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Abstract

Improvementdn semiconductotechnology have made
it possibleto include multiple processorcoreson a single
die. Chip Multi-Processaos (CMP) are an attractivechoice
for future billion transistorarchitectues due to their low
designcompleity, high clodk frequencyand high through-
put. In a typical CMP architecture, the L2 cacheis shared
by multiple coresand datacoheenceis maintainedamong
private L1s. Coheenceopemtionsentail frequentcommu-
nication over global on-chip wires. In future technologies,
communicatiotetweerdifferentL1swill havea signi cant
impacton overall processorperformanceand powercon-
sumption.On-chip wirescanbe designedo havedifferent
latency bandwidth,and enegy properties. Likewise co-
herenceprotocolmessgeshavedifferentlatencyandband-
widthneedsWe proposeaninterconnectomposedf wires
with varying latency bandwidth,and enegy characteris-
tics, and advocateintelligently mappingcoheenceopera-
tions to the appropriate wires. In this paper we presenta
compehensivdist of techniquesthat allow coheencepro-
tocolsto exploit a hetepbgeneousnterconneciand evaluate
a subsebf thesetechniquesto showtheir performanceand
powetref ciency potential. Mostof theproposededniques
canbeimplementedvith a minimumcompleity overhead.

1. Intr oduction

One of the greatesthottlenecksto performancen fu-
ture microprocessorss the high costof on-chip commu-
nication through global wires [19]. Pawer consumption
hasalsoemegedasa rst orderdesignmetric and wires
contribute up to 50% of total chip power in someproces-
sors[32]. Most majorchip manufcturershave alreadyan-
nounceglans[20, 23] for large-scalehip multi-processors
(CMPs). Multi-threadedworkloadsthat executeon such
processorsvill experiencehigh on-chipcommunicationa-
tenciesandwill dissipatesigni cant powerin interconnects.
In thepast,only VLSI andcircuit designersvereconcerned
with the layout of interconnectdor a given architecture.
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However, with communicatioremeging asa larger power
and performanceconstraintthan computation it may be-
comenecessaryo understandind leveragethe properties
of the interconnectat a higherlevel. Exposingwire prop-
ertiesto architectsenablesthemto nd creatve waysto
exploit theseproperties. This paperpresentsa numberof
techniquesby which coherencedraf c within a CMP can
be mappedintelligently to differentwire implementations
with minor increase$n complexity. Suchanapproactcan
notonly improve performancebut alsoreducepower dissi-
pation.

In a typical CMP, the L2 cacheandlower levels of the
memory hierarchyare sharedby multiple cores[24, 41].
Sharingthe L2 cacheallows high cache utilization and
avoids duplicatingcachehardware resources. L1 caches
aretypically notsharedcassuchanorganizationentailshigh
communicationatenciesfor every load and store. There
aretwo majormechanismsisedto ensurecoherencamong
L1sin achipmultiprocessarThe rst optionemploysabus
connectingll of theL1sandasnoojy bus-basedoherence
protocol.In thisdesigneveryL1 cachamissresultsin aco-
herencemessagdeing broadcasbn the global coherence
bus and other L1 cachesare responsiblefor maintaining
valid statefor their blocksandrespondingo misseswhen
necessaryThe secondapproachemploys a centralizeddi-
rectoryin the L2 cachethattrackssharinginformationfor
all cachelinesin theL2. In sucha directory-basegbroto-
col, every L1 cachemissis sentto theL2 cachewherefur-
theractionsaretaken basedon thatblock’s directory state.
Many studies[2, 10, 21, 26, 30] have characterizedhe
high frequeng of cachemissesin parallelworkloadsand
the high impactthesemisseshave on total executiontime.
On a cachemiss,avariety of protocolactionsareinitiated,
suchasrequesimessagesnvalidationmessagesdnterven-
tion messagesjatablock writebacks datablock transfers,
etc. Eachof thesemessagedvolves on-chip communi-
cationwith latenciesthat are projectedto grow to tensof
cyclesin futurebillion transistorarchitecture$3].

Simple wire design stratgies can greatly in uence a
wire's properties. For example,by tuning wire width and
spacing, we can designwires with varying lateng and
bandwidthproperties Similarly, by tuningrepeatesizeand



spacingwe candesignwires with varyinglateng anden-
ergy properties.To take advantageof VLSI techniquesand
bettermatchthe interconnectesignto communicatiorre-
quirementsa heterogeneousterconnectanbeemployed,
whereeverylink consistof wiresthatareoptimizedfor ei-
therlateng, enegy, or bandwidth.In this study we explore
optimizationsthat are enabledwhensucha heterogeneous
interconnecis employedfor coherenceraf c. For exam-
ple,whenemplgying adirectory-basegrotocol,onacache
write miss, the requestingprocessomay have to wait for
datafrom thehomenode(atwo hoptransactionandfor ac-
knowledgmentgrom othersharerof theblock (athreehop
transaction) Sincethe acknavledgmentsareon thecritical
pathandhave low bandwidthneedsthey canbe mappedo
wires optimizedfor delay while the datablock transferis
notonthecritical pathandcanbe mappedo wiresthatare
optimizedfor low power.

The paperis organizedas follows. We discussrelated
work in Section2. Section3 reviewstechniqueshatenable
differentwire implementationgandthe designof a hetero-
geneousnterconnectSection4 describeghe proposedn-
novationsthatmapcoherencenessage differenton-chip
wires. Sections quantitatvely evaluategheseideasandwe
concluden Sectiong.

2. Related Work

To the bestof our knowledge,only threeotherbodiesof
work have attemptedo exploit differenttypesof intercon-
nectsat the microarchitecturdevel. BeckmannandWood
[8, 9] proposespeedingup accesdo large L2 cachedy in-
troducingtransmissiorines betweenthe cachecontroller
andindividualbanks.Nelsonetal. [39] proposeusingopti-
calinterconnectso reduceinter-clusterlatenciesn a clus-
teredarchitecturewhere clustersare widely-spacedn an
effort to alleviate power density

A recentpaperby Balasubramoniagtal. [5] introduces
the conceptof a heterogeneoummterconnectind appliesit
for registercommunicatiorwithin a clusteredarchitecture.
A subsetof load/storeaddressesire senton low-lateng
wires to prefetchdataout of the L1D cache,while non-
critical registervaluesaretransmittedon low-power wires.
A heterogeneouimterconnecsimilar to the onein [5] has
beenappliedto a differentproblemdomainin this paper
The natureof cachecoherencetraf c and the optimiza-
tions they enableare very different from that of register
traf ¢ within a clusteredmicroarchitecture.We have also
improved uponthe wire modelingmethodologyin [5] by
modelingthe lateng and power for all the network com-
ponentsncludingroutersandlatches.Our power modeling
alsotakesinto accountheadditionaloverheadncurreddue
to the heterogeneousetwork, such as additional buffers
within routers.

3. Wir e Implementations

We begin with a quick review of factorsthatin uence
wire properties. It is well-known that the delay of a wire
is a function of its RC time constant(R is resistanceand
C is capacitance).Resistanceer unit lengthis (approxi-
mately)inverselyproportionalto thewidth of thewire [19].
Likewise, a fraction of the capacitanceper unit lengthis
inverselyproportionalto the spacingbetweenwires, anda
fractionis directly proportionalto wire width. Thesewire
propertiegprovide anopportunityto designwiresthattrade
off bandwidthandlateng. By allocatingmore metalarea
per wire and increasingwire width and spacing,the net
effect is a reductionin the RC time constant. This leads
to a wire designthat hasfavorablelateng propertiesbut
poor bandwidthproperties(as fewer wires can be accom-
modatedin a x ed metalarea). In certaincaseshearlya
three-foldreductionin wire lateng canbe achieved,atthe
expenseof a four-fold reductionin bandwidth.Further re-
searcherareactively pursuingiransmissiotine implemen-
tationsthatenableextremelylow communicatioratencies
[12, 16]. However, transmissionlines also entail signif-
icant metal areaoverheadsn additionto logic overheads
for sendingandreceving [8, 12]. If transmissiorline im-
plementationdecomecost-efective at futuretechnologies,
they representinotherattractive wire designpoint thatcan
tradeoff bandwidthfor low lateng.

Similar trade-ofs can be made betweenlateny and
power consumedy wires. Global wires are usuallycom-
posedof multiple smallersggmentshatareconnectedvith
repeater$4]. The sizeandspacingof repeatersn uences
wire delayandpower consumedy thewire. Whensmaller
andfewer repeaterareemployed,wire delayincreaseshut
power consumptionis reduced.The repeateicon guration
that minimizesdelay is typically very different from the
repeateicon guration that minimizespower consumption.
Banerjeeet al. [6] shav thatat 50nmtechnologya ve-
fold reductionin power canbe achievedat the expenseof a
two-fold increasen latengy.

Thus, by varying propertiessuchaswire width/spacing
andrepeatesize/spacingywe canimplementwireswith dif-
ferentlateng, bandwidth,andpower properties.Consider
a CMOS processwhereglobal inter-core wires are routed
onthe 8X and4X metalplanes.Notethatthe primary dif-
ferencedbetweernminimum-widthwiresin the 8X and4X
planesare their width, height,and spacing. We will refer
to thesemimimum-widthwires asbaselineB-Wres(either
8X-B-Wires or 4X-B-Wires). In additionto thesewires,
we will designtwo morewire typesthatmaybe potentially
bene cial (summarizedn Figurel). A low-lateng L-Wre
can be designedby increasingthe width and spacingof
the wire on the 8X plane(by a factorof four). A power
efcient PWWire is designedby decreasinghe number
and size of repeaterswithin minimum-widthwires on the



L (delay optimized,
low bandwidth)

B-8X (baseline,
low latency)

B-4X (baseline,
high bandwidth)

PW (power-optimized,
high bandwidth, high delay)

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 heterogeneoumtercon-
nect,wherepartof theavailablemetalareais employedfor
B-Wires, part for L-Wires, and part for PW-Wires. Thus,
ary datatransferhastheoptionof usingoneof threesetsof
wiresto effect the communication.A typical composition
of aheterogeneousiterconnectmaybeasfollows: 256 B-
Wires, 512 PW-Wires, 24 L-Wires. In the next section,we
will demonstratéow theseoptionscanbe exploitedto im-
proveperformanceandreducepowverconsumption\We will
alsoexaminethecompleity introducedby aheterogeneous
interconnect.

4. Optimizing CoherenceTraf ¢

For eachcachecoherenceprotocol, there exist a vari-
ety of coherenceoperationswith differentbandwidthand
latengy needs Becausef this diversity, therearemary op-
portunitiesto improve performanceandpower characteris-
tics by employing a heterogeneousiterconnect.The goal
of this sectionis to presenta comprehensie listing of such
opportunities.We focuson protocol-speci coptimizations
in Section4.1 and on protocol-independertechniquesn
Section4.2. We discussthe implementatiorcomplexity of
thesetechniquesn Sectior4.3.

4.1 Protocol-DependentTechniques

We rst examinethecharacteristicef operationsn both
directory-basedind snoopingbus-basedoherenceproto-
cols and how they canmapto differentsetsof wires. In
a bus-basedrotocol, the ability of a cacheto directly re-
spondto anothercaches requestleadsto low L1 cache-
to-cachemiss latencies. L2 cachelatenciesare relatively
high asa processocorehasto acquirethe busbeforesend-
ing arequestto L2. It is dif cult to supporta large num-
ber of processoicoreswith a single bus due to the band-
width and electricallimits of a centralizedbus[11]. In a
directory-basedesign[13, 28], eachL1 connectgo thel2
cachethrougha point-to-pointlink. This designhaslow
L2 hit lateny andscalesbetter However, eachL1 cache-
to-cachemiss mustbe forwardedby the L2 cache,which
implieshigh L1 cache-to-cachkatenciesThe performance
comparisorbetweenthesetwo designchoicesdependon

the cachesizes, miss rates,numberof outstandingmem-
ory requestsyorking-setsizes sharingbehaior of targeted
benchmarksetc. Sinceeitheroption may be attractve to

chip manufcturerswe will considerboth forms of coher

enceprotocolsin our study

Write-In validate Dir ectory-BasedProtocol

Write-invalidatedirectory-baseg@rotocolshave beenm-
plementedn existing dual-coreCMPs[41] andwill likely
be usedin largerscaleCMPsaswell. In adirectory-based
protocol,every cachdine hasadirectorywherethestateof
theblockin all L1s arestored.Wheneer arequesimisses
in anL1 cache,a coherencenessages sentto the direc-
tory attheL2 to checkthecachdine's globalstate.If there
is a cleancopy in the L2 andtherequestis a READ, it is
senedby the L2 cache.Otherwise,anotherL1 musthold
anexclusivecopy andtheREAD requests forwardedo the
exclusive owner, which supplieghedata.For aWRITE re-
quest,f any otherL1 cachedold a copy of the cacheline,
coherencenessagearesentto eachof themrequestinghat
they invalidatetheir copies. The requesting.1 cacheac-
quirestheblockin exclusive stateonly afterall invalidation
messagebave beenacknavledged.

Hop imbalanceis quite commonin a directory-based
protocol. To exploit this imbalance,we can sendcritical
messagesn fastwires to increaseperformanceand send
non-criticalmessageen slow wiresto save power. For the
sale of this discussionye assumeéhatthe hoplatenciesof
differentwiresarein the following ratio: L-wire : B-wire :
PWwire::1:2:3

Proposall: Readexclusiverequestfor block in shaed
state
In this casethe L2 caches copy is clean,soit providesthe
datato therequestind_1 andinvalidatesall sharedcopies.
Whenthe requestingL1 recevesthe reply messagdrom
the L2, it collectsinvalidation acknavledgmentmessages
fromtheotherL1sbeforereturningthedatato the processor
coré'. Figure2 depictsall generateanessages.

The reply messagdrom the L2 requiresonly onehop,
while theinvalidationprocesgequiregwo hops—anexam-
ple of hopimbalance.Sincethereis no bene t to receving

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

the cacheline early, latenciesfor eachhop canbe chosen
soasto equalizecommunicationateng for the cacheline
andtheacknavledgmenimessagesAcknowledgmenimes-
sagesncludeidenti ers sothey canbe matchedagainsthe
outstandingequesin theL1'sMSHR. Sincethereareonly
a few outstandingequestsn the systemtheidenti er re-
quiresfew bits, allowing the acknavledgmentto be trans-
ferredon a few low-lateng/ L-Wires. Simultaneouslythe
datablock transmissiorfrom the L2 can happenon low-
power PWWiresandstill nish beforethearrival of theac-
knowledgments.This stratgyy improvesperformancegbe-
causeacknavledgmentsare often on the critical path)and
reducegpower consumptior(becausehe datablock is now
transferrecbn power-ef cient wires). While circuit design-
ershavefrequentlyemployeddifferenttypesof wireswithin
acircuit to reducepower dissipationwithout extendingthe
critical path,the proposalsn this paperrepresensomeof
the rst attemptsto exploit wire propertiesat the architec-
turallevel.

Proposalll: Readrequesfor blod in exclusivestate

In this casethevaluein the L2 is likely to be staleandthe
following protocolactionsaretaken. The L2 cachesends
a speculatie datareply to therequesting-1 andforwards
thereadrequestisaninterventionmessagé¢o theexclusive
owner. If thecachecopy in theexclusive owneris clean,an
acknavledgmenmessagés sentto therequestind 1, indi-
catingthatthespeculatie datareply fromthelL2 is valid. If
the cachecopy is dirty, a responsenessagevith the latest
datais sentto therequestind-1 anda write-backmessage
is sentto the L2. Sincetherequesting_1 cannotproceed
until it receves a messagdrom the exclusive owner, the
speculatie datareply from the L2 (a single hop transfer)
canbe senton slower PW-Wires. The forwardedrequest
to the exclusive owneris on the critical path, but includes
theblock addressilt is thereforenot eligible for transferon
low-bandwidthL-Wires. If theowner'scopy isin theexclu-
sive cleanstate a shortacknaviedgmenimessagéo there-
questorcanbesenton L-Wires. If theowner'scopy is dirty,
thecacheblock canbesentover B-Wires,while thelow pri-

ority writebackto the L2 canhappenon PW-Wires. With
theabove mapping,we acceleratehe critical pathby using
fasterL-Wires, while alsolowering power consumptiorby
sendingnon-criticaldataon PW-Wires. Theabove protocol
actionsapplyevenin thecasewhenaread-eclusiverequest
is madefor ablockin theexclusive state.

Proposallll: NACK messges
When the directory stateis busy, incoming requestsare
often NACKed by the homedirectory, i.e., a negative ac-
knowledgments sentto the requesteratherthanbuffering
the request. Typically the requestingcachecontroller re-
issuesthe requestand the requestis serializedin the or-
der in which it is actually acceptedby the directory A
NACK messageanbe matchedby comparingthe request
id (MSHR index) ratherthanthe full addresssoa NACK
is eligible for transferon low-bandwidthL-Wires. If load
at the homedirectoryis low, it will likely be ableto sene
therequestvhenit arrivesagain,in which casesendinghe
NACK on fastL-Wires canimprove performance.n con-
trast,whenload is high, frequentbacloff-and-retrycycles
are experienced. In this case,fast NACKs only increase
trafc levelswithout providing any performancéene t. In
this case,in orderto sare power, NACKs canbe senton
PW-Wires.

ProposallV: Unblodk andwrite control messges
Someprotocolg36] employ unblockandwrite controlmes-
sagedo reduceimplementatiorcomplexity. For every read
transactiona processorrst sendsa requestmessagéhat
changesthe L2 cachestateinto a transientstate. After
receving the datareply, it sendsan unblock messageo
changethe L2 cachestateback to a stablestate. Simi-
larly, write control messagesire usedto implementa 3-
phasewritebacktransaction A processorrst sendsacon-
trol messagéo thedirectoryto orderthewritebackmessage
with otherrequesmessagesAfter receving the writeback
responsdrom the directory the processoisendsthe data.
This avoids a raceconditionin which the processosends
thewritebackdatawhile a requesis beingforwardedto it.
Sendingunblockmessageen L-Wirescanimprove perfor
manceby reducingthe time cachelines arein busy states.
Write control messagegwriteback requestand writeback
grant)arenotonthecritical path,althoughthey arealsoel-
igible for transferon L-Wires. Thechoiceof sendingwrite-
backcontrolmessageen L-Wiresor PW-Wiresrepresents
apower-performancerade-of.

Write-In validate Bus-BasedProtocol

We next examine techniquesthat apply to bus-based
shoopingprotocols.

ProposalV: Signalwires
In abus-baseadystemthreewired-ORsignalsaretypically
employedto avoid involving thelower/slover memoryhier-
archy[15]. Two of thesesignalsareresponsibldor report-
ing the stateof snoopresultsandthethird indicateshatthe



snoopresultis valid. The rst signalis assertedvhenary
L1 cachebesidesherequestehasacopy of theblock. The
secondsignalis asserted any cachehastheblockin exclu-
sive state.Thethird signalis aninhibit signal,assertedintil
all cacheshave completedtheir snoopoperations. When
the third signalis assertedthe requestingL1 andthe L2
cansafelyexaminethe othertwo signals.Sinceall of these
signalsare on the critical path, implementingthem using
low-lateng L-Wirescanimprove performance.
ProposalVI: \Votingwires
Another design choice is whetherto use cache-to-cache
transfersif the datais in the sharedstatein a cache. The
Silicon GraphicsChallengg17] andthe SunEnterprisause
cache-to-cachransfersonly for datain themodi ed state,
in which casethereis a singlesupplier On the otherhand,
in thefull Illinois MESI protocol,a block canbe preferen-
tially retrieved from anothercacheratherthanfrom mem-
ory. However, whenmultiple cachessharea copy, a “vot-
ing” mechanisnis requiredto decidewhich cachewill sup-
ply the data,andthis voting mechanisntanbene t from
theuseof low lateng wires.

4.2 Protocol-independentTechniques

ProposalVIl: Narrow Bit-Wdth Operandsfor Syndro-
nizationVariables
Synchronizations oneof the mostimportantfactorsin the
performanceof a parallel application. Synchronizationis
not only often on the critical path, but it also contributes
a large percentagd€up to 40%) of coherencemisses[30].
Locks andbarriersarethe two mostwidely usedsynchro-
nizationconstructs Both of themusesmallintegersto im-
plementmutualexclusion. Locks oftentogglethe synchro-
nizationvariablebetweerzeroandone,while barriersoften
linearly increasea barriervariablefrom zeroto the number
of processorsakingpartin the barrieroperation.Suchdata
transferdavelimited bandwidthneedsandcanbene tfrom
usingL-Wires.

This optimizationcanbe further extendedby examining
the generalproblemof cacheline compaction. For exam-
ple,if acachdine is comprisednostlyof 0 bits, trivial data
compactiomalgorithmsmayreducethe bandwidthneed<of
the cacheline, allowing it to be transferredbn L-Wiresin-
steadof B-Wires. If the wire lateny differencebetween
the two wire implementationss greaterthanthe delay of
thecompaction/de-compactiagorithm,performanceém-
provementsarepossible.

ProposalVIll: AssigningWritebadk Datato PW-Wres
Writeback data transfersresult from cachereplacements
or externalrequest/intergntionmessagesSincewriteback
messagearerarely on the critical path,assigningthemto
PWWirescansave powerwithoutincurringsigni cant per
formancepenalties.

ProposallX: AssigningNarrow Messgesto L-Wres

Coherencenessagethatincludethe datablock addressor
the datablock itself are mary byteswide. However, mary
othermessagesuchasacknavledgmentandNACKSs, do
notincludetheaddres®r datablock andonly containcon-
trol information (source/destinatiormessagéype, MSHR
id, etc.). Suchnarrov messagesanbe alwaysassignedo
low lateng L-Wiresto acceleratéhe critical path.

4.3 Implementation Complexity

4.3.1 Overheadin Heterogeneoudnter connectimple-
mentation

In a corventionalmultiprocessointerconnecta subsetof
wires are employed for addressesa subsetfor data, and
a subsetfor control signals. Every bit of communication
is mappedo a uniqguewire. Whenemplgying a heteroge-
neousinterconnecta communicatiorbit canmapto mul-
tiple wires. For example, datareturnedby the L2 in re-
sponsdo a read-eclusive requesimay mapto B-Wires or
PWWiresdependingon whetherthereareothersharerdor
that block (Proposall). Thus, every wire mustbe associ-
atedwith a multiplexor andde-multiplexor.

The entirenetwork operatesatthe same x edclock fre-
queng, which meanghatthe numberof latcheswithin ev-
ery link is a function of thelink lateng. Therefore,PW
Wires have to employ additional latches, relative to the
baselineB-Wires. Dynamicpower per latch at 5GHz and
65nmtechnologyis calculatedo be 0.1mW while leakage
power per latch equals19.8 W [25]. The power per unit
lengthfor eachwire is computedn the next section.Power
overheadglueto theselatchesfor differentwires are tab-
ulatedin Table 1. Latchesimposea 2% overheadwithin
B-Wires,but a 13%overheadwithin PW-Wires.

Theproposednodelalsointroducesadditionalcomplex-
ity in the routing logic. The basecaserouter employs a
cross-baswitch and8-entrymessagéuffers at eachinput
port. Whene&er a messagarrives, it is storedin the in-
put buffer androutedto anallocatorthatlocatesthe output
port andtransfershe messageln caseof a heterogeneous
model, threedifferent buffers are requiredat eachport to
storeL, B, andPW messageseparatelyln our simulations
we employ threed-entrymessagéuffersfor eachport. The
sizeof eachbuffer is proportionalto the it sizeof the cor
respondingsetof wires. For example,a setof 24 L-Wires
employs a 4-entry messagéuffer with a word size of 24
bits. For power calculationsve have alsoincludedthe x ed
additionaloverheadassociatedvith thesesmall buffers as
opposedo asinglelargerbuffer employedin thebasecase.
In our proposedprocessomodel, the dynamiccharacteri-
zationof messagebhappensnly in the processorandin-
termediatenetwork routerscannotre-assigra messageo a
differentsetof wires. While this mayhave a negative effect
on performancen a highly utilized network, we choseto
keepthe routerssimple and not implementsucha feature.



Wire Type Power/Length | LatchPowver | LatchSpacing| TotalPover/10mm
mW/mm mW/latch mm mwW/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
PWwire — 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

For anetwork employing virtual channel o w control,each
setof wiresin the heterogeneousetwork link is treatedas
a separatephysicalchanneland the samenumberof vir-
tual channelsare maintainedper physicalchannel. There-
fore, the heterogeneousetwork hasa larger total number
of virtual channelsandthe routersrequiremorestate elds
to keeptrack of theseadditionalvirtual channels.To sum-
marize theadditionaloverheadntroducedby theheteroge-
neousmodelcomesin the form of potentiallymorelatches
andgreateroutingcompleity.

4.3.2 Overheadin DecisionProcess

The decisionprocessn selectingthe right setof wiresis
minimal. For example,in Proposall, an OR function on
thedirectorystatefor thatblockis enoughto selecteitherB-
or PWWires. In Proposalll , thedecisionprocessnvolves
acheckto determinef theblockis in theexclusive state.To
supportProposallll , we needa mechanisnthattracksthe
level of congestiornin the network (for example,the num-
berof bufferedoutstandingnessages)hereis nodecision
processnvolved for ProposalslV, V, VI andVIll . Pro-
posalsVIl andIX requirelogic to computethewidth of an
operandsimilar to logic usedin the PoverPC603[18] to
determinghelateng for integermultiply.

4.3.3 Overheadin CacheCoherenceProtocols
Most coherencerotocolsarealreadydesignedo berobust
in the faceof variabledelaysfor different messagesFor
protocolsrelyingonmessagerderwithin avirtual channel,
eachvirtual channelcanbe madeto consistof a setof L-,
B-, andPW-messagéuffers. A multiplexor canbe usedto
activateonly onetype of messagéuffer atatime to ensure
correctnesskor otherprotocolsthataredesignedo handle
messagee-orderingwithin avirtual channelwe proposdo
employ onededicatedvirtual channelfor eachsetof wires
tofully exploit thebene tsof aheterogeneodusterconnect.
In all proposednnovations,a datapacletis not distributed
acrosdifferentsetsof wires. Therefore differentcompo-
nentsof anentity do not arrive at differentperiodsof time,
therebyeliminatingary timing problems.It may be worth
consideringsendingthe critical word of a cacheline on L-
Wires andthe restof the cacheline on PW-Wires. Sucha
proposamayentailnon-trivial compleity to handlecorner
casesandis notdiscussedurtherin this paper

In asnoopinghus-basedoherenc@rotocol transactions
areserializedoy theorderin which addresseappeannthe

(described in Table 3) is assumed to be 0.15. The above latch spacing values are for a 5GHz network.

bus. None of our proposednnovationsfor snoopingpro-
tocols affect the transmissiorof addressits (addressits
arealwaystransmittedbn B-Wires), sothetransactiorseri-
alizationmodelis presered.

5. Results
5.1 Methodology

5.1.1 Simulator
We simulatea 16-coreCMP with the VirtutechSimicsfull-
systemfunctional execution-drizen simulator [33] and a
timing infrastructureGEMS[34]. GEMS cansimulateboth
in-order and out-of-orderprocessors.In moststudies,we
usethein-orderblockingprocessomodelprovidedby Sim-
icsto drive the detailedmemorymodel(Ruby)for fastsim-
ulation. Ruby implementsa one-level MOESI directory
cachecoherencerotocolwith migratorysharingoptimiza-
tion [14, 40]. All processorcoressharea non-inclusve
L2 cache,which is organizedas a non-uniformcachear-
chitecture(NUCA) [22]. Ruby canalso be driven by an
out-of-orderprocessomodulecalled Opal, and we report
theimpactof the processororeson the heterogeneous-
terconnecin Section5.3. Opalis a timing- rst simulator
thatimplementghe performancesensitve aspect®f anout
of order processotut ultimately relies on Simicsto pro-
vide functional correctness.We con gure Opal to model
the processoidescribedin Table 2 and usean aggressie
implementatiorof sequentiatonsisteny.
Totestourideaswe employ aworkloadconsistingof all
programsfrom the SPLASH-2[43] benchmarlsuite. The
programswererun to completion,but all experimentalre-
sults reportedin this paperare for the parallel phasesof
theseapplications.We usedefault input setsfor mostpro-
gramsexceptfft andradix. Sincethedefaultworking setsof
thesetwo programsaretoo small,we increaseheworking
setof fft to 1M datapointsandthatof radixto 4M keys.

5.1.2 Inter connectPower/Delay/AreaModels

This sectiondescribegletailsof the interconnectrchitec-
ture and the methodologywe employ for calculatingthe
area,delay andpower valuesof theinterconnectWe con-
sider 65nm processechnologyand assumel0 metal lay-
ers,4 layersin 1X planeand? layers,in each2X, 4X, and
8X plane[25]. For mostof our studywe employ a cross-
barbasedierarchicalinterconnecstructureto connecthe
coresand L2 cache(Figure 3(a)), similar to thatin SGI's



| Parameter | Value || Parameter | Value |
numberof cores 16 clockfrequenyg 5GHz
pipelinewidth 4-widefetchandissue pipelinestages 11
cacheblock size 64 Bytes splitL1 | & D cache 128KB, 4-way
shared_2 cache 8MBytes,4-way, 16-bankson-inclusie NUCA || memory/dircontrollers 30cycles
interconnectink lateny | 4 cycles(one-vay) for thebaselineBX-B-Wires DRAM lateny 400cycles
memorybankcapacity 1 GByteperbank latengy to memcontroller | 100cycles
Table 2. System con guration.
I
Processor |
| :/
1
L2 Cache Crossbar )&/

a) Hierarchical network topology for 16 core CMP

B Wire
L Wire
PW Wire

b) Links with different sets of wire:

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

NUMALink-4 [1]. Theeffectof otherinterconnectopolo-
giesis discussedh our sensitvity analysis.In thebasecase,
eachlink in Figure3(a)consistf (in eachdirection)64-bit
addressvires, 64-bytedatawires,and24-bit controlwires.
The control signalscarry source,destination signal type,
and Miss StatusHolding Register (MSHR) id. All wires
arefully pipelined. Thus,eachlink in the interconnecis
capableof transferring75 bytesin eachdirection. Error
CorrectionCodeg ECC)accounfor anotherl3%overhead
in additionto theabove mentionedvires[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-lateng,
low-bandwidthL-Wires andhigh-bandwidth high-lateng,
power-ef cient, PW-Wires. The numberof L- and PW
Wires that can be employed is a function of the available
metal areaand the needsof the coherenceprotocol. In
orderto matchthe metal areawith the baseline eachuni-
directionallink within the heterogeneoumodelis designed
to be madeup of 24 L-Wires, 512 PW-Wires, and 256 B-
Wires (the basecasehas600 B-Wires, not countingECC).
In acycle, threemessagemay be sent,oneon eachof the
threesetsof wires. Thebandwidthdelay andpower calcu-
lationsfor thesewiresarediscussedubsequently

Table3 summarizeshedifferenttypesof wiresandtheir
areadelay andpower characteristicsTheareaoverheadf
the interconnecttan be mainly attributedto repeatersaand
wires. We usewire width andspacing(basedon ITRS pro-
jections)to calculatethe effective areafor minimum-width

wiresin the4X and8X plane.L-Wiresaredesignedo oc-
cupy four timesthe areaof 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 placedrepeaterss given by equation(1), where
Ruwir e is resistancgerunit lengthof thewire, Cyi ¢ is ca-
pacitanceerunitlengthof thewire, andF O1 is thefan-out
of onedelay:

Rwir e IS inversely proportionalto wire width, while
Cwir e dependson the following three components: (i)
fringing capacitancehat accountsfor the capacitancée-
tweenthe sidewall of the wire and substrate(ii) parallel
plate capacitancédetweerthe top andbottomlayersof the
metalthatis directly proportionalto thewidth of the metal,
(i) parallel plate capacitancédetweenthe adjacentmetal
wiresthatis inverselyproportionalto the spacingbetween
thewires. The Cyj; ¢ Valuefor thetop mostmetallayer at
65nmtechnologyis givenby equation(2) [37].

Cwire = 0:065+ 0:057W + 0:015=S(f F= ) (2)

We deriverelative delaysfor differenttypesof wiresby tun-
ing width andspacingin the above equations A variety of
width andspacingvaluescanallow L-Wiresto yield a two-
fold latengy improvementat a four-fold areacost, relative
to 8X-B-Wires. In orderto reducepower consumptionwe



Wire Type Relatve Lateny Relatve Area DynamicPower (W/m) | StaticPower
(wir eWidth + 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 Enegy/transactior{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 implementatiorwherethe L-Wire's width
wastwice that of the minimumwidth andthe spacingwas
six timesasmuchasthe minimumspacingor the8X metal
plane.

Power

Thetotal power consumedy a wire is thesumof three
componentgdynamic, leakage,and short-circuit power).
Equationsderived by Banerjeeand Mehrotra[6] are used
to derive the power consumedy L- and B-Wires. These
equationstake into accountoptimal repeatersize/spacing
and wire width/spacing. PWWires are designedto have
twice the delayof 4X-B-Wires. At 65nmtechnologyfor a
delaypenaltyof 100%,smallerandwidely-spacedepeaters
enablepowerreductionby 70%(6].

Routers
Crossbarsbuffers, and arbitersare the major contribu-
torsfor routerpower [42]:

Erouter = Ebuffer + Ecr ossbar t Ear biter (3)

The capacitanceand enegy for eachof thesecomponents
is basedn analyticalmodelsproposedy Wangetal. [42].
We model a 5x5 matrix crossbarthat employs a tristate
buffer connector As describedn Section4.3, buffers are
modeledor eachsetof wireswith word sizecorresponding
to it size. Table 3 shaws the peakenegy consumedy
eachcomponenbf the routerfor a single 32-bytetransac-
tion.

5.2 Results

For our simulations,we restrictoursehesto directory-
basedprotocols. We modelthe effect of proposalgpertain-
ing to sucha protocol: I, 1ll, IV, VI, IX. Proposal-lI
optimizesspeculatie reply messagesn MESI protocols,
which are not implementedwithin GEMS' MOESI pro-
tocol. Evaluationsinvolving compactionof cacheblocks
(ProposaMll) is left asfuturework.

1.8

@ Base Model
7 |M Heterogeneous Model

Figure 4. Speedup of heterogeneous intercon-
nect

Figure 4 showns the execution time in cycles for
SPLASH2programs.The rst barshaws the performance
of the baselineorganizationthathasoneinterconnectayer
of 75 bytes,composeckentirely of 8X-B-Wires. The sec-
ond shaws the performanceof the heterogeneouisitercon-
nectmodelin which eachlink consistsof 24-bit L-wires,
32-byteB-wires,and64-bytePW-wires. Programssuchas
LU-Non-continuousQOcean-Non-continuougndRaytrac-
ing yield signi cant improvementsn performance.These
performanceiumbersanbeanalyzedvith the helpof Fig-
ure 5 that shaws the distribution of differenttransfersthat
happeron theinterconnectTransferson L-Wirescanhave
a hugeimpact on performance provided they are on the
programcritical path. LU-Non-continuous,0Ocean-Non-
continuous Ocean-Continuougnd Raytracingexperience
the most transferson L-Wires. But the performancem-
provementof Ocean-Continuougs very low comparedo
other benchmarks.This can be attributed to the fact that
Ocean-Continuoumcursthe mostL2 cachemissesandis
mostly memorybound. The transferson PW-Wires have a
negligible effecton performancéor all benchmarksThisis
becausd®W-Wires areemployed only for writebacktrans-
fers that are always off the critical path. On average,we
obsene a 11.2%improvementin performancecompared
to thebaselineby employing heterogeneityvithin the net-
work.

Proposald, 111, IV, andIX exploit L-Wiresto sendsmall
messagewvithin the protocol, and contribute 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.

and 37.4 per cent, respectiely, to total L-Wire trafc. A
perbenchmarlbreakdevnis shavn in Figure6. Proposal-|
optimizesthe caseof areadexclusive requesfor ablockin
sharedstate,which is not very commonin the SPLASH2
benchmarks. We expect the impact of Proposal-Ito be
much higher in commercial workloads where cache-to-
cachemissesdominate. Proposal-llland Proposal-1Vim-
pactNACK, unblocking,andwritecontrolmessagesthese
messagesre widely usedto reducethe implementation
compleity of coherencerotocols.ln GEMS' MOESI pro-
tocol, NACK messageareonly usedto handletheracecon-
dition betweertwo write-backmessagesyhich arenegligi-
blein our study(causingthe zerocontritution of Proposal-
). Instead the protocolimplementatiorheavily relieson
unblockingandwritecontrolmessaget maintaintheorder
betweenreadand write transactionsas discussedn Sec-
tion 4.1. Thefrequeny of occurrenceof NACK, unblock-
ing, andwritecontrolmessagedepend®n the protocolim-
plementationput we expectthe sumof thesemessageto
berelatively constantn differentprotocolsandplay anim-
portantrole in L-wire optimizations.Proposal-IXincludes
all otheracknavledgmentmessagesligible for transferon
L-Wires.

We obsenedthatthe combinationof proposald, lil, IV,
andIX causeda performanceémprovementmorethanthe
sumof improvementgrom eachindividual proposal A par
allel benchmarlcanbedividedinto a numberof phasedy
synchronizatiovariablegbarriers),andtheexecutiontime
of eachphasecanbede ned asthelongesttime ary thread
spenddrom onebarrierto the next. Optimizationsapplied
to a single thread may have no effect if there are other
threadson the critical path. However, a differentoptimiza-
tion may apply to the threadson the critical path, reduce
their executiontime, and exposethe performanceof other
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Figure 6. Distribution of L-message transfers
across different proposals.

threadsandthe optimizationghatapplyto them. Sincedif-
ferentthreadgake differentdatapaths mostparallelappli-
cationsshav nontrivial workloadimbalance[31]. There-
fore,employing oneproposalmight not speedugall threads
onthecritical path,but employing all applicableproposals
canprobablyoptimizethreadonevery path,therebyreduc-
ing thetotal barrierto barriertime.

Figure 7 shows the improvementin network enegy
due to the heterogeneouiterconnectmodel. The rst
bar shavs the reductionin network enegy and the sec-
ond bar showvs the improvementin the overall processor
Energy Delay? (ED?) metric. Other metricsin the
E D spacecanalsobe computedwith datain Figures7
and4. To calculateE D2, we assumehat the total power
consumptionof the chip is 200W, of which the network
power accountsfor 60W. The enegy improvementin the
heterogeneousasecomesfrom both L and PW transfers.
Many controlmessagethataresenton B-Wiresin thebase
casearesenton L-Wiresin the heterogeneousase.As per
Table3, theenegy consumedy anL-Wire is lessthanthe
enegy consumedy a B-Wire. But dueto the smallsizes
of thesemessagedhecontritution of L-messaget theto-
tal enegy savingsis negligible. Overall, the heterogeneous
network resultsin a 22% saving in network enegy anda
30%improvementin ED?.

5.3 Sensitvity Analysis

In this sub-sectionwe discussthe impact of proces-
sor cores,link bandwidth,routing algorithm,and network
topologyonthe heterogeneousterconnect.

Out-of-order/In-order Processors

To testourideaswith anout-of-ordermprocessagmwe con-
gure Opalto modeltheprocessodescribedn Table2 and
only reportthe resultsof the rst 100M instructionsin the
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Figure 7. Improvementin link energy and ED?2.

parallelsections.

Figure 8 shaws the performancespeedupf the hetero-
geneoudnterconnecbverthebaseline All benchmarkex-
cept Ocean-Noncontinuoudemonstratadifferent degrees
of performanceémprovement,which leadsto an average
speedupf 9.3%. Theaverageperformancémprovements
lessthanwhatwe obsene in a systememplgying in-order
cores(11.2%). This canbe attributedto the greatertoler
ancethat an out-of-orderprocessohasto long instruction
latencies.

Link Bandwidth

The heterogeneousetwork posesmore constraintson
the type of messagethat canbe issuedby a processoin
acycle. It is thereforelikely to not performvery well in
a bandwidth-constrainedystem. To verify this, we mod-
eleda basecasewhereevery link hasonly 80 8X-B-Wires
and a heterogeneousasewhere every link is composed
of 24 L-Wires, 24 8X-B-Wires, and 48 PW-Wires (almost
twice the metal areaof the new basecase). Benchmarks
with highernetwork utilizationssufferedsigni cant perfor
mancelosses.In our experimentgaytracinghasthe maxi-
mummessagesycle ratio andthe heterogeneousasesuf-
fereda 27% performancdoss, comparedo the basecase
(in spite of having twice the metal area). The heteroge-
neousinterconnectperformanceimprovementfor Ocean
Non-continuousandLU Non-continuouss 12%and11%,
asagainst89%and20%in the high-bandwidtrsimulations.
Overall, the heterogeneoumodel performed1.5% worse
thanthebasecase.

Routing Algorithm
Oursimulationghusfar have employedadaptie routing
within the network. Adaptive routing alleviatesthe con-

2Simulatingthe entire programtakes nearlya weekandthereexist no

effective toolkits to ®nd therepresentate phasedor parallelbenchmarks.

LU-Noncontinuousand Radix were not compatiblewith the Opal timing
module.

Speedup
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Figure 8. Speedup of heterogeneous intercon-
nect when driven by OoO cores (Opal and Ruby)

tentionproblemby dynamicallyroutingmessagebasedn
thenetwork traf c. We foundthatdeterministicoutingde-
gradedperformancéy about3%for mostprogramgor sys-
temswith thebaselineandwith theheterogeneousetwork.
Raytracingis the only benchmarkhatincursa signi cant
performanceenaltyof 27%for both networks.

Network Topology

Our default interconnectthus far was a two-level tree
basedon SGI's NUMALInk-4 [1]. To testthe sensitvity of
our resultsto the network topology we alsoexaminea 2D-
torusinterconnectesemblinghatin the Alpha 21364[7].
As shawvn in Figure 9, eachrouterconnectgo 4 links that
connectto 4 neighborsin the torus,andwraparoundinks
areemployedto connectroutersontheboundary

Our proposednechanismshov muchlessperformance
bene t (1.3%on average)n the 2D torusinterconnecthan
in the two-level treeinterconnect.The mainreasons that
our decisionprocessn selectingthe right setof wires cal-
culateshopimbalanceat the coherencerotocollevel with-
out consideringthe physicalhopsa messageakes on the
mappedtopology For example,in a 3-hoptransactioras
shavn in Figure2, the one-hopmessagenaytake 4 physi-
cal hopswhile the 2-hopmessagenay alsotake 4 physical
hops. In this case,sendingthe 2-hop messagen the L-
Wiresandthe one-hopmessagen the PW-Wireswill actu-
ally lower performance.

Thisis nota rst-order effectin the two-level treeinter-
connectwheremosthopstake 4 physicalhops. However,
theaveragadistancebetweertwo processors the 2D torus
interconnects 2.13physicalhopswith astandardieviation
of 0.92hops.In aninterconnectvith suchhigh standarale-
viation, calculatinghop imbalancebasedon protocolhops
is inaccurate.For future work, we planto developa more
accuratedecisionprocesghat considerssourceid, destina-
tion id, andinterconnectopologyto dynamicallycompute
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Figure 9. Results for the 2D Torus.

anoptimalmappingto wires.

6. Conclusionsand Futur e Work

Coherencedrafc in a chip multiprocessohasdiverse
needs. Somemessagesantoleratelong latencies,while
othersare on the programcritical path. Further messages
have variedbandwidthdemandsOn-chipglobalwirescan
be designedo optimizelateng, bandwidth,or power. We
adwocatepartitioning available metal areaacrossdifferent
wire implementationgndintelligently mappingdatato the
setof wires bestsuitedfor its communication.This paper
presentsiumerousovel techniqueghat canexploit a het-
erogeneouterconnecto simultaneouslymprove perfor
manceandreducepower consumption.

Our evaluationof a subsetof the proposedtechniques
shavsthatalargefractionof messagebave low bandwidth
needsandcanbetransmittecon low lateng wires,thereby
yieldingaperformancémprovemenbf 11.2%.At thesame
time, a 22.5%r eductionin interconnecenegy is obsened
by transmittingnon-critical dataon power-ef cient wires.
The compleity costis maminal asthe mappingof mes-
sagedo wiresentailssimplelogic.

For futurework, we planto strengtherour decisionpro-
cessin calculatingthe hop imbalancebasedon the topol-
ogy of the interconnect.We will also evaluatethe poten-
tial of othertechniquedisted in this paper Theremay be
several other applicationsof heterogeneoumterconnects
within a CMP. For example, in the Dynamic Self Invali-
dation schemeproposedby Lebecket al. [29], the self-
invalidate[27, 29] messagesanbeeffectedthroughpower-
ef cient PW-Wires. In a processomodelimplementingto-
kencoherencethelow-bandwidthtokenmessagef35] are
often on the critical path and thus, can be effectedon L-
Wires. A recentstudyby Huh etal. [21] reduceghe fre-
queng of falsesharingby employing incoherentdata. For
cachelines suffering from false sharing,only the sharing

statesneedto be propagate@ndsuchmessagearea good
matchfor low-bandwidthL-Wires.
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