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ABSTRACT

In the past, new computer desiqnnghich provided large increases

in speed bave'been based large on fasrgrﬂg;;egitry; As the
future gains to be made on«thig basis appear to be smaller énd
more difficnlt to achieve, sore attentlon is being paid to

nultlple processor conflqurat1ons ‘for increases in capacity.

'Sone early impediments to ‘parallel systeams were lack of su1tab1e'

softaare and the cost of processors thelselves. ‘M-ost prograaming

tool e 6951qned for problens whrch are ser1a1 1n nature, and
- E\ , e

lany people desiqgn algorrthns in a serial way. The cost of even
small pr Qessors ranged from thrrtv»thousand to‘seyeral hundred
thousand dollars. | J
/ nPrethtly,‘tye cost of 50ne pro¢ess9rs has dropped to the
level of a feubhundred dollars. It is now écononicélly feasible
to considerbdeveloplént of -ultible.prdceSSOr systems, even in
spite Qf\thé availahility of faSter machines. Softwvare for
barallel procgssinq is still‘not well defined, nor are multiple
processors in ﬁideuspread use. Several basic confiquraticns are
described in the 1iterature. | ,

One lethod of parallel opération on SOfcalled serial

problels is to break the problem into n tasks and have a series

of ‘1 Processors each assiqned to a task. Such an approach 15

used on a‘llcroscop1c scale in pipelined computers where

instructions are broken into several smaller steps. This thesis
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beqins by exai{ninq so-& of_thefclassical multiple Etocessor

confiqurations, and illnst:atés how "traditional” ‘parallel
Zaréhiteciure may be extended: - to subtasks 6f'1arqer probleas, as

k opposed to-paralle115|.at the level of 51ngle 1nstruct10ns. A

.

dual processor systea was 1npleneuted in an appllcatlon that had .

been served by a 51ng1e.processor.

. The anplicatlon studled vas a data acqu151t1on and

noﬁltorlnq problem at the TRIUMF nuclea: research fac;lxéﬁ; The
major taéks include acquisition of nh%tiple analogue signals,

data Yogging, data-sorting, qfaphtéai dzsplav—qeneratlon,vand -
user interfac1nq. A flow dlaqran‘depictlnq the tasks and the
datarflov betveen then provides a basis for deterlininqrthe,

number of processors that could be used, and aipossible task
distribution., In this application, an existinquninicomputer ¥as
enhanced by the addltion of a nxcro-processor to perforn some of

the najor tasks. The tuo processors cooperate 1n a manner

similar to that of a pipelined'sinqle-processor system.

Per formance evaluations on the actual system vhich was built_ | .
cénfirl the design calcuyatioﬂs and the feasibility.of this

i

archi tecture, , ‘ /

iv
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ses For althouqh in a certain sense and for lzght-llnded pergons
‘non-exlstent thinqs*can be more. easily and 1rrespon51bly

represented in wvords than existlnq thlnqs, for the serious and

consc1entzous hlstorian it is Just the reverse. Nothlnq is

harder, yet nothznq is more necessary, than to smeak of certain
~thinqs~vhose—exrstence -is neither- &enonstrahle ﬂLr*prohabie. ThET’?*“ *;

T Very fact that serlous and con501ent1ﬁns men tre%t them as

'existlnq things brlngs then a step cioser to exlstence and to
b

i 'a'w*” :
i
'

the p0551b111ty of belnq bokn. , ' A |

Herman H£sse;

Magister Ludi
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I. Introduciion B IR

‘ The rate at whxch a co-puter perfbr-s 1n§ftﬂctions has'

0 :‘f LTz \:1

conputer user, is the txne requxred ‘to solve a q1ven prohlen. B

e e e PPV L U SN ,A,,u..;_*‘ua. s T

7MHTh13 t1ne 1s 1n§bftantuhbth practlcally as well as :

.psycholoqically. Sone prohlels tequlre a solutlon u;thln a.

limited ule‘ Fcn: exauﬂg, At 1sbxnpe:¢tiyi thad;,a: im,&j:her B S—

- predlctxon problel be solied before the actual event. In

~

appllcatxons 1nvolv1nq dlrect connunLCation v1th the user, a
'prilary qoal ‘is to raspond to the uset's reqnest uithln a tile

that the aser - percexves to be reasonably :eqnxred “to solve hxs .

problel.r | ;75 .-e - °

El

Por a qxven set of 1nstruct10ns ihlch 3111 solve a qiven

' problel, it is thLOus that the conputer Hhich prdcesses these

Y
e

instrnctions at a hther rate vxll soive the problel in 135§

g
tlne than?ﬂ slower colpnter. The questlon can be asked- Is*‘

-
@

) processor speed the only fdctcr to he consideted in the solution
of t1.e-11.1ted prohlels? of all the advances made in co-puter‘

design) the developlents in hasic cdnponent d331qn have had the

Q;f”unstgllpact ongthe speed,ofmco:pntatlonigzton,:elaysfandgxacnnl_;;gufff

tubes, through TTL to ECL 1nteqrated circuit technology, the

,-"rate of instruction p;oce§s1@g ha5 lhcreased-roughly by a facébt

7". R ’ %
T, 7,,.,,-8’337,‘\, LI - -
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) of one lillion. Other advances in archxtectnre or alqorlthns, N

suith few exceptlons, have,prov1ded only a feu orders of Lo

.

laqnxtnde 1lprovelent. Thls is not surprlslnq, as there has been '

little anentiverto explore.other 90551h111ties forrqeneral

v

applxcat1ons q1ven the 1lpre551ve advances of technoloqy.

‘The rat% at whzch nev olponent technoloq;es are appearinq,

~and’ thelr 1lpact ‘on processan speeds, ‘is currently decrea51nq

-

3 as resedrchers deal with such fundanental barrlefs as the speed

of ltht and problels as lundane as dlsposan of the vast o

ounts of heat qenerated by fast c1rcu1try. Such developnentsi

as the Josephson junction{ 1] may be. 51qn1f1cant hardvare.

€.
breakthrouqhs, Q\F their inplelentatlon is at least ‘several

years off, More attentlogzls now belng pald to conputer

'archltecture and algorlthns to reduce:problel solV1nq tlle, The

“few: orders ‘of magnitude speed 1-provenent that they can’ provxde
. :\‘: ,,q,/y‘i?*leﬂr - ,

have become a lagor contrxbution to new conputer,systels.

' One active areé of research 1nto colpute drchitecture is(

parallel, the suhproblels that nake up some larzz: problel. The

parallelzsl 1n the hardware may be ulthin instru 1ons, within

e e

_the data,ior between snb-tasks. This has led to the deverpnent -

of 'pipelinedF processors, vector p:ocessors, and

aulti-processors, respectf%ely. The different foras of

‘7§§%o11e1i§iﬁreqoire different treatment %% almost all asbectsrof

-



systeas design. =~ - ‘ B /"__

/

Often, these new‘arcﬁitectureé are difficult to.use as

4

general purpose machinesf{3]. Software nuét be developediuith the

particular aréhiteC£ure in iind. To examine the 1lpllcat;ons of
this on‘a_typICal prohlen, an ex1sting applxcatlon was souqht

for study. One of the experlnent groups at the TRIUNF nuclear

“research facility xdgntlflea 4 need for more complete fac111t1é§“h*v

to nonitot’and'control théir‘experiments, and at the same time,

to increase the data sagplinq rate. Por a glven set of o

resources, these two objectlvesjgre generally mutually

-

,‘ ® - ) . . .
exclusive, since €§éy both make demands on the same resource

(procéss&r;tine).'This particulér'applicationhseeled to be
COIpOSedrdf‘several sub-problens, many of whiéh uéte iﬂdependent
of each othef and therefore cahdidéteé for parallel processing.
’P:evidﬁély;_itWUHS”thé"éost of processorq,uhich'hindéréa
the developenmnent of parallelréystens. Now, with processors
costiﬁq ofrfhe order of ten to>one hundred doliars each, other
asgects'bffthe'problel are pore,proninenf. One‘of‘these new"A
aspects is that‘df couplinq, or conﬁuﬁcicgtion. be;yeen the
processors in a multiple processor conflanatlon. The techniques

of proqralllnq parallel systels are suff1c1ently neu and coamplex

thaf\fhey too 11:1t ‘the appllcatlon of these svstels into

eneral conputlnq.

' One aspect of converting a serial'prohlel to a parallel one

is to locate the sources of paiallelisi.‘Follovind?this, a



haléhce iost‘be found So’that‘the parollel‘taSks are dist;ihuted
as evenly as poséible betvéep the procesqors. The objectivés‘of
this nork'uorévto ilplelont an existinq éerial problem on a /;
nnltiple-processorlsysten.‘The intent is‘to’shou that oipelininql
is not only ugdful wvithin 1nstruct10ns, as it is c1a351ca11y
_1lp1elented bmt/nay also be applled to problens con51st1nq of

”Qlarqe'subtasks 4and a “fired nuaber of Processors. A method of
de#érninq the parallel aspects of a probleo iS'souqht.‘so that
they may be iipleneotodion in@i&idoalwprocosgo;s,Vfofwtpoﬁcose
uﬁg}é {£é£; ;téii;;;'pa£;i1e1 suhtgéks than processors, the
orohlen of balancing the load on each processor is examined.

Thls work demonstrates, by uay of a fanctioning systen,

that lultl-ptocessor systels cdn be llplelented even for small
appllcat1ons where sone parallelism exists in the problel. In

' the second ohaptet;'the'iarious’confignrations of procoséors are
revieued‘in feros of the relationships both between tﬁe
processors and ‘between the processors and({he data upon vhlch
they operate. Those aspects of software and colnunlcatlon uhich
relate to sultiple processor systems will be discussed in the
third chapter, Chapter four focuses on a problen vhich was |
particularlv amenable to parallel processing. The environment,

1nput and output proce351nq requlrelents, and sources of

parallelxsn are defined here. The fifth chapter describes the'

dec1sxons faced in the de51qn of a systen to satisfy the problen

defxn;tlon give in chapter four, Chapter six deals with the



responses to tﬁe design decisions. It describes the acinal ‘ F
systen ihich'uasjbuili, and ;hy;ceitain decisions were aade. In
.conclﬁsion;‘theksysté;'sfpe:fornance'is di scussed bbth'fron‘tpe‘
?Oint of view of desiqniné such a system, and ftqn the Operatidn_

of the systen.
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II. Classes of N unltiprocessors/

" This chapter prov1des a brief overview of’parallellsl in
Cinnter architecture. It is 1lportant to be avare of the
sources éf:pa:aliélisn of the various architectures in order to
choose the most ipprﬁpriate'one fgrva‘qiveﬂ'problen. This will

also give the reader a perspective from which to view the system

which was implemented as part of this work, In 1966, Plynnf 4}

defined four classes of coaputer architecture, ‘and all computers

~fall into at igast one of these. His classes wvere delineated by

whether or not.thete vas multiplicity iy the instruction or data
streams, They are termed “sinqle?instruétioh, single-data", ‘
"single-instruction, nuitiple—déta' "nultiple-instruction,
Sinqle-dataﬂ and- "nnlt;ple—xnstructlon, nultlple-data"
Before examining th;se classes, the meaning of ‘the terss
ninstruction”, "datum", and "cycle" as they are used here should
be stated. In-a 16 bit machine, fo:rexahple, ve consider one‘
word to be a siﬁqle datﬁn, but‘in fact, 16vbi€% are operated\on
in parallel. I will consider this still tﬁ be a sinqle;datun
operation because it is an opération on the snallest addréssable

anit of data, ‘f.e., 16 bits must be operated on, vhether they

arefall &eeded or not.- Itwrs~clear;*homever;~thatmanﬁarquient“"”W”W

,bconldghefladehthatgthisgisfagle;to:foperation;fuithgsixteén;—mf———

processors operating in parallel, especially with respect to



boolean operations. -

mﬂems.uknm Nachines

ost early conputers vere, and many still are,

sifngle~instruction, single data (SISb), according to the Flynn .

atibns. An SISD lachlne executes one znstrudtlon per

—

cjcle;'uhich operates on one datnn per cycle. There‘are two
clear phases in thlS type of co-puter- the . (1nstruct1on) PETCH
"ph?se;*axrd “the BXBGtﬁ‘E phase """ X n- ;nzstructz.on is ftetchefﬂ:iren it R
is executed after the fetch is conplete. #hen the execute phase
conpletes, the fetch phase beqzns again. A prograi is then a
ser1es of sequentlal fetch and execute phases, as depicted in \
figure 1. Note that while one phase is active, the other is
doing no useful work. Also synchronization is ;equired between}‘
every phase chanqe.dThe haiéea;e profides this, hvreither ar |
reqular clock, or some pulse indicating completion of the )
previous phase. Chen[Sﬁ gives three precedence~rn1es for an SISD
fetch~execute cycle. Let Fi be the i-th ihetruction fetch, and
Ei be the;i-th instruction execution. For all neaniﬁqful i,
1. Fiipeeéedes Bi. | |
2. PFi pgecedes fif!
‘3. 'Ei”preceﬁes”rii1””5'Wf*””f**f*m*”'W**ff*“i”ﬂ*“““m*ﬁﬂﬁ"ﬂﬁMﬁfﬁj“ﬂ*”ﬂ'W
- In general, the location of intstruction i+l is kmown at —
time i:'iE is simply the location immediately following o

instruction i, Thus, since the fetch hatdva;e is idle when the
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Piqure 1;'SISD non-overlépﬁed fetch and execute cycle
execute hardvare is operating, it<sh9u1d be possible to ";ook
ahead*; or pre-fetch the neit instruction during the exécute

phase, thereby overlapping the phése Fiel vith Ei (figure 2).
The precedence rules are aodified so £hat~(3)‘bec0les
3) Ei precedes Pi+2

"gﬁé‘lust novyexaline the:assnibiiqns made to allow theb - .
concurrent opefétiqn of the fétqh:and execute phases, Pirst, it
¥as asSuied'that the location of instruction i+1 is known, fhf%
is:hot’trueibn a branéh. whose purpose ofacoufse is to élter the
seqpeﬁtialvfetching of instructions. While the pre-fetch

sechanisam has fetched the next location in the physical -

— — e e -

sequence, the execution of a branch must prevent that

.instruction from reaching the execute phase, direct the fetch
hardvare to obt@in a different instruction, and then it aust

skip one execute cycle vhile the fetch is perforaed (figure 3).

prlska
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Piqure 2, SISD overlapped fetch and'exeéute‘cvcle.
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Piqure 3, Effect of a branch on overlapped fetch-execute cycle

The other assumption that was implictitly made is that the

execute phase does not interfere with the operation of the fetch

phase. Interference could occur inm two ways. First, the wmemory

may not be able to be accessed by both the fetch and execute
\

‘units simultaneously. If this was the case, onerunit'would have

k,
# .

-
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- to vait for tye other, yieldlnq effectlgglxgtosnon,nlexlappedeeeee477,4f

‘operatxon. At least two solutions to this problel exist, Ihe
A£¥idth of the path fro- memory lav be increased, allovan tuo or
more instructions or data vords to be retrleved for. the sale
mcost in tile. lnothe;,solntxon uxdely‘elployed‘is to use
-;tnterleigéd leiorv units. in tvo-uay,interieavinq. evetv’second"%

még

word 1s controlled by a dxfferent Rmepory un1t. so the chances of

interference are cut routhy in half,
| The second way in vhich interference occors 15 if the
‘erecute phaserﬁl modifies the locatton SpeCIerd"1n Fr*1.‘Th13
‘5effect is not as serlous‘aS'the first effect'because it would be
. rare in nost}ptoqra-s;.and can be ninioized by proorangihq.
501utions to thfs pfobiel range from merely documenting the
restriction to havioq "iotelliqent" buffering units ohiCh atel
able to detect chanqes to the locatlons vhlch they are currentlvw-
reflecting and upon,detectlon, load the nev contents.
| Beloo, the conditions where overIap/zsvan effective means
‘df.increasinq the speed of a procesSotvare exanioed;llf T(Fl)
and T (Ei) are the times required to fetch and execute,
respectlvelv, the i-th instruction. The‘total tile T required to
process a series of n instructions on a non-overlapped nachlne

is

\

-
-
I

10
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P P

{Weeﬂueeﬂelt41s4si;plyhtheesnneof—all,the—%%nes—requifed—ﬁef—eaeh—fe%eh %
‘ and execute. S o e : - 7
In‘an oferlapped lachlne: ve lust impose restrlctzons on .
the~type of“instrnetions in the.series pf n 1n;tru¢t1ns used
" above, in; b:qheh:insttuctiOn uill'increaseeehe'ti-e required bv%»;
an overlapped -EEhine, so for co-parzson purposes, .ve uxll |
_assume there are none in the streal.éé;so.\we ‘will assume that ;Whu¢mw;ﬁ;

no 1nstructxon executxon Bi lodxfxes the 1nstructxon at 1#1. The ' ii

total txue requxred for thxs restrxcted serxes of n operatlons

Ty max(T(Piel) + T(E)) 2.2
s =0 |

uhere T(Pn#1)=T(EO)-O. 7 ' o -
Thls time is the sum of the times' of/zﬁe longest time of
-~ each fetch and execute pair, Note that{the pair is lade op of
the execntzon of one xnstrnction, and the fetch of the nert.
- This is an lpporgant con51deration, since in many machines,

T(Ei) is not constant for all i, Also, it takes time T(F1)

befo:e'true overlap begins, and time T(En) is also not

; R A |
s e A B et

overlapped. If n is larqge, these times are not significant, but

”ff"iwisvéialI;mié'ﬁééé&ﬁiﬁitéﬁwﬁiuiw§éfi5§75fﬁii§ffiaffeﬁ§iu”’77

%*f*ﬁ:mxwmmmkﬂ—tbmﬁ—mﬁnon (2. 2)

deqeng;ates into that for the non-overlapped machine. The tine

11



saved Tv. by an overlapped machine is given by

~

n-1

Ty = Zun(r(rnn + r(mn 2.3

¥hen fetch aggbexecutetiles are approxilatelv equal, the speed

increaserzs close to a factor of tWO, but as. the ratlo of fetch )

7and execute times diverge fron one, the savfnqs din1n1sh
rapidly. In qeneral t hese tiles are conparible. llso.}qut
proqrelsdonotcon51stof&sezxesofhranches.'v.."~
The concept of overlapped operations is no* 1n anvuuav ”
restricted to the overlap of fetch and execute phases. Both of
theeq_pheses in thelseives/have several licro-dierétions_which
,thé% perfdrl serialiy. A fetch may invelve a phase to access
lelory;fo;J%he instruction, and a phase to decode the
inetructien hefore'it is”peesed"toﬁtﬁe execute.phase. ihéfﬂ ”
'exqute Phase may be divided into a phase for operand fetch and
a phase for the actual 9peratien to be car;ied out. All these
phases may occur in'parallel under the same scheme described
- previously. As wmore pheses are>spiit into smaller | ‘
licro-operations, and their partstoverlapped; the tinevof one
iicro-operation\becones ierv short. While the time for one

;AcOIplete~cyclew£201ﬂfetch~to~the~ead~o£vexeeutionmfelains~the—%~~~——W7ww

a4ge*hnpe:ntlnnseaneecnllenceﬂfeandethnseconpleted,entetheesaneeeeeeeef

rate as the lxcro-Operatlons are conpleted. Extreme cases of

12
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L

overlapped operation are known as plpelxned operatibn..r .
v ;ﬁt
‘Onder appropr1ate c1rcnlstances, pipelinan is a verv

effective leansvof xncreasan the speed of process;nq. It has,

of course. the same set of prbblé-s as siiple fetch/execuie

‘overlap, but thEII effects can be lofEKsevere. For exalple, 1t

takes | czples to fill a plpellne involvxng B steps, so the cost

‘ T
of a ‘branch ‘5ICh draing the Pipeline is much’ hiqhet.‘Tﬁe B

5l

A o
advantaqes of pipelinan over other forns'of?parallel operation

,,,,,, [ S,

N

7 11e in the fact that llttle or no chanqé 1n a qxven alqorlthl Ls - -

required in order to realize the benefxts.' . ' e

Parallel Processors |
In the pipelined approach to conputet des;qn advantaqe vas
taken of the fact that some unlts of the hardware were idle
durinqisucceedinq’portionsxof”an’1nsttuct1on'cycle;"Srnce'the .
results of the sqccéedipq units in general uopld not infidence

the\opération'of,pfeceedinq units, the pipeline cguld'start-a’

_new operation as soon as the first unit had passed control to

‘the next umit. If we nov examine which blocks of ldqichllv

éontiqnous instructions in a program are idle, as opposed to
which hardvare units are idle, ve'lay deterline'that sone. blocks

of a prqqral are 1ndependent of each othez, and thus a nunber of

blocks may be executed in parallel by.sevaral_processors

‘operating in parallel.

13
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R 1nstruct10nu§treglsl or both,rrespectlyely. ,,AWM~;”W”ﬂﬂr;mhw;;rﬁw;cr_r;

nar&%}e%—eonp&ters/faiiftnto—ther1ast*threerrivuu‘ciasses.
according to the type of concurrency 1n therconputer s -
operation. These are: theaslnqle-lnstrnctxon, lulti—data (SIHD),
the lnlti-xnstrnctxon, sinqle-&ata (MISD), and the
Alulti-instructlon, lultr-data (ﬂIuD). These lachlnes’psrfornv

'parallel operations on either lultrple data streans, lultiple o ; ]

. H
X CoA Lo ;
;E;j) . ]
: B . i

1.

- some local lelory, and>a'sét of reqisters for indexihq and

_computation. Instructions are divided into either comtrol

: addreSS‘lsrbroadcast along ilth each instrnctionfizach‘

- a different operand hy offsett1nq the broadcast base address by

instructions or vector imstructions. Control instructions, such

mozmee S momem e T e

7"An SIHD conputer consists of a srnqle control processor
similar. in lany ‘ways to a serial conputer,_ahd for exalple, a
vactor of arithlqtic processors all connected to the central

processor, as in the -Illiac IV[61. Each arithemetic procesSOr has

aiunn s b B e o i e e

hY

aj branchos,'are execu ted onl? bguthe control\processor, for the

Y
i
k]
3
3
%

same phrposes as in a serial conputer.:véctor instructions are

fetched by the control processor, then‘broadcsst to all the

arithletic processors for executxon. Typxcatﬁ?,fh base operand

arithletic’processor; vith its unlque index req1ster. can access ' :

2

its index register. ' o | ' 2
|
LR L o L . E

14
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”requiredrto £fill an l-step plpelzne. HoweVer, the lenqth of a;::”,

- We noted in the plpellned SISD conpnter that a hra h'con;;‘

cause con81derab1e drsruptron of the pxpelrne. Process

' entering the pipeline after the branch has been fetched say have

to be discarde&. In an SIHD colputer. a branch is executed only

'hy the control processor, thus all the arithletic processors sit

b PO
,1d1e dnrxng this cycle.:If there are s arlthletzc proceseors, -

r

efféétrv ly n operat1ons are 1ost due to one htanch (or an7
°\

contapl operatron). Thrs 1s onathe sale ordet as the tlne

, /7
hranch ls taken, then the l&Sk is conplenented for the durationr

cycle 1n a parallel co-puter is 11ke1y to he shorter than the
length of m licro-cycles in a'p;pe;ine.lachrne, therefore the
parallelfconputer*vill'he ahle to "recover";froc the disrnétion
lore gnrckly than ‘a prpellned nachlne. |

»

It is 1nteresting to note how a condrtional hranch is/

) hanﬂled by a parallel lachlne. ‘Since’ each ar1thnet1c processor.

is operatinq on dlfferent data, the condrtlon codes in each

Processor are not 11kely to be the‘sAIe. Sose processors shonld

2

- be 1ssued ulth one set of rnstructions follovxng;a condltzonal . s

braﬂch, vhile the others shonld be 1ssued with the alternate

4
set, The solutlon used” in: the Illiac IV[6] is to selectlvely set*

a mask to dzsahle processors uhxle one path of the condrtronal

of the alternate-path5~1he control processor'e;ecutes both - A 5

alternatives of the canditionaisbranch.

Tk
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a source, not a destxeftlon, of data. One can 1laq1ne some .

e
BLittle reséarch has actually been done to conpletely deflne
the types of alqorxthns sultable for parallel conputatxon. Sone

areas have been explored, however. iinoqrad {7}, for exaaple,:

has reported on arithletzc expr9551on eva£\attoa/and 1t£;:%37e, ‘

methods as they relate to parallel proce351nq. He shoued that

the@speed qazned in an arithnetlc evaluation, such as the sum of

Can serieS“is*sliqhtly Iessdthan linear vith the” nniber“of
N -km:;/

pProcessors, while lteratlve methods vere enhanced by a factor

y as the—loq of the nulber of processors. It uould

LmImgnn =

1c to expect order-of-laqnltnde gains as a function

%e number of processors.

8. Single=data Machines

The SIud computer has sultiple data streals operated on hy

. — ® .

-a 8inqgle 1nst uction stream as a means of increasing -

conputatlonal pouer. One. can alternatxvely concezve of uultxple

“

1nstruct10n—streans operating on a 51ng1efﬂata strean (an MISD

conputer). There are no true NISD conputers in exlste\\s due in .

5 no snall way to the dlfficulty in defining a problen in terms of

k-4

‘mlulriplé operations occurinq'si-ultaneously on a»single piece of

data. Clearly, the data'streal,of an MISD conputer could only be

specxflc uses, where the data is used to spayn_severaldrelated

processe@s, such as in abpayroll systen uhere the data is the

gross pay, and four special processors calculate the tax,

oo

16
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T T pensxon,‘UIC““iﬁa‘soc1aI‘*nsﬁfanée‘6‘dﬁcti6n343flu1tauebts1y. It

is not clear that ROTe than a snall nulber of parallel
anstrnctlon streass. vou ver be useful or nanaqahle, as ;:

opposed to the SIHD lachine vhere large nnlt1p11c1t7 in the data

:ﬁfﬁétrean is reellzable and applleit}p'to current prohlens.

W&Mm |

While the MISD computer was not reallstxcally functxonal
because of its sing data streal, Lf each processor is provxded
Awith A~aaf§ streauf;j:>1nq rlse to the nultx-lnstructlon,: o

, nulti%deta coaputer (HIHD),-practlcalvappllcatxons eqa;n can be
considered. | -
- MIND computers are generally censidered to be tiqhtiy
coupled networks of tvo or more proceseors. There ie no
. regdirelent that the processors be'sinilar, althouththe
1nterchanqah111ty of softvare is one advantaqe if they are.

Unllke SIMD conputers, the: 1ns;rnct10n set is not confined to

vector instructions, nor does it necesearlly include theas. There

‘are l'separate,instruction streans operating independently on =
"different data étreals (vhen m different processors are
coupled). The task in iquenentiﬁq“prerais for MIMD machines éa

to'define'the blocks in a pfogral %hich are independent and thus

are able to be executed 1n parallel. Under progran control the

statelengs FORK an@ JOIN, proposed bijonuay[B] allov for the

spawning and eventual synchronizaéion of parallel tasks.

17
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Automatic separation of hlocks‘laydhésgossible uSinq techniques
similar to those used in code teorder%gg in optilizinq
conpilers. HIHD softwvare cons 1derat10ns will be dlscussed more
fully in the chapter on "SOftuare and Conlun1cat10ns" |

In addltlon‘to blocks -of code executed in parallel.,lanv

\1nstruct10ns. particularly I/0. 1nstruct10ns, req01re SO nuch

txle to- execute‘that it-is desirabie +o nse 1ndependent

ptocessors=to conplete thelr execut iy is 1n1txated by a
central processor. The use of ssors 1n the IBH 360

- P e ]
- ) I ¥
L

series 1s an exanple, as i the prollferatlon of nlcro

: prpcessors 1n device contfol unlts.

18



III. Software and Communication

J This chapter deals vith those aspects of communication and
softuare,uhich are peculiar td multiple processor systeams.
Coanunication.covers-thé area‘of sharing data stréans 6r

lnsttuctions streans between processors. If sharinq is

non-existent, it 1s unreallstlc to cla351fy the conflquratlon as

a nnltiprocessor systél. The nornal inpnt.and oukput operations

‘te;de71ces such as- prlntersAand nass—storaqe unlts;aSSOCLated
‘with most proqrans are nof’Equ1dered here to be part of the
samé area of communication. ihile those functions do generally
take place in parallel with other\process1nq,‘the1r purpose is
not in éupport éf’parallelisn between processors, Theﬁ dre
therefore of intérest onlybas exanplés"of parallelisn‘in current
computers., | 7 | R | 7 7

Software and inter-processo: cbﬁnunication overhead reduces
fhereffectivenéés'Of iulti-ﬁrocesso: systens..winoqéad[7]
underscores the difference between the theoretical
multi-processor system and current reality:

...nax1lxzing the nulber of numerical operations done

concurrently assumaing that the data is available when

' needed. ¥e make this assulptlon knowing full well that
in many actual situations it is not valid, and that data

-movement and sequenc1nq~restrxct1ons*Iay -slow executionﬁﬁf~~~“~4*rw

down. "

s
.

Nethods of data movement and iask éequenCinq will be examined,

19



The comsanications msedium is used by softuaré as a means to

share resources, to distribute tasks amoung processors, and to

synchronize cooperating tasks. The two areas of software and

communication are treated together because of the special nature

and purpose of interprocessor communications. Whereas most

'features of machine architecture are invoked,autonatically,,

(e.g., pipelining); or are forced upon the programrer (as in the
caée of array processors), éonnunication is invoked by é |
conscious effort from the pfograinér. Addition;ily, it is more
global in its.effect. Céhnunication is not ome instruction, but
virtually, -a subsystem within the total syétel. The software

defines both the means and the scopé of the connunica%}on.

Cooperating Seguential Processes

. Terms such as “parallel processing®” or "multipfocessinqﬂ
imply that several distinct processors (but not.neceésafily
individually complete conputé: systéas)‘are operatinq.toqether
tb prqdnce a result uhich is dependent upon the results of all
the ind{vidnal Processors. Thesé individual‘proceﬁsors perforl
sequential operations on the data; possibly different from those

operations on the other processors. At some point, however, the

‘results froa each processor are collated or merged to produce a

mfinal" result., Due to the sequential nature of each procesor,

and the.ultimate merging of the results of these processors to

20



fora a composite result, these types of processes afe often
'referred to as cooperatan sequent1a1 processes.
Ollongren{Q] discusses cooperatxng sequent1a1 processes
from the point of ;iew of languaqé specification; Referrinq‘tola
theoretical machine developed inohis,articlé, hé}cited three
conditiOQS‘to uhicﬁ the processors were subject:
71;'7?hemset~o£~statesmof~the indi#idual.processors~atéwnntualiyr—~u
| disioint |
2. The sets of poxnter stacks of the processors are mutually
dlsjoxnt 7 |
3.-LRot all sets of REROTY olelents of the proceésors are
autually disjoint |
The first tio\conditiohs dictate.that the processors be in fact
distinct. The third condition provides for the’co-nuniCatiQﬁ
between the processoré; uiohont yhich cooperation sould be
inposéible. : a
uﬂé Rakes the remark: "is a result of condition (3) wve are
faced wifh the problem of cooperation between &he seqoentialh
processors", It is interestino that he views cooperation as a
‘pnﬂﬁle-, and that it is precipitated by éhared BReRnory, It-is of"
equal inierest to investigate the methods by which (3’ can be

1lple-ented, not 1ust throuqh shared menory, but throuqh other

Reans of conlun1cat10n as uell. The problel is not so nuch that

' cooperation is required, but, more positively, howv to achieve

cooperation having determined that cooperation is desirable.

21
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Cooperatlon has tvo co-ponents~ the synchronlzatlon of the
- cooperating tasks, and the sharlnq of information betueen the
tasks, |

| The eaée df synchronizing tasks is relaied in part'tﬁ the
degree to which the processors are’autonblons.'lf, for example, .
two cooperating processors are each eiecuting their own
independent instruction.streams, then they are ﬁidhli'

autonomous., Synchronization is accomplished by eéch processor

-signalling the completion of its task to!thé other, each vaiting

‘'on the other procéSsor before pfoceeding past a pre-determined
synchtdnization point. This siqnéllinq segquence is generally
termed a semaphore. Dijkstra[lQ] developed some primitive
'dperatdrs for such'purgosés: the P- and V- operators, which
signal completion and wait for coampletion, respectivelv. This
siqaalling.d&our§ generally at thé'coipletion of whole tasks,
and'is‘therefofebfelatively infreqﬁent compared to the rate of
execution of inStructions.

Other systeas, sudhlasﬁarray'processors, contain sets §f
usually identical Processors exéqutipg,an instruction streana

broadcast by a central unit. The only autondly they have is that

they can choose to execute or not execute the broadcast.

b e e

- instrugtion based upon some condition code generated by the . |

previous instructions.'They‘canﬂot otherwise determine their‘oun

instruction streal. The need for synchronization arises fron the

fact that dlfferent elenents of the array being processed may

22
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A

‘require dlfferent proce551nq.'Sole may satlsfy a conditional .

\statelent; others not, The central unit must then broadcast both
alternatives of a conditional statelent,eand the 1nd1v1dnal |
orocessors aust execute only those statenents of the appropr1ate
alternative.wThe process becoames conplex if the alternatives
. contain still more oonditiopal stateients, vhere p:ovisidn‘musf
be made to stack (savej“the'iachine states‘soithat'a'téturo to
the: prevxous level of conditions is pOSSlble (l.e., so that
those processors uhlch vere actxve before the condltxonall
statenent are reactlvated). iettsteln{11] expands upon
Dljkstra s?uork by exanxnlnq synchronization primitives in
various envxﬁﬁnnﬁnts. ) '

~ The conlunicatioh of shared information between tasks is
‘ihat allovs tasks to be calledo"cooperatinq". gonsiderable'
attention is~paid to both the logical (protocol) and physicol
links between the proceSSOrs; These two itenms controi thé‘power 
and effectiveness of interprocegsor coniunicotion. Protocols are
sought which will require a minimum of time to conlunlcate
bet ween tasks, and also require a minimum of conplexlty in the
design of the physical link. These links are .
”couplinq between processors, often?qualified
or tight coupliog, dependlnq upon the volune

communication allowed.
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Machipe Couplips - — : —
. The nature and lu1t1p11c1tv of the coupllng between -
érocessors deterllnes the features of nnlt;processan that may

be supported, the relxablllty ‘of the systen, and the cost of the
systems The nunber of processors 1nvolved also xnfluences what

the coupling may be, For example, if there are only two

‘processo:s, all msodes of 1ntercppnec;19n are deqeneratq;,op;yj
redundancy may be added. Some other iﬁtefconnécfion schemes qro#
complex, and éostiy, as the sguare ofvthé'nunber of Processors,
vhich limits the 'p’éactic:alj size of the confiquration to a small
number of procéssors.'on the orger of perhaps tenltp onp

hundred. Still others qrow llnearlv in conplexxty and cost, at

_the expense of speed. A few of the classxc conflquratlons are

examsined belov. The list of configqurations is not exhaustive,

but serves to illustrate the range of possible scheames,

Ivpes of Interconnections | |

' Three of the most common modes of interconnection are
differentiated by the number of other processors to ihich each
processor is directly connected. 'The simplest is a form of a
naster/élave configuration, iith one,pbocessor connected to

n slaves (Fiqufe 4). All conuuniéatioh is through the master
processor. Each pait’bf'hbaéé"i§iséﬁif&féa”BY”EE”EE§€“¥E6“IIEE§? -
’if”wne"iink‘iéutrokenifnuiy*that‘siave‘iégﬂtsabtgd:‘rh e
remainder could continue to operate. The cost of adding slaves

-
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the master. ‘A dlsadvantage arises 1n la:qe systems, where the
»laster iay becowre a bottle-neck tp-connunlcation. AlSo, 1f the -
‘naster fails, :hg entire systen,collapses. | 7 |

Another basic confiqﬁration 5as tgé,processors arranged in
a ring structure. There is no master; edch processors 13
‘connected to its two neighbours. Communication to other -
processors is passed along the ring by eacﬁ;proééssor ﬁntil it
- reaches its‘déstination. Unlike the first confiquration, thefe
‘tﬁn'héffvbfpﬁths'avaiiibié‘frOH"éECh ﬁrbcessortoanvo?het B
processor, thereby‘increasinq thg reliabilty of fhe system. Two

" paths regquire, however, that the links be b;jiéfectional. (It

-

could be the case that the links are un ctional, clockvwise

- for exanmple, yieldinq only 6ne path . each processor, and one
fﬁg; each proceﬁsor). In cbnfigur rions with up t°,fife
processors, the‘Speed‘of the system is at least as good as in
‘thé laster/sléve confiquration, wvhile the reliability is
greater, There is a maximum of twollinis between any two
processors in a fiye processﬁr systea, but for large rings, £hev
maximum number of intervenind Links is more than two, thus o
communication is slower than the naster/siave configuration.

A fhird scheme has eaCh processor directly connected io»all
other processors, éﬂjﬁ vo ﬁf’é’é’eﬁébfé’ ‘ever ’ﬁfe”éivd*'ﬁlei'iﬁiﬁlfiéi “in
nication, but the nusber of compections to support this

firovs more than linearly with the nuaber of processors.



- Piqure 5. Ring processor.intercannection-schese

-Reliability of such a system is excellent, because n-1 links

"aust be broken before any processor is inaccessable.
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quure 6. Huitiple-laster processor interconnection-

A - L - . P - o o - -

There is a scheme vhich combines some of the»advantage of

'conpletg interconnection, with the low cost of the master/slave
schele. It is a connon~bus, or party-line approach. All
processors connunlcate on the same bus, but must of course Halt

"untll the bus is free to a&»aor The delay in Haxtan for the bus

'is a disadvantaqe in larqe systels, as is the lower 7e11ablitv.

If the buS»fails, the entlre system is disabled. Many computer
svstel busses, such as the PDP-111pIIBUS (Dlgltai Equlplent
Corporation), use this system for thelr»prooessor—perlpherql;
interconnections,;because of its design simplicity. |

The pprpose'of interconnecting processors is gemerally to

take advantaqge of either

i ,,,P,aa:a,llelislf in a ,prohlen,;,,,,, o R , B

2. Specialized facilities on one or more processors

If there is parallelism of a local nature, such as a vector
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- interact at the instruction level. Qy”this'it is meant that

“ T "Piqure 7. Bus method of processor intercomnectionm

operation, comnuﬁication paths with speeds on the order of

instruction times are desirable. When making use of specialized

resourcés; possibly several of theam in parallel, slower paths

" nayeg#ffice, as these resources typically operate on a larger -

instruction or daf&'streal. Normal techniques of buffering and

block I/0 compensate for some portion of a slower communication

'path. I have somevhat loosly termed these tvwo categories

"insiguction communication™" and "data communication®”,

nﬁuﬁm ' wimﬂﬁ

Sbne systeas are so tightlvvconpled that the processors

‘individual insttuétions to be executed are communicated on

demand, as vell as data to be operated'updn. The Illiac IV is an

exanple of this type of coupling. Instructions are broadcast to
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sixty-four processors by one central processor. The«proceésor' S

- links lust be at east as fast as the slo:est processor. -

othern1se proce531ng povwer is deqraded. Paths ‘handling.
1nstrnct10n~colnun1catlon'are usually hzthy parallel.'and—,' L g
loqzcally tranSparent to the proqraller. The use of: networks, ﬁg'é

such as: r;nqs. in instruction conlnnicatloh is ggperally not

effectxve hecause ‘of transmission delays which ir

\ much lonqer
than an 1nstruction cycle. |

, Another ‘use of lnstructzon connunrcation occurs 1n,;m,ﬁw,w,

nultx-processor systels vhich attelpt to’ dynan1ca11y*dxstr1hute
tasks between processorg. A waiting 1asklls dispatched to any
-avaiiable processor,‘vhich o;y or':ay'not be the orocessor ihichr ‘
ori gingtzgajffmrask The abllxty to do this over a large number o
of processors requires rather sophzstlcated,harduare and
~ softvare for conlnnlcatrons. This use of lnstrnctron'm’“mm S
communication is'very similar to thatfof data communication, and

in fact coﬁid'easily be-justifiéd as such due to its

block-structured nature.

b \

i yibd &

Data can usually be aggreqated into a block considerably

- lonqer than one instrucé%on. s;-ilarlx, entire procedures Ray be

considered as a block of "data“ for the purpose of. dynalicallv

Grs}ribntlnq tasks alonqrprocessors. Delays GDCQEBSSEEQUEBJ

Vgagsioq oara rhroqu :anyroodes (as ir a rinq,strocturo) are ‘_ 'ﬁ

BN i ' 3
~ ) 3
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‘used as

tolzfahlevaSVIan asvthey,are kept, to a small fractiOn‘Of the
time required to transnit the nessaqe. Bost netvorks are
desiqned to handle data connun:catlon ‘as opposed to lnstrnctlon

colnnnicatlon.

Data that is an operand of an lnstructlon is best treated

as’an 1nstruction. It is norna 4 of shoft length, and requlred

1lned1ate1y by an’ 1nstructxon. Delays are less acceptable here

than for blocks of data, for the sale reasons as for 1nstructlon

,,/ :cum}%;,: R, e - B e P P S S

‘Shared lelori is a‘phvsical feature of some multiprocessor

systeas. In some instances, only a small blockvof memory {on the
. 7

order of a few thousapd words) will have not one but fio.ot more

'acceés paihé.rﬁédﬁ érbcéssorfshafiﬁq thisrleidry”iill be

connected.to one of these paths, The shared ReRory is qenérally
¢

shared, 1nstrnct10ns or operands lay be fetched at random by any

processor -~ the memory is used as if it were part of each
processors main memory._ In nearly all cases, each process also _

has a certain amount of private storage..

- The !sharim; of - awﬂpoztionfoﬂwnenery—fﬁbetueenl?:oeesséﬂpspr— .

a conlunlcatlons area, Uhere*%arqe amounts of lenorv are'

permits their tightest form of coupling. Since memory is the

source or destination of most operands, transactions take place

_ without the overhead of setting up comamunications devices.

A3
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‘pppcessors make extensive use ‘of shared memory for concurfent

Often, this requires only the setting of a pointer to the data

,rathef thin actual movement of data.C}aﬁifnction streams which
; _ et

are re—-entrant may be executed by more than one processot
itﬁout copying the stream, These features‘encou:aqe the
fregnént exchange of information in volumes which might cause

excessive overhead or delays in other, less direct, media. Abx%iyf-

‘procéséinq of multiple data elements. L T e

While shared ne;ory'does have merit, it is not without some

serious linitatjons. Multiple access by more than-g‘feu

- g

processors is nbt edéily»attained. a memory request will lock a

'hlpck—ofrlénory; not just the word requested. While there exist

mechanisas to reduce these ncollisions"[ 121, most notably -

interleaved memory and to a lesser extent caché memory, it is

unlikely that two prdéessots*whose'lenories are totally common

vill operate at full speed. For this reason, usually only a

small portion of memory is actuallyrshéred between processors,

" while tasks are execnied‘dut'of pri¥ate¥sto;49e.

Shared memory is most Suitable in configurations where only
three p:dcessors would be contending for access: a node and its

tvo neighbours. In configurations where a prbcessor is linked

vith more than two or three others, shared memory may be made

wviable by assigning n blocks of memory in each processor to be

L A

b Lo b e
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shared with each of the n other processors. In this way, there

| can only be two contenders within each block., Another
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consideratioﬁ concerné the'proxinity of'the'prooessors; All
' processors sharing the éone'nelory must be physically close to
each other to conform to the timing consfraints inhereni in any
two-way high speed bus; ' ' .‘ E  ' B
| Direct memory access {(DHA) betveen processots provides an
efficient 1ini between the private memories of each processor.
Usin ~inputfoﬁtputmooniahﬂs;:bioCKSjof’ﬁéyori;'r&fhérifhanoo
indvidual words, are transferred between procéssors. The
‘transferred contents, pethaps containinQKboth data.andn.
instructions, will. be opefated upon ai the destination, It is
thus not a direct sharing of lelory, since there‘is no provision
to operate within another processors ReRroOry, |
The key feature of DMA over other foras of"ihterpxocessor
I/0 is thot either p:ooessor‘nay control the“transqission,
rather than requi:inq one processor toobe the master at all
times, DMA is in éffect‘an extension of the main processor¢hus;
Onlike a lelorj po:t,-uaﬁy prooessors can be accolnodated
»concurféntli. The address space‘aﬁailable to tho processors is
qenerallv‘larger than for shared oenory, often comprising oll of
~ .  memory. The difference between DNA and'shzred ‘wemory is that 7
_— Arshenwusan~Bﬁi—oae—proeessor—tust—spec1f1—ih1ch—portton—of—~f* —
nemory it vlshes to share, and then obtain a copy before any |

process ing -say be done. ' :
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Sincelthe Dﬁa bus acts like a processor bus (and in
'practice often-is the processor bus also), it is alsb limited to
précessors in close proxirity to each other. To overcome thié
limitation, dévices"até attached to tse‘bné ihich will buffer

the'Dal'transfersruhile driving a data line over a lonqer

distancé.mlswthe,distanceQincreases,wthe-transiissiahrrateAnustfAamrw

" be lowered to maintain signal intedrity. These unidirectional
drivers also allow only one processor to control the menmory
'aédrééééé;'Thefiére”féléfé7b}5é;s§6tidoeé not éiéfé tié aéibfi

'~ on the same basis as the processor with the true DHMA interface.

]
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Iv. Ptoble-‘béfinition
ThiF chapter'focnSQS»on a specific application selected

for study. it ﬁ;s chosén'bedause it was appareﬁtlv amenable io a
nnltiple-ptocessdr confiquration., In order to convert this &
seriai~probielrtowa—pa{allel~oné1 the subtasks must £irstﬁbequw”_t,,T”;
idéntified. This'is the primary intent of this chapter; The |
application is similar to a proéess-control problem, and
:therefﬁre é Bfief‘deheféi con;eniﬁis made relating to the role
of computers in such an environment, Theteaffer, the problen is
introduced fron £h€ point of view of the'user.’h framevork isw
being built in order to discuss the desidn decisionsfthat:we:e
faced, and which are discussed in the chapter following. To this
end, an overview of the research for ihich,the‘systei was
develoﬁed is provided. The éctual proce§s:beinq monitored is
'described, the}sourées of input are introduced, and the

processing tasks are defined.

There are many reasons why computers kre'beinq employed Q

for the purposes of process control, A suitable coiputer systes

can handle more events, more reliably, than a naﬁagi”§§;£é;lfrn

 sone processes, events occur t oo frequently for manual control

to be effective, unless the process is sloved when manual

34 - : -
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intervention is required. If the process is not slowed, events
Hhich,naf be critical to the process mnight be iqno:éd vith
catastrophic results. Other processes may be relatlvely slou.
but requ;re a hlqh degree of accuracy or repeatablllty. quital

”systels can fnlfil these requirements to almost any extent,

given the app:opria%e resources. Perhaps the process is simply X

too Boring.to humans; this too is a very v;lid reason for
autOlatiﬁq some processes.
'¥he;ehaféeteristies¥vhieh~iske4a+¢0lpﬂtef—applic&fiﬂn*'

"proceSS‘controlz should be examined. It is similar td hny'
prograas"in the respect that it has input, cdnputational, aﬂd
output rééuirelents. Hovever, the suhstaﬁCe of these
téquitelents is whefe the distinctions lie, The‘input is
'invarxablv fton machines rather than hunan operators, and often
fron a large nunher of sources. perhaps over a hundred. The rate
of input is beyond ¢the control of the program. The cdnpﬁtational
requirements usuallyvconsis¢ of validating the input'fron each
source, such asmchecking th;t it is‘ﬁithin given tolerances.
Much of the co-putatlon is therefore taken up by cond1t10na1

ity

statements, The oﬁtput can be of two types. One is-the norlal

7
¥

reports to.a user, consisting of messages and results, The other
-is output which is fed back into the systea to control some -
o - aspect of the process. The effect of the output will be seen in

subsequent input,’uhich in turn may cause new controlling output

to be generated.

—
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" The TRIUMF neson fac111tv, located at the University of
Briglsh Colnnhla. is a cvclotron used for research intovnani
areas of nuclear physics and medicine, One of the experiments

consists cf lonitd;inq the'productg of huclear collisions, which

result from a beam of protons colllding with one of several -

tarqats.\The prodncts are detected by a number of siliconr

: ﬁetectafs~ioanted+eﬁélawablef&ras~iasi&eﬂafGOBtaiaerxea;led1a~

"scattering chamber®, The angle of incidence of the target
relative to the beam is controllable, as are the positions of
the detectors relative to the target. In addition, the target

~

may be'chanqedvto one 6f‘severa1'insta11ed in‘a sample changer.

~ Bach product that is detected is called an. "event". One purpose

of the experlnent 1s to create a profile of the prodncts 1n as

many parameters as POSSlble, such as angular dlstrlbutlon,

o

energy, and mass. Other experlnents, vhlle differing in intent,

make use of the same facilities and thus present similar sources

- equipment by the experimenters. The flow of informati ~and%theﬂm4ﬂWﬂﬁlf
. Aép:OCQSSinq4£eqni£ehantsgaie~shounfingiiqnxe 8.

of input. The next fewv sections briefly describe %hése'sources
of input from the experimental equipment, and the monitoring and

control facilities necessary for the optimum use of he

3 -

-
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~lADCS PANEL

Fiqure 8. Data Flow and Processing Requirements

\ ~Input Sources R
: Infornation froa the experiment can be loosely grouped
into j%iee areas: primary analogq input from the event itself,
diqital)#nd analog enviroﬁnental infotuation, and digital
control -information froam the user.

| The prlnary analoq input sources are the parameters of the.

experlnent which deflne the characteristics of the events

measured by the experiment. Each source defines some independent

parameter of the experiment, and each may by itself completely . .. ..

define an event., More often, however, ome event is described by

a coincidence of two or more paraaeters: so-ekspecific inputs

must be simultaneously active, othervise the event is cobsidered
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not to have occurred. Eﬁch paraaeter is diqitized into a 12 bi;
uord,’uhich-can be presented to a cbnputer‘every 20" micro
secdnds. Thére a;eAup to sixteen possible primary inputs,
resulting in a pofential data rate of one word every 1.25
nicro-seconds, or 800 kHi. The-actual events occur‘fandoniy in~
time, although the avéfﬁhe\rate over time is con;taht.ﬁihe
occurrence of én eient'is not under the control of therconpdter;
This is iaportant when considering the effective data rate and 7
the method to be used in disp&tchiﬂq;t&sks—to'handlé~this iaput. .
In practice, average data rates bf from 100Hz to-SOOOé;\are :
expected. \\' |

The environmental ihfornation Sriqinates from any number of .

measureaents thét thé experimenter deeas pertinent to the

overall expérilent. This -év include, for example, the time of -

B

day, yean current, various countéts, eﬁc; Its uséfi;/qenerally

for the normalization of results of the pri-aiy input.‘fhese are

parameters not usually'deter-inéd by the experimenter, but whose

~ behaviour is well knovn; and not subiject to fréquent

fluctuathons onC§stablize.d. ‘As such, ft does not need to be

sampled as-freqﬁently as fhe primary infut. Sanplinq'fates of

once every second, or only upon conmand; are typical.
The'controlmfeedbaekvinputFeonsiéts¥of~paranetefsfﬁhichmeanwwww; —

W_hegset}hygthegexpe:ilente:fgeithe:4lanuall¥ffor4gpder4c01pnxer

control. This would include positions of detectors, sample

B

positions, and status of various other systeas. This information

L |
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chanqes‘only‘npon command, thus ﬁegd nevef be nénitored éxcept

vhen a change is fequestedf The data input rate is neqligible;
Another férn of coatrol input is‘that from the interface with

the user himself. This is chiefly through a panel of séﬁse

switches énd a light pen. These inputs diréct which of the

various fuynctions are to be performed . Again, the .data rate IS.
neqliqiblé. ﬁﬁiiléfigcdﬁfiit‘aﬁf tine; The 1|portant aspectiofA o
this input is that is is not mechanical in or1q1n. but .

anginatesafzonwaﬁpezsgn.WThe,response;tlne,lswthus»noze = T

critical than for other inputs.

Bopitor apd Coptrol Bequiremepts |

The ultimate purpose of nonitorinq is the verification of
the prilary input data.-This is data whose behaviour is least ; ,
predlctable. Since it has been cond1t1oned by a nulber of 7 7
electronic circuits prlor to belnq diq1tlzed for input, thete is
‘a significant chance for distorﬁion of one fbrpfdr another to
enter the system. The exact effect of fine adjustments of the
process cannot be deterpined beforehdnd. Many of the.coincidénce
requirements a:e»of a complex hature, or'tequire ?he‘coincidence
of tvo or more telatively rare events, uhiCh'pioduces anleven

.lower Qccurrenceuof thesefexentsuﬁhxfthe—sane—tlle,Aothef—events~~17—mﬁ~{

may be occurring uhi;h4g;g41alidgandgshnnldghegnecordad,kelen ' ’ _ §
while awaiting the verification of the proper specification of

rare coincidence reguirements. Changes in conditions which occur

g
I
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‘Tepresent data-describing complex; or even sismple, phemosena. e

— s~

— e —— - =

beyond the control of the experinentér may adversely affect the
nature of the data belnq coliected. It is therefore 1nperat1ve
that the data be availahle for exanlnation as it is collected. P

The considerations for‘éhis mode of operation_are:sinilar to

‘those for the use of online services versus'hatch for proqrai_

debugging, in the sense that batch is essentially an unmonitored = .

operation,

A graphical display provides one of‘thé most useful Ways to

Preliminary visual ana1y51s very often deteraines the methods
vhich one will use in the,detalled analysls. For progesses which
involve extreiely large volumes of data, it is often the only
vay-to‘répresent the data in a conﬁrehensible form. The'eye can

perfora -any relatively conpllcated analyses nuch more qulckly

" than lost co-puter analysxs can be done, and perhaps more

importantly, decide which ana1751s is - more relevant to the data
presentedg For these reasons, a vell-supported qraphlcs systen
is considered an essential aspect of the problel.

Large graphic displayg present'absiqnificantvload to any

processor. To prepare a histogram for display requires a certaid

- amount of processing. This includes scaling the'hisioqranxto fit

-—-on-both axes of the screen, - Seiectinrsubmtion:s”*of"hisfoijﬁig T

i e b e by e b e bt b

S

i

G T T s

(to increasefthegnesélutionve¥ef—a~pef%ioa~a£—t$e—histoqr&trf

‘and lodirithlic transformatiods. A cathode ray dlsplay aust be

k refreshed at least 20 txnes/per second to elxnlnate visual
I : ‘

~
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‘3calinQ?“or“fetchingydafa”:rOI“a“host“fof“prd&éééiﬁ&;dfofméoié”‘”
of the more tile'consuninq operations, such‘ae log scalinq,‘it

~ 1is expected that more than 195us per point uill be reqnired. It

_sone‘lethod of controlling the process of data collectlodﬁ such

and lamps has been found suitable in previous situations. These
'1nputs lust be polled at a rate suffic1ent to appear contlnuous

 to the user, It is expected that polling at the same rate as the»

flickef.:The hinllul acCeptable number of points'displayed'ls v“
256, 80 there are 195 lch0~SeCORdS avallahle to process each
poznt. Ihe rate at vhich data can be supplled depends on the
aloqnt of preproce551nq required, and to a lesser extent, the’
speed of the memory if DHNA is used. The preprocessinq Ray -

involve such operations as windowving, totaging, non~linear

was ev1dent that tﬁg qraphics prohlel alone could requlte the

cocmplete resources of one proeessor. l schele to reduce the .

effective time to this'value must be devised. ; l o %
/

The user interface consists primarily of the graphical

display and the associdtedicontrols necessary to select the type
of display desired. This uould xnclude sgfc1fylnq which A

hlstoqral to display. scaling, and wvindowing. Also necessary is ;

as Statfinq, stopping, and tilinq. A panel of of buttons, dials,

eé
o

@
=
K

display is refreshed will be appropriete.\
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The intent of the experiments is to determine t‘

‘telatiie
freqnéncy_of occurrence of thetvarious events takinq plac .

There is; tﬁéfefbre; no prescribed data tate;fés‘ah&rportion qu /
the avallable data should yvield results silzlat to any other //§

portioa. One nay Lndicate a rate at which data is avallahle to

" 'be sampled, howvever. This would correspond, for exalple, to the

population of a town vhere a survey is be1nq'conducted. The-datq'

_rate would correspond to the hulhe:;ofWgegggns;Stbppad;:a;::;#WA:;;;ﬁﬂ,e;
respond'toithe survey. |
Dependinq apon the experllent, events may occur extrenely

rar%%y, for exalple at less than 1 Hz,ror may appear to ‘be
continnohs, lhlch effectively is anythan over 400 kHz. As the
events occur randonly, sanpllnq the 1nput fandogly, askobposed
to capturing every event, is perlzssxble. The#éccﬁtaé}wbtﬁihé; - | ?
results is, houever, improved by a larger sample. T@is -37 be L
_‘ohtained by either sa-ﬁlinq.faster'drﬂsanplinq over a 1onqe£
l - period of time. It is more useful to be capaﬁle of a higher’
‘salélinq rate, due to the cést 6f running the cyclotron and_@f
peéplés' time, Any’ilprovelenté in the throughput of theés!gtel

is therefore useful,
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- operate comcurrently,
[availahle as a set1a1 strean fron a sonrce 1ndependent of either -

- of the processors in the-categories'ontlined by Flynn. MIND ' NG

- input to each task., (rhe‘division of the taSkszacross the

;of thegé'tasks do not pass results to othe: tasks, or otherULSe

lodlf] g@f origxnal data. It is therefore p0551ble to carnv on

Wumm A

A flow diagranm is a useful aid in locating parallel tasks.

AR G R a;f;%ﬁ

|
R

Such a dxaqran for this applicatrpn is shown in-flgure~8.70ne

FEON

|

laj be tempted to conclude that the probleam is serial in nature,

g skt R o T

the only major fork appérently being the logging of data to

tape.éThe'parallelis soughfﬂiS‘a-onq the tgsks vhicﬁ‘canj‘

on- gliffeteﬁ't‘“ sets of da td, Paralle lisa

cannot occur- e data stream because the data is only ' ' ;

P i S

processor, This aspect of the problel dxctates the orqanlzatlon o %

systeas allov several distinct tasks to eééh.process distinct

data iteams silﬂltaneously.‘SIup systeas éllow only the sale.
ogftation tovbéfperfor-ed conpurrently on sinilar data itels.' '*?\g:
}ﬁég‘Flv§rt&sks~have~heenﬁidenti d that can be perforned in -
p;rallel._rhese are‘data acquzAifj:n. sorting, recordlnq,
display, and the‘nse:‘intetfice.'The critetia used tqiggternine

these divisions were based on the precedence requirements of the

resources is dlscussed 1n the next chapter.) Data that has been oo

collected lust be passed to several tasks for proce551nq. Many

soae of these tasksﬁsilultaneously, glven ;pproprlate systel

resou¥ees,

TR T
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~Por example, it has long been realized that sloqu/o
devices could be effectlvely speede% up by the technique of.
buffering. This SLlply invoxves initiating 1npnt operatlons for
the next record as soon as the dev1ce is ready, rather than
avaiting a progral request, On‘ontpyt,_control is returned to

the program as soon as the record to be written has been moved

i
|
]

 tc another area of memory (the buffer), while the actual
operation is co;pleted at a later time, In the system that vas

developed thg§§;§;jg;g”concepts,hqte,heen,used;th”onlgﬁig,;gglaww;

‘I/olpgrtions ofxthis'systa;, but have also been exiended to
other tasks vhich could execute on otherfprdcéssors while
operating on the same data;‘ |

In principle, any of the five tasks noted previously could

he rgg_Ln;Bgsgl;el with any other, bnt some conhxnatlons are

P

]t e fi

" more OPtllal than others, It 1S'de51rable to have as fﬁ”;
con-unlcatzon‘hetneen tasks resdenq on different proééssors to' r ;
make smore tilé'available for useful work. ItAis alsb desirable ‘
to have a halanced vork ioad hétneen:the processors, to reduce
tyg?likelihood that one processor lﬁst ﬁait for another., Tasksbi

vhich regﬁire frequent synchronization.also}contributg tbrhiqh

'viitihg times, and are not qodﬂ’canaidatés for parallel

__operation. = L i e o

In order. to determine just which tasks should be grouped

together on one processor, a data flov dlaqral, such as that

gpp!p,ln flqp:g 8, 18 elployed. Pron such a dlaqral, the data

8y
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lahel each path with synchronization reguirements, and each task

with its running cost, to aid,ih'balancinq the load.

-

L :gtes and task dependencies are clearly.visible. One conl€x3£§¢,f 

El

L]

i
1
B

R T T T T
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Ve Desiqn Dec151ons

Chapter four outlzned the objectlves of thle appllcat1on.
In thls chapter, various optxons to be considered are presented
. for each objectlve. These ate‘prllatlly conce:ned,ulth
specifying task distribution, means of communication, and the
supﬁortinq hardvare. The next chapter describes the actual

system that was implemented.

Task Distribution Betveen Processors

' _ Stone [13] in his‘article on the control of distributed
'rprOCesses,'deals with the problel\of the distribution of modules
(tasks) hetween processors.»hlso of interest is the delineation
of 1nstructxon groups uhxch will conprxse the modules,ror
’deterllnatlon of the best definition of each aodule, One of the

reasons why it is advantageous to selectively distribute'the
rptoeessinq load is that soae processors‘perforn certain

functions faster than others. The pipelined processor is an
'-extrele exalpleAOE such a situation, where'each processor in the

p1pe11ne is hlghly optlnlzed for a limited number of operatlons.n‘

, Another primary consxderatlon noted by Stone is the cost of
ce:iunzcat1on between the various tasks. Tasks which operafe_on e

e réiaf“‘ﬁfééesgbts*incur‘a‘htqher‘ccst‘per“ttet‘bf‘Inforlatrnn*““*‘“‘*’”

comamunicated for processxng. By carefnlly choosan the task

46



. with that in which cooperating sequential are -executing on-a -

dlstrzbntion, one llqht ‘reduce the cost of 1nterprocessor
communication. o |

‘istone discusses hov to optimize the execution of a qisep;
set of distribﬁted nodules by'ninilizinq the sum of

comnunication and running costs. This lay not produce the

optlnu- solutlon of the problel as a whole if the 1nstruct10n

’llx 1s such that no processor has a clear advantaqe in

processing a given module. If, on the other hang, each module is

opti!izsd-inlsuqh'a.nay thatnostinstrnctions_init~ara&hest.
suited'to one processor, then a further inprofelent can be made
in Siq?e's oétilnl COnfigurdtion. In the general éiSe, howeier,v
littléldistinction may be made betseen the two processors" |
cspabilities.»Connunication,and progessinq costs then becsne'the
donihant faciors in deteramining optimum tas:/ﬂisffibution, as
Stone has noted. It is this dehetal case with shisﬂ we”sﬁall be
concerned. The task definitions very nearly fall out of the
éroblen-definition of chapter four., The decision for the most
part concerns the task distribution.

rhe means of communication between -uli/pié tasks, and its

costs, shonld n be exa nedh conparxng the conventlonal flow

of data between two subr utines in a single-processor systen

 dual processor systea.

As stated earlier, the primary goal of this spﬁlication is

to transfer a,continnons; randomly presented stream of data from

AN
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multiple- xnput sources, in a real-trne envxronlent, to a flle ;ﬁhﬁ
uhere 1t can he analyzed wlthout time constraints. Perxpheral to
thls e uould like the ability to pass the data through a series
of’arhitraryvprocesses. In a convenfional sysgen, the data uould
ke passed sequentially frol one process to the next, unt11 the

1ast process was, flnlshed. ‘A new qroup of data could then be
acgulred and the procedure repeated. Only one process at a tlne
would be active. In a dual processor systel, one can identify
-sets of tasks,u;oserinputcor—arqu:ents:&re~not»predicateﬁ~on&tﬂe’ff”*
results of any other taSks in the same set, The tasgs within

such a set may be run concurrently on independent processors.

- PLOCeBSOLS

here -are many attributes which are considered when

7e1ectinq‘a prostSor for auniprocesso;lsysten,such as
instruction set, spee&' ana cost. These are still considerations
vhen des1qn1ng a -ultlprocessor systen, but perhaps with
different enphasxs. The other considerations uhxch are speciflc
to lnltlprocessor_systels 1nclude the purpose and confiquration
~of the multiprocessors, and in light of that, the need for
.instruction set oonpetibility, lultibrocessinq intructions, ano ,

COI-lunication”op,tions,,w s e e e I

44,Ihg4!gl;ip;QQessoxfconfignrationrnndereconsideration—ui11,
fall into one of thé Flyhn‘cateqories‘desorihed in chapter I.

" Only two of these cateqories, single-instruction multiple-data, .
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'and«lultiple-instrnctio lultiple-déta are truly practical
cateqories for a‘lulti-_roceséor systean. The case of a
sihqle?inétruction single-data systea being composed of two or
more redundant ptocessoré. vhile interesting, is not»considered‘
here. f | ,,,v e , | I o

In a single-instruction configuration, it is likely that
~all p:oceSSOfs are to intgrpret,the'instructions_in a sinilar»
manner. Ali proéeSsors should therefore interpref instructions
indentically. The concept of differing interpretations for &~
sihqle'instruction would almost ceriainly lead one to dlassjfv A
the confiqura;ion as lultiple-inst:gction. “
A multiple-instruction confiqﬁrdtion alldus different
~instruction sets by use of nultiﬁle‘ingjtuctiOnstreans. Once
fhe approptiaté'streans’have heen generafed, they need ﬁot;be,f”
compatible iith other processors, This is particularly true”;
vhere special purpdse pProce SsSors may be selected to perform
specific taské. Theré ié little desire to have mobility of these _
'lodules_betuéen processors. It is more qene:alf-houever. to have
ide?fical procéssors. Systeam reliability is increased throuqh
redundancy, as wvell aS‘fednéinq,the-nsﬁal encnnbranéesﬁéuch as
' cglpilers‘and other syé;éi utilities. These items would |

éthéf‘isé'béhdﬁﬁliéﬁféafiﬁ”fiéfﬁihér’ nstruction sets or be in

T '*’***m-pﬁerrtaptbm{” V i g Ct*eﬂde—'rn—m'—

instruction' set.
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/iith respect to lnstructxons spegific to lultlproce551nq,
there is one prllary 1nstruction vhlcr is useful. !he use of it
1s generally for the protectlon the so-called "cfitical reqgions" }
of a proqral, vhere. execution by more than one task,a%ionce

vonld corrupt the state of some data or status fields. ‘The

operation is characterized by the settlnq of a status bit

W e e

aecd#diﬁ§"£8m£hé ;faié’of“é”wofaj and in the sane cycle, iri£{£§"
a‘;re-defin;a value intc the word. This is connonlv referred to

.as a test-anh-set'instrnction. ﬁo interference can,occur;he;xeehog,”;m,-é
lodules because both the test and the set occur within one

1nd1V131h1e operation., Wettst

pin{ 11 points out that while
algorithas exist to assure the saneweffect without this

instruction, no solution j wn which is independent of the

number of processes involved. g — B o o

‘Hemory |
Memory must be considered.as a ehe\ed els rather than

as the

a finite time to complete a read or a urite cycle. #hen two or

_ more processors. includinq I/0 processor itcess memory, there =~

R
g il [EE R

is contention for REenory cycles 1uet as there is contention for

i

other shareable elements. Since memory is the most used element

‘

e

in any systeam (it is the. source of all insirucfionggandrnost
. | o ’ P
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- data), the contention problea is one which merits close

~—othér:vfhe“problen'hasfbeen“reducéd‘soneﬁhat”by'cfeatinqilare e

cons}deration. |

| The contention problea arises out of the large block ;
structures of most memories. When one word is aécessed, the
entire block is considered busy.‘Thué; if there are two or lofé

processors concurrently requiring memory, one must wait for the

blocks of merory, which are either interleaved every n-th word

(n-wvay ihterleaving),]o; simply independ;nt adjaCent blocks.

Interleaving is useful in any processor when the instruc;ion

cycle times aré‘faste: than memory cycle times. If the
instrnctioh;seQuence'is such that consecutive memory vords are
accessed, one nelorj block can settle while the next instfuction'
is fetched froam an other'hlbck, ‘

r‘Althonqhmcoﬁéurrent—procesées ﬂouldioccupy different;aréas : j

in memory, because interleaving is evenly distributed throuqhoﬁt

memory space there is a 1/n chance of a block being busy in B

n-vay interleaving. Adfacent blocks are more attractive in this
case, since there is not likely to be any interference betveen

tvo processes Gccupying electronically\distinct blocks.

i g

R A i R
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Novs Intecface
In spite of the fact that there ore'only tvo proceSsors.in
the network, many decisions must étill-bevnade regarding the
nature of their physical (electronic) link, These decisions
affect theeoonplexity of the interface circuitry, and the
soffware of both systels. A simple hardvere design usually

7shifts some of the burden ‘of data transfer to the softnare. A

}{{' complex design can be eff1c1ent in terms of 1ouer requxred

proeessor intervention, It may also teupt one to control the
interface with another processor. |

The simplest ﬁardrare_desiqn is‘one.coulonly termed
"programmed I/0", It is ‘found in "teletype®—like interfaces,
vhere,transfer rates are slow,,ard.there are no critical tiaming
constraints, Its silplicitylariseS'Outvof the fact tiat a “
predeterained amount of data is‘aliayspassed'thranh:a’fixed
location in the computer (an accumulator or;a_reqister, for
exanple), and the only protocol oeoessary in the ihterface is_a
flag iodiCatinq "ready" or "done". The proqral'muet deal with s
deterulnlnq the next data item to be sent, and keeplnq track of

E

the number of xtels sent to ‘deteraine the end of the record.

There is also‘considerable,overheed in servicing the interupt

vhich usually §cq9!,9@9,i,9§ﬁ§g ready signal.

In contrast, a direct memory access (DMA) interface

-

perforas most of the bookkeeping fﬁnctions of the I/0 itself.

The proqrai identifies a starting memory address and a count of
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‘the number of items to be sent from thié idrea. A DMA interface
transaits the data ;ithout interfetinq viih the ptééran_nntil
the sﬁecified nusber of items has been sgpt. uany Dﬂlrinferfaces
make use of picro—processdts to»handlgvthe bookkeepinq and

{

protocol. o ’ | ﬁ

The choice is essentially between a ha#d??re,i??é??{iegdﬁ,,w_WW,ﬁwu_
hiéﬁ speéd interface and a softvire intensive, lover speed
interface. The electrﬁn;c protocol may also be.conéidered,'

] 'Pr_e@ﬁt*iﬂq ’SQVEfii -options which 'con'p‘;t'e.iéﬁt*rthcsé two maim - 0 T

characteristics.

" Phree general protocols are common. They are direct bus to
: : 3

bus adapters, n-bit pérallel interfaces, and bit-serial

interfaces, The latter two often are available off-the-shelf,

wgiéh is a considerable advantage for small systems., Direct bus

»

interconnections are more complex to design, but offer sliqhtiy

o SRR i T T s b e Lt S e st ern | 1T v e e

betteg transfer rates and more flexibility and control thamn
either parallel or serial interfaces. This is Because both
menory address and data information are available direéilyvon‘

the bus while only data is present in the others. A direct bus

connection also accomodates more than two processors, because ?
some device addressing information is also ptesented. Serial .
'intetfaces~are*typica11yione*ur*tvu73§5§f§:85iiaanifﬁaéﬂélaiéf*”*”””””””%
B — than the other two modeses i




Two . lain attrlbutes lust be considered in the qraphics :
area: the speed of the display (number of points digplayable
vithout‘fiiéke:).“and‘the resolution of-the}display._rhese 
attrihutgs are noi independent of each other, nor are they
indépéndent'of'other systei attributes. |

7 The nulber of d15p1ayable poznts ls of course llllted by

the-tesolutlon of the phy51ca1 dlsplay device, bnt this is not

__.necessarily the upper 1111t of the systel.‘Several other factors
compete to lover the number of dxsplayahle points. A minimal |
qraphicé systel\reqUires a source of data, a digital to analoque
cohierter. and a display device sﬁch as a‘cathode_;az tnhe.anchj<
has{d limit of its qwn uhich pay’ be the weak link in fhevpafh'£o~’

B

the display.

uxm;_uw

There are a number of considérations réqardinq the
position of the conpute; felated equiplént’(e.q., processors,
mass storage, terainals) with reSpect’to the user and to the
data sources., Often, the data sources are in a hostile‘ 
envi:onqent, such as a llll or an asselbly line., In this study.

‘the ,,e,nu;on,-gn;,,is,,a,,,h,,;gb,,,ggg,;qtigg,,q,rea. which can destrov

semniconductors. Most computer equipment w;&l not function

reliably undq;‘these conditions; but lusﬁ be lovéd to a more.

remcte position,
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'shonld he able to pos;tlcn the controls he requires, ihether

- some method of remotely connecting user conttols is necessary. - b

' version of the co-lunxcation -ode used for tetlinal-lxke

a Conpnters thenselves ca prodnCe an envitonnént that is -

. rather hostile to 1ts usets. Invarxably the most offen51ve noise" . f

. is produced by fans and other coolinq equipnent. The noise level

is often high enough to be hayond recounended lismits for . o

.prevention of hearing loss., We would thus 11ke to ensure

-

separatxon of the nser and the eqnip-ent. Aﬂditxonally, the user b

——- [ S

they be keyboatds or buttons or other devices, at any place felt }

,;Jappropsia;teg&est -computing systeas-are not -truly portab €S0 %f

!

SR T

ror a snali nusber of bits involved in device dontrdi, one

is telpted to run-a cahle with a uzre for each bit. As the

i b o i, (ot
«

number of devxces 1ncreases, the cahle necessarxly becomes

et ok

latqer, and soon ‘beconmes- unlanaqahle. ‘One optlon is an extended

[ERTRIE

‘devices, a setxalizer for a latge number of bltS. Tvo-wire

AR g3 i, B oo 3 £ Lo

‘connections vonld then be possxhle for any ‘number of co-located

devices.’

- The source of these probleas can be traced.to one or more of the -

3

Packaging 3

The packaqznq of any electronic hardware is a non-tr171a1 : 3

: 2

considezaﬁ?onrInappropriataaethedseaavtaisepfob%eas ——~§§
involving”i ttent f | ong=ter. iabili a 4

stability, and outright malfunctioning. of the circuits involved.

e
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folloving.faétbr#: nyerheatiné,,stthétural étressrda'irinted
‘circuit boards or components, vihi'ation. and inadeqtiate“poger ,
distribution. an exal;patiop of this aspect of\licro-pr0cesso:s:

(and‘c'olputer‘s in qexie:al) is 'beyox_id the scope of this thesis,

S R R
t
(
L]
3
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VI, Actual Systea
| Srnce the-central pracessor alre‘ay in use 1n the f
application is a NDVI 3/12 llnl'COIputer, there is a qood

i
ratxonale for usxng another IOYL for the second processor. The

d

5
3
i3

‘rohvions advantage vonld be _the co-patrhrllty of the 1nstrnctlon

e e e — R

sets. The cost of a second lini aas, houever, hiqh in colparlson

urth a licro processor. It was- felt that a -icro processor ‘could

h
|
|

~ . do the work “envisioned ‘vithout “andue effort in develop-ent, at ammw

nuch lover cost. Thxs uork vas- lnitratéd in part to deternrne

&
a
91 T | WAL 48 i ] oo P B Bt s 2 AL L S i

.
Sl dins

A

';vhat confrrbutron new,:} v-cost -icro—processors could lake to
the field of -ultiprocessrng, in addition to hov lnltrprocessrnql

in qeneral could be used in a relatrvely normal applrcatlon. He

JBRIAL S e My T

rvere thus quided hy the frnancral as ﬂell as acadenrc 1nterests m; B

st

i

in chOosrnq to nse a -1cro-processor.

s

Hardvare Configuration
" The final conﬁiqﬁration*fits°loosely into the Flynn

g TR e i B e Yol P

3

cataqory ot the--nltxple—xnstructron, lultipla—data processor.

Tvo processors. a T6—h1t IOVA 3/12 minicomputer and an 8—b1t

uotorola HCGBOO were lznkod using a direct Remory access path in ;
- " the Eblk. I !976 ‘vhen thls ‘decision was -ade. the BC6800 vas T
< ~ ;

“‘*‘tyyicxr ot thoso available. There are’ cnrrently -any more

designs ro chose,frOl, which are both faster anﬁ ‘more conplex in Lo

N
o QL)
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architecture. Many are also 16-bit oroceSSOrs.
Since the two proceésors do-not share similar instruction
sets, it is not possible to have dynamic selection of tasks and

proéessors,dsuch as Stone(i3} describes. Given the distribution

of unshared peripheral interzaﬁés»hetween the tvo proces:oré,

tﬁe‘loss.of_instruction strean sharinq is not considered a major

'”“itel;*l clear 3551qnient¢ﬂ?tast3‘to ‘each processor was on W'ﬂw?a"ffM“

result of thxs’flxed dlstribntzon. -

The perlpherals were dlstrlbuted to each processor on. the

s

basis of their anortance to the prilary purpose of the. systel;
. Lll,thosef%%rectlv concerned with collection or recording of

' data were assigned to the BOVL.‘Thosedconoerned uitd,noﬁitorinq
,Jf‘;ad casual user interaction were assigned tovthe 6800, The aova

peripherals. then, con51sted of an analogue to d1q1ta1

- converter “wagnetic tape unit,; a system disk, and a teletype.rﬁ

The 680 controlled the qraph1c display and llght pen, and the
“button hoxll - an array of buttons, dials and 11qhts for user
1nterac¢10n. The 6800 has 8K hytesﬁof.local memory, vhlle the

NOVA shares 48K words of memory with the 6800.

T
In an effort to allov the tthtest p0531b1e coupllnq for

the least amount of effort, the NOVA I/O hus was extended into

o IRV

the 6800, vhich then acted llke a devlce controller to the NOVA,

‘This allowed the bi-directional transfer of data using the HOVA

R
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__Piqure 9. System Confiquration. . .. .. ... . .. .. .

.enory as a connunxcatxons area. These transfera;used the DMA
-feature of the NOVA, vhich minimizes the impact of communication
on the NOVA. The 6800 controlled fhe bus using proqramaed I/g,
which used‘a considerable portion of the 6800's time. This is
consistent iithvthe,iqtenﬁwtgﬁgedﬁée the load on *he proceééqr
uhich‘is collecting data, arthdngh it was not anroptilai |
solution with respect tovtheFGBOb. DﬂA'on the 6800 was not,
hovever, a siiple addition go the handvare at tﬁé_tile of

desiqgn,

Communication

In thxs conflquratlon, the 6800 uas desanated to be the

/ 4{"»'5."

7loq1cal laster of the bus. While the HOVA necessarily retained’

electronic control, all transactions vere ‘initiatéed by the 6800.

Ihe NOVA's contribution to'thé cog?pniéations ptotocol consisted
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vith the 6800, These 1tens,cons1sted mostly of hlstoqrags for

g:aphic&l display, and two bit-vectors to contain the status of _v

1élps‘and switches. The table of peinters was called the

"display list" (Biqure 10). The 6800 selected a particulat item

for processxng according to snltches set hy the user. - . o

7

A sanle; flxed ‘location : 1n HOVA lelory vas aqreed upon, in

‘advance of compiling software for either machine, to be a

__pointer to the display list. Bach itea of the list has various

parameters, such as the length and address of a displey. It is -

. these paraleter‘tables to wvhich the‘display list peints.i

Once the table; have been set up, the only commrunication - -
tasks uhlch nust execute on the uova are one to update the
41sp1ay data, and one to take action when switch settlnqs are
ehanded’bv fhe’uset; Neither of these functions reqnlres access
beyond shared NOVA REeROLY. The dxrect bus connection allows the
6800 to chain throuqh the tables at w111. No synchronlzatlon is
necessary hetueen the processogs for these tasks, althouqh

nothing in the design of the lachlne~coupllnq prevents,this,

. should itlewer be required. : ' A

’of settlnq up a table of poxnters to the iteas to be exchanqed

60
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DISPLAY LENGTH

Loc 43, POINTER]|| =
" | POINTER .
o/‘“‘\"

- Pigqure 19.,Rointer,Chain,used,tollgcatg:grgas,for;infg;gg;iggfi

‘exchange. All pointers and tables are in NOVA memory
Iask Partijtioning.

In the pfoiect under étudv, tvo groups of tasks éanlbe
identified: " | ~ o - | - -
1. a qgéupconsisiinq'of tasks which are critical to the intent

of the experiment itself, prihcipallv the acquisition and '

logging of data, ahd |

{L/fé qroup consisting of tasks involved in the interaction vith
the user. |

The tasks in the second qgroup depend on thé first qro&pkfor'

their data. While they are critical to the peace of mind. of the

_experimenter, the data collected are unaffected by their
: T y, ’ :
actions.rthe ;irst group of tasks, therefore, are qi%en priority

for resource§ over the second qroup. In practical.terms, this
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- structure may lead to certain low priority tasks being
harmlessly bypassed éhen'thé critical tasks are heavily loaded.
J_f;ggpé;tiiionihq the tasks between the two processors, one
fdnd&nentalbrule fqllbued vas £hat all é:itiéal tasks must be
exécuteq on thé’salg processor. Addiﬁionally,’éll.paths bet veen

these tésks sust not depend upon the other procé§§bsg The effect

Hof”thiSais;xxoefoid-uconqnnicationfcosts,areAlininizedLfor,them~~»~4——~J

critical data, and systeis reliability is increased over any
other arrangment requiring more than one processor. The rate of .
L tmioas e, S e - R T - - SRR EREE s e i it e
failure of tvo processors is twice as high as the rate of one.

other coﬁsideration-in‘deterlininq the task distribufion

wvas dividing the tasks at a point in the data flow where the

flov is near a minimum, In thisAparticular instance, for S

exaiple,qu division might have been made between the "analodque - -
input?® ;}d "aort events" tasksﬂ(refer to,fiéure 8), but the data.

rate is cogsiderahly'lovec betueen "sort events" and "create

P

diséiayé". It is also known that there is a great deal of N \/{%

synchrorization fequiréd at the earlier point,‘but virtualiy
none a \§ﬂe latte:.'It is therefore more advantaqeous to‘divide
the task Et the latter pqini. .
The second processor vas assigned tasks which can be

described as terminal tasks. These tasks are ones vhere the data

Nfdpéf&ied"6hﬁ§iii”525§§ﬁ£he ihgéffadgugétieeﬁ the pfédeéébfs Qg;

aore tham once., This is nsualiy SORe output'fﬁnétion. such as

the graphical displaj, or an input function such as the user’s
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control panel. In any eveﬁijW:;Bvdata on theée*paths/is at this j

tlle non-crltical. e T é

In our systen, the sequent1a1 flou of data has been broken ?

?~ hetueen the primary and secondary tasks. The fzi?ndary tasks are ?

o essentlally free~running. They are 1n1tialized ¥ith poxnters to E
q all-the data huffets, processinq what 1s_avi;1ab;e 1n‘para11e1 %
~with'the primary tasks' filling and emptying of the buffers. { .
Because of the priority structure, secondary tasks in the first %
,thg&é§Q§;n§g,up gnlxﬁxhg;reséu:ceévaiailablewaiter;xhemg:i xyr;W,;_ﬁ, %

. ;egu;sts arersatisfied. Thé cond processor does not load the _2
f;rst other thaﬁxthrough emor \contention when using fhe*DHA, %
%’E?annel.‘ln norial dper tion, thevsecond proceifg? super vises é

: \‘ its own I/0 vith the first processor. It)@hould be- re-enpha31zed é
\ﬁf : that there is no enforced synchronization between the two qroups  é
. j of tasks, ensurlnq that the prllary tasks never walt on a ,g
- éecondary task. o | g

o m_gmmgn Costs ’ | : |
- One major concern u:j—fﬁét communication overhead would be é
80 hzgh tggg-the net gai *ﬁﬁiéx\lay not be sanlficant. Three %

- test programs vere !ritt?;fz; deteﬂnine the overhead of sharing i

. ;

_ data Hith,anntherAprocessnr,_mhegrespectiteﬁfnnctlonAoffeachgcanﬁfwujfw~§

be briefly stated: ' | ;

1. A 6800 program to display a 256 word buffer residing in the- 5

6800 neppry.AQngnqication,is via subroutine arquments. %

A v , %
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particular processor). This gives some pérspective to the

2. A 6800 pr&dral to display,a 256 word buffer residing in NOVA

len7}y{\Collunication is via 6800 prod:auied 1/0 oh the NOVA

Cbus. . . o -

3. A ?0vA program to interfere with- (2) by concurrently
accessing of the samp bufferf |

Program (1) yields the minimus time to perforam the task (on that

compmunication costs. Program (2) yields the extra ,cost of

obtaining the data fros shared memory for the same task ===

perfor;éd hi progran (1).~Proqral (Bl'provided information on
the cogt’attributable to the interference of the two machines.
Thgjtiles iére obtained by running the progras for a

sufficientlyAlong%fi-e such that both start-up costs in the

- program and reacti;%,ti-e of the observer vere insignificant,
(Timing was measured simply by a stopwatch.) ThéSé'tiiésfrEnqédff

from 25 seconds to‘91.5 seconds, with estimated errors of 17.5

seconds, é
" Test Program Time Conma, Interference §

Number v - /frame overhead on NOVA i

1 . 6.25mS - 1.28mS  n/a ;

3 o 23 as 6. 14msS »256 mS 3

Table I, Communication Costs ]

The base time, as established by program (1);Zuas 25 g
seconds to display 4000 frames of 256 points each, or 6.25&S per g
frame. This is well under the visual flicker limit of 50mS per E
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frame. As the data is lpc;ted in local neiory,~the access
operation would typically be an‘indexed "loadvaccunn1§tor"ﬂ
" operation. The time for ﬁhis'inst:uétion is 5.0us.

When the data was ioc&tedvinyuovn IEIOEY{ executidn tinme
increased froa'25,seconds'tq‘91.5 seéondé f9r the séne 4000

franes; An examination of the access operation vields the source

2uﬁs. nearly a S-fold increase over that of local access. This
Lia{gygradded 16.6 aS to each fraame, ﬁp;”a:;g;g;_ggvglgggt 23mS to
. fetch and display one frame. This is still adceptable in, -7

preventan flicker. -

. . The measurements taken above were done vxth the KOVA

halted, so fh;t there‘uas no cogpetition’for the 1/0 bus or

memory. Prograa (3) was designed to check the effects of

conpetltlon that -1qht arise when the NOVA wvas actlve.'

It had~been s;fgly predicted that the tides would not
néﬁsureable_chanqe sinc thgvsaoo had pr;o ty on the Dua‘
channei. This was in fact the result: l
lseconds to exécute\prograi (2) when pgrogram (3) congeted uith

it. The overhead vas entirely absorped by the HQVA program, as

_operation occurres. This time amount

“of the increase. To access one word in NOVA memory required

Y second over the.

'algfﬁnaconputed

.total 91.5 seconds of execntlon. This
froa the nunher of accesses, 1”02u 000 (4000 frané; x 2

points) yand the cycle time of a DHA operation of 1/6us. It was
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apparent fron this figure that"fﬁe 1nterference cost to the _NOVA

¥as not qo;nq to be siqn1f1cant.

These tests denohsttated‘thaf it is the protocol, whether

‘ 1lposed by hardware or softvare, that lluzts the aqqreqate data

rate, rather than Lnterference or other hardware delavs. The
addition of conlunlcatlon protocol, in the forn of proqranhed ;
- I/0, . llnlted,the t:ansfer rate to—BOtﬁz.g%he I&Xiiﬂl*bﬁS'speed”'”w”’;*”w
is 181z, The ;gle required for the protocol is of course
governed partly hy the processor speed. To increase the traﬁsferi
rate, one can ei£her refine the protocol, or use a faster |
processof, However, as fiqgure 11 indicates, any more than é
five-fold increése in processor séeed vould shift the limiting

factors to fhe thé'hus'speed and the protdcol. L

Limit

Bus . 1MHz

- Processor 200kHZ
Protocol 40kHz

?iqure 11. Limiting Factors in Hardvare
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There is almost 27aS left per frame Jhete useful work

could be done, and still avoid flicker of the display. After the

' finaliversion of the display task wvas conpleted, more thén‘27l§_

- of work had accrued from such tasks as loqarith-ic scaling and

console monitoring. The display éroqran.used‘ig }pg_§g§§§;(§§ﬁwwﬁ;

simply too elementary. Rather than find a faster processor, Or

resort to obscure prer&npid@ tricks, a lohq-persistencé

#~ﬁhOSPhat%i&S%used;fﬁ*tﬁé:ScrEGﬁf*ThiS;ﬁfidﬁéﬁ;ﬂﬁﬁislﬁf’iﬁfkﬁto’

- design modifications. This proved to be ehouqh time to prepare 2
each buffer., It is useful to remesmber that not all solutions g
require a new ptograllor_p;ocessor!~ §

.
A N ’3
~ : &
- ,
L
* )
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¥II. Discussion and Conclusions
“@hile gains in perforoance,of orders of magnitude are
neither predicted, nor likely, when two processors are

cooperating, the relativel§ lov cost of microprocessors makes it

',Abeqononicnllylrealisiic@toMcon;elplateaarrays.ot»tensmoreeveoWMummuibeui—

thousands of them cooperating to fora a single multiple

processor system. Such a system could have a larqe increase in
N s . R i / 77777 e e

"péifofiaacémo;e} c ‘veorional h1qp speed conputers. The problen

of controllinq theaze processors, assanlnq tasks to them, and
just physzcally llnklnq thea, in a qenerallzed manper, is still
very siqnificant.. |

In the systenm dlscussed tasks vere pernanently assigned to
each processor., quh-speed Lnter-processor caommanication was .
provided throuqh shared lenory. The conf1quratlon operates as a
two-stage pipelined processor operating at the tas level. Bach
processor was free to begin procesSan new data once its task
had passed the results on to the next processor. ThlS is a
departure froa the nven;;onal Llplelentations«of
lultiprocessorfsysteos; 'herebeither'anFSInD array type of N <;¥

confiquration perforas one'lacﬁine operation on'-any.sililar
\

~data, or processors 1n ao'quD confianation are dynalically

_ ;’;mﬂnrelated data. hogh of thesé configurations have been -

asszqned tasks or portions of tasks vhich operate on p0551b17
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notoriously difficult to progras. For the SIND s ‘fel, the dafa &\2/)

- must be structured to-fit into théﬁnnnber of processors in |the
array. Por»ar KIND SYBtel, there is arlarqéooverhead in
switching tasks betveen processors, and little vay of
autouatically speclfylnq parallellsl in the t?@orlthl.

The conflguration chosen for this project was not ﬁ1thout

! uas fhéAno&rly

ftware £ T the MC6800. This of

‘”ffté’own ‘softvare ‘probleas, the largest of vfd
colpleteflack of developleigzgi

‘ -nch as lou-cost licro-processors are ¢ ndldates for large r
arrays of processors, the problem is sxgnxfxcant. Also, a-
related enculbroncevvas the différence in instruction sets. Hod”
they been similar, different éonbinatioﬁs of téék distributions
could have been tried with greater ease. A combination such as a
PDP 11734 and an LSI-11/2 vould be more suitable at this time.

The pxpellned task approach allows a problel to be
seqnented 1nto several parts. These parts are proqranlad
dif ferent processors 1n the pipeline, The- proqran-er nlnilizes
the anount of data that nust be exchanqed bet wveen the prg:essors
by carefully choosing the boundaries between the tasks.
\ R . N

Additionally, the inherent sequential nature of most peoples"‘

,?91FEEQ9§WEQMEE9§}§!§m§§,B£§§9fVQd- Parallelisam comes into play

: - ;
seviptbpid e amb R ] S s i H e ol e 8 0 e i s i

for repeated processes on ﬁev ﬁata.

There is nO'lilit to the number of processoré wvhich could

be linked;;urthié,faShion.'Each one could share a portion of its-;‘
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- for the lOVl,

_'neiqﬁbout's ielory for communication. On a systen %ith n

pipelined processors;-problels’need‘oniy>be seglentéd into n
parté fﬁr-inplelentatidn. | - |

Iie conlunicafion cost borne by the 6800 in this ¥vork o
cléatlfVCandhe significantlv reduced hy'qsinq Dﬁlltoféo,luhicate

,,vith.the,NOVA.

) second per lxlllon accesses. the overhead uould

he under 5 percent of the etecute cost of the basic dlsplav

' latched in speed,'the amount of.lork acconplished by thesn
toqether wvould be 1.9 tiles the single machine rate. The
1lplelentation of DMA faczlitles on both processors vould
provxde siqnxficant inprovelent 1; performance of the 680!.
Shared ReROLY lade ‘a very convenzent sedius for -
"Ebilnnicatxon. It has the features ‘of high Speed.

and ninilal ovethead in hardvare.

The intent of thxs project vas to denonsttate that it is in

fact feasible to interconnect, without =much trouble, tvo
brocessbts for use in_a:relati!ely normal application, if
certain ground tnlés'uere followed. Sone of thesé‘rules nay

j}gggar to be in contradiction to the full spirit of

If the DAA costé‘vere on the salerorder as those

:andou.access,

m-.nma.,wmp;m\4‘pw‘:wmsmsmw&#w ekt gm'm&*‘f‘;i”' i

those systeas have not been entirely successtul in thgxr

isplementation. .




“The basic guidelines found to be useful were:

liniiiie the\ nusber of*SynChrc&izatibn p&ints (Conwéy'é"

vl

JOIHB)’between processors, th llhilltlnq costs of
vaiting for other tasks, , f'," . L , L ®

¢ ; 3 -
- elilinate dyna-ic allacation of tasks tq’p:beaSsq;s._as,this
'is a sourcerdf collun1cat10n overhead, ' -
SR f:*“-ffskoctte“thosemttsksbrtth‘thewlotest~intettask*co:uuntcation*wwA“M"*“

reqnirelents. because conaun;cation he ueen different

'processors is vhere the greatest losses in a coupled systea'

occur, Both dlrections of transnission should be exalined.

'i.e, the nnlbet of values raturned by a task sbonld be
gonsidered as,uell as the nulhe; of paraleters passed to it.'
‘It .aj he'fonnd that some tasks arékterlinalyin this -
'Jregpect:novalhesvarérgturned. iheré arg,§eyg;a; such
~f7;wtgék#winithiswapplieationv~i§eludinqwdisplar~processinéma§d'fw39iz~~
event rGCQrdinqa‘ - ;' ‘VJ o | . ,,f
| The first two guidelines have been followed, and the third at
least partially aatxsfied. | o ' > |

K

Oné of the lajor prohlens with nearly all of the current
lnltiptocassor systels consxstinq of more than a f;}*processors
is the lack of viable softrare with vhlch to easily: ilplelent

usefnl programs. I belleve ‘one canse of thxs to-he the atﬁelpt

- by the desiqnera'to dynalically distrxbute the load at or near .

the insttuction level. vhile. this lay be a usefnl featnre. I

-

a: - ‘have fonnd th;t a static distrjhution of vhole tasks to be ,

-
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distributlon of tasks versus the cost of possxbly'ldllnq
GQ o processo:s in a stat;c confxquration.
The systel that was ilplelented is extendihle to many

, processors per systel by vx:xue of the llllted conlunicatzon

. ‘,.;;be,tm tqsks.,glnhsrst&-s ;egniunq -o:e ;.nten,s;.yg e

'Lntetprocessorbconnunicatlon, one can env1sxon the processors

participatinq in a tree—strnctured netuork or graph. Clusters of

prbcessors ionld “work on suhproblels of tﬁe problel presented ‘to

)

the netvork as a whole. gkis schele corresponds to Jackson's
f

deacriptxon (141 of problem solvinq usrnq—thefaethod of problel

-

'reductzon. -
W3

A tlo-ptocessor ystel was fully xlplelented, and operaté&

\?’7 T It -aé then superceded by a new Sp--ercxal nnxt, uhich

_ q 'tify;nqlz,vas,of a similar design to this system.

A~
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