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Abstract

Reducingpowerconsumptiomasbecome key goalfor system-
on-a-dip (SOC)designs. Fast and accumte power estimationis
needeckarly in the designprocesssincepowerreductionmethods
tendto havegreaterimpactat higherabstmaction levels. Unfortu-
nately currentapproadcesto powerestimationwhich concentate
on registertransferlevel modelsor lower, are quite slow Higher
level appoades, while faster may sufer frominaccumacy. How-
ever, the adventof coresenablesa hybrid approad, describedn
thispaperyieldingbothfastandaccuateestimatesromhigh-level
models.In particular, we usepowerestimationdataobtainedfrom
thegate-levelfor a core’srepresentativenputstimulidata(instruc-
tions), and we propagate this data to a higher (object-oriented)
system-leel model,which is parameterizableand executable De-
pendingon the kind of cores, various parameterizableequationor
look-uptablebasededniquesare used resultingin self-analyzing
core models.We haveappliedour techniqueto several coresof a
digital camen SOCandhaveachievedsimulationspeedupsf over
1000 with accuiacies suitablefor makingreliable powerrelated
system-leel designdecisions Althoughwe focuson powerestima-
tion, our appioac canbeusedfor estimatingothermetricsaswell,
sud asperformanceandsize

1 Intr oduction

As chip capacitiezontinueto grow, enablingsystems-on-a-chip,
the needfor early simulationof system-lgel modelsincreasesA
system-lgel modeldescribeslesiredbehaior without describing
detailedstructuralor timing information,and suchmodelsare of-
tenspecifiedn executabldanguagedike C++ or Java, eliminating
the needfor a separatesimulationtool. Suchmodelsthus simu-
late mary ordersof magnitudefasterthanlower-level modelslike
registertransferor gate-leel HDL (hardwaredescriptiorlanguage)
modelsturningotherwiseveekor month-longsimulationsnto just
minutesor hours[13, 3]. Suchmodelsareusefulfor earlyobsera-
tion of systembehaior andperhapsigh-level performanceénfor-
mation,andthusdesignersaking a top-davn approactoftenbuild
and simulatesuchmodelsbefore developing lower-level models.
However, system-lgel modelshave thedisadantageof not provid-
ing suficiently accuraténformationon detaileddesignmetricslike
power consumptiorandsize,soarchitecturatlesigndecisionsnust
often be postponeduntil later in the designprocesswhenlower
levelsmodelsareavailable.

We presentinapproactthatshavs thattheadwentof coresmay
resultin the elimination of this disadwantage,enablingaccurate
designmetric estimationfrom system-lgel models. A coreis a
reusablesystem-lgel componentsuchasa microprocesseropro-
cessopr peripheratomponentdesignedo becomepartof aSOC.
Coresmay be soft (synthesizabléiDL), firm (HDL structure),or
hard (technology-specifioetlist). By mary estimatesSOCswill
consistmostly of cores,perhap90%][7], with customsynthesized
logic comprisingthe small remainingportion. Becausecoresare
oftenparameterizedndtheirinterconnectindus structuremaybe
flexible, core-basediesignsstill involve a large designspaceand
hencemary architecturablesigndecisions.

TheVirtual Soclet InterfaceAlliance (VSIA) is anindustrycon-
sortiumdevelopingcore-relatedtandardsThosestandardinclude
thedevelopmenif system-lgel modelsfor all cores(whethersoft,
firm or hard). The situation of system-leel modelsrepresenting
already-designed@omponentgrovidesa unique opportunity In
particular we can expect the developerof a cores system-lgel
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modelto have informationon the cores power, performanceand

sizemetrics(unlike the casewhenthe modelwascreatedy a de-

signerfollowing the top-davn approach)sincea low-level model

doesexist for cores.Sincethe coredeveloperwantsthe coreto be

re—usedwe canexpectthe developerto spendeffort incorporating
suchmetric informationinto the cores system—leel model. This

opportunitycanbeusedo overcomeaheearlierstateddisadantage
of inaccurateestimategrom system-lgel models,andthuscanen-

ableextensve designspace=xplorationat the systemlevel.

In this paper we definean approactfor obtainingaccuratees-
timatesfrom system-lgel coremodels,applicableto both softand
hardcores.We usean object-orientedystem-lgel model. We fo-
cuson parameterizeccores,wherepower, performanceandsize
metricsvary dependingpn the choserparametervalues. Someex-
amplesof parametermcludebuffer sizesin aUART, block sizesin
aDMA, andcompressiomlgorithmsin a CODEC- becauseores
aredesignedo be general parametersrequite abundantin them.
Becausea parametes settingaffects otherparametersimpacton
designmetrics(e.g.,a smallercachemeandessbustraffic, thusin-
creasingheimpactof bus parametersn power andperformance),
theusefulnessf typical powertablesn acoresdatasheds greatly
reduced.

We first discussrelatedwork. We thensummarizethe system-
level modelingapproachhatwe follow. Next, we describenow ac-
curatepower estimationcanbeincorporatednto the modelingap-
proach.Wethendescribehedevelopmeniprocesof acoremodel,
andalsodescribethe processvherebya designemvould usesuch
a coremodel. Finally, we provide experimentsdemonstratinghe
speedandaccurag of the approachanddescribefuture work and
conclusions.

2 Relatedwork

Work on estimatingoptimizingandmodelingfor low power de-
signof digital circuitshasbeenconductedat differentlevels of ab-
straction. Here,we focusonly on work that dealswith high-level
approaches,e., RTL-level or higher sincethisis mostrelevantto
ourwork.

As for the RTL-level approachesin [14], a power optimiza-
tion methodis introducedthat minimizes power at the architec-
tural level (RTL—level) by usinga macromodelscheme.Hyper
LP [1] belongsto thesamegroup. It is a framevork thatoptimizes
powver consumptiorof data—dominatedystemsthrougharchitec-
turaltransformationsRecentlyabehaioral-level pover optimiza-
tion methodhasbeenintroducedin [10]. Socalledcommorcases
areexploitedin orderto synthesizea compactdata—pattsuchthat
power reductionf up to around92%becomepossible.

As for high-level modeling,muchrecentresearch8] [12] [18]
hasemphasizedbject—orientednodels mainly basedn Jasa, that
enablehardware descriptionat a behaioral abstractiorlevel. In
additionto providing modelsfor captureandsimulationof digital
systemsthesecontributionsprovide solutionsto problemssuchas:
easeof conversionfrom high-level descriptiorto hardwaredescrip-
tion for synthesismodelingof reactve systemsanddeterministic
modelingof digital systemswith boundedresourceallocation. To
thebestof ourknowledge thesecontritutionsdonotprovidemeans
for powver andareaandperformancestimationat the systemlevel.

VahidandGivamis[16] have proposedspecificatiorof moreab-
stractcomponentsi.e., SOCcores thatcommunicate/zia method-
calling or message-passing.Their high-level model and func-
tionalcommunicatiorallows for explorationof SOCbussedor low



power [5]. Otherwork by Givamis et al. [6] hasextendedthis ex-
plorationwith power andperformanceesultsobtainedfrom CPU,
interfaceandcachesimulations.

Ourwork capitalizeson coresto obtainsufficiently accuratees-
timatesusingsystem-lgel models. Theaimwasto combinetheac-
curay of lower-level power estimatiorapproachewith the corve-
nientfacility of a parameterizablandfastsystem-leel approach.
Therefore we deployed pover datacollectedfrom gate-level sim-
ulationsto estimatethe powver and performanceof a core using
object—orientednodels.It is importantto noticethatthegate—leel
simulationshave to be doneonly oncefor a characteristicset of

instruction$ of acoreandthatthisdatacanbeusedatthe OO—level

usinga facility of a parameterizabléok—up or equationmecha-
nism. As aresult,our approachs ordersof magnitudegasterthan
approacheproposedofar, but ataaccurag thatis relatively close
to low—level obtainedpower estimations.

3 State—of—the—artin power estimation

Current methodsfor power estimation/optimizatiordeployed
duringthe designphaseof SOCdesignsanbe summarizedsfol-
lows. (1) Gate-leel methodsare deployed after high-level deci-
sionslike defininga hardvare/softvare partition or an appropriate
hardware architecturéhave alreadybeenmade,i.e. afterRTL syn-
thesisandlogic synthesishave beenperformed. Gate-leel pawer
estimationis cycle-accuratendthereforemay requireprohibitive
simulationtimeswhenappliedto entireSOCs.
(2) RTL-level powerestimatiortoolsrepresenthecurrentstate—of—
the—artin SOCdesignfor low power. Thosetoolstypically perform
anRTL-level simulationthatis attachedo atechnologylibrary of

sub-blocks® containingtoggle dataand effective capacitances
orderto calculatethe consumecdenegy clock cycle by clock cy-
cle. Theaccurag of thosemethodscanbe quite good[14] though
simulationtimesare still quite lengthyfor entire SOCs. Further
more, the approachis applicablefor hardware partsof a system
only, thusnot supportingcomprehense system-lgel designspace
explorations. (3) Lesssophisticatecapproachegor system-lgel
power estimationusean averagepower consumptiorof a core(as
availablein a databook of a hardcore, for example)andsumup
the powver numbersof all coresof a SOCto obtaina rough esti-
mate. Suchaverage-basedpproachefiave two main dravbacks
that may make themvery inaccurate.First, they do not consider
the particularsystemapplications functionality andsecond they
do not considertheimpactof onecores parametersn othercores
(e.g.,theimpactof cachesizeon bustraffic).

As opposedo the existing methodsdesribedabore, our novel
hybrid approachusesan executablespecificationin conjunction
with (one-time)obtainedow-level power data,andhasthefollow-
ing uniquefeatures:

1. Thegranularityof power estimationapproachis basedn an
entirecore(i.e. block) andnotjust a sub—blockthussupport-
ing core-basedesigntechniques.

2. The abstractiorlevel wherethe completesystemsimulation
takes placeis the system-lgel. The mostimportantadwan-
tagesherearethe speedaswell asthe simplicity to modify
thefunctionalityfor thepurposeof designspaceexplorations.

3. Our approacthis not limited to hardware partsonly. Instead,
hardware and software aretreatedin the sameway, thusac-
countingfor hardware/softvare interdependenciedn previ-
ouswork [15] the importanceof softwarein termsof power
consumptiorhasbeendemonstrated.

4 System-leel modeling: an overview

We briefly
describetwo system-lgel modelingapproachespamely method-
calling objectsandmessage-passimpgocessefL6]. Themajordis-
tinction betweenthesetwo approachess the way in which cores
communicateandsynchronizevith eachother asdescribechext.

1We usea relayed definition of theterminstruction whereasn caseof
aprocessocoreaninstructionmightdenoteoperationdike addor shift, for
example,aninstructionin the context of a UART might denoteawriting to
or readingfrom its register

2we usethetermsub—blo& for anRTL componentike multiplexer, reg-
ister adder shifter, etc.whereasablod or core is a larger systempartthat
facilitatesacomprehense functionalitylike anMPEGencoderBlocksare
composeaf sub—bloks Seealso[7].
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Figure 1: (a) Previous and (b) our system-lgel estimationap-
proaches.

In method-callingpbjects,eachcoreis representedsan object,
which communicatewith eachothervia methodcalls. Parameter
passings usedto exchangedatabetweencores. The objectsmay
beactive objects meaningeachhasits own threadof control. Call-
ing a methodmay be usedto transfercontrol from onecoreto an-
other and provides a meansfor synchronization.The high-level
implementatiorof the coreis entirely divided up amongthe meth-
ods of the high-level object. Method-callingobjectsprovides for
avery high-level encapsulationf coreswith afunctionalinterface
allowing for earlyexplorationof system-on-chijppussesndencod-
ing schemesMethod-callingobjectscanbe convertedto message-
passingprocessedy converting all objectsto active ones,andre-
placingmethodcallsby messag@asses.

In message-passiqpgocessesachcoreis representedsa pro-
cess(perhapsusing active objects). Communicationis accom-
plishedby passingnessagesom oneobjectto another Sendingof
amessagdlocksthe sendewuntil the receptionof the messagdy
thereceving object,henceproviding synchronizatiorvia message
passing.This modelis basedon Hoares modelof communicating
sequentiaprocesses Here, the high-level implementatiorof the
coreresidesin aninfinitely runningloop, e.g.,the “run” method.
A model basedon messageassingobjectscan be automatically
refinedinto a lower level implementatior{16]. For example,each
objects “run” methodis convertedinto a processin a low-level
HDL. Likewise, the “sends” and “receives” are cornvertedto bus
structuresi.e., portsandsignals.

Theformerapproachs moreabstracandhencemaybeeasieito
work with andmayalsoexecutefaster Thelatterapproachinvolves
more communicatiordetail and so may be slower but is closerto
a hardware implementation. Both approacheshowever, are still
extremelyfast. Our estimationapproachcanbe incorporatednto
eitherof thesemodelingapproaches.

5 Estimation

Previous (non-core-basedjystem-lgel estimationapproaches
have beendevelopedto work with designsthat areintendedto be
fully described,and then synthesized.Suchestimationtools re-
quire a system-lgel modelof a designasinput. This inputis sub-
sequentlysynthesizedin a roughmanner to gatherlow-level in-
formationaboutthedesign.In addition,the designeiis requiredto
provide constraintandtechnologyspecificinformation,e.g.,clock
frequeng, to the estimationtool. This kind of system-lgel esti-
mationis depictedin Figure1(a). Constraintsandtechnologyin-
formation,combinedwith simulationof themodelandinformation
obtainedfrom synthesisarethenusedto provide power, area,and
performancesstimates.

Core-basedlesignprovidesuswith a uniqueopportunityto de-
velop estimationtools that can estimatepower, areaand perfor
mancewith betteraccurayg. Thisis becauséor pre-designedores,
alow-level modelis alreadyavailable,e.g.,RT-synthesizeablelDL
for soft cores,netlistfor firm coresandlayoutfor hardcores. An
estimationtool canusethis low-level knowvledgeto betterestimate
systemmetrics.As anexample,considera UART (universalasyn-
chronouseciever/transmitterforeimplementedy a core-supplier
in synthesizabléiDL, having its buffer sizeasaparameterBy per



class UART {
unsigned toggle_count = 0;
public Reset() {
data_txbuf = 0, data_rxbuf = 0;
toggle_count += TOGGLE_TABLE[RESET];

}
public EnableTx() {
for(int i=0; i<8; i++)
s_out = (data_txbuf >> i) & 0x01,;
toggle_count += TOGGLE_TABLE[ENABLETX];
}
public WriteTxBuf(unsigned char x) {
data_txbuf = x;
toggle_count += TOGGLE_TABLE[WRITEBUF];
}
public ReadRxBuf(unsigne& x) {
/I implementation...
toggle_count += TOGGLE_TABLE[READBUF];
}
h

Figure2: UART modelusingmethod-callingobjects

forming gate-leel simulationof UARTs with differentbuffer sizes,
onecanobtainareaandtoggleswitchinformationfor differentpa-
rametersettings;we performedsuch simulationsfor a particular
UART andprovidedthetoggleandsizedatain Table1. Notethat
thisis asimpleexample,andin morecomple, multiple-parameter
cores,anequationor even a functionmay be necessaryatherthan
simply atable.With suchdata(or equationsr functions)available
for all cores,the area(hardware effort) of a core-basedystemfor
givensettingsof parametevaluescanbeestimatedy summingthe
areaof theindividual coresfor thosesettings Lik ewise,aftersimu-
lation of acore-basedesignat system-lgel, onecanuselow-level
toggle datato accumulatdotal toggle countsand estimatepower
consumptiorof the designfor agiventechnology

Figure 1(b) depictsan approachfor a system-lgel modelof a
core baseddesign. In this approach,the high-level model will
containlookup—tablesequationspr functions,obtainedrom low—
level simulations. Thus, after simulation,intermediatedatais col-
lected,e.g.,toggle—countto be combinedwith technologydatain
subsequengstimation.We will next outlinethe applicationof this
approachusingmethod-callingpbjects.

Buffer-Size(byte)] Area(transistors] Toggle-count
2

4552 203
4 7360 232
8 1576 238
16 22600 249

Table 1: Dataobtainedfrom gate-leel simulationof the UART
core. Toggle-counts the averagetransistorstate-transitionsvhen
sendingarandombyte of data.

In method-callingobjects, eachmethodis augmentedwith a
sectionof codethat accumulateslataduring simulation. An ex-
ampleof thisis givenin Figure2. Here,we assumehat TOG-
GLE_TABLE is obtainedfrom gate-leel simulation. Hence,each
time the coreis “reset” or “enabled”,the appropriate¢oggle count
is addedto the total toggle-count. At the end of the simulation,
toggle-counts usedto estimatehe powverusageof the UART core.

6 Model developement

In this sectionwe outline stepsnecessaryo createa self simu-
lating andanalyzingmodelof a coreasillustratedin Figure3(a).
In brief, thesestepsinvolve designand captureof a corein some
hardwaredescriptionanguag€HDL), simulationatgate-level, and
designof the objectorientedmodelusing dataacquiredfrom the
gate-level, or lower-levelsfor hard-coressimulations.

A coredeveloperwill startby designingandcapturingthefunc-
tionality of the core,saya UART, usingsomeHDL, say VHDL.
Then,thecoredeveloperwill identify a setof instructionsdescrib-
ing thefunctionalityof this core.In the caseof the UART core,the

design parametrixed coreg
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Figure 3: Design(left) and use(right) flow for modeling/usinga
coresfor high-level simulation

following instructionscanbeidentified: “write-reg” (writing abyte
to thetransmithold register),“enable-tx”(enablingof thetransmit-
terto seriallytransmitthecontenof thetransmithold register),and
otherssuchas‘“reset”, etc..

Thenext stepis to acquiregate-leel simulationdatato beusedn
high-level estimation.GivenanHDL descriptiorof acoreandaset
of instruction,the coredeveloperwill createspecializedestbench
programsfor eachinstructionin orderto measuredesignmetrics
suchasperformancer pover. For example,giventhe UART core,
we createa testbenclthat performsa write to the transmithold
registers,i.e., executesthe “write-reg” instruction. Then,we syn-
thesizethe HDL descriptionof the UART andsimulatethe UART
usingthe testbenchaccumulatingoggle switch information. We
repeathisprocesdgor all otherinstructionsandcreateatableof tog-
gle switchesperinstructions.If a coreis parameterizablanultiple
tablesfor differentparametevaluesmustbeobtained pr estimated
via equations.

The next stepis the designof the high-level modelof the core.
The coredevelopercannow modelthe core,usingone of the ap-
proachegivenin the system-lgel modelingsection,in ary object
orientedlanguage. The objectrepresentinghe core will provide
methodscorrespondingdo the instructionsidentifiedin the earlier
step.

Figure4 shaws a simplified flow—diagramof the functionality
of agenericobject—orientedelf—analyzingoremodel: If thecore
is Busy i.e., anothercoreclaimedthis corefor a particulartime in
orderto accomplishits own task, this core cannotbe claimedby
ary othercore. The core model can either be called by another
coremodel(Core Call) or it is calledby a controlobjectthattakes
careof theinterplayof all coreswhich togethermodelthe whole
SOCbehaior. In thefirst casethefollowing actionsareperformed:
The accordingcoreis putinto the busy state the enegy counteris
initialized andtheclock countetis setto thenumberof clock cycles
it takesto executethe specifiedaction, i.e., instruction assuming
thatnodelay(e.g.nowaiting for otherresourcesike abus)occurs.
Then,it is asledwhethertheresourceshatwill beusedby thiscore
areavailableor not. If yesthenthoseresourcesreclaimedfor the
time they areneededandat this time they areunavailableto other
cores).If nothentheexecutionof this coreis delayedcostingsome
enepy for theidle state(retrieved from a look—uptable). The two
leftmost branchesf the flowdiagrambelongto the casethe OO
coremodelis not called by anothercore modelbut by an object
insteadthatinitializesthe accordingactionsof this coreaftereach
clockcycle. Thereforefirsttheclock cycle countelis decremented,
then,whenit is counteddown to zero,theactualaction(instructior)
is executed’

For our UART example,the objectwill have methods(imple-
mentingthe instructiong “write-reg” and “enable-tx” and a vari-
ablecalledtoggle-countjnitialized to zeroby the constructarsay
When “write-reg” or “enable-tx” are called, toggle-countwill be

3 Assigningthe actualactionto only oneclock cycle is astrongsimplifi-
cationandmight possiblycauseconflicts. This is the price we have to pay
for usingthe high abstractiorlevel thatdoesnot allow for a cycle accurate
execution.
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Figure4: Simplifiedflow—diagramof the functionalityof ageneric
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incrementedy looking up the toggle switchamountfor thesein-
structionin thetables.

7 Model use

In the previous section,we describedhe stepsa core-designer
coulduseto build acores system-lgel modelin amannersupport-
ing estimation.In this sectionwe outlinestepsecessarfor acore
userto usesucha coremodelto build an SOC and performesti-
mations,summarizedn Figure3(b). In brief, thesestepsinvolve
creatinga high-level modelof the system,simulatingit to obtain
simulationdata,andanalyzingtheresultsto obtainpowver andother
estimates.

The userof coreswill selecta setof objectsrepresentinghe
coresof the systemunderdesign. Thesecoreswill be integrated
togetherusing one of the methodsdescribedin the system-lgel
modelingsection.Then,this modelof thesystemwill besimulated.
At the end of the simulation,eachcorein the modelwill output
power andperformancelata,saytogglecount. Multiple simulation
runscanbe carriedout to obtainpower and performancelatafor
differentcoreparametevaluesandconfigurations.

The dataoutputtedby the coreswill be subsequentlysedin an
analysistool. At the minimum, the analysistool will apply proper
technologyspecificmetrics,e.g.,capacitancelockfrequeng, etc.,
to the dataobtainedrom simulationin orderto producepower and
performanceestimates.For example,the analysistool will multi-
ply thesquareof thesupplyvoltageandtheaveragecell capacitance
with thetoggleswitchdatato obtainpower estimatesThe analysis
tool may examineothersimulationdata,suchasi/o frequeng to
andfrom differentcores,to alsoperformestimatef power con-
sumedby on-chipbusseg5].

8 Experiments

To illustratethe conceptpresentedn this paper we modeleda
Digital-Camerausing methodcalling objectsaswell asusing RT-
synthesizabl®¥HDL. Figure5illustrateshefour maincores CCD-
PR MIPS,CODECandUART thatcapture processandoutputdig-
itized pictures.We will next detailthe Digital-Cameras functions,
theobject-orientednodelof it, andthesimulation,analysisandes-
timationof power andperformanceesults.

The heartof the Digital-Camerais a simplified MIPS proces-
sorandon-chipcacheboundedogethervia a high-speedus and
surroundedby a numberof peripheraldevices, i.e., cores,com-
municatingover a peripheralbus, designedor layouton a single
chip. Theapplicationrunningonthe MIPS issues “capture”com-
mandto the CCD-PP(chagedcoupleddevice - pre-processoore
which in turn usesa CCD to captureand processa single frame
andstoresit into internalmemory The applicationthenclocksout
theimage,onepixel atatime, andstorest into memoryto be en-
coded/decodelly the CODEC, displayedandserially transmitted
via a UART core. The UART corecanbe synthesizedo have an
internalbuffer sizeof 2, 4, 8, or 16. The CCD-PPcanbe synthe-
sizedfor usewith 8x8, 16x16and32x32CCDs,the CODECcan
be synthesizedavith oneof four differentcompressiomlgorithms.

The high-level Digital-Cameramodelis composedf four C++
objectsrepresentingthe simplified MIPS, CCD-PR UART and
CODEC, totalling about600 lines of code. Figure 6 depictsthe
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Figure5: Block diagramof the Digital-Camerasxample
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Figure6: Object-orientednodelof the Digital-Camera

objects,andtheir relationshipto eachother Eachoneof theseob-

jectsprovidesmembeirfunctions,a.k.a.,methodsthatfunctionally
describethe coreit representsThe CCD-PR UART and CODEC
can be instantiatedwith different parametewalues. This allows

for estimatedor differentcore parametergonfigurations.We de-
finedthreeinstructionsthatabstractlymodelthe CCD-PR namely

“reset”, “capture” and “read pixel”. The correspondingnethods,
wheninvoked,addto amembewariable(initialized to zeroon start
of the simulation)somenumberof toggle switchesobtainedfrom

gate-leel simulation. Similarly, the UART is brokeninto four in-

structions,“reset”, “enable”, “disable” and “write buffer”. These
toggleswitchcountersareoutputtedby eachobjectattheendof the
simulation,alongwith i/o andtiming informationfrom the MIPS

objectto beusedin a subsequentowner/performancandbusanal-
ysistool asdescribechext.

The analysistool readsthe toggle switch datafrom simulation
and computespower using technologyspecific metrics such as
wire/gatecapacitance[2] [17], and supply voltage. In addition,
i/lo (frequeng of methodcalls) is usedto explore peripheralbus
configurationssuchaswidth and encodingfor low power andac-
ceptableperformancg5].

The low-level Digital-Cameramodel, used to validate the
accurayg of our system-lgel approach,consistsof Synopsys-
synthesizabldRT modelsof the four cores,totalling about4500
lines of code,written as partof UCR'’s Dalton project. To obtain
actualpower valuesto comparewith, we synthesizedhe models
to gatesandthenusedthe Synopsyspower estimationtool to get
gate-leel accuratgpowver andperformanceesults.

We simulatedthe low-level and the high-level modelsof the
Digital-Camerdfor 8 differentsetsof coreparametersEachsim-
ulation waslong enoughto capture,processand serially transmit
asingleframe,i.e., digital image. Table2 summarize®ur results.
Thenumberin the UART columnis thebuffer size(in thiscasethe
samevaluesfor all sets)thatunderCCD-PPis theimagesize,that
underthe CODECIs the compressioralgorithm. The next column
givestheperipheradatabuswidth. Thenext two columnsgive the



UART [ CCD-PP] CODEC] BUS [ System-lgeltime | Gate-leelfime | System-lgel power | Gate-leel power [ Pover error
2 16x16 1 32 0.07 5 0.02137 0.02560 16%
2 16x16 4 32 0.06 58 0.01511 0.01776 13%
2 8x8 1 32 0.01 20 0.00912 0.00692 31%
2 8x8 4 32 0.01 4 0.00567 0.00455 25%
2 16x16 1 8 0.09 147 0.01953 0.02198 11%
2 16x16 4 8 0.06 90 0.01189 0.01349 12%
2 8x8 1 8 0.01 30 0.00684 0.00553 24%
2 8x8 4 8 0.01 7 0.00443 0.00342 30%

Table2: Time andpower comparisorbetweersystem-lgel andgate-leel time (minutes)andpower (micro-Joules).

CPU-timeit took to run the simulationsfor the systemand gate-
level models. On the average,the system-lgel model simulated
thousand®f timesfasterthanthe gate-leel model. The next two
columnsgive estimatedsystem-lgel and actualgate-leel power.
Estimatecpowverwasbetweerl1%and31%accurateMoreimpor
tantly, the magnituderelationsamongthe estimatedpower values
matchthe magnituderelationsamongthe gate-level values,mean-
ing thatarchitecturablecisionscanbe madecorrectlyfrom the es-
timatedvalues. For example, the last row representghe lowest
power solution,asindicatedby boththeestimatedaindactualpower
nukr]r\bersporrespondingo asmallCCD andasimplecompression
scheme.

9 Futurework

Onelimitation of our approachss that simulationmustbe per
formed for every configurationof core parameterghat we wish
to consider While suchsimulationis mary ordersof magnitude
fasterthan gate-leel simulations,it still requiresseveral seconds
and henceprohibits exploration of hundredsor even millions of
configurations.Thus, furthertechniqueshouldbe developedthat
allows oneto simulatethe systemjust once,andthenrapidly ex-
plore different core parametewalues(as has alreadybeendone
for on-chipbus exploration[5]). Work mustalsobe performedto
performestimationfor microprocessorandmemorycores,which
arehighly-specializedomponentsequiringspecializedstimation
techniquesAnotheravenueof futurework mayinvestigateheim-
pactof particularsequencesf coreinstructions,whereasn this
paperwe treatedeachinstructionindependently

10 Conclusion

Power estimatiorfrom high-level modelsearlyin thesystenmde-
signprocesgreviously suferedfrom muchinaccurag, while very-
accurateestimationfrom lower-level models(e.g., RTL—level or
gate—leel) suffer from unacceptabljong computingtimes. How-
ever, theadwentof coresmeanghataccuratdow-level powerinfor-
mationcannow beincorporatednto high-level models.We defined
sucha hybrid approachand conductedexperiments with an em-
phasison parameterizedores,resultingin extremelyfastsystem
simulationson the orderof milliseconds aswell assuficiently ac-
curateestimationsTheapproachs applicableto otherdesignmet-
ricsalso,suchassizeandperformanceTheresultis thatdesigners
of core-basegdystemausingthis approacttanmalke power-related
architecturaldesignand parameteselectiondecisionsearly in the
designprocesswhereimpactis large, underthe guidanceof fast
andaccurateestimations.
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