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Abstract— Micr oprocessorreseach and development increas-
ingly relieson detailed simulations to make design choices. As
such, the structure, speed, and accuracy of microarchitectural
simulators is of critical importance to the field. This paper de-
scribesour experiencesin building two simulators, using related
but distinct approaches.

One of the most important attrib utes of a simulator is its
ability to accurately corvey designtrends as differ ent aspectsof
the microarchitecture are varied. In this work, we break down
accuracy—abroad term— into two sub-types: relative and abso-
luteaccuracy Wethen discusstypical abstraction errorsin power-
performance simulators and shov when they do (or do not) af-
fect the designrule choicesa user of thosesimulator might make.
By performing this validation study using the Wattch and Pow-
erTimer simulators, the work addressesvalidation issuesboth
broadly and in the specificcaseof a fairly widely-usedsimulator.

|. INTRODUCTION

Becausdghe computersystemswe build today are so com-
plex, they are difficult to reasonabout; as a result, detailed
simulationshave becomeessentiaboth for designingreal sys-
temsand for evaluatingresearchideasin our field. Despite
thecrucialimportanceof simulatorgo thefield of architecture,
stratgyiesfor how bestto structureandvalidatethemareonly
infrequently discussed. This paperfirst briefly describeshe
anatomyof two relatedbut distinct simulators:Wattch[2] and
PawverTimer[3].

Wattchwasoneof thefirst toolsto link atraditionalarchitec-
tural performancesimulatorwith enegy models. This link is
accomplishedby sendingbothstaticinformationdescribinghe
simulatednicroarchitecturanddynamicinformationaboutthe
run-time characteristicof applicationsto the enegy models.
PawverTimer [3] representsan IBM effort to apply the Wattch
methodologyto industrialperformancesimulatorswith enegy
modelsdevelopedfrom circuits built for a high-performance
commerciamicroprocessor

The major differencebetweenPaverTimer and Wattchis in
theformationof enegy models.PaverTimer’s enegy models
areformedfrom empiricaldatacollectedrom anexisting,com-
mercial microprocessor Thesemodelsare then technology-
scaledto provide enegy numbergor otherdesignpoints. This
style of abstractionwas chosenfor PaverTimer becauset is
particularly suitablefor conductingpower-performancerade-
off studiesto definethe follow-on designpointswithin a given
productfamily. Technologyparametersandscalingequations
areadditionalinputsto themodel.

In Wattch, low-level analytical capacitancesquationsare
generatedor majornodeswithin commonhardwarestructures.
ThusWattchtakesa top-davn approachusinganalyticallyde-
rived capacitanceequationdrom known structuresof specific
modules.PaverTimer is moreof a bottom-upapproachwhich
usesexisting, low-level circuit macrosto generatehigherlevel
enegy modelsfor microarchitecturalinits.

As systemsgrow more comple, simulator validation be-
comesincreasinglycrucial. Validation not only checksfor
bugs,but alsohelpsto quantifyamodel’saccurag andapplica-
bility in differentpartsof the designspaceusersneedto know
how accuray is affectedby modelabstractionsisedto provide
superiorsimulationspeedto improve designspaceflexibility,
or to speednodelconstruction.

In this paperwe discussmodelaccurag within the context
of WattchandPowerTimer, two power-performanceimulators.
We show how differenttypesof possiblemodelingabstractions
and errorscan affect the designchoicesone usesa simulator
to evaluate.Our resultsdistinguishcasesvhenabsoluteaccu-
racy is required,versuscasesvhenthe easiefto-achieve stan-
dardof relative accutacy is sufficient. This analysiscanhelp
power-performancesimulatorwriters andusersfocuson areas
thatimprovethelik elihoodof gooddesignchoices.

Il. SIMULATOR DESIGN AND ENERGY MODELING
STRATEGIES

In the Wattchsimulator[2], andin othersimilar toolkits [8],
[10], analyticalcapacitancenodelsweredevelopedfor various
high-level block-types,suchasRAMs, CAMs andotherarray
structuresjatches,buses,cachesand ALUs. While someof
thecharacterizingparameteraregrossiengthandwidth values
whichalogic-level designeor microarchitectanrelateto, oth-
ersareatamuchlower (circuit or physicaldesign)level. In the
PawverTimerwork, thegoalis to form unit-specificenegy mod-
elscontrolledby parametergamiliarto a high-level designeior
microarchitect.Thus,for example,oncea characterizingequa-
tion hasbeenformedfor one of the issuequeuespneis able
to play “what-if” gamesn PawverTimer, by simply varyingthe
gqueuesizeasnormallydonein microarchitecturaperformance
simulation.

In PawerTimer, the enegy modelsarederived from circuit-
level power simulationdata,collectedon a detailed,macro-by-
macrobasis.Thesemodelsarecontrolledby two setsof param-
eters:(a) technology/circuiparametersyhich allow appropri-
ate scaling from one CMOS generationto the next; and (b)
microarchitecture-leel parametersvariousqueue/biffer sizes,
pipe latenciesand bandwidthvalues. Theselatter parameters
also drive the baseperformancesimulatorin the usualman-
ner The enegy modelscanbe usedin two differentmodes.
First, the performanceimulatorcanbeusedstandaloneto pro-
ducedetailedCPl andresourcautilization statistics.Thesecan
then be processedhroughthe enegy modelsto generateav-
erage,unit-wise power numbers. Second the enegy models
canbeembeddedh the actualsimulationcode,sothatthey are
“looked up” asneededon a cycle-by-gscle basis. This mode
allows oneto view the cycle-by-g/cle enegy characteristicin
moredetail;but theaveragestatisticsattheendof therunwould
obviously bethe sameasin thefirst mode.
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Fig. 1. PowverTimer Enegy Models.

Figurel depictsthederivationof PonverTimer'senegy mod-
elsin more detail. The enegy modelsare basedon circuit-
level power analysisthat hasbeenperformedon structuresn
a current,high performancd®averPCprocessarThis analysis
hasbeenperformedat the macro-level andin generaimultiple
macroswill combineto form a microarchitecturalevel struc-
tures correspondingo units within our performancemodel.
For example,the fixed-pointissuequeuemight containsepa-
ratemacrogor storaganemory comparisorogic, andcontrol.
Pawveranalysishasbeenperformedon eachmacroto determine
the macros power asa function of the input switching factor
The hold power, or power whenno switchingis occurring,is
also generated. Thesetwo piecesof dataallow us to form
simple linear equationsfor eachmacros power. The enegy
modelfor a microarchitecturastructureis determinedy sum-
ming thelinear equationdor eachmacrowithin thatstructure.
We have generatecpowver modelsfrom over 400 macro-level
power equationscorrespondingo over 60 microarchitectural
structuresn our researctsimulator[5], [6].

In additionto the modelsthat specify the power character
istics for particularsupermacro(suchasthe fixed-pointissue
queue)we canderive powermodelsfor moregeneralizedtruc-
tures; for example, a generalizedssuequeuemodel. These
generalizedmodelsare useful for estimatingthe power cost
of additionsto the baselinemicroarchitecture. The general-
ized modelis derived by analyzingthe power characteristics
of structureswithin the baselinemicroarchitecture For exam-
ple, the fixed-point, floating-point, logical-op, and branch-op
queueshave very similar functionality and power characteris-
ticsandthe enegy analysisfor thesequeuestructureshasbeen
usedto derive a generalizedssue-queugower model based
on parametersuchasthe numberof entries,storagebits, and
comparisoroperations.

Sincewe areinterestedin determiningpower-performance
tradeof analysisfor future microarchitecturesvithin a partic-
ular productfamily, we must determinea methodof scaling
the power of microarchitecturabtructuresasthe size of these
structuresncreasesThescalingfactordepend®n the particu-
lar structurefor example the power of a cachearraywill scale
differentlythanthatof anissuequeue.ln addition,asresources
increasdn size,they necessarilycauseother structurego be-
comelarger. For example,asthe numberof renameregisters
increasesthe numberof tag bits within eachentry of the is-
suequeuesncreasesGenerally aswe increasehe numberof
entriesin a structure,therewill be a proportionalincreasein
the power. For this reasonwe uselinear scalingasa basisfor
mary of the structureghatwe consider In addition,we have
performeddetailedanalysisonthescalingof queueandmapper

structures.For thesestructureswe have determinedhe aver-

agepower perstoragebit andpercomparisoroperation As the
gqueuesand mapperdncreasedn size,we computethe number
of storagebits andcomparisonshatoccurfor the larger struc-
tures.

I1l. TYPES OF MODELING ERROR

At the highestlevel, a model or simulatorhasmetricsthat
the simulationis intendedto produce. Thesemay be aggre-
gatenumberdik e executioncyclesor totalenegy requirements
for a programrun. Or the numbersmay be morefine-grained,
suchasdistributionsof thenumberof instructiongeadyto issue
eachcycle, the maximumand minimum instantaneoupower,
etc. We usethe term absoluteaccurag to referto a simula-
tor’'s ability—for a particularmetric—tocloselytrackthevalue
measuredy the ‘real system’or a bettermodelfor thatsame
metric. Relatve accurag, ontheotherhand reflectsthatasim-
ulator producesa rangeof resultsthat properlyreflectrelative
changeswith designparametersevenif the absolutevalue of
theresultmaynotbe perfect.

Achieving relative accurag is much easierthan achieving
absoluteaccurag, especiallyduringthe early-stagesf the de-
sign process. This is becauseelative accurag canbe main-
taineddespiteerrorsin low-level technologyparameterdancor-
rectassumptionsboutcircuit-designstyles,clocking network
designmethodologiesetc. Absoluteaccuray is degradeddue
to all of theseconditions.

A simulatorwith goodrelative accuray providesquite a bit
of usefulinformationto anarchitect.For example desigrtrade-
off studieswith the goal of choosingarchitecturalparameters
to achieve an optimal power-performanceefficiency caneasily
be performed. This is not to saythat absoluteaccurag is not
importantat all. For example,determiningthe true maximum
wattageof a particularchip requiresgood absolutemodeling
accurag. In contrastyrelative accuray canhelp designersie-
ducethedesignpoint thatwill producethe maximumwattage,
but may not predictthe actualwattagewith sufficiently small
error. In somecases,however, good relative accurag com-
binedwith boundingtechniquescanhelp CPU designerswith
problemsrequiringsomedegreeof absoluteaccurag.

Previous work in power-performancemodel validation has
mainly looked at validating modelsagainstmore detailedin-
formationderivedfrom lower-level tools. Comparindow-level
capacitancevaluesis oneprecisemeansof validatinga power
simulator This methodof validation has shovn the models
to be accuratewithin 10%, which is similar to what hasbeen
reportedby the CACTI authorsfor analytical delay models
[9] and later for analytical power models[7]. Amrutur and
Horowitz have alsostudiedanalyticalpower anddelaymodels
for SRAMsJ1].

IV. ROBUSTNESS OF RELATIVE ACCURACY

While simulatorerroris never a goodthing, it is important
to understanchow differenttypesof error influence(or not)
thedesignprocessUnderstandinghe effectsof differenttypes
of error givesguidancefor how to interpretsimulatorresults.
Theseresultsgive someinsightinto the robustnesof therela-
tive accurag of the power modelsanddemonstratéhe extent



to which a designtradeof studycanwithstanderrorin the low
level power models.

When performing a designtradeof study a methodology
must first be establishedor decidingwhento choosea par
ticular designpoint over anotherdesignpoint. Whenviewing
designtradeof curvesvisually, we oftenwould like to choose
the “knee” of the curve so asto pick the point thatis close
to optimal without pushingtoo deeplyinto region of dimin-
ishing maminal returns. While this processs intuitive to de-
signers,this paperquantifiesit in orderto be ableto charac-
terize whethera chosendesignpoint is or is not acceptable.
In particular we proposethe acceptablerange window as a
methodto quantify the selectionof designpoints from raw
power/performancelata.

Theexperimentsn this paperquantifytheamountof accept-
ableerrorwithin a power/performanceaimulatortoleratedbe-
fore differentdesignpointsare chosen. The acceptableange
window formsa groupof pointswhich meetthe criteriafor se-
lection. Generally we choosethe lowestcostpoint within the
acceptableangewindow for implementation.

Two differentdefinitionsof theacceptableangewindow are
considered:

o 1) +/-R1% of target metric at optimal choice (rangel).
Thischoosesandidatedesignpointsthatarewithin aper
centageof thetargetmetric.

o 2) +/-R2%o0f (worst.choice- optimalchoice)for this de-
signstudy(range?). Thisis gearedo be moreselectve in
caseavhenthe designtradeof curve is soflat that mary
choicesmight satisfyrangel This definition adjustsfor
the fact that when optimal and non-optimaloptions are
closetogethertherangeof acceptablelesignanaybenar
rower.

In this paperwe useWattchasthe baselinesimulatorto per
form threerepresentatie studiesand we consideracceptable
rangewindows of defintion1) with R1 equalto 5%. While all
of the typesof error that we considerdisturbthe absoluteac-
curag of the simulator this study quantifiesthe effect on the
relative accurag of the simulatorby investigatingtwo design
tradeof studyscenariosThesedesigntradeof studiesinvesti-
gateenegy-delayproductfor the numberof RUU-entriesand
the size of the L1 InstructionCache. We have alsodonead-
ditional experimentsboth with Wattchfor the L1 DataCache
aswell anotherpower simulator PowverTimer for both defini-
tions of the acceptableangewindow [4]. This paperwe shov
plots for the vortex applicationwhich tendedto have the most
interestingresults(themostdeviations).In theendof eachsub-
section,we summarizeheresultsfor 5 of otherthe SPECint95
applications- compess gcg go, ijpeg, andm88ksim

For eachdesigntradeof experiment,we checkfor overlap
betweerthe acceptableangewindows of the baselinesimula-
tor andthe modifiedsimulator Agreemenimpliesthatrelative
accurag wasmaintained andthe correctdesignchoicewould
be selecteddespitesimulatorerror. We definea critical devia-
tion if it would causethe designetto choosea point otherthan
theleastcostdesignpointin thebaselineacceptableangewin-
dow —wewill highlightthesecasesvhenthey occur

Examplel: Error in an Independentnit: Considerfirst a
simplescenarian whichadesigners usingasimulatorto make
asizingchoiceaboutoneof the hardwareunits, saytheregister
file or theL1 caches.This experimentconsidersvhathappens

if the designerusesa simulatorwhich haserrorin the power
estimatefor a unit thatis totally independentf the units for
which designdecisionsarebeingmade. For example,errorin
the ALU power modelor the globalclock power, is mostlyin-
dependenbf the power modelfor the RUU or the L1 caches.
While theabsoluteaccurag of themodelsuffersquite a bit un-
der theseconditions,the relative accurag of the modelfor a
particulardesignstudyis typically lessseverelyaffected.

Figures2 and3 shawv two graphseachfor thevortex applica-
tion while varyingthe numberof RUU entriesandthel-Cache
size. In eachof the graphsthereare five curves shaving the
power and enegy-delayproducttrendswhile varying the mi-
croarchitecturaparametersThefive lineslabeled-.2x through
.2x referto the amountof error (additionalpower dissipation)
insertednto themodel. Theamountof poweradded/subtracted
is equalto the ratio given multiplied by the total chip power
of the baselinecasewith an 80-entryRUU, and64KB D- and
I-Caches.

The first graphin eachfigure shows the power dissipation
while varying both conditions. Sincethe additionalpower dis-
sipationaddedn this experiments independenof the RUU or
cachepower models,it doesnot affecttherelative accurag of
this curve andonly shiftsthe curvesup anddown by the corre-
spondingamounts.

The secondgraphin eachfigure shovs the enegy-delay
productwhile varying the microarchitecturabarametersand
the amountof error The enegy-delayproductfactorsin the
IPC, performancefor the variousmicroarchitecturathoices.
Becauseof this, the enegy-delayproductcurves are skewed
by the IPCsof the variousdesignpoints. Eachof the enegy-
delayproductfiguresalsohassereralhighlighted(circled)data
points. Thesepointsrepresentiesignghatfit within theaccept-
ablerangewindow (with therangel criteria)for eachcurve. If
the acceptableangewindow for the basecase(without artifi-
cial error) matcheghe curveswhereartificial error exists, the
we can say that relative accurag was presered. For exam-
ple, in Figure 2 the sameinstructioncachewould be chosen
(64KB) even with the .2x and -.2x error conditions. On the
otherhand,an RUU of 16 entrieswould fit into the acceptable
rangewindow with -.1x and-.2x errorconditionswhereaonly
a32-entryRUU is in theacceptableangewindow with thebase
simulator

For the other5 SPECint95applicationsthat we considered,
only ijpeg experienceda critical deviation in the acceptable
rangewindow. This occuredfor the RUU designstudy with
-.2x error. WhenconsideringSPECint95asanaggrayate there
was no deviation from the acceptablegangewindow with any
of theerrorconditionsthatwe considered.

Example2: Error in Bitline Capacitance:A secondmajor
classof experimentalinaccuray in power modelsis errorthat
occursin a modelthatis usedwithin mary microarchitectural
structuresFor example,in Wattch,arraystructuresuchasthe
L1 instructionand datacachesthe L2 cache,andthe branch
predictor tablesare all modeledas instantiationsof a single
‘cache’ power model. Error in the cachepower modelaffects
the power estimatedor all of theseunits. In this example,we
consideraspecificscenaridn which we have misestimatedbit-
line capacitance Sincebitline capacitancesstimatesare used
within the array structuremodelsfor cachesandregisterfiles,
anerrorin bitline capacitancaffectsall threeof themicroarchi-



tecturalparametersinderstudy aswell assereralindependent
structures.

Figures4 and 5 shav the power and enegy-delayproduct
for the vortex applicationwhile varying the numberof RUU
entriesand I-Cachesize. The five curves shavn are similar
to the onesin the previous section,but eachof thesecurves
shaws a differentratio for the bitline capacitancescalingthat
wasused.Again, significantdeviationsaredifficult to seefrom
thesecurvesevenwith 0.6x and1.4x scalingof the bitline ca-
pacitancesstimateslin fact,theacceptableangewindowswere
identicalfor boththe RUU andl-cachedesignstudiesunderall
errorconditionsandtherewereno critical deviationsfor ary of
the SPECint95applications.

Example3: Error in Dependentnit ScalingFactors: As a
third example,we considerthe effect of an error solely within
the unit focusedon by designstudy Suchan error might arise
if, for example we modeledadifferentcircuit-desigrstylethan
wasactuallyusedfor thatparticularstructure or if anincorrect
sub-bankingschemewnvasassumedetc. Theseexperimentsex-
plorethis errorby scalingthe power estimatefor theindividual
structure§RUU andL1 Cacheshy 1x through2x.

Figures6 and 7 shav the power and enegy-delayproduct
for the vortex applicationwhile varying the numberof RUU
entriesand|-Cachesize. Eachof the five curvesagainshavs
theenegy-delayproductasthatparticularunit'spowerestimate
scaleshy 1x through2x. This type of error clearly affectsthe
designtradeof study As the amountof scalingincreasesin-
steadof just shifting theresults the curvesbegin to separateas
morescalingis applied.Theacceptableangewindowsbeginto
differ morefor boththe RUU andI-Cachedesignstudies.For
the RUU, the acceptablegangewindow is betweenl6 and 64
entries,whereaswith -.2x errorit is betweer32 and80 entries
andwith .2x errorit is betweernl6 and48 entries.

The acceptableangewindows highlight how andwhenthis
error disturbsthe designtradeof study Even with 25% er
ror, ie, a 1.25xscalingfactor, thereis very little changein the
acceptablaangewindows for the three designtradeof stud-
ieswith theseapplications.However, vortex with the 1.5x and
largerscalingfactorsresultedn critical deviationby choosinga
designpointwith asmallemumberof RUU-entries. Therewere
no othercritical deviationswhenconsideringhe remainderof
the SPECint95applications.

Overall, the errorsin this third example—thosehat specifi-
cally involve the unit understudy—morelik ely to changethe
designchoicesmade.This is becausehe additionalscalingon
the microarchitecturaktructure,in the absenceof the scaling
in otherindependentinits, causeghe structurein the tradeof
experimentto becomea larger shareof the overall chip power
dissipation'pie’.

Exampled: Error in ScalingFactorsin PowerTimer: Oneof
the potentialsourcesof inaccurag in PowverTimer is the scal-
ing factorsusedto estimatethe power changeswhile varying
resourcesizes. For mary structures power increaseropor
tionally to the numberof entriesin a structure. For example,
if the numberof entriesin anissuequeuedoubles,the power
consumptiordoubles.

Figure8 shavsthe powerdissipatiorandenegy-delayprod-
uctwhile varyingthe sizeof the coreby scalingall of theissue
queuestenamersandothermajormicroarchitecturastructures
in thecorewhile leaving thecachesonstantThis figureshows

the baselinecore, labeled“Core-1x", and larger and smaller
coresnamedby the specifiedscalingfactorfor the scaledstruc-
tures. Within the chart,we shaw scalingfactorsfor the enegy
modelsrangingsfrom 1.2xand1.6x(sub-lineampowerscaling),
2x (linearscaling),and2.4x and2.8x (supeflinearpower scal-
ing). Thesescalingfactorsare the amountthat the power is
increasedvhile doublingthe size of a structure— we extrapo-
latethesescalingfactorsfor the smalleramountof scalingper
formedhere.

Becausghis experimentchangeshesizeof mary structures,
it is likely that this experimentwill be especiallysusceptible
to varyingscalingratios. Whenconsideringthe choiceof core
sizewith SPECIint95in aggreyate,with sub-linearscaling of
1.2x, the larger Core-1.2xwould be chosenas EDP optimal.
At 1.6xscaling,theacceptableangewindow coversCore-0.8x
throughCore-1.2x,s0 Core-0.8xis the minimum costchoice.
With 2x-2.8xscalingratios,thebaselinecoreis alwayschosen.

V. CONCLUSION

This paperdescribeshe highlights of Wattch and Paver-
Timer, two power-performancenodelinginfrastructuresCom-
paredto Wattch, PoverTimer usesa very similar methodology
for power estimation althoughits enegy modelsarebasedon
existingcircuitsfor anindustrialmicroprocessoiPaverTimer's
modelsarebestsuitedfor exploring microarchitecturalradeof
decisionsbuilding off of this coremicroarchitecture.

PawverTimer allows oneto experimentwith a large number
of designparameterandtherearemultiple choicesavailablein
termsof selectinga power-performanceefficiency metric. For
example,one canstudythe effectivenessf variousflavors of
conditionalclocking to seehow the sensitvity curvesare af-
fected. Also, the useof technologyscalingparametersallows
theuserto explorethefuturedesignspacen arealisticmanner

This paperhasconsideredhe relative versusabsoluteaccu-
ragy of thearchitecturesimulatorswe use.In particular work-
ing with theWattchpowersimulator we haveinvestigatedome
likely primary sourcesof error and demonstratedhow design
tradeof studiescantoleratesomeerror becauseelative inac-
curag/ neednot affectthe designpointchosen.

When performinga designtradeof study it is mostimpor-
tantto provide accuratepower modelsfor the unit undercon-
siderationin the study Error in independentinits doesnot af-
fect the study and errorsthat can affect multiple units could
alsohave smalldisturbancebecauseelative accurag is main-
tained.However, errorsthataffectonly theunit understudycan
leadto errorsin the relative accurag of the power modeland
incorrectdesignchoicesn somecases.

Both WattchandPowerTimer areavailablefor externaluse,
andwe encouragetherresearcherto assistin the furtherde-
velopmentandvalidationof thesetoolkits. Wattchis available
at http://www.ee.princeton.edubrooks/vattch-form.htmland
PawverTimer is available by contactingPradip Bose at IBM,
pbose@us.ibm.com.
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Fig. 7. PoaverandEDPfor vortex varyinglCache-sfandl-cachesize.
60 12x  1.6x 2x (base) 2.4x  2.8x
g —— A —— —a—
50+
— A
2
& 40- ¢
=
g A
30 &
20 T T T
core .6X core 1x core 1.4x
core .8x core 1.2x
509 12x  16x 2x (base) 2.4x 2.8«
— < — A v —l—
S 454
©
o
a 40+
>
©
< 357
Q
§ 30+
2
T, 25+
20 T T T
core .6Xx core 1x core 1.4x
core .8x core 1.2x

Fig. 8. PoawverandEDPfor SPECintvarying CoreParameters.



