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Abstract

In currentday microprocessorsgxponentially increasingpower densities,leakage,cooling
costsandreliability concerndave resultedn temperaturdecominga rst classdesignconstraint
like performanceindpower. Hence virtually every high performancenicroprocessousesa com-
binationof anelaboratehermalpackageandsomeform of DynamicThermalManagementDTM)
schemehatadaptvely controlsits temperature While DTM scheme®xploit the importantvari-
ableof power densityto controltemperaturethis paperattemptgo shaw thatthereis a signi cant
peaktemperatureéeductionpotentialin managindateralheatspreadinghrough oorplanning. It
armguesthatthis potentialwarrantsconsideratiorof the temperature-performaetrade-of earlyin
the designstageat the microarchitecturalevel using oorplanning. As a demonstrationit uses
previously proposedvire delaymodeland oorplanning algorithmbasedon simulatedannealing
to presentpro le-driven,thermal-avare oorplanning schemehatsigni cantly reducegpeakpro-
cessotemperaturevith minimal performancempactthatis quite competitve with DTM.

1. Intr oduction

As procesgechnologyscalesnto thenanometeregion, theexponentiaincreasef powver densities
acrossprocesgyenerationgesultsin higherdie temperatureandeven highertemperatures the
wires of todays microprocessochips. The exponentialdependencef leakageon temperatureg-
gravatesthis problemevenfurther Suchhightemperaturesyhenleft unmanaged;ouldpotentially
affect the processos correctnes®f operation.They couldalsoresultin its accelerateégingand
reduceits operatingspeedand lifetime. In microprocessorghis hasinvariably resultedin some
form of cooling solutions. Traditional onesamongthem have beendesignedfor the worst-case
power dissipationandhave focusedmainly on the thermalpackaggheatsink, fanetc.). However,
more recentsolutionsinvolve managingthe applications behaiour adaptvely in responsdo the
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on-chiptemperature. Theserun-time feedbackdriven mechanismsre called Dynamic Thermal
Management(DTM) schemesThey slow down the executionof the microprocessoin responseo
thetemperatursensedresultingin thereductionof the power dissipatecandhencein thereduction
of theon-chiptemperature.

SincemostDTM schemesgnvolve stoppingthe processoclock or reducingits supplyvoltage,
they have certainimplicationsfor a high-performancenicroprocessorFirstly, in multi-processor
sener-basedsystemsthisresultan problemswith clock synchronizatiomndaccuratdime-keeping.
Secondly high performancepowver-hungry hot applicationscausingthe DTM to be enabledare
slowed down. This impactssystemsoffering real time guaranteesmegatively asthe slovdowns
causedareunpredictablendcould potentiallyleadto failuresin meetingthe computationatlead-
lines. DTM schemesredesignedassolutionsto dealwith the worst-caseapplicationsvherethe
thermalpackagealealswith theaveragecase However, asprocessorpecomehotteracrosgechnol-
ogy generationghis average-casapplicationbehaiour itself tendsto grow hottercausingeliabil-
ity lapsesandhigherleakage Hence staticmicroarchitecturalechnique$or managingemperature
cancomplementvhatDTM is trying to achieve.

Orthogonaltto the power densityof the functionalblocks,anotherimportantfactorthat affects
the temperaturalistribution of a chip is the lateral spreadingof heatin silicon. This dependon
the functional unit adjaceng determinedby the oorplan of the microprocessor Traditionally

oorplanning hasbeendealtwith at a level closerto circuitsthanto microarchitectureOneof the
reasongor thisis thelevel of detailedinformation oorplanning depend®n,whichis only available
atthecircuit level. However, with wire delaysdominatinglogic delaysandtemperaturéecominga
rst classdesignconstraint, oorplanning hasstartedto belooked at even at the microarchitecture
level. In this work, we investigatethe questionof whether oorplanning at the microarchitectural
level canbeappliedviably towardsthermalmanagemeniThe questiorandtheassociatetrade-of
betweerperformancendtemperaturareexaminedatafairly higherlevel of abstractionin spiteof
usingmodelghatarenot necessarilyery detailed this papethopego atleastpointoutthepotential
of microarchitecturaloorplanningin reducingpeakprocessotemperatur@ndthe possibility of its
complementindTM schemeslt shouldbe notedthat oorplanning doesnot reducethe average
temperaturef the entirechip very much. It just evensout the temperaturesf the functionalunits
throughbetterspreadingThereforethe hottestunitsbecomecoolerwhile thetemperaturef afew
of the colderblocksincreasesccordingly This aspecbf oorplanningis particularlyattractve in
comparisorwith staticexternalcooling. While coolingreduceghe ambienttemperaturendhence
the peaktemperatur@n the chip, it doesnot reducethetemperaturegjradientacrosshe chip. This
canbebadfrom areliability standpoint.

Contributions This paperspeci cally makesthefollowing contritutions:

1. It presentsa microarchitecturdevel thermal-avare oorplanning tool, HotFloorplan,that
extendsthe classicsimulatedannealingalgorithmfor slicing oorplans [1], to accountfor
temperaturen its costfunction usingHotSpot[2]—a fastandaccuratenodelfor processor
temperatureat the microarchitecturdevel. HotFloorplanis a part of the HotSpotsoftware
releaseversion3.0 and can be downloadedfrom the HotSpotdownload site. The URL is:
http://lava.cs.viginia.edi/HotSpot

2. It makesa casefor managinghetrade-of betweerperformanceandtemperaturet the mi-
croarchitecturalevel. It doesso by employing a pro le-driven approactof evaluatingtem-
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peratureand performanceespectiely by using previously proposedthermal[2] andwire
delay[3, 4, 5] models.

3. It nds thatthermal-avare oorplanning reduceghe hottesttemperaturesn the chip by a
signi cant amount(about20 degreeson the averageand up to 35 degrees)with minimal
performancdoss.In fact, oorplanning is soeffective thatit eliminatesall thethermalemer
genciegqtheperiodsof thermalstressvheretemperatureisesabove a safetythreshold)n the
applicationswithoutthe engagemerf DTM.

The remainderof this paperis organizedasfollows: Section2 discusseshe previous work in
theareacloselyrelatedto this paper Section3 investigateshe coolingpotentialof lateralspreading
andpresentst asthe motivationfor thiswork. Sectiord describeghethermal-avare oorplanning
algorithm, the microarchitecturaperformancenodelusedto studythe delayimpactof oorplan-
ning andthe simulationsetupusedin the evaluationof this work. Section5 presentshe ndings of
ourresearchSection6 concludeghe paperanddiscussepossiblefuture work.

2. RelatedWork

Previouswork relatedto this paperfalls into threebroadcateyories— rstis the wealthof classical
algorithmsavailablefor oorplanning, seconds theaddressingf oorplanning atthearchitecture
level for performancendthethird is oorplanning for evenchip-widethermaldistribution.

Sincetheresearchin classicaloorplanningis vastandit is impossibleto provide anexhaustve
overview of the contritutionsin the eld, we only mentiona very smallsampleof thework related
to ourthermal-avare oorplanning algorithm.A morethoroughlisting canbefoundin VLSI CAD
textslike [6, 7]. Many oorplan-relatedproblemsfor general oorplans have beenshavn to bein-
tractable Evenwhenthe modulesarerectangularthegeneral oorplanning problemis shavn to be
NP-completd8, 9]. Hence, sliceable oorplans' or oorplans thatcanbe obtainedby recursvely
sub-dviding thechipinto two rectanglesaremostpopular Most problemgselatedto themhave ex-
actsolutionswithout resortingto heuristics.While moregeneralandcomple< oorplan algorithms
areavailable, this paperrestrictsitself to sliceable oorplans becausef their simplicity. For our
work which s at thearchitecturalevel, sincethe numberof functionalblocksis quite small, slice-
able oorplans arealmostasgoodasothercomplex oorplans. The mostwidely usedtechnique
in handlingsliceable oorplans is Wong et al.'s simulatedannealing[1]. It is easyto implement,
is versatilein handlingary arbitrary objective function and hasbeenimplementedn commercial
designautomatiortools.

Intheareaof oorplanning atthearchitecturalevel for performancekEkparyapongetal.swork
on pro le-guided oorplanning [10] andReinmaretal!s MEVA [11], areworksthatwe areaware
of. Pro le-guided oorplanning usesmicroarchitecturapro le informationaboutthe communica-
tion patternshetweenhe functionalblocksof a microprocessoto optimizethe oorplan for better
performanceMEVA evaluatesrarioususerspeci ed microarchitecturaalternatvesonthebasisof
their IPC vs. cycle time trade-of andperforms oorplanning to optimizethe performanceln spite
of dealingwith architecturalssuesijt doessoat alevel closethecircuit by specifyingarchitectural
templatein structuralverilog andarchitecturahlternatvesin a Synopsis-lile ".lib' format. Both of
thesedo not dealwith temperature.

Thermalplacemenfor standardcell ASIC designss alsoa well researcheareain the VLSI
CAD community [12, 13] is a sampleof thework from thatarea.Hunget al.s work on thermal-
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awareplacementisinggeneticalgorithmg14] andEkparyapongetal. swork on microarchitectural
oorplanning for 3-D chips[15] arealsocloseto theareaof ourwork.

Parallelto our work [16], recently Han et al. alsopublishedresearcton thermal-avare oor -
planningat the microarchitecturalevel [17] in which they usethe previously publishedParquet
oorplanner[18]. While their work also dealswith the sametopic asours, it doesnot consider
performancealirectly andusesthe total wire-lengthof a chip asthe proxy for performance As we
shaw in our results,this proxy could be misleadingandcould potentiallyresultin a oorplan with
shortemwire-lengthbut worseperformanceAlso, as[17] doesnotcompareheperformancémpact
of oorplanningwith thatof DTM, it doesnotansweltthe crucialquestionof why it is necessaryo
addressemperaturatthe oorplanning stageevenin the presencef DTM.

Thermal-avare oorplanning is alsolikely to be a well-researchedbopic in the industry espe-
cially atthepost-R'L designstage.However, we areunavareof ary previously publishedwork at
thepre-RTLor microarchitecturalevel designstage.

Apart from the abore-mentionedesearchye would alsolik e to mentionthe wire delaymodel
andparametersrom Braytonetal. [5] andBanerjeeetal. [4] andthewire capacitancealuesfrom
Burger et al [3]'s work exploring the effect of technologyscalingon the accesgimesof microar
chitecturalstructures.We usethesemodelsand parametersn the evaluationof our oorplanning
algorithmfor calculatingthewire delaybetweerfunctionalblocks.

3. Potential in Lateral Spreading

Beforethedescriptiorof thethermal-avare oorplanner it is importantto performa potentialstudy
that givesanideaaboutthe gainsone canexpectdueto oorplanning. Sincethe cooling dueto
oorplanning arisesdueto lateral spreadingof heat,we study the maximumlevel of lateralheat
spreadingpossible. This is done using the HotSpotthermal model which modelsheattransfer
throughan equvalent circuit madeof thermalresistancesnd capacitancesorrespondingo the
packagecharacteristicandto thefunctionalblocksof the oorplan. In theterminologyof thether
mal model,maximumheatspreadingccurswhenall thelateralthermalresistancesf the oorplan
are shorted. This is equivalentto averagingout the power densitiesof the individual functional
blocks.Thatis, insteadof thedefault oorplan andnon-uniformpower densitiesywe usea oorplan
with asinglefunctionalblock thatequalgshesizeof theentirechip andhasa uniform power density
equalto the averagepower densityof the default case. On the other extreme,we also make the
thermalresistancesorrespondingo thelateralheatspreadingo be equalto in nity . This givesus
anideaof the extentof temperatureise possiblgust dueto theinsulationof lateralheat o w. The
tablebelav presentsheresultsof the studyfor a subsebf SPEC200®enchmark$l19]. The Min'
and Max' columnscorrespondo the casewhenthelateralthermalresistancearezeroandin nity
respectiely, while the 'Norm' columnshaws the peaksteady-statéeemperaturef the chip when
thethermalresistancebave thenormalcorrectvalues.

Clearly lateralheatspreadinghasa large impacton processotemperature.Thoughthe ideal
spreadingorms anupperboundon the amountof achievablethermalgain, realisticspreadinglue
to oorplanning might only have amuchlesselimpact. Thisis sobecausehe functionalblocksof
aprocessohave asizeable,nite areaandcannotbe brokendown into arbitrarily smallsub-blocks
thatcanbemovedaroundndependentlyHencethemaximumattainabléhermalgainis constrained
by the functionalunit granularityof the oorplan. In spiteof theimpracticalityof implementation,
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Tablel: Peaksteady-stateemperaturdor differentlevelsof lateralheatspreading °C)

Bench Min | Norm | Max
bzip2 56 123 | 222

gcc 55 | 120 | 220
crafty 54 | 120 | 217
gzip 54 | 120 | 215

perlomk| 54 | 114 | 201
mesa 54 114 | 203
eon 54 113 | 201
art 55 109 | 188
facerec | 52 104 | 183
twolf 51 98 168
mgrid 47 75 126
swim 44 59 84

this experimentgaugeghe potentialavailableto betapped.Conversely if this experimentindicated
very little impactontemperaturethenthe restof our papemwould be obviated.

4. Methodology
4.1 HotFloorplan Scheme

Thebroadapproachwe take in this work is to usethe classicsimulatedannealingbasedoorplan-
ningalgorithm[1]. Theonly differences thatthe costfunctionhereinvolvespeaksteady-stateem-
peraturewhich comesfrom a previously proposednicroarchitecturathermalmodel,HotSpot[2].
Justlike [1], HotFloorplanusesNormalizedPolish ExpressiongNPE) to representhe solution
spaceof sliceableoorplans anduseghreedifferenttypesof randomperturbatiormovesto navigate
throughthem. The aspectratio constraintdor eachfunctionalblock arerepresente@dspiecavise
linear shapecurwes. For eachslicing structurecorrespondingo an NPE, the minimum-aressizing
of the individual blocksis doneby a bottom-up,polynomial-timeaddition of the shapecurves at
eachlevel of theslicingtree[7]. Oncethesizingis done theplacements thenpasseantoHotSpot
for steady-statéemperaturealculation. It usesthe pro le-generatedpower dissipationvaluesof
eachfunctionalblock andthe placemengeneratedy the currentstepof HotFloorplanto return
the correspondingeaksteady-statéemperature HotFloorplanthencontinuesthroughthe useof
simulatedannealingasthe searchschemehroughthe solutionspace.

Thiswork usesa costfunctionof theform (A+1 W)T whereA is theareacorrespondingo the
minimume-areasizing of the currentslicing structure,T is the peaksteady-statéemperatureyV is
thewire-lengthmetricgivenby & ¢;;dij;1 i;j n, wherenis thenumberof functionalblocks,c;j
is thewire densityof theinterconnectiorbetweerblocksi and j, andd;;j is the Manhattardistance
betweertheir centers.| is a control parametethat controlsthe relatve importanceof A andW.
As the units of measuremeraf A andW differ, | is alsousedto matchup their magnitudeso the
sameorder In our work, A is in the orderof hundredsof squaremillimeters. W is in the order
of tensof millimeters. So, just to matchup the units,| shouldbein the orderof 0.01. We also
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nd thatassigningarelative importanceof about10%to thewire-lengthin generalproducedyood
oorplans. Hence,the valueof | we useis 0.01x 10% = 0.001. It is to be notedthat the cost
functionis a productof two terms.The (A+1 W) termis the sameasin the original oorplanning
algorithm[1]. Thenew~ T termhasbeenincludedasa productterminsteadof a sumterm. Thisis
becauseave foundthe costfunctionto have a bettergradationin valuefor different oorplans when
T wasincludedin the productterm thanwhenit wasincludedin the sumterm. This enablecthe
oorplannerto nd moreoptimizedsolutions.

Therearetwo oorplanning schemeshatwe evaluate.The rst, calledas p-basic, isascheme
whereall the microarchitecturalires modeledaregivenequalweightagej.e., cij = 1,8i; j. In the
second calledas p-advanced the weightsc;j are computedin sucha way thatW = & ¢;;d;j is
proportionalto an estimateof the slovdown in the executiontime of the applicationwhenrun on
the oorplan beingevaluatedjn comparisorto onewith adefault oorplan.

For the simulatedannealingwe usea x edratio temperatureschedulesuchthatthe annealing
temperaturef a successk iterationis 99% of the previous one. Initial annealingemperaturas
setsuchthatthe initial move acceptanc@robability is 0.99. The annealingorocesss terminated
after 1000iterationsor afterthe annealingemperaturdecomesesserthanathresholdwhichever
is earlier Thethresholds computedsuchthatthe move rejectionprobability at thattemperaturés
99%.

4.2 Wire Delay Model

Thermal-avare oorplanning algorithmsare facedwith an interestingtemperature-performaac
trade-of. While separatingwo hot functional blocksis good for thermalgradient,it is bad for
performance.To managethis trade-of during the designstageat the microarchitecturalevel, it
is essentiato have a wire delay modelthatis detailedenoughto accuratelyindicatethe trend of
importanteffectsand at the sametime, simple enoughto be handledat the architecturdevel. In
our work, sucha modelis essentiafor evaluatingthe performancdrade-of of the thermal-avare
oorplans generatedln the p-advancedschemementionedabove, suchmodelis alsonecessary
during the pro le-driven oorplanning phaseto corvert the critical wire-lengthsof the oorplan
into actualperformanceestimatesHence we usea previously proposedsimple, rst-order model
for wire delay[4, 5]. We assumeptimalrepeateplacemenaindhencewire delaybecomes lin-
earfunctionof wire-length. The equationfrom [5] thatgivesthe wire delayfor aninterconnecbf
lengthl segmentedbptimally into segmentseachof sizel oy, is givenby

s |

T()=2P ferses b+ ab 1+% (1)

wherer,, ¢, andc, arethe resistanceinput and parasiticoutputcapacitancesf a minimum-
sizedinverterrespectrely. a= 0:7,b = 0:4 andr andc aretheresistancandcapacitancef thewire
perunitlengthrespectiely. We usetheequatiorfor |, andits measuredaluesfor aglobal130nm
wire (2.4mm)from [4] andalsoassumehatc, = c,. We thenobtainthevaluesof r andc for global
andintermediatdevel wiresatthe 130nmtechnologynodefrom [3]. Usingtheseandthee%uation
for lopt, we obtaintheloy valuefor intermediatdevel wiresalso(sincel o only dependsn” rc of
thatmetallayer),whichis foundto be1.41mm. Usingtheabore mentionecequatiorandconstants
derived from previously publishedworks, we computethe delay of a global or intermediatdevel
wire, givenits lengthfor the 130nmtechnologynode.Assumingaclock frequeng of 3 GHz, using
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this model,thedelayof a5 mm wire amountgo 1.69cyclesat the globallayerand2.88cyclesat
theintermediatdayet

4.3 Simulation Setupand Evaluation

The microarchitecturaperformancenodelwe useis a derivative of the SimpleScalaf20] simula-
tor, thepower modelis a derivative of Wattch[21] andthethermalmodelusedis the blodk modelof
HotSpotversion3.0[2]. Thebasicprocessoarchitectureand oorplan modeleds similarto [22],
i.e.,closelyresemblinghe Alpha21364processorTheleakaggponver modelis alsosimilarto [22]
which usesITRS [23] projectionsto derive the empiricalconstantsThe differencesarementioned
here.This paperusesalaterversionof HotSpotwhich additionallymodelsaninterfacematerialof
thicknessr5u betweerthe die andthe heatspreaderFurther the packagghermalresistancés 0.1
K/W andtheambienttemperaturés at40° C. Thethresholdatwhich thethermalsensoof the pro-
cessoengage®TM (calledthetriggerthreshold)s 111.8 C while theabsolutenaximumjunction
temperaturghat the processois allowed to reachwith DTM (calledthe emegeng threshold)is
115 C. The oorplan similar to Alpha 21364processocoreis scaledto 130 nm andis locatedin
the middle of oneedgeof thedie. Figurel shaws this baseprocessoroorplan. Theentiredie size
is 15.9mm x 15.9 mm while the coresizeis 6.2 mm x 6.2 mm. In otherwords,the Manhattan
distancebetweerdiagonallyoppositecornersof thecoreis 4.21cyclesif asignaltravelsby aglobal
wire while 7.16 cycleswhenit travels by anintermediatdevel wire. The oorplanning schemes
mentionedabore operateon the setof blocksshavn in Figurel. For the purpose®f the oorplan-
ning algorithm,all the coreblocksareallowedto berotatedandthe maximumallowed aspectatio
is 1:3 exceptwhenthe aspectatio of a block in the baseprocessoroorplan is itself greaterthan
that. In thatcasethe aspectatio of the block in thebasic oorplan, roundedo the nearestnteger,
formstheupperlimit ontheallowableaspectatio. Moreover, for this paper HotFloorplanoperates
only uponthe corefunctionalblocks. Oncethe core oorplan hasbeencomputedihe L2 cacheis
justwrappedaroundit soasto make the entiredie a square.

e FPMap IntReg
|Ldslo |

T IntMap|IntQ
FPMul
FPReg

. ’ LdStQ

FPAdd FPQ |ITB IntExec
BPred TB
I-Cache D-Cache

Figurel: (a)Thebasic oorplan correspondindo the 21364thatis usedin our experiments. (b)
Close-upof thecorearea.
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The rst stepof our thermal-avare oorplanningis pro ling to obtainthe averagepower dis-
sipationvaluefor eachof the functionalblocks. Hence,we usea setof twelve benchmarkgrom
the SPEC200Q19] benchmarlksuiteandobtainthe power valuesthroughsimulation. Thesevalues
arethenaveragedacrossall benchmark&inda singlesetof power dissipationnumbergonevalue
correspondingo eachfunctionalblock) is passedntothe oorplanner The oorplannerusesit to
nd athermally-optimizedoorplan. During this pro ling phasethe benchmarksrerunwith the
train input set. After the oorplanning phasethe oorplans generatedre evaluatedin the evalu-
ation phase.Theseevaluationrunsalsousethe samesetof twelve benchmarksut the refeence
input setis usedasopposedo thetrain input set. A subsetof benchmarkgrom the SPEC2000
suitewaschosersoasto minimizethe simulationtime. However, the choicewasmadecarefullyto
excludeary bias.Of the12 benchmarksy areintegerbenchmarksind5 arefrom the oating point
suite. They form a mixture of hotandcold, power hungryandidle benchmarksThelist of bench-
marksandtheir characteristicss shavn in Table2. Whetherit is from theintegeror oating point
suiteis indicatedalongsidethe benchmarkname. This datais gatheredusingthe referencenput
setandthe benchmarksisethe default Alpha-like oorplan. Thetemperatureshavn aretransient
valuesacrossthe entirerun of the benchmark.In thesereferenceunsandalsoin the evaluation
runs, all the benchmarksare simulatedfor 500 Million instructionsafter an architecturalarmup
of 100 Million instructionsandathermalwarmupof 200 Million instructions.lt is to be notedthat
like [22], this thermalwarmupis after settingthe initial temperaturesf the chip and packageo
the perbenchmarlsteady-statealues.Hence ary possibility of athermalcold-startis eliminated.
Also, like [22], thesimulationpointsfor thereferenceunsarechoserusingthe SimPoint[24] tool.
It is alsoworth mentioningthatthe pro le runsaremainly to obtainthe averagepower dissipation
valuesandaswill beexplainedbelaw, the performancempactof thewires. Thethermalmodeling
in thoserunsis only to ensureaccuratecalculationof the leakagepower dissipation.Furthermore,
thesepro le runsdo not usesimulationpointsfrom the SimPointtool but are just simulatedafter
fast-forvarding for 2 Billion instructionsto remove unrepresentate startupbehaiour. Like the
evaluationruns, thesesimulationsare alsorun for 500 Million instructionsafter an architectural
warmupof 100Million instructionsanda thermalwarmupof 200Million instructions.

In orderto modelthe performancémpactof oorplanning, this work modelsin SimpleScalar
thedelayimpactof 13 majorarchitecturdevel wiresthatconnectheblocksof the oorplan shavn
in Figure1l. Theseare by no meansexhaustve but attemptto capturethe mostimportantwire
delayeffects,especiallywith verylittle connectiity informationavailableatthearchitecturalevel.
Suchperformancenodelingof wire delayis usednot only duringtheevaluationruns(wherein,it is
usedto measurdhe IPC costof the oorplans beingevaluated)out alsoduringthepro ling phase
of the p-advancedscheme.For eachof the major architecturalwires consideredthe extra delay
on themis variedfrom 0 to 8 cycles. The train input setis used. The averageof this dataacross
all benchmarksgs presentedn Figure2. x-axis of the gure shavs extra delayincurreddueto a
particularwire andthey-axisshavs theresultingaverageperformanceslovdown. Theslovdownis
computedn comparisorto thebaseAlpha 21364-like microarchitecturainodel. The p-advanced
schemanalesuseof thesummaryinformationfrom this datato quantifytherelative importanceof
thedifferentwiresand oorplans accordingly

Figure2 clearly shavs that somewires aremorecritical thanothersfor performanceThe p-
advancedschemas designedo exploit this. Givena oorplan, its costfunctiontriesto estimatats
performancén comparisorwith thebaseAlpha-like oorplan. We do this normalizatiorasa sanity
checkfor ourwire delaymodel. While thewire delaymodelwe usemightbeaccuraten termsof the
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Table2: Benchmarkcharacteristics

Average| Average| Peak
Bench. IPC| Pawver | Temp. | Temp.
(W) (°C) | (°©)

bzip2(l) 2.6 42.2 81.7 127.1
gcce(l) 2.2 39.8 79.3 121.4
gzip (1) 2.3 39.3 79.1 122.1
crafty(l) 2.5 39.3 79.0 120.0
eon(l) 2.3 38.6 79.0 | 1135
art(F) 2.4 41.9 78.7 109.9
mesa(F) 2.7 37.4 78.2 114.6
perlomk(l) | 2.3 37.1 76.9 | 117.3
facerec(F)| 2.5 33.6 74.4 107.5
twolf(l) 1.7 28.8 68.6 98.6

mgrid(F) 1.3 19.6 61.2 77.6

swim(F) 0.7 11.2 51.6 59.8
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Figure2: Performancémpactof varyingthedelayon critical wires.

time it takesfor a signalto propagatehroughawire of givenlength,it ignoresroutinginformation
and metallayer assignmenbecausef suchdetailsnot being available at the architecturalevel.

So, we usethe microarchitecturamodelitself as a sanity checkfor the wire delay model. For
instancejn thebase oorplan, assumingylobalwires,thewire delaymodelindicateshatthedelay
betweerthe FPMapandFPQunitsis 1.13cycles(2 cycleswhenroundedo thenext higherinteger).
However, theseunits microarchitecturallycorrespondo the dispatchstageandit justtakesl cycle
in the Alpha 21364pipelinefor dispatch.Hence whencomparingperformancef a oorplan with

thebase oorplan, for eachof the 13 wires,we nd thedifferencen the correspondingvire delays
betweerthe given oorplan andthe basecase.Only this difference,andnot the actualwire delay
indicatedby the model, is roundedto the neareshigherinteger cycle boundaryand usedin our
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performancenodelastheextradelayincurred.If thenewv oorplan hasawire shorterthanthebase
casejt isignored. This style of performancenodelingis advantageouso the base oorplan but is

alsojusti ably sobecausehebase oorplan is derived from anactualprocessoandhenceis most
likely to be optimizedin the bestpossiblemannerfor performancelf awire is longerin thebase
oorplan, it is still probablythe optimal point for performance Hence we do not countthe wires
shorterin the oorplans generatedy our schemesAlso, in orderto dealwith the issueof metal
layer assignmentye take the approactof doing a sensitvity studywith two extremes—allwires
beingglobalvs. all wiresbeingintermediate Studyingthesetwo extremeswill shav the best-and
worst-casaainsachievableby oorplanning.

The p-advancedschemeusesthe slovdown datafrom Figure 2 for its costfunction. The
performanceslovdown is averagedacrossall the benchmarksA simplelinearregressioranalysis
is performedon the averageddataanda straightline t is madebetweenthe extra wire delay (in
cycles) andthe averageperformanceslovdown for eachwire. The slopeof this regressionline
givesthe averageperformanceslovdown per cycle of extra delayon a wire. Assumingthatthe
performancempactof differentwires addup, a summationof theseindividual slovndowns canbe
usedto obtainan estimateof the overall slovdown for the entire oorplan. Thatis, if sg8k arethe
slopesof the regressionines of the wires underconsiderationthe performanceslovdown for the
entire oorplan is givenby & scnk wheren is thenumberof cyclesit takesfor a signalto propagate
throughthe particularwire. Sinceny varieslinearly with thed;; term (from the wire-lengthtermof
thecostfunctionW = 3 ¢;;d;j), it canbeseerthatassigningheweightsc;; proportionako s, makes
W proportionalto anestimateof the performancelovdowvn dueto the IPC lossof a oorplan.

The pro le dataaboutthe power dissipationand the performancempact of wire delay are
usedby the oorplan schemesand oorplans optimizedfor their respeciie objective functionsare
produced. These oorplans arethenevaluatedfor their thermalcharacteristicand performance.
For the former, the HotSpotmodelis usedandfor the latter, the performancenodeldevelopedin
this work is used. In evaluatingthe performancempactof the oorplanning schemesthis paper
comparegshemwith controltheoreticDVS [22] asthe DTM techniquewherethe voltageis varied
from 100%to 50%in tendiscretesteps.Thefrequeng is alsochangediccordingly Thetime taken
for changingthe voltageandre-synchronizinghe PLL is assumedo be 10 us Two versionsof
DVS aremodeled.In the rst, calleddvs the processostallsduring the 10 ps interval whenthe
voltageis beingchanged.In the second calleddvs-i (for “ideal dvs'), the processorcontinuesto
executealbeit the new voltagebecomeseffective only after the 10 ps period. Finally, we would
like to mentionthatwhile the thermal-avare oorplanning is designedo reducetemperaturestill
a DTM schemsds requiredasa fall-backin casethe temperaturgisesbeyond the thresholdeven
with oorplanning. This is alsoareasorwhy oorplanning is not a replacemenfor DTM but a
complemento it.

5. Results

First,we presenthe oorplans selectedy the p-basic and p-advancedschemesFigure3 shavs
the core oorplans. The deadspacein the oorplans is 1.14%for p-basic and5.24%for p-
advancedcomputedasratiosto the basecorearea.In caseof the latter, the extra spaces chosen
by the oorplanner asa trade-of for maintainingboth goodthermalbehaiour and performance.
With currentday microprocessorbeingmorelimited by thermalconsiderationshanby area,we
feelthata 5% overheadcould betolerated.Thereis a possibility thatthis extra areacould be used
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for betterperformance.However, dueto diminishing ILP, as processorare moving away from
increasingsingle processoresourceso morethroughput-oriertd designs,areais becomingless
critical thanthe othervariables. Also, sinceclock frequenciesare limited today by the cooling
capacityof a processqrif oorplanning reduceshe peaktemperaturesigni cantly, thensimilar
to the temperature-trackindynamicfrequeng scalingschemeof [22], the clock frequeng could
probablybeincreasedo compensatéor, or evenenhancehe performance.

Theaspectatiosof theentirecoreandthe datacacheis alsointeresting.Right now, the aspect
ratio of the coreis not constrainedby ary upperboundwhile that of the datacacheis limited by
aboundof 1:3. Thefactthatthe oorplanner choosesuchaspectratiosasshavn in Figure3 is
interestingandsuggestsuture work, both to explore the prosandconsof suchaspectatiosfrom
animplementatiorandperformanceperspectie, andto continuere nementof the oorplanner

DTB IntReg  [IntQ
IntExec
Bpred
FPMap FPAdd FPAdd
FPRe;
FPQ
IntMap FPQ
LdStQ FPMul Icache FP. lgg K
LdStQ
Icache
IntMap
Dcache Bpred ITB IntRegFPMul |IntExec IntQ |ITB FPMap|Dcache

Figure3: Floorplansgeneratedby (a) p-basic and(b) p-advancedschemes.

Theseoorplans arethenanalyzedusingthewire modelin comparisorwith thebase oorplan.
For the p-basic oorplan, its weighingall the 13 wires equally hasresultedin mostwires being
shorterthanthe base oorplan. Theonly longerwiresareBpred-lcacheDTB-LdStQandIntMap-
IntQ. The rst two arelongerby 1 cycle while the lastis longerby 2 cyclesirrespectie of the
assumptioraboutthe metallevel of thewires(globalvs. intermediate) Thetotal wire-lengthof this
oorplan is betterthanthat of thebasecaseby 12.7%.However, thelongerwiresarethosecritical
to performance.n caseof the p-advancedscheme, ve of the 13 wires arelongerthanthe base
oorplan. They are:IntQ-IntRey, Dcache-L2FPMul-FPQ Jcache-L2andFPMap-FPQAIl except
the FPMul-FPQinterconnectarelongerby 1 cycle, which is longerby 2 cycles. While the total
wire-lengthof this oorplan is longerthanthebase oorplan by 13.7%.,it canbeseenfrom Figure2
thatthesewiresarelesscritical to performancehanthewireslongerin the p-basic oorplan. This
canbeseenbetterwhenthe performanceesultsareshavn.
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Figure4 shavs theimpactof our oorplan scheme®n peaktemperatureThe leftmostbarin
eachgroupshavs the basecase. Themiddle barshavs the datafor p-basic andtherightmostone
is for p-advanced Thetemperaturegeductiondueto oorplanning occurshecausef threemain
reasons.Oneis the lateral spreadingof heatin the silicon. The seconds the reductionof power
densitydueto performanceslovdown andthe third is the reductionof leakagepower dueto the
lowering of temperatureln orderto decouplethe effect of the latertwo from the rst, eachbarin
the gure shaws two portionsstacled on top of eachother The bottomportions,calledbasicand
advancedespectiely, shav the combinedeffect of all the threefactorsmentionedabove. Thetop
portions,calledbasic-spead andadvanced-sgad shav only the effect of spreading.This datais
obtainedby settingthe power densityof thenew oorplans to be equalto thatof the basecaseand
observinghe steady-statéemperaturdor eachbenchmarkThis doesnotinvolve the performance
modelandhencethe effects of slovdown andreducedeakage.lt is to be notedthatin the basic
andadvancedortionsof the graph,we assumezeropower densityfor the white spacegenerated
by our oorplanner However, the resultsdo not vary muchwhenthe white spacesareassigned
power densityequalto the minimum power densityon the chip (whichis usuallyin the L2 cache).
In fact,in thebasic-speadandadvanced-sgad portionsof thegraphshovn, we actuallydo assign
power densitiesn suchamanner
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\l base O basic O basic-spread W advanced Eadvanced-spread \

Figure4: Impactof oorplanning on peaktemperature.

It canbe seenfrom the graphthatwith 115° C emegeng threshold all thermalemepgencies
have beeneliminatedby oorplanning itself, even if not accountingfor power reductiondue to
performanceslondown andleakagereduction.Also, betweenp-basic and p-advanced thelatter
shawvs bettertemperaturaeduction. This is becauseof its increasedareadue to white spaces,
which absorbthe heatfrom hotterunits. Also, it canbe obsered thata signi cant portion of the
temperaturgeductioncomesfrom spreading. p-basic shavs a larger reductionin temperature
dueto performanceandleakageeffectswhencomparedo p-advanced As it will be shavn later,
this is becauseahe slovdown in performancetself is larger for that scheme.On the average, p-
basicand p-advancedreducepeaktemperaturdy 21.9and23.5 degreesrespectiely with 12.6
and17.2 degreesrespectiely beingjust becausef spreading.Sincethe peaktemperaturesvith
oorplanning are much lower thanthe emegeng threshold,a carefulincreasein the processor
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clock frequeng could compensatdor the performancdoss, still keepingthe peaktemperature
within desiredimits.

Figure5 shavstheperformancempactof theschemesThe p-basic and p-advancedschemes
are comparedagainstdvsanddvs-i The advanced-gand advanced-ibarscorrespondo the p-
advancedoorplan with global andintermediatemetallayer assumptionsespectiely. The basic
bar correspondso the p-basic scheme.Thereare no separatéarsfor differentmetallayer as-
sumptionsfor p-basic becausdhe wire models extra delay predictionsfall into the samecycle
boundaryin both cases. The graphalso shavs a few other DVS schemesiamedin the format
“scheme-theshold' where stheme'is eitherdvsor dvs-iandthe “threshold'is the thermalemer
geng thresholdfor the DTM scheme.While the normalemepgeng thresholdis 115° C for our
experimentsye shav theseadditionaldataasa sensitvity studywith respecto thethreshold.
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Figure5: Performancalovdown of the variousthermalmanagemendéchemes.

It canbeseerfromthegraphthat p-advancedperformshetterthan p-basic. It shouldbenoted
thatits total wire-lengthis 30.3%worsethan p-basic. Still, its performances betterthan p-basic
becausef its highweightagdor thecritical wires. Thisalsoshavs thata simplewire-lengthmetric
cannotbe usedasa proxy for performancevhenoptimizing for temperaturet the microarchitec-
turallevel. It couldleadto anerroneougonclusionprojectinga slover oorplan asthe betterone
becausef its shorterwire-length. p-advancedis alsoquite competitve with the DTM schemes.
It is slightly betterthanregular DVS andwhile worsethanideal DVS, is comparabldo it. Even
whentheemegeng thresholds reducedo 105° C, the performancef the oorplan schemesloes
not changebecauseahe peaktemperaturavith oorplanning is well belov that andthe fall-back
DTM is never engaged However, changingthe thresholdaffectsthe DTM schemesdwersely At
athresholdof 105° C, evenideal DVS is worsethan p-advanced In real processorsthe thresh-
old temperaturés setbasedon considerationdik e the capability of the cooling solution,leakage,
lifetime andreliability. It is designedo bewell above the average-caspeaktemperatureAs tech-
nology scalesandasthis average-caséemperatureétself increasesthe gapbetweenhe threshold
andthe peaktemperaturegetssmaller The datashavn in Figure 5 with thresholdtemperatures
lowerthan11% C aimto modelthis narrawving gap.
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6. Conclusionsand Futur e Work

This paperpresentech casefor consideringmicroarchitecturaloorplanning for thermalmanage-
ment. It describedHotFloorplan,a microarchitecturaloorplanning tool thatincorporategro le
informationto evaluatethe temperature-performantede-of earlyin the designstage.Resultsof
this work shaw thatthereis a signi cant peaktemperatureeductionpotentialin oorplanning. In
our experimentsall the thermalemegencieswereremored by just oorplanning alone. A major
partof this reductioncomesfrom lateralspreadingvhile a minor portionalsocomesfrom reduced
leakageandsloveddown execution.In comparisorwith a simpleperformancenetriclike thesum
of the lengthsof all wires, a pro le-driven metric that takes into accountthe amountof commu-
nicationandthe relative importanceof the wires reducegsemperaturéetterwithout losing much
performanceln fact,thesimpleschemeesultsin a oorplan betterin termsof totalwire length(and
temperaturebut signi cantly worsein termsof performanceln orderto optimizeperformancend
temperaturethe pro le-driven schemedradesoff athird variable—areaA tolerableareaoverhead
is usedin reducingtemperaturesigni cantly without compromisingperformance.ln comparison
with DVS DTM schemethe pro le-based oorplanning schemeperformedcompetitvely. As the
gapbetweenthe average-caspeaktemperatureandthe thermalervelopeis narrawing down, the
performancempactof DTM is on therise. A combinationof oorplanning andDTM could ad-
dresshisissueeffectively. By reducingthe peaktemperature porplanning canreduceheamount
of time DTM is engagedtherebyalsoreducingtheundesirablelock andrealtime effectsof DTM.
Furthermore sincethe peaktemperaturavith oorplanning is signi cantly lesserthanthe emer
gengy thresholdthe smallperformancempactof oorplanning could possiblybe compensatetly
anincreasén processofrequeng, still stayingwithin the desiredthermallimits. While oorplan-
ning reducegemperatureit doesnot eliminatethe needfor DTM. Evenwith oorplanning, DTM
is necessanasa failsafeoption. Moreover, bothDTM and oorplanning addresgwo orthogonal
issuesf power densityandlateralspreadingHence they cancomplementachotherin achiering
the sameobjectie.

In ourimmediatefuturework, we would lik e to investigatethe effect of constraininghe aspect
ratio of the entirecoreareain our oorplanning schemesndits impacton the magnitudeof white
space.However, asa moregeneralfuture directionof researchye would like to studythe effects
of thermal-avare oorplanning in multi-core architectures.This work hasgiven an architectural
framework to treatthe areavariablequantitatvely. This opensup mary interestingvenuesof future
exploration. Onecouldresearctef cient waysof tradingoff areaandmoreprecisely white space,
againstthe designconstraintsof temperaturepowver and performance.Combiningsuchresearch
with existing DTM scheme®r comingup with nev DTM schemeshatwork synegistically taking
into accountheareavariable,couldbefurtherfruitful directionsof research.
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