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Abstract

A massively parallel architecture is composed of a
high number of processing elements (PE), but seldom
a 1:1 mapping between the PEs and the data set can
be achieved. To overcome this problem, a processor
virtualization mechanism is needed.

This work provides a theoretical study on perfor-
mance optimization in the specific virtualization pro-
cess used when a small amount of memory is associ-
ated to each PE. Moreover, this paper presenis an al-
gorithm for performance optimization and for the de-
termination of the mazimum processing speed on low-
cost cellular array processors implementing the above
mentioned virtualization mechanism. These consider-
ations are then used to improve the exzecution of mor-
phological image processing tasks on the first hardware
prototype of the special-purpose cellular array proces-
sor PAPRICA.

1 Introduction

Two virtualization mechanisms are generally im-
plemented on massively parallel systems: the choice
depends mainly on the amount of memory associ-
ated to each processing element (PE). In the first
one {12, 7, 13, 8, 9] the computation is serialized
within each processor, which contains several data,;
conversely, in the second case [16, 14, 15, 6], namely
when each PE can only handle a small amount of mem-
ory, the computation is serialized in windows: the Pro-
cessing Array (PA) is loaded with a sub-window of the
data set, then the computation is performed until a
special instruction (hereinafter referred to as UPDATE)
is reached, and finally the result is stored back into
the memory. These steps are iterated until all the
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sub-windows have been processed; then the first sub-
window is reloaded and the computation is resumed
until the next UPDATE instruction is found. This sec-
ond solution, generally implemented on low-cost sys-
tems and analyzed in detail in {5, 11], implies the use
of an external memory for data storage.

The position and the frequency of UPDATE instruc-
tions affect directly the processing speed of the sys-
tem. Their optimum positioning within the sequence
of the program instructions is a task that requires an
attention that is comparable to the attention needed
to develop the algorithm itself.

The main problem with this implementation of vir-
tual processors is mainly due to the limited dimensions
of the PA, where the border processors can’t access
their complete neighborhood. In fact, after the ex-
ecution of an instruction which implements a 3 x 3
morphological function [17], the values stored in the
border processors of the PA are meaningless. Thus
only a portion (hereihafter referred to as the Validity
Area) of the data processed by the PA will hold sig-
nificative data. Thus the next windows that will be
transferred into the PA will be partially overlapped
with the previous ones, in order to correctly evaluate
the previously invalidated results.

In the next section a theoretical analysis of the per-
formances is derived for a generic cellular architec-
ture implementing the above mentioned virtualization
mechanism. Since the main target of this study is the
speed-up of applications [1, 2] written for PAPRICA
special-purpose array processor [3, 4, 10], section 3
provides an optimization method for the automatic
positioning of UPDATE instructions. Section 4 ends the
paper with some PAPRICA performance figures to-
gether with some concluding remarks.

2 Theoretical performance evaluation

When dealing with image processing tasks, the pro-
cessing speed Sy, is defined as the number of pixels



processed over the total processing time for a given
sequence of instructions:

a Number_of pixels_processed

Spr =

M)

Processing_time
The ideal case:

The maximum processing speed can be obviously
reached when the PA can contain the complete image
or when the sequence of instructions does not reduce
the validity area. In this ideal case, the number of
pixel processed is the number of pixel in the full image
(F x F), while the processing time t is the sum of the
time needed

(a) to load the image into the PA,
(b) to run the application, and
(c) to save back the data into the image memory.

The loading time and the saving time can be assumed
equal and given by the number of elementary transfer
operations (Q?, where Q is the PA linear dimension)
time the basic transfer operation duration (Tas). The
erecution time is given by the number of instructions
(L) time the instruction duration (a single clock cycle,
Tc) and therefore:

t:?QzTM+LTc. (2)

The processing speed is then given by:

Q2

= S TMT LT

(3)
Assuming that Te and Ty are of the same order of
magnitude, if L is negligible with respect to 2 Q?, the
previous expression reduces to:

(4)

Equation (4) shows that when the ezecution time is
negligible (in the ideal case) the total processing time
is approximately given by the I/O time: a problem,
whose scalar version was CPU-bounded, is now re-
duced, through the use of a massively parallel system,
to an I/O-bounded problem.

The real case:

Let’s consider now the case in which the number
of PEs is less than the number of image pixels and
assume that the program contains some instructions
responsible of the reduction of the validity area. The
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parameter G, associated to each instruction, measures
the reduction of the validity area: figure 1 shows a few
typical instructions and their associated G factor.
The aim of the UPDATE instructions is to avoid that
the validity area is reduced to zero. It is obvious that if
the frequency of the UPDATE operations increases, the
processing lime grows up because of the time needed
to transfer the same windows from the memory to the
PA; similarly, the processing time grows up also when
the number of UPDATE operations decreases too much
because most of the processing is meaningless. It fol-
lows that there is an optimum value for the UPDATE
frequency that maximize the processing speed.
Assuming - the dimensions of the image (F x F)
greater than the dimensions of the PA (@ x @), the
processing time can be computed as the sum of the
processing time of each single window (#1,,) time the
number of windows to be processed (ny): t = ny, £y

2
The number of windows processed is not simply Eg

because, due to the reduction of the validity area, the
windows must be partially overlapped. n, is in fact
expressed as:

F2
=07 (5)

where the effective linear window dimension Q' is
given by:

Ny

2G

Nupd

Q=Q- (6)

The ratio 31‘51
area reduction due to a program formed by a set of in-
structions with a reduction factor G, interleaved with
Nupa UPDATE operations.

Some special cases can show the plausibility of the
previous expressions:

denotes the average linear validity

o If G =0, Q reduces to Q (figure 2.a);

e If G > 0 and nypqg = 1 (one UPDATE at the end of
the program), Q' = Q — 2 G (figure 2.b);

e If G > 0 and nypq = 2, (two UPDATE operations),
Q=Q-2 g- (figure 2.c).

The total processing time of each single window
(tiw) is then given by the number of UPDATE blocks
time the duration of the elaboration between two
UPDATEs. The elaboration time is thus given by the
sum of the read and write times, plus the execution

time of the

nf v instructions in the average UPDATE
block. Thus the processing time is given by:

(7)

t=ny tiw ,
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Figure 1: The G factor and, in gray, the Validity Area after the execution of the specific instruction.
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Figure 2: Validity area reduction at the end of each UPDATE block.

which becomes: 1. on the system technology and architecture
(TM 3 TC1 Q))
F? R L
t= 20\2 x [""Pd (2 Q" Tn + Tuod TC)] ' 2. on the specific computational task (L, G), and
(Q - "upd) '
(8) . A
After few algebraic manipulations equation (1) be- 3. on the number of UPDATE instructions (nupa).
comes
2G\2 As far as L T¢ is negligible with respect to
s - (Q - nupd) () 2Q* Ty Nypq - for example when @ is sufficiently
T 9Q Ty Nupa+ L T large - the processing speed does not depend on the
length of the program. Moreover, since the system
Note that equation (3) can be obtained from the pre- parameters (Q, Ty, Tc) are fixed by the physical ar-
vious one when nypg = 1 (a single UPDATE at the end chitecture, and the G factor is determined by the spe-
of the program) and G = 0 (as in the ideal case). cific application, the processing speed can be tuned by
The processing speed is then a function of parame- changing the number and position of UPDATE instruc-
ters that depend: tions.
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3 Performance optimization

In order to get the optimum value for nypq, let’s
consider, for sake of simplicity, the case in which
2Q% Ty nupa > L Tc. In this case equation (9) can
be approximated by removing the term L T¢. Thus,
the maxima of Sy, can be found in the solutions of the
following derivative:

_206\V?
0 e~ 0 (Q nupd) =0 (10)
O nupa 7" 0 nupa 2 QF Ty nupa ’
which are:

(st = ()24
11
~ G (11)

;=6 = (nupd)2 =6g

The diagram presented in figure 3 (Spr vs , where z

is defined as z 2 Q ny 4) shows that the first solu-
tion corresponds to a minimum while the second one
identifies a maximum.

The meaningful range for z is given by: 2 < z <

, where the limit values refer to:

er=2 = Qnuup=20G:
in this case the validity area is completely eroded
and Sp, reduces to 0.

L

ez = =  Nypa = L:

in this case each instruction is followed by an
UPDATE operation. n,,4 > L would lead to a
program with two or more adjacent UPDATE in-

structions which has no meaning.

The optimum value of ny,q is then given by:

G
[nupd] opt =6 5 ’
and it allows to estimate an upper bound for the pro-
cessing speed.

To simplify the programming activity an algorithm
has been developed to introduce properly the UPDATE
instructions in an assembly program with the aim of
maximizing its execution speed.

(12)

3.1 Analysis of the algorithm

Considering the real case (G > 0), if the program
does not contain any implicit UPDATE!, the algorithm

1Tt has to be noted, that an implicit UPDATE instruction is
generally included in some control-flow constructs (for example
in the PAPRICA system the REPEAT UNTIL, FOR ENDFOR
and [F ELSE ENDIF constructs).
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is simply based on the scanning of the assembly pro-
gram, in order to compute the cumulative value of the
validity area reduction g(z) as a function of the spe-
cific sequence of instructions ¢(z), z = 0, ..., L. When-

ever the value of g(x) reaches the value % (obtained
from equation (12) when nu,q = 1), an UPDATE in-
struction is inserted and the value of g(z) is reinitial-
ized to 0. From easy considerations it follows that an
UPDATE instruction is positioned when approximately
'3 of the processors hold meaningless data.

If the program contains implicit UPDATE instruc-
tions, it is possible to consider the sections between
two UPDATEs as independent programs. The problem
is thus reduced to the case previously discussed.

4 Conclusions

Following the expressions derived in the previous
sections, the processing speed becomes:

2

~_1 : _n-

Q7 Ty +LTc 2T’ if G=0;
" (3e) ,

G T ~ TR C T TT f G0

(13)

Using the set of system parameters reflecting
the current PAPRICA hardware prototype (Q?=256,
Tc=500 ns, and Thr =250 ns), together with a typical
set of values for the application-dependent parameters
(L ~ 200+300and G ~ 1020 [2]), in the real case the
processing speed becomes Sp, ~ 100 + 200 kPixel/s,
while in the ideal case it reaches its maximum: Spr =
2 MegaPixel/s.

The main result of this work is the determination
of an automatic partitioning of a single application,
which requires a lot of accesses to the neighboring pro-
cessors, into different segments of code with the aim
of maximizing the processing speed. Following the re-
sults obtained using the proposed optimization, the
processing speed becomes a function of only the sys-
tem parameters and the specific computational task.
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