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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 microprocessonsasdoubledeverythreeyeard7, 27], andthisrateis expectedo increase
within oneto two generationss featuresizesand frequenciesscalefasterthan operatingvoltages[40]. Becausesnegy
consumedy the microprocessois corvertedinto heat,the correspondingxponentialrise in heatdensityis creatingvast
dif culties in reliability andmanufcturingcosts.At ary power-dissipatiorevel, heatbeinggeneratednustberemovedfrom
the surfaceof the microprocessodie, andfor all but the lowest-paver designgoday thesecooling solutionshave become
expensve. For high-performancgrocessors;oolingsolutionsarerising at $1-3or moreperwatt of heatdissipated7, 18],
meaninghatcoolingcostsarerising exponentiallyandthreaterthe computetindustry's ability to deploy new systems.

Paver-awaredesignalonehasfailedto stemthis tide, requiringtempeature-awaredesignat all systemlevels,including
the processomarchitecture. Temperaturesgare designwill make use of powermanagementechniquesput probablyin
ways that are differentfrom thoseusedto improve batterylife or regulatepeakpower. Localizedheatingoccursmuch
fasterthanchip-wideheating;sincepower dissipationis spatiallynon-uniformacrosghe chip, this leadsto “hot spots”and
spatialgradientghatcancauseiming errorsor evenphysicaldamage Theseeffectsevolve overtime scalef hundredof
microsecondsr milliseconds.This meanghatpower-managemertechniquesin orderto beusedfor thermalmanagement,
mustdirectly targetthe spatialandtemporalbehaior of operatingtemperatureln fact, manylow-powertechniqueshave
little or no effect on openating tempeature, becausehey do not reducepower densityin hot spots or becauseahey only
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reclaimslackanddo not reducepower andtemperaturavhenno slackis present. Temperatureagaredesignis thereforea
distinctalbeitrelatedareaof study

Temperature-speci designtechniquego datehave mostlyfocusedon the thermalpackaggheatsink, fan, etc.). If the
packageds designedor worst-casegower dissipationthey mustbe designedor the mostsererehot spotthat could arise,
which is prohibitively expensve. Yet theseworst-casescenariosarerare: the majority of applications especiallyfor the
desktop,do not inducesufcient power dissipationto producethe worst-case¢emperaturesA packagedesignedor the
worstcases excessie.

To reducepackagingcostwithout unnecessarilfimiting performanceit hasbeensuggested, 18, 20] thatthe package
shouldbe designedor the worst typical application. Any applicationghat dissipatemore heatthanthis cheapeipackage
canmanageshouldengagenalternatve, runtimethermal-managemetgchniqugdynamicthermalmanaementor DTM).
Sincetypical high-paverapplicationsstill operate20% or morebelow theworstcasg18], this canleadto dramaticsavings.
Thisis the philosophybehindthethermaldesignof thentel Pentium4 [18]. It usesathermalpackageadesignedor atypical
high-paver application,reducingthe packages cooling requirementy 20% andits costaccordingly Shouldoperating
temperaturever exceedasafetemperaturetheclockis stoppedwe referto thisasglobal clodk gating) until thetemperature
returnsto a safezone. This protectsagainstbothtiming errorsand physicaldamagehat might resultfrom sustainechigh-
power operationfrom operationat higherthan-expectecambientemperaturesyr from somefailurein thepackageAs long
asthethresholdemperaturg¢hatstopstheclock (thetrigger threshold is basedn the hottestemperaturén thesystemthis
approactsuccessfullyegulatesemperatureThis techniquds similarto the“fetch toggling” techniqueproposedy Brooks
andMartonosi[8], in whichinstructionfetchis haltedwhenthetriggerthresholds exceeded.

The Needfor Architecture-Level Thermal Management. Thesechip-levelhardwaretechniquesllustrateboththebene-
ts andchallenge®f runtimethermalmanagementwhile they cansubstantiallyreducecooling costsandstill allow typical

applicationgdo run at peakperformancethesetechniquesalsoreduceperformancdor ary applicationghatexceedthether

mal designpoint. Suchperformancdossescanbesubstantialith chip-widetechniquedik e globalclock gating,with a27%
slowdown for our hottestapplication art.

Insteadof usingchip-level thermal-managemekttchniquesye arguethatthe microarchitecturdiasan essentiafole to
play. Themicroarchitectueis uniquein its ability to useruntimeknowledg of applicationbehaviorandthe currentthermal
statusof differentunits of the chip to adjustexecutionand distribute the workloadin order to control thermalbehavior In
this paperwe shawv thatarchitecture-leel thermalmodelingexposesarchitecturatechniqueshatregulatetemperaturevith
lower performanceostthanchip-widetechniquedy exploiting instruction-level parallelism(ILP). For example,oneof the
bettertechniquesve found—withonly an 8% slowndown—wasa “local toggling” schemehatvariestherateat which only
the hot unit (typically the integerregister le) canbeaccessedIlLP helpsmitigatethe impactof reducedbandwidthto that
unit while otherunitscontinueat full speed.

Architecturalsolutionsdo not of courseprecludesoftware or chip-level thermal-managemetgchniques.Temperature-
awaretaskschedulinglik e that proposedoy Rohouand Smith [34], cancertainlyreducethe needto engageary kind of
runtimehardwaretechniquebput therewill alwaysexist workloadswhoseoperatingemperaturgannotsuccessfulljpeman-
agedby software. Chip-level fail-safetechniquesill probablyremainthe bestway to manageemperaturavhenthermal
stressbecomesxtreme for examplewhentheambientemperatureisesabove speci cationsor whensomepartof thepack-
agefails (for example theheatsinkfalls off). But all thesetechniquesresynegistic,andonly architecturatechniquesave
detailedtemperaturénformationabouthot spotsandtemperaturgradientghatcanbe combinedwith dynamicinformation
aboutinstruction-level parallelismin orderto preciselyregulatetemperaturavhile minimizing performanceoss.

The Needfor Ar chitecture-Level Thermal Modeling. Somearchitecturatechnique$ave alreadybeenproposeds, 20,
26, 36, 41], sothereis clearlyinterestin this topic within thearchitectureeld. To accuratelycharacterizeurrentandfuture
thermalstresstemporaland spatialnon-uniformities andapplication-dependeehaior—Ilet aloneevaluatearchitectural
techniquedor managingthermaleffects—amodel of temperaturés needed. Yet the architectue communityis currently
lacking reliable and practical tools for thermalmodeling As we shaw in this paper the currenttechniqueof estimating
thermalbehaior from somekind of averageof power dissipationis highly unreliable. This hasled prior researcherso
incorrectlyestimatethe performancempactof proposedhermal-managemetgchniquesaindevento targettheir thermal-
managemertechniquest areasf the chip thatarenot hot spots.

An effectivearchitecture-leelthermalmodelmustbesimpleenougho allow architectto reasoraboutthermaleffectsand
tradeofs; detailedenoughto modelruntimechange$n temperaturevithin differentfunctionalunits;andyetcomputationally
ef cient andportablefor usein avarietyof architecturesimulators Evensoftware-level thermal-managemetdchniquesvill



bene t from thermalmodels.Finally, the modelshouldbe e xible enoughto easilyextendto novel computingsystemghat
may be of interestfrom a temperatureag@arestandpoint.Examplesncludelike graphicsand network processorsMEMS,
andprocessorsonstructedvith nanoscalenaterials.

Contributions. This paperillustratesthe importanceof thermalmodeling; proposesa compact,dynamic,and portable
thermalmodelfor corvenientuseat the architecturdevel; usesthis modelto shawv that hot spotstypically occurat the
granularityof architecture-leel blocks,andthatpower-basednetricsarenotwell correlatedvith temperatureanddiscusses
someremainingneeddor furtherimproving thecommunitysability to evaluatetemperaturegaretechniquesOurmodel—
which we call HotSpot—is publicly availableat http://lava.cs.viginia.edu/hotspotUsing this model,we evaluatea variety
of DTM techniquesThe mosteffective techniquéds “temperature-trackingdynamicfrequeng scaling:timing errorsdueto
hotspotxanbe eliminatedwith anaverageslowvdown of 2%, and,if frequeng canbechangedvithoutstallingcomputation,
lessthan1%. For temperatur¢hresholdsvherepreventingphysicaldamagés alsoa concernusinga spareregister le and
migratingcomputatiorbetweerthe register les in responsdo heatingis the best,with an averageslovdown of 5-7.5%.
Localtogglingandanoverhead-freeoltagescalingtechniqueperformedalmostaswell, bothwith slovdownsof about8%.
All our experimentsncludethe effectsof sensoimprecisionwhich signi cantly handicapsuntimethermalmanagement.

Becausdhermalconstraintaarebecomingso severe,we expectthattemperaturesgarecomputingwill bearich areafor
researchdraving from the elds of architecturegircuit design.compilers pperatingsystemspackagingandthermodynam-
ics. We hopethatthis papermrovidesafoundationthatstimulatesandhelpsarchitectgo pursuehis topicwith thesamevigor
thatthey have appliedto low power.

This paperis anextendedversionof our conferencgaper43], allowing usto presentain expandedliscussiorof various
issuesand presentexpandedresults. The restof this paperis organizedas follows. The next sectionprovides further
backgroundandrelatedwork. ThenSection3 describesur proposednodel,its derivation andvalidation,and shavs the
importanceof modelingtemperatureatherthanpower. Section4 presentsereral novel thermal-managemem¢chniques
andexplorestherole of thermal-sensonon-idealitieson thermalmanagementyith Section5 describingour experimental
setup,issuesconcerninginitial temperaturesand the time-varying behaior of someprograms. Section6 compareghe
variousthermal-managemetéchniquesability to regulatetemperaturenddiscussesomeof the resultsin furtherdetail,
andSection7 concludeghepaper

2. Background and Related Work
2.1 Cooling Challenges

Power Density. Powerdensitieshave beenrising despitereducedeaturesizesandoperatingvoltagespecaus¢henumber
of transistorhasbeendoublingevery eighteermonthsandoperatingfrequenciehave beendoublingevery two years[40].
Pawver densitiesare actuallyexpectedto rise fasterin future technologiesbecausdlif culties in controlling noisemaigins
meanthat operatingvoltage(V 44) canno longerscaleasquickly asit has: for 130nmandbeyond, the 2001 International
TechnologyRoadmapfor SemiconductorgITRS) [40] projectsvery little changein V44. Therising heatgeneratedy
theserising power densitiescreatesa numberof problems becauséoth soft errorsandagingincreaseaxponentiallywith
temperatureThemostfundamentais thermalstress At sufciently hightemperaturegransistorganfail to switchproperly
(thiscanleadto softor harderrors)mary failuremechanismaresigni cantly accelerate@e.g.electromigrationyvhichleads
to anoverall decreasén reliability, andboth the die andthe packagecaneven suffer permanentlamage.Yet to maintain
the traditional rate of performanceamprovementthatis often associatedvith Moore's Law, clock ratesmust continueto
doubleevery two years. Sincecarriermobility is inverselyproportionalto temperaturepperatingtemperaturesannotrise
andmayevenneedto decreasen futuregenerationgor high performancenicroprocessorslhe ITRS actuallyprojectsthat
the maximumjunction temperaturelecreaseffom 95°C for 180nmto 85°C for 130nmandbeyond. Spatialtemperature
gradientsxacerbatehis problem,becausehe clock speedmusttypically be designedor the hottestspoton the chip, and
informationfrom our industrialpartnerssuggestshattemperaturesanvary by 30 degreesor moreundertypical operating
conditions. Suchspatialnon-uniformitiesariseboth becausalifferentunits on the chip exhibit differentpower densities,
andbecausdocalizedheatingoccursmuchfasterthan chip wide heatingdueto the slow rate of lateralheatpropagation.
Yet anothertemperature-relateeffect is leakagewhich is exponentiallyincreasingwith operatingtemperaturelncreasing
leakagecurrentsin turn dissipateadditionalheat,which in the extremecanevenleadto a destructve vicious cycle called
thermalrunavay.



Reliability. Fromareliability standpointmanuficturersnustensurehattheir microprocessorwill meettiming margins
andwill operatdor somereasonablaumberof yearg(typically 5-10yearslunderarangeof ambientonditionsandaltitudes,
underarangeof thermalgradientsacrosghe chip andits packageandeven operatecorrectlyin thefaceof afailurein the
thermalpackage suchas the heatsink's becomingdetachedr a fan failure. Thesethermalrequirementsare typically
speci edin termsof a maximumoperatingtemperaturdeyond which timing errorsmay begin to occut, the reliability is
signi cantly reducedandevenphysicaldamagemight occur

Timing andhenceoperatingfrequeng aredependenbn temperaturdoecausearriermobility (bothholesandelectrons)
decreasewith increasingemperaturesThisis thereasorwhy somesupercomputeiamiliesuserefrigerationfor increased
performancegvenif the costsassociateavith suchcomplec coolingsolutionsareimpracticalfor generapurposecomputers.

Thetypical reliability modelfor suchathermalrequiremenbasedon a maximumtemperaturés basedn the Arrhenius
equationwhichlinks exponentiallythe meantime to failure (MTTF) to the absoluteemperatur€T’):

Ea

MTTF = Ae &% 1)

whereA is anempiricalconstantE, is theso-calledactivationenegy andk is Boltzmanns constantLately the Arrhenius
equationhasbeenviewedasinadequatédecauseat doesnotincludeotherreliability effectslike thermalcycling andspatial
thermalgradients But theexponentiadependencef reliability ontemperaturés yetanothereasorto favor loweroperating
temperaturesandis why Viswanathet al. [48] obsere thatreducingtemperaturdy even 10-15 canimprove thelifespan
of adevice by asmuchasafactorof two. Industrysourcegell usthatanoperatingemperatureashighas100° aretypically
safefrom areliability standpointandsoattheoperatingemperaturespeci edby theI TRSfor high-performancerocessors,
themainconcernwill behotspot-inducetiming errors.

Costsof Cooling Solutions. Transistorcountsand frequenciesare rising becausehe information-technologyndustry
currentlydemandshatperformanceloubleapproximatelyevery 18 months.Theconsequerihcreaseén CPUheatdissipation
is inexorable,andimproved packagedesignand manufcturingtechniquego reducetheir costarethe mainstayof coping
with this heat. Yet thesepackagesre now becomingprohibitively expensve, cutting pro ts in marketsthat are already
experiencingdecliningpro t mamgins[27].
Architecturetechniquesanplay animportantrole by allowing the packageo be designedor the power dissipationof

a typical applicationratherthan a worst-caseapplication,and by exploiting instruction-lerel parallelismto allow extreme
applicationdo still achieve reasonablperformanceventhoughthey exceedthe capacityof the package.

2.2 RelatedWork

Non-Architectural Techniques. A wealthof work hasbeenconductedo designnew packageshatprovide greatereat-
removal capacity to arrangecircuit boardsto improve air o w, andto modelheatingat the circuit andboard(but not archi-
tecture)levels. Compactmodelsarethe mostcommonway to modeltheseeffects,althoughcomputationaluid dynamics
using nite-elementmodelingis oftenperformedwhenthe o w of air or aliquid is consideredAn excellentsurwey of these
modelingtechniquess given by Sabryin [35]. Batty et al. [4], Chengand Kang[13], Koval and Farmaga23], SzZkely
etal. [32, 45], and Torki and Ciontu [46] all describetechniquedor modelinglocalizedheatingwithin a chip dueto dif-
ferentpower densitiesof variousblocks,but noneof thesetools areeasilyadaptedo architecturakxplorationfor a variety
of reasons Architecturalmodelingtypically precludedirectthermal-responseeasurementg,g. [45, 46], the useof ana-
lytic power modelsobviatesthe needfor joint electro-thermaimodeling,e.g. [45], andthesetechiquegypically dependon
low-level VLSI netlistsandstructuraimplementatiordetailsor only give steady-statsolutions.

In additionto the designof new, highercapacitypackagesquietfans,andthe choiceof materialsfor circuit boardsand
othercomponentstecentwork at the packagingevel hasgiven a greatdeal of consideratiorto liquid coolingto achieve
greatetthermalconductvity (but costandreliability areconcerns]1]; heatpipesto spreadr conductthe heatto a location
with betterair ow (especiallyattractve for smallform factorslike laptops),e.g. [48]; andto high-thermal-maspackages
that canabsorblarge quantitiesof heatwithout raisingthe temperaturef the chip—thisheatcanthenbe removed during
periodsof low computatioractivity or DVS canbeengagedf necessarye.g. [12].

Ar chitectural Techniques. Despitethe long-standingconcernaboutthermaleffects, only a few studieshave beenpub-
lishedin thearchitectureeld, presumablypecaus@oweritself hasonly becomeamajorconcerrto architectswithin thepast
ve yearsor so,andbecauseo goodmodelsexistedthatarchitectscould useto evaluatethermal-managemetegchniques.



Guntheret al. [18] describethe thermaldesignapproachor the Pentium4, wherethermalmanagemenis accomplished
via global clock gating. Lim et al. [26] proposea heterogeneoudual-pipelineprocessofor mobile devicesin which the
standardexecutioncoreis augmentedy a low-power, single-issuein-orderpipelinethat shareghe fetch engine,register
les, andexecutionunitsbut deactvatesout-of-ordercomponenttik e therenamemlandissuequeuesThelow-power pipeline
is primarily intendedor applicationghatcantoleratelow performancendhenceis very effective at saving enegy, but this
techniqueis alsopotentiallyeffective whenerer the primary pipeline overheats.This work usedTempes{15], which does
modeltemperaturalirectly, but only at the chip level, and no sensoreffectsare modeled. Performancelegradationis not
reportedpnly enegy-delayproduct.

Huangetal. [20] deploy a sequencef four power-reducingtechniques—idter instructioncache DVS, sub-bankindgor
thedatacacheandif necessaryglobalclock gating—toproduceanincreasinglystrongresponsastemperatur@pproaches
the maximumallowed temperature Brooksand Martonosi[8] comparedseveral stand-alongechniquedor thermalman-
agementfrequeng scaling,voltageandfrequeng scaling,fetchtoggling (halting fetch for someperiodof time, whichis
similar to the Pentium4's global clock gating),decodethrottling (varying the numberof instructionsthat canbe decoded
percycle [36]), andspeculatiorcontrol (varyingthe numberof in- ight branchedo reducewastefulmis-speculateéxecu-
tion [28]). BrooksandMartonosialsopoint out the valueof having a directmicroarchitecturathermaltriggerthatdoesnot
requireatrapto the operatingsystemandits associatethteng. They nd thatonly fetchtogglingandaggressie DVS are
effective, andthey reportperformanceenaltiesn the samerangeasfoundby the Huanggroup. Unfortunately while these
papersstimulatedmuchinterestino temperaturenodelsof any kind wereavailableat thetime thesepapersverewritten, so
bothusechip-widepowerdissipatioraveragedveramaoving window asa proxyfor temperatureAs we shaw in Section3.7,
thisvaluedoesnottracktemperatureeliably. A furtherproblemis that,becaus@o modelof localizedheatingwasavailable
atthetime, it wasunknaown which units on the processoranthe hottest,so someof the proposedechniquesio not reduce
power densityin thoseareaswhich industryfeedbackand our own simulationssuggesto be the main hot spots,namely
theregister les, load-storequeueandexecutionunits. For example,we foundthatthe low-power cachetechniquesrenot
effective, becausehey do notreducepower densityin theseotherhotunits.

Our prior work [41] proposed simplemodelfor trackingtemperaturen a perunit level, andfeedbackcontrolto modify
the Brooksfetch-togglingalgorithmto respondyradually shaving a 65%reductionin performancegenaltycomparedo the
all-or-nothingapproach.The only otherthermalmodel of which we are avareis TEMPEST developedby Dhodapkaret
al. [15]. TEMPESTalsomodelstemperaturdirectly usinganequivalentRC circuit, but containsonly a singleRC pair for
the entirechip, giving no localizedinformation. A chip-wide modelallows someexplorationof chip-widetechniquedike
DVS, fetchtoggling, andthe Pentium4's global clock gating, but not morelocalizedtechniquesanddoesnot capturethe
effectsof hot spotsor changingchip layout. No prior work in the architectureeld accountdor imprecisiondueto sensor
noiseandplacement.

This papershavs theimportanceof a moredetailedthermalmodelthatincludeslocalizedheating thermaldiffusion,and
couplingwith thethermalpackageanduseshis modelto evaluatea variety of techniquegor DTM.

3. Thermal Modeling at the Architecture L evel
3.1 Usingan Equivalent RC Circuit to Model Temperature.

Thereexists a well-known duality [24] betweenheattransferand electricalphenomenasummarizedn Table 1. Heat
o w canbedescribedasa “current” passinghrougha thermalresistanceleadingto a temperaturelifferenceanalogougo
a‘“voltage”. Thermalcapacitancés alsonecessaryor modelingtransientbehaior, to capturethe delaybeforea changen
powerresultsin thetemperaturesreachingsteadystate.Lumpedvaluesof thermalR andC canbecomputedo representhe
heat o w amongunitsandfrom eachunit to thethermalpackage ThethermalRsandCstogetheteadto exponentiakriseand
fall timescharacterizetly thermalRCtime constantgnalogouso theelectricalRC time constantsTherationalebehindthis
duality is thatcurrentandheat o w aredescribedy exactly the samedifferentialequationdor a potentialdifference In the
thermal-desigirommunity theseequivalentcircuitsarecalledcompacimodels anddynamiccompacimodelsf they include
thermalcapacitorsThis duality providesa corvenientbasisfor anarchitecture-ieel thermalmodel.For amicroarchitectural
unit, heatconductionto the thermalpackageandto neighboringunits are the dominantmechanismshat determinethe
temperature.



Thermal quantity unit Electrical quantity unit
P, Heat flow, power w I, Current flow A
T, Temperature difference K V', Voltage 14
Ryp, Thermal resistance K/wW R, Electrical resistance Q=V/A
C'n, Thermal mass, capacitance J/K C, Electrical capacitance F=A/V
Tth = Rin - Cin, Thermal RC constant s 7 =R - C, Electrical RC constant s

Table 1. Duality between thermal and electrical quantities

3.2 A Parameterized,BICI, Dynamic CompactModel for Micr oarchitecture Studies

For thekindsof studieswe proposethecompactmodelmusthave the following propertiesit musttracktemperatureat
the granularityof individual microarchitecturalinits, sothe equivalentRC circuit musthave at leastonenodefor eachunit.
It mustbe parameterizedn the sensehata new compactmodelis automaticallygeneratedor differentmicroarchitectures;
andportable makingit easyto usewith arangeof power/performancsimulators.lt mustbe ableto solve the RC-circuit's
differentialequationgyuickly. It mustbe calibratedso that simulatedtemperaturesanbe expectedto correspondo what
wouldbeobsenedin realhardware.Finally, it mustbeBICI, thatis, boundary-andinitial-conditionindependentthethermal
modelcomponentaluesshouldnotdependninitial temperaturesr theparticularcon gurationbeingstudied.TheHotSpot
modelwe have developedmeetsall theseconditions.lt is asimplelibrary thatprovidesaninterfacefor specifyingsomebasic
informationaboutthe packageandfor specifyingary oorplan thatcorrespond$o thearchitecturablocks' layout. HotSpot
then generateshe equivalentRC circuit automatically and, suppliedwith power dissipationsover ary chosentime step,
computegemperatureatthe centerof eachblock of interest. Themodelis BICI by constructiorsincethecomponenvalues
arederived from material,physical,and geometricvalues. Becausehe HotBlocks RC network is not obtainedfrom full
solutionsof thetime-dependertieat-conductioequationfor every possiblearchitecturetheremay be boundaryandinitial
conditionsetsthatwould leadto inaccurateesults.But for therangeof reasonablarchitecturaloorplans andtheshorttime
scalesof architecturesimulationsthe parameterizederivationof the chip modelensureshatthe modelis indeedBICI for
practicalpurposesf notin aformal sense.In otherwords,architectscanrely on the modelto be independenof boundary
andinitial conditionsfor purpose®r architecturakimulation.

Chipstodayaretypically packagedvith the die placedagainsia spreadeplate,oftenmadeof aluminum,copperor some
otherhighly conductve material,which is in turn placedagainsta heatsink of aluminumor copperthatis cooledby a fan.
Thisisthecon gurationmodeledby HotSpot.A typicalexampleis shavn in Figurel. Low-power/low-costchipsoftenomit
theheatspreadeandsometime®venthe heatsink; andmobile devicesoften useheatpipesandotherpackaginghatavoid
theweightandsizeof a heatsink. Theseextensiongemainareagor futurework.

package pin
o

PCB-_

Figure 1. Side view of a typical package.

The equialentcircuit—seeFigure 2 for an example—isdesignedo have a direct andintuitive correspondenct the
physicalstructureof a chip andits thermalpackage.The RC modelthereforeconsistsof threevertical, conductve layers
for the die, heatspreaderand heatsink, anda fourth vertical, corvective layer for the sink-to-airinterface. The die layer
is divided into blocksthat correspondo the microarchitecturablocks of interestandtheir oorplan. For simplicity, the
examplein Figure2 depictsa die oorplan of just threeblocks, whereasa realisticmodelwould have 10-20or possibly
evenmore. The spreadeis dividedinto ve blocks: onethat correspondso the arearight underthe die (R,), andfour
trapezoidsorrespondingo the peripherythatis not coveredby thedie. In asimilarway, the sinkis dividedinto ve blocks:
onecorrespondingo the arearight underthe spreadefR};); andfour trapezoiddor the periphery Finally, the corvective
heattransferfrom the packageo the air is representetly a singlethermalresistanc€R convection). Alf is assumedo be at
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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 vertical 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.

to heat spreader
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to heat spreader

lateral resistance to heat spreader
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Figure 3. The RC model for just the die layer.



a x edambienttemperaturewhich is often assumedn thermaldesignto be 45°C [27] (this is not the room ambient,but
thetemperaturénsidethe computer‘box”). Becausehe perspectiein Figure2 makesit someavhatdif cult to distinguish
verticalandlateralRs, Figure3 shaovs the RC modelfor only Rsin thedie layer To clarify how the componentsf Figure?2
correspondo atypical chip andits packageFigurel shavs a side-viev cross-sectionf a diein its package Notethatwe
currentlynegglectthe smallamountof heat o wing into thedie's insulatingceramiccapandinto thel/O pins,andfrom there
into the circuit board,etc. We alsoneglecttheinterfacematerialsbetweerthe die, spreaderandsink. Theseareall further
areador futurework.

For thedie, spreaderandsink layers,the RC modelconsistof a verticalmodelanda lateralmodel. The verticalmodel
capturesheat o w from one layerto the next, moving from the die throughthe packageand eventuallyinto the air. For
example, R,» in Figure 3 accountsfor heat o w from Block 2 into the heatspreader The lateral model capturesheat
diffusion betweenadjacentblockswithin a layer, andfrom the edgeof onelayerinto the peripheryof the next area(e.g.,
R1 accountdor heatspreadrom theedgeof Block 1 into the spreadermwhile R2 accountdor heatspreadrom the edgeof
Block 1 into therestof thechip). At eachtime stepin the dynamicsimulation,the power dissipatedn eachunit of thedieis
modeledasa currentsource(not shavn) atthe nodein the centerof thatblock.

3.3 Deriving the Model

In this sectionwe sketchhow the valuesof R and C are computed. The derivationis chie y baseduponthe fact that
thermalresistancés proportionakto thethicknesof thematerialandinverselyproportionalto thecross-sectionareaacross

whichtheheatis beingtransferred:
t
R= A 2
wherek is thethermalconductvity of the materialperunit volume,100W/m - K for siliconand400W/m - K for copperat
85°C. Thermalcapacitancepn theotherhand,is proportionalto boththicknessaandarea:

C=c-t-A (3

wherec is the thermalcapacitanc@er unit volume, 1.75 x 108J/m? - K for silicon and3.55 x 108J/m? - K for copper
NotethatHotSpotrequiresa scalingfactorto be appliedto the capacitorgo accountfor somesimpli cationsin our lumped
modelrelative to a full, distributed RC model,andtheseare describedbelon. Thesefactorsare analyticalvaluesderived
from physicalproperties.

Typical chip thicknessesrein the rangeof 0.3-0.9mmwith somerecentwaferswe have in our laboratorymeasuring
0.45-0.5mmthis paperstudiesa “thinned” chip of 0.5mmthickness.Thinningaddsto the costof productionbut reduces
localizedhotspotdy reducingthe amountof relatively higherresistancsilicon andgettingthe heat-generatingreascloser
to the higherconductvity metalpackage.

In additionto the basicderivationsabove, lateralresistancesnustaccountfor spreadingresistancéetweenblocks of
differentaspectatios,andtheverticalresistanc®f the heatsink mustaccountor constrictionresistancdrom the heat-sink
baseinto the ns [25]. Spreadingesistanceccountdor theincreasedeat o w from a smallareato alarge one,andvice-
versafor constrictionresistance. Thesecalculationsare entirely automatedvithin HotSpot. For example,R1 in Figure2
accountdor spreadingrom Block 1 into the surroundingspreadearea;and R2 accountdor spreadingrom Block 1 into
therestof thedie. Whenblocksarenot evenly aligned,asin thecaseof Block 3 relative to Blocks1 and2, multiple resistors
in parallelareused like R3 andR4. The equialentresistancef R3 and R4 togetherequalsthe spreadingesistancdérom
Block 3 into the restof the chip, andR3 andR4 arethendeterminedn proportionto the sharededgewith Blocks 1 and2
respectiely.

To clarify how spreading/constrictioresistancearecomputedconsiderthe two adjacentlocks,Block 1 andBlock 2,
in Figure4. Thelengthsare L1 and L2 respectiely. Thechip thicknesss t. Now we calculatethe lateralresistancdR21,
whichis thethermalresistancérom the centerof Block 2 to thesharededgeof Blocks1 and?2. In this casewe canconsider
the heatis constrictedrom Block 1 to Block 2 via the surfaceareasde ned by L1 - t and L2 - t. The constrictionthermal
resistanceanbecalculatedy assumingheheatsourceareato be L1 -t, thesiliconbulk areathatacceptsheheatto be 1.2 - ¢,
andthethicknessof the bulk to be W2/2. With thesevaluesfound, we cancalculatethe spreading/constrictioresistance
basedntheformulasgivenin [25]. Theresistancés aspreadingneif thelateralareaof the sources smallerthanthe bulk
lateralareaandit is a constrictiononeon the otherhand.

Whencalculatingthe chip lateralresistancesgachblock is assumedo presenta thermalresistancen eachof its four
sides.Theseresistanceare effectively the constrictionthermalresistancefrom outsidethe block into the four sidesof the
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Figure 5. Areas used in calculating lateral resistances.

block. For example,in Figure5a, Side 1's constrictionresistancés the onefrom the shadedight part of the chip into the
right shadedhalf of thatblock. For thesameblockfor whichwe arecalculatingresistancenow shavn in Figure5b, Side2's
constrictionresistancés the onefrom theshadedop partof the chip into thetop shadedgartof thatblock.

The spreading-resistan@alculationfor the heatspreadeandheatsink is shovn in Figure6. Thetop surfaceof the heat
spreadetheatsink)is dividedinto ve parts.Thecenteris thepartthatis coveredby the chip. Eachperipheralirapezoidal-
shapedartof the heatspreaders approximatedy two rectangleshovn astheshadedireasn gure 4. Thetwo spreading
resistances the gure for thewholemodelare: 1) from the areacoveredby thechip to the rst rectangle?) from the rst
rectangleo thesecondectangle Fortunatelyall thesecalculationsareentirelyautomatedvithin HotSpot.

This HotSpotmodelhasseveraladvantage®ver prior models.In contrasto TEMPEST[15], which modelsthe average
chip-widetemperatureHotSpotmodelsheatat a much ner granularityandaccountdor hotspotsin differentfunctional
units. HotSpothasmorein commonwith modelsfrom our earlierwork [41, 42], but with someimportantimprovements.
Our rst work [41], omittedthelateralresistanceandthe packagebothessentiafor accuratdaemperatureandtime evolu-
tion; anduseda ratherextremedie thicknessof 0.1mm,compressinghe spatialtemperaturgradientsoo much. Our next
model[42] correctedheseeffectshut collapsedhe spreadeandsink, anddid not accountfor spreadingesistanceleading
to incorvenientempirical tting factorsanda non-intuitive matchingbetweerthe physicalstructureandthe model.

Normally, the package-to-airesistance R onvection) WouUld be calculatedfrom the speci ¢ heat-sinkcon guration. In
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Figure 6. Calculating spreading resistance for the heat spreader or sink.

this paperwe insteadmanuallychoosearesistancef 0.8 K/W thatgivesusagooddistribution of benchmarlbehaiors; see
Section5.5.

HotSpotdoesstill requirescalingfactorsfor the capacitancesCapacitorsn the spreaderand sink mustbe multiplied
by about0.4. This is a consequencef usinga simplesingle-lumpC for eachblock, ratherthana distributedmodel. The
scalingfactorwe determineempiricallymatcheghevaluepredictedoy [30]. Capacitorsn silicon,ontheotherhand,mustbe
multiplied by about2.2! for a16mmx 16mmchip of thicknes€).5mm, andasmuchas9.3for athicknesof 0.1mm. The
reasorfor thisis that,for transienpurposesthe bottomsurfaceof thechipis notactuallyisothermalwhereadotSpottreats
thebottomsurfaceassuchby feedingall verticalRsfor thedieinto asinglenode. Thetrueisothermakurfaceliessomevhere
in the heatspreadgmwhich meanghatthe “effective thermalmass thatdetermineshe transientoehaior of on-dieheating
is largerthanthe die thicknessandmalkesthe effective thermalcapacitancéargerthanwhat Equation3 yields. The scaling
factorthereforecomputeghe effective thermalmass. Sincethe conferencepaper we have derived an analyticexpression
for this scalingfactorof capacitancem silicon, whereadeforeit wasmerelyanempiricallydeterminedtting factor Note
thatin effectwe aredistributing the capacitancéor the centerof the spreaderncrosshe capacitancesf the varioussilicon
blocks. It may seemthatthe capacitancef the spreades centerblock shouldthereforebe reducedor removed, but it also
playsarole in lateralheat o w. In practice,we have foundthatthe presenceor absencef this particularcapacitorin the
centerof thespreadehasno perceptiblesffect on thetemperaturenodeloncethe scalingfactorfor siliconis in place,sowe
simplyleaveit in place,un-modi ed.

Speci cally, following the treatmentin [6], we canderive the following expressionfor this silicon scalingfactora to
accounfor thegreateithermalmassasafunctionof chip areachipthicknessandheat-spreadeahicknessFor asiliconchip
with lengthandwidth both L, andfor the spreadewith thicknessr, the effective heat-conductingurfaceareais a function
of the heat-spreadesthicknessandis givenby (L + 0.88¢)2. This statements valid aslongasL /¢ is greatetthan0.4. In
ourcurrentmodel,L/o = 10/1 = 10 > 0.4. We alsomake theassumptiorfveri ed by our Floworks simulations}hatthe
bottomsurfaceof thespreadeis indeedanisothermakurface.Sotheeffective volumein thecopperspreadethatis enclosed
by the conductingsurfacecanbe approximatedy (L + 0.88c)2 - o. This volumeplusthesilicon chip volumeis accounted
for in thetotal transientheatresponsef thechip. In orderto nd «, thevolumeterm (L + 0.88¢)2 for the copperspreader
mustbetransformednto anequialentvolumeof siliconwith thesamethermalmassthatis (3.55/1.75) - [(L + 0.880)2 - o).
Here3.55 x 106J/m? - K is thermalmasspervolumefor copperand1.75 x 10¢ is for silicon. So

mon ([HEGIE0) 0

HereL - L - t is thevolumeof thesiliconchip. The“+1” termcountsfor the silicon chip volumeitself. And 0.4is thefactor

1This valueis are nementof theapproximate2.0valuegivenin the conferenceaper
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t a
0.1]| 9.3
0.2| 4.8
0.3] 3.3
0.4 2.6
05| 2.2
06| 1.9
07|16
0.8] 15
09|14
10|13

Table 2. Range of values for o for different chip thicknesses. The value of a is not sensitive to
spreader thickness as long as the chip's lateral dimensions are much larger than the spreader
thickness. These gures are for a 16mm x 16mm chip.

for usinga lumpedmodelinsteadof a distributed model. For example,in our Floworksmodel, L. = 16mm for the silicon
chip,o = Immfor the copperspreaderandthe chip thickness = 0.5mm. Sowe can nd a = 2.2. It isimportantto note
that,overtherangeof interestingchip thicknesseghevalueof « is quite sensitve to chip thicknesg, with arangeof values
shavn in Table2. On theotherhand,a is not sensitve to power densitiesor the rangeof power densitiesfor reasonable
valuesthatcouldbe obsenedon arealisticchip.

We could avoid this scalingfactor by modelingseparateéblocksin the spreadetthat correspondo eachblock in the
silicon. But this would approximatelydoublethe size of the matrix for solving the RC circuit. Although having all the
verticalresistancefor silicon meetat acommonnodecorrespondingo justoneblockin the centerof thespreadeis indeed
an approximation,we feel thatit is a reasonabl@®ne becausehereis fairly little heat o w laterally in the spreader:at
steadystate the bottom(not the top) of the chip—thesurfaceagainsthe spreaderis closeto isothermalwith temperature
variationsacrosghe bottomsurfaceof lessthan10%. On the otherhand,verticalheat o w from the chip into the spreader
andtheninto the sink is largerthanthe lateralheat o w betweersilicon blocks. In short,this meanghatthe main purpose
of the scalingfactorfor silicon capacitances to accountfor the factthatwhenmodelingtransientehaior, any changen
heatdissipationcauseseat o w betweerthe chip andthe spreadersothe thermalmassthatis affectedby short-termheat

o wsincludesthe centerportion of the spreaderLateralthermaldiffusionin the silicon remainsimportant,asseenby our
validationresultsbelow andour resultsfor the “migrating computation'techniqugseeSection6).

To convey somesenseof the R andC valuesthat our modelproduces;Table 3 givessomesamplevalues? Vertical Rs
for the copperspreadeandsink correspondo the middleblock, while lateralRsfor the spreadeandsink correspondo the
inner R for one of the peripherablocks. As mentionedthe convectionresistancef 0.8 K/W hasbeenchoseno provide
a usefulrangeof benchmarkbehaiors, andrepresents midpointin the range0.1-2.0that might be found for typical heat
sinks[48] in desktopandsener computers As lessexpensve heatsinksarechosen—fousewith DTM, for example—the
resistancéncreases.

Block R’ue’rt Rlat C
IntReg+IntExec | 0.420| 3.75 0.024
D-cache 0.250| 6.50 0.032

Spreadefcenter)| 0.025| 0.83 0.350
Sink (center) 0.026| 0.50 8.800
Corvec. 0.800 na | 140.449

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

2Notethatthevalueof C for the D-cachewaserroneouslyistedin the conferencgaperas0.137.
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HotSpotdynamicallygeneratethe RC circuit wheninitializedwith acon gurationthatconsistof theblocks' layoutand
theirareaqseeSection3.5). Themodelis thenusedin adynamicarchitecturapower/performancsimulationby providing
HotSpotwith dynamicvaluesfor power densityin eachblock (thesearethe valuesfor the currentsourcesipndthe present
temperatureof eachblock. We usepower densitiesobtainedfrom Wattch, averagedover the last 10K clock cycles; see
Section5.1 for moreinformationon the choiceof samplingrate. At eachtime step,the differentialequationdescribing
the RC circuit are solved using a fourth-orderRunge-Kitta method(with an adaptve numberof iterationsdependingon
the calling interval), returningthe new temperaturef eachblock. Eachcall to the solver takesabout50us on a 1.6GHz
Athlon processarso the overheadon simulationtime is negligible for reasonablesamplingrates,usuallylessthan 1% of
total simulationtime.

A nal noteregardsthe temperature-dependenoeconductvity. This temperaturelependencenly affectsresultsfor
relatively largetemperatureangegreatethan50° [31]. Ourcurrentchipmodelhasamuchsmallerrangein actve mode,so
we usethethermalconductvity of siliconat85°, our speci ed maximumjunctiontemperaturelncorporatinga temperature
dependencwill beanecessargxtensionto HotSpotfor working with largertemperatur@anges.
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Figure 7. Model validation. (a): Comparison of steady-state 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 .

FPMap IntReg
IntMap|intQ
FPMul
FPReg
LdStQ
FPAdd FPQ ITB IntExec
BPred TB
|-Cache D-Cache
(a) 21364die photo (b) Equiv. oorplan (c) CPUcore

Figure 8. (a): Die photo of the Compaqg 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 establishedn the thermal-engineeringommunity althoughwe are unavare of ary
thathave beendevelopedto describetransientheat o w at the granularityof microarchitecturatinits. Of course the exact
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compactmodelmustbe validatedto minimize errorsthat might arisefrom modelingheattransferusinglumpedelements.
Thisis dif cult, becauseve arenotawareof any sourceof localized time-dependenneasurementsf physicaltemperatures
thatcould be usedto validateour model. It remainsan openproblemin the thermal-engineeringommunityhow to obtain
suchdirect measurementsEventually we hopeto usethermaltestchips(e.g., [5]) or a systemlike aninfrared cameraor
IBM's PICA picosecondmagingtool [29] to imageheatdissipationon a ne temporalandspatialgranularity Until this
becomegeasible we areusingathermodynamicandcomputationaluid-dynamicstool asasemi-independemodelwhich
we canusefor validationandcalibration.

Our bestsourceof referencds currentlya nite-elementmodelin Floworks (http://www. o works.com),a commercial,
nite-elementsimulatorof 3D uid andheat o w for arbitrarygeometriesmaterials andboundaryconditions.We modela
0.5mm-thick(of which the top 0.05mmof is actuallygeneratingheat),1cm x 1cmsilicon die with various oorplans and
variouspower densitiedn eachblock; this die is attachedo a 1mm-thick,3cm x 3cm copperspreadeanda 6cm x 6¢cm
copperheatsinkononeside,andcoveredby a 1mm-thick,3cm x 3cminsulatingcap(currentlyanideal,insulatingmaterial)
ontheotherside. The heatsink has8 ns, each20.6cmhigh on a 6.9mm-thickbase;andthe caphasa notchonits interior
surfaceto accommodatéhedie. Air is assumedo stay x edat45°C; air o w is laminarat 10 m/s. In Floworks,volumeheat
generatiorrateis assignedo eachsilicon surfaceblock accordingto the power numbersacquiredfrom Wattch. Note that
to simplify the geometrythe integerregister le andinteger executionunits have beencombined,with the area-weighted
averagepower densityusedin the Floworks simulation.All materials'propertiesarede ned in the EngineeringDatabas®f
Floworks. Figure9 shavs aview of our Floworks model,with theinsulatingcapremovedto shav thedie.

ational Version

Educational Version Educational Yersion

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

Floworks and HotSpotare not entirely independent Although all R, C, andscalingfactorsare determinedanalytically
withoutreferenceo Floworksresults(animprovementover whatis claimedin our conferenceaper) Floworks simulations
did helpto guideour developmentbf the HotSpotmodel. In ary casewe canverify thatthetwo obtainsimilar steady-state
operatingtemperaturesndtransientresponse.Figure 7a shawvs steadystatevalidationcomparingtemperaturegredicted
by Floworks, HotSpot,anda “simplistic” modelthat eliminatesthe lateral portion of the RC circuit (but not the package,
omissionof which would yield extremelylarge errors). HotSpotshavs good agreementvith Floworks, with errors(with
respecto theambient45°C or 318°K) alwayslessthan5.8%andusuallylessthan3%. The simplisticmodel,on the other
hand,haslarger errors,ashigh as16%. Oneof the largesterrorsis for the hottestblock, which meanstoo mary thermal
triggerswill begeneratedFigure7b shavstransientalidationcomparingfor Floworks,HotSpot,andthe simplisticmodel,
theevolution of temperaturén oneblock onthechip overtime. Theagreemenis excellentbetweerFloworksandHotSpot,
but the simplistic modelshaowvs temperatureising too fastandtoo far. Both the steady-statandthe transientresultsshov
theimportanceof thermaldiffusionin determiningon-chiptemperatures.

We have alsovalidatedthe scalingfactorfor thesilicon capacitancely testinga 0. 1mm-thickchipwith acopperspreader
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of the samesize,andour baselined.5mmchip but with analuminum(2.58 x 106J/m? - K) spreadeof thesamesize.
3.5. Floorplanning: Modeling Thermal Adjacency

The sizeandadjacenyg of blocksis a critical parametefor deriving the RC model. In all of our simulationsso far, we
have useda oorplan (andalsoapproximatanicroarchitecturandpower model)correspondingo thatof the Alpha 21364.
This oorplan is shavn in Figure8. Like the21364,it placesthe CPU coreat the centerof oneedgeof the die, with the
surroundingareaconsistingof L2 cache multiprocesseinterfacelogic, etc. Sincewe modelno multiprocessoworkloads,
we omit the multiprocessoimterfacelogic andtreatthe entire peripheryof the die assecond-lgel (L2) cache.The areaof
this cacheseemdlisproportionatelyarge comparedo the 21364die photoin Figure8a,becauseve have scaledthe CPUto
130nmwhile keepingthe overall die sizeconstant.Note thatwe do not modell/O pads,becauseve do not yet have a good
dynamicmodelfor their power density—morduturework.

Whenwe vary the microarchitectureywe currentlyobtainthe areasfor any new blocksby takingtheareasof 21264units
andscalingasnecessaryWhenscalingcache-lile structuresywe useCACTI 3.0[39], which usesanalyticmodelsto derive
area. SinceCACTI's a-priori predictionsvary somavhat from the areasobseredin the 21264,we useknown areasasa
startingpointandonly useCACTI to obtainscalingfactors.

Eventually we ervision an automatedoorplanning algorithmthat canderive areasand oorplans automaticallyusing
only themicroarchitectureon guration.

3.6. Limitations

Thereclearly remainmary waysin which the modelcanbe re ned to furtherimprove its accurag and e xibility, all
interestingareasfor future research.Many of theserequireadvancesin architecturapower modelingin additionto ther
mal modeling,and a few—like modelinga wider rangeof thermalpackagesndincluding the effectsof I/O pads—were
mentionedabove. We reiteratethat our approachs motivatedby an microarchitecture-centriciewpoint. This meanshat
we negglecta numberof issuesthat aretypically consideredn a full thermaldesign. For example,we completelyneglect
thermalmodelingof the circuit board,heatingof the air within the computersystemcase temperaturéon-uniformitiesin
this air, heat o w throughthe packagepins, etc. Becausamicroarchitectursimulationsonly modelvery smalltime periods
of perhapsa few secondsat most, thesecomponentghat are externalto the chip andits packagerespondtoo slowly to
changetemperaturaluringtheseshorttime scalesandtheseexternalcomponentslo not contributein a signi cant way to
thecapacitancéeingdrivenby thechip. Indeed the heatsinkitself doesnot changeemperatur@n thesetime scaleshut it
mustbeincludedbecausés capacitanceoesaffect thetransienbehaior of the chip.

Perhapshe mostimportantandinterestingareafor futurework is theinclusionof heatingdueto theclock grid andother
interconnect.The effectsof wires cancurrentlybe approximatedy includingtheir power dissipationin the dynamic,per
block power-densityvaluesthatdrive HotSpot.A morepreciseapproactwould separatelyreatself-heatingn thewire itself
andheattransferto the surroundinggilicon, but the mostaccuratevay to modeltheseeffectsis not clear Anotherimportant
considerations thatactiity in globalwirescrossinga block maybe unrelatedo activity within a block. Wire effectsmay
thereforebeimportant,for exampleby makinga region thatis architecturallyidle still heatup.

Anotherissuethatrequiredurtherstudyis theappropriatgranularityatwhichto dervetheRC model.HotSpotis e xible:
blockscanbe speci ed at ary desiredgranularity but asthe granularityincreasesthe modelbecomesnore complex and
more dif cult to reasonabout. We are currently using HotSpotwith blocks that correspondo major microarchitectural
units, but for unitsin which the power densityis non-uniform—acache for example—thisapproximationrmay introduce
someimprecision.Preliminaryresultssuggesthatwhenthe non-uniformityis on a scalesmallerthanthe die's “equivalent
thickness’mentionedabore—asin the caseof individual linesin a cache—theeffect on temperaturés negligible, but this
requiredurtherstudy

At the packagingevel, we have ngglectedthe interfacelayersbetweenthe die and spreadeandthe spreadeand heat
sink. Possiblanterfacematerialsangefrom very inexpensve padswith fairly highresistanceto thermalgreasesindphase-
changelms thatconformbetterto the matingsurfaces. Thesehigherquality interfacematerialsshouldexhibit very small
thermalresistanceshat can be combinedwith the spreaderand sink layers,and completelynegligible capacitancesyut
shouldeventuallybeincludedfor completenesandto allow the userto explore differentmaterials.

All theseeffectsshouldbeincludedin themodelwhile maintainingthe directphysicalcorrespondendeetweerthemodel
andthe structurebeingmodeled thus preservingthe propertythatit is easyto reasomaboutheat o w andtherole of ary
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particularelement. This meansthatthe modelshouldideally have no factorsthat do not have a physicalexplanationand
derivation,andthe modelshouldbe parameterizetb allow the userto exploredifferentcon gurations.

Finally, althoughHotSpotis basedon well-known principlesof thermodynamicsand hasbeenvalidatedwith a semi-
independentEM, further validationis needed preferablyusing real, physicalmeasurementdom a processorunning
realisticworkloads.

3.7. Importance of Dir ectly Modeling Temperature

Due to the lack of an architecturattemperaturanodel, a few prior studieshave attemptedto model temperaturedy
averagingpower dissipationover a window of time. This will not captureary localizedheatingunlessit is doneat the
granularityof on-chipblocks,but eventhenit fails to accountfor lateralcouplingamongblocks,the role of the heatsink,
thenon-linearateof heating etc. We have alsoencounterethefallagy thattemperatureorrespondso instantaneougower
dissipationwhenin factthe thermalcapacitancectsasa low-pass Iter in translatingpower variationsinto temperature
variations.

Units Avg. Temp. R? (%)

©C) 10K | 100K | 1M | 10M | 100M | 1B
Icache 74.4 43.9 51.1 | 55.8 | 73.8 78.5 | 105
ITB 73.2 35.3 422 | 46.8 | 64.0 75.0 | 10.6
Bpred 76.2 54.0 715 | 776 | 88.7 91.0 5.3
IntReg 83.5 44.2 519 | 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 41.7 496 | 54.8 | 735 76.8 8.0
IntQ 72.4 315 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 | 659 | 81.2 82.8 | 10.8
DTB 72.0 29.6 38.2 | 41.7 | 534 875 | 164
FPReg 73.0 26.0 29.6 | 38.8 | 64.6 84.8 | 21.1
FPAdd 72.6 49.7 51.1 | 549 | 66.5 86.4 | 24.9
FPMul 72.6 53.9 54.1 | 549 | 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 | 494 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.

To shaw theimportanceof usingathermalmodelinsteadbf apowermetric,we have computedhe R? valuefor correlation
betweertemperatur@anda moving averageof power dissipatiorfor differentaveragingintervals. The R-squaredaluegives
the percentagef variancethatis commonbetweenwo setsof data;valuescloserto 100%indicatebettercorrelation.The
datain Table4 comefrom gcg, arepresentate benchmarkwith thereferencexpr input. Temperaturewerecollectedusing
HotSpot,and power measurementaere collectedusingvariousaveragingperiods,simulatinggcc to completion(about6
billion cycles).Averagetemperaturediffer slightly from thosereportedn the conferencgpaperdueto thelongersimulation
interval.

The bestaveraginginterval is 100 million cycles. But the high R? valuesaremisleading pecaus@&venthoughstatistical
correlationis reasonabligh for this averagingwindow, power still cannotbe usedto effectively infer operatingempeature
with any usefulprecision. Figures10aand 10b presentfor two differentaveragingintenals, scatterplots for eachvalue
of averagepower densityvs. the correspondingemperature. Although the 100M interval doesshaowv correlation,large
temperatureangeqy-axis)areobsenedfor ary givenvalueof power density(x-axis). Thisis partly dueto the exponential
natureof heatingandcooling,which canbe obseredin the exponentiallyrising andfalling curves.
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Figure 10. Scatter plots of temperature vs. average power density for gcc with averaging inter vals of
(a) 10K, showing all the major blocks, and (b) 100M cycles, showing only the integ er register le .

4. Techniques for Architectural DTM

This section describesthe various architecturalmechanismdor dynamic thermal managementhat are evaluated
in this paper including both extant techniquesand those that we introduce, and discusseshow sensorimprecision
affects thermal management. It is corvenientto de ne several terms: the emegency threshold is the tempera-
ture above which the chip is in thermal violation; for 85°, violation may resultin timing errors, while for lower
performancechips with higher emegeng thresholds,violation resultsin higher error rates and reducedoperating
lifetime. In either case, we assumethat the chip should never violate the emegeng threshold. This is proba-
bly overly strict, since error rates and aging are probabilistic phenomena,and sufciently brief violations may be
harmless,but no good architecture-leel models yet exist for a more nuancedtreatmentof thesethresholds. Fi-
nally, the trigger thresholdis the temperatureabose which runtime thermalmanagemenbegins to operate;obviously,
trigger< emepgeng.

4.1 Runtime Mechanisms

Thispapemroposeshreenaw architecturéechniquesor DTM: “temperature-trackingfrequeny scalinglocaltoggling,
and migrating computation. They are evaluatedin conjunctionwith four techniquedhat have previously beenproposed,
namelyDVS (but unlike prior work, we addfeedbackcontrol), global clock gating (wherewe alsoaddfeedbackcontrol),
feedback-controlletetchtoggling,anda low-power secondaryipeline. Eachof thetechniquess describedelow.

For techniguesvhich offer multiple possiblesettings,we useformal feedbackcontrol to choosethe setting. Feedback
controlallows thedesignof simplebut robustcontrollersthatadaptbehaior to changingconditions.Following [47], we use
PI1 (proportional-intgral) controllers,comparingthe hottestobsened temperatur@uring eachsampleagainstthe setpoint.
Thedifferencee is multiplied by thegain K . to determineby how muchthe controlleroutputu shouldchangei.e.:

ulk] = ulk — 1] + K. - e[k — 1] (5)

This outputis thentranslatedproportionallyinto a settingfor the mechanisnbeingcontrolled. The hardwareto implement
this controlleris minimal. A few registers,anadder anda multiplier areneededalongwith a statemachineto drive them.
But single-g/cle responsés not neededsothe controllercanbe madewith minimume-sizectircuitry. Thedatapattwidth in
this circuit canalsobefairly narrow, sinceonly limited precisionis needed.
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As mentionedearlier Brooksand Martonosi[8] pointedout thatfor fastDTM responseinterruptsaretoo costly We
adopttheir suggestiorof on-chip circuitry that directly translatesary signal of thermalstressinto actuatingthe thermal
responseWe assumehatit simply consistof a comparatofor eachdigitized sensoreading,andif the comparatornds
thatthetemperaturexceedghetrigger, it assert@signal.If ary triggersignalis assertedtheappropriatddTM techniquds
engaged.

Next we describehe new techniquesntroducedn this paper followedby the othertechniquesve evaluate.

Temperature-Tracking FrequencyScaling Dynamicvoltagescaling(DVS) is typically preferredfor power andenegy
conserationoverdynamicfrequeng scaling(DFS),becaus®VS givescubicsavingsin powerdensityrelatveto frequeng.
However, independentlyf therelationshipbetweerfrequeng andvoltage,thetemperature-dependenotcarriermobility
meanghatfrequeng is alsolinearly dependenon the operatingempeature. GarrettandStan[17] reportan 18%variation
overtherange0-100°.

This suggestshatthe standargracticeof designinghenominaloperatingrequeng for the maximumallowedoperating
temperaturas too conserative. Whenapplicationsexceedthe temperaturespeci cation,they cansimply scalefrequeny
down in responséo therising temperature Becausdhis temperaturelependences mild within the interestingoperating
region, the performanceenaltyof doingsois alsomild—indeed ngyligible.

For eachchangen setting,DVS schemesnuststall for anywherefrom 10-50us to accommodateesynchronizatioof
the clock's phase-lockdloop (PLL), but if thetransitionis gradualenoughthe processocanexecutethroughthe change
withoutstalling,asthe Xscaleis believedto do[37].

We examinea discretizedfrequeny scalingwith 10 MHz stepsand 10us stall time for every changein the operating
frequeng; andanidealversionthatdoesnotincurthis stall but wherethechangean frequeny doesnottake effectuntil after
10ushaselapsedWe call theséTT-DFS” and“TT-DFS-i(deal)”.Largerstepsizesdo not offer enoughopportunityto adapt,
andsmallerstepsizescreatetoo muchadaptatiorandinvoke too mary stalls.

This techniques unigueamongour othertechniquesn thatthe operatingtemperaturenay legitimately exceedthe 85°
thresholdthat othertechniquesnustmaintain. As long asfrequeng is adjustedbeforetemperatureisesto the level where
timing errorsmightoccur thereis no violation.

No feedbackcontrolis neededor TT-DFS, sincethefrequeng is simply a linearfunction of the currentoperatingtem-
perature.lt might seemodd, giventhe statementhat DFSis inferior to DVS, thatwe only scalefrequeng. Thereasons
thatthe dependencef frequeny ontemperaturés independendf its dependencenvoltage:arny changen voltagerequires
anadditionalreductionin frequeng. This meanghat, unlike traditional DFS, TT-DFS doesnot allow reductionsn voltage
withoutfurtherreductionsn frequeng.

Local Feedback-Contolled Fetch Toggling. A naturalextensionof the feedback-controlledetch toggling proposed
in [41] is to toggleindividual domainsof the processogat the gentlestduty cycle that successfullyregulatestemperature:
“PI-LTOG”. Only unitsin thermalstressaretoggled.By togglinga unit lik e theintegerexecutionengineat someduty cycle
of z/y, we meanthattheunit operatestfull capacityfor z cyclesandthenstallsfor y — z cycles. Thechoiceof duty cycle
is a feedback-controproblemfor which we usethe PI controllerwith a gainof 1 (exceptthe integerdomainwhich usesa
gainof 3) anda setpointof 81.8°.

In our schemeye breakthe processorto thefollowing domains gachof which canbeindependentlyoggled:

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

Integer engine Issuequeueregister le, andexecutionunits.

FP engine Issuequeueregister le, andexecutionunits.

o Load-stoeengine Load-storeorderingqueue D-cache D-TLB, andL2-cache.

Notethatdecouplingouffersbetweernthe domainsjik e theissuequeueswill still dissipatesomepower evenwhentoggled
off in orderto allow neighboringdomainsto continueoperating;for example,allowing the datacacheto write backresults
eventhoughtheintegerengineis stalledthatcycle.

Dependingon the natureof the workload's ILP andthe degreeof toggling, localizationmay reducethe performance
penaltiesaassociateavith togglingor GCG, but whenthe hot unit is alsoon the critical executionpath,togglingthatunit off
will tendto slow the entireprocessoby a correspondinggmount.
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Figure 11. Floorplan with spare integ er register le for migrating computation.

Migrating Computation. Two unitsthatrun hot by themseleswill tendto run evenhotterwhenadjacent.On the other
hand,separatinghemwill introduceadditionalcommunicatiodateng thatis incurredregardlesf operatingtemperature.
Thissuggestsheuseof sparaunitslocatedn coldareaof thechip,to whichcomputatiorcanmigrateonly whentheprimary
unitsoverheat.

We developeda new oorplan thatincludesan extra copy of theintegerregister le, asshovn in Figure11l. Whenthe
primaryregister le reaches$1.6°, issueis stalled,instructionseadyto write backareallowedto complete andtheregister
le is copiedfour valuesatatime. Thenall integerinstructionsusethe secondaryegister le, allowing the primaryregister
le to cool down while computatiorcontinuesunhinderedexceptfor the extracomputationalateng incurredby thegreater
communicatiordistance The extradistancds accountedor by chaging oneextracycle® for everyregister le access(For
simplicity in our simulator we approximatehis by simply increasinghe lateng of every functionalunit by onecycle, even
thoughthisyieldspessimisticesults.)Whentheprimaryregister le returngo 81.5°, theprocesss reversecandcomputation
resumesisingthe primaryregister le. We call thisschemé&MC”. Notethat,because¢hereis noway to guarante¢hatMC
will preventthermalviolations,afailsafemechanisnis neededfor whichwe usePI-LTOG.

It is alsoimportantto notethat the different oorplan will have somedirectimpacton thermalbehaior even without
theuseof ary DTM technique.The entireintegerenginerunshot, andevenif the spareregister le is never used,the MC
oorplan spread®ut the hot units, especiallyby moving the load-storequeue(typically the second-or third-hottestblock)
fartheraway.

Anotherimportantfactorto pointoutis thatdriving the signalsoverthelongerdistanceo the secondaryegister le will
requireextra power thatwe currentlydo not accountfor, somethinghat may reduceMC's effectivenessgspeciallyif the
driversarecloseto anothethotarea.

The designspacehereis very rich, but we were limited in the numberof oorplans that we could explore, because
developingnew oorplansthat t in arectanglewithout addingwhitespaces a laboriousprocess.Eventually we envision
anautomatedoorplanning algorithmthatcanderive oorplans automaticallyusingsomesimplespeci cationformat.

The dual-pipelineschemeproposedy Lim etal. [26] could actuallybe consideredainotherexampleof migratingcom-
putation. Becausethe secondaryscalarpipelinewas designedmainly for enegy ef ciency ratherthan performancethe
dual-pipelineschemencurredthelargestslovdownsof ary schemeave studied andwe comparehis separatelyo our other
schemesMC couldalsobe considerea limited form of multi-clusteredarchitecturg11].

Dynamic Voltage Scaling DVS haslong beenregardedasa solutionfor reducingenegy consumptionhasrecentlybeen
proposedhsonesolutionfor thermalmanagemeriB, 20], andis usedfor this purposen Transmeta Crusogprocessorgl6].
The frequeny mustbereducedn conjunctionwith voltagesincecircuits switch moreslowly asthe operatingvoltageap-
proacheghe thresholdvoltage. This reductionin frequeng slows executiontime, especiallyfor CPU-boundapplications,
but DVS providesa cubicreductionin power densityrelative to frequeng.

We modeltwo scenarioghatwe feel representhe rangeof whatwill likely be availablein the nearfuture. In the rst
(“PI-DVS"), thereareten possiblediscreteDVS settingsrangingfrom 100%of the nominalvoltageto 50%in equalsteps.
The penaltyto changethe DVS settingis 10uS, duringwhich the pipelineis stalled. In the second“PI-DVS-i(deal)”), the
processomay continueto executethroughthe changebut the changedoesnot take effect until after10us have elapsedjust
aswith TT-DFS-i.

31n our conferencepaper this wasincorrectlystatedastwo cycles.
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Figure 12. Simulated and calculated operating frequency for various values of V3. The nominal
operating point of our simulated processor is 3 GHz at 1.3V.

Becauséherelationshipbetweervoltageandfrequeng is notlinearbut ratheris givenby [30]

k(Vaa — V3)®
TV (6)

voltagereductionsbelov about25% of the nominalvaluewill startto yield disproportionateeductionsin frequeng and
henceperformance.We usedCadenceawith BSIM 100nmlow-leakagemodelsto simulatethe period of a 101-stageing
oscillatorundervariousvoltageso determinghefrequeng for eachvoltagestep(seeFigure12). Fitting thisto a curve, we
determinedhatk = 2.1 anda = 1.75, which matchessaluesreportedelsevhere,e.g.,, [22]. Theappropriatevalueswere
thenplacedin alookuptablein thesimulator For continuouDVS, we performlinearinterpolatiorbetweerthetableentries
to nd thefrequeng for our chosenvoltagesetting.

To setthevoltage,we usea Pl controllerwith a gainof 10 anda setpointof 81.8°. A problemariseswhenthe controller
is nearaboundarybetweerDVS settingspecausamall uctuationsin temperatureanproduceoo mary changesn setting
anda 10us costeachtime thatthe controllerdoesnot take into account. To preventthis, we apply a low-pass ter to the
controlleroutputwhenvoltageis to be scaledup. The Iter compareghe performancecostof the voltagechangeto the
performancéene t of increasinghevoltageandfrequeny andmakesthechangeonly whenpro table. Boththesecostand
bene t measurearepercentagesf changean delay Computatiorof thebene tis straightforvard: currentdelayis justthe
reciprocalof the currentclock frequeng. Similarly, future delayis alsocomputedandthe percentchangds obtainedfrom
thesenumbersHowever, in orderto computethe cost,knowledgeof how long the programwill runbeforeincurringanother
voltageswitchis necessanbecausehe switchtimeis amortizedacrosshatduration.We take a simplepredictionapproach
here,assuminghe pastdurationto beindicative of the futureandusingit in the computatiorinsteadof the future duration.
So,theratio of theswitchtime andthe pastdurationgivesthe cost.Notethatthis Iter cannotbeusedwhenthevoltageis to
be scaleddown becausecalingdown is mandatoryto preventthermalemegeng.

Global Clock Gating and Fetch Toggling. As a baselinewe considerglobal clock gating(“GCG”) similar to whatthe
Pentium4 employs [18], in which the clock is gatedwhenthe temperaturexceedghetrigger of 81.8° andungatedwvhen
the temperaturdalls backbelow thatthreshold.We alsoconsidera versionin which the duty cycle on the clock gatingis
determinedoy a PI controllerwith a gainof 1 (“PI-GCG”), similar to the way PI-LTOG is controlled. We recognizethat
gatingtheentirechip's clockat ne duty cyclesmaycausevoltage-stabilityproblemsput it is mootfor this experiment.We
only seekto determinevhetherPI-GCGcanoutperformPI-LTOG, and nd thatit cannotbecausét slows down the entire
chipwhile PI-LTOG exploits ILP.
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We alsoevaluatedfetchtoggling [8], anda feedbackcontrolledversionin which fetchingratherthanthe clock is gated
until thetemperatureeachesnadequatdevel. Overall, fetchtogglingandglobal clock gatingarequite similar. We model
globalclock gatingbecausét alsocutspowerin the clocktreeandhasimmediateeffect.

While the clock signalis gated,power dissipationwithin the chip is eliminatedexceptfor leakagepower. Globalclock
gatingis thereforea “duty-cycle basedtechnique”for approximatingtraditional DFS, but without any latengy to change
the “frequeng”. The Pentium4 usesa duty cycle of 1/2, wherethe clock is enabledfor 2us and disabledfor 2us, and
oncetriggered thetemperaturenustdrop below thetriggerthresholdby onedegreebeforenormaloperationresumeg21].
In the Pentium4, eachchangein the clock frequeng requiresa high-priority interrupt, which Guntheret al. [18] report
takesapproximatelyl us (but Lim et al. [26] report1l ms). Brooksand Martonosi[8] insteadproposedetch toggling, in
whichfetchis simply halteduntil thetemperatureeachesnadequatéevel—they calledthis “togglel’ Thishastwo minor
dravbackscomparedo clock gating,in that power dissipationtakesa few cyclesto drop (asthe pipelinedrains)andthe
power dissipationin the clock tree (15% or more[28]) is not reduced. Brooksand Martonosialso consideredsettingthe
duty cycle on fetchto 1/2 (“toggle2”), but they andalsoSkadronet al. [41] foundthatthis did not always preventthermal
violations. We believe thereasorthatthe P4 succeedsvith a duty cycle of 1/2is thateachphases solong—microseconds
ratherthannanoseconds—thd#techip cancooldown sufciently well. Ontheotherhandthepenaltycanbeexcessiewhen
only minimal coolingis required.

Overall, fetch toggling and global clock gating are quite similar. We model global clock gating (“GCG”) separately
becausdt alsocutspowerin the clock treeandhasimmediateeffect. For thefeedback-controllesersionsof bothschemes,
we useagainof 1.

Low-Power SecondaryPipeline. Lim, DaaschandCai[26] proposedinsteadof migratingaccesseto individual units,
to usea secondarypipelinewith verylow-power dissipation We referto thistechniqueas“2pipe” Wheneerthesuperscalar
coreoverheatsarnywhere,the pipelineis drained,andthenan alternatescalarpipelineis engaged.This pipelineshareghe
fetchengine register le, andexecutionunits of the superscalapipeline;because¢hey arenow accesseavith at mostone
instructionpercycle, theirpowerdissipatiorwill fall, butit is only theout-of-orderstructuresvhoseactive power dissipation
is completelyreducedThisschemas essentiallyanaggressie versionof computatiommigration,butwe nd thatit penalizes
performancenorethannecessary

In [26], they do not modelthe extra lateng thatmay be associatedvith accessinghe now-disparataunits, sowe neglect
thisfactoraswell, eventhoughwe accounffor suchlateng in our“MC” techniqueWe alsomake the optimisticassumption
herethat whenthe low-power secondarypipelineis engagedzeropower is dissipatedn the out-of-orderunits after they
drain. We chage 1/4 the power dissipationto the integerexecutionunit to accountfor the single-issueactvity. These
idealizedassumptionsre acceptablédoecausehey favor this schemeandwe still concludethatit is inferior to simpler
alternatveslike our oorplan-basedechniqueor evenDVS alone. Of coursejit is importantto repeatthat this technique
washot optimizedfor thermalmanagemertiut ratherfor enegy ef ciency.

4.2 Sensors

Runtimethermalmanagementequiresreal-timetemperaturesensing.Sofar, all prior publishedwork of which we are
awarehasassumeamniscientsensorswhich we shav in Section6 canproduceoverly optimisticresults.Sensorghatcan
beusedonchipfor thetypeof localizedthermalresponseve contemplataretypically basedn analogCMOScircuitsusing
acurrentreference An excellentreferencds [2]. The outputcurrentis digitized usinga ring oscillatoror someothertype
of delayelemento producea squarewave thatcanbefed to a counter Althoughthesecircuits producenicely linearoutput
acrosghe temperatureangeof interest,andrespondapidly to changesn temperaturethey unfortunatelyare sensitve to
lithographicvariationsand supply-currentariations. Thesesourcesof imprecisioncanbe reducedby makingthe sensor
circuit larger, at the costof increasedareaand power. Anotherconstraintthatis not easily solved by up-sizingis that of
sensobandwidth—thanaximumsamplingrateof the sensor

Our industry contactgell usthat CMOS sensorsvhich would be reasonabléo usein moderatequantity of say 10—20
sensorsvould have at besta precisionof +2°C andsamplingrateof 10 microsecondsThis matchedheresultsin [2]. We
placeonesensoiperarchitecturablock.

We modelthe imprecisionby randomizingat eachnodethe true temperature@eadingover the speci ed range+2°. We
assumehat the hardware reduceshe sensomoisesat runtime by usinga moving averageof the lastten measurements,
becauseveragingreducesheerrorasthe squareroot of the numberof samples.This of courseassumeshatthe measured
valueis stationarywhichis nottruefor ary meaningfubveragingwindow. Thismeansve mustalsoaccounfor thepotential
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Figure 13. Plot of absolute error in temperature as a function of sampling rate.

changen temperaturever the averagingwindow, which we estimateto be potentiallyasmuchas0.4° if temperaturesan
rise0.1° per30us. For £2°, we arethereforeableto reducetheuncertaintyto S = ilo +0.4 = +1°. An averagingwindow
of tensamplesvaschoserbecauséhe improvederror reductionwith alargerwindow is offsetby the larger changen the
underlyingvalue.

Thereis oneadditionalnon-idealitythatmustbe accountedor whenmodelingsensorandcannotbereducedy averag-
ing. If asensorcannotbelocatedexactly coincidentwith every possiblenotspotthetemperaturebsenedby thesensomay
be coolerby somespatial-gradientactorG thanat the hotspot.If, in additionto therandomerrordiscusse@bore, thereis
alsoasystematior offseterrorin thesensothatcannotecanceledthisincreaseshemagnitudeof the x ederrorG. Based
on simulationsin our nite-elementmodelandthe assumptiorthat sensorcanbe locatednearbut not exactly coincident
with hotspotswe choosez = 2°.

It canthereforebe seenthatfor ary runtimethermal-managemem¢chniquethe useof sensordowersthe emegeny
thresholdby G + S (3° in our case).This mustbe consideredvhencomparingo otherlow-powerdesigntechniqgue®r more
aggressie andcostly packagingchoices. It is alsostrongmotivationfor nding temperature-sensirtgchniqueshatavoid
this overheadperhapsasecdn clever datafusionamongsensorspr the combinatiornof sensorandperformanceounters.

5. Simulation Setup

In this section,we describethe variousaspect®f our simulationframevork andhow they areusedto monitorruntime
temperaturefor the SPEC200enchmark$44].

5.1 Integrating the Thermal Model

HotSpot is completely independentof the choice of power/performancesimulator  Adding HotSpot to a
power/performancenodelmerely consistsof two steps. First, initialization informationmustbe passedo HotSpot. This
consistof anadjaceng matrix describingthe oorplan (the oorplan usedfor the experimentsn this paperis includedin
the HotSpotreleaseandan arraygiving the initial temperature$or eacharchitecturablock. Thenat runtime,the power
dissipatedn eachblock is averagedover a userspeci ed interval and passedo HotSpots RC solver, which returnsthe
newly computedemperaturesA time stepmustalsobe passedo indicatethe lengthof the interval over which power data
is averaged.

Althoughit is feasibleto recomputdemperaturesvery cycle, this is wasteful,sinceevenatthe ne granularityof archi-
tecturalunits,temperaturetake at least100K cyclesto rise by 0.1°C. We chosea samplingrateof 10K cyclesasthe best
tradeof betweenprecisionand overhead. For samplingintervals of 10K andless,the error is lessthan0.01°—the same
magnitudeasthe roundingerrordueto signi cant digitsin the Runge-Kuttasolver. Figure13 plotsthe maximumandmean
errorfor all the SPEC2kbenchmarkssa function of samplingrate. “Max” is the largestabsoluteerror obsenred for ary
benchmarkMean” considerghe meanabsoluteerrorfor eachblock, andthe largestof thesevaluesfor any benchmarks
plotted.Notethatthis errorrateis determinedvith respecto a samplinginterval of 10 cycles.

Thenumberof iterationsfor the Runge-Kuttasolveris adaptve, to accounfor thedifferentnumberof iterationsrequired
for corvergenceat differentsamplingintenvals. Speci cally, the stepsizein the solver is kept constantandthe numberof
iterationsis a linear function of the samplinginterval. The stepsizeis determinedoy the productof the requireddegree
of precisionin temperatur@ndthe maximumRC time constaniof the functionalunits. Sincethe RC time constants the
reciprocalof the maximumrateat which temperatureanrisein thechip, this stepsizeis in factvery conserative. Thisis an
improvementoverwhatwasreportedn the conferencgaperwherewe useda x ednumberof iterations—four—regardless
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of samplinginterval. Now only oneiterationis neededor samplingintenalsof 11K or less,improving the performancef
thesolver. Theoverheads alsonow essentiallyindependendf samplinginterval. With the new adaptve iterationcount,the
extrasimulationtime for thermalmodelingis lessthan1%.

5.2 Power-Performance Simulator

We usea power modelbasedon power datafor the Alpha 21364[3]. The21364consistof a processocoreidenticalto
the21264,with alargeL2 cacheand(not modeled)gluelesamultiprocessologic addedaroundthe periphery An imageof
thechipis shovn in Figure8, alongwith the oorplan schematidhatshows the unitsandadjacenciethatHotSpotmodels.
Becausewe study microarchitecturatechniqueswe use Wattch version1.02 [9] to provide a framework for integrating
our power datawith the underlyingSimpleScalaf10] architecturaimodel. Our power datawasfor 1.6 V at 1 GHz in a
0.18u processsowe usedWattch's linear scalingto obtainpower for 0.13u, V34=1.3V, anda clock speedf 3 GHz. These
valuescorrespondo therecently-announceabperatingvoltageandclock speedhatfor the Pentium4 [33]. We assumea die
thicknessof 0.5mm. Our spreadeandsink arebothmadeof copper The spreaders Immthick and3cm x 3cm,andthe
sink hasa basethatis 7mmthick and6cm x 6cm. Power dissipatedn the perblocktemperaturesensorss not modeled.

The biggestdif culty in using SimpleScalais that the underlyingsim-outoder microarchitecturanodelis no longer
terribly representatie of contemporaryprocessorsso we augmentedt to modelan Alpha 21364 as closely as possible.
We extendedboththe microarchitecturandcorrespondinyVattchpower interface;extendingthe pipelineandbreakingthe
centralizedRUU into four-wide integerandtwo-wide oating-point issuequeues80-entryintegerand oating-point meiged
physical/architecturakgister le, and80-entryactive list. First-level cachesare64 KB, 2-way, write-back,with 64B lines
anda2-cyclelateng; thesecond-lgelis 4 MB, 8-way, with 128Blinesanda 12-¢ycle lateng; andmainmemoryhasa 225-
cycle lateng. Thebranchpredictoris similarto the 213645 hybrid predictoyr andwe improve the performancesimulatorby
updatingthefetchmodelto countonly oneaccesgof fetch-widthgranularity)percycle. Theonly featuref the 21 364that
we do not modelarethe registerclusteraspeciof the integer box, way predictionin the I-cache,and speculatie load-use
issuewith replaytraps(which mayincreasgpower densityin blocksthatarealreadyquite hot). Themicroarchitecturenodel
is summarizedn Table5. Finally, we augmente&impleScalar/\&ttchto accounfor dynamicfrequeng andvoltagescaling
andto reportexecutiontime in secondsatherthancyclesasthe metricof performance.

Processor Core Other Operating Parameters
Active List 80 entries Nominal frequency 3 GHz
Physical registers | 80 Nominal V44 1.3V
LSQ 64 entries Ambient air temperature 45°C
Issue width 6 instructions per cycle Package thermal resistance | 0.8 K/W
(4 Int, 2 FP) Die 0.5mm thick, 15.9mm x 15.9mm
Functional Units | 4 IntALU,1 IntMult/Div, Heat spreader Copper, Imm thick, 3cm x 3cm
2 FPALU,1 FPMult/Div, Heat sink Copper, 7mm thick, 6cm x 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 microarchitecture .

5.3 Modeling the Temperature-Dependencef Leakage

Becausdeakagepoweris anexponentiafunctionof temperaturethesepower contributionsmaybelargeenoughto affect
thetemperaturalistribution andthe effectivenesf differentDTM techniques Furthermore|eakages presentegardless
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of activity, andleakageat highertemperaturemay affect the ef cacy of thermal-managemetgchniqueghatreduceonly
actiity rates. Eventually we plan to combineHotSpotwith our temperaturefitage-avareleakagemodel [49] to more
preciselyftrackdynamicleakage-temperatumeteractionswhich we believe areaninterestingareafor futurework. For now,
to make surethatleakageeffectsaremodeledn areasonablevay, we usea simplermodel:like Wattch,leakagen eachunit
is simply treatedasa percentagef its power whenactive, but this percentagés now determinedasedn temperaturend
technologynodeusing gures from ITRS data[40].

The original model assumeghat idle architecturablocks are clock-gatedandleak a x ed percentagef the dynamic
power that they would dissipateif active. The default value of 8% happengo correspondo the leakagepercentagéhat
would be seenat 85 C in the 130 nm generationaccordingto our calculationdrom the ITRS projections.To incorporate
leakageeffectsin a simpleway, we retainWattch's notionthatpower dissipatedy a block duringa cycle in whichit is idle
canberepresentedsa percentagef thatits active power. Theonly differences thatthis percentagshouldbeafunctionof
temperatureTo modelthis dependenceye usel TRS data[40] to derive an exponentialdistribution for theratio of leakage
power to dynamicpower asa function of temperatureandrecomputethe leakageratio at every time step. To modelthis
dependencewe derive an exponentialdistribution for the ratio Rt of leakagepower to dynamicpower as a function of
temperaturd:

B —

Ry = Vf:;geT_" VT2 . eT ©)
whereTy is theambientemperatur@andR is theratioat 7, andnominalvoltageVy. B is aprocessechnologyconstanthat
dependn theratio betweenthe thresholdvoltageandthe subthresholdlope. This ratio wascomputedusingthe leakage
currentand saturationdrive currentnumbersfrom ITRS 2001. Only the VT2 - e termvarieswith temperatureand/or
operatingvoltage. This expressionis implementedas a function call that replaceshe x ed leakagefactorin the original
Wattch.

It is desirableto eventually model leakagein more detail, to accountfor structuraldetailsand permit studiesof the
interactionsbetweentemperature@ndleakage-managemetgichniques.The interactionof leakageenegy, leakagecontrol,
andthermalcontrolis beyondthe scopeof this paper but is clearlyaninterestingareafor future work, andsincewe do not
studyleakage-contralechniquesere,the simplertemperature-dependefuinctiongivenin Equation7 seemsadequatdor
our currentwork.

5.4. Benchmarks

We evaluateour resultsusingbenchmarkdrom the SPECCPU2000suite. The benchmarksre compiledandstatically
linkedfor the Alphainstructionsetusingthe CompadAlphacompilerwith SPECpeaksettingsandincludeall linkedlibraries
but no operating-systerar multiprogrammedehaior. For eachprogramwe fast-forwardto a singlerepresentadie sample
of 500million instructions.Thelocationof this samplds choserusingthedataprovidedby Sherwodetal. [38]. Simulation
is conductedisingSimpleScalas EIO tracego ensuraeproduciblaesultsfor eachbenchmarkacrosanultiple simulations.

Due to the extensize numberof simulationsrequiredfor this study and the fact that mary did not run hot enoughto
be interestingthermally we usedonly 11 of the total 26 SPEC2kbenchmarks.A mixture of integer and oating-point
programswith low, intermediateand extremethermaldemandavere chosenall thosewe omittedoperatewell belown the
81.8° triggerthreshold.Table6 providesallist of the benchmarksve studyalongwith their basicperformancepower, and
thermalcharacteristicdt canbeseerthatlPCandpeakoperatingemperaturareonly looselycorrelatedvith averaggpower
dissipation For mostSPECbenchmarksandall thosein Table6, thehottestunitis theintegerregister le—interestingly, this
is eventruefor most oating-point andmemory-boundbenchmarksilt is notclearhow truethiswill befor otherbenchmark
sets.

For thebenchmarkshathave multiple referencenputs,we choseone. For perlbmk we usedsplitmail.plwith aguments
“957 12 23 26 1014"; gzip - graphic;bzip2- graphic;eon- rushmeier;vortex - lendian3;gcc - expr; andart - the rst
referencenputwith “-startx 110"

5.5 Package,Warmup, and Initial Temperatures
Thecorrectchoiceof convectionresistanc@ndheat-sinkstartingtemperaturaretwo of themostimportantdeterminants
of thermalbehaior overtherelatively shorttime scaleghancanbetractablysimulatedusingSimpleScalar

To obtaina useful rangeof benchmarkbehaiors for studyingdynamicthermalmanagementywe setthe corvection
resistancenanually We empiricallydeterminech valueof 0.8 K/W thatyieldsthe mostinterestingmix of behaiors. This
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IPC Average FF % Cyclesin | 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 (1) 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) 2.7 315 208.8 40.6 83.4 82.6 70.3 70.3
perlbmk (1) | 2.3 30.4 62.8 311 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 (1) 2.3 317 49.8 67.1 86.3 83.3 70.4 69.8
Extreme Thermal Stress (hot)
eon (1) 2.3 33.2 36.3 100.0 84.1 84.0 71.6 69.8
crafty (1) 25 318 72.8 100.0 84.1 84.1 70.5 68.5
vortex (1) 2.6 321 28.3 100.0 84.5 84.4 70.8 68.3
gee (1) 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. Benchmark summary. “I” =integer, “F’ = oating point. Fast-forward distance (FF) repre-

sents the point, in billions of instructions, at whic h warmup starts (see Sec. 5.5).

representamedium-cosheatsink, with amodessavingsof probablylessthan$10[48] comparedo the0.7K/W corvection
resistance¢hatwould be neededvithoutDTM. Largerresistances.g. 0.85K/W, save moremoney but give hottermaximum
temperatureandlessvarietyof thermalbehaior, with all benchmarkegitherhotor cold. Smallerresistancesave lessmoney
andbring the maximumtemperatureoo closeto 85° to be of interestfor this study

Theinitial temperaturethatare setat the beginning of simulationalsoplay a largerole in thermalbehaior. The most
importanttemperaturés thatof the heatsink. Its time constanis on the orderof severalminutes soits temperaturdarely
changesndcertainlydoesnotreachsteady-stata oursimulations.Thismeansimulationamustbegin with thecorrectheat-
sink temperaturegtherwisedramaticerrorsoccur For experimentswith DTM (exceptTT-DFS),the heat-sinkkemperature
shouldbesetto avaluecommensurateith the maximumtolerateddie temperaturg¢81.8° with our sensoarchitecture)the
DTM responseensureghat chip temperaturesever exceedthis threshold and heatsink temperaturegare correspondingly
lowerthanwith noDTM. If themuchhotterno-DTM heat-sinkemperatureareusedby mistale, we have obsereddramatic
slowdownsashigh as4.5X for simulationsof up to onebillion cycles,comparedo maximumslovdownsof aboutl.5X with
thecorrectDTM heat-sinkemperaturesThedifferencebetweerthetwo heat-sinkemperaturesanbe seenin Table6. All
our simulationsusethe appropriatevaluesfrom thistable.

Anotherfactorthatwe have not accountedor is multi-programmedehaior. A “hot” applicationthatbeginsexecuting
whenthe heatsink is cool may not generatghermalstresseforeits time slice expires. Rohouand Smith [34] usedthis to
guideprocessoschedulingandreducemaximumoperatingemperature.

Otherstructureswvill reachcorrectoperatingemperatures simulationsof reasonabléength,but correctstartingtemper
aturesfor all structureensurehatsimulationsarenot in uenced by suchtransientartifacts. This meanghatafterloading
theSimpleScalaEIO checkpointtthestartof ourdesiredsamplejt is necessaryo warmupthestateof largestructuresik e
cacheandbranchpredictorsandthento literally warmup HotSpot.Whenwe startsimulationswe rst runthesimulations
in full-detail cycle-accuratenode (but without statistics-gatheringjor 100 million cyclesto train the caches—including
the L2 cache—andhe branchpredictor This interval wasfoundto be sufcient usingthe MRRL techniqueproposedoy
Haskinsand Skadron[19], althougha morepreciseuseof this techniquewould have yieldedspeci ¢ warmupintenalsfor
eachbenchmarkWith the microarchitecturén a representatie state we dealwith temperaturesThesetwo issuesnustbe
treatedsequentiallybecausetherwisecold-startcacheeffectswouldidle the processoandaffecttemperaturesto warmup
thetemperaturesye rst settheblocks'initial temperatures the steady-statéemperaturesalculatedusingthe perblock
averagepowerdissipatiorfor eachbenchmarkThisacceleratethermalwarmup but adynamicwarmupphasas still needed
becaus¢he samplewe areat probablydoesnot exhibit averagebehaior in all the units,andbecause¢hisis the easiestvay
to incorporatetherole of thetemperaturelependencef leakageon warmup.We thereforeallow the simulationto continue
in full-detail cycle-accuratenodefor another200 million cyclesto allow temperatureto reachtruly representatie values.
Only afterthesetwo warmupphasesave completeddo we begin to trackarny experimentaktatistics.
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Notethat,in orderto have the statisticscomefrom the programregion thatmatcheshe Sherwood simulationpoints,the
checkpointanustactually correspondo a point 300 million instructionsprior to the desiredsimulationpoint. The “FF”
columnin Table6 thereforeshavs wherearecheckpointsarecapturedpnamelythe fast-forward distanceto reachthe point
wherearewarmupprocesdegins.

5.6. Time Plots

To moreclearlyillustratethe time-varying natureof programs'thermalbehaior, in Figure 14 we presenta few plots of
programs'operatingemperaturéwith no DTM) in eachunit asa functionof time. In eachplot, theverticalline towardthe
left sideof the plot indicatesvhenthewarmupperiodends.

Mesa(Figurel4a)deseresspecialcommentecausét shavs clearprogramphasesAt eachdropin its savtoothcurve,
we found(notshavn) a matchingsharprisein L1 andL2 datamissesandasharpdropin branchmispredictionsTherateof
riseandfall exactly matchesvhatwe calculateby handfrom the RC time constantsThetemperatureareonly varyingby a
smallamountnearthetop of their range.Sotheincreasen temperatureccursslowly, like a capacitorthatis alreadyclose
to fully chaged,andthedecreasé temperaturés quitesharpJike a full capacitoibeingdischaged.

At the otherendof the spectrumis art, which hassteadybehaior andthereforea at temperaturgro le.
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Figure 14. Operating temperature as afunction of time (in terms of number of clock cycles) for various
warm and hot benc hmarks.
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6. Resultsfor DTM

In this section,we usethe HotSpotthermalmodelto evaluatethe performanceof the varioustechniquesdescribedn
Section4. First we assumerealistic, noisy sensorsandthen considerhov muchthe noisedegradesDTM performance,
presentin@dditionaldatathatdid notappeain theconferencgaper Theremaindenf thesectionintroducesew discussion
and further resultsthat expandbeyond what the conferencepaperpresentedexploring the MC technique Jateralthermal
diffusion,andtherole of initial heat-sinkemperatures furtherdetail.

Note that sincecompletingthe conferenceversionof this paper we discovereda bug in the controllerfor DVS which
causedt to engagenverly aggressie voltagereductions.This papempresentshe updatedesults.In contrasto the previous
results,idealizedDVS is now competitve with local toggling, andnon-idealizedVS is now competitive with Pl-global-

toggling.
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Figure 15. Slowdown for DTM. Bars: better techniques. Lines: weaker techniques.

6.1 Resultswith SensorNoisePresent

Figure 15 presentghe slowdown (executiontime with thermalmanagementivided by original executiontime) for the
“hot” and“warm” benchmarkgor eachof the thermalmanagementechniques.The barsare the main focus: they give
resultsfor the bettertechniques'ideal” for TT-DFS andPI-DVS, the PI-controllerversionof GCG, Pl local toggling,and
MC. Thelinesgiveresultsfor non-idealT T-DF Sandthewealertechniquesnon-idealPI-DVS, GCGwith nocontroller(i.e.,
all-or-nothing),and2pipe. Noneof the techniquesncur thermalviolations. Only the hotandwarmbenchmarksreshown;
thetwo cold benchmarkareunafectedby DTM, exceptfor mild effectswith TT-DFS(seebelow).

The besttechniquefor thermalmanagemenby far is TT-DFS, with the TT-DFS-i versionbeing slightly better The
performancepenaltyfor eventhe hottestbenchmarkss small; theworstis art with only a 2% slowvdown for TT-DFS-iand
a 3% slowdown for TT-DFS. The changean operatingirequeny alsoreducegower dissipationandhenceslightly reduces
the maximumtemperaturebringing art down to 87.0°. If the maximumjunctiontemperatureof 85° is strictly basedon
timing concernsandslightly highertemperaturesanbetoleratedwithoutundulyreducingoperatingifetime, thenTT-DFS
is vastlysuperiobecauséts impactis sogentle.

It might seemthereshouldbe somebene t with TT-DFS from increasingfrequeng whenbelow the trigger threshold,
but we did not obsere any notevorthy speedups—enfor TT-DFS-i with the coldestbenchmarkmcf we obseredonly
a 2% speedupandthe highestspeedupve obseredwas3%. With TT-DFS, a few benchmarksctuallyexperienceda 1%
slowdown, andthe highestspeedupve obsenedwas2%. Thereasorfor the lack of speedupwith DFSis partly thatthe
slopeis sosmall—thishelpsminimizethe slovdown for TT-DFSwith warmandhotbenchmarkshut minimizesthebene t
for cold ones.In addition,for higherfrequeng to provide signi cant speedupthe applicationmustbe CPU-boundput then
it will usuallybe hotandfrequeng cannotbeincreased.

If thejunctiontemperaturef 85° is dictatednot only by timing but alsophysicalreliability, thenTT-DFSis not a viable
approachOf theremainingtechniquesMC, idealizedDVS, andPI-LTOG arethe best.MC with a one-g/cle penaltyis best
for all but threeapplicationsgcc, crafty, and perlbmk andthe averageslowdown for MC is 4.8% comparedo 7.4% for
DVS-i and7.7%for PI-LTOG. Naturally MC performsbetterif the extra communicatioriateng to the spareregister le

26



is smaller: if that penaltyis two cyclesinsteadof one,MC's averageslowdown is 7.5%. It is interestingto notethat MC

aloneis not ableto preventall thermalviolations;for two benchmarkspur MC techniqueengagedhe fallbacktechnique,
PI-LTOG, andfor thosebenchmarkspent20-37%of the time usingthe fallbacktechnique.This meanghatthe choiceof

fallbacktechniquecanbeimportantto performanceResultsfor thesetwo benchmarksremuchworse,for example,if we

useDVS or GCGasthefallback.

Migrating computationandlocalizedtoggling outperformglobal toggling and non-idealizedDVS, and provide similar
performanceasidealizedDVS, even thoughDVS obtainsa cubic reductionin power densityrelative to the reductionin
frequeng. Thereasoris primarily thatGCGandDVS slow down theentirechip,andnon-ideaDVS alsosuffersagreatdeal
from the stallsassociateavith changingsettings.In contrastMC andPI-LTOG areableto exploit ILP.

A very interestingobsenationis thatwith MC, two benchmarksgzip and mesa never usethe spareunit andsuffer no
slowdown, andvortex usesit only rarelyandsuffersalmostno slovdown. Thenew oorplan by itself is sufcient to reduce
thermalcouplingamongthevarioushot unitsin theintegerengineandthereforepreventsmary thermalviolations.

Although we were not able to explore a wider variety of oorplans, the succesof these oorplan-basedtechniques
suggestan appealingway to manageheat. And oncealternate oorplans and extra computationunits are contemplated,
theinteractionof performanceandtemperaturdor microarchitecturatlusterg[11] becomesan interestingareafor further
investigation Our MC resultsalsosuggestheimportanceof modelinglateralthermaldiffusion.

Theseresultsalsosuggesthata pro table directionfor futurework is to re-considethetradeof betweerateng andheat
whendesigning oorplans, andthata hierarchyof techniquesrom gentleto strict—assuggestedy Huanget al. [20]—is
mostlik ely to give the bestresults.A thermalmanagemergachemamight be basedon TT-DFS until temperaturgeachesa
dangeroushresholdthenengagesomeform of migration,and nally fall backto DVS.

6.2 Role of SensorErr or

Sensomoisehurtsin two ways;it generatespurioustriggerswhenthetemperatures actuallynot nearviolation, andit
forcesa lower triggerthreshold.Both reduceperformance Figure 16 shows the impactof boththeseeffectsfor our DTM
techniquegfor TT-DFSandDVS, we look atthe non-idealversions).Thetotal heightof eachbarrepresentshe slovdown
with respecto DTM simulationswith noise-freesensorsainda trigger thresholdof 82.8°. The bottomportion of eachbar
shavsthe slowdown from reducingthetriggerby onedegreewhile keepingthe sensorsioise-freeandthetop portionshavs
thesubsequerdlondown from introducingsensonoiseof +1°. (For thewarmandhotbenchmarksheimpactof boththese
sensoirelatedeffectswasfairly similar)

For TT-DFS the role of the differentthresholdwas negligible. Thatis becauseghe TT-DFS changein frequeng for
onedegreeis negligible. MC alsoexperiencedessimpactfrom the differentthreshold. We attribute this to the fact that
the oorplan for MC itself hasa cooling effect and reduceghe needfor DTM triggers. Otherwise,lowering the trigger
thresholdfrom 82.8° (which would be appropriatef noisewerenot presentyeduceperformanceiy 1-3%for the other
majortechniques2pipeexperiences largerimpact—4% —becauseis soinef cient at coolingthatit mustwork harderto
achieve eachdeggreeof cooling.

The spurioustriggersfurther reduceperformanceésy 0-2%for TT-DFS; 3—6%for PI-GCG;by 6—-8%for PI-DVS, with
art anexceptionfor PI-DVS at 11%;by 2-5%for LTOG; 0—4%for MC; and4—9%for 2pipe.Thehigherimpactof noisefor
DVS is dueto the high costof stallingeachtime a spurioustriggeris invoked,andsimilarly, the higherimpactof noisefor
2pipeis dueto the costof drainingthe pipelineeachtime a spuriougriggeris invoked.

Sensorerror clearly hasa signi cant impacton the effectivenessof thermalmanagementWith no sensomoiseanda
highertrigger, DTM overheadcouldbesubstantiallyeduced TT-DFS's slovdown for thehotbenchmarksnovesfrom 1.8%
t0 0.8%,PI-DVS's slowdown from 10.7%to 2.5%,PI-GCGS slovdown from 11.6%to 3.6%,GCG's slovdown from 17.9%
t0 6.6%,PI-LTOG's slovdown from 8.4%t0 5.2%,MC's slowvdown from 7.0%to 4.2%,and2pipe’s slovdown from 21.0%
to 9.5%. Theseresultsonly consideredheimpactof sensomnoise,the“S” factor Reducingsensonffset—the"G” factor—
dueto manufcturingvariationsandsensotplacementvould provide substantiafurtherimprovementscommensurateith
theimpactof the1° thresholddifferenceseenin the blackportionof thebars.

Overall, our resultsalsoindicatenot only theimportanceof modelingtemperaturén thermalstudies put alsotheimpor-
tanceof modelingrealisticsensobehaior. And nding new waysto determineon-chiptemperaturesnore preciselycan
yield substantiabene ts.
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Figure 16. Slowdown for DTM from eliminating sensor noise, and from the consequent increase in
trig ger threshold to 82.8°.

6.3 Further Analysisof MC

The MC techniquewith local toggling asa fallback, meritsfurther discussiorin orderto clarify the respectie rolesof

oorplanning, migration,andthefallbacktechnique.

If theMC oorplan is usedwithoutenablingtheactualuseof themigration,thespareegister le is unusecandhasamild
cooling effect. The permutationof the oorplan alsochangesomeof the thermaldiffusionbehaior. This hasnggligible
effectfor mostbenchmarksandactuallymildly exacerbatebhotspotdor perlbmk but actuallyis enougtto eliminatethermal
violationsfor gzip,mesaandvortex.

Whenthe MC techniquds enabledit is ableto eliminatethermalviolationswithout falling backto local togglingin all
but two benchmarksgccandperlbmk

We erroneouslystatedin Section4 of our conferencgpaperthatthe“MC” techniquancursa two-cycle penaltyon each
accesso thesecondaryegister le. In fact,theresultsreportedn thatpaperandin Figurel5arefor aone-gclelateng. As
Figurel7 shavs, atwo-cycle lateng signi cantly increaseshe costof MC, from anaverageof 4.9%to 7.5%. On the other
handwe donotfully modeltheissuelogic, which shouldfactorin this lateng andwake instructionsup earlyenougho read
theregister le by thetime otheroperandsreavailableon the bypassetwork. This makesboth setsof results(oneandtwo
cycle penaltiespessimistic.
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Figure 17. Slowdown for MC with 1- and 2-cycle penalties for accessing the spare register le .

Other oorplans thataccommodatéhe spareregister le may give differentresults,andsparecopiesof otherunits may
be usefulaswell, especiallyfor programgshat causeotherhotspots.We have not yet hada chanceto explore theseissues.
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Anotherstudywe have not hada chanceto performis the cost-bene tanalysisof whetherthe extra die areafor the spare
register le would be betterusedfor someotherstructurewith purelylocaltogglingasthe DTM mechanism.

6.4. Importance of Modeling Lateral Thermal Diffusion

Our validationresultsin Section3.4 (Figure 7) shaved that modelingthermaldiffusion with lateralthermalresistance
yieldssigni cantly moreaccurateesultsthanif thelateralheat o w is omitted. Here,we wish to clarify the importanceof
modelinglateralheat o w.

loose-correct | tight-correct || loose-simple | tight-simple
art 1.00 1.00 1.00 1.00
gce 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 properly 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
gce 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 trigger point (no DTM modeled) for the two diff erent
oorplans.

Lateralthermaldiffusionis importantfor threereasonsFirst, it canin uence thechoiceof a oorplan andthe placement
of spareunits or clustersfor techniquedike MC or multi-clusteredarchitecturesSecondjt canhave a substantialmpact
onthethermalbehaior of individual units. Whena consistentlyhot unit is adjacento unitsthatareconsistentlycolder, the
colderunitshelpto drav heataway from the hot unit. Failing to modellateralheat o w in situationdik e thesecanmake hot
unitslook hotterthanthey really are,overestimatinghermaltriggersandemegenciesandpotentiallydistortingconclusions
thatmight be drawvn abouttemperaturesgaredesign.Third, asshavn in Section3.4, failing to modellateralheat o w also
producesrti cially fastthermalrise andfall times, contrituting to the overestimatiorof thermaltriggersbut alsomaking
DTM techniqueseemnto coolthe hotspotdasterthanwould really occur

As apreliminaryinvestigatiorof theseissueswe comparedhetwo oorplans shovnin Figure18. The“tight” oorplan
in (a) placessereralhotunitslik e theintegerregister le, integerfunctionalunits,andload-storequeueneareachother while
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the“loose” onein (b) placeshehottestunitsfar from eachother In our experimentsyve did notchangeary accessatencies
to accountfor distancebetweenunitsin thetwo oorplans. This isolatesthermaleffectsthatare dueto thermaldiffusion

ratherthandifferencesn accesateng. We comparedhethermalbehaior of theseoorplans usingourfull proposednodel

andalsoamodi ed versionin which lateralthermalresistancebave beenremoved.
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Figure 18. Two oorplans used to study effects of lateral thermal diffusion.

Table 7 presentsfor each oorplan, the fraction of cyclesspentin thermalviolation (no DTM was usedfor theseex-
periments).The left-handpair of columnspresentdataobtainedwith the full model(“correct”), andthe right-handpair of
columnspresentdataobtainedwith the lateralresistancesmitted (“simple”). Table8 presentghe fraction of cyclesspent
abovethethermaltriggertemperature.

Lookingatthecorrectdata thedistinctionbetweerthetwo oorplansis cleat with thetight oorplan spendingnoretime
athighertemperaturedueto the co-locationof severalhotblocks. Thetight oorplan will engageDTM more. A time plot
for theintegerregister le of mesais givenin Figurel9.

Thesimpli ed model,ontheotherhand,failsin two regards.First, it predictshighertemperatureandhigherfrequencies
of thermalviolation, highereventhanwhatis obsenedwith thetight oorplan. Thishappendecauseventhetight oorplan
is ableto diffuseaway someof the heatin the hot blocksto neighboringblocks. This differenceis largestfor gzipandmesa
Thearti cially high temperaturesneanthatsimulationsof DTM will generatespuriousthermaltriggersandpredictlarger
performancdossedor DTM thanwould really be expected.Secondthefailureto modellateralheat o w meanghatissues
relatedto oorplan simply cannotbemodeledasseenby thefactthatthetwo oorplans give identicalresults.

Without modelinglateralthermaldiffusion, tradeofs betweerthermalmanagemerandlateng cannotbe explored,and
studiesof dynamicthermalmanagemennaygive incorrectresults.

6.5. Role of Initial Heat-Sink Temperature

Finally, we wish to follow up on the point madein Section5.5 thatthe choiceof initial heat-sinktemperatureglaysa
majorrole, andthe useof incorrector unrealisticcemperaturesanyield dramaticallydifferentsimulationresults.Figure 20
plotsthe percentagerrorin executiontime for variousDTM techniquesvhentheno-DTM heat-sinkemperatureareused
insteadof the properDTM heat-sinktemperaturesThe error only grows asthe heatsink temperaturéncreasesWhenwe
tried heat-sinkemperatures the90°s, we obsenedslovdowvnsof asmuchas4.5X.
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Figure 20. Percent error in execution time when DTM techniques are modeled using no-DTM heat
sink temperatures.

The main reasonthis is an issueis that microarchitecturgoowver/performanceimulatorshave dif culty simulatinga
benchmarkongenoughto allow the heatsink to changeemperatur@andsettleat a propersteady-stateemperaturehecause
the time constantfor the heatsink is so large. Over shorttime periods,changesn heat-sinktemperaturesffectively act
asan offset to the chip surfacetemperatures.Thatis why the correctsteady-statéemperaturanustbe obtainedbefore
simulationbegins. This meanghatfor eachDTM technique,oorplan, or triggertemperaturenew initial temperaturemust
be determinedDevelopingsimulationtechnique®r gures of meritto avoid this tedioustaskis animportantareafor future
work. Fortunatelyfor all of our DTM techniquegxceptMC, we foundthatthe samanitial “with-DTM” temperaturegiven
in Table6 were ne. MC's useof adifferent oorplan requiresa separatesetof initial temperatures.

Becausdime slicesare muchsmallerthanthe time constanfor the thermalpackagea multiprogrammedvorkloadwill
tendto operatewvith aheat-sinkemperaturéhatis somekind of averageof thenaturalperbenchmarkeat-sinkemperatures,
possiblyreducingthe operatingtemperaturebsenedwith the hottestbenchmarksnd corverselyrequiringDTM for cold
benchmarksThermalbehaior andthe needfor DTM will thereforedependon the CPU schedulingpolicy, which Rohou
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and Smith usedto help regulatetemperaturén [34]. Combiningarchitecture-leel and system-lgel thermalmanagement
techniquedn the presencef context switchingis anothelinterestingareafor futurework.

7. Conclusions and Future Work

This paperhaspresentedHotSpot,a practicaland computationallyef cient approachto modelingthermalbehaior in
architecture-leel power/performancesimulators. Our techniqueis basedon a simple network of thermalresistancesind
capacitancethathave beencombinedo accounfor heatingwithin ablock dueto powerdissipationheat o w amongneigh-
boringblocks,andheat o w into thethermalpackage Themodelhasbeenvalidatedagainstnite-elementsimulationausing
Floworks,acommerciakimulatorfor heatand uid o w. HotSpotis publicly availableat http://lava.cs.viginia.edu/hotspot.

UsingHotSpot,we candeterminewhich arethe hottestmicroarchitecturalinits; understandherole of differentthermal
package®n architecture performanceandtemperatureunderstangprograms'thermalbehaior; and evaluatea number
of techniquedor regulatingon-chiptemperature Whenthe maximumoperatingiemperaturés dictatedby timing andnot
physicalreliability concerns;temperature-trackingfrequeng scalinglowersthe frequengy whenthe trigger temperature
is exceededwith averageslowdown of only 2%, and only 1% if the processomneednot stall during frequeny changes.
Whenphysicalreliability concerngequirethatthetemperatur@ever exceedthe speci cation—85° in our studies—thdoest
solutionswe found were an idealizedform of DVS thatincurs no stallswhen changingsettingsor a feedback-controlled
localizedtoggling schemgaverageslovdowns 7.4 and 7.7% respectiely), anda computation-migratioschemehat uses
aspareintegerregister le (averageslovdowvn 5-7.5%dependingn accesgime to the spareregister le). Theseschemes
performbetterthanglobalclock gating,andaswell asor betterthantheidealfeedback-controlle®VS, becaus¢helocalized
togglingexploits instruction-level parallelismwhile GCGandDVS slow down theentireprocessar

A signi cant portion of the performancdossof all theseschemess dueto sensoterror, which invokesthermalmanage-
mentunnecessarilyEvenwith a mere+1° maigin, sensorerror introducedasmuchas 11% additionalslondowns, which
accountedn somecasedor asmuchas80% of thetotal performancdosswe obsened.

Wefeelthattheseresultsmale a strongcasehatruntimethermalmanagemens aneffectivetool in managinghegrowing
heatdissipationof processorsandthat microarchitecturdTM techniquesnustbe part of any temperaturesgaresystem.
But to obtainreliableresults,architecturathermalstudiesmustevaluatetheir techniqguedasedon tempeature and must
includethe effectsof sensonoiseaswell aslateralthermaldiffusion.

We hopethat this papercorveys an overall understandingf thermaleffectsat the architecturdevel, and of the inter-
actionsof microarchitecturepower, sensormprecision,temperatureand performance.This paperonly touchesthe surface
of whatwe believe is arich areafor future work. The RC modelcanbe re ned in mary ways;it canalsobe extendedto
multiprocessqarchip-multiprocessgrand simultaneousnultithreadedsystemsmary newv workloadsandDTM techniques
remainto be explored;a betterunderstandings neededor how programs'executioncharacteristicandmicroarchitectural
behaior determinetheir thermalbehaior; andclever data-fusiortechniquedor sensoreadingsareneededo allow more
precise¢emperatureneasuremerandreducesensotinducedperformancdoss. Anotherimportantproblemis to understand
the interactionsamongdynamicmanagementiechniquedor active power, leakagepower, currentvariability, andthermal
effects,whichtogethempresentrich but poorly understoodiesignspacevherethe sametechniquemay possiblybe usedfor
multiple purposesbut at differentsettings. Finally, thermaladjaceng wasshavn to beimportantmakingtemperatureaare
oorplanning animportantareaof research.
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