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Abstract
In currentday microprocessors,exponentially increasingpower densities,leakage,cooling

costs,andreliability concernshaveresultedin temperaturebecominga �rst classdesignconstraint
like performanceandpower. Hence,virtually everyhigh performancemicroprocessorusesa com-
binationof anelaboratethermalpackageandsomeform of DynamicThermalManagement(DTM)
schemethatadaptively controlsits temperature.While DTM schemesexploit the importantvari-
ableof powerdensityto controltemperature,this paperattemptsto show thatthereis a signi�cant
peaktemperaturereductionpotentialin managinglateralheatspreadingthrough�oorplanning. It
arguesthat this potentialwarrantsconsiderationof thetemperature-performancetrade-off early in
the designstageat the microarchitecturallevel using�oorplanning. As a demonstration,it uses
previously proposedwire delaymodeland�oorplanning algorithmbasedon simulatedannealing
to presentapro�le-dri ven,thermal-aware�oorplanningschemethatsigni�cantly reducespeakpro-
cessortemperaturewith minimalperformanceimpactthatis quitecompetitivewith DTM.

1. Intr oduction

As processtechnologyscalesinto thenanometerregion,theexponentialincreaseof powerdensities
acrossprocessgenerationsresultsin higherdie temperaturesandeven highertemperaturesin the
wiresof today's microprocessorchips.Theexponentialdependenceof leakageon temperatureag-
gravatesthisproblemevenfurther. Suchhightemperatures,whenleft unmanaged,couldpotentially
affect theprocessor's correctnessof operation.They couldalsoresultin its acceleratedagingand
reduceits operatingspeedandlifetime. In microprocessors,this hasinvariably resultedin some
form of cooling solutions. Traditionalonesamongthem have beendesignedfor the worst-case
power dissipationandhave focusedmainly on thethermalpackage(heatsink, fanetc.). However,
morerecentsolutionsinvolve managingthe application's behaviour adaptively in responseto the
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on-chip temperature.Theserun-time feedbackdriven mechanismsare called DynamicThermal
Management(DTM) schemes.They slow down theexecutionof themicroprocessorin responseto
thetemperaturesensed,resultingin thereductionof thepowerdissipatedandhencein thereduction
of theon-chiptemperature.

SincemostDTM schemesinvolve stoppingtheprocessorclock or reducingits supplyvoltage,
they have certainimplicationsfor a high-performancemicroprocessor. Firstly, in multi-processor
server-basedsystems,thisresultsin problemswith clocksynchronizationandaccuratetime-keeping.
Secondly, high performance,power-hungry, hot applicationscausingthe DTM to be enabledare
slowed down. This impactssystemsoffering real time guaranteesnegatively as the slowdowns
causedareunpredictableandcouldpotentiallyleadto failuresin meetingthecomputationaldead-
lines. DTM schemesaredesignedassolutionsto dealwith theworst-caseapplicationswherethe
thermalpackagedealswith theaveragecase.However, asprocessorsbecomehotteracrosstechnol-
ogygenerations,thisaverage-caseapplicationbehaviour itself tendsto grow hottercausingreliabil-
ity lapsesandhigherleakage.Hence,staticmicroarchitecturaltechniquesfor managingtemperature
cancomplementwhatDTM is trying to achieve.

Orthogonalto thepower densityof thefunctionalblocks,anotherimportantfactorthataffects
the temperaturedistribution of a chip is the lateralspreadingof heatin silicon. This dependson
the functional unit adjacency determinedby the �oorplan of the microprocessor. Traditionally,
�oorplanning hasbeendealtwith at a level closerto circuits thanto microarchitecture.Oneof the
reasonsfor thisis thelevel of detailedinformation�oorplanningdependson,whichis only available
at thecircuit level. However, with wire delaysdominatinglogic delaysandtemperaturebecominga
�rst classdesignconstraint,�oorplanning hasstartedto belookedat evenat themicroarchitecture
level. In this work, we investigatethequestionof whether�oorplanning at themicroarchitectural
level canbeappliedviably towardsthermalmanagement.Thequestionandtheassociatedtrade-off
betweenperformanceandtemperatureareexaminedatafairly higherlevel of abstraction.In spiteof
usingmodelsthatarenotnecessarilyverydetailed,thispaperhopesto at leastpointoutthepotential
of microarchitectural�oorplanning in reducingpeakprocessortemperatureandthepossibilityof its
complementingDTM schemes.It shouldbenotedthat �oorplanning doesnot reducetheaverage
temperatureof theentirechip very much. It just evensout thetemperaturesof thefunctionalunits
throughbetterspreading.Therefore,thehottestunitsbecomecoolerwhile thetemperatureof a few
of thecolderblocksincreasesaccordingly. This aspectof �oorplanning is particularlyattractive in
comparisonwith staticexternalcooling.While coolingreducestheambienttemperatureandhence
thepeaktemperatureon thechip, it doesnot reducethetemperaturegradientacrossthechip. This
canbebadfrom areliability standpoint.

Contributions Thispaperspeci�cally makesthefollowing contributions:

1. It presentsa microarchitecturelevel thermal-aware �oorplanning tool, HotFloorplan,that
extendsthe classicsimulatedannealingalgorithmfor slicing �oorplans [1], to accountfor
temperaturein its costfunctionusingHotSpot[2]—a fastandaccuratemodelfor processor
temperatureat the microarchitecturelevel. HotFloorplanis a part of the HotSpotsoftware
releaseversion3.0 andcanbe downloadedfrom the HotSpotdownloadsite. The URL is:
http://lava.cs.virginia.edu/HotSpot.

2. It makesa casefor managingthetrade-off betweenperformanceandtemperatureat themi-
croarchitecturallevel. It doessoby employing a pro�le-driven approachof evaluatingtem-
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peratureand performancerespectively by using previously proposedthermal[2] andwire
delay[3, 4, 5] models.

3. It �nds that thermal-aware �oorplanning reducesthe hottesttemperatureson the chip by a
signi�cant amount(about20 degreeson the averageand up to 35 degrees)with minimal
performanceloss.In fact,�oorplanning is soeffective thatit eliminatesall thethermalemer-
gencies(theperiodsof thermalstresswheretemperaturerisesaboveasafetythreshold)in the
applicationswithout theengagementof DTM.

Theremainderof this paperis organizedasfollows: Section2 discussesthepreviouswork in
theareacloselyrelatedto thispaper. Section3 investigatesthecoolingpotentialof lateralspreading
andpresentsit asthemotivationfor thiswork. Section4 describesthethermal-aware�oorplanning
algorithm,themicroarchitecturalperformancemodelusedto studythedelayimpactof �oorplan-
ningandthesimulationsetupusedin theevaluationof thiswork. Section5 presentsthe�ndings of
our research.Section6 concludesthepaperanddiscussespossiblefuturework.

2. RelatedWork

Previouswork relatedto this paperfalls into threebroadcategories—�rst is thewealthof classical
algorithmsavailablefor �oorplanning,secondis theaddressingof �oorplanning at thearchitecture
level for performanceandthethird is �oorplanning for evenchip-widethermaldistribution.

Sincetheresearchin classical�oorplanning is vastandit is impossibleto provideanexhaustive
overview of thecontributionsin the�eld, weonly mentiona verysmallsampleof thework related
to our thermal-aware�oorplanning algorithm.A morethoroughlisting canbefoundin VLSI CAD
texts like [6, 7]. Many �oorplan-relatedproblemsfor general�oorplans have beenshown to bein-
tractable.Evenwhenthemodulesarerectangular, thegeneral�oorplanningproblemis shown to be
NP-complete[8, 9]. Hence,̀ sliceable�oorplans' or �oorplans thatcanbeobtainedby recursively
sub-dividing thechip into two rectangles,aremostpopular. Mostproblemsrelatedto themhaveex-
actsolutionswithout resortingto heuristics.While moregeneralandcomplex �oorplan algorithms
areavailable,this paperrestrictsitself to sliceable�oorplans becauseof their simplicity. For our
work which is at thearchitecturallevel, sincethenumberof functionalblocksis quitesmall,slice-
able�oorplans arealmostasgoodasothercomplex �oorplans. The mostwidely usedtechnique
in handlingsliceable�oorplans is Wong et al.'s simulatedannealing[1]. It is easyto implement,
is versatilein handlingany arbitraryobjective functionandhasbeenimplementedin commercial
designautomationtools.

In theareaof �oorplanningatthearchitecturallevel for performance,Ekpanyapongetal.'swork
on pro�le-guided�oorplanning [10] andReinmanet al.'s MEVA [11], areworksthatwe areaware
of. Pro�le-guided�oorplanning usesmicroarchitecturalpro�le informationaboutthecommunica-
tion patternsbetweenthefunctionalblocksof a microprocessorto optimizethe�oorplan for better
performance.MEVA evaluatesvarioususer-speci�edmicroarchitecturalalternativesonthebasisof
their IPC vs.cycle time trade-off andperforms�oorplanning to optimizetheperformance.In spite
of dealingwith architecturalissues,it doessoat a level closethecircuit by specifyingarchitectural
templatein structuralverilog andarchitecturalalternativesin a Synopsis-like `.lib' format.Bothof
thesedonotdealwith temperature.

Thermalplacementfor standardcell ASIC designsis alsoa well researchedareain theVLSI
CAD community. [12, 13] is a sampleof thework from thatarea.Hunget al.'s work on thermal-
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awareplacementusinggeneticalgorithms[14] andEkpanyapongetal.'swork onmicroarchitectural
�oorplanning for 3-D chips[15] arealsocloseto theareaof ourwork.

Parallel to our work [16], recently, Hanet al. alsopublishedresearchon thermal-aware�oor -
planningat the microarchitecturallevel [17] in which they usethe previously publishedParquet
�oorplanner [18]. While their work alsodealswith the sametopic asours, it doesnot consider
performancedirectly andusesthetotal wire-lengthof a chip astheproxy for performance.As we
show in our results,this proxy couldbemisleadingandcouldpotentiallyresultin a �oorplan with
shorterwire-lengthbut worseperformance.Also, as[17] doesnotcomparetheperformanceimpact
of �oorplanning with thatof DTM, it doesnotanswerthecrucialquestionof why it is necessaryto
addresstemperatureat the�oorplanning stageevenin thepresenceof DTM.

Thermal-aware�oorplanning is alsolikely to bea well-researchedtopic in the industry, espe-
cially at thepost-RTL designstage.However, weareunawareof any previously publishedwork at
thepre-RTLor microarchitecturallevel designstage.

Apart from theabove-mentionedresearch,we would alsolike to mentionthewire delaymodel
andparametersfrom Braytonetal. [5] andBanerjeeet al. [4] andthewire capacitancevaluesfrom
Burger et al [3]' s work exploring theeffect of technologyscalingon theaccesstimesof microar-
chitecturalstructures.We usethesemodelsandparametersin theevaluationof our �oorplanning
algorithmfor calculatingthewire delaybetweenfunctionalblocks.

3. Potential in Lateral Spreading

Beforethedescriptionof thethermal-aware�oorplanner, it is importantto performapotentialstudy
that givesan ideaaboutthe gainsonecanexpectdueto �oorplanning. Sincethe cooling dueto
�oorplanning arisesdueto lateralspreadingof heat,we studythe maximumlevel of lateralheat
spreadingpossible. This is doneusing the HotSpot thermalmodel which modelsheat transfer
throughan equivalent circuit madeof thermalresistancesandcapacitancescorrespondingto the
packagecharacteristicsandto thefunctionalblocksof the�oorplan. In theterminologyof thether-
malmodel,maximumheatspreadingoccurswhenall thelateralthermalresistancesof the�oorplan
areshorted. This is equivalent to averagingout the power densitiesof the individual functional
blocks.Thatis, insteadof thedefault �oorplan andnon-uniformpowerdensities,weusea�oorplan
with asinglefunctionalblockthatequalsthesizeof theentirechipandhasauniformpowerdensity
equalto the averagepower densityof the default case. On the otherextreme,we alsomake the
thermalresistancescorrespondingto thelateralheatspreadingto beequalto in�nity . This givesus
anideaof theextentof temperaturerisepossiblejust dueto theinsulationof lateralheat�o w. The
tablebelow presentstheresultsof thestudyfor asubsetof SPEC2000benchmarks[19]. The`Min'
and`Max' columnscorrespondto thecasewhenthelateralthermalresistancesarezeroandin�nity
respectively, while the `Norm' columnshows the peaksteady-statetemperatureof the chip when
thethermalresistanceshave thenormalcorrectvalues.

Clearly, lateralheatspreadinghasa large impacton processortemperature.Thoughthe ideal
spreadingformsanupperboundon theamountof achievablethermalgain,realisticspreadingdue
to �oorplanning might only have a muchlesserimpact.This is sobecausethefunctionalblocksof
aprocessorhave asizeable,�nite areaandcannotbebrokendown into arbitrarilysmallsub-blocks
thatcanbemovedaroundindependently. Hencethemaximumattainablethermalgainis constrained
by thefunctionalunit granularityof the�oorplan. In spiteof theimpracticalityof implementation,
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Table1: Peaksteady-statetemperaturefor differentlevelsof lateralheatspreading(oC)

Bench Min Norm Max
bzip2 56 123 222
gcc 55 120 220
crafty 54 120 217
gzip 54 120 215
perlbmk 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

thisexperimentgaugesthepotentialavailableto betapped.Conversely, if thisexperimentindicated
very little impacton temperature,thentherestof ourpaperwouldbeobviated.

4. Methodology

4.1 HotFloorplan Scheme

Thebroadapproachwe take in this work is to usetheclassicsimulatedannealingbased�oorplan-
ningalgorithm[1]. Theonly differenceis thatthecostfunctionhereinvolvespeaksteady-statetem-
perature,which comesfrom a previously proposedmicroarchitecturalthermalmodel,HotSpot[2].
Just like [1], HotFloorplanusesNormalizedPolish Expressions(NPE) to representthe solution
spaceof sliceable�oorplansandusesthreedifferenttypesof randomperturbationmovesto navigate
throughthem. Theaspectratio constraintsfor eachfunctionalblock arerepresentedaspiecewise
linearshapecurves. For eachslicing structurecorrespondingto anNPE,theminimum-areasizing
of the individual blocksis doneby a bottom-up,polynomial-timeadditionof the shapecurvesat
eachlevel of theslicingtree[7]. Oncethesizingis done,theplacementis thenpassedontoHotSpot
for steady-statetemperaturecalculation. It usesthe pro�le-generatedpower dissipationvaluesof
eachfunctionalblock andthe placementgeneratedby the currentstepof HotFloorplanto return
thecorrespondingpeaksteady-statetemperature.HotFloorplanthencontinuesthroughtheuseof
simulatedannealingasthesearchschemethroughthesolutionspace.

Thiswork usesacostfunctionof theform (A+ l W)T whereA is theareacorrespondingto the
minimum-areasizingof thecurrentslicing structure,T is thepeaksteady-statetemperature,W is
thewire-lengthmetricgivenby å ci jdi j ;1 � i; j � n, wheren is thenumberof functionalblocks,ci j

is thewire densityof theinterconnectionbetweenblocksi and j, anddi j is theManhattandistance
betweentheir centers.l is a control parameterthat controlsthe relative importanceof A andW.
As theunitsof measurementof A andW differ, l is alsousedto matchup their magnitudesto 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, l shouldbe in the orderof 0.01. We also
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�nd thatassigninga relative importanceof about10%to thewire-lengthin generalproducedgood
�oorplans. Hence,the valueof l we useis 0.01 x 10% = 0.001. It is to be notedthat the cost
functionis a productof two terms.The(A+ l W) termis thesameasin theoriginal �oorplanning
algorithm[1]. Thenew T termhasbeenincludedasa productterminsteadof a sumterm. This is
becausewe foundthecostfunctionto have abettergradationin valuefor different�oorplans when
T wasincludedin theproductterm thanwhenit wasincludedin thesumterm. This enabledthe
�oorplannerto �nd moreoptimizedsolutions.

Therearetwo �oorplanningschemesthatweevaluate.The�rst, calledas�p-basic, is ascheme
whereall themicroarchitecturalwiresmodeledaregivenequalweightage,i.e.,ci j = 1;8i; j. In the
second,calledas �p-advanced, the weightsci j arecomputedin sucha way thatW = å ci jdi j is
proportionalto an estimateof theslowdown in theexecutiontime of theapplicationwhenrun on
the�oorplan beingevaluated,in comparisonto onewith adefault �oorplan.

For thesimulatedannealing,we usea �x edratio temperatureschedulesuchthat theannealing
temperatureof a successive iterationis 99% of theprevious one. Initial annealingtemperatureis
setsuchthat the initial move acceptanceprobability is 0.99. The annealingprocessis terminated
after1000iterationsor aftertheannealingtemperaturebecomeslesserthana threshold,whichever
is earlier. Thethresholdis computedsuchthatthemove rejectionprobabilityat thattemperatureis
99%.

4.2 Wire DelayModel

Thermal-aware �oorplanning algorithmsare facedwith an interestingtemperature-performance
trade-off. While separatingtwo hot functionalblocks is good for thermalgradient,it is bad for
performance.To managethis trade-off during the designstageat the microarchitecturallevel, it
is essentialto have a wire delaymodelthat is detailedenoughto accuratelyindicatethe trendof
importanteffectsandat the sametime, simpleenoughto be handledat the architecturelevel. In
our work, sucha modelis essentialfor evaluatingtheperformancetrade-off of the thermal-aware
�oorplans generated.In the �p-advancedschemementionedabove, suchmodelis alsonecessary
during the pro�le-driven �oorplanning phaseto convert the critical wire-lengthsof the �oorplan
into actualperformanceestimates.Hence,we usea previously proposed,simple,�rst-order model
for wire delay[4, 5]. We assumeoptimalrepeaterplacementandhence,wire delaybecomesa lin-
earfunctionof wire-length.Theequationfrom [5] thatgivesthewire delayfor aninterconnectof
lengthl segmentedoptimally into segmentseachof sizelopt , is givenby

T(l) = 2l
p

rcroco

 

b+

s

ab
�

1+
cp

co

� !

(1)

wherero, co andcp arethe resistance,input andparasiticoutputcapacitancesof a minimum-
sizedinverterrespectively. a= 0:7,b= 0:4 andr andc aretheresistanceandcapacitanceof thewire
perunit lengthrespectively. Weusetheequationfor lopt andits measuredvaluesfor aglobal130nm
wire (2.4mm)from [4] andalsoassumethatco = cp. Wethenobtainthevaluesof r andc for global
andintermediatelevel wiresat the130nmtechnologynodefrom [3]. Usingtheseandtheequation
for lopt , weobtainthelopt valuefor intermediatelevel wiresalso(sincelopt only dependson

p
rc of

thatmetallayer),which is foundto be1.41mm. Usingtheabovementionedequationandconstants
derived from previously publishedworks,we computethe delayof a global or intermediatelevel
wire, givenits lengthfor the130nmtechnologynode.Assumingaclockfrequency of 3 GHz,using
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this model,thedelayof a 5 mm wire amountsto 1.69cyclesat theglobal layerand2.88cyclesat
theintermediatelayer.

4.3 Simulation Setupand Evaluation

Themicroarchitecturalperformancemodelwe useis a derivative of theSimpleScalar[20] simula-
tor, thepowermodelis aderivativeof Wattch[21] andthethermalmodelusedis theblock modelof
HotSpotversion3.0 [2]. Thebasicprocessorarchitectureand�oorplan modeledis similar to [22],
i.e.,closelyresemblingtheAlpha21364processor. Theleakagepowermodelis alsosimilarto [22]
which usesITRS [23] projectionsto derive theempiricalconstants.Thedifferencesarementioned
here.This paperusesa laterversionof HotSpotwhichadditionallymodelsaninterfacematerialof
thickness75µ betweenthedie andtheheatspreader. Further, thepackagethermalresistanceis 0.1
K/W andtheambienttemperatureis at40o C. Thethresholdatwhich thethermalsensorof thepro-
cessorengagesDTM (calledthetriggerthreshold)is 111.8o C while theabsolutemaximumjunction
temperaturethat the processoris allowed to reachwith DTM (calledthe emergency threshold)is
115o C. The�oorplan similar to Alpha 21364processorcoreis scaledto 130nm andis locatedin
themiddleof oneedgeof thedie. Figure1 shows this baseprocessor�oorplan. Theentiredie size
is 15.9 mm x 15.9 mm while the coresize is 6.2 mm x 6.2 mm. In otherwords,the Manhattan
distancebetweendiagonallyoppositecornersof thecoreis 4.21cyclesif asignaltravelsby aglobal
wire while 7.16cycleswhenit travels by an intermediatelevel wire. The �oorplanning schemes
mentionedabove operateon thesetof blocksshown in Figure1. For thepurposesof the�oorplan-
ning algorithm,all thecoreblocksareallowedto berotatedandthemaximumallowedaspectratio
is 1:3 exceptwhentheaspectratio of a block in thebaseprocessor�oorplan is itself greaterthan
that. In thatcase,theaspectratio of theblock in thebasic�oorplan, roundedto thenearestinteger,
formstheupperlimit on theallowableaspectratio. Moreover, for thispaper, HotFloorplanoperates
only uponthecorefunctionalblocks.Oncethecore�oorplan hasbeencomputed,theL2 cacheis
justwrappedaroundit soasto make theentiredieasquare.

Figure1: (a)Thebasic�oorplan correspondingto the 21364that is usedin our experiments.(b)
Close-upof thecorearea.
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The �rst stepof our thermal-aware�oorplanning is pro�ling to obtainthe averagepower dis-
sipationvaluefor eachof the functionalblocks. Hence,we usea setof twelve benchmarksfrom
theSPEC2000[19] benchmarksuiteandobtainthepower valuesthroughsimulation.Thesevalues
arethenaveragedacrossall benchmarksanda singlesetof power dissipationnumbers(onevalue
correspondingto eachfunctionalblock) is passedontothe�oorplanner. The�oorplannerusesit to
�nd a thermally-optimized�oorplan. During this pro�ling phase,thebenchmarksarerun with the
train input set. After the �oorplanning phase,the �oorplans generatedareevaluatedin theevalu-
ation phase.Theseevaluationrunsalsousethe samesetof twelve benchmarksbut the reference
input set is usedasopposedto the train input set. A subsetof benchmarksfrom the SPEC2000
suitewaschosensoasto minimizethesimulationtime. However, thechoicewasmadecarefullyto
excludeany bias.Of the12benchmarks,7 areintegerbenchmarksand5 arefrom the�oating point
suite.They form a mixtureof hot andcold,power hungryandidle benchmarks.Thelist of bench-
marksandtheir characteristicsis shown in Table2. Whetherit is from theintegeror �oating point
suiteis indicatedalongsidethe benchmarkname. This datais gatheredusingthe referenceinput
setandthebenchmarksusethedefault Alpha-like �oorplan. Thetemperaturesshown aretransient
valuesacrossthe entirerun of the benchmark.In thesereferencerunsandalsoin the evaluation
runs,all thebenchmarksaresimulatedfor 500 Million instructionsafteran architecturalwarmup
of 100Million instructionsanda thermalwarmupof 200Million instructions.It is to benotedthat
like [22], this thermalwarmupis after settingthe initial temperaturesof the chip andpackageto
theper-benchmarksteady-statevalues.Hence,any possibilityof a thermalcold-startis eliminated.
Also, like [22], thesimulationpointsfor thereferencerunsarechosenusingtheSimPoint[24] tool.
It is alsoworth mentioningthatthepro�le runsaremainly to obtaintheaveragepower dissipation
valuesandaswill beexplainedbelow, theperformanceimpactof thewires.Thethermalmodeling
in thoserunsis only to ensureaccuratecalculationof the leakagepower dissipation.Furthermore,
thesepro�le runsdo not usesimulationpointsfrom theSimPointtool but arejust simulatedafter
fast-forwarding for 2 Billion instructionsto remove unrepresentative startupbehaviour. Like the
evaluationruns, thesesimulationsarealsorun for 500 Million instructionsafter an architectural
warmupof 100Million instructionsanda thermalwarmupof 200Million instructions.

In orderto modeltheperformanceimpactof �oorplanning, this work modelsin SimpleScalar,
thedelayimpactof 13majorarchitecturelevel wiresthatconnecttheblocksof the�oorplan shown
in Figure 1. Theseare by no meansexhaustive but attemptto capturethe most importantwire
delayeffects,especiallywith very little connectivity informationavailableat thearchitecturallevel.
Suchperformancemodelingof wire delayis usednotonly duringtheevaluationruns(wherein,it is
usedto measuretheIPC costof the�oorplans beingevaluated)but alsoduringthepro�ling phase
of the �p-advancedscheme.For eachof themajorarchitecturalwiresconsidered,theextra delay
on themis variedfrom 0 to 8 cycles. The train input set is used.The averageof this dataacross
all benchmarksis presentedin Figure2. x-axis of the �gure shows extra delayincurreddueto a
particularwire andthey-axisshowstheresultingaverageperformanceslowdown. Theslowdown is
computedin comparisonto thebaseAlpha21364-like microarchitecturalmodel.The�p-advanced
schememakesuseof thesummaryinformationfrom thisdatato quantifytherelative importanceof
thedifferentwiresand�oorplans accordingly.

Figure2 clearlyshows thatsomewiresaremorecritical thanothersfor performance.The�p-
advancedschemeis designedto exploit this. Givena �oorplan, its costfunctiontriesto estimateits
performancein comparisonwith thebaseAlpha-like �oorplan. Wedothisnormalizationasasanity
checkfor ourwire delaymodel.While thewiredelaymodelweusemightbeaccuratein termsof the
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Table2: Benchmarkcharacteristics

Average Average Peak
Bench. IPC Power Temp. Temp.

(W) (oC) (oC)
bzip2(I) 2.6 42.2 81.7 127.1
gcc(I) 2.2 39.8 79.3 121.4
gzip (I) 2.3 39.3 79.1 122.1
crafty(I) 2.5 39.3 79.0 120.0
eon(I) 2.3 38.6 79.0 113.5
art(F) 2.4 41.9 78.7 109.9
mesa(F) 2.7 37.4 78.2 114.6
perlbmk(I) 2.3 37.1 76.9 117.3
facerec(F) 2.5 33.6 74.4 107.5
twolf(I) 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: Performanceimpactof varyingthedelayon critical wires.

time it takesfor asignalto propagatethroughawire of givenlength,it ignoresroutinginformation
andmetal layer assignmentbecauseof suchdetailsnot beingavailableat the architecturallevel.
So, we usethe microarchitecturalmodel itself as a sanity checkfor the wire delay model. For
instance,in thebase�oorplan, assumingglobalwires,thewire delaymodelindicatesthatthedelay
betweentheFPMapandFPQunitsis 1.13cycles(2 cycleswhenroundedto thenext higherinteger).
However, theseunitsmicroarchitecturallycorrespondto thedispatchstageandit just takes1 cycle
in theAlpha 21364pipelinefor dispatch.Hence,whencomparingperformanceof a �oorplan with
thebase�oorplan, for eachof the13 wires,we �nd thedifferencein thecorrespondingwire delays
betweenthegiven �oorplan andthebasecase.Only this difference,andnot theactualwire delay
indicatedby the model, is roundedto the nearesthigher integer cycle boundaryandusedin our
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performancemodelastheextradelayincurred.If thenew �oorplan hasawire shorterthanthebase
case,it is ignored.This styleof performancemodelingis advantageousto thebase�oorplan but is
alsojusti�ably sobecausethebase�oorplan is derivedfrom anactualprocessorandhenceis most
likely to beoptimizedin thebestpossiblemannerfor performance.If a wire is longerin thebase
�oorplan, it is still probablytheoptimalpoint for performance.Hence,we do not countthewires
shorterin the �oorplans generatedby our schemes.Also, in orderto dealwith the issueof metal
layerassignment,we take theapproachof doinga sensitivity studywith two extremes—allwires
beingglobalvs.all wiresbeingintermediate.Studyingthesetwo extremeswill show thebest-and
worst-casegainsachievableby �oorplanning.

The �p-advancedschemeusesthe slowdown datafrom Figure 2 for its cost function. The
performanceslowdown is averagedacrossall thebenchmarks.A simplelinearregressionanalysis
is performedon the averageddataanda straightline �t is madebetweentheextra wire delay(in
cycles)and the averageperformanceslowdown for eachwire. The slopeof this regressionline
gives the averageperformanceslowdown per cycle of extra delayon a wire. Assumingthat the
performanceimpactof differentwiresaddup, a summationof theseindividual slowdownscanbe
usedto obtainanestimateof theoverall slowdown for theentire�oorplan. That is, if sk8k arethe
slopesof the regressionlinesof thewiresunderconsideration,theperformanceslowdown for the
entire�oorplan is givenby å sknk wherenk is thenumberof cyclesit takesfor asignalto propagate
throughtheparticularwire. Sincenk varieslinearly with thedi j term(from thewire-lengthtermof
thecostfunctionW = å ci jdi j ), it canbeseenthatassigningtheweightsci j proportionalto sk makes
W proportionalto anestimateof theperformanceslowdown dueto theIPC lossof a �oorplan.

The pro�le dataabout the power dissipationand the performanceimpact of wire delay are
usedby the�oorplan schemesand�oorplans optimizedfor their respective objective functionsare
produced.These�oorplans arethenevaluatedfor their thermalcharacteristicsandperformance.
For the former, theHotSpotmodelis usedandfor the latter, theperformancemodeldevelopedin
this work is used. In evaluatingthe performanceimpactof the �oorplanning schemes,this paper
comparesthemwith control theoreticDVS [22] astheDTM techniquewherethevoltageis varied
from 100%to 50%in tendiscretesteps.Thefrequency is alsochangedaccordingly. Thetimetaken
for changingthe voltageandre-synchronizingthe PLL is assumedto be 10 µs. Two versionsof
DVS aremodeled.In the �rst, calleddvs, the processorstallsduring the 10 µs interval whenthe
voltageis beingchanged.In the second,calleddvs-i (for `ideal dvs'), the processorcontinuesto
executealbeit the new voltagebecomeseffective only after the 10 µs period. Finally, we would
like to mentionthatwhile the thermal-aware�oorplanning is designedto reducetemperature,still
a DTM schemeis requiredasa fall-backin casethe temperaturerisesbeyond the thresholdeven
with �oorplanning. This is alsoa reasonwhy �oorplanning is not a replacementfor DTM but a
complementto it.

5. Results

First,wepresentthe�oorplans selectedby the�p-basic and�p-advancedschemes.Figure3 shows
the core �oorplans. The deadspacein the �oorplans is 1.14%for �p-basic and 5.24%for �p-
advanced, computedasratiosto thebasecorearea.In caseof the latter, theextra spaceis chosen
by the �oorplanner asa trade-off for maintainingboth goodthermalbehaviour andperformance.
With currentday microprocessorsbeingmorelimited by thermalconsiderationsthanby area,we
feel thata 5% overheadcouldbetolerated.Thereis a possibilitythatthis extra areacouldbeused
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for betterperformance.However, due to diminishing ILP, as processorsaremoving away from
increasingsingleprocessorresourcesto morethroughput-oriented designs,areais becomingless
critical than the other variables. Also, sinceclock frequenciesare limited today by the cooling
capacityof a processor, if �oorplanning reducesthe peaktemperaturesigni�cantly, thensimilar
to the temperature-trackingdynamicfrequency scalingschemeof [22], theclock frequency could
probablybeincreasedto compensatefor, or evenenhancetheperformance.

Theaspectratiosof theentirecoreandthedatacacheis alsointeresting.Right now, theaspect
ratio of the coreis not constrainedby any upperboundwhile that of thedatacacheis limited by
a boundof 1:3. The fact that the �oorplanner choosessuchaspectratiosasshown in Figure3 is
interestingandsuggestsfuturework, both to explore theprosandconsof suchaspectratiosfrom
animplementationandperformanceperspective, andto continuere�nementof the�oorplanner.

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

These�oorplans arethenanalyzedusingthewire modelin comparisonwith thebase�oorplan.
For the �p-basic �oorplan, its weighingall the13 wires equallyhasresultedin mostwires being
shorterthanthebase�oorplan. Theonly longerwiresareBpred-Icache,DTB-LdStQandIntMap-
IntQ. The �rst two are longerby 1 cycle while the last is longerby 2 cycles irrespective of the
assumptionaboutthemetallevel of thewires(globalvs.intermediate).Thetotalwire-lengthof this
�oorplan is betterthanthatof thebasecaseby 12.7%.However, thelongerwiresarethosecritical
to performance.In caseof the �p-advancedscheme,� ve of the13 wiresarelongerthanthebase
�oorplan. They are:IntQ-IntReg, Dcache-L2,FPMul-FPQ,Icache-L2andFPMap-FPQ.All 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 performancethanthewireslongerin the�p-basic �oorplan. This
canbeseenbetterwhentheperformanceresultsareshown.
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Figure4 shows the impactof our �oorplan schemeson peaktemperature.The leftmostbar in
eachgroupshows thebasecase.Themiddlebarshows thedatafor �p-basic andtherightmostone
is for �p-advanced. The temperaturereductiondueto �oorplanning occursbecauseof threemain
reasons.Oneis the lateralspreadingof heatin thesilicon. The secondis the reductionof power
densitydueto performanceslowdown andthe third is the reductionof leakagepower dueto the
loweringof temperature.In orderto decoupletheeffect of the later two from the�rst, eachbar in
the �gure shows two portionsstacked on top of eachother. Thebottomportions,calledbasicand
advancedrespectively, show thecombinedeffect of all thethreefactorsmentionedabove. Thetop
portions,calledbasic-spreadandadvanced-spread, show only theeffect of spreading.This datais
obtainedby settingthepower densityof thenew �oorplans to beequalto thatof thebasecaseand
observingthesteady-statetemperaturefor eachbenchmark.This doesnot involve theperformance
modelandhencetheeffectsof slowdown andreducedleakage.It is to be notedthat in thebasic
andadvancedportionsof thegraph,we assumezeropower densityfor thewhite spacesgenerated
by our �oorplanner. However, the resultsdo not vary muchwhenthewhite spacesareassigneda
power densityequalto theminimumpower densityon thechip (which is usuallyin theL2 cache).
In fact,in thebasic-spreadandadvanced-spreadportionsof thegraphshown, weactuallydoassign
power densitiesin suchamanner.
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Figure4: Impactof �oorplanning on peaktemperature.

It canbe seenfrom thegraphthat with 115o C emergency threshold,all thermalemergencies
have beeneliminatedby �oorplanning itself, even if not accountingfor power reductiondue to
performanceslowdown andleakagereduction.Also, between�p-basic and�p-advanced, thelatter
shows better temperaturereduction. This is becauseof its increasedareadue to white spaces,
which absorbtheheatfrom hotterunits. Also, it canbe observed that a signi�cant portionof the
temperaturereductioncomesfrom spreading. �p-basic shows a larger reductionin temperature
dueto performanceandleakageeffectswhencomparedto �p-advanced. As it will beshown later,
this is becausethe slowdown in performanceitself is larger for that scheme.On the average,�p-
basicand�p-advancedreducepeaktemperatureby 21.9and23.5degreesrespectively with 12.6
and17.2degreesrespectively beingjust becauseof spreading.Sincethe peaktemperatureswith
�oorplanning are much lower than the emergency threshold,a careful increasein the processor
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clock frequency could compensatefor the performanceloss, still keepingthe peaktemperature
within desiredlimits.

Figure5 showstheperformanceimpactof theschemes.The�p-basic and�p-advancedschemes
arecomparedagainstdvsanddvs-i. The advanced-gandadvanced-ibarscorrespondto the �p-
advanced�oorplan with global andintermediatemetallayerassumptionsrespectively. The basic
bar correspondsto the �p-basic scheme.Thereareno separatebarsfor differentmetal layer as-
sumptionsfor �p-basic becausethe wire model's extra delaypredictionsfall into the samecycle
boundaryin both cases. The graphalso shows a few other DVS schemesnamedin the format
`scheme-threshold' where`scheme'is eitherdvsor dvs-i andthe `threshold' is the thermalemer-
gency thresholdfor the DTM scheme.While the normalemergency thresholdis 115o C for our
experiments,we show theseadditionaldataasasensitivity studywith respectto thethreshold.
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Figure5: Performanceslowdown of thevariousthermalmanagementschemes.

It canbeseenfrom thegraphthat�p-advancedperformsbetterthan�p-basic. It shouldbenoted
thatits totalwire-lengthis 30.3%worsethan�p-basic. Still, its performanceis betterthan�p-basic
becauseof its highweightagefor thecritical wires.Thisalsoshowsthatasimplewire-lengthmetric
cannotbeusedasa proxy for performancewhenoptimizingfor temperatureat themicroarchitec-
tural level. It couldleadto anerroneousconclusionprojectinga slower �oorplan asthebetterone
becauseof its shorterwire-length. �p-advancedis alsoquitecompetitive with theDTM schemes.
It is slightly betterthanregular DVS andwhile worsethanideal DVS, is comparableto it. Even
whentheemergency thresholdis reducedto 105o C, theperformanceof the�oorplan schemesdoes
not changebecausethe peaktemperaturewith �oorplanning is well below that andthe fall-back
DTM is never engaged.However, changingthethresholdaffectstheDTM schemesadversely. At
a thresholdof 105o C, even idealDVS is worsethan�p-advanced. In realprocessors,the thresh-
old temperatureis setbasedon considerationslike thecapabilityof thecoolingsolution,leakage,
lifetime andreliability. It is designedto bewell above theaverage-casepeaktemperature.As tech-
nologyscalesandasthis average-casetemperatureitself increases,thegapbetweenthe threshold
andthe peaktemperaturegetssmaller. The datashown in Figure5 with thresholdtemperatures
lower than115o C aimto modelthisnarrowing gap.
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6. Conclusionsand Future Work

This paperpresenteda casefor consideringmicroarchitectural�oorplanning for thermalmanage-
ment. It describedHotFloorplan,a microarchitectural�oorplanning tool that incorporatespro�le
informationto evaluatethetemperature-performancetrade-off earlyin thedesignstage.Resultsof
this work show thatthereis a signi�cant peaktemperaturereductionpotentialin �oorplanning. In
our experiments,all the thermalemergencieswereremoved by just �oorplanning alone. A major
partof this reductioncomesfrom lateralspreadingwhile a minor portionalsocomesfrom reduced
leakageandsloweddown execution.In comparisonwith a simpleperformancemetriclike thesum
of the lengthsof all wires, a pro�le-driven metric that takes into accountthe amountof commu-
nicationandthe relative importanceof the wires reducestemperaturebetterwithout losing much
performance.In fact,thesimpleschemeresultsin a�oorplan betterin termsof totalwire length(and
temperature)but signi�cantly worsein termsof performance.In orderto optimizeperformanceand
temperature,thepro�le-driven schemetradesoff a third variable—area.A tolerableareaoverhead
is usedin reducingtemperaturesigni�cantly without compromisingperformance.In comparison
with DVS DTM scheme,thepro�le-based�oorplanning schemeperformedcompetitively. As the
gapbetweenthe average-casepeaktemperatureandthe thermalenvelopeis narrowing down, the
performanceimpactof DTM is on the rise. A combinationof �oorplanning andDTM could ad-
dressthis issueeffectively. By reducingthepeaktemperature,�oorplanning canreducetheamount
of timeDTM is engaged,therebyalsoreducingtheundesirableclockandrealtimeeffectsof DTM.
Furthermore,sincethe peaktemperaturewith �oorplanning is signi�cantly lesserthanthe emer-
gency threshold,thesmallperformanceimpactof �oorplanning couldpossiblybecompensatedby
anincreasein processorfrequency, still stayingwithin thedesiredthermallimits. While �oorplan-
ning reducestemperature,it doesnot eliminatetheneedfor DTM. Evenwith �oorplanning, DTM
is necessaryasa failsafeoption. Moreover, both DTM and�oorplanning addresstwo orthogonal
issuesof power densityandlateralspreading.Hence,they cancomplementeachotherin achieving
thesameobjective.

In our immediatefuturework, wewould like to investigatetheeffectof constrainingtheaspect
ratio of theentirecoreareain our �oorplanning schemesandits impacton themagnitudeof white
space.However, asa moregeneralfuturedirectionof research,we would like to studytheeffects
of thermal-aware �oorplanning in multi-corearchitectures.This work hasgiven an architectural
framework to treattheareavariablequantitatively. Thisopensupmany interestingvenuesof future
exploration.Onecouldresearchef�cient waysof tradingoff areaandmoreprecisely, white space,
againstthe designconstraintsof temperature,power andperformance.Combiningsuchresearch
with existingDTM schemesor comingupwith new DTM schemesthatwork synergistically taking
into accounttheareavariable,couldbefurtherfruitful directionsof research.
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