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Abstract

Modernprocessors rely heavilyon broadcastnetworksto bypassinstructionresultsto
dependentinstructionsin thepipeline. However, asarchitecturesget wider andpipelines
get deeper, broadcastingbecomesmore complex, slower, andmore dif�cult to implement.
Thiscomplexity is compoundedby shrinkingfeature size, asthecommunicationspeedde-
creasesrelative to transistorswitching speeds. This paper examinesthe fundamentals
needsof bypassnetworksandproposesa methodfor classifyingtheseInter-ALU Networks
basedonhowoperandsareroutedfromproducerstoconsumers. Wethenproposeandeval-
uateat boththecircuit andarchitectural levela �ne grain point-to-pointRoutedInter-ALU
Network(RIAN)thatdelivers thesameinstructionthroughputasa full bypassnetworkbut
at higherspeedsandusingfewerwires.

1 Intr oduction

The most critical loop in pipelinedprocessorsenablesdatadependentinstructionsto executein consecutive
cycles. In fact, the ALU executiondelayplus the bypasslatency to deliver the ALU outputbackto its input
oftensetsthecycletimeof themachine.As shown in prior research[16, 3], increasingthispathby evenasingle
cycle dramaticallyreducesinstructionthroughputrates. Most modernprocessors,including both superscalar
andVLIW architectures,usesomeform of broadcastto deliver instructionresultsto all placesthata consumer
instructioncouldreside.

However, complexity anddelayof bypasspathsis increasingwith modernprocessorsandtechnologies[11].
Wider-issuemachineswith conventionalbroadcastingtechniquesincur a wire complexity growth proportional
to the squareof the numberof ALUs [2], thuscontributing to both increasedwiring areaandlarger fan-in at
thebypasstargets.Thefan-outfrom eachsourceALU increasesroughlywith theproductof thepipelinedepth
andwidth, aseachALU resultmustberoutedto all possibleplacesit couldbeused.Largerfan-outandfan-in
increasesbypassdelayastheboththecapacitive loadwithin thenetwork andthemultiplexor complexity ateach
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ExecutionModel Network Architecture RouterControl Acronym Examples

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 degeneratecaseof PMS
Broadcast Multi-hop Dynamic BMD Alpha21264[8]
Broadcast Multi-hop Static BMS -
Broadcast Single-hop Dynamic BSD Superscalar[18]
Broadcast Single-hop Static BSS VLIW [4]

Table1: A taxonomyof routedbypassnetworks

sink rises.Finally, increasesin wiring resistanceincreasetransmissionlatencies,particularlyto pipelinestages
andALUs thatarefar from thesourceALU. Basedon optimisticwiring overheadmodels,we estimatethatthe
shortestandlongestbypasspathdelaysfor a future,ultra-wide64-issueprocessorwith a10F04clockcycle,are
1 and8 cyclesrespectively. In contrast,in many conventionalprocessordesignstheworstcasebypassdelayis
smallenoughto beincorporatedinto thecritical pathandis a fractionof theclockcycle.

To reducethesedelaysandimprove the scalabilityof broadcastbypassnetworks we proposeandevaluate
a new classof RoutedInter-ALU Networks (RIANs). In thesenetworks, neighboringALUs are connected
via direct links throughlightweight routers,and communicationbetweendistantALUs must make multiple
hopsthroughthe network. Insteadof beingbroadcast,operandsareroutedfrom sourceto destinationbased
on a destinationidenti�er encodedinto eachinstruction.RIANs reducethefan-inandfan-outat eachALU, as
well asthepotentiallycripplingwiring areaoverhead.Suchanetwork signi�cantly improvesthebypasslatency
betweennearbyALUs but mayincreasethelatency betweendistantALUs thatmusttraversemany hopsthrough
theRIAN.

In general,bypassinter-ALU networks(IANs) canbeclassi�edaccordingto (a) thenumberof targetALUs
to whicharesultis delivered,(b) thenumberof targetsto whichagivenALU is directlyconnected,and(c) when
the routing decisionis made. While we presentthe full taxonomyof IANs in Section2, the RIAN networks
we proposecanbeclassi�ed asa Point-to-point,Multi-hop, Dynamicallyroutednetworks, representedby the
acronym PMD. We evaluatethe useof this network in staticallyscheduledarchitecturesin which the source
anddestinationof eachcommunicationaredeterminedat compiletime. We �rst explore their utility in wide
clusteredandnon-clusteredVLIW machinesin whichthetargetsandlinks canbeidenti�ed atcompiletime,but
routingandarbitrationis performedat run time.

Wethenexaminethisnetwork strategy in anemergingarchitecturethatsupportsstaticschedulingbut dynamic
executionto toleraterun-timedeterminedlatencies.Thekey behindtheapplicabilityof point-to-pointrouting
in both architecturesis that resultsinherentlyneedto be sentonly from the producerto the consumer, rather
thanbeingbroadcastto all ALUs. We show thatschedulingalgorithmsareeffective in placingproducersand
consumersnearoneanother, thusrestrictingthe communicationdistanceto a few hopsin the commoncase.
Multi-hop point-to-pointnetworksareef�cient for thesepatternsof communication.

Section2 describesthedesignspaceof inter-ALU networks,anddiscusseshow they relateto prior bypassnet-
work architectures.Section3 examinescircuit implementationsof multi-hopswitchednetworksanddescribes
mechanismsfor reducingrouteroverheadin this thin network. Section4 explorestheuseof thin networks in
VLIW architectures,while Section5 doesthesamefor thedynamicallyexecutedGrid Processorarchitecture.
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Finally, Section6 providessummaryandconcludingremarks.

2 A Taxonomyof Inter -ALU Networks

Bypassnetworks areintendedto provide fastpathsbetweentheoutputsof ALUs andinputsto prior stagesof
thepipelinedownstreamfrom theregister�le. Theirprimeeffectonperformanceis to reduceor eliminateread-
after-write hazardsandpossiblepipelinestalls that result from issuingback-to-backproducerand consumer
instructions.In conventionalprocessors,thesehave typically beenimplementedasbroadcastnetworks where
essentiallytheoutputof everyALU is routedto theinputof everyotherALU.

Thesebroadcastbypassnetworksarereallyapartof abroaderclassof Inter-ALU Networks(IANs) whichcan
beclassi�edalongthreeaxes:(a) theexecutionmodel,(b) thenetwork architecture,and(c) routercontrol.The
executionmodelindicateswhethertheoutputof anALU is to bebroadcastby default to all ALUs, or whether
the target ALUs are speci�ed explicitly prior to executionof the instructionand then routedpoint-to-point.
The network architectureindicateswhetheran operandis routeddirectly from the outputof oneALU to the
input of another(single-hop), or whetherit maypassthroughintermediaterouters(multi-hop). Routercontrol
indicateswhetherall of the routing decisionsaremadeprior to executionof the ALU instructionproducing
the data(static), or whetherthe routing decisionstake placeat runtime(dynamic). Note that thesenetworks
differ dramaticallyfrom multiprocessornetworksbecausethepayloadis ascalarvalueratherthanamulti-word
messageor cacheline.

Table1 lists the eight possiblebypassnetwork con�gurationsandarchitectureswhich usethem,with a 3-
letter acronym for eachnetwork criterion:

�

P,B � ,
�

M,S� ,
�

D,S� . Pipelinedandsuperscalararchitecturesare
classi�ed asBSD networkssinceoperandsarebroadcastto all targetALUs, thereareno intermediaterouters,
andtheroutingdoesnotcommenceuntil theALU operationis complete.Theclusteringof theAlpha21264,in
whichoperandsarebroadcastto boththelocal andremoteclustercanbeclassi�edasBMD. TraditionalVLIW
processorswith a sharedregister �le namespacebroadcastdataacrossthe ALUs thoughstaticallyscheduled
bussesandis thusBSS.

As transistorshavebecomefasterandwireshavebecomerelatively slower, broadcastnetworkshave become
lessattractive dueto long wire lengthsandincreasingwiring overheadfor large connectivity networks. The
majorchallengein suchnetworksis to reducethelatency for communicationto a level equalingor approaching
conventionalbypassnetworks.Thetwo componentsrequiredto achieve thisare:(a) thenetwork interfacemust
beintegratedinto thepipelinesothatoperandsaredelivereddirectlyto consumingALUs andresultsareinjected
into thenetwork directlyfrom ALU outputs,and(b) thelatency to routethroughthenetwork mustbeminimized.

Severalarchitectureshave proposedor implementedoneof the family of point-to-pointIANs to meetthese
goals.TheM-Machineis anexampleof a PSDnetwork sincedestinationsarespeci�edstaticallyandencoded
in an instructionwhile delivery occursdynamicallyfrom the sourcecluster to the destinationcluster. The
Multicluster architectureis alsoPSD asit dynamicallyroutesoperandson demandbetweentwo clustersin a
partitionedregister�le superscalararchitecture.The MIT RAW processorincludesa bypassrouting network
which is integratedinto the pipeline. The routing overheadis mitigatedthrougha staticallyscheduledrouter
which eliminatestheneedfor dynamicarbitrationfor thesharedrouterandwire resources,thusrenderingit a
PMS network. While thisarchitectureachievedtheper-hoplatenciesof asinglecycle, their experienceshowed
that theselatenciesweretoo high to achieve suf�cient ILP, in part becausethecomponentsthatcommunicate
arecompleteprocessors,ratherthansmallALUs, asfoundwithin amoreconventionalprocessorcore[17].

Finally, abuddingcategoryof IANs isPMD –point-point,multi-hop,dynamicallyroutednetworks.Parcerisa,
et. al proposeda multi-hop routing network for clusteredsuperscalararchitectureswith partitionedregister
�les, similar in principle to Multicluster [12]. The microarchitecturekeepstrack of the locationof produc-
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(a)Single-hopnetwork (b) Multi-hop network

Figure1: Single-hopandmulti-hopnetworksof size9. Only wirescorrespondingt o thetopleft nodeareshown
for (a).

ers/consumersanddynamicallyinsertsinstructionsto transmitoperandsfrom a sourceto a destinationcluster.
They evaluatesmallscalenetworksof up to 8 clustersusingring, mesh,andtorustopologies.

In this paper, we focuson a different �a vor of PMD networks in which the instructiondependenciesare
expressedexplicitly in the instructionencodingand the physical locationsof the producingand consuming
instructionsareknown prior to execution. With this knowledge,bookkeepinghardwareto dynamicallytrack
instructiondependenciesis not required,nor do instructionresultsneedbe broadcastto every ALU. We do
not restrictourselves to staticallyscheduledarchitecturessincedynamicbehavior suchasvariableload/store
latenciesmustbe toleratedat runtime. We examinelarge networks of up to 64 ALUs andexplore a rangeof
topologiesandconnectivities.

3 Cir cuit modeling of Inter -ALU Networks

In this sectionwe describeour modelingof inter-ALU networks explaining the following aspects— ��� the
technologymodelsandcircuit estimationtools, ��� conventionalbypassnetworksandtheirdifferentdelaycom-
ponents,and ��� thescalabilityof thesenetworks. We proposepoint-to-pointnetworks asan alternative when
large numbersof communicatingnodesarerequired,with thecommunicationbeingmostly amongstadjacent
nodes.The routerdesignis crucial for network throughputin point-to-pointnetworks,andwe discussa rout-
ing protocolandrouterdesignthat hidesthis latency from thenetwork. Finally we comparethe performance
of multi-hopnetworks andsingle-hopnetworks. In theexperimentsdescribedin this section,we examinethe
genericclassof switchedmulti-hopnetworks (which couldbe implementedasPMD, PMS,or BMD) andsin-
gle hopnetworks(which couldbeimplementedasPSD,PSS,BSD,or BSS).Theprogrammingandexecution
modelsrespectively determinewhetherthe communicationis point-to-point/broadcast andwhetherthe router
controlis static/dynamic.Wethenaddressthetradeoffs betweenthetwo typesof networks.

3.1 Technologymodeling

We estimatedcircuit latenciesusingSPICEmodelsderived from the1999InternationalTechnologyRoadmap
for Semiconductors[14]. We estimatedthewire delaysassumingoptimal buffer placement,with capacitance
numbersobtainedusingSpace3D(a threedimensional�eld solver) [1]. Technologyparametersfor the wire
delaytool werebasedonthe2001InternationalTechnologyRoadmapfor Semiconductors[15], usingthe90nm
technologypoint scaledto 100nm.We referto thewire delayobtained(representedin picosecondspermm) as

���

.
For our analysis,we assumethat the functionalunits producingandconsumingvaluesarelaid out in a 2-
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Wire delay 117ps/mm
Nodearea 2.54Msquaremicrons,1G���

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

Table2: Network delaycomponentsat100nm.

Fanin treeBuffered wires

A Destination

Fanout buffers

Source Node

To another node

Node

Figure2: Circuit for abypasspath.

dimensionalrectangulararraywith aManhattanroutingscheme.Wereferto thesefunctionalunitsasnodes. All
distancesaremeasuredin segments, with 1 segmentbeingthedistancebetweenadjacentnodes.Thenetwork
size(N) is the total numberof nodesin the network. Figure1 shows a single-hopandmulti-hop inter-ALU
network of size9.

In our experiments,the nodeconsistsof an ALU, an integer multiplier, an FPU, and a 64-entryregister
�le. All the functionalunitsare64 bits wide. Theareaanddimensionsof thesenodesareestimatedusingan
empiricalareamodel[7]. Eachnodeis asquare� ����� onaside,occupying anareaof �����

� , where� is half the
channellengthof a minimumsizedtransistor. Theprocessingcoreof theAlpha 21264in comparisonoccupies
anareaof approximately	
����� . Table2 shows thewire delayandthenodeareaobtainedusingourcircuit tools
for 100nmtechnology.

3.2 Modeling conventional bypassnetworks

Conventionalbroadcastnetworksfall undertheBSD classof networks. A generalcommunicationpathusedin
suchbypassschemesis shown in Figure2. No network topologydecisionsor routing protocoldecisionsare
re�ected in this abstractmodel. As shown in the�gure, therearethreemaincomponentsthatcontribute to the
bypassdelay: thefan-outdelay(

�
���

), thewire delay, andthefan-indelay(
�����

). Thetotal delayis givenby the
following equation.

����� ������� ����������� �����! "�!#

(1)

The third term in the equationdenotesthewire delay— productof thenumberof segmentstraversed(
�

),
wire delayperunit length(

� �

), lengthof asegment(
 

), andthewiring distanceoverhead
#

. Thewiring distance
overheadis a factorusedto incorporatethephysicalVLSI designconstraintsof 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 thesewires increase,becauseof theexcessareathey mustberoutedover. This wiring overheadis strongly
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Figure3: Percentagewire delaycontribution to thetotal communicationdelay.

dependentontechnology, ALU dimensions,data-pathwidth, routingstrategiesandrepeaterplacementandarea.
For a64-bitdata-pathassumingawire pitchof � 	 � , oursimplewiring areamodels,whichdonotaccountfor any
repeaterareaoverheadshow thatonly single-hopnetworks of sizegreaterthan32 incur any wiring overhead.
For a network of size64,

# �

�

�

���

. All the multi-hop network con�gurationswe examinedhave very low
fanouts( ��� ) andhenceincurno wiring overhead.

A layoutcorrespondingto thiscircuit for a3x3single-hopnetwork is shown in Figure1a.Only theoutbound
wires originatingfrom the top left nodeareshown. The fanin andfanoutdelayscorrespondto the delaysof
thedestinationmultiplexorsandthefanoutbuffersat thesourcerespectively. Thesedelayswereobtainedusing
SPICEsimulationsfor differentnetwork sizesandthevaluesweobtainedareshown in Table2.

Delay analysis: In a single-hopnetwork, largefan-outandfan-indelaysareincurredoncefor every commu-
nication. Figure3a shows the percentagecontribution of the variouscomponentsto the total communication
latency in networkswith varyingnetwork sizesanddistancestraversed.For both64 and8-widecon�gurations,
thecommunicationlatency is evenly sharedby thewire delayandthe fan-out/fan-in delayfor communication
over shortdistances.57%and44%of thedelayis dueto faninandfanoutfor communicationbetweenadjacent
nodesonesegmentaway. Hence,reducingthefanin+fanoutcontribution canhave signi�cant bene�ts for short
distancecommunications.Ontheotherhand,wire delaydominatesfor longdistancecommunications.

Figure 3b shows the percentagecontribution of wire delay for communicatingover different distancesin
networksof differentsize.Notethataswe increasethenetwork sizei.e. thetotalnumberof nodesin anetwork,
but keepthe communicationdistancethesame,the fanin+fanoutdelayincreaseslogarithmically, but thewire
delay remainsconstant- hencethe percentagecontribution of wiredelaydrops. As seenin the graph,for a
1-segmentpaththewire delaycontribution dropsfrom 53%to 43%whenthenetwork sizechangesfrom 8 to
64. On theotherextremefor a 16-segmentpath(the longestpathin thenetwork), thewire delaycontribution
dropsmarginally from 94% to 92%. Hence,architecturesthat incur frequentlong-distancecommunications
amongmany nodesshouldstick to conventionalsingle-hopnetworks becauseof theeaseof designandbetter
performance.

Recallthat in Figure3a,we plottedthepercentagecontribution for fanin+fanoutasthecommunicationdis-
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Figure4: Circuit for aMulti-hop network.

tancevariedandshowed theresultsfor 2 network sizes64 and8. This servesasthemotivation for mutli-hop
networkswhicharewell suitedto architecturesthatexhibit frequentshortdistancecommunication.

3.3 Multi-hop Inter -ALU Network

Multi-hopnetworksarede�nedasthosenetworksthatrequireroutingdecisionstobemadein betweenthesource
andthedestinationnodes.The� vepartsof thedelayfor amulti-hopcon�gurationareshown in Figure4. They
areoutgoingrouterdelay(

���

� ), fan-outdelay, wire delay, fan-in delay, and the intermediaterouterdelay(
���

�

).
Thewire delayincurredhereis identicalto thewire delayseenin single-hopnetworks,andthefan-inandfan-
out delaysarebothdependenton therichnessof theinterconnect.However, themulti-hopnetwork routesdata
throughmultiple nodes,causinga routerdelayfor everynodethatthedatamustpassthroughon theway to the
destinationnode,i.e. thenumberof hops(h). This canbeseenin Figure1b, which shows a possibletopology
for amulti-hopnetwork. Thetotal delayis givenby thefollowing equation.

��� ��� ���

�

� ����� � ������� �	�
�

�

��
������ � ���  

(2)

Sincemulti-hop networks typically have only a small numberof connectionsbetweenneighbors(relying
on multi-hoprouting for non-localconnections),they arewell suitedto architectureswherecommunicationis
predominantlybetweennearbyALUs. It is crucial to optimizetherouterssinceevery communicationbeyond
the�rst hoprequiresa routingoperation.

3.4 Router design

To overcomethechallengesposedby technologyscalingon largesinglehopnetworks,multi-hopnetworksare
anattractive alternative becauseof their �ne graincontrolandlow wiring overhead.Thefan-out,wire delays,
andthe fan-in delaysare inherentlyserialandcannotbe removed from the critical path. The routerdelayat
eitherendof acommunicationpathis incurredbecausearbitrationmustbeperformedto avoid resourcehazards.
We proposeto usea lookaheadschemeto hide the arbitrationdelay. In order to do this, two networks are
implemented.Onefor control andonefor payload(the actualdataoperand).The control arrives in advance
of the payload,andreserves a path(if onewill be available) for the payload,therebytaking the routing and
decisionmakinglogic off thecritical path. If no pathwill beavailable(dueto contentionthroughthenode)a
buffer slot is reservedfor theincomingoperand.This informationis availableacycle in advanceof thepayload,
sincethedestinationis encodedinto theinstructionitself andcanbeprocessedduringthetime takento produce
theoperand.With this advanceknowledge,circuit techniques(suchasdominologic) canbe usedto increase
the speedof the operandtransmission.Pehet al. describea similar latency-hiding approachfor inter-chip
networks[13].
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Advanceknowledgeof incomingoperandsalsoallows anef�cient �o w controlmechanism.With knowledge
of how many openbuffer slotsareavailableandthe communicationlatency to immediateproducernodes,a
simple throttling mechanismcan be implemented. Assumingthat one cycle is requiredto sendan operand
from onenodeto thenext, the throttling signalis assertedwhena control �it arrivesat a buffer having having
only two slots free on dataarrival. The router requiresone slot for the operandarriving on the next cycle
(thepayloadcorrespondingto thecontrolsignal),andonefor theoperandthatcouldbesentwhile thethrottle
signal is traveling back to the producingnode. Oncethe producingnodereceives the throttle signal, it will
ceaseto transmitdatauntil thestall signalis deasserted.Thus,in thecommoncase,a producingnodecansend
the operandwithout the needto receive an acknowledgment,sinceit is guaranteedthat storagespacewill be
availableat the consumernodeif thereis contentionon the routing path. Only in the uncommoncaseis any
backwardinformationrequired.

Figure5 shows the schematicof the router. The key componentof the router is the Decoder/Encoderthat
looksatcontrolpacketsandsteersthemeitherto thecontrolswitchfor forwardingto neighboringnodes,or sets
up theALU datapath,to bereadyto receive avaluemeantfor thisnode,in thenext routercycle. Stalledcontrol
anddatapacketsarewritten to separatebuffers anda few cyclesbeforethey becomefull, nodesupstreamare
throttled. Whenpacketsareforwarded,only a small forwardingdelayis incurred,while a muchlarger packet
processingdelayneedsto paidfor packetscreatedby theALU. Theroutercircuit wasmodeledusingourcircuit
toolsto determinethesedelays.Thepacket processingdelaywas300ps,andtheforwardingdelaywas100psin
ourcircuitsat 100nmtechnology. Thususingthis router, themulti-hopdelayin Equation2 is transformedas:

�
�

��� ����� � �����

�

��
������ �
�

�  

(3)

3.5 Delay analysisand implications

The delaysfor the two typesof networks arerepresentedusingthe delayequationsbuilt with the corecircuit
components.Equatingthe two delays,we cande�ne the cross-over point (

���

): the numberof hopsat which
a multi-hop network outperformsa single-hopnetwork asshown in Equation4. We assumethe routerdelay
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canbe fully hidden,andhencedoesnot �gure in the equation.The crossover occurswhenthe fan-in/fan-out
overhead(accumulatedover

�

hops)in a multi-hop network exceedsthe singlefan-in/fan-outdelayof a full
broadcastsingle-hopnetwork. ThesubscriptsS andM areusedto denotesingle-hopandmulti-hopnetworks
respectively.

� � �

� �����

�

� �����

�

�

� ��� � �

���

#

�

� � �����

�

� �����

�

� �

(4)

Figure6 shows thevariationof thewire delayswith numberof hopsfor multi-hopandsingle-hopnetworks.
For a64nodearray, assumingnoextrawiring overhead(i.e.

# �

� ), amulti-hopnetwork haslesslatency when
communicatingoveroneto two segmentdistances.For a16nodenetwork,

� �

shiftsto a little lessthan2. Using
ourcircuit modelswe calculatedthedelaysfor up to 16segments;for a14-segmenttrip, themulti-hopnetwork
is only 30%slower thana full-bypassnetwork, 25%fasterfor a 1-segmenttrip, and5% fasterfor a 2-segment
trip. It is crucial to keepthe morecommonshortpathsasfastaspossible,while, in general,latenciesalong
lesscommonpathsarelessimportant.Thusa multi-hopnetwork will befavoredif mostof thecommunication
canbeorchestratedamongneighboringnodes.Whentheoverheadis taken into account,a 64-widesingle-hop
network neveroutperformsamulti-hopnetwork asthedottedline hasahigherslope,andlargery intercept,than
thesolid line.

Figure7 plotsEquation4 for threedifferentsingle-hopnetwork sizesusingthefan-out,fan-inandwire delays
obtainedfrom ourcircuitmodels.Thesensitivity to wiring overheadissigni�cant, asindicatedby theasymptotic
natureof thecurve. Thisgraphis particularlyimportantsinceourwiring areaestimatesareconservative (wedo
not accountfor repeaterplacementarea).As canbe seenfrom the graph,if thewiring overheadof broadcast
networks resultedin

# �

�

�

�

�

for example,the crossover point is reasonablelarge — 5. If the insertionof
repeatersresultsin thewiring overheadexceeding1.4,thenmulti-hopnetworkswill alwaysoutperformsingle-
hopbroadcastnetworks.Henceinterconnectphysicaldesignissuesarecrucialandcanhaveasigni�cant impact
on theinterconnectarchitecture.

4 VLIW Ar chitectures

In VLIW architectures,wherethe 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 thenumberof hopstraveledin thecommoncase.We examinethedesignspaceof
bypassnetworksin thecontext of unclusteredVLIW architectures.In VLIW machines,thelocationof producer
andconsumerinstructionsis known at compile time, anda multi-hop network canbe usedto routepackets
from sourcenodesto destinationnodes. Provided thesearecloseto eachother, a machinewith a multi-hop
network cansustainhigherinstructionthroughputthana single-hopbroadcastnetwork, sincetheexecutionof
datadependentoperationsin consecutive cyclesis critical. In this section,we �rst describeour machinemodel
andcon�gurationsstudied.We thendescribeour benchmarksuiteandthecompilationtoolsused.To examine
theimpactonfuturedesignsweexaminedverywide issuemachinesof width 16. Weexaminedmachinewidths
of 4 and8 to determinetheapplicabilityof multi-hopnetworksin currentdesigns.

4.1 Machine model

We modela VLIW machinewhereinstructionsarestaticallyassignedto namedfunctionalunits (nodes).The
compiler also generatesthe schedulefor the executionorder of the long instructionwords. The individual
instructionsin eachinstructionword areallowed to executein any orderandare independent.We examine
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multi-hopnetworksandsinglenetworks for bypassingvalues.Whena single-hopnetwork is usedfor bypass,
thevaluesgo directly from thesourcenodeto thedestinationnodethroughdedicatedpaths.Whena multi-hop
network is used,thevaluesaredynamicallyroutedthroughthenetwork from thesourceto thedestination.We
examinea family of single-hopfull bypassnetworks: 1)

�

���������

- anidealnetwork wherewe setall wire delays
to theshortestdelaypath,2)

�

� �����

- arealisticbestcasesingle-hopnetwork wherewescalewire delaysbetween
nodeslinearly with distance,and3)

�

�
�

�

�
	 - a worstcasesingle-hopnetwork, wherewe setall wire delaysto
thelongestdelaypath.Conventionalbypassnetworksresemble

�

�
�

�

�
	 . Wecomparethesesingle-hopnetworks
with two multi-hopnetworks,onewith only shortpaths,theM2 network with wiresbetweenadjacentnodes,
andonewith mediumdistancepaths,the M4 network with wires to the nearest4 neighbors. The diagrams
of theconnectivity areshown in Figure8. We simulatedmulti-hopnetworks with in�nite bandwidth(in�nite
wires andportsbetweenconnectednodes)to studythe impactof contention.To boundthe sensitivity to the
wiring overhead,we simulatedsingle-hopnetworkswith

# �

� and
# �

� . We simulated4-wide,8-wideand
16-widemachinecon�gurations.Furthermore,fanin/fanoutcontribution is accountedfor in all networkswhen
determiningthetotaldelays.

Thedelaysusedin thesimulationsarederivedfrom ourcircuit modelsandequations(1)and(3). Forexample,
thenodesin theM2 modelandtheclosernodes(1x distanceaway) in theM4 modelwould incur a total delay
of 320ps(100psfan-in/outplus220psto traverseonenode.).Thefarthernodesin theM4 modelwould incur
adelayof 540ps,asthewire distanceis twiceasmuch.Theconventionalbypassnetworksweresimulatedwith

#

equalto 1 and2 in orderto betterunderstandtheeffect of wiring overhead.Additionally, all thesimulations
werealsorun with in�nite bandwidth(no contentionfor links) in orderto seewhatpercentageof the latency
wasdueto contention.

Our simulationsassumeda processorexecutingat a 10FO4clock at 100nm,makingeachrouterforwarding
delay0.27cycles(100ps)andthetime to simply traverseanodelengthwire (

� �

) 0.6cycles(220ps). It should
benotedthatarealmachinecouldnotsupportarbitrarydelays,asthecircuitsaresynchronizedto theALU clock.
Accordingly, we assumedtherouterswould beclocked at 4X theALU clock (quad-pumped)androundedthe
delaysto thenearestquartercycle.

4.2 Benchmarks

To evaluatethe performanceof thesenetworks on realisticworkloads,we selecteda setof benchmarksfrom
theSPECCINT2000,SPECCFP2000,andthreeMediabench[9] benchmarks— gzip,mcf, parser, ammp,art,
equake, dct,adpcm,andmpeg2encode.We alsoexaminedonein-housebenchmarkthatperformsradarsignal-
processingwherethecomputationis predominantlya677-pointcomplex FIR �lter . TheTrimarantool set,which
targetstheHPL Play-dohISA [19] is usedto compilethesebenchmarks.We usea custombuilt schedulerthat
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Latency (cycles) Contention # of
Con�g. ���

�

����� (%) 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 1.5
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 1.5

Table3: Interconnectnetwork performanceon VLIW architectures.Latenciesshown in processorcycles,at a
10FO4clock cycle. Thesingle-hopnetworks,

�

����� � �

,
�

�
�����

, and
�

�
�

�

�
	 have no contentionsinceevery pair of
ALUs is connectedby adedicatedwire. Also, # of hopsfor themis 1.

is awareof all thedelaypathsin thearchitectureandoptimizesthe local critical path. We usea customevent-
drivensimulatorto modelthemicro-architecture.Theperformancesimulatormodelsanaggressive lookahead
resourcereservationschemeimplementedin our router. We assumethat thedatapacket never catchesup with
thecontrolpacket andthereis no contentionwhile transmittingthecontrolpackets.Hencewe alwayspayonly
the constantrouterforwardingdelay(100ps)at every hop for the multi-hop network, andnever incur the full
packet processingdelayof 300ps.All benchmarkswereforwarded� ve hundredmillion instructions,andthen
simulatedfor two hundredmillion instructions.

4.3 Results

Routing Latency: Routinglatency is the numberof cyclesbetweenoperandproductionandreceiptat the
destination.Whenthe sourceanddestinationnodesarethe same,we assumedirect bypassin the execution
cycle,andhencetheroutinglatency is zero.This assumptionmakestheaveragelatency shorterthanthefastest
transmissionpaththroughthenetwork. Theroutinglatency for thedifferentmachinecon�gurationsis shown in
Columns2 and3 of Table3. At width 4, theroutedmulti-hopnetwork M2 is worsethanthe

�

�
� � �

and
�

�
�

�

� 	

networkssincethenetwork sizeis only 4. At largermachinewidthsof 8 and16, theroutedmulti-hopnetwork
M4 hasroutinglatencieswithin 120%(1.69versus0.78)and50%(2.05versus1.38)of the

�

�
�����

network, and
is alwaysbetterthanthe

�

�
�

�

�
	 network. Whenwe incorporatethewiring overheadof
# �

� for thesingle-hop
�

�
� � �

and
�

�
�

�

�
	 networks,boththeM2 andM4 networksarealmostasgoodor betterthanthemat all machine
widths.

Contention: We measurethepercentagecontribution of thedelaydueto contentionby measuringtheper-
centagedifferencebetweentheroutinglatency on a realmulti-hopnetwork andanidealizedmulti-hopnetwork
with in�nite portsandwiresbetweenconnectednodes.On this idealizednetwork no delaysareincurreddueto
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Figure9: IPC averagedacrossthehigh IPC benchmarksdct,mpeg2encodeandradaronVLIW machines.

resourcehazardsin theinterconnectnetwork. This percentageof latency dueto contentionis shown in Column
4. Noneof thesingle-hopnetworks have any contention,sincethey have a dedicatedpathbetweenevery pair
of ALUs. TheM2 andM4 networksshow roughly thesameamountof contention,with thehigherbandwidth
M4 network alwaysshowing slightly lesscontentionasexpected.This contentionaccountsfor roughly 20%
of thelatency for the8-widemachineandis about11%for the16-widemachine,suggestinghigherbandwidth
multi-hopnetworkscouldimprove performancefurther.

Number of Hops: The numberof hopstaken to route operandsfrom sourceto destinationindicatesthe
effectivenessof theschedulerin placingproducer-consumerpairsclosetogether. For theconventionalsingle-
hopnetworks,numberof hopsis alwaysone,sincethereis adedicatedwire from everynodeto everyothernode.
As shown in Column5 of Table3, the averagenumberof hopsin the M2 andM4 networks is relatively low
( � �

�

� ) comparedto themachinewidth, showing that thescheduleris effective in placingproducer-consumer
pairsclosetogether.

IPC: Figure9 shows theIPCsaveragedacrossonly thehighperformancebenchmarksfor the4-wide,8-wide
and16-widecon�gurations.Somebenchmarksin our suitedid not exhibit muchimprovementin performance
whenthemachinewidth is increased.Thesebenchmarksarenot includedin Figure9, which shows the IPCs
averagedacrossdct, mpeg2encodeandradar. In thesebenchmarks,the performancewith an idealizedinter-
connectdoubleswhenthemachinewidth is increasedby a factorof 4 asshown by the

�

� � �����

bar in thegraph.
Multi-hop networksareeffective atextractingasigni�cant fractionof this idealizedperformanceandarealmost
asgoodor betterthansingle-hopnetworkswherewiring overheadis ignored.Whenwe incorporatethewiring
overheadof single-hopnetworks (

# �

� ), the multi-hop networks arebetterat all machinewidths. We also
examinedclusteredVLIW processors,whereour resultsshowed that a inter-clusterroutedmulti-hopnetwork
connectingevery ����� th node,with a full bypassintra-clusternetwork performedbest,in an � -wideprocessor.

Figure10 shows theperformanceof eachof theindividual benchmarksfor 4, 8 and16-widemachines.The
low IPC benchmarksshow only little variationin performanceasthemachinewidth andinterconnectnetwork
arevaried. Figure11 shows the performanceof the benchmarks,whenthe wiring overheadis accountedfor,
by assuming

#

equalto 2. In thesecon�gurationsthe multi-hop networks alwaysoutperformthe single-hop
con�gurations.

5 Grid ProcessorAr chitectures

Grid ProcessorArchitectures(GPAs) usestaticplacementbut dynamicallyissueinstructions.Thegoal in this
architectureis to extracthigh ILP, executeat a fastclock rate,andscalewith technology. We usean arrayof
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Figure10: IPConVLIW machines:No wiring overheadfor single-hopandmulti-hopnetworks.
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Mesh StarTriangle

Figure12: Grid Interconnects.

ALUs with shortpathsamongthem,mappingcompiler-generatedhyperblocksto thisarray. Multi-hop networks
areideally suitedfor this classof architectureswherethe primarygoal is to avoid global communicationand
extract performancefrom ALU chainingby mappingthe critical pathon the shortestphysicalpath. Previous
work demonstratedthecriticality of interconnectlatency in GPAs [10]. This sectioncontainsa moredetailed
analysisof the effect of latency anddifferentnetwork con�gurationson overall performance.Similar to the
VLIW machinemodel,we simulatea perfectlookaheadreservationscheme,hiding therouterprocessingdelay
andincurringonly thefanout/faninforwardingdelayof 0.25cycles.Again,the1 segmentdelaywas0.60cycles,
andwesimulatea10F04clockcycle.

5.1 Resultsand Discussion

We examinethesamethreeparametersof performanceasin theVLIW experiments.We examineda multitude
of differentconnectiontopologiesonan8x8grid,shown in Figure12. Thenetworksrangefrom verylow fanout,
to moderatelyhigh fanout.Thetrianglenetwork connects3 neighborstogether, a little similar to theVLIW M2
interconnect,while the moderatelyrich star network with a fanoutof 8, connectsthe immediate8 neighbors
together. For comparisonwe looked at the ideal, realisticandworst casesingle-hopnetworks similar to the
onesin theVLIW machines,scaledto an8x8 ALU array. We examinedwiring overheadfactorsof 1 and2 to
determinethewiring areaeffecton thesingle-hop,high-bandwidthnetworks.Weassumedall con�gurationsto
have wiresconnectingthebottomof thegrid to thetop. In theexpresschannelcon�gurations(denotedby the
suf�x E in thetablesandgraphs),this wire is laid out at a higherlevel of metalandis hencefour timesfaster.
For an8x8grid, theexpresschannelshave a totaldelayof 1 cycle.

Routing Latency: ExaminingTable4, wecanseethattheaverageroutinglatency in thegrid network for the
ideal case(

�

����� � �

) is the lowestamongall theconnectivities while the
�

�
�

�

�
	 latency is the highest(although
thetrianglecon�gurationsareprettycloseto worstcase).Therealisticsingle-hopnetwork

�

�
�����

with nowiring
overheadcomesclosestto theideal,followedby thestar network, themeshnetwork, andthetrianglenetwork,
in thatorder. It shouldbenotedthattheexpresschannelsmake little differenceto theaveragelatency numbers
for themulti-hopnetworks.

Whenwetake into accountthewiring overheadfor thesingle-hopnetworks(
#

= 2), theaveragelatenciesfor
the

�

���������

,
�

�
� � �

, and
�

�
�

�

�
	 casesarenow 0.75,4.2,and15.6cyclesrespectively. Thestar network performs
bestandis about30%betterthanthe

�

�
�����

with thewiring overheadincorporated.

Contention: Theamountof contentionis closelyrelatedto thefan-outof thetopologies.Thestarnetwork has
the leastcontention,exhibiting 12%and19%contentionfor thetopologieswith andwithout expresschannels
respectively, followedby themeshnetwork (with 27%contentionfor bothwith andwithout expresschannels)
and the trianglenetwork (with 42.9%contentionfor both with andwithout expresschannels).This is to be
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Interconnect Latency (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: Communicationlatencies,numberof hops,andcontentionpercentagesfor different interconnectsin
theGrid Processor. Areaoverheadfactorequalto 1 and2.

expectedbecause,asthe interconnectrichnessincreases,the latency dueto contentiondecreases,makingthe
starnetwork themostef�cient here.

Number of Hops: FromTable4, we seethat thenumberof hopsfor thesingle-hopnetworks is againone,
sincethereis a dedicatedpath from every nodeto every othernode. The numberof hopsfor the multi-hop
topologiesvariesby topology, andis lowestin thestar network (2.5hops)andhighestin themeshnetwork (3.2
hops).Thetrianglenetwork averaged2.8hops.All themulti-hopnetworksexhibitedverycloseaveragenumber
of hopsfor the with andwithout expresschannelcases.The fact that the meshnetwork hasa higheraverage
numberof hopsbut a loweraveragelatency is simply dueto thethehighercontentionof thetrianglenetwork.

IPC: The
�

����� � �

,
�

�
�����

, and
�

�
�

�

� 	 topologiesaveraged7.9,4.9,and1.5 respectively whenwiring overhead
is ignored. The mesh, star, andtriangle topologiesaveraged3.1, 4.2, and2.5 for the networks with express
channelsand3.1, 4.0, and2.5 for thenetworks without expresschannels.TheseIPCsfor all the benchmarks
arepresentedin Figures13 and14. They aresplit betweenthe low andhigh IPC benchmarksfor

#

s equalto
1 and2. In the �gures we presentsimulationsresultswhenwiring overheadof

# �

� is incorporatedfor the
multi-hopnetworksandthesingle-hopnetworks. As expected,the

�

����� � �

topologyperformsthebestwhile the
�

�
�

�

�
	 topologyperformstheworst. Without wiring overhead,
�

�
�����

is thenext besttopologyfollowed by the
star network. However, whenwiring overheadis included,thestar networksoutperformthe

�

�
�����

network and
themeshandtriangleareverycloseaswell.

5.2 Summary

Table5 shows thenormalizedaverageIPC achievedby eachof theinterconnects.All IPCsarenormalizedwith
respectto the

�

����� � �

network. We seethat the full broadcastsingle-hopnetwork
�

�
� � �

achieves63% of ideal
performance(this network directly correspondsto a broadcastnetwork in dynamicallyscheduledsuperscalar
processors).Thestar with expresschannelswhich is a multi-hoproutednetwork, with anorderof magnitude
lessbandwidththanthe broadcastnetwork achieves56% of ideal performance.Whenthe wiring overheadis
taken into account,the

�

�
� � �

network achieves only 46% of the ideal network, achieving 10% lessthan the
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Figure13: IPCon Grid Processors(8x8grid). High IPCbenchmarks.
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Figure14: IPCon Grid Processors(8x8 grid). Low IPCbenchmarks.
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Con�guration Ef�ciency
�

���������

1
�

� �����

0.63
�

� � �

�
	 0.3
Mesh 0.41
MeshE 0.42
Star 0.52
StarE 0.56
Triangle 0.35
TriangleE 0.34

�

��������� � # �

��� 0.89
�

� ����� � # �

��� 0.46
�

� � �

�
	

� # �

��� 0.19

Table5: NormalizedaverageIPCsusingdifferentinterconnects.All IPCsnormalizedto theideal
�

����� � �

network.

star network. Theworstperformingmulti-hopnetwork wasthetriangle without expresschannels.While this
interconnectperformedmoderatelywell in thelow IPC benchmarks,whentheparallelismis high, thetriangle
interconnectbecomesa bottleneckbecausethe multi-hop network is constrainedby its low bandwidthand
cannotdeliver all of theoperandsthatarebeingproducedin time.

Theseperformancetrendsindicatethatmulti-hop inter-ALU networks with anoptimizedrouterdesign,are
extremelyeffective, performingalmostaswell. asfull broadcastnetworks. As thebandwidthandrichnessof
theinterconnectis reduced,thelow bandwidthbecomesa bottleneckandprogramswith lotsof parallelism,are
notef�ciently executed.

6 Conclusion

Dramaticincreasesin on-chipreal-estatehasdrivenarchitecturesto scalethenumberof executionunitsin search
of higherperformance.However, traditionaloperandtransmissionnetworks that rely on broadcastingdo not
scalewell with thetechnologyconstraintsof fastertransistorsandslower wires. In addition,wiring overheads
for broadcastnetworksscalepoorly. In thispaper, wehaveprovidedataxonomyof Inter-ALU Networks(IANs)
that includestraditionalroutingnetworksaswell asemerging classesof point-to-pointoperandnetworks. The
key componentsof thesenetworks aretheir executionmodel (broadcastor point-to-point),their connectivity
(single-hopor multi-hop),andwhenroutingdecisionsaremade(dynamicallyor statically).We have proposed
a dynamicallyrouted,point-to-point,multi-hopnetwork, alsocalleda routedinter-ALU network (RIAN) asa
communicationarchitecturescalableto 10sof ALUs.

In our circuit analysis,we showedthat thesemulti-hopnetworksscalemuchbetterthanbroadcastnetworks
whichsuffer primarily from wire delaysresultingfrom signi�cantly largerarearequiredto implementbroadcast
networks. We designedandmeasurednovel featuresof a routertailoredto a �ne grainRIAN includingsimple
topologiesandlookaheadrouting prior to dataarrival. With thesemechanisms,our measurementsshow that
we canlimit per-hop latency to lessthan180psin a 100nmtechnology. We appliedtheserouting techniques
to a conventionalVLIW architectureanda dynamicgrid architectureandshowedthatoperandbroadcastis not
necessaryandthatexistingschedulingalgorithmsareeffective atplacingproducersandconsumerscloseto one
anotherin suchanetwork.
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As a result,our resultsshow equivalentoverall performanceto a muchricherandexpensive broadcastnet-
work. If we were to imposethe area(and thereforecommunicationdelay)penaltyfrom the wires required
to implementthe broadcastnetwork, the RIAN would signi�cantly outperformthebroadcastnetwork. A key
featureto theprocessorarchitectureswhich enabledour routingstrategy is theknowledgeof sourceanddesti-
nationinstructionlocationsandtheoptimizationof themprior to instructionexecution.While we useda static
compile-timeschedulerto placeinstructionsfor minimizing communicationdistance,similar analysiscouldbe
performedat runtimethroughtracegenerationor dynamiccompilationtechniques.For feasibility, however,
futurework would have to demonstratethat the time requiredto generatea goodscheduledoesnot becomea
bottleneck.
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