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ABSTRACT

In the new H.264/AVC video coding standard, motion estimation
takes up a significant encoding time especially when using the
straightforward full search algorithm (FS). In this paper, a fast
flexible multi-frame motion estimation algorithm with adaptive
search strategies (FMASS) 1is presented With special
considerations on the multiple reference frames and block modes,
several techniques, i.e., adaptive search strategies for single frame
and flexible multi-frame selection have been utilized to significantly
improve the speed-up performance in H.264. Extensive simulations
show that it can minimize the matching points by more than 1190
times compared with FS. In addition, the output quality of the
encoded sequences losses only 0.053dB in terms of PSNR on
average. Fast speed-up performance and unnoticeable quality
losses make the proposed algorithm outperform most of other
famous algorithms proposed in recent years, such as ARPS3,
MVFAST and UMHexagonS, among which the latter two have
been already accepted by MPEG-4 and JVT respectively.

1. INTRODUCTION

H.264/AVC [1] is the state-of-the-art video compression standard
recently developed by the ITU-T/ISO/IEC Joint Video Team
(JVT). The new standard is aimed at high-quality coding of video
contents at very low bit-rates. Compared with H.263+/MPEG-4
advanced simple profiles, up to 50% of bit-rate reduction can be
achieved [2].

H.264 uses the same hybrid block-based motion compensation and
transform coding model as those existing standards. Moreover, a
number of new features and capabilities, such as multi-frame (up
to five frames) motion estimation and seven block modes, have
been introduced in H.264 to efficiently improve the coding
performance. However, the complexity of H.264 encoder
increases tremendously with these new features. Particularly, the
integer pixel motion estimation module is the most time-consuming
one, which consumes more than 90% execution time in H.264
encoder.

Several famous motion estimation algorithms have been proposed
to reduce the motion estimation complexity, such as Block-Based
Gradient Descent Search [3], Unrestricted Center-Biased
Diamond Search [4], HEXagon-Based Search [5] and MVFAST
(Motion Vector Field Adaptive Search Technique) [6]. Though
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successfully used in the previous video coding standards, they are
not particularly designed for H.264 and their performances are not
very satisfying with H.264. Recently, several fast motion
estimation algorithms were proposed for H.264, such as
UMHexagonS (Unsymmetricalcross Multi-Hexagon-grid Search)
[7-8]and ARPS-3 (unequalarm Adaptive Rood Pattern Search)
[9]. UMHexagonS was accepted by JVT, claiming that more than
90%~95% computations can be saved on average compared with
the fast full search algorithm in JVT reference software with a
fairly good PNSR performance. However, the speed-up of
UMHexagonsS is not very outstanding, much slower than most of
the classic algorithms, such as MVFAST.

In this paper, we propose a novel fast integer pixel motion
estimation algorithm with adaptive search strategies for H.264
encoder. Two major features, viz. “Flexible Multi-frame search
criterion” and “Adaptive Search Strategies for single frame integer
pixel motion estimation” have been characterized. Our proposed
algorithm is much faster than any other algorithm mentioned above
while maintaining an unnoticeable quality loss in terms of PSNR
compared with FS.

The paper is organized as following: Section 2 describes the
proposed algorithm in detail. Section 3 shows the simulation results
and some discussions. Finally section 4 concludes the whole paper.

2. ALGORITHM DESCRIPTION

In this section, the framework of the proposed algorithm will be
described first. In the following, we will discuss the two major
features in detail. Finally we will summarize the whole algorithm.

2.1. Framework of the Proposed Algorithm

Since we have to search seven block modes and five reference
frames for each macroblock, the framework of the proposed
algorithm looks like some loops. The motion search starts from the
16x16 block mode to the 4x4 block mode in a hierarchical descend
order for each macroblock. Within each block mode, the reference
frames are searched from the most recent (defined as ref0) to the
least recent frame (defined as ref4). Adaptive motion search
strategies will be applied on each reference frame. After that,
decisions on whether to make further searches on ref3 and ref4
will be made according to the flexible multi-frame search criterion.
In case the whole motion search process finishes, we will get the
best motion vector (MV), reference frame and some other
corresponding information.
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2.2. Adaptive Search Strategies for Single Frame
Motion Estimation

For single frame motion search, we use a MV distribution model to
select a best strategy in integer pixel motion estimation. First, a
hierarchical MV prediction is used. If most of the predictors are
entirely same, then stop directly; otherwise make further searches
with cross or hexagon pattern according to the MV distribution
model. In order to quicken the whole process, early termination
and zero-block detection techniques are also employed.

2.2.1. MV Probability Distribution Model

In general, the MVs, especially the MV differences after median
prediction, approximately comply with symmetrical exponential
distribution. Assuming the independence of MVs in X and Y axis,
the combined distribution probability can be defined as:

Py (X, ) = Py () B, (¥) M
Where Px(x) and Py(y) are the probability distribution of MVs in X
and Y dimension respectively. Both of them comply with the
exponential distribution defined in Equation (2).
A,n=0 @
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Considering the physical meaning of probability distribution, (2)
should satisfy the constraint that the sum of probability in search
window is 1, namely

3 P =1 3

Where W denotes the size of the search window.
Meanwhile, we can define the median absolute value of MVs as

W
MV yeian =2, P(n)(|n|+1) @)
n=—W
According to (2) — (4), we can get
_ 1
MI/median (5)
po L
MI/median

Eventually, the probability distribution model of MVs in single
frame can be derived from MV,egian. Since MV ,edian Varies
comparatively slowly for the whole video sequence, it will be used
as a key parameter for the future frames prediction.

Studies [10] show that MVs are more likely distributed in a
diamond-shaped area. More theoretically, it is possible to find a
diamond region where more than 99% MVs are located according
to this model. The edge length of this adaptive diamond is derived
from the actual MV data, which is very similar to M V,,.4iqn. Here
we denote this diamond edge length as ADL. It will be used to

select the appropriate search strategies in the following procedures.

2.2.2. Hierarchical MV Prediction

Considering the high correlations among MVs and the
spatial/temporal properties of H.264, a hierarchical MV prediction
criterion is employed to find best initial search points. Four types of
predictors are used, where the first two are spatial and the other
two are temporal predictors.
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Fig. 1. (A) Hexagonal Search (B) Cross Search

®  MVs from the surround blocks of same mode (top, top-right
and left)

® MVs from uplayer blocks mode on the same position (e.g.
16x16 is the uplayer block mode of 16x8 and 8x16).

®  MVs from directly temporal predictor

®  MVs from accelerated temporal predictor

The latter two can be defined as (6) and (7) respectively, where (6)

denotes the MV from the corresponding block of the recent

reference frame and (7) represents the scaled MV from previous

reference frames.

MVDTemp = MVCurfrmfl (6)
+1
MVA Temp = MchrrEf -1 Curref (7)
curref

If the number of same predictors is above a threshold, the search
process of current reference frame terminates immediately.
Otherwise, all predictors will be searched to find a best match.
Subsequently, we compare the best match position with the original
point, choose a better one, take it as the initial search point and
mark it as “prediction hits”.

2.2.3. Search strategies based on the probability model
If prediction does not hit, a more precise search pattern will be
selected between cross search and hexagon search according to
the MV distribution model.

First, we calculate the ADL based on the MVs of the previous
frame and take this ADL as the basic prediction parameter
(ADLp,.q) for the current frame. After that, we adjust the ADLpycq
according to the MVs from the surrounded blocks of same mode
as defined in (8).

|-,

ADL = 4,if Average(|M v,
pred ADL,..,,otherwise

op
Hereafter, if we predict that MV locates in a small area, e.g.,
ADLp,.q is smaller than 4, cross search will be used. Otherwise we
will choose hexagon search method.

| [pv

opRigh

gD >4 (8)

2.2.4. Early termination and Zero-block detection

In order to further quicken the process of integer pixel motion
estimation, a simple early termination and zero-block detection
techniques are also used. For early termination, we take the
minimum matching difference of the top, top-right and left blocks
of the same mode as the adaptive threshold. If the matching
difference of current block is lower than the threshold, the search
process terminates immediately (refer to [11] for more
discussions). In addition, similar technique of zero-block detection
[7] is also used in our algorithm.
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2.3. Flexible
Criterion
Multi-reference frame prediction is a distinguished feature to
substantially improve the coding efficiency in H.264. However, the
probability that ref3 and ref4 are used as the best reference
frames is very low, less than 3% in common. Since these two
reference frames are far away from the current frame, the MVs
are always larger than other reference frames, which may yield
more search points and low search efficiency. Thus, we propose a
flexible multi-frame search criterion, which can automatically
determine whether to search ref3/ref4 or not.
First, we can obviously notice that ref3/ref4 will be more likely
selected with conditions of vibration or smooth moving. Suppose a
scene of shaking one’s head. There may be some past frames
very similar to the current one, and ref3/ref4 has larger possibility
to be selected as the best reference frame. However, with other
conditions, such as fast moving, static scenario and etc, skipping
ref3/ref4 is a better choice.
Fig.2 shows a representative example of MVs of a straight-line
moving object. It can be easily observed that the MVs are in
proportion and Ref0 has a much larger probability to be the best
reference frame.
Therefore, we can derive (9) according to the previous mentioned
analysis, where Ty is a threshold of difference (equal to 4 in our
simulation).

DXMV, )~ MV, |<T,,, and[3xMV, . MV, .| <T,

Cost, .y < Cost,,,, and Cost, ., <Cost,,
If the MVs and matching costs satisfy (10), ref3/ref4 will be
skipped. Otherwise we will continue searching the remaining two
frames. With this criterion, we can further minimize the

computations of integer pixel motion estimation with only a
negligible loss in PSNR.

Multi-reference Frame Search

"9

2.4. Summary of the proposed algorithm

The proposed algorithm can be described as follows:

Loopl  Search Mode (from 16x16 to 4x4);

Loop2  Search Ref (from ref0 to ref4);

S1 Get ADLpyey;

S2 Perform the hierarchical MV prediction, if the number
of the same predictors is larger than the threshold, take
the predictor as the MV and go to S6;

S3 Do the zero-block detection on the initial point, if the
block is zero-block, take the initial point as the MV and
go to S6;

4 If prediction hits, refine the MV with CS and early
termination technique, then go to S6;

SS Select a better strategy between cross search and

hexagon search according to ADLp,.,, after that make
further searches together with early termination and
zero block detection techniques;

S6 If the current reference frame is ref2, make decisions
on continuing searching ref3/ref4 (go to Loop2) or
terminating the search process on the current block
mode (go to Loopl), otherwise search the next
reference frame (go to Loop2).

3. SIMULATION RESULTS AND DISCUSSIONS
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Ref4 Ref3 Ref2 Ref1 Ref0
Fig. 2. MVs of a moving object

Our proposed algorithm FMASS was implemented into the JVT
reference model JM6.1e of H.264. There are D test sequences
used in our simulation covering from QCIF to CIF resolution.
Additionally, we choose high-motion, median-motion as well as
low-motion sequences to make the experiments more
comprehensive. E.g., Bus, Football and Stefan are sequences with
large motions. Carphone, Foreman and Salesman are those with
medium motions, and Clare, Grandmother are sequences with low
motions or still sequences. The coding settings comply with the
specification provided by [12], i.e., five reference frames, seven
block modes, a search window of [-32, 32] and CABAC entropy
coding. Apart from the first frame, all the other frames are coded
as P frames and the total frame rate is 30 Hz. For comparison use,
we implemented three famous fast algorithms which were
proposed recently: MVFAST, ARPS-3 and UMHexagonSl. It
should be noted that MVFAST was accepted by MPEG4 in 2000
and UMHexagonS was recently accepted by JVT in March, 2003.
Table I* summarizes the PSNR losses (Y component) and speed
improvement of fast algorithms compared with FS at the same bit
rate. Where the PSNR is calculated by the AVSNR [12] specified
by JVT. According to table I, though the average PSNR loss of
UMHexagonsS is the lowest, our proposed algorithm also shows a
comparatively optimal performance. Compared with FS, the
maximal loss in PSNR of FMASS is 0.1 dB, and the average loss
is only about 0.05dB, which is almost negligible for fast motion
estimation algorithms. On the other hand, it can be easily observed
that FMASS substantially outperforms other fast algorithms in
terms of speed-up performance. Compared with FS, the average
block matching points of FMASS is only about 17.7 points, less
than 50% of MVFAST and 3% of UMHexagonS. Moreover, it is
also faster than another famous algorithm PMVFAST (also
accepted by MPEG-4), the matching points of which is about 70%
of MVFAST [11]. As a matter of fact, FMASS is much faster
than other fast algorithms in execution time as well, more than 510
times faster than FS and 16 times faster than UMHexagonS. We
should note that the matching points and the executing time are not
in linear proportion, since the fast algorithms introduce more
condition judgments which may lead to a high penalty in speed
especially for fast speed CPUs.

Since the computations of integer pixel motion estimation have
been tremendously reduced with our algorithm, the sub-pixel
motion estimation module becomes the most time consuming one in
the encoder now. As a matter of fact, we have also developed a

! The algorithm used in the simulation of UMHexagonS is based on [7].
The final version is about twice as faster as this one with a little PSNR
losses. Please refer to [8] for more details.

> The platform used f simulation is Pentium4 3.0G with 800M FSB,
WinXP, DDR 512M.
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TABLE I SIMULATION RESULTS:
PSNR(dB), Points (Average Search Points per block), Time (Average Matching Time (ms/MB))

Sequences FS MVFAST

Points

Carphone_qcif 21125

Claire_gcif 21125

Container gcif 21125

Foreman_qcif 21125

M&D_qcif 21125

News_qcif 21125

Salesman_qcif 21125

Stefan gcif 21125

Bus_sif 21125

Flower_sif 21125

Football_sif 21125

Tennis_sif 21125

Foreman cif 21125
Stefan_cif 21125

Container_cif 21125

Coastguard_cif | 21125

Mobile_cif 21125

Salesman_cif 21125
Tempete_cif 21125

Average 21125

Aver Speed-up 1.0

fast algorithm for sub-pixel motion estimation, which is able to
further improve the speed-up performance without any losses in
PSNR. However, we could not discuss more about it due to the
page length limitation.

4. CONCLUSION

H.264/AVC is the state-of-the-art video compression standard
developed by JVT. Though te new introduced features improve
the coding performance efficiently, the complexity of the integer
pixel motion estimation of H.264 increases tremendously as well.
In this paper, we propose a fast flexible multi-frame motion
estimation algorithm based on adaptive search strategies. With
more considerations on the multiple reference frames and block
modes, the proposed algorithm reduces the complexity of the
integer pixel motion estimation significantly. With the Intel
Pentium-4 3.0GHz system, we have achieved more than 510 times
speed-up over FS on average with unnoticeable losses in PSNR.
Furthermore, the proposed algorithm is much faster than many
other famous fast algorithms in various conditions. Since the
average matching points of the proposed algorithm for five
reference frames is reduced to less than 20 points, it almost
approaches the lowest bound of the fast algorithms and more
focus should be laid on other computation intensive modules in
future.
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