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Abstract — Aiming at the shortcoming that certain existing blocking-
matching algorithms, such as full search, three-step search, and dia-
mond search algorithms, usually can not keep a good balance between
high accuracy and low computational complexity, a block-matching
motion estimation algorithm based on two-step search is proposed in
this paper. According to the fact that the gray values of adjacent pix-
els will not vary fast, the algorithm employs an interlaced search pat-
tern in the search window to estimate the motion vector of the object-
block. Simulation and actual experiments demonstrate that the prop-
osed algorithm greatly outperforms the well-known three-step search
and diamond search algorithms, no matter the motion vector is large
or small. Compared with the full search algorithm, the proposed one
achieves similar performance but requires much less computation,
therefore, the algorithm is well qualified for real-time video image

processing.
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1 Introduction

Motion estimation is the process of overlaying two or
more images of the same scene taken at different times,
from different viewpoints, and/or by different sensors,
and it is the key step for video encoding, color fusion,
and super-resolution processing''. Among various motion
estimation algorithms, the block-matching algorithm is
widely used due to its simple and easy implementation. By
exhaustively testing all the candidate blocks within the
search window, Full Search (FS) algorithm gives the glo-
bal Minimum Block Distortion (MBD) position which
corresponds to the best matching block. However, a sub-
stantial computational load is demanded. To overcome this
drawback, many fast block-matching algorithms have
been developed, such as Three-Step Search (TSS), Four-

* Received: 2010-06-13

Step Search (4SS), Diamond Search (DS) and so on.
These fast algorithms greatly improve the search speed,
but they may fall into a local optimum or mislead the
search path to a wrong direction, and hence miss the opti-
mum point >® . Therefore, the block-matching motion es-
timation algorithm which simultaneously meets the high
accuracy and low computational complexity is the current
research focus. According to the analysis of the above-
mentioned FS and fast block-matching algorithms, a
block-matching motion estimation one based on Two-Step
Search (2SS) is proposed in this paper.

2 The block-matching motion estimation

2.1 The principle of block-matching motion esti-
mation

The principle of block-matching motion estimation is
shown in Fig. 1. On selecting an interesting object-block
in the current image, and assuming that each pixel in the
object-block has the same rigid motion, the MBD point
according to certain matching criterion in search window
of tP@ reference image is the global optimal motion ve-
ctor” .
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Fig.1 Principle of block-matching motion estimation
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2.2 Block-matching criterion

On one hand, block-matching criterion is the basis of
the block similarity measurement, so it has a direct impact
on the accuracy of the motion estimation. On the other
hand, the block-matching criterion also affects the com-
putational complexity of the matching algorithm to some
degree. Thus, reducing the computational complexity of
the block-matching criterion is an effective way to im-
prove the speed of the motion estimation. There are three
matching criterions commonly used in the motion estima-
tion: Mean Absolute Difference (MAD), Mean Square
Error (MSE), and Normalized Cross Correlation Function
(NCCF)"™ . Their definitions are as follows:

1) MAD
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where (u,v) is the motion vector, £, and f, , are the gray
value of the current image and the reference image respec-
tively, and m X n is the size of object-block. If the MAD
at point (u, v, ) is the global minimum, this point is defi-
nitely the optimal matching point.

2) MSE
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where the poiﬂt with minimum MSE is the optimal match-
ing point.

3) NCCF
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where the point with max1mum NCCF is the optimal
matching point.

When the motion estimation accuracy is pixel-level,
the impact of matching criterion on the motion estimation
accuracy is not significant. Compared with MSE and NC-
CF, there is no multiply operation in MAD, and it is sim-
ple and convenient, thus this criterion is most commonly
used in the block-matching algorithm®’. The algorithm
proposed in this paper also employs MAD as the matching
criterion.

2.3 Search pattern

Search pattern is critical and the most complex part
of motion estimation algorithm, and it has significant im-
pact on the accuracy and computational complexity of the
algorithm. Hence, it is the main criterion of classifying
the motion estimation algorithms. According to the search
pattern, block-matching motion estimation algorithms fell

into two categories: Full Search (FS) and fast search
block-matching. In FS, the MAD of all the points in the
search window of the reference image are calculated, and
the position offset of point with global minimum MAD is
the desired motion vector. Among all the block-matching
algorithms, FS algorithm owns the highest accuracy, but
it is difficult to achieve real-time processing because of
substantial computational load. Thus in the real system,
espcially the low-power real-time one, FS algorithm is not
practical. It is usually a standard to measure the merit of
other motion estimation dlgorlthms[10

Among the fast search block-matching algorithms,
TSS and DS are the most popular. TSS employs a coarse-
to-fine search pattern to estimate the motion vector, and
the first search step length of TSS equals to or is slightly
greater than half the maximum search step length. In each
step, 9 points are checked: the center of the square and 8
boundary points of the search area. The step length is re-
duced by half in each step. Searching should stop when
the step length is reduced to 1. Because the large search
template is used in the first search step and the search
mode is uniformly distributed, TSS is just suitable for esti-
mating the large motion vector. It is quite likely to fall in-
to a local optimum and hence deteriorates the performance
especially for the small motion vector". DS algorithm
employs the center-biased property to estimate the motion
vector, that is, the optimal motion vector which is usually
located in a small area around the search center. This al-
gorithm can maintain high search speed and accuracy for
small motion vector, however, when the motion vector is
large, that is, the global minimum is deviated from the
search center while the block-matching error surface has
local minimum near the central region. DS algorithm can
not find the correct motion vector * . Therefore, studying
a motion estimation algorithm, which not only can guar-
antee the search speed but also ensure the global optimum,
is the urgent problem in block-matching algorithm.

3 The motion estimation algorithm based
on two-step search

The Two-Step Search (2SS) algorithm is an improved
fast block-matching motion estimation algorithm based on
the idea of TSS and DS. Its search process is shown in
Fig.2. A 13X13 sized search window is taken for exam-
ple, and the search step of 2SS is as follows:

Step 1: Search the awaiting checking points in the
search window by the interlaced mode, and calculate the
MAD of each checking point until the end of the search
window;

Step 2: Setting the point with minimum MAD in
Stepl as the center, check this point and other § points
which surrounding it with 1 sized step length, and the
point with minimum MAD is the desired motion vector.

In most cases, the gray values of adjacent pixels will
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not vary much, and the MAD of the points around the
optimal matching point(the peak) should be next to the
peak. Therefore, 2SS algorithm employs the interlaced
search pattern to secarch the optimal matching point.
Compared with ES, 2SS algorithm can achieve similar
performance but requires much less computation. Assum-
ing the size of search window is (2p +1) X (2¢q +1) , the
number of checking points in FS algorithm is (2p + 1) X
(2¢ +1) , while in 2SS, the number is (p +1) X (g + 1)
+ 8 . When the search window is large, the computational
speed of 2SS will have an obvious improvement. Com-
pared with TSS and DS, the advantages of 2SS can be con-
cluded that: (D The initial search length of 2SS is small,
avoiding falling into a local optimum; @ The initial
search area of 2SS is broad, almost covering the whole
search window, and can avoid misleading the search path
to a wrong direction. Therefore, 2SS algorithm can deal
with both small and large motion vectors with small mo-
tion estimation error.
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Fig.2 Search schematic diagram of 2SS algorithm

4 Experiments and results

In order to verify the performance of 2SS algorithm,
simulated and actual image sequences are tested.

Fig.3 Image source of image sequences

4.1 The experiment of simulated image sequences

Taking Fig. 3 as the image source, several groups of
image sequence are sampled with given motion vectors.
Selecting the interested object-block in the current image,
and estimating the motion vector by ES, 2SS, TSS and
DS, respectively, the results are shown in Tab.1. We can
see that: (D Although TSS and DS algorithms require few-
er search points, their estimation accuracy is limited: the
initial search step of TSS is too large, making it easy to
fall into a local optimum when the motion vector is small;
while DS works from the origin of the search window,
when the motion vector is large, it is very possible to miss
the optimum point. @ FS algorithm implements global
search in the whole search window, and the search result
must be global optimum, but when the search window is
large, there are too many points required to be checked.
thus the search speed will be affected. 2SS employs the in-
terlaced search pattern in the search window to estimate
the motion vector. It inherits the high accuracy of FS, but
requires much less search points.

Tab.1 Results of the various motion estimation algorithms with different
motion vectors
Motion esti-  Estimated The number
mation algo- motion vector of search
rithms (pixel) points
S (3,3) 121
Actual motion
vector: (3, 3) 288 (3,3) 44
Search  win- TsS 2.3) 17
dow: (11x11)
DS (3,3) 13
ES (5,5) 169
Actual motion
vector: (5, 5) 288 (5,3) 57
Search  win- TSS (5.4) 25
dow: (13X 13)
DS (2,2) 23
ES (8,8) 289
Actual mouion
vector: (8, 8) 288 (8,8) 89
Search  win- TSS (8.8) 3
dow: (17 % 17)
DS 2,1 13

(Note: The motion vector is aiming to the imaging device. The
right is positive in x direction, and the downward is positive in y di-
rection. )

Taking the actual motion vector (u,v) = (5, 5) for
example, the simulated sequence images are shown in
Fig.4(a) and Fig. 4(b), and the size of the images is
295X%395. The interested object-block has been marked
with a red rectangle in the current image (Fig.4(a)). In
simulation, since the scene is stationary while the imaging
device is moving, there is no local motion. Thus the mo-
tion vector of the object-block can represent the move-
ment of the whole image. Estimating the motion vector in
the reference image (Fig.4(b)) using FS, 2SS, TSS and
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DS, respectively, the results are shown in Fig.4(d)~(g).
It is obvious that FS and 2SS can get the accurate motion
vector, and the estimation result of TSS has slight bias,
while the error of DS is obvious.

Fig.4 Search results of FS,2SS,TSS and DS algorithms with motion vec-
tor (u,v) =(5,5): (a) Current image, (b) Reference image, (c) Ob-
ject-block in current image, (d) FS search result in reference image, (e)
2SS search result in reference image, (f) TSS search result in reference
image, (g) DS search result in reference image

4.2 The experiment of real image sequences

Take two actual videos containing moving objects to
test the performance of 2SS. It should be explained that
the estimating result is the motion vector of the moving
object but not the movement of the global scene. Fig. 5
shows the current image (the 2nd frame) and the refer-
ence image (the 3rd frame) of Car video, and the size of
them is 236 X 256. To Select the moving license plate in
the current image as the object-block, the estimating re-
sults of FS, 2SS, TSS, and DS in an 11 X 11 sized search
window are shown in Tab.2 and Fig.5. We can see that
2SS and DS have the same result with ES, while the result
of TSS is biased. It can be concluded that when the mo-
tion vector is small, 2SS is prior to TSS.

Tab.2 Motion estimation results of FS, 2SS, TSS and DS algorithms in car
image sequences

. Estimated motion The number of
Algorithms . .
vectors( pixel) search points
1IN (-1,3) 121
2SS (-1,3) 44
TSS (2,2) 17
DS (—1,3) 21

Fig.5 Search results of FS,2SS,TSS and DS algorithms in car image se-

quences: (a) Object-block in current image, (b) FS search result in refer-

ence image, (c) 2SS search result in reference image, (d) TSS search re-

sult in reference image, (e) DS search result in reference image

In order to verify the performance of 2SS for large

motion vector, another experiment is carried out. To se-
lect the Sth frame and the 25th frame from People video
as the current image and the reference image, face of the
person marked in the current image is the object-block.
The estimating results of ES, 2SS, TSS, and DS in 71 X71
search window are shown in Fig. 6. We can see that 2SS
has the same result as FS, and the results are consistent
with the visual result, but the number of search points in
2SS is much less than FS(as shown in Tab.3). The esti-
mating error of DS is obvious. It verifies that 2SS is prior
to DS when the motion vector is large.
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Fig.6 Search results of FS,2SS,TSS and DS algorithms in people image
sequences: (a) Object-block in current image, (b) FS search result in ref-
erence image, (c) 2SS search result in reference image, (d) TSS search
result in reference image, (e) DS search result in reference image

Tab.3 Motion estimation results of FS,2SS,TSS and DS algorithms in people
image sequences

it it
FS (=27,-5) 3721
2SS (=72,-5) 969
TSS (=25,-6) 46
DS (23,15) 56

5 Conclusion

Based on analyzing the characteristics of certain exis-
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ting block-matching algorithms such as FS, TSS, DS and
so on, a block-matching motion estimation algorithm
based on two-step search is studied in this paper. The 2SS
algorithm employs the interlaced search pattern in the
search window to estimate the motion vector, and its
small search step and wide search range ensures the search
accuracy. The simulated and actual experiment results
show that 2SS algorithm consistently performs well for the
image sequence with wide range of motion vector. It
greatly outperforms the well-known TSS and DS algo-
rithm, and can achieve close performance compared with
FS algorithm while reducing computation greatly, so 2SS
is more suitable for real-time system.

The algorithm in this paper has been successfully uti-
lized in the object-block motion estimation of our video
image processing, and has achieved satisfying result. In
future research, the algorithm can combine with gradient
operation, optical flow estimation or image pyramid layer
technology to realize high accuracy sub-pixel motion vec-
tor estimation.
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