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Abstract

Motion estimation is the most
computing-intensive component of the
MPEG-2 encoding process. It refers
to the action of searching for the clos-
est prediction of a certain image block.
The more accurate the prediction, the
better achieved compression and qual-
ity are. The optimal solution is guaran-
teed by performing an exhaustive search
for all possible predictions for a certain
block. Such an approach this component
is characterized by a polynomial time,
and it is responsible for about 90% of
the encoding time. The reduction of the
prediction search time is performed by
parallelizing the block-matching search
algorithm.

In brief, a video sequence with a
throughput of 50.688Mbps is MPEG-
2 encoded, preserving very good image
quality, at a 500Kbps bitrate. The com-
pression ratio achieved this way is 100
to 1. The compression time was reduced
from 115 sec/frame to 29 sec/frame,

about 4 times faster, using 6 Pentium
166MHz Ethernet connected machines.
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1 Problem statement

Motion estimation refers to the way of con-
structing prediction for a certain block in an
image, referred with the term of macroblock.
A video sequence is formed from succesive
static frames whose encoding becomes a target
MPEG bitstream [6] to be sent over a computer
network at a specified bitrate [7]. Each frame
is formed from a dense grid of adjacent pixel
macroblocks. Depending on coding pattern,
each frame can be:

e intra coded (I) frame, with no references
to other frames;

e predicted (P) or bidirectionally predicted
(B) frame, whose macroblocks contain ref-
erences to previous or both previous and
next frame.
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Figure 1: Motion of a macroblock through con-
secutive frames is estimated by the corresponding
motion vector.

The article is structured the following way:
first, the concept of motion estimation is de-
scribed in brief. Then, there are presented ex-
isting solutions of the described problem, with
their disadvantages from the MPEG coding
point of view. Next, it is shown the parallel
encoder model, then the experimental results.
Finally, the conclusions present once more the
goods and the bads of the parallel approach.

The main goal of motion estimation algo-
rithms is the accurate determination of a pre-
diction macroblock for which the absolute dif-
ference from the current macroblock is min-
imum. Such a macroblock roughly approxi-
mates the true motion that appears in a video
sequence. As seen in Figure 1, the predic-
tion macroblock is completely determined by
the image it is part of, the displacement be-
tween it and the macroblock for which this
prediction is determined and the correspond-
ing prediction error. The displacement is re-
ferred with the term of motion vector, and it
is the variable to be determined by motion es-
timation algorithms. The possible values for
a motion vector determines the characteristic
search window. A macroblock is coded by stor-
ing in the bitstream only the estimated mo-

tion vector and attached prediction error, ef-
ficiently coded with discrete cosine transform
[1, 4. The MPEG standard does not impose
nor recommends any motion estimation algo-
rithms for determining the motion vectors, al-
though the proper choice of these ones greatly
impacts both on compression performance and
image quality.

2 Motion estimation algo-
rithms

The existing motion in a video sequence
is represented using a scalar spatio-temporal
variation of image luminance intensity. Mo-
tion estimation algorithms attempt to find the
best past pixel which is characterized approxi-
mately by the same luminance intensity as the
one of a given pixel:

I(F 1) = I(F = d,t — Al) (1)
There are mainly three categories of motion
estimation algorithms [3]:

o gradient techniques, which rely on hy-
pothesis that image luminance is invariant
along motion trajectories, which are de-
termined by calculating the corresponding
gradient of two pixel positions. Because
of additional constraints involved by prob-
lem solving, motion vectors are not able to
accurately describe the motion according
to minimum absolute error hypothesis;

e pel-recursive techniques, which recur-

sively minimize the prediction error, on a

pixel-to-pixel basis. They rely on the same

hypothesis of dense motion field, but at-
tempts to determine the best motion vec-
tor using a pixel recursive approach. Be-
cause of this, slow motion is not accurately



represented, error resulted from determin-
ing motion vectors being propagated along
the lines of a frame;

e block matching techniques are based on
the matching of blocks of two consecutive
images, the desired goal being to minimize

In this

case, the motion vector is not asssociated

the characteristic absolute error.

to only one pixel, but it is the same for
all pixels within the block. For a block,
the corresponding motion vector is the dis-
placement between the block and another
block, within the search window, that has
the closest content luminance information
to the that of the block for which the pre-
diction (i.e. the best matching block) is
to be determined:

d = win 3 |[T(7, )~ I(F—d,t—-A1)] (2)

d€S 7ep

The absolute minimum error is obtained
by performing an exhaustive search of all
discrete candidate displacements (motion
vectors) within a maximum displacement
range, technique called full search block
matching.
Although sometimes accurate, gradient-
based techniques generate too much overhead
information associated with motion vectors to
be suited for MPEG-2 coding. The most
convenient are block matching ones, because
of their possibility to find the optimal mac-
roblock, characterized by a minimum absolute
error and only one motion vector.

3 Parallelization of block
matching algorithm

The classic block matching algorithm re-
quires a full search to find the best candidate

for each macroblock in a frame. The time re-
quired for encoding a frame is in the order of
O(N?), where N is frame dimension. In a par-
allel environment this time may be reduced by
evenly distributing macroblocks in contiguous
slices among the processors. This requires ini-
tial frame to be partitioned in slices, as shown
in Figure 2. Each processor (here called esti-
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Figure 2: FEach processor estimates motion for
each macroblock in one slice of the initial frame.
Here there are 9 slices, corresponding to 9 proces-
SOTS.

mator) performs an exhaustive search among
all macroblocks in a defined search window
for finding the best prediction of each mac-
roblock in the slice it received. The parallel
environment is represented in the chosen im-
plementation by Parallel Virtual Machine, a
library of functions that makes a UNIX com-
puter network act as a Multiple Instruction
Multiple Data parallel architecture. PVM [2]
allows tasks on different machines constitut-
ing the parallel environment to communicate
to each other, and also synchronizing, start-
ing and shutting down remote processes using
a message passing function library. PVM rou-
tines which perform these tasks are called by
the user processes. The parallel encoder model
is depicted in Figure 3.

A cycle time t,yq for encoding one frame is
contributed by the following:

o the encoder reads current {rame in time
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Figure 3: Master-slave model of the encoder.

lreads then sends it to estimators in time

tmcastf = trec'uf;

e cach estimator determines the solutions

for all macroblocks from the slice of
macroblocks it received by the time
Lfindo - - Lfindn since it finishes receiving

frames;

e the encoder eventually collects results (i.e.
motion vectors and prediction errors) for
all macroblocks of frame, from every esti-
mator, in the time ¢, .com = toendm;

o idle times tygitt - - - Lwaitn €xist due to the
sequential way the master encoder re-
ceives results from slave estimators.

According to the master-slave model, there

are two components which determines the total
encoding cycle time, where {,y0e = tegic+eomm:

Legle = max(tfindo s tfzndn) —I'treadf +lother (3)

(4)

toomm = tmcastf +n- trecvf

The variation of search window’s size S and
that of the number n of estimators of the par-
allel environment has a great impact on t.,.
and Z.omm:

e an increase of n determines reduction of
Lind, i fact 15410, but increases £.,pmm;

o enlarging the search window, both .,
and f.omm Increase in magnitude.

The main goal is to achieve as low 1.yq. as
possible, meaning that for a particular search
window must be determined an optimum num-
ber n of estimators.

4 Experimental results

The parallel MPEG-2 software encoder was
tested on six Pentium 166MHz machines run-
ning PVM 3.3 under Linux 2.0.22, connected
through an Ethernet 10BaseT hub. A sequence
of 34 frames representing a motion video scene
at a resolution of 352 x 240 at 25 frames/sec
was encoded. The original video throughput of
50.688Mbps was compressed at a 500Kbps bi-
trate without a visible degradation of original
image quality. Table 1 shows differrent times
for encoding this video sequence for different
search windows and number of processors.

Figure 4 shows the reduction of encoding
time by increasing the number of estimators
in the parallel environment.

In order to compare the performances of the
parallel implementation for different sizes of
the search window with those of the sequen-
tial implementation, gained speedup was de-
termined for each case. Speedup determines
how many times a parallel implementation
runs faster than its sequential correspondent
[5]:
min(tlseq . .tgeq)

tPar

SpeedUp = (5)



Srch | Seq. | Parallel srch. (no. of estimators)
wind. | srch 2 | 3 | 4] 5 | 6
8 93 69 84 99 | 120 | 158
16 206 | 125 | 117 | 124 | 146 | 172
32 400 | 239 | 231 | 204 | 217 | 246
64 986 | 536 | 417 | 367 | 359 | 365
128 | 2517 | 1345 | 1048 | 802 | 712 | 697
256 | 3925 | 2025 | 1552 | 1233 | 1038 | 990

Table 1: Time (in seconds) for encoding the test
seqence for different search windows and different
configurations of parallel environment.
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Figure 4: Encoding times vs. number of estima-
tors.

Parallel running time is ¢p,., and sequential
times observed by running the same problem
Seg -+ Loy
Figure 5 shows that for a certain search win-

on each of the n machines were ¢

dow, there is an optimum number of estimators
used in parallel encoding that maximizes the
speedup, minimizing the encoding time. For
example, for a 64 x 64 search window a num-
ber of 5 estimators is optimum.

Efficiency is used to determine the fraction
of time per second a processor is used for ef-
fective computing:

SpeedUp

Efficiency = (6)

Figure 6 shows that enlarging the search win-
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Figure 5: Variation of speedup with the size of
the search window and number of estimators.
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Figure 6: Efficiency increases by enlarging the
search window.

dow, the efficiency of processor’s using also in-
creases.

The time taken to compress the video se-
quence for the sequential approach was 115
sec/frame, while the parallel approach, using
6 estimators working independently, required
only 29 sec/frame, about four times faster, and
preserving the same image quality.

5 Conclusions

Motion estimation is the main factor that
determines image quality in MPEG-2 encoding
at low bit rates. The more accurate prediction
is, the better image quality is achieved. For ex-
ample, the same frame of the video sequence
is presented in Figure 7, at the same bitrate.
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Figure 7: Image quality enhances enlarging the
search window.

Because of transform coding and cuantization
involved, image quality visibly differs by vary-
ing the size of the search window.

At low bit rates, image quality is directly in-
fluenced by the way motion estimation predic-
tion is formed. The optimum solution is only
guaranteed by performing an exhaustive search
among all possible ones. The prohibitive time
required for finding the best prediction was re-
duced by the means of a parallel approach. For
a given size of the search window (the greater
the better), it was determined an optimum
number of estimators specific to the parallel
environment used, minimizing the search time.

This way was achieved the best balance be-
tween time used by the parallel environment in
communicating results and effective computing
time.
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