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ABSTRACT But using a prime numberd™ + 1) of memory mod-
ules complicates the assignment (or skewing) functions re-
quired to calculate the bank and address corresponding to
each element, due to the arithmetic involved, so the address-
ing and data alignment circuits become complex. Besides,
it results in a waste of memory storage space. To avoid
these drawbacks, Deb[3] has recentlpprsed a system
with M = 2™ banks, applying different assignment func-
tions to different sections of the image matrix (multiskew-
ing). This design permits the access2® points with a
large class of patterns (rows, columns, diagonals, coils, etc.)
using simple circuits. However, he only considers the case
in which the image matrix has dimensidn x N and the
1. INTRODUCTION number of banks is N.
In this work we introduce a memory system with BA=

Image processing often uses SIMD engines to exploit thememory modules, so that it requires simple memory bank
parallelism inherent to some typical operations. Video pro- and address assignment functions. It allows conflict-free
cessor chips (i.e. VLSI chips for multimedia processing and parallel access to M points in any row or column from an
transmission) are a clear example [6]. In this context, aimage of dimension NxNX/ = 27 < N), being2’,1 > 0,
memory system with high bandwidth becomes essential.  the interval between two consecutive elements . Thus, the

The in-place computation of two dimensional orthogo- systems appears to be well fitted for the 'in-place’ compu-
nal transforms, of great interest in image processing, couldtation of two dimensional transforms like FFT, DCT, Gaus-
be accelerated if the memory system allows parallel accesssian Pyramid and, specially, wavelets in SIMD computers.
to elements in a row, column or sub-matrix of the image, Section 2 briefly introduces the DWT. In section 3 the
with interval2‘. To achieve this goal, standard interleaved memory system is described and several accessing patterns
memory systems made of a number of banks power of twoare discussed. The computation of the DWT in a SIMD
must be discarded because the required elements cause bamkachine using the proposed memory system is studied in
conflicts. Memory systems involving a prime number of section 4. Finally, in section 5, we establish the main con-
memory modules have been proposed docessing to a  clusions.
number of conflict-free patterns. Voorhis and Morrin [5],
presented a system witly 0 pg + 1 banks, allowing the ac-

Real time image processing uses SIMD engines to ac-
celerate the computation of algorithms as DCT, FFT or DWT.
So, a good skewing scheme becomes essential for avoid
ing memory bank conflicts. In this paper a memory system
is introduced for the efficient in-place computation of such
transforms. It consists o/ = 2™ memory modules, pro-
viding parallel access t&/ image points whose patterns are
a row or a column, the interval in both cases belhg > 0.

The efficiency of our design is proved through the compu-
tation of the 2D-DWT.

cess to blocks of x ¢ adjacent elements in a row, column 2. AN APPROACH TO DWT
or sub-matrix. Park [4] improved this design by simplifying ' .
the memory address generation circuit in the cagey of 1 Wavelets appear in a wide range of areas, specially in the

modules. Rcently, new memory systems have been pro- context of computer graphics, due to its temporary and fre-
posed to provide these access patterns. Park and Harper [2Juency characteristics [1]: image coding and compression
have extended Park’s design [4], usiZij + 1 banks mem- [7][8], image processing using multiresolution techniques,
ory system, allowing parallel access 2& points from a modeling of curves and surfaces, radiosity computations,
row with stride2’, whilst in the case of columns and sub- etc.

matrices the only permitted interval is 1. The unidimensional DWT splits the original signal into
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Figure 1:Dyadic binary tree

a high-pass and a low-pass signal. The splitting processFigure 2:Computational dependencesin a four coefficients DWT.
goes on, in a recursive way, always being applied over the
low-pass signal. This way, we obtain a pyramid with a max-
imum number of levels equal teg2( V), see figure 1.

At each level of the pyramid, amput sequence(n) is s |
filtered by using low-pass and high-pass filter coefficients HL1
h(n) andg(n) respectively:

LL3 | HL3
HL2

LH2 HH2

y(n) =Y h(k)z(2n+k) nkeZ (1)

2(n) =) gk)z(2n+k) nkeZz )
k LH1 HH1

The sequenck(n) is the smoothing or scale filter, while
the sequencg(n) is the detail or wavelet filter.

The number of filter coefficients is very variable.In this
paper DAUBA4, a four-coefficient Daubechies wavelet [9] is )
used for simplicity. This won't suppose a loss of generality. Figure 3:The octaves of a three levels two dimensional DWT

The computational structure of the in-place pyramidal
algorithm is shown in figure 2. White circles represent the
results of the high-pass filtersz() while black circles rep-  in figure 3. In this figure, HLk for example, is the result of
resent the original sequence at level 0, and the paifits a high-pass filtering of the rows, and a low-pass filtering of
obtained after the low-pass filtering in further levels. These the columns, at level k of the pyramid.

last points will be used when computing a new levelhe However, working 'in-place’, as we do, we will arrive
figure shows the increasing interval, of val2le between  to the situation depicted in figure 4. We show the original
them. matrix (level 0) and the two first levels. Again, we represent

Most of the usefulness of DWT rests on the fact that it as black circles the points that will take part in the following
can severely truncate turning into sparse results [9]. Many computations: those that result from the low-pass filtering
negligible coefficients appear in the high-pass octaves ob-of rows and columns. Again, there is an inter¥abetween
tained, reducing the amount of information to deal with, the points to be accessed at le¥ebut in this case in both
so that going on with the iteration becomes unnecessary inthe rows and the columns.
many applications. So, just a few first levels are usually
computed, typlcally'from 3to 7 . o level 0 lovel 1 level 2

The two dimensional DWT is attained by applyinginde- ¢eeeeeee
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pendently the low-pass and high-pass filters to boththe rows e oo 0000 @ 00000000 00000000
FRCACIN I : : 00000OCO [ NON NON NON NO) 00000000

and golumns of the |n'|t|al image. Thls way, we obtalnfoulr 00000000 00000000 060000000
new images, depending on the pair of filters employed in eeeeeeee "~ 00000000 ~ 00000000
H ; H 00000OCO 00000000 00000000
its generation, fourtlmessmallerthan.the.|n|t|al one.lfwe gooeeeee c000®0®O 0000060006
would permute the results after each filtering stageups (XXX XXX N 00000000 00000000

ing the results from the high-pass aside the results fromthe _
low-pass, we would arrive to a point distribution as the one  Figure 4:Points to be accessed for levéls- 0.2 (N = 8).



3. THE MEMORY SYSTEM

A description of the memory system involves defining a
memory module assignment functdacing the image points
to be simultaneously accessed in distinct memooglutes,
and anaddress assignment functiosllocating an address
inside the assigned module. In general, a system with a
number power of two of memory modules, simplifies the
hardware design of the addressing and routing circuits. Now
we will describe the assignment functions we use.
Thememory module assignment functiagsigns to the
element at positiofy, j) of the image matrix the following
module number:

k-1

n(i, j) = [Z (in + jn)Jmod M
h=0

3)

iy, andj, being the digits of the M-base representation
of indicesi andj, respectively. Obviously; = [ 1.

We point out the most important properties of the above
distribution:

e This skewing scheme is not periodic, so it is not lin-
eal.

¢ It can be considered as a multiskewing scheme. For

index valuesi,j < M it appliespo(?,j) = (i +
Jo)modM = (i + jimodM . The image matrix is
divided into blocks of size\l x M. The skewing
scheme for the block at positidr, 3) is defined as
top(2, 7)) = [o(do, jo) + o+ Blmod M, wherea =
lh_1+tik_o+...+11 andﬁ = jk-1+Jk—2+...+7J1.
Local skewing are linear and periodic schemes.

The distribution permits simultaneous access to M el-
ements belonging to the same row or column of the
image I(*,*) with any interval power of two, as long
as the initial positior{7, j) will be a valid one.

In other words, the horizontal (VH) and vertical (VV)
accessing vectors allowed are:

VHy(i,5) = {1(,5 +2'b)|[0 < b < M}
0<i<NO<Lj<N=2{(M—-1),1>0

VVy(i,5) = {I(i 4 2'a,5)|0 < a < M}
0<j<NOLi<N—-2(M-1),1>0

4)

where 2! is the stride to apply and auxiliary variables
andb are used for sweeping the accesses vector. Tihialin
position(i, ) must verify the following:

HVzl .
VVzl .

g{modM =0 (5)

;ﬁmodM =0

J
i/ 0123456 »
Ofof1|2|3|1]2|3]|0o]|2|3]|0|1]|3]|0]|1]2
1{1|2|3|o|2]|3|o|1|3]|o|1]|2|0f2]|2]3
2(2|3]|of1|3]|o|1|2|o]|1|2|3|1]|2]3]0
3(3|of1]|2]|0o|1]|2]|3]|1]|2]|3]|0]|2]|3]|0]|1
4(1|2|3]o|2]3|of2]|3|o]|1|2]|0|2]2]3
5(2|3]of1|3]|o|1|2|o]|1|2|3|1]|2]3]0
6(3|of1|2]|0|1]|2]|3]|1]|2]|3]|0]|2]3]|0]|1
Jlolal2]3f1]2|3]|o|2]3]|of2]|3|0]|1]2
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.13lol1|2]|of2|2]|3]|1|2|3]|0]|2|3|0]1
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Figure 5:Distribution matrix forN = 16 andM = 4

The address assignment functigthe usual for inter-
leaved memory systems:

afi,j) = [s/M] (6)

Equations (3)(6) guarantee that elements mapped into

the same memory module will be assigned different ad-

dresses. Besides, it is assured that there won't be holes of
unused memory space in the memory system. No demon-

stration of the above assertions is given for simplicity.

An example of the proposed skewing scheme is shown
in figure 5, where the matrix dimension /¢ = 16, and
the number of memory modules i = 4. Observe the
recursive data distribution.

Let’s see that, as an example, we can access to elements
in a column, with initial positior(0, 3) and stride equal to
2. The accessed elements would[b&), 3)7(2,3)7(4,3)
1(6,3)] assigned to memory modules 3, 1, 0y 2, respec-
tively. Since the initial position verifies (5), it is a permitted
one and the memory access is condfrete.

4. DWT COMPUTATION USING THE PROPOSED
MEMORY SYSTEM IN A SIMD ARRAY

In this section we sketch the computation of a two dimen-
sional DWT using the proposed memory system in a stan-
dard SIMD array, with the following basic architecturg:
independent processing elements (PEs), mastered by a cen-
tral control unit, and connected to M independent memory
modules by an interconnecting network. Besides, we will
supposel! = P in the following paragraphs.

Figure 6 depicts a part of the accesses diagram involved
in the two first levels of DWT computation, for the case



—» fory(i,0,2(i,0)
—» fory(i,1),z(i,1)

=1 —wfor y(i,2)2(,2)

PEO ((0,0) |(0,1) {(0,2) |(0,3) |(0,4) |(0,5) | (0,6) |(0,7)

PEL |(1,0)((L1) |(1.2) [(1,3) |(14) |(L5) |(16) |(1.7)

PE2 1(2,0){(2,1) [(22) |(2,3) |(24) |(2,5) |(2,6) |(2,7)

PE3 ((3,0)((3,1)((3.2) [(33) [(3.4) |(3,5) |(3,6) |(37)

[c1] c2] ca| ca]—= fory(i0).z(i.0)
[ c1] c2 ] c3| ca]—= fory(i.D).zi.1)

=2 (a2 [ ] ct] = forvi2aa

PEO |(0,0)|(0.2) |(0.4) |(0,6) |(0,8) [(0,10)((0,12){(0,14)
PEL [(20)[(22) |(24) |(26) |(28) [(2,10)(2,12)|(2,14)
PE2 |(4,0)|(4.2) |(44) |(4.6) |(48) [(4,10)(4,12){(4,14)
PE3 |(6,0)|(6.2) |(6:4) |(6,6) |(6,8) [(6,10)(6,12)((6,14)

Figure 6:Some accesses for row processing when building levels

land2 (M =4 andN = 16)

M = 4. Only the filtering by rows is shown, as the one
by columns can be obtained just by transposing the indices.
A row is assigned to each PE that sweeps it, so that pre-

The design is well suited for computing algorithms with
a dyadic subband binary tree structure, as the DWT, and
other two dimensional orthogonal transforms of great inter-
est. Some of this transforms can be computed using a mem-
ory system just allowing parallel access to rows or columns
with only stride 1 [4], or enabling the access by rows with
any interval power of two as [2]. We have verified that our
system reaches similar performance than [2] for Gaussian
Pyramid, though using less memory modules and without
producing holes that would waste the memory space avail-
able.

We must point out that the interconnection network shouldn’t
be a complex one (i.e. crossbar). Our actual work in this di-
rection concludes that it may just consist of a rotation stage,
and a stride-dependent number of perfect-shuffle ones.
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