block is smaller than the 
threshold, this block is considered a zero block.  When the SAD 
of a motion-compensated block is smaller than the threshold, 
this block is considered as a zero block.  When a zero block is 
detected, the remaining modes and reference frames are 
skipped and not searched.  The threshold T7 is derived based on 
4x4 blocks [25]: 

7 2 0 0qbits
const coeff remT ( - qp ) / Q q=    [ ][ ][ ] .   (34) 

where qbits=15 + QP/6, qpconst = (1<<qbits)/6, qrem= (QP mod 
6), Qcoeff is the quantization coefficient table, and QP is the 
quantization parameter.   

For the other modes of block sizes 16x16, 16x8, 8x16, 8x8, 
8x4, and 4x8, the threshold is defined as: 

Ti = T7 x mi,                                (35) 

where mi is a scale factor (in our experiment, mi = 4, 2.5, 2.5, 2, 
1.5, 1.5, for i = 1…6).  Like the mechanism used in early 
termination, a cap is applied to the threshold.  The cap is set to 
512, 448, 448, 384, 384, 384, and 384, respectively, for i = 
1...7.   

This termination condition is examined after the ME for 
each mode is performed.  A flag Tflag is set to 1 when this 
termination condition for the modes and the reference frames is 
reached.  In case of Tflag = 1, the remaining modes and reference 
frames are skipped without computing and comparing the R-D 
costs.   

When a zero block is detected, the Intra 4x4 prediction 
mode will be skipped.  This is because, in practice, the Intra 4x4 
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prediction mode is rarely selected as the best mode in such 
cases.  

 
Figure 17. The flow of combined algorithm. 

 
Figure 18. Interaction between the FME and FMD modules 

3) Architecture of Combined Algorithm 
As described before, we presented a fast mode decision and 

fast multi-frame motion estimation algorithms.  For our 
combined algorithm, we allows the FMD to interact with FME 
to reduce the computational cost while maintaining picture 
quality and coding efficiency, as shown in Figures 17-18.   

The FMD module in the combined algorithm predicts the 
mode of the current block.  This mode information is input to 
the FME module, where the motion search is performed.  After 
the motion search for the predicted mode Mpred is done, the 
FME module sends the motion vector VMpred and Tflag to the 
FMD module.  The FMD module decides whether it should 
search other modes or not based on an adaptive threshold and 
the flag Tflag obtained from the FME module.    

V. SIMULATION RESULTS 

A. Transcoding and Downsampling 
The performance comparison between two different 

transcoding architectures is presented. One is the 
full-decompression and full compression architecture (referred 
to as the cascade architecture), and the other is our proposed 
architecture. In the experiment, the DCT-to-PEL transcoding 
architecture is adopted for I-frames, since intra prediction in the 
spatial domain is much easier to implement.  

In the experiment the input is a CIF sequence and the output 
is a QCIF sequence, with frame rate equal to 30 fps. The GOP 
size (N) used is 15 and the picture sub-group size (M, distance 
between I and P frames) is 1.  The bit rate of the MPEG-2 
bitstream is 4 Mbit/s. 

The performance comparisons for Foreman and Mother & 
Daughter sequence are shown in Figures 19-20.  It can be seen 
that the proposed architecture can achieve quality comparable 

to the full decoding and full encoding architecture when target 
bit rate is about 900 kbps. 
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Figure 19. Performance comparison for Foreman sequence. 
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Figure 20. Performance comparison for Mother & Daughter sequence. 

B. Optimization of H.264 
Our proposed algorithms were implemented in the H.264 

reference software JM 8.5.  In our simulation, the search range 
of motion vector was set to ±32 pels for CIF resolution.  Apart 
from the first frame, all the other frames were coded as P frames.  
Furthermore, R-D optimization, CAVLC entropy coding, and 
seven block modes were turned on for all tests.  The simulation 
conditions used in H.264 reference software are shown in Table 
3.  The simulations were performed on a PC with a Pentium IV, 
2.4 GHz CPU, and a 768 MB RAM.   

We used various sequences to evaluate the performance of 
the proposed algorithms.  To simplify our comparisons, we 
used Bjontegaard delta PSNR (BDPSNR) and Bjontegaard 
delta bit rate (BDBR) [45].      

Table 3. Simulation conditions 

Frame Rate 30 fps 
Hadamard Transform Used 
Image Size 352x288 
Search Range 32 
Sequence Type IPPP 
Entropy Coding Method CAVLC 
RD-Optimized Mode Decision Used 
QP 28, 32, 36, 40 

 
1) Fast Mode Decision 

Our algorithm achieves an average of 2.21 times speedup in 
total encoding time when one reference frame is used and 2.11 
times speedup when five reference frames are used.   
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Table 4. PSNR Comparison (1 reference frame) 

Sequence 
(CIF) 

BDPSNR 
(dB) BDBR ME 

Speedup 
Encoding 
Speedup 

M & D -0.088 1.35% 2.35 2.44 
Container -0.203 3.21% 2.67 2.73 

Silent -0.118 1.87% 2.07 2.21 
Foreman -0.169 2.63% 1.70 1.84 
Stefan -0.193 2.35% 1.63 1.83 

Average -0.154 2.28% 2.08 2.21 

Table 5. PSNR Comparison (5 reference frames) 

Sequence 
(CIF) 

BDPSNR 
(dB) BDBR ME 

Speedup 
Encoding 
Speedup 

M & D -0.079 1.18% 2.32 2.33 
Container -0.146 2.20% 2.52 2.71 

Silent -0.100 1.66% 2.05 2.09 
Foreman -0.142 2.14% 1.68 1.72 
Stefan -0.177 2.21% 1.64 1.70 

Average -0.129 1.87% 2.04 2.11 

Table 6. Comparison of average PSNR 

Number of Ref. 
Frames 

BDPSNR 
(dB) BDBR ME 

Speedup 
Encoding
Speedup

1 Frame -0.154 2.28% 2.08 2.21 
5 Frames -0.129 1.87% 2.04 2.11 

 
2) Fast Multi-Frame Motion Estimation 

Tables 7-8 show the performance comparison of our 
algorithm against UMHexagonS and the fast full search used in 
JM 8.5.  On the average, our algorithm is 55.6 faster than the 
fast full search and 3.5 times faster than UMHexagonS, with 
negligible bit rate increase and PSNR drop. 

Table 7. PSNR Comparison (1 reference frame) 

Sequence 
(CIF) 

Search 
Method 

BDPSNR
(dB) BDBR ME 

Speedup
Encoding
Speedup

UMHexagonS -0.024 0.27% 9.75 1.92 
Mobile 

FME -0.039 0.44% 37.31 2.17 
UMHexagonS -0.031 0.40% 10.61 2.04 Tempete 

FME -0.087 1.10% 37.21 2.36 
UMHexagonS -0.019 0.20% 10.74 1.90 Flower 

FME -0.042 0.44% 36.59 2.18 
UMHexagonS -0.034 0.50% 21.34 2.50 M & D 

FME -0.056 0.84% 50.71 3.14 
UMHexagonS -0.064 0.95% 19.13 2.34 Container 

FME -0.100 1.49% 47.78 2.59 
UMHexagonS -0.025 0.42% 16.17 2.30 Silent 

FME -0.080 1.27% 42.74 2.57 
UMHexagonS -0.057 0.88% 12.61 2.26 Foreman 

FME -0.167 2.63% 38.32 2.59 
UMHexagonS -0.038 0.45% 11.46 2.07 Stefan 

FME -0.107 1.30% 36.84 2.41 
UMHexagonS -0.035 0.50% 14.22 2.18 Average 

FME -0.085 1.19% 40.94 2.50 

Table 8. PSNR Comparison (5 reference frames) 

Sequence 
(CIF) 

Search 
Method 

BDPSNR
(dB) BDBR ME 

Speedup
Encoding
Speedup

UMHexagonS -0.014 0.16% 10.85 3.66 
Mobile 

FME -0.037 0.43% 44.98 4.88 
UMHexagonS -0.018 0.24% 11.81 3.92 Tempete 

FME -0.046 0.59% 47.28 5.43 
UMHexagonS -0.019 0.21% 11.14 3.62 Flower 

FME -0.038 0.42% 44.57 4.99 

UMHexagonS -0.027 0.43% 22.89 5.29 M & D 
FME -0.045 0.71% 86.33 8.18 

UMHexagonS -0.044 0.68% 23.13 5.06 Container
FME -0.073 1.14% 68.08 6.51 

UMHexagonS -0.031 0.50% 19.02 4.76 Silent 
FME -0.069 1.13% 57.78 6.13 

UMHexagonS -0.050 0.75% 13.15 4.37 Foreman 
FME -0.152 2.28% 51.52 6.31 

UMHexagonS -0.019 0.24% 11.02 3.87 Stefan 
FME -0.092 1.14% 44.73 5.60 

UMHexagonS -0.028 0.41% 15.78 4.37 Average 
FME -0.069 0.98% 55.65 6.00 

Table 9. Comparison of average PSNR               

Number of 
Ref. Frames

Search 
Method 

BDPSNR 
(dB) BDBR ME 

Speedup
Encoding
Speedup

UMHexagonS -0.035 0.50% 14.22 2.18 
1 Frame 

FME -0.085 1.19% 40.94 2.50 
UMHexagonS -0.028 0.41% 15.78 4.37 5 Frames 

FME -0.069 0.98% 55.65 6.00 
 

3) Combined Algorithm 
Our algorithm is compared with the fast full search used in 

JM 8.5.  Tables 10-11 show the results of performance 
comparison for one and five reference frames.  On the average, 
our algorithm is 12 times faster than the fast full search in the 
total encoding time.  Figure 21 shows the R-D performance 
comparison between our algorithm and fast full search for 
various test images at CIF resolution.  On the average, the 
performance degradation of our algorithm is less than 0.3 dB 
and the bit rate increase is less than 4.5%. 

Table 10. PSNR Comparison (1 reference frame) 

Sequence  
(CIF) 

BDPSNR 
(dB) BDBR Encoding 

Speedup 
Mobile -0.164 1.83% 5.80 

Tempete -0.215 2.73% 6.22 
Flower -0.150 1.64% 6.06 
M & D -0.117 1.81% 8.38 

Container -0.180 2.71% 8.26 
Silent -0.176 2.79% 7.04 

Foreman -0.271 4.30% 6.51 
Stefan -0.280 3.44% 6.72 

Average -0.194 2.66% 6.87 

Table 11. PSNR Comparison (5 reference frames) 

Sequence 
 (CIF) 

BDPSNR 
(dB) BDBR Encoding 

Speedup 
Mobile -0.172 2.03% 9.88 

Tempete -0.178 2.28% 10.64 
Flower -0.147 1.63% 10.15 
M & D -0.087 1.33% 16.03 

Container -0.162 2.44% 15.31 
Silent -0.158 2.43% 12.37 

Foreman -0.235 3.56% 11.74 
Stefan -0.241 3.04% 11.27 

Average -0.172 2.35% 12.17 

Table 12. Comparison of average PSNR 

Number of 
Ref. Frames

BDPSNR 
(dB) BDBR Encoding 

Speedup 
1 Frame -0.194 2.66% 6.87 
5 Frames -0.172 2.35% 12.17 
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Figure 21. R-D performance comparison for (a) Flower, (b) Stefan, and (c) 
Foreman sequences using 5 reference frames. 
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