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ABSTRACT
1 INTRODUCTION
Parallel computing is a method of
computation in which many calculations are
carried out concurrently, operating on the
principle that large problems can often be
separated into smaller ones, which are then
solved simultaneously. Systolic array is a
specialized form of parallel computing
which is an arrangement of processors in an
array where data flows synchronously across
the array between neighbours, usually with
different data flowing in different directions.
The simulation of systolic array for matrix
multiplication is the practical application in
order to evaluate the performance of systolic
array. In this paper, a two-dimensional
orthogonal systolic array for matrix
multiplication is presented. Perl scripting
language is used to simulate a twodimensional orthogonal systolic array
compared
to
conventional
matrix
multiplication in terms of average execution
time. The comparison is made using
matrices of size 5xM versus Mx5 which M
ranges from 1 to 10, 10 to 100 and 100 to
1000. The orthogonal systolic array results
show better average execution time when M
is more than 30 compared to conventional
matrix multiplication when the size of the
matrix multiplication is increased.
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Matrix multiplication is the operation of
multiplying a matrix with either a scalar
in which a single number is multiplied
with every entry of a matrix or
multiplication of an entire matrix by
another entire matrix. In the scalar
variety, every entry is multiplied by a
number, called a scalar. For the
multiplication of an entire matrix, the
two matrices can be multiply if and only
if, the number of columns in the first
matrix equals the number of rows in the
second matrix. Otherwise, the product of
two matrices is undefined. The product
matrix's dimensions are (rows of first
matrix) × (columns of the second
matrix). The ordinary matrix product is
most often used and the most important
way to multiply matrices. Multiplying
the m x n matrix with n x p matrix will
result in m x p matrix. If many matrices
are multiplied together and their
dimensions are written in a list in order,
e.g. m x n, n x p, p x q and q x r, the size
of the result is given by the first and the
last numbers which is m x r. The values
surrounding each comma must match for
the result to be defined.
A number of systolic algorithms are
available for matrix multiplication, the
basic computation involved in the
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operation of a neural network. Using
these, many systolic algorithms have
been formulated for the implementation
of neural networks [1]. A systolic array
is composed of matrix-like rows of data
processing units called systolic cells or
processing elements. Each cell shares the
information
with
its
neighbours
immediately after processing. The
systolic array is often rectangular where
data flows across the array between
neighbour cells, often with different data
flowing in different directions [2].
Systolic arrays are suited for processing
repetitive computations. Although this
kind of computation usually involves a
great deal of computing power, such
computations are parallelizable and
highly regular. The systolic array
architecture exploits this parallelism and
regularity to deliver the required
computational speed. In a systolic array,
all systolic cells perform computations
concurrently, while data, such as initial
inputs, partial results, and final outputs,
is being passed from cell to cell. When
partial results are moved between cells,
they are computed over these cells in a
pipeline manner. In this case the
computation of each single output is
separated over these cells.
This
contrasts to other parallel architectures
based on data partitioning, for which the
computation of each output is computed
solely on one single processor [3-4].
When a systolic array is in operation,
computing at cells, communication
between cells and input from and output
to the outside world all take place at the
same time to accomplish high
performance. This is analogous to the
circulatory system; data is pulsed
through all cells where it is processed.
Being able to implement many
operations simultaneously is one of the

advantages of systolic arrays. Other
advantages
include
modular
expandability of the cell array, simple
and uniform cells, efficient fault-tolerant
schemes and nearest-neighbor data
communications.
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Figure 1. Two-dimensional systolic array for
matrix multiplication.

Figure 1 illustrates a two-dimensional
systolic array capable of performing
matrix multiplication, C = A x B for 3x3
matrices A = (Aij), B = (Bij) and C =
(Cij). As indicated, entries in A and B
are shifted into the array from left
and top, respectively. It is easy to see
that the Cij at each cell can accumulate
all its terms ai1b1j, ai2b2j and ai3b3j
while A and B march across the systolic
array. Kung et. al. have proposed a
unified systolic architecture for the
implementation of neural network
models [5]. It has been shown that the
proper ordering of the elements of the
weight matrix makes it possible to
design a cascaded dependency graph for
consecutive matrix multiplication, which
requires the directions of data movement
at both the input and the output of the
dependency graph to be identical. Using
this cascaded dependency graph, the
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computations in both the recall and the
learning iterations of a back-propagation
algorithm have been mapped onto a ring
systolic array.
A similar mapping strategy has been
used in [6] for mapping the recursive
back-propagation network and the
hidden Markov model onto the ring
systolic array. The main disadvantage of
the above implementations is the
presence of spiral communication links.
In [5], a two-dimensional array is used to
map the synaptic weights of individual
weight layers in the neural network. By
placing the arrays corresponding to
adjacent weight layers side by side, both
the recall and the learning phases of the
back-propagation algorithm can be
executed efficiently. But, as the
directions of data movement at the
output and the input of each array are
different, this leads to a very nonuniform design.
A large number of systolic array
designs have been developed and used
to perform a broad range of
computations. In fact, recent advances in
theory and software have allowed some
of these systolic arrays to be derived
automatically [7]. There are numerous
computations for which systolic designs
exist such as signal and image
processing, polynomial and multiple
precision integer arithmetic, matrix
arithmetic and nonnumeric applications
[8].
Scripting languages such as perl
represent a very different style of
programming than system programming
languages such as C or Java. Scripting
languages are typeless approaches to
achieve a higher level of programming
and more rapid application development
than system programming languages.
Increases in computer speed and changes

in the application are mixes together
making scripting languages more and
more important for applications of the
future [9].
Perl was originally designed as a glue
programming language which is a
language used to fill in the gaps between
other programming languages, systems
and interfaces. It has offers features such
as the ability to program in the object
oriented, a rich feature set by
encompassing all of the good parts of
other programming languages, a full set
of data reduction and manipulation
operators, file system manipulation
abilities,
process
and
procedure
management, database functionality,
client-server programming capabilities
and secured programming. Perl borrows
heavily
features
from
other
programming languages such as C, C++,
Java, awk, BASIC and Python. It is
possible to start writing perl code almost
immediately if the users know at least
one other programming language
beforehand. It is also possible for any
programmer to read some well written
perl code.
The objective of this paper is to do
the simulation of two-dimensional
orthogonal
systolic
array
and
conventional approach for matrix
multiplication by using perl scripting
language. The determination is to
evaluate the performance of both
approaches in terms of average
execution time. The comparison is made
using matrices of size 5xM versus Mx5
which M ranges from 1 to 10, 10 to 100
and 100 to 1000. The execution time is
crucial for high performance of
computations or load balancing of the
resources. Hence, the results of this
simulation can be used to select the best
matrix multiplication approach with a
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significant improvement
execution speed.

in

process

2 BACKGROUNDS
There are also other applications of the
systolic array multiplication which are
finite impulse response (FIR) filter [7],
matrix polynomial and powers of a
matrix [10]. FIR filter implementing a
simple systolic array multiplication.
Given inputs Xi and weights Wj, the
filtering problem is to compute outputs
Yi, defined by Yi = W1Xi +W2Xi+l + •••
+ WkXi+k-1. Figure 2. depicts a onedimensional systolic array for a FIR
filter with k = 3 weights, each of which
is preloaded into a cell. During
computation, both partial results for Yi
and inputs Xi flow from left to right,
where the former move twice as fast as
the latter. More precisely, each Xi stays
inside every cell it passes for one
additional cycle, and thus each Xi takes
twice as long to march through the
array as does a Yi. One can check that
each Yi, initialized to zero before
entering the leftmost cell, is able to
accumulate all its terms while marching
to the right. For example, Y1 accumulates
W3X3, W2X2 and W1X1 in three
consecutive cycles at the leftmost,
middle, and rightmost cells, respectively.
◦ ◦ ◦
◦ ◦ ◦

x4
y2

x3
y1

x2
w3

x1
w2

w1

Figure 1. One-dimensional systolic array for
implementing FIR filter.

Although each output Y is computed
using several inputs X and several
weights W, and each input and each
weight is used in computing several

outputs, the systolic array described here
uses no global communication. More
accurately, data communication at each
cycle is always between adjacent cells.
A matrix polynomial is a matrix
whose elements are univariate or
multivariate polynomials. A slight
modification of the design allow the
creation of matrix multiply-and-add step
of the form X(n)←X(n-1)A+B. The
accumulation of B can be done on the fly
when the values X(n-1)A reach the left
row of the array, as depicted by Figure 3.
Consider the calculation of the matrix
polynomial P=∑k=0BkAk where Bk and A
are n x n matrices. The algorithm is also
valid when the matrices are n x p, or
when the coefficients Bk are vectors.
Using Horner’s rule, P can be computed
by the following iterative scheme:
X(0 = BN
X(k)= X(k-1)A+BN-k
P ≡ X(N)






Therefore, P can be computed in exactly
2n(N+1)-1 steps on the systolic array of
Figure 3. A well-known efficient
algorithm for the computation of matrix
powers P = AN is described by Knuth
[11] and Lamagna [12]. It consists in
using the binary representation of N to
control a sequence or multiply by A
steps. Although this method is not
optimal, it has the greatest advantage,
compared to others, that is does not
require an important storage. This
property makes it well-suited for a
systolic realization.
More precisely, let NP Np-…N0 be the
binary representation of N, and let Cq,
Cq-1,…C0 be the new sequence obtained
by rewriting each Nk as SX if Nk =1 or as
S if Nk =1 or as S if Nk = 0, and by
discarding the first pair of letters SX. C
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is used to control a sequence of
operations and is interpreted from the
left to right, each S meaning square the
current matrix and each X equal to
multiply the current matrix by A. For
example, decimal 19 is equal to binary
10011 will be rewritten as SSSXSX and
the sequence of computations will be A2,
A4, A8, A9, A18, A19. Then the following
iteration scheme

and the resulting design is shown by
Figure 4. As the binary representation of
N has Equ. 8 bits, q is majored by Equ.
9. Hence, the calculation of AN takes a
maximum of Equ. 10 steps on a n2 mesh
connected array.
N = [log2N]+1
q = 2[log2+N]
AN = 2n(2Log2N+1)-1

X(0) = A

(n)
(n-1) 2
X = (X ) if Cq-r
= S else X(n-1) A 
P ≡ X(q) 
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Figure 4. Systolic array for the powers of
matrix calculation.
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3. METHODOLOGY
Figure 3. Systolic array for the matrix
polynomial calculation.

The basic calculation to be done is
either a square or a matrix
multiplication.
Again,
a
simple
modification of our design enables us to
square a matrix. The basic idea is to
route the result to the upper row of the
array too. Depending on the value of Cq(n-1)
will be fed into the array
1, A or X
from the top to bottom. Elementary
movements along the vector (1, 0, -1) is
compatible with the timing-function, t
t(i, j, k) = i+j+k-3

(7)

We have created a simulation program
using perl scripting language that
simulates the orthogonal systolic array
and conventional matrix multiplication.
The goal of the simulator design is to
develop an accurate, fast and stable
simulator based on an orthogonal
systolic array and conventional matrix
multiplication.
3.1 Perl Scripting Language
Scripting languages such as perl, tcl, tk
and python are the main achievement of
the open source movement. Perl is a
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popular and widely used cross-platform
programming language. In particular, its
flexibility can be fully utilized to
become a powerful simulator. There are
no rules about indentation, newlines, etc.
Most lines end with semicolons, but not
everything has to. Most things do not
have to be declared, except for a couple
of things that do [13]. Perl only has three
basic data types: scalars, arrays and
hashes. It stores numbers internally as
either signed integers or doubleprecision, floating-point values.
Perl is an open source interpreted
programming language. It is a control
program that understands the semantics
of the language and its components, the
interpreter
executes
program
components individually as they are
encountered in the control flow. This is
usually done by first translating the
source code into an intermediate
representation called bytecode and then
interpreting the bytecode. Interpreted
execution
makes
perl
flexible,
convenient and fast for programming,
with some penalty paid in execution
speed.
One of the major advantages of perl
scripting language is the support for
regular expressions. Regular expressions
are the key to powerful, flexible, and
efficient text processing. Regular
expressions are used in several ways in
perl. They are used in conditionals to
determine whether a string matches a
particular pattern, to find patterns in
strings and replace the match with
something else. Regular expressions
themselves with a general pattern
notation allow the designer to describe
and parse text [14].

Systolic array designs have two main
characteristics: a) they are flowsimple, where each processor element
is used once every clock-cycle and they
are locally connected and b) where
each processing element is connected to
the
nearest
neighbour.
Matrixmultiplication systolic array is well
known as the matrix multiplication, C =
AB as shown in Figure 5 can be
implemented on two-dimensional arrays
using orthogonal arrangement in Figure
6. Numerous designs can be used
depending on whether one wants C, A or
B to move. Here we consider the simple
design where C stays in place.
Coefficient cij, where 1 ≤ i, j ≥ n thus is
calculated by cell i, j of a mesh
connected array of multiply-and-add
processors, as depicted by Figure 6. Cell
i, j contains a register c which is first
reset to zero and then accumulates
successively products aik bkj where k
varies from 1 to n. However this
implementation suffers from the
drawback that the results do not move
and consequently a systolic output
scheme has to be designed in order to
recover them.

 a11 a12 a13  b11 b12 b13  c11 c12 c13 
a a a   b b b   c c c 
 21 22 23   21 22 23   21 22 23 
a31 a32 a33  b31 b32 b33  c31 c32 c33 
Figure 5. Matrix multiplication C = AB.

3.2 Two-Dimensional Orthogonal
Systolic Array
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Table 2. Five parts of systolic.pl.
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multiplication. These values can be used
to calculate the average execution time.
All scripts are executed in Windows®
environment by using Cygwin™
terminal.

a11
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Figure 6. Orthogonal systolic array for the
multiplication of matrices.

3 IMPLEMENTATION DETAILS
The simulation program consists of two
main scripts which are run.pl and
systolic.pl. The run.pl has been
developed in order to get the average
execution time as shown in Figure 7
below. The while loop has been used to
execute the systolic.pl in a batch mode.
for($h=100; $h<=200;
$h=$h+100){ #for M value
`touch tmp.txt`;
$g=0;
while ($g<2){
`perl systolic.pl 5 $h 5 1`;
print "count $g : L:5 M:$h
N:5\n";
$g+=1;}
Figure 7. Pseudocode of run.pl.

The systolic.pl is the core of the
simulation program. It has five parts,
which are listed in Table 1. The purpose
of this script is to execute the systolic.pl
in batch mode, which is to get 10 values
of execution time for each matrix

No Part
1
random
matrix
generator
2
systolic array

3

conventional

4

execution
time
result

5

Functions
to generate the value for
matrices or select the files for
matrix inputs.
to apply systolic array matrix
multiplication using orthogonal
arrangement.
to apply matrix multiplication
using conventional approach.
to capture the execution time
for each approach.
to display the result on screen
and record it to files.

Figure 8 shows the random matrix
generator part. Operation for twodimensional orthogonal systolic array
has been accomplished by using the for
loop. The rand function has been used to
generate the values based on the seed
given.
#!/bin/perl
print "\n SIMULATION OF MATRIX
MULTIPLICATIONS\n";
# populate array
@inputA = ();
for ($j=0; $j<$total0; $j++) {
push(@inputA,
int(rand($range))); }
@inputB = ();
for ($j=0; $j<$total1; $j++) {
push(@inputB,
int(rand($range))); }
Figure 8. Pseudocode of systolic.pl (random
matrix generator).
#operation for systolic array
for($g=0; $g<$c; $g=$g+1){
$valueA = $valueA + $inA[0][$g]
* $inB[0][$g];
$valueB = $valueB + $inA[1][$g]
* $kananA;
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$valueE = $valueE + $inA[2][$g]
* $kananB;
.. }
Figure 9... Pseudocode of systolic.pl (systolic
array).
#operation for conventional
approach
for ($e=0; $e<$Lslice; $e++){
for ($y=0; $y<$Nslice; $y++){
$array_out[$e][$y]=0;
for($z=0; $z<$Mslice; $z++){
$array_out[$e][$y]=
$array_out[$e][$y]+
($inA1[$e][$z]
*$inB1[$y][$z]);}}}
Figure 10.. Pseudocode of systolic.pl
(conventional).

The array arrangement is done by
referring to the orthogonal arrangement.
The pseudocode for the systolic array
operation is depicted in Figure 9. The
pseudocode of conventional approach
calculation is shown in Figure 10. It is
done by following the conventional
matrix multiplication steps which are
multiply the elements of each row of the
first matrix by the elements of each
column in the second matrix and finally
adds the products.
use Time::HiRes
qw(gettimeofday);
$t0 = gettimeofday;
.
.
$t1 = gettimeofday;
#$elapsed is a floating point
value, representing number of
seconds between $t0 and $t1
$elapsed = $t1-$t0;
Figure 11. Pseudocode of systolic.pl (execution
time).

Figure 11 shows the pseudocode of
systolic.pl for execution time part. The

execution time has been captured by
using Time::HiRes module. The
Time::HiRes module implements a perl
interface to the high resolution time and
timers. The differences between $t1 and
$t0 give a floating point value,
representing number of seconds between
them. The execution times are collected
for both systolic array and conventional
matrix multiplication.
#record to file
open(OUT,">tmp.txt")||die "Can't
open file:$!\n";
printf OUT "%d
%.6f%.6f\n",$Mslice,$elapsed,
$elapsed1;
close OUT;
Figure 12. Pseudocode of systolic.pl (result).

The result for both approaches has
being displayed on screen and recorded
into files as depicted in Figure 12. The
maximum size of output matrix is 5x5.
Hence, the matrix size for the simulation
is 5xM versus Mx5, where the M value
can be divided into three parts which is
from 1 to 10, 10 to 100 and 100 to 1000
and the number of processing elements
or systolic cells used in the simulation is
25.
4 RESULTS
Figure 13 shows the average execution
times for a matrix multiplication using
orthogonal
systolic
array
and
conventional approach for matrix values,
M, from 1 to 10. At M=1, a big
differences of average execution time
occurs between these two approaches by
61%. While at M=10, only 1.5%
difference is seen between the two
approaches. From here, we noticed that
the orthogonal systolic array needs more
time
to
compute
the
matrix
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multiplication for a small matrix size
compare to the conventional approach
because the matrix was been multiplied
using reusable processing elements,
which introduced delays.
For matrix size with value M from 10
to 100, as shown in Figure 14, the
average execution times for matrix
multiplication
using
conventional
approach is increased. For M=10, the
average execution time required for
orthogonal systolic array to complete the
matrix multiplication is 11.9% higher
than conventional approach. When
M=20, the differences became smaller
and slightly equal to conventional
approach. After M=30 and above, the
average execution time for conventional
approach is higher than the orthogonal
systolic array approach.

Figure 13. Average execution time for 1 ≤ M ≤
10.

Figure 14. Average execution time for 10 ≤ M ≤
100.

The percentage increase is up to 7.4%
for 100 ≤ M ≤ 1000. The orthogonal
systolic array approach is much better
than conventional approach for large
size matrix multiplications.

Figure 15. Average execution time for 100 ≤ M
≤ 1000.

4 CONCLUSION

In Figure 15, the average execution
time for matrix multiplication using
orthogonal systolic array is lower than
the conventional approach. The total
average execution time for orthogonal
systolic array is 150 ms while that for
the conventional approach is 174 ms.

This paper evaluates the performances of
two-dimensional orthogonal systolic
array
compared
to
conventional
approach for the multiplication of
matrices. Three series of evaluation has
been completed for M in range of 1 to
10, 10 to 100 and 100 to 1000. From the
results, the average execution time was
examined and the orthogonal systolic
array show a better results compared to
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the conventional approach. When M=30
and above, the orthogonal systolic array
shows less average execution time,
which performed better. When M=20,
the average execution time between
orthogonal
systolic
array
and
conventional approach is slightly same
and at M=1, major differences of value
occurred. The main advantage of the
orthogonal systolic array is the
processing elements can be reused for a
new multiplication without the need of
intermediate storage. In conclusion, an
orthogonal systolic array can be used
perfectly in order to handle large sizes of
matrix multiplication with better
performance
than
conventional
approach.
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