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Glossary

agentAswitchorbridgebetweentherequesterandtheresponder.

Duringnormaloperationtheagent'sinterventionistransparent

totherequesterandresponder.

busiesA\busy"isthetermforanegativeacknowledgementinSCI.If

theinput-buffersofanSCI-interfaceisoccupied,itsendsa\busy"

tothenodewishingtoaccesstheinput-buffers.

coherenceMultiplecopiesofdataarecoherentiftheyarelogicallycon-

sistent.

diameterThediameterofanetworkisthemaximumdistancebetween

twopointsinanetwork.Sometimescalledthemaximumnumber

ofhops.

itisthesmallestunitofinformationthataqueueorchannelcanac-

ceptduringoneclockcycle. A\symbol"intheparallelversionof

SCIisait.

latencyisthetimeforapackettotraverseanetworkfromthesender

tothereceiver.

nodehasunfortunatelythreedifferentmeanings,dependingonthe

context:

1. [IEEE-SCI]usethewordtomean\something"thathasan

SCI-interface.This\something"iseitheraswitch(agent),or

aunitincludingforexampleaprocessorandaSCI-interface.

2.Invariousarticles,eg.[JohnGood,Agarwal,Dally90]theword

\node"isusedtomeananintersectioninak-aryn-cube,which

typicallyhasaswitchwithaprocessorattachedtoit.Weuse

insteadtheword\vertex".

3.Inoursimulationprogram,anodeisanentitycontaininga

processorandaSCI-interface. Wewilltrytousetheterm

\activenode"tostressthefactthatwespeakofanodethat

takestheinitiativetosendrequestsandresponses.

requesterThenodethatinitiatesatransaction.Thisisdonebyiniti-

atingarequestsubaction.

responderThenodethatcompletesthetransaction. Thisisdoneby

initiatingtheresponsesubaction.

x



xi

ringletTheclosedpathformedbytheconnectionthatprovidesfeed-

backfromtheoutputlinkofanodetoitsinputlink.Thisconnec-

tionmayincludeothernodesand/orswitchelements.

scalableAconceptisef�cientinasystemindependentlyofthesystem's

size.

symbolSeeit.

transactionAninformationexchangebetweentwonodes.Atransac-

tionconsistsofrequestsubactionandaresponsesubaction.The

requestsubactiontransferscommands(andsometimesdata)be-

tweenarequesterandaresponder. Theresponsesubactionre-

turnsstatus(andsometimesdata)fromtherespondertothere-

quester.

throughputTheamountoftraf�cinanetworkperunitoftime.Usu-

allymeasuredinbytespersecond.

vertex(plural: vertices)Webster: \theterminationorintersectionof

linesorcurves". Inthisthesisitreferstotheintersectionsina

k-aryn-cube.Examples:asquarehas4vertices,a3-cubehas8

vertices,anda3-ary2-cubehas9.Seechapter4forfurtherexpla-

nation.
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1

Introduction

High-performancecomputerswithhundredsofprocessorsareincreas-

inglyneededforapplicationslikeweather-forecasting,simulationsand

expertsystems.Toachieveanoverallhighperformanceinacomputer

system,everypartofthesystemhastodeliveraperformancewhich

equalstheotherpartsofthesystem.Inasystemwithalargenumber

ofprocessorsworkingtogether,theinterconnectionsystemisofgreat

importancetotheperformance.Howtheinterconnectionismadeupis

themainfocusinthisthesis.

Wewillstudyvariousinterconnectionnetworksformultiprocessors.

Ofspecialinterestistheclassofinterconnectionnetworkscalledk-aryn-

cubes.Toevaluatethevariousinterconnects,wehavemadeasimulator

thatsimulatesvariousaspectsofk-aryn-cubes.Aspectstobestudied

are�rstofallthelatencyandthroughputofk-aryn-cubes.Thesek-ary

n-cubesrunprotocolsasspeci�edbySCI1.

SCIisanIEEEmultiprocessorstandardapprovedinmarch1992.

WorkonSCIbeganinlate1987whenseveralmembersoftheIEEE

Futurebusprojectfeltthatbuseswouldnotmeetthedemandsoffuture

multiprocessorsduetomainlythefollowingfactors:theone-broadcast-

at-a-timeproperty,clockrateslimitations,andpoorscalability[Gustav].

Astudygroupsoonconcludedthatasolutioncouldinvolvetheuseof

packet-basedsignalingovermultiplepoint-to-pointlinks,thusavoiding

thephysicallimitationsofbuses.

ThemostactiveparticipantsintheevolutionofSCIarethefollowing:

AppleComputers,CERN,DolphinServerTechnology,Hewlett-Packard,

StanfordLinearAcceleratorCenter,theUniversityofWisconsin,and

theUniversityofOslo.

WemakeaninformalcomparisonofSCIandSWIPP2.SWIPPisa

multi-computer-studyattheUniversityofOslo. Themainideaofthe

SWIPPconceptistoconnectheterogeneousnodesbyusing�ber-optics

andswitches.Eachnodehasanextradevicewhichperformsthenet-

working/communicationtasksonbehalfofthenode.

1
SCI:TheScalableCoherentInterfaceIEEE1596-1992

2
SWIPP:SwitchedInterconnectionforParallelProcessors

1



2 1 Introduction

SeveralstudentsarewritingtheirthesisaspartoftheSWIPP-proj-

ect.AprototypeSWIPP-networkhasbeenmade,whichiscurrentlyun-

dertesting[NerSmaTor].ContacthasbeenmadewithCERNwiththe

aimofusingSWIPPindata-acquisition.

Thisthesisisorganizedinthefollowingmanner:

Chapter2 Inthischapterthe�eldofparallelprocessingispre-

sented. Firstthebasicarchitectureofatraditionalcomputerispre-

sented. Thenweexplainessentialtermssuchasstreams,coupling,

sharedmemory,messagepassing,multiprocessors,multicomputersand

cachecoherency.

Chapter3Thebasicsofinterconnectionnetworksareexplainedin

thischapter:wires,switchesandswitching-techniques.Thedifference

betweenstaticanddynamictopologiesisexplained.Meshesandcubes

arepresented,alongwithsingle-stageandmulti-stagenetworks.

Chapter4 Inoursimulationweusetheinterconnectionnetwork

calledk-aryn-cubes. Inthischapterthemoretheoreticalaspectsofk-

aryn-cubesarediscussed.

Chapter5 TheScalableCoherentInterface(SCI)standardforms

thebasisofourstudyofk-aryn-cubes.InthischapterSCIisintroduced.

Chapter6 InthischapterwepresentSWIPP.Aninformaldiscus-

sionofSWIPPandSCIisthenmade.

Chapter7 presentsseveralwaysofconstructingtopologiesusing

rings.

Chapter8 Inthischapterwepresentoursimulator.Objectsand

algorithmsthatrepresentthenodesandprotocols,arepresented.

Chapter9Wehereshowtheresultsofoursimulations.

AppendixAInthisappendixwetakeabrieflookatpreviousand

existingstandardsforcomputer-buses.

AppendixBHereweexplainbrieythesimulationtoolswecon-

sideredusing.

AppendixCThisappendixcontainstwoarticles.The�rstarticle

areprintofthearticle\VariousinterconnectsforSCI-basedsystems",

publishedintheproceedingsofOpenBusSystems'91.

ThesecondarticlewaspublishedintheproceedingsofCAMAC'92.It

isentitled\BehaviorofScalableCoherentInterfaceinlargersystems",

andisbasedtoalargeextentonthe�ndingspresentedinthisthesis.It

alsoservesasaroughsummarytothisthesis.

AppendixDThisappendixexplainshowothersmayuseoursim-

ulator.



2

ABriefintroductionto

parallelprocessing

Thischapterpresentsthebackgroundmaterialforthisthesis.Firsta

briefoverviewonhowmostcurrentcomputersworkispresented.Then

ageneralintroductiontoparallelprocessingandsomeoftheimportant

termsusedareexplained.

2.1 vonNeuman

Sincethe1940'sanduptothepresent,computershavehadthesame

basicarchitecture.Ithasbeenmadeupofthreebasicelements:apro-

cessor,amemory,andsomeformofinput/output[Tanen90].Abushas

thenbeenusedtoconnecttheseelementstogether,asshownin�gure

2.1.ThisisoftenreferredtoasthevonNeumanarchitecture. Closely

Processor

Bus

I / OMemory

Figure2.1:Traditionalcomputerarchitecture.

associatedwiththisarchitectureisthefollowing,verysequentialproce-

durecarriedoutbytheprocessor(theinstructioncycle).

1.Fetchthenextinstructionfromthememoryoverthebus.

2.Updatethe\programcounter"intheprocessor.Aprogramcounter

isareference(placedinaregister)tothenextinstructiontoexe-

cute.

3
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3.Decodetheinstruction(inotherwords:�ndoutwhichinstruction

itis).

4.Fetchifnecessaryoperand(s)fromthememoryoverthebus.

5.Executetheinstruction.

6.Puttheresultsomewhere,eitherinaregisterintheprocessor,or

sendittothememoryoverthebus.

7.Gotostep1.

Thisprocedureandthearchitecturethatgoeswithithasremainedbasi-

callyunchangedduringthelast40years.Neverthelesstheperformance

ofcomputershasimproveddramatically.Thisisduetotothefollowing

(mainlyfromahardware-perspective):

oTheinventionofthetransistor

oVirtualmemory

oUseofcaching

oVLSI{VeryLargeScaleIntegration

oPipelining

Thepresenttrendisthatprocessorsaregettingfasterandmemories

larger.Thebusconnectingthemhasnotimprovedwithinthesameor-

derofmagnitude(thevon-Neumanbottleneck)[Tanen90]. Thebusis

asharedresource(oneuseratatime)thattendstobecomesaturated.

Asthewishtoputmoredevices(e.g.moreprocessorsandmemories)

onthebusbecomesmorepronounced,thissaturationbecomesagreater

problem.

2.2 Goal:Fastercomputers

Thedemandformoreprocessingpowerwillcontinuetoincrease.There

are2waystosatisfythisdemand.

1.Improvetechnology. Thiscanbedonebyincreasingthelevelof

integrationorincreasetheswitchingspeedofthechip.Increasing

thelevelofintegrationimpliesmorelogicgatesperunitareaonthe

chip.Aspeedincreasemeansthatthechipwillusemorepower,

whichwillputarestrainonthescaleofintegration(mainlydueto

heatdevelopment).Thequestforhigherperformancethenleads

tomoreresearchonnewchiptechnologies,resultinginforexam-

plenewchipmaterials(eg.GaAs),lowersignalswitchinglevels

etc.Thelimitsoftheseapproachesarethespeedoflightandthe

unavoidablecapacitancesinthematerialsused.

2.Makethecomputerdotasksinparallel.Forthatmultipleproces-

sorsandmemoriesareneeded.Thisinturndemandsanimproved

interconnect.Thisisthetopicofthisthesis.
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2.3 Thebasicsofparallelprocessing

Whatisparallelprocessing?Itisbasicallytosubdivideataskintomulti-

pleparts,eachwhichcanbeexecutedonindependentpiecesofhardware

simultaneously.Thisdivisionismostlikelycarriedoutbysoftware(typ-

icallytheoperatingsystem).Thenetresultshouldbeareductioninthe

overallexecution-time.

Amoreformalde�nitionhasbeengivenby[HwaBri]:1

\Parallelprocessingisanef�cientformofinformationpro-

cessingwhichemphasizestheexploitationofconcurrentevents

inthecomputingprocess. Concurrencyimpliesparallelism,

simultaneity,andpipelining. Paralleleventsmayoccurin

multipleresourcesduringthesametimeinterval;simultane-

ouseventsmayoccuratthesametimeinstant;andpipelined

eventsmayoccurinoverlappedtimespans...."

Noteespeciallythekeywordsconcurrenteventsandmultipleresources:

eventsarehappeningconcurrentlyonmultiplepiecesofhardware(pro-

cessors).

Therearethreemainpointstoconsiderwhenanalyzingorsynthe-

sizingaparallelcomputer[Tanen90]:

1.Thenatureoftheprocessingelementsthemselves.Theirsizeand

speed,andwhetherthereisasingleprocessingelementonachip,

orseveral.

2.Thenatureofthememorymodules.Memoriesareoftenphysically

splitupintomultiplemodules.

3.Thenatureofthenetworkconnectingtheprocessingelementsand

thememorymodulestogether.Thisisthemaintopicofthisthesis.

Thisisdiscussedfurtherinchapter3.

Acomputerwithnprocessorsshouldideallyben timesfasterthan

acomputerwithasingleprocessor(assumingprocessorsareidentical).

Thatisnotthecaseinpractice,foranumberofreasons:

1.Communicationisnotinstantaneous.

2.Aprocessorhastowaitfordatafromamemory-node.

3.Aprocessorhastowaitfordatafromanotherprocessor.

4.Partsofthecodehastobesequentialbecauseofthenatureofthe

application.

5.Aprocessorhastowaitforavailablebandwidth,itcannotyetac-

cesstheinterconnectionnetwork.

1Onpage6.
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6.Inef�cientalgorithmsthatdonotexploittheavailablehardware

areused.Inotherwords:unnecessarysequentialism.

7.Sharingofwritabledata{thecachecoherenceproblem.

Forthefuture: littlecanbedoneabout1-4,butwith5-7progresscan

de�nitelybemade.

Theestimatedspeedofaparallelcomputerrelativetousingasingle

equivalentprocessorisoftenreferredtoasspeedup.Wehereformally

de�nespeedupas[Seitz]:

S(n) =
timeon1node

timeonnnodes
(2:1)

Asexplainedabove,itisimpossibleforthespeeduptoben.Thepes-

simistssayspeedupislog 2n (Minsky'sconjecture). Amoreoptimistic

viewisthatthespeedupisn= lnn.See�gure2.2.

Amdahlpointstothefactthatthespeedupisdependentontheper-

centageofsequentialcodef inagivenprogram[Quinn]:

SAmdahl(n) �
1

f + 1�f

n

(2:2)

Ifweassumethat10%ofthecodeissequential,then

SAmdahl(n) �
10

1 + 9

n

(2:3)

Thespeedupcanthenneverbemorethan10(accordingtoAmdahl).

Thisisshownin�gure2.2.

Iff approacheszero(naive)thenSAmdahlapproachestheidealcase:

lim
f!0

SAmdahl(n) � n (2:4)

Mostcommercialmultiprocessorstodaytypicallyhave2-4proces-

sors.UsingMinsky'sconjectureasystemcontainingforexample4pro-

cessors,onlyworktwiceasfastasasingleprocessor.Ifoneleanstoward

n= lnn thenitworksroughlythreetimesasfastasasingleprocessor.

AlsoAmdahl'slawpointstothelatter(forf = 10%).

Acommonlyusedtermspecifyingtheamountofparallelismused

isthegrain-sizeofthesystem. Forexample,atime-sharingsystem

withmultipleusersdemandsrelativelylittlecommunicationbetween

independentpiecesofsoftware.Thisistypicalofcoarse-grainedparal-

lelism.Theoppositeis�ne-grainedparallelism.Anexampleofthelat-

terisvector-processing,wheremultipleprocessorsareworkingclosely

togetheronthesameproblem.

Itisaprobabletrendthatthegrainsizeofparallelcomputerswill

decrease.Thisresultsinmessagesbeingsentmoreoftenandfewerin-

structionsarethenexecutedinresponsetoeachmessage.Thuscommu-

nicationlatencybecomesanincreasinglyimportantfactor[Dally90].
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2.00
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128.00

256.00

512.00

Speedup (S)

ideal case (S=n)

n/ln(n)

S_Amdahl

log2(n)

Number of processors (n)

Figure2.2:TheestimateofthespeedupS ofasystemofnprocessors.Adapted

from[HwaBri].

2.3.1 Flynn'sstreams

Themostclassicclassi�cationofcomputer-architecturesisprobablythat

donebyFlynn.ToFlynnthemaintaskofacomputeristheexecutionof

instructionsonasetofdata.Aninstructionstreamisthesetofinstruc-

tionsexecutedbyprocessor(s)ononeormultiplesetsofdata. Adata

streamisthesetorsetsofdatatheinstructionstreamoperateson.He

dividedarchitecturesinto4basiccategories[HwaBri]:

SISDSingleinstructionstream,singledatastream.Thisisthesameas

thetraditionalvonNeuman-con�gurationwithasingleprocessor

andasinglememory.Mostcomputerstodayfallintothiscategory.

SIMDSingleinstructionstream,multipledatastreams. Inthiscate-

goryasingleinstructionisperformedsimultaneouslyonmultiple

operandsatthesametime(synchronously).Thisisalsoknownas

vector-processors,orarray-processors.ExamplesaretheIlliacIV,

theConnectionMachineandCrays.

AvariationofSIMD-machinesisM-SIMD:multipleSIMDs.In

contrasttoaSIMD-machine,ithasmultiplecontrolunits,each

operatingonasubsetoftheprocessors.

MISDMultipleinstructionstreams,singledatastream. Variousin-

structionsaresimultaneouslyperformedonthesameoperand.No

realimplementationofthisclasshasbeenconstructed.
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MIMDMultipleinstructionstreams,multipledatastreams. Inthis

categorymultipleoperationsareperformedsimultaneouslyonin-

dependentoperands.Aprogrammustbebrokenintoseveralin-

dependentpieceswhichexecuteindependently(asynchronously).

Thiscategoryisbetterknownasmultiprocessorsormulticomput-

ers,dependingonhowmemoryisorganized. Seesection2.3.3.

Well-knownMIMD-machinesincludetheBBNButtery,theIntel

iPSC,andsomeimplementationsusingtheInmosTransputer.

2.3.2 Coupling

Anotherimportantclassi�cationschemeisthatofcoupling.Aparallel

architectureissaidtobeeithertightlyorlooselycoupled[HwaBri]:

LooseThearchitectureconsistsofrelativelyindependententities,each

withitsownprocessor,memory,andperhapsitsownI/Ochannels.

Thenetworklatencyisusuallynotsocritical.Thisisalsoknown

asamulticomputer.See�gure2.3.

TightThearchitectureconsistsofasetofprocessorsthatshareacom-

monmainmemoryandiscontrolledbyanoperatingsystemthat

providesforinteractionbetweenprocessorsandtheirprograms.

Theprocessorsmayhavetheirownprivatememory. See�gure

2.4.Withatightcon�gurationthenetworklatencybecomesacrit-

icalparameter,becausemorememory-fetcheshavetobedonevia

theinterconnectionnetwork.

INTERCONNECTION-NETWORK
contains links and switching nodes

Processor

Memory

Module1

Processor

Memory

Module2

Processor

Memory

Modulen

Figure2.3:Looselycoupledarchitecture.
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Processor1 Processor2 Processorn

Memory1 Memory2
Memorym

INTERCONNECTION-NETWORK
contains links and switching nodes

Figure2.4:Tightlycoupledarchitecture.Notethattheprocessorsmayhavesome

privatememory.Thememorymodulesaretogetherasharedmemory.

2.3.3 Theorganizationofmemory

Thereare2majorwaystoorganizememory:byusingasharedmem-

oryorbyusingmessagepassing[Tanen90]. Withsharedmemory

thereisonecommonaddress-spaceforalltheprocessors.Thissimpli�es

thesharingofcodeanddata-structuresamongtheprocessors.Ifinstead

theprocessorsonlyhavetheirownprivatememory,theysharedataby

sendingmessages.Thelatter,called\messagepassing"isoftenreferred

toasamulticomputer(looselycoupled).

Acomputerwithsharedmemoryisoftencalledamultiprocessor2 .

Therearevariouswaystoorganizesharedmemory.Onewaycouldbeto

haveasingle,largememorymodule.Thatistheconservativeapproach.

Abetterwaycouldbetodividethemintomultiplememory-modules,

maybewithinterleaved(low-ordered)addressing.

Itisimportanttodistinguishbetweenphysicalsharingandlogical

sharing.Withphysicalsharingthereisonesinglesharedaddress-space.

Avaluewrittentoawordwithoneprocessorcanbereadbyanother

processor.Ifsuchphysicalsharingdoesnotexist,datamustbesent.

Logicalsharingisusedifthesoftware(andtheprogrammer)assumes

itisaccessingasharedmemory,whenitisnot. Insteadanabstract

singlememory-spaceisaccessedbytheprogrammerthathidesthefact

thatmessage-passingisused.

Thetwoconceptsphysicalandlogicalsharingcanbothappearatthe

sametime,givingatotaloffourcombinations.Ifthesoftwareandthe

hardwareboth\see"onlyprivateunsharedmemory,messagepassing

mustbeusedtosharedata. Ifthesoftwareandthehardware\see"

2Multiprocessorsandmulticomputersaretermsusedrelativelyunformallyinthe
literature.Thereforesomemightdisagreewiththestatedde�nitions.
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thesameaddress-spacewehavea\straightforward"sharedmemory.A

lesscommonalternativeistosimulatemessagepassingandalogically

unsharedmemoryontopofaphysicallysharedmemory.

Themostinterestingcombinationconsistsofsimulatingalogical

sharedmemory\ontopof"aphysicallydisjointmemory.Itiseasierfor

programmerstorelatetosharedmemoryinsteadofmessagepassing.

TheLindaprogrammingmodel[Carrier]isanexampleofanimplemen-

tationoflogicalsharedmemory.InLindaprocessesaccessanabstract

\tuplespace"(thelogicalsharedmemory).This\tuplespace"couldbe

distributedtoindependentworkstations.Intable2.1thevariouscom-

binationsofphysicallyandlogicallysharedmemoryareshown.

SharedmemoryversusMessagepassingWhataretheprosand

consofusingasharedmemoryoramessage-passingarchitecture?We

herepresentsomeofthem,largelybasedonourownimpressions:

oSharedmemory:\Easiertouse,butmoredif�culttoconstruct."

+ Thisisthe\traditional"programmingenvironment. Shared

memoryispresentedtotheprogrammerasonelarge,uniform

address-space. Thisisfamiliartoallprogrammers. Thus

moreprogrammerscanbepersuadedtoprogramashared

memorycomputer. Ifthisisthecasemoreprogramswillbe

availableforsharedmemorycomputers.

+/{Thereislesscopyingofdatabythenodes.Messagesoftencon-

tainonlyreferencestothedatainquestionandtheoperation

toperformonthedata.

+/{Latencyismorecritical. Thisisbecauserequestsaresent

moreoften,andtheserequestsareoftenforsmallamountsof

data.Thusitisreasonabletoassumethatthegrain-sizeofa

sharedmemorycomputerislikelytobesmaller.Sincepackets

tendtobesmaller,therelativeoverheadduetoheadersis

larger.

{ Prefetchingissomewhatmoredif�cult. Prefetchistheabil-

itytoguessinadvancethenextblockofdatadesiredbythe

processor,andthusfetchitoverthenetworkinadvance.

Accordingto[Bell]thetrendthelastfewyearshasbeenleaning

towardsharedmemorycomputers.

oMessagepassing:\Easiertoconstruct,butmoredif�culttouse."

+ Prefetchingiseasier.

+/{Latencyisnotsocriticalandgrain-sizeislarger.Headerover-

headissmaller,butinmessage-passingthereisa\data-over-

head":moredatathannecessaryareoftensent.

{ Adrawbackwithmessagepassingisthattheprogramming

environmentismorecomplexthanonatraditionalone-mem-

ory-spacecomputer. Thisisamajorobstacleifsomeoneis
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toprogramamessage-passingcomputer.Itcanbeovercome

byhavinganabstractsharedmemory\ontopof"message-

passingwhichtheprogrammeruses(alogicallysharedmem-

ory).

{ Messagescontaintheoperationandthedataitself,notjust

areferencetothedata.Thiscouldresultinmorecopyingof

databythenodes.Morememory-spaceisthenneededinthe

nodes.

Bothmessagepassingandsharedmemoryhavetheirstrengthandweak-

nesses.Messagepassingisprobablybestforproblemsoflargergrain-

size,whilesharedmemoryismaybemoreoptimalforproblemsofsmaller

grain-size.

Physically Logically

Unshared Unshared
Multicomputer.

Usesmessagepassing.

Unshared Shared
Distributedvirtualmemory.

E.g.theLindaparadigm

Shared Unshared
Message-passingby

sharedbufferspossible.

Shared Shared
\Straightforward"shared

memorymultiprocessor

Table2.1:Variouscombinationsofsharedmemoryinsoftware(logically)andin

hardware(physically).Adaptedfrom[Tanen90].

OrganizationofmemoryversuscouplingWehaveherechosento

separatetheconceptofcouplingfromtheconceptoftheorganizationof

memory.Inrealitythereisacloserelationship,ascanbeseenin�gure

2.3and2.4. Intheloosearchitectureshownin�gure2.3itisnatural

toassumethemodulescommunicatebyusingmessagepassing. The

tightarchitecturein�gure2.4isatypicalsharedmemoryarchitecture.

[Dally87]3andothersdonotdistinguishbetweenthetwoconcepts.

2.3.4 Thecachecoherenceproblem

Aproblemwithdesigningsharedmemorymultiprocessor-systemsisthe

contentionformemory-accessthatarise,andalsothecontentionforthe

interconnectitself.Theseproblemscontributetoincreasememoryac-

cesstime.Thisinturnresultsintheprocessorshavingtoslowdown.

Thustheprocessorsareoftenidle,whilewaitingfordatafrommemory.

Theuseofcachesineachprocessorreducesthisproblem,butthenthe

problemofdataconsistencyinthecachesarises.Thisisoftenreferredto

3Onpages8-10.
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as\thecachecoherenceproblem"[Stenstr�om,Chaiketal,Goor,PatHen].

Itgivesrisetothefollowingproblems:

Sharingofwritabledata: Multiplecopiesofthesamedataresult

inproblemsifthedataiswritable.Dataincoherencymightarise

intwoforms:betweenmultiplecachesandbetweenacacheand

memory. Anexampleoftheformer: cacheCi andcacheCj both

hasacopyoflineX frommemory. Ci thenmodi�esX. Cj must

thensomehowbemadeawareofthechange.

Processmigration:Sometimesthereisawishtomoveaprocessfrom

aprocessorPi toaprocessorPj.Areasoncouldbetoachieveload

balancing. AproblemmayoccurwhenPi modi�eslineX inits

cachebeforetheprocessmigratestoPjandbeforeX isupdatedin

memory.PjwillthenreadtheoldX valueinmemory.

I/O:Thereisalsotheriskofincoherentdatabeingwrittentodisk.A

blockfrommainmemorycouldbewrittentothediskbeforealine

X ismodi�edbyacache.Thusmainmemoryhadanoldvalueof

X,resultinginthewrongdatabeingwrittentodisk.

Therearemanyschemesproposedtosolvethecachecoherenceprob-

lem.Somesolveitbyusinganinterconnectwithbroadcastproperties

(usuallyabus). Thisisreferredtoas\snooping": thecache-controller

keepsconstantlyaclosewatchontheinterconnect.Anotherwayisto

somehowkeepalistofthecachedblocks(directory-basedschemes).It

isalsopossibletosolvethecachecoherenceprobleminsoftware.

Figure2.5showsataxonomyofvariouscoherency-schemes.

Snooping Dirctory-
based

Software-
techniques

Full-mapLimited
Write-
invalidate

Write-
update Chained

Single-linked Double-linked Tree-structure

Figure2.5: Ataxonomyofcache-coherencyschemes, somewhathardware-

biased.

2.3.4.1 Snooping

Thecoherencyschemecalledsnoopingisprobablythemostpopularto-

day.Itisrelativelyeasytoimplement,mostcommercialmultiprocessors

availabletodayusethisscheme.
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Thistechniqueiscloselytiedtotheuseofabroadcast-typeinter-

connect{abus.Thecachecontrollerskeepaclose\watch"onwhatis

transmittedonthebus.Ifthey\hear"that\someoneelse"ismodifyinga

blockthattheyhaveintheirowncachetheytaketheappropriateaction

tomaintaincachecoherency.

Therearetwotypesofsnoopingprotocols. Theydifferintheway

theyhandlewrites.Theyarecalledwriteinvalidateandwriteupdate.

Thelatterisalsoknownaswritebroadcast.

Writeinvalidateworksthefollowingway:thewritingprocessorin-

validatethecopiesoftheblockinothercaches. Thisisoftendoneby

aspecialinvalidationsignalonthebus.Whenthisisdonethewriting

processorisfreetomodifytheblock. Ifoneoftheothercachesorthe

memorylaterwantstoreadtheblock,thecachewhichlastmodi�edit,

suppliestheblock.

Withwriteupdate,thewritingprocessorbroadcaststhenewdataon

thebus.Theothercachecontrollersthenseeiftheyhavetheblockin

theircaches.Ifthatisthecase,theyallupdatetheircachessimultane-

ouslywiththenewdata.

Thedrawbackofsnoopingisitsdependenceonabroadcast-typein-

terconnect.Broadcastsaredif�culttorouteef�cientlythroughswitches

[Jamesetal],thussnoopingisconstrictedtobus-typeinterconnects.

Thatlimitsthescalabilityofsnooping.

2.3.4.2 Directory-basedschemes

Theproblemwithsnoopingprotocolsisthattheydependontheuseof

buses.Busesrepresentabottleneckwithrespecttobandwidth(satura-

tion).

Ifoneistoavoidtheuseofbroadcaststhenthelocationofthecached

copiesoftheblockmustbestoredsomehow.Thislistofthecopies'lo-

cationiscommonlycalledadirectory. Itcanbecentralized(e. g. in

thememory)ordistributedamongthecaches.Therearethreetypesof

directory-basedschemes:full-map,limitedorchained.Directorybased

schemesaresuitedtovariousinterconnectionnetworks.

Full-mapscheme: Inthefull-mapschemethedirectoryisassoci-

atedwithmemory.Foreachblockinmemorythereisavectorcontain-

ingseveralbits(asmanybitsastherearecaches).Eachbitisassociated

withaspeci�ccacheinthesystem.Thebitissetiftheblockisinthe

respectivecache.

Associatedwitheachblockisalsoanadditionaldirtybit,whichis

setwhenthecacheismodifyingtheblock.Foracachetodosoitmust

have\valid"dataandwritepermission.

Thefull-mapprotocolisrelativelystraight-forward,butithaslim-

itedscalabilitywithrespecttooverheadinmemory.

Limiteddirectoryscheme: Thelimitedschemeisanalternative

toreducetheoverheadofthefull-mapscheme. Herewerestrictthe

numberofcache-pointersinthedirectoryentrytolessthanthetotal
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numberofcaches.Thedif�cultyistohandlethecasewhenmorecache-

pointersarerequested. Therearetwoalternatives,eithertodisallow

morecopiesoftheblockorsomehowbroadcastthatmorecopiesexist.

Chaineddirectory: Inthechaineddirectoryschemethedirectory

isphysicallyspreadoutamongthecaches.Startingatthecachelinein

questionthereisachainofpointers\connecting"thecachestogether.

Thememory-overheadismadeupofaclean/dirty-bitandapointerto

the�rstcacheinthechain.Theadvantagewiththisschemeisthatit

isscalablewithrespecttothedirectory-size.Ifanothercachewishesto

enterthesharinglist,thedirectoryisincreasedbyone.Thelocationof

onecacheisputinanothercache.

In�gure2.6and2.7thegeneralideaisshown.In�gure2.6cache1 is

theonlycachehavingacopyofcachelinex.Thememoryhasapointer

tothe�rstcacheinthechain,presentlycache1. Ifmorecacheswere

sharingthecacheline,cache1 mighthaveapointertothenextcache

sharingthecacheline. Presentlyonlycache1 isinthesharinglist,so

cache1 onlyhasa\chain-termination"(CT)pointer.Ifcache2alsowants

toaccesscachelinex,itputsitselfasthenewheadinthechain.This

isillustratedin�gure2.7.Cache2 requestscachelinex frommemory.

Thememorysendsacopytocache2,alongwithapointertocache1.The

memorythendeletesitspointertocache1andpointstocache2 instead.

Cache2keepsitspointertocache1,whichremainsattheendofthechain.

Foraprocessortowritetothecachelineitmustbecomethehead

ofthechain.Therestofthechainmustthenbepurged,alongwiththe

copiesofthecacheline.

Thedif�cultywiththesechainsariseswhenacacheinthemiddleof

thechainhastoberemoved. Thiscouldhappenwhenacachelinein

acachewaspurgedbecauseofacachemiss.Sincethecachedoesnot

haveareferencetothepreviouscacheinthechain,therehastobea

sequentialsearchalongthechain. Thetimeforthissearchincreases

linearlywiththelengthofthechain.

Thebestsolutiontothisproblemisprobablytohaveatwo-waychain,

sothatacachealsohasareferencetothepreviouscacheinthechain.

Thedrawbackisthattheoverheadofthecachetagsincreases,although

theoverheadremainsindependentofthelengthofthelist. SCIuses

thisscheme(seesection5.4).

Noteverybodythinksscalablecachecoherencyisamajorissuefor

largesystems.[Matloff]arguesthatscalablecachecoherencyisinef�-

cientforlargesystems.Heproposesinsteadtohavemultipledomains

of\localcoherency".Onlytheprocessorswithinsuchadomainshould

sharevariables.

2.3.4.3 Softwaretechniques

Itispossibletoletsoftwaretakecareofthecachecoherenceproblem,

insteadofthehardware.Oneconservativesolutioncouldforinstancebe

toforbidsharedwritabledatatobecachable.Anotherpossibleapproach
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Figure2.6:Achainwithonlyasinglecache.Adaptedfrom[Chaiketal].

MEMORY

Cache line x: Data

CACHE

Data CTLine x:

CACHE

Data CTLine x:

CACHE

DataLine x:

1 2 n

Figure2.7:Anewcachehasinserteditselfintothechain.Adaptedfrom[Chaiket

al].

couldbetoletthecompileranalyzetheprogramtoseewhenitissafe

tocacheasharedvariable[Stenstr�om].Thereareotherpossibilitiesbut

thisissomewhatbeyondthescopeofthisthesis.
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InterconnectionNetworks

Thepreviouschaptergivesaroughoverviewofaspectsofparallelpro-

cessing.Butwhatabouttheinterconnectionnetwork?In�gure2.3and

2.4itwasonlyshownasavaguecloud!Inthischapterwearegoingto

studyaspectsofinterconnectionnetworksinsomemoredetail.

Totiemodulesinamultiprocessortogetheraninterconnectionnet-

workisneeded.Theinterconnectionnetworkisaveryimportantpartof

amultiprocessor.Itconsistsofwiresandswitches.Wiresarerelatively

cheap,incontrasttoswitches.

Wires: Themostimportantpropertyofwiresisitsdelay.

Thedelayofwiresdependsonitslengthl.For\short"wiresthedelay

tshortisdominatedbythechargingofthecapacitanceofthewire:

tshort(l) = �inverte logeKl (3:1)

whereK issomeconstantand�invertistheunittimetoswitchthestate

ofthewire[Dally90]. Thusforshortwiresthedelayincreasesloga-

rithmicallywiththelength.Forlongerwires,transmissionlineeffects

dominate[Dally87],thusthedelayislimitedbythespeedoflightc:

tlong(l) =
l

p
"r

c

(3:2)

andincreaseslinearlywithwirelength. Thecrossoverbetweenaca-

pacitivewire(short)andtransmissionline(long)wirearedependent

ontechnology.Ananalysisisgivenin[Dally87]1:witha0.5� technol-

ogythecrossoverisabout10mm,whichisequivalenttothelengthofa

chip.Thuswire-delaybetweenswitchesinaninterconnectionnetwork

increaseslinearlywiththelengthofthewire,asinformula3.2.

Switches: Itisimportanttodesigntheswitchescarefullywithre-

specttothefollowingissues:

oWhatshouldthesizeofthebuffersintheswitchesbe?Should

theybeabletocontainacompletepacket?Thechoicemightput

constraintsonthepacketsize.

1Onpage141.

16
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oHowmanybuffersshouldtheswitcheshave?

oItisdesirablethatthetimetotransferpacketsfromaninputchan-

neltoanoutputchannelbeasshortaspossible.

oTheroutingalgorithmshouldideallybesimpleandfast.

oHowmanychannelsandhowmanypinsshouldtheswitchhave?

Thisissueisrelatedtothenumberofswitchesinthenetwork.If

theswitcheshas\many"inputandoutputchannels(\many"di-

mensions)thenthepinoutonthechipgrows,butthenumberof

switchesinthenetworkdecreases(holdingthenumberofnodes

constant).Simplyput:large,expensiveswitchesimplyfewerswi-

tches(we'reherepresumingtheswitchwouldbeputonasingle

chip,thatisnotnecessarilythecase).

Therearefourmaincharacteristicsofinterconnectionnetworks

[HwaBri,Feng]:themodeofoperation,thestrategyforcontrollingthe

routing,theformofswitching,andthenatureofthetopology.

Themodeofoperation: Therearethreemajormethodsofestab-

lishingcommunicationpaths: synchronous,asynchronousandsource-

synchronouscommunication.

Withsynchronouscommunicationthesystemhasacommonglobal

clock.Itisthereforeclearlyde�nedwhatconstitutes\data"onthelinks

inthenetwork.Alltimeisdividedintodiscreteintervals,e.g.buscycles.

Thedrawbackisthattimeissometimeswastedwhilewaitingforthe

startofanewinterval.

Inasynchronousmodetimeisnotdividedinsuchamanner.Instead

\data"mustsomehowbeencoded,orprotocolsmustbeused,e.g.\hand-

shaking"inasynchronousbuses.Asynchronouscommunicationisused

whenitisdesirabletoissuecommunicationrequestsdynamically.

Athirdmethodistohaveasource-synchronoussender.Themethod

isinterestingmostlywhenusingpoint-to-pointlinks.Thesender-part

ofanodedeterminestheclockonthelinksbetweentwonodes. SCI

(seechapter5),andalsopartsofFuturebus+(seeappendixA)usesthis

scheme.

Controlofrouting: Atypicalnetworkcontainsswitchesandlinks.

Theseswitchescanhavevarioussettings,dependingonthecontrolstrat-

egy. Thiscontrolstrategycanbedonecentrally,orbytheindividual

switchingelements.The�rstiscalledcentralizedcontrol,thelatterdis-

tributedcontrol.

Typeofswitching: Therearetwomajorswitchingmethods:cir-

cuitswitchingandpacketswitching.

Incircuitswitchinganactualphysicalpathisestablishedbetween

asenderandareceiver.Generallycircuitswitchingismoresuitedto

transmitlargebulksofdata.

Inpacketswitchingdataisencapsulatedinpackets,containingthe

dataandsomeinformationnecessaryforthetransportationofthedata.
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Thepacketsareroutedthroughtheinterconnectionnetworkwithoutes-

tablishingaphysicalpath.Packetswitchingismoresuitedtosmaller

burstsofdata. Circuitswitchingreectshowthetelephonesystem

workswhilepacketswitchingreectshowcomputerswork. Insection

3.3wedividepacketswitchinginto3switchingtechniques:store&for-

ward,wormholeandvirtualcut-through.

Thenetworktopology: Interconnectionnetworkscanbedivided

intotworoughcategories:staticnetworksanddynamicnetworks.

Astatictopologyimpliesanetworkwithuniquepaths(routing)be-

tweenany2givennodes,likearingorastarnetwork.Adynamicto-

pologyroutespacketsthroughanetworkofswitches.Theroutingisnot

�xed;packetsbetween2givennodesmaytakevariouspaths. Thisis

discussedfurtherinsection3.1.1and3.1.2.

Whendiscussinginterconnectionnetworksfurtherwewillconcentrate

onthetopologyofthenetwork.

3.1 Staticanddynamictopologies

3.1.1 Static

Inastaticnetworkthelinksbetweenthemodulesarepassiveandcan-

notberecon�guredinanyway. Typicalexamplesare: alineararray

(typicallyabus),aring,star,tree,mesh,acompletelyconnectednet-

work,acube,oracube-connectedcycle.

Linear
array Mesh Star Ring3-cube

Figure3.1:Aselectionofstatictopologies.Adaptedfrom[Feng].Notethatthe

circlesrepresentmodules(processorsandmemories),andnotswitches.Thelines

representlinks.

3.1.1.1 TheMesh

Animportantandpopularinterconnectionnetworkisthemesh. The

meshisastructureofnodesspreadoutin2dimensions. Aclassical

exampleistheinterconnectionnetworkoftheIlliac-IVarrayprocessor

[Siegel]. ItconsistsofN = 64 processorsconnectedtogetherina8x8
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6 7 8

a b c

a b c

d

e

f

e

f
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Figure3.2:ThemeshconnectionoftheIlliac-IV,somewhatsimpli�ed. Identical

lettersareconnectedtogether.Adaptedfrom[Siegel].

matrix.Forsimplicityareduced3x3versionisshownin�gure3.2.Each

processorisallowedtocommunicatedirectlywithanyofits4neighbors.

Thisisformallycharacterizedbythefollowingroutingequations:

rightneighbor: Illiac+1(P ) = (P + 1) mod N

leftneighbor: Illiac
�1(P ) = (P � 1) mod N

belowneighbor: Illiac+r(P ) = (P + r) mod N

aboveneighbor: Illiac
�r(P ) = (P � r) mod N

(3:3)

wherer =
p
N andP istheaddressoftheprocessorwishingtosend.

Theprocessorsareinterruptedintheirworkwhentheyreceiveapacket

whichmustberoutedontoanotherprocessor(statictopology). Itis

thereforebestsuitedtoproblemswheretheprocessorsonlycommuni-

catewiththeirnearestneighbors.

3.1.1.2 ThenCube

Thecubeisalsoawell-describedinterconnectionnetwork[Siegel,Feng].

ItisacubeofN nodesstretchinginton = log2N dimensions. Each

processorisconnectedton otherprocessors.Toaddressaneighborin

thei'thdimensionthei'thaddress-bitiscomplemented.Then routing

functionsisformallydescribedbythefollowingequation:

Cubei(Pn�1 � � �Pi � � �P0) = Pn�1 � � �Pi � � �P0 (3:4)

wherei =< 0; n � 1 > andPn�1 � � �Pi � � �P0 isthen addressbitsofthe

processoraddresses.

Forn = 3,shownin�gure3.1,thisresultsinthefollowing3routing

functions:

\dimension0-neighbor": Cube0(P2P1P0) = P2P1P0

\dimension1-neighbor": Cube1(P2P1P0) = P2P1P0

\dimension2-neighbor": Cube2(P2P1P0) = P2P1P0

(3:5)
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Thisstaticcubetopologycanalsobemappedontoadynamicmultistage

network.[Siegel]proposessucha\multistagecube/shufe-exchange"

network,wheredimensioniofthencubeismappedtostageiofamulti-

stagenetworkofn stages.Theswitchesperformtheexchangefunction

(seeequation3.7)andtheconnectionpatternbetweentheswitchesuse

theshufefunction(seeequation3.6).Figure3.5showsageneralmul-

tistagenetwork.

Likethemesh,thencubeisbettersuitedtoproblemswherethepro-

cessorsonlycommunicatewiththeirnearestneighbors.

Pleasenotethatwhenn = 2 thencubeisequivalentto2 � 2mesh.

3.1.2 Dynamic

Unlikestaticnetworks,dynamicnetworkscontainswitchingelements.

Theycanrecon�gurethelinksinthenetwork.Thustherearealterna-

tiveroutesbetweentwogivenmodules.Thisisadesirablepropertyin

caseapartofthenetworkbecomesfaultyforsomereason.

[Feng]dividesdynamicnetworksinto3groups:crossbarnetworks,

single-stagenetworksandmulti-stagenetworks.

Crossbar: mmemory-modulesareconnectedtopprocessorsthrou-

ghaninterconnectionnetworkcontainingm � p switches.Processorp is
connectedtomemory-modulem throughswitchpm Theadvantagewith

acrossbarnetworkisthatallprocessorshasthenapathtoamemory-

modulewheneveritsodesires(non-blocking).Thedrawbackisthatthis

isachievedatagreatcostinthenumberofswitches.

Processor-

modules

OPEN

CONNECTED

p

Memory-modules m

Figure3.3: Anexampleofacrossbarnetwork. Ateachcrosspointaswitchis

placed. Theseswitchesareinoneoftwostates:eitheritconnectsahorizontal

linewithaverticalone(CONNECTED)orthereisnoconnectionbetweenthetwo

(OPEN).

Singlestage: Asingle-stagenetworkismadeupofonestageof

switchescascadedtoaconnectionpatternoflinks.Anexampleisthe
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shufe-exchangenetworkshownin�gure3.4. Generally,theshufe

routingfunctionisperformedbythecyclicshufingoftheaddressbits

an�1 � � �a1a0 inthefollowingway:

shufe(an�1 � � � a1a0) = an�2 � � �a1a0an�1 (3:6)

Theexchangeroutingfunctiontheswitchesmayperformis:

exchange(an�1 � � �a1a0) = an�1 � � �a1a0 (3:7)

Complementingtheleastsigni�cantbitmeansthatmoduleswithadja-

centaddressesexchangedata.In�gure3.4Theinterconnectionpattern

performsthefunction:

shufe(a2a1a0) = a1a0a2 (3:8)

Theswitchescanperformtheexchangefunction:

exchange(a2a1a0) = a2a1a0 (3:9)

dependingonthecontrol-signaltotheswitches.

Switches

000001010100101110111 011

000001010100101110111 011

Inputs

Outputs

Link 
connection 
pattern

Figure3.4: Exampleofasinglestagenetwork: ashufe-exchangenetwork.

Adaptedfrom[Feng].

Singlestagenetworksarealsocalledarecirculatingnetworkbecause

dataitemsmayhavetocirculatethroughthenetworkmultipletimesbe-

forereachingadestination.Conceivethattheoutputsoftheswitches

areconnectedbackintothenetwork,sothatthenetworkhasacylindri-

calform.

Multistage: Amultistagenetwork(calledbysomeanindirectnet-

work,andbyothersyet,abutterynetwork)consistsgenerallyofn

stageswithN = k
n inputandoutputlines.Eachstageisconstructedof

k � k crossbarswitches.k isusually2.Thedelayinthenetworkispro-
portionaltonumberofstages.Thenetworkforcesallrequeststhrough
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alln stagestoitsdestination. Thusmultistagenetworkscannottake

advantageoflocality.

Animportantcharacteristicistheinterconnection-patternbetween

thestages,whichcouldforexamplebetheshufefunction.Howarethe

switchescontrolled?Withcommonstagecontrol,thesamecontrolsignal

setsalltheswitchesinthesamestage.Thusallswitchesinthesame

stagearesettothesamestate. Analternativeistosettheswitches

individually.Thisrequiresn2=2controlsignals.

Well-knownexamplesintheliteratureofmultistagenetworksin-

cludeClosnetwork[Feng],Benesnetwork[Feng]andtheOmeganet-

work[HwaBri](thelatterusestheshufe-exchangeinterconnectionpat-

tern).

   Inter-
 connec-
    tion
  pattern

1

2

N/2

Stage  n-1

   Inter-
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1

2

N/2

Stage  n-2

   Inter-
 connec-
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Figure3.5: Generalmultistagenetworkcontainingn stagesusedtoconnect

together2n inputsand2noutputs.k ishere2.

Multistagenetworksareoftenclassi�edasablockingornon-block-

ingnetwork.Inblockingnetworksconictsoftenariseoverthesimulta-

neoususeofnetworkcommunicationlinks.Aninterconnectionnetwork

capableofhandlingallpossibleconnectionswithoutblockingisanon-

blockingnetwork.Closnetwork[Feng]isanexampleofanon-blocking

network.

Pleasenote:WhenFengandothersrefertoe.g. a3-cubeasbeing

static,theyconceivethattheverticesinthecubeascontainingproces-

sors.Iftheverticesinacubeinsteadonlycontainswitches,thenobvi-

ouslythe3-cubeisnotatallstatic.Itisthenbestdescribedasadynamic

network.We�ndthispointtobeignoredintheliterature.

Astimegoesonthedistinctionbetweenstaticanddynamictopologies

mayfade.Thedifferenceisreallyonlywherethelogicdoingtherouting

isplaced.
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3.2 Deadlock

Animportantproblemwithnetworksisthepossibilitythatitmayblock.

Itisessentialthatpacketsarriveattheirdestinationinareasonable

amountoftimeandthatapacketdoesnotblockparts,orall,ofthe

network.Deadlockisapropertyoftheroutingalgorithmandthetopol-

ogyofthenetwork.Anexampleofdeadlockisshownin�gure3.6. If

thefournodesattempttosendapackettotheoppositecorneratthe

sametime,andtheroutingalgorithmroutesthepacketinaclockwise

direction,adeadlocksituationarises.Hereapacketbufferineachnode

wouldremovethedeadlock.

c

a b

d

Figure3.6:Exampleofadeadlock.Thearrowsreectthesituationthatallnodes

wishestosendtothe\opposite"node.'a'wishtosendto'c','b'to'd',andsoon.

Adaptedfrom[ShMayTho].

3.3 Switchingtechniques

Oneofthebasicproblemswhendesigninganinterconnectionnetwork

istochooseaswitchingmethod. Aselectionofmethodsare: circuit

switching,store&forwardswitching,wormholerouting,andvirtualcut-

through.

Circuitswitching originatesfromthetimecomputernetworks

werebasedontheexistingtelephonenetwork.Withcircuitswitchinga

completepathofcommunicationlinksmustbeestablishedbeforetwo

nodescancommunicate. Onceapathhasbeensetup,nomoread-

dressinginformationisnecessary.Thepathimplicitlyprovidesthead-

dressinginformation.Tosetupthispathsomesignalmust�rstbesent

(shadedboxin�gure3.7a).Thepathsetupremainsduringtheentire

session.Sincedataisoftensentinburstsitisnotidealforinterconnec-

tionnetworks.Thepathissimilarlyclosedbyasignalwhenthesession

isover.
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Store&forwardswitching Instore&forwardswitchingapack-

etisbufferedinanintermediatenodebeforeitispassedontothenext

node.See�gure3.7b.Thusthepacketiseffectivelyremovedfromthe

networkwhilethenodedetermineswhereitshouldsendthepacket

(whenitcan).Thisbufferingeffectivelylimitsthesizeofthepackets.

Eachnodemustbeabletostoreoneormorepackets.

WormholeroutingThisswitchingtechniqueiscalledwormhole

routing,despitethefactthatstrictlyspeakingitisnotaroutingalgo-

rithm.

Inwormholeroutingthe�rstitsofapacketaretransmittedbefore

thecompletepackethasbeenreceived.Anintermediatenodedoesnot

havebuffer-spaceforacompletepacket.Thus,iftheheader(essentially

thetargetaddress)canbekeptshort,thedelaythroughanintermediate

nodecanbeminimalized.See�gure3.7c.

Virtualcut-through isahybridofstore&forwardswitchingand

wormholerouting. Ifthedesiredoutputchannelofanodeisbusythe

packetisbuffered(see�gure3.7d).Otherwisethenodesendsthepacket

anddoesnotbufferit(see�gure3.7e). Likestore&forward,virtual

cut-throughputsrestrictionsonthesizeofthepackets. In�gure3.7f

thedesiredoutputchannelfromthesenderisvacantsothepacketis

sent.Theintermediatenodes'outputchannelisnotvacant,sotherethe

packetisbuffereduntilitbecomesavailable[KerKlein].

3.4 Relationshipwithsoftware

Sofarmuchhasbeensaidaboutthehardwarepropertiesofparallelpro-

cessing.Butwhatabouttherelationshipbetweenthehardwareandthe

programsitisexpectedtoexecute?In�gure3.8anattemptismade

toshowtherelationbetweentheinterconnectionnetworkandapro-

gram.Onthehighestlevelofabstractionisauserprogram.Belowa

compilerorinterpreterpartitionstheprogramintomultipleprocesses.

Thesemultipleprocessesareassignedtovariousprocessorsthroughthe

network. Communicationbetweentheprocessesiscarriedoutbythe

network.
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b) Store & Forward

c) Wormhole "routing"

a) Circut switching

Sender

Destination

Intermediate node

Sender

Destination

Intermediate node

Sender

Destination

Intermediate node

d) Virtual-Cut-Through at high load:

Sender

Destination

Intermediate node

Sender

Destination

Intermediate node

Sender

Destination

Intermediate node

e) Virtual-Cut-Through at light load:

Network delay

f) Virtual-Cut-Through: mixed load 

Figure3.7:Variousswitchingtechniques.Shownisanexamplepacketof5its.

Adaptedfrom[Dally90]and[KerKlein].
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Interconnection Network

  Users
Program
(parallel
language)

      Task
   partition
      and
assignment

Process1
Process2

Processn
  Interprocess
communication
    (virtual)

  Interprocess
communication
    (virtual)

Processor
3

Processor1
Processor

2

Figure3.8: Relationshipbetweenaninterconnectionnetworkandanexecuting

program.Partlyadaptedfrom[Feng].
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Thek-aryn-cube

interconnectionnetwork

Asmentionedpreviouslythegoalofthisthesisistostudyvariousinter-

connectionnetworksforlargeSCI-systems.Wehaveconsideredseveral

kindsoftopologies:

oAsinglering.Theadvantageofusingjustasingleringisitssim-

plicity.Itiseasytoconnect.Practicallynoroutingisneeded.The

maindrawbackisthelimitationsinbandwidthandlatencyasthe

sizeoftheringgrows.Itisinpracticeuselessforalargesystem,

asshowninchapter9and[HulBot].

oCrossbar-networks.Theiradvantageisthattheyarenon-blocking.

Thedrawbackisthelargenumberofswitchesasthenetwork-size

increases.Itisthustoocostlyandnotscalable.

oSinglestage/multistage. Possibletoscale,butthelatencygrows

withtheincreaseofthenumberofstages.Thisinitselfisnotso

bad,butthedistancebetweennodesinthenetworkisconstant

irrespectiveofwhichtwonodesarecommunicating(whennocon-

tention).Thusnoformofoptimalization(locality)ispossible,ifde-

sired.Anotherdrawbackisthatsomemultistagenetworkshave

thepossibilityofdeadlock,whileothersaredif�culttoprovedead-

lock-free[ScottGood].

ok-aryn-cubes.Theyareregular,independentlyofsize.Theyare

thusscalable1.Itiseasytovarythesizebychangingtheparame-

ters(kandn)andthusseehowtheperformanceisaffectedbythe

changeoftheparameters.Theroutingalgorithmcanbemadesim-

ple.Seesection8.5.Ifdesiredfault-tolerantnetworkcanalsobe

implemented.k-aryn-cubescanbemadedeadlock-free,asproved

in[ScottGood].

1Atleastintheory.Thescalability-issueisofcourseimplementation-dependent.

27
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Oftheinterconnectiondescribedintheliteraturewehavechosento

usethek-aryn-cubesasthetopologytoinvestigateinthisthesis.The

reasonsmentionedabovearethemostimportantforthechoice.Therest

ofthischapterisanin-depthpresentationofk-aryn-cubes.

Thek-aryn-cubestopologyhasbeenusedsuccessfullyinmachines

suchastheConnectionMachineandtheCosmicCube[Seitz].Itiscon-

structedofcubeswithdimensionn,andk verticesineachdimension.

Therelationbetweendimension(n),radix(k)andtotalnumberofver-

tices(N)areasfollows2:

N = k
n
; (k =

n
p
N;n = log kN) (4:1)

ToaddresstheseN vertices,n�eldsoflengthlog 2k (roundedupto

nearestinteger)bitsareneeded,givingamaximumoflog 2N address

bits.

Mostparallelcomputertopologiesareofthek-aryn-cubes-category,

orcaninsomewaybemappedtoit. Examplesofk-aryn-cubesare

meshes,cubesandomega-networks[Feng].Networksthatcanbemapp-

edtoitarerings,trees,multistage,buttery,andothers.

Themaximumnumberoflinksbetween2nodesfarthestawayfrom

eachotherisoftencalledthediameterofthenetwork.Thediameterof

ak-aryn-cubeis:

D = n(k � 1) (4:2)

In�gure4.1weshowsomeofthesmaller,lesscomplexvariationsofk-

aryn-cubes.Eachpointinthecubesareswitchingnodes.Somespecial

casesofinterest:

oWhenn = 1 thecubeisalineararray.

oWhenk = 2 thecubeisbetterknownasahypercube(calledby

someabinaryn-cube).

oWhenn = 2 thecubeisstrictlynotacubeatall,butamesh.

Asetoflinksinadimensioncaneitherbeunidirectionalorbidirec-

tional.Inadditionasetcanbetorus-connectedatthe\sides".Thusthere

arefourpossibilities,asshownin�gure4.2.(Notethatthisisacharac-

teristicofnetworksingeneral,andnotspeciallyfork-aryn-cubes.)

Thevertexinak-aryn-cubeisconnectedtonotherverticesthrough

2n links(inputsandoutputs). Atorus-connectedunidirectionalk-ary

n-cubeisthenassumed.

Fromnowon,unlessotherwisestated,torus-connectedunidirection-

alk-aryn-cubesareassumed.

Howdoesk-aryn-cubes�tintothescopeofthepreviouschapter?Isa

k-aryn-cubeastaticoradynamicnetwork?k-aryn-cubesarecertainly

dynamicinthesensethattheverticescontainactiveelements(switches)

2Thisisthemostimportantequationinthisthesis.Pleasemakenoteofit�
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4-ary  2-cube2-ary  2-cube 3-ary  2-cube

3-ary  3-cube2-ary  3-cube

2-ary  4-cube

Increasing k

In
cr

ea
si

ng
 n

2-ary 1-cube 3-ary 1-cube 4-ary 1-cube

4-ary  3-cube

Figure4.1:Asmallselectionofk-aryn-cubes.Ask,andespeciallyn grows,it

becomestoocomplicatedtodraw.
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Uni-directional Bi-directional Uni-directional
torus-connected

Bi-directional
torus-connected

Figure4.2:Differentconnectionschemesinpoint-to-pointnetworks. The�gure

showsvariouswaysofimplementingthelinksinak-aryn-cube. Theexamples

shownherearefor2-ary{and3-ary{2-cubes.Notethatsomeofthesemethods

areveryredundantforsosmallexamples.

capableofroutingthepacketinvariousdirections(dimensions). But

withinthescopeofasingledimensionk-aryn-cubescouldbeviewedas

static. Onedimensionwouldprobablybeimplementedasaringora

lineararray.

4.1 Propertiesofk-aryn-cubes

Oneoftheimportantpropertiesofk-aryn-cubesisthetheunloaded

latency,whichisalsopossibletodiscusswithoutasimulationorcompli-

catedmathematicalmodell.Thispresentedindepthinsection4.1.2.We

willalsosaysomewordsaboutwiredelay(section4.1.1)andthroughput

(section4.1.3).

4.1.1 Wiredelays

Thelengthofwiresisanimportantparameterink-aryn-cubes,asinall

networks.In[Agarwal]itissuggestedthatadvancesintechnologywill

makeever-fasterswitchespossible. Wirespeedswillremainroughly

constant,andwillthusdominateswitchdelays.

Thelengthofthewiresisnotnecessarilyequalforallthelinks

[ScottGood].Thenetworkmustobviouslyphysicallybeconstructedin

3dimensions.Ifthenetworkcontainsmorethan3logicaldimensions,

modulesmustbeplacedsomehowunevenlyinthreephysicaldimen-

sions. Eachphysicaldimensionmustthencontainn=3 logicaldimen-

sions.Thusthedelayofthelongestwireis:

Twiremax= k
n

3
�1 � Twire(n = 3) n � 3 (4:3)

whereTwire(n = 3) isthedelayofthewireinauniformnetworkwith3

dimensions.
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Inasynchronousnetworktheclockmustaccommodatethislongest

link.Thusthewiredelayisdeterminedbythemaximumwirelength.

Inapipelined,source-synchronousnetwork,likeSCI,themeanwire

delayisdeterminedbythemeanwirelength.In[ScottGood]themean

wiredelay,Twireave,isfoundtobeapproximatelyequaltothemeanwire

length,or:

Twireave�
k
n=3 � 1

k � 1
� 3
n

n � 3 (4:4)

Folding Ifatorus-connectionisused,thelongend-aroundlinkwill

bemuchlonger(see�gure4.2c).In[Dally90]afoldedtorus-connectionis

proposedtoreducethelengthofthelongestlink.Thenthelongestwire

isapproximatelythemeanwire-length.Thisreducesthemaximumwire

length.Thustheclockfrequencycanbeincreasedifusingsynchronous

clocking.See�gure4.3.

Dimension 0

Dimension1

: Switch

Figure4.3:Foldinga4-ary2-cubetoshortenandeventhewirelengths.Adapted

from[Dally90].

4.1.2 Unloadedlatency

Oneofthemostimportantmetricforaninterconnectionnetworkisthe

transmissiontimeforapacketthroughthenetwork,whenthenetwork

isnotloaded.Thisisoftenreferredtoastheunloadedlatency.Letus

assumethefollowing:

oApackethasLbits.

oChannelsareW bitswide.

oApacketcontainsL=W its.



32 4 Thek-aryn-cubeinterconnectionnetwork

oIftworandomswitchingnodesareselected,thenthereisonaver-

ageDavenumberofhopsbetweenthemwhere:

Dave= n

k � 1

2
(4:5)

(equation4.2dividedby2)

oThek-aryn-cubehasunidirectionalchannelsandend-aroundto-

rusconnections.

oTheswitchingtechniqueis\wormholerouting"or\virtualcut-

through"[KerKlein].

oThebisectionwidthofanetworkistheminimumnumberofwires

cutwhenthenetworkisdividedintotwoequalhalves[Dally90].

Thebisectionwidthofabidirectionalk-aryn-cubesis:

B =
2WN

k

= 2Wk
n�1 (4:6)

Wewillhereinthissectiondiscusstheunloadedlatencyaspre-

sentedin[Dally90,Agarwal,ScottGood].[Dally90,Agarwal]bothassume

theuseofsynchronousclocking,andthusthelatencyisdependenton

themaximumwirelength.[ScottGood]assumestheuseofpipelined

(source-synchronous,seechapter3)networks,dependentonthemean

wirelength.[ScottGood]alsogoesmoreintodetailwithrespecttothe

speedofswitches.

Ignoringtheswitchingdelay,[Dally90]de�nesthelatencyasthe

timeonwiresplustimetosendapacketL=W itslong:

Latency [Dally90]= Tcycle(Dave + L=W ) (4:7)

whereTcycleisthecycletimeonthechannel.In[Dally90]k-aryn-cubes

arestudiedundertheconstantbisectionwidthconstraint.Theconclu-

sionwasthat2-dimensionaland3-dimensionalnetworkswereoptimal

assystemsizeN increased,insteadfavoringanincreaseinthevalueof

theradixk.Thisconclusionwasmotivatedbythe2-dimensionalnature

ofVLSIandoftheuseofsynchronousclocking.

In[Agarwal]theunloadedlatencyistheproductofthetimethrough

oneswitchingnode,thesumofthenodespassedandthemessagelength.

[Agarwal]includestheswitchingdelayTswitchthroughtheswitching

nodes:

Latency [Agarwal]= (Twire+ Tswitch)(Dave + L=W ) (4:8)

[Agarwal]studiedk-aryn-cubesundertheconstantbisectionwidthand

undertheconstantwiredensity.Theconclusionwasthatmoderatehigh

dimensionisoptimal.

Bothin[Dally90]andin[Agarwal]itisassumedthatsynchronous

clockingisemployed.ThusTcycleinequation4.7andTwireinequation

4.8isTwiremax(equation4.3)andthusdependentonn.
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In[ScottGood]itisassumedthatbitsarepipelined:source-synchro-

nousclockingisused3 andthewiredelayisasinequation4.4.Also,

[ScottGood]makesadifferencebetweenthetimeforthemessageto

switchdimensions,Tinswitch,andthetimetocontinuealongthethesame

dimension,Tpass.ItisassumedthattheswitchingnodeusesTdecodecy-

clestodecodethemessage-address:

Tdecode=
log 2A

W

(4:9)

whereA isthenumberofaddress-bits,placedinthe�rstitofthe

packet.

Amessagetravelsameanofk=2hopsinonedimension.Itcontinues

inthepresentdimensionwithaprobabilityof(k � 2)=2 (-2becauseof

thelocalsenderandthelocalreceiverofthepacket). Itentersthen

dimensionswithaprobabilityofk�1
k
Theunloadedlatency,incycles,is

then:

Latency [ScottGood]=

n
k�1

k

�
k

2
(Twireave+ Tdecode) +

k�2

2
Tpass+ Tinswitch

�

+ L=W � 1

(4:10)

In[ScottGood]pipelinedandsynchronousk-aryn-cubesarestudiedun-

dertheconstantlinkwidthW constraint,theconstantnodesize2nW

constraint,andtheconstantbisectionwidthB constraint.Theconclu-

sionof[ScottGood]isthatinall3cases,pipeliningarguesforhigherdi-

mensionalityassystemsizeincreases,whiletheradixk shouldbekept

constant.

4.1.3 Throughput

Throughputistheamountofdatathenetworkcanhandleperunitof

time.

Anetworkmustbeexpectedtocarrytraf�c.Latencymustbestud-

iedtogetherwiththethroughputX ofthenet.Todosorequireseither

aqueueingmodelorsimulation.Theformerisbeyondthescopeofthis

thesis,thoughitisbasisofthediscussionin[Dally90,Agarwal,Scott-

Good].Thelatterisdiscussedinchapter8and9.

Ade�nitionofthemaximumthroughputforak-aryn-cube,some-

timesalsocalledthenetworkcapacity,isthefollowing(adaptedfrom

[Dally90]):

Xmax=
Xv�N
Dave

Xvisthemaximumbandwidthoutofavertex. Itisthenumberof

outgoinglinks(n)multipliedbythelink-bandwidth(Xl).

Themaximumthroughputforak-aryn-cubeisthus:

Xmax=
Xv�N
Dave

=
nXlN

Dave
= 2Xl

N

k � 1
(4:11)

3Theanalysisin[ScottGood]hasbeenmadewithSCIinmind.



34 4 Thek-aryn-cubeinterconnectionnetwork

IfXlisinbytespersecond,Xmaxwillbelikewise.Notethatequation

4.11isforthecompletek-aryn-cube.

4.1.4 Reducingthemaximumdistanceinthek-aryn-cube

Themaximumdistanceinak-aryn-cubeisn(k � 1).Severalschemes

havebeenproposedtoreducethedistance.In[Dally91,ElAmSha]the

useofadditionallinksisdiscussed. In[ElAmSha]itisproposedthat

eachswitchingnodehasn + 1 outgoinglinks,thelastlinkbeingcon-

nectedtothemostdistantnode.Themaximumdistanceisthushalved.
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TheScalableCoherent

Interface

Inthelate1980'sseveralpeopleworkingonbusstandardization1,ini-

tiatedastudyonhowtoincreasetheperformanceofbuses.Theysoon

realizedthatnobuscouldsatisfytheneedsofthenextgenerationofmul-

tiprocessors.Satisfyingtheseneedswoulddemandconnectingtogether

alargenumberofprocessors,providingaspeedofcommunicationtolive

uptotherapidlyincreasingspeedsoftheprocessors.Theinterconnect

shouldscalewellwithincreasingsizeofthetopology,aswellasoffering

acoherentmemorysystem.

Busesdon't�tintosuchaschemeduetotheirinherentbehavior.

Theyallowonlyonetransmissionatanytime.Theclockrateonabusis

limitedbythephysicsoftransmissionlineswithavariableload.Scal-

ingislargelyrestrictedbythepropagationdelaysinvolvedwithhand-

shakingandthegeneralarbitrationonthebus.Thisaddsuptoasystem

notveryapplicabletosupplythenecessarycommunicationneededina

largemultiprocessorsystem.

So,iftheperformanceofcomputercommunicationwastoincrease

morethanjustmarginally,adifferentschemehadtobechosen. The

conclusionwastousepacket-basedcommunicationoverindependent

point-to-pointlinks. Thissolutionimpliesareductionintheproblem

ofnon-idealtransmissionlines.Therewillneverbeanyproblemwith

contentiononthetransmissionmedium.

Thelossofabusgeneratesanewproblem,though:Itisnolongerpos-

sibletousesnooping(seesection2.3.4.1)tomaintainacoherentmem-

orysystem.Insteadadirectory-basedcachecoherenceprotocolwasde-

signed(seesection2.3.4.2).

TheprojectwasadoptedwithinIEEEandnamedthe\ScalableCo-

herentInterface"(SCI).AworkinggroupwithinIEEEhasworkedfor2.5

yearsde�ningallaspectsofthenowapprovedstandard:IEEEstd.1596{

1992.

Inthefollowingsectionsacloseroverviewofthedifferentaspectsof

SCIispresented.

1SeeappendixAforanoverviewofbus-standards.

35
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TheGoalofSCI ThegoaloftheSCI-projectwastode�nesomein-

terconnectionschemeconnectingtogetherprocessorsandmemoriesina

multiprocessorsystem.Thefollowingsectiondescribesthemostimpor-

tantpropertieswhichweretakenintoconsiderationduringthedevelop-

ment:

TogettheuseofSCImorewidespread,theinterconnectshouldbe

abletosupportahighperformancemulti-computersystem,atalowcost.

Itshouldbepossibletobuildahigh-endmulti-processoratareasonable

price,aswellasmakingitcosteffectivetobuildsmallsystems.

Toachievethisgoaltheprotocolshadtobefairlysimple. Thepin

countonthechipshadtobeassmallaspossible,allowingconnection

ofprocessor,memory,I/Oandbusadaptorcardsfrommultiplevendors.

Ontheotherhandthehigh-performanceandthescalabilitybehavior

shouldnotbesacri�ced.

Eachlinkconnectionshouldofferaspeedof1GigaBytes/sec.Thead-

dressingschemeshouldbeabletoaddressasmuchas64knodes.Andto

provideamoreuserfriendlysystemthecache-coherenceproblemshould

besolved.

5.1 SCIbasics

a) General abstract
     SCI−system.

SCI

NODE
NODE

NODE

NODE
NODE

NODE

Interconnection
      nettwork.

NODE NODE

NODE NODE

b) SCI−system with a 
     single ring.

c) SCI−system with
    active switches.

NODE NODE

NODE NODE

Interconnection
network/Switch

Figure5.1:SCIsystemtopologyingeneral.

ThisismeanttobeabriefintroductiontoSCI.Forafullandmore

detaileddescriptionseetheSCIstandard2.

InacomputersystemusingSCIallcommunicationbetweennodesin

thesystemusesuni-directionalpoint-to-pointlinks.Ageneralsystem

topologyusingSCIisshownin�gure5.1.This�gureshowsthatevery

nodehasoneinputandoneoutputlink.Thelinksconsistof18parallel

2Mostofthe�guresinthischapterareadaptedfrom[IEEE-SCI].
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lines.Oftheselines,16areusedfordataandtheremaining2forcontrol

purposes3.Aviewofthenodeincludingthelinksisshownin�gure5.2.

16 bits of data
Input link Output link

NODE

clock

flag signal

16 bits of data

clock

flag signal

Figure5.2:Symbolsonthelink.

Ontheselinksnodestransmit/receivethesymbols(its).Thesym-

bolsarethesmallestentityofinformationinSCI,theyconsistofone

word(16bits,omittingthecontrollines)transmittedinparallelonthe

links.

Someofthesymbolsareusedtoformpackets4andothersareused

tocarryinformationusedbytheprotocoltocontrolarbitration,synchro-

nization,etc.Packetsareformedbyconsecutivesymbols.Betweeneach

packettherehastobeatleastoneidle-symbol.Theidlesymbolscarry

informationconcerningthebandwidthallocation.Itisusedbythenodes

tocontroltheowontheoutputlink.Thismeansthatthenodeisdepen-

dentoftheincomingsymbolstocontrolthebehaviorontheoutputlink.

Inotherwordsthearbitrationprotocoldependsonthecirculationofidle-

symbolsinthesystem.Thebandwidthallocationprotocolimplements

aconceptofpartialfairnessusingprioritiesandaround-robinprotocol.

Seesection5.3.5.5and5.3.6foranexplanationonidle-symbols.

Thedependencyofincomingidlesforacorrectowbehavioristhe

reasonwhythebasiccon�gurationofaSCIsystemalwayshastobea

ring.Thesmallringsofwhichthewholesystemarebuildupofisoften

calledringlets. Oneveryringletthereisonenodewiththededicated

taskofperformingtheringmaintenance(initialization,time-outetc).

Thisnodeiscalledthescrubber.Othercon�gurationsoftopologiesus-

ingSCI-systemarenotde�ned. Thisworkislefttotheimplementor

dependingonthetaskwhichthesystemisintendedtosolve.See�gure

5.1.

EachnodeinaSCIbasedsystemwillbeacombinationofprocessors,

SCI-memories,I/O,bridgesandswitches. Basedonthecontentsofa

nodeitwillhaveeitherrequesterorrespondercapabilities.Nodeswith

activeelements(e.g.processorsandbridges)willtypicallyhaverequest

capabilities. Theyrequest(demand)someresourcefromanodewith

3Aseriallinkisalsode�ned[Seesection5.2],buteverylinkreferenceinthisthesis

istotheparallellink.
4Examplesinsection5.3.5



38 5 TheScalableCoherentInterface

respondercapability.Therespondcapablenode(memory,I/Oetc)then

providestheresource.

Thecache-coherenceproblemissolvedusingadistributed-directory

concept.Thisisdescribedinsection5.4andsection2.3.4.2.

Thethroughputandlatencyarethemostcommonmeasureonthe

performanceofcomputer-system.Thusashortdiscussionontheoretical

throughputandlatencyonaring,ispresented. Thediscussionbelow

coversringsonly,sincethisisthebasicbuildingelementinanytopology

usingSCI.Seealsosection9.1and[HulBot]foroursimulationresults

onsinglerings.

Throughput AnodetheoreticallyoutputsgGigabytespersecond.A

ringwithxnodesshouldtheoreticallyresultinthroughputofx�gGiga-
bytespersecond,butonlyifpacketsareaddressedtothesendersdown-

streamneighbor. Thisisnotsorealistic. Letusinsteadassumethat

packetsareaddressedrandomly.Thenthetraf�cisroughlysymmetric.

Onaverage,packetswilltraversehalf-wayaroundthering.Thenthe

averagenumberofsegmentstraversedbyeachpacketishalfthetotal

numberofsegments(x
2
):

Ringbandwidth= g � xx
2

= 2 � g (5:1)

Thustheringbandwidthisindependentofthering-size.

Someofthisbandwidthisusedbyecho-packets(containinge = 4

symbols)andpacket-headers(containingh symbols). Echopacketsis

describedinsection5.3.4.Inaddition,thereisatleastoneidle-symbol

betweenpackets.Ifweassume\move64"-packets(section5.3.5.1)of40

symbols,withh = 8wemustmultiplythepreviousequationwith:

Fractionofrealdata=
40� h

40 + e + 1
=

32

45
� 71% (5:2)

Iflargerpacketsareused,thisfractionwillimprove.

g is1Gigabytespersecond.Thusthemaximumeffectivethroughput

ofanSCI-ring(independentlyofsize)is:

Effectivethroughput=
32

45
� 2 � g � 1:4 Gbytes/second (5:3)

Latency Itisdif�culttosaymuchoff-handaboutlatencyunderloaded

conditions.Thatrequiresathoroughanalysis(queueingtheory)orsim-

ulation(seechapter9).Herewewillonlypresenttheaveragelatency

onanunloadedring.

Thesameargumentasforthroughputgoesforlatency.Thusweas-

sumearandomdistributionofaddresses,eachpackettravelshalfway

aroundaringonaverage.Thismakesthelatencythesumoftheele-

mentsitpassesonitsway,plussthepacketlength. Inequation5.4x
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representsthesizeofthering,tpassisthetimetakentopassthrougha

nodeandtwirethetimeusedinwires.

Minimumaveragelatency=
x

2
� (tpass+ twire) + r (5:4)

r isthepacket-lengthinnanoseconds.

5.2 PhysicalPart

ThephysicalpartofSCIde�nestheelectrical,thethermalandtheme-

chanicalenvironmentforaSCIsystem.SCIde�nesthreetypesofphys-

icallinks.Theselinksofferareliablepackettransmissiontothelogical

protocols. Thereisoneparallelelectricallinkforuseovershortdis-

tances(meters).Thentherearetwoserialimplementations,oneusing

electricalsignal(tensofmeters)andoneusing�beroptics(kilometers).

ThemechanicalmoduleandrackusedinSCIisde�nedusingtheIEEE

1301andIEEE1301.1standards.

InaSCIsystemthelinkscontinuallytransmitsymbols,whether

thereareanydatatosendornot. Thesymbolsaremadeupof16bit

data,1bitpacketdelimiterand1bitclockinformation.Theclockinfor-

mationisusedbythereceivertophysicallybeabletoextractthedata

fromtheincomingsignals.Thede�nedlinks,tocarrythesignalsinSCI

are:

Type18-DE-500 (DE=DifferentialECL)

Type1-SE-1250 (SE=SingleEnded)

Type1-FO-1250 (FO=FiberOptics)

Thenotationforthelinksarede�nedasfollows:

Type<numberofsignals>{<kindofsignal>{

<bitratepersignalinMegabits/sec>.

Type18-DE-500Thislinkisintendedforapplicationswithinaback-

planeanddistancesuptoafewmeters. Itusesdifferentialsig-

nallingonthelines.Thelinksandnode-linkinterfaceareimple-

mentedinECL-technology. Thesymbolsaresentinbitparallel.

Theuseofdifferentialsignallingdemandstheuseoftwowiresper

signal-line.UsingdifferentialECLsignallinghassomerathernice

properties: Thesignallevelsarerelativelysmall(givesgreater

speed),itgivesahightransmissionimpedanceandthelinesbe-

comelesssensitivetonoise.Allthismakesthelinkabletooperate

atarateof1GByte/sec.

Type1-FO/SE-1250Thisistheseriallink. Itisthoughtthatit

shouldbeusedforlongerdistanceswherethecostofwireswould

beratherexpensiveusingbitparalleltransmissionofthesymbols.

Thetransmissionmediumcaneitherbecoaxor�ber-optics.For

shorterdistanceslow-costLED'sorcoaxshouldofferthebestal-

ternative.Tocommunicateoverlongerdistancesonewouldneed

high-costlasers.
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5.3 Protocols

LogicfunctionSCI-nodeshavetobeabletoreceivedataonitsin-

cominglinkatthesametimeasittransmitssymbolsontheoutgoing

link. TodealwiththisanodeneedsFIFOstostoresymbolsinterme-

diately. Theinput-outputintermediatestore(INPUT-OUTPUT�fos)

isnecessarytointerfacebetweenthehigherspeedonthelinkandthe

lowerspeedoftherestofthenode.TheBYPASS-�foisusedforstoring

symbolspassingthroughtoothernodes,whilethenodeissendingone

ofitsownpackets.TheINPUT-�fosreceivesymbols(packets)destined

forthisnode.ThereisusuallyatleastoneINPUT-�foforrequestsand

oneINPUT-�foforresponses.Thesizeofthe�fosshouldbeatleastthe

sizeofthelargestpacket-sizeallowedinthesystem,withtheexception

oftheBYPASS-�fowhoisalittlebitlarger. TheBYPASS-�foshould

beabletostoreanecho-packet5 inadditiontothelargestpacket.The

internallogicalstructureofanodeisshownin�gure5.3
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Figure5.3:Nodelogicalstructure.

5.3.1 Inputsynchronizationandelasticbuffers

AllSCInodesaresynchronous.Thisgoesforboththeirinternallogic

andthedatatransmission. Thedatatransmissioniswhatonewould

callsource-synchronous(seechapter3).ThesynchronousnatureofSCI

5Seesection5.3.5and5.3.4respectivelyforuseandde�nition.



5.3Protocols 41

verymuchsimpli�esthelogicinthenodes. Sothereceivingpartof

thenodeisfairlysimple.Itconsistsmainlyofareceivercontainingan

elasticbuffer. See�gure5.3fortheactualplacementinanode. The

elasticbufferhasthetaskofcompensatingforthedriftinphaseover

timebetweentheincomingdataclockandthelocalreceivingclock.The

othermeansofphasecompensation,istheinformationcontainedinthe

syncpackets.Thishelpstocorrectforphasedriftbetweentheindividual

bits(skewbetweenthelines).

Oneofthereasonsforhavingidle-symbols(seesection5.3.5.5)be-

tweeneverypacketistomaketheelasticbuffermodelwork.Theway

theelasticbufferworksisthatitintroducesashortdelay(abuffer)of

2symbols.Choosingsymbolscorrectlyfromthisbufferallowstheelas-

ticbuffertodeleteandinsertidlesfromtheringtomakethenecessary

phasecorrections.Thesymbolsusedforthispurposearecalledelastic-

itysymbols.Theycanbebothidleandsyncpackets.Itisveryimportant

thattherealwaysareenoughofthemtomakethewholesystemwork

assupposedto.Tounderstandhowtheelasticitybufferworkswithin-

sertionanddeletionsee�gure5.4.Whenthereceivingclockisfaster

thantheinternalclockidle-symbolshavetobedeleted(see�gure5.4b).

Whenthereceivingclockisslowerthantheinternalclockidle-symbols

havetobeinserted(see�gure5.4a).

5.3.2 Flagcodingofincomingdata

Forthenodetobeabletorecognizethevariouspackettypesarrivingon

thelinkitmakesuseoftheagsignal.Theagsignalhasabit-pattern

(transitions)whichisexclusiveforeachkindofpacket. Thusthein-

terfacecanbydecodingtheag-signaldistinguishbetweenthepacket

typesandalsotheirduration.Theconceptisgraphicallypresentedin

�gure5.5tomakeiteasiertounderstand. Thetransitionsoftheag

signalarespeci�edasfollows:

0 �! 1 Thisisthestartofapacket.

1 �! 000 � � � Thenumberoftrailingzeroesidenti�esthepackettype.

Coding-decodingspeci�cationforthedifferenttypesofpackets:

Sendpackets: Atleastthe4�rstbitshighwith4trailingzeroes

Syncpackets: Firstbithighwith7trailingzeroes

Echopackets: 3bitshighwith1trailingzero

5.3.3 Switchingtechniques

HowwelldoesSCI�tintotheswitchingtechniquesdescribedinsection

3.3?Onaringletpacketsarebufferedinthebypass-�foiftheoutput-

channeloftheinterfaceisbusy.Otherwisethesymbols(its)arepassed

onimmediately.Thus,onaringlet,cut-throughswitchingisused.
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MUX
Idle

2 symbol delay
Input
to node

a b

a)   Insertion:

1) Before insertion
     (delay =0)

2) During insertion 3) After insertion
     (delay + 1)

b)   Deletion:

1) Before deletion of idle
     (delay > 1.25)

2) After deletion of idle
     (delay - 1)

save-go-bits

Output
to strip

The elastic buffer.

Closeup of the MUX during the different phases of deletion and insertion:

Figure5.4:Elasticbuffermodels.

Theswitchingtechniquebetweenringsisnotde�nedinSCI.Itisup

tothenetwork-designertodecide.InoursimulationofSCI(seechapter

8and9)wehavestudiedboththeeffectsofstore&forwardswitching

andvirtualcut-throughswitchingintheswitches.

5.3.4 Transactions

AllthecommunicationinSCIisde�nedbytransactions.Transactions

areinitiatedbyarequesterandcompletedbyaresponder.Everynode

inthesystemcanhavebothresponderand/orrequestercapabilities.In

otherwordsmemoryandI/Onodestypicallyneedonlytobeableto

respondtorequestsfromothers,whiletheprocessornodesalmostal-

waysneedstoexecutebothrequestsandresponsetransactions.Trans-

actionsconsistofoneortwosub-actionsdependentonthetypeoftrans-

action.Thesub-actionsarethenofcausecalledresponse-andrequest-

sub-action. Eachsub-actioninvolvestwopackettransmissions. One

sentontheoutputlinkandonereceivedontheinputlink.Thusatypical

transactionismadeupoffourpacketsbeingtransmittedinthenetwork.

Thisisillustratedin�gure5.6.
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i = idle symbol 
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D A T A signal  

Sync packet Echo packetiiSend packet 

Figure5.5:Flag-signalcoding.

Iftheresponderinatransactiondoesnothaveavailablebufferspace

toreceivetheincomingpacket,itgeneratesanechowiththebusyag

set(echobusy). Thistellstherequesterthattherespondercouldnot

processthepacket(thepackethasbeenbusied),becauseofthelackof

queueingspace.Therequestertheneitherhastoresendthepacketun-

tilitisreceivedsuccessfullyorgiveup.Whenaresponderhastosend

anecho-busyitmustmakeaspacereservation.Thisisdonetoincrease

thepossibilityforacceptanceoftheresentpacket.Theprotocoltoim-

plementthisisasimpleA/Bagingscheme.Thisallowsanodetoina

simplewaychoosebetweenB,resentpackets,andA,notbusied(not

acknowledged)sendpackets.

Whenatransactiontakesplacebetweennodesondifferentringlets

itiscalledaremotetransaction.Thisinvolvestheuseofanagent.The

agentcouldbeaswitchorbridge.Aswitchisusedtointernallyroute

betweentheringletsinaSCI-system.Abridgeisusedtointerfacebe-

tweenSCIandanothersystem.ThiscouldforexamplebeaVME-bus.

Theagentisusedtoremovepacketsfromoneringandtoinsertitinto

anotherring.Whendoingthistheagenttakesresponsibilityoffurther

forwardingofthepacket.Itsendsalocalecho(acknowledgment)onthe

ringwhichitreceivedthepacketfrom.See�gure5.7.

Therearefourmaintypesoftransactions:

Name Request Response

readxx Header Header 0,16,64,256

writexx Header 0,16,64,256 Header

movexx Header 0,16,64,256

locksb Header 0,16 Header 0,16

xxindicateoneofthelegaldatablocksizes,indicatedbythe

correspondingnumbersintheresponseandrequestcolumns.
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Request
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processing

Requester Responder
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Requester Responder
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Figure5.6:Exampleofatypicaltransaction.

(2) request-echo

(1) request-send

(6) response-echo

(5) response-send

Requester ResponderAgent
(3) request-send

(4) request-echo

Requester ResponderAgent
(7) response-send

(8) response-echo

Figure5.7:Exampleofatypicalremotetransaction.

readxx:Copydatafromrespondertorequester. Withresponsesub-

action.

writexx:Copydatafromrequestertoresponder.Withresponsesub-

action.

movexx:Copydatafromrequestertoresponder.Withoutresponsesub-

action.

locksb:Selectedbyte-lock.Copydatafromrequestertoresponder.The

responderupdatestheaddresstolock,accordingtothecommand-

�eldinthepacket,andreturnsthepreviousaddresscontentsto

therequester.Thisisanon-coherenttransaction,usedtoimple-

mentindivisibleoperations(alsoknownas\atomicoperations").

See[IEEE-SCI].
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5.3.5 Packetformats

SCIhasmanytypesofpackets.Explainedhereareonlythetypesused

inoursimulator. Therequestpackets,theresponsepacketsandthe

echo-packetsareexplainedbelow.Therequestpacketsarethoseorigi-

natingfromtheinitiatorofatransactionandresponsepacketsaresent

backinresponsetotheinitiator'srequest.Echo-packetsareacknowl-

edgementsofreceivedpackets.

5.3.5.1 Request-SendPacketFormat

 � 16bits �!
targetId

command

sourceId

control

addressOffset00: : :15

addressOffset16: : :37

addressOffset38: : :47

ext(0or16Bytes)

data

(0,16,64or256bytes)

CRC

Descriptionofthevarious�eldsinthepacket.

1. targetIdistheidofthenodeforwhichthepacketaredestined.I.e.

thedestinationaddress.

2.Thecommand�eldgivesthetypeofpacketandowcontrolinfor-

mation.

3.sourceIdistheidofthenodewhichsendsthepacket.

4.addressOffsetistheinternaladdressintherequesternode.Itmay

beaddressesorregisters.

5.ext.Aportionoftheextendedheader.

6.Data.0,16,64,256bytesofdata.

7.CRCCyclicRedundancyCheck.16bitCCITTCRC.
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5.3.5.2 Request-EchoPacket

 �16bits�!
targetId

command

sourceId

CRC

Descriptionofthevarious�eldsinthepacket.

1. targetIdAsfortheRequest-Sendpacket.

2.commandContainspartofboththecommandandcontrolsymbol

fromthesendpacket.Seedescriptionbelow.

3.sourceIdAsfortheRequest-Sendpacket.

4.CRCCyclicRedundancyCheck.

5.3.5.3 Response-SendPacketFormat

 � 16bits �!
targetId

command

sourceId

control

status

forwId

backId

ext(0or16Bytes)

data

(0,16,64or256bytes)

CRC

Descriptionofthevarious�eldsinthepacket.

1. targetIdistheidofthenodewhichthepacketisdestinedfor.Used

toroutefromtherespondertotherequester.

2.Thecommand�eldgivesthetypeofpacketandowcontrolinfor-

mation.

3.sourceIdistheidofthenodewhichsendsthepacket.

4.statusgivesthestatusofthetransaction.Usedtoindicatetrans-

actionstatusincludingcache-coherenceinformation.

5. forwIdandbackIdareusedbythecache-coherenceprotocolto

maintainthedistributeddirectorylist.
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6.ext.Aportionoftheextendedheader.

7.CRCCyclicRedundancyCheck.16bitCCITTCRC.

5.3.5.4 Response-EchoPacket

 �16bits�!
targetId

command

sourceId

CRC

Descriptionofthevarious�eldsinthepacket.

1. targetIdAsfortheResponse-Sendpacket.

2.commandContainspartofboththecommandandcontrolsymbol

fromthesendpacket.

3.sourceIdAsfortheResponse-Sendpacket.

4.CRCCyclicRedundancyCheck.

5.3.5.5 Idlesymbols

Idlesymbols�llthepart(s)oftheringthatisidle.Theyarealsoused

forsynchronization.Thereisalwaysanidlesymbolbetweenpackets.

 �8bits�!  �8bits�!
Various

bit-�elds

error

correction

Ofthe\various�elds",thego-bitsarethemostimportant.Theycon-

trolthebandwidth(seesection5.3.6).The\errorcorrection"isjustthe

invertedof\various�elds".

5.3.6 BandwidthAllocation

ForallocationofbandwidthontheringletsSCIimplementsaconcept

ofpartialfairness.Thisinvolvesafairallocationofbandwidthamong

nodeswithequalpriority.Unfairpartitioningofbandwidthisusedbe-

tweenthedifferentprioritylevels.Thismeansthatthenodeswiththe

currenthighestpriorityontheringletgetthemostofthebandwidth.

Theremainingbandwidthisfairlyallocatedamongtherestofthenodes.

Thisisillustratedin�gure5.8withthefourprioritylevelsthatSCIde-

�nes: itrangesfromP0(lowestpriority)toP3(highestpriority). The

highestpriorityinuseinthisexampleisP2. Thismeansthatnodes

withpriorityP2getthemostofthebandwidth. Theremainingband-

widthissharedequallybetweennodeswithprioritiesP1andP0.

Havingtheallocationprotocolsorganizedinsuchamannergives

somebene�tsonthefollowing:
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Priority

P3

P2

P1

P0

highest

fair

highest 1 - f

f

Fraction of
Bandwidth

Figure5.8:BandwidthPartitioning.

oGuaranteeforwardprogressontheringlet.Allowingtemporarily

blockingofhighprioritypacketswithoutanydeadlocks.

oDeterministicupperlimitfortime-outs,ie. theworstcasetrans-

actiontime-outvaluescanbecalculated.

oQueue-Allocationprotocols.Usingpartialfairnessgivesanupper

boundfortimetoretrybusies. Thismakesthequeue-allocation

protocolssimpler.

FairBandwidthAllocationFairbandwidthallocationmeansthat

nodeswiththesameprioritygetthesameamountofbandwidth. To

accomplishthisaround-robinprotocolisused.Theprotocolmakesuse

ofthegobitsintheidlesymbolstodecidewhichnodesgettotransmit

andwhichonesdoesn't.

Ineveryidle-symboltherearetwogo-bits.Oneforthehighestpri-

oritylevelandoneforthelowest.Wewillmakenodistinctionbetween

themfortherestoftheexplanation,becausetheyhavethesamefunc-

tionalityineachprioritygroup(highest/lowest).

Bysettingthego-biton/offyouindicateago-orno-go-idle.Packets

canonlybesentafteranidle-symbolwithasetgo-bit.Bycontrolling

theamountofgo-andno-go-idlesontheringletthebandwidthcanbe

partitionedbetweennodesaccordingtotheprotocol.

Therearetwoconditionsthathavetobesatis�edforanodetobe

abletosendapacket.Thebypass-�fomustbeemptyandtheremustbe

ago-idlepresent,tosendinfrontofthepacket.See�gure5.9part(1).

WhenthetransmissionstartsthenodeentersstateBLOCKED.In

thisstatefurtherforwardingofgo-bitsisdelayed.Theincominggo-bits

aresavedandmergedintoasave-go-queue.Thebypass-�fowillincrease

insize.Thisisillustratedin�gure5.9part(2).

ItstaysinstateBLOCKEDafterthetransmissionofthesend-packet

isended.Figure5.9part(3).Afterendingthetransmissionthenodestill

staysinstateBLOCKEDuntilthebypass-�foisempty.Thenitreleases

thesave-go-queueandleavesstateBLOCKED.Figure5.9part(4).
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Node wants to send.

Node sends the packet.
Goes into state BLOCKED.
Consumes idles (those who are consumable)
 and fills up the Bypass−fifo.
Go−bits are saved and merged.

Empties the Bypass−fifo.
Still saving go−bits.
State BLOCKED.

OUTPUT INPUT

OUTPUT INPUT

OUTPUT INPUT

OUTPUT INPUT

Save_Go_bit

Save_Go_bit

Save_Go_bit

Empty Bypass−fifo.
Out of state BLOCKED.
Releases the saved go−bits.
(Extending the go−bits)

(1)

(2)

(3)

(4)

Figure5.9:Usinggo-bitswiththefairbandwidthallocationprotocol.

5.4 Cachecoherence

Almosteveryprocessordevelopedtodaymakesuseofcachestoreduce

thelatencyinvolvedinmemoryaccess.Acacheisasmallhighspeed

localmemoryinwhichtheprocessorstoresdatatemporarily.Inamul-

tiprocessorsystem,likeSCI,thisleadstosomeproblems.Theessence

oftheproblemisthatseveralprocessorsoftensharethesamelineof

memoryintheircache.Whatshouldbedonetokeeptheconsistencyof

thedatawhenindependentprocessorsdowritesandreadsontheirlocal

copies?Thisiscalledthecachecoherenceproblem.Thisisdiscussedin

section2.3.4.SCIhasde�nedaprotocoltohandlecachecoherence.This

protocolalsoallowsboththeuseofnon-coherentandcoherentcacheop-

erations.Itisbasedonaconceptcalled\distributeddirectories".Thisis

thesameas\chaineddirectory"explainedinsection2.3.4.2.

Theconceptof\chaineddirectory"�tsnicelyintothepolicyofSCI,

whichdemandsahighscalability. Intheoryonehasnoupperlimitto
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thenumberofnodesinthelist.Thedirectorydoesnothavetoallocate

spacewhichinmostcaseswillbeuseless.Anotherpointisthatbyusing

alistwithpointersonedoesn'thavetorelayonbroadcasts.Allcache-

informationcanbedirectedonlytothenodesinvolved. Thelaborby

updatingthelistisalsosharedbetweentheprocessors,notonlyleftto

thememorymanagementunit.

ThelistinSCIisadoubly-linkedchainofpointers,connectingevery

sharingnode.Bymakingitdoubly-linked,theoperationsonthelistare

verymuchsimpli�ed. Anexampleofsuchalistisshownin�gure5.10.

Nodes:

CPU_A

Head

CPU_G

Mid

CPU_F

Mid

CPU_E

Tail

CPU

Cache

Memory

control

RAM
Non−coherent cacheline

Coherent cacheline
data ( 64bytes )

mState forwId
data ( 64byte )

cState

forwId backId

Figure5.10:Distributedcache-linelist.

Theplacementofthenodesinthe�guredoesnotreectanythingabout

thephysicalconnectionsandorientationofthenodes.

The�gureshowthateverycachehastwopointers,pointingtonext

andpreviousoneinthelist. Inadditiontopointers,eachcachehasa

7-bittag�eld;cstate.Thisintroducesanoverheadofapproximately7%.

Inthememorythereareonepointer,totheheadofthelist,anda4-bit

mstate�eld.Thememoryoverheadisapproximately4%.

Everynodeinthelistcanreaddatafromthecache. Itisonlythe

�rstnodeinthelistthathaswriteaccess.Thenodeexecutingawrite

isresponsibleforpurgingdatastoredintheothercaches. Thereare

transactionsforoperationsonthelistavailable.Foracloserdescription

see[IEEE-SCI].

Thecache-linesizeinSCIis�xedto64bytes.Havinga�xedlength

givessomeniceproperties:

SmallTagOverhead.Tagsdoonlyoccupyaverysmallpartoftotal

space.
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ReasonableEf�cient.The64-bytetransactioninSCIisef�cient. It

usesalmosttwothirdsofthebandwidthfordata.

Uniformity.Someotherbusesusethesamecache-linesize.

Whenthenumberofprocessorsinthesharinglistgetsverylargethis

schemeistooslow.IEEEP1596.2isanextensionofthecachecoherence

schemewiththisinmind(seesection5.5).

5.5 OtherSCI-relatedprojects

ThereareseveralprojectsgoingonwithSCIrelatedtopics[Gustavson].

AbrieflistoftheseIEEEprojects:

P1596.1SCI/VMEBridge. Aspeci�cationofabridgeallowingcon-

nectionbetweenaSCI-systemandaVME-bus.

P1596.2CacheOptimizationforLargenumberofSCIproces-

sors. Cacheoptimizationschemethatusesatree-structuretorepre-

sentthecache-listandrequest-combiningtofurtherincreaseef�ciency.

Usefulwhenthenumberofprocessorsisverylarge(1000ormore).

P1596.3Low-VoltageDifferentialInterfaceforTheScalableCo-

herentInterface. Speci�estheuseoflowvoltageswingsinsignals

usedtoimplementtheSCI-chips.Makinglow-costCMOSchipstobe

usedinworkstationsandPCsatspeedsofatleast200MBytes/sec.

P1596.4HighBandwidthMemoryInterface. Thisprojectiscalled

theRAMLINKandtriestoutilizetheSCItechnologytoprovideahigh-

bandwidthinterfacetomemorychips.

P1596.5DataTransferFormatsOptimizedforSCI. Speci�cation

ofdatatypesandformatsthatwillworkef�cientlyonSCIfortransfer-

ringdataamongheterogenousnodesinaSCImulti-processorsystem.

Theworkisnow�nished.

P1596.6SCIRealTimeApplications. Speci�cationsmadetosatisfy

theneedsofreal-timeapplicationsforSCI.
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Swipp&SCI

InthischapterwepresenttheSWIPP-conceptandmakeacomparison

ofSWIPP1 andSCI.Wewillalsomakesomesuggestionsonhowthe

switchingnetworkinSWIPPmightbeorganized.

6.1 PresentationofSWIPP

SWIPPisamulticomputerstudyunderdevelopmentatDepartmentof

Informatics,UniversityofOslo.

SWIPPisamulticomputersystemforheterogeneouscomputingnod-

es.Itoffersfastcommunicationchannelsbetweenthecomputingnodes.

Highbandwidthandexibilityareobtainedbyemployingcustom-de-

signedVLSI-switches,togetherwithpoint-to-pointlinks.Specialmod-

ules(protocolengines)betweenthecomputingnodes(computeengines)

andthenetworkareusedtooff-loadcommunicationtasksfromthecom-

puteengines.Thereisnophysicallysharedmemory,insteadalogically

sharedmemory(distributedinthecomputeengines)mightbeemployed.

Toachievethis\shareddata-space"messagepassingisemployed.Pre-

sentlyanumberofmaster-of-sciencestudentsarewritingtheirthesis

asapartoftheSWIPP-project:[Lundh,Laetal,�stby,BlekHag,Baltz,

Karlsen,Roseth,Larsen,EsvSchr�,NerSmaTor].

SWIPPiscomposedofthefollowingcomponents:

Computeenginesareindependenthostswiththeirownprocessorand

memory.Theymayhavedifferentarchitectures(heterogeneous).

TheyarehenceforthcalledCE's.TheCE'sareconnectedtogether

throughacommunicationsystemofswitches.

ProtocolengineisthemodulebetweentheCEandthenetwork.Its

maintaskistocarryoutcommunicationdutiesfortheCE,thus

increasingthetotalperformanceoftheCE.Theprotocolengines

(henceforthcalledPE's)receivedatafromtheCE's. Thisdatais

putintopacketsbythePEandthensentoutonthenetworkto

anotherCE.

1SWIPP=SwitchedInterconnectionforParallelProcessors

52
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SwitchesTheswitchescontainacrossbar-matrixwiths inputchan-

nelsands outputchannels(s = 4 in�gure6.1and6.2). Each

channelisinternallya9-bitbus(8fordata,1forcontrol).Each

inputchannelincludesabuffer(a�rstin�rstoutbuffer)calledthe

inputport.Attheoutputistheoutputport.s isplannedtobe16.

LinksTherearetwoschemesforthelinksconnectingtheswitchesand

thePE's.

1.Optical. Thelinksaremadeupoftwo�bers(oneforeach

direction).Anadvantageinusingoptical�bersisthathigh

bandwidthisachieved,independentlyofdistance. Inaddi-

tion,the�bersarenotsensitivetoelectricalnoise.See�gure

6.2.Anoptomodule(seeitembelow)isthenneededatboth

endsofthe�ber.

2.Electrical.Thelinksaremadeupof9parallelwiresineach

direction.Electricallinksareforshorterdistances.

OptomoduleTheoptomoduleconnectstheopticallinkstotheswitchor

PE.IttransformsparallelelectricalsignalsfromthePEorswitch

toaserialopticalsignal(andviceversa).HenceforthcalledOM.

Optomodule

Fiber pair, or 9-bit buses 
    (bidirectional link)

Compute engine

Protocol engine

Switch

Network of
 switches

  Same
interface

PE CE

PE CE

PECE

PE

CE

Figure6.1:TheSWIPPconcept.OMomittedif�berlinksarenotused.

RoutinginthenetworkSWIPPusessource-routing.ThePE'shave

aroutingtable. Beforesendingapacket,thePE'sprependitwitha
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listofaddresses,givingtheroutethroughthenetwork.Theadvantages

withthisscheme:

oItreducestheworkoftheswitches.Thereisnoneedtohavetables

intheswitches.ThecomplexityisputinthePE'sinstead. Less

logicisneededtohandleanincomingpacket.

oThetimetomakeaconnectionintheswitchesisreduced.

oIteasesupgradingofaswitchtouseopticaltechnologywhenthat

becomesavailable.

9-bit bus

Fiber, or 9-bit bus

 Crossbar
interconn-
   ection
  pattern

OMIP
OP

O
M

IPO
P

OM IP
OP

O
M

IP O
P

2 5
2

2 2

a

b

c

d

Figure6.2:TheswitchusedinSWIPP.Inthisexampletheswitchhas4channels

(s = 4)Eachchannelhasaninputport(IP),anoutputport(OP),andanoptomodule

(OM)(if�ber-linksareused). Thenumberssuggest roughlythenumberof

clockcyclesaitneedstotraversetheswitchfrom'a'to'c'.

6.2 ComparativestudyofSWIPPandSCI

BothSCIandSWIPPhavemuchofthesamebasicfunctionalityata

lowlevel.Theybothofferamoduleallowingtheconnectingofseveral
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processorsandmemoriestogetherforminganinterconnectionsystem.

Buttheideasleadingtowardsthe�nalresultwerequitedifferent.

SCIhaditsoriginfromagroupofpeopleworkingwithbusstan-

dardsinthelate1980's. Ontheirsearchtoincreasetheperformance

onbuses,theyrealizedthatiftheperformanceshouldhavemorethan

amarginallyincreaseonewouldhavetochooseanewschemeforcom-

munication.ThisleadstothedevelopmentofSCI.InSCIthemeansof

communicationarepointtopointlinksinsteadofthetraditionalbus.In

additiontocommunication,aprotocoltomakeSCIcapableofhandling

thecachecoherenceproblemisofferedasamajorpartofthestandard.

WhendevelopingSCIasaconcept,onehadtoputmuchthoughtinthe

problemofwhatkindoftechnologyandprotocolsitshoulddependon.

Itshouldmakeoptimumuseofthecurrentavailabletechnologyaswell

asmakingitpossibletotakeadvantageofthecomingadvancesintech-

nology.

SWIPPontheotherhandhasitsbirthinauniversityenvironment.

Itisbasedontheideathatifamulti-computershouldmakethemost

outofitsresources,thetaskofcommunicationshouldbelefttoasepa-

rateunit.Thisunitshouldtakecareofthecommunicationandcommu-

nicationprotocols.Developingsuchaunitshouldinvolvethestudyof

severalwaysofimplementation.Itshouldhaveinmindpredictionson

whattechnologyshouldofferinthenextdecadeorso.Thisprojecthas

beengoingonforquitesometimeandhasresultedinseveraltheses.

Thishasleadtoaratherlengthyprocesswheremuchofthemainlines

oftheprojectwereoatingbackandforth,aseachofthethesesinthe

projecthadtobetimelimitedandwithanacademiccontent.

SomedifferencesbetweenSWIPPandSCI:

Thephysicaldifferenceofthelinks. Bothconceptshavepossibili-

tiestousebothelectricallinksand�ber-opticallinksfortransmission.

Themainfocussofarhasbeenwith�ber-opticsinSWIPPandelectri-

calinSCI.Theelectricallinksareasonewouldexpectinbothconcepts

parallelandthe�ber-opticsserial.Thedifferencethenbetweenthetwo

conceptsismainlythewidthofthecommunicationschannels.SWIPP

uses9bitsinparallelwhileSCIuses18bits.8ofthebitsinSWIPPare

usedfordataand1forcontroll.InSCI16ofthebitsareusedfordata

and2forcontrol.Theotherdifferenceisthespeedofwhichtooperate

thelinks. Itismuchdependentonthetechnologyinwhichthe\�nal"

implementationisdone.Thisisthecurrentspeci�cations.SCIcansend

8Gbitspersecondoveritsparallelelectricallinksand1Gbitspersec-

ondonits�ber-link. SWIPPiscapableofatleast1Gbitspersecond

overits�ber-link.

SwitchingtechniqueAsmentionedinsection5.3.3SCIusesvirtual

cut-throughontherings.Thebehavioroftheswitchesisimplementa-

tiondependent. Inanycasethepacketsmustbebufferedifaconict
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SWIPP

Source
node

Target
node

SCI

Target
node

Source
node

node switch

Figure6.3:The�gureshowsanarbitrarypathbetweentwoactivenodesthata

packetmusttraverse.WeseethatbothSCIandSWIPPhasbidirectionallinks,

logically.

happens,thussettinganupperlimitonthepacket-sizeaccordingtothe

�fo-size.

Swippuseswormhole\routing". Sincetheinputbuffersaremuch

smallerthanthesizeofthepackets,partofthereturnbandwidthofthe

linksisreservedforsignallingpurposes. Ifabufferintheswitch/PE's

receivingthepacketisnearlyfullitmustsomehowpausethesender

ofthepacket. Thusasignalissenttothesender(onthereturnlink)

tellingittostopforawhile.

Theswitches. Theswitcheshastwotaskstoperform.Oneistocon-

nectthenetwork(thek-aryn-cube-structure)together.Theotheristo

connectthelocalnodestothenetwork(andthustothek-aryn-cube-

structure).

TheformercanbedonesimilarlyinbothSWIPPandinSCI,asshown

intheleftpartsof�gure6.4and6.5,usingswitches,andforexample

ringsinacube.ThelatterisdonewithaswitchinSWIPPandwitha

ringinSCI,asseenintherightpartsof�gure6.4and6.5,respectively.

Buildingaswitchineitherconceptsdependsonwhetheroneusesthe

parallelorserialversions.Itisobviousthattheparallelversionsseta

limittothenumberofinputandoutputconnections.Thusallowinga

serialimplementationtoconnectmorenodes.

SwitchesinSCIneedmorelogicineachswitchtomaketherouting

decisions.Thisisduetothefactthateachpackethasonlythetarget

andsourcenodeaddresscontainedwithinit.Thussomesortofaddress
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tablehastobestoredandaccessedintheswitches.Theoutputbuffers

alsohavetobeabletostoreawholepacket.Theprotocoldemandsthe

sendinginterfacetostorethepacketuntilanacknowledgementisre-

ceived.

Transmission-timethroughtheswitches InSCItheswitchesare

notstandardized,theyareimplementation-dependent.Iftheswitching

techniquevirtual-cut-throughisused,ait(asymbol)shouldbeableto

accomplishroughly10clock-cyclesthroughaswitch(notpresently).

SWIPPuseswormhole,andshouldaccomplishroughlythesame

speedasSCI.

Measuringthespeedismorethanjustcomparingthenumberof

clock-cycles.InSCIthecycle-timeis2-3nanoseconds.Thecycle-timein

SWIPPisuncertainsincearealimplementationhasnotbeendesigned

yet.

Apointtomentionisthatonehastobalancethespeedonthelinks

andthethetimetodecodeandroutethepacketsintheswitches.Forthe

logicintheswitchtohandlethehighspeedonemighthavetointroduce

extradelay(buffer).

ItisexpectedthatSCI-switcheswillhavea\favoredswitchsetting"

(page66).Thusthecommunicationwillbefasterbetweenpairsofinput

andoutputportsontheswitch.

SWIPPdoesnothavethisproperty.Theswitcheshavenotbeencon-

structedwiththisinmind.Theusefulnessofthispropertydependson

thetopology.Itishandywhenconstructingk-aryn-cubes.

Packetsandformats. InSCIpacketscanbeaslongasthesizeof

thepacket-buffers.Theythushavea�xedheader-overhead.Seesection

5.3.5.1.

InSWIPPpacketscanbeofvariablelength.Packetscanbeaslongas

desired,thuseffectivelybecomingcircuit-switched.Thushavinglarger

packetsreducetheoverheadoftheheader.

Theapplicationlayer. AlargedifferencebetweenSCIandSWIPP

isintheirrespectiveuse.SCIismainlyintendedforashared-memory

multiprocessor. SWIPPhasinmindanenvironmentofheterogenous

computersthatcommunicatebysendingmessages.Topermitmultiple

processestointeractthe\shareddata-space"isused[Larsen].

Seealsopage10insection2.3.3foradiscussionofsharedmemory

versusmessagepassing.

AddressingTheaddressingschemeusedbySCIandSWIPPisdiffer-

ent.SCIusesanabsoluteaddressingschemetoaddressupto64K(216)

nodes.SWIPPusesarelativeaddressingschemetoaddresstheoutput

linksoftheswitches.Thereisnoexplicitlimittothenumberofnodesto

address,theaddressescanbeaslongasthelargest\hop"inthenetwork

(diameterofthenetwork).4address-bitsperhop.
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WiththeSWIPP-addressingschemeitisrelativelyeasytoattach

additionalnodestothesystematalaterstage.Theroutingtablesinall

thePE'smustthenbeupdated,though.

WiththeabsoluteaddressingschemeofSCIthisbecomesmoredif-

�cult. Caremustbetakenwhendesigningaroutingalgorithm.Oth-

erwiseaddressesmayhavetobechangedwhenattachingadditional

nodes.

Connectingtootherbuses/networks. HowmuchhasSWIPPand

SCIthoughtaboutinteractingwithothersystems?SWIPPhasmadea

thoroughstudyonhowtoconnecttoethernet(IEEE802.3). Abridge

betweenSWIPPandethernetispresentedin[Roseth].

WithintheSCI-communityworkhassofarconcentratedonde�ning

astandardforabridgebetweenSCIandVME-bus(seesection5.5).In

additiontherehasbeenstudiesonhowtoconnectSCItoFuturebus+,

TurbochannelandHIC,amongothers.

SWIPP SCI

Addressing relative absolute(max216)

Switching wormhole+signaling virtualcut-through

Routing source-routing unde�ned

Memorymodel
messagepassing sharedmemory

ormessagepassing

Cachescheme none distributedlinkedlist

Packetlength nolimit limitedby�fo-size

Links
2�9unidir.wires

or2�bers

18unidir.wires

orserial�ber

Status prototypemade standard,chipsavailable

Errorcorrection CCITT16-bitCRC CCITT16-bitCRC

Table6.1:SummaryofcomparisonofSCIandSWIPP.

6.3 k-aryn-cubesimplementedinSWIPP&SCI

Asshowninthediscussionintheprevioussectionthedifferenceismost-

lyintheprotocols.Bothcanuseserialandparallelcommunicationin

andoutofanode.Eachwillusewhateverismostsuitableforaspeci�c

problem.Allkindsoftopologiescanbeconnectedwithbothschemes.

SCIhasthoughtlittleaboutswitchesandhowtoconnecttopologies.

SWIPPhasdonesomemorethinkingabouttheswitches,butnotso

muchabouttopologies.

Asamoreinterestingformofcomparisonletusdiscusstheperfor-

manceofk-aryn-cubesasimplementedinSWIPPandinSCI.Insystems
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nodes

switch

Figure6.4: k-aryn-cubesimplementedwithSWIPP.Eachvertexhasoneswitch

andpnodesattachedtoit.Theswitchhasthens = 2n + pchannels.Herep = 3

andn = 2.7channelsforthis3-ary2-cube.

likeSCImostofthetraf�cgeneratedistriggeredbycacheoperations.

Thisbehaviorismorethoroughlydiscussedinsection8.6. Insystems

wherethegreaterpartoftraf�ciscausedbycacheoperations,thela-

tencyisthemostimportantparametertoobserve.Thuswewillconcen-

trateonlatencyinthefollowingcomparison.

Weassume:

1.Eachvertexinthek-aryn-cubehasoneswitchandpactivenodes.

2.TheswitchesfortheSCIschemeconnectn dimensions,plusone

extralinkfornode(s).Thatrequiresn+ 1 interfacesinaswitch2.

See�gure6.5.

TheswitchesfortheSWIPPschemeconnectn dimensions,plus

oneextralinkperactivenode. Thatrequires2n + p channelsin

theswitches.p forSWIPPisconstrainedbythesizeoftheswitch.

Themaximumnumberofnodespervertexisthens�2n.See�gure
6.4.

3.Ak-aryn-cubeimplementedwithSCIhasunidirectionallinks,as

shownin�gure6.5.SWIPPmusthavebidirectionallinks(impor-

tantrequirementoftheprotocol),asshownin�gure6.4.Weas-

sumebothuseatorus-connectionscheme.

2
Note:wewillnot(forsimplicity)usetheschemepresentedinsection7.1.2on

connectingk-aryn-cubesforSCI.ThiscomparisonbetweenSCIandSWIPPwould
thenbeneedlesslycomplex.
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node-ring

switch

favored switch setting

Figure6.5:k-aryn-cubesimplementedwithSCI.Eachvertexhasoneswitchand

aringwithp nodesattachedtoit. Theswitchhasn + 1SCI-interfaces. 3SCI-

interfacesforthis3-ary2-cube.

SCIcanalsobebidirectional,eachlinkisthenfunctionallyaring.

Inthisdiscussionthough,weassumeSCIisunidirectional.This

isamoreef�cientallocationofhardwareresourcesinSCI.

4.SCIhasa2bytewidelink.The�rstimplementationofSWIPPis

expectedtohavea1bytewidelink.

UnloadedLatencyAninterestingandstraightforwardparameterto

compareSWIPPandSCIwithistheunloadedlatency.Weassumek-ary

n-cubesimplementedasshownin�gure6.4and6.5.

Alllatency-equationsand�guresareinthenumberofclockcycles.

Inthefollowingdiscussionthefollowingparametersareused:

1. twisthewire-delay.Weassume2clockcycles-timebothforSCI

andSWIPP.

2. tbristheswitch-delay.SCI-switchesmightuseanadditionalcycle

ortwomoreforaddress-decoding,3butontheotherhandthePEs

inSWIPPneedadditionaltimetoconstructtherouteofthepacket

(lookupintotheroutingtable). Suchimplementation-dependent

detailsremainuncertain.Weassumeforsimplicity10clockcycles-

timebothforSCIandSWIPP.

3. tbpisthebypass-delayforSCI.Itsvalueishereassumedtobe

5clockcycles-time. WedifferentiateinSCIbetweenthetimeto

switchdimension(tbr)andthetimetocontinueinthesamedi-

mension(tbp),duetothe\favoredswitchsetting"-propertyofSCI.

3Ifourcoordinate-addressingscheme(section8.1.11)isusedforforSCI,thetimeto
decodetheaddressbitsshouldbejustasfastasthesource-routingschemeofSWIPP.
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4. r isthetime,inclockcycles,totransmitan80bytepacket(both

headeranddata). r is80forSWIPP,and40forSCI.Thereason

beingthe1bytewideSWIPP-linksincontradictiontothe2bytes

usedinSCI.

FirstwewillderivetheunloadedlatencyforSWIPP:

Ifthek-aryn-cubelackstorus-connectionthemaximumunloaded

latencyis:

Latencymax= n(k � 1)(tbr+ tw) + 2tw + tbr+ r (6:1)

Onaveragethelatencythenis:

Latencyave=
n(k � 1)

2
(tbr + tw) + 2tw + tbr + r (6:2)

Wewillassumethek-aryn-cubehastorus-connections. Thusthe

maximumlatencyis:

Latencytorus-max = n
k�i
2

(tbr + tw) + 2tw + tbr + r

i = 0 ,keven

i = 1 ,kodd

(6:3)

Ourgoalistheaverageunloadedlatencyusingtheschemein�gure6.4,

whichhastorus-connections. Sinceitisthegoal,itis�rstpresented

moreverbally:

Latencytorus-ave

= packetlength

+ timetotraverse\source-wire"+\source-switch"

+ timetotraverse\target-wire"

+ withapenaltytbr + tw changedimension

onaveragenk�i
4
times

Moreformallythisis:

Latencytorus-ave = n
k�i
4

(tbr + tw) + 2tw + tbr + r

i = 0 ,keven

i = 1 ,kodd

(6:4)

Theaverageunloadedlatencyfork-aryn-cubesimplementedwith

SCIusingtheschemeof�gure6.5:

Latencysci

= halfofsourcevertex

+ halfoftargetvertex

+ packetlength

+ changedimensionn� 1 timeswithprobabilityk � 1=k

+ traverseeachofndimensions
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or,moreformally:

Latencysci = ptw+ (p� 1)tbp+ r

+ (n� 1)k�1
k
tbr

+ n
k�1
k

�
k�2
2
tbp+

k�1
2
tw

�
(6:5)

Latencysciisalsodependentonthenumberofnodesineachvertexp.We

assumein�gure6.6and6.7thatp = 3.

Theaverageunloadedlatencyequationfork-aryn-cubesimplement-

edwithSCIismorecomplexthantheSWIPP-equationbecauseSCI

switchesareexpectedtohavea\favoredswitchsetting"(page66),thus

itcostsmoreforthepackettoswitchdimensionratherthancontinuing

inthesamedimension

Latency (# cycles)

k0.00

100.00

200.00

300.00

400.00

0.00 5.00 10.00 15.00

SCI SCI SCI 

SWIPP SWIPP SWIPP

n = 2: n = 5: n = 8:

Figure6.6: Unloadedlatency,inclockcycles,asafunctionofthenetwork-size

(givenbykandn).Equation6.4versus6.5.The\staircase"-formoftheSWIPP-

latencyisexplainedbytheodd/evenpartofequation6.4.

Letusnowcomparethemeanunloadedlatency(incycles)forSCI

andforSWIPP.Weassumek-aryn-cubesasin�gure6.4and6.5.We

thuscompareequation6.4and6.5.Rememberthough,thattheremight

beadifferenceinthecycle-timeinthetwoconcepts(seesection6.2on

page57).Forsimplicityweassumethattheyareequivalent,butthatis

notcertain!

WeseethatinmostcasestheSCI-latencyislower,butnottoagreat

extent.ThereisalsoindicationthatSWIPP-latencyissmallerforvery

largen andk's. Asaruleofthumb:weseethatasweincreasethe
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k0.00

100.00

200.00

300.00

400.00

0.00 5.00 10.00 15.00

Latency (# cycles)

SCI SCI 

SWIPP SWIPP

No favored switch setting: Assuming same link width:

Figure6.7: Latency. FirstweseethatSWIPPhasamuchlowerlatencyifwe

assumethatSCIhasnofavoredswitchsetting(tbp = tbr).Also,ifthelinkwidthof

SCIandSWIPPwerethesame(2byteswide),thelatencywouldbeapproximately

thesame.n ishereconstant(n = 4).

distancefromtheorigin(thenetworksizeincreases),thelatencyfor

SWIPPisthesame,orlowerthanthelatencyforSCI.

Figure6.7attemptstoexplainthedifferences. The2upperlines

showthelatencyifSCIhasno\favoredswitchsetting"(page66).Thus

tbr = tbp.Weseethatthereisalargerdifferenceasthenetworksize

grows,inSWIPP'sfavor.ThusthefactthatSCI-switchesareexpectedto

havea\favoredswitchsetting"isimportanttothelatencycomparison.

The2lowerlinesin�gure6.7plotthelatencyifbothSWIPPandSCI

has2byteswidelinks.Wethenseethereisanegligibledifferenceonly.

Thusthelowerlatency�guresforSCIin�gure6.6areexplainedbythe

largerlinkwidthofSCIandthefavoredswitchsettingofitsswitches.

Anothermatteristhatasn growsthequestionarisesofhowlarge

theswitchescanbe.

Loadedperformance Theunloadedlatencydoesnotsaymuchabout

theperformanceunderrealworkingconditions.Whataboutconditions

underload?Whataboutthroughput?

Whathappenswhencontentionarises?Itisthenuptotheband-

widthallocationprotocolstobalancetheresourcesbetweenthevarious

partsofasystem.Theycontrolaneventualdifferenceinperformance
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betweenthetwoconceptsunderload.Tostudythedifferenceoneneeds

eitherananalyticalqueueingmodelorasimulationmodel. Bothare

beyondthescopeofthiscomparison.Wehereinformallymentionsome

ofthemoreinterestingpoints,whichmaymakeadifferenceonthere-

sultingperformance.

oReleaseofbuffers. TheSCI-protocoloperatesonaring,while

SWIPPoperatesonasinglebidirectionallink.SWIPPmightthere-

forebeabletoreleasebuffersfaster.Also,sincetheSWIPP-proto-

coloperatesonasinglelink,theunavailabilityofresources(typi-

callybuffer-space)isdiscoveredmorequickly.Itisthereforeprob-

ablethattheSWIPP-protocolmightgeneratefewerretransmis-

sions.InfactmostofthetimeSWIPPwillnotretransmitpacket.

Itjustslowsdownthesendingnode.Itcontinuesthetransmission

whenthesenderreceivesa\go-on"signalorthesendertimesout.

Boththesefactorsshouldresultinalargerthroughput. Onthe

otherhandpacketswhichstopbecauseofcontention,occupysev-

eralbuffers/switches(wormholerouting).Thisisbecausethecom-

pletepacketcannotbebufferedinasinglebuffer.Thiswillslow

downotherpacketstryingtousethesameroute.Thenetwork,or

partsofit,mightbecometemporarilyblocked.Thismightdegrade

thetotalperformance.

oForwardprogress. Forwardprogressistheabilitytoensurethe

owofpacketsthroughthenetworkunderallconditions.Thisisa

pointwhereSCIandSWIPPdiffer.SCIhasaworkingmechanism

toensurethis.ThispartofSWIPPisnotyetcomplete.

oConnectivity. Withbidirectionallinksthenodesareonaverage

closertooneanother.Theaveragedistanceisthenreduced.This

shouldgiveashorterlatency,andinturnmorethroughput.There

ismoreconnectivitywithbidirectionallinkstogetherwithswitch-

es,thanwitharing.

TheabovepointsindicatethatSWIPPmightgiveahigherthroughput.

Ontheotherhand,thewiderlinkofSCImightmakeupforthem.This

isdif�culttosayoff-hand.

Cost Asaparameterforcost,letususethenodes/switches{ratio.

Ascanbeseenin�gure6.5,itisrelativelysimpletoaddnodestothe

verticesbyaddingnodestothe\node-ring".Thusimprovingthenodes/-

switches{ratio.Thechangetolatencyandthroughputisnegligible.

ItisnotsosimpletoaddnodestotheverticesintheSWIPP-im-

plementation.Onemethodistoenlargetheswitches.Aswitchcould

havemorethanonechannelconnectedtonodes.Thatmightincrease

thecostoftheswitches.Anothermethod:connecttheswitchtoanew

switch,whichoneinturnconnectsseveralnodesto.Thiswoulddouble

theamountofswitches.
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TheSWIPP-protocolissomewhatlesscomplexincomparisontothe

SCI-protocol4.Thiscouldresultincheaperswitches.

SummaryofComparingWehaveonlydiscussedcommunication-

aspectsinthiscomparison. Topicslikecachecoherencyandmessage

passinghavebeenkeptout.

InSCIlatencyismorecriticalsincecachecoherencyisanimportant

part. ThisisnotsoimportantinSWIPP,highthroughputisamore

importantgoal.

4ThisispartlybecauseSCIisastandard,thusmorepeople(withconictingwishes)
areinvolved.
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TopologiesusingSCI

Inchapter5wepresentedSCI.Inthischapterweshowhowwesuggest

thatmultipleSCI-ringsbeconnectedintoak-aryn-cube.Aroughtheo-

reticalanalysisofthesek-aryn-cubesisthenpresented.Thisanalysis

ispartlybasedontheoryinchapter4(withsomesimpli�cations),par-

ticularlyequation7.6and7.7.Wecomparethesetwoequationswiththe

simulation-resultsinchapter9.

Mostoftheclassicaltopologies(thosedescribedinchapter3,forin-

stance)canbesynthesizedfromasetofrings.Theuseofringsconnected

togetherwithswitchespresentscertaintradeoffs[JohnGood]:

Favoredswitchsettings: Aswitchcanhavemultipleinputand

outputlinks,buteachinputlinkwillhaveapreferredoutputlink. In

aring-basedtopologyitwillbefaster,byaconsiderablefactor,toroute

withinthesamering,insteadofroutingtoanotherring.Forexample,in

theswitchin�gure7.1therearetwooutputlinks.Apacketenteringthe

inputlinkinring1willleavetheswitchfasterifitchoosestheoutput

linkinring1,ratherthantheoutputlinkinring2.Thisconstrainthas

nothingtodowithrings,itisapropertyofswitches.

Differentringsize: Theoptimalringsizedependsonthedegree

offavoredswitchsetting. Inotherwords,iftherelativepenaltyfor

changingringsisveryhigh,thentheoptimalringsizeincreases.Thede-

greeoffavoredswitchsettingistypicallyfasterwithafactorofroughly

3-4.Thisarguesforlargerings,buttherearealsoargumentsforsmall

rings.Oneisthattheecho-packetsmusttraversetheremainingpartof

alltheringsvisited,thuswastingapartofthebandwidth.Anotherar-

gumentforsmallringsisthatecho-packetsthenarrivefastertorelease

buffersatthedestination,thusenablinganewtransaction.

Deadlockavoidance: SCIhasbeende�nedsoastoavoiddead-

lockonasinglering,butspecialcaremustbetakentoavoiddeadlock

withinatopologyofmultiplerings.

7.1 Synthesizingk-aryn-cubeswithSCI-rings

Wewillheretakealookatvariousmethodsofimplementingk-aryn-

cubes.Firstwemustconsideraswitchingelementtouse.

66



7.1Synthesizingk-aryn-cubeswithSCI-rings 67

Thesimplestwayofconnectingtworingsisbyusingabridgeas

shownin�gure7.1.Here2SCI-interfacesareconnected\back-to-back".

ThisisprobablythesimplestandcheapestSCI-bridgethatcanbeman-

ufactured.Itshouldalsobepossibleinduecoursetoplaceitonasingle

chip.Thisisthekindofswitchwehavechosentouseinoursimulation

study.

SCI-interfaces

Ring 1

Ring 2

(16 + 2)

Figure7.1:Aswitchconnecting2rings.

Withsuchabridgemultipleringscanbeconnectedtogether. We

willinthefollowingconcentrateonconstructingk-aryn-cubesusingthe

bridgesof�gure7.1.Adetailedviewofthisbridge,aswesimulateit,is

shownonpage81.

7.1.1 Surfaces

Onemethodistoconnectthecubebyusing\surface-rings",asshownin

�gure7.2.Eachsurface-ringisthenconnectedto4(k � 1) corner-rings

(thisisonepossiblemethod,anyway).Weconsideredthisalternative,

butvieweditasbeingtoocomplextoconnect.Inadditiontheroutingis

unnecessarycomplex.

7.1.2 Edges

Inthisthesisk-aryn-cubesaremainlyconstructedofSCI-ringsinthe

followingway: \edge-rings"connecteachvertexinthek-aryn-cube.

Eachedge-ringhaskcorner-ringsattachedtoitasshownin�gure7.3b.

Theyarelabeledasx-,y-,andz-ringsin�gure7.3a. Oneadvantage

withthismethodistherelativelysimpleroutingalgorithmpossible(de-

scribedonpage94).Italsohasarelativelyunderstandabletopology. A

furtherexampleofourk-aryn-cubesisshownin�gure7.4.Notethe

directionofthearrows,theyshowthedirectionthepacketsgoalonga

ring.Inoursimulationthepacketisalways�rstroutedinthe�rstdi-

mension(the\x-ring").Thentheseconddimension,andsoon.Thisto

maketheroutingalgorithmsimple.Asideeffectofthisisshownin�g-



68 7 TopologiesusingSCI

"corner-
    ring"

"Surface-ring"
-alternative

Figure7.2:Connectingacubebyusingrings:heretheringsfollowthesurfaces

ofthecube.Theyareconnectedtogetherwith\corner-rings",asshownin�gure

7.3a.

ure7.4,wherethenodefurthestfromtheonelabeled'a'is'b'andnot'c'.

7.1.2.1 Placingtheactivenodes

Aquestionis:whereareactivenodesplaced?Inthisstudyweplace

thesenodesinthevertices.Wehavestudiedtwopossibilities:

Placingthenodesinthecorner-ringThisisshownin�gure

7.5a. Itisimportantthatthecorner-ringsdonotbecomea\bottle-

neck",thereisalimittothenumberofnodesandswitchesconnected

tothecorner-ring.Thusitisnotidealtoplacetoomanynodesonthe

corner-ringsinceitsmainpurposeistoconnectdimensions(edge-rings)

together.

Withthisschemethenumberofswitchesinthenetworkare

Snic= n � kn (7:1)

andthetotalnumberofactivenodes,P,is

P = p � kn (7:2)

wherep isthenumberofactivenodesineachvertex.Thesubscript\nic"

referstothefactthattheactivenodesareinthecorner-ring.

Aninterestingparameteristhemaximumlatencyinanidlenetwork.

Wewillherederivethemaximumunloadedlatencyfork-aryn-cubesas

wehaveimplementedit.Firstsomevariables:



7.1Synthesizingk-aryn-cubeswithSCI-rings 69

"corner−ring"

S

S S

"x−rin
g" "y−ring"

"z
−

ri
ng

"
"edge−ring"

a b

Figure7.3:Connectingacubebyusingrings:heretheringsfollowtheedgesof

thecube.Theedgesareconnectedtogetherwith\corner-rings",asshownina.

'S'denotestheswitchesin�gure7.1.

Description name

wiredelay(4ns)1 tw

bypassdelay(12ns) tbp

bridgedelay(22ns) tbr

packetlength(80ns) r

numberofprocessorsinvertex p

Weassumetheswitching-techniquevirtual-cut-throughisused. The

maxunloadedlatencyis:

Maxlatency = thetimetoleavesourcevertex

+ themaximumtimetoswitchdimensionn� 1 times

+ timetoentertargetvertex

+ timetoreceivepacketoflength40symbols

(7:3)

moreformally:

Tmax-latency-nic = twp+ tbp(p� 1) + tbr

+ (n� 1)(tw+ 2tbr) + n

�
tbp(k � 2) + tw(k � 1)

�

+ tbr+ twp+ (p� 1)tbp

+ r

= 2
�
twp+ tbp(p� 1) + tbr

�
+ r

+ (n� 1)(tw+ 2tbr) + n

�
tbp(k � 2) + tw(k � 1)

�

(7:4)

1Forsimplicityweignorevariablewirelengths,asdiscussedinsection4.1.1.
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a

b

switch active node

c

x-ringy-
ri

ng

Figure7.4:A4-ary2-cubewith2activenodesineachvertex.Theswitchesare

theswitchesshownin�gure7.1.
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"corner−ring"

S

S S

a

N

N

N

"dimension−
     rings"

S

S S
S

b

N

N
N

N

"corner−ring"

"dimension−
     rings"

"Node−ring"

Figure7.5:Howactivenodesareplacedinthevertex.Inathenodesareplaced

inthe\corner-ring".Inbthenodesareplacedinanadditionalring.'N'denotesthe

activenodes.

Fromequation7.4themeanlatencycanbederived.Thepacketenters

thendimensionswithprobabilityk� 1=k.Ittraverseshalfwaythrough

thesourceandtargetvertex. r isconstant. Theminimummeanun-

loadedlatencyis:

Meanlatency

= timetotraversehalfofsourcevertex,and\source-bridge"

+ timetotraversehalfoftargetvertex,and\target-bridge"

+ timetoreceivepacketoflength40symbols

+ timetoswitchdimensionn� 1 times,withprobabilityk � 1=k

+ timetotraverseonaveragehalfwaythroughndimensions

(7:5)

moreformally:

Tmean-latency-nic = twp+ tbp(p� 1) + 2tbr+ r

+ (n � 1)k�1
k
(tw+ 2tbr)

+ n
k�1

k

�
k�2

2
tbp+

k�1

2
tw

� (7:6)

Anotherinterestingparameteristhetheoreticalmaximumthrough-

put.Webaseanexpressionforthetheoreticalmaximumthroughputon

equation4.11.Thenthemaximumtheoreticalthroughputforthek-ary

n-cubewithSCI-technologyis:

Xmax = 2 � 109 � kn 1

k�1
(7:7)

inbytespersecond.Thisforthecompletek-aryn-cube.

Thisbandwidthisachievableiftheverticesaresendingonlytothe

neighboringvertices.Exceptperhapsforafewapplications,thisisun-

realistic. Saturationofthenetworkwillprobablyeffectivelyblockthe

networkwithmuchlessload.
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Figure7.6:Unloadedlatencyfork-aryn-cubesasde�nedbyequation7.6.p = 3:

Placingthenodesinaringbyitself Thisisshownin�gure

7.5b. Anadvantagewiththisisthatthecorner-ringisthenreserved

forswitches.Thesizeofthecorner-ringcanthusberestrained.Pack-

etsfromothervertices,whicharejustswitchingdimensions,andnot

addressedtothevertex,donothavetotraversethebypass-�fòsofthe

activenodes.Adrawback,however,isthatapacketfromthenode-ring

willusetheadditionaltimetopassthroughtheextraswitchconnecting

thenode-ringtothecorner-ring.Sothenthemeanlatencyisequation

7.6plustbr+ tw.Theroughthroughputwiththisschemeisthesameas

equation7.7.

Thisschemehasitsstrengthifthereisalargeamountoflocality

intheaddressingofpackets(eg.50%ofpacketsareaddressedtoother

nodesonthelocalnode-ring). Asweaddressnodesatrandominour

simulation-study,thisschemeisnotoptimal.

Thisschemehas

Snr= (n + 1) � kn (7:8)

switchesandthesamenumberofactivenodesasinequation7.2.The

subscript\nr"meansthevertexhastheextranode-ring.

Preliminarysimulationresultsindicatethatmethod'a'givesshorter

latencyandbetterperformancethanmethod'b'(whenthereisnoopti-

maladdressing).Thisismainlyduetotheextratimeneededtotraverse

theextraswitchandthefactthatouraddressingschemeimpliesnolo-

cality.

Alternatives Processornodesdonothavetobeplacedinthever-

tices,butwefeelitismoreoptimal.Analternativecouldbetoplacethe

nodesalongtheedges,butthishassomedrawbacks.Firstofall:rout-



7.1Synthesizingk-aryn-cubeswithSCI-rings 73

2 3 4 5 6 7 8 9 10

1

10

100

1000

10000

100000

1000000

n = 6

n = 4

n = 2

k

Throughput [GigaBytes/sec]

Figure7.7:Throughputfork-aryn-cubesasde�nedbyequation7.7.

ingismuchsimplerifpacketsareaddressedtothevertices.Second,the

edge-ringsarecommunication-links.Itisimportanttheydonotbecome

saturated.

7.1.3 Bidirectionaledges

Analternativetoedgesistouseswitchesalongtheedgesofthecube.An

exampleisshownin�gure7.8fora3-ary2-cube. Anadvantagewith

thisschemeisthatweeffectivelyhaveabidirectionallinkbetweenthe

vertices.Thusthetraversalofalongringisavoided.Thisadvantageis

complicatedbythefactthatthedelaythroughaswitchislongerthanthe

delaythroughabypass-�fo(favoredswitchsetting,seepage66).Thus

thisschemeisprobablyslowerthanthe\edge"-scheme.Itusesthesame

amountofswitches(equation7.1ifthenodesareinthecorner-ring).

Wepresumethistypeoftopologyisbestsuitedforcommunicatingwith

thenearestneighbors.Ifthetraf�cisdirectedatrandomitisprobably

inferior.

7.1.4 Usinglargerswitches

Alltopologiesaboveuseaswitchwith2interfaces. Itisconceivable

thatalargeswitchwith3or4interfacescouldbemade.Anexampleis

shownin�gure7.9,withthefourinterfacesback-to-back,andaformof

crossbar-interconnectionpatternbetweenthem.Anexampleoftopolo-

gieswithsuchswitchesisshownin[HulBot].Weearlyconsideredusing

suchswitches,anddidsomepreliminarysimulationstudieswiththem.
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Figure7.8:Exampleofa3-ary2-cubewithbidirectionallinksbetweenthecorner-

rings,effectively. Atorus-connectionisused(see�gure4.2). Nodescanbe

attachedtothecorner-ringsasshownin�gure7.5aand7.5b. Thenumbers

indicatewhichswitchesareconnectedtowhichvertices, toillustrateatorus-

connection.

Wedidnotproceedmainlybecausewefelt2-portswitchesareprobably

morelikelytobeconstructedinthenearerfuture2.

Theyarethereforemoreinteresting.Itisobviousthough,thatawell

constructed4-portswitchwillhavemuchlargerconnectivity,thusgiving

bothsmallerlatencyandlargerthroughput.

7.2 Othertopologies

Inthissectionwehaveonlyseenhowk-aryn-cubescanbeimplemented

withSCI-rings.SynthesizingnetworkswithSCI-ringsareonlylimited

bytheimagination. k-aryn-cubesrepresentjustsomeofthepossibil-

ities. Asmentionedpreviously,mostoftheclassicaltopologiescanbe

implementedwithSCI-rings. In[JohnGood],forexample,thereisan

analysisofmultistagenetworksusingSCI-rings.

2Wemayinfactbewrongonthispoint.TherearestudiesunderwayatDolphin

SCITechnology,andatSINTEF{SI,toconsiderSCI-switcheswhichconnectmorethan
tworings.
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Figure7.9:Usinglargerswitches:aswitchconnecting4rings.
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Constructionofthe

simulator

Inthepreviouschapter(speciallysection7.1.2)weexplainedhowwe

couldconnectmultipleSCI-ringstoformlargenetworks.Inthischapter

wearegoingtoexplaintheconstructionofthesimulator,andthevarious

modulesandalgorithms.

Firstapresentationofthesectionsinthischapter. Thevarious

modulesoftheprogramarepresentedinsection8.1. Thesemodules

representphysicalparts(nodesandswitches)andpackets.Figure8.1

showsmostofthesemodulesandtheirrelationship.Section8.4-8.5ex-

plainsimportantcharacteristicslikebandwidtharbitrationandpacket-

routing.Insection8.7theproductionofstatisticaloutputisexplained.

Oursimulatorsimulatesnodes1 sendingpacketstoeachotherthr-

oughaninterconnectionnetwork. Packetsareaddressedrandomly.

Thesenodeshavebothrequester{andresponder{qualities(seechap-

ter5).Theycouldbeprocessors,memories,oracombination.Theypro-

ducerequestsandresponse-packets.Response-packetsareproducedin

reactiontoreceivedrequest-packets.Request-packetsareproducedat

randomintervals.Thelengthoftheseintervalsdeterminestheloadput

intotheinterconnectionnetwork. Thisisexplainedfurtherinsection

8.6.Wesimulatek-aryn-cubenetworksthataremadeupofmultiple

ringsconnectedtogetherbyswitches.Section8.8takesupthesubject

ofhownode-andswitch-objectsareconnectedtogethertomakethese

networks.

Veryroughlyoursimulatorworksinthefollowingway:itsimulates

k-aryn-cubesmadeupofSCI-rings(aspresentedinsection7.1.2). It

readsa\topology-�le"(seesectionD.4).This�ledescribesthenetwork.

Thusittellsthesimulatorhownodesandswitchesareconnectedto-

gether.Whenthenetworkthenisconstructedthesimulationisstarted,

runningforaspeci�ednumberofclock-cycles.Duringthesimulation

variouscountersisincremented.Whenthesimulationiscomplete,it

readsthesecounters,andfromthemwritesvariousstatisticaldatatoa

\result-�le".

1Mostprogram-nameswillbewrittenina\typewriter-font".
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symbol

delay_line

SCI_interface

Application()

transmitter()
stripper()

fifo

Address

node switchor

Figure8.1:Therelationshipofmajorobjectsandfunctionsmakinguptheprogram.

node-objectsandswitch-objectsaremadeupofoneortwoSCIinterface-

objectsplusaninstanceofthefunctionApplication(). ASCIinterface

isinturnmadeupoffifo-objectsanddelayline-objectsplusaninstanceof

thefunctionsstripper()andtransmitter().InadditionwehaveAddress-

objectsandsymbol-objectstomakepackets.Figure8.2and8.3showexample

oftheiruse.

Oursimulationprogramimplementedusingtheprogramminglan-

guageofC++.C++isanextensionofCwithstronguseoftypingand

objectorientation.Ithasaclassandsub-classconceptliketheoneused

intheprogramminglanguageSimula[Dahletal].

Object-orientedprogrammingmakesitveryconvenienttoprogram

eachofthesmalllogicalentitiesofanSCI-interfaceasaclass.Allthe

objectsofaclasshavetheirownprivatedata.Proceduresoperatingon

thisdataisprovidedasauserinterfacetotheclass.Usingtheseclasses

asbuildingblockssimpli�estheconstructionofthelargerclasses(�gure

8.1). Thisreasonisingeneralthemajorobjectiveforusinganobject-

orientedlanguage.Thisresultsinahierarchyofclassesontopofeach

other.Thisisexplainedindetailinsection8.1.

8.1 Classesandfunctions

Inthissectionwepresentthemajordata-structuresinoursimulator.

Figure8.1displaysallthemajormodulesoftheprogram.
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Application()

node

SCI_interface

Figure8.2:Roughoverviewofanode.

Onthetoplevelstherearethenode-classandtheswitch-class.

Eachrepresentingthecompletenodesandswitches.Theyareconnected

togetherandthusformthenetworktopology.Thenode-classusesanin-

stanceofthefunctionApplication(),tosimulatethebehaviorofthe

processor/memorypartofanode. Intheswitch-classtheApplica-

tion()functionperformsthenecessaryforwardingofpacketsbetween

eachoftheinput-andoutput-ports.

ToperformthelowerleveltasksrepresentingtheSCI-protocol,the

nodeandswitch-classesusetheSCIinterface-class.

Thenodeandswitch-classesusesrespectively1and2instances

oftheSCIinterface-class.(seesection8.1.1and8.1.2).Thereceiving

andtransmittingpartsofanSCI-nodearerepresentedasinstancesof

thefunctionsstripperandtransmitterrespectively.

OtherpartsoftheSCI-interfacearemodeledasclassessimulating

thephysical�fosanddelays.Thefifo-classimplementsageneral�fo

andcontainsseveralfunctionsallowingthemostusual�fo-operationsto

becarriedout.Thedelayline-classesareusedtosimulatethephysi-

caldelayofdevicesandthetransmissionmedium.Itissimplyanarray

ofsymbols,shiftedonestepeachclock-cycle.

Packetsaremadeupofthesymbol-classandtheaddress-class.

Thesymbol-classrepresentsthesymbolsbeingsentbetweenthenodes

onthelinksandfromwhichthepacketsaremadeupof. Itdoesnot

containtheagandclockline(seesection5.3.2)becausethesimulation

doesnottakeintoconsiderationskewandnoiseonthephysicallinks.

Insteadthesymbol-classhasinternalagsfromwhichanodelogically

candifferbetweenthevariouspackettypesandidlesymbolsonthelink.

Thesymbol-classusesinternallytheaddress-classtorepresentthe

addresses(thosesymbolsthatpresenttheaddress-�elds).Thismakes
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SCI_interface 1 SCI_interface 2

Application()

switch

Figure8.3:Roughoverviewofaswitch.

iteasiertohavedynamicaddress�elds,suitingthevarioustopologies

(thisisexplainedfurtherinsection8.1.11).

8.1.1 Thenodes

Thenodesareactivenodes(e.g. processors)sendingpacketstoeach

other.I.e.theygeneratetraf�c.Thenode-objectsaresimplymadeup

ofanSCIinterface-objectandaninstanceoftheApplication()-

function.TheApplication()generatesrequestsandreceivesrespons-

es.Figure8.2givesaroughoverviewoverthenodes.

8.1.2 Theswitches

Theswitch-objectsaremadeupoftwoSCIinterface-objectsput

back-to-backandaninstanceoftheApplication()-function.TheAp-

plication()isresponsibleformovingpacketsbetweenthe2inter-

faces. Figure8.3givesaroughoverviewofaswitch. Notethatthe

SCIinterfaceinaswitchisslightlydifferentfromtheSCIinter-

faceinanode. Therearenoinput-�fos. Also,tomodelthephysical

delaythatsymbolsusewhenpassingthroughaswitchwehaveaswitch-

delay,anobjectofclassdelayline,betweentheinterfaces.See�gure

8.5foramoredetaileddrawingofaswitch.

4Switchingstrategies Inrealitywehavemadefoursimulators,but

mostofthecodeinthemisidentical.Thedistinctionisthetypeofbridge

strategyused.Wevarytheswitchingtechniqueusedintheswitchesand

whethertheswitcheshaveanextrabufferornot.Theactivenodesin

eachsimulatorbehavealike.

Store&forwardAk-aryn-cubewheretheswitchesusestore&for-

wardswitching(seesection3.3).
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Trans-
mitterStripper

Link_Delay

Bypass_Delay Bypass-fifo

To  Application() From  Application()

        From 
SCI_interface
     upstream

         To 
SCI_interface
 downstream

Input-fifo’s Output-fifo’s

KEY:

a fifo object:

a delay_line object:

SCI_interface

Figure8.4:TheobjectsthatmakeupanSCIinterfaceinanode.

Virtual-cut-throughAk-aryn-cubewheretheswitchesusevirtual-

cut-throughswitching(seesection3.3).

Store&forwardwithextrabufferAk-aryn-cubewheretheswitch-

esusestore&forwardswitchingandhaveanextrapairofbuffers

perinterface.Thustheswitchesarelikein�gure8.5onpage81,

exceptthattheyhaveanadditionalpairofoutput-�foineachin-

terface. Thusswitchesmayhave2outstandingpacket-requests

andpacket-responses.Wesuspectthatsuchachoicewillreduce

conictsintheinput-buffers,thusreducingretransmissions.

Virtual-cut-throughwithextrabufferAk-aryn-cubewherethe

switchesusevirtual-cut-throughswitchingandhaveanextrapair

ofbuffersperinterface.
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StripperTrans-
mitter

Trans-
mitterStripper

Bypass-fifo Bypass_Delay

Link_Delay

Switch_Delay

Output_fifo’s

Link_Delay

Bypass_Delay Bypass-fifo

Output_fifo’s

Switch_Delay

KEY:

a fifo object:

a delay_line object:

SCI_interface 1 SCI_interface 2

Figure8.5:Theobjectsthataswitchisconstructedof.Asinnodes,thereare

2output-�fo's:onerequest-output-�foandoneresponse-output-�fo,butnoinput-

�fos.
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8.1.3 TheSCIinterface

Nodesandswitchesareaswehaveseenin�gure8.2and8.3madeup

ofinterfaces.Letusnowseehowthey,inturn,areconstructed.

AnSCIinterfacereceivespacketsfromtheApplication()to

transmitontheringandalsoreceivespacketsthataregiventotheAp-

plication().InadditiontheSCIinterfacemustroutepacketsnot

addressedtoitfurtheronthering.

AnSCIinterfaceinanode(see�gure8.4forreference)ismade

upofthefollowingobjectsandfunctions:

oTwoinput-fifosofclassfifo.Oneinput-fifoforincomingre-

quest-packetsandoneforincomingresponse-packets.Thefifo-

classisdescribedinsection8.1.7.

oTwooutput-fifosofclassfifo. Oneoutput-fifoforoutgoing

request-packetsandoneforoutgoingresponse-packets.

oAbypass-fifoofclassfifo.Itmovessymbolsnotaddressedto

itselffromtheinput-linktotheoutput-link.

oAlinkdelayofclassdelaylinetomodelthephysicaldelayon

thelinks.ItismadeupofasimplearrayoflengthLINKDELAYto

simulatethedelayofawire.Symbolsareshiftedonestepupthe

link(array)eachclock-cycle. Thedelayline-classisdescribed

furtherinsection8.1.8.

ThelinkdelayisreferencedbytheSCIinterfaceupstream,

thisishowtheSCIinterfacesareconnectedtogetherintorings

(seesection8.8).

oAbypassdelayofclassdelaylinetomodelthephysicaldelay

throughthebypass-�fo.

oAninstanceofthestripper()-function.Thestripper()-class

isdescribedinsection8.1.6.

oAninstanceofthetransmitter()-function. Thetransmitt-

er()-classisdescribedinsection8.1.5.

oInordertohaveareferencetothenodedownstreameachSCI-

interfacehasapointertotheinput-linkoftheSCIinterface

downstream.

ThissectiondescribesanSCIinterfaceinanode.AnSCIinter-

faceinaswitchisalmostidentical,onlytheretheinput-�fosarere-

moved.InadditionanSCIinterfaceinaswitchhasaSwitchDelay

ofclassdelaylinetomodelthephysicaldelayintheswitches.See�g-

ure8.5foradetaileddrawingofaswitch.

Notethatwehavenotbotheredtoaddascrubber-function(seesec-

tion5.1)inoursimulation.
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Weassumethatoneclock-cycletakes2nanoseconds. Thisisthe

goaloftheSCI-standard[IEEE-SCI].DolphinSCITechnologyachieves

about3nanosecondsforits�rstnode-chipsinECL-technology.

8.1.4 TheApplication

TheApplicationisafunctionthatcommunicateswithoneorsev-

eralSCIinterfaces.Itmovespacketsintotheoutput-�fosandtakes

packetsfromtheinput-�fos. Itbehavesin2waysdependingonifthe

SCIinterfacebeinginanodeorinaswitch.

8.1.4.1 TheApplicationinanode

IftheSCIinterfaceisinaprocessor-nodetheApplicationisre-

sponsibleforthefollowing:

oConsumingpackets.Wheneverthereisanewpacketinoneofthe

input-�fos,theApplicationremovesitfromthe�fos.

oProducingpackets. AtrandomintervalstheApplicationputs

packetsintotheoutput-�fos. Theloadingoftheinterconnection

networkisthusvariedbychangingthenexttimetheoutput-�fos

willbe�lled.Thisisdiscussedfurtherinsection8.6.Thesepack-

etsareaddressedrandomlytoanyoftheotheractivenodesinthe

network.

Asthesymbolsinthepacketspassthroughvariouspartsofthe

network,theyarereferencedbyvariousobjects.Thereisnocopy-

ingofsymbol-objects,allareonlyreferencedbydifferentpartsof

thenetwork.

8.1.4.2 TheApplicationinaswitch

InaswitchtheApplicationisresponsibleformovingapacketfrom

oneSCIinterfacetotheotherSCIinterfaceinaswitch.Itmoves

symbolsfromtheswitchdelaytotheotherinterface'soutput-�fos.

See�gure8.5.Also,herethe�eldechoreturnissettotheaddressof

thedestinationinterfaceintheswitch.Thenthereceiverontheother

ringknowswhotosendanechoto.

8.1.5 Thetransmitter

Themainobjectiveofthetransmitter()istosendsymbolsfromthe

SCI-interfacetotheSCI-interfacedownstream.Ithastodecidewhether

tosendsymbolsfromoneofthefollowing�fos:thereqoutfifo,the

respoutfifoorthebypassfifo.Itcanonlysendsymbolsfromthe

reqoutfifoortherespoutfifoifthebypassfifoisemptyand

theSCI-interfacehasanidle-symbolavailablewiththego-bitset. If

boththerequest-out-bufferandtheresponse-out-bufferhaveapacket,

theytaketurnstotransmitinaround-robin-fashion.
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Thetransmitter()isastate-machinewith5states. Theirrela-

tionshipisshownin�gure8.6.Thestates:

IDLESendinganidle-symbol. Itleavesthisstateifthebypassfifo

oroneoftheoutput-�foshasapackettosend.

REQOUTSendingasymbolfromthereqoutfifo

RESPOUTSendingasymbolfromtherespoutfifo.

BYPASSSendingasymbolfromthebypassfifo.

LASTSYMBSendingthelastsymbolinapacketfromthebypassfifo,

reqoutfifo, orrespoutfifo. Atransitional state, the

transmitter()isneverheremorethanaclock-cycle.Thisstate

istoensurethatthereisatleastoneidlebetweenpackets.

LAST_SYMB

REQ_OUT

RESP_OUT

BYPASS

IDLE

Figure8.6:Statediagramoftransmitter.

8.1.6 Thestripper

Themainobjectiveofthestripper()istoreceivesymbolsfromthe

linkdelay(connectedtothetransmitteroftheSCI-interfaceupstr-

eam).Ithastodecodeaddresses,androutesymbols(packets)eitherto

thereqinfifo(forrequests)ortherespinfifo(forresponses)if

thepacketisaddressedtoitself,ortothebypassfifoifthepacket

isforanothernodefurtherdownstream. Thestripper()isastate-

machinewiththefollowingstates:

IDLEInthisstatethestripper()receivesincomingidle-symbols.No

idle-symbolsenterthebypass-�fo,inoursimulatortheyaredelet-

edinthestripper(). Beforedeletionthevalueofthego-bitis

registered.



8.1Classesandfunctions 85

}

RESP_IN_ECHO_BUSY

REQ_IN_ECHO_BUSY

RESP_IN_ECHO

REQ_IN_ECHO

RESP_IN_BUSY

REQ_IN_BUSY

RESP_IN

REQ_IN

OTHERS_IN

IDLE

Figure8.7:Statediagramofstripper.

REQINInthisstatethestripper()receivesasymbolandputsitin

thereqinfifo.Ifitisthelastsymbolinapacket(andthepacket

wasreceivedcompletely)anechoissentbacktothe(local)sender.

RESPINJustlikethepreviousstate,exceptthatthesymbolisbound

fortherespinfifo.

REQINBUSYSimilartothestateREQIN,exceptthatthereqinfifo

wasbusy.Anechoissentbacktothe(local)sender,informingit

aboutthefailure.

RESPINBUSYJustlikethepreviousstate,exceptthatthesymbolis

boundfortherespinfifo.

REQINECHOTheincomingsymbolispartofanecho-packet,acknowl-

edgingthesafearrivalofits'requestpacketatanothernode.The

packetinthereqoutfifoisreleased.

RESPINECHOJustlikethepreviousstate,exceptthataresponse-pack-

etisacknowledged.

REQINECHOBUSYTheincomingsymbolispartofanecho-packetin-

formingthenodethatarequestpacketsenttoanothernodewas
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discardedbecauseofbusybuffers. Thenodemustthereforere-

transmitthepacket.

RESPINECHOBUSYJustlikethepreviousstate,exceptthatitwasa

responsepacketthatwaslost.

OTHERSINTheincomingsymbolispartofapacketaddressedtosome

othernodeonthering.Thesymbolisputintothebypassdelay

andthenintothebypassfifo.

BusyinputbuffersWhathappensifapacketissenttoaninput-

bufferthatturnsouttobebusy?Ifabufferisbusythisisdiscovered

asthebeginningofpacketisenteringtheinterface.Thepacketcontin-

uestoenter,butitscontentsisignored/destroyed.Whentheendofthe

packetisreceived,anechoisconstructed.Thisecho-packetisaddressed

totheoriginalpacket-sender,andinformsitofthefailure.Thisnodewill

thenimmediatelyresendthepacket(ifbandwidthisavailable).Wehave

nolimittothenumberofretriesinoursimulators.

8.1.7 Theclassfifo

AnSCIinterfacehas3or5�fos.Aninterfaceinaswitchhasgener-

ally3�fos,interfaceinaprocessor-nodehas5.Afifoisa�rst-in-�rst-

outqueue.The�rstsymbolenteringthequeueisalsothe�rstsymbol

leavingthequeue.Oneimportantnoteshouldbemade.The�foshere

aretobeabletomodeltheswitchingtechniquevirtual-cut-through(see

section3.3). Thusifthe�foisempty,thesymbolistospeedthrough

the�foasfastasphysicallypossible. Ifthe�foisnotempty,thesym-

boltobeplacedrightbehindtheprevioussymbolthatenteredthe�fo.

Thisimportantpropertyisalwaysusedinfifo-objectsthatareused

asbypass-�fos.Thispropertyofvirtual-cut-throughisalsousedinthe

other�fosthatareinaninterface,ifvirtual-cut-throughissimulated

betweenrings. Inputandoutput�fosinactivenodesarealways�lled

upcompletelybeforeanyactionistaken.

Theclassfifoissimplyalinkedlist{achain{ofsymbol-objects.At

theheadandtailofthechainare\dummy"-objects.Thechaincontains

thesymbolsthatareina�fo.Thelastsymbolenteringthe�foisplaced

attheendofthechain.Theoldestsymbolisatthestartofthechain.

Eachclockcycleasymbolmayleaveand/orenterthe�fo.

Thefifo-objectshave3states:EMPTY,HALFFULL,andFULL.Inthe

EMPTYstatethe�focontainsjusttheheadandtailobjects,noothersym-

bols.See�gure8.8. IntheHALFFULLstatethe�focontainssymbols,

butlessthanmaxinfifo. See�gure8.9. IntheFULLstatethe�fo

containsexactlymaxinfifoobjects.

Fourfunctionsputandtakesymbolsfromthefifo-objects:

insymbol() putsasinglesymbolintoa�fo.Typicallycalledby

thestripper()whenitwishestoputasymbolintooneoftheinput-

�fosorthebypass-�fo.
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Head Tail

Pointer to next symbol in fifo.

A symbol object

An empty symbol object,
used for fifo−operations

The fifo, presently not containing any symbols.

Figure8.8:AfifoinstateEMPTY.

These symbols are part 
   of the packet that has
       left the fifo.

These symbols are part 
of the packet that are 
entering the fifo.

Head Tail

Pointer to next symbol in packet. Pointer to next symbol in fifo.

A symbol object An empty symbol object,
used for fifo−operations

The fifo, presently containing 4 symbols.

Figure8.9:AfifoinstateHALFFULL.
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outsymbol()movessinglesymboloutofa�fo.Typicallycalled

bythetransmitter()whenitwishestomoveasymboloutofoneof

theoutput-�fos.

inpacket()movesacompletepacketintoa�fo.

outpacket()movesacompletepacketoutofa�fo.

8.1.8 Theclassdelayline

Wearesimulatingphysicaldevicesandphysicallinks. Signalsdonot

passthroughthemin�nitelyfast.Theclassdelaylinemodelsphysi-

caldelays.Itisimplementedasanarray(atable)ofpointerstosymbol-

objects.Thelengthofthearraydependsonthelengthofthedelaytobe

modeled. Inadelayline-objectthesymbolmustpassthrougheach

entryinthedelayline.Anexample:adelaylineoflength3means

adelayof3clock-cycles(6nano-seconds).

NULL

Packet-pointer

Next Next Next Next

Figure8.10:Asimplepacketof4symbols.Eachpackethasapointertothenext

symbolinthepacket.

8.1.9 Packets

PacketsinSCIaremadeupofsymbol-objects.Tomakeapacketallthe

symbolsinitarelinkedtogetherintoachainedlist,asshownin�gure

8.10. Toaccessapacketintheprogramonesimplyaccessesthe�rst

symbolinthepacket.

Inoursimulatorweusethefollowingtypesofpackets:

Request-packets aremadeupof40symbols. 7symbolsarere-

gardedasheader-dataandthelastsymbolisaCRC-code. Thusthe

remaining32symbols(=64bytes)arerealdata.Thisisthe\move64"-

packetofSCI(seesection5.3.4).

Response-packets are, forsimplicity, liketherequest-packets.

Theyaresentinresponsetoincomingrequest-packets.

Echo-packets aremadeupof4symbols(=8bytes). Theyare

acknowledgmentsofpacketsaddressedtothenode. Theyaregener-

atedbythestripper()whenpacketsaddressedtothenodeenters.If

thepacketisreceivedcompletely,anok-acknowledgmentissent.Ifthe
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input-bufferwhichthepacketwishestoenterisbusy,anechoinforming

the(local)senderofthefailureissent.Thesendermustthentryagain.

Idle-symbols arestrictlynotapacket,justasinglesymbol.They

haveseveralpurposes,mostofwhichareignoredinthissimulation.The

onethingaboutidle-symbolswedonotignorearethego-bitsinthem.

Theyareusedtoregulatethebandwidthonthering.

8.1.10 Symbols

The16bitssentonalinksimultaneouslyconstituteasymbol.Allpack-

etsareconstructedofsymbol-objects.Belowarelistedsomeofthemajor

attributesofsymbol-objects.Notethatmostoftheseattributesarevoid

whenthesymbolisnotpartofapacket,butanidlesymbol.

Theflagattributeisusedtomarkwhattypeofpacketthesymbol

belongsto: arequestoraresponsepacket,arequest-echoora

response-echopacket,orarequest-echo-busyoraresponse-echo-

busypacket,oranidle. Theflagisalsousedtomarkpacket-

boundaries.

ThetargetaddressisanobjectoftheclassAddress.Itcontainsthe

coordinates(theposition)ofthetarget-node.

ThesourceaddressSimilarly,thesourceaddressisanobjectof

theclassAddress.Itcontainsthecoordinatesofthesender-node.

TheechoreturnaddressisalsoanobjectoftheclassAddress.

Anodeorbridgethatreceivesapacketmustknowwhomto

sendanechoto.Theechoreturnaddress-�eldcontainsthead-

dressofthelocalsenderofthepackettosendtheechoto. The

echoreturnaddressisavariable�eldthatchangesvalueas

thepacketmovesfromringtoring.

Thenext-pointerAsshownin�gure8.10apacketisalinkedlistof

symbol-objects.Thenextpointerisareferencetothenextsymbol

inthepacket.

Thefifo-next-pointerIsalsoareferencetothenext-symbolina

packet,butitisonlyusedtohandlethesymbolswhenitisina

�fo.

ThegobitThisattributeonlyhasmeaningforidle-symbols.Thego-

bitisusedtoensurefairuseofbandwidth.Seesection8.4.

sendtimeAllsymbolsleavingtheirsenderarestampedwiththetime

theyleftthenode.Thisvalueislaterusedtocalculatethetrans-

mission-time.

switchespassedEachtimeasend-packetentersaswitchthiscount-

erisincrementedby1.Seesection8.7fortheuseofthisvariable.

bypassespassedEachtimeasend-packetentersabypass-�fothis

counterisincrementedby1. Seesection8.7fortheuseofthis

variable.
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8.1.11 TheclassAddress

AllSCI-interfaceshaveanaddress.Insteadofhavingoneabsolutead-

dress,wehavedividedtheaddressintomultipleparts. So,addresses

arenotlargenumberslike\12579".Insteadwehavesomethinglike\5,

11,4,7".Generally,addresseshavethefollowingform:

A0;A1;A2; � � �An�1;An

A0 toAn�1 representstheinterfacèscoordinatesinak-aryn-cubeand

variesfrom0 tok � 1.An representstheinterfacèslocaladdressinthe

vertex.Anexamplefora3-dimensionalcube(n = 3):

NameofField:
A0:

\x-coord."

A1:

\y-coord."

A2:

\z-coord."

A3:

\local"

Exampleaddress: 5 11 4 7

Whenwerefertoaddresseslaterinthetext,wewillusuallyavoidthe

formA0;A1;A2; � � �An�1;An. Insteadwewillusuallyrefertothex-,

y, z-coordinates,andthelocalpart. Thisisalessgeneralform,but

ithopefullyincreasesreadability.Inthetextweuse2-or3-dimensional

examplesforsimplicity. Rememberthough,thatthesimulatorworks

foranydimensionwewishtosimulate.2

Theadvantagewiththisschemeisthatitisrelativelysimpletoroute

(section8.5).Alsonotablesareneededinthenodesandswitches.Each

interfaceonlyhastostoreitsownaddress(16bits),thestripperonly

needssomecomparatorlogic. Inadditiontheswitchesmusthavea

\dimension-index",sothattheinterfaceknowswhichdimensionitis

connectedto. Thisrequireslog 2n bits(typically2-3bits). Thisisrel-

ativelylittleinformationtocheckeachtimeapacketentersanSCI-

interface.

Inasensethisisaformofsource-routing. Source-routingusually

impliesthatthemessagecontainstheexplicitpathwhichthemessage

musttraverse.Thispathisoftenspeci�edasalistthelinksthemessage

traverses.Inourschemeweinsteadspecifytarget-planesforthepacket.

Intheaboveexamplethepacketmust�rstgototheyz-planewith

x = 5,thenthexz-planewithy = 11,and�nallythexy-planewithz = 4.

8.2 Variousdevelopmentproblems

Wehadmanyproblemstosolvewhenweconstructedthesimulator.We

willhereonlymentionsomeofthemajorones:

Whatkindofsimulation-model? Thereareseveralclassi�ca-

tion-schemesforsimulation[Shannon].Weearlydecidedonasimple

discretetime-stepmodel.Allnodesandswitchesinthenetworkexe-

cutetheSCI-protocolforoneclock-cycleinround-robinorder.Thenthe

2Currentlyanupperlimitof11dimensions,butthatcanberaised,ifdesirable.
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timeisincreasedoncycleandtheprotocolisagainexecutedinallthe

nodesandswitches.Thiscontinuesuntilthedesirednumberofcycles

hasbeenexecuted.

At�rstweusedacoroutine-library3 toachievethis.Laterwechang-

edthesimulatorabit;insteadofusingacoroutine-librarywemanaged

withasingleprogram-loopthatexecutesthenodesandswitchesina

round-robin-fashion.Thischangemadetheprogrammuchmoreport-

able.

Whatprogramminglanguageshouldweuse? Andwhichcom-

piler?Thisdecisionwasinpracticerelatedtotheaboveproblem.We

decided�nallytoprograminthelanguageC++.Wechosethecompiler

\g++"fromGNU.SeeappendixBformoredetails.

Bandwidth-arbitrationWedecidedtoimplementthefairband-

widtharbitrationschemeasde�nedin[IEEE-SCI].Ourinterpretation

ofitisdescribedinsection8.4.DolphinSCITechnologyhasalsomade

thischoicefortheir�rstnodechipimplementation[Aln�setal].

Largenumbers Oursimulatorwastogeneratestatisticsabout

networks. Toproducethesestatisticsnumerouscountersareneeded.

Thevaluessomeofthesecountersreachcanbeexceptionallylarge.Or-

dinarytypesinC++(andinC)arenotlargeenough.Westudiedvarious

availablelibraries,butdecidednottousethem.

Fortunatelythesolutionwasextremelysimple,oncewebecameaw-

areofthetype\longdouble". Thistypewasactuallyde�nedinour

chosencompiler(andmostotherstandardCandC++compilers).Vari-

ablesdeclaredas\longdouble"allocates128bits,104bitsfortheinteger

part,and24forthefractionpart.Thiswasmorethanenoughforour

purpose.

Acknowledgments AllacknowledgmentsinSCIaredonelocally.

Noecho-packetstraversemorethanonering. Thisisreferredtoasa

remotetransactionin[IEEE-SCI],theswitchbeingtheagent.See�gure

5.7.

Buthowdoesanodeknowwhomtosendanechoto?Ifthenetwork

isonlyasinglering,thenthesource-address�eldholdsthenecessary

information.Butifthenetworkhasmultipleringsitisnotsosimple.

Theproblemiswhenthenodewishingtosendanecho-packetdoesnot

knowtheaddressoftheswitch(onthelocalring)thatistohavethe

echo-packet. Thistopicisnotdiscussedin[IEEE-SCI].Wetherefore

hadtodecideonasolutionourselves.

Thereare2possibleschemes,asweseeit:

oThesend-packethasanextra�eldcontainingtheaddressofthe

switchthatissupposedtohavetheecho-packet.This�eldmust

thenchangevalueeachtimejustbeforeitentersanewring.The

valueistheidentityoftheinterfaceconnectedtothenewring.

Thisisthemethodwehaveusedinoursimulation-model.InSCI

3SeeappendixBforanexplanationoncoroutines.
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provisionsaremadeforoneortwoextraheader-�elds,ifdesired.

Seethe\extendedheader",extinsection5.3.5.1.Soitisnotun-

reasonabletoassumethereisanextra�eldavailable.

oUsethesource-�eldofthepacketandsendtheecho-packetinthe

directionofthesource-node(assumingk-aryn-cubes).Thatputs

restrictionsonthetopologyandtheroutingalgorithm.Everypack-

etfromanodeAtoanodeBmustthentraversethesamepath.

Onlythenwouldanechobesenttothecorrectswitchonthelocal

ring. Thusalternativepathsbetweentwonodesarenotpermis-

sible. Assuming�xedpathsandourcoordinateaddress-scheme

oneshouldbeabletoconstructaroutingalgorithm,whichdoes

notneedextra�eldsinthepacket.Whenreferingtocoordinate

address-schemewemeanboththepartitionoftheaddress-�eld

andtheindexingoftheswitches(ports)accordingtothedimen-

siontheybelongto.

VariationinthenetworkloadHowdowevarytheloadingof

thenetwork?Foralongtimewewereuncertainaboutthebeststrategy

forthis,beforewe�nallysettledontheschemedescribedinsection8.6.

8.3 Priority

Forsimplicity,wehavechosennottoimplementanypriorityscheme.

Thisisnotunreasonable.AlsoDolphinSCITechnologyhasdecidedto

ignoreimplementingpriorityintheir�rstimplementationoftheSCI

nodechips[Aln�setal].

8.4 Bandwidtharbitrationontherings

Thego-bitsintheidle-symbolsactliketokens,toensurefairuseof

thelinks. Thenodesonaringmust�rstsendanidle-symbolwitha

setgo-bitbeforeitcansenditsownpacket.Inadditiontheirbypass-�fo

mustbeempty. Thesetwocriteriaensurefairbandwidtharbitration

amongthenodesonaring.Nonetheless,theprocessofgettingpermis-

siontosendapacketissomewhatcomplex.Thisistoguaranteethat

thereisalwaysenoughgo-bitsforstableoperation.Wehavechosento

dividetheprocessintoseveralstates(lookat�gure8.11asyouread

this):

PASSInthisstatethenodeislettingothersnodespacketspassthrough

itsbypass-�fo. Informationinidle-symbolspassesthroughun-

changeduntilitwishestosendapacketofitsown. Then,ifits

bypass-�foisoccupied,itstartstosetthego-bitsintheidle-symbols

tozero.

SENDOWNWhenthenodereceivesasetgo-bitandhasemptieditsby-

pass-�fo,itleavesthestatePASSandentersstateSENDOWN.Dur-

ingthisphasethenodesendsitspacket. Incominggo-bitsare
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Figure8.11: Statediagramshowingthebandwidtharbitrationalgorithminan

interface.
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\saved"(ORed)inthevariablesavegoforlateruseinthefollow-

ingmanner:

save_go = incoming_go||save_go;

EMPTYINGBYPASSWhenthenodehascompletedsendingitspacket,it

leavesthestateSENDOWNandentersstateEMPTYINGBYPASS.It

continuestosaveincominggo-bitsasdescribedabove.

Whenleavingthisstateanidle-symbolwillbesent.Ifsavego

is'1',thesymbol'sgo-bitissetto'1',otherwiseitissettothevalue

ofthelastgo-bitthatenteredtheinterface.Thusnonewno-gobits

aregenerated.Onlywhennodesdownstreamgenerateda'0',isa

'0'senton.

EXTENDWhenthebypass-�foisemptiedthenodeleavesthestateEMP-

TYINGBYPASSandentersthestateEXTEND.Duringthisphaseso-

calledgo-bit-extensiontakesplace.Effectivelyallgo-bitsleaving

thenodearesettooneuntilthenextpacketboundary. Thisen-

suresthatthereisenoughgo-bitstogoaround,withvalue1.This

guaranteesstableoperation. Thenthenodereturnstothestate

PASS.

8.5 Routing

Weuseadistributedroutingalgorithminourmodel.

Wedividethedescriptionoftheroutinginto2parts: routingon

aglobalscale,androutingonalocalscale. Intheglobalroutingwe

describehowpacketsareroutedfromonepartofthek-aryn-cubeto

anotherpartofthek-aryn-cube. Inthelocalroutingdescriptionwe

describeindetailtheroutingdecisiondonebyrouting-elementsinthe

verticesinthek-aryn-cube.

RoutingonaglobalscaleTheroutingofpacketsinourk-aryn-

cubesisrelativelystraightforward. Itisbestshownwithanexample

(Adaptedfrom[Leighton]).Wepresumeherea3-cubewithx,y,andz

representingthe3dimensions.Alsorecallthatinourcorner-ringsim-

ulationatorus-connectionisused.Itmightbehelpfultolookat�gure

8.14and8.15asyoureadthis.

1.Routethepacketalongthesender'sx-ring,untilthepacketreaches

aswitchwhosex-valueisthesameasthex-valueinthepacket.

Exitattheotheroutputportoftheswitch(e.g.interfacemarked

as'3'in�gure8.14).Thepacketisnowinthecorrectyz-plane.

2.Entertheclosesty-ring(throughinterface'4'and'7'in�gure8.14).

Routethepacketalongthey-ringuntilitreachesaswitchwhose

y-valueisthesameasthey-valueinthepacket.Exitattheother

outputportoftheswitch(e. g. interfacemarkedas'4'in�gure

8.14).
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3.Enterthez-ring(throughinterface'5'and'8'in�gure8.14).Route

thepacketalongthez-ringuntilitreachesaswitchwhosez-value

isthesameasthez-valueinthepacket.Exitattheotheroutput

portoftheswitch(e.g.interfacemarkedas'5'in�gure8.14).The

packethasnowreachedthedestination-ring.

Thepacketmustpassthrough2switcheseachtimethepacketswitch-

esdimension(occursmaximumn� 1 times).

Notethatwhenapacketentersacorner-ringjusttoswitchdimen-

sion,thepackettraversesonlyonesegmentofthering.Thusthemajor-

ityofthetraf�cisnotcontestingforbandwidth.

Adrawbackwiththisschemeisthatthisroutingalgorithmisnot

\faulttolerant",itwillnotadapttoroutedifferentlyinafaultynetwork.

Therearenomultiplepathsbetweentwonodes.Wesacri�cedsucha

propertyforsimplicity.Thusthereisonlyoneuniquepathbetweentwo

nodes.

Routingonalocalscale Sofarwehaveonlypresentedroutingona

globalscale.WhatroutingdecisionsaremadebytheSCIinterfaces

intheswitches?AvertexisconstructedofmultipleSCIinterfaces,

buttheroutingdecisionsarenotsimilarinalltheSCIinterfaces.

Howisroutingwithinavertex?Avertexinak-aryn-cubeistypically

madeliketheexampleshownin�gure8.14.Weheredescribeindetail

theroutingdecisionsmadebythevariousSCIinterfacesinavertex.

Use�gure8.14asreferenceasyoureadthis.

Criteriaforremovingthepacketoffthering:

1.Thenodeshaveasimplejob:eithertheaddressinthepacketis

identicaltoitsownaddress,otherwisejustforwardit.

2.The\inner"interfacesinthecorner-ring(markedas'3','4'and'5',

in�gure8.14):Ifthe\dimension-index"inthepacketandinterface

areidentical,thenthepacketisnotremovedfromthecorner-ring.

Example: ifthex{coordinateofthepacketarrivingininterface

'3'(�gure8.14)isidenticaltothex{valueofthevertex,thenthe

packetcontinuestointerface'4'. Interface'4'willthencheckthe

y{valueofthepacket.Ifthevalueisdifferentfromthevertex'y{

value,theinterfacewilltakethepacketoffthering.Thepacket

willthenentera\y{ring"forfurtherrouting.

3.The\outer"interfacesinthecorner-ring(markedas'6','7'and'8',

in�gure8.14)behaveinasimilarmanner.Apacketarrivingin

interface'6'onthe\x{ring"willhaveitsx{valuechecked.Ifthex{

valueisidenticaltothex{valueofthevertex,thepacketisremoved

fromthex{ringandforwardedtothecorner-ring.

4. Iftheschemeof�gure7.5bisused:

Theinterfaceintheswitchconnectedtothenode-ring(marked

as'1'in�gure8.16):Ifapacketarrivesherewithotheraddress-

coordinatesthanthoseofthevertex(differentx{,y{,orz{value)
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thenobviouslythepacketisforaprocessor-nodeinanotherver-

tex. Thepacketmustbetakenoffthe\node-ring"andpassedto

the\corner-ring"forfurtherrouting.

5.Iftheschemeof�gure7.5bisused:

Theinterfaceintheswitchconnectedtothecorner-ring(marked

as'2'in�gure8.16). Ifthepacketenteringtheinterfacehasthe

correctx{,y{,andz{value,thenthepacketmustbesenttothe

node-ring.

Alternatives At�rstweconsideredanotherroutingscheme,based

on\intervallabeling". Theneachswitch-outputhasanassociatedin-

terval{aconsecutivesetofaddresses.See[ShMayTho].Butwefound

thatthisschemeisratherinexibleforourpurpose,whenstudyingvar-

ioustopologies. Ontheotherhand,intervallabelingcouldbeagood

ideawhenconstructingactualphysicalnetworks.Thisisbecausesuch

aschemewillprobablyuselittletable-spaceintheswitches.

Bidirectionality Inourbidirectionalsimulation(theschemeof�gure

7.8)theroutingissomewhatmodi�edfromtheoneabove.Tofullyutilize

thefactthatbidirectionallinksareused,theswitchesmustcalculate

whichdirectionisshortestalongthecurrentdimension.Showninthe

followingpseudo-code:

distance = target_index -current_switch_index;

if(distance<0) distance=distance+k;

Ifthenthedistanceislessthank=2 (roundeddowntoclosestinteger)

itisshorternottorouteinthedefaultdirection(e.g.notdecreasingthe

x-value,butincreasingitinstead).

8.6 Variationinthenetworkload

Howdowevarytheloadingofthenetwork?Thisloadingisdetermined

bythefrequencyoftheactivenodesoutputtingrequest-send-packets.

WehaveinmindamultiprocessorSCIsystem.Weassumethenthat

itiscachemissesthatmakethenodesgeneraterequeststomemoryin

anothernode,thusgeneratingnetworkload.

In[PatHen]amodelofcachebehaviorispresented.Thecachebe-

haviorattributesaredividedintothreeparts. Compulsory,Capacity

andConict(\ThethreeC's").

oCompulsory. Themissescausedbythe�rstaccesstoablockof

memory.Inotherwordsablocknotnotusedbeforeiscalled.This

iscalled\cold-startmisses".

oCapacity.Thesemissesareoccurringwhenthecacheistosmall

tocontainallthememoryblocksneededbyaprogramatthesame

time.
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oConict. Thisisrelatedtotheblockreplacementstrategyused

inthecache.Whenusingasetassociativeordirectmappedcache,

severalblocksofmemorywillmapintothesameplaceinthecache.

Thiswillresultincache-blockstobediscardedandinserted,when

havingaprogramreferringfrequentlytomemorylocationswith

thesamemapping-address.

Themodelpresentedisnotperfect,butgivesageneralviewofthemem-

orydemandsofcaches.Thenthequestionarises:Howdowerepresent

thismodel(ofthethreeC's)withinoursimulationmodel?Themost

obvioussolutionistotrytorepresenttheloadingasastatisticaldistri-

bution.Wehavechosentousethenormal,negativeexponential,and

uniformdistributions.Itisnotclearwhichofthesedistributionswhich

modelcache-behaviorinthebestway.Toinvestigatethesephenomena

wehaverunsimulationswitheachofthesedistributions,comparing

theresults.Theseresultsarepresentedinsection9.2.Theconclusion

drawnfromtheresultsisthatthedifferencebetweenthevariousdistri-

butionsisverysmall.Thereforewewillmostlyusetheuniformdistri-

bution.

Letusdescribeourimplementationoftheuniformdistributionin

moredetails:

Howoftenshouldthenodessendarequest?Shouldtheactivenode

sendanewrequestimmediatelyafteratransactioniscomplete?We

feltthatthisisunrealistic. Insteadwelettheactivenodewaitaran-

domintervalbeforestartinganewtransaction. Thisrandomwaiting

ismodeledwiththej-parameter. j isthemaximumnumberofcycles

towaitbeforestartinganewtransaction.Theactivenodedrawsaran-

domnumberbetweenjandtheminimumvalue(10cycles).Ifj is15the

nodedrawsanumberbetween10and15andwaitsthatmanycyclesbe-

forestartinganewtransaction.Asmalljmeansthatthenodestarts

anewtransactionalmostimmediatelyafterthepreviousonewascom-

pleted.Wesimulatewiththefollowingj-values:15,500,1000,2000,

3000,4000,and7000.Withj=7000,anactivenodewillonaveragewait

3500clockcyclesbeforeinitiatinganewtransaction.

Thus,thetimefromthereturnofaresponseuntilanewrequest

issentvariesfrom30andupto14000nanoseconds,dependingonthe

selectedj-parameter.

Howdowejustifytheselectedj-values?Weassumetheactivenode

hasa2-levelcachewithahit-rateof95%and90%intheprimaryand

secondarycache,respectively.Thehit-timefortheprimarycacheis20

nanosecondsandforthesecondarycache80nanoseconds.Thetimefor

thenetworktoserviceamemory-requestoverthenetworkisroughly

1000nanoseconds. Theaveragetimebetweentwomemory-requests

overthenetwork[PatHen,Buggeetal]wethencalculatetobe5800

nanoseconds.Thiscorrespondstoj = 5800.j = 7000signi�esverylight

load,thenwemeasurenearoptimaltransmission-times.j=15signi�es
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averyhighload,perhapsaprocessorwithaverysmallcache.Thusour

choicesofj-valuesseemreasonable.

Thesej-valuesmayseemsomewhatpeculiartopresentinthegraphs

inchapter9.Therewerendertheload-variationinwhatismorecom-

monintheliterature:amountofrequestsperunitoftime.Inthegraphs

inchapter9weusetheamountofKilorequestspersecondwhenvarying

load.Theabovej-valuesthencorrespondsrespectivelyto40000,2000,

1000,500,340,250and140Kilorequests/second.

Thismodelofrequestspersecondmightseemabitarti�cial. The

amountofrequestspersecondisofcourselimitedbythephysicalre-

sourcesavailable. Inpracticeitislimitedbytheamountofbuffer-

ingavailableintheactivenodes.Thisiswhatrestrictsthemaximum

amountofun-respondedrequests(transactions)anodecanhaveata

giventime.

Thep-parametervariesthenumberofoutstandingrequests(trans-

actions)thatanactivenodecanhave.Wesimulatefor1,2,and4out-

standingpacket-requests. Weexpectthe�rstimplementationofSCI

willhaveasingletransactionatatimeonly.

8.7 Gatheringstatistics

Toproducethegraphsofchapter9thesimulatormustproducevarious

parameters.Apresentationofthebasisfortheseparameters:

Averagethroughputonthelinks ismeasuredbycountingall

thesymbols(=2bytes)leavingthetransmitter(),exceptidlesymbols.

ThisisdoneinalltheSCIinterfaces.Thisisthenaveragedatthe

endofthesimulation.

Theeffectivetotalsystemthroughput iscalculatedinthefol-

lowingway:allreceivedrequest-andresponse-packetsarecountedup

foralltheactivenodes. Echo-packetsarenotcounted. Theoverhead

duetopacket-headersissubtracted. Lastlythetotalnumberofbytes

receivedisnormalizedtothelengthofthesimulation. Thisleavesus

theeffectivetotalthroughputinbytespersecond,forthewholesystem.

LatencyThelatencyofapacketismeasuredfromthetimethe

senderputsthepacketintoitsoutputbuffer,untilthepacketisreceived

completelyinitsdestination-buffer.Thisisthenaveragedforallpackets

sentduringthesimulation.

Themeannumberofbypass-�fospassedbythepackets Each

packethasacounterthatisincrementedby1eachtimethepacketen-

tersabypass-�fo.Whenthepacketisreceivedatthedestination-node,

aglobalcounterisincrementedbythepackets'value. Notethatthis

counterisalsoincrementedifthepacketmustberesentduetobusy

input-buffers. Attheendofsimulationthisglobalvalueisthennor-

malizedwithrespecttothetotalnumberofpacketssent(notcounting

echo-packets).
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Themeannumberofswitchespassedbythepackets Each

packetalsohasacounterthatisincrementedby1eachtimethepacket

entersaswitch.Thisissimilarlythennormalizedwithrespecttothe

totalnumberofpacketssent(notcountingecho-packets).

Uncertaintiesintheresults Thereareseveralfactorsthatgiverise

tostatisticaluncertaintiesinthesimulationresults.

Onefactoristhelengthofthesimulation-run.Currentlywerunand

simulate100000clock-cycles,thatis200� seconds. Ideallyweshould

simulatemuchlonger,buteven200� secondstakealongtimetosimu-

late.Simulating200�secondsfora10-ary2-cube(with300activenodes)

takesroughly3hourstosimulateonadec-station5000.

Anotherfactoristherandomaddressingofpackets.Theactivenodes

addressotheractivenodesinthesystem(butnotitself)atrandom.Thus

thetraf�cpatternvariesforeachsimulation.Theaddressingisdoneat

randombytherandom-numbergeneratorinthecompiler(atrun-time).

Itistherandomnessoftherandom-numbergeneratorthat\steers"the

traf�cpattern.

Thetraf�cpatternisalsoshapedbytherandom-numbergeneratorin

anotherway:packetsarepartlyemittedonarandombasis.Seesection

8.6forafulldescription.

Thetwolatterfactorsaredependentonthequalityoftherandom-

numbergeneratorandthe�rstoncomputingresources.

8.8 Constructingnetworks

Wehavenowseenhowthenodesandswitchesarebuiltupusingvar-

iousmodules. Buthowdowemodelanetworkofmultiplenodesand

switches?Wehavealreadymentionedthedownstream-pointereachin-

terfacehas. Itisareferencetothenextinterfaceonaring.Byusing

thispointermultipleSCIinterfacescanbeconnectedtogether.

Thesepointersaresetduringthestartupofthesimulation.During

thestartup,atopology-�leis�rstreadin4.Thetopology�lecontains

theinformationneededbythesimulatortoconnectthenodesinthenet-

work: First,alltheSCIinterfacesarelisted. Itscoordinates(the

positioninthek-aryn-cube)aregiven.Also,theaddressofthedown-

streamSCIinterfaceisgiven.Thenthedownstreampointerofthe

interfacecanbeset.Inadditionthetopology-�lesindicatewhetherthe

SCIinterfaceisinanodeorswitch.

In�gure8.12and8.13weshowhownodesareconnectedusingthe

downstream-pointer. Figure8.12showshownodesareconnectedto-

getherinaring. Figure8.13showshow2suchringsareconnected

togetherwithaswitch.

4These�lesaremadeupbyotherprogramsthatunderstandthetopologyofthe
network.SeeappendixD.
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Figure8.12:Connectingthenodes-objectstogether:aringof3nodes.Thearrows

aretheSCIinterface-pointerstothedownstreamSCIinterface.
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Figure8.13:Switches:connecting2rings.

8.8.1 k-aryn-cubes

Wehavenowshownhowweconnectnodesandringstogether.How

dowefromthisgotoconstructinglargerstructureslikek-aryn-cubes?

In�gure8.14apossiblevertexinak-aryn-cubeisshown.Figure8.15

showshowN = k
n suchverticesmightbearrangedina3-ary2-cube,

usingtheschemeof�gure7.5.

Unlessotherwisestated,allsimulatednetworksusetheunidirec-

tionaltorus-connectedscheme(see�gure4.2onpage30).Wehavemade

thischoicefor2reasons:theroutingalgorithmisthensimplertoimple-

ment,andweexpecttheperformancetobeacceptable.Also,itisplainly

verynaturaltomapring-basednetworkstoatorus-connectionscheme.

Whensimulatingk-aryn-cubeswithanextranode-ring(thescheme

in�gure7.5b)theverticesareorganizedasshownin�gure8.16.
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Figure8.14:Avertexinak-aryn-cubeforn = 3,usingtheschemeof�gure7.5a.

Thevertexcontains3switchesconnecting3dimensions,and3activenodes.

8.9 X11-animation

Duetothecomplexityofthesimulatorwehavefounditnecessaryto

displaythecontentsoftheSCI-interfacesonaworkstation.Onlywith

thehelpofextensivegraphicdisplayswereweabletoconvinceourselves

thatthesimulatorbehavedaswewished.Tocreatethedisplay,weused

thegraphiclibrariesfortheX11windowsystem5.

Animationwasonlyusedduringthedebuggingphase,notduringthe

actualsimulation.

8.10 Randomization

Weuserandomnumbersfortwopurposes:

5X11AthenawidgetslibraryandX11toolkitintrinsicslibrary
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Figure8.15:Connectingverticesinak-aryn-cubetogether.A3-ary2-cube.

1.Tovarytheloadingofthenetwork.Forthiswehaveused3dif-

ferentprobabilitydistributions(section8.6):theuniformdistribu-

tion,thenormaldistribution,andthenegativeexponentialdistri-

bution[Shannon].

2.Todrawaddressesfortherequest-packets.Forthiswehaveonly

usedtheuniformdistribution.Thisspreadsthetraf�c,andavoids

(tosomedegree)hotspots.
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Figure8.16:Avertexinak-aryn-cubeforn = 3,usingtheschemeof�gure7.5b.

Here3activenodesareshown.
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Results

Section7.1.2presentsasolutiononhowtoconstructk-aryn-cubeswith

SCI-rings.Inchapter8weexplainedhowthesimulatorisconstructed.

Thischapterpresentstheresultsofusingoursimulatoronarangeof

selectedk-aryn-cubenetworks.

Firstwehaveashortcomparisonbetweenaselectionofpossiblesta-

tisticaldistributionstouse(uniform,normalornegativeexponential),

forbothringsandk-aryn-cubes.Thisisacontinuationofthediscussion

insection8.6.

Wecontinuewithadiscussiononrings,andviewthelimitationsin

theperformanceofaring.

Thenwestudythevariationoftheparametersk,n,andtheamount

ofactivenodesseparately.

Lastly,wediscussvariousbridgestrategies,andtheeffectoflocality.

NotationAshortexplanationoftheabbreviationsusedinthe�gures:

ok:Thenumberofverticesineachdimension.

on:Thenumberofdimensions.

oa:Thenumberofactivenodesineachvertex.

o(2; 4; 7)meansa2-ary4-cubewith7nodesineachvertex.

oRxx:Asingleringwithxxnodes.

oLatencyandthroughput(simulatedvaluesasde�nedinsection

8.7),andotherrelatedabbreviations:

THSimulatedThroughput,in[Mbytes/sec].

THTTheoreticalthroughput,in[Mbytes/sec].

LSimulatedlatency,in[nanosec].

LTTheoreticallatency,in[nanosec].

minminimum.

maxmaximum.

104
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Wiredelayonthelinks1 4ns

Bypassdelay 12ns

Bridgedelay 22ns

Lengthofasimulation 200� seconds

Minimumresponsetimeintherespondingnode 200ns

Outstandingrequests(transactions) 1,2,&4

Minimumdelayfromresponsetonewrequest 20ns

Maximumdelayfromresponsetonewrequest 30-14000ns

Packetlength 80bytes

Packetheader 16bytes

Datainpacket(countedinthroughput) 64bytes

Table9.1: Parameterconstantscommontoall simulations. All timesarein

nanoseconds.

aveaverage.

NXNegativeexponentialdistributionusedtovaryload.

NONormaldistributionusedtovaryload.

UNUniformdistributionusedtovaryload.

#SThetotalnumberofswitches.

#PThetotalnumberofprocessors.

oTypeofsimulator(seesection8.1.2)

sfStoreandForward.

sfeStoreandForwardwithoneextrabufferintheswitches.

wVirtualcut-through.

weVirtualcut-throughwithoneextrabufferintheswitches.

oTypeofvertex(seesection7.1.2.1and�gure7.5)

nicThenodesineachvertexisplacedinthecorner-ring.

cThenodesineachvertexisplacedinaringbythemselves.

oLoadvariationparameters

jKiloRequests/second,thisislimitedbytheamountofbuffersin

theactivenodes(maximumoutstandingrequests). Itisab-

breviatedas\kreq/sec"inthe�gures.

pMaximumoutstandingrequestsperactivenode(#transactions)

1Forsimplicityweassumeevenwire-delaysinthesystem,despitethediscussionin
section4.1.1.
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Whennotstatedparticularly,the\Wormhole"(virtualcut-through

switchingtechnique)withextrabuffers(intheswitch-interfaces){sim-

ulatorisused. Inmostsimulationsherethenodesareplacedinthe

\corner-ring"(see�gure7.5a).Theexceptionissection9.3and9.6.Also,

loadvariationusingtheuniformdistributionisusedinallsimulations

unlessotherwisestated(theexceptionissection9.2).

Thereareverymanyvariationsofk-aryn-cubes.Itwilltaketomuch

timetosimulateallofthem.Whatfactorsweredecisivewhenwechose

thetopologieswedid?Someweretoolargetosimulate,theydemanded

toomuchmemoryintheworkstations.Othershadahighswitch/node

ratiothatwefeltwereunrealistic.Otherwise,theselectionpresented

hereshowsafairsampleofk-aryn-cubes,withkupto11,nupto7and

withaupto16.

9.1 Simulationofasinglering

ThemostsimpleSCI-networkisjusttohaveasinglering.

AnalysisoftheSCI-ringhasbeendonebefore,perhapsmostthor-

oughlyin[ScGodVe].Also,weourselveshavepublishedapreliminary

studyoftheSCI-ring[HulBot]. Bycomparingoursimulationmodel-

resultsonaring,withtheresultspresentedby[ScGodVe],weshowthat

themodelbehavesasexpected.

Wehavesimulatedring-sizesfrom2nodesandupto20nodes.The

loadhasbeenvariedinthewayexplainedinsection8.6.

Throughput In�gure9.1thesimulatedthroughputisshownforrings

nearsaturation,forringsofincreasingsizes(upto20). Alsoplotted

isthelatencythen(nearsaturation:Lmax).As�gure9.1shows,the

maximumthroughputofaringis1.2to1.3Gigabytespersecond,inde-

pendentlyofthering-size.Wecomparethethroughputof16-nodering

(1.2Gbytes)withsimulationsof[ScGodVe]. Theyhaveapproximately

1.2Gbytesfora16-nodering2.Thusthereseemstobelittledeviation.

Thetheoreticallimitforthisis1.4Gigabytes(seeequation5.3onpage

38),sooursimulationresultsseemreasonable.3

Butwhydoesthemeasuredthroughputvarybetween1.2and1.3

Gigabytes? Sincewevarytheloadingandtraf�c-patternusingran-

domnumbers,thethroughput-linein�gure9.1willnotbecompletely

straight.Notethatthisisthecaseforallthesimulationspresentedin

thischapter.

LatencyAscanbeseenin�gure9.1,thelatencyofaringincreasesas

thering-sizeincreases.Thisisratherobvious.Themaximumlatency

undernearsaturationconditions(Lmax)in�gure9.1seemstoincrease

2Thesimulationmodelwithowcontrol,nottheanalyticalmodel.
3Wecouldprobablygetahigherthroughputbysendinglongerpackets.Thatwould

reducetheecho-andheaderoverhead. Alsolessoftheavailablebandwidthisthen
spentonidle-symbols.
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throughput.
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roughlylinearly.Thisisnotsurprising.Asthering-sizeincreases,the

numberoflinksandbypass-�fosthepacketshavetotraverse,willin-

crease.Theybothresultinconstantincreaseindelay.Wehavemuch

largerlatency,comparedtotheresultof[ScGodVe].Thisdifferencecan

largelybeexplainedbythefactthat[ScGodVe]assumeashorternode

andwiredelay.

Atlightload(e.g.at140kreq/sec)thelatency(markedasLminin

�gure9.1)increasesinthesame,roughlylinearmanner.

Thetableshowsaroughcomparisonbetweenequation5.4and3se-

lectedpointsontheLmin-curve.

Measured Equation5.4

4nodes 95 112

10nodes 138 160

15nodes 257 200

NotethattheLmin-curverepresentsconditionsthatarenotcompletely

unloaded(butlightload),andwithavaryingtraf�cpattern.Theequa-

tion5.4representstheaverageunloadedlatency. Onthewhole,the

�guresareroughlyofthesameorder.

Figure9.2showsthethroughputasafunctionoflatencyfor3differ-

entring-sizes.Allhaveamaximumthroughputofabout1.3MBytes/sec.

Thelatencyisverydependentonthering-size.

9.2 Statisticaldistributions

Theactivenodesloadtheinterconnectionnetworkwiththeirpackets.

Aninterestingpointiswhetherourimplementationofk-aryn-cubesis

sensitivetotheformofstatisticaldistributionofthefrequencyofthis

loading.Inthissectionwewillattempttoseeiftheinterconnectionnet-

workbehavesdifferentlywhenloadedwithdifferentdistributionfunc-

tions.Westudythebehaviorunderthenegativeexponentialdistribu-

tion,thenormaldistribution,andtheuniformdistribution.

Thebackgroundispresentedinsection8.6.Asonecanseefromthe

graphs(�gures9.3,9.4,9.5and9.6)presentedthereislittledeviation

betweenthesimulationresultsofthethreedifferentdistributions. In

mostgraphstheuniformdistributionpresentsmediumvaluesbetween

thenormalandnegativeexponentialdistributions.Thisisthecasefor

allloadingsituations(thevariouscombinationsofp-andj-values).Thus

wehavechosentousetheuniformdistributionontherestofthesimula-

tionswepresentinthischapter.Thisisalsopartlybecausetheuniform

distributionisthefastestofthethree.Alltheotherdistributionscalls

theuniformdistributionasabasisforgeneratingtheirvalues.
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Figure9.3:Comparisonofaringwith4nodesusingnegativeexponential,normal

anduniformdistribution. The3graphsshowtheperformancewhenhaving1,2

and4outstandingrequests,respectively.
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4outstandingrequests,respectively.
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9.3 Placementoftheactivenodes

Howshouldactivenodesbeconnectedinthevertices?Therearetwo

choiceswhichareillustratedin�gure7.5. In�gure7.5a(schemeA)

thetheactivenodesareplacedinthecorner-ring.UsingschemeBin

�gure7.5btheactivenodesareplacedonanadditionalringaddedto

thevertex.

Off-hand,itislikelythatthelatencyforapacketislargerinscheme

B,sinceitmusttraversetheextraswitch.Thisisprobablytrueinmost

cases,buttheremightbecaseswhenschemeAisnotbest:Whenn is

large,thesizeofthecorner-ringislarge(ithasnswitchesareconnected

toit,plustheadditionalactivenodes).Thecorner-ringmightthentoo

easilybecomesaturated.Thusitmightbemoreoptimaltousescheme

B.

Figure9.7showsifthisisthecase.Itshowsthedifferencebetween

thetwoschemesfor3differenttopologies,usingschemeAandscheme

B.

Thetoppairofgraphs(sub�gureaandb)andthemiddlepair(sub�g-

urecandd)showthetypicalresponse.Thenthesizeofthecorner-ring

usingschemeAismoderate(8and5connectionsrespectively).Inboth

theupperandthemiddlepairofgraphsweseethatschemeA(sub�g-

ureaandc)tendstoutilizetheavailablebandwidthbetter.Theidealis

sub�gurea,wherethelatencyincreasesevenlyasthethroughputrises.

TheextraswitchusedinschemeBtendstoactasanunnecessaryde-

lay(sub�gurebandd).Thisresultsinthelatencybeingslightlybetter

inschemeA,andalsoallowingslightlymorepacketstobesent(larger

throughput).TheperformanceofschemeBisspeciallybadinsub�gure

d,wherethedatatendstoclusterinthebottomleftpartofthegraph.

Theavailablebandwidthdoesn'tseemtobeutilizedproperly.SchemeB

alsohasmoreretransmissions(notshown).

Thebottomgraphsshowtheresponsewhenthesizeofthecorner-

ringusingschemeAislarger(n + a = 5 + 5 = 10).WithschemeAthe

corner-ringnowseemstobesaturated(becomesabottleneck).Thereis

moreclusteringofthedatainthebottomleftpartofthegraph. This

clusteringdoesnottakeplaceusingschemeB(sub�guref).Thisbottle-

neckseemstobelessenedthen.Thusweconcludethatwhenthesize

ofthecorner-ringbecomeslargeusingschemeA,oneshouldconsider

schemeBinstead.

Notethattheaddressingofpacketsiscompletelyrandom.Scheme

Bisthereforemoreinterestingifsomedegreeoflocalityisapplied.We

willthereforereturntoschemeBinsection9.6.Inallothersimulations

weuseschemeA.
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Figure9.7: Placement of theactivenodes. The�guresshowthroughput

[Mbytes/sec]asafunctionoflatency[ns]undervariousloadingconditions.Three

topologiesareshown,usingschemeAandschemeB,leftandright,respectively.

Discussedinsection9.3.
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9.4 k-aryn-cubes

Thesimulationsofk-aryn-cubesinthissectionismadewithtopologies

usingnodesconnectedintothecorner-ring(schemeAintheprevious

section).

Thek,n,andthenumberofnodes(a)ineachvertexarevariedto

investigatetheeffectonthethroughputandlatency�gures.

Inordertomakeagoodcomparisononewillhavetomakesomesort

ofmeasureofwhatmakessomenetworkbetterthanothers.Themost

obviousisthethroughputandlatency�gures,whichisthemostimpor-

tantparametersdescribingtheperformanceofaspeci�cnetwork.These

parametersarepresentedanddiscussedinthe�rstpart.Followingis

ashortdiscussionontherelationbetweentheoretical�guresandthe

simulated.Theyarepresentedwithgraphsgivingthethroughputper

activenodeinthesysteminconnectionwiththenumberofactivenodes.

Designingahighperformingnetworkisrelativelyeasy,butatheo-

reticalmodeldoesnotalwaysreecttheimplementation-cost. Agood

measureofthecostfactorofk-aryn-cubes(andothernetworks)isthe

relationbetweenthenumberofswitchingelements(#S)usedtoconnect

acertainnumberofnodes(#P).Combiningthiswiththeperformance

pernodewithrespecttothroughputandlatency,shouldgiveapicture

ofhowtomakeanetworkspeci�cforyourneeds.

Acomparisonofthesimulatedresultswiththetheoreticalformulas

inchapter7isalsopresented.

Thelastpartofthiscomparisonwillpresentsomenumbersonthe

amountofbusiedpackets(retries)andtheirlocationinthenetwork.

Thechoiceofwhichtopologiestosimulatewasmadetakingintoac-

countthesimulationtime,switch/nodefactorandtheconclusionsdrawn

frompreliminarysimulations. Thisgivinganindicationofthemaxi-

mumvaluestouseforeitherk,nanda.

9.4.1 Comparingthemodelwithresultsof[JohnGood]

Tomakethe�guresinthischaptermorecrediblewewillhereattempt

tocompareasampleofourresultswiththatofothers.Theworkthat

relatesbestistheworkdoneby[JohnGood].

[JohnGood]viewstheverticesasconsistingofaprocessorplusa

crossbar-connectiontoconnectthedimensionstogether.See�gure9.8.

Weofcourse,usetheschemeof�gure7.5a.

Sincethephysicalrepresentationofk-aryn-cubesisverydifferent

inthetwoschemes,thisisaveryroughapproximatecomparison.

We�rstcompare�guresforlatencyatlightload,andthen�gures

forthroughput.

Latency[JohnGood]showstheworst-caselatencyatlightload,while

wehavestudiedtheaveragelatencyatlightload.Thiscomparisonthus

hasstronglimitations.
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A switch with complete
connectivity plus an 
active component
(e.g. a processor)

Figure9.8:A2-ary2-cubeaspresentedin[JohnGood].

Thephysicaldifferencesinthetwoschemescreatethefollowingdif-

ferencesinthelatency-�gures.

1.Thecostofswitchingdimension(occursonaveragen� 1 times)is

different.Inourschemethepacketmusttraverseaswitch,thena

wire,thenaswitchagain.Thisaddsupto48ns.[JohnGood]mod-

elsthecostofswitchingdimensionas40ns.Thisisadifferenceof

8(n� 1)ns.

2.Wemodelwire-delayplusbypass-delayas16ns.[JohnGood]has

thisas10ns.Thisisonaverage6k
2
nsdifferenceperdimension.

3.Wemodelpacketsas80bytes,[JohnGood]uses50bytespackets.

Thismeans30ns(15extrasymbolssent)extrainourmodel.

Inadditionourschememodelsthetimeforthepackettoleaveand

enterthevertex(thecorner-ring).Weassumeforsimplicityithas

onlyoneactivenodeattached.Iftwisthewire-delay,andtbristhe

bridge-delay,wemustthenadd(to[JohnGood]�gures)2( tw
2
+tbr) =

2(2 + 22) = 48ns.

Thismustbeaddedtothedifferenceinpacket-length:30+48 = 78.

Withitem1-3wehaveexplainedsomeofthedifferencebetweenour

measured�gureswiththatof[JohnGood].Thedifferenceisalsodueto

thefactthatour�gureshererepresentconditionswith\light"load,not

completelyunloaded,asthe�guresof[JohnGood]seemtobe.

Thusweexplainthedifferenceasaresultofthephysicallydifferent

solutionsselected,theslightlydifferentload,packetlength,andthefact

thatwecompareaverage�gureswithmaximum�gures.

Thetableshows3samplecomparisonsforlatency

Latency(ns)

Topology [JohnGood] ourresults

I(max) II(ave) II-I point1,2,3above

(8;2;1) �200 293 93 8 + 48 + 78 = 134

(5;2;2) �130 265 135 8 + 30 + 78 = 116

(2;5;2) �200 317 117 32 + 30 + 78 = 140
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ThroughputWeseeamuchlargerdeviationinthethroughput-�gur-

es.

Throughput(Gbytes/sec/vertex)

Topology [JohnGood] ourresults

(2; 5; 2) �1.5 0.4

(2; 5; 1) �1.5 0.33

Whythislargedeviation?Somedifferences:

1. [JohnGood]ignoresretransmissions(thisappliestolatencytoo)

2.Lastly,andmostimportant: largerswitchesof[JohnGood]will

havemuchmoreconnectivitythanourscheme. Thiswillaffect

throughputtoaverylargeextent,thoughitisuncertainhowmuch.

SummaryWhattoconcludefromthiscomparison?Firstitcon�rms

ourmodel.Whenwetakeinaccountthephysicallydifferencesinthe

vertices,ourmodelgeneratesroughlythesame�guresas[JohnGood].

Secondly,largerandmoreexpensiveswitchesseemtohaveamuch

largercapacitythanourcorner-ringconcept. Thisisreasonable. A

largerswitchhastheabilitytoofferpairofnodestoestablishacon-

nectionsimultaneously.Thustheowthroughtheswitch(vertex)will

increase,givingahigherthroughput.

9.4.2 Variationofk

Tostudytheeffectofvariousvaluesfork,thevalueofk isvaried,keep-

ingtheotherparametersconstant.Thevalueswehavechosenforthe

topologies(k,2,3),k = 2; 4; 6; 7; 8; 9; 10 and(k,2,5), k = 2; 4; 6; 7; 8; 9; 10.

Thegraphsarepresentedin�gures9.9and9.10.

Theincreaseofk impliesa\stretch"ineachdimension.Increasing

k resultsinmorenodesoneachdimensionring.Andthenmoretraf�c

nodeswhichgeneratetraf�conthese.

Themaximumthroughputshowsasteadyincreaseinvaluecorre-

spondingtotheincreaseintheradixkwithbothtopologies.Thelatency

alsofollowstheincreasingkandshowsnosignsofarapidincreaseinre-

lationtomaximumthroughput.Thiscouldmeanthatonecanincrease

thesizeofk toalargenumber.

Butastheradixk increases(aroundk = 8andabove)wealsogeta

largervariationonthethroughput.Thisisshownin�gure9.11.Spe-

ciallyinsimulationswithahighload. Thisimpliesthatthenetwork

ismoresensitiveforthetraf�c-patternappliedduringhighload.This

seemsreasonable.Ifanetworkincreasesthevalueofkkeepingtheother

parametersconstant,theamountoftotalappliedloadtothenetworkin-

creases.Thenetworktohandlethisextraloadonlyhasthesamebasic

ringstotransportthepackets,leadingtoahigherloadonthedimension-

rings.Thisgivesmorecongestionineachofthevertices. Itisevident
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Figure9.9:Variationofk:Themaximumthroughputandcorrespondinglatency,

plustheminimumlatencyof(k,2,3).
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Figure9.11:Variationofk:TheThroughputasafunctionoflatencyfor3different

topologies:(6,2,3),(8,2,3),and(10,2,3).Thisillustratesthatthenetworkhasamore

erraticbehavioraskgrows.
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whenlookingatthenumberofbusiedpacketsandseeingwheretheyoc-

cur.Themajorpartofbusy-retries(uptoapproximately70%)islocated

inthevertices,withpacketsdestinedforthedimension-rings4.

Insystemswithanaveragetypicalload,onecanlettheparameterk

getlargerthantheapproximatemaximumvalue8-10.Thisbynotpush-

ingtoomuchloadonthenetwork.Thisshouldgivegoodperformance

�guresforthethroughputandlatency.Calculatingtheloadasinsec-

tion8.6givesatimebetweeneachtransmissionofpacketsfromnodes,

of2900clock-cycles. Itcorrespondsapproximatelytothenumber250

kreq/secinthegraphs.Thisisclearlylowcomparedto40000kreq/sec.

Withsuchaloadtheperformanceofanetworkwithratherhighvalue

fork onewillgetaconsistentthroughputcombinedwithanacceptable

latency.

Inasystemwithveryhighaverageload,apossiblesolutiontoin-

creasetheoverallperformance,istomakeuseofsomelocalityinthe

network.Thisshouldgiveaincreaseinperformancetocompensatefor

theextraamountofload.Seesection9.6.

Thecomparisonbetweenthenumberofnodesandthethroughput

pernodeisshowntoindicatetheperformanceforeachnode.
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Figure9.12: Variationofk: Numberofactivenodesandthroughputperactive

node. Alsoshown(usingtherightaxis)isthenumberofswitches/active-nodes

ratio.

4Figure9.26isaplotofthenumberofbusiesfora(5; 2; 3).Itshowsthatthelargest
numberofbusiescomefromtheinterfaceslabeledas'3','4',and'5'in�gure8.14.
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Whatittellsusisthattheusablethroughputforeachofthenodes

getsconsiderablelowerasthevalueofk increases.

Theratiobetweenthenumberofnodesandnumberofswitchesis

thesameforallvaluesofk.Thisismerelyaresultcon�rmingthatone

doesnotgetanyextraresourceswithanincreaseink.

9.4.3 Variationofn

Asforthevariationofk,tostudytheeffectofhavingvariousvaluesfor

n (thenumberofdimensions),isdonebyvaryingthevalueofnwhile

keepingtheotherparametersconstant.Thevalueswehavechosenfor

thetopologies(2,n,3),k = 2; 3; 4; 5; 6and(2,n,5),k = 2; 3; 4; 5.Thegraphs

arepresentedin�gures9.13and9.14.

Themaindifferencebetweenvaryingthevalueofn insteadofk,is

thatonegetsmoreresourcesavailabletohandlethelargeramountof

nodesconnected.Inotherwords,thenumberofringsincreaseswiththe

valueofn,illustratedin�gure9.15.Thisisquitevisiblewhenobserving

thethroughputin�gures9.13and9.14incomparisonwiththethrough-

putin�gures9.9and9.10.Forincreasingvaluesofn thethroughput

curveshowsanincreasingrateofinclination.Whilethesamecurvefor

variationofk therateisdecreasingforanincreaseinthevaluek.Butas

itusesmoreresources(passesthroughmoreswitches/vertices)ithasa

latencywhichislargerthanatopologywithhighk.Eachpackethason

averagetopassthroughmoreswitchesonitswaythroughthenetwork.

Whenthevalueofnincreasesthethroughputseemstogetsomewhat

unstable. Ithasthesametendenciesasforthelargevaluesofk,as

shownin�gure9.11.Thereasonforthisbehavioristhatasthevalueof

n increases,thenumberofnodesconnectedtoeachvertexincreases.On

averageeachpackethastopassthroughonemorevertexasn increases

byone.Inotherwordsthenumberofpacketswhichpassesthevertices

becomeshigher.Thenetworkthenbecomesmoresensitivetothetraf�c

applied.

9.4.4 Varyingtheamountofactivenodes(a)

Varyingthenumberofnodesineachvertexisjustanotherwayofset-

tingtheloadofthesystem. Increasingtheamountofactivenodesin

eachvertexgivesanincreasingamountofloadintothesystem.Inthe

graphspresented(Figure9.16and9.17)onecanseethatthethrough-

putdecreaseswhenthenumberofnodesgoesbeyond6to8whilethe

latencythenincreases.Thisisthesameproblemasforlargevaluesof

k andn,thetraf�c(load)ineachvertex-ringislarge. Thenthetotal

systemperformanceisreduced.

9.4.5 Connectingabout50nodes

Atypicalproblemmightbetochoosethebestwaytoconnectabout50

activenodestogether.The�gures9.19and9.20showtheperformance
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plustheminimumlatencyof(2,n,5).
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Figure9.15:Variationofn: Numberofactivenodesandthroughputperactive

node. Alsoshown(usingtherightaxis)isthenumberofswitches/active-nodes

ratio.

ofallcombinations5 ofk-aryn-cubeswith40to64activenodes. All

combinationsareincluded,except2caseswheretheimplementation-

costwouldbetoohigh.

Wewilllookatthreeparameterswhendiscussingthesetopologies:

latency,throughput,andcost.

Ascanbeseenin�gure9.19,themeanunloadedlatencyisapprox-

imatelythesameforalltheselectedtopologies. Itvariesfrom263ns

(4; 2; 3) to349ns(2; 2; 11).Ascanbeseenin�gure9.20themeasured

averageunloadedlatencyisbetween1.15and1.35timesthetheoretical

(equation7.6).

Ourmeasuredvaluesformaximumthroughputarefarbelowthethe-

oretical(equation7.7).In�gure9.20thelargestmeasuredthroughput-

value,relativetothetheoretical,variesfrom18%((2; 2; 11),(2; 2; 10),and

(2; 3; 8))to54%((7; 2; 1)and(8; 2; 1)).Thelatter�gureisverygood,but

generallythisshowsthatsaturationeffectivelytakesplacelongbefore

thetheoreticalmaximumthroughputcanbeachieved.

The\Lmax"-curveistheaveragelatencymeasuredwhenthethr-

oughputishighest. Itvariesfrom847ns(3; 2; 6) to3000ns(2; 2; 11).

Weseeclearlyarelationship:whenthemax-latencyishighest(2; 2; 10),

5Allcombinationsofk-aryn-cubeswithn intherange2to5,k intherange2to8,

andthenumberofactivenodespervertexfrom1to11.

Except(4; 3; 1)and(2; 6; 1),theyhave3and6switchespernode,respectively.This
isnotthebestwaytoutilizeresources.
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Figure9.16:Variationofa:Themaximumthroughputandcorrespondinglatency

plustheminimumlatencyof(4,2,a).
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Figure9.18: Variationofa: Numberofactivenodesandthroughputperactive

node. Alsoshown(usingtherightaxis)isthenumberofswitches/active-nodes

ratio.

(2; 2; 11),(2; 3; 7),(3; 2; 7),and(2; 3; 8),thethroughputistheworst.Inall

thesecasesthesizeofthecorner-ringis8orhigher.Thatmightexplain

thebadutilization(saturatedcorner-ring).

Someofthetopologiesin�gure9.19withgoodthroughputandac-

ceptablelatencyare(2; 4; 3),(7; 2; 1),(5; 2; 2),(3; 3; 2),(2; 5; 2),and(8; 2; 1).

In�gure9.20weseethatthesetopologieshavethehighestswitch/node-

ratio.Thustheywillcostmoretoconstruct.

Wecanseein�gure9.19thatbestperformanceiswhenk,n,anda

allhave\smallvalues".Ontherightsideinthegraph,theseparame-

tersare\close"invalue.Ifoneofthemhadahighvaluetheperformance

wouldbereduced.Thusthereisnoringinthesystemwith\many"num-

bersofnodes/switchesconnectedtoit.Theoppositeisthecaseintheleft

partof�gure9.19.Thensomeoftheringsinthesystemarerelatively

bigger,thusrepresentingapotentialbottleneck.

9.4.6 Connectingabout250nodes

Anothertypicalproblemishowtoconnectabout250activenodes

together. The�gures9.21and9.22showthesimulationresultsofall

combinations6 ofk-aryn-cubeswith240to260activenodes.

6Allcombinationsofk-aryn-cubeswithn intherange2to6,k intherange2to11,
andthenumberofactivenodespervertexfrom2to16.
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Heretoo,theunloadedlatencyisroughlythesameforalltopologies.

Itvariesfrom347ns(5; 3; 2) to745ns(5; 2; 10). Thisisbetween1.19

(4; 2; 16) to2.12(5; 2; 10) timesthetheoretical(�gure9.22).

Themaximumutilizedthroughputisbetween10%(2; 5; 8)and55%

(8; 2; 4)oftheoreticalthroughput.

Thebestperformanceisgivenby(3; 4; 3)and(5; 3; 2).Theybothhave

ameasuredthroughputover25Gbytes/sec. Thelatencymeasuredat

thispeekis1020nsand1559ns,respectively.Theirunloadedlatencyis

371nsand347ns,respectively.Thedrawbackis,theybothhaveahigh

switch/node-ratio.

Heretoo,wesee(in�gure9.21)thatbestperformanceiswhenk,n,

andaallhave\smallvalues".

9.5 Differenceinvariousswitchstrategies

Asmentionedpreviouslywehave4differentsimulators,eachwithdif-

ferentswitchstrategies(seesection8.1.2).

Wehadinitiallyplannedtosimulatetheswitchingtechniquevirtual

cut-throughfromthestart,butwe�rstsimulatedwithstore&forward

intheswitches,sincethatwastheeasiesttoimplement.Havingsimula-

torsforboth,thisgaveustheopportunitytoinvestigatethedifferences,

ifany.Thisisdiscussedinsubsection9.5.1.

Wealsothoughtthataddinganotherpairofbuffersintheinter-

facesintheswitcheswouldincreaseperformance.Itshouldreducethe

amountofretransmissions.Thus,insubsection9.5.2westudytheeffect

ofhavinganadditionalpairofbuffersintheinterfacesintheswitches.

9.5.1 Store&forwardversusvirtualcut-through

TheswitchingtechniqueusedonaringinSCIisvirtual-cut-through

(theuseofthebypass-�fo). Howdoestheswitchingtechniqueinthe

switchesaffectperformance?Wewillherediscusstheuseofstore&

forwardandvirtual-cut-throughintheswitches.

Inbothcasesweusethesimulatorsthathasanextrapairofbuffers

intheinterfaceintheswitches.

Withvirtualcut-throughthepacketisstoredonlyifcontentionaris-

es.Thus,intuitivelyvirtualcut-throughshouldbehaveasstore&for-

wardwhenthereishighload(see�gure3.7d).Atlowloadvirtualcut-

throughshouldonlyusethebufferssparingly(see�gure3.7e).

Simulationindicatesthatitisnotsosimpleinreality. Weseein

�gure9.23thatastheloadingofthenetworkisincreased,thedifference

intheaveragelatencyofthetwoschemesdecreases.Thus,astheload

increases,morepacketsarebufferedinthevirtual-cut-throughscheme.

Virtual-cut-throughapproachesstore&forwardwithrespecttolatency.

Butevenatthehighestloadingthereisanotabledifferencebetweenthe

Exceptwheretheswitch/node-ratioistoohigh(subjectivelychosen):(4; 4; 1),(3; 5; 1),
(2; 7; 2),and(2; 8; 1).
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Figure9.23:A(4;2;3)with48activenodes.Theuseofstore&forward(marked

assfe)orvirtual-cut-through(markedaswe)intheswitches.Thedifferencein

latency-performance(markedasL)andthroughput-performance(markedasTH)

underincreasingload. The3graphsshowtheperformancewhenhaving1,2and

4outstandingrequests,respectively.
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two.Sincethelatencyforvirtual-cut-throughislowerathighloading,

theactivenodecansendmorepackets,thusincreasingthethroughput.

Whentheloadingisdecreased,thenumberofpacketssentisde-

creasing. Theamountofpacketssentforbothschemesapproachone

another,thusthethroughputforthetwoapproachesoneanother.

Figure9.23(4; 2; 3) isa\small"topologyof48activenodes.Wesee

thesametrendsin�gure9.24,alargertopologyof96nodes(2; 5; 3).

9.5.2 Varyingtheamountofbufferingintheswitches.
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Figure9.25:Thedifferencebetweenhaving,ornothavinganadditionalpairof

buffersintheswitches.A(5;2;3) (has75activenodes)isshownasanexample.

The3graphsshowtheperformancewhenhaving1,2and4outstandingrequests,

respectively.

Asmentionedpreviously,wehavethepossibilityofsimulatingwith

theswitcheshavinganadditionalpairofbuffers.Aninterestingpoint

istowhatdegreethisaffectsperformance. Addingthebufferingca-

pacityshouldreducethenumberofretries. Thatshouldincreasethe

amountofpacketssent,whichinturnincreasethethroughput.Also,

sincethenumberofretransmissionsshouldbereduced,theaveragela-

tencyshouldbereduced.

Weseein�gure9.25thatthisbehaviorappears,butonlyatthehigh-

estloadingconditions. Wesimulateda(5; 2; 3) withanextrapairof

buffersintheswitches,anda(5; 2; 3)withoutextrabuffering.Bothus-

ingthevirtual-cut-throughswitchingtechnique.

Wemadesimilarcomparisonsfor(2; 2; 3)and(2; 5; 3)andsawsimilar

trends(notshown). Thedifferenceisnegligiblewhentheloadisless

than500{1000kilo-requests/second.
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theperformancewhenhaving1outstandingrequest.

Figure9.26showsthenumberofretransmissionscountedduringthe

samesimulation(lasts200� seconds).Athighload(e.g.at40000kilo-

requests/second)thereisalargedifferenceintheamountofretrans-

missionsgeneratedwhennothavingextrabuffering(linesmarkedas

wSUMorweSUM).Atotalofalmost27kretransmissionsweregen-

eratedwhennothavingextrabuffering(at40000Kilo-requests/second).

Whenanextrapairofbuffersperinterfacewereadded,thisdroppedto

about4kretransmissions. Thesimulationperiodwasinbothcases

200� secondsandtheloadingthesame. Notethatinbothcasesthe

largestportionofretransmissionswasgeneratedinsidethe\corner-

ring". Thisisseenbythelinesmarkedas\CornerRInner"in�gure

9.26.Thusthecorner-ringsarethebottlenecksinourmethodofimple-

mentingk-aryn-cubes.

9.6 Variouslevelsoflocality

Allsimulationssofarhaverandomlyaddressedpackets.Packetsare

addressedevenlytoallpartsofthek-aryn-cube.

Whatperformancecanwegetifweputsomedegreeof\locality"into

theaddressingofpackets?

Withlocalitywemeanthattheprobabilityofcommunicationbe-

tweentwonodestakingplaceincreasesiftheyarephysicallyplaced
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Figure9.28:Scatter-plotforac(4;2;6) (has96activenodes)withvariouslevelsof

locality.
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\close"tooneanother.Bycloseweheremeanwithinthesamevertexin

thek-aryn-cube.Localitywillincreasethethroughputanddecreasethe

averagelatency[Agarwal].Latencyshouldimprovebecausetheriskof

contentionandthenumberofhopsisdecreased.

Insomeapplicationsitisreasonabletoassumethattheprogramis

dividedintoseveralparts,withvariousamountofcommunicationbe-

tweenthedifferentparts.

Anexampleofthisisifthelocalprocessorsmostlyaccessdataand

instructionsinapartofmemorythatisphysicallystoredinthesame

localvertex.

Wehavestudiedtheeffectsthatlocalityhasonperformancebyvary-

ingthefractionofpacketsthatareaddressedtotheactivenodesinthe

localvertexonly.Therestofthepacketsareaddressedatrandomtoall

theothernodesinthetopology(includingnodesinthelocalvertex).For

example,inthedatamarked\90%"in�gure9.27,90%ofpacketsare

addressedtoactivenodesinthelocalvertex.Theadditional10%ofthe

packetsareaddressedrandomlytoanypartofthek-aryn-cube.

Thisschemewillprobablybefurtherenhancedifwephysicallysep-

aratethe\local"traf�cfromthemoreglobaltraf�c.Toachievethisan

additionalring(withinthelocalvertex)isaddedtothevertex,reserved

activenodesonly.ThisisschemeBofsection9.3.

Simulationsusingthismodelispresentedin�gure9.27(has40ac-

tivenodes).Wehereseethatasthedegreeoflocalitygrows,thevaria-

tioninlatencydecreases.Itapproachestheaveragelatencyofindepen-

dentrings(comparewith�gure9.2).Inaddition,amuchlargerthrough-

putispossiblewithlocality(compare�gure9.27with(2; 3; 5) in�gure

9.19).

Wecanseethesametrendinlargertopologies.Figure9.28(has96

activenodes)isanexample.

9.7 Summary

Ringsarenotoptimalwhentheyareallowedtogrowinsize.Thelatency

growslinearlywiththesizeofthering. Thismakesitunsuitableto

useasingleringwhenalargenumberofnodesaretobeconnected.In

addition:Irrespectiveofappliedload,thetotalthroughput�gurefora

singleringhasaclearupperlimit.

Whenconstructingk-aryn-cubesthesizeofthedimension-rings(k)

andthecorner-rings(n + a)shouldbechosenwithapproximatelythe

samevalue. Thisgivesthebestperformance. Thenthesizeofthe

corner-ringsandthedimension-ringsarebalanced(assumingscheme

Ainsection9.3).

Thevalueofkshouldbeheldlowerthan8{10.Afurtherincreasein

thevalueofkgivestoomuchappliedloadintothesystem.Thenumber

ofverticesconnectedtothedimension-ringthengetstoolarge.

Therangebestsuitedforn isuptoapproximately6.Increasingthis

valuebeyondthisgivesarelativelyhighlatency,degradingthetotal
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systemperformance.Thismainlybecauseittakesmoretimetoswitch

toanotherdimensioninsteadofcontinuinginthesamedimension(the

favoredswitchsetting-propertyondescribedonpage66).Oneshould

alsonotethedependencybetweenn anda. Sincethesumofa andn

givesthenumberofconnectedinterfaces(nodesandswitches)oneach

ofthecorner-rings.

Increasingthenumberofactivenodesineachofthevertices(a)ef-

fectivelyincreasestheappliedload. Iftheapplicationsrunningona

systemcanmakeuseoflocality,greatervaluesofk,n,anda canbeac-

ceptable.Anotherpossibilityinordertoincreasethenumberofactive

nodesineachvertexistoputthemonanadditionalring(schemeBin

section9.3).

Weconcludethatnoneoftheringsusedtomakeupthenetwork-

topologyshouldbeallowedtohavemorethanapproximately8{10nod-

esorswitchesconnectedtoit.Inaddition,eachoftherings(corner-rings

anddimension-rings)shouldberoughlyequalinsize. Inotherwords:

Allring-sizesshouldbebalanced.

Iflowerperformance(throughput)isacceptable,orlocalityisap-

plied,thelimitationsoftheabovecanbesomewhatmodi�ed. Forin-

stance,byhavingalargedegreeoflocality,thesizeofthecorner-ring

canbeenlarged.Inaddition,wesawinsection9.6thatthiscanbeen-

chancedifschemeBofsection9.3isused.
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Conclusions

Thisthesisstartedoutasastudyofinterconnectionnetworksforusein

SCIandasacomparisonbetweenSWIPPandSCI.

TostudytopologiesforSCIwedecidedtobuildasimulator.Thetwo

mostimportantdecisionswehadtomakewere:thetypeoftopologyand

thetypeofswitches. Afterathoroughstudywedecidedtousek-ary

n-cubesmadeupof2-portswitches.

TheSCIstandardde�nesanetworkinterfaceinamultiprocessor

system.WehaveseenthatSCIworkswellwiththek-aryn-cubetopol-

ogy.Aroutingalgorithmfork-aryn-cubescanbemadeverysimple,and

cheapintermsofextrahardwareresources.Withourimplementation

thenetworkisalsoprovenlydeadlock-free.Wehaveobservedthatthe

networksarestableunderallloadingsituations,andthattheyarenot

sensitivetoanyparticularstatisticaldistribution.TheuseofSCI-rings

ink-aryn-cubeshasbeenshowntobeaveryrobustcombination.This

isduetothesimpleroutingalgorithm,combinedwiththevirtualcut-

throughswitchingtechnique.

Ontheotherhand,everythingisnotperfect. Thedrawbackwith

ourwayofimplementingk-aryn-cubesisthateverycorner-ringhasa

potentialofbecomingabottleneckinthesystem.

Togetthebestperformanceoutourtopologyimplementation,one

shouldcarefullybalancethesizesofthecorner-ringsversusthedimen-

sion-rings.Adeviationfromthisruleisifthesizeofthecorner-rings

getbeyondacertainlimit.Ifthenumberofnodesgettoolargeonecan

puttheactivenodesonaseparateringoftheirown,thisgivingbetter

results.

Therearetwofactorsthatcontributemosttoimproveperformance:

morecomplexswitchesandlocality.

Amorecomplexswitchwouldyieldahigherperformancethanus-

ingourimplementation.Withcomplexwemeanmoreinputandoutput

portsandalargerdegreeofconnectivitybetweenthem.Thusthestudy

oflargerswitcheswithmoreconnectivityisanimportantfactorworth

furtherstudy.

Theothermeansofgettinganimprovedperformanceistointroduce

locality.Whenintroducinglocalityineachoftheverticesinthenetwork
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theoverallperformanceincreases.Theperformanceincreaseswiththe

increasingdegreeoflocality.

Wehaveveri�edoursimulationmodelbycomparingitwiththe

roughlysimilarworkdonebyothers.Whencomparingoursingle-ring-

simulationswithotherswork,weseethatthereisrelativelylittlediffer-

ence.Thisisalsopartlythecasewhenstudyingmorecomplexnetworks,

thoughsuchacomparisonismuchmorecomplex.

Inalloursimulationswehaveseenthattheunloadedlatencygrows

relativelylittlewithanincreaseinthetopologysize.Thisisaveryim-

portantfactorinaSCI-system(cache-coherencyoperations).Anequa-

tiongivinga�rstorderapproximationforthelatencywithourimple-

mentationofk-aryn-cubesispresented.Thethroughputisdependent

onthetraf�cappliedandthecapacityofthenetwork.

Wehaveshownthatlargenetworksconnectinguptoseveralhun-

dredactivenodescanbebuiltusingsimple2-portswitcheswithvery

acceptableperformance.Thisthesishasshownsomepossiblesolutions

tothedesign-issuesinvolvingsuchnetworks.Hopefullywehavethus

madeacontributiontofutureusesofSCI.

WehavemadearoughcomparisonofSWIPPandSCI,andshown

thatbothyieldanaverageunloadedlatencyofroughly150cyclesfor

anetworkconsistingofaboutathousandactivenodes. Thelatteris

assumingthatbothnetworksareusingswitcheswithhighconnectivity.

SinceatpresenttherearenosimulationresultonthebehaviorofSWIPP,

itisdif�culttosaymuchabouttheperformanceunderload.
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Appendix





A

Busstandards

SCIisastandardwiththescopeofreplacingbusesinmanyapplications.

Itisthereforenaturaltotakealookatsomepreviousandexistingbus

standards

Untilthe1980'smostcomputerbuseswereproprietary.Butgradu-

allythedemandforstandardizationhascomeabout[DawDob86,Daw-

Dob87,Borrill,Tanen89].

Forabustobecomeaformalstandard(standarddejure)ithastobe

approvedbyoneofthestandardizationorganizations.Theseareboth

nationalandinternational. Internationalstandardsareproducedby

ISO(InternationalOrganizationforStandardization)andtheIEC(In-

ternationalElectrotechnicalCommision),thelatterwhichhasitsroots

intheindustry. SortingunderISOareallthenationalmembers,like

ANSI(AmericanNationalStandardsInstitute),BSI(GreatBritain),

AFNOR(France),andDIN(Germany).UnderIECareseveralnational

committees. ISOandIECcommunicatethroughJTC1(JointTechni-

calCommitteeonInformationTechnology). Anothermajorcontestant

ininternationalstandardizationistheIEEE(InstituteofElectricaland

ElectronicEngineers)

Standardscomeaboutinatleastthreeways:

oProprietarybusesbecomestandardsdefacto,bywidespreaduse.

DEC'sUnibusandtheIBMPCbusarewell-knownexamples.

oTheownersofproprietarybusessuggestthattheirbusbeadopted

asaformalstandardbyaninternationalstandardorganization.

ThisisthecasefortheGPIBbus,originallydevelopedbyHewlett

Packard,theVMEbusfromMotorola,MultibusfromIntel,Nubus

fromTexasInstruments,amongothers.

oSpecial-interest-groupswhoaremanufacturer-independenttake

theinitiativetodevelopastandard,undertheguidanceofaninter-

nationalstandardorganization.Manufacturersareencouragedto

freelyusesuchstandardsfortheirproducts.Sincesuchstandards

aredevelopedasstandardsfromthebeginning,theymoreeasily

approachanoptimalsolution.Examplesofsuchstandardsinclude

CAMAC,Fastbus,Futurebus,andSCI.
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144 AppendixABusstandards

JTC1

IEEE
(individual membership)

ISO

National members, e.g. :
ANSI

IEC

National committees
DINBSI . . . .

FigureA.1:Therelationshipbetweenvariousstandardorganizations.

Therearemanystandards,partlybecausedifferentapplicationsre-

quirebuseswithdifferentcharacteristics,atleastifsomeoptimumper-

formanceisaskedfor.Sometypesofbuses:

oAmemorybusisusedtotakecareofcommunicationbetweenpro-

cessorandmemory.Oftencalledthe\internalbus".

oAnI/Obus,alsocalledaperipheralbus,isusedtoconnectacom-

putersystemtoitsdiscsandtapestorage.

oAninstrumentationbusisabustailoredformeasurementandcon-

trolldevicesinalaboratoryenvironment.

oAsystembusisageneral-purposebackbonebustoconnectproces-

sors,memory,andperipheralstogether.

oTherearealsodevelopedbusesforspecialapplications. Anex-

ampleisFastbus,developedfordataacquisitioninhigh-energy

physics.

Anoverviewofsomeofthemoresuccessfulbusstandards:

Unibuswasadefactosystembusstandard,introducedbyDECinthe

late1960'sforthePDP11.Itwasperhapsthe�rstwidespreadbus

standard.

GPIB(IEEE488,GeneralPurposeInstrumentationBus).Itismaybe

themostpopularinstrumentationbus,developedbyHewlettPack-

ard.

CAMAC(IEEE595,596...,ComputerAidedMeasurementandControl)

isanotherinstrumentationbus,favoredfordataacquisitionin

physics.

IBMPCbusisadefactostandardfortheIBMPCanditsclones.
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Multibus(IEEE796)isapopularbusformicroprocessorsfromIntel.

VMEbus(IEEE1014)isapopularsystembusfromMotorola. Itwas

originallyintendedfortheMC68000,butisnowusedinamuch

widerscope.

Fastbus(IEEE960)isahigh-performanceinstrumentationbus,devel-

opedforhigh-energyphysics.

SCSI(ANSI).SmallComputerSystemInterface. AverypopularI/O

bus.

S-busisadefactostandardmadeforSUN'sSPARCarchitecture.

TurbochannelisadefactostandardfromDEC.

Futurebus(IEEE896)isahigh-performancesystembusdesignedfor

multiprocessing.Ithasprotocolstomaintaincachecoherence.De-

velopedbyIEEE,itisthe�rststandardtouse\hardmetrics"1 in

itsmechanicalspeci�cation.

1Thedistancebetweentheconnectorpinsis2mmandtheboardsizecomein
multiplesof600mm.



B

Tools

Therearefourdifferentconceptswewishinalanguagetoimplement

oursimulator:

oObject-oriented. Therealworldismostlyconsideredtobemade

upofobjects,thisisalsotrueformultiprocessors.Thefollowing

isnaturallyconsideredasobjectsinoursimulator:aqueue,a�fo-

register,alatch,apieceofwire,acompletecomputer,asetofpro-

cessorsandevenaprocessitselfcanbeviewedasanobject.Object-

orientationhasbecomevery\trendy"inthelastyears.Neverthe-

less,hereatInstituteforInformaticsthereisa20-year-oldtra-

ditionforobject-orientedprogramming!Anotheradvantagewith

object-orientedcodeisthatitismuchmore\cleaner",itismore

easilyread.

oCapableofpartialparallelism.Wewishtoseehowdifferentnodes

communicatewitheachother. Thesenodesare"intelligent"de-

vices,atleasttheyareindependentofeachother.Theyeachtake

someinitiativeat"unpredictable"times.Thisdemandsthatdiffer-

entpartsofourprogramshowalevelofindependencewithrespect

toeachother.

oAcceptablespeed.

oPortability.Thesimulatorshouldexecuteonvariousarchitectures.

Aminimumwasthatitcouldexecuteon\sparcs"and\dec-stat-

ions",whicharethework-stationsusedatInstituteforInformat-

ics.

Withthesefourconceptsinmindwehaveconsideredthefollowing:

SimulaWehaveastrongtraditionforprogramminginSimulahereat

theInstituteforInformatics. Itwasdevelopednottoofarfrom

here,at\NorskRegnesentral"inthelate'60s. Itseemstobe

idealforsimulationpurposes:itiscompletelyobject-oriented,has
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coroutines1,isstronglytyped,hasawiderangeofstatisticalfunc-

tions,andhasarathercomfortable"run-time-system"(garbage-

collector).Itsmajorfaultisitsrelativelyslowexecution-speed.

C&LWPTheLightweightProcess(LWP)Libraryisacoroutine-library

fromSunforprogramminginaCenvironment.Themaindraw-

backisthatCisnotanobject-orientedlanguage.

C++C++isobject-orientedandfast.Sinceitissyntacticallysimilarto

C,ithasbecomeverywidespreadinuse. Foranintroductionto

C++,see[Stroust].

C++&SmurphAcommunityattheUniversityofManitoba,Canada,

hasmadearathercomfortableC++-environmentforsimulating

LANs.Themainproblemisthatitistoocomfortable,thatis,it

isdif�culttoseewhatthecodeisreallydoing.ItisalsotooLAN-

orientedforourpurpose.

C++&tasksThetask-library[StrouSho]isusefulforimplementing

coroutines. ItisprovidedwiththeAT&TCCcompilerandthe

Objectworks(OWCfromParcPlaceSystems)programmingenvi-

ronmentforC++.Toourknowledgeonlyavailableonthe\sparc"-

architecture.

WeearlydecidedtouseC++,theonlyobject-orientedlanguagewithac-

ceptableexecution-speed. Thecompilerwe�nallydecidedtousewas

\g++"fromthe\FreeSoftwareFoundation".Thiscompilerisavailable

onmostarchitectures.

1
Coroutinesisamechanismwhichallowstheprogrammertohavemultiple

\threadsofcontrol". Thethreadsrunsinaquasi-parallelmanner. Inotherwords

thethreadofcontrolcanbeswitchedbetweenthevariouspartsoftheprogram,each
withitsownstackofprivatedataandprogramcounter.



C

Articles

InNovember1991weattendedtheconference\OpenBusSystems'91"

inParis,arrangedbythe\VFEAInternationalTradeAssociation.There

wehadthechancetopresentsomeofourworktoawideraudience.

Wealsowroteanarticlewhichwasprintedinthe\proceedings"ofthe

conference.Sinceitisrelatedtothecontentsofthisthesis,itisincluded

inthefollowingpages.
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Various interconnects for SCI-based systems
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Abstract
In this paper we wish to show some of the possible
ways in which small SCI-rings can be connected
together to form large systems of switches, pro-
cessors and memories.

Choosing a topology is very much dependent
of the use of the network. A general multiproces-
sor requires an entirely different system than for
example a data acquisition system. The topolo-
gies mentioned in this paper are relevant to gen-
eral multiprocessors.

The authors are currently implementing a sim-
ulation model for some of these topologies as part
of their thesis.

1 Introduction
The Scalable Coherent Interface (SCI) – IEEE
P1596 – is a high performance interface standard
for multiprocessors. The nodes communicate by
sending packets on unidirectional point-to-point
links. Each link consists of 18 bit-lines, 16 for
data, 1 for flag and 1 for clock. The lines between
nodes in the figures represent such a link. They
are capable of an output of 1 GigaByte/second. 1

The nodes can consist of a processor with no
memory, memory banks only, or a mixture of
both.

SCI can be configured in many ways. The
basic configuration is a simple ring. See figure 1.

1For a complete presentation of the SCI-protocols and
the physical interface please read [1] and also other papers
in this Proceedings.

N

N

N

N N

N

Figure 1: A simple ring-con�guration with 6

nodes.

Simulations we have done show that a ring-
configuration becomes saturated as more nodes
are put on the ring. See figure 2. As the
number of nodes increase the data-emission-
rate per node will rapidly decrease from the
theoretical upper limit of 1 GigaBytes/second.
The total throughput of the ring remains stable
at about 1.8 GigaBytes/second. The theoretical
limit is 2 GigaBytes/second, because on aver-
age each packet traverse only halfway around the
ring. Figure 2 also shows that transmission-time
(queue time in the nodes + transmission time on
the ring) obviously increase as the number of
nodes increase. The results are preliminary. It
does not, for instance take into account the over-
head of packet-headers. Also, the results are
“worst-case” since the nodes always transmit if
it gets the chance. But the trend in the figure is
clear enough.

1
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Throughput & Transmission-time of ring
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Throughput of ring          Y is in Megabytes per second

Transmission-time         Y is number of clockcycles

 Number of nodes on ring

Theoretical limit of throughput for ring

Theoretical limit of throughput for single node

Figure 2: Results of the simulation of a ring.

Thus bandwidth –and transmission-time – lim-
itations become a problem as the number of nodes
on a ring increase. The solution to this problem
is to have many small rings instead, these be-
ing connected together with switches. Figure 3
is a small example of an interconnection network
with 7 (very) small rings connected by 2 switches.
In this paper we will present various ways of
implementing this interconnection network with
switches as defined by the SCI-standard. In all
the figures an ’N’ indicates either a memory-node
or a processor-node. An ’S’ indicates a switch.
Sometimes we will be more explicit and write
’M’ for a memory-node and ’P’ for a processor-
node.

When designing a network for multiproces-
sors there are several aspects to consider. It
is desirable to have a high rate of connectivity
(number of hops between any nodes). This can
be achieved by either having a large number of
links connecting each node or a large number of
switches. Either extremes will be rather expen-
sive, so a solution in between should be chosen.

SN

N

N

N

S

N

N

Figure 3: A simple switch-con�guration with 2

switches and 6 nodes. All the pairs of arrows is

a logical ring.

Due to pinout-limitations there is also a limit to
the number of links connected to a switch, if
implemented on one chip. Thus the maximum
number of SCI-interfaces in a single-chip SCI-
switch is probably 4.

We also want to avoid “hot spots” . Thus we
have to spread the memories among the proces-
sors in the network as much as possible.

The switches mentioned here are able to con-
nect 2-4 SCI-rings, thus they have 2-4 SCI-
interfaces. The switches are shown somewhat
abstractly in figures 4 and 5. Such switches have
yet to be designed.

S
C

I-interface

S
C

I-
in

te
rf

ac
e

SwitchRing 1 Ring 2

Figure 4: A 2-port switch connecting 2 rings.

2 Topologies
There are innumerable ways of using SCI as
an interconnect for multiprocessors. Here we

2
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S
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I-
in

te
rf
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e

S
C

I-interface

SCI-interface

SCI-interface

Ring 1

Ring 2

Ring 3

Ring 4 Switch

Figure 5: A 4-port switch connecting 4 rings.

will consider three relatively well-known topolo-
gies for computer-architectures: meshes, k-ary
n-cubes, and hypercubes. These are relatively
well understood in the literature, and are scal-
able.

2.1 Mesh
A possible “mesh” -configuration is shown in
figure 6. The switches can either have 2 ports
or 4 ports. The 2-port switch would probably be
cheapest, and maybe also fastest. With a 4-port
switch a packet does not have to risk traversing
on average halfway around a ring, but because
of some more queueing delay, it is uncertain that
it is faster than a 2-port switch. This needs to
be simulated before we can say anything of cer-
tainty.

In figure 6, ’N’ represents a single mem-
ory, or a single processor, or a ring of proces-
sors/memories/combined.

2.2 k-ary n-cubes
k-ary n-cubes [2], [3]have been used successfully
in machines such as the Connection Machine and
the Cosmic Cube. It offers the possibility of al-
ternate paths and can be made deadlock free. It

S

S

S

S

N N N

N

N

N

N

NNN

N

N

N

N
Ring of
 nodes

M

P

P

P

P

M
S

S

S

SS

SS S

S

S

S

S

Figure 6: A mesh-con�guration. All the nodes

can be a single processor or memory, or a ring

with both.

is constructed of cubes with dimension n and k

switches in each dimension. The relation be-
tween dimension (n), radix (k) and total number
of switches (N ) are as follows:

N = k
n

; (k = n

p
N;n = log k

N )

Using large radix k (in SCI the number of
switches on a ring) with low n makes it easy
to construct and scale rather large structures.
With low dimensionality the complexity of the
switches are reduced, but the number of hops
may increase. The opposite, a small k and a large
n, may reduce the number of hops but demands
more complex switches. It has been shown [2]
that low-dimensional networks will outperform
(run faster and cost less) high-dimensional net-
works with the same bisection width2. You have
three basic k-ary n-cubes:

Unidirectional.
Figure 7 shows a unidirectional 4-ary 2-cube
using 2-port SCI-switches. The nodes (pro-
cessors and memories) can be connected in
the shown rings as in alternative 1. Alter-
natively on separate rings connected to the

2The bisection width [4] of a network is the minimum
number of wires cut when the network is divided into two
equal halves.

3
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4-ary 2-cube with a 2-port SCI-switch (al-
ternative 2).

If 4-port SCI-switches are used then 2
more interfaces ()2 more rings) per switch-
ing node is made available. The memories
and processors should then be put on these
extra rings.

The constraining of the number of ports
on a switch to 4, will allow the use of up
till 4 dimensions (n = 4) using an arbitrary
radix k. To ensure that this structure can
be made deadlock free the number of in-
put/output queues must be larger than one.

Dimension 0

Dimension1

: Sci-switch

alternative 2 alternative 1

P P

PP

M M

Ring of
nodes

Ring of
nodes

P

PP

P

MM

Figure 7: A unidirectional 4-ary 2-cube.

Torus connected bi-directional.
Figure 8 shows a torus connected bi-
directional 4-ary 2-cube. It has two chan-
nels in opposite directions between each pair
of connected nodes. Thus the number of
hops from source to destination node can
be halved, at the cost of using more com-

plex switches. Another point in using bi-
directionality is a better exploitation of the
locality of communication. When node A
sends a message to node B, node B will al-
ways have to send a response message back
to A.

It is here necessary to use 4-port SCI-
switches in the switching nodes shown in
figure 8. In order not to saturate the rings
shown only 2-port switches should be added.
To these new switches, rings of processor-
nodes and memories are connected.

Dimension 0

Dimension1

: Switch

Figure 8: A torus connected bidirectional 4-ary

2-cube.

Mesh connected bi-directional.
If you eliminate the end around links in a
bidirectional k-ary n-cube you get a mesh
connected k-ary n-cube. But this modifica-
tion has the penalty of doubling the longest
path in the network and also resulting in a
loss of symmetry.

4
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2.3 Binary hypercubes
Binary hypercubes is a subset of k-ary n-cubes
where k = 2, that is to say there are 2 vertices
for each dimension in the cube. There are a
total of N = 2n vertices in a hypercube. That
is where to put the switching nodes. Using a 4-
port switch implies a maximum dimension of 4
() N = 24 = 16 vertices).

To expand beyond 4 dimensions it is possi-
ble to combine 2 or more 4-port switches to
“build” larger switches. For instance, to con-
struct a switch to connect 6 rings (6 dimensions)
one could combine 2 switches as shown in fig-
ure 9. The relationship between the number of
switches (S) and dimensions (D) is: D = 2S + 2.
The drawback with such constructs is increased
path-length and increased queueing delay.

S S

1 2

3

45

6

Figure 9: Connecting 6 dimensions () 6 rings).

Note that the connection between the 2 switches

is a small SCI-ring, logically.

An interesting variation of the binary hyper-
cube is the cube-connected-cycle [5] [6]. At each
vertex in the hypercube a ring of 2r switches is
inserted, where r is any integer. Note that if
r = 0 we have an ordinary binary hypercube. A
decrease in r (for a given number of vertices,
and keeping N constant) results in a cube-like
appearance, an increase results in a more ringlike
appearance.

A possible SCI-implementation of the cube-
connected-cycle is shown in figure 10 for 3 di-
mensions. The “corner-ring” does not necessar-

ily have 2r switches. Each of the 6 surfaces is a
ring. At the corners of the cube 3 surfaces meet.
They are connected to a “corner-ring” through
2-port switches, as shown in figure 11. These
corner-rings should contain only switches, not
processors and memories, so as to reduce the
possibility of it becoming a “hot spot” .

This is relatively straightforward to extend to
more than three dimension by increasing the
number of switches on the “corner-ring” . For
an increase in number of dimensions by one, a
new surface is attached to the “corner-ring” .

An alternative, shown in figure 10, is to have
SCI-rings along the edges of the cube.

"corner-
    ring"

"Edge-ring"
-alternative

Figure 10: A cube-connected-cycle in 3 dimen-

sions where the 6 surfaces are rings of nodes.
The corners are shown in �gure 11. An alterna-

tive is to have rings of nodes along the edges,
instead of in the surfaces. This is shown with a

lighter brush in the �gure.

3 Conclusion
Simulation-results show that to build large sys-
tems with SCI, one ring is not enough. Multi-
ple rings must be used, connected together with
switches. Future work will consist of the simu-
lation of these scalable systems of meshes, k-ary
n-cubes, and hypercubes.

5
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"corner-ring"

S

S S

"surface-rings"
or

"edge-rings"

Figure 11: Connecting dimensions in a cybe-

connected-cube for 3 dimensions.

If you have any questions, please contact us,
either by electronic mail:

trondh@ifi.uio.no & johnb@ifi.uio.no
or by ordinary mail:

Bothner/Hulaas
c/o Søraasen
Institutt for Informatikk
Universitetet i Oslo
Pb. 1080, Blindern
0316 OSLO 3
Norway
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ThefollowingarticleiswrittenbyErnstKristiansen. Itwaspub-

lishedintheproceedingsoftheconferenceCAMAC'921 ,arrangedin
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sis.
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D

Useandmodi�cationsof

program

Thisismeanttobeashortintroductiontothosewhowantstousethe

simulators. Itisassumedthereaderisfamiliarwithcompiling(using

Make)andrunningaprograminaUNIXenvironment.

D.1 Portingprograms

Thesourcecodeisavailabletoall.Togetacopy,pleasecontactus.

Mostofthecodeshouldcompilewiththeg++compilerfromgnu.

TheX11windowinterfacedemandstheAthenawidgetslibrarytogether

withafullX11libraryrelease(X11,Xtetc.).Thestatisticalroutinesis

linkedfromtheSimulalibrary.Toporttosomethingelse,theyshould

bechangedtosomethingavailableonyourownsystem.Theclassusing

themisde�nedinthe�lemain.H.Itconcernsparticularlytheroutines

rnegexpandrnormal.TheGNUC++-libraryhasroutinesthatshould

beavailabletomost.Weadviceyouusethem.

Inadditiontothesimulatortherearesomeprogramstogeneratethe

appropriatetopology-�lesreadbythesimulator.Thetopology-programs

(sectionD.4)shouldcompileeasilywiththeg++{compilerfromGNU.

Alldelay/timeparametersisinclockcycles. Everyclockcycleis2

nanoseconds.

D.2 Options

Eachsimulatorreadthecommandinputlinetodecideit'sbehavior.The

commandlineoptionsareasfollows.

-i�lenameInputtopology�le.SeesectionD.4onhowtomakethese

�les.

-o�lenameOutputresult�le.

-tnumberSimulationtimeinclockcycles.
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168 AppendixDUseandmodi�cationsofprogram

-pnumberNumberofoutstandingtransactions.

-jnumberTheintervalwhichdecidesthefrequencyofpacketssent

fromeachnode(usinguniformdistribution). Seesection8.6for

anexplanationofthep andj parameters. numberistheupper

limitoftheintervaltodrawfrom.

-xPopsupawindowforeachSCI-interfaceonaX-terminal,showing

thecontentsofeachinterface(node/switch),ifprogramiscompiled

withX11-options(seesectionD.5).

-lnumberSimulatewithvariousdegreeoflocality-addressing(seesec-

tion9.6).Thedegreeoflocaladdressingisnumberpercent.Must

becompiledwithLOCALADDRCORNERset(inthemake�le).

Onlyimplementedinthesimulatorforvirtual-cut-throughwith

extrabuffer.

-negxnumberUsethenegativeexponentialdistributiontovaryload-

ingconditions,withmeansettonumber.Onlyimplementedinthe

simulatorforvirtual-cut-throughwithextrabuffer.

-normnumberUsethenormaldistributiontovaryloadingconditions,

withmeansettonumber.Onlyimplementedinthesimulatorfor

virtual-cut-throughwithextrabuffer.

D.3De�nedconstants

Inadditiontotheoptionspreviouslydescribed,thereareseveralde�ned

constantsinthesourcecode.Theyspecifyadditionalparameters.These

arecollectedinthe�le:defs.H.Tohaveanyaffectonthebehaviorofthe

simulatoronehastorecompilethesourcecode.Anexceptionfromthis

isMAXNODESwhichisde�nedinthe�le:main.H.

defs.H:#de�neCPUPROSTIME100Thetimeinclockcyclesthe

nodesneedstoprocessanincomingrequestandproducearesponse.

defs.H:#de�nePACKARRAYSZ10000For debugging purposes

(#ifdefENDDEBUG).Toexaminepacketsremaininginthenet-

workwhenthesimulationisended.Itisprintedintoalog-�leat

theend.Allows10000packetstobeactiveandregisteredinthe

networkatanytime.

defs.H:7:#de�neLinkDelay2Thedelayintimeintroducedbytra-

versingthelinksbetweennodes.

defs.H:8:#de�neBypassDelay5Thetimetopassthroughtheby-

pass-�foplussthe1extracycledelayintroducedbythe�foitself.

Thephysicaldelayisthen6cycles.

defs.H:9:#de�neSwitchDelay10Thetimetopassthroughaswitch

plussthe1extracycledelayforthe�fo.Thephysicaldelayisthen

11cycles.
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#de�neBIDIR1Usestheroutingalgorithmforabi-directionalk-ary-

n-cube,whenBIDIRisde�ned.

#de�ne2500MAXNODESisthemaximumtotalnumberofinterfaces.

Ifyouwishtosimulatelargernetworkswithmoreinterfaces,this

constantmustbeincreased. Notethenthatyourcomputerwill

havetohaveaverylargememory.

D.4Makingtopologies

Forasimulatortorun,itmusthaveaninput-�ledescribingthenetwork.

Theseinput-�lesaremadebydifferent,smallerprograms,dependingof

thetypeofnetwork:

RingsToconstructanetworkwithasinglering,usetheprogramring-

only-gen.

prompt>ring-only-genx

wherexisthesizeofthering.Theresultisa�lewithname:

ringxnodes.top.

k-aryn-cubewiththeactivenodesinthecorner-ringToproduce

k-aryn-cubeswiththenodesplacedinthe\corner-ring"(seesection

7.1.2.1and�gure7.5a),theprogramnodes-in-cornerisused

thus:

prompt>nodes-in-corner-kc-nd-ae

wherecisthek-value,disthen-value,andeisthenumberof

activenodesineachvertex.Theresultisa�lewithname:

node-in-cornercarydcubeenodes.top.

k-aryn-cubewiththeactivenodesinanextraringToproducek-

aryn-cubeswiththenodesplacedinaseparatering(seesection

7.1.2.1and�gure7.5b),theprogramnodes-in-cornerisused

thus:

prompt>corner-gen-kc-nd-ae

wherecisthek-value,disthen-value,andeisthenumberof

activenodesineachvertex.Theresultisa�lewithname:

cornercarydcubeenodes.top.

\Bidirectional"k-aryn-cubeToconstructk-aryn-cubeswithbidirec-

tionallinksasdescribedinsection7.1.3,usetheprogramlong-

switch-gen:

prompt>long-switch-gen-kc-nd-ae

wherecisthek-value,disthen-value,andeisthenumberofac-

tivenodesineachvertex.Theresultisa�lewithname:

long-switchcarydcubeenodes.top.

Thesimulatormustthenbecompiledwith#defineBIDIR1

set.
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D.5 Compilingtheprograms

Witheachsimulatortherearetwomake-�les.These�lescontainsthe

instructionshowtocompilethecompleteprogramusingthemakepro-

gram.makeallowsanautomaticcompilationofprograms.Forfurther

informationseethemanualpagesunderanUnixsystem.

One�leisforcompilingthesimulatorwiththeX11displayroutines.

ItistheXMake�le.ItusestheAT&TCCcompiler.Theotheroneisthe

Make�le,compilingtheprogramwithoutthepossibilitytouseX11to

displaytheaction.Itusestheg++compiler.

Touseeitherofthesemake�les,onetypes:

prompt>make-fXMake�le

or

prompt>make

(makereadsfromthe�le;Make�le;ondefault).
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