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An Improved Three-Step Search Algorithm for Block Motion
Estimation

Won-Gi Hong*, Tae-Myoung Oh*, Sung-Jea Ko** Regular Members

ABSTRACT

The three-step search (TSS) algorithm for block motion estimation has been widely used in real-time video
coding due to the simplicity of the algorithm, significant reduction of computational cost, and good performance.
In this paper, an improved three-step search (ITSS) algorithm is proposed to improve the performance of the TSS
algorithm. Simulation results show that, in terms of motion compensation errors, the proposed ITSS outperforms

some popular fast search algorithms while it has the lower computational complexity.

I. Introduction

In many block-based video coding standards
UHR motion estimation is a key technique for
eliminating temporal redundancy of successive
frames. The most simple and powerful method
among many block-matching algorithms (BMAs)
for motion estimation is the full search (FS)
algorithm. However, this method is not suitable
for real-time video applications due to its massive
computational cost. To reduce the computation of
the FS, many fast search algorithms have been
proposed “"®. Among them, the three-step search
(TSS) ® is one of the most popular algorithms
since it has advaritages in its simplicity, low
computations, and good performance.

It has been shown that more than 80% of
blocks are stationary or quasi-stationary (within +
1) even in the fast-motion “Football” sequence ™,
The TSS can be further improved based on the
center-biased characteristics of the real-world
image sequences. The mnew three-step search
(NTSS) algorithm @ jntroduces a center-biased
search points pattern to the TSS to improve the
performance. The four-step search (485) ™ and
the unrestricted center-biased diamond search

(UCBDS) ™ have shown better performance by
exploiting the center-biased characteristics of
Although these algorithms
perform better than the TSS, they require more

computations than the TSS for finding the large
[61-18]

image sequences.

motion vectors

In this paper, we propose a new methodology
for block motion estimation, called the improved
TSS (ITSS). The proposed method, unlike the
TSS, employs 13 search points including 4 extra
center-biased search points in order to find small
motion vectors efficiently. Moreover, a pixel
subsampling scheme is incorporated for first-step
block matching, significantly reducing the
computation complexity without degrading the
performance. It will be shown that the ITSS
algorithm performs better than some popular fast
algorithms in terms of motion compensation

errors, computational complexity, and robustness.
I. Proposed Algorithm

1. Block Matching Criterion

In the block-based video coding, block motion
estimation is carried out between the current
frame and the previous frame of a video
sequence. Each frame is divided into nonover-
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lapped blocks with size MxN. If the search
range is assumed W, the search area of the
previous frame has the size QW+M) x(QW+N).
In general, the mean absolute difference (MAD)
is popularly used as the block matching criterion
due to its less computation complexity. The MAD
can be expressed as

MAD(x, y) =~y &:E o
| Se(p+i,g+)— Sp (P+x+i,qgty+il

where S,(-) and S,..(-), respectively, are
pixel values in the kth and k-Ith frame, and (p,g)
denotes the coordinates of the upper left comer
pixel of the block of the kth frame. If the
minimum MAD is found at the location of (x,y)
in the range of -W<x y=<+W, the (xy) is
determined as the motion vector.

2. Proposed ITSS Algorithm

Unlike the TSS, the ITSS employs the initial
center-biased search pattern to exploit the
characteristics of the center-biased motion vectors.
Fig. 1.(a) shows the 13 initial search points for
the ITSS. In order to reduce the computational
complexity of first-step block matching when the
block size is 16x16, the MAD is computed at
each point of the 2 to 1 subsampled block
defined as

{0, | x+y=2kk=Z)} )

where (x,y) is the location of a subsampled
pixel of the block, and £ is an integer.

(a)

®)

Fig. 1 Initial search pattern and the next search strategy.
(a) Initial 13 search points in the first step, (b)
The next search path when the minimum in the
first step is one of five center-biased locations.

First, we choose two candidate points with the
first and second minimum MAD’s among 13
initial search points. To obtain the accurate
first-step minimum MAD, we compute new
MAD’s using all the pixels of the block at the
two candidate points. If the first-step minimum
MAD point is one of five center-biased search
points, the scarch in the next step employs a
halfway-stop  technique using ecight points
neighbouring the minimum MAD point as shown
in Fig. 1(b). If the center point becomes the
minimum MAD  point, the search stops.
Otherwise, the search resumes using the previous
minimum point  plus neighbouring eight points.
Thus, we can find the minimum MAD point
within the central scarch area of 7x7. If the
first-step minimum MAD point becomes one of
outside 8 points, the next search will be the same
as the TSS.

The detail of the proposed algorithm is
presented below:

+ Initial Search:

- Compare the MAD’s obtained at 13 search
points using subsampled 128 pixels of the
block, and find two minimum candidate points.

- Among these two points, a first-step MAD
point is determined by comparing new MAD’s
obtained using all the pixels of the block.

- If the determined point becomes one of five
points in the central area, then go to Inside
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Search. Otherwise, go to Outside Search.

- Inside Search:

- Check the candidate point plus neighbouring
eight points as shown in Fig.l (b) to find the
minimum MAD point.

- If the center point becomes the minimum, the
search stops. Otherwise, retry to check the
minimym plus neighbouring eight points as
shown in Fig. 1(b), and stop.

- Outside Search:
- The search in this step is the same as the TSS.

3. Analysis of the Computational Cost

In this subsection, we compute the number of
search points per block for each step of the
ITSS.

Although the initial search performs at 13
points, the actual number of search points for the
initial search is equal to 7.5, since initial block
matching using two to one subsampled pixel
requires 6.5 (13/2) and the computation for
determining the true minimum point among two
minimum candidate points requires 1 (2/2). If the
inside search is selected, additional 8 points are
required. If the center point is the minimum in
the inside search, the total number of search
points equals 155 (7.5+8). Otherwise, the total
number of search points varies from 18.5 (15.5+3)
to 205 (15.5+5) depending on whether the
previous minimum point is located at the corner
of the search window or not. If the outside
search is selected, the total number of search
points is equal to 23.5 (7.5+8+8). Thus, the total
number of search points of the ITSS is between
15.5 and 23,3, which is smaller than that of the
TSS (fixed 25), NTSS (17 to 33), and 48S (17
to 27) LMET

I. Simulation Results

For our simulation, four sequences (Claire,
Salesman, Football and Tennis) with different types
of motion were used. The size of ecach frame is
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352 %240 pixels quantized to 8 bits. The block
size and the search range used for our simulation
are MxN = 16X16 and W = 7 , respectively.
First 90 frames of each sequence were used for
the performance comparison of the FS, T3S,
NTSS, 488, and  ITSS. The mean absolute
difference is used as the block matching criterion
"Table 1. shows the performance comparison of
aforementioned five search methods in terms of
average MSE (mean square errors) between the
original frame and the motion compensated frame.
It is seen that the ITSS performs nearly as well
as the NTSS for the small-motion sequences
(Claire and Salesman) and outperforms the TSS,
488, and NTSS for the fast-motion sequences
(Football and Tennis). The comparison of the
average search points per motion vector estimation
is presented in Table 2. It is seen that the
proposed algorithm has a lower computational
complexity than the other three fast algorithms.
Table 3 shows that the ITSS achieves good
results for the probability to find the true motion
vector obtained by the FS algorithm. Especially,
for the performance comparison for each frame,
Fig. 3 shows the comparison of average search
points for the first 90 frames for the Football and
Tennis sequences.

Table 1. Average MSE of the First 90 Frames

Af;:;°£m Claire | Salesman | Football | Tennis
FS 541 | 2103 | 18084 | 17870
TSS 554 | 2195 | 202.18 | 223.81
NTSS | 543 | 2124 | 19223 | 207.32
458 550 | 2183 | 197.14 | 20275
1TSS 543 | 2167 | 18944 | 185.96

Table 2. Average Search Points per Motion Vector
Estimation for 90 Frames

Als;;:;:m Claire | Salesman | Football | Tennis
FS 225 225 225 225
TSS 25 25 25 25
NTSS 18.85 18.00 19.91 22.58
488 17.85 17.30 18,44 20.10
ITSS 16.54 16.46 17.38 19.34
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Table 3. The Probability to Find the True Motion Vector

Search
Algorithm
TSS 0.9430 [ 0.9699 0.9294 0.6849
NTSS 0.9438 0.9925 0.9433 0.7940
458 0.9413 0.9737 0.9357 0.8048
ITSS 09432 0.9729 0.9534 0.8443

Claire | Salesman | Football | Tennis

From the simulation results, we can see that
the NTSS shows better MSE performance than
other fast algorithms for the small-motion
sequences. On the contrary, the 4SS yields good
MSE performance for the fast-motion sequences.
Nevertheless, the computational cost of both the
NTSS and 488 for the fast-motion sequences is
relatively high. However, the proposed method
maintains its performance better than the other
fast algorithms in terms of both the MSE and
computational requirement for all the sequences.
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Fig. 2 Comparisons of NTSS, 4SS and ITSS on average
search points per motion vector estimation versus frame
number for (a)"Football” and (b)"Tennis” sequences.

IV. Conclusions

In this paper, we proposed an improved
threc-step search algorithin (ITSS) for block-based
motion  estimation. The ITSS using the
center-biased search pattern can find small motion
vectors effectively. In particular, we can reduce
the computational complexity by using the pixel
subsampling method for computing the MAD's at
the search points in the first step. Experimental
results indicated that the proposed method
generally yields superior performance to some
other popular fast search algorithms in terms of
the computational Tequirement, motion
compensation errors, and robustness,
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