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Abstract:    Motion estimation is an important issue in H.264 video coding systems because it occupies a large amount of encoding 
time. In this paper, a novel search algorithm which utilizes an adaptive hexagon and small diamond search (AHSDS) is proposed 
to enhance search speed. The search pattern is chosen according to the motion strength of the current block. When the block is in 
active motion, the hexagon search provides an efficient search means; when the block is inactive, the small diamond search is 
adopted. Simulation results showed that our approach can speed up the search process with little effect on distortion performance 
compared with other adaptive approaches. 
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1  Introduction 
 

Multimedia technology has been widely used in 
many areas of modern communication, such as video 
meetings, visual telephone, and telemedicine. It has 
developed rapidly, especially in the area of mobile 
video telecommunications. Huge amounts of voice 
and video information are transmitted in communi-
cation networks. To remove the temporal and spatial 
information redundancy of video sequences, video 
compression as an important and fundamental re-
search topic has received attention from many re-
searchers over the last 20 years. 

Recently, H.264 has become a popular video 
compression standard (ITU-T and ISO/IEC, 2003). 
Saving transmission bandwidth and enhancing video 
quality are the two essential goals of video compres-
sion. In H.264, block motion estimation occupies a 

large fraction of the total encoding time. For full 
search, the fraction can be as large as 60%. In contrast, 
some real-time encoding systems like telemedicine 
and video surveillance have rigid restrictions on en-
coding time and the quality of the reconstructed 
frames. Consequently, researchers have urgently 
sought efficient search methods and improved the 
distortion performance. 

Many fast block matching methods have been 
proposed to speed up the search process. The classical 
methods include new three-step search (NTSS) (Li et 
al., 1994), four-step search (FSS) (Po and Ma, 1996), 
hexagon based search (Zhu et al., 2002; Tsai and Pan, 
2004), and diamond based search (DS) (Tham et al., 
1998; Zhu and Ma, 2000). Ghanbari (1990) presented 
the cross-search algorithm for motion estimation. 
This method experiences a logarithmic step, and 
checks four points in each step. Cheung and Po (2002) 
proposed a new search algorithm combining cross 
and diamond search together, which uses a cross- 
search pattern as the initial step; then a large or small 
diamond search pattern was chosen as the subsequent 
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step. Banh and Tan (2004) devised an adaptive 
dual-cross search method composed of three steps. 
This algorithm searches for three motion vectors, and 
chooses the one with the least sum of absolute dif-
ference (SAD) as the initial search center. By com-
paring the SAD of the initial center with a 
pre-determined threshold, an early search termination 
strategy is used to reduce the computational cost. 
Finally, the global minimum is located through the 
dual-cross search scheme. 

The technique of block matching motion esti-
mation has developed rapidly in recent years. The 
predictive motion vector field adaptive search tech-
nique (PMVFAST) was advanced by Tourapis et al. 
(2000); it uses several predictive motion vectors as 
the initial candidate vectors, and selects the best pre-
dictor to continue the diamond search. This method 
enhances the search speed greatly. Wong et al. (2005) 
proposed an enhanced-PMVFAST (EPMVFAST) 
algorithm to further raise the speed. Unsymmetrical- 
cross multi-hexagon-grid search (UMHexagonS) 
(Chen et al., 2006) is a hierarchical approach con-
sisting of four main steps, and most importantly, it has 
little loss in rate distortion performance compared to 
the full search method. 

Approaches utilizing various pieces of block in-
formation, such as temporal and spatial correlation of 
motion vectors (Nam et al., 2000) and predictive 
search area (Chung and Chang, 2003), have been ad-
vanced to improve the search efficiency. In addition, 
several new search schemes have been proposed (Jung 
et al., 2002; Tu et al., 2003), for example, adjustable 
partial distortion search (Cheung and Po, 2003), adap-
tive search (Nie and Ma, 2002; Han and Chun, 2003; 
Huang et al., 2005), fuzzy search (Roan and Chen, 
2000), and probabilistic approach (Lengwehasarit and 
Ortega, 2001). 

In this paper, we present a novel search algo-
rithm, adaptive hexagon and small diamond search 
(AHSDS), which is a combination of two classical 
search methods. Firstly, we choose the search pattern 
according to the motion strength of the current block. 
When the block is in active motion, the hexagon 
search is a good alternative because it covers a wide 
search area. Three neighboring points around the 
center are examined to determine the accurate optimal 
point when the minimal distortion is at the center of 
the hexagon. When the block is inactive, only the 
small diamond search is adopted. 

2  Early termination strategy 
 

In H.264, the performance of the candidate 
search point is often evaluated by rate-distortion (RD) 
cost (Wong et al., 2005), which is composed of two 
parts: 

 

motionSAD ,J Rλ= +                       (1) 
 
where SAD denotes the distortion measured as the 
sum of absolute differences between the original and 
referenced blocks, λmotion is the Lagrange multiplier, 
and R represents the bits used to encode the motion 
information. 

Assuming the current block size is M×N, SAD 
reflects the difference between the current block and 
the referenced block, while MAD (mean absolute 
difference) reveals the average difference of each 
pixel between the two blocks (Wong et al., 2005): 
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where Ft and Ft−1 represent the current and the pre-
vious frames respectively, and (mvx, mvy) is the cur-
rent motion vector. 

The motion search begins at the starting point. It 
comes from the predictive motion vector of the cur-
rent block, and can be denoted as 
 

st l t trmedian( , , ),=mv fmv fmv fmv          (3) 
 
where fmvl, fmvt, and fmvtr are the final motion 
vectors of the adjacent left, top, and top-right blocks, 
respectively.  

As the search proceeds, the current search point 
progressively approaches the final optimal point. cmv 
and fmv denote the motion vectors at the current 
search point and the final search point, respectively. 

In most cases, the predictive motion vector mvst 
is close to the final search point fmv. For the Foreman 
sequence, the mvst of about 58% of blocks is exactly 
equal to the fmv. 

To reduce the search burden, the early termina-
tion strategy is applied when the MAD at the starting 
point is less than threshold Th1. 
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3  The choice of search pattern 
 

In our approach, motion strength mos is de-
fined as the MAD of the block with the motion 
vector cmv: 
 

mos MAD( ).= cmv                       (4) 
 

The motion strength, a dynamic variant, does not 
represent the absolute magnitude of the motion vector 
cmv, but reflects the deviation of cmv from fmv. 
When the block is at the starting point, i.e., cmv=mvst, 
the value of mos is relatively high; when the current 
search point is close to the final optimal point, mos 
decreases gradually. 

The choice of the search pattern is determined by 
the comparison between the motion strength and the 
threshold. A fixed threshold is not suitable for all 
sequences. Too large or too small a threshold will 
unnecessarily increase search costs, and may even 
lead to an error in the final optimal point. An adaptive 
threshold is adopted in our approach to meet the 
changes of sequences with various motion characters 
and different video quality. Tourapis et al. (2000) 
listed several forms of adaptive threshold. In our 
approach, the threshold Thk is calculated as follows: 
 

l t tr

Th CMAD ,
CMAD mean(MMAD ,MMAD ,MMAD ),

k k ka b= × +⎧
⎨ =⎩

(5) 

 
where MMADl, MMADt, and MMADtr are the 
minimum MAD of the left, top, and top-right blocks 
respectively, and CMAD is the mean value of 
MMADl, MMADt, and MMADtr. 

To prevent the threshold Thk from being too 
large or too small, we use some limiting parameters to 
restrict the threshold: 
 

( )Th min max( CMAD , ), ,k k k jk mka b T T= × +     (6) 
 
where Tmk and Tjk are the upper and lower bounds for 
threshold Thk, respectively. Tmk and Tjk are set typically 
according to the mean distortion of the previous frame. 
 
 
4  The proposed algorithm  
 

The proposed approach AHSDS can be de-
scribed as follows: 

Step 1: Determine the activity of the current 
block. 

In our algorithm, we use the MAD of the starting 
search point to describe the motion activity of the 
current block according to 
 

st 2MAD( ) Th ,>mv                         (7) 
 
where Th2 is a threshold which can be adaptively set 
according to the minimum MAD of the adjacent blocks, 
and mvst is the motion vector of the starting point. 

If Eq. (7) is satisfied, the current block is active; 
otherwise, it is inactive. 

Step 2: Choose the search pattern. 
If the MAD at the starting point is smaller than 

Th1, the search terminates immediately. If the block is 
active (which means there is a high probability that 
the block has a large motion vector), start with the 
hexagon search, and go to Step 3; otherwise, go to 
Step 4. 

Step 3: Perform the hexagon search. 
Repeat the hexagon search until the best point is 

at the center of the hexagon. Select the sub-optimal 
point among the seven points in Fig. 1. 

If the center point A and the sub-optimal point B 
are in a horizontal direction, choose the newest and 
best point among point A and its three neighboring 
points as shown in Fig. 2a. Similarly, Fig. 2b depicts 
the case where the points A and B are in a diagonal 
direction. Go to Step 5. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 2  The position of three neighboring points for dif-
ferent sub-optimal points 
Center point A and sub-optimal point B are in a horizontal 
direction in (a) and a diagonal direction in (b) 
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Fig. 1  The distribution of seven points in hexagon 
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Step 4: Perform the small diamond search re-
cursively until the best point with the minimum RD 
cost is at the center of the small diamond. 

Step 5: Obtain the final optimal search point, and 
the whole search process then terminates. 

Our algorithm integrates the characteristics of 
hexagon search and small diamond search. The for-
mer can perform a rapid scan for long-distance 
searches, whereas the latter consumes few points for 
short-distance searches. The diagram of our algorithm 
is depicted in Fig. 3. The starting point comes from 
the predictive motion vector of the current block. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
To further illustrate the process of the AHSDS 

algorithm, an example of block matching is depicted 
in Fig. 4. 

In our approach, the motion vector at the starting 
search point comes from the predictive motion vector 
pmv, which is the median motion vector of three 
spatially adjacent blocks (the left, top, and top-right 
blocks). This simplifies the search procedure greatly. 
For a large majority of blocks, the final motion vector 
fmv is close to pmv, which means that small diamond 
is the main search pattern. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
To analyze the similarity of motion vectors pmv 

and fmv, we calculate the probability Pn that the point 
(fmvx, fmvy) appeared in a square area, centered at 
(pmvx, pmvy), by 
 

{ }fmv pmv , fmv pmv ,n x x y yP P n n= − ≤ − ≤  (8) 
 

where fmvx and fmvy denote the x- and y-component 
of the motion vector fmv, respectively. Pn is worked 
out with a statistical method. For the Foreman se-
quence, when n equals 2, the corresponding prob-
ability is about 0.83. 

It does not mean that all these blocks have small 
final motion vectors. If the current block and the ad-
jacent blocks all have similar large motion vectors, the 
small diamond search could still be used. Short-dis-
tance searches often occur whenever the final motion 
vector is close to the predictive motion vector, regard-
less of the absolute magnitude of the final motion 
vector. In contrast, long-distance searches usually ap-
pear in cases where the final motion vector of the cur-
rent block is distinct from those of the adjacent blocks. 
 
 
5  Experiments and results 
 

The proposed algorithm AHSDS was simulated 
on the platform H.264 reference software JM14.2. We 

Fig. 3  Flowchart of the proposed adaptive hexagon and 
small diamond search (AHSDS) algorithm 

Fig. 4  An example of search steps using the adaptive 
hexagon and small diamond search (AHSDS) approach 
The search process involves three steps: first it checks the 
starting point (0, 0) to determine the motion strength of the 
block. The hexagon search pattern is chosen because the 
MAD of the starting point is greater than Th2. In the second 
step, point (1, 2) has the minimal RD cost; meanwhile, (3, 2) 
is a sub-optimal point. In the third step, the process checks 
three neighboring points around point (1, 2), and compares 
their RD costs with that of point (1, 2). Point (2, 2) has the 
minimal RD cost and becomes the final optimal point 
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used different CIF video sequences, which contain 
various motion content, to test the performance of our 
method. The search window was [−16, 16]. The 
number of reference frames was set to 5. The frame 
structure in our experiment was IPPPP…, and our 
proposed algorithm was compared with UMHexa- 
gonS (UMHS), simplified UMHexagonS (SUMH), 
and EPMVFAST in the same environment. 

For different block matching algorithms, the 
number of search points (NSP) required for each 
block-matching was used to measure the computa-
tional efficiency. The average PSNR per frame is an 
important factor in evaluating the distortion per-
formance. Different block matching approaches are 
compared in the following aspects. 

5.1  Threshold setting 

In our approach, threshold Th1 is calculated as 
follows: 

 

1 1

1

Th min(1.0 CMAD, ),
1.5 PMAD,

m

m

T
T

= ×⎧
⎨ = ×⎩

             (9) 

 
where CMAD is the mean value of MMADl, MMADt, 
and MMADtr, which come from the adjacent left, top, 
and top-right blocks, while PMAD is the mean 
MMAD of blocks in the previous frame. 

Similarly, Th2 can be expressed as 
 

( )2 2 2

2 2

Th min max(2.0 CMAD, ), ,

1.0 PMAD,  3.0 PMAD.
j m

j m

T T

T T

⎧ = ×⎪
⎨

= × = ×⎪⎩
 (10) 

 
We did not set a lower bound on Th1 because it 

is a threshold for early termination. To analyze the 
relationship between the magnitude of the motion 
vector and the MAD value of each block, we re-
corded the initial MAD value when the block was at 
the starting search point. Because the starting point 
comes from the predictive motion vector of the 
current block, we define the new motion vector rmv 
as follows: 

 

2 2

,

rmv rmv .x y

= −⎧⎪
⎨

= +⎪⎩

rmv fmv pmv

rmv
                 (11) 

 
For all blocks that had the same magnitude |rmv|, 

we calculated their ratios of MAD to CMAD, and 

worked out the mean of these ratios. Fig. 5 shows the 
relationship between the ratio and the magnitude of 
motion vector rmv for the Foreman sequence. The 
lowest four points had different |rmv| values 0, 1, 

2,  and 2. 
 
 
 
 
 
 
 
 

 
 

 
 

 
 
 
The ratio increased with the increase of |rmv|. 

Note that Fig. 5 is plotted with a statistical approach. 
The blocks with low |rmv| values occupied a large 
proportion. For the Foreman sequence, about 86% of 
blocks had the common property that their |rmv| 
values are not greater than 3.0. In other words, blocks 
with a large magnitude had only a small proportion, 
which leads to the randomness of statistical results. 

In our approach, we adopted a conservative 
principle to calculate the thresholds. To demonstrate 
the determination of thresholds and bounds, we took 
the Foreman sequence as the instance to describe the 
details. 

5.1.1  Threshold analysis 

Assume the threshold Th1 can be denoted as 
 

1 1Th CMAD.k= ×                       (12) 
 
In Fig. 5, when |rmv| is equal to zero, the statis-

tical ratio was near 1.3. We adopted the conservative 
threshold. The parameter k1 was usually set to not 
greater than 1.0. 

The choice of search pattern is determined by 
Th2. The small diamond search can achieve a smaller 
NSP, but it is not fit for long-distance searches be-
cause it might become trapped in a local optimal point 
and lead to the decrease of PSNR. In contrast, the 

Fig. 5  The ratios with the change of |rmv| for the Fore-
man sequence using a statistical method 
MAD: mean absolute difference; CMAD: the mean value of 
the minimum MADs of three adjacent blocks; |rmv|: magni-
tude of motion vector rmv 
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hexagon search consumes more search points for 
short-distance searches. 

A small diamond is composed of one center 
point and four edge points. When the minimum RD 
cost is located at one of the four edge points, the 
search will correctly detect the optimal point. When 
the distance between the real optimal point and the 
starting point is greater than 1, however, the search 
may not find the real optimal point successfully. 
Therefore, the hexagon search should be chosen when 
|rmv| is greater than 1.0. The suggested range for k2 is 
[2.0, 2.6]. 

5.1.2  Bound analysis 

Assume the upper bound Tm1 can be expressed as 
 

1 1 PMAD.mT m= ×                     (13) 
 
The restrictions on threshold Th1 can effectively 

prevent the local threshold from being too large, and 
help to stabilize the algorithm. PMAD can be taken as 
CMAD on the average. Because the average ratio was 
about 1.3 when |rmv| equals zero, m1 was usually set 
to not greater than 1.5. 

The lower bound Tj2 and upper bound Tm2 for 
threshold Th2 have the corresponding parameters j2 
and m2. They should not be assigned high values 
because the proportion of small diamond search in-
creases with the increase of these two parameters. j2 
and m2 were usually set not to exceed 1.5 and 3.0, 
respectively. 

The setting of bounds is a supplement to the 
threshold. It helps to improve the robustness of the 
algorithm. When the thresholds are assigned rela-
tively high or low values, our approach could still 
yield a stable performance. 

To test the stability of the algorithm, we con-
ducted experiments for two cases with the Foreman 
sequence when the quantization parameter (QP) 
equals 28: (1) k2=2.0, m2=3.0; (2) k2=3.0, m2=4.0. The 
difference of PSNR was only 0.01 dB. 

5.2  Number of search points (NSP) 

With the increase of QP, the PSNR of the re-
constructed frame dropped off progressively. Some 
details might be lost in the reference frame, affecting 
the number of search points. We tested each sequence 
on five different QPs (28, 30, 32, 34, and 36), 100 

frames for each QP, and then calculated the mean 
value of their NSPs and denoted it as an integer. The 
average NSPs for different video sequences and dif-
ferent methods are listed in Table 1. 

 
 
 
 
 
 

 
 
 

 
 
 
 

 
From Table 1, AHSDS generally had the lowest 

number of search points compared with other meth-
ods. For the different sequences, Silent had fewer 
average search points than Football, for example, 
because the latter had more blocks in active motion. 
Fig. 6 plots the NSP curves with EPMVFAST and 
AHSDS for the Foreman sequence when QP equals 
32. We chose 100 frames for testing. The figure shows 
that the AHSDS method can speed up the process of 
block matching compared with EPMVFAST. 

 
 
 
 
 
 
 

 
 

 
 
 
 
 
The main reason lies in the following two  

aspects: 
1. For EPMVFAST, several predictors are 

checked to obtain the optimal starting point, while in 
AHSDS, only the predictive motion vector is chosen 
as the starting point. On the other hand, in most cases, 

Table 1  Average number of search points (NSP) at five 
QPs of 28, 30, 32, 34, and 36 with 100 frames for each QP,
for different video sequences and methods 

Average NSP Sequence 
UMHS SUMH EPMVFAST AHSDS

Foreman 18 13 9 7 
Coastguard 32 18 10 8 
Flower 26 20 9 7 
Mobile 30 19 8 6 
Football 41 25 13 10 
Silent 12 10 7 5 

UMHS: UMHexagonS; SUMH: simplified UMHexagonS; EPMV- 
FAST: enhanced predictive motion vector field adaptive search 
technique; AHSDS: adaptive hexagon and small diamond search 

Fig. 6  Comparison of the number of search points (NSP) 
using EPMVFAST (enhanced predictive motion vector 
field adaptive search technique) and AHSDS (adaptive 
hexagon and small diamond search) for the Foreman 
sequence at QP=32 
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the final motion vector has a high level of similarity 
with the predictive one. 

2. For long-distance searches, EPMVFAST still 
uses DS as the search pattern; in contrast, AHSDS 
adopts the hexagon search. This helps to decrease the 
search cost. 

5.3  PSNR 

The average PSNR performance of each frame is 
summarized in Table 2 for different sequences. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
The proposed AHSDS had little difference in 

PSNR compared with UMHS. Fig. 7 shows the PSNR 
curves using these two approaches, as conducted on 
the Silent sequence when QP equals 32. 

 
 
 

 
 
 
 
 

 
 
 
 
 
6  Conclusions 
 

A new, fast approach AHSDS for block motion 
estimation is considered for the coding standard 
H.264. Using an initial classification on motion 
strength of the block according to its MAD, different 
search patterns were chosen to determine the optimal 

point with the minimum RD cost. When the block is 
in high activity, hexagon search is the preferred 
scheme. If the best point is located at the center of 
the hexagon, three points around the center are 
checked to obtain the optimal solution. Simulation 
was conducted with different methods and video 
sequences. Compared with EPMVFAST, AHSDS 
can enhance the search speed. Our approach is 
suitable for hardware realization due to its simplicity 
in algorithm complexity, and can be applied to 
real-time encoding systems owing to its small 
number of search points. 
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