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1 Introduction

The T9/C104transputersystemallows programsto be written which reflectthe problemratherthanthe
detailsof thehardware.Weno longerneedto routeevery pieceof datathroughintermediateprocessorsto
its destination.Justdeclareasuitablechannelandthesystemwill ensurethatthemessageis delivered.The
conceptualnetworksaroundwhichtheprogrammessagesflow andtheactualhardwareswitchingnetworks
which deliver the messagesareuncoupled.However this freedomneedsto be handledwith careif the
resultingprogramsareto be efficient. In this paperwe discussparallelprogrammingof suchtransputer
systems,to helpprogrammersfamiliar with writing T8 occam codeappreciatethe issuesinvolvedwhen
writing for T9 systems.

We look at theseissuesfrom two pointsof view

� Writing codethatis efficientonT9 systems.� Convertingexisting T8 codeto takeadvantageof theflexibility of T9sanddevelopingcodeon T8s
targettedatT9s.

Section2 givesa shortdescription,from the softwaredeveloper’s point of view, of thehardwareand
thefacilities of theT9 which arenot availableon theT8. TheT9 haspipeliningandcacheingto improve
performancebut we discustechniquesfor efficient useof theprocessoronly briefly. Our mainconcernis
theeffectiveuseof theenhancedcommunicationsnetwork.T8scanhave4 2-waylinksandthis is reflected
in the software. Any messagesfor differentdestinationsaremultiplexed down an appropriatelink and
distinguishedby softwareprotocolsor tags. TheT9 liberatestheprogrammerby doing the multiplexing
androutinginvisibly to providesocalledvirtual channels,directpathsbetweentwo processesonany two
processors.A suitableswitchingnetworkis requiredbut theapplicationprogrammershouldassumethat
thenetworkexistsandconcentrateon wherethedatawill endup andnot on how it getsthere.Section3
discussestheneedfor anduseof librariesof routinesto dohigherlevel communicationoperationssuchas
broadcastingor datagathering.

We alsolook at developingprogramsin occam undertheSouthamptonVirtual ChannelRouter, VCR
[2]. This systemallows us to write T9 like communicationsindependentcodeon existing T8 machines.
It incorporatesa new, experimental,occam compiler from INMOS, the VOC, with supportfor virtual
channelsandextra facilitiesat theconfigurationlevel. Ourcodeexamplesarebasedonthissystemandthe
final constructsmaybe differentfor the T9 productcompilers.For T9 codebeingdevelopedon current
T8s we canalsocodein pseudo-parallelon a singleT8. By pseudo-parallelwe meanthat the codeis a
numberof independentprocedurescommunicatingonly via channels.Theseproceduresarethencombined
ata top level of codewhichdefinesthechannelsandpassestheminto theprocessesandtheentireprogram
runson oneprocessor. Usingthismethodthereareproblemsabouttheway in whichchannelsaredefined
andpassedto processes.Pseudo-parallelismhasthe advantagethat the standarddebuggerworks but is
otherwisevery mucha secondbestoption. TheVCR is a muchmoreattractive developmentplatformas



virtual channelshave beensimulatedin softwareandthe programcanrun on currenttransputerarrays.
However thereis a considerableoverheadand time critical codeis difficult to test. We do not discuss
Fortranor C programming;thesameprinciplesfor obtainingefficiency apply. However theVCR system
doesallow Fortranor C codeto beincorporatedwithin aoccam harness.

In latersectionsweconsidersolvingproblemsondistributedprocessorsandexaminethreeapproaches,
GeometricParallelism- physicalor over a dataspace,Divide andConquer, andFarmingandillustrate
pointsmadeearlierwith codefragments.Most of theexamplesusegeometricparallelismandcomefrom
numericallinearalgebraproblems.

Thereareno pipelineor conveyor belt examples.Simplepipeliningwith databeingtransformedin a
seriesof stepsperformedin differentprocessesdoesnot needtheextra facilities of theT9. If thetransfor-
mationsaredissimilarthis typeof functionalpipelineis usuallyshortsimply becauseeachprocesshasto
becodedindividually andloadedontoa specificprocessor. An exampleof a pipelineof similaroperations
is a primenumbersieve. A sieve couldbecodedasa pipelineto processa streamof oddnumberswith a
new processbeingspawnedat theendof thepipeevery time a new primewasdetected.Mappingthepipe
ontotheavailableprocessorsto achieve loadbalancingandeffectiveuseof thecommunicationsnetworkis
a challengingproblem.

Farminganddivideandconquerarenow easierto implement.However they arelimited by thespeedat
whichdatacanbetransferredfrom themasterprocessor. If theindividualwork segmentscanbegenerated
from a smallamountof datathenthis is anattractive approachbut it needsto beimplementedwith care.
Wegiveanexampleof naivefarmingcodefor amastertransputerandthemoresophisticatedcoderequired
by anefficient implementation.Divideandconquercanalsobedoneby spawningprocesses;thetechnique
is usableundertheVCR. Again thetheamountof datarequiredto describetheproblemat eachlevel is a
limiting factor.

Datadistribution is importantin all cases.Thespeedof communicationshasincreasedbut sohasthe
speedof computationsowehave to avoid repeatedlyredistributinglargequantitiesof data.This is obvious
with divideandconqueralgorithms.Thereis no point in routingdatathrougha numberof processorsfor
processingby processorsat thebottomof a tree.Thedatashouldbesentdirectto theprocessoron which
it is goingto behandled.

2 Hardware

At the simplestlevel, the T9 canbe consideredas a fasterT8. In raw computingterms,floating point
operationsontheT9 areabout10timesfasterthanontheT8 atupto 25MFlopscomparedwith 2.5MFlops
for theT8. Also thecommunicationrateon the4 links is increasedby a factorof 5 to 10MBytes/secfrom
2MBytes/sec.Hence,a programdevelopedfor anarrayof T8scanbeported,unchanged,to anarrayof
T9s which have their links directly connectedin the sameconfigurationas the T8 array. This program
will benefitfrom thegreaterperformanceof theT9 chip andmayrun up to 10 timesquickerthantheT8
version.However, becausethecomputationrate/communicationrateratiois differentfor theT9, programs
tunedfor maximumperformanceonaT8 arrayareunlikely to beaswell balancedonaT9 array;thegrain
sizeof T9 programsshouldbegreaterthanthatof T8 programssincethis ratiohasincreased.

To gainthegreatestbenefitsfrom theT9, programsshouldbewritten to takeadvantageof its architec-
tural featureswhich aredescribedin [7]. The performanceof the floatingpoint unit is greatly improved
with instructionssuchasmultiply or add taking only 2 cycles to execute. Onedrawbackof this is that
housekeepingfunctionslike arrayindex calculationsandcontrolflow operationsnow have a muchmore
significantcost.Similarly thecostof a context switchis now moresignificant.

Perhapsthemostimportantfeatureof theT9 architectureis thevirtual link capability. Althoughboth
the T8 andT9 have 4 hardwarelinks, the T9 hasthe ability to multiplex many virtual links down each
hardwarelink. This is achieved by packetizingeachchannelcommunicationandoutputtingindividual
packetson the hardwarelinks and then waiting for an acknowledgepacketbeforeoutputtingthe next
packeton thechannel.This allows packetson multiple channelsto beinterleavedon eachhardwarelink.
Whenvirtual links arecombinedwith anetworkof C104switchchips,theprogrammerviewsthenetwork
asa setof processors,eachof which maybedirectly connectedto any otherprocessorby a channelon a
virtual link, andthereis (almost)no limit on thetotal numberof channelsthateachprocesssormayuseto



Figure1: Hardwareconfigurationof switchnetworkandprocessors

Figure2: Programmersview of processorconfiguration

connectto otherprocessors.
Therearea numberof levels at which to view the configurationof a T9/C104array. At the system

level the arrayis composedof a networkof C104switch chips,interconnectedby the 32 seriallinks on
eachchip. TheT9 processorlinks areconnectedto links in thisswitchnetwork.Hence,two T9 processors
arenot generallydirectly connected,but ratherareconnectedvia the switch network. The numberand
connectivity of switchchipsdeterminestheperformanceof theswitchnetwork[3]. Systemsoftwaremust
programtheswitchchipssothatmessagesonavirtual channelfrom oneprocessorareroutedto thecorrect
destinationprocessor. Ignoring the detail of the switch network,the arraycanbeviewed asa setof T9
processorsconnectedby their4 links to aswitchnetwork(seeFigure1). Finally, at theprogrammer’s level
theswitchnetworkmaybe ignoredcompletelyandthearrayviewedasa setof processorsconnectedby
any numberof virtual links, eachlink connectingany pairof processors(seeFigure2).

In comparisonwith T8 arrays,the T9/C104allows direct channelcommunicationbetweenany pair
of processorsanda large numberof channelsper processor. However, the switch networkintroducesa
significantlatency into channelcommunicationbetweenprocessors.This meansthat thecommunication
rateachievedonachannelis muchlower thanthe10MBytes/secthroughputof thehardwarelinks. Hence,
to gaingoodcommunicationsperformanceit is evenmoreimportantto considerexecutingmultipleparallel
processeson eachT9 processorthan was the casefor the T8. Theseparallel processeswill generally
improveperformanceby overlappingcommunicationwith calculation.



3 Communication

Thedevelopmentof efficientcommunicationroutinesfor differentlocalmemoryarchitecturesis animpor-
tantbut time-consumingtask.It is thereforedesirableto haveaccessto a libraryof communicationroutines
thatprovide the functionalitygenerallyrequiredby programmers.If programsaredevelopedusingthese
library communicationroutinesthenportingtheprogramfrom onearchitectureto another(T8 to T9, even)
becomesmucheasierprovidedthelibrary is availableonbotharchitectures.Henceit is recommendedthat
all programsperformcommunicationsthroughageneralcommunicationslibrary, evenif this library hasto
bewritten by theprogrammer. Thelibrary would includesuchroutinesasbroadcast,multicast,distribute,
collect,andglobaloperations(suchasinnerproducts),aswell aspoint to point communications.

As well asaidingportabilitybetweendifferentarchitectures,theuseof a communicationslibrary also
hidesthe underlyingimplementationof efficient communicationfrom the programmer. Detailedimple-
mentationof a routinemight vary greatlybetweenarchitectures,evenbetweenT8 andT9 machines.For
example,communicationonT8 arraysis closelytiedto theconfigurationof theprocessors,whichis usually
asa grid or chain.OnT9 arrayson theotherhand,a communicationroutinecanbewritten independently
of theunderlyinghardwareconfiguration.Instead,theroutinewill bewrittenusingtheprogrammer’sview
of thearrayasa setof processorsconnectedby any numberof virtual links. Usinga communicationli-
brarydecreasestheprogramdevelopmenttime. Initial versionsof a programcanusesimplebut functional
communicationroutineswhilst theprogramis developed.In laterstagesefficient communicationroutines
canbewritten to exploit theunderlyinghardwareandprovide improvedperformance.A communications
library mayalsobereusedin every programavoiding theneedto re-developcommunicationroutines.

In developingefficient communicationroutinesfor theT9 severalfactorsmustbeconsidered.We will
assumethat all 4 hardwarelinks on eachT9 areconnectedto the switch network. The most important
considerationis that the programmermay useas many virtual links connectingto as many processors
as desired. This freesthe programmerfrom the detailsof the hardwareconfigurationand allows him
to codecommunicationoperationsin a morenaturalmanner. In addition,a generalprinciple that gives
improved performanceis to usemultiple channels(virtual links) simultaneouslyon eachhardwarelink.
This makesbetteruseof thelink bandwidththana singlechannelbecauseof thehigh latency on channel
communicationdueto thedelaysintroducedby theswitchnetwork. For example,a distributeoperation,
which distributessegmentsof a vector from the sourceprocessorto the arrayof � processors,might be
codedasastarnetworkof � channelsconnectingdestinationprocessorsto thesource.Thesourceprocessor
wouldoutputasegmentoneachof the� channelsin parallel.Packetsfromeachchannelcommunicationare
interleavedonthehardwarelinks andthebestlink throughputachieved.Similarly, abroadcastroutinemay
makeuseof someformof treeconfigurationof channels.It shouldbenotedthatanindividualT9programis
likely to usemany differentcommunicationstopologiessuchastrees,stars,andchainsdynamically, using
the mostsuitabletopologyof channelsfor the intendedpurpose.This is in contrastwith a T8 program
whichusuallyhasto mapall communicationsroutinesontothesinglehardwaretopology.

Theprogrammermusthave somemethodfor definingandmanagingall thesechannelstructureswhen
programmingin occam underthe currentversionof the VCR. In this environment,the languageis still
essentiallystaticandconfigurationis achievedby a configurationfile in which thetop level processesand
theconnectingchannelsaredeclared.Hencethecommunicationchannelsmustbepasseddownthroughthe
procedurelevelsto theactualcommunicationsroutines.Themostsuitableform for declarationof channel
structuresis asvectorsof channels;passinglargenumbersof singlechannelsto processesis messy. Use
hasshown that themostflexible way of makingmultiple channeltopologiesavailableto theprocessesis
by passing2 vectorsof length � to eachprocess;onevectorhasan outputchannelat index � to process� , whilst theothervectorhasaninput channel.This providesanall-to-all channelconfiguration.Both of
thesevectorsarepassedto communicationsroutineswhichselectindividualchannelsfor usedependingon
thecommunicationstructurerequiredfor thecommunicationroutineandthepositionof theprocesswithin
thatstructure.

The VOC providesa new declarationstatement,ARRAY, that facilitatesthe declarationof channel
arraysat theconfigurationlevel of anoccam program.This statementpermitsnew arraysof channelsto
beconstructedfrom arbiraryslicesof otherchannelarrays.Without thisstatementeachconfigurationlevel
channelwouldhaveto bedeclaredindividuallyandpassedto aprocessasaseparateparameter. Thisis very
untidy andfor all-to-all configurationsmeansthattheconfigurationcodeis dependenton thetotal number



of processes,sincea channelconnectedto every otherprocessmustbe passedinto eachprocess.With
this constructtheconfigurationis elegantandreasonablyintuitive; thefollowing codefragmentshows an
all-to-all configurationfor � processors:

[p][p]CHAN OF ANY all.to.all:
PLACED PAR i = 0 FOR p

in IS all.to.all[i]:
out IS [ARRAY j FROM 0 FOR p OF all.to.all[j][i]]:
process(in, out)

Within eachprocessthesechannelarraysmaybepassedto communicationsroutinesto performoperations
like broadcast,distributeandglobalinnerproducts.Theprocesscodemight look somethinglike this:

PROC process ([]CHAN OF ANY in, out)
SEQ
... work
inner.product (in, out, num.procs, id, root, veca, vecb, size, res)
... more work

:

This methodhidesasmuchaspossibleof theunderlyingcommunicationfrom theprogrammer. How-
ever, the programmermuststill be awareof how the routineswork whenhe wishesto executemultiple
communicationsroutinesin parallel.In thissituationtheprogrammermustcheckwhetherthetwo routines
makeconflictinguseof asingleall-to-all structureof channels.If this is so,or if theprogrammeris unsure
of thesituation,thentheprogrammermustprovideanothercompleteall-to-all channelstructurefor useby
oneof theparallelroutines.Codemight thenbeasfollows:

PROC process ([]CHAN OF ANY in1, out1, in2, out2)
SEQ
... work
PAR
inner.product (in1, out1, num.procs, id, root, veca1, vecb2, size1, res1)
inner.product (in2, out2, num.procs, id, root, veca2, vecb2, size2, res2)

... more work
:

A directcommunicationbetweentwo processesona channelcanbecodedas:

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

-- process <dest>
in[source] ? data

However, to improve portability to otherlanguagesor local memoryMIMD architectureswhich arenot
channel-basedit maybebetterto codethesecommunicationsassubroutinecallseven thoughin occam
this is not aselegantasthemethodshown above:

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

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

We concludethis sectionby looking briefly at oneparticularcommunicationsroutine,a global inner
product.Thisroutineformstheinnerproduct,�����	�
���
���������� ����� ��������� ��� , for apairof distributedvectors,�������
and ������� andbroadcaststhis result.Thevectorsareassumedto bedistributedin anidenticalmanner. An
outlineoccam procedurelisting is givenbelow:



PROC inner.product([]CHAN OF ANY in, out, VAL INT root, num.procs, id,
VAL []REAL32 vec1, vec2, VAL INT dim, REAL32 res)

-- in, out provide all-to-all channels, not just tree channels
SEQ
PAR
... calculate my partial sum
PAR i = 0 FOR b

... get partial sums from children
... add partial sums from children and self together
... output resulting partial sum to parent
... broadcast final inner product value <res>

:

Theroutineis basedon a treeconfigurationof processeswith a branchingfactor(numberof children)of�
. Thevalueof

�
is not limited to 3 aswasthecasefor T8 algorithms.In fact,asexplainedearlierin this

section,morethan1 channelcanprobablybemappedontoeachphysicallink beforethe link bandwidth
is saturated.For example,if

�! #"
, i.e., 8 channelsareused,2 on eachlink, the numberof stepsin the

algorithmis reduced,comparedwith usingonly 4 channels,without increasingthecostof communication
within eachstep. Thebestbranchingfactorwill vary from oneT9 machineto anotherdependingon the
numberandconfigurationof switch chips. The algorithmstartswith eachprocesscalculatingits partial
inner product. Thesepartial sumsareaccumulatedup the tree to the root process,root, which then
broadcaststhefinal innerproductvalue,res, to all theprocesses.Thebroadcastis achievedby calling a
standardbroadcastroutine.This broadcastroutinemayusethesametreestructureof channelsastherest
of theinnerproductroutine,or it mayusea differentstructure.For example,a broadcastroutinecouldbe
implementedasa wavefrontalgorithmwhereat eachstepin the algorithmeachprocessholdingthedata
sendsthedatato $ new processes.Again, thebestvaluefor $ mayvary from machineto machine,but
is probablythesamevalueas

�
. This methodof broadcastingis moreefficient thanusingthesimpletree

structuresincefewer stepsarerequired.

4 Parallel programming techniques for T9 systems

Theprevioustwo sectionsoutlinedtheprinciplesto beconsideredwhendesigninga T9 program.In this
sectionwegivecodefragmentsasexamplesof theuseof theseprinciples.

An importantprincipleis theexploitationof parallelismwithin codefor asingleprocessor. Thisuseof
parallelprocessesononeprocessorenablestheprogramto makethebestuseof theprocessor’s resources;
specifically, it allows a processorto continuedoingusefulwork whilst a threadof theprogramis blocked
oncommunication.We dividethis useof parallelisminto threemainareas:

1. simpleoverlappingof individualcommunicationandcomputationblocks,

2. placingmultiple identicalcopiesof theprocesscodeoneachprocessor, and,

3. performingseveralthreadsof thealgorithmin parallel.

Thefollowing threesubsectionsexplain eachtypeof parallelismandgive a specificexampleof its use.A
fourth subsectiondescribesthetechniqueof “spawning” processesontootherprocessorswhich programs
canuseto performsimpledynamicload-balancing.A particularprogramcancombineany andall of these
techniquesto achieve thebestperformance.

4.1 Overlapping communications and computation

Onewaytocontinueperformingusefulwork (computation)onaprocessorwhenacommunicationbetween
processorsis requiredby the algorithmis to explicitly codetwo parallel threads.Oneof thesethreads
performsthe necessarycommunicationwhilst the other threaddoessomecomputation. Caremustbe



exercisedsincethe two threadsoperatein parallel,and thereforeneitherthreadmustalter the valueof
variablesor vectorelementsusedby theotherthread.

Many numericalalgorithmshave fragmentsof codewhich communicatevectorsbetweenprocessors
andperform somecomputationon the elementsof thesevectors. In order to executethe computation
andcommunicationasparallelthreadsthecommunicationthreadmayreada vectorinto onebuffer whilst
the computationthreadis manipulatinga vector in anotherbuffer. This operationis very much like a
pipelineoperation;at the starta vectormustbe readinto the first buffer, thena sequenceof overlapped
communicationandcomputationstepscanproceed,with only computationperformedin thelaststep.

WHILE loop
PAR
... perform computation
... and communication

Hence,betterperformanceis attainedif theinitial communicationis short,e.g.,acompletevectoroperation
is divided into many smallervectoroperations.Examplesof the useof this techniquecanbe found in
[10, 9, 4].

4.2 Multiple identical processes on each processor

Onewayin whichcommunicationsandcalculationcanbeoverlappedis to dividetheprobleminto smaller
segmentsandhave multiplesprocesses,saytwo, on eachprocessor. Oneprocesscancalculatewhile the
otheridenticalprocessis communicating.Thecodefor theindividualprocessesis straightforwardto write
anddoesnot requireany internalparallelstructures.The drawbackis that dataneededby all processes
hasto besenttwice to eachprocessor. Thiscouldbehandledby having a separatedatadistributionbuffer
processon eachprocessorbut thenwe have lost the simplicity of replication. Considera matrix vector
multiplicationwherewewish to calculate

%�&  �' ( � �
) &+* (-,.( /  10324265

The
5 � 5 matrix

)
is distributedby rowsacrossthe� processorswith $  75�8 � rowsoneachprocessorand

thevector

,
is storedonsomeprocessor. Wecouldbroadcastthevectorfirst andthendothecalculationbut

it is betterto broadcastthedatain chunkssothatcomputationcanstartassoonaspossibleasexplainedin
section4.1Thiscodecanbewritteneitherusingexplicit bufferingor with multipleprocessesperprocessor.
In bothcasesthecommunicationsandcalculationareoverlappedbut duplicateprocessesperprocessorwill
producea greateroverall volumeof communication,

5
dataitemssent9:� times.In theabove examplethe

datatraffic canbereducedby dividing thematrix into blocksratherthanfull rows. However theexample
shows that whenthe techniqueof multiple processesper processoris usedto hide communicationsit is
importantto checkhow muchextra messagetraffic wouldbegenerated.

Thesimplecodefor thecasewherethevector

,
is distributeduses� parallelthreadsoneachprocessor.

Eachthreadreadin thedatafrom theappropriateprocessorandcalculatesa partialresultto summedlater.
Thecodeonaprocessoris of theform:

[p][m] REAL32 y.part:
PAR i = 0 FOR p

[m]REAL32 tempx: -- m = n/p
SEQ
... get x[i*m..(i*m + m-1)] from processor i and store in tempx
SEQ k = 0 FOR m
... calculate partial sum y.part[i][k] involving x[i*m..(i+1)*m-1]

Theresult % is assembledfrom all the % 2 �<;�=:> contributions.Overlapof calculationandcommunication
occursautomaticallybut at thecostof hugeamountsof temporarystorage.In largesparseproblemsthe
vector

,
is too big to fit on oneprocessorso the work hasto bedonein sequentialstages.At stage? a



PAR
– thread1
SEQ

A
B

– thread2
SEQ

C

Figure3: Parallelalgorithmicthreads

processor� communicateswith the processors�	@A?CBED�F 5 . Again we canuseeithermultiple identical
processesor explicit bufferingto overlapthecommunicationsandthecalculation.

Themethodis attractiveif theincreaseddatatraffic is notexcessive becausetheindividualprocesscode
canbewritten simply. However a programwhich doesprocessorto processorbroadcastis moreefficient
thanonethatdoesprocessto processbroadcast.This impliesbufferingprocessesoneachprocessoraswell
astheoriginal duplicatedcommunicationandcalculationprocesses.At this point thedistinctionbetween
this approachandthatof section4.1 becomesblurred. The techniqueis discussedin a GIHKJML working
paper, [6] onsparsematrixvectormultiplication.

4.3 Multiple algorithmic threads

A secondway to exploit parallelismwithin eachprocessoris by introducingalgorithmic parallelism. By
thiswemeanthatthreadsof thealgorithmwhichareindependentarecodedto executein parallel.Figure3
givesasimpleexampleof this; thetwo algorithmicthreads1 and2 areindependentof eachotherandsothe
operationsA, B andC maybecodedasshown. This techniquehasbeenusedfor a parallelpreconditioned
conjugategradientalgorithm[1].

4.4 Spawning processes

It is now possible(underthe VCR) to spawn processesusingremoteprocedurecalls. This is effectively
a PLACED PAR in the middle of the normalcodeanda occam compiler incorporatingthis facility is
beingdevelopedby Syseca[11]. We expectthesamefunctionalityto beprovided for T9/C104systems.
This simplifiesthewriting of divideandconquerandrecursive algorithmsbut thehiddencommunication
costsmustbe considered.Even if the codefor a procedureis alreadyin placeon the target processor
a remoteprocedurecall requiresat leastthreecommunications.The first initiates the call, the second
transferstheparameterdataandthethird returnstheresultparameters.Thetime thatthespawnedprocess
takesto computemusthidetheseoverheads.Spawning is of particularinterestin generalcodesfor solving
differentialequationsandsimilarcaseswhereafunctiondefiningtheuser’sproblemis neededandsupplied
by theuser. In thepaperonadaptivequadrature[5] weanalysetheoverheadsinvolvedwhen21evaluations



eachreturninga singleresultdependingon a singleparametervaluearedonein parallel. This suggested
thateachfunctionevaluationhadto do 20 to 50floatingpointoperationsin orderto achieve any speedup
atall. Thebetterthesingleprocessorperformanceon thespawnedcodethemorefloatingpointoperations
areneededto overcometheoverheads.

Thetechniquecanhave advantagesin parallelisationof existing serialcodewherethetimeconsuming
coreof thecomputationis interleavedwith problemsetupcode.Thereis asimilaritybetweenthisapproach
andtheuseof librariesto handletheparallelsections.

In a shortpaperon theuseof recursionDavid May [8] suggestedcodefor evaluatingthesinesof all
theelementsin a largearray. Thecodeis neatbut asit standsthereis a thelargeamountof datashuffling
throughintermediateprocessorsbeforeit is processed.Thecode,rewritten usingprocessspawning under
the VCR is suppliedasanexamplewith theVCR systemandis reproducedbelow. Althoughfor clarity
we have hiddenthe spawning detail in folds the codeis as shown andan exact copy of the procedure
sin.vector is spawned.

PROC sin.vector( []REAL32 sinv, VAL []REAL32 v )
VAL s IS SIZE v :
IF
s > 1
VAL bottomhalf IS s/2 :
VAL tophalf IS (s/2) + (s\2) :
... setup for spawning the code under the VCR
PAR -- in full occam PLACED PAR

... spawn bottom half using PLACED.RUN, the VCR equivalent of
-- sin.vector([sinv FROM 0 FOR bottomhalf],
-- [v FROM 0 FOR bottomhalf] )
... spawn top half using a PLACED.RUN
-- sin.vector([sinv FROM bottomhalf FOR tophalf],
-- [v FROM bottomhalf FOR tophalf] )

s = 1
sinv[0] := sin(v[0])

:

The problemis that eachof the
5

original dataitemsaremoved NPO:QSR 5 timesandso areeachof the5
results. First we needto stop subdividing and start calculatingas soonas eachof the � processors

availablehasbeensenta setof data.Theneachdataitem is sent T�D+U R3V 5�8 ��W times. But for efficiency we
needto sendthe datapartitionsdirect to the processorwherethey areto be used,in segmentsso as to
overlapcommunicationsandcalculationthe full speed.However recursive algorithmscanbeusedif the
informationsentvia intermediateprocessorsis a pointerto segmentsof datastructuresratherthanthedata
structuresthemselves.As problemsget largerthedatastructureswill have bedistributedandmanipulated
usingpointersin someway.

5 Converting T8 programs for the T9

As wasmentionedin Section2, T8 codeswill rununchangedonaT9 machine,takingadvantageof thein-
creasein processingpowerof thenewerchip. However, thedirectcommunicationsability of aC104switch
networkis not exploitedunlesstheoriginal codeis modified. For example,insteadof sendinga message
directly betweena pair of “non-neighbouring”T9 processorsvia theswitchnetwork,theunchangedpro-
gramwill buffer themessagethroughall the intermediateprocessorsasin the original T8 code,giving a
far from optimalperformance.

If the original programwascodedin termsof high level communicationsroutines,suchasbroadcast
anddistribute,thentheconversionprocessconsistsof replacingtheold T8 communicationslibrary with an
optimisedT9 version. Unfortunately, many existing occam programshave their communicationscoded
directly in termsof individual channelcommunications.In thesesituationsit would be nice to have an



automaticconversionutility which would translateT8 communicationsinto efficient T9 communications.
Unfortunately, again,sucha utility wouldbedifficult to develop.

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

-- master
out.left ! 1; no.slaves

-- slaves
in.right ? iam; no.slaves
IF
(iam < no.slaves)

out.left ! (iam+1); no.slaves
TRUE
SKIP

A handwrittenversionof this codefragmentfor a T9 mightbesomethinglike:

-- master
PAR i = 1 FOR no.slaves

out[i] ! i; no.slaves

-- slaves
in[0] ? iam; no.slaves

Let usassumethataconversionutility is availablewhichperformsstaticanalysisof theprogramcode,
andthat this is ableto correctlypair up the two sectionsof codein the masterandslave processes.The
utility would certainlybeableto find thechannelconfigurationof theprogramfrom theconfigurationfile
andcould thereforework out which processesare involved in this sectionof code. However, it would
not beableto evaluatetheconditionalexpressionin the IF statementwhich maybevariableat run-time.
Hence,it cannotknow whichis thelastprocessto inputthemessage.But thevariableiam canbeevaluated
staticallysincethemastergivesthis aninitial constantvalueof 1. Thissimplifiestheexpressionto onein
termsof theunknownno.slaves.

Theutility mustalsodecidewhetherthesideeffects,thevariableassignments,producedby thecom-
municationareneededoneachprocessthat takespart. In this casetheassignmentof processnumberand
the total numberof processesto eachprocessis essential.But, very similar codemight beusedto com-
municatedatafrom oneprocessto anotherdistantprocessthroughintermediateprocesseswhich do not
requirethesideeffects. Furtheranalysisof thecodesmight beableto determinewhich caseappliesfor
any givencommunication.

If the utility managesto correctlysolve the precedingproblemsit could substitutea standardcode
form for theoriginal code,insertingtheunknown variableno.slaves into its correctplace.If eachob-
ject communicatedis consideredindependentlyby theutility thenfor our examplecodetheutility might
correctlysubstitutea broadcastoperationfor thevariableno.slaves, andindividual independentcom-
municationsto eachslave processfor iam (whichmaybeperformedin parallel):

-- master
PAR i = 1 FOR no.slaves

out[i] ! i

-- broadcast routine (or simple code here)
PAR i = 1 FOR no.slaves

out[i] ! no.slaves

-- slaves
in[0] ? iam



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

Consideringall the objectsas onecompositeobject the utility might chooseto substitutean individual
communicationto eachprocess:

-- master
PAR i = 1 FOR no.slaves

out[i] ! i; no.slaves

-- slaves
in[0] ? iam; no.slaves

The problemsthat facean automaticconversionprogrambecomeeven moredifficult to solve when
complex communicationsareusedby theprogramwhich is to beconverted.

Theprogrammercanhelpaconversionutility by placingcommentsin hiscodewhichidentify thetype
of communicationoperationthateachsectionof codeperforms,for examplemarkingbroadcast,distribute
andindividualcommunications.This perhapsrequiresa similaramountof work to codingtheprogramin
termsof communicationsubroutines.

Without an automaticconversionutility the programmermust inspectthe original programhimself.
Considera simpleexampleof datadistribution. To distributedataefficiently over a linear chainon a T8
systemrequirescodeonthestartingprocessorof theform

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

andon theworkerprocessors

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.values(out.right, xdata[out])

out := in
in := 1-in

Thiscanusuallybereplacedby

PAR i= 0 FOR no.workers
send.values(to.worker[i], adata[i])

and

SEQ
in := 0
get.values(in.from.master, xdata[in])

However it maybethatthetwo final setsof dataxdata[in] andxdata[out] arerequiredon the
intermediateprocessors.It is uncertaintiessuchasthis whichmakeit hardto convert T8 stylecodeto full
T9 stylecodeautomatically. Sinceall thedatais comingfrom asinglesourcethereis a limit to how far the
virtual channelsaregoingto speedup thedatadistribution. Thebottleneckis thespeedat which thedata
canbedespatchedby themasterprocessor.

On a squaregrid it is quitedifficult to plot pathsfor datatransferof a messagefrom �YXZ? to

/
XYN . First a

pathhasto chosenandthenthedatahasto beroutedalongthispathwith thecooperationof all intermediate



processors.Thepotentialfor deadlockis considerable.Programmersusuallytakea simpleapproachand
sendeverythingto thestartof arow, upthefirst columnto thekth row andbackto thelth columntransputer.
It is noteasyto tell from thecodewhethervaluesareretainedin intermediateprocessors.Thismayhappen
always,sometimesor never dependingon thealgorithm. Broadcastis alsoa problemin conversion;how
dowedecidethatthefunctionalityof abroadcastis neededandwhereit originates.

No doubt a numberof sophisticatedcommunicationsroutineshave beendevelopedto handledata
movementin specificprograms.If theseroutineshave beenwritten in a modularfashionwith thetop level
codereflectingfunction,suchascollect andredistributeanupdatedvector, thenit is straightforward to
convert to T9 by substitutinganappropriatefunctioncall.

5.1 A Farming example

Figure4: TheT9 farmingprocessornetwork

Programswhich usetheT9 efficiently mayoftenbeconsiderablymorecomplicatedthantheoriginal
T8 code.Considera simplefarmingcodefor processingblocksof datasentby a masterprocessorto any
availableworkerprocessorandthensendto someotherprocessfor output. Theworkercodeis complex
andhasto handleforwardingthedatabut thecodeon thefarmerprocessoris asimplesequentialloop. The
masterprocessoron a T8 in sucha farmingapplicationsendsdatadown thelink to thefirst workerandit
is passedalongby theworkersuntil a freeslot is found.In outlinethemastercodeis

SEQ
... set up problem
--{{{ send the data blocks
SEQ block = 0 FOR number

from.master ! data.set; data[block]
--}}}
... code to shut down processing

Naive farmingcodeon a T9, usingtheconceptualnetworkshown in Figure4 waits for a signalfrom
a slave that it wasreadyto receive moredataandthenthenext block of datais sentto thatprocessorfor
processing.Sotheonly changeneededto themastercodeis anarrayof channelsandanALT constructto
ensurethatthedatais sentto thenext availableworker.

SEQ
... set up problem
--{{{ send the data blocks
SEQ block = 0 FOR number

ALT i = 0 FOR p
to.master[i] ? ready



from.master[i] ! data.set; data[block]
--}}}
... code to shut down processing

Thereshouldbebufferingon theworkerprocessesin theT8 codesothatthey cancontinueprocessing
while waiting for thenext datasetto arrive. Themastercodefor sendingthedatablockscanbeimproved
by initializing theworkersin parallel.

--{{{ send the data blocks
SEQ
PAR block = 0 FOR p

from.master ! data[block]
SEQ block = p FOR number - p

ALT i = 0 FOR p
to.master[p] ? ready

from.master[p] ! data.set; data[block]
--}}}

However we arestill only listeningandsendingout the bulk of thedataon onechannelat a time. If
we try to sendin parallelwe have to ensurethat no datablock is omittedor sentmore thanonce. We
couldarbitrarily assigntheblocksto workersin advance,for examplesendingevery � th block to worker��B[D�FI� . But thisnegatesautomaticloadbalancingwhichis thebig advantagegainedby usingthefarming
technique. In order to dealwith this we needto have a control processon the masterprocessor. This
controlprocessis a sequentialloop but it canservicerequestsquickly becauseit only communicatestags
and a singledataitem with parallel processeswhich areon the sameprocessor. Thereis one parallel
processlisteningto eachworker which waits for the readysignal from the worker andthenobtainsthe
block numberof the next dataset from the control process.That dataset is thensentto the requesting
processor. In this way datatransfercantakeplaceat full speedon all links out of the mastertransputer.
Theworkertransputersmayor maynotbeableto keepupbut at leastthemasterwill besendingasfastas
possible.Thecodefor thefold, send the data blocks, becomes:

PAR
--{{{ control process
SEQ
SEQ block = 0 FOR number
ALT j = 0 FOR p

to.control[j] ? ready
from.control[j] ! reply ; block

PAR j = 0 FOR p
SEQ -- close down messages

to.control[j] ? ready
from.control[j] ! reply ; -1

--}}}
--{{{ communication with workers
PAR i = 0 FOR p

INT block.no:
SEQ
block.no := 0
WHILE block.no > 0

SEQ
to.master[i] ? ready
to.control[i] ! ready
from.control[i] ? reply; block.no
IF
block.no => 0



from.master[i] ! data.set; data[block.no]
block.no < 0

from.master[i] ! finished
--}}}

This is considerablymorecomplicatedthanthe2 line sequentialloop it replaces.

6 Conclusions

Mostof theprogrammingtechniquesdiscussedin thispaperareequallyapplicableonT8 andT9 machines.
Oneof the reasonswhy thesetechniqueshave not beenwidely usedon currentgenerationT8 machines
is thatdevelopingevensimpleparallelprogramson thesemachinescanbedifficult, so thenicetiesof im-
provedefficiency arefrequentlynot considered.TheT9/C104freesthe programmerthe mainconstraint
of theT8 architecture—thatof only having 4 channelsto near-neighbours—andsopermitseasierdevelop-
mentof parallelprograms.This in turn allows theprogrammerto paymoreattentionto theefficiency of
theprogram.Evenso,to makethemostof thecapabilitiesof theT9 still requirescomplex programming,
asis shown in Sections4 and5.1.

Thecomplexity of efficientcommunicationsonbothT8 andT9 systems,andtheneedto portprograms
from onearchitectureto theotherstressestheneedfor theencapsulationof theseoperationsin communi-
cationssubroutinelibraries.Similarly, arithmeticlibrariessuchasBLAS librariesareessentialto getgood
computationalefficiency from a processorandstill allow easyportingto otherarchitectures.

Whensuchstandardlibrariesarewidely available,thedevelopmentof parallelprogramswill begreatly
simplified. Resultingprogramswill be both reasonablyefficient and more readily portablethan most
existing programs.
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