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Enatrant - The purpose of Whis paper i3 bo
pragsent empiricsl resulisz on the performance of
parallal computations, with regspect to varisus
performance oriveria, undsr 44ffarent semmpiions
of She underiving commiber arohitesture. The
performance ariteris used are the Parallel Dndex,
the Spsedup, the Ubilizmabion, the EfNlolency, tha
Redumdanoy, bhe Jompressicn and g definition of
the Qualisy of the resulitant computation. The
underlying srohitecbores assumsd ars parallsl
proosaser organisations of both the 31D ang HIND
variatiss, with lisited and wlinivsd degrsss of
phyzisal psrellelism.

1 Intraduntion

Lomputer architsotures lnoorporating
multipls prousssors which exaouie in parallsl ars
peing desigued tw spesd up the exscubion-Time,
Por hether cust-performance, greaber relisbility
and modularity. The trends appear ¢ e Lowards
speeial purpose, sclentifle supsroomputars on bhe
wne band, and bowards genaral purpose multinple
mifromraoesser sy¥stems with high pevforsanze o
aust ratics, on bhe sbher hand,  Althougn the
deoreasing st sl sive of processnrs makssz it
feasible o consider using g large nusber of
procsssors in s compubsr organlzation awvsn ab
reduned efficisney »f each componend procesasr .,
i1t iy important o estimsbe the effeelive apesd
actuslly sbbainabls, over g reprasentative sat of
computabiona.. The semple sonsiderwsd in this
papsr may be degoribed 2z exdisting ganersl
technical computabions drawn Irow wmilitary,
commeraial sl sosdenic environments. % iz
emphmsived that we are out Inbsrested in bhe
maxime or sinimue perfursance for any individusl
somputetion, dub in the averags performascs sver
31l the compulations.

& compuber organiveiion wish o perallsl
proceRssrs will rarely abttaln bbs maximm
parallel exesullon bandwidih of p operatisng per
time-~unit, or & spesdup in sussution-bime of p
timgs thet of the unlprosessor organisstion, dus
e hoth logiosl and physicsl consbtrsinty on the
parallsl szecubine of operations. Logloal
sonstraints on paralialise include indrinsic
data~depandensies, cmbrol depsndencizs and
sperater pracedenced in bbe program, which foros
& srquentisl aheln of execction anmongst the
dependent operatines, snd henve Limilt Lhe number
of operations which may by executed in parasllel
191, Poysical constraints on peralleliss inolude
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the sayimum numbsr of provessors svailabls in Lhe
grobiiesture, the wanirol rastristions on the
differsnt types of operabions whlch may be
exenutad slmullsnsously, snd the delays dus o
the oommunicatlion apd oompelition smongalh the
futeracting sonponsubs in the sompuber
orgaulzation. The smepiriesl results {n this
paper accmmt for the logical sensiraings and Lha
First Lwe physiszal sonsbrainis heastioned. For
traotabiliny, Lhs wxperimesisz assume thab the
ragt of the systewm, Like affeolive
HEROT PR RSO And OVRESOr-Pronasser
badwidths, sre balwnced with respech %o the
wgeoution-bandwidih of the purallsl prooszsors.
This may evsn be oonsidersd an aivantage sinoe
Ehe resulvs ars then independent of the speoifis
mashiing lmplementation. The smpiriosl
perforaunoe results in this paper should be
interprebed as ihe best performencs resulls
snpented with current technliques for parsilalism
srprsurs in Forlras progrems [5-8, 21, assuming
oo delays due o the cooperasbion and sompebitiog
muongst Lhe components of ¥the perallel proseaser
organization. The rasuliz would he degraded

i commuminablon delays within the sysbesn are
conghdersd, but gl the zame time, the resuliis
would probuily be improved by the syplicit
speoification of parallsl programs or by even
Reblar slgorithms for the sutowabtin converaion of
serisl programs o parailsl compubations,

Some of the muestions we ask ars: What ia
whe periormance of & compuber grganizstion with a
limited pumber of parsllel prousssers in the
grobiteotura?  Whab iy the performance in the
ideslived case where Lhe mumber of processors ia
283antially unlinitad? d&re thers ssvers
parforganos Jegradabions when only ons Lype of
gperation may be exsoutsd simelianeously in one
timg-unit by the ssiive processurs? '

2 Hodsl and Definitions

A parallel computation I8 & swquence of
sheps, wherg eanh ghep consizts of i sperations
whioh may be svecubed almulisnaously, by &
parslliel provessors. 4 sbepy with i simudtansous
oprrations i3 22id oo have degres of parsllislism
S 1KL4P, whers P Iz the aarimon degres of
para:ielism in any stap of the wsomputabion.
logiosl pavallsziisw or ninimes dugres of
paralislism, PY, 13 the smallest maximum mumber
of processors requirsd by bLhe computation in
arder o aohleve its minimuw syseubion bims.,
Tmin.

Thx




& paraliel prosessor srasnizabion i3 a
pompater srganisation with mulbiple processors,
agnh of which i3 capadble of exsoubting ons
sperabion in one timse-unib,  Each promsssor is
abae capeble of execubing the Wwls repetulrs of
apsrations. An SIED {Single Instruotion Melbiple
Data) organizabion is w parallel procsssor
mrganizabion whars only ome type of operation may
he syecubsd DY the sohive pronessers in any ong
Limeeunit. S MDD (Moltiple Iastructlon
maiiigie Dmba) organization I3 3 pevallsl
processer orgenization shers aors than ote Lype
sf oparation may be sxemiled by different
processors in the sams Sles-unit [31.

\A parailel proosssor organizetion with p
wrocessors sysilaeble in bhe arobilecturs iz said
bo nave Limited physical perallaliss of degree p,
snd densted w pelimited srehitsoture. A parallel
mrocessor arganizsilon which aluays has #3 nany
procesmers, PY, 48 required by the compubatiosn in
srder Lo ashieve 158 sinimum syecutisa-itime is
smid no have unlimited physicel perallelism, awd
denshbed an wunlimiied srehibashers . A podimilad
somputabion is # pargilel vompabebing azecuting
a¥% @ §mx‘m1ﬁ$u arabitechure, and an gnlimibed
gompubabion ia = compubation eysauking on an
wnldmited arohibschurs

FCPeform, The TOP.form 1z 2 sanonic forn
sﬁ @av&;%el somputationsy defined 23 the following
Febaplel

(TP, WP, T2

whare T{P) i3 the sxecution-tims of ihe
computavion in steps, P} i the
sompibabion~gize in mamber of operatlons
exsoutad, and F iz Che savimum degres of
parallalism in ihe oompubabiosn, Pupt, the
togioal paralisiism, for unlimited momputabions,
and Pamini¥Fi,pd for pe-limilsd compubabions,

The TOF-form captures bhe fundsmental
differance in the dimensiens of the psrallsl
somputabion when comparad bo i serisl
somputation. I8 2 serisl computation, sinoe
opmrabion takes oneg bime-unid Tor syecubion, the
ez@ﬁatiﬁamtim& and sompatabimnesige have the sage
walue, TLe0{15. Bub in z perallsl computatlon
whare Pri, bhe exeauvtion~blme and
computation-size neseasarily have different
waluea, TIPMQ{F:, forming btwo diztinot

Cgimensions of & parallel compubation. Thae
max lmizs deagree of paralieliss forms & third
eariabhls dimsnsion in ¢ perallel compubation.

egeh

Covimel ity and fcusnbability,
computations ars ssid 1o be sguivalent i glven
nhe same inputs, they aluways produse i same
cutputs,  The interansl algoritbms and

invermed iate rasulis iu eQuiVﬁi&ﬁt ce&vuﬁatieﬂa
newd ot b the same.

& uivalﬁaﬁe

an optimal serial computation is defined as
2 serisl compubabtion with the minlmum
somputation-size, Oplu. & opbimel parailel
eomputabion i dsfined as e sivipum-time

e

minimax-parslliel computation, whilch is a
crmpuvabion that achisves the minimum erecution
pime, Tein, using the smisimax degrae of
parsilalism, ®'. Further digousssion on theds
definitions of opbimality ars svallable In 191,

& serizl compubabion iz zzdd W be
soeapteble for oumpariscn with & perallel
somputabion 18 O{1340(P}. fnherwise, bhe (P}
sperations of the parailel cuomputalion way be
azecuted one at 8 time %o obtalin a shorter serisl
exscubion Lime snd compubabion size. & parallel
sompababion i3 seld $o be sscepbabls fur
comparison with & seriyl compubation I¥
TLRILT(Ty,  Obberwise, Lhe 2(13aT{t} operations
of the serial compubsbison may be exsouted using
one progessor to gat a shorter parsilel exscubion

wime, Henne, we proposs the following:
Pringipie of Jeosprabls Perslilel-Serial
caparisony. A performanss somparissn of 3

g&ralza} ¢Q&yuﬁax13n with an eguivalant serial
sompubabion 13 said bo be sccepbable 1IY

TPy £ T{) and 0013 ¢ O0F), or saulvalantly

T(Ry ¢ 203y o B{P}, ¥ each nperation takes
gus Lime~unibt for azecubian.

This prisoipls of asceptabls
parallisl-serisl comparisons 13 secessary Lo
ansurs that any mesasurasd perfo AT improvenent
are dus solely o parsllel wersuy serisd
pronessing, ratber then dus Lo sther factors.

Fur ssample, the Spaedup in execubion time may be
gresher Lhan p, bhe ausber of proosasors
available in bhe srobibecture, when & perallal
somputabion iz comparsd with an uuscospbable
{nonoptimal} smulealent serisl computabisn.  Part
of whe perforamanse improvemend in this case isg
dns bo the ophimization of w relstively
sfficient serizl sompulabtion. Hmilarly, the
Speedup in svecublon Sime way b leng bhan oo,
1¥ the parsilel computabtion enlariog into the
comparison is unacoephable.

prfnrmancs Heseures . The T0P-Iorm ol 2
parailel swmputablon and its sgulvalent serial
aize Forsm the smsilesh et of parsmsters for the
svaluation of 311 the performasns oriteria
consideread in this paper. Hesloally. the
w@rfsrmdﬁ & criteriz fRil inte fow cﬁzagstézz

the spesd of sxeoution glven by the Paralilel
Index and Spesdep wesmred, the upilization of
the processor-bime rescourss given by the
Hhitizatinn and Efficiency meszures, the
Comprassion {or comvarssly, whe #adundancy! in
shr gize of the ocompubasbtion, and tha resultani
Gualivy of processing..

e Parsllel Index snd Spesdup memiure bhe
avarage and effastive spued, raspectively, of ihe
marallel conputation in onerahions 9xeﬁuawé pliad
»im@mxnxao

PLIPY =
3P, 1}

GLFI/TIFY,
= B{1VTCRY =

T{URATIRY .




ne Spesdup is defined with raapact o the
sompubation-size of v squivalant ssrial
somputation, and Sakes lubo gnoount the axtrs
spsrations introdecsd lalo paralliel womputabion
to reduse 58 sxssublon tims,  The Spesdup may
sizo be regarded s the rable of the
axseit lot-bime of the ssriad sompubation, Lo thab
of wne parallel scomputaticn., meking it squivalent
yo the gefinitiss Foud in {91

The Parallzl Indsy and Speedup may slse e
regmrded a3 maasuras of the average snd sffentive
parailel execublon Dambwiduhs sf the uwnderlying
parslliel proocssior srgwiization, during the
seacubion of the glven computabion.

The Utilimation and Efficiency wmewsurs Lha
coztesPiaciivensss of bhe compubaticn in the
sense thab bhey welgh the spesd lmprovesmant 38R
phns mumber of processers regulrved. They messurs
the perivrmmios of he sarsllel smmputabisn with
reapech % its use of the progesgor-Line
TEBIUTNE )

HIPY = GLPYLRVTIPYL, LIP3 » GL1YALRLTIPRL
tn figurs b, the Wilizatlon iz he
praportion of the rentangle P TP} coverad by
pusy procEsser-steps, .., Shoge time-uniis
Where 3 processor 1R Busy execubing an oparation.
The EfTicisncy may be regardsd sy the ratio of
the sarisl provsssor-time raguiremant over the
paraliel procssgor-time reguirement, since
FER ST I N

The Redundancy measurs 13 bhe ratlo o bhe
parailel owmpletinu-aize. GiPy, to bhe serisl
somputationenize, 01}, of sy sguivalent serizl

)?:’

ermputaiion. The fopprission measurs ig Lhe
igversy ratio:

B, 1Y w DIPEAGLTY, CLF, 1) o= DLTERIPS.
fme signilicanss of the Redund gnny measurs

im thab ih velsbes ohe relabive spmed and

affiniency meamres, § and B, lo the ebasliube

apesd g sificiency seasures, 1 amt 2

¢ 0.FT » PLAR and B oo DL v U/B

E2

The Spesdup, Effisienay and Compression
meazures compare msrial Lo parsilel s b ot
nime reguiremenits, prosgssor-Lime raquiransnts
and compubabion-gize reguiramenis, respeotlvaly
faes table 3. In an opbimal serisl computation,
mawmmMmmm,memmmMam
compubablon-gize reguirement are seosh epml o
Smin. The Quallly measurs is defined 33 an
myarall prriorsancs wassurs semparing serizl o
parallel sompetations with respest to these thrse
regulrenentsl

éwing

e A R AN O Y B0 S

TIPYTLBIFLLP

Henos, the ualiby seasurs 13 & wove
stringent seesurs of the perforsance inprovensst

B3

of parallel wersug serizl weocessing bthan Lbe
Speedup measure.  oe ule af the Quallily messure
is to decide whabher parallsl processing is
prefarable Lo gerial mrovesging far a given
pragran. For exasmpls, & sompuler ingbaligbion
may dexids that parallel procsssing iz desirable
for a given program i the guslity of procassing
inorssses by ab lwast Fifvy perosat {931.5).

fn all soceptadls perallaslessriasl
semparizons, the following ralationsitios hold:

< 8P, 13 ¢ PT

1%
¥
1<
Y s
ger Ty < (e,
T b an upper bound for %, sed U ds an
upper bownd for E, wikh egqualiby LPF O{P¥eR{1} %0
et Bo0zi.  The sbtandard of ocomparison, au
apbimal serisl compubation, hes FL, 8, 8, ¥, R, ¥
and G wtl ssual booumiby.

Tne laab relabionsbip sbhove shows fowr
succesnively rafined measures of fhe performancs
improvenent of parallel versus serial prosessing.
First, Pemin{p,.P'} indicabes the waximum
grovessor bandwldih, or Lhe maximiey spest of Lbsg
parallel compubation. Then, the Parsllsl Index
indizabes the svarsgs prossssor bandwldib, or
wverags spesd, ul the asmpubablon, Tnird, the
Zpeadup indicabss the affaeiive Droossnor
nandwidih | or effsciive spsed, of ihe
compubation. Finslly, the Gualiby is 2 single
par formance massure bhat takes inte sucount
wainiy the speed improvament, bub also the
efficlimnoy and the rodundancy af parallel versus
sarisl proosssing.

TANLE t: OPTIMIZATION (F PERFORWANCE MERSUEBES
AND IOP.FORM PARAMETERS

Parformancs Messurs ToP-forn parageher

5

£y maximizing Speedup = minimizing T{P}

(2} maximizing Effisiensy =~ slsimizing By T{R}

13} maximizing Compressiun v

minimizing (P
{(minimizing Sedumwisney} NCTI

5t

{3} musimizing Quakity 21k of ths a%gva:
winimizing ¥ .G.%
fminimizing sash component of TOP-form

with smphasis on bimed

HMessurass of Cenbtral Tendency, o
characberize tne periormanse of 2 sel (24
sompubabions rather than an individual
momputating on o plven parallel prgsnistion,
measures of the cenlral tendency of the data ars
denived., In tible ¥, the sample mean af the
parformancs neasurad ard IDP.form parametars are
given, smi in hable 3, khe medisn valuss ars
given., In table &, ansther measurs of gentral




tendency i3 suprodusad , callad the aggragate

pur formancs BaRsures £93. The sggregate

e fOrnancs RESBUreR Are performanse Meanred
dnfined for the ggregshe @ uhahiog, whish is
the cumpubablon sonsisting of ovary tep i avary
sopmibation in e gabh of conpubatlions. In othay
words, hhe sggregats sompubabion 18 the

s mto-nd concabenatisn in time of a1l the
compubations in the sel. i pargllel-serial
somparizens, the aggregats per {oTREn0E PEESUYS iz
% ratie of whe sum of bhe reqiiresents of #il the
serisl onmputebtions in ehe sasple, divided by the
sum of the oasrresponding regiirements of all P
eguivalent parailel computabiong. For ayample,
whe aggregsbe spead BABRIUreE foar & seb of
somputatliong are definad asns
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?1% and 5 may be regarded as the
avnrags and affestivs parallsl sxssublon
wandwidths, respentively, for & sat of
sompubations, in & singls prograd sy ironwent
3.x,, when the sxesubion af the nest sompubation
in whe seh does wob alwrd i1l bhe execuvion of
tne surrent compuizbion had ended . Sinee not all
the ProofRrs ars ghilized by ¥ compubabloen
during all steps of ita sgemtion, ihe
snprodueiivn of malriprogramsing could reducs Lhe
svnrall spseutivon-time of il the compubatiocns in
the seh, bhough L% cannob raduns Purthsr the
syecubion iime of any individusl ocompubablum.
Hennoe, FL oamd 5 omay¥ e inkerpreted as lower
nownts For Lhe average and effentive paralliel
exanubion bandwidths in @ mulbiprogramning
any ironment.

Whnareas bhe mesn performance menzures gles
wgaal weight o each oomputation in the s, i
sggregate perfornanss measures bemt Yo weigh saeh
somputatien by the ralabive magnibndes of ihs
wmﬁmmMﬁmaMQmw%mAMm it ssens
ragsonaiple that the averall perfurmance should be
more aifsobad by 3 longer sominbabion than DY 8
shortar ane. In gensral, the agEregute
par farpanss BERRUres ingicate the perfovamise af
all sumputadions considersd a3 2 whole, whereas
rhve mean periormancs BERsured indinete Lhe
egpected perforsance for any one sompitavion in
vhe sen of compubabions.

5 The Bzperimenis

the raw 4ata 13 obtained from rums of the
Ti14msis Anglyser version 2 {71, Whinh transforns
ordinary perisl programs into sysivaleni paralisl
compuhations. The inalysar iscorporates
sophiabioated aighrithus fovr recogniadng sarisl
progean consbruchs and nonvérbing thess Lo ’
paraliel et dat wanatruots for fast end
afficient parsilel exsoubinn. Yarsisn 2 {19YH)
of bhem Arealyser siffers from versiss 1 £3973). 18]
mainly in the smproved handling af linesr
recurrences (2] found in bha serisl program.

£
o~
ES

Fxisting Fortran prograus LANST atandagrd:
wars cbtained from varisus tonabions, Liks the
sir Foros Wespans Laborafory, Barroughs
corporabion, the sollectad sigoritims i} dshad
by bhe AUM, 8 wellolnown gseisntifie iidrary of
programy salled TIAPASK, seme of the old programs
from the Iilinoisz Analyser verzion 1 {(prior
19713, wnd obhwmr miscsllanecus ssuraed. Thase
ErORTARS BrE TUR rhrough the Iilinois analyesr
varsion &, whish produnes as oubout, the
depandanay graph of gach program,  Inis i3 shan
snbared a8 input to simulabors, wninh resirusiurs
vne sempubation when necasERTY. O sxgoule on
eitner an unlimifed HIMD srganization, an
unlimived SIMD organizgbion., &F 3 p-limited SR
srganizatlion where pe2, for 55,8, 0nny tHL
teann, 16 4iffsrent parailel proceimer
arganizations are mompared with the WL prooessor
organization.

Yarinus dats on bhe naturs of the serial
wrogran and 1E3 parallel equivalant ars
enileoted, from which we abstrant sivteen sets of
raw TiP-Forms and the rav gerial computatios
sixe, i, for mpoh compababion. b use a2
inpuls o ouwr snalysis prograns. Firak, 8
standardizmbion procsdurs is performed, o gnsurs
that only sesephbabls garalzelwaeriai pomparisoms
af perf{ormance avre prodused . Ezsentially, the
stantardizabion comsinbs ol ssbimabling the
optimal serisl sompubation slue and the sphimal
paraliel sor.fars for esch .
co%g&ta&iaawarahiteﬁ%ava sombpiustion [¥1. The
prrinrmanoe neaiured are shan saloulsted from
vhens standsrdized TOP-forss. The rows lebelled
o inae and SMINDEY in sabies 2,73 and & refer o
phve unlimibad SIMD and MIHD cases, raspeskivaly.
Tha row labeilasd RS ratio? givez the shabistion
for the rabio of values i the unlimibed RIRD
sver the unlimibad SIMD gazes, Lo oompars the
affent of the added sontrol restriciiss of SIMD
parallel arahilschures. 511 the stabistics in
the Lablay are caionisted for the mtire sasple
sf 45% computsbiong.

% The Fasulis
2 ertapassas et

TOPLform paramgters:  When the same sample
of B8 mompatations 1% wrecuted with verying
dagress of limiled physival peralleliise, ot L
wean and median srenubinn~tines denreass, w0l
notn the mesn and wmedian sumpubation-gizes
iporgass, as the yusber of procegErs inorasses.
In each SgSR. the samplz mean i3 abouk twe ordars
of megnitude Larger than the sgmple median.
indicating 3 Aisvribublion that is skewed Lo bhe
right, The mann and madlan sreontion-times in an
unliminad HIMD saviroumest are ahout 0% of the
sorresponding sreoution-times in an wnlimitad
STMD snvironmeni.

The medizn valusz ol the masimem number of
POOEBIOTE raguired, P, indinate thab if up ke
6% parallel proneRsurd Ave a¥ailable in Lhe
archivesturs, nore bhan walf the computations
sxenubed WL uhiline all bhe processors
svailable during sxzoublon, For dhis sample of




TABLE 2. MEAY PERFORMANCE HEASURES AKD TOPRFOBM PARSMETERS
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computatlions sxequbing wnider an SIND 2 Lramnment |
hali bhe aomputations regiire nol more Shas 100
parallel proesssors.  Alss, huals the computastions
uSe LWiie ag many processors when an HInD
organizatism 1 assumed than when an STHD apbion
i% sszumed .,

Parallel Index wnd 3 gadup.  In {91,
probablilistie hypotheses on fhe parallel fam
distrimfiog in ocomputebions WREE propged,
vielding simple characterizabtisns of the averags
spemit, PI. Hevessary and sufficient sonditions
werg glven for PI to haes 2 value an the ardar of
PABIPY, and fov PL oo have an Spper Lound of
PAinl{Py, The natursl logarithe funetion of B,
inlfi, 1z wsed 23 an approximation e the Poh,
Harmonie number, HIP). The predicoted valuss of
FI, which are upper bounds for S in aii
aroeptable peralliel-serial sowparisons . agres
wall with smpiricsgd ohgarvationsg.

In figure 2, the avaerage and aggregats
vaives of P are well approximates by vhe plindp}
curvs, for pil0. Far larger p, ths averags amd
aggregate values of PY are less than pfinipy.
Stwilarly, in Figure 2, bhe sverage and sggregate
eaivgs of B gre well apmrotimated by plfinipd, for
PLI00, and less than wiinipd for Llargsr p. Ths
180p) aurve forme a lower Leund in sach cave.

The mean, aggregate and median FI values
tend Lo rum approvimabely paralisl o Lhe
sorrespmnding Spesduy values. Benoe, the fraeng
of these measures of ceniral bendaney {mean,
wadlan, sggregabel of the Speadup values are well
predictsd by the corrasponding brend of the 27
¥aiwes . and vice veras.

Figure ¥ plots the Parallel Index vyt
Spewiug valuss, #¥eraged over gvery Len
onsecutive polnte, assuming an

i
i

{1

#ith unlimitbed phvsival prralislisn, The aplia

Sined are bhe smoothed owpves aubomatically
genarabed for the oromses (FIY s dismonds {5}
By bhe plotting package {1}, using s smoolbing
slgorithn invalving rusning means, runsing
madianyg, guadratic tanterpolating ang *hanning®
£113.  thers iz sxcellant Agraemant bealwsen the
shaerved aversge FI values and the Bromipt;
curve, foF this rangs of B, The Spesdup values
tand to lie below the Prfinipty curVe .,

¥

Hmilar plobs for the unlimibed SiMD
computatlions indicabs that bhere ars an
Fignificant dilfarences in the brandy of ths
chaerved PY and $ valuss when sompared with the
unlimited HMIBD cass.

Binomial bestz [4, 2] with » significance
level of 8% were purformed wnich indicate thab
the malority {sors than 504} of computsbions
enosuntersd have Perallsl Indices and Spewdups
leas than PAOLafPlY, in an SIMD o WIND
envirgoment with und Imihed physicsl perallielism.
in faot, for unlimibed HWIMD somputations,

ProbiB(Pr 1y 4 FRAAR(PIYL 3 8.7%

HIMD organization

In oan S3IMD environment with pelimibed
physical prralielism, the sajority of
aomputations have Paraliel Indises and Speedups
less Lhan p/Bipd for P osuffioiently largs {pe&3
processors for PI, p>16 processors for 5.  Hore
Lhan 80% of the oumputations have Bgmeduns less
than pfHip), far PrEEE provsssors.

Yeilizesion snd Efficiency, Far any
individusl sowpubaltion:

BILFY » W{F3.P, anmg S{E, 1Y s B{P,1:.P,

whare F may be intarpreted as the physical
parslleliss,. p, in 2 pelimites perallisl
arafitecsture, or as the logingl parailelism, PY,
in an unlimived parallel arshitechure .

This relationship bebwesn the Farazilel
Indey and Utilizatinn nRFEres, and between the
Spwedup and Effinienny measures alan alds for
the oorresponding paivs of mean, medisn and
sggregatie values for 8 gseb nf pelimited
somputations. For ssxampls,

PI{p} = Uip, 1) . p, und Bip.13 = E{p, 1} . m.

It i3 somstimes hypothesized that ths
Gpesdup 13 4 linesr Tunetion of g, of the fors,
k.p, for some sunshant kOto Howsver, figures
and & slearly show that Lhe wEan, aggragate and
median values of U and E are nob acnsbanty
independent of p. Hewow, 1t is impossible For
the surresponding valoss of PT und 8 %o be Iinesr
funstions of p, In faobl, the msen, sedian and
#ggregate valums of U snd £ are decressing sonvey
funsbiong of p, isplyiog that the nErrespond ing
valwes of PL and 3 are inersasing oconngve
funotiony of p.  Hobe thal the pfiudn)
sharsoterization of PIoand $ is wn incraasing
consave fusshlon of p,

In the case of unlimited physinal
parallelism, the zmoothed curves nf BEPYY and
B{PP .1} ars well sporogimabed by the 1/ in{p}
aurve {figure 73, Bowever, 37 the First datas
prink is ignorsd, 1% i3 5ob olear that WP} ang
E{F'. 13 ars aecssgarily denressing convax
funetions of B, In feeb, thay souid be
duesaribed as very slightly desreasing Ifhews
funetions of P, wnich Ay even ba considered
sensbant funetions, independant af P, Toe First
dabs point plotiwd hes P?, GEPPY and BB .11 anl
identically 2gusl o 1., The an compubabions
representad by bhis data poinl are those whare
the opiimal parallel computation 18 in fesob s
serial compuistion, siace the minimax degres of
pavallelism, P, iz equal o 1, Ezcept for this
firat data poind, all ithe ether aversged U and ¥
values lie bebween 0.1 ang G4, These smpirical
shasrvations suggest tha folilowing

Hypothesis on the Conservation of
ProvessurTims. The retic of the provessartine
raquirenent of an eptimal serisl computation to
that of an eguivalent spbimal parallel
cumputelion fa:




Omin
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PixTmin

ESBY 1y » wheres RAGLS.

Tnis hypothesss on bhe consarvatinn of
pronsssor~tins doss HOT imply ithabt when mors
procaganrs ars available To exssute a glven
compubation, than bthe syenublon~time will
georezse acuordingly, s thal the pracessor-iime
reguirement sheys consbank. Babber, 1% luplies
chal the opbimal parsilsl prowgsgor-tiss
reguiremant i3 mores thun twine the optimal serisl
prosessor«bine reguirenent, snd the rabls of the
rwn guantitliss appsars o be falrly constant owsr
many $ifferent wmmpuntations.

Thars ars no majer differances in Lhe
ghbitizabion of the procassor-tims rescwrce,
the wmbubatbions sre structured for an IWD
srganizabion rather than an MIND organlzebion,
wibh unlimibed ohyziondl peralisiizsm.

whan

Bedundanoy. 16 ths empirical vesults, the
medban redimdanoy 18 less than 1,19 for all HMD
and SIMD compubstions, wikh unlimlibed and limiied
degress of physiosl parsilelisa. Henuos, half the
computabions schisve » parallsl exscubion-bime
lzzs than the serizl srescubion~time, wikh the
introdustion of less than 15% of redundant
sperabions comparad with the Zerial computation
wize. Alvhough bbhe mesn redundancy iy less
robush than bhe sedisn redundancy o sxirams
yalues, 1% i3 Lese then O{logl¥)) {(figwss § and
a%.

& sariahle ¥ is sald o bs positively
gasgeliated or in agreemsnt, with anobher varisbls
¥ if large valeez of 4 bend to ovowr wikh large
vaiuws of ¥, and smell values of % Lend Lo goour
wibh mmall values of ¥, Swmilarly, % i3 sald %o
ne negablively sssouisted, or in disagresmant,
swith ¥ LF large values of X ocows with amall
walues of ¥, and asmall veluws of ¥ coour wibkb
iarge valwes of ¥, The Spsarmasn rapk correlation
eastfinient, ¥, may be used to best the Jdegrae
and direstion of sszonisilion babtwesn any palr of
variables. The magnitude of B, SUIRINY glves
the dugres of assseisbion, end WhE aign of B
glves the btyps {agresmend ov dizagrsemsnt) of
zgaociation.

From bhe bteshia of sazscelstion based on the
Spearman sorrelzblon seefficient in both
gnlimived 30D and MIMD cases, the redudancy
measure i3 found Yo be negatively asscolisted with
the Effisiensy snd Quallity, positively assoolstsd
with 7Y and the Parallel Indux, and nok
sssoniated with the Spsedup. It has slse besn
ohasresd LI0Y that lsrger redundancias ars
gasociated with largsr probebilitiss of sumericsl
inababiiity in the perallel compuballon, a3
compared with the seriel equivalent. Hunecs,
parellsl computabions with large redundancies
stsuid be agvoldsd, s3inos thess btend o be
aagsoniasted with ineffiaisnt compubations wibh low
guzlities and higher probabilibies of numerical
inghabiiily. &lse, sinos bhe Bedundansy wsasure
is found to be iwmfependent of the Hpmedup

measure, radudent operations should be
inbraducsd inbo g parallel computation only if
tiia inorsases the Spesdup {sffective spmed), and
aot just bhe Parazllsl Indew {mvsrags spesd}, of
whe resultani parallel computation.

wnlity.,  In the bests of assoniation Dagsed
o bhin Spearman ourrelation opeffinient, the
frality measurs i found fo De indapendent of the
tegionl peralleliss, BY, in both SDMD and HIMD
sompubations, a3suming wilimived physiesl
parallelion. This iz g dssirable rasuliy for bbe
ohogsen definiiion of the Quslitvy meassure, since
the qualibty of processing should aot be blased
rawards computablions with sither smallsr or
Llarger degrees of longlesl parsilsiiss.

ihe empirical medizn gualiny daurgasss as
whe physiecal parsilslism inursases bheyond pei,
sl iz lass than one, in all coe3ss.  Hence, movrsg
than half the compubabisns ig each pelimited and
wlimited SIMD sud MIMD cuzse have highsr
gualitiey when exsuubed a5 a serial cumpubation
rhan when szeouted as e parallel cospubabion.

tinlike the rxlabicomship belwewn the mean
gualiby and mean spesdup, the definition of the
sggregabe gualivy does not congirain it Yo have
an upper bound glyen by the aggregsbe speatup
measurs . In bhe sample of compubations szesined,
the agaregebs wallty incrsased in value, ab
spproximabely the same rabe 3% the aggregate
Speedup, up Lo p oarcund 100 {(figws 11:. 42 p
inerazzed bovond thisz “sabursbiion point®, the
asggregats Speadup began bo lovel off and the
aggregate Wnlity declined. This bshaviowr is
representative of most individual and sggregets
compubations, and hance the Qualivy messure may
ne uzsed bo ohoge the sptimal mumber of processors
wo use in exsouting & given compubablon. or seb
af somputationg.

Figure 12 shows the Treguency distribution
of the walues of p at whiah bhe highest quality
18 attained for sach sompubation in the sampls.
Zimoat half (881) of the computations sxsmingd
sthain their highest qualily value of ons, ai g=l
{gerial sowmpubabionsd. The nexy largest
fregquency ooaurs at peif and pedl, whers shout
#ight parcent, each, =¥ the compubations atialn
rhelr highesh quality values. The sumulebive
relative freguency curve ilndicstes thab sbowd
niveby percant of hbe compaations abtaln thelr
wighest guality values for piZ%6. If thiz sample
iz reprasentabive of compubabiong in gensral,
then bhe parsllel processor orgsnizaticn need nob
have mors than 256 prosessors, in ordsr that
ninety percsnt of ihe compubations sxeouting on
1% wmay avbein bhelir highest gquallty potential.

It i3 gn interssting oolinclidsnce hhat the ILLIAE
1%, an SIHD machine, was wrigiaslly desligned %o
wave z naeximm of 286 parallel provessors,

& Oonolusions
skt

The charsebtarizstion of the perforsance
measures varies scoording o the maximm degres




of parsllelism, P, Henoe, we dsfine hhe
Follonbng spproximats ranges: 5
fet P41} denobs PGS, and P=O{107}

it

dencbs §.10 <P §_§.?§i$ for iz1,2,...

For pelimlbed arohivectures, bhe bast
characherization for the msen ar aggregate valuss
of the speed messurss are {Figurex FEE IR I

Approy. rangs of p Spewd: ¥, 8

pow B{%3 Bi{p}

g 3L or O(I00Y Sipdfinfpd)

p o= 0{1600} Gln{pl 1CPL, 340 {p/ Inlph)
o OOIDNGGY or more  Ofinipl)

I the case of unlimibed phvsical
paralislisw, FI snd $ are best oharscherizsd as
HEERIPEY, for mll BYx0lIDO0) or lams,

Thess smpiricel observatisns suppart bhe
spaed aharsoteriesbisn of garallsl sompubations
given in {91y

*For genersl bechnical sompukations, the
maasures of central tendensy such as the mEan,
wedian and aggregate valuzs of fhe Pargllel Indsx
zad the Spwedup, 81l Lie hebusen B I8lPY and
£o. FALR(PY, whers 0<k 01 and k.37,

Flirthermore, the wmaioriby of eSmputatinns will
2lac have individusl PY and 3 walues hebwpen
Lhese lowsr and upper boundz, P may bLa
inberprated as eivher the logiosl maralislism pf,
in an swelironment with unlimibted phyaical
parallielism, or a3 Lhe phvsiosl paralislisg, p,
far suffisiently large p, in an snvironment with
iimived phyzical perallelism. So.

man{t, &, 18P} ¢ 8(P,1} < PI{P}
= < wiAlk, . PAAnlpy, Py

Bupposy bhet B,=0.% and K22, Then,
for Frb, LniPi/Z i3 grester thaf 1, and
2.BAIREPY i3 loss whan P. Hengze, ayespt for the
smallest ¥ valuxs, the G{1niPY) and 4F/Inipy)
bounds form inorsssisgly Sighler bounds for S and
PL, a8 ¥ inorsases, whan compared with tha
sbsolute Limits of 1 oangd P,

The smpirical spesd charasterizabics may ne
uemd w8 4 rough gulde oo the minime nusber of
parallel procwssors nesded o sbtbtaln n sertain
averags o eifsctive parsllsl stzsution
bandwidih, For evample, if an #verags puralisad
sigoution bandwidth of ten opsrabions par
Lime-unih is desired, bthen ab lsush 36 parallsl
provessors should be used, sisoe pdinip) =
IBAnl36) » .05, This pradicted apent of
Dplinipl) operations per Limwe-unit for pai 100
Procaasors should be regsrdsd as the ey psaiad
speed potenitial, ainog in prachics, interastions
helwean prougssurs, memories amd ahthar somponants
of the sompuber organizsbion will sause furiher
perfornanse degradations, owvarsely, given a
pireliel processor organization with Limibss
phyziesl persileliss of dugree p, the sppropriste

speed characterization given abave wmay e uzed Lo
satimabe 148 supeated spead petential .,

For p-limitsd arehivesbures, the bast
characierization for ihe effioinsney msssures, U
#nd B, are obbsined by Gividing thx sorresprnding
values of PT and § by p. For sxample, 3P pe0{a)
oy D010, U and § oare sharssterized by
D haiptl. Henpe, i€ an effinisnny of ab lsast
25 peroent is deaired, then less bhan 80
paralisl grovessors should be sged, sinos Vinip)
# 3In(89) = 0,85, bub 1731n{81) = 0.2, For 2
smatler afficisacy, mors perallel Prouussnrs say
be e,

For pelimived arobitactures, the empirical
meant and aggregabe Wilizebion and Efficiency
messures substaniiabte the obaservation that the
corrgsponting mean and aggregsts PI and 8
mesgureas are inorsssing comocsve funcbions nf @,
1ike p/inlpy, and not inoreasing linswr functiona
of g

For unlimived srobitsctures, the averaged
Hilizetion and Efficisncy wessures dafined with
respeat b0 the logioal warallelism, Pf, sugreated
# hypoibesis on the conservation of
Progessar-tine,

Parsllel computabions with large Bedundana
megdurey should be avalded since thess are
asscelated with fnsfficisng computationsg with low
gualities and higher probabilitiss of nigmericgl
instability. &lso, redundant Cparations should
e inbrodused inbe parsilasl zogpetations only 17
Phis decrsasss the parallel execuy nwbime when
aompared with joown eguivalsnt serial
srecution~tines.

The Qualiby messurs may be used Lo chooss
thr optimal mumber of processors bo use in
sReeuting ¥ given compubation or seb of
amapubationsg,

The mean, medisg and aggregabs valuss of
the W3 ratics for the Speedup and mality
mEasures lmply bShet the periorsance improvament
of MIMD verses SIND orgenizabions s lass Lhan
Gwe and a4 helf times. Thiz sane perPormanss
lmprovemsnt may alen be ohbained by ilnoresssing
Lhe nuwsber of provessors svallisble in the oo
arofitecturs. For exassple, bo upgrads the
performancs of & gives pe-limibed SIMD
arebifechurs . the ineremsntal oost of S AT wing
Lo the less restriciive MIMD arganization shoeuld
be compared widh the lnovementel cost of adding
wore parallsl prosessors %o the SIMD
arohitechurs.
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