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Abstract

Improvementsin semiconductortechnology havemade
it possibleto includemultiple processorcoreson a single
die. Chip Multi-Processors (CMP) are an attractivechoice
for future billion transistorarchitecturesdue to their low
designcomplexity, high clock frequency, andhigh through-
put. In a typical CMP architecture, theL2 cacheis shared
by multiplecoresanddatacoherenceis maintainedamong
privateL1s. Coherenceoperationsentail frequentcommu-
nicationover global on-chip wires. In future technologies,
communicationbetweendifferentL1swill havea signi�cant
impacton overall processorperformanceand powercon-
sumption.On-chip wirescanbedesignedto havedifferent
latency, bandwidth,and energy properties. Likewise, co-
herenceprotocolmessageshavedifferentlatencyandband-
widthneeds.Weproposeaninterconnectcomposedof wires
with varying latency, bandwidth,and energy characteris-
tics, and advocateintelligently mappingcoherenceopera-
tions to theappropriate wires. In this paper, we presenta
comprehensivelist of techniquesthat allow coherencepro-
tocolsto exploit a heterogeneousinterconnectandevaluate
a subsetof thesetechniquesto showtheir performanceand
power-ef�ciency potential.Mostof theproposedtechniques
canbeimplementedwith a minimumcomplexity overhead.

1. Intr oduction

One of the greatestbottlenecksto performancein fu-
ture microprocessorsis the high cost of on-chip commu-
nication through global wires [19]. Power consumption
hasalsoemergedasa �rst order designmetric andwires
contribute up to 50% of total chip power in someproces-
sors[32]. Most majorchip manufacturershave alreadyan-
nouncedplans[20, 23] for large-scalechipmulti-processors
(CMPs). Multi-threadedworkloadsthat executeon such
processorswill experiencehigh on-chipcommunicationla-
tenciesandwill dissipatesigni�cant powerin interconnects.
In thepast,only VLSI andcircuit designerswereconcerned
with the layout of interconnectsfor a given architecture.
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However, with communicationemerging asa largerpower
and performanceconstraintthan computation, it may be-
comenecessaryto understandand leveragethe properties
of the interconnectat a higherlevel. Exposingwire prop-
erties to architectsenablesthem to �nd creative ways to
exploit theseproperties.This paperpresentsa numberof
techniquesby which coherencetraf�c within a CMP can
be mappedintelligently to differentwire implementations
with minor increasesin complexity. Suchanapproachcan
notonly improveperformance,but alsoreducepowerdissi-
pation.

In a typical CMP, the L2 cacheandlower levels of the
memoryhierarchyare sharedby multiple cores[24, 41].
Sharing the L2 cacheallows high cacheutilization and
avoids duplicatingcachehardware resources. L1 caches
aretypically notsharedassuchanorganizationentailshigh
communicationlatenciesfor every load and store. There
aretwo majormechanismsusedto ensurecoherenceamong
L1sin achipmultiprocessor. The�rst optionemploysabus
connectingall of theL1sandasnoopy bus-basedcoherence
protocol.In thisdesign,everyL1 cachemissresultsin aco-
herencemessagebeingbroadcaston the global coherence
bus and other L1 cachesare responsiblefor maintaining
valid statefor their blocksandrespondingto misseswhen
necessary. The secondapproachemploys a centralizeddi-
rectoryin theL2 cachethat trackssharinginformationfor
all cachelines in the L2. In sucha directory-basedproto-
col, everyL1 cachemissis sentto theL2 cache,wherefur-
theractionsaretakenbasedon thatblock's directorystate.
Many studies[2, 10, 21, 26, 30] have characterizedthe
high frequency of cachemissesin parallelworkloadsand
thehigh impactthesemisseshave on total executiontime.
On a cachemiss,a varietyof protocolactionsareinitiated,
suchasrequestmessages,invalidationmessages,interven-
tion messages,datablock writebacks,datablock transfers,
etc. Eachof thesemessagesinvolves on-chip communi-
cationwith latenciesthat areprojectedto grow to tensof
cyclesin futurebillion transistorarchitectures[3].

Simple wire designstrategies can greatly in�uence a
wire's properties.For example,by tuning wire width and
spacing,we can design wires with varying latency and
bandwidthproperties.Similarly, by tuningrepeatersizeand



spacing,we candesignwireswith varying latency anden-
ergy properties.To take advantageof VLSI techniquesand
bettermatchthe interconnectdesignto communicationre-
quirements,aheterogeneousinterconnectcanbeemployed,
whereevery link consistsof wiresthatareoptimizedfor ei-
therlatency, energy, or bandwidth.In thisstudy, weexplore
optimizationsthat areenabledwhensucha heterogeneous
interconnectis employed for coherencetraf�c. For exam-
ple,whenemploying adirectory-basedprotocol,onacache
write miss, the requestingprocessormay have to wait for
datafrom thehomenode(atwo hoptransaction)andfor ac-
knowledgmentsfrom othersharersof theblock(athreehop
transaction).Sincetheacknowledgmentsareon thecritical
pathandhave low bandwidthneeds,they canbemappedto
wires optimizedfor delay, while the datablock transferis
noton thecritical pathandcanbemappedto wiresthatare
optimizedfor low power.

The paperis organizedas follows. We discussrelated
work in Section2. Section3 reviewstechniquesthatenable
differentwire implementationsandthedesignof a hetero-
geneousinterconnect.Section4 describestheproposedin-
novationsthatmapcoherencemessagesto differenton-chip
wires.Section5 quantitatively evaluatestheseideasandwe
concludein Section6.

2. RelatedWork

To thebestof our knowledge,only threeotherbodiesof
work have attemptedto exploit differenttypesof intercon-
nectsat the microarchitecturelevel. BeckmannandWood
[8, 9] proposespeedingupaccessto largeL2 cachesby in-
troducingtransmissionlines betweenthe cachecontroller
andindividualbanks.Nelsonetal. [39] proposeusingopti-
cal interconnectsto reduceinter-clusterlatenciesin a clus-
teredarchitecturewhereclustersare widely-spacedin an
effort to alleviatepowerdensity.

A recentpaperby Balasubramonianet al. [5] introduces
the conceptof a heterogeneousinterconnectandappliesit
for registercommunicationwithin a clusteredarchitecture.
A subsetof load/storeaddressesare sent on low-latency
wires to prefetchdataout of the L1D cache,while non-
critical registervaluesaretransmittedon low-power wires.
A heterogeneousinterconnectsimilar to theonein [5] has
beenappliedto a differentproblemdomainin this paper.
The natureof cachecoherencetraf�c and the optimiza-
tions they enableare very different from that of register
traf�c within a clusteredmicroarchitecture.We have also
improved upon the wire modelingmethodologyin [5] by
modelingthe latency andpower for all the network com-
ponentsincludingroutersandlatches.Ourpowermodeling
alsotakesinto accounttheadditionaloverheadincurreddue
to the heterogeneousnetwork, suchas additionalbuffers
within routers.

3. Wir e Implementations

We begin with a quick review of factorsthat in�uence
wire properties. It is well-known that the delayof a wire
is a function of its RC time constant(R is resistanceand
C is capacitance).Resistanceper unit length is (approxi-
mately)inverselyproportionalto thewidth of thewire [19].
Likewise, a fraction of the capacitanceper unit length is
inverselyproportionalto thespacingbetweenwires,anda
fraction is directly proportionalto wire width. Thesewire
propertiesprovideanopportunityto designwiresthattrade
off bandwidthandlatency. By allocatingmoremetalarea
per wire and increasingwire width and spacing,the net
effect is a reductionin the RC time constant. This leads
to a wire designthat hasfavorablelatency properties,but
poor bandwidthproperties(as fewer wires canbe accom-
modatedin a �x ed metalarea). In certaincases,nearlya
three-foldreductionin wire latency canbeachieved,at the
expenseof a four-fold reductionin bandwidth.Further, re-
searchersareactively pursuingtransmissionline implemen-
tationsthatenableextremelylow communicationlatencies
[12, 16]. However, transmissionlines also entail signif-
icant metal areaoverheadsin addition to logic overheads
for sendingandreceiving [8, 12]. If transmissionline im-
plementationsbecomecost-effectiveat futuretechnologies,
they representanotherattractive wire designpoint thatcan
tradeoff bandwidthfor low latency.

Similar trade-offs can be made betweenlatency and
power consumedby wires. Global wires areusuallycom-
posedof multiplesmallersegmentsthatareconnectedwith
repeaters[4]. Thesizeandspacingof repeatersin�uences
wire delayandpowerconsumedby thewire. Whensmaller
andfewer repeatersareemployed,wire delayincreases,but
power consumptionis reduced.Therepeatercon�guration
that minimizesdelay is typically very different from the
repeatercon�guration that minimizespower consumption.
Banerjeeet al. [6] show that at 50nmtechnology, a � ve-
fold reductionin powercanbeachievedat theexpenseof a
two-fold increasein latency.

Thus,by varyingpropertiessuchaswire width/spacing
andrepeatersize/spacing,wecanimplementwireswith dif-
ferentlatency, bandwidth,andpower properties.Consider
a CMOS processwhereglobal inter-corewires arerouted
on the8X and4X metalplanes.Notethat theprimarydif-
ferencesbetweenminimum-widthwires in the8X and4X
planesare their width, height,andspacing. We will refer
to thesemimimum-widthwiresasbaselineB-Wires(either
8X-B-Wires or 4X-B-Wires). In addition to thesewires,
we will designtwo morewire typesthatmaybepotentially
bene�cial (summarizedin Figure1). A low-latency L-Wire
can be designedby increasingthe width and spacingof
the wire on the 8X plane(by a factorof four). A power-
ef�cient PW-Wire is designedby decreasingthe number
andsizeof repeaterswithin minimum-widthwires on the
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Figure 1. Examples of different wire implementations. Power optimized wires have fewer and smaller repeaters,
while bandwidth optimized wires have narrow widths and spacing.

4X plane. While a traditional architecturewould employ
the entire available metal areafor B-Wires (either 4X or
8X), we proposethe designof a heterogeneousintercon-
nect,wherepartof theavailablemetalareais employedfor
B-Wires, part for L-Wires, andpart for PW-Wires. Thus,
any datatransferhastheoptionof usingoneof threesetsof
wires to effect the communication.A typical composition
of a heterogeneousinterconnectmaybeasfollows: 256B-
Wires,512PW-Wires,24 L-Wires. In thenext section,we
will demonstratehow theseoptionscanbeexploitedto im-
proveperformanceandreducepowerconsumption.Wewill
alsoexaminethecomplexity introducedby aheterogeneous
interconnect.

4. Optimizing CoherenceTraf�c

For eachcachecoherenceprotocol, thereexist a vari-
ety of coherenceoperationswith differentbandwidthand
latency needs.Becauseof thisdiversity, therearemany op-
portunitiesto improve performanceandpower characteris-
tics by employing a heterogeneousinterconnect.The goal
of this sectionis to presenta comprehensive listing of such
opportunities.We focuson protocol-speci�coptimizations
in Section4.1 and on protocol-independenttechniquesin
Section4.2. We discussthe implementationcomplexity of
thesetechniquesin Section4.3.

4.1 Protocol­DependentTechniques

We�rst examinethecharacteristicsof operationsin both
directory-basedand snoopingbus-basedcoherenceproto-
cols and how they can map to differentsetsof wires. In
a bus-basedprotocol, the ability of a cacheto directly re-
spondto anothercache's requestleadsto low L1 cache-
to-cachemiss latencies. L2 cachelatenciesare relatively
highasaprocessorcorehasto acquirethebusbeforesend-
ing a requestto L2. It is dif�cult to supporta large num-
ber of processorcoreswith a singlebus due to the band-
width andelectricallimits of a centralizedbus [11]. In a
directory-baseddesign[13, 28], eachL1 connectsto theL2
cachethrougha point-to-pointlink. This designhaslow
L2 hit latency andscalesbetter. However, eachL1 cache-
to-cachemissmustbe forwardedby the L2 cache,which
implieshighL1 cache-to-cachelatencies.Theperformance
comparisonbetweenthesetwo designchoicesdependson

the cachesizes,miss rates,numberof outstandingmem-
ory requests,working-setsizes,sharingbehavior of targeted
benchmarks,etc. Sinceeitheroption may be attractive to
chip manufacturers,we will considerboth formsof coher-
enceprotocolsin ourstudy.

Write-In validate Dir ectory-BasedProtocol
Write-invalidatedirectory-basedprotocolshavebeenim-

plementedin existing dual-coreCMPs[41] andwill likely
beusedin largerscaleCMPsaswell. In a directory-based
protocol,everycacheline hasadirectorywherethestatesof
theblock in all L1s arestored.Whenever a requestmisses
in an L1 cache,a coherencemessageis sentto the direc-
tory at theL2 to checkthecacheline'sglobalstate.If there
is a cleancopy in the L2 andthe requestis a READ, it is
served by the L2 cache.Otherwise,anotherL1 musthold
anexclusivecopy andtheREAD requestis forwardedto the
exclusiveowner, whichsuppliesthedata.For a WRITE re-
quest,if any otherL1 cacheshold a copy of thecacheline,
coherencemessagesaresentto eachof themrequestingthat
they invalidatetheir copies. The requestingL1 cacheac-
quirestheblock in exclusivestateonly afterall invalidation
messageshavebeenacknowledged.

Hop imbalanceis quite commonin a directory-based
protocol. To exploit this imbalance,we can sendcritical
messageson fast wires to increaseperformanceand send
non-criticalmessageson slow wiresto save power. For the
sake of this discussion,we assumethatthehoplatenciesof
differentwiresarein thefollowing ratio: L-wire : B-wire :
PW-wire :: 1 : 2 : 3

ProposalI: Readexclusiverequestfor block in shared
state
In this case,theL2 cache'scopy is clean,soit providesthe
datato therequestingL1 andinvalidatesall sharedcopies.
When the requestingL1 receives the reply messagefrom
the L2, it collectsinvalidationacknowledgmentmessages
from theotherL1sbeforereturningthedatato theprocessor
core1. Figure2 depictsall generatedmessages.

The reply messagefrom the L2 requiresonly onehop,
while theinvalidationprocessrequirestwo hops– anexam-
ple of hopimbalance.Sincethereis no bene�t to receiving

1Somecoherenceprotocolsmay not imposeall of theseconstraints,
therebydeviating from asequentiallyconsistentmemorymodel.
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Figure 2. Read exclusive request for a shared
block in MESI protocol

the cacheline early, latenciesfor eachhop canbe chosen
soasto equalizecommunicationlatency for thecacheline
andtheacknowledgmentmessages.Acknowledgmentmes-
sagesincludeidenti�ers sothey canbematchedagainstthe
outstandingrequestin theL1'sMSHR.Sincethereareonly
a few outstandingrequestsin the system,the identi�er re-
quiresfew bits, allowing the acknowledgmentto be trans-
ferredon a few low-latency L-Wires. Simultaneously, the
datablock transmissionfrom the L2 can happenon low-
powerPW-Wiresandstill �nish beforethearrival of theac-
knowledgments.This strategy improvesperformance(be-
causeacknowledgmentsareoftenon thecritical path)and
reducespowerconsumption(becausethedatablock is now
transferredon power-ef�cient wires). While circuit design-
ershavefrequentlyemployeddifferenttypesof wireswithin
a circuit to reducepower dissipationwithout extendingthe
critical path,theproposalsin this paperrepresentsomeof
the �rst attemptsto exploit wire propertiesat thearchitec-
tural level.

ProposalII: Readrequestfor block in exclusivestate
In this case,thevaluein theL2 is likely to bestaleandthe
following protocolactionsaretaken. The L2 cachesends
a speculative datareply to the requestingL1 andforwards
thereadrequestasaninterventionmessageto theexclusive
owner. If thecachecopy in theexclusiveowneris clean,an
acknowledgmentmessageis sentto therequestingL1, indi-
catingthatthespeculativedatareplyfrom theL2 is valid. If
thecachecopy is dirty, a responsemessagewith the latest
datais sentto therequestingL1 anda write-backmessage
is sentto the L2. Sincethe requestingL1 cannotproceed
until it receives a messagefrom the exclusive owner, the
speculative datareply from the L2 (a singlehop transfer)
canbe senton slower PW-Wires. The forwardedrequest
to the exclusive owner is on the critical path,but includes
theblockaddress.It is thereforenoteligible for transferon
low-bandwidthL-Wires.If theowner'scopy is in theexclu-
sivecleanstate,ashortacknowledgmentmessageto there-
questorcanbesentonL-Wires.If theowner'scopy is dirty,
thecacheblockcanbesentoverB-Wires,while thelow pri-

ority writebackto the L2 canhappenon PW-Wires. With
theabovemapping,we acceleratethecritical pathby using
fasterL-Wires,while alsoloweringpower consumptionby
sendingnon-criticaldataonPW-Wires.Theaboveprotocol
actionsapplyevenin thecasewhenaread-exclusiverequest
is madefor a block in theexclusivestate.

ProposalIII: NACK messages
When the directory state is busy, incoming requestsare
often NACKed by the homedirectory, i.e., a negative ac-
knowledgmentis sentto therequesterratherthanbuffering
the request. Typically the requestingcachecontroller re-
issuesthe requestand the requestis serializedin the or-
der in which it is actually acceptedby the directory. A
NACK messagecanbe matchedby comparingthe request
id (MSHR index) ratherthanthe full address,so a NACK
is eligible for transferon low-bandwidthL-Wires. If load
at thehomedirectoryis low, it will likely be ableto serve
therequestwhenit arrivesagain,in whichcasesendingthe
NACK on fastL-Wirescanimprove performance.In con-
trast,whenload is high, frequentbackoff-and-retrycycles
are experienced. In this case,fast NACKs only increase
traf�c levelswithoutproviding any performancebene�t. In
this case,in order to save power, NACKs canbe senton
PW-Wires.

ProposalIV: Unblock andwrite control messages
Someprotocols[36] employ unblockandwrite controlmes-
sagesto reduceimplementationcomplexity. For every read
transaction,a processor�rst sendsa requestmessagethat
changesthe L2 cachestateinto a transientstate. After
receiving the data reply, it sendsan unblock messageto
changethe L2 cachestateback to a stablestate. Simi-
larly, write control messagesare usedto implementa 3-
phasewritebacktransaction.A processor�rst sendsa con-
trol messageto thedirectoryto orderthewritebackmessage
with otherrequestmessages.After receiving thewriteback
responsefrom the directory, the processorsendsthe data.
This avoids a raceconditionin which the processorsends
thewritebackdatawhile a requestis beingforwardedto it.
SendingunblockmessagesonL-Wirescanimproveperfor-
manceby reducingthe time cachelinesarein busy states.
Write control messages(writebackrequestand writeback
grant)arenoton thecritical path,althoughthey arealsoel-
igible for transferonL-Wires.Thechoiceof sendingwrite-
backcontrolmessageson L-Wiresor PW-Wiresrepresents
a power-performancetrade-off.

Write-In validate Bus-BasedProtocol
We next examine techniquesthat apply to bus-based

snoopingprotocols.
ProposalV: Signalwires

In abus-basedsystem,threewired-ORsignalsaretypically
employedto avoid involving thelower/slowermemoryhier-
archy[15]. Two of thesesignalsareresponsiblefor report-
ing thestateof snoopresultsandthethird indicatesthatthe



snoopresultis valid. The �rst signalis assertedwhenany
L1 cache,besidestherequester, hasacopy of theblock. The
secondsignalis assertedif any cachehastheblockin exclu-
sivestate.Thethird signalis aninhibit signal,asserteduntil
all cacheshave completedtheir snoopoperations. When
the third signal is asserted,the requestingL1 and the L2
cansafelyexaminetheothertwo signals.Sinceall of these
signalsare on the critical path, implementingthem using
low-latency L-Wirescanimproveperformance.

ProposalVI: Votingwires
Another designchoice is whether to use cache-to-cache
transfersif the datais in the sharedstatein a cache. The
SiliconGraphicsChallenge[17] andtheSunEnterpriseuse
cache-to-cachetransfersonly for datain themodi�ed state,
in which casethereis a singlesupplier. On theotherhand,
in thefull Illinois MESI protocol,a block canbepreferen-
tially retrieved from anothercacheratherthanfrom mem-
ory. However, whenmultiple cachessharea copy, a “vot-
ing” mechanismis requiredto decidewhichcachewill sup-
ply the data,and this voting mechanismcanbene�t from
theuseof low latency wires.

4.2. Protocol­independentTechniques

ProposalVII: NarrowBit-Width Operandsfor Synchro-
nizationVariables
Synchronizationis oneof themostimportantfactorsin the
performanceof a parallel application. Synchronizationis
not only often on the critical path, but it also contributes
a large percentage(up to 40%) of coherencemisses[30].
Locks andbarriersarethe two mostwidely usedsynchro-
nizationconstructs.Both of themusesmall integersto im-
plementmutualexclusion.Locksoftentogglethesynchro-
nizationvariablebetweenzeroandone,while barriersoften
linearly increasea barriervariablefrom zeroto thenumber
of processorstakingpartin thebarrieroperation.Suchdata
transfershavelimited bandwidthneedsandcanbene�t from
usingL-Wires.

This optimizationcanbefurtherextendedby examining
the generalproblemof cacheline compaction.For exam-
ple, if acacheline is comprisedmostlyof 0 bits, trivial data
compactionalgorithmsmayreducethebandwidthneedsof
thecacheline, allowing it to be transferredon L-Wires in-
steadof B-Wires. If the wire latency differencebetween
the two wire implementationsis greaterthan the delayof
thecompaction/de-compactionalgorithm,performanceim-
provementsarepossible.

ProposalVIII: AssigningWriteback Data to PW-Wires
Writeback data transfersresult from cachereplacements
or externalrequest/interventionmessages.Sincewriteback
messagesarerarely on the critical path,assigningthemto
PW-Wirescansavepowerwithoutincurringsigni�cant per-
formancepenalties.

ProposalIX: AssigningNarrow Messagesto L-Wires

Coherencemessagesthat includethedatablock addressor
thedatablock itself aremany byteswide. However, many
othermessages,suchasacknowledgmentsandNACKs,do
not includetheaddressor datablock andonly containcon-
trol information(source/destination,messagetype,MSHR
id, etc.). Suchnarrow messagescanbealwaysassignedto
low latency L-Wiresto acceleratethecritical path.

4.3. Implementation Complexity

4.3.1 Overheadin HeterogeneousInter connectImple-
mentation

In a conventionalmultiprocessorinterconnect,a subsetof
wires are employed for addresses,a subsetfor data,and
a subsetfor control signals. Every bit of communication
is mappedto a uniquewire. Whenemploying a heteroge-
neousinterconnect,a communicationbit canmapto mul-
tiple wires. For example,datareturnedby the L2 in re-
sponseto a read-exclusive requestmaymapto B-Wiresor
PW-Wiresdependingonwhetherthereareothersharersfor
that block (ProposalI ). Thus,every wire mustbe associ-
atedwith a multiplexor andde-multiplexor.

Theentirenetwork operatesat thesame�x edclock fre-
quency, which meansthat thenumberof latcheswithin ev-
ery link is a function of the link latency. Therefore,PW-
Wires have to employ additional latches,relative to the
baselineB-Wires. Dynamicpower per latch at 5GHz and
65nmtechnologyis calculatedto be0.1mW, while leakage
power per latch equals19.8� W [25]. The power per unit
lengthfor eachwire is computedin thenext section.Power
overheadsdueto theselatchesfor differentwires are tab-
ulatedin Table 1. Latchesimposea 2% overheadwithin
B-Wires,but a13%overheadwithin PW-Wires.

Theproposedmodelalsointroducesadditionalcomplex-
ity in the routing logic. The basecaserouter employs a
cross-barswitchand8-entrymessagebuffersat eachinput
port. Whenever a messagearrives, it is storedin the in-
put buffer androutedto anallocatorthat locatestheoutput
port andtransfersthemessage.In caseof a heterogeneous
model, threedifferentbuffers are requiredat eachport to
storeL, B, andPWmessagesseparately. In oursimulations
weemploy three4-entrymessagebuffersfor eachport. The
sizeof eachbuffer is proportionalto the�it sizeof thecor-
respondingsetof wires. For example,a setof 24 L-Wires
employs a 4-entrymessagebuffer with a word sizeof 24
bits. For powercalculationswehavealsoincludedthe�x ed
additionaloverheadassociatedwith thesesmall buffers as
opposedto asinglelargerbuffer employedin thebasecase.
In our proposedprocessormodel, the dynamiccharacteri-
zationof messageshappensonly in theprocessorsandin-
termediatenetwork routerscannotre-assigna messageto a
differentsetof wires.While thismayhaveanegativeeffect
on performancein a highly utilized network, we choseto
keepthe routerssimpleandnot implementsucha feature.



Wire Type Power/Length LatchPower LatchSpacing TotalPower/10mm
mW/mm mW/latch mm mW/10mm

B-Wire – 8X plane 1.4221 0.119 5.15 14.46
B-Wire – 4X plane 1.5928 0.119 3.4 16.29
L-Wire – 8X plane 0.7860 0.119 9.8 7.80

PW-wire – 4X plane 0.4778 0.119 1.7 5.48

Table 1. Power characteristics of different wire implementations. For calculating the power/length, activity
factor � (described in Table 3) is assumed to be 0.15. The above latch spacing values are for a 5GHz network.

For a network employing virtual channel�o w control,each
setof wires in theheterogeneousnetwork link is treatedas
a separatephysicalchanneland the samenumberof vir-
tual channelsaremaintainedper physicalchannel.There-
fore, the heterogeneousnetwork hasa larger total number
of virtual channelsandtheroutersrequiremorestate�elds
to keeptrackof theseadditionalvirtual channels.To sum-
marize,theadditionaloverheadintroducedby theheteroge-
neousmodelcomesin theform of potentiallymorelatches
andgreaterroutingcomplexity.

4.3.2 Overheadin DecisionProcess
The decisionprocessin selectingthe right setof wires is
minimal. For example,in ProposalI , an OR function on
thedirectorystatefor thatblockis enoughto selecteitherB-
or PW-Wires. In ProposalII , thedecisionprocessinvolves
acheckto determineif theblockis in theexclusivestate.To
supportProposalIII , we needa mechanismthattracksthe
level of congestionin the network (for example,the num-
berof bufferedoutstandingmessages).Thereis nodecision
processinvolved for ProposalsIV , V, VI andVIII . Pro-
posalsVII andIX requirelogic to computethewidth of an
operand,similar to logic usedin thePowerPC603 [18] to
determinethelatency for integermultiply.

4.3.3 Overheadin CacheCoherenceProtocols
Mostcoherenceprotocolsarealreadydesignedto berobust
in the faceof variabledelaysfor differentmessages.For
protocolsrelyingonmessageorderwithin avirtual channel,
eachvirtual channelcanbe madeto consistof a setof L-,
B-, andPW-messagebuffers. A multiplexor canbeusedto
activateonly onetypeof messagebuffer ata time to ensure
correctness.For otherprotocolsthataredesignedto handle
messagere-orderingwithin avirtual channel,weproposeto
employ onededicatedvirtual channelfor eachsetof wires
to fully exploit thebene�tsof aheterogeneousinterconnect.
In all proposedinnovations,a datapacket is not distributed
acrossdifferentsetsof wires. Therefore,differentcompo-
nentsof anentity do not arrive at differentperiodsof time,
therebyeliminatingany timing problems.It maybeworth
consideringsendingthecritical word of a cacheline on L-
Wires andthe restof thecacheline on PW-Wires. Sucha
proposalmayentailnon-trivial complexity to handlecorner
casesandis notdiscussedfurtherin this paper.

In asnoopingbus-basedcoherenceprotocol,transactions
areserializedby theorderin whichaddressesappearon the

bus. Noneof our proposedinnovationsfor snoopingpro-
tocolsaffect the transmissionof addressbits (addressbits
arealwaystransmittedonB-Wires),sothetransactionseri-
alizationmodelis preserved.

5. Results

5.1. Methodology

5.1.1 Simulator
We simulatea 16-coreCMPwith theVirtutechSimicsfull-
systemfunctional execution-driven simulator [33] and a
timing infrastructureGEMS[34]. GEMScansimulateboth
in-orderandout-of-orderprocessors.In moststudies,we
usethein-orderblockingprocessormodelprovidedby Sim-
ics to drivethedetailedmemorymodel(Ruby)for fastsim-
ulation. Ruby implementsa one-level MOESI directory
cachecoherenceprotocolwith migratorysharingoptimiza-
tion [14, 40]. All processorcoressharea non-inclusive
L2 cache,which is organizedas a non-uniformcachear-
chitecture(NUCA) [22]. Ruby can also be driven by an
out-of-orderprocessormodulecalledOpal, andwe report
the impactof theprocessorcoreson theheterogeneousin-
terconnectin Section5.3. Opal is a timing-�rst simulator
thatimplementstheperformancesensitiveaspectsof anout
of orderprocessorbut ultimately relieson Simics to pro-
vide functional correctness.We con�gure Opal to model
the processordescribedin Table 2 and usean aggressive
implementationof sequentialconsistency.

To testour ideas,weemploy aworkloadconsistingof all
programsfrom theSPLASH-2[43] benchmarksuite. The
programswererun to completion,but all experimentalre-
sults reportedin this paperare for the parallel phasesof
theseapplications.We usedefault input setsfor mostpro-
gramsexceptfft andradix. Sincethedefaultworkingsetsof
thesetwo programsaretoo small,we increasetheworking
setof fft to 1M datapointsandthatof radix to 4M keys.

5.1.2 Inter connectPower/Delay/AreaModels
This sectiondescribesdetailsof the interconnectarchitec-
ture and the methodologywe employ for calculatingthe
area,delay, andpower valuesof the interconnect.We con-
sider65nmprocesstechnologyandassume10 metal lay-
ers,4 layersin 1X planeand2 layers,in each2X, 4X, and
8X plane[25]. For mostof our studywe employ a cross-
barbasedhierarchicalinterconnectstructureto connectthe
coresandL2 cache(Figure3(a)), similar to that in SGI's



Parameter Value Parameter Value

numberof cores 16 clock frequency 5GHz
pipelinewidth 4-widefetchandissue pipelinestages 11
cacheblocksize 64Bytes split L1 I & D cache 128KB,4-way
sharedL2 cache 8MBytes,4-way, 16-banksnon-inclusive NUCA memory/dircontrollers 30cycles
interconnectlink latency 4 cycles(one-way) for thebaseline8X-B-Wires DRAM latency 400cycles
memorybankcapacity 1 GByteperbank latency to memcontroller 100cycles

Table 2. System con�guration.

75�bytes

Processor

L2 Cache

b) Links with different sets of wires
a) Hierarchical network topology for 16�core CMP

Crossbar

B�Wire
L�Wire
PW�Wire

Figure 3. Interconnect model used for coherence transactions in a sixteen-core CMP.

NUMALink-4 [1]. Theeffect of otherinterconnecttopolo-
giesis discussedin oursensitivity analysis.In thebasecase,
eachlink in Figure3(a)consistsof (in eachdirection)64-bit
addresswires,64-bytedatawires,and24-bit controlwires.
The control signalscarry source,destination,signal type,
and Miss StatusHolding Register (MSHR) id. All wires
are fully pipelined. Thus,eachlink in the interconnectis
capableof transferring75 bytes in eachdirection. Error
CorrectionCodes(ECC)accountfor another13%overhead
in additionto theabovementionedwires[38]. All thewires
of thebasecaseareroutedasB-Wiresin the8X plane.

As shown in Figure 3(b), the proposedheterogeneous
model employs additional wire types within each link.
In addition to B-Wires, each link includes low-latency,
low-bandwidthL-Wiresandhigh-bandwidth,high-latency,
power-ef�cient, PW-Wires. The numberof L- and PW-
Wires that canbe employed is a function of the available
metal areaand the needsof the coherenceprotocol. In
orderto matchthe metalareawith the baseline,eachuni-
directionallink within theheterogeneousmodelis designed
to be madeup of 24 L-Wires, 512 PW-Wires, and256 B-
Wires(thebasecasehas600B-Wires,not countingECC).
In a cycle, threemessagesmaybesent,oneon eachof the
threesetsof wires.Thebandwidth,delay, andpowercalcu-
lationsfor thesewiresarediscussedsubsequently.

Table3 summarizesthedifferenttypesof wiresandtheir
area,delay, andpowercharacteristics.Theareaoverheadof
the interconnectcanbe mainly attributedto repeatersand
wires.We usewire width andspacing(basedon ITRS pro-
jections)to calculatetheeffective areafor minimum-width

wires in the4X and8X plane.L-Wiresaredesignedto oc-
cupy four timestheareaof minimum-width8X-B-Wires.

Delay
Our wire model is basedon the RC modelsproposed

in [6, 19, 37]. The delay per unit length of a wire with
optimally placedrepeatersis givenby equation(1), where
Rwir e is resistanceperunit lengthof thewire, Cwir e is ca-
pacitanceperunit lengthof thewire,andF O1 is thefan-out
of onedelay:

Latencywir e = 2:13
√

Rwir eCwir eF O1 (1)

Rwir e is inversely proportional to wire width, while
Cwir e dependson the following three components: (i)
fringing capacitancethat accountsfor the capacitancebe-
tweenthe sidewall of the wire andsubstrate,(ii) parallel
platecapacitancebetweenthetop andbottomlayersof the
metalthatis directly proportionalto thewidth of themetal,
(iii) parallel platecapacitancebetweenthe adjacentmetal
wires that is inverselyproportionalto thespacingbetween
thewires. TheCwir e valuefor the top mostmetallayerat
65nmtechnologyis givenby equation(2) [37].

Cwir e = 0:065+ 0:057W + 0:015=S(f F=� ) (2)

Wederiverelativedelaysfor differenttypesof wiresby tun-
ing width andspacingin theabove equations.A varietyof
width andspacingvaluescanallow L-Wiresto yield a two-
fold latency improvementat a four-fold areacost, relative
to 8X-B-Wires. In orderto reducepower consumption,we



Wire Type Relative Latency Relative Area DynamicPower (W/m) StaticPower
(wir eW idth + spacing ) � = SwitchingFactor W/m

B-Wire (8X plane) 1x 1x 2:65� 1.0246
B-Wire (4X plane) 1:6x 0:5x 2:9� 1.1578
L-Wire (8X plane) 0:5x 4x 1:46� 0.5670

PW-Wire (4X plane) 3:2x 0:5x 0:87� 0.3074

Table 3. Area, delay, and power characteristics of different wire implementations.

Component Energy/transaction(J)
Arbiter 6.43079e-14

Crossbar 5.32285e-12
Buffer readoperation 1.23757e-12
Buffer write operation 1.73723e-12

Table 4. Energy consumed (max) by arbiters,
buffers, and crossbars for a 32-byte transfer.

selecteda wire implementationwherethe L-Wire's width
wastwice thatof theminimumwidth andthespacingwas
six timesasmuchastheminimumspacingfor the8X metal
plane.

Power
Thetotal power consumedby a wire is thesumof three

components(dynamic, leakage,and short-circuit power).
Equationsderived by BanerjeeandMehrotra[6] areused
to derive the power consumedby L- andB-Wires. These
equationstake into accountoptimal repeatersize/spacing
and wire width/spacing. PW-Wires are designedto have
twice thedelayof 4X-B-Wires. At 65nmtechnology, for a
delaypenaltyof 100%,smallerandwidely-spacedrepeaters
enablepower reductionby 70%[6].

Routers
Crossbars,buffers, andarbitersarethe major contribu-

torsfor routerpower [42]:

Er outer = Ebuf f er + Ecr ossbar + Ear biter (3)

The capacitanceandenergy for eachof thesecomponents
is basedonanalyticalmodelsproposedby Wangetal. [42].
We model a 5x5 matrix crossbarthat employs a tristate
buffer connector. As describedin Section4.3, buffers are
modeledfor eachsetof wireswith wordsizecorresponding
to �it size. Table 3 shows the peakenergy consumedby
eachcomponentof the routerfor a single32-bytetransac-
tion.

5.2 Results

For our simulations,we restrictourselvesto directory-
basedprotocols.We modeltheeffect of proposalspertain-
ing to sucha protocol: I, III, IV, VIII, IX . Proposal-II
optimizesspeculative reply messagesin MESI protocols,
which are not implementedwithin GEMS' MOESI pro-
tocol. Evaluationsinvolving compactionof cacheblocks
(ProposalVII) is left asfuturework.
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Figure 4. Speedup of heterogeneous intercon-
nect

Figure 4 shows the execution time in cycles for
SPLASH2programs.The �rst barshows theperformance
of thebaselineorganizationthathasoneinterconnectlayer
of 75 bytes,composedentirely of 8X-B-Wires. The sec-
ondshows theperformanceof theheterogeneousintercon-
nectmodel in which eachlink consistsof 24-bit L-wires,
32-byteB-wires,and64-bytePW-wires. Programssuchas
LU-Non-continuous,Ocean-Non-continuous,andRaytrac-
ing yield signi�cant improvementsin performance.These
performancenumberscanbeanalyzedwith thehelpof Fig-
ure 5 that shows the distribution of differenttransfersthat
happenon theinterconnect.Transferson L-Wirescanhave
a hugeimpact on performance,provided they are on the
programcritical path. LU-Non-continuous,Ocean-Non-
continuous,Ocean-Continuous,andRaytracingexperience
the most transferson L-Wires. But the performanceim-
provementof Ocean-Continuousis very low comparedto
other benchmarks.This can be attributed to the fact that
Ocean-ContinuousincursthemostL2 cachemissesandis
mostlymemorybound.Thetransferson PW-Wireshave a
negligibleeffectonperformancefor all benchmarks.Thisis
becausePW-Wiresareemployedonly for writebacktrans-
fers that arealways off the critical path. On average,we
observe a 11.2%improvementin performance,compared
to thebaseline,by employing heterogeneitywithin thenet-
work.

ProposalsI, III, IV, andIX exploit L-Wiresto sendsmall
messageswithin the protocol,andcontribute 2.3, 0, 60.3,
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Figure 5. Distribution of messages on the hetero-
geneous network. B-Wire transfers are classi�ed
as Request and Data.

and37.4 per cent, respectively, to total L-Wire traf�c. A
per-benchmarkbreakdown is shown in Figure6. Proposal-I
optimizesthecaseof a readexclusiverequestfor ablock in
sharedstate,which is not very commonin the SPLASH2
benchmarks. We expect the impact of Proposal-Ito be
much higher in commercialworkloads where cache-to-
cachemissesdominate. Proposal-IIIandProposal-IVim-
pactNACK, unblocking,andwritecontrolmessages.These
messagesare widely used to reducethe implementation
complexity of coherenceprotocols.In GEMS' MOESIpro-
tocol,NACK messagesareonlyusedto handletheracecon-
dition betweentwo write-backmessages,whicharenegligi-
ble in our study(causingthezerocontributionof Proposal-
III). Instead,theprotocolimplementationheavily relieson
unblockingandwritecontrolmessagesto maintaintheorder
betweenreadandwrite transactions,asdiscussedin Sec-
tion 4.1. Thefrequency of occurrenceof NACK, unblock-
ing, andwritecontrolmessagesdependson theprotocolim-
plementation,but we expectthe sumof thesemessagesto
berelatively constantin differentprotocolsandplayanim-
portantrole in L-wire optimizations.Proposal-IXincludes
all otheracknowledgmentmessageseligible for transferon
L-Wires.

We observedthatthecombinationof proposalsI, III, IV,
andIX causeda performanceimprovementmorethanthe
sumof improvementsfrom eachindividualproposal.A par-
allel benchmarkcanbedividedinto a numberof phasesby
synchronizationvariables(barriers),andtheexecutiontime
of eachphasecanbede�ned asthelongesttime any thread
spendsfrom onebarrierto thenext. Optimizationsapplied
to a single threadmay have no effect if there are other
threadson thecritical path.However, a differentoptimiza-
tion may apply to the threadson the critical path, reduce
their executiontime, andexposethe performanceof other
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Figure 6. Distribution of L-message transfers
across different proposals.

threadsandtheoptimizationsthatapplyto them.Sincedif-
ferentthreadstake differentdatapaths,mostparallelappli-
cationsshow nontrivial workload imbalance[31]. There-
fore,employing oneproposalmightnotspeedupall threads
on thecritical path,but employing all applicableproposals
canprobablyoptimizethreadsoneverypath,therebyreduc-
ing thetotalbarrierto barriertime.

Figure 7 shows the improvement in network energy
due to the heterogeneousinterconnectmodel. The �rst
bar shows the reductionin network energy and the sec-
ond bar shows the improvementin the overall processor
Energy � Delay2 (ED 2) metric. Other metrics in the
E � D spacecanalsobecomputedwith datain Figures7
and4. To calculateED 2, we assumethat the total power
consumptionof the chip is 200W, of which the network
power accountsfor 60W. The energy improvementin the
heterogeneouscasecomesfrom both L andPW transfers.
Many controlmessagesthataresentonB-Wiresin thebase
casearesenton L-Wiresin theheterogeneouscase.As per
Table3, theenergy consumedby anL-Wire is lessthanthe
energy consumedby a B-Wire. But dueto the small sizes
of thesemessages,thecontributionof L-messagesto theto-
tal energy savingsis negligible. Overall, theheterogeneous
network resultsin a 22% saving in network energy anda
30%improvementin ED 2.

5.3 Sensitivity Analysis

In this sub-section,we discussthe impact of proces-
sor cores,link bandwidth,routing algorithm,andnetwork
topologyon theheterogeneousinterconnect.

Out-of-order/In-order Processors
To testour ideaswith anout-of-orderprocessor, wecon-

�gure Opalto modeltheprocessordescribedin Table2 and
only reportthe resultsof the �rst 100M instructionsin the
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Figure 7. Improvement in link energy and E D 2 .

parallelsections2.
Figure8 shows theperformancespeedupof thehetero-

geneousinterconnectoverthebaseline.All benchmarksex-
cept Ocean-Noncontinuousdemonstratedifferent degrees
of performanceimprovement,which leadsto an average
speedupof 9.3%.Theaverageperformanceimprovementis
lessthanwhatwe observe in a systememploying in-order
cores(11.2%). This canbe attributedto the greatertoler-
ancethat an out-of-orderprocessorhasto long instruction
latencies.

Link Bandwidth
The heterogeneousnetwork posesmore constraintson

the type of messagesthat canbe issuedby a processorin
a cycle. It is thereforelikely to not performvery well in
a bandwidth-constrainedsystem. To verify this, we mod-
eleda basecasewhereevery link hasonly 80 8X-B-Wires
and a heterogeneouscasewhere every link is composed
of 24 L-Wires,24 8X-B-Wires,and48 PW-Wires (almost
twice the metal areaof the new basecase). Benchmarks
with highernetwork utilizationssufferedsigni�cant perfor-
mancelosses.In our experimentsraytracinghasthemaxi-
mummessages/cycle ratio andtheheterogeneouscasesuf-
fereda 27% performanceloss,comparedto the basecase
(in spite of having twice the metal area). The heteroge-
neousinterconnectperformanceimprovementfor Ocean
Non-continuousandLU Non-continuousis 12%and11%,
asagainst39%and20%in thehigh-bandwidthsimulations.
Overall, the heterogeneousmodel performed1.5% worse
thanthebasecase.

Routing Algorithm
Oursimulationsthusfarhaveemployedadaptiverouting

within the network. Adaptive routing alleviatesthe con-

2Simulatingtheentireprogramtakesnearlya weekandthereexist no
effective toolkits to ®nd therepresentative phasesfor parallelbenchmarks.
LU-NoncontinuousandRadixwerenot compatiblewith the Opal timing
module.
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Figure 8. Speedup of heterogeneous intercon-
nect when driven by OoO cores (Opal and Ruby)

tentionproblemby dynamicallyroutingmessagesbasedon
thenetwork traf�c. We foundthatdeterministicroutingde-
gradedperformancebyabout3%for mostprogramsfor sys-
temswith thebaselineandwith theheterogeneousnetwork.
Raytracingis the only benchmarkthat incursa signi�cant
performancepenaltyof 27%for bothnetworks.

Network Topology
Our default interconnectthus far was a two-level tree

basedonSGI's NUMALink-4 [1]. To testthesensitivity of
our resultsto thenetwork topology, we alsoexaminea 2D-
torusinterconnectresemblingthat in theAlpha 21364[7].
As shown in Figure 9, eachrouterconnectsto 4 links that
connectto 4 neighborsin the torus,andwraparoundlinks
areemployedto connectrouterson theboundary.

Ourproposedmechanismsshow muchlessperformance
bene�t (1.3%onaverage)in the2D torusinterconnectthan
in the two-level treeinterconnect.The main reasonis that
our decisionprocessin selectingtheright setof wirescal-
culateshopimbalanceat thecoherenceprotocollevel with-
out consideringthe physicalhopsa messagetakeson the
mappedtopology. For example,in a 3-hop transactionas
shown in Figure2, theone-hopmessagemaytake 4 physi-
cal hopswhile the2-hopmessagemayalsotake 4 physical
hops. In this case,sendingthe 2-hop messageon the L-
Wiresandtheone-hopmessageon thePW-Wireswill actu-
ally lowerperformance.

This is not a �rst-order effect in thetwo-level treeinter-
connect,wheremosthopstake 4 physicalhops. However,
theaveragedistancebetweentwo processorsin the2D torus
interconnectis 2.13physicalhopswith astandarddeviation
of 0.92hops.In aninterconnectwith suchhighstandardde-
viation, calculatinghop imbalancebasedon protocolhops
is inaccurate.For futurework, we plan to developa more
accuratedecisionprocessthatconsiderssourceid, destina-
tion id, andinterconnecttopologyto dynamicallycompute



(a)2D Torustopology.
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(b) Heterogeneousinterconnectspeedup.

Figure 9. Results for the 2D Torus.

anoptimalmappingto wires.

6. Conclusionsand Future Work

Coherencetraf�c in a chip multiprocessorhasdiverse
needs. Somemessagescan toleratelong latencies,while
othersareon the programcritical path. Further, messages
have variedbandwidthdemands.On-chipglobalwirescan
bedesignedto optimizelatency, bandwidth,or power. We
advocatepartitioningavailablemetalareaacrossdifferent
wire implementationsandintelligently mappingdatato the
setof wires bestsuitedfor its communication.This paper
presentsnumerousnovel techniquesthatcanexploit a het-
erogeneousinterconnectto simultaneouslyimproveperfor-
manceandreducepowerconsumption.

Our evaluationof a subsetof the proposedtechniques
showsthata largefractionof messageshavelow bandwidth
needsandcanbetransmittedon low latency wires,thereby
yieldingaperformanceimprovementof 11.2%.At thesame
time,a 22.5%reductionin interconnectenergy is observed
by transmittingnon-criticaldataon power-ef�cient wires.
The complexity cost is marginal as the mappingof mes-
sagesto wiresentailssimplelogic.

For futurework, we planto strengthenourdecisionpro-
cessin calculatingthe hop imbalancebasedon the topol-
ogy of the interconnect.We will alsoevaluatethe poten-
tial of othertechniqueslisted in this paper. Theremay be
several other applicationsof heterogeneousinterconnects
within a CMP. For example, in the DynamicSelf Invali-
dation schemeproposedby Lebecket al. [29], the self-
invalidate[27, 29] messagescanbeeffectedthroughpower-
ef�cient PW-Wires. In a processormodelimplementingto-
kencoherence,thelow-bandwidthtokenmessages[35] are
often on the critical path and thus, can be effectedon L-
Wires. A recentstudyby Huh et al. [21] reducesthe fre-
quency of falsesharingby employing incoherentdata.For
cachelines suffering from falsesharing,only the sharing

statesneedto bepropagatedandsuchmessagesarea good
matchfor low-bandwidthL-Wires.
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