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Abstract

Thisdocumentpresentstheproblemof selectingsuitablecostmodelsfor channelcommunicationon
PUMA machines.We considervariousimplementationsof point to point communicationanddevelop
detailedcostmodelsfor these.Simplecostmodels,suitablefor usein modellingthecostof numerical
algorithms,areproposedandcomparedwith themorecomplex models.

1 Introduction

A costmodelof anumericalalgorithmfor aPUMA machinemusttakeaccountof theinter-processorcom-
munications.Thecommunicationsmodelusedshouldbeassimpleaspossibleto allow quickdevelopment
of modelswhilst still providing sufficient accuracy. For a T8 networkthecostof channelcommunication
canbemodelledwell by just a singleparametergiving thetime takento transferaREAL32 acrossa link
[8, 5]. However thecomplexity of H1/C104channelcommunicationsrequiresa morecomplicatedmodel.
(Informationaboutthearchitectureof theH1 andC104is drawn from IMMOS documents[6, 7, 3].)

An algorithmandaccompanying costmodelfor T8 networkswasspecificto a particularconfiguration
of Transputers,for examplea chain,ring or grid topology. However, thephysicalconfigurationof C104
switchchipson a PUMA machinedoesnot restrictthe logical configurationof processorsrequiredby an
algorithmsincethe architectureprovides‘virtual links’ betweenany pair of processes.As an algorithm
is now independentof theswitchnetworkconfiguration,we would like thecostmodelfor thealgorithm
alsoto beindependentof theconfiguration.Unfortunately, thecostof channelcommunicationdependson
thenumberof switchchipsthatmessagestraverseandhencewill dependon themachineconfiguration.In
generaltheconfigurationof theswitchnetworkwill beunknown;machineswith thesamenumber, � , of H1
processorsmayhave differentnumbersof C104switchchipsconnectedin differenttopologiesbalancing
therequirementsof networkperformanceandfinancialcost.

In thefollowing sectionsweexaminetheH1/C104architecturein moredetaildevelopingcostmodels
that includesomeof the architecturalfeaturesexplicitly. Thenwe seehow we candevelop simplecost
modelsof communicationfor usein modellingnumericalalgorithms.

2 A Plethora of Parameters

Let us considerthe following scenario:a sourceprocesson a processorwishesto senda multi-packet
messageto a destinationprocessonanotherprocessorconnectedto theswitchnetwork.Thereare � switch
chipson the paththat the messagewill travel from sourceto destinationprocessor. We assumethat the
bandwidthof the network is greatenoughto allow us to neglect the possibility of collisions between
differentmessages.For simplicity we alsoassumethat the destinationprocessis readyto receive the
messagewhenthefirst packetarrives.This avoidstheneedto consideridle time in sourceanddestination
processor. However, the modelfor a completenumericalalgorithmshouldtakeaccountof the idle time
dueto synchronisationsbetweenprocesses.Thefollowingparametersmaybeusefulin modellingthecost
of thisscenario:
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� number of bytes in message
Let usassumethat � is a multipleof � (seebelow).�

number of bytes in header
Wewill useavalue

�����
giving 	�
� distinctchannelswhichshouldbeampleevenfor largenetworks

andalgorithmswhichusemany channels.� maximum number of bytes in a packet
Value: � ��� 	 .� number of C104 switch chips a packet passes through� transmission time
Thetimetakento transmitasinglebyteona link. Wewill useavalueof � ������� ns(i.e.10MBytes/s
link speed).�

packet initialise time
Thetime takenfor theVirtual ChannelProcessor(VCP)to initialise theoutputof a packetona link.
Value:

��� 	 ��� ns.� channel initialise time
The time takenby the integerunit to setup a Virtual Link ControlBlock (VLCB) for outputof a
messageonavirtual link. Value: � ������� ns.�

switch delay time
Thedelayintroducedby a C104switchchipasapacketpassesthroughit. Value:

� �����
s.

(Valuesfor theseparametersareestimatesonly.)

3 Packet Transmission

For thetransmissionof a singlefull packetbetweenprocessorstherearetwo differentexpressionsfor the
cost(asmeasuredby the sourceprocessor)dependingon the number, � , of switch chipsthat the packet
traverses. If � is small enoughso that the sourcereceives an acknowledgepacket(ACK) beforeit has
transmittedall of thebytesin thepacketthenthecostis simply the time takenfor thesourceprocessor’s
VCP to be initialisedandto transmitthe header, databytesandEOP tokeni.e.,

������� � � ���"! � . (For
simplicity, we usethesamecostfor communicatinga tokenasfor a singlebyte). However, as � increases
the time takento receive theacknowledgeis increasedby thedelayintroducedby the interveningswitch
chips. For sufficiently large � thetime to receive theACK is larger thanthecostto outputthepacketand
sothecostis determinedby thetime takento receive theACK. The time takenfor theVCP on thesource
processorto initialiseandoutputtheheaderis

���#� � . After adelayof � � theheaderhasbeenreceivedby
thedestinationVCP. TheVCP processestheheaderto generateanACK in time

�
andthis is transmitted

backat cost
�$� ����! � . TheACK is receivedby thesourceVCP aftera furtherdelay � � . The total costin

thiscaseis 	 ���%� 	 � ����! � � 	�� � . Sothecostof transmittinga full packetis givenby:&(' �*),+.-0/ �����$� � � ����! �	 ���*� 	 � ���"! � � 	�� � (1)

Graph1 showsthecostfor transmittingafull packetacrossvaryingnumbersof switchchipsusingestimates
for the parametersasgiven in Section2. The point at which the costof transmittinga packetbegins to
dependon � , thenumberof switchchipstraversed,is derivedfrom Equation1:

�21 � �43 �5! � 3 �	 � (2)
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Graph1: Costof Transmittinga SinglePacket

4 Message Transmission

In this sectionwe areconcernedmainly with thecommunicationof long messages( �87 ����� bytes). This
is commonin numericallibrary codes,which frequentlydistributelargematricesandvectors.To simplify
themodelsweassumethat � is alsoa multipleof � . Giventhetime to transmita packetin Equation1 the
costto transmita messageof length � is: &59 � � � � � &:'
i.e., &59 �*),+.- / � �<; =>�?���%���@� � ����! � !� �<; =>� 	 �A��� 	 � ����! � � 	�� � ! (3)

Graph2 showsthecostfor transmittingmessagesof varioussizesacrossvaryingnumbersof switchchips.

Equation2 givesthe point at which the messagetransmissioncostbegins to dependon � . With the
estimatedvaluesfor theparametersthis meansthat thebestutilisationof a link for a singlechannelcom-
municationis only obtainedwhen at most a single switch chip is traversed. If thereare two or more
switchchipson thepaththenidle timeof thesourceVCPandlink engineareintroducedwhilst theACK is
awaited. PUMA machinesconsistingof morethan32 H1 processorsconnectedby a switchnetworkwill
requiremorethanoneswitchchipandsothebestlink utilisationwill notbeobtainedona generalpurpose
machinewith only onechannelto a link.

Therearetwo waysof improving theutilisationof thelink bandwidth.Onewaywouldbeto introduce
excess parallelism into thealgorithm,placing B identicalprocessesoneachprocessor. In thiscasewhile a
delayedacknowledgepacketpreventstransmissionof thenext packeton onechannelon the link, packets
on other channelsmappedonto this link may be transmitted. If thereareenoughchannelswishing to
communicateat a time thenthefull utilisationof the link canbeachieved. This methoddoesnot require
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Graph2: Costof TransmittingaSingleMessageononeChannel

complex programmingby thealgorithmdeveloper, but only thatthealgorithmis fine-grainedenoughto be
ableto use B � processes.It shouldbenotedthatcomputeprocessesmayalsoexecutein parallelwith the
communicatingprocessessincethey useseparateexecutionunitswithin theprocessor.

Thesecondmethodfor increasinglink utilisationis to split thesinglemessagethata processwantsto
transmitinto multiple blocksandtransmittheseblockson several channelsmappedonto the samelink.
Thistechniquedoesnot requireaveryfine-grainedalgorithm,but will involvetheuseof complicatedcom-
municationroutinesto divide,transmitandreassemblethemessagecorrectly. Completeroutinesshouldbe
providedaspartof a standardcommunicationslibrary sothat theuserdoesnot needto considertheir im-
plementation.Listing 1 shows a full occam fragmentthatcommunicatesa vectorbetweentwo processes
usingmultiple channels.Waysin which this canbeimplementedasa generallibrary routineareunclear;
for example,how canauserspecifythesourceanddestinationprocessesto a library routine?Thisrequires
‘namedprocess’functionalityin thecompiler.

Thenumberof channelsthatneedto beusedto saturatea link dependson thenumberof switchchips
thatthemessagemusttraverse.Thenumberof channels,C say, shouldat leastbelargeenoughsothatwhen
thefirst channelto transmita packethasjust receivedanACK thelastchannelhasfinishedtransmittingits
packet,i.e.:

time to outputfrom otherchannels 1 time betweenendof outputandreceiveACK� C43 ��!��D���*�$� � � �%��! � ! 1 	 ����� 	 � �*�"! � � 	�� � 3 � 3 �$� � � �%��! �CE1 	 ��� 	�� � ��� 	 � �%��! ������$� � � �*��! � (4)

Let us consideranexampleof a typical generalpurposeMIMD local memoryPUMA machine.The
machinehas256H1processorsand64C104switchchips.Eachswitchchiphasthelinks from4 processors
connectedto it using16of theswitchchip’s links. Twelve of thelinks oneachC104areusedto configure
theswitchnetworkasa doublehypercubeof dimension6. Theremaining4 links oneachswitchchipmay
connectthenetworkto IO devicesandahostmachine.
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... some code
-- Declare c channels
[4]CHAN OF []REAL32 chanvec:
PLACED PAR
-- Source process
[1024]REAL32 source.vec:
INT block.size:
SEQ
... some code
block.size := 256
PAR i = 0 FOR 4

chanvec[i] ! [source.vec FROM block.size*i FOR block.size]
... some more code

-- Destination process
[1024]REAL32 dest.vec:
INT block.size:
SEQ
... some code
block.size := 256
PAR i = 0 FOR 4

chanvec[i] ? [dest.vec FROM block.size*i FOR block.size]
... some more code

... some more code

Listing 1: Full occam Codeto CommunicateaMessageusingMultiple Channels

For this examplemachinewith randomroutingof messagesdisabledthenumberof switchchipsthat
a messagetraverseswill be at most6. Using � ��F in Equation4 suggeststhat about3 channelswill
be requiredto communicatein parallelon a link to fully utilise the link bandwidth. It shouldbe noted
that if � ��� , i.e. the processorsareconnectedtogetherdirectly, onechannelon a link saturatesthe link
bandwidth.

Thetotalcostof communicationusingmultiplechannelsfor a singlemessageis derivedasfollows. If
thenumberof channelsusedis not enoughto saturatethe link bandwidththeneachchanneltransmitsits�HG CI� packetswith a wait for ACK betweeneachone.Thetimebetweentheoutputof thefirst packeton the
first channelandthereceiptof the lastACK on thatchannelis

� �HG CI� !�� 	 ����� 	 � �%��! � � 	�� � ! . The last
channelreceivesits lastACK aftera furthertime

� CJ3 ��!��D���*�$�K� � �%��! � ! . On theotherhand,if enough
channelsareusedto saturatethelink bandwidthtransmissionof packetsis continuouswith nowaiting for
ACK packetsandthe transmissioncostis

� �HG � !��?���%��� � � ����! � ! . In both casesthereis theadditional
cost, C � , incurredby theinitialisationof theVLCBs by theintegerunit. However, becauseof theparallel
executionof the integerunit andtheVCP, communicationmay takeplaceon thefirst channelswhile the
remainingchannelsarestill beinginitialised. In this paperwe have includedthe full costof thechannel
initialisationsin themodels.Thetotalcostfor a multi-channelcommunicationis:& 9JL �NM C � � ;L = � 	 ����� 	 � �*�"! � � 	�� � !H��� C43 ��!I�?���%��� � � �*�"! � ! if CPO 
RQ�SH
UTWVXSZY[
U\"SZ]W^D_Q�SZY[\"S = SZ]W^D_C � �`; = �?���%��� � � �*�"! � ! otherwise

(5)
Graph3 shows how the cost of the multi-channelcommunicationof a single messagevarieswith the
numberof channelsandswitches.Graph4 shows that thecostof thecommunicationwill be independent
of thenumberof switchchipstraversedprovidedthatenoughchannelsareused.

At worst, this methodgivesasgooda performanceaswhena singlechannelsaturatesa link, except
for thecostof the additionalchannelinitialisations. However, the overheaddueto channelinitialisation
is small comparedwith the full cost of the communication. For large networkswherethe round trip
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Graph3: Costof Multi-ChannelCommunicationagainstNumberof Channels
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time to receive theACK dominatesthe costfor the singlechannelcommunication,this methodprovides
a significantimprovementin performance.Hencethis methodof communicationseemsworthwhile in
all practicalsituationswhether C and � are known or not. If theseroutinesare provided as part of a
communicationslibrary thena fixedvalueof C , say C �%a , wouldprobablybeusedwhich wassufficiently
largeto saturatethe link bandwidthfor communicationsacrossthe largestnumberof switchchipsthat is
likely to occuronamachine.

If smallmessages(a few packetsin length)aretransmittedthenthemulti-channelmethodstill provides
a significantperformanceimprovementover a singlechannelcommunicationprovidedthatmorethanone
switch chip is traversed(andthusa singlechannelcannotsaturatethe link bandwidth). Even with only
onepacketper channelthe costof the extra channelinitialisationsis only a small part of the total cost.
For a very smallmessage(up to onefull packeti.e., �,b � 	 ) thesimplesinglechannelcommunicationis
better. Most numericallibrary programswill communicatemessagesof a wide rangeof lengths,so both
multi-channelcommunicationsandsinglechannelcommunicationswill beused.For examplein Gaussian
eliminationmulti-channelcommunicationswouldbeusedfor distributingthematrix,anda singlechannel
mightbeusedto broadcastpivot informationateachstepof thealgorithm.

A furtherrefinementto thetechniquefor communicatinga messagebetweentwo processorswouldbe
to makeuseof several, c say, of the links on both thesourceanddestinationprocessor. Eachlink would
haveenoughchannelsmappedontoit to saturatethelink bandwidth.TheVCPwouldfirst initialiseapacket
communicationona channelon onelink. After that,in thepreviousmulti-channelmethod,theVCP must
wait until thatpackethadbeenoutputbeforeit could initialise outputof a packeton a differentchannel
mappedontothesamelink. To avoid thisVCPidle time,thenew methodinsteadinitialisesthetransmission
of a packetona channelmappedontoa differentlink. TheVCP cyclesroundthelinks outputtingpackets
oneachin turnandreturnsto thefirst link hopefullybeforeit hasfinishedtransmittingits packet.TheVCP
thenoutputsa packeton thefirst link again.Thismethodagaintriesto saturatethebandwidthof eachlink
but usesmultiple links to increasethe outputrateof thesourceprocessor. Full utilisationof eachlink is
only attainedif thetime takenby theVCPto serviceall four links is lessthanor equalto thetimetakenby
a link engineto transmita packet: a�� b � � �d� ����! �
With theestimatedvaluesof Section2 this is trueandsoweexpecttheVCP to beableto sustaincommu-
nicationon all thelinks at their full bandwidthsimultaneously. This reducesthenumberof packetsoutput
oneachlink by a factor c , giving a costof:

&59Je � M c�C � �f;egL =h� 	 ����� 	 � �*�"! � � 	�� � !>��� C43 ��!��D������� � � �*�"! � ! if CPO 
RQ�SH
UTWVXSZY[
U\"SZ]W^D_Q�SZY[\"S = SZ]W^D_c�C � � ;e = �D�����$� � � �*��! � ! otherwise
(6)

A comparisonof the predictedcostsof the threemethodsof communicatinga messageis shown in
Graph5. Thisgraphshowsthattheuseof multi-channel(andevenbettermulti-link) messagecommunica-
tion routinesincreasesthecommunicationperformancesignificantlyfor any communicationacrossmore
thanoneswitchchip.

5 A Simple Model for Communications

Thecommunicationsmodelspresentedabovearenotsuitablefor usein ouralgorithmmodels.They arefar
toocomplicatedfor ourdesiredaimof easeof modeldevelopment.Thecomplexity is introducedto present
an accuratemodelof the true costsof communication.However, it is unlikely that the degreeof detail
involvedwill give the expectedaccuracy in practice. Therearemany otherfactorswhich have not been
includedin themodelswhichmaybesignificant.Theseincludetheoverheadsof programcodeexecution,
inefficiency of the implementationlanguage,transmissionof partially full packets,memorybandwidth,
cacheing,pipeliningandparallelexecutionof theprocessorunits.As farastheswitchnetworkis concerned
two importantunknownswhich will affect costsarethe actualnumberof switch chipstraversedandthe
presenceof hot-spotsin thenetworkcausingcollisions.Ontopof all of theseconcernsthereis theproblem
of measuringidle time asthe two communicatingprocessessynchroniseinitially. This idle time maybe
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Graph5: Comparisonof theCostsof Transmittinga Message

dueto thepresenceof otherprocesseson thecommunicatingprocessorsor to imbalancein theworkload
of the two processes.For all of thesereasonswe needa much simpler model which will predict the
communicationcostadequatelyenoughfor usto beableto makedecisionsaboutthegeneralperformance
of differentalgorithmsona PUMA machine.

Let us considerfirst a simplemodelfor a singlechannelcommunication.As mentionedin Section1
thesimplestmodel

& �*i � doesnot matchthe truecostwell enough,sinceit ignoresthesignificantstart
up time, � , asthechannelis initialised.Themodel

& ��i ] �ji 
 � includesthis initialisation timebut does
not takeaccountof the variationin costwith � . This variationis very significant(refer to Graph2) and
dominatesthe costwhena large number(say10 or more)of switch chipsaretraversed.The extra cost
incurredby switchchipsscaleswith themessagesizesincea delayis intoducedfor eachpacket,not just
for thewholemessage.Hencethedelayis equallysignificantfor bothsmallandlargemesssages.

Onewayto modelthisdelayis to introducea furthertermin thecostexpressioninvolving � and � :& ��i ] �ji 
 � �di�k � � (7)

Unfortunately, the resultingcostexpressionis becomingascomplicatedasthe modelspresentedabove.
Also,wewill notknow thevalueof � tobeused;evenfor aspecificmachinewith aknownnumberof switch
chips in a known configurationeachindividual channelcommunicationwill crossdifferentnumbersof
switchchipsdependingon thelocationsof theprocessorsinvolvedandwhetherrandomroutingis enabled
or disabled. It hasbeensuggestedthat the expression� �*lnm�o � could be usedasan average,assuming
the switch network was configuredas a hypercube. This is not entirely satisfactoryas the dimension
of the hypercube,if a hypercubeconfigurationis indeedused,will vary dependingon the numberof
switchchips,andthis is unlikely to bethesameasthenumberof processorsin themachinefor reasonsof
economy. Alternativeconfigurationsof switchchipswouldgive differentrelationshipsbetween� and� : a
grid configurationwould require �0p�q � ; anda linearchain: �0p � . A furthercomplicationin evaluating
a valuefor � occursif analgorithmusesonly onepartitionof a largemulti-usermachine:in this casethe
numberof switchchipsis morelikely to dependuponthetotalnumberof processorsin theentiremachine
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ratherthanthe numberbeingusedfor this particularcomputation.A reasonablesolutionseemsto be to
useEquation7 asa modelandexpecta suitableexpressionfor � to bespecifiedby theuserwhich reflects
thesizeandconfigurationof hismachine.Thisexpressionfor � mustgiveanapproximationto theaverage
numberof switch chipsin the pathof a generalmessage,for examplehalf the worstcasenumber. This
modeldoesnot satisfyoneof our mainaims, that the costmodelbe independentof the switch network
configuration,but thisseemsunavoidable.

A simplecostmodel for the multi-channelor multi-link communicationmethodsis mucheasierto
specifysincethis dependenceon � is removedprovidedthatthe link is saturated.In this situationwe can
usethemodel

& ��i ] �#i 
 � without losingany accuracy. Therelationshipbetweenthemulti-channelcost
modelandoursimplemodelis givenby:i ]sr C �i 
tr �����$� � � �*��! ��

In practicevaluesfor
i ] and

i 
 wouldbeestimatedby runningtestcommunicationsprogramsonareal
H1/C104machineandfitting themodelto theresultsobtained.Thisattemptsto takeaccountof thecostof
programcontrolflow andotherfeaturesnot includedin themodels.

Wearenow in thedifficult situationwhereweproposetwo differentcostmodelsfor pointto pointcom-
municationsdependinguponthe implementationof thatcommunication.Thecostmodelfor a numerical
algorithmmaycontaintermsdueto bothtypesof communicationandwill only becorrectif eachindivid-
ualcommunicationin thealgorithmimplementationhasbeenperformedusingthemethodexpectedby the
model. For numericallibrariesthis may not be too muchof a problem;for many algorithmsmostcom-
municationsareof vectorswhich maybelarge. In thesesituationsmulti-channelcommunicationswould
beusedthroughoutandtheassociatedcostmodelwould be independentof � andthereforeapplicableto
machineswith any switchnetworkconfiguration.On theotherhandmany algorithmsinvolvethecommu-
nicationof smallamountsof data.Thesewouldbeimplementedusingsinglechannelsfor communication
andhencethealgorithmiccostwoulddependon theswitchnetwork.

6 Conclusions

In this paper, we have discussedvariouswaysof implementingprocessto processcommunicationson a
PUMA machineanddevelopedcostmodelsto comparetheir performances.Noneof themodelspresented
is ideal so a compromisebetweencomplexity and accuracy, biasedtowardsmaintainingsimplicity, is
proposed.

For singlechannelcommunicationweproposeto modelthecostby:& ��i ] �ji 
 � �di�k � �
This expressionis dependenton theconfigurationof theswitchnetworkwhilst thealgorithmitself is not.
It hasbeenshown thatutilising thefull bandwidthof thelinks is notpossiblewith only asinglechannelon
a link whenmultiple switchchipsaretraversedby a message.To overcomethis inefficiency, we suggest
thatacommunicationslibrary is developedwhich includesa primitiveroutineto implementmulti-channel
communicationsfor asinglemessage.Wemodelthecostof sucha routine:& ��i � �#i:u �
This costmodel is independentof the switch network. This methodof communicationmay be usedto
transmitlongermessagessuchasthevectorsandmatricesin numericalalgorithms.A furthersetof library
routinesimplementinghigherlevel communicationsoperationssuchasbroadcastanddistributecoulduse
thisprimitiveto improvetheir performance.

Thiswork complementsthework presentedin [3, Section6] whichdescribesthecostsof link commu-
nicationin termsof thenumberof cyclesrequiredby thevariousprocessingunitsto performa communi-
cation. Thatwork alsoshows theeffect on performanceof partially full packets.It is comfortingto note
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that thesetwo differentapproachesbroadlyagreeon thecostspredictedfor channelcommunicationon a
PUMA machine.

Examplesof costmodelsfor numericalalgorithmsusingthe suggestedcommunicationsmodelsmay
befoundin severalPUMA workingpapers[1,2, 4].
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