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Abstract

This paper proposes a median-bias fast priority
search algorithm for motion estimation. The main
characteristic of the proposed algorithm is that it
adapts a priority median-bias search pattern enabling
the identification of locations with higher probability
of finding the motion vector. Moreover, based on the
history of motion vectors, the algorithm includes a
robust region detection technique to avoid unnecessary
searches in the static background region. A minimum-
distortion based analytical threshold is proposed to
stop the search quickly when a "good enough” motion
vector is achieved. Experimental results show that by
using the proposed algorithm, the speed and accuracy
of metion estimation ave improved compared with the
conventional approaches.

1. Introduction

Motion estimation (ME) is an essential part of video
compression. Although the exhaust search can provide
accurate motion vector (MV) with the minimum
distortion, it is computationally intensive. Fast ME to
reduce the computational complexity has been an
important research issue in literatures. Research works
can be roughly classified into fast matching technique
(FMT) and fast search technique (FST).

FMT aims to reduce the complexity of the SAD
computation, such as the successive elimination
algorithm (SEA) [5], global elimination algorithm
(GEA) [2] and partial SAD (pSAD) computation [3].
FST relies on searching fewer points within the search
window by imposing a search pattern to the search,
such as the four-step search (FSS) [8], diamond search
{DS) [11] and the block-based gradient descent search
(BBGDS) [6]. Recently, motion vector prediction
{MVP} and fast search termination have been
proposed, such as [9]{10]. While the gains of MVP and
fine search patterns are well documented, less attention
has been given to the search order, which can
potentially take advantage of FMTs. Meanwhile, the
threshelds used in fast search termination to stop the
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search are determined empirically, which may be
inaccurate and result in degraded video quality.

In this paper, relving on the statistical distribution
of the motion vectors, we propose a novel median-bias
fast priority search algorithm (FMPSA) for motion
estimation in order to achieve high speedup and video
quality. Unlike conventional approaches, we focus on
the FST approach while taking the FMT into
consideration. In FMPSA, the locations with higher
probability of finding the MV are checked with higher
prieritics. Moreover, the robust static region detection
technique and the minimum-distortion based analytical
threshold applied in our algorithm are capable to avoid
the unnecessary SAD computations and stop the search
quickly.

The paper is organized as follows: Section 2
presents the proposed fast priority search ME
algorithm, including the priority search pattern, the
robust static region detection, and the fast termination
technique. Simulation results for various sequences are
given in Section 3. Finally, concluding remarks are
provided in Section 4.

2. Fast
algorithm

median-bias priority search

2.1. Priority median-bias search

The MV of a block is highly correlated to the MVs
of the adjacent blocks. This implies that the MV of the
current block can be predicted from those of the spatial
neighboring blocks. A good MV predictor is usually
ciose to the optimal MV, thus we can get to the optimal
MV faster. Median MVP is pointed out to be
promising [9]. We will discuss and analyze the median
MVP in a detailed way and propose our approach.

Let D represent the prediction error between the
median predictor and the optimal MV, given by:

D= (mvmedian_.( = MVy, MY megion y - mvy) (1)
Where (mvmedian‘»mvmed{ﬂn j); (mvx: mv)) denote the
median predictor and the optimal MV respectively.
Experiments are carried out on typical video sequences



to obtain the distributions of D. Here full search is used
to obtain the MV with 16-pixel-size search region.
From our results, we have:

Observation 1: The average probability of |D|</ is
89.27% for the tested sequences.

Table 1 gives the detailed probability distribution
when |D|</. The first column denotes the prediction
error. The /* column lists the corresponding average
probability for different video sequences.

Table 1: Prediction error distribution for D<1

. ) Ave.
n akiyo | salesman | stefan | garden | forcman | football Probability

news

(0,0) | 0.8408 | 0.8516 |0.41035(0,3694 | 0.426% | 0.2720 | 0.8304] 0.5706

(-1,03] 0.0463 | 0.0610 |0C.2086|0.2314| 0.1737 | 0. 1837 | 0.0519 | 0.1371

(0,-1)10.0842 | 0. 0422 |0.1314)0. 16087 0, 1442 | 0. 1159 {0.0523 | 0.1044

(1,00 [ 0.6016) 0.00314 |0.008000.005% | €.0111 [ 0.01C4 [ 0.0034| 0.0063

0.1y |0.60221 §.0026 |0.0049 |0, 0037 | 0.0I00 | 0.0100 §0.0029] 0.0052

(1-13]0.0007| 0.0006 |0O.0034)0.0049} 0.0030 { 0.0060 |0.00i2 | ©.0031

(L1 0.0007 § 0.0017 10.0035)0.0038 [ 00050 | 0.0061 [ 00017 0.0032

(-1-Df 6. 4163 0.G155 [0.0790 0. 1052 | 0.1103 | 0.0925 | 0. 0146 | 0.0819

{L1}]|0.€001 { G.0D01 |0.00080.0005| 0.0024 | 0.08420 | 0.0003] 0.0009

Observation 2: The prediction error distributes at
(0, 0) with the highest probability. Meanwhile, the
positions of D=(-1, 0) and D=(0, -1) alse have high
probability, while the probability is low for the other
positions.

Observation 1 implies that by searching the small
area around the median MV predictor, the optimal MV
can be found with average probability 89.27%. It
justifies the effectiveness of MVP: near the median
predictor, we have high probability to get the optimal
motion vecter. Within the small arca around the
median predictor, we can assume the SAD surface is
unimodal, thus gradient-based search pattern, such as
the small diamond pattern used in [11], can be
employed. According to Observation 2, different
positions of the small area around the median predictor
have different probabilities to be the motion vector.
Observation 2 suggests that, to fully take advantage of
FMT, such as the pSAD computation technique, to
avoid unnecessary SAD computaticn, the position with
higher probability should be checked with higher
priority in order to stop the SAD computation earlier.

Based on the above observations, the small diamond
search pattern with search pricrity is adopted in our
algorithm. Fig. 1 illustrates the search locations and the
search priorities of the search pattern. The bigger size
of the point, the higher search priority this position has,
At the first stage, (0,0) is checked (the biggest point),
then the positions corresponding to D=(-1,0) and
D=(0.-1) are checked secondly, followed by the other
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two points (Fig. 1(a)). The search pattern keeps on
moving towards the direction of the current minimum
{Fig. 1(b) or (c¢}), until the minimum SAD is found in
the center or it hits the boundary of the search window.
The positions closer to the median predictor are
checked with higher prierities (the bigger squares).
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Figure 1: Priority search pattern.
2.2. Robust static region detection

From Table 1, we can also observe that for low
motion sequences with static region, such as "Akiyo",
"News", and "Salesman"”, the prediction error is 0 with
very high probability. It implies that the MV is the
median predictor with very high probability within the
static region of the scene. Thus, if we can detect the
static region, the search process can be stopped
immediately without checking other positions.

We adopt motion history matrix (MHM) technique
developed in our previous work [4] to perform the
static region detection, The basic idea behind MHM is
to keep track of the motion history of each block. The
entry value of MHM shows how long this block has
been without motion activity. The bigger the value, the
probability is higher that it will still have no motion
activity in current frame, From the value of MHM, we
can predict whether the current block is a static block
or not. The value of the prediction threshold is
determined empirically.

With MHM, we can predict the static region blocks
with high probability. However, the prediction may be
incorrect due to the noise in the video sequence, which
can arise from many sources, such as sensor problems
in a camera, illumination variations. As a result,
verification of the static block detection is necessary.
In our work, the Gaussian distribution model is used to
approximate the SAD distribution for a static block.
Let MM and V¥ be the mean and variance of the SAD
respectively. The confidence interval (C7) of the
detection is given by:

CI = (MM-2VV, MM + 2VV), (2)

For a Gussian distribution, the variable will fall within
CI with probability 96%. The verification procedure is
as following: when a block is predicted to be a static
block, if the SAD value at (0,0) point is within CI, then
it is a static block and (0,0) is chosen as the MV,
Otherwise the other positions need to be checked.



2.3. Fast search termination

In a block based video encoder, after motion
compensation, the residual error is first transformed
into the frequency domain, After that, the transform
coefficients are quantized by a predetermined
quantization factor Q for further entropy compression.
In SAD-optimal ME, the objective is to find the MV
with the minimum SAD value. When the SAD is small
enough, all the quantized transform coefficients
become zeros, even a smaller SAD can be achieved,
there is no difference in the dequantized transform
cocfticients. As a consequence, the reconstructed video
quality cannot be improved and the search can be
terminated immediately without loss of video quality.

The distribution of the residual error can be
modeled by a Laplacian distribution with zero mean
and a separable covariance [7]. Let R be the correlation
coefficient matrix of the residual error of a MxN block,
given by:

1 p P o

P 3
R=ip’ p 1

' 1

where p {|p|</) is the correlation coefficient. Typical
values of p range from 0.6 to 0.75. Let B, be the
block size. After some mathematical deductions, we
can estimate the probability that a specific coefficient
r(u,v) after quantization becomes zero by:

B..xQ
SAD < T(u,v) = L=
V2% n* JIARA), [4RAT),,
where 4 is the transform matrix and # is a confidence
parameter. When Eq. (4) is satisfied, the probability
that the quantized »(u,v) becomes zero is very high. For
n=1, n=2, n=3, the probability is 68%, 94%, and 99%
respectively.

Specifically, the quantized DC coefficient will
become zero with high probability when Eq. (5) is true.
SAD < T10,0) (5}
Since the DC coefficient dominates the transform
coefficients, when the quantized DC coefficient
becomes zero, we can assume all the coefficients will
become zero after quantization. This assumption will
not influence the reconstructed video quality
apparently, because the human eyes are more sensitive
to the lower frequency changes. This suggests that Eq.
(5) can be used as the fast search termination criterion.
Based on information theory, when the residual
error energy is small enough, there is no major
difference in the reconstructed signal, which means a
“good enough” reconstructed video quality is achieved,
no further improvement can be obtained. Since the

C)
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residual error energy can be estimated from the SAD
value, it justifies that using Eq. (5) as the fast ME
termination decision of a “good enough” block
maiching.

To evaluate the performance of the above criterion
on different block sizes, we implement our proposed
algorithm into the H.264/AVC video encoder [1], in
which a 4x4 purely integer DCT is used and 4 is given
by:

1 1 1

I
21 -1 =2 (6)
A=
1 -1 -1 1
1 -2 2 -1
Derived from Egs. {3)~(6), we have:
134.4150 76.80B6 12.6807 192021 ™
76.8086 43.8906 7.2461 109727
ARLY, JARAY, =
[ARA L by =l 126807 72661 11963 18115
19.2021 109727 18115 27432

Hence, we have the following ME fast termination
threshold for the H.264/AVC:

Tl:ka:ize XQ
where k is a constant,

2.4. The Proposed FMPSA

By jointly applying the above techniques, our novel
FMPSA is summarized as follows. The MHM is
maintained to keep track of the motion history of each
block. If the corresponding MHM entry value of
current block is bigger than a predetermined threshold
value, the Gaussian distribution verification procedure
is performed. If current block belongs to a static
region, the search is stopped and the MV is (0,0).
Otherwise, the media-bias priority search pattern is
adopted. During the search, Eqg. (5) is applied to check
whether we have got a "good enough” MV in order to
stop the search carlier.

In FMPSA, the static region can be detected
effectively, thus the search can be quickly stopped in
the early stage of the search. Moreover, unlike
conventional algorithms that use a fixed search pattern
without search priority, our algorithm adopts a median-
bias priority search pattern, The locations with higher
probability of finding the optimal MV are checked
with higher priorities, thus FMTs such as pSAD
computation technique can be fully taken advantage.
Meanwhile, the minimum-distortion based threshold
can avoid unnecessary searches without loss of video
quality.

Note that in a block based video encoder, only the
difference between the MV and the median MV
predictor is coded into the bit stream. In FMPSA,
because the positions close to the median MV predictor
is always checked first, a smaller prediction error can
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be achieved and less bits are required to do the entropy
coding In other words, the coding efficiency is
improved.

3. Simulation results

In this section, computer simulations are carried out
to evaluate the performance of our proposed algorithm.
Conventional ME algorithms including FS, DS, FSS,
and BBGDS are used in the comparison. The computer
simulations are taken on typical benchmark video
sequences, ranging from low motion talking head
sequences to high motion sport sequences. The
speedup performance and the video quality are
measured by the number of checked points (CPs) and
peak signal to noise ration (PSNR) respectively.

Table 2 and Table 3 summarize the comparisons.
The results illustrate that for the tested sequences, the
proposed FMPSA gains a great speedup with ignorable
loss of video quality compared with FS. In terms of
speedup, our algorithm outperforms all the other
algorithms. The average CPs of our algorithm is 6.77,
only 44.3%, 34.7% and 56.1% of DS, FSS and
BBGDS respectively. Qur algorithm is robust and
efficient over a wide range of video sequences.

Table 2: PSNR comparison

[PSNR | Akiyo [Coastgurad| Tennis| Stefan |Garden | Football
FS |38.04] 34.07 ]35.69) 34.10 | 33.22 | 33.26
DS [38.02] 34,07 |35.66) 34.13 133.21 | 33.29
FSS [38.00] 3407 |35.65] 34.13 | 33.20] 33.26

BBGDS|38.01| 34.08 |35.657] 34.13 | 33.21§ 33.28

FMPSA|38.00]| 24.07 }35.63) 34.13 (33,21 | 33.30

Table 3: Speedup comparison
CPs | Akiyo jCoastgutad| Tennis | Stefan | Garden {Football
FS 11089, 00| 1089. 00 |1089. 00[{1089. 00{1089. 0C|{1089. 00
BSs 13.15 i4.43 14.46 | 16.23 | 15.22 | 18.18
FSS 17.25 18.91 18.62 | 20.27 | 19.96 | 21.98
BBGDS| 9.25 11. 10 10.88 | 13.18 | 12,18 | 15.91
FMPSA{ 2.25 6. 99 5.21 7.93 7.34 | 10.92

4. Concluding remarks

A novel fast median-bias priority search algorithm
for block motion estimation is proposed. The proposed
algorithm not only reduces the computational
compiexity but also retains good estimation accuracy
compared with some conventional algorithms. This is
obtained by jointly applying different techniques. First,
based on the study and analysis on the distribution of
the median motion vector prediction, a median-bias
priority search pattern is adopted. The locations with
higher probabilities of finding the optimal motion
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vector are searched with higher priorities. Meanwhile,
a robust static region detection approach is proposed to
avoid unnecessary scarch within the static region.
Moreover, we derive a minimum-distortion analytical
threshold to stop the search when the MV is "good
enough”. Experimental results show that the proposed
algorithm is robust and efficient. Our study can be
combined with other motion estimation technigues to
further improve the performance.
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