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TABLE I
COMPARISONS OF FSA, TSS, MTSS, aND DSWA / IS with FOUR
CIF FORMAT SEQUENCES (“CLAIRE,” "MISSA,”
“SALESMAN,” AND “*SWING™")

Displaced Average

Frame Entropy Search
Difference of DFD  PSNR  Positions

BMA (DFD)  (bits/pcl)  (dB)  (per frame)

w=7T FSA 220640 3.334 39.97 91125
TSS 224952 3.358 39.74 10125

MTSS 222277 3.341 39.83 11793
DSWA/IS 223210 3.345 39.76 6626

w =21 FSA 243246 3.484 38.22 748 845
TSS 256 106 3.541 37.14 16 605

MTSS 249363 3511 37.70 18 106
DSWA/IS 253342 3.530 37.38 9282

TABLE II

COMPARISONS OF FSA, TSS, MTSS, AND DSWA / IS ALGORITHMS
WITH “BaLL,” “LADY,” “TRAIN,” AND “BIRD"—F0URr CCIR 601
FORMAT SEQUENCES

Displaced Average
Frame Entropy Search
Difference  of DFD  PSNR  Positions
BMA (DFD)  (bits/pel)  (dB)  (per frame)

w=7 FSA 2039845 4.766 3112 295924
TSS 2278935 4.863 29.67 33750

MTSS 2091261 4.794 30.77 42513
DSWA/IS 2125939 4.809 30.57 24 506

w=21 FSA 2584641 5.045 28.98 2397136
TSS 3366908 5.337 26.18 55350

MTSS 3089561 5.241 27.14 76351
DSWA/IS 3336509 5.323 26.45 41904

technique. In four CIF and four CCIR 601 format video sc-
quences, each of 30 frames is used as the test picture. All entries
in Tables T and TI represent the average results using a total of
120 frames. The motion-vector search is based on the luminance
component with the search block of 16 X 16 pels. Table 1
compares the average performances of four CIF images for
maximum motion displacements of w = 7 and 21. As can be
scen, DSWA /IS is slightly superior to TSS in performance, but
the computations are evidently reduced about 35% and 44% for
w = 7 and 21, respectively. The experiment with the CCIR 601
pictures is shown in Table I1. It also shows that DSWA/IS is
more efficient than TSS. Referring to our experimental results,
it can be concluded that DSWA /IS, which adequatcly adjusts
the search-window size in every stage, can perform better than
TSS at a lower computational cost.

V. CONCLUSIONS

A new search algorithm DSWA /IS is proposed in this paper.
This algorithm shows lower DFD and has a 24-44% savings in
computations over TSS. Our experimental results also demon-
strate the DSWA/IS is better than TSS, even if the scarch
window size is large (43 X 43 pels). Hence, it is concluded that
this algorithm can be applied to a wide range of applications
such as video phone, video conference, and HDTV.
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Interleaved Pipeline Structures for
Two-Dimensional Recursive Filtering

Tongxin Lu and Mahmood R. Azimi-Sadjadi

Abstract—This paper presents new parallel and pipeline structures for
real-time 2-D recursive filtering. For general scalar 2-D recursive filters,
a 2-D multiple-interleaved pipeline architecture is introduced that is
compatible with the nature of the image-scanning scheme. Using this
new structure, the sampling period can be a fraction of the time needed
for one scalar addition operation and the delay is only a few samples. In
addition, this structure does not need any I /O buffers for real-time
implementation.

I. INTRODUCTION

The need for high-speed digital image processing becamc
evident with the increasing utilization of the relevant techniques
in medical, geophysical, and military applications. Many of these
applications require acquisition, processing, and display of im-
ages in fractions of a second. A number of approaches have
been suggested to achieve high-speed processing for 2-D recur-
sive filtering using systolic array processors [1}-[11]. The “look-
ahead computing” [4] and the “interleaved pipeline” [6] schemes
have been proposed by several authors, mainly for 1-D filters.
With look-ahead computing, an output sample can be computed
without the need to use the results of several previous output
samples. By interleaving such pipelines, several output samples
can be computed concurrently.

In this paper, new parallel and pipeline architectures are
introduced which can be used to perform high-spced 2-D scalar
recursive-filtering operations. In Section II, a pipeline architec-
ture for canonical implementation of 2-D recursive filters is
given that requires a pixel-processing period of only one single-
scalar multiplication time plus one single-scalar addition time.
The delay is onc multiplication time plus two addition times. By
interleaving multiple look-ahead pipelines in parallel form with
look-ahead computing [4], [6], [8], [9], a multiple look-ahead
architecture is developed. If a quadruple look-ahead pipeline is
used, the sampling period can be only one single addition time,
and the delay from receiving an input pixel to delivering the
corresponding output pixel can be one scalar multiplication plus
two addition times. If a higher sampling rate is desired, more
than four look-ahead architectures can be used. Section III gives
concluding remarks and discussions on the proposed architec-
tures.
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I1. LoOK-AHEAD COMPUTING AND
MULTIPLE-INTERLEAVED PIPELINE STRUCTURE

In this section, a high concurrent structure for 2-D recursive
filtering is introduced. The conventional direct implementation
of the 2-D recursive filtering is first bricfly reviewed. Unlike
block implementation [7]-[9], scalar implementation does not
provide massive parallelism. However, the 2-D block-implemen-
tation scheme introduces a delay proportional to the number of
rows in a block and hence becomes incompatible with the
row-scanning process. This inevitable delay is undesirable, par-
ticularly for real-time applications. To overcome these deficien-
cies a multiple-interleaved look-ahead implementation scheme is
introduced which is ideally suited for real-time image-filtering
applications.

A. Direct Pipeline and Systolic Implementation

Consider a linear time-invariant causal 2-D recursive filter
described by the following 2-D difference equation;

N-1N-|

yi,j)=Y Y a, xti—pj—q

p=0 g=0

N—T1TN-1
+ X X b li—pj—q ()
p=0 g=10

(p.g)#(0.0)

where {x(i, j)} and {y(i, j)} represent the input and the output
arrays, respectively, and a, , and b, , are the coefficients of the
N X N order 2-D recursive filter. The regions of support for a
third-order filter are shown in Fig. 1.

Fig. 2 shows the signal flow for a third-order (N = 3) 2-D
filter in a canonical form. In this figure, z, ' corresponds to the
delay between pixels along a row and z; ! corresponds to the
delay between adjacent rows during the row-scanning process.
This signal flow is ideally suited for pipeline and systolic imple-
mentations. There are nine nodes in the pipeline path of this
figure at which the partial sums of products are generated and
propagated from left to right. The inputs to the right thrce
nodes are x(i,j) and y(i,j — 1), and to the left six nodes arc
x(i,j — 1) and y(i,j — 1). At the present moment, the three
right-most nodes are working on the output pixels along the ith
row, the three nodes in the middle are calculating the partial
sums for the output pixels along row i + 1, and the left-most
three nodes are working on partial sums for the outputs of the
row i + 2. For example, while the right-most node performs the
operations for the output y(i, j), the left-most node is generat-
ing the first partial sum for the future output pixel y(i + 2,/ +
D.

The advantage of this pipeline structure over the parallel
block-implementation scheme [7}-[9] is that it provides the mini-
mum latency, which is one multiplication time plus two addition
times. The latency is defined as the time interval elapsed from
the time x(i, j) is applied to the time y(i,j) is generated. In
addition, this direct scalar implementation is compatible with
the raster scanning of images, while for the parallel vector-im-
plementation schemes, such as block implementation, the scan-
ning sequence is not followed and as a result some cxtra laten-
cies are commonly introduced. The minimum achievable sam-
pling period for this single pipelined structure is limited to only
one multiplication period plus one addition period. This can be
achieved by interleaving the multiplication and addition opera-
tions for the term {+a,,,x(7, j)} at one addition time in advance
of those needed for {+b,y(i,j — )}. The achicvable sampling
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Support regions for the quarter-plane causal recursive filter.

Fig. 1.

speed can, of course, be much higher for the parallel block
implementation. Therefore, it is important to search for other
concurrent algorithms and structures which cannot only provide
the minimum latency benefit of this conventional pipelined
implementation but also the high-speed capability of the block-
implementation scheme. This objective can be met by using
multiple-interleaved look-ahead pipeline structures, which are
discussed next.

B. Look-Ahead Computing

By recursive application of (1) and substituting y(i,j —
Doy, j—2),.... yi,j — L + 1) into the expression for
v, j), y(,j) can be calculated without the need for output
pixels y(i,j — L + 1) to y(i,i — 1). Consequently, all L output
pixels, y(i,j — L + 1),...,y(,j — 1) and y(i,j) can be calcu-
lated independently and concurrently. It can be shown that

No LN
v =Y Y d, yi-pji—¢q
(pog)=(1.0)
N=1L+N-1
+ X X

Cpog)=(0.)

¢, Xti—p,j—q)
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g=L
where L is the look-ahead factor and ¢, ’s and d, /s are
coefficients obtained using
c,y =010 0 - 1]
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Note that a; ; and b, ; are set to zero if the (i, j) pair is outside

the region of support of the filter. Using (2), the computations of
the L-successive output pixels, y(i,j — L + 1),..., y(i, j), can
be performed simultaneously in L pipelines with the time dif-
ference of the 1/L pipeline clock cycle. The region of support
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Fig. 2. Signal flow of the 2-D recursive filter.
for (2) and the corresponding signal flow graph are shown in i
Figs. 3 and 4, respectively. —
. ‘ l
C. Multiple-Interleared Pipeline efefeTele T lrin

In this section, the multiple-interlcaved look-ahead pipeline
structures and in particular the quadruple-interleaved pipeline
structure are introduced. As shown in Fig. 4, the calculation of
y(i, j) does not depend on output pixels y(i,j — 1), y(i,j — 2).
and y(i, j — 3). This implies that any output pixel can be calcu-
lated without the three past nearest neighbor output pixels along
the same row. Consequently, the four output pixels y(i, j — 3),
y(i,j = 2), y(i,j — 1), and y(i, j) can be calculated concurrently
using four identical structures in an interleaved fashion. Though
the speed of cach pipeline structure does not change, the overall
sampling speed is improved by a factor of 4. Fig. 5 shows the
signal flow of one of the four identical structures. In this figure,
the horizontal delay is represented by 257" which is the delay of
a single pipeline and is four times the overall sampling period,
ie, z,7 =24 Also, z;™' =z, ' is used to represent the
corresponding line delay. This delay can be implemented using
arrays of linear shift registers or line memories. In this signal
flow, y(i,j — 5), y(i,j — 6), and y(i,j — 7) are assumed to be
available in the appropriate pipeline periods. These are gener-
ated using similar computing structures which are not shown in
Fig. 5. Fig. 6 shows the data flow of the last pipeline in Fig. 5.
which is shown in the dashed-line block. The blocks marked A,
B, C, and D are latches clocked by four interleaved clocks A, B,
C, and D, as shown in the timing diagram of Fig. 7. As shown in
this timing diagram, in one pipeline period the relevant multipli-
cations and additions at each pipeline node arc performed, and
the result is added to the previous partial sum generated at
other nodes along the pipeline. Thus, the speed at which these
partial sums are collected is only onc addition time.

Fig. 8 shows the overall configuration of the quadruple-inter-
Jeaved pipeline structure with four identical pipelines as denoted
by A, B, C, and D. Note that the assignment of clocks in Figs. 6
and 7 correspond to pipeline A in this figure. Pipeline A
generates y(i, j — 4) at the last pipeline period. Similarly, y(/, j
— 5)is generated from pipeline D and y(i,j — 6)and y(i, ] — 7)
are generated from pipelines C and B, respectively. In this
structure, multiplications and additions for the local partial sums
of products are performed outside the pipeline path. Therefore.
as soon as a partial sum in the next node is available, the
pipeline is able to collect all the partial sums along the entire
pipeline path at the speed of a single addition time for each
node. As shown in Figs. 6 and 7, the paths from y(i, j-4) to
y(i, j) require only one multiplication plus two additions. This
determines the latency and the sampling period of a single
pipeline. However, because there are four identical pipclines in
the interleaved fashion and cach of them generates an output
pixel in cvery time interval of one multiplication plus two addi-
tion operations, the overall sampling period is one-fourth of the
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Fig. 3. Support regions for the look-ahead structure.

single pipeline period. Assuming that a multiplication takes
twice the time as an addition, then the overall sampling period
using the quadruple pipeline structure may be a single addition
time. However, this sampling period is not the minimum achiev-
able sampling period for the multiple-interleaved pipeline imple-
mentation. If more interleaved pipelines are used, the sampling
period may be even less than an addition operation time. Note
that in this case the data flow in Fig. 6 needs to be rearranged
because the sampling speed exceeds the pipeline data-propa-
gation speed. However, the arrangement of the pipeline is quite
flexible.

111. CONCLUSION AND DISCUSSION

The interlcaved look-ahead pipeline in this paper provides an
extremely high-speed (both in sampling period and latency) too]
for 2-D scalar recursive filtering. This is achieved by combining
the look-ahead computing, pipelining, and interleaving schemes.
In addition, its time complexity and processing delay are no
longer functions of the filter order. With today’s integrated-cir-
cuit technology, such a special-purpose structure can be directly
connected to the image-acquisition system for real-time 2-D
recursive-filtering operations. Using the available integrated-cir-
cuit chips [1], the quadruple-intcrleaved look-ahead pipeline
architecture can process 1024 x 1024 size images directly at the
rate of 30 frames/s independent of the filter order. However,
1024 X 1024 is not an upper bound of a possible sampling rate
by the multiple-interleaved look-ahead pipelines. Let us consider
the same integrated-circuit chips as listed in [1] with the follow-
ing specifications:

One multiplication time: Ty, = 45 ns
One addition time: T,=19ns
Onc latch time: T, =6t09ns.

The quadruple look-ahead pipelines can be used to process
1024 x 1024 images at a ratc of 30 frames/s. Using 16 inter-
leaved pipelines, 2048 X 2048 images can be processed at a rate
of 30 frames /s without I /0 buffering.

The look-ahead hardware cost for 2-D recursive filtering can
be obtained in terms of the number of required basic computa-
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Fig. 4. Signal flow of the look-ahead structure.
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Fig. 6. Data flow of the last pipetine node in Fig. 5.
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Fig. 7. Timing diagram of Pipeline A in the quadruple-interleaved
pipeline structure.



IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY. VOL. 3. NO. I. FEBRUARY 1993

91

Clock A
Clock B
Clock C
Clock D
Laich A
Input Latch B
X(i,j) LatchC
Latch D

YYVYVYYYYY YYYVYYVVYY YYVYYYYYY YYYYYVYY A

X0 x1 x2 x3 c0 cl ¢2 3 x0 x1 x2 x3 c0 cl ¢2 3 x0 x1 x2 x3 ¢0 ¢l 2 <3 x0 xI x2 x3 ¢0 ¢l ¢2 c3

Pipeline A Pipeline B Pipeline C Pipeline D
Y out YOyt y2 y3 Yout yO yl y2 y3 Yout yo vyl y2 y3 You yO yl y2 y3
siam B8 yG.Am+1) b yidme B L Y Y Y Y
A
\
+ \A A
4101
Output
y(i.))
Fig. 8. The quadruple-interleaved pipeline structure.

tional units. Each computational unit is composed of one scalar
multiplier. The following equation gives the expression for the
number of computational units needed as a function of the filter
order N and the look-ahead factor L:

Ney=[2N? =1+ (L - DN - DIL

where Ny is the number of basic computational units. A list of
the values of N, for some typical values of L and N is given in
Table . As a consequerce, the interleaved pipelined provides an
efficient architecture for moderate-size images and filter orders.
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