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Abstract

Starting from the analysis of the hardware efficiency
of SIMD systems which use an ezternal memory for
data storage, this paper discusses a critical point in
hardware design. In particular it presents a technigque
aimed to the mazimization of the data bus efficiency.
This technique is based on the transformation of the
initial data set into a packed one, and can be success-
Jully implemented on systems which allow a dynamic
mapping between the Processing Array and the Exter-
nal Memory. As an ezample, the PAPRICA system is
considered.

An optimizing Assembly-to-Assembly translator has
been developed for the automatic conversion of a
generic PAPRICA Assembly program working on bi-
nary data sets into its equivalent version working on
packed data sets. An example of a thinning filter shows
how this technique can improve the performances.

1 Introduction

Many specific tasks of Computer Vision systems are
very well suited to massively parallel architectures due
to their fine grain parallelism and to the peak process-
ing power requested by real-time constraints. How-
ever sometimes these processing structures are to be
embedded into larger systems whose requirements of
cost, power and size do not match with those of com-
mercially available machines.

On the other hand each task does not necessarily
require the whole set of processing and communication
facilities of a general purpose massively parallel ma-
chine and therefore application specific solutions with
limited complexity must be designed and optimized.
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This paper analyzes a key point in the implementa-
tion of SIMD massively parallel low-cost systems char-
acterized by a low amount of memory owned by each
Processing Element (PE): these systems use an exter-
nal memory for data storage. This work focuses on the
tuning of the parallelism of the data-bus which links
the Processor Array (PA) with the external memory
(Image Memory, in Image Processing applications).
As an example, the PAPRICA system [4] is consid-
ered.

The logical organization of the external memory is
a critical design issue, and two possible solutions can
be devised, as shown in figure 1. Assuming that the

D External memory

2D data set

Memory word transferred
in parallel by the data bus

Figure 1: Two different solutions for the mapping of
a memory word within the immage memory

2D data set lays in the (z,y) plane, in the former
(figure 1.a) the memory words lay in the z direction,
orthogonal to the data set plane. In the latter the
memory words lay in one of the z or y directions. The
former has the disadvantage that for each data trans-
fer a fixed number of bits (equal to the bus parallelism
PBUS) are moved from the image memory to the PA,
regardless to the application requirements. As a con-



sequence, the data bus efficiency seldom reaches high
values, because the parallelism of the data set seldom
matches the bus parallelism. Conversely, the latter
(figure 1.b) has the advantage of moving through the
data bus only the required amount of information, but
it requires some additional hardware extensions. In
fact, in the case of Image Processing applications, each
multi-bit element (pixel) of the 2D data set (image)
comes in parallel from the acquisition sensor (cam-
era, VCR, scanner,...) following the scheme of fig-
ure 1.a. Each element, in fact, carries the information
of a single pixel, and this second solution would need
a hardware data shuffler for data transposition. The
Connection Machine CM-2 [7] implements a hardware
extension (Sprint-chip) explicitly devoted to this pur-
pose.

The first prototype of the PAPRICA system imple-
ments the solution depicted in figure 1.a, but in the
next version (3] the external memory will be organized
as in figure 1.b, and a proposal of a specific hardware
data-shuffler with real-time performances is currently
under evaluation.

This work presents a theoretical analysis leading
to the determination of the hardware efficiency in the
case of systems implementing the first solution (fig-
ure 1.a). The main result of this analysis lays in the
determination of a technique (formalized in an auto-
mated procedure for the PAPRICA system) aimed to
increment the hardware efficiency. This algorithm will

(a) reorganize the data contained into the external
memory;

(b) perform the processing exploiting the hardware
features in a highly efficient way; and

(c) restore the result in the original format into the
external memory.

Next section presents the specific virtualization
mechanism implemented when a low amount of mem-
ory is owned by each PE (the Ezternal Virtualization
mechanism), determining the parameters on which the
processing speed depends. Section 3 provides a tech-
nique aimed to increment the processing speed by ex-
ploiting the bus parallelism. Section 4 presents the
implementation of this technique on the PAPRICA
system and shows the speed up in the case of a thin-
ning filter iterated on binary images. Finally section 5
ends the paper with some concluding remarks.

2 The External Virtualization Mecha-
nism

When the number of PEs is smaller than the num-

ber of elements in the data set, as generally happens

in Image Processing applications, a mechanism must
be provided to virtualize the PA. The Ezternal Vir-
tualization mechanism [2] is a widely used [11, 8, 9,
5, 6] technique for PE virtualization, generally imple-
mented on low-cost SIMD architectures whose simple
PEs only own a small amount of memory. The com-
putation is serialized in windows: the PA is loaded
from the external memory with a sub-window of the
data set; then the computation is performed until a
special instruction (hereinafter referred to as UPDATE
to reflect the one used in the PAPRICA system) is
reached; and finally the results are stored back again
into the external memory. These steps are iterated
until all the sub-windows have been processed. Then
the first sub-window is reloaded again into the PA and
the computation is resumed until the next UPDATE op-
eration is found.

The main problem of this kind of virtualization
mechanism is due to the fact that when the PA is
loaded with a sub-window of the data set, the PA
border processors cannot access their complete neigh-
borhood. In fact, after the execution of a single in-
struction involving a 3 x 3 neighborhood, the values
stored in the PA border processors are meaningless.
If more 3 x 3 neighborhood-based operations are ex-
ecuted, then also the PEs whose neighbors contain
meaningless data cannot produce valid results. Thus
only a portion (hereinafter referred to as the Validity
Area, VA) of the data processed by the PA contains
significant data. The next windows that will be loaded
into the PA will be partially overlapped with the pre-
vious ones, in order to correctly evaluate the results
which in the previous computation were invalid.

2.1 Performance analysis

This section presents the performance analysis of a
generic SIMD system, following the scheme shown in
figure 2.
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Figure 2: A system implementing the External Virtu-
alization Mechanism.



Let’s assume a system composed of a Q x Q PA
connected to the external memory (logically organized
as in figure 1.a) through a bus with parallelism ppys;
the basic transfer operation duration is Ty, while the
PE instruction duration is 7¢.

Let’s assume that the data set to be processed by
the system is a 2-dimensional array (F x F) of ele-
ments with word parallelism! w. Parameters p; and
ps represent the number of times the bus is used to
transfer a single element of the data set, and are de-
fined as the smallest integers greater than the ratio
between the data set word parallelism and pgys dur-
ing loading and storing operations respectively:

ws
)

PBUS

= (1)

|—_wL, and ps =
PBUS

pL

where subscripts L and S stand for loading and stor-
ing.

The generic application that is executed by the sys-
tem is composed of L instructions, G of them being
graphic operations, namely involving the access to the
PE’s 3 x 3 neighborhood. The remaining L — G oper-
ations are logical operations performed using as input
only the data stored in each PE internal memory.

As a consequence of the application of graphic op-
erations, as already shown in section 2, the VA is re-
duced. In order to avoid that the VA is completely
shrunk, the sequence of program instructions is inter-
leaved with nyp4 UPDATE operations. Their presence
splits the program into segments (here defined UPDATE
blocks) which are executed in sequence on the whole
data set, as they were independent programs. The
determination of the number and position of UPDATE
operations may influence the performance (in terms
of processing speed) in a deeper way than the choice
of the processing algorithm itself. The determination
of an automated procedure for the optimal position of
UPDATE operations have been analyzed in [2], where
the determination of the processing speed (as a func-
tion of the above introduced parameters) is also pre-
sented.

According to [2], the processing speed S, is given
by:

G \?
Spr = (-2 n5) .
P (P +7s) Q¥ T nypd + L T¢

(2)

Note that p; and ps depend on the specific elaboration
performed by each UPDATE block. In equation (2) py,

1In Image Processing applications the data set word paral-
lelism represents the number of bits per pixel.
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and ps have been substituted by Pz and pg to indicate
their average values within a given application.

The processing speed is in fact a function of param-
eters that depend on the system technology and ar-
chitecture (Tyr,Tc, Q), on the specific computational
task (L,G), on the specific coding? of the data set
(PL,Ps), and on the number of UPDATE instructions
(Pupa).

According to the theoretical analysis developed
in [2] for the determination of the optimal value
for nupa (as a function of the architectural and
application-dependent parameters), it follows that

G

o
Combining equations (2) and (3), the processing speed
in the case of optimal positioning of UPDATE operations
can be expressed by:

@)

[nupd] opt =6

QZ
6 (Pr+795) QG Ty +LTc '

4
Spr = 9 4)

Assuming Tpr =~ T, as far as L is negligible with
respect to 6 (pz + Ps) Q@ G (for example when Q is
sufficiently large), the dependence of the processing
speed on the length of the program is negligible.

Since the system parameters (Q, T, T¢) are fixed
by the physical architecture, and factors G and L are
determined by the specific application, the process-
ing speed can be increased by determining an efficient
data coding: the tuning of parameters 57 and Pg for
the optimization of the processing speed is the topic
of the next section.

3 Incrementing the hardware effi-

ciency

This section provides a way to improve the system
performance (the processing speed) based on the max-
imization of the hardware efficiency. With the maxi-
mization of the PA efficiency it has been possible [2] to
obtain equation (3) for the optimization of the number
and position of UPDATE operations. Let’s now focus on
the maximization of the data bus efficiency.

The efficiency of the data bus 5 during transfer op-
erations is defined as the ratio between the word paral-
lelism of the data to be transferred and the number of
bits actually transferred (which is given by the number
of times the bus is used to transfer a single element of

2For example a compressed format vs a plain format of the
input and temporary data sets.



the data set times the data bus parallelism):

a data_set_parallelism

U 1. (5)

- <
number_of_transfers x bus_parallelism —

As in the case above, let’s distinguish between data
bus efficiency during loading and storing operations:

b

wr,
PL PBUS

A ws
= — 6
" s Ps PBUS (6)

It i1s easy to deduce that, according to equations (1)
and (6),

= £ WL i ani
=1 if PpUs S0 integer
L o wr ' (™
<1 if _L_PBUS 1s not an integer
and
=1 if '—S—PBUS is an integer
1s e . (8)
<1 if _S_PBUS 1s not an integer

The maximization of the data bus efficiency is then
reduced to the use of a data set word parallelism in
transfer operations that is a multiple of the data bus
parallelism pgys. For sake of simplicity, from now on
n will be used instead of 7y and 7s, and w instead
of wr and ws to parametrize a generic data transfer
between the PA and the external memory.

Considering as an example the PAPRICA system,
where pgus = 16, when an UPDATE block operates on
a binary image, the efficiency of the data bus 7 is
considerably low. In fact 7 becomes:

—i:(i%.

=% (9)

[77] binary.images

As shown in equations (8) the data bus efficiency 7 can
be incremented if all the data flowing through the bus
(pBus bits each memory cycle) would held significant
data. This can be achieved if the data transfer process
is preceded by a data packing procedure, which stacks
more elements of the original data set onto a single
element of a new packed data set. The new ideal data
set (still a 2D array) will contain a different number
of elements with respect to the original one, and each
element will have a word parallelism which is a mul-
tiple of pgus. Note that the new data set is obtained
through a packing procedure, and not through a data
compression procedure: data are only grouped and the
data coding is not modified.
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3.1 Data reorganization and packing

In order to simplify the comprehension of the fol-
lowing analysis, the processing of images is considered.
Images are 2D pixel sets, where w indicates the image
depth in bit/pixel.

Let us consider two constants ¢;, ¢y € Nt such
that ¢, x ¢y x w is as close as possible (but smaller
or equal) to a multiple of pgys. The portion of
the image memory which contains the Fy x Fy xw
processing frame can be rearranged and remapped
onto another image memory area with dimensions

(%) x (%) X (q,, qy w). This means that the

number of sub-windows in which the external virtu-
alization mechanism splits the image is sensibly re-
duced, but the major benefit lays in the reduction of
factor G. In fact, as shown in figure 3, through a
single 3 x 3 neighborhood-based operation each PE
has access to the information stored in a wider logical
neighborhood®, whose dimensions depend on the pixel
position within the ¢, x g, sub-window. The mazimum
logical neighborhood accessible by every pixel with a
single 3 x 3 neighborhood-based operation corresponds
to a square of (2 ¢; +1, 2 ¢, +1). The execution of G
operations based on a 3 x 3 neighborhood on a packed
image means that a (2 G ¢. + 1, 2 G gy + 1) logical
neighborhood is accessed.

Thus, assuming ¢, = g, = ¢, the relation between
factor G when processing a plain or a packed image
1S8:

[y ™ 10

The same considerations apply to the number of

Ol
q

Nupd
UPDATE instructions [nupd] = L ptain 7242, and
packed
7],

_ lain
packed - q '
Moreover, since a g% image sub-window is associated
to a single PE, each PE must repeat ¢? times the same
elaboration (a few considerations and some optimiza-
tions that could shorten the final program length are

presented in section 4.2), leading to the following re-

lation:
@ |, a

Assuming pr = ps = 1 for sake of simplicity, the

to the linear frame dimension [F]

[L] packed

3Note that the logical neighborkood is different from the PE
physical neighborhood which is fixed by the hardware architec-
ture: the logical neighborhood refers to the data set neighbor-
hood that can be accessed within a single operation.
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(a)

Q( Image sub-window associated to a single PE

(b) (c)

Logical neighborhood - Maximum logical neighborhood

Figure 3: A pixel in a packed image: the dimensions of its logical neighborhood, reachable through a single 3 x 3
neighborhood-based operation, depend on the pixel position within the g, x g, sub-window. Conversely, the
mazimum logical neighborhood is independent of the pixel position.

processing speed is then expressed by

QZ
2QCT i1,

[Spr]packed = % (12)

instead of

[S" '] plain

where nypq, G, and L are referred to the application
working on a plain image. Now, for sufficiently large
values of ¢, ¢? L Tc is no more negligible with respect
to 12Q G Ty

_4 Q?
T9 12QGTu+LTc’

(13)

in equation (12). The most impor-
tant consideration is anyway due to the fact that when
processing a packed image, the frame dimensions are
reduced. The processing time, defined as

a (F)?
Spr

T, 2 (14)

is in fact given by:

(5).

T’- = ——
[ P }packed [SP"]packed
instead of
[Tpr]p{ain = E"F]’?— = % g—z (12QGTw+L To) .
plain

(16)
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Equations (15) and (16) show that the higher g, the
higher the benefit of processing a packed data set in-
stead of a plain one. Anyway, it must be highlighted
that the total time Tq: required for the processing

in the case of a plain image

plain ’

e matches [Tp,.]
but

e is larger than [Tp,] vod in the case of a packed
packe

Image, since two data reorganization procedures
must be performed:

I:noz]plain - [Tpr]plain ’ (17)
while
[nOt]packed = “packing + [Tpr]packed + Tunpacking ’
(18)
4 Data reorganization on [,,/I/Igﬁ/[ﬁ;
system

In the case of PAPRICA architecture (where
pBUs = 16), when processing binary images (£ x F'x 1)
the optimal choice is ¢ = gy, = 4. The mazimum log-
tcal neighborhood accessed when G = 1 is therefore
9 x 9. Table 1 shows the dimensions of the mazimum
logical neighborhood accessed in the case of a plain im-
age or a packed one.

Figure 4 shows how the reorganization of a binary
image takes place on PAPRICA system: a Q x @ x
pBUs sub-window is loaded from the external memory
(area A) to the PA with a data bus efficiency 7,

PBUS then data are reorganized and moved within the



Reduction Logical Logical
Factor neighborhood | neighborhood
(plain image) | (packed image)
G=0 1x1 1x1
G=1 Ix3 9x9
G=2 5x5 17 x 17
G=3 Tx7 25 x 25
G=4 9x9 33 x 33

Table 1: The mazimum logical neighborhood in the
case of a plain and packed image for ¢ = 4.

ik
of the PEs data is stored into the image memory (area
2

PE internal memories; finally a X ppus subset

B) with a higher data bus efficiency 75 = PRUS
This behavior 1s possible because PAPRICA sys-
tem allows different mappings between the PEs inter-
nal memories and the external memory during load
and store procedures. Moreover, it is possible to set a

MARGIN parameter to 12——(1—1 Q, so that only the central

square array (% X %) of the PA values is saved back

into the image memory.
The time needed to reorganize a F x F' x 1 image,
with ¢ = 4, is given by the sum of:

(a) the loading time F? Tyy;
F\2
(b) the reorganization time (Q) L, T¢; and

2
(c) the saving time (%—) Ty:

F\* F\*
Tpacking = F? Tm + (6) L, Tc + (Z) Ty =~
L. T,
~ F? (TM+ - C) : (19)
Q
where L, represents the number of Assembly instruc-

tions needed by the data reorganization routine.
Similar considerations apply to the data unpacking

procedure, which requires the same amount of time to

restore the resulting packed data set into a plain one:

Tunpaclcing = Tpacking . (20)
4.1 Performance analysis on g,,,//E/P/[ﬁ;
system

As an example, let us consider a single thinning [10]
iteration, which in [1] is reduced to a sequence of 8
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matchings with 3 x 3 patterns ([G]th = 8), cor-

responding to a 17 x 17 image neighborhood. As-
suming ¢ = 16, it corresponds to a program formed
by 3 UPDATE blocks. After the data packing proce-
dure (with ¢ = 4), the VA reduction factor becomes

[G] = 2, and thus = 1. Con-
packed packed
= 8, the

sidering that [L] ~ 50 and [G]

. . lain . plain .
time required to filter a 256 x 256 image with a single
thinning iteration on PAPRICA system (Q? = 256,
Ty = 350 ns, Tc = 350 ns) is [

o]

plain

Tl -iter

237 ms, while [Tl-iter] fed
packe

the time Tpacking and Tyunpacking required for the two
1 — ¢? and ¢® — 1 data reorganization procedures is
about 2 x 36 ms = 72 ms, thus even the execution
of a single iteration is sufficient to justify the data
reorganization?,

Table 2 shows the execution timings of a different
number of iterations of a thinning filter on a plain im-
age ([Ttot] ) ), on a packed image ([Tm] ),

plain packed
and the relative speed-up percentage, defined as:

= 13 ms. The sum of

.
A thot] i
Speed-up = 100 LU | (21)
Tiot|
packed
Iterations [Tmt] Jlain [Ttot] sacked Speedup %
#1 237 ms 85 ms 180 %
#2 475 ms 98 ms 380 %
#4 712 ms 111 ms 540 %
#8 950 ms 124 ms 660 %

Table 2: Performance of a thinning filter working on
a 256 x 256 plain and a 64 x 64 packed version of the
same image.

In order to exploit this optimization criterion, a
program has been developed for the automatic trans-
lation of a generic PAPRICA Assembly code working
on binary data sets to its equivalent version working
on packed data.

*A new data packing technique is currently under study and
evaluation, based on a more efficient exploitation of PAPRICA
hardware features: it should allow to decrease the data reorga-
nization time to about 18 ms.
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Figure 4: The data reorganization procedure on PAPRICA system.

4.2 The automatic code conversion

This section presents an automatic procedure used
to convert a PAPRICA Assembly program working on
binary images into its equivalent version working on
16 bit packed images (¢ = 4).

According to equation (11), each single-bit instruc-
tion will be converted into a sequence of ¢? instruc-
tions. The following example shows how a single in-
struction is converted. Assuming that layer 0 in the

15112:13:i14i15}12
310112 (38{0
7 ;:\ o8 B \\ - RS 4
171118 18 140} 8
R o
15l s 12
— ::* o 7 S
3 kPt 3 0
| |

Figure 5: A north translation in a packed image

plain image maps onto layers 0 = 15 in the packed
image, layer 1 onto layers 16 <+ 31 and so on, instrue-
tion L1 = NMOV(LO) (binary layer 1 is loaded with the
north translation of layer 0) will be converted, accord-
ing to figure 5, into the following sequence:

242

L16 = (L4) L24 = (L12)
L17 = (LS) L25 = (L13)
L18 = (L6) L26 = (L14)
L19 = (L7) L27 = (L15)
L20 = (L8) L28 = NMOV(LO)
L21 = (L9) L29 = NMOV(L1)
L22 = (L10) L30 = NMOV(L2)
L23 = (L11) L31 = NMOV(L3)

Note that, since each PE memory contains a 4 x 4
logical neighborhood, the previous sequence is formed
by 12 mere data transfers within the PE memory and
4 read operations from the PE neighborhood.

Without entering too much into the detail of the
implementation, only the two following optimization
criteria will be highlighted.

(a) Due to the specific implementation of PAPRICA
instruction set, some complex instructions (such
as the 8-direction dilation EXP) must be consid-
ered as a combination of 8 translations, and thus
their equivalent version working on packed sets
will be formed by 8 x 16 instructions, instead of
only 16.

On the other hand, instead of converting one in-
struction at a time, in some cases it is possible to
convert a set of instructions, generating shorter
programs working on packed sets.

(b)

As shown in equation (12), for sufficiently large values
of ¢, the length of the program is no more negligi-
ble when processing packed sets, and thus the role of



the code optimizer is of basic importance. Case (a)
highlights that it is not worth to optimize the origi-
nal code working on plain sets, since the optimizations
cannot be transferred to the converted code. On the
other hand, case (b) shows that sometimes it is pos-
sible to convert some specific code configurations into
programs which are shorter than what would be ob-
tained with an instruction-wise translation. The ad-
vantages highlighted by case (b) depend on the specific
code segment to be converted, but it has been shown
that it is possible to achieve a 60 % reduction in the
number of instructions of the output code.

5 Conclusions

Starting from the analysis of the performance of
SIMD systems implementing the External PE Virtual-
ization Mechanism, a critical point in the design of the
system hardware has been addressed. In particular it
has been proven how the external memory logical or-
ganization together with the data bus parallelism play
fundamental roles in the determination of the system
performances.

This paper presented a technique for performance
improvement on the PAPRICA system, based on data
packing. An example (thinning of binary images) has
shown that even if this technique requires pre- and
post-processings to reorganize the data sets, the total
time needed to pack, process, and unpack the data
is remarkably shorter than the time needed by the
original algorithm working on a plain data set.

An optimizing Assembly-to-Assembly translator
has been developed for the automatic conversion of
a generic PAPRICA Assembly program working on
binary data sets into its equivalent version working on
packed data sets.
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