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SUMMARY  This paper presents a simulated annealing
(SA)-based algorithm for fast and robust block motion estima-
tion. To reduce computational complexity, the existing fast
search algorithms move iteratively toward the winning point
based only on a finite set of checking points in every stage. De-
spite the efficiency of these algorithms, the search process is easily
trapped into local minima, especially for high activity image se-
quences. To overcome this difficulty, the new algorithm uses two
sets of checking points in every search stage and invokes the SA
to choose the appropriate one. The employment of the SA pro-
vides the search a mechanism of being able to move out of local
minima so that the new algorithm is less susceptible to such a
dilemma. In addition, two schemes are employed to further en-
hance the performance of the algorithm. First, a set of initial
checking points which exploit high correlations among the mo-
tion vectors of the temporally and spatially adjacent blocks are
used. Second, an alternating search strategy is addressed to visit
more points without increasing computations. Simulation results
show that the new algorithm offers superior performance with
lower computational complexity compared to previous works in
various scenarios.
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1. Introduction

Motion estimation underlines the core of motion com-
pensated predictive coding of image sequences. The
block matching algorithms (BMA), which render ef-
ficient implementations, have in particular received a
great amount of attention and have been adopted by
various video compression standards such as the H.261,
MPEG 1-2, etc. [1].

The most straightforward BMA is the full search
(FS) algorithm, which searches exhaustively over all al-
lowable displaced points in the reference frame to lo-
cate the best match. The enormous amount of compu-
tations involved, however, has hindered it from prac-
tical implementations. To mitigate this, various at-
tempts have been made to reduce the number of search
points while, at the same time, without serious degra-
dation of the reconstructed image quality. One of
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the most widespread BMA is the simple yet effective
three-step search (T'SS) algorithm [2], which iteratively
checks the winning point as well as the surrounding
eight points with a diminishing window size. Several
variants of the T'SS such as the new three-step search
(NTSS) algorithm [3], the four-step search (FSS) algo-
rithm [4], and the diamond search (DS) algorithm [5]
were also addressed, aiming at locating the motion vec-
tor more precisely with reduced computations. All of
these fast search algorithms, however, are based on the
implicit assumption that the block distortion measure
(BDM) monotonically increases around the global min-
imum [2]. The search thus moves iteratively toward the
point which achieves the minimum BDM in every stage.
Since this underlying assumption does not hold in many
practical situations, the search process is therefore eas-
ily trapped into local minima if the point chosen in any
stage is not the one that leads to the global minimum.
Consequently, despite their efficiency, the search pro-
cess is vulnerable to local minima, especially for high
activity image sequences which contain lots of them.

To overcome this difficulty, several robust BMA
were advocated to refrain the search from being easily
trapped into local minima. For example, Jan et al. [6]
determined the motion vector based on the concept of
“motion flow,” which employs multiple candidates in
the search process and thus is more robust against lo-
cal minima. Tang et al.[7] decomposed the template
matching into pixel and subpixel levels and considered
a robust and accurate two-stage approach for motion
estimation at the price of substantially more computa-
tions.

In this paper we propose a new algorithm by uti-
lizing the SA technique together with the local charac-
teristics of the image sequences. As discussed above,
we can note that the main problem of the current
fast search algorithms is that they are “greedy” in the
search process by only pursuing the winning point in
every stage. Since only a limited amount of points are
used in every stage in order to reduce the computa-
tional complexity, these algorithms are inevitably sus-
ceptible to the local minima dilemma. In light of this,
the proposed algorithm uses two sets of checking points
in every search stage and invokes the SA in the decision
of the appropriate one. The SA provides the search a
mechanism of being able to jump out of local minima
so that the new algorithm is more robust against such
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undesired situations. In addition, two schemes are em-
ployed to further enhance the performance of the algo-
rithm. First, a set of initial checking points which ex-
ploit high correlations among the motion vectors of the
temporally and spatially adjacent blocks are used. Sec-
ond, an alternating search strategy is addressed to visit
more points without increasing computations. As a
consequence of these techniques, the new algorithm can
accurately locate the motion vectors with lower compu-
tational overhead as compared with previous works.

This paper is organized as follows. Section 2 ad-
dresses the proposed SA-based algorithm. Some exper-
imental results are furnished in Sect.3 to justify the
new algorithm. Section 4 provides a concluding remark
to summarize the whole paper.

2. Simulated Annealing-Based Algorithm for
Motion Estimation

In this section, we describe an SA-based algorithm for
fast and robust motion estimation. Before addressing

the proposed algorithm in detail, we briefly review the
SA.

2.1 Simulated Annealing

The SA is a well-known effective technique for solving
iterative optimization problems and has been success-
fully applied to various contexts of applications such as
computer-aided circuit design and image processing [8].
In such problems, the traditional iterative search pro-
cess is easily trapped into local minima on the way to
find the global minimum. The employment of the SA
allows a possibility of escaping from local minima by
providing a search a mechanism of uphill move accord-
ing to a stochastic decision rule. More specifically, the
SA is constituted by the following two rules in the tran-
sition of “states” [8]:
1. A change of state which induces a reduction of the
associated energy is always allowed.
2. If a change of state induces an increase of the as-
sociated energy, the change is then accepted with
the probability

—(Ex—Ej)
kT

P=e (1)

where F; and E5 are the associated energy of the
present and next states, respectively, T' is a control
parameter (called “temperature”), and k is the Boltz-
mann constant.

In light of these two rules, we can note that the
scheme always takes a downhill step (reduction of en-
ergy) in a transition of states, and sometimes an uphill
step (increase of energy) with probability P, which de-
creases as the energy difference increases. To illustrate
this more explicitly, suppose that we intend to itera-
tively find the solution of x to achieve the smallest as-
sociated energy as shown in Fig. 1. Then, if the current
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Fig.1 The iteratively search strategy of the SA.

solution is = = a, the traditional algorithms choose the
next search point only at the left-hand side of a (down-
hill move). This one-sided search will eventually arrive
at the solution z = b, which is only a local minimum. In
contrast, the SA, in addition to these points, possesses
a possibility of choosing the next search point at the
right-hand side of a (uphill move) with a probability de-
cided by (1). It is this uphill climbing technique which
enables the search process to be more robust against
local minima. Also, the temperature T in general de-
creases as iterations proceed to reflect the fact that the
search is less likely to be trapped into local minima as
it gets closer to the global minimum. A simple mech-
anism to attain this is to reduce T' by a fixed ratio in
each iteration.

2.2 The SA-Based Approach

Since the fast search block motion estimation algorithm
is an iterative two-dimensional search process, to follow
we consider a new algorithm which incorporates the
aforementioned SA technique.

To apply the SA in this problem, the state will
denote the checking point pattern and the energy as-
sociated with the state will correspond to the mini-
mum BDM based on these checking points[9]. In ev-
ery search stage, we consider two checking point pat-
terns, the current one and the next one, and invoke
the SA in deciding the appropriate one. More specifi-
cally, suppose that £ and F, stand for the minimum
BDM based on the current and the next checking point
patterns, respectively. If Ey > FE5, then the search will
proceed based on the next checking point pattern. Oth-
erwise, the search will either jump to the next checking
point pattern or stay in the current one to further the
search with a probability decided by (1). Also, since
the search is carried out for every block in the frame,
we suggest a normalized initial T" as T' = a(E; — E»)
be used so that the same probability measure (1) can
be used for every block.

Furthermore, two strategies are employed to fur-
ther enhance the performance of the proposed algo-
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rithm. In view of the fact that most image sequences
only involve gentle movements, there exists high corre-
lations among the motion vectors of the temporally and
spatially adjacent blocks. The first scheme is then to
appropriately choose the initial checking points by ex-
ploiting these intimate relationships. Similar ideas have
also been reported in previous literature [10]. Here, we
extend their ideas by using not only the motion vec-
tor of the temporally adjacent block but also those of
the spatially adjacent blocks and their adjacent neigh-
boring points. More specifically, we adopt the starting
candidate points which include C§, C!_;, Ct_;, and C{~!
as shown in Fig. 2, where C§ denotes the checking point
pattern that includes the center of the search window of
the present block and its eight neighboring points, C!_;
and C;ll denote the checking point patterns based on
the motion vectors of the two spatially adjacent blocks,
respectively, and Céfl that of the corresponding block
of the previous frame. In light of the center-biased char-
acteristic of the image sequences as addressed above,
most of these checking points are in common and there-
fore do not incur too many computations. In addition,
in order to reduce the computational complexity while
still visiting enough checking points, the second scheme
is to use alternating checking point patterns as shown
in Fig. 3 between two adjacent blocks.

The proposed algorithm begins with the determi-
nation of the energy of the initial state, E;, as the
minimum BDM based on the aforementioned starting
checking points. Also, we consider the energy of the
next state, Fy, as

Ey = median{b_,,b%_,,b5""} (2)
j-1 j j+l
‘ vl =
1) st = =
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Fig.2 The starting checking point patterns Cg, C;_,, ijl’
and Céfl, where the short arrows denote the corresponding mo-
tion vectors.
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where median{- - -} stands for the median value of the
variables inside the bracket, b!_, by, and by ~! denote
the minimum BDM of the two spatially and one tempo-
rally adjacent blocks based on their respective optimum
motion vectors, and have already been determined.

If B3 < Fp, we expect that the present block
involves fast movement and the next search pattern
should be closer to the boundary of the search win-
dow. As such, we use a larger search pattern Cy4, where
d denotes the corresponding search size, and determines
the new FEs based on the minimum BDM of these new
checking points. If the new FEj is still smaller than Ej,
we set this Fo as the new F; and begins a new search
with the center at the winning point with a search pat-
tern of shrinking size, C%, and repeat the above steps.
On the other hand, if E5 > E7, we use the SA to deter-
mine whether we should proceed the same steps as the
above or we should go directly to the final fine search.
The above procedures repeat until the minimum search
window is attained. The final fine search pattern, Cepq,
is to check the optimum motion vector determined so
far along with its eight neighboring points to more ac-
curately locate the best match.

Based on the discussion above, the overall proce-
dures for the proposed algorithm can be summarized
as:

Initializations
F4 = minimum BDM based on the checking point pat-
terns Cj, C{_,, Ct_y, and C{~', By = medium{b}_,,
by, by '}, search window size = (2w + 1) x (2w + 1),
I=1,and T = a(E; — E»).
Begin of iterations

1. Do SA(E,, E2, T,ACCEPT). If ACCEPT = 0, go

to Step 2; otherwise, By « min{E1, By}, d = 4L

2[ )
F5 = minimum BDM based on the checking point

C4 CZ Cl Cend
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Fig.3 {C4} and C.nq for alternating checking point patterns
(a) and (b) with w = 7.
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pattern C4 with the center being the winning point
in the previous step. If d > 1, T « BT (8 is a

reduction ratio), I < [ + 1, repeat Step 1.

2. Perform the final fine checking point pattern Cepq.

End of iterations
where
Procedure SA(E, F2, T, ACCEPT)

If Bs < E;, ACCEPT=0; Otherwise, AC-

CEPT=1 with probability P as given in (1).

The checking point patterns will alternate between
patterns (a) and (b), as shown in Fig. 3 with w = 7. An
example to illustrate the above algorithm is shown in
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Fig.4 An example to demonstrate the proposed algorithm.
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3. Simulation Results and Discussion

Some simulations are conducted in this section to as-
sess the proposed algorithm. Two sets of image se-
quences are considered. The first set, including the
“Claire,” “Miss America,” and “Salesman” image se-
quences, mainly consists of low activity blocks; whereas
the second set, including the “Flower,” “Football,” and
“Table tennis” image sequences, consists of lots of high
activity blocks. The computationally efficient mean ab-
solute difference (MAD) given by

MAD4(x) = = 3" [fu(x +1) = fior(x +i+d)|

ieB
3)

is used as the BDM, where fj (i) denotes the density of
pixel at i = (i1,42) of the kth frame, B is an M x N
block, and |B| denotes the number of points in B. For
comparison, six existing algorithms, including the FS,
dependent FS (referred to as the DFS) [10], TSS, NTSS,
FSS, and DS algorithms, along with the proposed one
(with the parameters o = 0.7, 5 = 0.8, and k = 1), are
carried out. Two standard criteria: the average mean
squares error per pixel (MSE/pixel) and the average
search points per block are utilized to evaluate the ef-
fectiveness of these algorithms. The former criterion
is to measure the reconstructed image quality, whereas

_ 1
8|

Table 1  Comparison of MSE/pixel for various algorithms based on the first 90 frames

of the test image sequences.

Clair  Miss America  Salesman | Flower Football Table Tennis
FS 9.14 10.11 27.60 277.00 384.88 184.86
DFS 9.31 10.37 29.28 309.21 560.40 257.84
TSS 9.35 10.57 28.29 320.33 416.43 240.07
NTSS 9.31 10.24 27.92 285.01 412.54 217.46
FSS 9.31 10.50 28.16 299.69 428.89 213.28
DS 9.29 10.26 28.13 287.03 433.32 205.94
Proposed 9.26 10.22 27.77 279.80 411.00 196.35

Table 2 Comparison of average number of search points per block for various algorithms
based on the first 90 frames of the test image sequences.

Clair Miss America  Salesman | Flower Football Table Tennis
FS 204.28 204.28 204.28 202.05 202.05 202.05
DFS 24.11 24.58 24.95 25.01 24.07 24.76
TSS 23.28 23.44 23.23 23.25 23.09 23.32
NTSS 20.28 21.78 16.85 21.58 20.56 21.57
FSS 17.59 18.83 16.24 18.90 18.04 19.03
DS 14.99 16.60 12.92 17.02 16.06 16.87
Proposed 14.20 16.53 11.70 15.81 14.53 15.97

Table 3 Comparison of the average number of performing (1) per block based on the
first 90 frames of the test image sequences.

Clair | Miss America

Salesman | Flower | Football | Table Tennis

average number of performing | 0.99
(1) per block

1.11

1.09 1.12 1.10 1.11
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Football sequence.

the latter the computational complexity.

The resulting average MSE /pixel and the average
search points per block for the first 90 frames of the
test image sequences using these algorithms based on
the H.261 with M = N = 16 and w = 7 are listed
in Tables 1 and 2, respectively. The DFS algorithm
employs the temporal information for the initial esti-
mate of the motion vector and thus, as suggested in
[10], uses a smaller search window 5 x 5 to carry out
the full search. Table 3 lists the average number of car-

FS |
DFS |
Tss
NTSS |
Fss g
DS |
Proposed |

Frame Number

Comparison of MSE /pixel vs. frame number for various algorithms based on the

rying out (1) per block for the test image sequences.
We can find from Table 3 that all of these values are
about one for all of the image sequences and thus the
overhead induced is negligible. As a vivid illustration,
the MSE/pixel vs. frame number for the test image se-
quences “Table tennis” and “Football” are also shown
in Figs.5 and 6, respectively (for clarity, only the re-
sults from the 50th to the 80th frames are given).
From Table 1, we can note that the proposed al-
gorithm outperforms the others by providing a smaller
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MSE/pixel (except the FS), whereas we can note from
Table 2 that the new algorithm also calls for the low-
est computational complexity. The DFS algorithm ad-
dressed in [10] can indeed reduce the computations re-
quired by the original FS algorithm. It, however, can
not provide quite satisfactory performance for high ac-
tivity image sequences such as the “Football” sequence
because the motion vectors of the adjacent frames are
not that highly correlated in these scenarios. The small
MSE’s of the proposed algorithm are due to the SA
technique as well as the full exploitation of the tempo-
ral and spatial relationships among the motion fields.
The incorporation of the SA scheme also explains that
the proposed algorithm works in particular well for high
activity image sequences, in which the previous fast al-
gorithms are easily trapped into local minima in the
search process.

4. Conclusions

In this paper, we describe a new fast block-based mo-
tion estimation algorithm which is also robust against
local minima. This new algorithm uses high corre-
lations among the motion fields of the spatially and
temporally adjacent blocks, the SA in the transition
of search point patterns, and the alternating search
technique for adjacent blocks, to attain superior perfor-
mance with lower computations compared to previous
works. As such, it offers an appealing alternative to
block motion estimation in view of the performance it
can provide and the computational complexity it calls
for.
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