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1 Introduction

The T9/C104transputersystemallows programsto be written which reflectthe problemratherthanthe
detailsof the hardware We no longerneedto routeevery pieceof datathroughintermediaterocessorso
its destination Justdeclarea suitablechannebndthesystenwill ensurghatthemessagés delivered.The
conceptuahetworksaroundwhichtheprogrammessagefiow andtheactualhardwareswitchingnetworks
which deliver the messagesare uncoupled. However this freedomneedsto be handledwith careif the
resultingprogramsareto be efficient. In this paperwe discussparallel programmingof suchtransputer
systemsto help programmergamiliar with writing T8 occamcodeappreciatéheissuesnvolvedwhen
writing for T9 systems.
We look attheseissuesrom two pointsof view

o Writing codethatis efficienton T9 systems.

¢ Corvertingexisting T8 codeto takeadwantageof theflexibility of T9sanddevelopingcodeon T8s
targettedat T9s.

Section2 givesa shortdescriptionfrom the softwaredevelopers point of view, of the hardwareand
thefacilities of the T9 which arenot availableonthe T8. The T9 haspipeliningandcacheingo improve
performanceéut we discustechniquedor efficient useof the processopnly briefly. Our main concernis
theeffective useof theenhancedommunicationsetwork. T8scanhave 4 2-waylinks andthisis reflected
in the software. Any message$or differentdestinationsare multiplexed down an appropriatdink and
distinguishedy softwareprotocolsor tags. The T9 liberatesthe programmeiby doing the multiplexing
androutinginvisibly to provide socalledvirtual channelsdirectpathsbetweertwo processesnary two
processorsA suitableswitchingnetworkis requiredbut the applicationprogrammeishouldassumehat
the networkexists andconcentraten wherethe datawill endup andnoton how it getsthere. Section3
discussesheneedfor anduseof librariesof routinesto do higherlevel communicatioroperationsuchas
broadcastingr datagathering.

We alsolook at developingprogramsn occamunderthe Southamptorvirtual ChannelRouter VCR
[2]. This systemallows usto write T9 like communicationsndependentodeon existing T8 machines.
It incorporatesa new, experimental,occamcompilerfrom INMOS, the VOC, with supportfor virtual
channelandextrafacilities at the configurationevel. Our codeexamplesarebasedn this systemandthe
final constructamay be differentfor the T9 productcompilers. For T9 codebeingdevelopedon current
T8swe canalsocodein pseudo-parallebn a single T8. By pseudo-parallelve meanthat the codeis a
numberof independenproceduresommunicatingnly via channelsTheseproceduresrethencombined
atatop level of codewhich defineghe channelandpassesheminto the processeandtheentireprogram
runson oneprocessorusingthis methodthereareproblemsaboutthe way in which channelsaredefined
andpassedo processesPseudo-parallelisthasthe adwantagethat the standarddehuggerworks but is
otherwisevery mucha secondbestoption. The VCR is a muchmoreattractve developmentplatformas



virtual channelshave beensimulatedin softwareandthe programcanrun on currenttransputerarrays.
However thereis a considerableverheadandtime critical codeis difficult to test. We do not discuss
Fortranor C programmingthe sameprinciplesfor obtainingefficiengy apply Howeverthe VCR system
doesallow Fortranor C codeto beincorporatedvithin aoccamharness.

In latersectionsve consideisolvingproblemson distributedprocessorandexaminethreeapproaches,
GeometricParallelism- physicalor over a dataspace Divide and Conquey and Farming andillustrate
pointsmadeearlierwith codefragments.Most of the examplesusegeometricparallelismandcomefrom
numericalinearalgebraproblems.

Thereareno pipelineor conveyor belt examples.Simple pipelining with databeingtransformedn a
seriesof stepsperformedn differentprocessedoesnot needthe extra facilities of the T9. If thetransfor
mationsaredissimilarthis type of functionalpipelineis usuallyshortsimply becauseachprocesshasto
be codedindividually andloadedontoa specificprocessarAn exampleof a pipelineof similar operations
is a prime numbersieve. A sieve couldbe codedasa pipelineto processa streamof odd numberswith a
new processeingspavnedattheendof the pipe every time a new primewasdetectedMappingthe pipe
ontotheavailableprocessoro achieve loadbalancingandeffective useof the communicationsietworkis
achallengingproblem.

Farminganddivide andconquerarenow easieito implement.However they arelimited by thespeedat
which datacanbetransferredrom the mastemprocessorlf theindividualwork sggmentscanbe generated
from a smallamountof datathenthis is anattractive approactbut it needso be implementedwith care.
We give anexampleof naive farmingcodefor amastettransputeandthe moresophisticatedoderequired
by anefficientimplementationDivide andconquercanalsobedoneby spavning processeshetechnique
is usableunderthe VCR. Againthethe amountof datarequiredto describethe problemat eachlevel is a
limiting factor.

Datadistribution is importantin all cases.The speedof communication$iasincreasedut so hasthe
speedf computatiorsowe have to avoid repeatedlyedistributinglarge quantitiesof data. Thisis obvious
with divide andconqueralgorithms.Thereis no pointin routingdatathrougha numberof processor$or
processindy processorst thebottomof atree. Thedatashouldbe sentdirectto the processoon which
it is goingto be handled.

2 Hardware

At the simplestlevel, the T9 canbe consideredhs a fasterT8. In raw computingterms,floating point
operation®ntheT9 areaboutl0timesfasterthanonthe T8 atupto 25MFlopscomparedvith 2.5MFlops
for the T8. Also thecommunicatiorrateonthe 4 links is increasedy afactorof 5 to 10MBytes/sedrom
2MBytes/sec.Hence,a programdevelopedfor an arrayof T8s canbe ported,unchangedto an array of
T9s which have their links directly connectedn the sameconfigurationasthe T8 array This program
will benefitfrom the greatemperformancef the T9 chip andmay run up to 10 timesquickerthanthe T8
version.However, becaus¢hecomputatiorrate/communicatiorateratiois differentfor theT9, programs
tunedfor maximumperformancen a T8 arrayareunlikely to beaswell balancecnaT9 array;thegrain
sizeof T9 programsshouldbegreatetthanthatof T8 programssincethis ratio hasincreased.

To gainthe greatesbenefitsfrom the T9, programsshouldbe written to takeadwantageof its architec-
tural featureswhich aredescribedn [7]. The performanceof the floating point unit is greatlyimproved
with instructionssuchas multiply or addtaking only 2 cyclesto execute. One dravbackof this is that
housekeepinfunctionslike arrayindex calculationsandcontrol flow operationsnow have a muchmore
significantcost. Similarly the costof a context switchis now moresignificant.

Perhapghe mostimportantfeatureof the T9 architecturds thevirtual link capability Althoughboth
the T8 and T9 have 4 hardwardinks, the T9 hasthe ability to multiplex mary virtual links down each
hardwarelink. This is achiezed by packetizingeachchannelcommunicatiorand outputtingindividual
packetson the hardwarelinks and thenwaiting for an acknavledge packetbefore outputtingthe next
packeton the channel.This allows packeton multiple channeldo beinterleared on eachhardwardink.
Whenvirtual links arecombinedwith anetworkof C104switchchips,the programmewriews the network
asa setof processorsgachof which maybe directly connectedo ary otherprocessoby a channelon a
virtual link, andthereis (almost)no limit onthetotal numberof channelghateachprocesssomayuseto
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connecto otherprocessors.

Thereare a numberof levels at which to view the configurationof a T9/C104array At the system
level the arrayis composef a networkof C104 switch chips,interconnectedby the 32 seriallinks on
eachchip. TheT9 processolinks areconnectedo links in this switchnetwork.Hence two T9 processors
are not generallydirectly connectedbut ratherare connectedvia the switch network. The numberand
connectvity of switchchipsdetermineshe performancef the switchnetwork[3]. Systemsoftwaremust
programthe switchchipssothatmessagesn avirtual channefrom oneprocessoareroutedto thecorrect
destinationprocessar Ignoring the detail of the switch network, the array canbe viewed asa setof T9
processorsonnectedby their 4 links to a switch network(seeFigurel). Finally, attheprogrammeslevel
the switch networkmay be ignoredcompletelyandthe arrayviewed asa setof processorsonnectedy
ary numberof virtual links, eachlink connectingary pair of processor¢seeFigure?).

In comparisorwith T8 arrays,the T9/C104allows direct channelcommunicatiorbetweenary pair
of processorainda large numberof channelger processar However, the switch networkintroducesa
significantlateny into channelcommunicatiorbetweenprocessorsThis meanghatthe communication
rateachieved on a channels muchlowerthanthe 10MBytes/se¢hroughpubf the hardwardinks. Hence,
to gaingoodcommunicationperformancét is evenmoreimportantto considerexecutingmultiple parallel
processe®n eachT9 processoithanwasthe casefor the T8. Theseparallel processewvill generally
improve performancéy overlappingcommunicatiorwith calculation.



3 Communication

Thedevelopmenbf efficient communicatiomoutinesfor differentlocal memoryarchitecturess animpor-

tantbut time-consumingask.t is thereforedesirableo have access$o alibrary of communicatiomoutines
that provide the functionality generallyrequiredby programmerslf programsaredevelopedusingthese
library communicatiomoutinesthenportingthe programfrom onearchitectureo anothe(T8 to T9, even)
becomesnucheasiemprovidedthelibrary is availableon botharchitecturesHenceit is recommendethat
all programserformcommunicationthrougha generacommunicationdibrary, evenif thislibrary hasto

bewritten by the programmerThelibrary would includesuchroutinesasbroadcastmulticast,distribute,
collect,andglobaloperationgsuchasinnerproducts) aswell aspointto point communications.

As well asaiding portability betweerdifferentarchitecturesthe useof a communicationdibrary also
hidesthe underlyingimplementatiorof efficient communicatiorfrom the programmer Detailedimple-
mentationof a routinemight vary greatly betweenrarchitectureseven betweenr8 and T9 machines.For
example,communicatioron T8 arrayds closelytiedto theconfiguratiorof theprocessorsyhichis usually
asagrid or chain.On T9 arrayson the otherhand,a communicatiorroutinecanbe written independently
of theunderlyinghardwareconfiguration Insteadtheroutinewill bewrittenusingtheprogrammes view
of thearrayasa setof processorgonnectedy ary numberof virtual links. Usinga communicatiorli-
brarydecreasethe programdevelopmentime. Initial versionsof a programcanusesimplebut functional
communicatiomroutineswhilst the programis developed.In later stagesefficient communicatiorroutines
canbewritten to exploit the underlyinghardwareandprovide improved performanceA communications
library mayalsobereusedn every programavoiding the needto re-developcommunicatiorroutines.

In developingefficient communicatiorroutinesfor the T9 severalfactorsmustbe consideredWe will
assumehatall 4 hardwareinks on eachT9 are connectedo the switch network. The mostimportant
considerationis that the programmermmay useas mary virtual links connectingto as mary processors
as desired. This freesthe programmerfrom the details of the hardwareconfigurationand allows him
to codecommunicatioroperationdn a more naturalmanner In addition,a generalprinciple that gives
improved performancads to usemultiple channelqvirtual links) simultaneouslyon eachhardwarelink.
This makesbetteruseof thelink bandwidththana singlechannebecausef the high latengy on channel
communicatiordueto the delaysintroducedby the switch network. For example,a distribute operation,
which distributessegmentsof a vectorfrom the sourceprocessoto the array of p processorsinight be
codedasastarnetworkof p channelgonnectinglestinatiorprocessoro thesource . Thesourceprocessor
wouldoutputaseggmentoneachof thep channelsn parallel. Packetdrom eachchannetommunicatiorare
interleavedonthe hardwardinks andthebestlink throughpuichiezed. Similarly, abroadcastoutinemay
makeuseof someform of treeconfiguratiorof channelslt shouldbenotedthatanindividual T9 programis
likely to usemary differentcommunicationsopologiessuchastrees stars,andchainsdynamically using
the mostsuitabletopology of channeldor the intendedpurpose. This is in contrastwith a T8 program
which usuallyhasto mapall communicationsoutinesontothe singlehardwardopology

The programmemusthave somemethodfor definingandmanagingall thesechannektructuresvhen
programmingn occamunderthe currentversionof the VCR. In this ervironment,the languagés still
essentiallystaticandconfigurationis achiezed by a configuratiorfile in which thetop level processeand
theconnectingchannelgaredeclaredHencethecommunicatiorthannelsnustbe passedlown throughthe
procedurdevelsto theactualcommunicationsoutines.The mostsuitableform for declaratiorof channel
structureds asvectorsof channelspassingarge numbersof singlechannelgdo processess messy Use
hasshavn thatthe mostflexible way of makingmultiple channeltopologiesavailableto the processess
by passing? vectorsof lengthp to eachprocesspnevectorhasan outputchannelatindex i to process
i, whilst the othervectorhasaninput channel. This providesan all-to-all channelconfiguration.Both of
thesevectorsarepassedo communicationsoutineswhich selectindividualchanneldor usedependingn
thecommunicatiorstructurerequiredfor thecommunicatiomoutineandthe positionof theprocesswithin
thatstructure.

The VOC provides a new declarationstatement ARRAY, that facilitatesthe declarationof channel
arraysat the configurationevel of anoccamprogram.This statemenpermitsnew arraysof channeldo
beconstructedrom arbiraryslicesof otherchannehrrays.Without this statemeneachconfiguratiorievel
channelvouldhave to bedeclaredndividuallyandpassedo aprocesasaseparatparameterThisis very
untidy andfor all-to-all configurationsneanshatthe configurationcodeis dependentn thetotal number



of processessincea channelconnectedo every other procesamustbe passednto eachprocess.With
this constructhe configurationis elegantandreasonablyntuitive; thefollowing codefragmentshavs an
all-to-all configuratiorfor p processors:

[Pl [Pl CHAN OF ANY all.to.all:

PLACED PARi = 0 FOR p

in ISall.to.all[i]:

out ISTARRAY j FROMO FOR p OF all.to.all[j][i]]:
process(in, out)

Within eachprocesshesechannelrraysmaybepassedo communicationsoutinesto performoperations
like broadcastdistributeandglobalinnerproducts.The processodemight look somethindike this:

PROC process ([]CHAN OF ANY in, out)

SEQ
wor k
i nner. product (in, out, numprocs, id, root, veca, vech, size, res)
nore work

This methodhidesasmuchaspossibleof the underlyingcommunicatiorfrom the programmerHow-
ever, the programmemuststill be aware of how the routineswork when he wishesto executemultiple
communicationsoutinesin parallel.In thissituationthe programmemustcheckwhetherthetwo routines
makeconflictinguseof a singleall-to-all structureof channelslf thisis so,or if the programmers unsure
of thesituation,thenthe programmemustprovide anothercompleteall-to-all channektructurefor useby
oneof theparallelroutines.Codemight thenbe asfollows:

PROC process ([]CHAN OF ANY inl, outl, in2, out2)
SEQ
wor k
PAR
i nner. product (inl, outl, numprocs, id, root, vecal, vecbh2, sizel,
i nner. product (in2, out2, numprocs, id, root, veca2, vech2, size2,
nore work

A directcommunicatiorbetweertwo processesnachannekcanbecodedas:

-- process <source>
out[dest] ! data

-- process <dest>
i n[source] ? data

However, to improve portability to otherlanguage®r local memoryMIMD architecturesvhich are not
channel-based may be betterto codethesecommunicationgs subroutinecalls even thoughin occam
thisis not aselegantasthe methodshavn above:

-- process <source>
send (in, out, dest, data)

-- process <dest>
receive (in, out, source, data)

We concludethis sectionby looking briefly at one particularcommunicationsoutine, a global inner
product.Thisroutineformstheinnerproduct,zl’.:o1 veca[i] * vecb|7], for apair of distributedvectors,veca
andvecb andbroadcastshis result. The vectorsareassumedo be distributedin anidenticalmanner An
outlineoccamprocedurdisting is givenbelow:

resl)
res2)



PROC i nner. product ([]CHAN OF ANY in, out, VAL INT root, num procs, id,
VAL []REAL32 vecl, vec2, VAL INT dim REAL32 res)
-- in, out provide all-to-all channels, not just tree channels
SEQ
PAR
calcul ate ny partial sum
PARi =0 FOR b
get partial sums fromchildren
add partial sums fromchildren and sel f together
out put resulting partial sumto parent
broadcast final inner product val ue <res>

Theroutineis basedon a tree configurationof processesvith a branchingfactor (numberof children)of

b. Thevalueof b is not limited to 3 aswasthe casefor T8 algorithms.In fact, asexplainedearlierin this

section,morethan1 channelcanprobablybe mappedonto eachphysicallink beforethe link bandwidth
is saturated.For example,if b = §, i.e., 8 channelsareused,2 on eachlink, the numberof stepsin the

algorithmis reducedcomparedvith usingonly 4 channelsyithout increasinghe costof communication
within eachstep. The bestbranchingfactorwill vary from one T9 machineto anotherdependingon the

numberand configurationof switch chips. The algorithm startswith eachprocesscalculatingits partial

inner product. Thesepartial sumsare accumulatedip the tree to the root processt oot , which then

broadcastshefinal innerproductvalue,r es, to all the processesThe broadcasts achiezed by callinga

standardroadcastoutine. This broadcastoutinemay usethe sametreestructureof channelsasthe rest
of theinner productroutine,or it may usea differentstructure.For example,a broadcastoutinecouldbe

implementedasa wavefront algorithmwhereat eachstepin the algorithmeachprocessholding the data
sendghe datato m new processesAgain, the bestvaluefor m may vary from machineto machine but

is probablythe samevalueasb. This methodof broadcastings moreefficient thanusingthe simpletree

structuresincefewer stepsarerequired.

4 Parallel programming techniquesfor T9 systems

The previoustwo sectionsoutlinedthe principlesto be consideredvhendesigninga T9 program.In this
sectionwe give codefragmentsasexamplesof the useof theseprinciples.

An importantprincipleis the exploitation of parallelismwithin codefor asingleprocessarThis useof
parallelprocessesn oneprocessoenableghe programto makethe bestuseof the processogs resources;
specifically it allows a processoto continuedoingusefulwork whilst a threadof the programis blocked
on communicationWe divide this useof parallelisminto threemainareas:

1. simpleoverlappingof individual communicatiorandcomputatiorblocks,
2. placingmultiple identicalcopiesof the processodeon eachprocessqrand,
3. performingseveralthreadsf the algorithmin parallel.

Thefollowing threesubsectiongxplain eachtype of parallelismandgive a specificexampleof its use. A
fourth subsectiordescribeshe techniqueof “spavning” processesnto otherprocessorsvhich programs
canuseto performsimpledynamicload-balancingA particularprogramcancombineary andall of these
techniquego achiere the bestperformance.

4.1 Overlapping communicationsand computation

Onewayto continueperformingusefulwork (computationpnaprocessowhenacommunicatiorbetween
processorss requiredby the algorithmis to explicitly codetwo parallelthreads. One of thesethreads
performsthe necessarcommunicatiorwhilst the other threaddoessomecomputation. Care mustbe



exercisedsincethe two threadsoperatein parallel, and thereforeneitherthreadmustalter the value of
variablesor vectorelementaisedby the otherthread.

Many numericalalgorithmshave fragmentsof codewhich communicatesectorsbetweernprocessors
and perform somecomputationon the elementsof thesevectors. In orderto executethe computation
andcommunicatiorasparallelthreadghe communicatiorthreadmay reada vectorinto onebuffer whilst
the computationthreadis manipulatinga vector in anotherbuffer. This operationis very muchlike a
pipeline operation;at the starta vector mustbe readinto the first buffer, thena sequencef overlapped
communicatiorandcomputatiorstepscanproceedwith only computatiorperformedn thelaststep.

VWHI LE | oop
PAR
perform conput ati on
and comuni cati on

Hence pettermperformances attainedf theinitial communications short,e.g.,acompletevectoroperation
is divided into mary smallervector operations. Examplesof the useof this techniquecanbe foundin
[10, 9, 4].

4.2 Multipleidentical processes on each processor

Onewayin which communicationgindcalculationcanbe overlappeds to divide the probleminto smaller
segmentsand have multiplesprocessessaytwo, on eachprocessaorOneprocesscancalculatewhile the
otheridenticalprocesss communicatingThe codefor theindividual processes straightforwardo write
anddoesnot requireary internalparallel structures.The dravbackis that dataneededy all processes
hasto be senttwice to eachprocessarThis couldbe handledby having a separatelatadistribution buffer
processon eachprocessobut thenwe have lost the simplicity of replication. Considera matrix vector
multiplicationwherewe wish to calculate

Y = ZAk,lfbl k=1.n
=1

Then xn matrix A is distributedby rowsacrosghep processorsith m = n/p rowsoneachprocessoand
thevectorz is storedon someprocessorWe couldbroadcasthevectorfirst andthendo the calculationbut
it is betterto broadcasthedatain chunkssothatcomputatiorcanstartassoonaspossibleasexplainedin
sectiord.1 Thiscodecanbewritten eitherusingexplicit bufferingor with multiple processeperprocessar
In bothcasegshecommunicationandcalculationareoverlappediut duplicateprocesseperprocessowill
producea greateroverall volumeof communicationp dataitemssent2p times.In theabose examplethe
datatraffic canbe reducedoy dividing the matrix into blocksratherthanfull rows. However the example
shavs that whenthe techniqueof multiple processeger processois usedto hide communicationst is
importantto checkhow muchextra messagéraffic would be generated.

Thesimplecodefor thecasewherethevectorz is distributeduses parallelthreadson eachprocessor
Eachthreadreadin thedatafrom the appropriatgorocessoandcalculatesa partialresultto summedater.
Thecodeon aprocessors of theform:

[p][mM REAL32 y.part:

PARi =0 FOR p
[ M REAL32 tenmpx: -- m=n/p
SEQ

get x[i*m.(i*m+ m1)] fromprocessor i and store in tenpx
SEQk =0 FORm
calculate partial sumy.part[i][k] involving x[i*m.(i+1)*m1]

Theresulty is assembledrom all they.part contributions.Overlapof calculationandcommunication
occursautomaticallybut at the costof hugeamountsof temporarystorage.In large sparseproblemsthe
vector z is too big to fit on one processoso the work hasto be donein sequentiaktages.At stagej a
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Figure3: Parallelalgorithmicthreads

processol communicatesvith the processors + j mod n. Again we canuseeithermultiple identical
processesr explicit bufferingto overlapthecommunicationgndthe calculation.

Themethods attractiveif theincreasedlatatraffic is notexcessive becauséheindividualprocesgode
canbe written simply. However a programwhich doesprocessoto processobroadcasts moreefficient
thanonethatdoesprocesgo procesdroadcastThisimpliesbufferingprocessesn eachprocessoaswell
asthe original duplicatedcommunicatiorandcalculationprocessesAt this point the distinctionbetween
this approachandthatof section4.1 becomedlurred. Thetechniqueis discussedn a PU/ M.A working
paper[6] on sparsematrix vectormultiplication.

4.3 Multiplealgorithmicthreads

A secondwvay to exploit parallelismwithin eachprocessois by introducingalgorithmic parallelism. By
thiswe meanthatthreadf thealgorithmwhich areindependenarecodedto executein parallel. Figure3
givesasimpleexampleof this; thetwo algorithmicthreadsl and2 areindependendf eachotherandsothe
operation®,, B andC maybe codedasshavn. Thistechniquenasbeenusedfor a parallelpreconditioned
conjugategradientalgorithm[1].

4.4 Spawning processes

It is now possible(underthe VCR) to spavn processesisingremoteprocedurecalls. This is effectively

a PLACED PAR in the middle of the normalcodeand a occamcompilerincorporatingthis facility is

beingdevelopedby Sysecd11]. We expectthe samefunctionalityto be provided for T9/C104systems.
This simplifiesthewriting of divide andconquerandrecursve algorithmsbut the hiddencommunication
costsmustbe considered.Even if the codefor a procedures alreadyin placeon the tamget processor
a remoteprocedurecall requiresat leastthree communications.The first initiates the call, the second
transferghe parametedataandthethird returnsthe resultparametersThetime thatthe spavnedprocess
takesto computemusthidetheseoverheadsSpavningis of particularinterestin generatodedor solving

differentialequationsndsimilar casesvhereafunctiondefiningtheusers problemis neede@ndsupplied
by theuser In thepaperonadaptve quadraturg5] we analyseheoverheadsnvolvedwhen21 evaluations



eachreturninga singleresultdependingn a singleparametewvaluearedonein parallel. This suggested
thateachfunction evaluationhadto do 20to 50 floating point operationsn orderto achieve ary speedup
atall. Thebetterthesingleprocessoperformancen the spavnedcodethe morefloating point operations
areneededo overcomethe overheads.

Thetechniquecanhave advantagesn parallelisatiorof existing serialcodewherethetime consuming
coreof thecomputations interlearedwith problemsetup code.Thereis asimilarity betweerthisapproach
andthe useof librariesto handlethe parallelsections.

In a shortpaperon the useof recursionDavid May [8] suggesteadodefor evaluatingthe sinesof all
theelementsn alargearray Thecodeis neatbut asit standghereis athe large amountof datashufling
throughintermediateprocessordeforeit is processedThe code,rewritten usingprocesspavning under
the VCR is suppliedasan examplewith the VCR systemandis reproducedelow. Althoughfor clarity
we have hiddenthe spavning detail in folds the codeis as shavn and an exact copy of the procedure
si n. vect or is spavned.

PROC sin.vector( []REAL32 sinv, VAL []REAL32 v )
VAL s IS SIZE v :

I F
s >1
VAL bottomhal f 1S s/2 :
VAL t ophal f IS (s/2) + (s\2)
setup for spawning the code under the VCR
PAR -- in full occam PLACED PAR
spawn bottom hal f using PLACED. RUN, the VCR equival ent of
-- sin.vector([sinv FROM 0 FOR bottonhal f],
-- [v FROM 0 FOR bottonhal f] )
spawn top hal f using a PLACED. RUN
-- sin.vector([sinv FROM bottomhal f FOR tophal f],
-- [v FROM bot t omhal f FOR tophal f] )
s =1

sinv[0] := sin(v[0])

The problemis that eachof the n original dataitemsaremaved log,n timesand so are eachof the
n results. First we needto stop subdviding and start calculatingas soonas eachof the p processors
availablehasbeensenta setof data. Theneachdataitem is sentlog, (rn/p) times. But for efficienyy we
needto sendthe datapartitionsdirect to the processomwherethey areto be used,in sggmentsso asto
overlapcommunicationsndcalculationthe full speed.However recursve algorithmscanbe usedif the
informationsentvia intermediatgprocessorss a pointerto sgmentsof datastructuregatherthanthe data
structuregshemseles. As problemggetlargerthedatastructureswill have bedistributedandmanipulated
usingpointersin someway.

5 Converting T8 programsfor theT9

As wasmentionedn Section2, T8 codeswill rununchange@n a T9 machinetakingadwantageof thein-
creasen processingowerof thenawer chip. However, thedirectcommunicationgbility of aC104switch
networkis not exploited unlessthe original codeis modified. For example,insteadof sendinga message
directly betweenra pair of “non-neighbouring’'T9 processorsia the switch network,the unchangegbro-
gramwill buffer the messagehroughall theintermediateprocessorssin the original T8 code,giving a
far from optimalperformance.

If the original programwascodedin termsof high level communicationsoutines,suchasbroadcast
anddistribute,thenthe cornversionprocesonsistf replacingtheold T8 communicationsibrary with an
optimisedT9 version. Unfortunately mary existing occamprogramshave their communicationgoded
directly in termsof individual channelcommunications.In thesesituationsit would be nice to have an



automaticcorversionutility which would translateér8 communicationgnto efficient T9 communications.
Unfortunatelyagain,sucha utility would be difficult to develop.

Consider for example,the following fragmentof codewhich givesa chainof processors processor
numberandatotal countof the numberof processors:

-- master
out.left !' 1; no. sl aves

-- slaves
in.right ? iam no.slaves
I F
(i am < no. sl aves)
out.left ! (iamtl); no. sl aves
TRUE
SKI P

A handwritten versionof this codefragmentfor a T9 might be somethindike:

-- master

PAR i = 1 FOR no. sl aves
out[i] ! i; no.slaves

-- sl aves

in[0] ? iam no.slaves

Let usassumehata conversionutility is availablewhich performsstaticanalysisof theprogramcode,
andthatthis is ableto correctly pair up the two sectionsof codein the masterandslave processesThe
utility would certainlybe ableto find the channelconfigurationof the programfrom the configuratiorfile
and could thereforework out which processesreinvolved in this sectionof code. However, it would
not be ableto evaluatethe conditionalexpressionin the IF statementvhich may be variableat run-time.
Hencejt cannoknow whichis thelastprocesso inputthe messageBut thevariablei amcanbeevaluated
staticallysincethe mastemivesthis aninitial constantvalueof 1. This simplifiesthe expressiorno onein
termsof theunknavn no. sl aves.

The utility mustalsodecidewhetherthe side effects,the variableassignmentgroducedy the com-
municationareneededn eachprocesghattakespart. In this casethe assignmentf processiumberand
the total numberof processe$o eachprocesss essential.But, very similar codemight be usedto com-
municatedatafrom one procesgo anotherdistantprocesghroughintermediatgorocessesvhich do not
requirethe side effects. Furtheranalysisof the codesmight be ableto determinewhich caseappliesfor
ary givencommunication.

If the utility managedo correctly solve the precedingproblemsit could substitutea standardcode
form for the original code,insertingthe unknown variableno. sl aves into its correctplace.If eachob-
jectcommunicateds consideredndependentlyy the utility thenfor our examplecodethe utility might
correctlysubstitutea broadcasbperationfor thevariableno. sl aves, andindividualindependentom-
municationgo eachslave procesdor i am(which maybeperformedn parallel):

-- master
PAR i = 1 FOR no. sl aves
out[i] ! i

-- broadcast routine (or sinple code here)
PAR i = 1 FOR no. sl aves
out[i] ! no.slaves

-- sl aves
in[0] ? iam



-- broadcast routine (or sinple code here)
in[0] ? no.slaves

Consideringall the objectsas one compositeobjectthe utility might chooseto substitutean individual
communicatiorio eachprocess:

-- master

PAR i = 1 FOR no. sl aves
out[i] ! i; no.slaves

-- sl aves

in[0] ? iam no.slaves

The problemsthat face an automaticconversionprogrambecomeeven moredifficult to solve when
complex communicationsireusedby the programwhichis to becorverted.

The programmecanhelpacorversionutility by placingcommentsn his codewhichidentify thetype
of communicatioroperationthateachsectionof codeperforms for examplemarkingbroadcastdistribute
andindividualcommunicationsThis perhapsequiresa similar amountof work to codingthe programin
termsof communicatiorsubroutines.

Without an automaticcorversionutility the programmemustinspectthe original programhimself.
Considera simpleexampleof datadistribution. To distribute dataefficiently over a linear chainona T8
systenrequirescodeon the startingprocessoof theform

SEQ i= 0 FOR no.workers
send. val ues(out.right, adata[i])

andontheworkerprocessors

SEQ
in:=0
out :=1
get.values(in.left, xdata[in])
SEQ i= 0 FOR (no.workers -1)
SEQ

PAR
get.values(in.left, xdata[in])
send. val ues(out.right, xdata[out])
out :=1in
in:=1-in

This canusuallybereplacedoy

PAR i= 0 FOR no.workers

send. val ues(to.worker[i], adata[i])
and
SEQ

in:=0

get.values(in.frommaster, xdata[in])

However it maybethatthetwo final setsof dataxdat a[ i n] andxdat a[ out] arerequiredonthe
intermediatgorocessorslt is uncertaintiesuchasthis which makeit hardto convert T8 style codeto full
T9 stylecodeautomatically Sinceall thedatais comingfrom a singlesourcethereis alimit to how far the
virtual channelsaaregoingto speedup the datadistribution. The bottleneckis the speedat which the data
canbedespatchetly the mastemprocessar

Onasquaregrid it is quitedifficult to plot pathsfor datatransferof a messagérom i, j to k,l. Firsta
pathhasto choserandthenthedatahasto beroutedalongthis pathwith thecooperatiorof all intermediate



processorsThe potentialfor deadlockis considerable Programmersisuallytakea simpleapproachand
sendeverythingto thestartof arow, upthefirst columnto thekth row andbackto thelth columntransputer
It is noteasyto tell from the codewhethervaluesareretainedn intermediatgorocessorsThis mayhappen
always,sometimer never dependingon the algorithm. Broadcasts alsoa problemin conversion;how
dowe decidethatthefunctionality of abroadcasis neededandwhereit originates.

No doubta numberof sophisticateccommunicationgoutineshave beendevelopedto handledata
movementin specificprogramslf theseroutineshave beenwrittenin a modularfashionwith thetop level
codereflectingfunction, suchascollect andredistritute an updatedvector thenit is straightforwardto
convertto T9 by substitutinganappropriatdunctioncall.

5.1 A Farming example

master
W, w, A . .. A
output

Figure4: TheT9 farmingprocessonetwork

Programswhich usethe T9 efficiently may often be considerablymorecomplicatedhanthe original
T8 code.Considera simplefarmingcodefor processindlocksof datasentby a masterprocessoto ary
availableworker processoandthensendto someotherprocesgor output. The workercodeis complex
andhasto handleforwardingthe databut the codeon thefarmerprocessors asimplesequentialoop. The
mastermprocessoon a T8 in sucha farming applicationsendsdatadown thelink to thefirst workerandit
is passealongby theworkersuntil afreeslotis found. In outlinethe mastercodeis

SEQ
... set up problem
--{{{ send the data bl ocks
SEQ bl ock = 0 FOR nunber
frommaster ! data.set; datalbl ock]
--}}1}

code to shut down processing

Naive farming codeon a T9, usingthe conceptuahetworkshowvn in Figure4 waits for a signalfrom
a slave thatit wasreadyto receve moredataandthenthe next block of datais sentto that processofor
processingSothe only changeneededo the mastercodeis anarrayof channelsandanALT constructo
ensurghatthedatais sentto the next availableworker.

SEQ
... set up problem
--{{{ send the data bl ocks
SEQ bl ock = 0 FOR nunber
ALT i =0 FOR p
to.master[i] ? ready



frommaster[i] ! data.set; data[bl ock]

=11}

code to shut down processing

Thereshouldbe buffering ontheworkerprocesses the T8 codesothatthey cancontinueprocessing
while waiting for the next datasetto arrive. The mastercodefor sendingthe datablockscanbeimproved
by initializing theworkersin parallel.

--{{{ send the data bl ocks
SEQ
PAR bl ock = 0 FOR p
frommaster | data[ bl ock]
SEQ bl ock = p FOR nunber - p
ALT i =0 FOR p
to.master[p] ? ready
frommaster[p] ! data.set; data[bl ock]

=11}

However we arestill only listeningandsendingout the bulk of the dataon one channelat atime. If
we try to sendin parallelwe have to ensurethat no datablock is omitted or sentmorethanonce. We
could arbitrarily assignthe blocksto workersin advance,for examplesendingevery ith block to worker
i mod p. Butthisnegatesautomatidoadbalancingwhichis thebig advantagegainedby usingthefarming
technique. In orderto dealwith this we needto have a control processon the masterprocessar This
control processs a sequentialoop but it canservicerequestgjuickly becauseét only communicatesags
and a single dataitem with parallel processesvhich are on the sameprocessaor Thereis one parallel
procesdisteningto eachworkerwhich waits for the readysignalfrom the worker andthen obtainsthe
block numberof the next datasetfrom the control process. That datasetis thensentto the requesting
processor In this way datatransfercantakeplaceat full speedon all links out of the mastertransputer
Theworkertransputersnay or maynotbeableto keepup but atleastthe mastemill be sendingasfastas
possible The codefor thefold, send t he data bl ocks, becomes:

PAR
--{{{ control process
SEQ
SEQ bl ock = 0 FOR nunber

ALT ] =0 FOR p
to.control[j] ? ready
fromcontrol[j] ! reply ; block
PARj =0 FOR p
SEQ -- close down nessages
to.control[j] ? ready
fromcontrol[j] ! reply ; -1
--1}1}
--{{{ conmmuni cation with workers
PAR i =0 FOR p
I NT bl ock. no:
SEQ
block.no := 0
VWH LE bl ock.no > 0
SEQ
to.master[i] ? ready
to.control[i] ! ready
fromcontrol[i] ? reply; block.no
| F
bl ock.no => 0



frommaster[i] ! data.set; data[ bl ock.no]
bl ock.no < 0
frommaster[i] ! finished

=11}

Thisis considerablynorecomplicatedhanthe 2 line sequentialoopit replaces.

6 Conclusions

Mostof the programmingechniquesliscussedh this paperareequallyapplicableon T8 andT9 machines.
Oneof thereasonswvhy thesetechniquesave not beenwidely usedon currentgeneratioriT8 machines
is thatdevelopingeven simpleparallelprogramson thesemachinesanbedifficult, sothe nicetiesof im-
proved efficiengy arefrequentlynot considered.The T9/C104freesthe programmethe main constraint
of the T8 architecture—thadf only having 4 channeldo nearneighbours—andopermitseasierdevelop-
mentof parallelprograms.This in turn allows the programmeto pay moreattentionto the efficieng/ of
the program.Even so, to makethe mostof the capabilitiesof the T9 still requirescomplex programming,
asis shovn in Sectionst and5.1.

Thecompleity of efficientcommunication®nbothT8 andT9 systemsandtheneedto port programs
from onearchitecturdo the otherstresseshe needfor the encapsulatioof theseoperationsn communi-
cationssubroutindibraries. Similarly, arithmeticlibrariessuchasBLAS librariesareessentiato getgood
computationaéfficieng/ from a processoandstill allow easyportingto otherarchitectures.

Whensuchstandardibrariesarewidely available thedevelopmenif parallelprogramswill begreatly
simplified. Resultingprogramswill be both reasonablyefficient and more readily portablethan most
existing programs.
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