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Abstract

This documenpresentshe problemof selectingsuitablecostmodelsfor channecommunicatioron
PUMA machines.We considervariousimplementation®f point to point communicatioranddevelop
detailedcostmodelsfor these.Simple costmodels,suitablefor usein modellingthe costof numerical
algorithms areproposedandcomparedvith the morecomplex models.

1 Introduction

A costmodelof anumericakllgorithmfor aPUMA machinemusttakeaccounof theinter-processocom-
munications Thecommunicationsnodelusedshouldbe assimpleaspossibleto allow quick development
of modelswhilst still providing sufficientaccurag. For a T8 networkthe costof channelcommunication
canbe modelledwell by justa single parametegiving thetime takento transfera REAL32 acrossa link
[8, 5]. Howeverthe compleity of H1/C104channecommunicationsequiresa morecomplicatednodel.
(Informationaboutthe architectureof the H1 andC104is dravn from IMMOS document$6, 7, 3].)

An algorithmandaccompaying costmodelfor T8 networkswasspecificto a particularconfiguration
of Transputersfor examplea chain,ring or grid topology However, the physicalconfigurationof C104
switch chipson a PUMA machinedoesnot restrictthe logical configurationof processorsequiredby an
algorithmsincethe architectureprovides‘virtual links’ betweenary pair of processesAs an algorithm
is now independenbf the switch networkconfigurationwe would like the costmodelfor the algorithm
alsoto beindependentf the configuration.Unfortunately the costof channecommunicatiordependsn
thenumberof switchchipsthatmessagesaverseandhencewill dependnthe machineconfiguration.n
generatheconfiguratiorof theswitchnetworkwill beunknonvn; machinesith thesamenumbeyp, of H1
processorsnay have differentnumbersof C104 switch chipsconnectedn differenttopologiesbalancing
therequirement®f networkperformanceandfinancialcost.

In thefollowing sectionsve examinethe H1/C104architecturén moredetaildevelopingcostmodels
thatinclude someof the architecturaffeaturesexplicitly. Thenwe seehow we candevelop simple cost
modelsof communicatiorfor usein modellingnumericalalgorithms.

2 A Plethora of Parameters

Let us considerthe following scenario:a sourceprocesson a processowishesto senda multi-packet
messagéo a destinatiorprocesn anotheprocessoconnectedo theswitchnetwork. Thereares switch
chipson the paththatthe messagevill travel from sourceto destinationprocessar We assumehat the
bandwidthof the networkis greatenoughto allow us to neglect the possibility of collisions between
differentmessages.For simplicity we also assumethat the destinationprocessis readyto receve the
messag&henthefirst packetarrives. This avoidsthe needto considetidle time in sourceanddestination
processaor However, the modelfor a completenumericalalgorithmshouldtake accountof theidle time
dueto synchronisationbetweerprocessesThefollowing parametersnaybe usefulin modellingthe cost
of this scenario:
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n number of bytesin message
Letusassumehatn is a multiple of b (seebelaw).

h number of bytesin header
Wewill useavalueh = 3 giving 22* distinctchannelsvhich shouldbeampleevenfor largenetworks
andalgorithmswhich usemary channels.

b maximum number of bytesin a packet
Value:b = 32.

s number of C104 switch chips a packet passes through

a transmission time
Thetimetakento transmitasinglebyteonalink. We will useavalueof o = 100ns(i.e.10MBytes/s
link speed).

G packet initialise time
Thetime takenfor the Virtual ChanneProcessofVCP)to initialise theoutputof a packetonalink.
Value: 3 = 200ns.

~ channel initialisetime
The time takenby the integer unit to setup a Virtual Link ControlBlock (VLCB) for outputof a
messag®en avirtual link. Value:y = 500ns.

d switch delay time
Thedelayintroducedoy a C104switchchip asapacketpasseshroughit. Value:§ = 1us.

(Valuesfor theseparameterareestimate®nly.)

3 Packet Transmission

For the transmissiorof a singlefull packetbetweerprocessorsherearetwo differentexpressiongor the
cost(asmeasuredy the sourceprocessorgdependingon the numbey s, of switch chipsthat the packet
traverses. If s is small enoughso that the sourcereceves an acknavledge packet(ACK) beforeit has
transmittedall of the bytesin the packetthenthe costis simply the time takenfor the sourceprocessos
VCP to beinitialised andto transmitthe headerdatabytesand EOP tokeni.e., 5 + (h + b + 1)a. (For
simplicity, we usethe samecostfor communicatinga tokenasfor a singlebyte). However, ass increases
thetime takento receve the acknavledgeis increasedy the delayintroducedby the interveningswitch
chips. For sufiiciently large s thetime to receve the ACK is largerthanthe costto outputthe packetand
sothe costis determinedy thetime takento receve the ACK. Thetime takenfor the VCP on the source
processoto initialise andoutputtheheadeis g + ha. After adelayof sd theheadehasbeenreceved by
the destinationVCP. The VCP processethe headerto generatean ACK in time # andthis is transmitted
backat cost(h + 1)a. The ACK is receved by the sourceVCP aftera furtherdelay sé. Thetotal costin
thiscaseis 25 + (2h + 1)a + 2sd. Sothecostof transmittinga full packets givenby:

_ B+ (h+b+ 1o
T = max{ 28 + (2h + 1) + 256 (1)

Graphl shavsthecostfor transmittinga full packetacrossaryingnumbersf switchchipsusingestimates
for the parameterasgivenin Section2. The point at which the costof transmittinga packetbegins to
dependn s, thenumberof switchchipstraversedjs derivedfrom Equationl:

Lo (b=ha—p

> @
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Graph1l: Costof Transmittinga SinglePacket

4 Message Transmission

In this sectionwe areconcernednainly with the communicatiorof long message&: > 100bytes) This
is commonin numericalibrary codeswhich frequentlydistributelarge matricesandvectors.To simplify
themodelswe assumeéhatn is alsoa multiple of 5. Giventhetime to transmita packetin Equationl the
costto transmita messagef lengthn is:

n

v+ 2B+ (h+b+1)a) @)
v+ 2(28 4 (2h + 1)a + 254)

Graph2 shavsthecostfor transmittingmessagesf varioussizesacrossvaryingnumberf switchchips.

T = max{

Equation2 givesthe point at which the messagéransmissiorcostbegins to dependon s. With the
estimatedvaluesfor the parametershis meanshatthe bestutilisation of a link for a singlechannelkcom-
municationis only obtainedwhen at most a single switch chip is traversed. If thereare two or more
switchchipsonthe paththenidle time of thesourceVCP andlink engineareintroducedwhilst the ACK is
awaited. PUMA machinesonsistingof morethan32 H1 processorgsonnectedy a switch networkwill
requiremorethanoneswitchchipandsothebestlink utilisationwill notbeobtainedonagenerapurpose
machinewith only onechanneto alink.

Therearetwo waysof improving the utilisationof thelink bandwidth.Oneway would beto introduce
excess parallelisminto thealgorithm,placingm identicalprocessesn eachprocessarin this casewhile a
delayedacknavledgepacketpreventstransmissiorof the next packeton onechannebnthelink, packets
on other channelsmappedonto this link may be transmitted. If thereare enoughchannelswishing to
communicatet atime thenthefull utilisation of thelink canbe achieved. This methoddoesnot require
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Graph?2: Costof Transmittinga SingleMessag®n oneChannel

comple programmingoy thealgorithmdeveloper but only thatthe algorithmis fine-grainecenoughto be
ableto usemp processedt shouldbe notedthatcomputeprocessemay alsoexecutein parallelwith the
communicatingprocessesincethey useseparat@xecutionunitswithin the processor

The secondmethodfor increasingdink utilisationis to split the singlemessage¢hata processvantsto
transmitinto multiple blocks andtransmittheseblocks on seseral channelsmappedonto the samelink.
Thistechniquadoesnot requireavery fine-grainedalgorithm,but will involvetheuseof complicateccom-
municatiorroutinesto divide, transmitandreassembléhemessageorrectly Completeroutinesshouldbe
providedaspartof a standarccommunicationdibrary sothatthe userdoesnot needto considertheir im-
plementationListing 1 shavs a full occamfragmentthatcommunicates vectorbetweertwo processes
usingmultiple channels Waysin which this canbeimplementedasa generalibrary routineareunclear;
for example how canauserspecifythesourceanddestinatiorprocesseto alibrary routine?Thisrequires
‘namedprocessfunctionalityin the compilet

The numberof channelghatneedto be usedto saturatea link depend®n the numberof switch chips
thatthemessagenusttraverse. Thenumberof channelsg say shouldatleastbelargeenoughsothatwhen
thefirst channeto transmita packethasjust receved an ACK thelastchannehasfinishedtransmittingits
packetj.e.:

time to outputfrom otherchannels > time betweerendof outputandreceve ACK
(c—1)(B+(h+b+1)a) > 28+ (2h+1)a+2s§—F—(h+b+1)a
204280+ (2h + 1)a
B+ (h+b+1)a

Let us consideran exampleof a typical generalpurposeMIMD local memoryPUMA machine.The
machinenhas256H1 processorand64 C104switchchips. Eachswitchchip hasthelinks from 4 processors
connectedo it using16 of the switchchip’slinks. Twelve of thelinks on eachC104areusedto configure
the switchnetworkasa doublehypercubeof dimensions. Theremaining4 links oneachswitchchip may
connecthe networkto |0 devicesanda hostmachine.

c > (4)
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some code
-- Declare c channel s
[ 4] CHAN OF [] REAL32 chanvec:
PLACED PAR
-- Source process
[ 1024] REAL32 source. vec:
I NT bl ock. si ze:

SEQ
sone code
bl ock. si ze := 256
PARi =0 FCOR 4

chanvec[i] ! [source.vec FROM bl ock. si ze*i FOR bl ock. si ze]
some nore code
-- Destination process
[ 1024] REAL32 dest . vec:
I NT bl ock. si ze:
SEQ
some code
bl ock. si ze : = 256
PARi =0 FOR 4
chanvec[i] ? [dest.vec FROM bl ock. size*i FOR bl ock. si ze]
some nore code
some nore code

Listing 1: Full occamCodeto Communicatea MessageisingMultiple Channels

For this examplemachinewith randomrouting of messagedisabledthe numberof switch chipsthat
a messagédraverseswill be at most6. Usings = 6 in Equation4 suggestghat about3 channelswill
be requiredto communicatdan parallelon a link to fully utilise the link bandwidth. It shouldbe noted
thatif s = 0, i.e. the processorsre connectedogetherdirectly, onechannelon a link saturateshe link
bandwidth.

Thetotal costof communicatiorusingmultiple channeldor a singlemessagés derivedasfollows. If
the numberof channelausedis not enoughto saturatehe link bandwidththeneachchanneltransmitsits
n/cb packetswith await for ACK betweereachone. Thetime betweertheoutputof thefirst packeton the
first channelandthe receiptof the last ACK on thatchannels (n/cb)(28 + (2h + 1)a + 2sd). Thelast
channetecevesits lastACK afterafurthertime (¢ — 1)(8 + (h + b + 1)«). Ontheotherhand,if enough
channelareusedto saturatehelink bandwidthtransmissiorof packetds continuouswith no waiting for
ACK packetsandthe transmissiorcostis (n/b)(3 + (h + b + 1)a). In both caseghereis the additional
cost,cv, incurredby the initialisation of the VLCBs by theintegerunit. However, becausef the parallel
executionof the integer unit andthe VCP, communicatiommay take placeon thefirst channelawhile the
remainingchannelsarestill beinginitialised. In this paperwe have includedthe full costof the channel
initialisationsin the models.Thetotal costfor a multi-channecommunications:

B+(h+b+1)a

o e+ 528+ Rh+1)a+ 258+ (c— )(B+ (h+b+1)a) if e < BEIEa
Tl ey + 2B+ (h+ b+ 1)a) otherwise

(5)
Graph3 shavs how the costof the multi-channelcommunicationof a single messagevarieswith the
numberof channelsaandswitches.Graph4 shawvs thatthe costof the communicatiorwill beindependent
of thenumberof switch chipstraversedprovidedthatenoughchannelsareused.
At worst, this methodgivesasgooda performanceaswhena singlechannelsaturates link, except
for the costof the additionalchannelinitialisations. However, the overheaddueto channelinitialisation
is small comparedwith the full costof the communication. For large networkswhere the round trip
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Graph3: Costof Multi-ChannelCommunicatioragainstNumberof Channels
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time to receve the ACK dominateghe costfor the single channelcommunicationthis methodprovides
a significantimprovementin performance.Hencethis methodof communicatiorseemswvorthwhile in
all practicalsituationswhetherc and s are known or not. If theseroutinesare provided as part of a
communicationdibrary thenafixedvalueof ¢, sayc = 4, would probablybe usedwhich wassuficiently
largeto saturatehe link bandwidthfor communicationgcrosshe largestnumberof switch chipsthatis
likely to occuronamachine.

If smallmessageg few packetdn length)aretransmitted¢henthemulti-channelmethodstill provides
asignificantperformanceémprovementover a singlechannecommunicatiorprovidedthatmorethanone
switch chip is traversed(andthusa single channelcannotsaturatethe link bandwidth). Even with only
one packetper channelthe costof the extra channelinitialisationsis only a small part of the total cost.
For avery smallmessagéup to onefull packeti.e.,n < 32) the simplesinglechannelcommunicatioris
better Most numericallibrary programswill communicatanessagesf a wide rangeof lengths,so both
multi-channektommunicationandsinglechannecommunicationsvill be used.For examplein Gaussian
eliminationmulti-channecommunicationsvould be usedfor distributingthe matrix, anda singlechannel
might be usedto broadcaspivot informationat eachstepof thealgorithm.

A furtherrefinemento the techniqgugor communicatinga messagéetweertwo processorsvould be
to makeuseof several, ! say of the links on boththe sourceanddestinationprocessorEachlink would
have enouglchannelsnappedntoit to saturatehelink bandwidth.TheVCP wouldfirstinitialiseapacket
communicatioron a channebn onelink. After that,in the previous multi-channelmethod the VCP must
wait until that packethad beenoutputbeforeit could initialise outputof a packeton a differentchannel
mappedntothesamdink. To avoid thisVCPidle time,thenev methodnsteadnitialisesthetransmission
of a packeton a channeimappedntoa differentlink. The VCP cyclesroundthe links outputtingpackets
oneachin turnandreturnsto thefirst link hopefullybeforeit hasfinishedtransmittingits packet.TheVCP
thenoutputsa packeton thefirst link again.This methodagaintriesto saturatehe bandwidthof eachlink
but usesmultiple links to increasehe outputrate of the sourceprocessar Full utilisation of eachlink is
only attainedf thetime takenby the VCP to serviceall four links is lessthanor equalto thetime takenby
alink engineto transmita packet:

46<(b+h+1)a

With the estimatedsaluesof Section? thisis true andsowe expectthe VCP to beableto sustaincommu-
nicationon all thelinks at their full bandwidthsimultaneouslyThis reducegshe numberof packetoutput
on eachlink by afactor/, giving a costof:

. :{ ley + % (28 + (2h + Do+ 250) + (e = (B + (h+ b+ Da) if e < ZHEETIe
ley+ (B4 (h+b4+1)a) otherwise
(6)
A comparisorof the predictedcostsof the threemethodsof communicatinga messages showvn in
Graphb. This graphshavs thattheuseof multi-channelandevenbettermulti-link) messageommunica-
tion routinesincreaseshe communicatiorperformancesignificantlyfor arny communicatioracrossmore
thanoneswitchchip.

5 A SimpleMode for Communications

Thecommunicationsnodelspresente@dbove arenot suitablefor usein our algorithmmodels.They arefar
toocomplicatedor ourdesiredaim of easeof modeldevelopment. Thecompleity isintroducedo present
an accuratemodel of the true costsof communication.However, it is unlikely that the degree of detalil
involvedwill give the expectedaccurag in practice. Thereare mary otherfactorswhich have not been
includedin the modelswhich maybe significant. Theseincludethe overhead®f programcodeexecution,
inefficieng of the implementationlanguage fransmissiorof partially full packets memorybandwidth,
cacheingpipeliningandparallelexecutionof theprocessounits. As far astheswitchnetworkis concerned
two importantunknovnswhich will affect costsarethe actualnumberof switch chipstraversedandthe
presencef hot-spotsn thenetworkcausingcollisions.Ontop of all of theseconcernghereis theproblem
of measuringdle time asthe two communicatingprocessesynchronisénitially. Thisidle time may be



5 A SimpleModelfor Communications 8

700

600~

500-

400

300

Cost (in microseconds)

200 Tmc

100 7

mml

0 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Switches

Graph5: Comparisorof the Costsof Transmittinga Message

dueto the presenc®f otherprocessesn the communicatingorocessor®r to imbalancein the workload
of the two processes.For all of thesereasonsve needa much simpler model which will predictthe
communicatiorcostadequatelyenoughfor usto beableto makedecisionsaboutthe generaberformance
of differentalgorithmson a PUMA machine.

Let us considerfirst a simplemodelfor a singlechannelcommunication.As mentionedn Sectionl
thesimplestmodelT = kn doesnot matchthe true costwell enough sinceit ignoresthe significantstart
uptime,~, asthechanneis initialised. ThemodelT = k; + ksn includesthis initialisation time but does
not take accountof the variationin costwith s. This variationis very significant(referto Graph2) and
dominateghe costwhena large number(say 10 or more) of switch chipsaretraversed. The extra cost
incurredby switch chipsscaleswith the messagsize sincea delayis intoducedfor eachpacket,not just
for thewhole messageHencethe delayis equallysignificantfor bothsmallandlarge messsages.

Onewayto modelthisdelayis to introducea furthertermin the costexpressiorinvolving n ands:

T= k’l + ]{7277, + k38’n (7)

Unfortunately the resultingcostexpressionis becomingas complicatedasthe modelspresentedabore.
Also, wewill notknow thevalueof s to beused;evenfor aspecificnachinewith aknown numberof switch
chipsin a known configurationeachindividual channelcommunicatiorwill crossdifferentnumbersof
switchchipsdependingn thelocationsof the processorivolvedandwhetherrandomroutingis enabled
or disabled. It hasbeensuggestedhat the expressions = log p could be usedas an average,assuming
the switch network was configuredas a hypercube. This is not entirely satisfactoryas the dimension
of the hypercubejf a hypercubeconfigurationis indeedused,will vary dependingon the numberof
switchchips,andthisis unlikely to bethe sameasthe numberof processorin the machinefor reason®f
economy Alternative configuration®f switchchipswould give differentrelationshipdetweens andp: a
grid configuratiorwould requires  ,/p; andalinearchain: s o« p. A furthercomplicationin evaluating
avaluefor s occursif analgorithmusesonly one partition of a large multi-usermachine:in this casethe
numberof switchchipsis morelikely to dependuponthetotal numberof processore theentiremachine



6 Conclusions 9

ratherthanthe numberbeingusedfor this particularcomputation.A reasonabl&solutionseemgo beto

useEquation7 asa modelandexpecta suitableexpressiorfor s to be specifiedby theuserwhich reflects
the sizeandconfiguratiorof his machine.This expressiorfor s mustgive anapproximatiorto theaverage
numberof switch chipsin the pathof a generalmessagefor examplehalf the worstcasenumber This

modeldoesnot satisfyone of our main aims, thatthe costmodelbe independenbf the switch network
configurationput this seemsainavoidable.

A simple cost modelfor the multi-channelor multi-link communicatiormethodsis much easierto
specifysincethis dependencen s is removed provided thatthe link is saturatedIn this situationwe can
usethemodelT = k; + kon withoutlosingary accurag. Therelationshipbetweerthemulti-channektost
modelandour simplemodelis givenby:

kq

cy
B+ (h+b+1)a

ka g

In practicevaluesfor k; andk- wouldbeestimatedy runningtestcommunicationprogramsnareal
H1/C104machineandfitting the modelto theresultsobtained.This attemptdo takeaccounof the costof
programcontrolflow andotherfeaturesotincludedin themodels.

We arenow in thedifficult situationwherewe proposeawo differentcostmodelsfor pointto pointcom-
municationdependingiponthe implementatiorof thatcommunication.The costmodelfor a numerical
algorithmmay containtermsdueto bothtypesof communicatiorandwill only be correctif eachindivid-
ual communicationn thealgorithmimplementatiorhasbeenperformedusingthe methodexpectedby the
model. For numericallibrariesthis may not be too muchof a problem;for mary algorithmsmostcom-
municationsare of vectorswhich may belarge. In thesesituationsmulti-channelcommunicationsvould
be usedthroughoutandthe associate@ostmodelwould be independenof s andthereforeapplicableto
machineswith ary switch networkconfiguration.On the otherhandmary algorithmsinvolve the commu-
nicationof smallamountof data. Thesewould beimplementedisingsinglechanneldor communication
andhencethealgorithmiccostwould dependon the switchnetwork.

6 Conclusions

In this paper we have discussed/ariouswaysof implementingprocesgo procesommunication®n a
PUMA machineanddevelopedcostmodelsto compareheir performancesNoneof themodelspresented
is ideal so a compromisebetweencompleity and accurayg, biasedtowardsmaintainingsimplicity, is
proposed.

For singlechannekcommunicatiorwe proposeio modelthe costby:

T= k’l +k2n+k33n

This expressionis dependenbn the configurationof the switch networkwhilst the algorithmitself is not.
It hasbeenshawvn thatutilising the full bandwidthof thelinks is not possiblewith only asinglechannebn
alink whenmultiple switch chipsaretraversedby a messageTo overcomethis inefficiengy, we suggest
thatacommunicationdibrary is developedwhich includesa primitive routineto implementmulti-channel
communicationgor asinglemessageWe modelthe costof sucharoutine:

T:k4—|—k5n

This costmodelis independenbf the switch network. This methodof communicatiormay be usedto
transmitlongermessagesuchasthevectorsandmatricesn numericalalgorithms.A furthersetof library
routinesimplementinghigherlevel communication®perationsuchasbroadcasanddistributecoulduse
this primitive to improve their performance.

Thiswork complementshework presentedh [3, Section6] which describesghe costsof link commu-
nicationin termsof the numberof cyclesrequiredby the variousprocessinguinitsto performa communi-
cation. Thatwork alsoshaws the effect on performanceof partially full packets.It is comfortingto note
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thatthesetwo differentapproachesroadlyagreeon the costspredictedfor channelcommunicatioron a
PUMA machine.

Examplesof costmodelsfor numericalalgorithmsusingthe suggested¢ommunicationsnodelsmay
befoundin several PUMA working papers[12, 4].
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