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Abstract

Modernprocessos rely heavilyon broadcasinetworksto bypassnstructionresultsto
dependeninstructionsin the pipeline Howerer, as architectuesget wider and pipelines
get deeperbroadcastingoecomesnore comple, slower and more dif cult to implement.
Thiscompleity is compoundedby shrinkingfeatule size asthe communicatiorspeedie-
creasesrelative to transistor switching speeds. This paper examinesthe fundamentals
needof bypassetworksandproposes methodor classifyingthesenter-ALU Networks
basednhowoperandsare routedfromproducesto consumes. Wethenproposeandeval-
uateat boththecircuit andarchitectural levela ne grain point-to-pointRoutednter-ALU
Network(RIAN)that delivers the sameinstructionthroughputasa full bypassetworkbut
at higherspeedsndusingfewer wires.

1 Intr oduction

The mostcritical loop in pipelinedprocessor&enablesdatadependentnstructionsto executein consecutie
cycles. In fact, the ALU executiondelay plus the bypasdateny to deliver the ALU outputbackto its input
oftensetsthecycletime of themachine As shavn in prior researchil6, 3], increasinghis pathby evenasingle
cycle dramaticallyreducesnstructionthroughputrates. Most modernprocessorsincluding both superscalar
andVLIW architecturesysesomeform of broadcasto deliver instructionresultsto all placesthata consumer
instructioncouldreside.

However, compleity anddelayof bypasgpathsis increasingvith modernprocessorandtechnologieg11].
Widerissuemachineswith corventionalbroadcastingechniquesncur a wire compleity growth proportional
to the squareof the numberof ALUs [2], thuscontriluting to both increasedwviring areaandlarger fan-in at
the bypasdamgets. Thefan-outfrom eachsourceALU increasesoughlywith the productof the pipelinedepth
andwidth, aseachALU resultmustberoutedto all possibleplacest could beused.Largerfan-outandfan-in
increasedypasglelayastheboththecapacitve loadwithin the network andthemultiplexor complity ateach
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Point-to-point Multi-hop Dynamic PMD Parcerisa [12], Grid Proces-
sor[10]

Point-to-point Multi-hop Static PMS RAW [20]

Point-to-point Single-hop Dynamic PSD M-Machine[6], Multicluster[5]

Point-to-point Single-hop Static PSS degenerateaseof PMS

Broadcast Multi-hop Dynamic BMD Alpha21264[8]

Broadcast Multi-hop Static BMS -

Broadcast Single-hop Dynamic BSD Superscalarlg]

Broadcast Single-hop Static BSS VLIW [4]

Tablel: A taxonomyof routedbypassnetworks

sinkrises.Finally, increasesn wiring resistancéncreasdransmissiorlatenciesparticularlyto pipelinestages
andALUs thatarefar from the sourceALU. Basedon optimisticwiring overheadnodelswe estimatethatthe

shortesaindlongestbypasgathdelaysfor afuture, ultra-wide64-issugrocessowith a 10F04clock cycle, are

1 and8 cyclesrespectiely. In contrastin mary corventionalprocessodesignghe worstcasebypasselayis

smallenoughto beincorporatednto the critical pathandis a fractionof theclock cycle.

To reducethesedelaysandimprove the scalability of broadcasbypassnetworks we proposeand evaluate
a new classof RoutedInterALU Networks (RIANS). In thesenetworks, neighboringALUs are connected
via direct links throughlightweight routers,and communicatiorbetweendistantALUs must make multiple
hopsthroughthe network. Insteadof being broadcastpperandsare routedfrom sourceto destinationbased
on adestinationidenti er encodednto eachinstruction.RIANs reducethe fan-inandfan-outat eachALU, as
well asthe potentiallycrippling wiring areaoverhead.Suchanetwork signi cantly improvesthebypasdateny
betweemearbyALUs but mayincreasdahelateny betweerdistantALUs thatmusttraversemary hopsthrough
theRIAN.

In generalbypassnterALU networks (IANs) canbe classi edaccordingto (a) the numberof taget ALUs
towhicharesultis delivered,(b) thenumberof tamgetsto whichagivenALU is directly connectedand(c) when
the routing decisionis made. While we presenthe full taxonomyof IANs in Section2, the RIAN networks
we proposecanbe classi ed asa Point-to-point,Multi-hop, Dynamicallyroutednetworks, representedby the
acrorym PMD. We evaluatethe useof this network in statically scheduledarchitecturesn which the source
anddestinationof eachcommunicatiorare determinedat compiletime. We rst explore their utility in wide
clusteredandnon-clustere/LIW machinesn whichthetargetsandlinks canbeidenti ed atcompiletime, but
routingandarbitrationis performedat runtime.

Wethenexaminethis network stratgy in anemegingarchitecturehatsupportsstaticschedulingout dynamic
executionto toleraterun-timedeterminedatencies.The key behindthe applicability of point-to-pointrouting
in both architecturess thatresultsinherentlyneedto be sentonly from the producerto the consumerrather
thanbeingbroadcasto all ALUs. We shav that schedulingalgorithmsare effective in placingproducersand
consumersearone another thusrestrictingthe communicatiordistanceto a few hopsin the commoncase.
Multi-hop point-to-pointnetworks areef cient for thesepatternsof communication.

Section2 describeshedesignspaceof interALU networks,anddiscusselow they relateto prior bypasset-
work architecturesSection3 examinescircuit implementation®f multi-hop switchednetworks anddescribes
mechanismgor reducingrouteroverheadn this thin network. Sectiond exploresthe useof thin networksin
VLIW architectureswhile Section5 doesthe samefor the dynamicallyexecutedGrid Processoarchitecture.



Finally, Section6 providessummaryandconcludingremarks.

2 A Taxonomyof Inter-ALU Networks

Bypassnetworks areintendedto provide fastpathsbetweerthe outputsof ALUs andinputsto prior stagesof
the pipelinedownstreanfrom theregister le. Theirprimeeffecton performances to reduceor eliminateread-
afterwrite hazardsand possiblepipeline stalls that result from issuingback-to-backproducerand consumer
instructions.In corventionalprocessorsthesehave typically beenimplementedas broadcastetworks where
essentiallythe outputof every ALU is routedto theinput of every otherALU.

Thesebroadcasbypassietworksarereallyapartof abroaderclassof InterALU Networks(IANs) whichcan
beclassi edalongthreeaxes: (a) the executionmodel,(b) the network architectureand(c) routercontrol. The
executionmodelindicateswhetherthe outputof an ALU is to bebroadcastby default to all ALUs, or whether
the tamget ALUs are speci ed explicitly prior to executionof the instructionand then routed point-to-point
The network architecturandicateswhetheran operandis routeddirectly from the outputof one ALU to the
input of another(single-hop, or whetherit may passthroughintermediateouters(multi-nop. Routercontrol
indicateswhetherall of the routing decisionsare madeprior to executionof the ALU instructionproducing
the data(statig, or whetherthe routing decisionstake placeat runtime (dynami¢. Note thatthesenetworks
differ dramaticallyfrom multiprocessonetworksbecauséhe payloadis a scalarvalueratherthana multi-word
messag®er cacheline.

Table 1 lists the eight possiblebypassnetwork con gurationsand architecturesvhich usethem, with a 3-
letter acrorym for eachnetwork criterion: PB , M,S, D,S . Pipelinedandsuperscalaarchitecturesare
classi ed asBSD networks sinceoperandsrebroadcasto all tamget ALUs, thereareno intermediateouters,
andtheroutingdoesnot commencaintil the ALU operationis complete. Theclusteringof the Alpha21264,in
which operandsrebroadcasto boththelocal andremoteclustercanbeclassi edasBMD . TraditionalVLIW
processorsvith a sharedregister le namespacéroadcastlataacrossthe ALUs thoughstatically scheduled
bussesandis thusBSS

As transistordave becomdasterandwires have becomerelatively slower, broadcashetworks have become
lessattractve dueto long wire lengthsandincreasingwiring overheadfor large connectiity networks. The
majorchallengdan suchnetworksis to reducethelateny for communicatiorto alevel equalingor approaching
corventionalbypassetworks. Thetwo componentsequiredio achiere thisare: (a) the network interfacemust
beintegratedinto the pipelinesothatoperandsredelivereddirectlyto consumingALUs andresultsareinjected
into thenetwork directlyfrom ALU outputs and(b) thelateng to routethroughthenetwork mustbeminimized.

Several architecturedave proposeddr implementedneof the family of point-to-pointlANs to meetthese
goals. The M-Machineis anexampleof a PSD network sincedestinationsarespeci ed staticallyandencoded
in an instructionwhile delivery occursdynamicallyfrom the sourceclusterto the destinationcluster The
Multicluster architecturds also PSD asit dynamicallyroutesoperandson demandbetweentwo clustersin a
partitionedregister le superscalaarchitecture.The MIT RAW processoincludesa bypassrouting network
which is integratedinto the pipeline. The routing overheadis mitigatedthrougha statically scheduledouter
which eliminatesthe needfor dynamicarbitrationfor the sharedrouterandwire resourcesthusrenderingit a
PMS network. While this architectureachieved the perhoplatenciesof a singlecycle, their experienceshaved
thattheselatenciesweretoo high to achieve sufcient ILP, in partbecauséhe componentshatcommunicate
arecompleteprocessorgatherthansmall ALUs, asfoundwithin amorecorventionalprocessocore[17].

Finally, abuddingcateyory of IANs is PMD — point-point,multi-hop,dynamicallyroutednetworks. Parcerisa,
et. al proposeda multi-hop routing network for clusteredsuperscalaarchitectureswith partitionedregister

les, similarin principle to Multicluster[12]. The microarchitecture&keepstrack of the location of produc-
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Figurel: Single-hopandmulti-hopnetworksof size9. Only wirescorrespondingo thetopleft nodeareshavn
for (a).

ers/consumeranddynamicallyinsertsinstructionsto transmitoperand$rom a sourceto a destinatiorcluster
They evaluatesmallscalenetworks of up to 8 clustersusingring, mesh,andtorustopologies.

In this paper we focus on a different avor of PMD networks in which the instructiondependencieare
expressedexplicitly in the instructionencodingand the physicallocationsof the producingand consuming
instructionsare known prior to execution. With this knowvledge, bookleepinghardwareto dynamicallytrack
instructiondependenciess not required,nor do instructionresultsneedbe broadcasto every ALU. We do
not restrictourselhesto statically scheduledarchitecturesincedynamicbehaior suchasvariableload/store
latenciesmustbe toleratedat runtime. We examinelarge networks of up to 64 ALUs andexplore a rangeof
topologiesandconnectiities.

3 Circuit modeling of Inter-ALU Networks

In this sectionwe describeour modelingof interALU networks explaining the following aspects—  the
technologymodelsandcircuit estimationtools, corventionalbypassetworksandtheir differentdelaycom-
ponentsand the scalability of thesenetworks. We proposepoint-to-pointnetworks asan alternatve when
large numbersof communicatingnodesarerequired,with the communicatiorbeing mostly amongstadjacent
nodes. The routerdesignis crucial for network throughputin point-to-pointnetworks, andwe discussa rout-
ing protocolandrouterdesignthat hidesthis latengy from the network. Finally we comparethe performance
of multi-hop networks andsingle-hopnetworks. In the experimentsdescribedn this section,we examinethe
genericclassof switchedmulti-hop networks (which could be implementecasPMD, PMS, or BMD) andsin-
gle hop networks (which could beimplementecasPSD,PSS,BSD, or BSS).The programmingandexecution
modelsrespectiely determinewhetherthe communicatioris point-to-point/bradag andwhetherthe router
controlis static/dynamicWe thenaddresshetradeofs betweerthetwo typesof networks.

3.1 Technologymodeling

We estimatectircuit latenciesusing SPICEmodelsderived from the 1999 InternationalTechnologyRoadmap
for Semiconductor§l4]. We estimatedhe wire delaysassumingoptimal buffer placementwith capacitance
numbersobtainedusing Space3D(a threedimensionaleld solver) [1]. Technologyparametergor the wire
delaytool werebasednthe 2001InternationallechnologyRoadmagor Semiconductorgl5], usingthe 90nm
technologypoint scaledto 100nm.We referto the wire delayobtained(representeth picosecondgermm) as

For our analysis,we assumehat the functional units producingand consumingvaluesare laid out in a 2-



Wire delay 117ps/imm
Nodearea 2.54Msquaremicrons,1G

Network size(in nodes) | 4 8 16 | 32 | 64
Fanin+FRanoutdelay(ps) | 100 | 150 | 175 | 210 | 240

Table2: Network delaycomponentst 100nm.
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Figure2: Circuit for abypassath.

dimensionatectangulaarraywith aManhattarroutingschemeWe referto thesefunctionalunitsasnodes All
distancesare measuredn sggmentswith 1 sggmentbeingthe distancebetweenadjaceninodes. The network
size(N) is the total numberof nodesin the network. Figure1 shavs a single-hopand multi-hop interALU
network of size9.

In our experiments,the node consistsof an ALU, an integer multiplier, an FPU, and a 64-entryregister
le. All thefunctionalunits are64 bits wide. The areaanddimensionf thesenodesare estimatedusingan
empiricalareamodel[7]. Eachnodeis asquare onaside,occupying anareaof , Where is halfthe
channelengthof a minimum sizedtransistor The processingoreof the Alpha21264in comparisoroccupies
anareaof approximately . Table2 shavs thewire delayandthe nodeareaobtainedusingour circuit tools

for 100nmtechnology

3.2 Modeling cornventional bypassnetworks

Corventionalbroadcashetworksfall underthe BSD classof networks. A generalcommunicatiorpathusedin
suchbypassschemess shavn in Figure2. No network topology decisionsor routing protocoldecisionsare
re ectedin this abstracimodel. As shavn in the gure, therearethreemaincomponentshat contritute to the
bypasgdelay:thefan-outdelay( ), thewire delay andthefan-indelay( ). Thetotal delayis givenby the
following equation.

1)

Thethird termin the equationdenoteghe wire delay— productof the numberof sggmentstraversed( ),
wire delayperunitlength( ), lengthof asegment( ), andthewiring distanceoverhead . Thewiring distance
overheads afactorusedto incorporateahe physicalVLSI designconstraintof wire routing. Whenthenumber
of tracksrequiredto routethe wires ts within the areaoccupiedby the ALUs, , indicatingno wiring
overhead. However, whenthe wires requireextra areafor routing, indicatesthe ratio by which the length
of thesewiresincreasepecausef the excessareathey mustbe routedover. This wiring overheads strongly
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Figure3: Percentagwvire delaycontritution to thetotal communicatiordelay

dependenbntechnologyALU dimensionsgata-pattwidth, routingstratgiesandrepeateplacementindarea.
For a64-bitdata-pattassumingwire pitch of , oursimplewiring areamodels which do notaccounfor ary
repeaterareaoverheadshav thatonly single-hopnetworks of sizegreaterthan32 incur ary wiring overhead.
For a network of size 64, . All the multi-hop network con gurationswe examinedhave very low
fanouts( ) andhencencurnowiring overhead.

A layoutcorrespondingdo this circuit for a 3x3 single-hopnetwork is shavn in Figurela. Only the outbound
wires originating from the top left nodeare shavn. The fanin andfanoutdelayscorrespondo the delaysof
the destinatiormultiplexors andthefanoutbuffers at the sourcerespectrely. Thesedelayswereobtainedusing
SPICEsimulationgfor differentnetwork sizesandthe valueswe obtainedareshavn in Table2.

Delay analysis: In asingle-hopnetwork, large fan-outandfan-indelaysareincurredoncefor every commu-
nication. Figure 3a shaws the percentageontritution of the variouscomponentgo the total communication
lateng in networkswith varying network sizesanddistancedraversed.For both64 and8-wide con gurations,
the communicationateng is evenly sharedby the wire delayandthe fan-out/n-in delayfor communication
over shortdistances57%and44% of thedelayis dueto faninandfanoutfor communicatiorbetweeradjacent
nodesoneseggmentaway. Hence reducingthe fanin+fanoutcontritution canhave signi cant bene tsfor short
distancecommunicationsOn the otherhand,wire delaydominatedor long distancecommunications.

Figure 3b shaws the percentagecontritution of wire delay for communicatingover different distancesn
networksof differentsize.Notethataswe increasehe network sizei.e. thetotal numberof nodesn anetwork,
but keepthe communicatiordistancethe same the fanin+fanoutdelayincreasesogarithmically but the wire
delay remainsconstant hencethe percentageontritution of wiredelaydrops. As seenin the graph,for a
1-sgmentpaththe wire delaycontrikution dropsfrom 53%to 43% whenthe network sizechangegrom 8 to
64. On the otherextremefor a 16-sgmentpath(the longestpathin the network), the wire delaycontritution
dropsmamginally from 94% to 92%. Hence,architectureghat incur frequentlong-distancecommunications
amongmary nodesshouldstick to corventionalsingle-hopnetworks becausef the easeof designandbetter
performance.

Recallthatin Figure 3a, we plottedthe percentageontritution for fanin+fanoutasthe communicatiordis-



node

I Ce

Soul

o o
; Source node| Do—{>0— o o o o
router
Intermediate [>o— o o — Destination
router
oo

L 1 1 I 1 1
Router Fanout buffers Buffered wires Fanin tree Intermediate hops Router

Destination node
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tancevariedand shaved the resultsfor 2 network sizes64 and8. This senesasthe motivation for mutli-hop
networkswhich arewell suitedto architectureshatexhibit frequentshortdistancecommunication.

3.3 Multi-hop Inter-ALU Network

Multi-hop networksarede ned asthosenetworksthatrequireroutingdecisiongo bemaden betweerthesource
andthedestinatiomodes.The ve partsof thedelayfor a multi-hopcon gurationareshovn in Figure4. They

areoutgoingrouterdelay( ), fan-outdelay wire delay fan-in delay andthe intermediaterouterdelay( ).

Thewire delayincurredhereis identicalto thewire delayseenin single-hopnetworks, andthefan-inandfan-
outdelaysareboth dependentn therichnessof theinterconnectHowever, the multi-hop network routesdata
throughmultiple nodescausinga routerdelayfor every nodethatthe datamustpassthroughon theway to the
destinatiomode,i.e. the numberof hops(h). This canbe seenin Figure 1b, which shavs a possibletopology
for amulti-hopnetwork. Thetotal delayis givenby the following equation.

)

Since multi-hop networks typically have only a small numberof connectionshetweenneighbors(relying
on multi-hoprouting for non-localconnections)they arewell suitedto architecturesvherecommunicatioris
predominanthybetweemearbyALUs. It is crucialto optimizethe routerssinceevery communicatiorbeyond
the rst hoprequiresaroutingoperation.

3.4 Router design

To overcomethe challengegposedby technologyscalingon large singlehop networks, multi-hop networks are

an attractve alternatve becausef their ne graincontrolandlow wiring overhead.The fan-out,wire delays,
andthe fan-in delaysareinherentlyserialand cannotbe remaoved from the critical path. The routerdelay at

eitherendof acommunicatiorpathis incurredbecauserbitrationmustbe performedo avoid resourcehazards.
We proposeto usea lookaheadschemeto hide the arbitrationdelay In orderto do this, two networks are

implemented.Onefor controland onefor payload(the actualdataoperand). The control arrivesin adwance
of the payload,andreseresa path (if onewill be available)for the payload,therebytaking the routing and

decisionmakinglogic off the critical path. If no pathwill be available (dueto contentionthroughthe node)a

buffer slotis reseredfor theincomingoperand.Thisinformationis availableacycle in adwanceof thepayload,
sincethe destinatioris encodednto theinstructionitself andcanbe processeduringthetime takento produce
the operand.With this advanceknowledge,circuit techniguegsuchasdominologic) canbe usedto increase
the speedof the operandtransmission.Pehet al. describea similar lateng-hiding approachfor interchip

networks[13].
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Advanceknowledgeof incomingoperandslsoallows anefcient o w controlmechanismWith knowvledge
of how mary openbuffer slotsare available andthe communicatioriateny to immediateproducernodes,a
simple throttling mechanisncan be implemented. Assumingthat one cycle is requiredto sendan operand
from onenodeto the next, the throttling signalis assertedvhena control it arrivesat a buffer having having
only two slotsfree on dataarrival. The router requiresone slot for the operandarriving on the next cycle
(the payloadcorrespondingo the control signal),andonefor the operandthat could be sentwhile the throttle
signalis traveling backto the producingnode. Oncethe producingnoderecevesthe throttle signal, it will
ceasdo transmitdatauntil the stall signalis deassertedThus,in thecommoncasea producingnodecansend
the operandwithout the needto receve an acknaviedgment,sinceit is guaranteedhat storagespacewill be
available at the consumemodeif thereis contentionon the routing path. Only in the uncommoncaseis ary
backvardinformationrequired.

Figure5 shaws the schematiaof the router The key componenbf the routeris the Decoder/Encodethat
looksat controlpacletsandsteerghemeitherto the controlswitchfor forwardingto neighboringnodesor sets
upthe ALU datapathto bereadyto receve avaluemeantfor this node,in the next routercycle. Stalledcontrol
anddatapacletsarewritten to separatduffers anda few cyclesbeforethey becomefull, nodesupstreamare
throttled. Whenpacletsareforwarded,only a small forwardingdelayis incurred,while a muchlarger paclet
processinglelayneeddo paidfor pacletscreatedby the ALU. Theroutercircuit wasmodeledusingour circuit
toolsto determinghesedelays.Thepaclet processinglelaywas300ps,andtheforwardingdelaywas100psin
our circuitsat 100nmtechnology Thususingthis router the multi-hopdelayin Equation2 is transformeds:

®3)

3.5 Delayanalysisand implications

The delaysfor the two typesof networks arerepresentedsingthe delayequationsbuilt with the corecircuit
components Equatingthe two delays,we cande ne the cross-oer point ( ): the numberof hopsat which
a multi-hop network outperformsa single-hopnetwork as shavn in Equation4. We assumehe routerdelay
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canbe fully hidden,andhencedoesnot gure in the equation. The cross@er occurswhenthe fan-in/fan-out
overhead(accumulatedver hops)in a multi-hop network exceedsthe single fan-in/fan-outdelay of a full

broadcassingle-hopnetwork. The subscriptsS andM are usedto denotesingle-hopand multi-hop networks
respectely.

(4)

Figure6 shaws thevariationof the wire delayswith numberof hopsfor multi-hop andsingle-hopnetworks.
For a64 nodearray assumingio extrawiring overhead(i.e. ), amulti-hopnetwork haslesslateny when
communicatingver oneto two segmentdistancesFor a16 nodenetwork,  shiftsto alittle lessthan2. Using
our circuit modelswe calculatedhe delaysfor up to 16 segmentsfor a 14-sgmenttrip, the multi-hopnetwork
is only 30% slower thana full-bypassnetwork, 25%fasterfor a 1-seymenttrip, and5% fasterfor a 2-segment
trip. It is crucialto keepthe more commonshortpathsasfastaspossible,while, in generallatenciesalong
lesscommonpathsarelessimportant. Thusa multi-hopnetwork will befavoredif mostof the communication
canbe orchestratedimongneighboringnodes.Whenthe overheads takeninto accounta 64-widesingle-hop
network never outperformsamulti-hopnetwork asthedottedline hasa higherslope,andlargery interceptthan
thesolidline.

Figure7 plotsEquatiord for threedifferentsingle-hometwork sizesusingthefan-out,fan-inandwire delays
obtainedrom ourcircuit models.Thesensitvity to wiring overheads signi cant, asindicatedoy theasymptotic
natureof the curve. This graphis particularlyimportantsinceour wiring areaestimatesreconserative (we do
not accountfor repeateplacementarea). As canbe seenfrom the graph,if the wiring overheadof broadcast
networks resultedin for example,the crosseer point is reasonabldéarge — 5. If the insertionof
repeatersesultsin the wiring overheadexceedingl.4,thenmulti-hop networks will alwaysoutperformsingle-
hopbroadcashetworks. Henceinterconnecphysicaldesignissuesarecrucialandcanhave asigni cant impact
ontheinterconnectrchitecture.

4 VLIW Architectures

In VLIW architectureswherethe routing and arbitrationis doneat run time, the delay of the ALU bypass
network is a critical loop. As illustratedin the previous section,a choicehasto be madeaboutthe network
architecturedependingon the numberof hopstraveledin the commoncase. We examinethe designspaceof
bypassetworksin thecontect of unclustered/LIW architecturesln VLIW machinesthelocationof producer
and consumeiinstructionsis knovn at compile time, and a multi-hop network canbe usedto route paclets
from sourcenodesto destinationnodes. Provided theseare closeto eachother a machinewith a multi-hop
network cansustainhigherinstructionthroughputthana single-hopbroadcashetwork, sincethe executionof
datadependenbperationsn consecutie cyclesis critical. In this sectionwe rst describeour machinemodel
andcon gurationsstudied.We thendescribeour benchmarksuiteandthe compilationtoolsused. To examine
theimpacton future designsve examinedvery wide issuemachinef width 16. We examinedmachinewidths
of 4 and8 to determingheapplicability of multi-hopnetworksin currentdesigns.

4.1 Machine model

We modela VLIW machinewhereinstructionsare staticallyassignedo namedfunctionalunits (nodes).The
compiler also generateghe schedulefor the executionorder of the long instructionwords. The individual
instructionsin eachinstructionword are allowed to executein ary orderand are independent.We examine
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multi-hop networks andsingle networks for bypassingralues. Whena single-hopnetwork is usedfor bypass,
thevaluesgo directly from the sourcenodeto the destinatiomodethroughdedicatedaths.Whena multi-hop
network is used,the valuesaredynamicallyroutedthroughthe network from the sourceto the destination.We
examinea family of single-hopfull bypassetworks: 1) - anideal network wherewe setall wire delays
to theshortestelaypath,2) - arealisticbestcasesingle-hometwork wherewe scalewire delaysbetween
nodeslinearly with distanceand3) - aworstcasesingle-hopnetwork, wherewe setall wire delaysto
thelongestdelaypath. Corventionalbypassetworksresemble . We comparehesesingle-hopnetworks
with two multi-hop networks, onewith only shortpaths,the M2 network with wires betweenadjacentnodes,
and one with mediumdistancepaths,the M4 network with wires to the nearest4 neighbors. The diagrams
of the connectrity areshavn in Figure8. We simulatedmulti-hop networks with in nite bandwidth(in nite
wires and ports betweenconnectedhodes)to studythe impactof contention. To boundthe sensitvity to the
wiring overheadwe simulatedsingle-hopnetworks with and . We simulated4-wide, 8-wide and
16-widemachinecon gurations. Furthermorefanin/anoutcontritution is accountedor in all networkswhen
determininghetotal delays.

Thedelaysusedn thesimulationsarederivedfrom our circuit modelsandequationg1) and(3). For example,
thenodesin the M2 modelandthe closernodes(1x distanceaway) in the M4 modelwould incur atotal delay
of 320 ps (100 psfan-in/outplus220psto traverseonenode.). Thefarthernodesin the M4 modelwouldincur
adelayof 540ps,asthewire distancds twice asmuch. The corventionalbypassetworksweresimulatedwith

equalto 1 and?2 in orderto betterunderstandhe effect of wiring overhead.Additionally, all the simulations
werealsorun with in nite bandwidth(no contentionfor links) in orderto seewhat percentagef the latengy
wasdueto contention.

Our simulationsassumed processoexecutingat a 10FO4clock at 100nm,makingeachrouterforwarding
delay0.27cycles(100ps)andthetime to simply traversea nodelengthwire () 0.6 cycles(220ps). It should
benotedthatarealmachinecouldnotsupportarbitrarydelays asthecircuitsaresynchronizedo the ALU clock.
Accordingly we assumedhe routerswould be clocked at 4X the ALU clock (quad-pumpedandroundedthe
delaysto the nearestjuartercycle.

4.2 Benchmarks

To evaluatethe performanceof thesenetworks on realisticworkloads,we selecteda setof benchmarkgrom
the SPECCINT2000,SPECCFP2000andthreeMediabencH9] benchmarks— gzip, mcf, parserammp,art,
equale, dct,adpcm,andmpeg2encodeWe alsoexaminedonein-housebenchmarkhat performsradarsignal-
processingvherethecomputatioris predominantha677-pointcomple FIR Iter. TheTrimarantool set,which
tagetsthe HPL Play-dohISA [19] is usedto compilethesebenchmarksWe usea custombuilt schedulethat
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Lateng (cycles) | Contention| # of
Cong. | (%) Hops
4-wideVLIW
0.13 0.43 0 1
0.36 0.81 0 1
0.79 1.69 0 1
M2 1.06 26.4 1.2
8-wideVLIW
0.17 0.51 0 1
0.78 1.59 0 1
2.38 4.62 0 1
M2 1.72 23.2 15
M4 1.69 20.7 1.2
16-wideVLIW
0.17 0.52 0 1
1.38 2.78 0 1
5.35 | 10.54 0 1
M2 2.36 13.9 2.1
M4 2.05 11.7 15

Table3: Interconnechetwork performanceon VLIW architecturesLatenciesshavn in processocycles,ata
10FO4clock cycle. The single-hopnetworks, , , and have no contentionsinceevery pair of
ALUs is connectedy adedicatedvire. Also, # of hopsfor themis 1.

is awareof all the delaypathsin the architectureandoptimizesthe local critical path. We usea customevent-
driven simulatorto modelthe micro-architecture The performancesimulatormodelsan aggressie lookahead
resourcaesenation schemeamplementedn our router We assumehatthe datapaclket never catchesup with
the control paclet andthereis no contentionwhile transmittingthe control paclets. Hencewe alwayspay only
the constantrouterforwarding delay (100ps)at every hop for the multi-hop network, and never incur the full
paclet processinglelayof 300ps.All benchmarksvereforwarded ve hundredmillion instructions,andthen
simulatedfor two hundredmillion instructions.

4.3 Results

Routing Latency:  Routinglateng is the numberof cyclesbetweenoperandproductionandreceiptat the
destination. Whenthe sourceand destinationnodesare the same,we assumedirect bypassin the execution
cycle,andhencetheroutinglatengy is zero. This assumptioomakesthe averagelateny shorterthanthefastest
transmissiompaththroughthe network. Theroutinglateng for thedifferentmachinecon gurationsis shavn in
Columns2 and3 of Table3. At width 4, the routedmulti-hop network M2 is worsethanthe and
networks sincethe network sizeis only 4. At larger machinewidthsof 8 and16, theroutedmulti-hop network
M4 hasrouting latencieswithin 120%(1.69versus0.78)and50% (2.05versusl.38)of the network, and

is alwaysbetterthanthe network. Whenwe incorporatehewiring overheacbf for thesingle-hop
and networks, boththe M2 andM4 networksarealmostasgoodor betterthanthematall machine
widths.

Contention:  We measurdhe percentageontritution of the delaydueto contentionby measuringhe per
centagdifferencebetweertheroutinglateng onarealmulti-hopnetwork andanidealizedmulti-hop network
with in nite portsandwiresbetweerconnectedhodes.On thisidealizednetwork no delaysareincurreddueto
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Figure9: IPC averagedacrosghehigh IPC benchmarkslct, mpeg2encodendradaron VLIW machines.

resourcenazardsn theinterconnechetwork. This percentagef lateny dueto contentionis shavn in Column
4. Noneof the single-hopnetworks have ary contention sincethey have a dedicatedhath betweenevery pair
of ALUs. The M2 andM4 networks shav roughly the sameamountof contentionwith the higherbandwidth
M4 network alwaysshaving slightly lesscontentionas expected. This contentionaccountdor roughly 20%
of thelateng for the 8-wide machineandis about11%for the 16-widemachine suggestindigherbandwidth
multi-hop networks couldimprove performancdurthet

Number of Hops:  The numberof hopstaken to route operanddrom sourceto destinationindicatesthe

effectivenessof the scheduleiin placingproduceirconsumeirpairsclosetogether For the corventionalsingle-
hopnetworks,numberof hopsis alwaysone,sincethereis adedicatedvire from every nodeto every othernode.
As shavn in Column5 of Table 3, the averagenumberof hopsin the M2 and M4 networks is relatively low

( ) comparedo the machinewidth, shaving thatthe scheduleiis effective in placingproduceifconsumer
pairsclosetogether

IPC: Figure9 shawvsthelPCsaveragedacrossonly the high performancéenchmarksor the 4-wide, 8-wide
and16-widecon gurations. Somebenchmarksn our suitedid not exhibit muchimprovementin performance
whenthe machinewidth is increased.Thesebenchmarksrenot includedin Figure9, which shavs the IPCs
averagedacrossdct mpeg2encodeandradar. In thesebenchmarksthe performancewith anidealizedinter
connectdoubleswhenthe machinewidth is increasedy a factorof 4 asshavn by the barin thegraph.
Multi-hop networksareeffective atextractingasigni cant fractionof this idealizedperformancendarealmost
asgoodor betterthansingle-hopnetworks wherewiring overheads ignored. Whenwe incorporatethe wiring
overheadof single-hopnetworks ( ), the multi-hop networks are betterat all machinewidths. We also
examinedclusteredVLIW processorswhereour resultsshaved that a inter-clusterroutedmulti-hop network
connectinggvery th node,with afull bypassantra-clustemetwork performedbest,in an -wide processor

Figure10 shaws the performancef eachof theindividual benchmarkgor 4, 8 and16-widemachines.The
low IPC benchmarkshaw only little variationin performanceasthe machinewidth andinterconnechetwork
arevaried. Figure11 shavs the performanceof the benchmarkswhenthe wiring overheadis accountedor,
by assuming equalto 2. In thesecon gurationsthe multi-hop networks always outperformthe single-hop
con gurations.

5 Grid ProcessorAr chitectures

Grid ProcessoArchitectureg GPAs) usestatic placemenbut dynamicallyissueinstructions. The goalin this
architecturds to extracthigh ILP, executeat a fastclock rate,andscalewith technology We usean array of
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ALUs with shortpathsamongthem,mappingcompilergeneratedhyperblockgo thisarray Multi-hop networks
areideally suitedfor this classof architecturesvherethe primary goalis to avoid global communicatiorand
extract performancdrom ALU chainingby mappingthe critical pathon the shortestiphysicalpath. Previous
work demonstratedhe criticality of interconnectateny in GPAs [10]. This sectioncontainsa moredetailed
analysisof the effect of lateny and differentnetwork con gurationson overall performance.Similar to the
VLIW machinemodel,we simulatea perfectliookaheadesenration schemehiding therouterprocessinglelay
andincurringonly thefanout/&ninforwardingdelayof 0.25cycles. Again,the 1 sgmentdelaywas0.60cycles,
andwe simulatea 10F04clock cycle.

5.1 Resultsand Discussion

We examinethe samethreeparametersf performanceasin the VLIW experiments We examineda multitude
of differentconnectiortopologiesonan8x8grid, shavn in Figurel12. Thenetworksrangefrom verylow fanout,
to moderatelyhigh fanout. Thetriangle network connects3 neighbordogetheralittle similarto the VLIW M2

interconnectwhile the moderatelyrich star network with a fanoutof 8, connectghe immediate8 neighbors
together For comparisonwe looked at the ideal, realisticand worst casesingle-hopnetworks similar to the

onesin the VLIW machinesscaledto an8x8 ALU array We examinedwiring overheadractorsof 1 and2 to

determinghewiring areaeffect on the single-hop high-bandwidtimetworks. We assumedall con gurationsto

have wires connectinghe bottomof the grid to thetop. In the expresschannekon gurations(denotedby the

sufx E in thetablesandgraphs)this wire is laid out at a higherlevel of metalandis hencefour timesfaster

For an8x8 grid, the expresschannelhave atotal delayof 1 cycle.

Routing Latency: ExaminingTable4, we canseethattheaverageroutinglateng in thegrid network for the
ideal case( ) is the lowestamongall the connectiities while the lateny is the highest(although
thetriangle con gurationsarepretty closeto worstcase).Therealisticsingle-hometwork with nowiring
overheacdcomesclosesto theideal, followed by the star network, the meshnetwork, andthetriangle network,
in thatorder It shouldbe notedthatthe expresschannelgnale little differenceto the averagelateny numbers
for themulti-hopnetworks.

Whenwe take into accounthewiring overheador thesingle-hometworks( = 2), theaveragdatenciedor
the , , and casesarenow 0.75,4.2,and15.6 cyclesrespectrely. The star network performs
bestandis about30% betterthanthe with thewiring overheadncorporated.

Contention: Theamounf contentionis closelyrelatedto thefan-outof thetopologies.Thestarnetwork has
the leastcontention gxhibiting 12% and 19% contentionfor the topologieswith andwithout expresschannels
respectrely, followed by the meshnetwork (with 27% contentionfor bothwith andwithout expresschannels)
andthe triangle network (with 42.9% contentionfor both with and without expresschannels).This is to be
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Interconnect | Lateng (cycles) | ContDelay% | No. of hops
0.25 0 1
2.07 0 1
7.85 0 1
Mesh 5.11 27 3.2
MeshE 5.06 27 3.1
Star 3.26 12.8 2.5
StarE 3.32 19.8 2.5
Triangle 7.8 42.9 2.8
TriangleE 7.84 42.9 2.8
0.74 0 1
4.2 0 1
15.58 0 1

Table4: Communicatiorlatencies humberof hops,andcontentionpercentagefor differentinterconnectsn
the Grid ProcessorAreaoverheadactorequalto 1 and2.

expectedbecauseasthe interconnectrichnessincreasesthe lateny dueto contentiondecreasesnakingthe
starnetwork the mostef cient here.

Number of Hops: From Table4, we seethatthe numberof hopsfor the single-hopnetworksis againone,
sincethereis a dedicatedpathfrom every nodeto every othernode. The numberof hopsfor the multi-hop
topologiesvariesby topology andis lowestin the star network (2.5hops)andhighestin themeshnetwork (3.2
hops).Thetriangle network averaged.8hops.All themulti-hopnetworksexhibitedvery closeaveragenumber
of hopsfor the with andwithout expresschannelcases.The fact thatthe meshnetwork hasa higheraverage
numberof hopsbut a lower averageateng is simply dueto thethe highercontentionof thetrianglenetwork.

IPC: The , , and topologiesaveragedr.9, 4.9, and 1.5 respectrely whenwiring overhead
is ignored. The mesh star, andtriangle topologiesaveraged3.1, 4.2, and 2.5 for the networks with express
channelsand3.1, 4.0, and 2.5 for the networks without expresschannels.TheselPCsfor all the benchmarks
arepresentedn Figures1l3 and14. They aresplit betweernthe low andhigh IPC benchmarkg$or s equalto
1 and2. In the gures we presentsimulationsresultswhenwiring overheadof is incorporatedor the
multi-hop networks andthe single-hopnetworks. As expectedthe topologyperformsthe bestwhile the

topology performsthe worst. Without wiring overhead, is the next besttopologyfollowed by the
star network. However, whenwiring overheads included,the star networks outperformthe network and
themeshandtriangle arevery closeaswell.

5.2 Summary

Table5 shawvs thenormalizedaveragelPC achieved by eachof theinterconnectsAll IPCsarenormalizedwith
respectto the network. We seethatthe full broadcassingle-hopnetwork achieves 63% of ideal
performancethis network directly corresponds$o a broadcashetwork in dynamicallyscheduledsuperscalar
processors)The star with expresschannelsvhich is a multi-hop routednetwork, with an orderof magnitude
lessbandwidththanthe broadcashetwork achieres 56% of ideal performance Whenthe wiring overheads
taken into account,the network achieves only 46% of the ideal network, achiering 10% lessthanthe
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Con guration | Ef ciency
1
0.63
0.3
Mesh 0.41
MeshE 0.42
Star 0.52
StarkE 0.56
Triangle 0.35
TriangleE 0.34
0.89
0.46
0.19
Table5: Normalizedaveragd PCsusingdifferentinterconnectsAll IPCsnormalizedo theideal network.

star network. Theworstperformingmulti-hop network wasthe triangle without expresschannels.While this
interconnecperformedmoderatelywell in thelow IPC benchmarkswhenthe parallelismis high, thetriangle
interconnectbecomesa bottleneckbecausahe multi-hop network is constrainedby its low bandwidthand
cannotdeliver all of the operandshatarebeingproducedn time.

Theseperformancdrendsindicatethat multi-hopinteALU networks with an optimizedrouterdesign,are
extremely effective, performingalmostaswell. asfull broadcashetworks. As the bandwidthandrichnessof
theinterconnects reducedthelow bandwidthbecomes bottleneckandprogramswith lots of parallelism,are
notef ciently executed.

6 Conclusion

Dramaticincreasef on-chipreal-estatéasdrivenarchitectureso scalethenumberof executionunitsin search
of higherperformance.However, traditionaloperandtransmissiometworks that rely on broadcastinglo not
scalewell with thetechnologyconstraintof fastertransistorsandslowver wires. In addition,wiring overheads
for broadcashetworksscalepoorly. In this paperwe have providedataxonomyof InterALU Networks(IANS)
thatincludestraditionalrouting networks aswell asemepging classe®f point-to-pointoperandnetworks. The
key componentof thesenetworks aretheir executionmodel (broadcasbr point-to-point),their connectiity
(single-hopor multi-hop),andwhenrouting decisionsare made(dynamicallyor statically). We have proposed
a dynamicallyrouted,point-to-point,multi-hop network, alsocalleda routedinterALU network (RIAN) asa
communicatiorarchitecturescalablego 10sof ALUs.

In our circuit analysiswe shavedthatthesemulti-hop networks scalemuchbetterthanbroadcashetworks
which suffer primarily from wire delaysresultingfrom signi cantly largerarearequiredto implementbroadcast
networks. We designedcandmeasurechovel featuresof a routertailoredto a ne grainRIAN includingsimple
topologiesandlookaheadrouting prior to dataarrival. With thesemechanismspur measurementshav that
we canlimit perhop lateny to lessthan180psin a 100nmtechnology We appliedtheserouting techniques
to acorventionalVLIW architectureanda dynamicgrid architectureandshaved thatoperandoroadcasis not
necessarandthatexisting schedulingalgorithmsareeffective at placingproducersaandconsumergloseto one
anotherin suchanetwork.
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As aresult,our resultsshav equivalentoverall performancdo a muchricherandexpensve broadcashet-
work. If we wereto imposethe area(and thereforecommunicationdelay) penaltyfrom the wires required
to implementthe broadcasthetwork, the RIAN would signi cantly outperformthe broadcashetwork. A key
featureto the processoarchitecturesvhich enabledour routing stratey is the knowledgeof sourceanddesti-
nationinstructionlocationsandthe optimizationof themprior to instructionexecution. While we useda static
compile-timescheduleto placeinstructionsfor minimizing communicatiordistancesimilar analysiscouldbe
performedat runtime throughtrace generationor dynamiccompilationtechniques.For feasibility, however,
future work would have to demonstrat¢hat the time requiredto generatea good scheduledoesnot becomea
bottleneck.
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