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ABSTRACT

In this paper, we propose a modular systolic array ar-
chitecture for the full-search block matching motion estima-
tion algorithm(FBMA). With this novel architecture, we are
able to generate a motion vector for every reference block
in raster scan order while achieving 100% processor utiliza-
tion and high throughput rate. Furthermore, we devised
a scheme to save the pin count (I/O) by sharing memory
units. This results in low memory bandwidth. This archi-
tecture is scalable in that it can easily be adapted to han-
dle larger search ranges and different block sizes without
increasing the effective latency.

1. INTRODUCTION

A large number of image transmission and storage applica-
tions such as digital storage media, video broadcast, HDTV,
etc. contain images of moving objects. In the interest of
reducing storage and transmission cost, it is important to
exploit the temporal redundancy in successive frames by
interframe video coding via motion estimation. Among the
existing motion estimation algorithms FBMA is very rea-
sonable one because of its regularity and simplicity for hard-
ware implementation. The matching criterion of FBMA
with block size N x N and search range of +p is

N N
MAD(m,n) = > > |z(i,5) = y(i+mi+n) (1)

=1 j3=1

where —p < m,n < p. z(i,j) is the luminance value of the
current frame and y(i + m,j + n) is the luminance value
of the previous frame. The corresponding coordinate of the
minimum MAD value(motion vector) is determined by (2).

MV =arg{minMAD(m,n)} —p<mmn<p (2)

From the matching criterion (1), for the video broadcast
format (576 x 720 frame size, 16 x 16 block size, p = +8, and
25-Hz frame rate), 8,989 million computations are required
to be completed within one second. Thus the FBMA is
computationally expensive, and a single processor cannot
afford the real time requirement. Recently, great efforts
have been made to overcome this computational bottleneck
by using a systolic array architecture [1]-[5]. These existing
works still suffer from several serious difficulties: 1) high pin
count, 2) high memory bandwidth, 3) high number of PE’s
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on a single chip when the block size is large, 4) they don’t
satisfy the real time requirement for larger search ranges.

In this paper we propose a modular systolic array ar-
chitecture for FBMA with a specific search range of ——g to
+%’- — 1 with the following advantages:

1. Low pin count: The input pin count is saved with
a serial data input for the reference block data, and
the reduced number of input ports for the search area
data by sharing memory units.

2. Low memory bandwidth: By utilizing the input
data dependency with a specific search range, multi-
ple access of the search area data is avoided.

3. High-throughput: MSSM (6] enables overlapped
execution between two successive stages, and the pro-
cessors are utilized 100%.

4. Scalable architecture: The proposed architecture
is scalable in that it can be adapted to handle block
matching algorithms with different block sizes and
search ranges.

2. SYSTOLIC IMPLEMENTATION

2.1. Multiple block matching architecture

The actual motion estimation algorithm requires to gener-
ate a motion vector for every reference block in raster scan
order. From the matching criterion (1), the computation
for choosing the best matching candidate block can be ex-
pressed as the following six-level nested do loops:

dov=1to N,
doh=1to Ny
MV (h,v) ={(0,0)
Dm.‘,.(h, v) = 00

dom=-—-ptop
don=-ptop
MAD(m,n)=0
doi=(h—-1)N+1tohN
doj;=(v—-1)N+1towN
MAD(m,n) = MAD(m,n)
Ha(i, ) — y(i+m, 5 +n)|
enddo 1, j
if Dmin(k,v) > MAD(m,n)
Drru'n(h, ’U) = MAD(m, n)
MV (h,v) = (m,n)
endif
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Figure 1: Two-dimensional localized DG with a new index
space (k,1). (z(i,j) and y(i+m, j+n) are included instead
of z4(b,1, k) and y,(b,1, k) for convenience)

enddo m, n, h, v

Note that the two-dimensional indices pairs k, v, or m,
n, or i, j are rather symmetric. The execution order thus
will be determined mainly by the data input sequence. In
most video processing systems, image pixels are obtained
block by block in raster scan order. With the block scan
mode input order, the two-dimensional reference block data
will be loaded column by column sequentially [7]. The ob-
servation on the image input ordering motivated us to con-
sider to combine each of these index pairs into a composit
index. In particular, b = (v —1)Na+h, Il = (2p + 1)(m +
p+n+@+1), k= N[z - DN + (= [gr DN +J.
[£] is the smallest integer which is greater than or equal to
the real number z. Then the six-level nested do loops can
be reduced to a localized three-level nested do loops:

do b=1to NyN,
MV(b,1) =0
Dpin(b,1) =0
do I=1to (2p+1)°
MAD(b,1,1) =0
do k= (b—1)N?+1 to bN?
z5(b,1+1,k) = z,(b,1, k)
MAD(b, Lk +1) =MAD(b, 1, k)+
|z4(b, 1, k) — ys(b, 1, k)]
enddo k
if Dinin(b, 1) > MAD(b,1,bN? + 1)
Drmin(b, 1 +1) = MAD(b,1,bN? +1)
MV(bl+1)=1
endif
enddo [, b

Two-dimensional localized dependence graph(DG) and sig-
nal flow graph(SFG) for a single referene block with N = 4
is presented in Fig 1 and Fig 2. The search range becomes
—~2 to +1. The number dedicated to the dashed lines in
the DG denotes clock cycle. The SFG is obtained by pro-

jecting the DG along a projection vector dT = [1 0] with a
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Figure 2: A SFG projected along [1 0]7
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Figure 3: The search areas of the two neighboring reference
blocks.

linear scheduling vector 37 = [1 1]. The pipelining period
is @ = 87d = 1. Note that a is independent of block size
N. The latency(L) for estimating a motion vector becomes
L = {mazzzep{5T(F - §)} + 1} + 1 = 2N? clock cycles. §
and ¢ are any two points in the DG index space and D is
the index set of the nodes in the DG. Additional clock cycle
has been added for choosing the minimum MAD value.

Two neighboring reference blocks with their correspond-
ing search areas are shown in Fig 3. The existing architec-
tures [1]-[5] don’t fully utilize the initiation and conclusion
phases of computation(Fig 2), which leads to low processor
utilization as well as excessive memory access. These prob-
lems can be solved by a techique called chaining, which en-
ables overlapped motion estimation of the two neighboring
reference blocks. MSSM [6] makes all the processors acti-
vated during the initiation and conclusion phases using the
overlapped search area data. At each stage, a motion vec-
tor for the corresponding reference block is estimated using
MAD as an I/0 variable between the two successive stages.
The three conditions of I/O matching(structure matching,
location matching, and data flow matching) [6] are eas-
ily satisfied with processor allocation function P; = [0 1],
dT =[10}, and 57 =[11].

In our proposed systolic architecture, we will initiate
the processing of block 2 as soon as the processors used to
process block 1 have completed their task (Fig 4). Hence no
clock cycles are wasted and 100% processor utilization is ac-
complished. This leads to an initiation interval of ¥ 2 clock
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Figure 4: I/O matched array design for two successive
stages.

cycles per block rather than 2N? clock cycles per block.
Moreover, by forwarding the data to the processors at ap-
propriate time, the pixels in the overlapped region are used
by both block 1 and block 2 without redundant memory
access. As such, the low memory bandwidth requirement is
achieved as well.

The latency of each stage (L) without chaining is 2N?
clock cycles as explained before. Because of the compu-
tation overlap between two successive stages, the effective
latency of each stage becomes Le.fsective = L — Tovertapped,
where Toyeriapped = MmaZpqep(p — q) + 1 is the overlapped
execution period between the two successive stages. p and ¢
are any two points in the processor index space P. The ef-
fective latency is 50% less than that without chaining, and
our proposed architecture generates motion vectors every
N? clock cycles.

2.2. Systolic array with reduced pin count

In the original six-level nested doloops, the search area data
is expressed in six-dimensional index space y(h,v,m, n, i, )
with the following three properties. (4) holds for the search
area data in the overlapped region.

y(hyvymxnaiyj)=y(h’v’m+1’n’i_l’j) (3)

y(h,v,m,n,N,j)=y(h+1,v,m—1,n,l,j) (4)
y(h,v,m,n,i,j) = y(h,v)mvn + lyirj - 1) (5)

Assuming that the block size is N x N with the search
range of —% to +¥ — 1, at a certain time instance, every
N'** processor has the same input data by (3) and (4), and
the pin count can be saved by a factor of N. Furthermore,
the number of input pin count for the search area data is
reduced to two and the memory unit can be shared by (5).
For example, for the block size of 4 x 4, the four input data
becomes:

1. m=n=-2,75=1 y(hv,mn,ij), y(h,v,mn+
1,i—1,74+3) = y(h,v,m,n+2,i-1,5+2) = y(h,v,m,
n+3,i—1,5+1) by (4) and (5).

2. m=n=-~2,3=2 ylh,v,mn,i,j)=yhv,mn+
1,4,7—-1), y(h,v,m,n+2,i—1,7+2) = y(h,v,m,n+
3,i—1,7 +1) by (4) and (5).
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Figure 5: (a)The proposed array processor with reduced
pin count.(b)The detailed PE.
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Figure 6: (a) 4N? search points with search range of —N
to +N — 1. (b) An architecture for the search range of —N
to +N — 1.

3. m=n=-2j=3: y(h,v,m,n,ij5)=ylh,v,mn+
lyi,j_ 1) = y(hyv)m)n+2)i7j_2)1 y(hﬂ’,m,n'*'
3,i—1,7+1) by (4) and (5).

4. m=n=-2j=4: y(h,v,mn,1,5) =y(k,v,mn+
1)’1]—1) =y(hyvym7n+2)i1j—2) =y(h,v,m,n+
3,i,7 — 3) by (4) and (5).

The resulting array processor with reduced pin count and
the detailed PE is presented in Fig 5(a) and (b).

2.3. Design for larger search ranges and various
block sizes

If the search range is doubled so that the search range is
enlarged to —~N to +N — 1, the N x N motion estimator
proposed above can easily be adapted to handle such case.
In particular, we partition the search points into four 2 x 2
subregions and designate an N x N motion estimator to
handle each subregion (Fig 6). These four processor arrays
will work in parallel to estimate the motion vector within
each region. The results then will be forwarded to a com-
parator to pick the motion vector which minimizes the four
candidate MAD values. The motion vector for each refer-
ence block is generated every N? clock cycles.

The block size of 2N x 2N with search range of —N
to +N — 1 can be easily handled by cascading four N x
N motion estimators (Fig 7). The reference block data
are serially delivered through the motion estimators while
the search area data are delivered in parallel. The results
are forwarded to the comparator, and the motion vector
corresponding to the minimum MAD value is chosen.
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Figure 7: An architecture for the block size of 2N x 2N
with search range of —N to +N — 1.

It generates motion vectors every (2N)? clocks cycles.
However, the latency for estimating one frame is still same,
because the number of blocks in a frame is % compared
to the block size of N x N. As such, the block size of
N x N can be handled by cascading four -)2! X % motion
estimators. Thus, for the video broadcast format with block
size of 16 x 16, we can avoid implementing 162 PE’s on a
single chip by cascading sixteen 4 x 4 motion estimators.

3. COMPARISON

Input # Clock cycles
Type pin count | /block /frame | fmaz
Komarek et al 16 544 881,280 45
Heieh & Lin 2 1,030 | 1,668,600 23
Jehng et al 162 289 468,180 85
Yang et al 3 4,096 | 6,635,520 6
Chan et al 16 816 | 1,321,920 30
Yeo and Hu 3 256 423,936 94
Table 1. Block size: 16 x 16, search range: 8.
Input # Clock cycles
Type pin count | /block /frame | fmax

Komarek et al 16 1,584 | 2,566,080 15
Heieh & Lin 2 2,310 | 3,742,200 10
Jehng et al 16° 1,089 | 1,764,180 22
Yang et al 6 4,096 | 6,635,520 6
Chan et al 16 1,856 | 3,006,720 13
Yeo and Hu 9 256 423,936 94

Table 2. Block size: 16 x 16, search range: +16.
# Data accesses | Total # data

Type /block | accesses/sec
Komarek et al 8,960 362,880,000
Heieh & Lin 1,280 51,840,000
Jehng et al 74,240 | 3,006,720,000
Yang et al 12,288 497,664,000
Chan et al 8,960 362,880,000
Yeo and Hu 768 31,104,000

Table 3. Block size: 16 x 16, search range: +8.

With the proposed architecture, 2N? clock cycles are re-
quired to estimate the first reference block of each row of
blocks in the frame because of the N? initial delay. Due
to the overlapped execution, the initiation interval of N?
has been achieved rather than 2N? clock cycles. Assuming
that each slice consists of one row of blocks, the number of
clock cycles required for estimating one slice is Clockgiice =
(Nn + 1)N?. For a image of size Np x N, blocks, the
number of clock cycles required for estimating one frame is

Clockframe = Ny X Clockstice. Hence this architecture can

: 1
estimate upto = rEmicax Clockrame frames per second.

The comparison of the proposed architecture with the
other existing architectures is presented. The video broad-
cast format with search ranges of +8 and +16 and 25ns
clock period has been considered. For the proposed archi-
tecture and Yang’s architecture, search ranges of -8 to +7
and —16 to +15 are considered. In Table 1 and Table 2,
the input pin count, the number of clock cycles required
to estimate a motion vector and a frame, and the maxi-
mum number of frames estimated per second(fmaz) have
been compared. Table 3 shows the total number of data
accesses per second including reference block data and the
corresponding search area data.

4. CONCLUSION

In this paper, a modular multiple block matching architec-
ture for FBMA has been described. By employing a tech-
nique called chaining and choosing a specific search range,
low pin count, low memory bandwidth, and high through-
put have been achieved with the 100% utilization of the
Pprocessors.

This architecture is scalable, and hence it can easily
handle various block sizes and search ranges. The compari-
son shows that this chip can be a optimal one for the video
broadcast format with larger frame rate and search range.
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