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ABSTRACT

This paper describes an efficient motion estimation algo-
rithm, the predictive line search (PLS), for real-time im-
plementations of MPEG-4 encoder on multimedia proces-
sors. The motion vector predictor position is used as the
starting point in the search process because the correlation
between neighboring motion vectors is strong. The line
search pattern is used in the proposed algorithm to reduce
the memory access as well as to exploit the special multi-
media processor instructions for SAD calculations. Exper-
imental results show that the performance of the predictive
line search is very close to the full search algorithm with a
speed up of 10. Compared with the well-known diamond
search, the predictive line search shows better performance
and robustness especially for high motion sequences. A
prototype MPEG-4 encoding system is implemented on a
216MHz multimedia processor with VLIW (very long in-
struction word) architecture to verify the effectiveness of
the predictive line search. Real-time encoding of MPEG-4
Simple Profile Level 3 (CIF, 30fps) can be achieved with
only 63% of the processor load.

1. INTRODUCTION

MPEG-4 [1] has become one of the dominant standards
for multimedia communication. The main issues addressed
by MPEG-4 are content-based interactivity, universal ac-
cessibility, and improved compression. In order to sup-
port these complex functionalities, the video coding system
must be built on a platform that is both flexible enough for
various tools and is powerful enough to achieve the real-
time requirements. Therefore, multimedia processors [2]
are the nature choice to implement such a real-time video
coding system because they combine the flexibility of pro-
grammable processors and the processing power of parallel
architectures.

Almost in all video compression standards, including
the MPEG-4 visual part, the block-matching motion esti-
mation is the dominant part of the computation load. The
simplest and most effective method of motion estimation is
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to exhaustively search all the candidates in the search range
and find a best-matching position with the lowest distortion,
this is called the full search algorithm. The distortion mea-
sure is usually the sum of absolute difference (SAD) for
its simplicity. If the maximum allowable displacement for
motion address is p pixels, then there are (2p + 1) candi-
dates to compare for each macroblock, and each compari-
son needs N2 absolute-difference operations if the size of a
macroblcok is N x N. Thus, the full search motion estima-
tion may consume as high as 80% of the total computational
power in a typical video encoding system.

In order to reduce the extremely high complexity of the
full search approach. Many fast algorithms for block-matching
motion estimation [3] [4] [5] have been proposed. These al-
gorithms are designed to search as few candidates as possi-
ble without significant drop in quality. However, the feature
of the MPEG-4 compression standard and the special archi-
tecture of multimedia processors are not considered in these
algorithms. Therefore, the “fewest-search-point” criterion
for optimization the motion estimation may not be feasi-
ble for MPEG-4 video compression systems on multimedia
processors.

The goal of this paper is to develop an efficient algo-
rithm for block-matching motion estimation optimized for
real-time MPEG-4 video coding systems on multimedia pro-
CEssors.

2. PREDICTIVE LINE SEARCH ALGORITHM

2.1. Motion Vector Prediction

Since fast motion estimation algorithms will not search all
the candidates in the search range, the distance between the
starting point and the best-matching point is directly related
to the total number of searched candidates and therefore to
the complexity.

Many algorithms use the center-biased approach, which
starts from the origin because it is the most probable po-
sition for the best-matching point. However, the algorithm
proposed in this paper, the predictive line search (PLS), starts
at the motion vector predictor to exploit the characteristics
of motion field in nature video and the feature of MPEG-4
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Figure 1: Motion vector distribution for Foreman sequence:
(a) the distribution of motion vector (b) the distribution of
motion vector residue after prediction.

motion vector coding method.

The coding method for motion vectors in the MPEG-4
standard is predictive coding. The motion vector predictor
can be obtained from calculating the medium value of mo-
tion vectors of the three neighboring macroblocks. Only the
error of motion vector prediction is coded in the bitstream.
The basic principle for motion vector prediction is that the
motion field of nature video is gentle, smooth, and varies
slowly [6], therefore, the correlation between motion vec-
tors of neighboring macroblocks is very strong.

Fig. 1 shows the distribution of motion vectors and the
distribution of motion vector residues after prediction for
Foreman sequence. These distributions are obtained by ap-
plying the full search algorithm. The search range is (—16,16)
and the macroblock size is 16 x 16 in this case. As we can
see in this figure, about 24% of the motion vectors locate at
the origin, this makes the center-biased approach feasible.
However, after applying the MPEG-4 motion vector predic-
tion, more than 61% of the motion vector residues are at
the origin. Therefore, if we start our search from the po-
sition of motion vector predictor, it is very likely that the
best-matching point can be obtained in the early stages of
the search process and the complexity can be reduced sig-
nificantly.

Also, since the coded bit length of a motion vector residue
increases with the distance from the motion vector predic-
tor, starting from the predictor has a higher probability of
getting shorter motion vector codes.

2.2. Considerations for Multimedia Processors

There are three main features of multimedia processors [2]
that may impact the performance of motion estimation, they
are wider data path compared with general purpose pro-
cessors, sub-word parallel architecture (SWP) to deal with
multiple pixels simultaneously, and special instructions for
SAD calculation. Compared with general purpose proces-
sors, the SAD can be calculated much more efficiently be-
cause in one clock cycle, the processor is able to execute
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Figure 2: Memory access comparison: (a) one line search
for the predictive line search (PLS) versus (b) one point
search for the diamond search (DS).

shift, subtract, absolute, and accumulation operations on
many pixels in parallel.

However, this means the complexity weighting of con-
trol instructions in the motion estimation algorithm increases
in the multimedia processors because one control instruc-
tion now takes the same time as many SAD operations. For
an algorithm to be efficiently executed on multimedia pro-
cessors, the algorithm should be as simple as possible to
reduce the control overhead.

Another issue for efficient motion estimation is data ac-
cess. In most of the fast algorithms, the next search posi-
tion depends on the result of current search step and can
not be obtained in advance. Since the motion estimation re-
quires massive memory access, if a fast algorithm has regu-
lar search pattern, data reuse can be applied and the amount
of memory access can be greatly reduced.

Fig. 2 shows an example of regular data access versus ir-
regular data access. The macroblock size is 16 x 16 and the
search range is (-16,16). Fig. 2(a) shows the amount of data
required for a line search pattern of 33 consecutive points.
Most of the reference pixel data for the next candidate can
be obtained by shifting the current reference pixel data. The
total number of pixels loaded into register is 16 X 16+ 16 X
48 = 1024. On the other hand, for an isolated search point,
the data for the current macroblock and the reference mac-
roblock are required as shown in Fig. 2(b). The total number
of pixels loaded into registers is 16 x 16+ 16 x 16 = 512.
Compare the 1024 pixels for 33 candidates with the 512 pix-
els for only one candidate, the line search pattern is far more
efficient in terms of memory access.

2.3. The Proposed Algorithm

From the considerations of the above two subsections, we
developed our fast algorithm, the predictive line search al-
gorithm (PLS), with simplicity and regular search pattern in
mind.
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Figure 3: The predictive line search (PLS) procedure. The
search range is (-16,16), the motion vector predictor is (-4,
-2), and the best-matching point is (-4,-4) in this example.

The PLS algorithm is summarized as follows:

Step 1 Search three consecutive lines of candidates cen-
tered at the motion vector predictor. If the motion
vector predictor locates in line p, then all points in
line p—1, line p, and line p+ 1 are tested. If the best-
matching point calculated is located in line p+ 1, go
to Step 2, if the best-matching point is in line p— 1,
go to Step 3, otherwise, go to Step 4.

Step 2 Let p = p++ 1, then test all points in line p+ 1. If
the best matching point is in line p, go to Step 4, oth-
erwise repeat the current step.

Step 3 Let p = p — 1, then test all points in line p — 1. If
the best-matching point is in line p, go to Step 4, oth-
erwise repeat the current step.

Step 4 Report the best-matching point as the position of
motion vector.

In short, this method starts from searching three lines
around the motion vector predictor, then searches additional
lines in the direction of descending distortion, and stops
when the best-matching point is not on the boundary of
searched lines.

The search procedure is demonstrated by an example as
shown in Fig. 3. Assume that the motion vector predictor
is (—4,—2), the true motion vector for this macroblock is
(—4,—4), and the search range is (—16,16). First, the y-
value of motion vector predictor is —2, so all candidates
in line ~1, line —2, and line —3 are searched (a). The
best-matching point in this step is at (—5,—3), which is on

Table 1: MSE Performance Comparison
Sequences PLS DS FS

Children 52.8 54.8 492
Coastguard 485 515 484
Container 9.8 9.9 9.5
Foreman 430 565 393
. Hall Monitor 225 226 222
News 2.7 2.8 2.7

Silent Voice 201 210 177
Stefan 2842 507.5 265.1
Average 604 908 56.8

boundary of searched lines so an additional line is searched
(b). The best-matching point after search line —4is at (—4,—4),
therefore, line —5 is also searched (c). Finally, since no can-
didates in line —5 has lower distortion than position (—4, —4),
the procedure stops and the motion vector of (—4,—4) is
found.

3. EXPERIMENTAL RESULTS

3.1. Simulation Results

In order to evaluate the performance of the predictive line
search (PLS), we apply it on several standard MPEG-4 test
sequences. We use the mean square error (MSE) for mea-
suring the performance of motion estimation The MSE com-
pares the motion compensated image frame with the origi-
nal image frame and calculates the mean square error. The
lower the MSE, the fewer bits will be used to represent the
predictive error, and therefore the more effective the motion
estimation algorithm is.

The results of center-biased diamond search (DS) [4]
are also shown in the figures and tables for comparison. It
is used for comparison not only because it has superior bal-
ance between simplicity and performance but also because
the MPEG-4 reference software [7] has adopted it as an al-
ternative to full search algorithm.

Table 1 shows the MSE performance for predictive line
search (PLS), the diamond search (DS), and the full search
(FS) algorithms on eight standard MPEG-4 test sequences.
The search range is (-16,16) in all cases. For sequences
where only small motions are involved, such as News and
Container, the MSE performance of three algorithms are
very close. Full search always has the smallest MSE val-
ues, while the predictive line search is better than the dia-
mond search in all cases. On the other hand, for sequences
with large motions, such as Foreman and Stefan, predictive
line search outperform diamond search significantly with
slightly higher MSE values than the result of full search.
This means that the predictive line search is very robust even
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Figure 4. PSNR comparison for the MPEG-4 encoder using
three different motion estimation algorithms.

when very large motion is involved.

3.2. System Performance

We have implemented an MPEG-4 encoder on a multimedia
processor, the Equator MAP-CA, which has a VLIW (very
long instruction word) core running at a clock frequency of
216MHz. This processor can process the data of 32 pix-
els in parallel and has special instructions that can execute
shift, subtract, absolute, and accomulation in a single clock
cycle. When running a real-time encoder for MPEG-4 Sim-
ple Profile Level 3, which deals with CIF (352x288) format
at 30 frames per second, only 63% of the processing power
of the multimedia processor is consumed. The predictive
line search motion estimation is responsible for 54% of the
total computation load. Since the speed up for the predic-
tive line search is about 10 compared with the full search
algorithm, it is not possible to run the full search algorithm
in real time even in such a powerful multimedia processor.
The proposed predictive line search is a very good alterna-
tive.

Fig. 4 shows the PSNR (peak signal-to-noise ratio) of

the Foreman sequence encoded at a target bit rate of 384Kbps.

As shown in the figure, the PSNR results of the predictive
line search are very close to the results of full search through
out the whole sequence. On the other hand, the resuits of the
diamond search deviate from the full search results when
large motions are involved. The predictive line search can
achieve the performance of the full search algorithm even
when large motions are involved in the scene.

4. CONCLUSION

An efficient motion estimation algorithm, the predictive line
search (PLS), is described in this paper. The main features

of PLS are the predictive starting point and the line search
pattern. This search algorithm starts at the position of mo-
tion vector predictor because there exists strong correlation
between neighboring motion vectors. The line search pat-
tern in PLS exploits the data reuse concept so the memory
access is very efficient compared with any other algorithm.
From the experimental results, the performance of the pre-
dictive line search is very close to that of the full search
approach with a speed up of 10. It is also shown that the pre-
dictive line search is more robust than the diamond search,
which is a very good fast algorithm adopted by the MPEG-4
reference software. A real-time encoder for MPEG-4 Sim-
ple Profile Level 3 is implemented on a multimedia proces-
sor with the predictive line search as the motion estimation
algorithm. The encoding system consumes 63% of the pro-
cessing power of a 216MHz VLIW processor core while the
predictive line search is responsible for 54% of the compu-
tation load.
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