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Abstract — Video compression is important for
video transmission and storage. This paper presents two
parallel implementations of a compression techni
called block-based motion vector estimation. Results
from a 16,384 processor MasPar MP-1 (a SIMD
machine) and the 16 processor PASM prototype (a par-
titionable SIMDIMIMD mixed-mode machine) are dis-
cussed. The trade-offs of using different modes of paral-
lelism and different data distribution schemes are exam-
ined.

1. Introduction

Compression techniques for video sequences have
been the focus of research for video transmission and
storage [4]. Oune well known technique is block-based
motion vector estimation [2, 3], in which the current
frame of a video sequence is divided into disjoint
rectangular blocks of pixels. For each block in the
current frame, a block of pixels in the previous frame is
found that represents the closest match for it, according
to some criterion such as the mean absolute difference
(MAD). The spatial distance between the positions of the
two blocks in their corresponding frames defines a two-
dimensional motion vector associated with the block in
the current frame. Because of the high redundancy that
may exist between successive frames, an accurate
estimation of the motion vectors makes compression
possible. If maximum displacements of W, pixels and
W, pixels are allowed for the row and column directions
respectively, there are (2W,+1)(2W_+1) locations to
search in the previous frame for the closest match for
each block in the current frame .

Suppose the intensity of the pixel with coordinates
(i./) in video frame n is I,(i,)). Each video frame is
divided into disjoint blocks with size B,xB,, where B,
and B, are the number of pixels in the row and column
directions for each rectangular block, respectively. A
block of B,xB, pixels is denoted by the coordinate (%, )
of its upper left corner pixel [5]. The size of the search
subimage, which is referred to as the displacement
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*To be consistent with this terminology from the video
compression field, X, will be the number of items in a row (ie.,
the number of columns) and X, will be the number of items in &
column (i.e., the number of rows). )

window in this paper, is 2W,+B,)2W_ +B,). The MAD
between the block (k, /)[n] of the current frame # and the
block (k+x, I+y){n—1] of the previous frame n—1 is
MAD((k)[n], (k+xJ+y)[r-1]] =

X Uallkri, 1) = Ly (ktiex, 14j+y)DAB,B.),

whefe 0Si<B,and 0 <j<B,.

The motion vector mv(k,l) of the block (k.)){n] is given
by (mv,, mv,), such that

MADI((k)[n]), (k+mv,, Hmy)n—1]] =

min (MADI(k)(n), (e+xi3)n-111},

where —W, <x<W,and-W <y<W..

Blocks at the edges of each frame require fewer
operations for finding the corresponding motion vectors
than do interior blocks, because the displacement win-
dow regions are constrained by image boundaries. The
computational savings made possible by this property
are easily realized using serial algorithms, but are more
difficult to exploit using parallel algorithms. The choice
of block and displacement window sizes predicate what
type of parallel algorithm should be used. :

A number of serial search algorithms have been
proposed for block-based motion vector estimation (e.g.,
{3, 51). To achieve real-time compression, a-paralle} im-
plementation is desirable. The goal of this paper is to
evaluate two parallel implementations, the rectangular
and the row stripe subimage methods, using two paraliel
machines. The two machines are the MasPar MP-1 (6],
an SIMD machine with 16,384 PEs (processing ele-
ments, i.e., processor/memory pairs), and PASM
(PArtitionable-SIMD/MIMD) reconfigurable  parallel
processing system small-scale prototype with 16 PEs in
the computational engine [8]. S

2. Parallel Implementations

In the rectangular subimage method, it is assumed
that N PEs are logically arranged as an N,xN, grid. The
previous and current video frames are mapped onto the
PEs by superimposing the two images onto the PE grid.: -
Thus, if each frame is of size M, xM, (M, and M, are the’
number of pixels in'the row and column directions,
respectively), then each PE stores two (M,/N,)x(M_/N.)
rectangular subimages. All PEs search for motion vec-
tors simultaneously, each PE for one of its local blocks.

‘When searching - the: previous-frame subimage for

‘the motion - vectors of the blocks at the edge of the

current-frame subimage, pixels from spatially adjacent
previous-frame subimages need to be transferred. As-
sume that M, /N, > W, and M_/N, > W (a reasonable as-
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sumption for this problem domain). PE i requires
M /N .xW, pixels of the previous-frame subimage from
the two PEs directly adjacent to it along its leftmost and
rightmost columns and M,/NxW, pixels of the
previous-frame subimage from the two PEs directly ad-
Jacent to it along its topmost and bottommost rows. PE i
must also receive W,xXW, pixels of the previous-frame
subimage from each of the four PEs diagonally adjacent
to it. Thus, a total of 2M,W,/N .+ 2M, W /N, +4W, W,
inter-PE data wansfers are required per PE to find the
motion vectors for all blocks of the current-frame subim-
age. All N PEs can transfer pixels of the previous-frame
subimage simultaneously with appropriate network sup-
port (both the MasPar MP-1 and PASM have this type of
network support).

If a is the time to perform an absolute difference
calculation and an addition between two integers, v is
the time to perform a comparison between two integers,
and 7 is the inter-PE data transfer time for one pixel
value, then the computation time using the rectangular
subimage method is (detailed derivation is in 9D

M M 2W+1)2W +1)XaB,B,+Y)/(NB,B,). ¢y
The corresponding communication time is
(M W IN+2M, W, IN,+4W, W, ). 03}

It follows that the communication time depends on
N, and N,. The best PE configuration depends on the
video frame size (i.e., M, and M_.) and the displacement
window size (i.e., W, and w.) [91.

An alternate method for mapping the previous and
current video frames among the N PEs is based on distri-
buting consecutive rows of pixels and js referred to as
the row stripe subimage method. Both previous and
current M, xM,. video frames are divided into N subim-
ages of size M, xM_N). Each PE stores
M,/B,xM_/(NB.) blocks of both the previous and current
video frames.

The blocks close to the image border do not require
a search of the whole displacement window space, In
the row stripe method, no calculation is performed by
any of the PEs on exterior column blocks for part of the
displacement window search space, because these
blocks are distributed evenly among all the PEs, By al-
lowing all PEs 1o realize savings on the exterior
column blocks,‘mc computation time is decreased, The
rectangular subimage method cannot take advantage of

) because the exterior blocks of the current
video frame are distributed unevenly among the PEs,

For the 2M /NB. column border blocks of the
current-frame subimage, the search space of the dis-
placement window is (W, +1)2W,_+1). Suppose W, is a
multiple of 8, and let p = W,/B,.” For the 2M_./NB,
blocks that are i (0 < ; < p) blocks away from the column
border blocks, the search space is (W,+iB,+1)(2W¢+1).
?‘20;, ﬂs(zr“e’st lc))f mtt:leg t!ﬁeocks the search “space i

'+ +1). 5 computation ti i
row stripe subimage method is putafion time using the

QW +1)(@B,B+) M./(VB,)x
(M/B)2WAD-W,p+DL.

Compared with the computation time using the rectan
lar subimage method (shown in Eq.(1)), the time sa\;‘:l
by taking advantage of the exterior blocks of the Cureent
video frame is

QW +1X0B, B +NM.W,(p+1)INB,).

For the row stripe subimage method, PE i requires

M, xW, pixels of the previous-frame subimage from PE

[(¢=1) mod N] and M, xW, pixels of the previous-frame

subimage from PE [(i+1) mod N]. It follows that the
communication time is

M, W, ©)

This is in contrast to Eq. (2) for the rectangular subim-
age method.

Another method is based on distributing consecy-
tive columns of pixels among the N PEs. This is referred
0 as the column stripe subimage method. Detailed dis.
cussion of the trade-offs between these two stripe
methods is in [9].

Comparing the two different schemes for distribut-
ing the previous and current video frames, the rectangu-
lar subimage method usually requires fewer inter-PE
data transfers compared with the row stripe subimage
method. But the row stripe subimage method has the
potential to the computation time due to the re-
duced search space of the displacement window for the
exterior column blocks. Because the computation time
involved for each possible displacement position (i.c.,
aB,B_+y for the calculation of the MAD) can be large
when B, and B, are large, the computation time saved by
using the row stripe subimage method can be significant.
This trade-off between two data distribution schemes is
analogous to that in {11

3. Timing Results

The SIMD implementation on the MasPar MP-1
concentrates on the comparison between the estimated
execution time (based on Egs, (1, 2, 3, 5)). and the ex-
perimental values obtained by running the parallel pro-
grams on the machine. For both methods, the estimated
values of both computation and communication times
differ from the experimental data by at most 2.0% [9].

PASM is a partitionable SIMD/MIMD system con-
((;ept bpé:g devel‘clwged as a design for a large-scale

y reconfigurable parallel processing sysiem
[gl. A small-scale proof-of-concept pmtotypeg(15 PEs
aghe usc'(t);npll’lfsﬁl&ml ent;géne) has been built at Purdl:g :
versity. can be dynamically reconfigured |
form submachines of various sizes. I)-:’ach submachine
can independently perform mixed-mode parallelism.
PASM uses a flexible multistage interconnection net- :
work for inter-PE communication, = o
e % 1 shows the timings for SIMD, SPMD, and
mixed-mode implementations of the rectan subim-
age method (M, = 64, M, = 128, W, = 4, W = 6, and B,
= B. = 4) on PASM. SPMD (single,progmmf - multiple
datasuwn)modexsaspecialfmno ‘MIMD mode
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Fig. 1: The (a) computation time, (b) communication time, and (c) execution time for SIMD (dotted line), SP
(dashed line), and mixed-mode (solid line) programs using the rectangular subimage method. :

where all the PEs execute the same program in an asyn-
chronous fashion, each on its own data. The three data
points are for N=4 (N, =N, =2),8 (N, =4 and N, =2),
and 16 (N, =N, =4).

As shown in Fig. 1(a), the SPMD mode implemen-
tation requires less computation time then the SIMD
mode implementation. One of the advantages of SPMD
mode is the ability to execute the ‘‘then” and ‘‘else”
clauses of data conditional statements across different
PEs simultaneously [7]. No PE is idle during the execu-
tion of a particular data conditional statement. In con-
trast, for SIMD mode, the ‘‘then’’ and ‘‘else’” clauses of
data conditional statements must be broadcast to PEs
serially. Because finding the motion vector for each
block of the current-frame subimage requires many
comparisons (involved in o and ), this part of the algo-
rithm is implemented in SPMD mode in the mixed-mode
implementation.

In the mixed-mode implementation, the loop con-
trol variables are stored and computed by the control
unit (CU) in SIMD mode. Thus, the mixed-mode imple-
mentation can utilize CU/PE overlap, which occurs in
this case when the CU performs the overhead associated
with loop control in SIMD mode while the PEs execute
the loop bodies in SPMD mode [7]. Because of this
effect, the computation time for the mixed-mode imple-
mentation is somewhat less than the pure SPMD imple-
mentation. =

One advantage of SIMD mode is the implicit syn-
chronization that occurs after every instruction broadcast
from the CU to the PEs, thus, communication protocols
with less overhead than SPMD are used during inter-PE
data transfers [7], as demonstrated by Fig. 1(b). There-
fore, inter-PE communication is performed in SIMD

mode in the mixed-mode implementation. :
For both the rectangular and the row stripe subim-
age methods, the mixed-mode implementation has the
smallest total execution time compared with the pure
SIMD and pure SPMD implementations. Given this
example, the total SPMD execution time is close to the
mixed-mode time because the computation time (versus
the communication time) dominates the execution. Other
values for the machine and algorithm parameters could
be chosen to show a larger difference. o
Because the mixed-mode implementation performs
best, all timing results for the rest of this section are for
mixed-mode. The comparison between the estimated
values for the timings of both data distribution schemes
and the experimental values obtained by running the
parallel programs on PASM is included in 19). ‘The
estimated values of both computation and communica- -
tion times (based on Egs. (1, 2, 3, 5)) differ from the -
experimentai data by at most 1.7%. P R
From the analyses shown in Section 2, the compu-
tation time for the row stripe subimage method is always -

smaller than the rectangular subimage method, Thisis

illustrated by the experimental results shown in Fig.

2a), in which M, = M, = 64, W, = W, =2,and B, =B,

= 2. In terms of the communication time, when N is
increased, the rectangular subimage method has fewer
inter-PE data transfers while the number of inter-PE data

transfers stays ‘the same for the row -stripe¢ subimage

method (as shown in Fig.2¢b)).
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Fig. 2: The trade-offs between the rectangular subimage method
and (b) communication

(dashed line); (a) computation time
4. Summary

This paper summarizes from [9] two parallel imple-
mentations of block-based motion vector estimation on
two parallel machines. The timing results on the MasPar

-1 and PASM demonstrate that this video compres-
sion technique can successfully exploit parallelism. The
SIMD implementations on the MP-1 present an
achievable speedup through the use of a commercially
available massively parallel processing system.

Through the study of the mixed-mode implementa-
tion of this video i i
prototype, the trade-offs of using different modes of
lism and different dawa distribution schemes are
examined. The use of mixed-mode parallelism has some
advantages over pure SIMD and pure SPMD implemen-
tations. With equivalent processing capability, a mixed-
mode system can achieve higher speedup due to the
flexibility of using more than one mode of parallelism,
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