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Abstract

The paper presentsa preliminary evaluation of
novel techniquesthat addressa growing problem —
power dissipationin on-cip interconnects. Recent
studieshave shownthat around 50% of the dynamic
powerconsumptiomn modernprocessaos is within on-
chip interconnects. The contribution of interconnect
power to total chip poweris expectedto be higher
in future communication-boundillion-transistor ar-
chitectues. In this paper we proposethe designof
a hetepgeneousinterconnect,where somewires are
optimizedfor low latency and othess are optimized
for low power We showthat a large fraction of on-
chip communicationare latencyinsensitive Effecting
thesenon-criticaltransfes onlow-powerlong-latency
interconnectscan resultin signi cant power savings
without unduly affecting performance Two primary
tedniquesare evaluatedin this paper: (i) a dynamic
critical path predictor that identi es resultsthat are
not urgently consumedand (ii) an addressprediction
medanismthat requires addressedo be transfered
off the critical pathfor veri cation purposes.Our re-
sultsdemonstate that 49% of all interconnecttrans-
fers canbe effectedon powerefcient wires,whilein-
curring a performancepenaltyof only 2.5%.

1. Intr oduction

The shrinking of procesgechnologiedasenabled
hugetransistorbudgetson a single chip. To exploit
thesetransistordor high performanceprocessingnu-
merouspartitionedarchitectureshave beenproposed
[9, 15,17, 18, 19, 2(]. A partitionedarchitectureem-
ploys small processingores(alsoreferredto asclus-

ters) with an interconnectfabric and distributes in-
structionsof asingleapplicationacrosghe processing
cores.By implementingsmallcores fastclock speeds
and low designcompl«ity can be achiered. Since
a single applicationis distributed acrossthe clusters,
partitionedarchitecturemevitably entailfrequentdata
transfersacrossthe chip. Thus,future processorgre
likely to beextremelycommunication-boundrom the
pointof view of performanceandpower.

Studied[1, 14, 19| have shavn thatwire delaysdo
not scaledown at the samerateaslogic delays.As a
result,the delayto senda signalacrossthe diameter
of achipwill soonbe of theorderof 30 cycles. These
longwire delayssene asaseriougperformancdimiter
at future technologygenerations Further it hasbeen
shawvn that on-chipinterconnectaccountfor roughly
50% of the total power dissipationin modernproces-
sors[16]. Thus,the designof the interconnecfabric
hasa strongin uence on processoperformanceand
power.

This paperexaminesperformanceandpower trade-
offs in the designof the interclustercommunication
network. Most evaluationson partitionedor clustered
architecturesave focusedon instructiondistribution
algorithmsthatminimize communicatiorandloadim-
balance. However, powver optimizationsof the inter
connectat the microarchitecturalevel have receved
little attention. We proposeand evaluatemicroarchi-
tecturaltechniqueghat can exploit a heterogeneous
network with varying performanceandpower charac-
teristics.

A performance-centriapproachattemptsto opti-
mize wires to minimize delay This entailsthe use
of optimally spacedepeaterslarge drivers,andwide
wires,all of whichincreasgowerdissipatiorin thein-



terconnect.By optimizingwires for power ef ciency,
performancas compromised For example,by elimi-
natingrepeatersyire delaybecomes quadratidunc-
tion of wire length. To alleviate power consumption
bottlenecksin future processomgenerationswe pro-
posethe designof a heterogeneousetwork, where
half the wires are optimizedfor delay and the other
half for powver. We demonstrateghat data transfers
on theinterconnectabric have varying delayrequire-
ments. Many transfersare not on the programcriti-
calpathandcantoleratdongercommunicatiordelays.
By effectingthesedransfersonthe powver-ef cient net-
work, signi cant reductionsin power are obsered
with minimalimpacton performanceWe identify two
major sourcef non-criticaltransfers (i) valuesthat
are not urgently sourcedby consuminginstructions,
and(ii) valuesthatarebeingtransferredo verify ad-
dresspredictions.

Therestof the paperis organizedasfollows. Sec-
tion 2 describegshe communication-boungrocessor
that senesasthe evaluationframewvork. We propose
techniqueghat canexploit a heterogeneoustercon-
nectin Section3 andevaluatethemin Sectiord. Sec-
tion 5 discusseselatedwork andwe concludein Sec-
tion 6.

2. The BaseClustered Processor

Mostproposaldor billion-transistomprocessorem-
ploy a partitionedarchitecturg9, 15, 17, 18, 19, 2Q].
The allocationof instructionsto computationalunits
canbe performedeither statically[9, 12, 15, 17, 18,
23] or dynamically[5, 19, 20]. All of thesedesigns
experiencea large numberof datatransfersacrosshe
chip. For the purposeof this study we focuson one
exampleimplementatiorof a partitionedarchitecture
— a dynamicallyscheduledyeneral-purposelustered
processorThesolutionsproposedn this paperareap-
plicableto otherarchitecturesiswell andarelikely to
beequallyeffective.

Theclusteredrocessothatsenesasanevaluation
platformin this studyhasbeenshavn to work well for
mary classe®f applicationswith little or no compiler
enhancement®, 5, 8, 11, 12, 26]. In this processor
(shawn in Figurel), thefront-endis centralized Dur-
ing registerrenamingjnstructionsareassignedo one
of 16 clusters. Eachclusterhasa small issuequeue,
physicalregister le, anda limited numberof func-
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Figure 1. The 16-cluster system with four sets of
four cluster s each and a centraliz ed LSQ and data
cache. A crossbar inter connect is used for com-
munication within a set of cluster s and aring con-
nects the four crossbar routers.

tional unitswith a singlecycle bypassetwork among
them. If aninstructions sourceoperandsrein a dif-

ferentcluster copy instructionsareinsertedn thepro-
ducingclustersandthevaluesarecopiedinto physical
registersin the consumingcluster To minimize com-
municationcostandloadimbalanceweimplementn-

structionsteeringheuristicshatrepresenthe state-of-
the-art. Theseheuristicsincorporateinformation on
dependencehains, critical operands/oad, physical
location, etc., and have beenextensvely coveredin

otherpaperdb, 11, 24].

Theload/storequeue(LSQ) andL1 datacacheare
centralizedstructures. Effective addressegor loads
and storesare computedin one of the clustersand
thensentto the centralized_SQ. The LSQ checksfor
memorydependenceleforeissuingloadsto the data
cacheandreturningdatabackto the requestingclus-
ter. While distributedLSQ andcachemplementations
have beenproposed13, 26|, we employ acentralized
LSQ andcachebecause distributed implementation
entailssigni cant complity andoffers only modest
performancémprovementg4, 13].

Aggarwal andFranklin[3] pointoutthatacrossbar
hasbetterperformancevhenconnectinga smallnum-
berof clusterswhile aring interconnecperformsbet-
ter whenthe numberof clustersis increased.To take
adwantageof both characteristicthey proposea hier
archicalinterconnec{Figurel), whereacrossbacon-
nectsfour clustersandaring connectsnultiple setsof
four clusters.This allows low-lateny communication
betweemearbyclusters.Eachlink ontheinterconnect
hasathroughpubf two transfergpercycleto dealwith



the hightrafc thatis inevitablein sucha partitioned
architecture.

3. ProposedTechniques
3.1 Maotivation

A majorbottlenecKimiting the performancef ary
partitionedarchitectures the communicatiorof data
betweerproducerandconsumeinstructionsn differ-
entprocessingunits. An idealdesignwould emplg a
high speedwire thatconsumedslittle powver aspos-
sible. Magenetal. [16] shav that 90% of the dy-
namicpower consumedn the interconnecis in 10%
of thewires. Theglobalwiresin the partitionedarchi-
tecture,suchasthe crossbamandintercrossbamwires
thatconnecthe differentclustersarelikely to be ma-
jor contritutorsto interconnecpower. Datacommun-
ciation on the interconnectanbe catgorisedasfol-
lows: register values, store data, load data, and ef-
fective addressefor loadsandstores. Registervalue
transfersaccountfor 54% of all interclustercommu-
nication, while the transferof datafor storeinstruc-
tions accountgor around5%, dataproducedby load
instructionsaccountdor 15%, andthe transferof ef-
fective addresseaccountdor 24% of all communica-
tion. In the subsequensubsectionsye shav that a
numberof transfersin eachof thesecategoriesis la-
teng insensitve.

3.2 Power-Performance Trade-Offs in Inter con-
nectDesign

The premisebehindthe paperis thatthereexists a
trade-of betweenperformanceand power consump-
tion in the designof on-chipinterconnectsAn inter
connectthat is optimizedfor low power is likely to
have longerdelaysandthis hasa debilitatingeffecton
programperformancéquanti edin Sectiord). There-
fore, we proposethe designof a heterogeneou-
terconnectwherehalf of the wires are optimizedfor
low delay and the other half are optimizedfor low
power. As part of a preliminary evaluation, our fo-
cus hasbeenthe identi cation of lateny insensitve
interconnectransfersand a quanti cation of the per
formancempactof effectingthemonlow power, long
lateng wires. A detailedcharacterizatioof thepower
and performanceof differentinterconnecimplemen-
tationsremainsfuture work. Here, we qualitatively

discussoneof thetechniqueghatcanbe emploedto
reduceinterconnecpower, althoughata performance
cost.

Banerjed7] developeda methodologyto calculate
the repeatersize and interconnectlength that mini-
mizesthetotal interconnecpower dissipationfor ary
given delay penalty The premisebehind their ap-
proachis also basedon the fact that not all global
interconnectsare on the critical path and hence,a
delay penalty can be toleratedon thesenon-critical
power ef cient interconnects. As processtechnolo-
gies scalebeyond 130nm,leakagepower contritutes
signi cantly to theinterconnecpower andhencetheir
techniqueprovides greaterpower savings. For a de-
lay penalty of 20%, the optimal interconnectsaves
50% and 70% power in 100 and50 nm technologies.
Clearly with technologyscaling,leakagepower dissi-
pationbecomeshedominatingcomponentf thetotal
power dissipationandthe useof small repeatersan
helplowerthetotalinterconnecpower.

3.3 ldentifying Critical RegisterOperands

To identify lateng insensitve communicationsthe

rst groupof datatransferghatwe targetareregister
valuesthatget bypassedo consumingnstructionsas
soonasthey aregeneratedby producinginstructions.

Bypassof RegisterValues

In generalgachinstructionexecutedoy a processor
requiresoneor moreinputregisteroperanddgor its ex-
ecution.Theinstructiongproducingheoperandsvake
up the consumermssoonasthey generatehe operand
values. A consumeiinstructioncannotissueuntil all
of theinput operandsave arrived. The operandthat
is producedlast is more critical and needsto arrive
at the consumenms early as possible while the other
operandganarrive aslateasthelastoperandin some
casesevenif all theoperandsireready theinstruction
canwaitin theissuequeuef thereis heary contention
for the functionalunits. A tablethat canclassifydata
basedon their arrival time and usagecan be usedto
sendthem eitherthrougha fastcritical network or a
slow non-criticalnetwork.

We beggin with a high-level descriptionof how crit-
icality informationis gatheredEachinstructionin the
issuequeuekeepgrackof thetime differencebetween
thearrival of aninputoperandandits actualexecution.



If thetime differenceis signi cant, the transferof the
input operands consideredateng insensitve. When
the instructioncompletes along with the completion
signalto thereorderbuffer (ROB), a coupleof bits are
transmittedindicatingthecriticality natureof eachin-
putoperand.The ROB is augmentedo keeptrack of
afew PCbits for the producerof eachinput operand.
Thesebitsareusedto index into a Criticality Predictor
thatis a simplearrayof saturatingcounterssimilarto
a branchpredictor Whenaninstructionis dispatched
to a cluster its criticality predictionis alsosentto the
cluster Whenthe instructioncompletesijts resultis
transferredto consumerson the low lateny or low
power network dependingnthecriticality prediction.
Thus,somenon-trivial hardwareoverheachasbeenin-
troducedin the centralizedfront-end. This overhead
may be acceptablén anarchitecturavherethe power
consumedby on-chipcommunicationgar outweighs
the power consumedin the criticality predictor re-
name,and ROB stages. This implementationsenes
asan exampledesignpoint to evaluatethe numberof
non-criticaltransfers.Othersimplerimplementations
of criticality predictorsarepossible-for example,in-
structionsfollowing low-con dencebranches.As fu-
ture work, we planto evaluatethe behaior of other
criticality predictors.

Transfer of ReadyRegisterOperands

The abore discussiontamets register valuesthat
have to be urgently bypassedo dependeninstruc-
tions as soonasthey are produced. Thereexists an-
otherclassof registerinput operandghat arealready
readywhenan instructionis dispatchedy the front-
end. Sinceit might take mary cyclesfor theinstruc-
tion to be dispatchedo a clusterandfor it to begin
execution, the transferof its readyregister operands
to the consumingclusteris often lateny insensitve.
We obseredthatall suchtransferscanbe effectedon
the slow power-ef cient network with a minimal im-
pacton performance.Suchan implementations es-
peciallyfavorableasit doesnot entailadditionalhard-
wareoverheador predictionmechanisms.

3.4 Communicationsfor CacheAccess

CacheAccesdn the BaseCase

The earlier subsectiondescribegshe identi cation

of registervaluesthat are not urgently consumedoy
otherinstructions. Registervaluesrepresenta subset
of thetrafc obseredontheinterclusternetwork. All
loadsand storescomputetheir effective addressem
the clustersandforward themto the centralized_SQ.
A loadin theLSQwaitsuntil its memorydependences
areresohed beforeaccessinghe L1 datacacheand
forwarding the result back to the requestingcluster
For storeinstructionsthedatato bestoredn thecache
is computedn oneof theclustersandforwardedto the
centralizedLSQ. The LSQ forwardsthis datato ary
dependentoads and eventually writes it to the data
cachewhenthe storecommits. Thus,in additionto
the transferof 64-bit registervalues,the intercluster
network is alsoresponsibldor thetransferof loadef-
fective addressesstoreeffective addressedpad data,
andstoredata.

Non-Critical Load Data

Thedataproducedy aloadinstructionmaybecrit-
ical or not, dependingon how quickly the consuming
instructionsissue. The criticality predictordescribed
in the previous subsectioncan identify load instruc-
tionsthat producecritical data. Thus, it is possibleto
employ the techniquesdescribedearlierto sendload
dataon eitherthe critical or non-criticalnetwork. In
orderto not further complicatethe designof the criti-
cality predictor for the purposef this study we as-
sumethatall loaddatais sentto therequestingluster
via thefastcritical network.

Non-Critical Store Data

Storedata,on the otherhand,is often non-critical.
Thelatearrival of storedataattheLSQ maydelayexe-
cutionin thefollowing ways: (i) dependentpadshave
towaitlonger (ii) thecommitprocessnaybestalledif
thestoreis atthe headof thereorderbuffer. As ourre-
sultsin the next sectionshav, both of theseeventsare
infrequentandstoredatacanbe indiscriminatelysent
on a slower, pover-ef cient network. In our bench-
mark set, about5% of all interconnectrafc canbe
attributed to storedata, providing ample opportunity
for power savings.

Non-Critical Load and Store Effective Addr esses

Load and storeeffective addresdransfersare usu-
ally on the critical path— storeaddresseareurgently
requiredto resole memorydependencesndload ad-



dressesrerequiredto initiate cacheaccessFor mary

programsaccurateddrespredictionandmemoryde-
pendencespeculatiorcanaccelerateacheaccesg4].

For loads, at the time of instructiondispatch,the ef-
fective addressand memorydependencesanbe pre-
dicted. This allows the cacheaccesdgo be initiated
without waiting for the clustersto produceload and
storeeffective addressesAs soonasthe cacheis ac-
cesseddatais returnedto the clusterthat housegshe
loadinstruction.Whenthe clustercomputeghe effec-
tive addressit is sentto the centralizedLSQ to ver

ify thatthe addresgredictionwascorrect. The effec-
tiveaddreseandmemorydependencpredictorscanbe
tunedto only make high-con dencepredictionscaus-
ing the mispredictrateto be muchlower than 1% for

mostprogramg4]. With suchanimplementationthe
transferof the effective addresgrom theclusterto the
centralized_SQ is no longeron thecritical path— de-
laying the veri cation of addresgredictionsdoesnot
signi cantly degradetheinstructionexecutionrate.

3.5 Summary

Thus,we obserethattherearetwo primarysources
of delay-insensitie transfersin a communication-
boundprocessor(i) Datathatis notimmediatelycon-
sumedby dependeninstructions Of these,register
resultsproducedby instructions,including loads,can
beidenti ed asnon-criticalby our criticality predictor
Storedatais alwaysconsidereahon-critical. Inputreg-
ister operandghat have alreadybeengeneratedvhen
theconsumeinstructionis dispatchedarealsoalways
consideredhon-critical. (i) Data transfes that verify
predictions If load and storeeffective addresseare
accuratelypredictedat the centralized-SQ, the trans-
fer of theseaddressesom theclusterso theLSQhap-
pensonly for veri cation purposesnddoesnotlie on
thecritical pathfor ary instructions execution.

Sectiord identi es the performancémpactof send-
ing delay-insensitie transferonapower-ef cient and
slower network.

4. Results
4.1 Methodology
Our simulatoris basedn SimplescalaB.0[10] for

the Alpha AXP ISA. Separatessuequeuesandphys-
ical register les are modeledfor eachcluster Con-

Fetchqueuesize 64
Branchpredictor comb of bimodaland2-level

Bimodalpredictorsize 2048
Level 1 predictor 1024entries history 10
Level 2 predictor 4096entries

BTB size 2048sets 2-way
Branchmispredictpenalty atleastl2cycles
Fetchwidth 8 (acrosaupto 2 basicblocks)

Dispatchandcommitwidth 16
Issuequeuesize 15 percluster(int andfp, each)
Ragister®le size 30 percluster(int andfp, each)

Re-orderBuffer size 480
Integer ALUs/mult-div 1/1 (in eachcluster)
FPALUs/mult-div 1/1 (in eachcluster)
L1 I-cache 32KB 2-way
L1 D-cache 32KB 2-way set-associate,

6 cycles,4-way word-interlexed

2MB 8-way, 25 cycles
128entries 8KB pagesize
160cyclesfor the ®rst chunk

L2 uni®edcache
| andD TLB
Memorylateny

Table 1. Simplescalar simulator parameter s.

tentionontheinterconnectandfor memoryhierarchy
resourcegports, banks,buffers, etc.) aremodeledin

detail. To modela wire-delay-constraed processqr
eachof the 16 clustersis assumedo have 30 physi-
cal registers(int andfp, each),15 issuequeueentries
(int andfp, each)andonefunctionalunit of eachkind.

While wedonotmodelatracecachewefetchinstruc-
tionsfrom up to two basicblocksin acycle. Important
simulationparameterarelistedin Tablel.

The latencieson the interconnectsvould depend
greatlyonthetechnologyprocessotayout,andavail-
able metal area. The estimationof some of these
parameterds beyond the scopeof this study For
the basecase,we malke the following reasonablas-
sumptions:it takesa cycle to senddatato the cross-
bar router a cycle to receve datafrom the crossbar
router and four cyclesto senddatabetweencross-
bar routers. Thus, the two most distantclusterson
the chip areseparatedby 10 cycles. Consideringhat
Agarwal etal. [1] project30-g/cle worst-casen-chip
latenciesat 0.035 technologywe expectthis choice
of latenciedo berepresentate of wire-limited future
microprocessots We assumethat eachcommunica-
tion link is fully pipelined,allowing the initiation of
a new transferevery cycle. Our resultsalsoshav the
effect of a network that hascommunicationatencies
that are a factor of two higher By modeling such
a communication-boungrocessqrwe clearlyisolate

LIt mustbenotedthatthe L2 would accounfor alargefraction
of chiparea.



theperformancdalifferencedetweerthedifferentsim-
ulatedcases.Similar resulttrendswerealsoobsered
whenassumindatencieghatwerelower by afactorof
two. As Agarwal etal. predict[1], IPCsobseredare
low dueto a very high clock rateandpresencef wire
delaypenalties.

We use21 of the26 SPEC-2lprogramsasabench-
markset?. Theprogramswerefast-forvardedfor two
billion instructions,simulatedin detail for a million
instructionsto warm up various structures,and then
measuredver the next 100 million instructions.The
referencenput setwasusedfor all programs.

To understandhe inherentadwvantagesf the criti-
cality predictor the simulationswereperformedwith-
out ary addressrediction. This is becauseaddress
predictionaddsto the bene ts of the existing method-
ology andthe combinedresultswould not re ect the
useof thecriticality predictorclearly At theendof the
section, potentialbene ts of the criticality predictor
with addresgredictionarediscussedFor all simula-
tions, threedifferentinterconnecton gurationshave
beenused. In the base(high-performancecase,the
interconnectdbetweenthe clustersare optimizedfor
speedandallow two transfersevery cycle. To modela
processothathasinterconnect®ptimizedfor power,
we simulatea model (low-powe) like the basecase,
but with wire latenciestwice asmuchasthosein the
high-performancease.The differencein the average
IPC betweenthesetwo caseswas found to be 21%,
underlining the impropriety of an approachthat fo-
cusessolelyon low power. Thecriticality-basedcase
assumes heterogeneoumterconnectwith a combi-
nation of both the power optimized and the perfor
manceoptimizedwires. In every cycle,we can start
onetransfereachon the performance-optimizetink
andon the poweroptimizedlink. The lateng of the
performance-optimizetink is like that of the high-
performancecase, while the lateny of the power
optimizedlink is like that of the low-powercase. In
the criticality-basedcase,all storedatagoesthrough
the power optimizedwires while all load datautilizes
the fastwires. The readyoperandspperandsvhich
areavailablefor the consumingnstructionat thetime
of dispatch,areall sentthroughthe power optimized
wires. The criticality predictoris usedto choosebe-

2Sixtrack, Faceeg andPerlbmkwerenot compatiblewith our
simulationinfrastructurewhile AmmpandMcf weretoo memory-
boundto beaffectedby processooptimizations.

IPC Analysis
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Figure 2. Graph showing performance of the
criticality-based approach, compared to the
high-performancend low-powercases.

tweenthe fastandthe slow interconnecfor bypassed
registervalues.

4.2 Effectson Performance

Tounderstandheperformancef thecriticality pre-
dictor, we referto Figures2 and 3. In Figure 2, the
grey barsdepictlPC for thelow-powercasetheblack
barsdepicttheimprovementsn IPC obtainedoy mov-
ing to the criticality-basedcase,and the white bars
shawv the differencein IPC betweenthe criticality-
basedandhigh-performanceases.The graphclearly
shaws thatincreasinghe delayfor every singletrans-
fer hasa muchlargerimpacton performancehanin-
creasinghedelayfor selectedransfersbasedon crit-
icality. Figure3 shavsthelPC gapbetweerthe high-
performancendcriticality-basedcasesandthecorre-
spondingpercentagef transfersthat get senton the
low-power interconnect. Note that thesemodelsas-
sumeno addresgredictiontechniquesrequiringthat
all effective addressebesentonthelow-lateng inter
connect.

Thedifferencen theaveragd PC betweerthehigh-
performanceand low-power casesis 21%. For the
criticality-basedcase,the criticality predictoris em-
ployed only for bypassedegistertransfers. The per
centageof bypassedegistertransferghatgetsenton
the low-power network is roughly 29%. In addition,
all storedataandreadyregisteroperandgyet senton
the low-power network. From Figure 3, We seethat
about36.5% of all transferscan happenon the low-



Figure 3. Plot showing the percentage of all
transf ers that happen on the low-power inter -
connect (not including predicted effective ad-
dresses) and the corresponding performance
loss.

power network. Theoveralllossin IPCis only 2.5%,
shaving thatwe haveidenti ed averyfavorablesubset
of transferghatarerelatively lateng insensitve.

In eon and vortex, performancencreasesslightly
comparedto the base case — the ability of the
criticality-based interconnectto accomodatemore
datareducescontentionin thelinks. Gapis the only
programwheretheunpredictabl@atureof thecodere-
sultsin a11%IPC lossbecaus®f inaccuraciesn the
criticality predictor

This study highlights the importanceof consider
ing the designof wireswith differentlevels of perfor
manceand power in different partsof the processor
Figure2 shawvs usthatreadyregistertransfergendnot
to beonthecritical pathandhencecanusethe slowver
and power optimizedwires. It alsotells us that the
designof bypassesequirescareful performanceand
power considerationsThe useof a criticality predic-
tor helpsus steerdatato presere performancewhile
reducingpower.

Studieqg4] have shavn thataround52%of effective
addresse$ave high con dence predictions. Trans-
ferring high con dence addresspredictionson the
criticality-basedinterconnectcan potentially achiere
greaterpower savings. Figure4 depictsthe different
kinds of transferghathapperon theinterconnectisa
fraction of the total transfers.We seethat high con -
dencepredictionghatgo throughthe criticality-based
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Figure 4. Graph showing diff erent kinds of
non-critical transfers as a fraction of total
transf ers

links accountfor 12.5%o0f the total transfers.This is
in additionto the alreadyexisting non-criticalregister
andstoredatatransfers.Overall, we have 49% of the
trafc (including addressprediction values)through
the power optimizedlinks.

In future communication-boungrocessorsye ex-
pect more than 50% of chip power to be consumed
within theinterconnectsAssumingthatour approach
targetsroughly 80% of on-chipinterconnectandthat
the low-power wires consumehalf asmuchpower as
the high-paver wires, overall chip power shouldre-
duceby about10%with our optimizations.

5. RelatedWork

Tuneetal. [24] andSrinivasaretal. [22] developed
severaltechniquesor dynamicallypredictingthecriti-
cality of instructions Sengetal. [21] usedtheQOLD
heuristic suggestedy Tuneto nd critical instruc-
tionsandredirectthemto differentunits optimizedfor
power andperformanceThe QOLD heuristicpredicts
aninstructionto becritical if it reacheghetop of the
issuequeuej.e. theinstructionhasbeenwaiting for a
long time for its operandsThey usedslow low power
unitsfor executingthe non-criticalinstructiongo limit
the performanceémpact. A recentstudyby Balasubra-
monianetal. [6] evaluateghedesignof heterogeneous
cachebanksandtheuseof criticality to assigninstruc-
tionsanddatato eachbank.

Magen [16] showv that around50% of a proces-



sor's dynamicpower is dissipatedn the interconnect
alone. They characterizenterconnecpower in a cur
rentmicroprocessodesignedor power ef ciency and
proposepower awarerouting algorithmsto minimize
power in the interconnect.They shav thattuningin-
terconnectgor power optimizationscouldyield good
results.

Several microarchitecturalpower simulatorshave
beenproposedo date.RecentlyWangetal. [25] pro-
posedan interconnectiormpower-performancesimula-

tor to studyon-chipinterconnect# futureprocessors.

6. Conclusions

Thepowerconsumedby on-chipinterconnectss al-
readya majorcontritutor to total chip power[16]. Fu-
turebillion transistorarchitecturearelikely to expend
signi cantly more power transferringvaluesbetween
the differentcomputationalnits. Varioustechniques,
suchasfewer repeaterslow-capacitancelrivers, low
voltage swings, etc., can be emplo/ed to reducethe
power within the interconnects,but at the cost of
longerwire delays.

Our resultsshav that a large fraction of on-chip
communicationsrelateng tolerant. This makesthe
casefor a heterogeneoumterconnectywheresomeof
the wires are optimizedfor high speedandthe others
for low power. Assumingsucha heterogeneousiter
connectis possible,we evaluateits potentialto limit
performancelegradationwhile effectinga majority of
transferson the power-ef cient network. Our results
shaw thatlateng tolerantnon-criticaltransferscanbe
classi edasfollows: (i) registervaluesthatarenotur-
gentlyreadby consumingnstructions(accountingor
32.3%o0f all interconnectransfers)(ii) storedatathat
is often not forwardedto subsequentoads(account-
ing for 4.1% of all transfers)(iii) predictedloadand
storeeffective addressethatarebeingtransferrednly
for veri cation purposeq12.8%of all transfers).As
aresult,roughly 49% of all interclustercommunica-
tions canbe off-loadedto power-ef cient wireswhile
incurringaperformancédossof only 2.5%.If theinter
connectis entirely composedf power-ef cient long-
lateny wires, the performancealegradationis ashigh
as21%. Thus, a heterogeneoumterconnectallows
usto strike a betterbalancebetweeroverall processor
performancendpower.

This papersenesasa preliminaryevaluationof the

potentialof a heterogeneousterconnectA morede-
tailed analysisof the powver-performancdrade-ofs in

interconnectdesignwill help us better quantify the
performanceand power effect of suchan approach.
Thetechniquegproposederecanbe furtherextended
to apply to other processorstructures,such as the
ALUs, register les, issuequeuesetc.
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