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Abstract

This paperdescribes thermal-modelingpproachhatis easyto useandcomputationally
efficientfor modelingthermaleffectsandthermal-managemetdchniquesttheprocessor
architecturdevel. Our approachs basedon modelingthermalbehaior of the micropro-
cessomie andits packageasa circuit of thermalresistanceand capacitancethat corre-
spondto functional blocksat the architecturdevel. This yields a simple compactmodel,
yet heatdissipatiorwithin all majorfunctionalblocksandthe heatflow amongblocksand
throughthe packageareaccountedor. Themodelis parameterizedhoundary-andinitial-
conditionsindependentandis derived by a structureassemblyapproachThe architecture
communityhasdemonstratedrowing interestin thermalmanagementjut currentlylacks
away to modelon-chiptemperature# atractableway. Our modelcanbe usedfor initial
explorationof thedesignspaceat thearchitecturdevel. Themodelcaneasilybeintegrated
into popularpower/performancsimulators canbeusedto determinehow thermalstresss
correlatedo thearchitectureandhow architecture-heel designdecisionsnfluencethermal
behaior andrelatedeffects.

Key words. Thermalmodels,Dynamiccompacimodels,ComputerArchitecture

1 Introduction

Many analystssuggesthat increasingpower densityand resultingdifficulties in
managingon-chiptemperaturesre someof the mosturgentobstaclego contin-
ued scalingof VLSI systemswithin the next five to ten years.Justas hasbeen
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donebeforefor power-awaredesign,‘temperature-aare” computingmustbe ap-
proachedotjustfrom thepackagingcommunity but alsothe VLSI andprocessor
architecturecommunitiesln particular processoarchitecturesolutionscanoften
use global, runtime knowledgeto changethe behaior of large portions of the
processoitypically with the supportof appropriatecircuit techniques)Thereis
growing interestin architecture-leel solutionsasevidencedoy recentwork in this
field [1-4]. Yet the architecturecommunityis currentlycompletelylacking a way
to modeltemperaturat ary level of granularityotherthanlow-level circuits!

Computerarchitecturestudieshave uniquerequirementghat precludethe useof
traditionalthermal-modelingechniquesik e [5-11]. Suchpreviously proposedech-
niquesusuallyassumean existing circuit (or at leasta low-level RTL, VHDL, or
Verilog description)and conductjoint electro-thermakimulation,oftenincluding
therole of thethermalpackageln contrastthekind of architecturestudieswe are
targetingare broadpower/performancelesign-spacstudiesto choosethe overall
pipeline organization structurecapacitiede.g.,cachesizes)andalgorithms(e.g.,
branch-predictioralgorithms).Thesesimulationstypically usecycle-by-g/cle be-
havioral modelswith high-level analyticpower modelsat the granularityof archi-
tecturalunits, simulatelarge benchmarkgor hundredsof millions to billions of
clock cycles,and may be conductedong beforeary detaileddesignhasbegun,
let aloneprototypechips and packagesare available. This high-level, early-stage
modelingprecludesghermal-responsmeasurement®.g.[10,11], and the use of
analyticpower modelsobviatesthe needfor joint electro-thermamodeling[6—10].
Eventhelogi-thermalsimulationdescribedn [10] is too detailedto be compatible
with early architecturakimulationenvironments.Yet the microarchitectures abil-
ity to controlentireregionsof the chip makesarchitecturathermalcontrolaviable
optionin conjunctionwith circuit andpackagingechniques.

For example,processomanufcturershave begunto deploy thermalpackagesie-
signedfor lessthan the worst-casepower dissipation,with on-chip temperature
sensorsand autonomouguntime responsgoften called “dynamic thermalman-
agement’or DTM) by the chip to throttle down power dissipationif on-chipac-
tivity exceedshe packages capabilitiesandtemperaturesise beyond safelimits.
The Intel Pentium4, for example,usesa packagealesignedor 80% of worst-case
power dissipationandrelieson clock gatingwhentemperaturegxceedsafelim-
its [12]. Accurateplacemenbf sensorss challengingin its own right, but assum-
ing that the sensor(swill detectunsafetemperaturesperformance becomeghe
architecturatlesignchallengeHigherperformancdTM solutionsensurehatun-
usuallyhot applicationswill not suffer too much,andthe higherthe DTM perfor
mancethelower it is possibleto pushthe costof the packageOur prior work [4]
shovedthatopen-looptechniquedik e clock gatingandfetchtoggling[1] fail to ac-
countfor program-specifibehaior andinstruction-lerel parallelism,andimpose
unnecessarihigh performancepenalties.Instead,we find that feedbackcontrol
cantunethe runtimeresponseo the degreeof thermalstress At an even higher
level of abstractionpperating-systerachedulingdecisionscanbe madeaccording



to currentoperatinggemperatureandobsenationsof eachthreads thermalbeha-
ior [3]. Ultimately, theseoperating-systerand micro-architecturgechniqueswill
becombinedgspeciallyin chip-multiprocessorahere“core-hopping’canbeused
to matchworkloadsto perchip andperstructuretemperatures.

Oneobstacldo thiskind of work is thelack of thermalsimulatorghatareamenable
to usein high-level architectureesearctervironmentsYettheaccurag of thermal
modelinghasa substantialeffect on the accurag of thermal-managemerstud-
ies at the processoarchitecturdevel andthe conclusionghey draw [4]. Without
this essentiamodelingcapability architecturaesearcherarethereforelimited to
crudeandinaccurateestimationtechniquesand are unableto effectively develop
andevaluatetechniquegor thermalmanagementor example,we shav thatsim-
plistic thermalestimationbasen simpleaveragef runtimepower densityusing
architecture-leel analyticalpower modelslik e [13] yields pooraccurag andmay
eventargetthewrongarchitecturaktructures.

A thermalmodelthat processoarchitectscanuseto evaluatethermalbehaior of
variousdesignsgr to developruntimearchitecturéechniquegor thermalresponse,
thereforenecessitatea parameterized:a priori” thermalmodelingapproachhat
candirectly modeltemperatureisingonly a high-level modelof the processoar-
chitectureand that can be automaticallyconfiguredto simulatea wide rangeof
architecturesThe modelshouldthereforebe basedpurely on geometricconsider
ationsandmaterialpropertiesandthe dynamicsimulationshouldonly dependon
dynamicinformationaboutpower densityin eacharchitecturalunit.

This paperdescribedHotSpot, a thermalmodelingframework for processoarchi-
tectsthat meetsthesegoalsand can be incorporatednto popularcycle-accurate
processoarchitecturepower/performancesimulatorslike Wattch [13]. HotSpot
consistf four major parts:

(1) HotArea: A modulethat estimateson-chip areasfor the major blocks of a
specifiedmicroprocessoconfiguration.

(2) HotFloorplan: A modulethat usesthe specifiedprocessorconfigurationand
thecorrespondin@reaestimatego derive a high-level floorplan.

(3) HotPackage: A modulethat estimatesan equivalentthermalresistanceand
capacitancéor a specifiedpackageconfiguration.

(4) HotBlocks: A modulethatderves—usingnput from the above threesteps—
anequvalentdynamiccompactmodelto approximatéheatflow in the micro-
processoandits packageThemodelcanbecharacterizedsaparameterized,
boundaryandinitial-conditionsindependentBICI) dynamiccompacthermal
modelderivedwith a structureassemblyapproact{14]. The modelis simple
andthereforecomputationallyefficient to recomputeafter every clock cycle
in acycle-level power-performancesimulator

Theseareintegratedinto a portablesoftware packagethat caneasily be incorpo-



ratedinto architecture-leel simulators.

This work focuseson modelingheatdissipationandheatflow—thatis, actualon-
chiptemperatureslhis canbeusedto determinenow thermalstresds correlatedo
thearchitectureandhow architecturatlesigndecisionsnfluencethermalbehaior
andrelatedeffectslik e reliability andleakagecurrentgleakage-contralechniques
have becomea major areaof investigationin processoiarchitecturedespitethe
lack of temperatureasare models).Clearly this approachentailsa numberof ap-
proximationsandis not meantto replaceother forms of thermalsimulationfor
circuit or packagedesign.Rather HotSpotallows early-stagearchitectureexplo-
rationsthat facilitate architecture-leel thermalsolutionsthat are synegistic with
thermalsolutionsat otherlevels of abstraction.

This paperreportsour ongoingwork to develop andrefineHotSpot.The next sec-
tion givesanoverview of ourapproacho modelingdynamicthermalbehaior from
the architecturestandpointandsubsequergectionsdescribethe four components
of the HotSpotframewvork. We describethe HotAreaandHotPackagecomponents
briefly; the mainfocusof this paperis a descriptionanddemonstratiorof the Hot-
Floorplanand HotBlockstechniquesFinally, we concludethe paperanddiscuss
areador futurework.

2 Thermal Modeling at the Processor Architecture Level

For the kinds of studieswe intendto pursue,the compactmodel must have the
following properties:

e It musttrack temperaturesit the granularityof individual pipeline units. This
meanghe equialentRC circuit musthave atleastonenodefor eachunit.

e It mustbe computationallyefficient to solve the RC circuit’s differentialequa-
tions,sothatthis taskdoesnot substantiallyslow down power/performancsim-
ulations.

¢ It mustbeparameterizedn thesensdhatanenv compacimodelis automatically
generatedor differentmicroarchitectures.

e It mustbe portable,makingit easyto usewith a rangeof power/performance
simulators.

e It mustbe boundary-andinitial-condition independen{BICI) [14]. The ther
mal model componentaluesshouldnot dependon initial temperaturesr the
particularconfigurationbeingstudied.

e It mustbe calibratedso that simulatedtemperaturegan be expectedto corre-
spondto whatwould be obseredin realhardware.

The modelwe have developed,which we call HotSpot,meetsall theseconditions
at the expenseof areducedaccurag comparedo moredetailedapproaches-or



anintegratedcircuit at the die level, heatconductionto the packageandheatsink,
and corvectionfrom the heatsink to ambientare the dominantmechanismshat
determingemperaturesnthedie. Thereexistsa well-known duality betweerheat
transferand electricalphenomendl5]. Heatflow canbe describedasa current,
andthepassingf this heatflow throughathermalresistancéeadsto atemperature
differenceequialentto a voltage.Thermalresistancesre enoughfor describing
steady-statbehaior, but dynamicbehaior is alsoimportantfor dynamicthermal
managementandthis requiresthermalcapacitanceaswell. Becauseof thermal
capacitancessvenwhenthe power flow changesnstantaneous|ythereis a delay
beforethe temperaturehangesaandreachesteadystate.The thermalresistances
andcapacitancetogethereadto rise andfall timescharacterizedby thermaltime
constant®xactly analogougo the electricaltime constantgor anRC circuit. Prior
work onthermalissuesn the architecturdield hasnot modeledemperaturatall,
but ratheruseda mereaverageof power dissipationvaluesas a proxy. HotSpot
providesa directmodel of temperaturelt usesthe duality betweenelectricaland
thermalresistancesind capacitance$o derive a dynamiccompactmodel of the
heatflow amongthe differentarchitecture-leel blocks within a microprocessor
Architecturalpower-performancesimulatorslik e Wattch[13] canthenbe usedto
determinecycle-by-g/cle power dissipationsandfeedtheminto the circuit model
to computecycle-by-g/cle heatflow.

Large ICs have a heterogeneoustructurewith mary different areason the die
working at differentactwvity factors,which implies that power is not dissipated
uniformly on the chip. This spatial non-uniformity is complementedy a tempo-
ral non-uniformity asmary structureson the die go from idle modeto full active
mode,and vice-versa,at differenttimes. Recentemphasison low-power design
techniquessuchas power-down modes,clock domainsand clock gating, etc. are
only exacerbatinghe spatialandtemporalnon-uniformityfor on-chippower den-
sity. As aresultof this non-uniformity the chip will exhibit so-called*hot spots”.
Thesehot spotshave a spatialdistribution asa resultof thenon-zerathermalresis-
tivity of silicon andalsoatemporaldistribution dueto changingorogrambehavior
andthetime constantsmplied by thethermalmassthermalcapacitance).

In orderto derive acompactmodeloneneeddo decideon thelevel of granularity
for thelumpedelementsFor pipeline-level modeling,we usea naturalpartitioning
wherefunctionalblocksonthechiparethenodesn thelumpedcircuit model.Thus
thereis a one-to-onecorrespondencbetweenthe modelin a power/performance
simulatorlike Wattch and the modelin the thermalsimulator which leadsto a
straightforvard couplingbetweerthetwo.

The equialent-circuitmodelis dependenbn the floorplan and packagingof the
processombeing simulated,while the floorplan and the calculationof valuesfor
thermalresistanceand capacitancere dependenbn the areasof the functional
blocksof interest.



Although beyondthe scopeof this work, a completemodelingandevaluationtool
for thermalmanagementnustaccountfor the behaior of temperaturesensors as
well asthe actualon-chiptemperaturesOur understandings thatthe accurag of
mostpracticalsensordesigngs susceptibléo both processvariationsduring man-
ufacturingandpower-supplyvariations.Compensatindopr theserequiresncreased
transistorsizesin the sensorswith correspondingncreasesn power. In current
microprocessorghis leadsto the useof only a smallnumberof sensorse.g.four
sensorglistributedaroundthe die. Becauséhesesensorsnay be remotefrom the
hot spotsof interesttheremaybeatime lag betweerlocalizedheatingthatshould
generatathermal-managemengsponsandthe actualobserationof any change
in temperaturatthe sensorAn architecture-leel modelof theseeffectswill even-
tually beincorporatednto HotSpot.

We reiteratethat our approachis motivatedby a microarchitecture-centrigiew-
point. This meanghatwe neglecta numberof issueshataretypically considered
in afull thermaldesign.For example,we completelyneglectthermalmodelingof
the circuit board,heatingof the air within the computersystemcase temperature
non-uniformitiesin the air, heatflow throughthe packagepins, etc. Becausani-
croarchitecturesimulationsonly modelvery smalltime periodsof perhapsa few
secondsat most,thesecomponentdhat are external to the chip andits package
respondoo slowly to changegemperatur@luring suchshorttime scalesandthese
externalcomponentslo not contributein asignificantway to the capacitancéeing
driven by the chip. Indeed,even the heatsink itself doesnot changetemperature
on thesetime scalesbut it mustbe includedbecauséts capacitanceloesaffect
the transientbehaior of the chip. The intendedpurposeof HotSpotfor usewith
microarchitecturesimulatorsalso drives someof the approximationsand simpli-
ficationsthat we make. The purposeof HotSpotat this point in time is therefore
not to performreliability analysisor packagedesign,but ratherto allow research
into microarchitecturéechniquedor runtime mitigation of hotspotsthat develop
accordingto the behaior of specificarchitecturalstructureslik e registerfile or
cacheactvity.

3 HotArea: Estimating Area for Microprocessor Functional Units

Efficientarchitecture-leel thermalmodelingrequiresestimatiorof theareaof var
iousfunctionalunitsonchip basednarchitecturaparameterslheareaestimation
itself canalsoallow thedesignerso make morecomprehensie designspacecom-
parisonsin the early phaseof the designprocessThe area-estimatiomool is still
in its early stagesandthe HotFloorplanand HotBlocks modulescaninsteaduse
publishedareainformationfor thetime being.

In this sectionwe give a brief overview of our stratgy for areaestimation.We
divide the blocks that constitutea microprocessointo three cateyories,accord-



ing to their regularity. The first classconsistsof structureswith two-dimensional
regularity, generallymemorystructuresTheseincludecachesTLBs, registerfile,
branchpredictor load-storequeue,instruction-issuequeuesand actie list. The
secondclassconsistsof structureswith one-dimensionategularity, generallybit-
slice structures.Theseinclude all integer datapathand floating point units. The
third classconsistsof irregular structuresgenerallycontrol logic. Theseinclude
thememory-managemenhit, decodingogic, registerrenamingogic, issuelogic,
andgraduationogic. We useanalyticmodelsto derive a “baseline”areafor each
block from a known chip layout, and then use known measurementfrom the
known layout to scalethis estimate.This scalingfactor can then be appliedfor
usingthe analyticmodelsto derive areaestimatedor differentarchitecturesFor
example,oncethe scalingfactorsfor first-level cachesALUSs, etc.areknown, dif-
ferentarchitecturesanbe exploredwith larger/smallercachesgdifferentnumbers
or typesof ALUs, etc.

We useanexisting tool, Cacti3.0[16], to calculatethe areaof memorystructures;
Cactiisin turnbasedn[17]. Areaestimatiorfor theregisterfile, queueandcache
structuresanbeimplementedy simply inputtingthe properparameterso Cacti.

Sincearithmeticunitscanbeimplementedn mary differentways,we considelarea
estimatordor the mostcommonlyusedstructuresFor example,in providing area
modelsfor addersye modelbothaKogge-StonendaHan-Carlsorstructurg18],
letting theuserschooséetweerthem.Thedatapaths normallyonthecritical path
of the processarso it requireshigh performanceWe acceptas a parametethe
kind of CMOS circuit (dynamic/staticlusedto implementit andallow the userto
specify a sizing parametersincethe executionunits are mostlikely sizedlarger
thanminimumsize.

For irregular structureswe adoptthe model proposedoy Nemani[19]. First we
needan approximatebooleandescriptionof the structureswhich is plausibleto
derivefor decodingandatleastthemajoraspect®f memory-managementgister
renaming jssue,andgraduation.Thenwe usethe modelto estimatethe transistor
number Finally we useaveragetransistordensityto estimatehe area.

Cactiis anexisting tool thathasalreadyevolvedthroughthreemajorreleasesOur
areaestimatiorfor bit-slicedstructuress producingearly estimatesvithin 50% of
areassuggestetby publisheddie photosandfloorplans.Themajorremainingwork
is the estimationof irregularstructures.

After the HotAreatool completedts analysis,it supplies<area,aspeaatio> tu-
ples,which canbe providedto the HotFloorplanandHotBlockscomponent®f the
framework.



4 HotFloorplan: Modeling Thermal Adjacency Using Floor planning

Currentmicroprocessosimulatorsat the architecturdevel do not modelfloorplan
information.However, with the growing importanceof temperaturendpower ef-
fects,aswell asthe disproportionatescalingof logic andwire delays,knowledge
of the layout of the functional units is becomingessentiafor architecture-leel
modelingof performancepower, and heat. Modeling theseissueseffectively at
thearchitecturdevel necessitatea simplefloorplanningtool thatdoesnot require
lower-level behaioral or synthesigsnformation,becauserchitectureresearctof-
ten wishesto studytradeofs relatedto performancepower, or heatfor novel ar-
chitectureghat may never be realizedin lowerlevel descriptionghat traditional
floorplanningalgorithmsrequire.The HotFloorplantool incorporates new algo-
rithm thatis suitedfor architecture-leel planningandresearchandprovidesthe
architecturgesearcheaneasy-to-us@andgenericinterfacefor incorporatingloor-
planninginformationinto temperaturepower, andperformancenodels.

A typical orderingof pipelinestagesn anout-of-ordersuperscalamicroprocessor
is asfollows: instructionfetch,decoderenamedispatch ssue,executeandcom-
mit. The correspondindunctionalblocksinvolvedin this sequencareinstruction
cachg(l-cache),nstructionTLB (I-TLB), andbranchpredictor;decoderrenamer;
issuequeuesgxecutionunits anddatacache(D-cache);andreorderbuffer (some
blockslik e the registerfile, the reorderbuffer, etc.areaccesseth multiple stages
of the pipeline;also,somepipelinestagesaccessnorethanonefunctionalblock.)
We have obsenedthatpublishedfloorplansof processochipsreflectthis pipeline
structure.Units involvedin adjacentpipeline stagesaretypically alsoadjacentn
thefloorplan.Thusthechip-level physicaladjaceny is capturedwvell by the“func-
tional adjaceng” of the blocksin the pipeline. This suggestshatthe orderingof
the pipeline stagess a goodway to expressfloorplansat the architecturalevel.
Thisis theapproachwe take in the HotFloorplantool. Traditionalfloorplanningal-
gorithms,e.g.simulatedannealing20] arenot appropriateneresincethey require
“quantitatve” informationaboutthe connectvity betweendifferentblockswhich
is availableatthe computerarchitecturdevel only in a“qualitative” sense.

The userpicturesthe floorplanasa setof concentricsemicircular‘strips”. Each
strip corresponddo a sequencef functionalblocks. To expressa floorplan,the
userlists the functional blocksin eachof thesestrips clockwisealongwith their
areas(which are taken from the HotAreatool). The clockwiseorderingof func-
tional blocksin eachof thesestripswill bevery similarto the orderingof pipeline
stagesof the processarThe actualfloorplanis generatedrom this specification.
The semicircularstripsarefit into a boundingsquare(the chip) by adjustingtheir
widths. The assumptionis that the functional blocks are “soft” blocks, so their
aspectratioscanchangeo accommodatghis fitting. Apart from the easeof speci-
fication,anotheradvantageof thesesemicircularstripsis the easeof modification.
Changego anexisting floorplancanbe madevery easily For example,increasing



Fig. 1. The semicircularfloorplan generatedby the HotFloorplantool using the MIPS
R10000configuration.

theareaof afew blockssimply causeghetool to widenthe strips,while changing
theadjacenyg involvesjust changingthe orderof blockswithin a strip.

In additionto theabove form of expressingandcomputingfloorplans future work
will allow the userto completelyspecify a floorplan using vertical and horizon-
tal adjaceng matrices.This is desirablewhensimulatinga systemwith a known
floorplan.Moreover, aquerylibrary will beprovidedwhich canbeusedto getmore
informationaboutthefloorplan,lik e adjacenciegjistancedetweerblocks,etc.

Inputto the HotFloorplantool cancomeeitherfrom the HotAreatool or from pub-
lishedor otherexternally derived areaestimatesTo verify the Floorplantool, we
make someapproximateareaestimatedor eachof the functionalblocks. This is
doneby manuallyestimatingareasusingthe publishedohotographsf variouspro-
cessordies and taking an averageof the block sizesacrossprocessorsWe then
modeleda floorplanthat hastwo strips. The outerstrip hasthe functionalunit se-
guenceil-cache,branchpredictor decode/renamanit, queuesjnteger execution
units, floating point executionunits, registerfile, miscellaneoustructuredik e bus
interface,andfinally D-cache.Theinner strip hasthe functionalunit sequencet-

TLB, graduatiorunitandD-TLB. This specificatioris alsothe default casefor our
tool: whenthe userdoesnot specifyary floorplaninformation,this is the config-
urationassumedThefloorplangeneratedor this default specifications shovn in

Figurel.

In orderto comparethis default floorplanwith the floorplansof contemporarymi-

croprocessorsye took the die photographandfloorplansof threeprocessorsthe
MIPS R10000[21], the Pentium[22], and the Alpha 21264[23]. For simplicity,

we megedthe manufcturerspecifiedfunctionalblocksin thesefloorplanssothat
they approximatelymatchtheblocksof thedefaultfloorplan.We thenflippedandor
rotatedthesefloorplanssuchthatthe I-Cacheand D-Cachewerein positionssim-
ilar to the default floorplan. The resultingfloorplansareshowvn in Figure2. It can
beseenfrom thesefiguresthattheblocksadjacento eachotherin thefloorplanare



Fig. 2. "Normalized” floorplanfor the MIPS R10000(left), Intel Pentium(middle), and
Alpha 21264(right) processors.

typically the blocksthatareadjacenin the orderingof the pipeline stagesMore-
over, thedefaultfloorplan,whichis generatedisingthe orderingof pipelinestages,
gualitatvely resemblesherealfloorplans.

In orderto quantitatvely characterizehe similarity betweenthe default floorplan
andthesereal floorplans,we scaledeachof the real floorplansto the size of the
defaultfloorplan.We thenmeasuredhe coordinate®f the centersof variousfunc-
tionalblocksin eachof thesescaledloorplans Further we computedheEuclidean
distancebetweernthesecentersandthe centersof the correspondindlocksin the
defaultfloorplan.Table1 below showvs thesedistancesiormalizedto the heightof
the default floorplan.Note thatwe did not adjustthe default floorplanin any way
to accountor thedifferentprocessofloorplans Whentrying to replicatea specific
floorplan,we have foundthatwe cando soalmostexactly.
Tablel

Distancedrom computedvs. obsened locationsof the major functionalblocks. Results
arein percentpormalizedo the heightof thechip.

Alpha | MIPS | Pentium

I-cache 6.4%| 5.4%| 11.1%
D-cache 3.9% | 10.8% 9.1%
Integerexecution NA | 36.8%| 24.8%
FP execution 71.2%| 49.1% 5.6%
Queues NA | 50.8% | 21.7%
Branchpred. 4.4%| 7.9%| 52.3%
Decode/rename | 37.9% | 22.7% 7.1%

In this table,smallervaluesmeangreatersimilarity with the default floorplan.The
errorin placementangesfrom 4% to 71%; mostvaluesare lessthan 25%. The
71%valueis dueto thefactthatour simplerotationandmirroring approachs not
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sufficient. In boththe Alpha andour computedloorplan,the floating-pointunit is
oppositethe cachesput on the left-handsidein one case the right-handsizein
theothercaself we mirroredonly thetop half of the Alphafloorplan,therewould
be perfectagreementor the FP unit. Of course all valuesareapproximatesince
they resultfrom manualobsenation of die photographsndthe aspectatiosvary.
For instancethe R10000photographhasmary empty spacedetweenfunctional
blocks.In makingit comparablén structureto the default floorplan,theseempty
spacewere memgedinto the functionalblocks. Also, the “integer execution” and
“queues’rows of the Alpha processocolumnareemptybecauséhe integer exe-
cutionunitsandthe queuesaresplit in thefloorplan.Sowe werenot ableto make
areasonableneasuref “centercoordinatesfor them.

Sincethe I-cacheand D-cacheare approximatelyin the samepositionacrossall

the floorplans,thosetwo rows have goodvaluesin the table.It canalsobe seen
thatthe21264andR10000branchpredictorsarein apositionsimilarto thedefault
floorplan(nearthe I-cache)while the Pentiumbranchpredictoris not. Similarly, it

canbeseerthatthe Pentiumdecodeis in apositionsimilarto thedefaultfloorplan
while it is notthe casewith the othertwo.

Consideringthe wide variety of floorplansthat real chips exhibit—demonstrated
well by the threefloorplansin Figure2—it is impossiblefor a high-level model-
ing tool to automaticallyreproducethe exact floorplan of a particularprocessor
without manualintervention. Sincea greatdeal of customizationgoesinto most
of thesefloorplans,it is possiblethat no traditionalfloorplanningalgorithmcould
reproducehemeither Our goalis notto developanalgorithmthatcanaccomplish
thisimpossibletask,but ratherto developanalgorithmthatcanproducefloorplans
with reasonableadjacenciedor high-level modelingof thermal, power, and de-
lay effects.Furthermoremary architecturesimulationstudiesexplore hypothetical
processoiconfigurationshat have no lowerlevel specificationghat canbe used
with traditional floorplanningalgorithmsbut still needsomereasonablestimate
of wherevariousfunctionalunitswould appeaiin an eventualfloorplan.Both the
guantitatve resultsandthe visual similarity betweenthe default floorplanin Fig-
ure 1 andthe real floorplansin Figure2 suggesthat our high-level floorplanning
tool doesagoodjob of producingreasonabl@éoorplansandcanbe usedto provide
sufficiently realisticadjaceng informationfor high-level performancepower, and
thermalstudieslt is truethatthefinal floorplanfor anactualimplementatiormay
differ from the onemodeledusingHotFloorplan.Onthe otherhand,HotFloorplan
canreplicateknown floorplansalmostexactly. In eithercase asa designdevelops,
continuingrefinemenof the floorplanandthermalmodelingis neededasa design
proceedshroughvariousstagesf implementatiorto ensureghatdesigndecisions
remainvalid. NeverthelessHotFloorplanallows the studyof layout-dependerde-
signchoicesto begin muchearlierandallows new hypotheticalarchitectureso be
investigatedn waysthatwerenot previously possible.
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5 HotBlocks: a Dynamic Compact Thermal Model

TheHotBlocksmodelis parameterizedyoundary-andinitial-conditionsindepen-
dent(BICI), andis derivedwith a structureassemblyapproachbasedon physical
propertieof materialsandthedimension®f thevariousstructure§14]. Theequv-

alentdynamiccompacimodelis generate@utomaticallyand,suppliedwith power
dissipationsover ary chosentime step,it computegemperaturesit the centerof

eachblock andalsoatthe centerof eachsharededgebetweerntwo blocks.

Theequivalentcircuit consistof two majorcomponentsa“v ertical” modelto cap-
ture heatflow into andwithin the thermalpackagdrom the driving point thermal
impedancesanda“lateral” modelto capturdateralheatflow amongpipelineunits
via transferimpedancesWe explain thesetwo aspectf our modelin turn. We
point out herethatwe have madea numberof simplificationsandapproximations
in the modelthatwe believe make it moreaccessiblendcornvenientto usefor ar-
chitecturestudies at the costof makingthe derivation moreempiricalandad-hoc
in nature.For example,collapsingthe differentlayers(seebelow) correspondso
the fact that architecturestudiesrarely have detailedgeometricor materialinfor-
mationaboutthe thermalpackagesincethathasyetto be chosenFor the typesof
transienteffectswe are studying,we believe theseapproximationglo notimprop-
erly sacrificerelative accurag in termsof the thermalbehaior betweendifferent
architecturgechniques.

The vertical model,shavn in Figure 3a, accountsor heatflow from eachblock
in the die into the packageaswell asheatingof otherblocks due to heatingof
the package From detailedfinite-elementmethodsimulationswe obsened that
while at the surfaceof the die thereare significantgradients asthe heatflows to
the ambientthe magnitudeof the gradientsin the heatsinkdecrease$o the point
wherethereexistsavirtual isothermatsomedepthwithin theheatsinkThevertical
modelcapturesheseparatdeatflow from eachblockto theisotherm followedby
combinedheatflow from the isothermto the ambient.Note that, to more clearly
shav the RC network we aredescribingjn Figures3aand4bthechip andpackage
areshavn upsidedown relative to typical useasin 3b.

The first elementof the vertical model consistsof an RC pair from the centerof
eachunit to the thermalpackagethis accountsfor the driving point (heatingin
the silicon dueto the power being generatedhere)and how that heatflows into
the packageThe RC valuesare computedrom the materialpropertiesof silicon.
The secondelements a secondsetof RC pairsconnectedn-betweerthe first set
andthe isotherm.Theseaccountfor vertical transferimpedance®r heatflow in
the packageFinally, we have a single RC pair from the isothermfor the package
andthe corvectionto air. This accountdor heatflow into the fins of the heatsink
andalso heattransferto the air. Air is assumedo be at a fixed ambienttemper
ature,which is generallyassumedn thermaldesignto be  C [24] (this is not
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Fig. 3. (a): Examplevertical RC network, with an RC pair from the centerof eachunit to
thethermalpackagean RC pair for eachcorrespondindplock of the packagean RC pair
for eachcorrespondindlock of the heatsink abore the isotherm;and a sharedRC pair
for thethermalpackagebelav theisotherm For clarity, thisimageis upside-dan relatve
to thetypical useasin (b): Sideview of a typical packageconfigurationuponwhich the
HotSpotmodelis basedThe modelcombineghe heatspreadeandheatsink into a single
unit.

the room ambient,but the temperaturenside the computer‘box”). Althoughthe
vertical modelmay seemcomple, the RC pairsfor the variouslayersarein se-
riesanddo notsignificantlyincreaseéhe compleity of thecircuit solver. Notethat
theisothermaburface—thegoointat whichtemperaturés uniformacrosghewidth
of the packagegdoesnot necessaril\lie at the spreadesink interface,but rather
somavherewithin the heatsink.

The lateralmodel, shavn in Figure 4a, accountdor lateraltransferimpedances,
heatthat directly flows in the lateraldirection.It consistsof an RC pair from the
centerof eachunitto themiddleof eachedgewith asharedlock. Thelocationsand
adjacenciesf theunitsaredeterminedy aprior floorplanningstep,whichwe dis-
cussin Section4. Herewe illustratethe lateralmodelusinga simplefloorplanthat
consistf only threeblocks.We only considerateralheatflow betweeradjacent
functionalblocksandignoreary directthermalimpedancebetweemon-adjacent
blockssincethis simplifiesthethermalcircuit andleadsto negligible differencesn
final results.

Becausethe thermal conductvity of the heatspreaderand heatsink are much
greateithanthatof silicon, substantialateralheatflow occursthroughthe package.
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Fig. 4. (a): Lateralmodel,with an RC pair betweernhe centerof eachnodeandthe center
of eachsharededge (b):Owerall RC model,includingbothverticalandlateralcomponents.

Ideally, thelateralmodelthereforehasthreelayers:onefor lateralheatflow in the
silicon; onefor lateralheatflow in thespreadefmadeof aluminum,copper silicon
carbide,or someorganic material);and onefor lateralheatflow in the heatsink.
Betweenthe die and spreadefayers,andthe spreadeand sink layers,would be
verticalresistanceto modelthe non-idealheatconductvity of theinterfacelayers
(typically phase-chang@ims, thermalgreaseegtc.).Sincetheseanterfacelayersare
sothin asto have essentiallyno thermalmassandthey area smallconstanscaling
factor we accountfor themin the scalingfactorbelow.

Sucha multi-layermodelleadsto anRC modelthatwould betoo complex to solve
atthesimulationratewe desireandmightrequiremoredetaileddesigninformation
thatarchitectamight not possesdnsteadwe collapsethethreelayersinto asingle
laterallayer usinga scalingfactorderived from our referencemodel—seéelow.
In thisway we accuratelycapturethelateralheatflow in all threelayersbasednly
on architectural area,andfloorplaninformation andthe packagenformationwe
calculatebelon. The combinedmodelis shavn in Figure4hb.

The resultingmodelaccomplisheshe goal of a paramterizednodelthat can be
derivedin a straightforvard fashionfrom the high-level specificationghat archi-
tectstypically work with, andavoids the needfor low-level simulationsor direct
physicalmeasurementhatthermalmulti-porttechniquesypically require.
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6 HotPackage: Accounting for Package Design

Packagesodaytypically consistof a spreadeplate,oftenmadeof aluminum,cop-
per, or someotherhighly conductve material,a heatsink of aluminumor copper
andafan.To determinea cost-efective packagehatis not designedor the worst-
casepower dissipation,we usedour power/performancenodelto determinethe
averagepower dissipationof all the SPEC200enchmarkprograms[25] com-
monly usedin computerarchitectureresearchWe then selecteda packagethat
would allow a modestnumber(six) of benchmark$o exceed  (four by alarge
amount,two by about , andthreethatareclosebut do notexceed ). There-
sulting packagenasa thermalresistancef 1.0 K/W, which includesthe spreader
interfacelayers,heatsinkandheatsinkto air corvection.Thisis basedn published
dataasthatin table2. In contrastto designfor the the hottestapplication,equake,

the packagewould needa thermalresistanceof 0.54 K/W, which is much more
expensve.

Table2

Publishedandcalculatedraluesfor thermalresistancéor four heatsinks.Publishedralues
aretakenfrom http://www.allstarcomponents.ogcooling.iiml. “Rect” meangectangular

Material | Area | BaseThick | #Fins| Fin | FinHt. | Air Sp. || SpecR | Calc.R
(cm) (cm) Type (cm) (m/s) || (KIW) | (K/W)

Al 36 0.69 28 | Rect 2.06 5 0.67| 0.613

Cu 61 1.17 256 | Pin 1.68 10 0.36 0.38

Al 64 0.60 18 | Rect 2.4 8 0.60 0.62

7 HotSpot: Deriving the Lumped Thermal R/C Values

In this sectionwe sketchhow thevaluesof R andC arecomputedSomeparameters
needto be empirically determinedwhich requiresa referencemodel. The most
accurateway to validateour modelwould be to comparetemperaturgredictions
from HotSpotwith time-seriesmeasurementsf perblock operatingtemperatures
for a microprocessorunningareal workload.Sincethereexists no infrastructure
for makingsuchmeasurementsye insteadcreatedan independenmodel of this
systemin Floworks[26], acommercialfinite-elemen{FEM) simulatorof 3D fluid
andheatflow for arbitrarygeometriesmaterials andboundaryconditions.

Thederivationis chiefly baseduponthefactthatthermalresistancés proportional

to the thicknessof the materialand inverselyproportionalto the cross-sectional
areaacrosswvhichthe heatis beingtransferred:

— (1)
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where is the thermalconductvity, for siliconat C. Thermal
capacitancepnthe otherhand,is proportionalto boththicknessandarea:

(2)
where isthethermalcapacitanc@erunit volume, for silicon
and for copper Calibrationwith our FloworksFEM simulation

hasshowvn thata scalingfactoris necessaryor the capacitancé ) values:0.47for
siliconand0.62for copperIn exploring differentconfigurationsye have cometo
theconclusionthatthis factoris partly dueto anaspect-ratieffect, because¢hedie
especiallyis extremelythin anddoesnot absorbheatuniformly throughouits vol-
ume,andpartly aconsequencef thedifferencebetweerumpedversudistributed
RC models[18].

For our1 K/W packagewe mustdealwith thefactthattheisothermis notonthein-
terfacebetweerthespreadeandsink. Thelocationof thisisothermdepend®nthe
thicknessof thechip. Usingour referencanodelin Floworks,we simulateda vari-
ety of packageconfigurationsvith variousthicknessefor thedie andspreaderand
variouspower-densityprofileson the chip, in orderto find the isothermalsurface.
We founda consistentinearrelationshipthatthefraction of the packagehatis not
isothermalis givenby , sofor a chip thickness m
that we use, . This meansthat 0.06 K/W mustbe sharedamongall the
blocks(inverselyproportionalto their area) with theremaining0.94K/W in asin-
glecommon

For thelateralcomponentsRsandCsarecomputedrom the centerof eachblock
to the centerof eachblock’s sharededge.The Rs and Cs mustalso be scaledto
accountfor the collapsingof the threelayers,andto accountfor the impact of
aspecratio. Severalstepsarethereforerequired.

First,for eachblockthebulk resistance is computedusingEquation(1). This
is thenscaledby to accountfor the collapsingof the laterallayers.
is determinedby the thermalconductvity of the metal materialscomprisingthe
spreaderndsink, andthe muchlarger thicknessof the packagecomparedo the
silicon. It is found empirically using Floworks, asdescribedn [14]. The value of
isindependentf block size,aspectatio, chip/packagehicknesspower density
andtechnologyFinally, is dividedinto individual resistancesorresponding
to the sharededgeswith neighboringblocks.

This assumes squareblock. But the heatflow is also dependenbn the aspect
ratio; as a block becomesarraver, more heatflows acrossthe long edgethan
acrosshe shortedge,requiringthe introductionof a scalingfactor thatmodels
this difference Thuswe computethe R in eachdimension, and , to eachof the
four directions(up, down, left, right) as:
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— — 3)

— — (4)

Here isthe dimensionand isthe dimensionlf , theentire term
cancelsand . Empirically fitting to our FEM yields ,
which is independentf block sizes,aspectratios, chip/packagehicknesspower
density andtechnology After and arecalculatedthey needto be further
subdvidedif theblock hasmorethanoneneighborin eachof thefour directions.

Thismodelis boundary-andinitial-conditionindependeniby constructiorsincethe
componenvaluesare derived from materialphysicalandgeometricavalues.Al-
thoughthereareseveralempiricalfactorsusedn theformulas( , , ), theirvalues
arethe same jndependentf the detailsof the chip andarchitecturebeingstudied,
within the limits of currentstate-of-the-arprocessesBecauseahe HotBlocksRC
network is not obtainedfrom full solutionsof thetime-dependenteat-conduction
equationfor every possiblearchitecturethere may be boundaryandinitial con-
dition setsthat would leadto inaccurateresults.But for the rangeof reasonable
architecturaffloorplansandthe shorttime scalesof architecturesimulations,the
parameterizederivation of the chip modelensureghatthe modelis indeedBICI
for practicalpurposesf notin aformal senseln otherwords,architectscanrely
on the modelto be independenof boundaryandinitial conditionsfor purposesr
architecturakimulation.

A final noteregardsthetemperature-dependenctconductvity. Thistemperature
dependencenly affectsresultsfor relatively largetemperaturgangesgyreaterthan

[27]. Our currentchip model hasa much smallerrangein actve mode,so
we usethethermalconductvity of siliconat , our specifiedmaximumjunction
temperaturelncorporatingatemperaturelependenceill beanecessargxtension
to HotSpotfor working with largertemperaturganges.

8 Calibrating the M odel

Dynamiccompacimodelsarewell establishedh thethermal-engineeringommu-
nity, but we areunavareof ary thathave beendevelopedio modeltemperaturén a
way thatis compatiblewith typical microarchitectureesearchools.Of coursethe
exact compactmodel mustbe validatedto minimize errorsthat might arisefrom
modelingheattransferusinglumpedelements.

Thisis difficult, becauseve arenotawareof any sourceof localized time-dependent
measurementsf physicaltemperaturethatcouldbe usedto validateour model.It
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remainsanopenproblemin thethermal-engineeringpmmunityhow to obtainsuch
directmeasurement&ventually we hopeto usethermaltestchips(e.g.,[28]), and
possiblyalsoa systemlike aninfrared cameraor IBM’ s PICA picosecondmag-
ing tool [29] with real superscalaprocessors¢o imageheatdissipationon a fine
temporalandspatialgranularity Until this becomedeasible we areusingather
modynamicsandcomputationafluid-dynamicstool asa semi-independenhodel
whichwe canusefor validationandcalibration.As mentionecearlier we areusing
Floworks[26], acommercialfinite-elemensimulatorof 3D fluid andheatflow for
arbitrarygeometriesmaterials andboundaryconditions.

Floworks and HotSpotare only semi-independentecausesomeof the HotSpot
parametersvere calibratedindependentlyusing Floworks. Neverthelesswe can
verify thatthe two obtainsimilar steady-stateperatingtemperatureandtransient
response.

Figure5ashaows steadystatevalidationcomparingtemperaturepredictedoy Flo-
works, HotSpot,anda “simplistic” modelthateliminatesthe lateralportion of the
RC circuit (but not the package)o shav the importanceof transferimpedances
evenfor architecturestudies HotSpotshovs goodagreementvith Floworks, with
errors alwayslessthan5.6%andusuallylessthan2.5%.Thesimplisticmodel,on
the otherhand,hasmuchlargererrors,ashigh as29%, plus hasthe dravbackthat
thedeviationsareneitherconsistentlyhigh or low. Oneof thelargesterrorsis for the
hottestblock, which meangoo mary thermaltriggerswill be generatedFigure5b
shows transientvalidationcomparing for Floworks and HotSpot,the evolution of
temperaturén oneblock onthechip overtime. Theagreemenis excellentbetween
FloworksandHotSpot,but thesimplisticmodelshovstemperatureising muchtoo
fast. Theagreemenivould be evenworsehadwe omittedthe packaganodel.

Because¢he modelis deriveddirectly from the processos floorplanandbasicma-
terial propertief its packageit is easilyaddedo arny architecturakimulator This
modelis a portablemodulethatis now publicly availableontheweh

Dueto thelack of anarchitecturatemperaturenodel,afew prior studieshave at-
temptedto modeltemperaturedy averagingpower dissipationover a window of
time. This will not captureary localizedheatingunlessit is doneat the granular
ity of on-chipblocks,but eventhenit fails to accountfor lateralcouplingamong
blocks,therole of theheatsink, etc. We have alsoencounterethefallacy thattem-
peraturecorrespondgso instantaneoupower dissipation.This is clearly not true;
thethermalcapacitancactsasalow-pasdilter in translatingpower variationsinto
temperaturevariations.

To show the importanceof using a thermalmodelinsteadof a power metric, we
have computedhe correlationcoeficient betweertemperatur@andthe moving av-
erageof power dissipation.The datain Table 3 comefrom the gcc benchmark,

Percentrrorin temperaturés computedwith respecto theambient, Cor K.
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Fig. 5. Model validation.(a): Comparisorof steady-statéemperaturebetweernFloworks,
HotSpot,anda “simplistic” modelwith no lateralR andC. (b): Transientvalidation—this
compareghe stepresponsén Floworks, HotSpot,and the simplistic modelfor a single
block, theintegerexecutionregisterfile.

whichis representatie of all of thebenchmarksvhichwe examined.Temperatures
were collectedusing HotSpot,and power measurementg/ere collectedusingan
averagingperiodof onemillion cycles,bothfor a simulationof onebillion cycles.
R-squaredraluesfor the correlationarereportedin Table 3 alongwith the units’
meanpower andtemperaturesverthesimulation,andthe percenof time theunits
spendin thermalviolation. The R-squaredralue givesthe percentagef variance
thatis commonbetweentwo setsof data:correlationis very poorfor mostunits,
especiallythehot ones.
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Table3
Correlationof power andtemperaturdor gcc.

Units Temp | Powver | R-Square| % cycles
(O (W) (%) | in thermal

violation

I-Cache | 78.3| 4.53 16 0
BPred 78.2| 194 26 0
ITB 79.1] 0.21 24 0
IntExec 81.7| 3.85 30 33
IntRegg 83.2| 297 20 60
IntQ 78.1| 0.20 15 0
IntMap 76.3| 0.58 08 0
LdStQ 79.7| 1.84 16 0
D-Cache| 83.1| 8.44 15 57
DTB 79.1] 0.11 06 0
FPMap 73.6| 0.03 02 0
FPAdd 76.1| 0.37 79 0
FPQ 77.0] 0.01 78 0
FPMul 745] 0.39 65 0
FPRe 75.4| 0.23 51 0
L2 68.7| 0.94 01 0

9 Conclusionsand Future Work

This paperdescribesan approachto modelingthermalbehaior in architecture-
level power/performancsimulatorslt is basedn asimplenetwork of thermalre-
sistancesndcapacitancesyhich arederivedusingareaandfloorplaninformation
for the major functionalblocksat the architecturdevel, and estimatesof thermal
resistanceindcapacitancéor the microprocessos thermalpackageWe describe
techniquedor automatingthe derivation of area,floorplan, packageandthermal
R/C informationto minimize the effort requiredof the processomrchitect.Area
andfloorplaninformationandthe resultingthermalmodelmustbe derived using
high-level estimatiorbecausarchitecture-leel studiesareoftenconducteefore
creatingthe lower-level processodescriptionghatareneededy traditionalalgo-
rithms.Packageanformationcanbederivedusingwell-known methodgor comput-
ing thermalresistanceand capacitancdor heatspreadersheatsinks,convection,
etc.
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Early work using a simplerversionof our model[4] shoved the importanceof
modelingheatat finer granularitieghanthe whole die, which is the approacthat
earlierwork in the processcarchitecturecommunity had taken. This paperalso
shaws the importanceof modelingtransferor “lateral” thermalimpedancesThe
thermalmodelwhich we proposehere(HotSpot)thereforefills a void in the archi-
tecturecommunitys modelingcapabilitiesIt canbeusedto simulatehow thermal
stresds correlatedo the architecturehow designdecisionsanfluencethermalbe-
havior andotherimportanteffectsthataredependenbn operatingemperaturdik e
leakagecurrentgfor example,in conjuctionwith temperature\aareleakagemod-
els[30]), andfor designof architecturakuntimethermalmanagementiotSpotis
availableonthewebat http://lava.cs.viginia.edu/hotspot.

Futurework consistof developingmodelsfor sensoraccurag anddelay(needed
for realisticmodelingof run-timethermalmanagementand morethoroughvali-
dationof the modelusingphysicalmeasurementgithervia testchipsor thermal-
imaging techniques Another interestingavenuefor future work is to find ways
to adaptthe morerigoroustechniquesf direct constructionof dynamiccompact
modelsfrom numericalor analyticalthermalmodelsto describethe 3D heatflow
with lessapproximatiorbut in waysthatarecompatiblewith early-stagehigh-level
architecturestudies.

It is ourhopethatthiswork will stimulategreateicollaboratioramongthepackage,
VLSI, andarchitectureeommunitiego find betterwaysto manageheatatall levels
of computersystemsiesign.
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Fig. 1. The semicircularfloorplan generatedby the HotFloorplantool using the MIPS
R10000configuration.

Fig. 2. "Normalized” floorplanfor the MIPS R10000(left), Intel Pentium(middle), and
Alpha 21264(right) processors.
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Tablel
Distancegrom computedss. obseredlocationsof themajorfunctionalblocks.Resultsare
in percentnormalizedto the heightof the chip.

Alpha | MIPS | Pentium
I-cache 6.4%| 5.4%| 11.1%
D-cache 3.9% | 10.8% 9.1%

Integerexecution NA | 36.8%| 24.8%
FP execution 71.2%| 49.1% 5.6%
Queues NA | 50.8% | 21.7%
Branchpred. 44%| 7.9%| 52.3%
Decode/rename | 37.9% | 22.7% 7.1%

Table2
Publishecandcalculatedraluesfor thermalresistancdor four heatsinks.Publishedvalues
aretakenfrom http://wwwallstarcomponents.otcooling.itml. “Rect” meangectangular

Material | Area | BaseThick | #Fins| Fin | FinHt. | Air Sp. || SpecR | Calc.R
(cm) (cm) Type (cm) (m/s) || (KIW) | (K/W)

Al 36 0.69 28 | Rect 2.06 5 0.67| 0.613

Cu 61 1.17 256 | Pin 1.68 10 0.36 0.38

Al 64 0.60 18 | Rect 2.4 8 0.60 0.62
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Table3

Correlationof power andtemperaturdor gcc.

Units Temp | Powver | R-Square| % cycles
(O (W) (%) | inthermal

violation

I-Cache | 78.3| 4.53 16 0
BPred 78.2| 194 26 0
ITB 79.1] 0.21 24 0
IntExec 81.7| 3.85 30 33
IntRegg 83.2| 297 20 60
IntQ 78.1| 0.20 15 0
IntMap 76.3| 0.58 08 0
LdStQ 79.7| 1.84 16 0
D-Cache| 83.1| 8.44 15 57
DTB 79.1] 0.11 06 0
FPMap 73.6| 0.03 02 0
FPAdd 76.1| 0.37 79 0
FPQ 77.0] 0.01 78 0
FPMul 745] 0.39 65 0
FPReg 75.4| 0.23 51 0
L2 68.7| 0.94 01 0
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