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Abstract

With power density and hence cooling costs rising exponentially, processor packaging can no longer be designed for the worst case,
and there is an urgent need for runtime processor-level techniques that can regulate operating temperature when the package’s capacity is
exceeded. Evaluating such techniques, however, requires a thermal model that is practical for architectural studies.

This paper expands upon the discussion and results that were presented in our conference paper [43]. It describes HotSpot, an
accurate yet fast model based on an equivalent circuit of thermal resistances and capacitances that correspond to microarchitecture
blocks and essential aspects of the thermal package. Validation was performed using finite-element simulation. The paper also introduces
several effective methods for dynamic thermal management (DTM): “temperature-tracking” frequency scaling, localized toggling, and
migrating computation to spare hardware units. Modeling temperature at the microarchitecture level also shows that power metrics are
poor predictors of temperature, that sensor imprecision has a substantial impact on the performance of DTM, and that the inclusion of
lateral resistances for thermal diffusion is important for accuracy.

1. Introduction

In recentyears,powerdensityin microprocessorshasdoubledeverythreeyears[7, 27], andthisrateis expectedto increase
within oneto two generationsas featuresizesandfrequenciesscalefasterthanoperatingvoltages[40]. Becauseenergy
consumedby themicroprocessoris convertedinto heat,thecorrespondingexponentialrise in heatdensityis creatingvast
dif�culties in reliability andmanufacturingcosts.At any power-dissipationlevel,heatbeinggeneratedmustberemovedfrom
thesurfaceof themicroprocessordie, andfor all but the lowest-power designstoday, thesecoolingsolutionshave become
expensive.For high-performanceprocessors,coolingsolutionsarerisingat$1–3or moreperwattof heatdissipated[7, 18],
meaningthatcoolingcostsarerisingexponentiallyandthreatenthecomputerindustry'sability to deploy new systems.

Power-awaredesignalonehasfailedto stemthis tide, requiringtemperature-awaredesignat all systemlevels,including
the processorarchitecture. Temperature-awaredesignwill make useof power-managementtechniques,but probablyin
ways that aredifferent from thoseusedto improve batterylife or regulatepeakpower. Localizedheatingoccursmuch
fasterthanchip-wideheating;sincepowerdissipationis spatiallynon-uniformacrossthechip, this leadsto “hot spots”and
spatialgradientsthatcancausetiming errorsor evenphysicaldamage.Theseeffectsevolveover time scalesof hundredsof
microsecondsor milliseconds.Thismeansthatpower-managementtechniques,in orderto beusedfor thermalmanagement,
mustdirectly target the spatialandtemporalbehavior of operatingtemperature.In fact,manylow-powertechniqueshave
little or no effect on operating temperature, becausethey do not reducepower densityin hot spots, or becausethey only
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reclaimslackanddo not reducepower andtemperaturewhenno slackis present.Temperature-awaredesignis thereforea
distinctalbeitrelatedareaof study.

Temperature-speci�cdesigntechniquesto datehave mostly focusedon the thermalpackage(heatsink, fan,etc.). If the
packageis designedfor worst-casepower dissipation,they mustbedesignedfor themostseverehot spotthatcouldarise,
which is prohibitively expensive. Yet theseworst-casescenariosarerare: the majority of applications,especiallyfor the
desktop,do not inducesuf�cient power dissipationto producethe worst-casetemperatures.A packagedesignedfor the
worstcaseis excessive.

To reducepackagingcostwithout unnecessarilylimiting performance,it hasbeensuggested[8, 18, 20] thatthepackage
shouldbe designedfor the worst typical application.Any applicationsthat dissipatemoreheatthanthis cheaperpackage
canmanageshouldengageanalternative,runtimethermal-managementtechnique(dynamicthermalmanagementor DTM).
Sincetypicalhigh-powerapplicationsstill operate20%or morebelow theworstcase[18], thiscanleadto dramaticsavings.
This is thephilosophybehindthethermaldesignof theIntel Pentium4 [18]. It usesa thermalpackagedesignedfor a typical
high-power application,reducingthe package's cooling requirementby 20% and its cost accordingly. Shouldoperating
temperatureeverexceedasafetemperature,theclockis stopped(wereferto thisasglobalclock gating) until thetemperature
returnsto a safezone.This protectsagainstboth timing errorsandphysicaldamagethatmight resultfrom sustainedhigh-
poweroperation,from operationathigher-than-expectedambienttemperatures,or from somefailurein thepackage.As long
asthethresholdtemperaturethatstopstheclock(thetrigger threshold) is basedonthehottesttemperaturein thesystem,this
approachsuccessfullyregulatestemperature.This techniqueis similar to the“fetch toggling” techniqueproposedby Brooks
andMartonosi[8], in which instructionfetchis haltedwhenthetriggerthresholdis exceeded.

The Needfor Ar chitecture-Level Thermal Management. Thesechip-levelhardwaretechniquesillustrateboththebene-
�ts andchallengesof runtimethermalmanagement:while they cansubstantiallyreducecoolingcostsandstill allow typical
applicationsto runat peakperformance,thesetechniquesalsoreduceperformancefor any applicationsthatexceedthether-
maldesignpoint. Suchperformancelossescanbesubstantialwith chip-widetechniqueslikeglobalclockgating,with a27%
slowdown for ourhottestapplication,art.

Insteadof usingchip-level thermal-managementtechniques,we arguethat themicroarchitecturehasanessentialrole to
play. Themicroarchitectureis uniquein its ability to useruntimeknowledgeof applicationbehaviorandthecurrentthermal
statusof differentunitsof thechip to adjustexecutionanddistribute theworkloadin order to control thermalbehavior. In
thispaper, weshow thatarchitecture-level thermalmodelingexposesarchitecturaltechniquesthatregulatetemperaturewith
lowerperformancecostthanchip-widetechniquesby exploiting instruction-level parallelism(ILP). For example,oneof the
bettertechniqueswe found—withonly an8% slowdown—wasa “local toggling” schemethatvariestherateat which only
thehot unit (typically theintegerregister�le) canbeaccessed.ILP helpsmitigatetheimpactof reducedbandwidthto that
unit while otherunitscontinueat full speed.

Architecturalsolutionsdo not of courseprecludesoftwareor chip-level thermal-managementtechniques.Temperature-
awaretaskscheduling,like that proposedby RohouandSmith [34], cancertainlyreducethe needto engageany kind of
runtimehardwaretechnique,but therewill alwaysexist workloadswhoseoperatingtemperaturecannotsuccessfullybeman-
agedby software. Chip-level fail-safetechniqueswill probablyremainthe bestway to managetemperaturewhenthermal
stressbecomesextreme,for examplewhentheambienttemperaturerisesabovespeci�cationsor whensomepartof thepack-
agefails (for example,theheatsink fallsoff). But all thesetechniquesaresynergistic,andonly architecturaltechniqueshave
detailedtemperatureinformationabouthotspotsandtemperaturegradientsthatcanbecombinedwith dynamicinformation
aboutinstruction-level parallelismin orderto preciselyregulatetemperaturewhile minimizingperformanceloss.

The Needfor Ar chitecture-Level Thermal Modeling. Somearchitecturaltechniqueshavealreadybeenproposed[8, 20,
26, 36, 41], sothereis clearlyinterestin this topicwithin thearchitecture�eld. To accuratelycharacterizecurrentandfuture
thermalstress,temporalandspatialnon-uniformities,andapplication-dependentbehavior—let aloneevaluatearchitectural
techniquesfor managingthermaleffects—amodelof temperatureis needed.Yet the architecture communityis currently
lacking reliable and practical tools for thermalmodeling. As we show in this paper, the currenttechniqueof estimating
thermalbehavior from somekind of averageof power dissipationis highly unreliable. This hasled prior researchersto
incorrectlyestimatetheperformanceimpactof proposedthermal-managementtechniquesandevento target their thermal-
managementtechniquesatareasof thechip thatarenothotspots.

An effectivearchitecture-levelthermalmodelmustbesimpleenoughtoallow architectsto reasonaboutthermaleffectsand
tradeoffs;detailedenoughto modelruntimechangesin temperaturewithin differentfunctionalunits;andyetcomputationally
ef�cient andportablefor usein avarietyof architecturesimulators.Evensoftware-level thermal-managementtechniqueswill
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bene�t from thermalmodels.Finally, themodelshouldbe�e xible enoughto easilyextendto novel computingsystemsthat
maybeof interestfrom a temperature-awarestandpoint.Examplesincludelike graphicsandnetwork processors,MEMS,
andprocessorsconstructedwith nanoscalematerials.

Contributions. This paperillustratesthe importanceof thermalmodeling;proposesa compact,dynamic,and portable
thermalmodel for convenientuseat the architecturelevel; usesthis model to show that hot spotstypically occurat the
granularityof architecture-levelblocks,andthatpower-basedmetricsarenotwell correlatedwith temperature;anddiscusses
someremainingneedsfor furtherimproving thecommunity'sability to evaluatetemperature-awaretechniques.Ourmodel—
which we call HotSpot—is publicly availableat http://lava.cs.virginia.edu/hotspot.Usingthis model,we evaluatea variety
of DTM techniques.Themosteffectivetechniqueis “temperature-tracking”dynamicfrequency scaling:timing errorsdueto
hotspotscanbeeliminatedwith anaverageslowdown of 2%,and,if frequency canbechangedwithoutstallingcomputation,
lessthan1%. For temperaturethresholdswherepreventingphysicaldamageis alsoa concern,usinga spareregister�le and
migratingcomputationbetweenthe register�les in responseto heatingis the best,with an averageslowdown of 5–7.5%.
Local togglingandanoverhead-freevoltagescalingtechniqueperformedalmostaswell, bothwith slowdownsof about8%.
All ourexperimentsincludetheeffectsof sensorimprecision,whichsigni�cantly handicapsruntimethermalmanagement.

Becausethermalconstraintsarebecomingsosevere,we expectthattemperature-awarecomputingwill bea rich areafor
research,drawing from the�elds of architecture,circuit design,compilers,operatingsystems,packaging,andthermodynam-
ics. Wehopethatthispaperprovidesafoundationthatstimulatesandhelpsarchitectsto pursuethis topicwith thesamevigor
thatthey haveappliedto low power.

Thispaperis anextendedversionof ourconferencepaper[43], allowing usto presentanexpandeddiscussionof various
issuesand presentexpandedresults. The rest of this paperis organizedas follows. The next sectionprovides further
backgroundandrelatedwork. ThenSection3 describesour proposedmodel,its derivationandvalidation,andshows the
importanceof modelingtemperatureratherthanpower. Section4 presentsseveral novel thermal-managementtechniques
andexplorestherole of thermal-sensornon-idealitieson thermalmanagement,with Section5 describingour experimental
setup,issuesconcerninginitial temperatures,and the time-varying behavior of someprograms. Section6 comparesthe
variousthermal-managementtechniques'ability to regulatetemperatureanddiscussessomeof theresultsin furtherdetail,
andSection7 concludesthepaper.

2. Background and Related Work

2.1. Cooling Challenges

Power Density. Powerdensitieshavebeenrisingdespitereducedfeaturesizesandoperatingvoltages,becausethenumber
of transistorshasbeendoublingeveryeighteenmonthsandoperatingfrequencieshave beendoublingevery two years[40].
Power densitiesareactuallyexpectedto rise fasterin future technologies,becausedif�culties in controllingnoisemargins
meanthat operatingvoltage(V ��� ) canno longerscaleasquickly asit has: for 130nmandbeyond, the2001International
TechnologyRoadmapfor Semiconductors(ITRS) [40] projectsvery little changein V ��� . The rising heatgeneratedby
theserising power densitiescreatesa numberof problems,becausebothsoft errorsandagingincreaseexponentiallywith
temperature.Themostfundamentalis thermalstress.At suf�ciently hightemperatures,transistorscanfail to switchproperly
(thiscanleadtosoftorharderrors),many failuremechanismsaresigni�cantly accelerated(e.g.electromigration)whichleads
to anoverall decreasein reliability, andboth the die andthe packagecanevensuffer permanentdamage.Yet to maintain
the traditional rateof performanceimprovementthat is often associatedwith Moore's Law, clock ratesmustcontinueto
doubleevery two years.Sincecarriermobility is inverselyproportionalto temperature,operatingtemperaturescannotrise
andmayevenneedto decreasein futuregenerationsfor highperformancemicroprocessors.TheITRSactuallyprojectsthat
the maximumjunction temperaturedecreasesfrom

�����
C for 180nmto � ��� C for 130nmandbeyond. Spatialtemperature

gradientsexacerbatethis problem,becausetheclock speedmusttypically bedesignedfor thehottestspoton thechip, and
informationfrom our industrialpartnerssuggeststhat temperaturescanvary by 30 degreesor moreundertypical operating
conditions. Suchspatialnon-uniformitiesariseboth becausedifferentunits on the chip exhibit differentpower densities,
andbecauselocalizedheatingoccursmuchfasterthanchip wide heatingdueto the slow rateof lateralheatpropagation.
Yet anothertemperature-relatedeffect is leakage,which is exponentiallyincreasingwith operatingtemperature.Increasing
leakagecurrentsin turn dissipateadditionalheat,which in the extremecaneven leadto a destructive vicious cycle called
thermalrunaway.
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Reliability. Froma reliability standpoint,manufacturersmustensurethat their microprocessorswill meettiming margins
andwill operatefor somereasonablenumberof years(typically5–10years)underarangeof ambientconditionsandaltitudes,
undera rangeof thermalgradientsacrossthechip andits package,andevenoperatecorrectlyin thefaceof a failurein the
thermalpackage,suchas the heatsink's becomingdetachedor a fan failure. Thesethermalrequirementsare typically
speci�ed in termsof a maximumoperatingtemperaturebeyond which timing errorsmay begin to occur, the reliability is
signi�cantly reduced,andevenphysicaldamagemightoccur.

Timing andhenceoperatingfrequency aredependenton temperaturebecausecarriermobility (bothholesandelectrons)
decreaseswith increasingtemperatures.This is thereasonwhy somesupercomputerfamiliesuserefrigerationfor increased
performance,evenif thecostsassociatedwith suchcomplex coolingsolutionsareimpracticalfor generalpurposecomputers.

Thetypical reliability modelfor sucha thermalrequirementbasedon a maximumtemperatureis basedon theArrhenius
equation,which links exponentiallythemeantime to failure(MTTF) to theabsolutetemperature( � ):

� �����������
	
�
���� � (1)

where� is anempiricalconstant,��� is theso-calledactivationenergy and � is Boltzmann'sconstant.Lately theArrhenius
equationhasbeenviewedasinadequatebecauseit doesnot includeotherreliability effectslike thermalcycling andspatial
thermalgradients.But theexponentialdependenceof reliability ontemperatureis yetanotherreasonto favor loweroperating
temperatures,andis why Viswanathet al. [48] observe thatreducingtemperatureby even10–15

�
canimprove thelifespan

of adeviceby asmuchasafactorof two. Industrysourcestell usthatanoperatingtemperaturesashighas ���
� � aretypically
safefromareliability standpoint,andsoattheoperatingtemperaturesspeci�edby theITRSfor high-performanceprocessors,
themainconcernwill behotspot-inducedtiming errors.

Costsof Cooling Solutions. Transistorcountsand frequenciesare rising becausethe information-technologyindustry
currentlydemandsthatperformancedoubleapproximatelyevery18months.Theconsequentincreasein CPUheatdissipation
is inexorable,andimprovedpackagedesignandmanufacturingtechniquesto reducetheir costarethe mainstayof coping
with this heat. Yet thesepackagesarenow becomingprohibitively expensive, cutting pro�ts in markets that arealready
experiencingdecliningpro�t margins[27].

Architecturetechniquescanplay an importantrole by allowing thepackageto bedesignedfor thepower dissipationof
a typical applicationratherthana worst-caseapplication,andby exploiting instruction-level parallelismto allow extreme
applicationsto still achievereasonableperformanceeventhoughthey exceedthecapacityof thepackage.

2.2. RelatedWork

Non-Architectural Techniques. A wealthof work hasbeenconductedto designnew packagesthatprovidegreaterheat-
removal capacity, to arrangecircuit boardsto improve air�o w, andto modelheatingat thecircuit andboard(but not archi-
tecture)levels. Compactmodelsarethemostcommonway to modeltheseeffects,althoughcomputational�uid dynamics
using�nite-elementmodelingis oftenperformedwhenthe�o w of air or a liquid is considered.An excellentsurvey of these
modelingtechniquesis given by Sabryin [35]. Batty et al. [4], ChengandKang [13], Koval andFarmaga[23], Sźekely
et al. [32, 45], andTorki andCiontu [46] all describetechniquesfor modelinglocalizedheatingwithin a chip dueto dif-
ferentpower densitiesof variousblocks,but noneof thesetoolsareeasilyadaptedto architecturalexplorationfor a variety
of reasons.Architecturalmodelingtypically precludesdirectthermal-responsemeasurements,e.g. [45, 46], theuseof ana-
lytic power modelsobviatestheneedfor joint electro-thermalmodeling,e.g. [45], andthesetechiquestypically dependon
low-level VLSI netlistsandstructuralimplementationdetailsor only givesteady-statesolutions.

In additionto thedesignof new, higher-capacitypackages,quiet fans,andthechoiceof materialsfor circuit boardsand
othercomponents,recentwork at the packaginglevel hasgiven a greatdealof considerationto liquid cooling to achieve
greaterthermalconductivity (but costandreliability areconcerns)[1]; heatpipesto spreador conducttheheatto a location
with betterair�o w (especiallyattractive for small form factorslike laptops),e.g. [48]; andto high-thermal-masspackages
thatcanabsorblargequantitiesof heatwithout raisingthe temperatureof the chip—thisheatcanthenbe removedduring
periodsof low computationactivity or DVS canbeengagedif necessary, e.g. [12].

Ar chitectural Techniques. Despitethe long-standingconcernaboutthermaleffects,only a few studieshave beenpub-
lishedin thearchitecture�eld, presumablybecausepoweritself hasonly becomeamajorconcernto architectswithin thepast
� ve yearsor so,andbecauseno goodmodelsexistedthatarchitectscoulduseto evaluatethermal-managementtechniques.
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Guntheret al. [18] describethe thermaldesignapproachfor the Pentium4, wherethermalmanagementis accomplished
via global clock gating. Lim et al. [26] proposea heterogeneousdual-pipelineprocessorfor mobile devicesin which the
standardexecutioncoreis augmentedby a low-power, single-issue,in-orderpipelinethat sharesthe fetch engine,register
�les, andexecutionunitsbut deactivatesout-of-ordercomponentsliketherenamerandissuequeues.Thelow-powerpipeline
is primarily intendedfor applicationsthatcantoleratelow performanceandhenceis veryeffectiveat saving energy, but this
techniqueis alsopotentiallyeffective whenever theprimarypipelineoverheats.This work usedTempest[15], which does
modeltemperaturedirectly, but only at the chip level, andno sensoreffectsaremodeled.Performancedegradationis not
reported,only energy-delayproduct.

Huangetal. [20] deploy a sequenceof four power-reducingtechniques—a�lter instructioncache,DVS, sub-bankingfor
thedatacache,andif necessary, globalclockgating—toproduceanincreasinglystrongresponseastemperatureapproaches
the maximumallowed temperature.BrooksandMartonosi[8] comparedseveral stand-alonetechniquesfor thermalman-
agement:frequency scaling,voltageandfrequency scaling,fetch toggling(haltingfetch for someperiodof time, which is
similar to the Pentium4's global clock gating),decodethrottling (varying the numberof instructionsthat canbe decoded
percycle [36]), andspeculationcontrol(varyingthenumberof in-�ight branchesto reducewastefulmis-speculatedexecu-
tion [28]). BrooksandMartonosialsopoint out thevalueof having a directmicroarchitecturalthermaltriggerthatdoesnot
requirea trapto theoperatingsystemandits associatedlatency. They �nd thatonly fetchtogglingandaggressive DVS are
effective,andthey reportperformancepenaltiesin thesamerangeasfoundby theHuanggroup.Unfortunately, while these
papersstimulatedmuchinterest,no temperaturemodelsof any kind wereavailableat thetime thesepaperswerewritten,so
bothusechip-widepowerdissipationaveragedoveramovingwindow asaproxyfor temperature.As weshow in Section3.7,
thisvaluedoesnot tracktemperaturereliably. A furtherproblemis that,becausenomodelof localizedheatingwasavailable
at thetime, it wasunknown which unitson theprocessorranthehottest,sosomeof theproposedtechniquesdo not reduce
power densityin thoseareaswhich industryfeedbackandour own simulationssuggestto be the main hot spots,namely
theregister�les, load-storequeue,andexecutionunits. For example,we foundthatthelow-powercachetechniquesarenot
effective,becausethey donot reducepowerdensityin theseotherhotunits.

Ourprior work [41] proposedasimplemodelfor trackingtemperatureonaper-unit level,andfeedbackcontrolto modify
theBrooksfetch-togglingalgorithmto respondgradually, showing a65%reductionin performancepenaltycomparedto the
all-or-nothingapproach.The only otherthermalmodelof which we areawareis TEMPEST, developedby Dhodapkaret
al. [15]. TEMPESTalsomodelstemperaturedirectly usinganequivalentRC circuit, but containsonly a singleRC pair for
theentirechip, giving no localizedinformation. A chip-widemodelallows someexplorationof chip-widetechniqueslike
DVS, fetch toggling,andthePentium4's globalclock gating,but not morelocalizedtechniques,anddoesnot capturethe
effectsof hot spotsor changingchip layout. No prior work in thearchitecture�eld accountsfor imprecisiondueto sensor
noiseandplacement.

Thispapershowstheimportanceof a moredetailedthermalmodelthatincludeslocalizedheating,thermaldiffusion,and
couplingwith thethermalpackage,andusesthismodelto evaluatea varietyof techniquesfor DTM.

3. Thermal Modeling at the Architecture Level

3.1. Usingan Equivalent RC Cir cuit to Model Temperature.

Thereexists a well-known duality [24] betweenheattransferandelectricalphenomena,summarizedin Table1. Heat
�o w canbedescribedasa “current” passingthrougha thermalresistance,leadingto a temperaturedifferenceanalogousto
a “voltage”. Thermalcapacitanceis alsonecessaryfor modelingtransientbehavior, to capturethedelaybeforea changein
powerresultsin thetemperature'sreachingsteadystate.Lumpedvaluesof thermalR andC canbecomputedto representthe
heat�o w amongunitsandfrom eachunit to thethermalpackage.ThethermalRsandCstogetherleadto exponentialriseand
fall timescharacterizedby thermalRCtimeconstantsanalogousto theelectricalRCtimeconstants.Therationalebehindthis
duality is thatcurrentandheat�o w aredescribedby exactly thesamedifferentialequationsfor a potentialdifference.In the
thermal-designcommunity, theseequivalentcircuitsarecalledcompactmodels, anddynamiccompactmodelsif they include
thermalcapacitors.Thisdualityprovidesaconvenientbasisfor anarchitecture-level thermalmodel.For amicroarchitectural
unit, heatconductionto the thermalpackageand to neighboringunits are the dominantmechanismsthat determinethe
temperature.
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Thermal quantity unit Electrical quantity unit�
, Heat flow, power � � , Current flow ��

, Temperature difference � � , Voltage ��	��

, Thermal resistance �
��� �

, Electrical resistance ���������� ��

, Thermal mass, capacitance ����� �

, Electrical capacitance ���������� ��
 =
� ��
 � � ��


, Thermal RC constant ! � =
� � �

, Electrical RC constant !
Table 1. Duality between thermal and electrical quantities

3.2. A Parameterized,BICI, Dynamic CompactModel for Micr oarchitectureStudies

For thekindsof studieswepropose,thecompactmodelmusthave thefollowing properties.It musttracktemperaturesat
thegranularityof individualmicroarchitecturalunits,sotheequivalentRCcircuit musthave at leastonenodefor eachunit.
It mustbeparameterized,in thesensethata new compactmodelis automaticallygeneratedfor differentmicroarchitectures;
andportable,makingit easyto usewith a rangeof power/performancesimulators.It mustbeableto solve theRC-circuit's
differentialequationsquickly. It mustbecalibratedso that simulatedtemperaturescanbe expectedto correspondto what
wouldbeobservedin realhardware.Finally, it mustbeBICI, thatis,boundary-andinitial-conditionindependent:thethermal
modelcomponentvaluesshouldnotdependoninitial temperaturesor theparticularcon�gurationbeingstudied.TheHotSpot
modelwehavedevelopedmeetsall theseconditions.It is asimplelibrary thatprovidesaninterfacefor specifyingsomebasic
informationaboutthepackageandfor specifyingany �oorplan thatcorrespondsto thearchitecturalblocks' layout.HotSpot
thengeneratesthe equivalentRC circuit automatically, and,suppliedwith power dissipationsover any chosentime step,
computestemperaturesat thecenterof eachblockof interest.Themodelis BICI by constructionsincethecomponentvalues
arederived from material,physical,andgeometricvalues. Becausethe HotBlocksRC network is not obtainedfrom full
solutionsof thetime-dependentheat-conductionequationfor everypossiblearchitecture,theremaybeboundaryandinitial
conditionsetsthatwould leadto inaccurateresults.But for therangeof reasonablearchitectural�oorplansandtheshorttime
scalesof architecturesimulations,theparameterizedderivationof thechip modelensuresthat themodelis indeedBICI for
practicalpurposesif not in a formal sense.In otherwords,architectscanrely on themodelto beindependentof boundary
andinitial conditionsfor purposesor architecturalsimulation.

Chipstodayaretypically packagedwith thedieplacedagainstaspreaderplate,oftenmadeof aluminum,copper, or some
otherhighly conductivematerial,which is in turn placedagainsta heatsink of aluminumor copperthat is cooledby a fan.
Thisis thecon�gurationmodeledby HotSpot.A typicalexampleis shown in Figure1. Low-power/low-costchipsoftenomit
theheatspreaderandsometimeseventheheatsink; andmobiledevicesoftenuseheatpipesandotherpackagingthatavoid
theweightandsizeof a heatsink. Theseextensionsremainareasfor futurework.

Figure 1. Side view of a typical package.

The equivalentcircuit—seeFigure2 for an example—isdesignedto have a direct andintuitive correspondenceto the
physicalstructureof a chip andits thermalpackage.The RC modelthereforeconsistsof threevertical,conductive layers
for the die, heatspreader, andheatsink, anda fourth vertical, convective layer for the sink-to-airinterface. The die layer
is divided into blocksthat correspondto the microarchitecturalblocksof interestandtheir �oorplan. For simplicity, the
examplein Figure2 depictsa die �oorplan of just threeblocks,whereasa realisticmodelwould have 10-20or possibly
even more. The spreaderis divided into � ve blocks: onethat correspondsto the arearight underthe die ( "$#&% ), andfour
trapezoidscorrespondingto theperipherythatis notcoveredby thedie. In asimilarway, thesink is dividedinto � veblocks:
onecorrespondingto thearearight underthespreader( "(' # ); andfour trapezoidsfor theperiphery. Finally, theconvective
heattransferfrom thepackageto theair is representedby a singlethermalresistance( "()+*-,/.102)43657*�, ). Air is assumedto beat
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Figure 2. Example HotSpot RC model for a �oorplan with three architectural units, a heat spreader ,
and a heat sink. The RC model consists of three layers: die , heat spreader , and heat sink. Each layer
consists of a ver tical RC pair from the center of each block down to the next layer and a lateral RC
pair from the center of each block to the center of each edge.

Figure 3. The RC model for just the die layer.
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a �x edambienttemperature,which is oftenassumedin thermaldesignto be � � � C [27] (this is not the roomambient,but
thetemperatureinsidethecomputer“box”). Becausetheperspective in Figure2 makesit somewhatdif�cult to distinguish
verticalandlateralRs,Figure3 showstheRCmodelfor only Rsin thedie layer. To clarify how thecomponentsof Figure2
correspondto a typical chip andits package,Figure1 shows a side-view cross-sectionof a die in its package.Notethatwe
currentlyneglectthesmallamountof heat�o wing into thedie's insulatingceramiccapandinto theI/O pins,andfrom there
into thecircuit board,etc. We alsoneglecttheinterfacematerialsbetweenthedie, spreader, andsink. Theseareall further
areasfor futurework.

For thedie, spreader, andsink layers,theRC modelconsistsof a verticalmodelanda lateralmodel.Theverticalmodel
capturesheat�o w from onelayer to the next, moving from the die throughthe packageandeventuallyinto the air. For
example, " .�� in Figure 3 accountsfor heat�o w from Block 2 into the heatspreader. The lateral model capturesheat
diffusionbetweenadjacentblockswithin a layer, andfrom the edgeof onelayer into the peripheryof the next area(e.g.,
" � accountsfor heatspreadfrom theedgeof Block 1 into thespreader, while "�� accountsfor heatspreadfrom theedgeof
Block 1 into therestof thechip). At eachtimestepin thedynamicsimulation,thepowerdissipatedin eachunit of thedie is
modeledasa currentsource(notshown) at thenodein thecenterof thatblock.

3.3. Deriving the Model

In this sectionwe sketchhow the valuesof R andC arecomputed.The derivation is chie�y baseduponthe fact that
thermalresistanceis proportionalto thethicknessof thematerialandinverselyproportionalto thecross-sectionalareaacross
whichtheheatis beingtransferred:

" �
�

��� � (2)

where� is thethermalconductivity of thematerialperunit volume, ���
�	��

����� for siliconand � �
�	��

����� for copperat
� � � C. Thermalcapacitance,on theotherhand,is proportionalto boththicknessandarea:

� ����� � ��� (3)

where � is the thermalcapacitanceperunit volume, ����� ��� ��������
 �"!#��� for silicon and $%� � �&� � �'�(��
 �"!#��� for copper.
NotethatHotSpotrequiresa scalingfactorto beappliedto thecapacitorsto accountfor somesimpli�cations in our lumped
modelrelative to a full, distributedRC model,andthesearedescribedbelow. Thesefactorsareanalyticalvaluesderived
from physicalproperties.

Typical chip thicknessesarein the rangeof 0.3–0.9mm,with somerecentwaferswe have in our laboratorymeasuring
0.45-0.5mm;this paperstudiesa “thinned” chip of 0.5mmthickness.Thinningaddsto the costof productionbut reduces
localizedhotspotsby reducingtheamountof relatively higher-resistancesiliconandgettingtheheat-generatingareascloser
to thehigher-conductivity metalpackage.

In additionto the basicderivationsabove, lateral resistancesmustaccountfor spreadingresistancebetweenblocksof
differentaspectratios,andtheverticalresistanceof theheatsinkmustaccountfor constrictionresistancefrom theheat-sink
baseinto the�ns [25]. Spreadingresistanceaccountsfor theincreasedheat�o w from a smallareato a largeone,andvice-
versafor constrictionresistance.Thesecalculationsareentirely automatedwithin HotSpot. For example,R1 in Figure2
accountsfor spreadingfrom Block 1 into thesurroundingspreaderarea;andR2 accountsfor spreadingfrom Block 1 into
therestof thedie. Whenblocksarenotevenlyaligned,asin thecaseof Block 3 relativeto Blocks1 and2, multipleresistors
in parallelareused,like R3 andR4. Theequivalentresistanceof R3 andR4 togetherequalsthespreadingresistancefrom
Block 3 into therestof thechip, andR3 andR4 arethendeterminedin proportionto thesharededgewith Blocks1 and2
respectively.

To clarify how spreading/constrictionresistancesarecomputed,considerthe two adjacentblocks,Block 1 andBlock 2,
in Figure4. Thelengthsare )�� and )*� respectively. Thechip thicknessis

�
. Now we calculatethe lateralresistanceR21,

whichis thethermalresistancefrom thecenterof Block 2 to thesharededgeof Blocks1 and2. In thiscase,wecanconsider
theheatis constrictedfrom Block 1 to Block 2 via thesurfaceareasde�ned by )��+� � and )*�,� � . Theconstrictionthermal
resistancecanbecalculatedby assumingtheheatsourceareato be )��-� � , thesiliconbulk areathatacceptstheheatto be )*�.� � ,
andthe thicknessof thebulk to be �/�	
0� . With thesevaluesfound,we cancalculatethespreading/constrictionresistance
basedontheformulasgivenin [25]. Theresistanceis aspreadingoneif thelateralareaof thesourceis smallerthanthebulk
lateralarea,andit is a constrictiononeon theotherhand.

Whencalculatingthe chip lateralresistances,eachblock is assumedto presenta thermalresistanceon eachof its four
sides.Theseresistancesareeffectively theconstrictionthermalresistancesfrom outsidetheblock into thefour sidesof the
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Figure 4. Example to illustrate spreading resistance .

(a) (b)

Figure 5. Areas used in calculating lateral resistances.

block. For example,in Figure5a,Side1's constrictionresistanceis theonefrom theshadedright partof thechip into the
right shadedhalf of thatblock. For thesameblockfor whichwearecalculatingresistance,now shown in Figure5b,Side2's
constrictionresistanceis theonefrom theshadedtoppartof thechip into thetopshadedpartof thatblock.

Thespreading-resistancecalculationfor theheatspreaderandheatsink is shown in Figure6. Thetopsurfaceof theheat
spreader(heatsink) is dividedinto � veparts.Thecenteris thepartthatis coveredby thechip. Eachperipheral,trapezoidal-
shapedpartof theheatspreaderis approximatedby two rectanglesshown astheshadedareasin �gure 4. Thetwo spreading
resistancesin the�gure for thewholemodelare:1) from theareacoveredby thechip to the�rst rectangle,2) from the�rst
rectangleto thesecondrectangle.Fortunately, all thesecalculationsareentirelyautomatedwithin HotSpot.

This HotSpotmodelhasseveraladvantagesover prior models.In contrastto TEMPEST[15], which modelstheaverage
chip-widetemperature,HotSpotmodelsheatat a much�ner granularityandaccountsfor hotspotsin differentfunctional
units. HotSpothasmorein commonwith modelsfrom our earlierwork [41, 42], but with someimportantimprovements.
Our �rst work [41], omittedthelateralresistancesandthepackage,bothessentialfor accuratetemperaturesandtimeevolu-
tion; anduseda ratherextremedie thicknessof 0.1mm,compressingthespatialtemperaturegradientstoo much. Our next
model[42] correctedtheseeffectsbut collapsedthespreaderandsink,anddid not accountfor spreadingresistance,leading
to inconvenientempirical�tting factorsanda non-intuitivematchingbetweenthephysicalstructureandthemodel.

Normally, the package-to-airresistance( " )+*-,/.102)43657*�, ) would becalculatedfrom the speci�c heat-sinkcon�guration. In
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Figure 6. Calculating spreading resistance for the heat spreader or sink.

thispaper, weinsteadmanuallychoosearesistanceof 0.8K/W thatgivesusagooddistributionof benchmarkbehaviors;see
Section5.5.

HotSpotdoesstill requirescalingfactorsfor the capacitances.Capacitorsin the spreaderandsink mustbe multiplied
by about0.4. This is a consequenceof usinga simplesingle-lumpC for eachblock, ratherthana distributedmodel. The
scalingfactorwedetermineempiricallymatchesthevaluepredictedby [30]. Capacitorsin silicon,ontheotherhand,mustbe
multipliedby about2.2� for a 16mm � 16mmchip of thickness0.5mm,andasmuchas9.3 for a thicknessof 0.1mm. The
reasonfor this is that,for transientpurposes,thebottomsurfaceof thechip is notactuallyisothermal,whereasHotSpottreats
thebottomsurfaceassuchby feedingall verticalRsfor thedieinto asinglenode.Thetrueisothermalsurfaceliessomewhere
in theheatspreader, which meansthat the“effective thermalmass”thatdeterminesthetransientbehavior of on-dieheating
is largerthanthedie thicknessandmakestheeffective thermalcapacitancelargerthanwhatEquation3 yields. Thescaling
factorthereforecomputesthe effective thermalmass.Sincethe conferencepaper, we have derivedan analyticexpression
for this scalingfactorof capacitancesin silicon,whereasbeforeit wasmerelyanempiricallydetermined�tting factor. Note
that in effect we aredistributing thecapacitancefor thecenterof thespreaderacrossthecapacitancesof thevarioussilicon
blocks. It mayseemthat thecapacitanceof thespreader's centerblock shouldthereforebereducedor removed,but it also
playsa role in lateralheat�o w. In practice,we have foundthat thepresenceor absenceof this particularcapacitorin the
centerof thespreaderhasnoperceptibleeffecton thetemperaturemodeloncethescalingfactorfor silicon is in place,sowe
simply leave it in place,un-modi�ed.

Speci�cally, following the treatmentin [6], we canderive the following expressionfor this silicon scalingfactor � to
accountfor thegreaterthermalmassasafunctionof chiparea,chipthickness,andheat-spreaderthickness.For asiliconchip
with lengthandwidth both

�
, andfor thespreaderwith thickness� , theeffectiveheat-conductingsurfaceareais a function

of theheat-spreader's thicknessandis givenby � ���	��

��� ����� . This statementis valid aslong as
��� � is greaterthan0.4. In

ourcurrentmodel,
��� ����� ��� ����� ������
 �

. We alsomake theassumption(veri�ed by our Floworkssimulations)thatthe
bottomsurfaceof thespreaderis indeedanisothermalsurface.Sotheeffectivevolumein thecopperspreaderthatis enclosed
by theconductingsurfacecanbeapproximatedby � ������

��� ��� �"!#� . Thisvolumeplusthesiliconchipvolumeis accounted
for in thetotal transientheatresponseof thechip. In orderto �nd � , thevolumeterm � ������

��� ���$� for thecopperspreader
mustbetransformedinto anequivalentvolumeof siliconwith thesamethermalmass,thatis �&% 
('�')� � 
+*,' ��!$-.� �/�0��

��� ���$��!1�32 .
Here % 
('�' ��� �54768�79;: !=< is thermalmasspervolumefor copper, and � 
+*,' ��� �)4 is for silicon. So

�>� ��
 � ! ?A@ :CB DED� B FED !5� ������

��� ���1�G!7�� ! � !=H I � �=J (4)

Here
� ! � !7H is thevolumeof thesiliconchip. The“+1” termcountsfor thesiliconchipvolumeitself. And 0.4is thefactorK

Thisvalueis a re�nementof theapproximate2.0valuegivenin theconferencepaper.
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t �

0.1 9.3
0.2 4.8
0.3 3.3
0.4 2.6
0.5 2.2
0.6 1.9
0.7 1.6
0.8 1.5
0.9 1.4
1.0 1.3

Table 2. Range of values for � for diff erent chip thic knesses. The value of � is not sensitive to
spreader thic kness as long as the chip' s lateral dimensions are much larger than the spreader
thic kness. These �gures are for a 16mm

�
16mm chip.

for usinga lumpedmodelinsteadof a distributedmodel. For example,in our Floworksmodel, ) � � � mm for thesilicon
chip, � � � mm for thecopperspreader, andthechip thickness

� � � � � mm. Sowe can�nd � �/�%� � . It is importantto note
that,over therangeof interestingchip thicknesses,thevalueof � is quitesensitive to chip thickness

�
, with a rangeof values

shown in Table2. On the otherhand, � is not sensitive to power densitiesor the rangeof power densitiesfor reasonable
valuesthatcouldbeobservedona realisticchip.

We could avoid this scalingfactor by modelingseparateblocks in the spreaderthat correspondto eachblock in the
silicon. But this would approximatelydoublethe sizeof the matrix for solving the RC circuit. Although having all the
verticalresistancesfor siliconmeetatacommonnodecorrespondingto justoneblock in thecenterof thespreaderis indeed
an approximation,we feel that it is a reasonableone becausethereis fairly little heat�o w laterally in the spreader:at
steadystate,thebottom(not thetop)of thechip—thesurfaceagainstthespreader—is closeto isothermal,with temperature
variationsacrossthebottomsurfaceof lessthan10%. On theotherhand,verticalheat�o w from thechip into thespreader
andtheninto thesink is largerthanthelateralheat�o w betweensilicon blocks. In short,this meansthat themainpurpose
of thescalingfactorfor silicon capacitancesis to accountfor thefact thatwhenmodelingtransientbehavior, any changein
heatdissipationcausesheat�o w betweenthechip andthespreader, sothe thermalmassthat is affectedby short-termheat
�o ws includesthecenterportionof thespreader. Lateralthermaldiffusionin thesilicon remainsimportant,asseenby our
validationresultsbelow andour resultsfor the“migratingcomputation”technique(seeSection6).

To convey somesenseof theR andC valuesthatour modelproduces,Table3 givessomesamplevalues.� VerticalRs
for thecopperspreaderandsinkcorrespondto themiddleblock,while lateralRsfor thespreaderandsinkcorrespondto the
innerR for oneof the peripheralblocks. As mentioned,theconvectionresistanceof 0.8 K/W hasbeenchosento provide
a usefulrangeof benchmarkbehaviors, andrepresentsa midpoint in therange0.1-2.0thatmight be foundfor typical heat
sinks[48] in desktopandserver computers.As lessexpensiveheatsinksarechosen—forusewith DTM, for example—the
resistanceincreases.

Block R.10��-3 R� � 3 C
IntReg+IntExec 0.420 3.75 0.024
D-cache 0.250 6.50 0.032
Spreader(center) 0.025 0.83 0.350
Sink (center) 0.026 0.50 8.800
Convec. 0.800 na 140.449

Table 3. Sample R and C values. Rs are in K/W, and Cs in J/K and inc lude the appropriate scaling
factor .

�
Notethatthevalueof C for theD-cachewaserroneouslylistedin theconferencepaperas0.137.
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HotSpotdynamicallygeneratestheRCcircuit wheninitializedwith acon�gurationthatconsistsof theblocks' layoutand
theirareas(seeSection3.5). Themodelis thenusedin a dynamicarchitecturalpower/performancesimulationby providing
HotSpotwith dynamicvaluesfor power densityin eachblock (thesearethevaluesfor thecurrentsources)andthepresent
temperatureof eachblock. We usepower densitiesobtainedfrom Wattch,averagedover the last 10K clock cycles; see
Section5.1 for moreinformationon the choiceof samplingrate. At eachtime step,the differentialequationsdescribing
the RC circuit aresolved usinga fourth-orderRunge-Kutta method(with an adaptive numberof iterationsdependingon
the calling interval), returningthe new temperatureof eachblock. Eachcall to the solver takesabout

� ����� on a 1.6GHz
Athlon processor, so the overheadon simulationtime is negligible for reasonablesamplingrates,usuallylessthan1% of
totalsimulationtime.

A �nal noteregardsthe temperature-dependenceof conductivity. This temperaturedependenceonly affectsresultsfor
relatively largetemperaturerangesgreaterthan

� � � [31]. Ourcurrentchipmodelhasamuchsmallerrangein activemode,so
weusethethermalconductivity of siliconat � ��� , ourspeci�edmaximumjunctiontemperature.Incorporatinga temperature
dependencewill bea necessaryextensionto HotSpotfor workingwith largertemperatureranges.

(a)Steadystate (b) Transient

Figure 7. Model validation. (a): Comparison of stead y­state temperatures between Floworks,
HotSpot, and a “simplistic” model with no lateral resistances. (b): Comparison of the step response
in Floworks, HotSpot, and the simplistic model for a single block, the integ er register �le .

(a)21364diephoto (b) Equiv. �oorplan

I-Cache D-Cache

BPred DTB

FPAdd

FPReg
FPMul

FPMap

IntMap IntQ

IntExec

IntReg

FPQ ITB

LdStQ

(c) CPUcore

Figure 8. (a): Die photo of the Compaq Alpha 21364 [14]. (b): Floorplan corresponding to the 21364
that is used in our experiments. (c): Closeup of 21364 core .

3.4. Calibrating the Model

Dynamiccompactmodelsarewell establishedin the thermal-engineeringcommunity, althoughwe areunawareof any
thathave beendevelopedto describetransientheat�o w at thegranularityof microarchitecturalunits. Of course,theexact
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compactmodelmustbevalidatedto minimizeerrorsthatmight arisefrom modelingheattransferusinglumpedelements.
This is dif�cult, becausewearenotawareof any sourceof localized,time-dependentmeasurementsof physicaltemperatures
thatcouldbeusedto validateour model. It remainsanopenproblemin thethermal-engineeringcommunityhow to obtain
suchdirectmeasurements.Eventually, we hopeto usethermaltestchips(e.g., [5]) or a systemlike an infraredcameraor
IBM' s PICA picosecondimagingtool [29] to imageheatdissipationon a �ne temporalandspatialgranularity. Until this
becomesfeasible,weareusingathermodynamicsandcomputational�uid-dynamicstoolasasemi-independentmodelwhich
wecanusefor validationandcalibration.

Our bestsourceof referenceis currentlya �nite-elementmodelin Floworks(http://www.�o works.com),a commercial,
�nite-elementsimulatorof 3D �uid andheat�o w for arbitrarygeometries,materials,andboundaryconditions.We modela
0.5mm-thick(of which the top 0.05mmof is actuallygeneratingheat),1cm

�
1cmsilicon die with various�oorplans and

variouspower densitiesin eachblock; this die is attachedto a 1mm-thick,3cm
�

3cmcopperspreaderanda 6cm
�

6cm
copperheatsinkononeside,andcoveredby a1mm-thick,3cm

�
3cminsulatingcap(currentlyanideal,insulatingmaterial)

on theotherside.Theheatsink has8 �ns, each20.6cmhigh on a 6.9mm-thickbase;andthecaphasa notchon its interior
surfaceto accommodatethedie. Air is assumedto stay�x edat � � � C; air�o w is laminarat10m/s.In Floworks,volumeheat
generationrateis assignedto eachsilicon surfaceblock accordingto thepower numbersacquiredfrom Wattch. Note that
to simplify the geometry, the integer register�le andintegerexecutionunits have beencombined,with the area-weighted
averagepowerdensityusedin theFloworkssimulation.All materials'propertiesarede�ned in theEngineeringDatabaseof
Floworks.Figure9 showsaview of ourFloworksmodel,with theinsulatingcapremovedto show thedie.

Figure 9. Our Floworks model, with the insulating cap removed to sho w the die .

FloworksandHotSpotarenot entirely independent.Althoughall R, C, andscalingfactorsaredeterminedanalytically,
without referenceto Floworksresults(animprovementoverwhatis claimedin ourconferencepaper),Floworkssimulations
did helpto guideourdevelopmentof theHotSpotmodel. In any case,we canverify thatthetwo obtainsimilar steady-state
operatingtemperaturesandtransientresponse.Figure7a shows steadystatevalidationcomparingtemperaturespredicted
by Floworks,HotSpot,anda “simplistic” modelthat eliminatesthe lateralportionof the RC circuit (but not the package,
omissionof which would yield extremelylargeerrors). HotSpotshows goodagreementwith Floworks,with errors(with
respectto theambient,� ��� C or $ � � � K) alwayslessthan5.8%andusuallylessthan3%. Thesimplisticmodel,on theother
hand,haslargererrors,ashigh as16%. Oneof the largesterrorsis for the hottestblock, which meanstoo many thermal
triggerswill begenerated.Figure7bshowstransientvalidationcomparing,for Floworks,HotSpot,andthesimplisticmodel,
theevolutionof temperaturein oneblockon thechipover time. Theagreementis excellentbetweenFloworksandHotSpot,
but thesimplisticmodelshows temperaturerising too fastandtoo far. Both thesteady-stateandthe transientresultsshow
theimportanceof thermaldiffusionin determiningon-chiptemperatures.

Wehavealsovalidatedthescalingfactorfor thesiliconcapacitancesby testinga0.1mm-thickchipwith acopperspreader
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of thesamesize,andourbaseline0.5mmchipbut with analuminum( ��� � � � � � �(��
 �"! �(� ) spreaderof thesamesize.

3.5. Floorplanning: Modeling Thermal Adjacency

Thesizeandadjacency of blocksis a critical parameterfor deriving theRC model. In all of our simulationsso far, we
haveuseda �oorplan (andalsoapproximatemicroarchitectureandpowermodel)correspondingto thatof theAlpha21364.
This �oorplan is shown in Figure8. Like the21364,it placesthe CPUcoreat the centerof oneedgeof the die, with the
surroundingareaconsistingof L2 cache,multiprocessor-interfacelogic, etc. Sincewe modelno multiprocessorworkloads,
we omit themultiprocessorinterfacelogic andtreattheentireperipheryof thedie assecond-level (L2) cache.Theareaof
thiscacheseemsdisproportionatelylargecomparedto the21364die photoin Figure8a,becausewehavescaledtheCPUto
130nmwhile keepingtheoverall die sizeconstant.Notethatwe do not modelI/O pads,becausewe do not yet have a good
dynamicmodelfor theirpowerdensity—morefuturework.

Whenwevary themicroarchitecture,wecurrentlyobtaintheareasfor any new blocksby takingtheareasof 21264units
andscalingasnecessary. Whenscalingcache-like structures,we useCACTI 3.0 [39], which usesanalyticmodelsto derive
area. SinceCACTI's a-priori predictionsvary somewhat from the areasobserved in the 21264,we useknown areasasa
startingpointandonly useCACTI to obtainscalingfactors.

Eventually, we envision an automated�oorplanning algorithmthat canderive areasand�oorplans automaticallyusing
only themicroarchitecturecon�guration.

3.6. Limitations

Thereclearly remainmany waysin which the modelcanbe re�ned to further improve its accuracy and�e xibility , all
interestingareasfor future research.Many of theserequireadvancesin architecturalpower modelingin additionto ther-
mal modeling,anda few—like modelinga wider rangeof thermalpackagesandincluding the effectsof I/O pads—were
mentionedabove. We reiteratethat our approachis motivatedby an microarchitecture-centricviewpoint. This meansthat
we neglect a numberof issuesthat aretypically consideredin a full thermaldesign. For example,we completelyneglect
thermalmodelingof thecircuit board,heatingof theair within thecomputersystemcase,temperaturenon-uniformitiesin
this air, heat�o w throughthepackagepins,etc. Becausemicroarchitecturesimulationsonly modelvery smalltime periods
of perhapsa few secondsat most, thesecomponentsthat areexternal to the chip and its packagerespondtoo slowly to
changetemperatureduringtheseshorttime scales,andtheseexternalcomponentsdo not contributein a signi�cant way to
thecapacitancebeingdrivenby thechip. Indeed,theheatsink itself doesnotchangetemperatureon thesetimescales,but it
mustbeincludedbecauseits capacitancedoesaffect thetransientbehavior of thechip.

Perhapsthemostimportantandinterestingareafor futurework is theinclusionof heatingdueto theclockgrid andother
interconnect.Theeffectsof wirescancurrentlybeapproximatedby includingtheir power dissipationin thedynamic,per-
blockpower-densityvaluesthatdriveHotSpot.A morepreciseapproachwouldseparatelytreatself-heatingin thewire itself
andheattransferto thesurroundingsilicon,but themostaccurateway to modeltheseeffectsis not clear. Anotherimportant
considerationis thatactivity in globalwirescrossinga block maybeunrelatedto activity within a block. Wire effectsmay
thereforebeimportant,for exampleby makinga region thatis architecturallyidle still heatup.

Anotherissuethatrequiresfurtherstudyis theappropriategranularityatwhichtoderivetheRCmodel.HotSpotis �e xible:
blockscanbe speci�ed at any desiredgranularity, but asthe granularityincreases,the modelbecomesmorecomplex and
moredif�cult to reasonabout. We arecurrentlyusingHotSpotwith blocks that correspondto major microarchitectural
units, but for units in which the power densityis non-uniform—acache,for example—thisapproximationmay introduce
someimprecision.Preliminaryresultssuggestthatwhenthenon-uniformityis on a scalesmallerthanthedie's “equivalent
thickness”mentionedabove—asin thecaseof individual lines in a cache—theeffect on temperatureis negligible, but this
requiresfurtherstudy.

At the packaginglevel, we have neglectedthe interfacelayersbetweenthe die andspreaderandthe spreaderandheat
sink. Possibleinterfacematerialsrangefrom very inexpensivepadswith fairly highresistance,to thermalgreasesandphase-
change�lms thatconformbetterto thematingsurfaces.Thesehigher-quality interfacematerialsshouldexhibit very small
thermalresistancesthat canbe combinedwith the spreaderandsink layers,and completelynegligible capacitances,but
shouldeventuallybeincludedfor completenessandto allow theuserto exploredifferentmaterials.

All theseeffectsshouldbeincludedin themodelwhile maintainingthedirectphysicalcorrespondencebetweenthemodel
andthe structurebeingmodeled,thuspreservingthe propertythat it is easyto reasonaboutheat�o w andthe role of any
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particularelement.This meansthat the modelshouldideally have no factorsthat do not have a physicalexplanationand
derivation,andthemodelshouldbeparameterizedto allow theuserto exploredifferentcon�gurations.

Finally, althoughHotSpotis basedon well-known principlesof thermodynamicsandhasbeenvalidatedwith a semi-
independentFEM, further validation is needed,preferablyusing real, physicalmeasurementsfrom a processorrunning
realisticworkloads.

3.7. Importance of Dir ectly Modeling Temperature

Due to the lack of an architecturaltemperaturemodel, a few prior studieshave attemptedto model temperaturesby
averagingpower dissipationover a window of time. This will not captureany localizedheatingunlessit is doneat the
granularityof on-chipblocks,but eventhenit fails to accountfor lateralcouplingamongblocks,the role of theheatsink,
thenon-linearrateof heating,etc.Wehavealsoencounteredthefallacy thattemperaturecorrespondsto instantaneouspower
dissipation,whenin fact the thermalcapacitanceactsasa low-pass�lter in translatingpower variationsinto temperature
variations.

Units Avg. Temp.
� �

(%)
( � C) 10K 100K 1M 10M 100M 1B

Icache 74.4 43.9 51.1 55.8 73.8 78.5 10.5
ITB 73.2 35.3 42.2 46.8 64.0 75.0 10.6
Bpred 76.2 54.0 71.5 77.6 88.7 91.0 5.3
IntReg 83.5 44.2 51.9 57.0 76.4 71.0 8.0
IntExec 76.7 46.3 53.3 57.9 75.7 76.6 8.3
IntMap 73.9 41.7 49.6 54.8 73.5 76.8 8.0
IntQ 72.4 31.5 36.4 39.6 53.9 80.7 13.0
LdStQ 79.2 47.9 63.4 69.0 83.6 83.2 6.6
Dcache 77.3 46.8 60.5 65.9 81.2 82.8 10.8
DTB 72.0 29.6 38.2 41.7 53.4 87.5 16.4
FPReg 73.0 26.0 29.6 38.8 64.6 84.8 21.1
FPAdd 72.6 49.7 51.1 54.9 66.5 86.4 24.9
FPMul 72.6 53.9 54.1 54.9 62.1 84.8 29.6
FPMap 71.7 16.8 20.2 22.3 26.9 0.5 3.2
FPQ 71.8 28.0 30.0 35.2 49.4 78.0 30.7
L2 71.7 14.2 19.7 21.8 26.6 49.9 3.3

Table 4. Correlation of average power vs. temperature for power averaging windo ws of 10K–1B cycles.

Toshow theimportanceof usingathermalmodelinsteadof apowermetric,wehavecomputedthe " � valuefor correlation
betweentemperatureandamoving averageof powerdissipationfor differentaveragingintervals.TheR-squaredvaluegives
thepercentageof variancethat is commonbetweentwo setsof data;valuescloserto 100%indicatebettercorrelation.The
datain Table4 comefrom gcc, arepresentativebenchmark,with thereferenceexpr input. Temperatureswerecollectedusing
HotSpot,andpower measurementswerecollectedusingvariousaveragingperiods,simulatinggcc to completion(about6
billion cycles).Averagetemperaturesdiffer slightly from thosereportedin theconferencepaperdueto thelongersimulation
interval.

Thebestaveraginginterval is 100million cycles.But thehigh " � valuesaremisleading,becauseeventhoughstatistical
correlationis reasonablyhighfor thisaveragingwindow, powerstill cannotbeusedto effectively infer operatingtemperature
with any usefulprecision. Figures10aand10b present,for two differentaveragingintervals,scatterplots for eachvalue
of averagepower densityvs. the correspondingtemperature.Although the 100M interval doesshow correlation,large
temperatureranges(y-axis)areobservedfor any givenvalueof powerdensity(x-axis).This is partly dueto theexponential
natureof heatingandcooling,whichcanbeobservedin theexponentiallyrisingandfalling curves.
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(a) 10K
(b) 100M, I-reg only

Figure 10. Scatter plots of temperature vs. average power density for gcc with averaging inter vals of
(a) 10K, sho wing all the major blocks, and (b) 100M cycles, sho wing onl y the integ er register �le .

4. Techniques for Architectural DTM

This section describesthe various architecturalmechanismsfor dynamic thermal managementthat are evaluated
in this paper, including both extant techniquesand those that we introduce, and discusseshow sensorimprecision
affects thermal management. It is convenient to de�ne several terms: the emergency threshold is the tempera-
ture above which the chip is in thermal violation; for � � � , violation may result in timing errors, while for lower-
performancechips with higher emergency thresholds,violation results in higher error rates and reducedoperating
lifetime. In either case, we assumethat the chip should never violate the emergency threshold. This is proba-
bly overly strict, since error rates and aging are probabilistic phenomena,and suf�ciently brief violations may be
harmless,but no good architecture-level models yet exist for a more nuancedtreatmentof these thresholds. Fi-
nally, the trigger thresholdis the temperatureabove which runtime thermalmanagementbegins to operate;obviously,
trigger � emergency.

4.1. Runtime Mechanisms

Thispaperproposesthreenew architecturetechniquesfor DTM: “temperature-tracking”frequency scaling,localtoggling,
andmigratingcomputation.They areevaluatedin conjunctionwith four techniquesthat have previously beenproposed,
namelyDVS (but unlike prior work, we addfeedbackcontrol),globalclock gating(wherewe alsoaddfeedbackcontrol),
feedback-controlledfetchtoggling,anda low-powersecondarypipeline.Eachof thetechniquesis describedbelow.

For techniqueswhich offer multiple possiblesettings,we useformal feedbackcontrol to choosethe setting. Feedback
controlallowsthedesignof simplebut robustcontrollersthatadaptbehavior to changingconditions.Following [47], weuse
PI (proportional-integral)controllers,comparingthehottestobservedtemperatureduringeachsampleagainstthesetpoint.
Thedifference� is multipliedby thegain � ) to determineby how muchthecontrolleroutput � shouldchange,i.e.:

��� ��� ����� ��� �	��
 � ) � ��� ��� �	� (5)

This outputis thentranslatedproportionallyinto a settingfor themechanismbeingcontrolled.Thehardwareto implement
this controlleris minimal. A few registers,anadder, anda multiplier areneeded,alongwith a statemachineto drive them.
But single-cycle responseis not needed,sothecontrollercanbemadewith minimum-sizedcircuitry. Thedatapathwidth in
thiscircuit canalsobefairly narrow, sinceonly limited precisionis needed.
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As mentionedearlier, BrooksandMartonosi[8] pointedout that for fastDTM response,interruptsaretoo costly. We
adopttheir suggestionof on-chipcircuitry that directly translatesany signal of thermalstressinto actuatingthe thermal
response.We assumethat it simply consistsof a comparatorfor eachdigitizedsensorreading,andif thecomparator�nds
thatthetemperatureexceedsthetrigger, it assertsasignal.If any triggersignalis asserted,theappropriateDTM techniqueis
engaged.

Next wedescribethenew techniquesintroducedin thispaper, followedby theothertechniquesweevaluate.

Temperature-Tracking FrequencyScaling. Dynamicvoltagescaling(DVS) is typically preferredfor power andenergy
conservationoverdynamicfrequency scaling(DFS),becauseDVS givescubicsavingsin powerdensityrelativeto frequency.
However, independentlyof therelationshipbetweenfrequency andvoltage,thetemperature-dependenceof carriermobility
meansthatfrequency is alsolinearlydependenton theoperatingtemperature. GarrettandStan[17] reportan18%variation
overtherange0-100

�
.

Thissuggeststhatthestandardpracticeof designingthenominaloperatingfrequency for themaximumallowedoperating
temperatureis too conservative. Whenapplicationsexceedthe temperaturespeci�cation,they cansimply scalefrequency
down in responseto the rising temperature.Becausethis temperaturedependenceis mild within the interestingoperating
region,theperformancepenaltyof doingsois alsomild—indeed,negligible.

For eachchangein setting,DVS schemesmuststall for anywherefrom 10–50 � s to accommodateresynchronizationof
theclock's phase-lockedloop (PLL), but if the transitionis gradualenough,theprocessorcanexecutethroughthechange
withoutstalling,astheXscaleis believedto do [37].

We examinea discretizedfrequency scalingwith 10 MHz stepsand ����� s stall time for every changein the operating
frequency; andanidealversionthatdoesnot incur thisstallbut wherethechangein frequency doesnot takeeffectuntil after
� ��� shaselapsed.Wecall these“TT-DFS” and“TT-DFS-i(deal)”.Largerstepsizesdonotofferenoughopportunityto adapt,
andsmallerstepsizescreatetoomuchadaptationandinvoketoomany stalls.

This techniqueis uniqueamongour othertechniquesin that theoperatingtemperaturemay legitimatelyexceedthe � � �

thresholdthatothertechniquesmustmaintain.As long asfrequency is adjustedbeforetemperaturerisesto thelevel where
timing errorsmightoccur, thereis noviolation.

No feedbackcontrol is neededfor TT-DFS,sincethefrequency is simply a linearfunctionof thecurrentoperatingtem-
perature.It might seemodd,given thestatementthatDFSis inferior to DVS, thatwe only scalefrequency. Thereasonis
thatthedependenceof frequency ontemperatureis independentof its dependenceonvoltage:any changein voltagerequires
anadditionalreductionin frequency. This meansthat,unlike traditionalDFS,TT-DFSdoesnot allow reductionsin voltage
without furtherreductionsin frequency.

Local Feedback-Controlled Fetch Toggling. A naturalextensionof the feedback-controlledfetch toggling proposed
in [41] is to toggleindividual domainsof the processorat the gentlestduty cycle that successfullyregulatestemperature:
“PI-LTOG”. Only unitsin thermalstressaretoggled.By togglinga unit like theinteger-executionengineat somedutycycle
of ��
�� , wemeanthattheunit operatesat full capacityfor � cyclesandthenstallsfor ����� cycles.Thechoiceof dutycycle
is a feedback-controlproblemfor which we usethePI controllerwith a gainof 1 (exceptthe integerdomainwhich usesa
gainof 3) anda setpointof � ��� � � .

In ourscheme,webreaktheprocessorsinto thefollowing domains,eachof whichcanbeindependentlytoggled:

� Fetch engine: I-cache,I-TLB, branchprediction,anddecode.

� Integer engine: Issuequeue,register�le, andexecutionunits.

� FP engine: Issuequeue,register�le, andexecutionunits.

� Load-storeengine: Load-storeorderingqueue,D-cache,D-TLB, andL2-cache.

Notethatdecouplingbuffersbetweenthedomains,like theissuequeues,will still dissipatesomepowerevenwhentoggled
off in orderto allow neighboringdomainsto continueoperating;for example,allowing thedatacacheto write backresults
eventhoughtheintegerengineis stalledthatcycle.

Dependingon the natureof the workload's ILP and the degreeof toggling, localizationmay reducethe performance
penaltiesassociatedwith togglingor GCG,but whenthehot unit is alsoon thecritical executionpath,togglingthatunit off
will tendto slow theentireprocessorby acorrespondingamount.
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Figure 11. Floorplan with spare integ er register �le for migrating computation.

Migrating Computation. Two unitsthat run hot by themselveswill tendto run evenhotterwhenadjacent.On theother
hand,separatingthemwill introduceadditionalcommunicationlatency that is incurredregardlessof operatingtemperature.
Thissuggeststheuseof spareunitslocatedin coldareasof thechip,to whichcomputationcanmigrateonly whentheprimary
unitsoverheat.

We developeda new �oorplan that includesan extra copy of the integer register�le, asshown in Figure11. Whenthe
primaryregister�le reaches� ��� � � , issueis stalled,instructionsreadyto write backareallowedto complete,andtheregister
�le is copied,four valuesata time. Thenall integerinstructionsusethesecondaryregister�le, allowing theprimaryregister
�le to cooldown while computationcontinuesunhinderedexceptfor theextracomputationallatency incurredby thegreater
communicationdistance.Theextradistanceis accountedfor by chargingoneextracycle! for every register-�le access.(For
simplicity in oursimulator, weapproximatethisby simply increasingthelatency of every functionalunit by onecycle,even
thoughthisyieldspessimisticresults.)Whentheprimaryregister�le returnsto � ��� � � , theprocessis reversedandcomputation
resumesusingtheprimaryregister�le. We call thisscheme“MC”. Notethat,becausethereis no way to guaranteethatMC
will preventthermalviolations,a failsafemechanismis needed,for whichweusePI-LTOG.

It is also importantto notethat the different�oorplan will have somedirect impacton thermalbehavior even without
theuseof any DTM technique.Theentireintegerenginerunshot, andevenif thespareregister�le is never used,theMC
�oorplan spreadsout thehot units,especiallyby moving the load-storequeue(typically thesecond-or third-hottestblock)
fartheraway.

Anotherimportantfactorto pointout is thatdriving thesignalsover thelongerdistanceto thesecondaryregister�le will
requireextra power that we currentlydo not accountfor, somethingthat may reduceMC's effectiveness,especiallyif the
driversarecloseto anotherhotarea.

The designspacehereis very rich, but we were limited in the numberof �oorplans that we could explore, because
developingnew �oorplans that �t in a rectanglewithout addingwhitespaceis a laboriousprocess.Eventually, we envision
anautomated�oorplanning algorithmthatcanderive �oorplans automaticallyusingsomesimplespeci�cationformat.

Thedual-pipelineschemeproposedby Lim et al. [26] couldactuallybeconsideredanotherexampleof migratingcom-
putation. Becausethe secondary, scalarpipelinewasdesignedmainly for energy ef�ciency ratherthanperformance,the
dual-pipelineschemeincurredthelargestslowdownsof any schemewestudied,andwecomparethisseparatelyto ourother
schemes.MC couldalsobeconsidereda limited form of multi-clusteredarchitecture[11].

Dynamic VoltageScaling. DVS haslongbeenregardedasa solutionfor reducingenergy consumption,hasrecentlybeen
proposedasonesolutionfor thermalmanagement[8, 20], andis usedfor thispurposein Transmeta'sCrusoeprocessors[16].
The frequency mustbe reducedin conjunctionwith voltagesincecircuitsswitchmoreslowly astheoperatingvoltageap-
proachesthe thresholdvoltage. This reductionin frequency slows executiontime, especiallyfor CPU-boundapplications,
but DVS providesacubicreductionin powerdensityrelative to frequency.

We modeltwo scenariosthatwe feel representthe rangeof what will likely beavailablein the nearfuture. In the �rst
(“PI-DVS”), therearetenpossiblediscreteDVS settingsrangingfrom 100%of thenominalvoltageto 50%in equalsteps.
Thepenaltyto changetheDVS settingis ����� s, duringwhich thepipelineis stalled. In thesecond(“PI-DVS-i(deal)”), the
processormaycontinueto executethroughthechangebut thechangedoesnot take effectuntil after � ����� haveelapsed,just
aswith TT-DFS-i.

�

In ourconferencepaper, thiswasincorrectlystatedastwo cycles.
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Figure 12. Simulated and calculated operating frequenc y for various values of
�
��� . The nominal

operating point of our simulated processor is 3 GHz at 1.3V.

Becausetherelationshipbetweenvoltageandfrequency is not linearbut ratheris givenby [30]

��� � ��� � � 3�� ��
���

(6)

voltagereductionsbelow about25% of the nominalvaluewill start to yield disproportionatereductionsin frequency and
henceperformance.We usedCadencewith BSIM 100nmlow-leakagemodelsto simulatethe periodof a 101-stagering
oscillatorundervariousvoltagesto determinethefrequency for eachvoltagestep(seeFigure12). Fitting this to a curve,we
determinedthat � � ��� � and � � ����� � , which matchesvaluesreportedelsewhere,e.g., [22]. Theappropriatevalueswere
thenplacedin a lookuptablein thesimulator. For continuousDVS,weperformlinearinterpolationbetweenthetableentries
to �nd thefrequency for ourchosenvoltagesetting.

To setthevoltage,weusea PI controllerwith a gainof 10 anda setpointof � �0� � � . A problemariseswhenthecontroller
is nearaboundarybetweenDVS settings,becausesmall�uctuationsin temperaturecanproducetoomany changesin setting
anda � � ��� costeachtime that thecontrollerdoesnot take into account.To prevent this, we applya low-pass�lter to the
controlleroutputwhenvoltageis to be scaledup. The �lter comparesthe performancecostof the voltagechangeto the
performancebene�t of increasingthevoltageandfrequency andmakesthechangeonly whenpro�table. Boththesecostand
bene�t measuresarepercentagesof changein delay. Computationof thebene�t is straightforward: currentdelayis just the
reciprocalof thecurrentclock frequency. Similarly, futuredelayis alsocomputedandthepercentchangeis obtainedfrom
thesenumbers.However, in orderto computethecost,knowledgeof how longtheprogramwill runbeforeincurringanother
voltageswitchis necessary, becausetheswitchtime is amortizedacrossthatduration.We take asimplepredictionapproach
here,assumingthepastdurationto beindicative of thefutureandusingit in thecomputationinsteadof thefutureduration.
So,theratioof theswitchtimeandthepastdurationgivesthecost.Notethatthis �lter cannotbeusedwhenthevoltageis to
bescaleddown becausescalingdown is mandatoryto preventthermalemergency.

Global Clock Gating and Fetch Toggling. As a baseline,we considerglobalclock gating(“GCG”) similar to what the
Pentium4 employs [18], in which theclock is gatedwhenthetemperatureexceedsthe triggerof � ��� � � andungatedwhen
the temperaturefalls backbelow that threshold.We alsoconsidera versionin which theduty cycle on theclock gatingis
determinedby a PI controllerwith a gainof 1 (“PI-GCG”), similar to the way PI-LTOG is controlled. We recognizethat
gatingtheentirechip'sclockat �ne dutycyclesmaycausevoltage-stabilityproblems,but it is mootfor thisexperiment.We
only seekto determinewhetherPI-GCGcanoutperformPI-LTOG,and�nd that it cannotbecauseit slows down theentire
chipwhile PI-LTOGexploits ILP.
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We alsoevaluatedfetch toggling[8], anda feedbackcontrolledversionin which fetchingratherthantheclock is gated
until thetemperaturereachesanadequatelevel. Overall, fetchtogglingandglobalclock gatingarequitesimilar. We model
globalclockgatingbecauseit alsocutspower in theclock treeandhasimmediateeffect.

While theclock signalis gated,power dissipationwithin thechip is eliminatedexceptfor leakagepower. Globalclock
gating is thereforea “duty-cycle basedtechnique”for approximatingtraditionalDFS, but without any latency to change
the “frequency”. The Pentium4 usesa duty cycle of 1/2, wherethe clock is enabledfor ��� s anddisabledfor � � s, and
oncetriggered,thetemperaturemustdropbelow thetriggerthresholdby onedegreebeforenormaloperationresumes[21].
In the Pentium4, eachchangein the clock frequency requiresa high-priority interrupt,which Guntheret al. [18] report
takesapproximately� � s (but Lim et al. [26] report1 ms). BrooksandMartonosi[8] insteadproposedfetch toggling, in
whichfetchis simplyhalteduntil thetemperaturereachesanadequatelevel—they calledthis “toggle1.” Thishastwo minor
drawbackscomparedto clock gating,in that power dissipationtakesa few cyclesto drop (asthe pipelinedrains)andthe
power dissipationin the clock tree(15% or more[28]) is not reduced.BrooksandMartonosialsoconsideredsettingthe
duty cycle on fetchto 1/2 (“toggle2”), but they andalsoSkadronet al. [41] foundthat this did not alwayspreventthermal
violations.We believe thereasonthattheP4succeedswith a duty cycle of 1/2 is thateachphaseis solong—microseconds
ratherthannanoseconds—thatthechipcancooldownsuf�ciently well. Ontheotherhand,thepenaltycanbeexcessivewhen
only minimalcoolingis required.

Overall, fetch toggling and global clock gatingare quite similar. We model global clock gating (“GCG”) separately
becauseit alsocutspower in theclock treeandhasimmediateeffect. For thefeedback-controlledversionsof bothschemes,
weuseagainof 1.

Low-Power SecondaryPipeline. Lim, Daasch,andCai [26] proposed,insteadof migratingaccessesto individual units,
to useasecondarypipelinewith verylow-powerdissipation.Wereferto thistechniqueas“2pipe.” Wheneverthesuperscalar
coreoverheatsanywhere,thepipelineis drained,andthenanalternatescalarpipelineis engaged.This pipelinesharesthe
fetchengine,register�le, andexecutionunitsof thesuperscalarpipeline;becausethey arenow accessedwith at mostone
instructionpercycle,theirpowerdissipationwill fall, but it is only theout-of-orderstructureswhoseactivepowerdissipation
is completelyreduced.Thisschemeis essentiallyanaggressiveversionof computationmigration,butwe�nd thatit penalizes
performancemorethannecessary.

In [26], they do not modeltheextra latency thatmaybeassociatedwith accessingthenow-disparateunits,sowe neglect
this factoraswell, eventhoughweaccountfor suchlatency in our“MC” technique.We alsomaketheoptimisticassumption
herethat whenthe low-power secondarypipelineis engaged,zeropower is dissipatedin the out-of-orderunits after they
drain. We charge 1/4 the power dissipationto the integer-executionunit to accountfor the single-issueactivity. These
idealizedassumptionsareacceptablebecausethey favor this scheme,and we still concludethat it is inferior to simpler
alternativeslike our �oorplan-basedtechniquesor evenDVS alone. Of course,it is importantto repeatthat this technique
wasnotoptimizedfor thermalmanagementbut ratherfor energy ef�ciency.

4.2. Sensors

Runtimethermalmanagementrequiresreal-timetemperaturesensing.So far, all prior publishedwork of which we are
awarehasassumedomniscientsensors,which we show in Section6 canproduceoverly optimisticresults.Sensorsthatcan
beusedonchipfor thetypeof localizedthermalresponsewecontemplatearetypically basedonanalogCMOScircuitsusing
a currentreference.An excellentreferenceis [2]. Theoutputcurrentis digitizedusinga ring oscillatoror someothertype
of delayelementto producea squarewave thatcanbefed to a counter. Althoughthesecircuitsproducenicely linearoutput
acrossthe temperaturerangeof interest,andrespondrapidly to changesin temperature,they unfortunatelyaresensitive to
lithographicvariationsandsupply-currentvariations. Thesesourcesof imprecisioncanbe reducedby makingthe sensor
circuit larger, at the costof increasedareaandpower. Anotherconstraintthat is not easilysolved by up-sizingis that of
sensorbandwidth—themaximumsamplingrateof thesensor.

Our industrycontactstell us that CMOS sensorswhich would be reasonableto usein moderatequantityof say10–20
sensorswould have at besta precisionof �,� � C andsamplingrateof 10 microseconds.This matchestheresultsin [2]. We
placeonesensorperarchitecturalblock.

We modelthe imprecisionby randomizingat eachnodethe true temperaturereadingover thespeci�ed range�,� � . We
assumethat the hardwarereducesthe sensornoisesat runtimeby usinga moving averageof the last ten measurements,
becauseaveragingreducestheerrorasthesquareroot of thenumberof samples.This of courseassumesthatthemeasured
valueis stationary, whichis nottruefor any meaningfulaveragingwindow. Thismeanswemustalsoaccountfor thepotential
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Figure 13. Plot of absolute error in temperature as a function of sampling rate .

changein temperatureover theaveragingwindow, which we estimateto bepotentiallyasmuchas ��� ��� if temperaturescan
rise ����� � per �	�	
�� . For 
�� � , wearethereforeableto reducetheuncertaintyto ��� �� ����� ��� ����
�� � . An averagingwindow
of tensampleswaschosenbecausethe improvederror reductionwith a largerwindow is offsetby thelargerchangein the
underlyingvalue.

Thereis oneadditionalnon-idealitythatmustbeaccountedfor whenmodelingsensorsandcannotbereducedby averag-
ing. If asensorcannotbelocatedexactlycoincidentwith everypossiblehotspot,thetemperatureobservedby thesensormay
becoolerby somespatial-gradientfactor � thanat thehotspot.If, in additionto therandomerrordiscussedabove, thereis
alsoasystematicor offseterrorin thesensorthatcannotbecanceled,this increasesthemagnitudeof the�x ederror � . Based
on simulationsin our �nite-elementmodelandthe assumptionthat sensorscanbe locatednearbut not exactly coincident
with hotspots,wechoose����� � .

It canthereforebe seenthat for any runtimethermal-managementtechnique,the useof sensorslowersthe emergency
thresholdby � � � ( � � in ourcase).Thismustbeconsideredwhencomparingto otherlow-powerdesigntechniquesor more
aggressive andcostlypackagingchoices.It is alsostrongmotivationfor �nding temperature-sensingtechniquesthatavoid
thisoverhead,perhapsbasedoncleverdatafusionamongsensors,or thecombinationof sensorsandperformancecounters.

5. Simulation Setup

In this section,we describethevariousaspectsof our simulationframework andhow they areusedto monitor runtime
temperaturesfor theSPEC2000benchmarks[44].

5.1. Integrating the Thermal Model

HotSpot is completely independentof the choice of power/performancesimulator. Adding HotSpot to a
power/performancemodelmerelyconsistsof two steps.First, initialization informationmustbe passedto HotSpot. This
consistsof anadjacency matrix describingthe �oorplan (the�oorplan usedfor theexperimentsin this paperis includedin
the HotSpotrelease)andan arraygiving the initial temperaturesfor eacharchitecturalblock. Thenat runtime,the power
dissipatedin eachblock is averagedover a user-speci�ed interval andpassedto HotSpot's RC solver, which returnsthe
newly computedtemperatures.A time stepmustalsobepassedto indicatethelengthof theinterval over which powerdata
is averaged.

Althoughit is feasibleto recomputetemperatureseverycycle, this is wasteful,sinceevenat the�ne granularityof archi-
tecturalunits, temperaturestake at least100K cyclesto riseby ��� � � C. We chosea samplingrateof 10K cyclesasthebest
tradeoff betweenprecisionandoverhead.For samplingintervals of 10K and less,the error is lessthan ���!��� � —the same
magnitudeastheroundingerrordueto signi�cant digits in theRunge-Kuttasolver. Figure13 plotsthemaximumandmean
error for all the SPEC2kbenchmarksasa functionof samplingrate. “Max” is the largestabsoluteerror observed for any
benchmark.“Mean” considersthemeanabsoluteerror for eachblock, andthelargestof thesevaluesfor any benchmarkis
plotted.Notethatthiserrorrateis determinedwith respectto a samplinginterval of 10cycles.

Thenumberof iterationsfor theRunge-Kuttasolver is adaptive,to accountfor thedifferentnumberof iterationsrequired
for convergenceat differentsamplingintervals. Speci�cally, thestepsizein thesolver is keptconstantandthenumberof
iterationsis a linear function of the samplinginterval. The stepsize is determinedby the productof the requireddegree
of precisionin temperatureandthemaximumRC time constantof the functionalunits. SincetheRC time constantis the
reciprocalof themaximumrateatwhichtemperaturecanrisein thechip,thisstepsizeis in factveryconservative.This is an
improvementoverwhatwasreportedin theconferencepaper, whereweuseda �x ednumberof iterations—four—regardless
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of samplinginterval. Now only oneiterationis neededfor samplingintervalsof 11K or less,improving theperformanceof
thesolver. Theoverheadis alsonow essentiallyindependentof samplinginterval. With thenew adaptive iterationcount,the
extrasimulationtime for thermalmodelingis lessthan1%.

5.2. Power­PerformanceSimulator

We usea powermodelbasedon powerdatafor theAlpha21364[3]. The21364consistsof a processorcoreidenticalto
the21264,with a largeL2 cacheand(not modeled)gluelessmultiprocessorlogic addedaroundtheperiphery. An imageof
thechip is shown in Figure8, alongwith the�oorplan schematicthatshows theunitsandadjacenciesthatHotSpotmodels.
Becausewe studymicroarchitecturaltechniques,we useWattch version1.02 [9] to provide a framework for integrating
our power datawith the underlyingSimpleScalar[10] architecturalmodel. Our power datawasfor 1.6 V at 1 GHz in a
�%� � ��� process,sowe usedWattch's linearscalingto obtainpower for � � ��$�� ,

�
��� =1.3V, anda clock speedof 3 GHz. These

valuescorrespondto therecently-announcedoperatingvoltageandclockspeedthatfor thePentium4 [33]. We assumeadie
thicknessof 0.5mm. Our spreaderandsink arebothmadeof copper. Thespreaderis 1mmthick and3cm

�
3cm,andthe

sinkhasa basethatis 7mmthick and6cm
�

6cm.Powerdissipatedin theper-blocktemperaturesensorsis notmodeled.
The biggestdif�culty in usingSimpleScalaris that the underlyingsim-outorder microarchitecturemodel is no longer

terribly representative of contemporaryprocessors,so we augmentedit to modelan Alpha 21364ascloselyaspossible.
We extendedboththemicroarchitectureandcorrespondingWattchpower interface;extendingthepipelineandbreakingthe
centralizedRUU into four-wideintegerandtwo-wide�oating-point issuequeues,80-entryintegerand�oating-point merged
physical/architecturalregister�le, and80-entryactive list. First-level cachesare64 KB, 2-way, write-back,with 64B lines
anda2-cycle latency; thesecond-level is 4 MB, 8-way, with 128Blinesanda12-cyclelatency; andmainmemoryhasa225-
cycle latency. Thebranchpredictoris similar to the21364'shybridpredictor, andwe improvetheperformancesimulatorby
updatingthefetchmodelto countonly oneaccess(of fetch-widthgranularity)percycle. Theonly featuresof the21364that
we do not modelarethe register-clusteraspectof the integerbox, way predictionin the I-cache,andspeculative load-use
issuewith replaytraps(whichmayincreasepowerdensityin blocksthatarealreadyquitehot). Themicroarchitecturemodel
is summarizedin Table5. Finally, weaugmentedSimpleScalar/Wattchto accountfor dynamicfrequency andvoltagescaling
andto reportexecutiontime in secondsratherthancyclesasthemetricof performance.

Processor Core Other Operating Parameters
Active List 80 entries Nominal frequency 3 GHz
Physical registers 80 Nominal V ��� 1.3 V
LSQ 64 entries Ambient air temperature

���
� C

Issue width 6 instructions per cycle Package thermal resistance 0.8 K/W
(4 Int, 2 FP) Die 0.5mm thick, 15.9mm � 15.9mm

Functional Units 4 IntALU,1 IntMult/Div, Heat spreader Copper, 1mm thick, 3cm � 3cm
2 FPALU,1 FPMult/Div, Heat sink Copper, 7mm thick, 6cm � 6cm
2 mem ports

Memory Hierarchy Branch Predictor
L1 D-cache Size 64 KB, 2-way LRU, 64 B blocks, writeback Branch predictor Hybrid PAg/GAg
L1 I-cache Size 64 KB, 2-way LRU, 64 B blocks with GAg chooser

both 2-cycle latency Branch target buffer 2 K-entry, 2-way
L2 Unified, 4 MB, 8-way LRU, Return-address-stack 32-entry

128B blocks, 12-cycle latency, writeback
Memory 225 cycles (75ns)
TLB Size 128-entry, fully assoc.,

30-cycle miss penalty

Table 5. Con�guration of simulated processor micr oarchitecture .

5.3. Modeling the Temperature­Dependenceof Leakage

Becauseleakagepoweris anexponentialfunctionof temperature,thesepowercontributionsmaybelargeenoughto affect
the temperaturedistribution andtheeffectivenessof differentDTM techniques.Furthermore,leakageis presentregardless
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of activity, andleakageat highertemperaturesmayaffect theef�cacy of thermal-managementtechniquesthat reduceonly
activity rates. Eventually, we plan to combineHotSpotwith our temperature/voltage-awareleakagemodel [49] to more
preciselytrackdynamicleakage-temperatureinteractions,whichwebelieveareaninterestingareafor futurework. For now,
to makesurethatleakageeffectsaremodeledin a reasonableway, weuseasimplermodel:likeWattch,leakagein eachunit
is simply treatedasa percentageof its power whenactive,but this percentageis now determinedbasedon temperatureand
technologynodeusing�gures from ITRSdata[40].

The original modelassumesthat idle architecturalblocksareclock-gatedand leak a �x ed percentageof the dynamic
power that they would dissipateif active. The default valueof 8% happensto correspondto the leakagepercentagethat
would beseenat 85 C in the130 nm generation,accordingto our calculationsfrom the ITRS projections.To incorporate
leakageeffectsin a simpleway, we retainWattch's notionthatpowerdissipatedby a block duringa cycle in which it is idle
canberepresentedasapercentageof thatits activepower. Theonly differenceis thatthispercentageshouldbea functionof
temperature.To modelthis dependence,we useITRS data[40] to deriveanexponentialdistribution for theratio of leakage
power to dynamicpower asa function of temperature,andrecomputethe leakageratio at every time step. To modelthis
dependence,we derive an exponentialdistribution for the ratio "�� of leakagepower to dynamicpower asa function of
temperature� :

" � � "���
� � �� �

���� � � � � � � �
�� (7)

where��� is theambienttemperatureand "	� is theratioat �
� andnominalvoltage
�
� .
�

is aprocesstechnologyconstantthat
dependson theratio betweenthe thresholdvoltageandthesubthresholdslope.This ratio wascomputedusingthe leakage
currentandsaturationdrive currentnumbersfrom ITRS 2001. Only the

� � � � � �
�� term varieswith temperatureand/or

operatingvoltage. This expressionis implementedasa functioncall that replacesthe �x ed leakagefactorin the original
Wattch.

It is desirableto eventuallymodel leakagein more detail, to accountfor structuraldetailsand permit studiesof the
interactionsbetweentemperatureandleakage-managementtechniques.Theinteractionof leakageenergy, leakagecontrol,
andthermalcontrol is beyondthescopeof this paper, but is clearlyaninterestingareafor futurework, andsincewe do not
studyleakage-controltechniqueshere,thesimplertemperature-dependentfunctiongivenin Equation7 seemsadequatefor
ourcurrentwork.

5.4. Benchmarks

We evaluateour resultsusingbenchmarksfrom theSPECCPU2000suite. Thebenchmarksarecompiledandstatically
linkedfor theAlphainstructionsetusingtheCompaqAlphacompilerwith SPECpeaksettingsandincludeall linkedlibraries
but nooperating-systemor multiprogrammedbehavior. For eachprogram,we fast-forwardto a singlerepresentativesample
of 500million instructions.Thelocationof thissampleis chosenusingthedataprovidedby Sherwoodetal. [38]. Simulation
is conductedusingSimpleScalar'sEIO tracesto ensurereproducibleresultsfor eachbenchmarkacrossmultiplesimulations.

Due to the extensive numberof simulationsrequiredfor this studyand the fact that many did not run hot enoughto
be interestingthermally, we usedonly 11 of the total 26 SPEC2kbenchmarks.A mixture of integer and �oating-point
programswith low, intermediate,andextremethermaldemandswerechosen;all thosewe omittedoperatewell below the
� �0� � � triggerthreshold.Table6 providesa list of thebenchmarkswe studyalongwith their basicperformance,power, and
thermalcharacteristics.It canbeseenthatIPCandpeakoperatingtemperatureareonly looselycorrelatedwith averagepower
dissipation.For mostSPECbenchmarks,andall thosein Table6, thehottestunit is theintegerregister�le—interestingly, this
is eventruefor most�oating-point andmemory-boundbenchmarks.It is notclearhow truethiswill befor otherbenchmark
sets.

For thebenchmarksthathavemultiple referenceinputs,wechoseone.For perlbmk, weusedsplitmail.plwith arguments
“957 12 23 26 1014”; gzip - graphic;bzip2- graphic;eon - rushmeier;vortex - lendian3;gcc - expr; andart - the �rst
referenceinputwith “-startx110”.

5.5. Package,Warmup, and Initial Temperatures

Thecorrectchoiceof convectionresistanceandheat-sinkstartingtemperaturearetwo of themostimportantdeterminants
of thermalbehavior over therelatively shorttimescalesthancanbetractablysimulatedusingSimpleScalar.

To obtain a useful rangeof benchmarkbehaviors for studyingdynamicthermalmanagement,we set the convection
resistancemanually. We empiricallydetermineda valueof 0.8K/W thatyieldsthemostinterestingmix of behaviors. This
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IPC Average FF % Cycles in Dynamic Max Steady-State Sink Temp. Sink Temp.
Power (W) (bil.) Thermal Viol. Temp. ( � C) Temp. ( � C) (no DTM) ( � C) (w/ DTM) ( � C)

Low Thermal Stress (cold)
parser (I) 1.8 27.2 183.8 0.0 79.0 77.8 66.8 66.8
facerec (F) 2.5 29.0 189.3 0.0 80.6 79.0 68.3 68.3
Severe Thermal Stress (medium)
mesa (F) 2.7 31.5 208.8 40.6 83.4 82.6 70.3 70.3
perlbmk (I) 2.3 30.4 62.8 31.1 83.5 81.6 69.4 69.4
gzip (I) 2.3 31.0 77.3 66.9 84.0 83.1 69.8 69.6
bzip2 (I) 2.3 31.7 49.8 67.1 86.3 83.3 70.4 69.8
Extreme Thermal Stress (hot)
eon (I) 2.3 33.2 36.3 100.0 84.1 84.0 71.6 69.8
crafty (I) 2.5 31.8 72.8 100.0 84.1 84.1 70.5 68.5
vortex (I) 2.6 32.1 28.3 100.0 84.5 84.4 70.8 68.3
gcc (I) 2.2 32.2 1.3 100.0 85.5 84.5 70.8 68.1
art (F) 2.4 38.1 6.3 100.0 87.3 87.1 75.5 68.1

Table 6. Benc hmark summar y. “I” = integ er, “F” = �oating point. Fast­f orwar d distance (FF) repre­
sents the point, in billions of instructions, at whic h warmup star ts (see Sec. 5.5).

representsamedium-costheatsink,with amodestsavingsof probablylessthan$10[48] comparedto the0.7K/W convection
resistancethatwouldbeneededwithoutDTM. Largerresistances,e.g. 0.85K/W, savemoremoney but givehottermaximum
temperaturesandlessvarietyof thermalbehavior, with all benchmarkseitherhotor cold. Smallerresistancessavelessmoney
andbring themaximumtemperaturetoocloseto � � � to beof interestfor thisstudy.

The initial temperaturesthataresetat thebeginningof simulationalsoplay a largerole in thermalbehavior. Themost
importanttemperatureis thatof theheatsink. Its time constantis on theorderof severalminutes,soits temperaturebarely
changesandcertainlydoesnotreachsteady-statein oursimulations.Thismeanssimulationsmustbeginwith thecorrectheat-
sink temperature,otherwisedramaticerrorsoccur. For experimentswith DTM (exceptTT-DFS),theheat-sinktemperature
shouldbesetto avaluecommensuratewith themaximumtolerateddie temperature( � �0� � � with oursensorarchitecture):the
DTM responseensuresthatchip temperaturesnever exceedthis threshold,andheatsink temperaturesarecorrespondingly
lowerthanwith noDTM. If themuchhotterno-DTM heat-sinktemperaturesareusedby mistake,wehaveobserveddramatic
slowdownsashighas4.5X for simulationsof up to onebillion cycles,comparedto maximumslowdownsof about1.5Xwith
thecorrectDTM heat-sinktemperatures.Thedifferencebetweenthetwo heat-sinktemperaturescanbeseenin Table6. All
oursimulationsusetheappropriatevaluesfrom this table.

Anotherfactorthatwe have not accountedfor is multi-programmedbehavior. A “hot” applicationthatbeginsexecuting
whentheheatsink is cool maynot generatethermalstressbeforeits time sliceexpires. RohouandSmith[34] usedthis to
guideprocessorschedulingandreducemaximumoperatingtemperature.

Otherstructureswill reachcorrectoperatingtemperaturesin simulationsof reasonablelength,but correctstartingtemper-
aturesfor all structuresensurethatsimulationsarenot in�uencedby suchtransientartifacts.This meansthatafter loading
theSimpleScalarEIO checkpointat thestartof ourdesiredsample,it is necessaryto warmupthestateof largestructureslike
cachesandbranchpredictors,andthento literally warmupHotSpot.Whenwestartsimulations,we �rst run thesimulations
in full-detail cycle-accuratemode(but without statistics-gathering)for 100 million cycles to train the caches—including
the L2 cache—andthe branchpredictor. This interval wasfound to be suf�cient usingthe MRRL techniqueproposedby
HaskinsandSkadron[19], althougha morepreciseuseof this techniquewould have yieldedspeci�c warmupintervalsfor
eachbenchmark.With themicroarchitecturein a representativestate,we dealwith temperatures.Thesetwo issuesmustbe
treatedsequentially, becauseotherwisecold-startcacheeffectswould idle theprocessorandaffect temperatures.To warmup
thetemperatures,we �rst settheblocks' initial temperaturesto thesteady-statetemperaturescalculatedusingtheper-block
averagepowerdissipationfor eachbenchmark.Thisacceleratesthermalwarmup,but adynamicwarmupphaseis still needed
becausethesamplewe areat probablydoesnot exhibit averagebehavior in all theunits,andbecausethis is theeasiestway
to incorporatetherole of thetemperaturedependenceof leakageon warmup.We thereforeallow thesimulationto continue
in full-detail cycle-accuratemodefor another200million cyclesto allow temperaturesto reachtruly representative values.
Only afterthesetwo warmupphaseshavecompleteddowebegin to trackany experimentalstatistics.
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Notethat,in orderto have thestatisticscomefrom theprogramregion thatmatchestheSherwoodsimulationpoints,the
checkpointsmustactuallycorrespondto a point 300 million instructionsprior to the desiredsimulationpoint. The “FF”
columnin Table6 thereforeshows wherearecheckpointsarecaptured,namelythefast-forwarddistanceto reachthepoint
wherearewarmupprocessbegins.

5.6. Time Plots

To moreclearly illustratethetime-varyingnatureof programs'thermalbehavior, in Figure14 we presenta few plotsof
programs'operatingtemperature(with no DTM) in eachunit asa functionof time. In eachplot, theverticalline towardthe
left sideof theplot indicateswhenthewarmupperiodends.

Mesa(Figure14a)deservesspecialcommentbecauseit showsclearprogramphases.At eachdropin its sawtoothcurve,
wefound(notshown) a matchingsharprisein L1 andL2 datamissesandasharpdropin branchmispredictions.Therateof
riseandfall exactlymatcheswhatwecalculateby handfrom theRCtimeconstants.Thetemperaturesareonly varyingby a
smallamountnearthetop of their range.Sotheincreasein temperatureoccursslowly, like a capacitorthat is alreadyclose
to fully charged,andthedecreasein temperatureis quitesharp,likea full capacitorbeingdischarged.

At theotherendof thespectrumis art, whichhassteadybehavior andthereforea �at temperaturepro�le.
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Figure 14. Operating temperature as a function of time (in terms of number of clock cycles) for various
warm and hot benc hmarks.
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6. Results for DTM

In this section,we usethe HotSpotthermalmodel to evaluatethe performanceof the varioustechniquesdescribedin
Section4. First we assumerealistic,noisy sensors,andthenconsiderhow muchthe noisedegradesDTM performance,
presentingadditionaldatathatdid notappearin theconferencepaper. Theremainderof thesectionintroducesnew discussion
andfurther resultsthat expandbeyond what the conferencepaperpresented,exploring the MC technique,lateral thermal
diffusion,andtheroleof initial heat-sinktemperaturesin furtherdetail.

Note that sincecompletingthe conferenceversionof this paper, we discovereda bug in the controllerfor DVS which
causedit to engageoverly aggressivevoltagereductions.This paperpresentstheupdatedresults.In contrastto theprevious
results,idealizedDVS is now competitive with local toggling,andnon-idealizedDVS is now competitive with PI-global-
toggling.
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Figure 15. Slowdo wn for DTM. Bars: better techniques. Lines: weaker techniques.

6.1. Resultswith SensorNoisePresent

Figure15 presentstheslowdown (executiontime with thermalmanagementdividedby original executiontime) for the
“hot” and“warm” benchmarksfor eachof the thermalmanagementtechniques.The barsare the main focus: they give
resultsfor thebettertechniques:“ideal” for TT-DFSandPI-DVS, thePI-controllerversionof GCG,PI local toggling,and
MC. Thelinesgiveresultsfor non-idealTT-DFSandtheweakertechniques:non-idealPI-DVS,GCGwith nocontroller(i.e.,
all-or-nothing),and2pipe.Noneof thetechniquesincur thermalviolations.Only thehot andwarmbenchmarksareshown;
thetwo coldbenchmarksareunaffectedby DTM, exceptfor mild effectswith TT-DFS(seebelow).

The besttechniquefor thermalmanagementby far is TT-DFS, with the TT-DFS-i versionbeing slightly better. The
performancepenaltyfor eventhehottestbenchmarksis small; theworst is art with only a 2% slowdown for TT-DFS-i and
a 3% slowdown for TT-DFS.Thechangein operatingfrequency alsoreducespower dissipationandhenceslightly reduces
the maximumtemperature,bringing art down to �'��� � � . If the maximumjunction temperatureof � ��� is strictly basedon
timing concerns,andslightly highertemperaturescanbetoleratedwithoutundulyreducingoperatinglifetime, thenTT-DFS
is vastlysuperiorbecauseits impactis sogentle.

It might seemthereshouldbe somebene�t with TT-DFSfrom increasingfrequency whenbelow the trigger threshold,
but we did not observe any noteworthy speedups—evenfor TT-DFS-i with the coldestbenchmark,mcf, we observedonly
a 2% speedup,andthehighestspeedupwe observedwas3%. With TT-DFS,a few benchmarksactuallyexperienceda 1%
slowdown, andthe highestspeedupwe observedwas2%. The reasonfor the lack of speedupwith DFS is partly that the
slopeis sosmall—thishelpsminimizetheslowdown for TT-DFSwith warmandhotbenchmarks,but minimizesthebene�t
for coldones.In addition,for higherfrequency to providesigni�cant speedup,theapplicationmustbeCPU-bound,but then
it will usuallybehotandfrequency cannotbeincreased.

If thejunctiontemperatureof � ��� is dictatednot only by timing but alsophysicalreliability, thenTT-DFSis not a viable
approach.Of theremainingtechniques,MC, idealizedDVS, andPI-LTOGarethebest.MC with a one-cyclepenaltyis best
for all but threeapplications,gcc, crafty, andperlbmk, andthe averageslowdown for MC is 4.8%comparedto 7.4%for
DVS-i and7.7%for PI-LTOG. Naturally, MC performsbetterif the extra communicationlatency to the spareregister�le
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is smaller: if that penaltyis two cyclesinsteadof one,MC's averageslowdown is 7.5%. It is interestingto notethatMC
aloneis not ableto preventall thermalviolations;for two benchmarks,our MC techniqueengagedthe fallbacktechnique,
PI-LTOG,andfor thosebenchmarksspent20-37%of the time usingthe fallbacktechnique.This meansthat thechoiceof
fallbacktechniquecanbeimportantto performance.Resultsfor thesetwo benchmarksaremuchworse,for example,if we
useDVS or GCGasthefallback.

Migrating computationandlocalizedtogglingoutperformglobal toggling andnon-idealizedDVS, andprovide similar
performanceas idealizedDVS, even thoughDVS obtainsa cubic reductionin power densityrelative to the reductionin
frequency. Thereasonis primarily thatGCGandDVS slow down theentirechip,andnon-idealDVS alsosuffersagreatdeal
from thestallsassociatedwith changingsettings.In contrast,MC andPI-LTOGareableto exploit ILP.

A very interestingobservation is thatwith MC, two benchmarks,gzipandmesa, never usethe spareunit andsuffer no
slowdown, andvortex usesit only rarelyandsuffersalmostnoslowdown. Thenew �oorplan by itself is suf�cient to reduce
thermalcouplingamongthevarioushotunitsin theintegerengineandthereforepreventsmany thermalviolations.

Although we were not able to explore a wider variety of �oorplans, the successof these�oorplan-basedtechniques
suggestsan appealingway to manageheat. And oncealternate�oorplans andextra computationunits arecontemplated,
the interactionof performanceandtemperaturefor microarchitecturalclusters[11] becomesan interestingareafor further
investigation.OurMC resultsalsosuggesttheimportanceof modelinglateralthermaldiffusion.

Theseresultsalsosuggestthatapro�table directionfor futurework is to re-considerthetradeoff betweenlatency andheat
whendesigning�oorplans, andthata hierarchyof techniquesfrom gentleto strict—assuggestedby Huanget al. [20]—is
mostlikely to give thebestresults.A thermalmanagementschememight bebasedon TT-DFSuntil temperaturereachesa
dangerousthreshold,thenengagesomeform of migration,and�nally fall backto DVS.

6.2. Roleof SensorErr or

Sensornoisehurtsin two ways;it generatesspurioustriggerswhenthetemperatureis actuallynot nearviolation,andit
forcesa lower trigger threshold.Both reduceperformance.Figure16 shows the impactof both theseeffectsfor our DTM
techniques(for TT-DFSandDVS, we look at thenon-idealversions).Thetotal heightof eachbarrepresentstheslowdown
with respectto DTM simulationswith noise-freesensorsanda trigger thresholdof �'��� � � . Thebottomportionof eachbar
showstheslowdown from reducingthetriggerby onedegreewhile keepingthesensorsnoise-free,andthetopportionshows
thesubsequentslowdown from introducingsensornoiseof � � � . (For thewarmandhotbenchmarks,theimpactof boththese
sensor-relatedeffectswasfairly similar.)

For TT-DFS the role of the different thresholdwas negligible. That is becausethe TT-DFS changein frequency for
onedegreeis negligible. MC alsoexperienceslessimpactfrom the differentthreshold.We attribute this to the fact that
the �oorplan for MC itself hasa cooling effect andreducesthe needfor DTM triggers. Otherwise,lowering the trigger
thresholdfrom �'��� � � (which would be appropriateif noisewerenot present)reducesperformanceby 1–3%for the other
majortechniques.2pipeexperiencesa largerimpact—4%—becauseit is soinef�cient at coolingthatit mustwork harderto
achieveeachdegreeof cooling.

Thespurioustriggersfurther reduceperformanceby 0–2%for TT-DFS;3–6%for PI-GCG;by 6–8%for PI-DVS, with
art anexceptionfor PI-DVS at11%;by 2–5%for LTOG;0–4%for MC; and4–9%for 2pipe.Thehigherimpactof noisefor
DVS is dueto thehigh costof stallingeachtime a spurioustriggeris invoked,andsimilarly, thehigherimpactof noisefor
2pipeis dueto thecostof drainingthepipelineeachtimeaspurioustriggeris invoked.

Sensorerror clearly hasa signi�cant impacton the effectivenessof thermalmanagement.With no sensornoiseanda
highertrigger, DTM overheadcouldbesubstantiallyreduced:TT-DFS'sslowdown for thehotbenchmarksmovesfrom 1.8%
to 0.8%,PI-DVS'sslowdown from 10.7%to 2.5%,PI-GCG'sslowdown from 11.6%to 3.6%,GCG'sslowdown from 17.9%
to 6.6%,PI-LTOG'sslowdown from 8.4%to 5.2%,MC's slowdown from 7.0%to 4.2%,and2pipe'sslowdown from 21.0%
to 9.5%.Theseresultsonly consideredtheimpactof sensornoise,the“S” factor. Reducingsensoroffset—the“G” factor—
dueto manufacturingvariationsandsensorplacementwould provide substantialfurther improvementscommensuratewith
theimpactof the � � thresholddifferenceseenin theblackportionof thebars.

Overall,our resultsalsoindicatenotonly theimportanceof modelingtemperaturein thermalstudies,but alsotheimpor-
tanceof modelingrealisticsensorbehavior. And �nding new waysto determineon-chiptemperaturesmorepreciselycan
yield substantialbene�ts.

27



1.0 0

1.0 2

1.0 4

1.0 6

1.0 8

1.10

T T -D F S P I-D V S P I-G C G L T O G M C 2 p ip e

S
lo

w
do

w
n

N o is e
T h re s h o ld

Figure 16. Slowdo wn for DTM from eliminating sensor noise , and from the consequent increase in
trig ger threshold to �'��� � � .

6.3. Further Analysisof MC

TheMC technique,with local togglingasa fallback,meritsfurtherdiscussionin orderto clarify the respective rolesof
�oorplanning,migration,andthefallbacktechnique.

If theMC �oorplan is usedwithoutenablingtheactualuseof themigration,thespareregister�le is unusedandhasamild
coolingeffect. Thepermutationof the �oorplan alsochangessomeof the thermaldiffusionbehavior. This hasnegligible
effectfor mostbenchmarks,andactuallymildly exacerbateshotspotsfor perlbmk, but actuallyis enoughto eliminatethermal
violationsfor gzip,mesa, andvortex.

WhentheMC techniqueis enabled,it is ableto eliminatethermalviolationswithout falling backto local togglingin all
but two benchmarks,gccandperlbmk.

We erroneouslystatedin Section4 of our conferencepaperthat the“MC” techniqueincursa two-cycle penaltyon each
accessto thesecondaryregister�le. In fact,theresultsreportedin thatpaperandin Figure15arefor aone-cyclelatency. As
Figure17 shows,a two-cycle latency signi�cantly increasesthecostof MC, from anaverageof 4.9%to 7.5%.On theother
hand,wedonot fully modeltheissuelogic,whichshouldfactorin this latency andwakeinstructionsupearlyenoughto read
theregister�le by thetimeotheroperandsareavailableon thebypassnetwork. Thismakesbothsetsof results(oneandtwo
cyclepenalties)pessimistic.
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Figure 17. Slowdo wn for MC with 1­ and 2­cycle penalties for accessing the spare register �le .

Other�oorplans thataccommodatethespareregister�le maygive differentresults,andsparecopiesof otherunitsmay
beusefulaswell, especiallyfor programsthatcauseotherhotspots.We have not yet hada chanceto exploretheseissues.
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Anotherstudywe have not hada chanceto performis thecost-bene�tanalysisof whethertheextra die areafor thespare
register�le wouldbebetterusedfor someotherstructure,with purelylocal togglingastheDTM mechanism.

6.4. Importance of Modeling Lateral Thermal Diffusion

Our validationresultsin Section3.4 (Figure7) showed that modelingthermaldiffusion with lateralthermalresistance
yieldssigni�cantly moreaccurateresultsthanif thelateralheat�o w is omitted.Here,we wish to clarify theimportanceof
modelinglateralheat�o w.

loose-correct tight-correct loose-simple tight-simple
art 1.00 1.00 1.00 1.00
gcc 1.00 1.00 1.00 1.00
vortex 1.00 1.00 1.00 1.00
crafty 1.00 1.00 1.00 1.00
eon 1.00 1.00 1.00 1.00
bzip2 0.68 0.76 0.90 0.90
gzip 0.67 0.72 0.91 0.91
mesa 0.42 0.58 0.71 0.71
perlbmk 0.31 0.36 0.39 0.39
facerec 0.00 0.00 0.00 0.00
parser 0.00 0.00 0.00 0.00

Table 7. Fraction of cycles in thermal violation (no DTM modeled) for the two diff erent �oorplans
(loose and tight) with lateral thermal diffusion properl y modeled (correct), and with lateral resistances
omitted (simple).

loose-correct tight-correct loose-simple tight-simple
art 1.00 1.00 1.00 1.00
gcc 1.00 1.00 1.00 1.00
vortex 1.00 1.00 1.00 1.00
crafty 1.00 1.00 1.00 1.00
eon 1.00 1.00 1.00 1.00
bzip2 1.00 1.00 1.00 1.00
gzip 1.00 1.00 1.00 1.00
mesa 0.87 0.94 1.00 1.00
perlbmk 0.45 0.47 0.52 0.52
facerec 0.00 0.00 0.00 0.00
parser 0.00 0.00 0.00 0.00

Table 8. Fraction of cycles above the thermal trig ger point (no DTM modeled) for the two diff erent
�oorplans.

Lateralthermaldiffusionis importantfor threereasons.First, it canin�uence thechoiceof a �oorplan andtheplacement
of spareunitsor clustersfor techniqueslike MC or multi-clusteredarchitectures.Second,it canhave a substantialimpact
on thethermalbehavior of individualunits.Whena consistentlyhotunit is adjacentto unitsthatareconsistentlycolder, the
colderunitshelpto draw heatawayfrom thehotunit. Failing to modellateralheat�o w in situationslike thesecanmakehot
unitslook hotterthanthey reallyare,overestimatingthermaltriggersandemergenciesandpotentiallydistortingconclusions
thatmight bedrawn abouttemperature-awaredesign.Third, asshown in Section3.4, failing to modellateralheat�o w also
producesarti�cially fastthermalriseandfall times,contributing to theoverestimationof thermaltriggersbut alsomaking
DTM techniquesseemto cool thehotspotsfasterthanwould reallyoccur.

As a preliminaryinvestigationof theseissues,wecomparedthetwo �oorplans shown in Figure18. The“tight” �oorplan
in (a)placesseveralhotunitsliketheintegerregister�le, integerfunctionalunits,andload-storequeueneareachother, while
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the“loose” onein (b) placesthehottestunitsfar from eachother. In ourexperiments,wedid notchangeany accesslatencies
to accountfor distancebetweenunits in the two �oorplans. This isolatesthermaleffectsthat aredueto thermaldiffusion
ratherthandifferencesin accesslatency. Wecomparedthethermalbehavior of these�oorplansusingourfull proposedmodel
andalsoamodi�ed versionin which lateralthermalresistanceshavebeenremoved.
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Figure 18. Two �oorplans used to stud y effects of lateral thermal diffusion.

Table7 presents,for each�oorplan, the fraction of cyclesspentin thermalviolation (no DTM wasusedfor theseex-
periments).The left-handpair of columnspresentdataobtainedwith the full model(“correct”), andtheright-handpair of
columnspresentdataobtainedwith the lateralresistancesomitted(“simple”). Table8 presentsthe fractionof cyclesspent
abovethethermaltriggertemperature.

Lookingat thecorrectdata,thedistinctionbetweenthetwo �oorplansis clear, with thetight �oorplan spendingmoretime
at highertemperaturesdueto theco-locationof severalhot blocks.Thetight �oorplan will engageDTM more.A time plot
for theintegerregister�le of mesais givenin Figure19.

Thesimpli�ed model,on theotherhand,fails in two regards.First, it predictshighertemperaturesandhigherfrequencies
of thermalviolation,highereventhanwhatis observedwith thetight �oorplan. Thishappensbecauseeventhetight �oorplan
is ableto diffuseawaysomeof theheatin thehotblocksto neighboringblocks.Thisdifferenceis largestfor gzipandmesa.
Thearti�cially high temperaturesmeanthatsimulationsof DTM will generatespuriousthermaltriggersandpredictlarger
performancelossesfor DTM thanwould reallybeexpected.Second,thefailureto modellateralheat�o w meansthatissues
relatedto �oorplan simplycannotbemodeled,asseenby thefactthatthetwo �oorplans give identicalresults.

Without modelinglateralthermaldiffusion,tradeoffs betweenthermalmanagementandlatency cannotbeexplored,and
studiesof dynamicthermalmanagementmaygive incorrectresults.

6.5. Roleof Initial Heat­Sink Temperature

Finally, we wish to follow up on the point madein Section5.5 that the choiceof initial heat-sinktemperatureplaysa
majorrole,andtheuseof incorrector unrealistictemperaturescanyield dramaticallydifferentsimulationresults.Figure20
plotsthepercentageerrorin executiontime for variousDTM techniqueswhentheno-DTM heat-sinktemperaturesareused
insteadof theproperDTM heat-sinktemperatures.Theerroronly grows astheheatsink temperatureincreases.Whenwe
triedheat-sinktemperaturesin the ����� s,weobservedslowdownsof asmuchas4.5X.
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The main reasonthis is an issueis that microarchitecturepower/performancesimulatorshave dif�culty simulatinga
benchmarklongenoughto allow theheatsink to changetemperatureandsettleatapropersteady-statetemperature,because
the time constantfor the heatsink is so large. Over short time periods,changesin heat-sinktemperatureeffectively act
as an offset to the chip surfacetemperatures.That is why the correctsteady-statetemperaturemustbe obtainedbefore
simulationbegins.Thismeansthatfor eachDTM technique,�oorplan, or triggertemperature,new initial temperaturesmust
bedetermined.Developingsimulationtechniquesor �gures of merit to avoid this tedioustaskis animportantareafor future
work. Fortunately, for all of ourDTM techniquesexceptMC, wefoundthatthesameinitial “with-DTM” temperaturesgiven
in Table6 were�ne. MC's useof a different�oorplan requiresa separatesetof initial temperatures.

Becausetime slicesaremuchsmallerthanthetime constantfor thethermalpackage,a multiprogrammedworkloadwill
tendto operatewith aheat-sinktemperaturethatis somekind of averageof thenaturalper-benchmarkheat-sinktemperatures,
possiblyreducingtheoperatingtemperatureobservedwith thehottestbenchmarksandconverselyrequiringDTM for cold
benchmarks.Thermalbehavior andtheneedfor DTM will thereforedependon theCPUschedulingpolicy, which Rohou
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andSmith usedto help regulatetemperaturein [34]. Combiningarchitecture-level andsystem-level thermalmanagement
techniquesin thepresenceof context switchingis anotherinterestingareafor futurework.

7. Conclusions and Future Work

This paperhaspresentedHotSpot,a practicalandcomputationallyef�cient approachto modelingthermalbehavior in
architecture-level power/performancesimulators. Our techniqueis basedon a simplenetwork of thermalresistancesand
capacitancesthathavebeencombinedto accountfor heatingwithin ablockdueto powerdissipation,heat�o w amongneigh-
boringblocks,andheat�o w into thethermalpackage.Themodelhasbeenvalidatedagainst�nite-elementsimulationsusing
Floworks,acommercialsimulatorfor heatand�uid �o w. HotSpotis publicly availableathttp://lava.cs.virginia.edu/hotspot.

UsingHotSpot,we candeterminewhich arethehottestmicroarchitecturalunits;understandtherole of differentthermal
packageson architecture,performance,andtemperature;understandprograms'thermalbehavior; andevaluatea number
of techniquesfor regulatingon-chiptemperature.Whenthemaximumoperatingtemperatureis dictatedby timing andnot
physicalreliability concerns,“temperature-tracking”frequency scalinglowersthe frequency whenthe trigger temperature
is exceeded,with averageslowdown of only 2%, andonly 1% if the processorneednot stall during frequency changes.
Whenphysicalreliability concernsrequirethatthetemperatureneverexceedthespeci�cation—� � � in ourstudies—thebest
solutionswe found werean idealizedform of DVS that incursno stallswhenchangingsettingsor a feedback-controlled
localizedtogglingscheme(averageslowdowns7.4 and7.7%respectively), anda computation-migrationschemethat uses
a spareintegerregister�le (averageslowdown 5–7.5%dependingon accesstime to thespareregister�le). Theseschemes
performbetterthanglobalclockgating,andaswell asor betterthantheidealfeedback-controlledDVS,becausethelocalized
togglingexploits instruction-level parallelismwhile GCGandDVS slow down theentireprocessor.

A signi�cant portionof theperformancelossof all theseschemesis dueto sensorerror, which invokesthermalmanage-
mentunnecessarily. Evenwith a mere � � � margin, sensorerror introducedasmuchas11%additionalslowdowns,which
accountedin somecasesfor asmuchas80%of thetotalperformancelossweobserved.

Wefeelthattheseresultsmakeastrongcasethatruntimethermalmanagementis aneffectivetool in managingthegrowing
heatdissipationof processors,andthat microarchitectureDTM techniquesmustbepartof any temperature-awaresystem.
But to obtainreliableresults,architecturalthermalstudiesmustevaluatetheir techniquesbasedon temperature andmust
includetheeffectsof sensornoiseaswell aslateralthermaldiffusion.

We hopethat this paperconveys an overall understandingof thermaleffectsat the architecturelevel, andof the inter-
actionsof microarchitecture,power, sensorprecision,temperature,andperformance.This paperonly touchesthe surface
of whatwe believe is a rich areafor futurework. TheRC modelcanbe re�ned in many ways; it canalsobe extendedto
multiprocessor, chip-multiprocessor, andsimultaneousmultithreadedsystems;many new workloadsandDTM techniques
remainto beexplored;a betterunderstandingis neededfor how programs'executioncharacteristicsandmicroarchitectural
behavior determinetheir thermalbehavior; andclever data-fusiontechniquesfor sensorreadingsareneededto allow more
precisetemperaturemeasurementandreducesensor-inducedperformanceloss.Anotherimportantproblemis to understand
the interactionsamongdynamicmanagementtechniquesfor active power, leakagepower, currentvariability, andthermal
effects,whichtogetherpresentarich but poorlyunderstooddesignspacewherethesametechniquemaypossiblybeusedfor
multiplepurposesbut atdifferentsettings.Finally, thermaladjacency wasshown to beimportant,makingtemperature-aware
�oorplanninganimportantareaof research.
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