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ABSTRACT

In this thesis, the historical and the techﬂdlodical‘
| reasons for using parallel processor sSystems are outlined.

The paraliel Processor systems are classified info four
categories amnd each category is briefly amalysed. Some
existing systems are studied: the 'ILLIAé,-the STARAN, the
PEPE and éhe FMPP. The Hultimicroprocessor Afray Computing
Structure (MACS) and a corresponding MACS simulator are
described. * Pinaly, some image proceésing' tasks are

implemented on MACS via its simulator.

~ Cette th2se comprend ume revue des raisons historiques et
technologiques de 1l'utilisation des syst&mes A base de
wprocesseurs parall2les. Ces syst®mes sont classifi®s selon
quatre catégories 'et cﬂggue catégorie est briévement
anal&sée. Quatre syst&mes contemporains sont aussi Btudies:
Ql'ILLIAC; le STARAN, le PEPF et le FMPP. Un syst2me de
multiprocesseur (MACS) et son simulateur sont décrits.

Finalement, gquelques taches relatives au traitement d'images

sont réalisées grace au simulateur,
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PREFACE

"Two heads are better than one."

This old adage may seem like a safe philosophical
argument to uphold in any casuSI conversation on parallel’
processors or multiprocessor systems. For that matter, it
could have been used —jn_a conversation relative to the
benefits of teamwork as comp&red to individual effort.
However, in this 1latter case one could argue that this
statement does not take into account the phychological
factors inbélved in working with sdmebody else. TIf, for
example, two cooperating enginegrs spend'more - time arguing

vith each other thar collaborating, the net result might not

e
be an improvement at all.

Is this philosophy applicable to computers? Probably...
Two processors, or a hundred processors, should bhe better
than a single omne, provided that they are part of a wvell

a

architectured system where conflicting situations are kept -
to a minimun. This is the hypothesis adopted as a guideline

throughout this research effort.
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Chapter I

TINTRODUCTION

fThe level of development of a society 1is usually judged

by the amount of information and knowledge it generates.
So, as society evolves, man is spending mnore time Tandling
information and less time. handling materials. This
partially explains why the world, due to the  fast
development period we are going through, is now facing an
information explosion. Because of this, .mpan is stressed to

handle an increasing amount of inforwatiom [1].

Fortunatly, for the past thirty years; progress 1in the
computer field has been fast encug£ to relievé humans'from
part of ‘this huge informatien processing task: originally,
computeré uere- considered only as complex calculating
machines, thus, as tools in the scientific evolutigp of man.
_However, the general computers are now more and more used as

data base nmachines, gatherimng, storing, processing, and

retrieving information. -

In the past centuries, permanent information has been

stored 3in the form of books. EFven now, informatiom is



" mainly stored im the form of alphanmumerical characters.
However, since the advent of photography, cinélatography and

televisio7,huge amounts of pictofial information are név
stored in the form of images. ¥When imageg need only to be
stored and retrieved, the process is- easily performed by
conventional methods: | photograph, film and videotape
libraries. 1Increasingly, when images ‘need to be processed,
the computer is finding exfensive use.,

.8

Since one of man's oldest occupation has always been wvar,

it 4is npot suprising that the incentive for picture
processing arose ﬁ;rﬁly because of military applications.
Surveiliancq‘;saterlites,' orginally for military bpurposes
only, are now playing am extensive role in «civilian use.
Applications using satellite pictures are seem 1in an
increasing number- of tields: \ geography, fofestry,
neteorology,‘ggzic&lture, etc... The National RAeronautics
and -SpaceVAdministration in +the Opited States, and the
Canada Centre for_Rémote Sensing in Canada, haie been at the

forefront of extending the technology of “image processing

[2}.

»

-,
.

?—.
Later, other domains contributed }to the advancement of
image processing. Character recognition was developed to
automatize the processing of wmail 63]. Image compression

and restoration techniques avolved Qgt of a need to aleviate



problens encountered in communication of pictorial
information [4}. Pattern recognition was stimulated by the
need for broviding automated machinery with some visual
processing capabilities [5].

An image represents a considerable amount of &;ta,
usvally more than the thousand words expressed in the famous
‘Chinese proverb. The wider use of pictures and the demand
for faster image processing, so that real time applications
becone feasible, already gxceeds the capacity of
conventional computers. Fortunatly, while image processing
was evolving, ccmputer architecture was loproving té handle
problems such as the ones generated in aerodynamic, in radar

processing, in datd base systems, etc...

In this thesis, two wide fields are related via few
specific cases: the processor architecture field and the
image processing fiéld. The purpose of this research is not
to cover these two domains extensivly, but to demonstrate
hgw improvements in computer architecture are bemeficial to
image.processing. Image processing activities are by their -
nature Qery time comsuwming (human aﬁd computer time). Any

improvement 1in image processing'machines should bring us

closer to real time pattern recognition, an imporiant aim in

cybernation (1).

e e —

(1) cybernation: cybernetics and automation

- 3 -



-

In general, image processing facilities usually contain

k

some of the following:. R
-a general purpose computer (with wmemory)
-disk(s) for the operating systea i
-tape drive(s) for data input and backupu
-big disk (s) for image data
-a display unit (color TVs¢refresh mémoryfcircuitryf
-a user control unit (terminal, trackball,etc...)
—alfast sla&e P qsgssor for arithmetic calcuiations
-an imagefﬁtccessor in-1line with the display .unit
-a print@r-plotter ’
-an image recorder

‘
-an image digitize .

The purpose of this thésis is to investigate the role of
rultiprocessor systems as fast slave processors or as in-
line image processors. The software associated with these
systems will only be examined as far as needed to irplement
basic opepations with fhe hardware. The subject of general
software for multiprocessor systems is a field ot extensive

implications, beyomd the scope of this thesis.

This thesis réahtains six wmain chapters. Chapters two,
three and four serve as introduction to the parallel
processor field. Chapters five, six and seven contain the

major contribution of this thesis, where the

\\'_‘“~“‘h___;’f,_,__“



Multimicroprocessor Array Computing Structure is described
and simulated for image processing.
’ ' .
Chapter two explains the . evolution of the computer
field,from the seguential computers to the parallel

processor systems. The historical and technological reasons
™~ ‘

" for\this evblution are exanmined in order to understamd the

\

o - 1 . -
s ™ current trend towards mulﬁijrocessor architectures.

~

Chapter three classifies pafallel protessor systems into
four‘méin classes. The advantages and disadvantages of each
class areée summarized. Subdivisions within - these four
categories clarify the patter~ even further by associating
common generic names and their typical architectures. Also,
some comion charactéristics of all processing systems are

examined.

Chapter four investigates four different . existing
systems: the ILLIAC, the STARAN, the PEPE and the FMPR. Tt
illustrates some of their siﬁilarities and some of their
differences. It shows that systems belonging to the same
category <can be fairly different hardware-vise, and that

similar problems are sometimes solved differently.

Chapter five examines a recent architecture based on bit-

sliced microprocessors:  the Multimicroprocessor  Array



Computing Structure (MACS). The MACS is a system originally
conbéived for radar processing. Its architectdra\‘is'
described in detail, including the wmicroinstruction fields
controlling its processing elements. Part of the chapter is

an introduction to bit-sliced microprocessors.

Chapter six summarizes briefly a minigomputer simulatioﬁ
of the MACS system and points-out its usefulness. An
example demonstrates its capabilities by ﬁaking use of all
the monitor commands availlable with the siudlatioq.package.
The programs forming this package are briefly outlined and
their interaction with each other explainned.

Chapter seven studies HAFS potehtial for use with image
processiné tasks. Four typ';al image processing élgorithms
are tentativly 'implemented using the MACS simulator. And
fiﬁally, conclusions are- drawn about the potential of MACS
as part of an image processing system.

+

The major contribution of this thesis 1is found in
chapters five, six and seven, where the Multimicroprocessor
Array Computing Structure is described, simulated and trigd
for image processing applications. The MACS description
comes mainly from the author_first' hand knowledge of the
system rather than from Ehe fev publications onm the subject.

Such knowledge of the systen wag required for the



implementation of the MACS simulator. However, Macs trial

as an image processor is the major assest of this thesis. .

-
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Chapter IT

PEASONS FOR USING PARALLEL PROCESSORS

2.1 HISTORICAL REASQKS

The demand for higher performance of processing systen
has always been with us, and parallel processing is not a
new solution to the problem. In some of the earliest
machines, predacessors of the computers as we now know thenm,
parallel%;m wvas éﬁre a question of ©practicality than
anything else. Anlexauple that comes to mind, is the first
antomatic weaving iobm created by a French enginpeer inm 1728,
which was controlled bj-é s6Et of punched card. The machine
was thus working completly unassisted, needing only a new
set of cards to change to a different weaving pattern. Fach.
hole of these cards controlled a specific part of the
méchine, allowing more than one operation at the same
timel[1]. Note that even in this age ot CRT terminals,
punched cards are still  used, but the transfer of

infermation is done serilally..



Some authors (2] trace back the hiszory of conmputing
machines as far as 1€42 vhen Pascal invented one of the
first calculating machine. However, most authors go back a
130 years ago or so, to Babbage [3], who is considered'to be
one of the fathers of computer science. Ris differemtial
engine, and later his analytical engine(that never saw
birth) were made out of similar parallel systems of gears.
They were conpletly parallel, the central érocessing unit
(if ve allaw this metaphor), as_ well as the

input/output (I/0).

A more vivid example of parallel ptocessing i1s the analog
computer. Onf of the main advantage of this coaputer is
* that operations are domne in parallel, allowving real time
feedback and contol. Two or three circuits simulating
different phenomera can be working Simultaneously, with or
without interaction between each other, with or without .

feedback, and Ffroduce a result directly related to a real

time process.

With the Qadvent of faster and faster electronics,
conputer designers vere lead avay from: %arailelisu.
ﬁesigning sequential systems was simpler.and sufficiently
fasf for their needs. However, as computer systems evolved
into multi-user systens, somé concurrency between I/0 and
processor operations was introduced. And now, concurrency

or parallelism within the processor itself is a reality.

- 10 =



The beéinning of what is now kno;n as the era of computer
started as most people would agree, with furing machines [4]
and the Von Newman organdzation '[5]. The Turing machine is
essentially sequential. It basic principles are still used
because a very simple Turing machine can simulate all the
functions that computers can performn. A more detailed
description of Turing machines is beyond £he scope of this
short history. However, the Von Newman organization will be
treated in wmore detalls since it 1is at the base of almost
every computer available today and these computers are used
as comparison for the parallel processors. Some of the

computing devices throughout history are listed 1in fiqziﬁ

2.1.

The Von Newman computer organization is formed of 4 major
blocks: the control unit; the arithmetic-logic unit (ALD),
the memory unit and the input-ouput unit(as shown in fig.
2.2). The control unit interprets the instructions fetched
from memory and controls the three other units. The ALU
does the data transfeormation: the mathematical and logical
operations. The memory ﬁnit stores programs and data. fhe

I/0 unit interfaces the system to the real world.

-



BC | Abacus
}615 | Nabier's Bones . o .
5625 Slide Rule
16;2 . Pascal Calculator
1728 Prench Weaving Machine
1822 Bébbage's Difference Engine
1833 Babbage's Analytic Engine Tt
1874 Desk Calculatér
1930 Bush's Hechanicél_nifferential Analysers
1936 Turing's Machine .
Zuse's Computers (binary+floating point)
1937 Bell*s Relay Computers
Aiken's Mark 1
1938 Analog Computers
1343 ENIAC (18000 tubes)
1945 EDVAC (mercury delay lines)
1947 Whirlwinrd 1 (cathode ray tube memory)
1954 TRADIC (tramnsistors)
1967  1IBM 360 (integrated circuits)
1970 Cheap Portable Calculators
1971 PEPE
1972 ILLIAC IV
STARAN
TI ASC

1973 CDC STAF-100

Figure 2.1-Some Computing Devices throughout History[€,10,11]
- o .



Memory
N
A[ ) PN N
Covd'r‘o\
ALU Unit
l .

€7

Q‘ig. 2.2-The Von Newman Organization

\

\

e

(

/



The I/0 operations, the bhottleneck of early computers,
are’what prompted the first departure tfon the Von Nevmann
organization and finally led .to the present day
nultiprocessor approach. The machines based upon VYon Newman
architecture persisted up to the beginning of the sixties,
However, already in the mid~-fifties the direct memory access
{DMA) had =made its appearance, The input/ouput data
transfers could now be made direftly to memory, relieving
the ALD and maximizing the use of its time. Never-the-less,
the I/0 operations were not still completly independent, as
they required control signals from the general control unit.
This meant that the same control unit was supervising ﬁhe
ALU, tﬁe DNMA, the I/0 and the memory. There was only one
central control unit and it was usuallf the most complicated

part of the computer.

The I,0 <c¢hannel came later and 1is still with us on most
'major qeﬂeral purpose computers., It 1s similar in principal
to DMA , but it has its own control unit. The I/b channel.
is almost conpletly independent of the ALU and the central
control unit, provided there are no memory conflicts,
However it functions like a slave processor, needing the
central contcl unit to imitiate all operations. The main
advantage in having an intelligent TI/0 processor is that as
many I/0 channels as needed can be used at the same time.

These systems with intelligent I/0 processors .already



exhibit some parallel processing of the information, but

they are not true multiprocessors because I/0 pProcessors are

too dedicated.

After, or around the same time, various other ways of
improving on the basic gemeral purpose computers vere tried.
They can be <classified wunder four different approaches.

Most of these apprcaches are still in use today.

-Data operator improvements(ALU)

[

. ; . —
-multip;g/EXchtio?>units

‘pipeTining )

~

~-Controller improvements 4 fq;\\\h

-microprogramming
-better instruction set design(index register)
-direct-executicn architectures

(execute high-level language directly)

-Input/output improvements
-intelligent I/0 devices
AY

-timesharing

-Memory improvements
-hierachy of memories(internal,primary,secondary)
-cache and virtual memcry

-associative cache

y



At the same time that these efforts in improving
computers wvere proceeding, the use of nulticonputers(noi
processors) was spreading. At first they were mainly used
for military applications. The main idea was to improve
hardware reliability by having two or more’ identicql
computers side by side, one working while the second wvas
idling, ready to be activated in case of failure of the
first [6]. Later, the same principle was used to improve
information reliability by having two cr more computers

performing the same calcunlations,

Another common kind of moltiplicity, is multiplicity at
bottlenecks within the central processing unit of a

computer. For example, having an ALO dedicatéd to

multiplication and division in additionm to the usuwal ALU, or
having serles of dedicated ALUs 4in a production 1line
fashion, forwming a pipeline processor. This will be

discussed in more depth in a later chapter.

The principle of multiplicity at tﬁ% ALU level and by the
same occasion at any other level, uhéhﬁ;generalized, is the
philosophy behind parallel proceégor systenms. The efforts
in that direction started as early as 1968 with the ILLIAC
computer [7], but with the technology available at the time,
it lead to an enormoug macﬂine not affordable by most

L]

standards., However, with the advent of new cheap



technologies, like the microprocessors and very large scale
integration, the multiprocessor architectures are becoming

more cost effective.

2.2 TECHNOLOGICAL REASONS

Computer speed has been incTeasing tremendously in the
past 30 years, mainly because of improvements in basic
electronic technélogy. Due to physical constraints,
however, this source of speed impfovemeht will probably dry
up. Engineers and scientists can not yet get accustomed to
this reality, being familiar with exponential improvements
in technelegy. Natural scientist though, know that in
nature every curve levels off because of the close system we
live in. Some engineers . are now realizing that this
phencmen?n \yill alsé strike the electronic technology.

|
Also, at \Qe} given time, .the computer designerfjis alvays
limited by the existing state of the art. Theseaare some of
tﬁe reasans for the turn to parallel processing for further

increases in computer throughput.

So far there has not been much effort for major changes
in computer architecture because whatever was done one year
was always better than the year before. This 1is due to

technological improvements\ in speed, density, power



consunption, €tCe v Using today's echnology more

complicated architectures can be envisagéd. Reliability is
jmproving, costs are going down, computer desi is beconj
automated. -What is needed now are computer architéctures

that suit a changing "number of components vs.performance®

criteria.

Today's scolution for improvement on computer; is through
implicit parallelisn. Examples of that are: overlapping
' some functions of the pProcessor (1eading to an internal
piﬁeline arrangement; or duplicating parts of the computer
where bottleqéﬁks occur. These methods introduce some
parallelisp in the computer architecture, but this
parallelism is hidden from the user, What 1is obtainned is_.

basically a faster sequential computer at higher cost.

For demanding qpplications, like\ radar processing,
aerodynamics, and image [processing, the two previously
mentionned solutions are not wusually enough. Explicit
parallelism is needed. Fully parallel designs; as exploited
by the TILLIAC IV and the others presented in chapter &,
leads to a much larger inmcrease in throughput. The cost

increase is usually“EEEE\gfrectly rroportionnal to the speed

increase.

A
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Before proceeding any further, let us define a fev terms.
Tn a broad sense, parallel processing is defined as the
fupction performed by a system in which multiple operations
are done in parallel. These operations can be executed
exactly at the same time, simultaneously, or within the sanme
time pericd, concurently. A wultiprocessor or parallel
processor is a unifieqifyssem containning wmore thamn one
processing elepent capable of concurrent operation. It
could also be added that a multiprocessor system may have
i .
shared nmemgry, - shared TI/0 devices, and has an "overall
Y
controller. ' ‘
L B
\
\ .
A point ' to ka2ep in mind, made by B.Raphael in his very
) - --—il PP '.--
good book on artificial imtelligence, is "whether computers

should be parallel or.sequentiiil};g<e questions of speed,

St

~ :
cost and convenience, rathg& than Yuestions of inherent
capabilitieé" [8]. In other iords, the principal reason for

the use of parallel processors , could only be speed. When

;
the need for a singie program throughput rate exceeds that
supplied by the largest serial computer, then designers have
no other-choice‘ than to turn to special architectures.
However, speci;l architectures, like mnultiprocessors, have
compnunication and coordination problems making them more
difficult to design and work with.

T

e
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Hopefully, speed 1is not the only factor multiprocessors
are aiming to imgrove. There is hope to increase the cost.
effectiveness of building coamputers. ) In an industrial
society based on méss production, costs are reduced by using

similar parts. Also, reliabilty can be improved with the

use °~ of proper operating systens allowving gracefull
degradation in the case of failure of one oOr more
Processors. Such failsoft systems are necessary for

ni¥itary and other critical industrial applicatiosns.
Nevertheless, regarding image processing, speed is usually
the major aspect of the problem hecause sequential
processors are starting to be 1limited by the speed of
light (tens of picoseconds implying distances of less tﬁan'

three pillimeters).

One of. the major argumenté against the use of parallel
processor systems is the accompagnying programming problens.
In the context of a parallel processor system emslaved by a

host general purpose conputer, the programning is a tvo

folds story. The host takes care of the general flow of
information and the wuser interaction. This is-Jusually
programped in high level languages. The slave processor

perfprms only the mathematical compute-bound operations.
So, the conversions needed to modify a specific systea to
make use of a parallel processor imply only the comnversion

of the compute-bound subroutines, These subroutines would

ran



have been previously coded in a lov level 1language. They
would have required recoding anyway to obtain all the
possible speed advantages ofa newer genreral purpose computer
or of a slave siientific processor.,

So view in this light, the software handicap of using a
special processor is still big, but not as enormous as one
might think at first sight. Specially, 1if one considers
that most of the time sSpent in software development comes
from the development of wuser interaction, error detection

and documentation.

Other disavantages of special processors are:
-single user mode (batch) '
-programming requires more .knowledge of hardware

~a simulator is usually needed for debugging

-operating systems are complicated

For the mnmoment, architectures based on parallel
processors ar€ mainly used:
1) with large data sets
\ 2) with data suitable for parallel processors

3

el

for quick throughput
- B) for associative addressing

5) for more reliability(graceful degradation)



Complete paréllelism ‘is certainly not the only approach

to these problenms. As mnentionned before, implicit
>

parallelism represents a wmuch sigpler solution from tha
point of view of the programmer. The machine still behave
basically as a sequential processor. This reflects the
philosophy behind what is done at the moment i.e.:puttihg
some parallelism into earlier sequential computer models and
keeping it iLvisible to the user, This is done by adding
more arithmetic units or any other units where bottlenecks
usedL to. occlr. This philosephy 1is at the base of

G.M.Xmdahl's success.

Amdahlt's arguments in support of sequential computers are
the follouinqé [21:

~ -the data management (house kegpinq) takes twventy to
forty ‘percent of the execution time of a usual
nultiuser syétem and this 1is essensially sequential by
nature
"-two computers in parallel imply a cost oﬁ 2.2 time
the cost of one, because of thef-igggtfgné circuitry,

P -

leading only to gf/qjkﬁwimﬁrovement in performance
baecause of conflict{gq’;ituations;uhile by using one
sequential conmputer Nand doubling the cost, the

\

performance gquadruples hsing Grosch's law (performance

-

proportional to costi*Z).

Replies to these arguments come easily in the form of:

-
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-parallel processor systems and special architecture
in general, are mnot yet aiming at multiuser syste .

applications

-parallel processor systeams usually have a sequential

compfzzi/iffhgﬁx_qgg_gi;pin the system to take care of
housekeeping '

-parallel processor Eystems are not parallel computers
-there is probably a 1limit to the extent one can
stretch Grosch's law

However, it‘is true that fesource conflicts create a lot of

prﬁglems with parallel architectures. That is why it is omne

of the most important aims of research in this domain.

To all these counter arguments,Amdahl is also quoted as
saying that with fast parallel processing systems using a
sequential cecwmputer to do their housekeeping, the system can
only be 3 to 4 times faster tham the housekeeper. Again
this problem can be bypassed by making use of fast buffers
or better still, intelligent interfaces built of fast mediun

scale integration components.

Even if now, no major computer manufacturer tackles the
parallel processor busliness, they eventually must reach it
by a direct extrapolation of the present patching of
bottlenecks. So, there wmight as well be now, concurrently

with these efforts, research done on multiprocessors that

L4



will eventually support these sequential computer

improvements later in time.

At this point in time there . are a number of alternatives
tq true parallelism:
~concurrent execution of several programs
(multiprogrammingl
-I/0 simultaneous with execution of programs
-oultiple ;/0 operations concurrently
/// ' -concurrency of CPU operations
Where as concurrency in CPU operations is now achieved in
two ways:
-parallelism: vhere functionnal units are
replicated {(multiprocessing)
~-~pipelining: where each instruction is broken down
into elementary operatioﬂs performed by different units

one after the other

Nevertheless, with the demand for computer performance
being what it 1is, any possible way of improving processors’
throughput must-be investigated, even if the results are not
immediately significant to the general computer induostry.
There are a nueber of particular applications for which
parallel processor systems can give advantages, and even

possihly the only solution.

- 24 -
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Finally, at this very point in time, scmething is making
history: the microprocessor. It has upset the Dbalance
betwveen memory and logic. Microprocessors are s0"
inexpensive that the logic cam be extensively duplicated
before adding serious cost increases to a system. Also, the
micropfﬁEB&spr is not a naked ALU, but a full grown
prociféér. Microprocessors are paving the way for

multiprocessor architectures.
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Chapter TIT

CONCEPTS OF PARALLEL PROCESSOR SYSTEMS .

3.1 INTRODOCTION \' |

Having briefly outlined the technical evolution of
computers and the historical reasons for using parallel
processor systems, we qgu turn to the concepts on which
parallel processor architectures are based. Before debating
the pros and cons of different architectures, it is
important to first define inm a more systematic way,
parallel processor architectures with respect to the rest of

the computer field.

The systematic way of visualizing a wide field is usually
through a classification of its components. There are many
approaches to the classification of compﬁter archi tectures,
Most of them are either too general or too limited. Since
its is not the purpose of this thesis to persue the general
area.of classification, a widely known classific%};on will

be used. It is also in the author eyes tle ome which is the

most relevant, ©namely: Plyan's classification [.‘1“f|‘.="'B Since

3\
ey &
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it is a very general classification, we will also follow

Higbie's example [12] and break the classes of interest to

this thesis into subclasses.

Processor architectures can be divided, as proposed by
Flynn, into four major categories based upon the éoncept of
data and instruction streams:

-Single Ipstruction Stream Single Data Stream (5ISD)
-Multiple Intruction Stream Single Data Stream(HISD}

-Single Instruction Stream Multiple Data Stream(ST

-Multiple Ins;ruction Stream Multiple Data

.
—

Stream (MIND)
Where a stream is defined as:
"p sequence of data or instructions as seen by the

machine during the execution of a program.™ (1]
It can also be said that these four organizations are
characterized by the multiplicity of the hardwvare provided

to service the instruction ot data streanms,

N 0f these four architectures, two are of major interest to

fast image processing implementations: the SIMD and the

e
4

MIMD machines. These two and their™” associated advantages

and disadvantages will be examined in more details later.

Let us first examine briefly the SISD and the MISD
*‘1

architectures.



3.2 THE SISD ARCHITECTURE

~

The singlé instruction stream single data stream
architecture‘is well known in the computer field. In this
class are included almost all the present computers, also
called serial processors. It represents the typical Von
Newmnan machine with its four basic blocks: zemory, ALU,
inpué/output, and control unit,as shown in fig. 2.2. As
mentionned before, most of these processors have sonme degree
of parallelism embedded into them in order to make then
faster. However, conceptually speaking they are basically
serial computers with a few added improvements to solve tha
bottlenecks of previous models, fhe major problems are the

memory and the execution bandwidths {213.

The memory bandwidth refers to the retrieval rate of
operands from memory. For serial conputers this depends
uniquely on the speéd of the memory. The CPU has to wait
until the operands are obtaipned. The execution bandwidth is
defined as the rate at which instructions are processéd. In
a serial machine, only a ‘certain number of instructions can
.be processed per second, and only one at the time. A major
impediment is the inherent sequential nature of instruction
decoding. This 1limitation is discussed 1later in this

chapter.



3.3 “THE MISD ARCHITECTURE

The wmultiple 1imstruction strean single data strean
architecture 1is the most d;cogﬁentional. It consists ino
multiple prpcessing | units each working op__a ceréain
independ@gé'task, vith one set of data (see fig. 3.1). For
example, é MESD structure could be used 3in a character
recogni;ion by template-matching machine (3], where the
input characters are to be matched with dozens of teﬁplates.

”

Each processing unit has its piivate instruction memory,

but obt its data from a common data memory. This implies
hat the data memory must have a very high bandwidth. This
is the usual bottleneck of these systems. To alleviate this
bottleneck, some data memory could be added to each

processing unit. At this point t¥e system approaches a MIMND

systefi.
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3.4 THE SIMD AECHITECTOURE

‘The single instruction multiple data stream architectures
can be divided into three categories:

-array processor: one control wuynit and a number of
directly connected independent processing'elements having
their own register and memory (see fig. 3.2)

-pipeline processor: a number of specialized execution

units arranged in an assembly line fashion (see fig. 3.3)

{

\_/’

!
N
-associative processor: operating like am array processor,

but the processing elements are activated depending on the
nature of the data (see fiq., 3.4).
N

A major. characteristic of array processors is that since
the processing elements are under the control of one unit,
some degradation in performance is una;oidable when b?anches
are encountered. This 1is due to the fact that thé PEs are
not capagie 0of independent operations. S0, when the control
unit' is genmerating signals for one of the branch option, the
PFs having the second option to follow must idle until their

control signals are generated. A typical example of an

array processor is the ILLIAC IV examined in chapter four.

Pipeline procassors ate often subject 0of controversy:



n"The pipeline processors can be considered either SIAD,
MISD or MIMD architectures.™ [4]
Some people will argué that the pipeline architecture is a
MISD system, others, that it is a SIMD systen. A MISD
system, because every stage} of the pipeline rgceives its own
instructions (hardvired mostly) and there is only one stream
of data coﬁing in or out of the pipeline as a wvhole. 1A SIMD
System, because it 1s in fact only one instruction which is
broken into parts to activate all the pipeline's stages and
that at every stage two operands are used, ﬁaking it a
multiple data stream systen, This hard to «classify
processor can alsc be called a SISD machine for similar
reasons. ‘These are philosophical arguments which can gé
debated for a long time, It all depends at what depth of
hardware they are looking to make their statement. In this
chapter, the'pipeline architecture is going to be classified
as a SIMDP system, since it can te analysed in similar wvays
énd it is known to present similar prqblenms. Examples of

pipeline processors are the CDC STAR-100 and the TI-ASC [5].

In an array processor, the processing elements are
disabled following the reception.of a signal from the
control unit. The differeﬁce for an associative processor
lies in the fact that the PEs are enabled or disabled
depending on tests performed by the PE om 1its assoclated

data. UNever-the-less, associative processors are faced with



the degradation of performance caused by branching. The
STARAN system described in chapter four is a typical example
of an associative processor.

The SIMD stream machines are best used with a language
such as APL(A Frocessing Lamguage) that processes vectors

\

and matrices efficiently [Gj. BRather than operatimg on each
vector or matrix elements individvally, the operations afe
performed on the whole vector. SIMD organizations are also
very gopd for non-numeric processes, like in data management

systems. This is particularly treue of associative array

processors [7].

Five major problems are usually encountered when dealing
with single instruction multiple data stream organizations:
1) Communications between processing elements
2) Vector fitting(logical vs physical)
3) Sequential code {Amdahl effect)[8)—_
4) Cegradation due to branching - /ﬁ
5) Performance propocrtionnal to the log2 of the nuaber of

data stream(Minsky){ 9] —

Communication between ©PEs is difficult to inplement
because of timing censiderations and data paths
regquirements. Fortunatly, communication is not considared
to exceed forty percent of the total ijob tiﬁe, except maybe

in some special image processing tasks [10].
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Vector fitting is a problem encountered when the vector
needed bi; a program‘is-longer thgn the maximun length the
hardware can process immediately. Special software is used
to splitj the vectors 1into shorter parts. This 1implies a

fixed overhead.

Sequential coding or the Amdalh effect is the racognition
of the lack of inherent parallelism in most programs oOr
algorithms. This apparent sequential nature of programs
could change with time as more and more parallel processors
become available and motivate changes in programmer habits

and programming languages. -

Problens four and five are related. Minsky is
_responsible for the conjecture stating that the performance
is proportionnal to the 1992 of the number of data strean.
This ués obtained expebimentally, but it is mainly explained
by £ﬁe degradation caused by branching. Under a single
control unit, if a certain number of processing elements are
to "brancﬁ" one way while the others nhranch™ another way,
some will ‘have ‘to wait for their éontrol signals. In other
vords, given egual probabilities, only half the PEs will be
in operatiomn, the other half being idle, If another branch
occurs within oné éf the branch options, then, only a

guarter of the possible PEs will be operating, etc...
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3.5 THE MIMD ARCHITECTORE

The most complex and interesting architectures are usugaly
found in the wmultiple instruction multiple data strean
machines. They can be dividead into two principal

categories:

1} Shared resources multiprocessors: skeleton processors
sharing the system resources (see fig. 3.9).
2) True multiprocessors: independent processors with some

shared resources and cooperative execution (see fig. 3.6)

Shared resourceé multiprocessor systems often encounter
lockouts precisely because of the sharing of resources. 1In
that case, time shared resources are considered to be better
than shared resources using a crossbar systen. In the
later, extensive delays at one point have a tendency to

cause more subsequent delays, in a cumulative fashion.

Because of the self-suficiency of their PEs, true MINMD
multiprocessor systems will encounter mainly communication
delays rather than resource delays. This is true of systen

vhere the task execution times of individual processors are

/
!

vastly different, obliging some toc wait for others in order

to get transfered information.

NIMD systems are nmuch more adaptfve than ani; other

multiprocessor systens, but are usually more difficult to



design and comnsiderably harder to program. The difficulty
in design arises from the heed to inpleneﬂt the sharing of
resources and the communication capabilities. This implies
a certain quantity of communication paths. From a
performance point of view, the number of interconnection
paths has to be paximized. However, for practical designmn,
jt has to be minimized because busses use large amounts of
space on printed circuit boards and are subjected to all

sorts of noise problems,

The difficulty in programming is due %o the parallelism
of operations and the need of the PEs to comnunicate with
each other. The parallelism of operations often implies
that the programmers have to re-educate themselves to cope
with this new Fproblem. The distributionlof work among the
 pProcessors brings decisions not often encountered imn
sequential programming. The need for inter-PE communication

brings all k&n s of delays that are to be evaluated in -

advance when prdgramming.

An advantage of MIMD over SIND systems is that they do
not encounter severe degradation of —-performance when
branching occurs. Since each processing element follovs its
own program, both options of a branch can be persued
simultaneously‘by different PEs. This is possible at the
expense of more ®Remory, since programs or parts of progran

may have to be replicated in each PE's memory.
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3.6 COMMOR CHABRACTERISTICS OP PROCESSING SYSTEMS

The evaluation of parallel processing systems should be
based bn their efficlency on a particu fr class of problesms
of interest, their reliability aZj their ease of
maintenance. Most of these systeﬁs are limited ndinly by
their input/output operations. Their effectiveness depends

on the nature of the problem and on the availability of new

algorithes oriented toward parallel processing.

Common to thése four categories of parallel processors
are two major limitations encountered in trying to ai#ieve
fast speeds: the execution bandwidth and the /memory
*bapndwidth (éxplained in sect. 3.2). These two problems are
solved partially in many different wvays and depend upon fhe
architecture of interest.

A pgoblem, related to the execution bandwidth, is the
sequential nature of instruction decoding. In relation to
this problem, we recall Flynn's analysis [1] of an
instruction st}eam, in order to understand how conditionnal

"

, 3
branching affects the execution bandwidth. o

The basic time 3in this analysis 1is going to be the
instruction decoding time at. We can define the average
instruction execution time as a multiple of the decoding

tice, as: L#*at. Let us define J as being the numher of



Yy

instructions processed (decoded and started) Aduring tﬁe
latency time (1) of one complete instruction execution. J is
called the inertia factor (see £ig. 3.M. For optimal
performance, we want to issue an ins}ruction every L*at/J
time units, In other words, we expect M instructions ;ithin
the program to take an averagé\ggzai,time of:

T = M(L*at/J)

if no conditional branchings (turbulances) are encountered.

Let us now examine the delays caused by encountering such
turbulances and their effects on these M instructions.
Thinking in terms of very low level of programming, let us
define an anticipation factor N as being the average number
of instructions | between the instruction stating the
conditional tranch and the instruction which tests and acts
upon that condition. We can then expect a delay of :

delay = L*at - N(L*at/J)
for N smaller than J andia delay of zero for N greater or

equal to J (fig. 3.8}).

Note that if * N=0(that is, there is 'no other instruction

between the two instructions related to the condition), we

can expect a maximun delay of L#*at , which is one complete

%pstruction execution cycle.

N

-~

A bt T —

(1} latency: total time'associated with the processing of a
particular data unit
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Now, let us examine this effect on. the average total
execution time of a pack of M instructioms, if vwe suppose a

probality p of encountering'a turbulence.

T ={1-p) (8—-1) (L*at/J) + p(Hn-1) (L-N_tL(J)n’t + L*xat/J
\\\\_‘izgjze define the performance as keing: ' -
perf. = N/T -
then
perf. = 1/[ (1-p)} (L*at/J) + p(L-NL,/J)at + L*at/JN
- (1=-p) (L*At) /NI - (p/M) (L-RL/J)At] (2)
vhen M becomes large:
perf. = 1/ (1-p) (L*ot/J) + p{L-NL/J)at]

perf. = J/[(L*At){1+p(J—N-1))]

By plotting this equation, it is‘ now possible to see the
terrible degradadion due to conditional branching when
trying to speed-up a single instruction stream single data
stream machine. The equation was plotted for different
probabilities (p) of encountering tu;pulances and for L=20

| time - units and N=2 instructions (see fig. 3.9). For
example, 3if J=20 and the +turbulance probability is 10
percent, the performance degrades by 63 percent compared to

the maximun performance cbtained when there is no

turbulance.

.{2) Note thét this expression is somewhat diffteregt fron
Flynn's because it is developed more extensivly.
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Single instructiom stream multiple data stfeam machines
are also similarly affected. However, in this case it is
vorse since cdnditional branching also im%lies having a
nunber \of processiﬁg elémgnts- id%inq. In moltiple
jnstruction multiple data streams machines each particular
-PE is affected as in a SISD system. Typically, conditional
branching represents ten to twenty percent of ordinary

computer program instructions {11].
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3.7 CONCLUOSION

—— - . e s 8

In this chapter, PFlynn's four different processor
architecture categories are exanined. They are
characterized by the number of streams used for the
instructions and the data. This is related directly to the

multiplicity of the hardware in each category.

The advantages and the disadvantages of each catagory are
mentionned. Also, some of the common caracteristics and
problems of these architectures are discussed. This leads
to the conclusion that the SIMD and the MIMD architectures
are both very promising, provided they are used for the
right applications. Figure 3.10 presents a table of the
hardware.differences, the advantages, and the disadvantages

’

of each group.
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Chapter IV

SOME EXISTING SYSTEMS

4.1 IRTRCDOCTION

In this chapter, some existing parallel processor systems
are examined. They are classified according to FPlynn's
categories, so that the general observations of chapter
three still apply. However, " more specific hardware
observations are made. This is sumherized in a table at the

end of this chapter.

Four existing systems are described: the ILLIRC IV, the
STARAN, the PEPE and the FMPP, Two o0f these are SIMD
architectures, while the other two are MINMD architectures.
At least three of these four architectures are not of recent
origin. They were selected precisely because there is much
more information available on these older systems. Also,
they illustrate the diversity within each category of

processors. The PMPP is introduced te¢ illustrate a mpmore

dedicatad processor, directly related to image processing.



Newer multlprocessor systems are now avallable. Hovwever,
because of their novelty and the fact that they are

commercially produced, not much information is available on

their real architecture. ®Pven the four systems of this
chapter are described mainly inm general terams, An effort
has been made to generallze their block diagram

representation in terms of only centrol units, processing

elements,. memory and input/output. This should allow easy

comparisons.

§.2.1 Introduction

The ILLIAC IV is a parallel array computer inheriting its
basic design 1ideas €from the SOLOMON system(1}). It 1is
classified as a single 1instruction wmultiple data stream
machine. The TLLIAC IV 1is several orders of magnitude
faster than a conventionnal éomputer for the computation of
large matrices, the solution of partial differantial

equations, or data correlation [2].

(1) The SOLOMON system is the initial design, proposed
mainly by Slotnick, that eventually lead to the ILLIAC
(1]
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4.2.2  Hagpdware (3] [4]

The ILLIAC IV has 25% processing elenents(PEs)_oéganized
into 4 independent afrays of\&u PEFs each. Each of these
arrays is under the management“of a contﬁol nnif-aﬂ can be
used individualy, or with one or more of the other three,
depending on the problem's needs. The configuration used is

chosen by the host general purpose computer that supervises

the whole systen. 7

In each array theﬂ_control unit (CU)y decodas the
instructions coming from the PE's memory and generates the
control pulses for the PEs. It also takes care of the
distribution of constants and of the memory addresses common

\to all PEFs. The PEs all work in parallel executing the same
instruction. However, each PF decides internally whether
to be active or not, depending upon its mode register. - The
index register in each PE modifiés the common address sent
by the CU. The CU also manages the serial instructions and

the comtrol loops.

The instructions are 32 bits long. They may affect only
the CU or the CU may decode them for the PEs. Instructions
come to the CU from the PE memory in a queue and leave the
CH as control signals via another queue. Apart from these,
the CU has another input buffer: the local data buffer,

Both input queues are 64 words (64 bits) long. The CU also



& : ‘

possesses an arithmetic wunit, to perform the sequential

calculations needed, and four 6#4-bit reglsters. Clever

programming can’ lead to semi-parallelism between the CU and
S

the PEs.
%5

-~

The advantages of having an instruction queue is tpat if
the queue is 1lcng encugh{in this case 128 instructionélﬁ a
programing loop <c¢an fit in entirely, requiring =no further
instruction fetching for the duration of the loop.

. -

The individual processing elements (PEs) h;ée their own
index register, a memcory adder circuit, four 64 bits general
purpose registers, adder and multiplier éircﬁfz;, logie unit
and mode register. Each PE .is itself divided into
subprocessors used alone or in groups to form any integer
combination of B8 bits, up to 64 bits. Also, every PE has
its own almost private memory consisting of 2048 worpds of
thin film memory.: Here, "almost private memory™ means that
the memory can be accessed -Sy the PE, thgﬁCU, or the I/0
connections, but not directly by other PEs. Each PE can add

"64-bit operands in 240 nsec anilmultiply them in 400 nsec.

’

These 64 PEs in an array are logically arranged to
function as an‘8*8_ squarsz or matrix with each PE having
direct connections with the preceeding PE, the following PE,

the one over and the one under it. In other words, looking’

~



at it serially, a PE min is connected with PEs i-1, i+1,i-8,
and i+8, in the same vay. -as the SOLOMON computer. So
matrices are stored in a B%3 format and if higher dimeqsions\ ‘
are neaded, they are stored in the PEs memory(PEM). Big ;
matrices of 2 dimensions are stored, one dimension as a
vector, the other imn the PPN, Ordinarely, they are stored
in a skewed format ;o help processing. Matrices bigger then
256#%256 are partitionned into severals swmaller submatrices
and stored in the PFN.

Inpup/output operations are performed using'the 16 edge
PE; and a 1024-lines bus swuitchable among the arrays. The -
data are stored in a 16 k-bits buffer (256464 bits) to match
the ILLIAC speed with the host. 1In general the host machine
takes care of the interfacing with the outside world, but
the arrays can be connected directly using a fast real time
link to any device fast enough to receive and transmit at

the proper rate. The arrays also have their own backup

"memory facility, a large parallel-access disk sSysten.

-~
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4.2.3 Remarks

The ILLIAC IV is available to every user either in batch
mode or using timesharing terminals. In fact the ILLIAC IV
is ju;t another timeshared device except that it has the
higﬁest pricrity. Programs are tbénslated by the hQ;; and
sent to ILLIAC's disk. At run time, the ILLIAC fetches the
program from disk, executes it, and stores the resuits as a

data set back on the disk.

For operations on matrices with sizes that are compatible
with - TLLIAC (multiple of 256), speedup of two or three
decimal crders of magnitude over the CDC6600(c.c.:110 nsec)
have been reported [2]. In these cases, matrix data wvere
stored in a skewed fofmat to improve efficiency .by having as
much PES as possible uogring at the same time. However, as
reported By Bailey[ 5], vhc worked with very big matrices, if
the data is more than 131,072 words per ﬁarduare array, the
system has to get data from disk. This slows down the
process terribly. Nevertheless, Bailey reported " an
improvement of a factor of_six over a CDC?GOO(c.c.: 27.5
nsec) for two dimensional problems and of nine for three
dimQDSigiij s

‘ | \

The ILLIAC IV is «easily programmable using a languagé
called TEANQUIL which is just a subset of instructions added
te ALGOL or FORTRRN.YfStorage is allocated by dimension

J
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declaration statements. Data can be skewed easily by one
instruction, SKEW. The disposition of data within an array

is the responsability of the compiler.

One major drawback in systems like the ILLIAC IV is that
all the PEs receive their control signals from a single
source, the control unif. This implies that if a branching
condition occurs, the CU has to follow all the paths one
after the other, in order to provide the PEs with the prOREE.—\h,,

v

signals. This situvation was described im chapter 3 and

considered one of the major factors for 1lost of efficiTncy

in SIMD systems. oL -~

4.3 THE STARAN SPECIAL PROCESSOR

4.3.1 Introduction

The Goodyear Aerospace Corporatiomn's associative array of
parallel processors, STARAN, is one of the few non-
conventional processors ever to be built in more than one
copy. STARAN is known mainly as part of +the-FARQPCAP System
in Rome Air Development Center (RADC) because oihqbkeﬂnQPber
of papers published on ité performance there [6] [7]. \( At

RADC it works in <conjunction with a Honeywell HIS§h5



sequential compu%er which handles the users*terminals and

-’

interfaces thenm with STARAN via cne of its input/ocutput
{

channels or via a custom input/output unit. But STARAN can

also be used in a stand alone mode sicce it has a PDP-11 to

take care of its mass storage system and some I/0 devices.

STARAN is. also used by- the LACIE(large Area Crop
Inventory Experiment) project at WASA where it relieves five
IBM360/75 from a large part of their workload [8] [9]. Im
this context, the special processor is aiﬁggzﬁgkclusively
used for image processing and is fast enough for interactive

image processing.

4.3.2  Hardware

Used in conjunction with a host, STRRAN looks like an
associative memory. Hovever, an associative menory would
only help in the search tor specific bit patterns and signal
themr to the CPU for frocessing, while STARAN, once the data
has been found, has the capability of performing immediately
the required operations onr the data. It brings the
proces;ing povwer to the data instead of bringing the data to
the processor. This is what 1is called assoclative
processing. It can perform search, arithmetic operations or
" logical operatioans, on all or selected words (256-bits) of

its memory.

..62..
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There are basically twb modes of access to STARAN's
memory: by bit-slice or by word. Bit-slice access allovs
parallel vector arithmetic and content addressable searchyg
while conventional word access is used for input/output and
scalar arithmetic. So, to access any particular bit, the
programmer uses a word stencil or wmask and a bit-slice

stencil. 3

The STARAN is*classifi;d as a single instruction multiple
data stream machimne. It is a high speed asynchronous
processor which <can perfofm a search at 150nsec/bit or an
addition at 800nsec/bit, but on 25€ words at the saume time.
It is a typicél computer of "the sixties in the sense that it
is built of dual in-line imntegrated circuits(ICs) on
multilayer printed circuvit boards. A STARAN with one array
requires roughly 9,000 2%;,_with;thc arrays, 11,500; and the
semi-intelligent interface with the ‘HISBHS at BRADC, about

8,000 ICs.

STARAN consists éf up to 32 associative arrays, each of
which has 256 processing elements and 65,536 (256*256) bits
of storage (see fig. 4.,2). These arrays are under the
control of the array procéssor(AP} controller which gets its
instructions {(microprogram) from the AP control memory. The
AP control memory itself, which holds the 32 bits

instructions, receives these from the PDP-11 sequential

- 63 -
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controller or the big computer which assembles STARAN

prograns.

Using STARRAN intergaced with another processor, as in the
RADCAP system,can bef_done easily since STARAN's AP
controller or sequential controller cam address directly the
processors's memory via a 32 bits direct memory access bus.
The processor can do the same via another 32 bits bus called
buffered input/ocutput. This usually requires more than an
ordinary 1I/0 chamnel to the host, rather an intelli&ent
interface, almost a processor. Exchange of contrel signals

is done via the external function logic.

A STARAN array module contains 256 processing elements
with each PE taking care of 1 bit. However, it is siwmpler
to visualize the system as one big 256-bit vector processor.
In this case, the processor would have three 256 bits long
registers, %, X, and Y, and a 256 bits long flip netwérk.
The M register is Jjust used as a mask for some WRITE
operations into the memory while the X and Y registers are
the working registers. mo acconodate both word by word
input/output aﬁd bit-slice operations every STARAN array
module |is equipped with a 256%256 bits pulti-dimensional

access Demory.



The flip network(scramble/ungéranble netwvork), which is
an inherent part of every array (as shown in fig. #4.2),
receives ccotrol signals 'and influences directly the
operation on the X or the Y registers [10]. It also allous
inter-PE communications. With the help of the flip network
a PE can access any two words or parts of words in memory,
add them, and store the result elsewvhere. This 1is
particularly wuseful in fast Fourier transforms where the
network can scramble and unscramble data while transferring
from memory to PE, PE to memory, oL hét;een PEs. Also,
shifts are done by the flip netvork, requiring no PE time.
The flip network pernutes data according to a flip-
permutation control wvord and shift data as specified by the
shift control word, froﬁ source (memory,PE) to destination
{nemory,PE). Almost any permutation ands/or shift can be
performed in one or at most a few passes through the flip

network.

The scramblesunscramble network is used in every store or
fetch coperations, effectively replacing the skewing of data
in memory as in the ILLIRC IV {7]. 1In fact, the scrambling
in STARAN requires only N exclusive-~or circuits while the
'ske;ing wvould. require 2**N adders for local addréss
generation. The basic idea behind scrambled or skewed data
"is to allow multi-dimemnsional access with ordinary randon

aACCesSsS Demory.

¥



The AP controller which is the brain of the system and
supervises everything at a more concrete level, has:
-a 32 bits instruction register
-a program counter
~a 32 bits operand register
-an array select register
. -4 field pointers for MDA (Multi-dimensionnal
Access) memory addresses
—3-counters for loops
-a data pointer
-2 access mode registers

to help the assewbly language programmers in their task

of keeping track of everything.

0f extreme Iimportance in any parallel processor 1s the
time wasted in transferring the data from the mass storage
systemn. With the STARAN computer four major ways are
provided for fast transfers:
-I/0 using the sequential controller (1 dbytes/sec)
-parallel T,/0 (PI0Q) (80 Mbytes/sec/array)
-direct memory access (DMA) (2 Mbytes/sec)

-buffered I/0 (BICQ) (2 Mbytes/sec}
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4.3.3 Remarks

The STARAN, like any other SIMD machine, is very useful
when the same operations needs to be performed on a large
number of data items. For exaaple, a 250%*ten-bit vector
addition with a vector of the same length requires only 30
memory cycles, 20 cycles for ﬁit-slice fetches of the two
vectors, "and 10 ‘bit—slice stores of the result{11]. In.
addition, the STARAN system is not handicapped by serial
operations, performing_ these at the same rate as

contemporary serial computers.

Unfortunately, STARAW's arrays do not have any merory
other than their menmory dedicated to special processing, so
part of the valuable memory has to be used as a scratch pad
to store intermediate calculations. At NASA, the 256-bit
words were organized into 20*8-bit words of data plus 96
bits of scratch memory [3], with the drawback that part of
the scratch memory was wasted to keep information
{line,colunn) about the data positions.

A drawback of STARAN lies I1n the tact that’it lacks
floating-point “hardware for arithmetic operatiouns,.
Multiplications and divisions have to- be performed via
softvare, wasting most of the computer time. Another
drawback is the fact that STARAW does‘ not support unsigned
integer arithmetic so that for example, values from 0 to 256
have to be translated into levels from -128 to +127.

- 68 -
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The concept of bit-slice and word menmory accesses offers
a lot of versatility in any case where data items are
operated ﬁpon in tvo dimensions (horizontglly,vertically).
However, having to compute on a bit by bit basis leads to
tediocus progranming. A byte format within 256-bytes(or 512)
words plus scratch memorf would provide a better working
environment.

The ‘STARAN is <crippled by the same deficiency as the
TLLIAC. Due to the central origin of the PEs control
signals, when a branching point is encountered, only part of
the PEs will be working, satisfying one particular
condition, while the rest of the PEs are idled, waiting for

their control signals.,

4.4 THE PEPE SYSTEM

4.4.1  Introduction

e

The original work on fEPE (Parallel Element Processing
Ensemble) was performed at Bell Telephone Laboratories in
the eariy 19€0*'s [12]. 1Its purpose was to help a host
conputer employed in a radar system by updating the data on

all the objects the host was tracking. The Bell Lab's



design has ‘an: IBM360/65 as host and 16 processing
elements (PEs). Bach PE has an arithmetic unit, a
correlation unit and a réndon access memory, all uhder the
supervision of am arithmetic control unit and a correlation

"control umit. The PEPE is.a ;u1tip1e instruction multiple
data streams machine. ‘

In this section, the system of interest is the PEPE used
at the Army Advanced Ballistic Missile Defemse Agency
Research Center [13]. This PEP® consists of 288 Emitter
Coupled Logic PEs arranged in 8 bays of 36 under the control

o

of a CDC7600 computer.

4.4.2 Hardware

To give a dJdeneral idea Of the complexity of PEPE, it is
interesting to mnote that 2very bay needs 275 duwal in-line
packages (DIPs), consuming 30,000 watts; while the control
console neg@s 150 DIPs and ?2000 watts. The whole unit is

-

cooled by air as well as wate

Each PE is formed by 3 independent uvnits: an arithmetic
unit, an associative ocutput unit, and a correlation unit.
These units are independent, adding more parallelism to the

system. Each unit can be activated or deactivated from the
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current execution depending on the status of 1its activity

reqgister, following in this some design ideas of the SOLONMON

I'd

computer.

The ariﬁﬁmetic unit in each PE is capable of integer,
logiéal, or floating point operations using a conventionnal
~accumulator, an operand register, and a quotient register.
mhe AU also has an activity stack with an activity register
and a tag register to analyse data from the control unit.
The associatife'output unit is very similar to the AU unit
and so is the correlaticnm unit which has 16 correlation
registers in surplus for register to register correlation
operations. Every PE has. 1K of memory 'accessable on a

priority basis by any one of these 3 units.

Fvery one of these 3 subunits o¥% the PEs are controlled

by a corresponding control unéf(see fig. 4.3):

—the arithmetic control unit

-the associative cutput control unit

-the correlation contro;%unit
These control units are of comm&n design inl spite of
differences in memory capacity. Together, they constitute
vhat is called the control console. To these control units
belong a data mneaory, a program memory, 4 sequential
controller, a parallél controller and some

intercommunication logic.



In this system,_ithe'PBs hardvare blocks can be added or
retrieved from the system without causing any software
problems [14], since the PEs do not have direct pefmanent
intercommunications links. This ma the system very
reliable. A PE cannot execute ap inst u;tion by itself, its

receives all its timing and control signals from the control

conscole, -

Fach control unit has two input/output units (IOU)} to
transfer blocks of data back and forth between the CDC7600
and the control unit memory. This leéds to almost no I/0
overhead since the. input and output operations are done
simultaneously. This feature is particularly important

// since fast processors are usually very I/0 bounded.

The CDC7600 does the sequential calculations, takes care
of the peripheral devices, and compiles PEPE's prograns.

The PEPE's instructions words are 32 bits lomng.
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or 1image processing as well as veather

modelling, the PEPE is not considered very good bacause of
its lack of easy communication bhetween PEs. This ease of
communication #as not introduced because-/i} is npot needed
for radar processing and not desirable from the point of

view of Eeliability {as is the system allows PE fallure).

4.5 THE FLEXIBLE MULTI-PTPELINE-PROCESSOR SYSTENM (FMPP)

'

4.5.1 Introduction

The Flexible Hulti-Pipeliue-Processor is a design idea
advanced by K. Vorgrimler [16] as a solution to slow
picture processing by uindowiyg techniques (1). PFor window
operations, the calculations are constantly the same going
through the whole image, thus leading easily to a pipeline
implementation. BAlso, many of these calculations on a given

window are omnly comparaisons or simple arithmetic functicns

'(1) windbwing techniques are exp;ained‘in chapter seven
(2) pixel -> picture element
) . - 74 -
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between two pixels(2) and are usually repeated a number of
times within the window. So the parallelism involved can be
used to speed-up the processing. This 1led Vorgrimler to

design a multiple instruction multiple data streams machine.

-

The FMPP, as designed at the Forschungsinstitut fur
Informationsverarbeitung und Mustererkennung (FIN) 'uses 16
individual processors (IPs) out of a possible maximun of 62.
-fhese IPé are serviced by twvo data busses (IBA,IBB) , ocne
instructions bus (IB) and one proceséof status bus(SB).
Also, each IP has it own output bus(Bn), as shown in figure

b.4,

The instruction bus 1is used to transfer instructions to

" the IPs at 'initialization time. The instructions are then
stored 1locally. They are four bytes long: the op-code

byte, twa operand-source addresses and one . operand-

destination address. Every iP has two input-control

units (IUA,TUR) which are programmed by the operand-source

addresses. These units then know to which ocutput busses

(s0,B81,82,,B61) to hook-up in order to get their input data.

The SB transmits status information about the progessors.

: . N LG
All husses are B-bits wide amdi transfers only take place at



the request of the receiving processor. IBA and IBB are
used to send the data froa the outside world to the FPHPP

input processors(which can be any processor}.

The input units of the individuval processors (IUA,IUB)
can be connected to any of the output busses of the other
IPs or to IBA or IBB for external inputs. The input data ogﬁ

rd

further use or sent directly t

each side can be stored in an internal register (RSA,RSB) fof/
:) the aritheetic 1logic

unit (ALU) for processing. Similarly the output data oﬁ the
AL0 can be stored im an internal register for’ reusagé or
output on the output bus(Bn). Instructions come init’ially
from IB, via the instruction input unit(¥IU), to the
instruction wemory{(IM) where they are stored. During

. processing these instructions are fetched and decoded by the

decode and control unit (DECC) and the ALU can perform its

task. ij

N

At FIM the PMFP is tested using a PDP11/45, -To interface
the FMPP to the unibus apd to transfer the image pixels from
main memory to the FMPP, three more units are needed. One
input/output unit to send the instructions to the FAPP's
processors at initialization time, to send input data, and
to read status informaticn while they are 1n operation. R

second unit to get the output data from the specilal
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processo and put them into main memory. A third

“ ,/g;ogrammable input buffer (PIB) to format the input data im a

window fashion for more direct IBA and IBB accesses,

The programmable input buffer 1is foreed of three
consecutive 1024 pixels registers and transfers data to IBA
and IBB at their request. IBA and 1IBB are programmed to
know when to pick up the data. So data can be supplied to
the PIB at a much slower rate them it would if it had to be
supplied directly to the FMPP, which suilts the PDP11 better.
The PDP11 takes care of transferring blocks of spicture data
from +the main memory to the dis} vhere the images are

usually stored.
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4.5.3 Remarks

Windowing imagde processing tasks on 102&%102& pixels
images can now be performed by this system im roughly 10
sec, The improvement, as reported hy Vorgrimler, is of the
order of 7 to 300 times faster than when the same algorithas

are performed on a CbC3300(c.t.=1.25 microsec.).

The major drawback of this FMPP special system 1is the

tremendously big number qf‘hus lines used (greater than 500

for a complete 62 processors system) which is, from a

hardware point of view, totally unacceptable.
The -idea of combining parallelism and pipelining 1is
surely an interesting way to try to obtain faster image

processing. At first sight it loocks 1like it is worth while

to go further in the investigation of this method. A
'primary step ‘'would be to develop a more reasonnable
cormunication systen between the processors. Another

imporéant feature of this system is the software control
capabilities for restructuring the system by rearranging all
the possible communications path between the processing
elements. This is a must for any system that. is to be

versatile. ’



4.6 CORCLUSION /

This chapter jllustrates some of the similarities and
differences betveen four procéssor architectures, It shows
that even within the tvo most interesting Plymn's categories
of processors, SIHND and MIND, major variations exist. Even
the categories themselves are mnot so distinctive.h It \1is
also shown how simi{?r praoblens can be solved differently by
various groups of researchers. The table of figure #.5
summerizes ailuthe inpﬁrtant characteristics of the four-

architectures.

Having analysed processor architecture in general and
four specific systems, we are now in a gooad posiéion to
_analyse the Multiprocessor Array Computing Structare (MACS) .
A sipulator of MACS has been implemented and is used to test

some image processing algorithms. This is going to be

examined in the next three chapters.,
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Chapter v .

THE MULTINICROPROCESSOR ARRAY CO!PUTIRb STRUCTORE -

A

-

5.1 INTRODUCTION _— ‘ ) .
- ¢ E - %
The Multisicroprocessor Array Computing Structurg.(HACS}

is’a dedicated special processor ‘to be used as a digi¥al

system for radar processing., MACS was origina;ly designed

by C.V.W. Armstrong for the Commpnication Pesearch Center -

1Ml It .enhances the evaluation ' -of rada;“\gignals bj

preprocessing the v réd;rtdata. it'fiigérs out the noise,

-

- keeps track of

3

e planes, and can even warn the operator of

. possible coldisicus.

S—

ConventioRal systems for performing similar functions. are
L . . \ s

, - ¢
e of discrete medica scale -integration

uSually - ma
components. T ha¥e only few of the capabilities of the

. . H‘ Do 0
MACS system and their ¢ost is muck higher. The algerithmic

,

-~

processing of data was chosen because the systém has to be - 3

flexible enough to perfora different functions using\ the

-
]

same hardware ponfigurafion. * Also,” it . has to be capable of

_ . N e _
nodifying these functions or their parameters ITh real tinme

~

.

s

; . -
e~ . - 86 ~

..



in order to adapt thé system to changes in thé environment.
Furthermore, the data rate is to be of the order of one
picrosecond per data item, beyond the reach of seqye;tial
computers Agf comparative cost:justifying the need for a

. \
special processor.

G

S.2  GENERAL ARCHITECTUFRE [1] [2]

The MACS is a muoltiple instruction multiple data streams
system. Tt basically consists of a column of 32 processing

elements (PEs), each made up of three ANM2901 bit-sliced

microprocessors. The column fumctions as a pipeline, but a
pipeline where the data can go up as well as dovn."Every PE
can communicate directly with its immediate neighbours,
above or below, without having to go through the syétem bus.
The system bus is only used for communication over longer
distances (see fig. 5.1). Every PE has it own micropraogran

memory.

Also noticeahle-in fig 5.1 are the top and bottom buffers
which are the input/cutput porté of +the MACS. These
programmabie buffers receive and transmit data betwveen the
host computer (or im a real application the radar system)

and the PE column. Their program informs them at which

clock cycle the next data wil)Y ke needed by _.the closest PE



or by the system bus, or when to fetch the data from these

t¥e sources.

Every processing element has 17 internal registers and 16
external registers. If more memory space 1is needed, for
exanple, +to implement lookup tables, every processing
element has access to the idbking memory via the working
memof} bus. The working 'memory is assumed to ° be
programmable and thus "intelligent" enough to know what and
when to send to the PE. Tt is also assumed to be capable of
picking-up data from the bus and use it as a pointer to

locate the next data to be put on the bus.

The MACS operates using a clock cycle hetween 60 and 100
nanosaconds. The data are represented by 12-bit numbers and

the busses are 12-bit wide.



Host

Top
Buffer
I
PE | —
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System Ho st
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N

Fig. 5.1-The MACS Architecture
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5.3 BIT-SLICEL MICROPEROCESSORS [3] (81 [5]

5.3.7 -Introduction

Microprocessors allow Duch more flexibilitY in the design
of digital systems than anything previocusly availlable.
These Metal-Oxide-Semiconductor ﬁrocessors are vell suited
for a vast number of applicatidns. They"are “used as
hardware for systems ranging from simple programméble
instruments “to complete multiproceésor systens,  inclgding
the hobbyist small computing center. Houever; for somé
applications, they are just not fast enough. This is where

i

the bit-sliced microprocessor comes in.

The bit-sliced microprocessor is usualy manufactured with
bipolar technoloéy. It- ig also fabriééted using much
'simplér basic elements than the general microprocessor.
These two features provide the bit-sliced Amicroprocessor
with an improvemént in performance by a factor of ten over
conventional ﬁicroproteésors- [31- However, the second

feature also 1implies that programming has to be done at a

much lower level, making it more Eflexible, but demanding



(SR

more. of the programmer's time. A bit-sliced  microprocessor

-

"Tusually needs several supporting chips, = for instance: a
miqroprogrém sequencer, some externa} general pﬁpose
ﬁﬁgégiéters, and if necessary a look-ahead <carry generator.
_J—This- is due _fo the lower packing density of bipolar

technology. ‘several bit-sliced microprocessors -are usually

concatinated to provide a respectable word- size,

Tc program, hence fully understaﬁd, a bit-sliced
microprocessor, & gocd background in basic computer
architecture and design 1is required. It is to be realized
that the hardware is directly controlled by the
microprograms. It. is therefore impoésible to Erogram such
processor while ignoring the architecture of the device or
its inf;rnal timing of events. A basic bit-sliced

microcomputer is shown in fig. 5.2 .

In this figure some biFfsliced microprocessors are shown
as the heart (CPU) of a géneral purpose sequential machine.
This is a very coﬁmon practice. This siséem could simulate
any ordinary " sequential- processor with proper
microprogramming. 'In the processing sectiomn, as many bit-
sliced‘microproceésor chips as needed are useé to obtain the
desired wvord size. .They_receive their control signals from
the control sectign and return their status to it. Tn

concert, they perform operations on the data sent to thenm.

N
N



The control section contains the picroprogram memory and a
microprcgram sequencer which kéeps track of the instructions

to ke sent to the processing section.

5.3.3 Microprogram Instructions

Microprogram instructions are generally very long and
very coaoplex. '~ They are decomposed into several different’
fields. The op-code field, which directly drives the
processing section, is usualy sept to the‘ALU via a register

or a pipelipne of registers in order to save fetching tinme.

Microprqgram instructions also have a sequencer control
field that serves several purposes, The séquencer control
field is fedback to the microprogram sequencer to indicate
the next program addrggs. This address can be modified or
changed by the selection  logic. The selection logic
receives it informatiéns.from the processing section(e.g.:
for conditionnal brandhihq)‘ or ‘the ®utside world. - This
option does not exist with thé"HKES system because the data
rate i;volved and the necessary synchronisation between the
processingr elepents makes conditional branchiﬁq' almost

impossible. The only conditionnal branching instruction

available is a* form of SKIP if negative instruction.
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5.4  ARCHTTFECTUEE OF THE 2901 [6]

The AM2901-A bit-sliced microprocessor 1is the heart of
the processing elements of MACS. Most of MACS
characteristics’ and limitations' are due directly to the
'2901. Therefore it is important +to fully understand this

microprocessor: before proceeding any . further in the study

the MACS systen.

As seen in fig. 5.3 the three basic blocks forming a 2901
are: the arithméticiiagic unit (ALU), +the Q register, and a
1€ by 4-bit 2-port PAM. The EAM‘can be considered, and will
be sometimes referred to, as 16 . internal fegisters. Tﬁe
add:esses of these internal registers are Eéovided
externally. Two registers might be accessed at the same
time and their content used as input to the ALU, Also, the
result of the ALU opefation can be stored in the register

\.
pointed by the B address within the same microinstruction

cycle.

Note that there is no dedicated register allocated to the
ALU. However, it can take its inputs,via multiplexers, from
any internal register {(includirng Q) or from the D input, the
outside world. It can also assume a null operand'(zero).
This is easily seen from the 29071 block diagram and the

operands are referred tc "ALU source"™ in the opcods fields

shown in fig. 5.4.

(‘\\\\ - 94 -



Still follovwing the block diagram, it can be seen that
the result generateﬁ by of the RLU can be routed ¢to three
different places: the O register, the intermal registers (as
specified by the B address{, and an output port (Y);
"Looking ca}efully one might alsc notice that the 1input
multiplexers for the Q register and the RAM can be used as
" data shifters. Naturally in order that significant shifts
be possible, the 1least significant bits-(LSB) and the rost
significant bits (MSB) must be available to the neighboring
2901's. This 1is illustrated by +the "ALU destination

-

control®" fields table in fig. 5.4,

The most important itemluhich Yields some insight on the
capabilities of the 2901, is the "ALO fupction“ field. The
ALU is capable of.performing 8 basic operations. This is a
set of th;\most typical basic computer instructions, and
needless to éay, a serious appreciation of these ﬁguctions

must be&dee before attempting any microprogramming on the

MACS systenm.

In the case of MACS, three  AM29071~32 are used to form a
processing unit capable o©of handling 12-bit data. Other
features of inierest in evaluating the computational power
of this processing unit are due to some of the external
circuitry:

-two AM25L5253 multiplexers

-some three states gates

- 95 -



The tva AM251S253 are used as 1llustrated in fig. 5.5 to
introduce more practicality in the shifting operations. By
taking care of the LSB and the MSB out of the processing
unit, these TICs allow forcing in of =zeros and ones while
shifting, or even rotaticons in both directions. It also
allcws double ©precision shifting wusing the 0 register in

conjunction with an internal register.

The additional three-states gates are used to-simplify
the wultiplication process, as shown in fig. 5.4. This is
needed since the 2901s do mnot have any testing capabilities
of their ‘own. The addition of these gates allow a
conventional multiplication algorithm to be implemented in
the 2901 (as described in [6]). However, since this process
usually takes more thanm a microsecond, a hardware multiplier

was added to the design for radar processing (as explained

in the next section).
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Fig. 5.3-The 2901 Block Diagram
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5.5 ARCHITECTURE OF THE PROCESSING ELEMENTS [11[21[2)

The building block of the MACS is thehprocessing element.
The most important part of the prbcessing element 1is
naturally the block formed by the three AM2901 bit-sliced
microprocessors. This 12-bit processing unit has an
arithmetic 1logic wunit, a Q register, and 16 internal
reqis;ers as described in the previcus section. Tt receives
the control signals from the opccde RAM and the addresées of
t;e internal registers from the address FAM., The data is
recelilved from the input multipléxer and the output result is
directed to a latch, as shown in fig. 5.b.

-

The opcode RAM contains the microinstruction;. It is
controlled by the clock and the memory address reglster
(MARO) . MARO points to thé next microinstruction of the
opcode RAM to be executed, Fach microinstruction has a
field {NOCRR}) containning the address of the next
microinstruction. This address is léaded into MARO attevery
clock cycle and used in the .next clock c¢cycle to address the
next microinstruction. This scheme, as implemented,
preclude any conditional jump. This was felt necessary
because of the timing constraints of the radar processing

application.

The address EAM has two memory address registers (MARAEA1

and-  MARA2). Both contain an address pointing to the next
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possible set of register addresses. MARAT gets its address
fror the opcode RAN, while Hhaﬂz gets its from the éddress
RAM. The selection of MARA1 or MARA2Z as next address is
made through a multiplexer (MUX) <controlled by some
microinstrudtion bits. This scheme was implemented in order
to have more flexibility in addreséing the ' internal
registers. It allows certain wmicroinstructions using HAB#1
to have intermal register, permanently assigned to thenm,

.
while scme other microiystructions usinpg MARA2 <can change

-

cycliquely theif-assoifﬁted internal registe% .

Both the address RAM and the opcode RAM are onhly sixteen

microinstructions deep. This limitation was introduced in

MACS design because of the fact that for radar proce%sing
operations, no more than sixteen cycles could be us
Indeed, for a rimimun clock cycle of 60 namosaconds onl

sixteen cycles are possible in one microsecond.

The processing unit alsc has access 1o 16 external
rggzkters located in the\external RAM. The external memory
is similar to the internai memory described in the previous
" section. it is a dua%,/ports ZEMOrY. Tts addresses are
provided by two microigétruction fields (RADDE and BADDE).
Fron the processing unit point of view, the data frot memory

1
is obtained indirectly via the)input multiplexer. This is

done using the A address, fast enough to be used in the same

‘.____._\/’—
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microinstruction cycle. The writing of data to memory is
done during the next <c¢ycle, using the B address of that
cycle., The B address can also be used to obtain data for

the outbut multiplexer and the hardware multiplier.

Also available as part of the processing element 1is a
hardware nultiplier. The multiplier takes its 'inputs'froﬁ
the output latch of the processinq)}unit and from a -latch at
the external RAM output. It takes at least two ;lock cycles
(175-2b0 nsec.) for a multiplier 1like the TFRW HP§-12AJ to
produce +the pmultiplicatien results. Therefore, the‘ mnore
significant part of the result will be available at the
input multiplexer on the third cycle. The less sigmnificant
part of the result is delayed 3in order to he available at

the fourth clock cycle, since the processing uanit can only'

input one datum at the time. :

To. communicate with the rest of  the  system, the
proqessing element uses an input and an output multiplexer.
The input multiplexer selects between inputs either from the
PE above, the PE below, the externagsRAH, the system bus,
both halves of the hardware multiplier's results or the
memory bus. The input selected is available to the
processing wunit in the curremt clock cycle. The .output
nultiplexer cutputs either from the. external RAM 1latch or

from the processing unit, to either the system bus or the
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memory bus. The output is available at the end of the
current clock cycle and also at the beginning of the next
s
one. Inter-PE communication is established when one PE
loads the system bus or its inter-PE bus with a data item.
-The loading of the bus is done ét the end of a clock cycle
whent the corresponding output latch receives the datum and
is switéhed from high impedance wmode to amn output mode.
This output mode 1is maintained through the ~;nitia1
nanoseconds of the next clock cycle, allowing another PE (or
more) to pickup the datum from the bus, The same method is’
used by the tcp aﬁd bottom buffers and the programmable

working memory.

This communication scheme relies on softwvare control to
prevent two PEs fromn outputing on the same bus at the same

time._,lt'implies an additional burden for the programRer.

-

fo’tunatly, the MACS simulator (chapter six) is capable of

-

de?ecting such mistakes.
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5.6 THE MICROINSTRUCTION FIFLDS (2)(Z) 8]

After having examined all the hardvare constituents of
the MACS system, let us nov study the construction of the
microinstructions whick are to be executed by fhe processing
elements of MACS. The Rricroinstruction fields are tabulated
in fig. 5.7. This figqure, with 5.4 and 5.€, should alwvays

be at hand while creating microprogranms.
Let us exanine the fields cne by omne:
-->the opcode field <OPCODE>

The opcode field was explained in detail in section 5.4«
Note that the subfields composing this field are in .the
follouang order: soﬁfce, function, and destination. This
arrangement is reverse to the one used by the 2901, but is

of a more logical approach from a programmer point of view,

-->the carry field <CARFY>

The carry field is wused ¢tc force a carry 1into the

processing unit. It is mainly used with the substraction

<1-=->carry-->no0 borrow>.

-->the disable field <DISPE>
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A "one" in the disable field puts the processing eleaent
in a disable mode at the end of the clock cycle if the
result from the operatiom is negative. However, a "one™ in
the enable field of any ¢f the followlng clock cycles would

override this disable mode and terminate it.
.==>the enable field <EWEE>

% "one™ in that Field enables the processing element to
perform the operations as specified by the micrcinstruction,
by putting it into enable mode at the beginning of the clock
cycle. A "zero® leaves it in its previous node.

-=>the bus transwmitter select field <BXMS>

This field determines which data is to be output to the

busses if an output operation is done.
-->the bus transmitter enable field <{BXME>

This field is a 2-bit field enabling or disabling
transmission of data to the busses, and selecting which of

the busses 1s to receive the output (see fig. 5.7).

-=>the input multiplexer select field <IMIS>
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This is a 3-bit field selecting the data to be used as
input to the processing unit. Two of the inputs are the
hardware multiplier outputs: the more significant half and

the less significant half, !

-->the next opcode EAM address field <NOCRA>

This field is used to point to the next microimstruction
to be executed.

-->the next random address RAM address <NACRA>

This field points to the addresses to be used by the
processing unit for the selection of 1its internal registers.
mhis field may or may not be used depending on the <ACRRC>

and the <LMOXC> fields described later.
-->the external RAM A address field <AADDE>

This field is used to designate the external register in

\\.
external RAM to be read as input data ththe processing
unit, providing the imput multiplexer controlled by <INIS>

allows it.

-=>the external RAM B address field <BADDE>
™
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This field designates the external register to be read or
written. Data from a read or write operation is available
at the output multiplexer. Data to - be written 3into a
register is.coming from the processing unit. In either
case, the data is alvays available as an input to the

hardware multiplier.
-=->the address CRAM control fi=ld <ACRMCD>
1

This field enables either or both MAFRA1 or MARA? to be
loaded with respectivly the <NACRA> field or the <NACRAI>

field.
-->the latch multiplexer control field <LMUXC>

This field enables either the data contained in MARAT or
in MARA2 to be passed on to the address RAM in order to
designate the next set of addresses to be ‘used in the

selection of the intermal registers.
~->the external RAM write enable field <ERWE>
*
A "zero" in this field enables the writting of data into
the external register as pointed by the B external RAMN
address,

-=->the shift control field <SHIFTC>
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This field controls the tvwo RM2515253 as mentioned in

section 5.4. i
-=->the multiplication field <HMUL>

XA "one™ in this field enables the three-states gates that
are used to facilitate software multiplication as described

in the M2900 panual, pages 15 and 16 [2].

e BN

-=>the A address for internal registers CAADDI> 3

1

This field resides in the address RAM. It points to an

internal register designated as A by the processing unit.
-->the B address for internal registers <BADDI>

This field also resides in the address RAM and points to

an internal register kncwn as B by the processing unit.
-->the next sequential address RAM address <NACRAI>

This field is also contained in the address RAM. It
points toc one of the next addresses that cam be used by the

processing unit to select 1its internal registers, depending

on the <ACRMC> and the <LmMOiIC> fields.
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Fields

OPCOLET
CALETY
DISPE

ryepz
BXKS

NOC3Hh
NACPZ
RRDDT
BANDE
ACIMC

r

LMUXC

'r-t'wt‘

JHIFTC

HMUL
RLDDI
BHrnDpTY
NACRAT

t of bits Description
9 *L0 source, function and detination
1 Carry inte RLO
1 Disable PF at =2nd of clock cycle
if MSB of ALU negative
1 Znable PE at beginning of clock cycle
1 Bus transmitter select
O0->2xt.mem.data B 1->current PE output
2 Bus transmitter =nable
N->bott busses 1->working mem. bus
2->system bus 3->no transmission
3 Input nultiplexer select0->PE above
1->PE halow 2->current PE
3~->syshus input 4->hard. mult. H
5->hard. mult. L €->working ma2m. inoput
4 Next opcode FAM address
] - Next ‘randor address PiM address
y Txternal FRM A address
4 Txternal FiM B address
2 tddress CTAM MILER control .
0->both latches 1->random latch (MAZRAT)
2->sequential 1. (MAT22) 3->disable
1 Latch MUX control
0->ramdonmn latch 1->saquential latch
1 Txternal FEM write =nable 0O->write
2 Shift control 0->zero 1->one
2->rotate 3->arithmetic
1 Hybrid multiplier enable
Yy Intarnal : addrasss
4 Internal R address
L Paxt srguential address RAM address

Figure 5.7-Microinstruction Fields
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Running Mean
Two-Pole Filte?)
Threshold Detection
Mean Deviate

Rank-Detthor

Mean Detector

Fig. 5.8-Radar Processing Operations [1]

No. of PEs

12

33
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Latqécy
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7
.825
<975
19

13

. 600

Data Rate
(nsec.)
300
600
300
750

750

450



5.7  CPERATIOKN IN PADAR PROCESSIRG

The MACS system has been Programmed for various radar
processiog functions. In [1], ®ACS bhas been shown to be
theofétically capakbkle of handling basic and often gsed
operations (see fig. 5.8). In that paper, the algorithms
for these operations are explained and compared with the
same operations implemented in hardware. It is shown how
semi-parallelisn between some hpﬁfcessing elements is
acheived within some pipeline stageé. The performance in
the examples of fig. 5.8 was evaluated usiné a 75
nanoseconds cycle time. Tt should be - pointed out that a
lengthy multiplication proceduré (scftware multiplication)
is used 1in these implementations., the hardwvware multiplier

having been integrated in the system at a later time.

More recent papers [9])[10], show how MACS is nused for
more complicated radar processing applications. For
exanmple, the plot-to-track correlation 3iwmplementation 1is
done in two passes using a maximun of 5 processing elements:
one pass where gate association is obtained wusing only one
PE, and a second pass where the.maiimun 1ikelihood-function
is performed using 5 PEs. The later involves gquite
difficult calculations for a simple microprocessor like the
2901. Few multiplications are done using the hardware
gultiplier and, logarithmic and exponential results are

obtained using the vorking memory as lookup tables,
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All those iemplementations have been able to yield a data

rate less than one microsecond.

7]

5.8 COBRCLUSION

———— o A i

The Multimicroprocessor Array Computing Structure is a
new multiple instruction multiple data streams machine. The
architecture 1is constructed of 32 independent processing
elements based on. the AM2901A bit-sliced microprocessor.
BPach PE can communicate directly with the PE above or the PE

below, and indirectly, with any cther PE,

MACS is a versatile pipeline grocessor where every stage
can be organized at v¥ill: the stages can make use of more
than one PE anq therefore some degree of parallelism can be
implemented in every stages, MACS can also be used as if it

was formed of a number of parallel pipelines.

A serious drawback is the fact that the HKACS processing
elements are not capable of brancﬂing in the conventional
sense (ceonditional jump changing MARQ). This capability was
not implemented because 1in the original radar processing
application each processing element must terminate its basic

operationin only sixteen microcycles. The only conditional

processing available with MACS derives from the DISPE

- 113 -



-

(disable fE) field. This can be treated by the programmer
as a ccﬂdition&il skip of a number 0of nicroinstructions,
_llowing conditional execution of parts of the microprogram.
‘U ing the same principle the programmer cam disable a
omplete processing element from performing a specific task,
provided that the test is done in  the first
microinstruction. .This crude éapability makes conditional
execution very hard +to handle, Lut future model can easily

-

be modified.

N

Another drawback is the fact that the ogrammer is

responsible for keeping track of the baus utiliiﬁ;iéﬂ,
preventing more than one PE from loading the same bus at the
sane time {as explainad in section 5.9%5). This makes
programming difficult, as PEs mgight have to wait few clock
cycles for tpe bu§ses to'be 'ava;lable. It also makes the
detection of ghqh Eistake nearly impossible at firég sight,
unless spevial éircuitry is used or the microprogramz are

developed on a simulator such as the one described in

chapter six.

Over the past year, MACS has certainly demonstrated its
capability in handling radar data. The question remains: is
MACS suitable for 1image processing. As a parallel

processor, it lacks direct communication between all the

\
PEs. Since most image processing tasks are conducted in two

>
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dimensions, this can be a drawback. As a pipeline
processor, vwhich seeuns tb be a trepmd in 3image processing
noquayé, it lacks the calculating power. In spite of these
facts, much, <can = be learmned from™ this particular
organization, since it has scme of the advantages of
prarallel systems and some of the piéeline processors. MACS

seems to be a worthwhile organization +to .investigate for

applications in image processing.
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- Chapter VT

THE MACS STIHMULATOR

6.1 INTRODUCTICN

Simulators have been recognized as a valuable tool by
scientisté and engineers. Analcocg and hybrid computers have
been used for a number c¢f years to sinulate varidus physical
systems. Machanical and aerodynamic engineers especially,
have used simulation extensively. B simulator was also
developed for the HMuvultimicroprocessor Array Computing
Structure.

¢ .

Normally, a simulator is used as a design tool 1in the
2arly stages of conception in order to provide an economical
way cf verifying the system potential [1}. The practicality
and performance of future hardware improvements can be
tested, preventing hardware bugs, and major flaws before it
is too late. The sipulator <can also be used to test
abnormal conditions that can not readely be verified omn a
real system, for example a processing element failure. With

regards to computer simulation, simulators facilitate
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softwvare development by increasing the debugging
capabilities [2]. Tn general, it can be said that the
benefits obtained by developing a simulator are so important
tkat a large and complex design project should never be

undertaken without one.

The MACS simuiator can be .used to implement and debug
microprograms dedicated to run on the MACS system. There
are twelve programs, one for each physical device. This
allows the programmer to easily modify the architecture of
the simulated MACS by simply creating the appropriate
programs. The 1nteraction between the programs is minimal.
In Erder that the simulator be easily transportable frém one
computer‘to an aﬂother, the subprograms were implemented in
FORTRAN when possible and in MACRO-11 assémbly language when

inevitable,

€.2  THE SIMULATOR CAPABILITIES

o
Tn this section the simulator capabilities are infered
via a description of the simulation process and an example

of the kind of results it produces.

Cnce the architecture is fixed, the MACS simulator 1is
only used to implement, test, and debug microprograms. To

acheive these gcals, three major steps are followed:
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-creation of the microprograms

~creation of the interface prograns

{

-running the sioulator

6.2.1 Creation of the Microprograms

Creating microprogra®s is done with the help of the
INMEERG progran. mhis program uses the terminal to prompt
the user- for information. The information is entered for
one processing element at a time, one microinstruction at a
time. The mnicroinstructions are typed imn, either directly
as complete microinstructions represented in octal, or field
by field, letting the computer compose the

micreinstructions.

Entering microprograms by micreinstructions 1in  their
octal format consists of typiﬁq lines representing
micreinstructions and their associated comments. TEach line
is formed of 20 octal numbers and 50 comment characters,
separaged_by a semi~-colon. The 20 octal numbers represent

the 53 bits of a microinstruction, plus scme leading zeros

left for future expansion,

Fntering microinstructions field by field is easier. The

user 1is prompted field after field ¢for an octal value
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{following the sequence of fig. 5.7). The nﬁmber of bits
expected for each field is displayed beside the field name.
It is sufficient to only know roughly {(with experience) what
‘each microinstruction is supposed to do, taking extra care
entering the important field properly and entering default

values in the fields that are not of current jnterest.

Lfter the microprogram has been entered, it 1is saved on
disk to be usad directly by the simulator or for future
corrections. A program called HCEPRG is also available to
help the user get prepared for a terminal session with
INMPREG. This program prints a list of the field prompts in
a gquestionnaire form, reducing the composition of a

microprogram to £illing the questionnaire.

6.2.2 Creation of Interface Progranms

The interface prograns are the prograns simulating the
behavior of the top buffer, -the bottom bufter and the
vorking memory. T"hese elements of +the MACS system are
programmablé; but their hardwvare is not defined vyet.
Therefore, their functions, rather than the devices

themselves, are simulated in FORTRAN subroutines.
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These subroutines must then be rewritten for each
different. application. The process is siwsple and easily
done using previous versions of the subroutine as
guidelipnes, The progranms consist mainly of declaration and
IF statementst The subroutines are named: TOPBOF, BOTBUF,
WORKMI and WORKHKO. They receive the clock cycle number as

input and produce an output accordimgly.

6.2.3 The Simulation Procass

Lfter the microprograms and the interfaces programs have
been created, the simulater is ready to be run. The program
MACSIM offars a monitor in order to control the execution of
the simulator and.thus debug the microprograms. MACSIN.-is a
user oriented program which prompts the user for information

in a self explanatory way.

As MACSIM is executed (see fig. €.1), the user 1s first
prompted for the desired 1level of information. The
simulator can be initially run&gf any of the six information
levels available. The user has the possibility of changing
the information 1level at any pocint during the simulation
process. The most often used 1levels are: =zero, one and
four. level one is used to get a general appreciation of

what is happening in the PE column, namely, which PEs are
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epabled, what data are getting im or out of the PEs, Level
four is used for extensive debugging, giving the maximun
amount of.information available. PFinaly, level zero is used

to get as fast as possible to a breakpoint of interest.

The next step in initializing a simulation rum is to
specify the number of processing elements to be used. Then,
the user 1is prompted for the names of the disk files
containing the micropreograms, the exfernal PAM data, the
working memory data, the top buffer data and the botton
buffer data. It 1is only after these requirements are
satisfied that the simulator goes into the monitor mode and

displays the available monitor commands.

7

Figure 6.1 shows a typical sinulation session and
demonstrates the use of the monitor commands. As an

example, we follow what has been done in that session.

After the initialization process and at the first momitor
conmand prompt, a BREAK command 1is issued. 1In this case,
the command is used to set a breakpoint within the second
clock cycle, Jjust before the sequential sipulation reaches
the execution of the microinstruction of the third

processing element.
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Then the GO command is issued and the simulator perforus
the first wmicroinstruction of each PE. An example of the
display obtained with the level of information one is shown.
Before proceeding to the next clock cycle, the final value#
of the busses for the current clock cycle are displayed.

Stars are synonymous with high impedance mode.

While going through the sécond clock cycle, the simulator
reaches the previously set breakpoint. The user then
decides to change to informatiom level four using the INFO
command and to set the simulator in singie step mode. 1In
the single-stepping wmode, the =simulator only executes one
microinstruction at the time, the monitor prompting the user

between each of th$m.

b

A CONTINUE command being issued, the simulator executes
the microinstruction associated with the third PF for clock
cycle tvwo. The information level four ié now in use. The
microinstruction and 1its field by field expansion are
displayed. The outputs at major ports of the processing
element are shown, as well as the internal and external
_registers,

Before executing the next miqgoinstruction, the auaser
wants to see the previous condition of the fcurth processing

element. Thus a DISPLAY command is issued. The DYSPLAY
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conmand gives imformation about the last microinstruction
executed by the PE and the present status of its registers.
UOsing the MODIFY command, the user can change the values
stored in these redisters. The change gasade to interpal
régistgr four is cbserved later, when a CONTINUE command is

issued.

Finaly, the momitor alsqrhas»/é command named REBOVE.
This command is used to remoge ‘breakpoints or e}it from the
single step mode. For the removal of breakpoints, three
options are available. I* is ©possible to remove either a

specific breakpoint, the next breakpeoint, or all the

breakpoints.

RN
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»RUN MACSIM
3Kk 2K 3k 5K 3K ok 3K 5K K 3K KK K K KK K K 3K KK 3K 6 3 K K K 3K HOK OK K K Ok K K kK

*

b
b ¢
X
X
%

3K 3 3K 3 K 3K 2 K K 3K 3 K K K oK 3K 5K K0 5K 3K R K 0 KK KK KK KK K OK K KK K

MACS SIMULATOR

BY: FRANCOIS A. GOUGEON

X
x
x
X
UNIVERSITY OF OTTAUWA X
X

LEVELS OF INFORMATION AVAILABLE:

LEVEL
LEVEL
LEVEL
LEVEL
LEVEL
LEVEL
WHAT
1
WHAT
S
WHAT
WHAT
WHAT
WHAT
WHAT

1~->CRT DISPLAY

2——>LIMITED PRINTOUT
3-->AVERAGE PRINTOUT
4-->EXTENSIVE PRINTOUT
S——>REGISTER&MEMORY INFO. ONLY
0-—->NO INFORMATION

Is

IS

IS

s

IS
IS
IS

YOU ARE L
THE MONITOR COMMANDS ARE!

THE.LEVEL OF INFORMATION NEEDED?
THE NUMBER OF FE NEEDED?

THE BIG MFROG. FILE NAMEPLIKALL .MIC
THE EXTRAM DATA FILE NAMETERLIK.EBUF

THE WORKING MEMORY DATA FILENAMETWMLIK. BUF

THE FOFRBUFFER DATA FILENEMETTELIK.BUF

THE EOTTOM BUFFER DATA FILENAME?PHRELIK.BUF

NOW IN MONIEOR MODE

G0->TO START THE EXECUTION
BREAK~->TO INSERT BREAKFOINTS

1

CONTINUE->TO CONTINUE AFTER A EREAK OR A STEF
REMOVE->TO REMOVE EBREAKFOQINTS OR STEF FROCESS
MODIFY->TO MAKE SOME MODIFICATIDNS TO THE

DATA WHILE AT A BEREAKFODINT
DISFLAY->TO DISFLAY INFORMATION AT EF
INFO->TO CHANGE THE INFORMATION LEVEL
STEF-:>T0O FPROCEED STEF BY STEF

THE FIRST LETTER IS SUFFICIENT(E.G.:G-:GO)
MONITOR COMMANIDTE

AT WHAT CLOCK CYCLET2

FOR WHICH FET?3 S

MONITOR COMMANDTG

FE
FE
FE
FE
FE
CLOCK
H

FE 1

FE 2

MONIT
WHAT

MONIT
MONT¥

Mbd ety

JE IMXOUT: 0  YOUT: 0

E IMXOUT: Q0 YOoUuT: 0

E IMXOUT: 16461 YOUT: 1661

E IMXOUT:? 0 YOUT: 0

E IMXOUT: 0O  YOUT: 4}
CYCLE: 1. ' SYSHUS & %KX XX
E IMXOUT: 400 YOUT: 400

E IMXOUT: Q YOUT: 0 .
OR COMMANDT?I ~
IS THE NEW LEVEL OF INFORMATIONTA
OR COMMANDTS

OR COMMANDT?

Fig. 6.1-Monitor Command Examples
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MONITOR COMMANLTC

CLOCK CYCLE: 2. PENUM: 3. _
MICROINSTRUCTION:! 410515440 130 ADDRESS CRAM: 2
OPCODE: 610 CARRY: 1 DISPE: O ENFE: 1 BXMS: © BXME: 3
IMIS: 3 NOCRA: 2 NACRA: O AADDOE: O BADDE: O
ACRMC: 2 LMUXC: 1 ERWE: 1 SHIFTC: O HMUL: O
AADDI? O BADDI: O NACRAI: 2 MUX: 1

ERAMIN? - 14661 ERAOUT 0 ERBOUT: 0

IMX0UT: 2210

YOUT: 7451

XMOUTAIkkkX%  XMOUTB 3 XK KX

THE INTERNAL @ REGISTER?! 7451

THE INTERNAL MEMORY FOR THAT PE:

0 0 ) 0 0 0 0 o 0 0] 0 0 ) )
THE EXTERNAL MEMORY FOR THAT FE:
0o 0 0 ) 0 o 0 0] 0 O o 0 0 0]

MONITOR COMMANDTD '

CLOCK CYELE: 2. FENUM: 4,

KXkkXINFORMATION FROM FPAST CYCLEXXXX .

OFPCODE: 610 CARRY: 1 LISFE: © ENFE? 1 BXMS: © BXME: 3
IMIS: 3 NOCRA: 2 NACRA: O AADIDE: O EBALIDE: O

ACRME! 2 LHMUXC: 1 ERWE: 1 SHIFTC: © HMUL: ©

THE INTERNAL @ REGISTER? 0
THE INTERNAL MEMORY FOR THAT PE:

0 o 0 0 -0 0 o o : 0 0O 0 0 0 o)
THE EXTERNAL MEMORY FOR THAT FE?

0 400 0 o - 0 0 0 .0 0 0 0 0 o o

MONITOR COMMANDTHM -
D0 YOU WANT TO MODRIFY THE Q@ REGISTER?TN

00 YOU WANT TO MODIFY INTERNAL MEMORY?Y

WHAT LOCATION?A4 |

NEWVALUE TO FUT IN INTERNAL MEMORY 4 7231

DO YOU WANT TO MODRIFY INTERNAL MEMORY?N

[0 YOU WANT TO MODIFY EXTERNAL MEMORY?N
MONITOR COMMAND?R S

REMOVE EREAKFOINTS OR STEF FROCESS(BsS)TH
WHICH BREAKFOINTS IO YOU WANT REMOVED(¥,NrA)7A
MONITOR COMMAND?C

CLOCK CYCLE? 2, FENUM: 4.

MICROINSTRUCTION: 241115040 130 ADNDRESS CRAM: a

OFCODE: 241 CARRY: © DISFE?: O ENFE: 1 EXMS: O BXME: 3
IMIS: 2 NOECRA! 2 NACRA? © AADDE: O RAIDE: O

ACRMC: 2 LMUXcC: 1 ERWE: 1 SHIFTC: O =~ HMUL: O

AADDI? O EaADDI: O NAERAI: 2 MUx: 1

ERAMIN: 0 ERAOUT: . O EREQUT : 0
IMXOUT? 0
YOUT 0
XMOUTA Rk %K  XMOUTE $ H0kkXk
THE INTERNAL Q REGISTER: 0
THE INTERNAL MEMORY FOR THAT FE!
0 0 0 231 0 0 0 0 0 o] 0 0 0 0
THE EXTERNAL MEMORY FOR THAT FE:3
0 400 0 0 0 0 0 0 0 0 o 0 0 0

MONITOR COMMANDT
Pig. 6.1-Monitor Command Examples
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The MACS simulater is formed of Sixtszen programs. Twelve

programs simulatg each 'é physicai device. Four programs
- S—

establish the ggqmﬁnication links between these devices and
control the simulation. The package also contains 5 other
progranms thaé are of immadiate utility or that could be
helpful. Programs of immediate wutility are associated ﬁiqp
the INMPRG program described 1in the pregeeding section.

Programs of certain usefulness are pfdgrams like HCMPFG and

STMRUON (1).

Seventeen are in FCRTRAN while £four are in MACRO-11
assembly language. The programs in assembler can easily be
translated for uses on any other minic®oputier. The package,
counting all the usval files (source, list, object,
running), can take up to one megabyte of disk space . The
simulater presently rums in 44 kilobytes of memory on a

N . ©

PDP11,/34.

Before going through how these programs interact with
each other, a very brief description of the purpose of each

program is needed: [ 4

(1N see description on page 95
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Device Programs:

M23014-->simulates the AMD2901: integrated circuit
S2900 -->simulates three AMD2901A together, plus the
AM25L5253 multiplexers and the three-states
for multiplication (using M29014)
PRGRAH*-)simulates the opcode RAM
ADDREAM~-->simulates the address RANM
EXTRAM~-->simulates the external memory (registeré}
RCIM -->simulates the input multiplexer
xn -->simulates the output multiplexer
HARMOL-->simulates the hardware multiplier
TOPBUF-->»simulates the top buffer
BOTBUF-->simulates the bottcm buffer
WOFKMI-->simulate the yorking memory

WORKMNMO

5
Communication and Control‘?rcgr%ﬁé:
PEPFM -—>siéulates a complete processingd element
MACRUN-->simulates the copplete MACS
MACSIM--»>runs the simulator with the monitar..
DISﬁ. -->displays information on the terminal

Help and Utility Programs:

INMERG-->create the microrrograms
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INMTBT
LSTBF
HCMERG-->helps to compose microprograms

SIMRONK-->runs the simulator in a slimple way

The interaction petueen these program is minimal. All
the prograns simulating physical devices within the
processing element are sukroutines called by PEPEM (see fig.
£.2). The data normally passed from omne device to another
are transfered via parameters in the calling sequénce. The
variables representing the control sigmnals are obtained from
common hlocks. Common blocks are also used for all
variables reprasenting internally stored data, in order for
this data to be available tonthe monitor and the display

program (DISP).

The timings o©of the operations withinm the processing-
elements are not difficult to replicate, being essentially
sequentials. Howevef, at the multiprocessor level,
operations are done 1in parallel. . But, since the Processors
are all independent of reach other except for a few
transferts of information on the busses, the task 1s simple;
The PF are simulated ome after the other within  the sanme
clock cycle, updating the bus values only after all the,éﬁs
have been treated. This is done by the MACRUN progr@ﬁ {see

¥

fig. 6.3).
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MACRUN is initially called by MACSIM after a GO monitor
command (see fig. 6.4). MACRUN then starts the simulating
process and, for every clock cycle:

-gets data from the top buffer (TOPBUF) .

-gets data from the working memory (WOREKNI)

-executes é microinstruction corresponding to the
clock cycle in progress for every PE, taking care of
inter-PE comnmunications (PEPEM)

~-displays sone inférmation (DISP)

-takes care of all the Lusses

-sends data to the bottom buffer (BOTBUF)

-sends data to the working memory (WORKMO)

However, - for every PEX of each clock éycle, MACRUN checks
for breakpoints or single step mode, and rTeturns the
execution to MACSIM if these are detected. HACSIH, which
takes care of the monitor, obeys the user's comnnands and

returns to MACRUN at the point o¢f interruption, on a
..

4

CONTINUOF command.
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This chapter describes the MACS simulator. In the second
section, the creation of the wpicroprograms and of the
interface programs are outlined. Later, the running of the
simulator is explained and 1its capabilities demonstrated
using an example. The example has been selacted +to

jllustrate all the momnitor commands.

In the third section, a descriptiocon of the MNACS's
simulator package is given in terms of: program count,
programs utility, programming languages and computer space.
The individual programs are named and briefly described.
Pinaly, the interaction between these different programs are

axplained.
Tn the next chapter, this simulator is used to implement

some image processing tasks on the Multimicroprocessor hrray

Computing Structure.
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Chapter VII

SOMY TMAGE PROCESSING ALGORITHMS FOR MACS

o e e o e e et

The Multimpicroprocessor Arréy Computing Structure (MACS)
architecture and its associated simulator are described in
the two previous chapters. In this chapter, the potential
of MACS is investigated .for implementation of image
processing tasks. A data rate of 062 pixel/microseccnd.is
set as an objective for these implementations, since it is a
suitable rate for the MACS system without nodifving its

present architecture (1€ microinst. per PE).

Others have investigated systems for potential usefulness
in the image processing dormain. Figure 7.1 gives a list of
these systems and classifies them in three categories: non-
specialized, specialized, and specialized microprocessor
based systenms. specialized is used to indicate that the
primary goal of these systems is to perform image processing
tasks. Other dedicated systeas arte commercially available,

for example, Comtal Vision Cne/20 [16],but they are
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hardwired machines and are not within the scope of this

thesis.

Three typical image processing tasks are tested on the
MACS simulator: filtering, resampling, and fast Fourier
transform. These techniques 3re frequently applied in image
processing. Tﬂe filtering operation, performed by windowing
techniques (1Y, is mainly an I/0 bougacoperation. This
means that the I/0 operations take more time than the actual
computation. This occurs because two spatial dimensions are

considered at the same tinme, The fast Fourier transform on

the other hand, 1is wmainly computaticn bound, uhére the

Also, the ¢two-dimensional PPT need only be applied to d;e
dimension at the time (it 1is seperable) (171. The

requirements of resampling nmethods lie between these two

extrenmes.

This chapter is divided into four major parts:
-salt and pepper filter by vwindowing technigue { 18]
-resanmpling using the HS&NC function [19]

-resampling by WEINAN's method [20]

-fa§£\Fourier transform [ 17]

———— o E ap h m Em am e

(1) to be explained in section 7.2.1
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One of the resampling methods, the MSIKRC function, is often
used as reference for evaluating other resampling methods.
The other one, Weiman's resampling method, is said to be

more compatible with parallel processing.

»

¢ 2

Fach of these sections are suybdivided into three parts:
the theory, the ipplementation, and some ‘remarks on the

performance of the methofl on the MACS processor.
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TLLIZC (Burroughs) [8]
RSC (TI) [ 1]

STAF-100 (CDC) [€]
PEPT (Bell) [5]

STATAN T3](4]

HLoT (Henaywell) [2]

AnTe 00 [ 7]

~LTe [9]
opv [ 101

T¥TP [(13]

GLOPT [11]
»pYo [ 12]
G-471 (18]
Txp [ 15]

(S Figure 7.1 Sor=a iImanqe Processing Systems
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7.2 THE SALT AND PEPPER FIITER.

7.2.1  The theory

Pictures invariably suffer Some degradation due to
sensors, recording oOrC transmitting instruﬁ;nts, or other
external‘ factors such as haze in remote sensing
applications. when +the degradation process is w2ll known
and its effects easily described mathematically, a specific
‘corrective process can be applied gg‘the picture. This is
called image restoration [21]}. However, in most cases,
either because the degradqﬁ?&§ process is not known well

b ak ' .
enough or because simpler mgég%ff of improving the pic{ure
are sufficient, more heuristic methods of image enhancement
are often used. These methods are used to i;irease the

contrast, to deblurr, to smooth, to Tremowe noise or to

geometricaly adjust the pictures [31]-

One of these enhancepent method is the salt-and-pepper
filter. It is used when the 1inmage noise consists of
isolated points that contrast with their neighbours, the so
called, salt-and-pepper noise. The computer has to
recognize a noise point and eliminate it., The detection of
noise points 1is done by comparin§ each point's gray level,
with the level of its neighbours. Oonly the points within a

limited distance from the point under consideration (vithin
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a window) are checked. If the pixel of dinterest is

substantially different <£from all, or nearly all, its
neighbours, it is- considered to be noise. The noise point
igﬁ\theﬂ/ replaced by some function of the neighbouring

pixels, for example the average, the median, or the nmode

[18]. Here we consider the average value.

A vindow is an area containing the pixel of interest and
its immediate neighbours. Standard sizes fer rectangular
windows are of the order of threé to seven pixels wide,
forming windows of 3%3, 5%5, or 7%7. 0dd npmbérs are used
in order for the pixel of inte§§st to be at the center of
these areas. The operations using the so called windowing
techniqgues consider only ¢the area defined by the window as
their operating area. This limits the amount of calculation
involved since the amount of input parameters 1is limited.

The window usually moves across the 1image as the point of

interest changes.

The salt-and-pepper f{lter uses the window technigque
approach. Several parameters can be adjusted within this
filter. The window size can be modified to increase or
decrease the neighbourhood size. The threshold value by
which the central pixel has to differ from another pixel to
be considered substantially different can also be @made
adjustable. The number of pixals from which the pixel of

interast is substantially different can also be modified.
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Some complicatiomrs are associated with this method, If
the window is large and all the contained pixels are to be
used in evaluating the average value, more wveight should be
given to nearest neighbours. This increases the computing
time required for each pizxel. Rnother problem is
encountered for the border points of the ibage. Tvo methods
can be used to alleviate this proglem. One comnsists in
assuming that a mirror 1image éf the picturgris present
outside the border line. A simpler method involves giving
outside pixels a null value and simply disRegardinq' the
results near the borders. In this impledentation ve iénore

these problens.

T7.2.2 The Implementation

A salt-and-pepper filter based on a 3*3 window is

implemented on MACS. On such a window, eight comparisons

are necessafy between the pizxel of - interest [?nd its
surrounding neighbours. For each neighbour, the —a'bsolute
value of the difference with the central pixél is
calculated. This ‘difference is fhen compared with a

predeternined threshold value. TIf the neighbouring pixels
are substantially different frcam the pixel of interast, a

flag is set.
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In the 1implemention, eight processing elements are used
to ccmpare the eight surrcunding pixels with the main pixel.
Fach PE first gets the pixel of interest, then after a
ceréain amount of wait .instructions, the pixel to be
gompared, The PEs are programmed according to the
desciption in the preceding paragraph. The operations are
done concurrently, each PE being one instruction cut of
phase from the previous PE. A typical microprogram is shown
in figure 7.2. Note that the flag set or reset by each
comparison is forwarded to the next processing element.
This implies that after PEB, a decision or weight factor is
obtainéd, corresponding to a count of the number J%

divergences encountered.

Two other processing el=pments are needed to complete the
operation. PEY computes the average value of the eight
surrounding pixels. This value is substituted for the value
of the pixel of interest /i-git is found to he noise. It
forwards to the next PEf/the computed average value, the
center pixel value, and the weight value, This is shown 1in
figure 7.3. PE10 mnpakes the AQcision, using the weight
received from above and comparing it with a preset value.
This processor decides if the center pixel is different from
all, or nearly all, its neighbours. If it is substantially
differant, it is considered to be noise and tha average
value is output. If not, the center pixel 1is output,

unchanged. This is shown in figure 7.4.
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In this implementatiom, the top buffer is assumed to be
capable of storing fdur lines of the input picture. This
gives time to the host computer, or any system, to feed in
+he fourth 1line while the three other lines are being
processed. The prograrmable ¢top buffer is in charge of
outputting all the pixels within a wvindow to the system bus,
starting with the center pixel. The pixels are picked up
from the bus by the processing elements as specified by

their own microprograim.

Fach time a window is processed, the botton buffer
receivas only one pixel. This pixel 1is either the pixel
from the original image, or the computad average of the
window. Therefore the bottom buffer must have the capacity
‘of storing two‘ lines. One is to be created while the
processing is done, the other one, 1is the previously created

»+ne to Lo read by the host computer.

7.2.3 Remarks

The preceding section has demonstrated that a salt-and-
pepper filter is realizable on MACS. The filter is applied
to an input picture using a 3%3 window. The interface with
the host computer is minimal, requiring only the top buffer
to receive the picture lines one after the other, and the
bottom bLuffer to return _ the output lines 1in the sane

fashion. The filter parameters cam be easily modified since
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they reside in external memory, directly accessable by the
outside world. The complete operation regquires only ten
processing elements. A data rate of one pixel ©per
picrecsecond is easily maintainea. Extrapol&tion to bigger
windows, 5%5, 7*7, 1is easily dqne if we do not 1limit” the
HACSiPEs to 16 microinstructions per microprogram. The

speed would go down to two or three microseconds per pixel.

‘Typical images are 512 pixels in length by 512 pixels in
width (262,144 pixels). Irage processing systems using
conventional raster scanned television equipment need a
frame refreshing rate of 30 frames/second. MACS, with a
data r;te of one pixel per microsecond, cam acheive a frame
rate of 4 frames/second. This 1s sufficient for images
where nc movement is involved, e.g. satellite images. To
use the 'MACS in a real time environment where movemeRt is

encountered, 256 by 256 pixels images would have to be used.

This would imply an acceptable frame rate of 15

frame/second.

Many other enhancement techniques using windows could be
implemented in a similar way: averaging, thresholding, edge

detection, etc...[18]
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FIP TI:=SFFIL1.RMIC

703115420 130 21 ;GET CENTER FIXEL FROM SYSEUS IN K1

513715440 130 442;GET FIXEL OF INTERESTrRl-INPUT*?RErDISABLE 1F NECG.
323415060 130 43 ; COMFLEMENT R2:IF NOT DISABLE

323515100 130 44 COMFLEMENT RQ;RZ—}QBS(DIFFERENCE)

513715120 4130 10655DIFFERENCE(RE)—THRESHOLD(ERI)—>R3;DISABLE IF NEF.
200415140 130 . &3ADD 1 TO Q IF NOT DISABLE

200115160 130 730UTPUT WEIGHT (Q) BELOWr,Q=1 ->0UT OF RANGE
240115200 130 107WAIT

240115220 130 11F7UWAILIT

240115240 130 12:UWAIT

240115260 130 12:UWALT

Sa0115300 130 145UATT
JuO11S320 130 1SiUAalT
Taulipoan 130 1T&FWALT
Sa011%5e0 130 178WnIT
S0 1SE000 130 OilAlTyBACK TO HEGLNMING

Fig. 7.2-The SPFIL1.MIC Microprogram

703115420 130 21:GET CENTER FIXEL FRUOM SYSRUS IN K1
703115440 130 10427GET FIXEL FROM SYSRUS IN R2
503115460 130 1043:GET NEXT FIXEL FROM SYSEUS.ADD TO RZ
503115500 130 10447GET NEXT FIXEL FROM SYSHUSsADLL RO f
503115520 130 104SFGET NEXT FIXEL FROM SYSHUS:ALD TO RZ
503115540 130 1046F#GET NEXT FIXEL FROM SYSEUS-nhL o K2
5063115560 130 10477GET NEXT FIXEL FROM SYSBUSrALL Yo R2
5031154600 130 109505GET NEXT FIXEL FROM SYSEBUS,ADL 10 R2
50%115620 130 1091FGET LASY FIXEL FROM SYSEUS- nDD TO R
305115240, 130 523 DIVINE R2 RBY TUWO

305115260 130 53s0IVIDE R2 BY WO

305115300 130 54:DIVIDE K2 BY TWO:AVERAGE DOWN
301115320 130 I CENTER FLXELCRL)Y MOUN -
240115340 130 14650WALT

7011143560 139 173 WEIGHY FROM AROYE - LOWN

240115000 130 O:;WAITyHACK TO BEGIN

-

il

L5

ot

Fig. T7.3-The SPFPIL9.MIC Microprogram
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FIF TI$=SFFI10.MIC

403015020
301115040
241115060
241115100
241115120
241115140
2411135160
241115200
241115220
91115240
SA1115260
031153500
705114320
703114340
241115300
921714000

130
130
130
130
130
130
130
130
1350
130
130
4130
130
130
130

4417 MOVE

R1 TO

R2 IF

~4270UT R2 DOWNs NEW

3FWAIT
43 WAIT
SrWAIT
SFWAIT
ZrWAIT
107 WAIT
1Z5WALT
IZ27WAnLT
15fWaAIT

SAFERL-C

AL¥GET
LOEYGET
17:WaIT

RZLD0
AVENSGE
CENTER

130 1400:GET WEIGHT

Foiix
FROM
FIVEL

FEOM

NOT DISABLELD
FIXEL VALUE

ELLS T LILMFER ERSHM TO IRE
ARUUE 1N K1
FlROM ARCVE IN R2

AU -RI-DISARLE IF NEG.

Pig. 7.4-The SPFI10.MIC Microprogram

Fig. 7.5-Changing an Image to New Coordinates
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7.3  RESAMPLING BY THE BMSINC FOUNCTION

7.3.1 Introduction

A discrete image, as used by a computer, can be
considered as a grid made of samples of a continuous 1image.
It may be necessary to chamge the image to a new gri&ﬁ
format, for example, in going to a new coordipnate systenm
{see fiqg. 7.5). ‘The optimal method would be to resample the
continous imége according to the new grid. However, in most
cases, this‘is impractical or impossible. InterpSEation of
the new samples values between the existing samples is more
convenient. This is what is usually called resaapling.

Resampling is often used in image processimng. One of the
most important use of resampling is with satellite images.
The samples of image pickeﬁ-up from a saEE}lite are usually
distributed 1imn time. For many applications, such as
comparisons with existing maps, a uniform distribution in
space is much more desirable [19])]. Other important uses of
resampling are for =zocoming capabilities or rotation of

images.
It can be shown ([22], that if a sampled image is
transformed to the frequency domain, the spectrum of the

original image (continous) is repeated every 2P1 intervals.
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To reconstruct the image in the space domain, the inverse
Fourier transforp needs only to be applied to one such
interval.  This, transposed in the space domain 1is
equivalent to a convolution with sin(PIx)/PI¥ , the SINC

function.

Unfortupatly the SINC function 1is usuélly impractical
since it decays to zerc very slowly. This 1implies that to
use the SINE function to its full potential, a large number
of input pixels are needed to evaluate the value of one
output pixel. This theoretically best method though, can
give sone insights as to what to look for in an
interpolator. More practical interpolator are: nearest

neighbour, linear, MSINC, cubic convolution, <cubic spline,

quartig. Spline, etc...[19]

A good interpolator is created by multiplying
SIV (PIx) /PIx by the function (1-x**2/n**2) and truncating it
at "n™ points. "n"™ is the number of points used on both
side of the peoint of interest to evaluate the resampléd
pixel (see fig. 7.6). This foras a resampling function that
has its derivatives equal to zero at -n and +n, removing the
first crder discontinuity encountered .with S5INC when
truncated at these points. This function is often used as a
standard wvhen c¢omparing the performance of resampling
methods. This 1is why it was chosen for implementation on

MACS. It will be called the modified SINC function (MSINC).
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7.3.2 The implementation

The modified SINC resampling function can be implemented
on MACS. The MSIKC function truncated at 8 points s
- "~
described by:

y = £(x) = SIN(PIX)/PIx ¥ (1-x**2/4%%2)

Ls example, two typical resampled pixels would look like:

¥5 = x1*£(4) ¢ x2+*f (3) + x3*£(2) + x4*f (1) + x5
+ xE*E(1) + xT*EE(2) + x8%f(3) + xI*£(4)
y6 = x2*f (4) + X3*f(3) + xusf(2) + xS5*£(1) + x6

v XTEE(1) + xB8*E(2) + x9*£(3) + x10%f (4)

Note that in this case, nine pixels of the original image
are needed to rroduce one resampled pixel and, the MSINC
function needs to be evaluated for four different values
because of_its symmetric property. Also, each input pixel
needs at one time or an other to be multiplied by each of

the function's four values.

The resampling process can be implemented using four
processing elements, one for each of the four values taken
by the function. These values can be stored in advance in
the external menmory of tﬁe PEs. A fifth PE is used to add

the factors and output the resampled pixels.
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The process performed by the first four PEs 1s simple.
They get an input pixel from the ° top buffef or the PE above
and multiply it with their MSIKC function value stored in
external RAM. As soon as the result is'obtaine;‘ it s ﬁut
on the system bus.l Also, affer -a certain amount of time,
the result is put a second time on the syster baus, This is
done because these results are always needed for the

-
calculation of two output pixels. This process is shown in

figqure 7.7.

The f£ifth PE collects‘these values in order to evaluate
the output pixel. Every clock cycle .the//BE’receives a
number from the system bus or frem the PE above. and adds it
to a different but consecutive iﬂterﬁal regidter. \After the
nine required additions to a specific register have been
performed, the resampled pixel is output. This is shown in
figure 7.8. The first valid ©output pixel is made avdilable
nine machine c¢ycles ‘(1 machine cycle= 16 clock cycles) after

the first input pixel has been—taken in.

7.3.3  Remarks

The modified SINC resangling functiom for 8 peoints has
been realized using five processing e¢lements. This

implementation is capable of handling a data rate of one
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pixel per microsecond. However, there is a five

micrecseconds delay between an input and it corresponding

ocutput.

The technique by uhich‘ the function is implemented in
this example can be used as guideline for implementationé
using up to 14 inplt points, still limiting thé
microprograms tc 16 microinstructions. ’A 14 points modified
SINC function is quite resonnable, ‘It could keep-up with a
data rate of one microsecond per pixel but would introduce
an eight micrcseconds‘ delay. Extension to more points

necessitates an increase of the microprogram memory.

This is an excellent performance compared to the  same
algoritho implemented on a minicomputé;. Assuming that, as
- with the MACS, the function has been -precalculated,for the
Jvabues of interest, the program would still need to
frequently use statements of the form:
A = A + (x*B)
This statement, coded in @pachine language, takgs tp to
eleven micr05econds to execute on a' PDP11/34 miniéomputer.-
For the 14 points resampling function, this statement needs‘
to be repeated 15 times. This ipplies a total execution
time of 165 mnmicroseconds per pixel. Therefore, in this
case, the MACS 1is a 165/1 improvement over a PDP11/34. To

resample one dimension of a 1000%1000 pY¥xels image, the MACS

- 155 -



»

_ Would take omne second,

minutes and 45 seconds.

where as
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Pig. 7.6-The MSINC Function [If]
701114020 130 FRGET XIONY AROUVEyDOWNs SN EF () s F(4) N ERO
241115040 130 2FWALT FOR MULTIMLICATION RESULT
241115060 130 FiWAIT
703132100 130 AFGET RESULT IN RO AND ON SYSERUS
241115120 130 S3WAIT
241115740 130 AyWAIT
241118160 130 ZiWAlIT

241115200 130 LOFWALT

2412115220 130 117UWAIT

241115240 130 125WALT

241115260 130 137WALT

401131300 130 La43GET RO ON SYSRUS
241115320 130 LS55WALT

241115340 130 155UWATT

241115360 130 175UALT

241115000 130 QFWALT »BACK TO REGINNING
\

/

/

Fig. 7.7-The MSINK1.MIC Microprogram
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In this section, a -~ relativly new and simple " way to
resample piétures is described. The +technique ¥as
developped by C. Weiman [20], based on an earlier
development by J. Rothstein of a code for diéitized straight
lines [23]. The resampling. method reédires only simplé

calculatio?s, making it very €fast. It is\ said to be

naturally " oriented toward implementation on '_parallel
processor systems. ’ N
Rothstein's code for straight lines was originally

conceivad as a taol for pattern recognition [24]. A simple
short binary code can describe a line with relation to a
quadratic lattice (grid). Pigure 7.9 pictures a . line (I)
starting at the origin of a carteéian plane (grid) and going
in the first gquadrant with a slope smaller than one,but

greater than zero.

,f\\\\ Fach square unit of the grid which is crossed by the line
4‘:ITR have its boundaries cut at two peints. These twvwo
poinzg are either on opposite(parallel) sides or on

i
adjacént(perpendicular) sides. They lie on the adjacent

sides whenever the line crosses a vertical division line and
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on the opposite sides when the 1line stays within the same
vertical division. When square units of the grid are
crossed on the opposite sides, the code i%s issued a zero for
that horizontal division, aﬁd vhen it is on adjacent sides,
it gets a on2. The horizontal division containing the

origin 1is always set to zZero., The final horizontal
division, the Jdivision just before the 1line code gets
repeated cyclicly (where the line crosses a corner), gets a

ocne.

The relation between Rothstein's code and the application
we have in @oind, nanmely resampling, 1is oqu one 6f
homogeneity. When <crudely shrinkigz an 1image, there 1is a
problem in deciding which 1inés.or columns of the original
image are to be kept. A similar problem occurs when
stretchings: which original iinés and colﬁmns are to be
placed in the new wider image. The 1idea is to get as the
result the most homogeneous picture possible. In theée
WEIMAN's method, the code for a 1linme of slope 5/8 for
exanple, is used as a guideline for shrinking a péé%ure by
5/8 or stretchling one by 8/5. The end result is a very
hompgeneéus picture, because, as WEIMAN wrote: )

"The code comprises the @most homogeneous possible
distribution of p 1's among q digits."[ 20])

In this example, it means an homogeneous distribution of

five ones among =ight digits. .
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Continuing with‘ the same example, if an image is to be
shrinkgd by S/8 in cne direction, fhe image is scanped line
by line (column by column), retaining only five lines out of
éach eighg,/’x' circular shifter holding the code for a
straight line of slope 5/8 points out the lines to be kept.
Only the lines associated with a code value of one are kept.
The process can be repeated in the other dimension to shrink

a complete two-dimensional image.

The same principle 1is used for stretching pictures, the
code giving the position tc be occupied by the old image's
lines 1in the new Jimage, What 1is more striking when
stretching a picture 1is the enmpty 1lines created. The
counterpart of this imn shrinking, 1is the fact that some
lines are deleted, thus providing no information at all in
the new image. These discontinuities c¢ould be smoothed out
by an averaging process, but this would leaad to a

considerably degraded picture.

* Apnother solﬁﬁion is available, It was already pointed
out that the straight 1line code represents the most
homogeneous distribution of 1's in the total number of code
elements. TIf the elements of this cyclic code are rotated,
the homogenéity is conserved. The newly obtained codes can
be used in transformaticns to obtain slightly different

pictures. If all the ﬁictures resulting frem all the
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possible combinations of the code are averaged, a much
better result is obtained than by smoothing only one of
them. An example of this methed 1is ghoun in figure 7.10,

—
where a picture 1is stretépad by 4%/3 using the code for a

Al
X

line of slope 3/4 (0117).

This method of avoiding discontinuities is fairly sieple
and leads to very good results. The whole resampling
procedure is conmputationaly simple needing oﬁiy very basic
operations. And finaly, as the next section demonstrates,
the WEIMAN's method 'is easy to iwmplement on multiprocessor

systems.

T.4.2 The Implementation

In order to demonstrate how the WEIMAN's method is
ioplementad on MACS, e =2xample of figure 7.10, where an
image is stretched by 4,3, will be used. Four processing
elements {PEs) are needed, each corresponding to one of the
different code patterns. These PEs receive the input pixels
from thehiop buffer, store them temporarely, and output then
according to their own varsion of the code. A fifth PE
receives these outputs and_a;eraqes them to produce the
final output pixals. These pixels are themn sent to the

outside world by the bottom buffer,
v
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The top buffer receives the input pixels from the host
computer or any image processing system. These pixels are
then output at the rate of the most demanding PE (WEIMAN's
code->1110). 1In our example, this implies that the pixels
are output at the rate of one pixel per machine cycle for
three cycles, every fourth cycle being without output. The
first four PEs are receiving the rixels at the same rate,
according to the same code (receiving code-}1110). The
values are then stored in the PFE's intermal registers and
"output according to each PE's WEIMAN's code. For example,
PE3 {code->1101) will output a wvalue in the first ¢two

machine cycles and in the fourth one.

We examine in more detail the typical microprogram of the
first four PEs to obtain a better understanding. Pirst, the
processing element receives a pixel according to the value
of the receiving code. If at that time the code is a "one",
it receives the pixel, if it is a "zero™, it disables the
receiving operation. Tf a pixel has been received, it is
put intq an internal register as designate%ﬁby poeinter 1,
Seconﬁly, a temporary register (FR3), assigned to contain
the output pixel value, is set to zero and the WEIMAN's code
is checked. Depending on the logical value of the code, the
next operation is performed or disabled. If the code shows

a "one", an internal register value indicated by pointer 2,

will be moved to ER3., If the code shows a "zero", the ER3
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value will remain at zero. Thirdly, the external register

three value will be output.

—
/

-

héach time the receiving or the iEIﬁAH code is checked, it
is aléo shifted. Rotations would have been better,‘ but
since the length of these codes 1is not necessarely a factor
of twelve bits, it beccmes impractical. This is why every
fourth machine cycle these codes are replaced by fresh ones.

The complete micropregram is shown in figure 7.11.

Basically, the first four PEs are acting as delay lines
for the incoming pixels, some pixels being delayed moré than
others, accofd}ng to WEIMAN's code. Every machine cycle,
the fifth PE ;;;eives a value out of each preceeding
processing element. Kote that one of these four values 1s
always a zero. PE5 then, makés the sum and divides the
result by four to obtain the output pixel ({see fig. 7.12).
This pixel is collected by the bottom buffer and stored

until the host «computer or +the host system is ready to

rTeceive it.

In the preceeding section, a poSsible implementation of

the WHEIMAN's method was dqunstrated. It " takaes five

.

: M
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processing elements to realize the stretching of an image by
473 and a speed of 3/4 of pixel per microsecond could be
acheived. However, as sinple as this implemenfation may

seem, it is not possible with the present MACS architecture.

The problen is that pointer 2, as used in the
microprogram of fig. 7.11, is not realizable with thé
present architecture. Pointer 1 is realized using the fact
that the address RAM has a seperate memory address register
(MARA2). This allows the internal registérs fo be addressed
 sequentially to store the input data. However, even if
there is some facility (MARA1) to address the internal
registers randomly as required by peointer 2, this access can
not be disabled when the PF is .disabled.

Prom a designer point of view, the solution 1is sinmple.
It consist in adding one more memory address register
(MARA3) to the address RAM., This MAR would be a counter
rather than a registef. Opne bit in the microinstruction
would increment it, one bit would reset it to zero, and one
bit would be used to disable the increment mode when the PE

is disabled.
This simple modification would allow th=2 WEIMAN'S method

to be implemented on the MACS. At this peint though, with

three memory address registers for the address RAM, a better
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solution would probably be to revise the vhole system of

addressing of the internal registers.
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Fig. T.9-Rothstein's Code Definition [23)
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PE 1,2,3,4 ERO inverted receiving code
— ER1 counter

ER2 inverted Weiman's code
ER3 output pixel

ER4 Iinverted receiving code
ERS5 inverted Weiman's code -
ER6 initial count value

increment .counter ER1, disable if neg.
replace receiving code ER4 to ERO
replace Weiman's code ERS to ER2 .
reinitialize counter ER6 to ER1l, go to beginning

N

cycle A .
1l enable,check receiving code,disable if neg.,shift code
2 get pixel from sysbus, put in imt. reg. (pointer 1)
inerement pointer 1
3 enable, move zerc to ERJ
4 check Weiman's code, disable if neg., shift code
5. move 1nt._rag.(pointer 2). to ER3, inc. pointer 2
— enable, wait
- wait :
- output ER3 to sysbus, enable

b
|
A

7T.11-¥Weiman's Methed .PE1l,2,3,4 Pseudoinstructions

~ .
oo

PES

cycle :
1l ec¢lear IR1

2-6 wait e -
7 get value from PEl in IRl
8 add value from PE2 to IRl
9 add value from PE3 to IRl
10 add value f¥om PE4 to IR1
11l divide IRl by 2

‘12 divide IR1 by 2

13 output IRI1 -down

fig. T7.12-Weiman's Method PES Pseudoinstructions
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7.5 THE.FAST FOURIER TRANSFORN

q

7.5.1 The Theory i;-

-

The theory behindr the Fourier transforn [1?] is well
(:;wn to engineers. It will be briefly outlined here as an
introduction to fast Fourier .tréné%orm 1and - mathods of
implementing it. The Fourier transform is used to transpose
"a function from the time dom&in to the frequency domain. As
such, it is very useful'for ‘"scme operations that are more

easily implemented* in the €frequency domairn, e.g.: the

convolutions are transposed to simple multiplications.

The transform'can be stated as:

- .
F(w) = _{ £ (t) *exp(jwt) dt

- )
.

for continuous time [25]. For discrete time, as in the case
of digital pchessihg, the discrete Fourier traanform (DFT)

can ke stated as:

i

-
w2

where Wn=exp{(-2j*PI/N).

. Yo (WN) **np

Ap is a set of N complex éﬂpmbers and the DPT of the \“liw

sequence Xn. This is a finite transform as it used ¥ points
. , &
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to evaluate every DFT elamant. Tt involves an =2xtensive
amount of ccmputing time, requiring N*%2 conplex

pultiplications.

The fast Fourier *ransform (FF7T) brings a net computer
time'gain over the ©DFT. 1In cordsr to use FFT, the length N

kas to ke an intearal pow=r of 2, Q:ﬁf( N=2%%L

L=1;2,3,...). The main idea behind FFT is that *he
seagquence AP of l=angthk 1 can Ltz ottain=d by a suizaple
certination, vsing M complex. multiplications, of the results
of +two transforms ¢f length Y/2. This d=compositlien 1is
\Fep@atﬂd I, times (as shewn in fig. 7.13) to =nd up with
Q:ansfo:ms of length two, where ¥=exp(-2j%P1/2)

-1. This
method raducss the numter c¢f ccrpl2x mnultiplications from

N*%¥2 to ML or ¥Flog M.,

For every L stages, butterflies are computed:

A = 2®
fp T A+ W x a0

A _ €
= A - wPb 4 a
p+N/2 D Wg ¥ Ap

Since the multiplication with the twiddle factoer is the same
for both parts of the Lutterfly, it is no* répeated. This
brings down t}re corputation 1lcad to ws2 log N corcplex

nultiplications and % lcg ™7 conmplax additions.
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The procedure just outlined is called "decimation-in-time
FFT® [25]; It has the disadvantage of not addressing the
input sequence in its natural order. The inputs must be
shuffled prior to performing the FFT. Another veréion of
the FFT algorithm is called "decimationin-frequéncy FFPTN,
In this case, the output data of +the frequency domain 1is
shuffled. The flowgraph for a PFT of 1length sixteen 1is
shown in fig. 7.14. As predicted .it needs 3 stages, 12
complex multiplications, and 24 complex additioms. This

example is used to 1llustrate the implementation of FFT on

. MACS. -

¥

T7.5.2 The Implementation

In order to implement the fastlFourier transform, it is
necessary to simulate the  operations of a butterfly.
Looking at fig. 7.1u it can be noted that the input data are
needed in their natural order. Alsc, the first butterfly
operation can be started as sbon as half of the total data
is available. So, the first stage must have the capacity of
storing N/2 data for a FPFT of 1length N (here 4 for length
8). After the operation has started, stage one ;s expected
to keep-up with the data coming in, passing 1its results to

stagé two. Stage two needs to store N/4 ccmplex data before

o
A

' - [ A
computing some results to be passed on to stage three,etc...
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Thé principle of the pipeline processor developed by
Groginsky and Works [26] can be used as guideline in this
implementation. Their machine uses ondw, module made of an
ari£hmetic unit, a delay line, and some swithching
circuitry, for each PFT stage. Each module receives its
rotation vector (twiddle facta;(ﬂ)) from a common sStorage
area. In MACS case, the work performed by a module could be

done by a processing element, and the vworking memory could

take care of the rotation vectors.

The pipeline operation is sinple. The FPT of length
eight will be used to explain it. The first stage has a
four data wide delay line and receives the input data. For
the first half of the data (4 data item) the arithmetic unit
is éisconnected and the data gets stored in the delay line.
After the fourth . data item, the switches are changed,
connecting the arithmetic unit as shown in fig. 7.15. The
fifth datum (X4) is then used as input to the arithmetic

.unit as well as the datum getting out of the delay line
(X0). A butterfly operation is performed and one of the
result is put at the beginning of the delay 1line while the

other is sent to the next stage.
At this point the second stage can start to operate and

shift the data into its delay 1line. The second stage delay

. line is only capable of storing two data itemn. The first
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stag perferms Qhree more similar butterflies before the
;Lséitches are rese§¥gp their original position. Then as the
next data are 1input, the d&ta storéd in the delay line are
sent to the secoﬁd stage. The pfocess is similar for every

stagqe.

A simplified version of this procdess has been implemented
on the MACS sipulator. The modules used for every stage are
easily simulated by a MACS processing element. For the-
moment, the delay 1line is reaiized using the PE's ipnternal
registers and the data are assumed +to be integer numbers
(not complex). These assumptions are taken in order to
simplify the frcblem. Extrapolation from these to the real
situnation is straigthfoward as demonstrated imn the next
section.

-

The algorithm used 1s the same for every stage (as shown
in fig. 7.16). The only differences are the length of the
delay line and the reinitialization values of some counters.
Three counters are used: the twiddle counter, in order fory
the PE to know when to get its rotation vector from the
memory bus; the data counter, to count the number of data
item +tc¢ be put in the delay 1line before starting any
calculation; and finally, the butterfly counter, to know how
many butterfly operations are needed. The previous stage

-cokresponds to the PE above and the next stage to the one
T,

R Y
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belcw. The butterfly operation, whem mnot disabled, 1is

easily done in the fcrm of:

Xout = Xip + Yin * W**Z
Yout = Xin - Yin * W¥*2Z
/
7.5.3 Remarks
With integer rather than complex‘ numnbers, every
processing element goes through a cycle of 17
microinstructions. ¥ith a aicroinstruction cycle‘ taking

between 60 -and 80 nanoseconds, this implies being able to
keep-up with a data rate of 1 to 0.5 datum per microsecoﬂd.
Pxtrapolation to complex numbers implies tha}‘all the data
input/output operations as well as all the additions,
substractions, and delay line accesses, are to take twice
the time used for integer numbers. The  npultiplication is
transposed into four multiplicatioms and two ,additions,
(a*+bj) * (c+dj) = (ac-bd)+ (bc+ad)ij, taking 16 cycles rather
than  three. This implies the execution of 38
microinstructions for a complete data cycle, short of three

microseconds.

Under these conditions, a ~ 1024-point complex FFT would

take 1less than four milliseconds. As comparisiomn, the

- - 175 -
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nFourier Processing Element®" for PCP11 made by Gen Rad [27)]
takes roughly 100 milliseconds. A better machihe, the
"padvanced  Scientific Array .Processor", takes 8.8
nilliseconds [28). The famoﬁs AP-1028B does the coamplex FFT
in 9.2 milliseconds'[zg]. The closest in performance is the

MAP-300 with 4.5 msec. [30].

Unfortunatly, to implement the coﬁplex' FFT, some
modifications are needed to MACS. The internal registers
can not be used anymore to simulate the delay lines. A true
hardware delay 1line or some general purpose random access
memory has to be utilized. The éimplest solytion 1is
probably to increase the capécity of the existing external
RAM, assuwing' that some scheme similar to the address RAMN

addrdssing is used.
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13 INCREMENT TWIDDLE COUNT(ER7) DISABLE IF NEG .
4223 INFUT TWIDDLE(W) TO ER10 FROM MEM. BUS

70101506031760 1043;REINITIALIZEE TWINDLE COUNTER(ER7) WITH ERé
700114100 170 1460i;GET DATA FROM ABOVE(YIN) IN Q REG.

401115120 120
70171514010520
2000151460 2130
241015200 170
700015220 170
701016240 760
601015246014160
61041530014170
701615320211460
70101534024560
701015346025140

0;LEEAST SIGNIFICANT REGISTER(XIN) TO ERO

03 INCREMENT DATA COUNTER(ER2),DISABLE IF NEG.
OSMULTIFLY Q@ BY ER1O0-YIN % W

0FWAIT :

O;GET ERO(XIN) INTO Q(WORKING REG.)

03GET MULTIRLICATION RESUET IN ER3

03 QIXINY+ER3I-ERO(X0UT)

07+ QA(XIN)-ER3=-QYOUT)

03 INCREMEMENT BUTTERFLY COUNTERC(ER4)»DISARLE IF NEG.

OsREINITIALIZE DATA COUNTER(ER2) WITH ERS
03REINITIALIZE BRUTTERFLY COUNTER(ER4) .WITH ERS

. 203115000 {i? -NhOFENABLErPUT QCYOUT) IN MOST SIGNIFICANT REG.
. -

¥ig. 7.16-The FRF4.MIC Microprogram

ry
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7.€E CONCLUSION

————— e e et

In this chapter four image Processing tasks are tried on
the MACS simulator. Two of them, the salt-gnd-pepper'filte;
and the resénpling usiMy the MSINC function, are realized
using the existing hardware. However, both tasks could have
benefited from a simple hardware wmodification of the
architecture: an increase in the microprogram meﬁory. This
vould allow the filter te be applied using uindous bigger
than 3#%3 and the resampling method to use more than 14

points.

The other two tasks need sone hgrdware " modifications to
be realizable., The complex fast fourier transform needs the
preﬁiouly'mentionned change ,plus more private access memory
for every PE. The WEIMAN 's method of resaapling can oniy
be implemented with a new system of internal register

addressing. Y

This implies that the MACS architecture 1is not
necessarely well suited for image processing applications.
The machine is too dedicated. However, most of the general
principles used in designing the MACS are good. .A someuhaf
similar méchine, slighly ﬂaﬁ; versatile, would ‘make an
importapt part of an.imageq.processingzﬁystem. For example,
a processor like HACg.COulh be inserted between an host

<¢omputer and a display unit.

.
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Chapter VIII

CONCLUSION -

In this thesis, the parallel processor architecture field
is examined. In particular, the Multimicroprocessor Array
Computing Structure is investigated for image processing

applications.

In chapter two, the reasons for using parallel processing
are explained, both, from an historical point of view and
from a technological point of viewl Historically, it is
shosn that parallelism at the processor level has evolved
from a Togical continuation of parallelism in the
input/output and at the bottlenecks of computers. The
motivaticns bghind this evolution are demands for higher
performances (throughputs) in domains at the fore-front of
progress and, for reliability in industrial and military
applications. Technolegically, parallel proéessor
architectures have progressed from the possibilities offered
by inteqrated circuits. . Now, the use of microprocessors as
building blocks makes multiprocessor architectures the next
logical step. It simplifies their desing and _increases

their cost effectiveness, This chapter also outlines the

N
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advantages and disadvantages of such architectures, for

exanple, the programming problens.

In chapter three,-the processor architecture domain is
divided into four main categories. The advantages and
disadvantages of each category are examined and some common
problems are analysed. The multiple instruction multiple
data streams machine has the most interesting architecture
because of its versatility,  its adéptability and its
processing speed. The major drawbacks of>this class ares the
inter~PE communication prob;ems, the programming
difficulties and the cost involved} /;&ter-PE communication
and programnming of MIMD machines ate'still at an early étage
of development. However, thé advent of microprocéssors is
producing a major decrease in cost of systems emnploying
rultiple processors.

In chapter four, four major 'existing systems ,are
summarized from a hardware peint of view. It 1s shown how
similar problems can be solved differently by varioﬁs design
team of researchers. Three very sophisticated, almost
"general ,purpose", architectures  are investigated.
Unfortunatly, the cost ©f such systems is prohibitive. 1
.fourth systen, the FPlexible Multi-Pipeline-Processor, 1is

W
. presented as a possible solution for image processing tasks,
but the number of busses used for inter-PE compunication

makes the syster almost impractical.
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In chapter five, the Multi Microprocessor Array Computing
étructure based on bit-sliced microprocessors is examined in
detail. It is noted that MACS is really a versatile
pipeline., All the pipeliné stages can be reorganized to
.suit different applications, being formed by a dynamically
modified number o©of processing elements. However, the NACS
lacks <calculating power and easy direct comaunication

hetween all the PEs, Neverthaless, it is found to be a

worthwhile architecture for possible application to image

L]

processing,
In chapter six, the MACS simulator 1is described. The
necessary steps to create nicroprograms and interface

programs are outlined. All the monitor commands available
are examined in an example to illustrate the simulator
debugging facilities. Finally, a summary of the simulator
package is given, including a description of the individuai

programs and their interaction with each other.

Chapter seven investigates the potential of MACS for
irage processing by simulating four typicql applications.
It is found that the basic architecture of MACS is of
interest for image processing, but " that the HACS in its
present .form Trequires some hardware modifications. TWO

tasks, the salt-and-pepper filter and the resampling by the

MSINC function, are ° implemented with. the present
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architecture. Houever,fop the fast Fourier transform ang
the resampling by the Weiman's method, MACS neads some
modifications to its architecture. The modifications
required are:

-an increase in microprogram memory

-an increase in external (private) memory

-better methods of addressing the internal registers

Apart from the specific problems encountered in chapter

_Seven, the Multimicrprocessor Array Computing Structure has
N

some general weaknesses. BRecause of the requirements of the

"initial radar processing application, the processing

elements do not have any conditional branching capabilities.
This Creatés programming difficulties and wastes execution
;iqe. The construction of the system bus also cauggkxﬁome
programming problems. Only one processing element caﬁjuse
it at the time, and more severly, if more PEs were to use it
during the same clock cycle, the errors might not get

detected. This is one of the major reasons for the need of

a simulation as described in chapter six.

As it presently stands, given these drawbacks, the MACS
is not suitable for image processing, However, with
extensive modifications, this architecture might ispire some

design along similar general principles,
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The incapabilityr of the PEs +to perform conventional
conditional branching | drastically 1limits the possible
applications of the MACS., Further investigations regarding
this problem are needed if a system similar to the MACS is
to be used. Conditional branching is relatively easy to
implement hardvare-wise, but makes the programmer's task of
synchronising the PEs critical.  Another area of further
study is the problem of busses contention. Two possible

—_—

solutions are available: the use of a partionned system bus

or of a more sophisticated method of inter-PF communication.

In this research, the MACS is assumed +to be used as a
slave processor. In this comtext, it would have been
interresting to compare it with a sﬁandard scientific slave
processor (like the 2AP-120B). AIEBT\ more research is
certainly needed with regards to_multimiéfoptocessor systems

as stand alone systems for image processing.

In general, this thesis establishes a bridge between

parallel processor architectures and image processing. It

demonstrates how improvements in computer architecture can

help a demanding domain like image processing, and
conversely how hemanding domains stimulate the computer
aréhitecture field. Tt reveals some architectural comcepts
and classifies possible architectures. It 1infers that

simulation is a valuable tool in processing system design.
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More specifically, @& recent system based on bit-sliced
microprocessor, MACS, 1is analysed. Pinaly, this thesis
suggests that modifications to the MACS architecture could

lead to the design of a fast image processing systen.
As electronics . progresses, computer architectures

improve, and image processing comes closer and closer to

real time applications.
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