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Abstract
Reducingpowerconsumptionhasbecomea key goal for system-

on-a-chip (SOC)designs.Fast and accurate powerestimationis
neededearly in thedesignprocess,sincepowerreductionmethods
tendto havegreaterimpactat higherabstraction levels. Unfortu-
nately, currentapproachesto powerestimation,which concentrate
on register-transfer-level modelsor lower, are quiteslow. Higher-
level approaches,while faster, maysuffer from inaccuracy. How-
ever, the adventof coresenablesa hybrid approach, describedin
thispaper, yieldingbothfastandaccurateestimatesfromhigh-level
models.In particular, weusepowerestimationdataobtainedfrom
thegate-levelfor a core’srepresentativeinputstimulidata(instruc-
tions), and we propagate this data to a higher (object-oriented)
system-level model,which is parameterizableandexecutable. De-
pendingon thekind of cores,variousparameterizableequationor
look-uptablebasedtechniquesareused,resultingin self-analyzing
core models.We haveappliedour techniqueto several coresof a
digital camera SOCandhaveachievedsimulationspeedupsof over
1000 with accuraciessuitablefor makingreliable power-related
system-leveldesigndecisions.Althoughwefocusonpowerestima-
tion,our approach canbeusedfor estimatingothermetricsaswell,
such asperformanceandsize.

1 Intr oduction
As chipcapacitiescontinueto grow, enablingsystems-on-a-chip,

theneedfor earlysimulationof system-level modelsincreases.A
system-level modeldescribesdesiredbehavior without describing
detailedstructuralor timing information,andsuchmodelsareof-
tenspecifiedin executablelanguageslikeC++ or Java,eliminating
the needfor a separatesimulationtool. Suchmodelsthussimu-
latemany ordersof magnitudefasterthanlower-level modelslike
register-transferorgate-level HDL (hardwaredescriptionlanguage)
models,turningotherwiseweekor month-longsimulationsinto just
minutesor hours[13, 3]. Suchmodelsareusefulfor earlyobserva-
tion of systembehavior andperhapshigh-level performanceinfor-
mation,andthusdesignerstakinga top-down approachoftenbuild
and simulatesuchmodelsbeforedeveloping lower-level models.
However, system-level modelshavethedisadvantageof notprovid-
ing sufficiently accurateinformationondetaileddesignmetricslike
powerconsumptionandsize,soarchitecturaldesigndecisionsmust
often be postponeduntil later in the designprocesswhen lower-
levelsmodelsareavailable.

Wepresentanapproachthatshows thattheadventof coresmay
result in the elimination of this disadvantage,enablingaccurate
designmetric estimationfrom system-level models. A core is a
reusablesystem-level component,suchasamicroprocessor, copro-
cessoror peripheralcomponent,designedto becomepartof aSOC.
Coresmay be soft (synthesizableHDL), firm (HDL structure),or
hard(technology-specificnetlist). By many estimates,SOCswill
consistmostlyof cores,perhaps90%[7], with customsynthesized
logic comprisingthe small remainingportion. Becausecoresare
oftenparameterizedandtheir interconnectingbusstructuremaybe
flexible, core-baseddesignsstill involve a large designspaceand
hencemany architecturaldesigndecisions.

TheVirtual Socket InterfaceAlliance(VSIA) is anindustrycon-
sortiumdevelopingcore-relatedstandards.Thosestandardsinclude
thedevelopmentof system-level modelsfor all cores(whethersoft,
firm or hard). The situation of system-level modelsrepresenting
already-designedcomponentsprovidesa uniqueopportunity. In
particular, we can expect the developerof a core’s system-level

model to have informationon the core’s power, performanceand
sizemetrics(unlike thecasewhenthemodelwascreatedby a de-
signerfollowing the top-down approach),sincea low-level model
doesexist for cores.Sincethecoredeveloperwantsthecoreto be
re–used,we canexpectthedeveloperto spendeffort incorporating
suchmetric informationinto the core’s system–level model. This
opportunitycanbeusedto overcometheearlier-stateddisadvantage
of inaccurateestimatesfrom system-level models,andthuscanen-
ableextensive designspaceexplorationat thesystemlevel.

In this paper, we definean approachfor obtainingaccuratees-
timatesfrom system-level coremodels,applicableto bothsoft and
hardcores.We useanobject-orientedsystem-level model.We fo-
cuson parameterizedcores,wherepower, performance,andsize
metricsvary dependingon thechosenparametervalues.Someex-
amplesof parametersincludebuffer sizesin aUART, blocksizesin
a DMA, andcompressionalgorithmsin aCODEC– becausecores
aredesignedto begeneral,parametersarequiteabundantin them.
Becausea parameter’s settingaffectsotherparameters’impacton
designmetrics(e.g.,asmallercachemeanslessbustraffic, thusin-
creasingtheimpactof busparameterson power andperformance),
theusefulnessof typicalpowertablesin acore’sdatasheetis greatly
reduced.

We first discussrelatedwork. We thensummarizethe system-
level modelingapproachthatwefollow. Next, wedescribehow ac-
curatepower estimationcanbeincorporatedinto themodelingap-
proach.Wethendescribethedevelopmentprocessof acoremodel,
andalsodescribethe processwherebya designerwould usesuch
a coremodel. Finally, we provide experimentsdemonstratingthe
speedandaccuracy of theapproach,anddescribefuturework and
conclusions.

2 Relatedwork
Work onestimating,optimizingandmodelingfor low powerde-

signof digital circuitshasbeenconductedat differentlevelsof ab-
straction. Here,we focusonly on work that dealswith high-level
approaches,i.e.,RTL–level or higher, sincethis is mostrelevant to
ourwork.

As for the RTL–level approaches,in [14], a power optimiza-
tion methodis introducedthat minimizespower at the architec-
tural level (RTL–level) by usinga macromodelscheme.Hyper–
LP [1] belongsto thesamegroup.It is a framework thatoptimizes
power consumptionof data–dominatedsystemsthrougharchitec-
turaltransformations.Recently, abehavioral–level poweroptimiza-
tion methodhasbeenintroducedin [10]. Socalledcommoncases
areexploited in orderto synthesizea compactdata–pathsuchthat
power reductionsof up to around92%becomepossible.

As for high-level modeling,muchrecentresearch[8] [12] [18]
hasemphasizedobject–orientedmodels,mainlybasedonJava,that
enablehardware descriptionat a behavioral abstractionlevel. In
additionto providing modelsfor captureandsimulationof digital
systems,thesecontributionsprovidesolutionsto problemssuchas:
easeof conversionfrom high-level descriptionto hardwaredescrip-
tion for synthesis,modelingof reactive systems,anddeterministic
modelingof digital systemswith boundedresourceallocation. To
thebestof ourknowledge,thesecontributionsdonotprovidemeans
for powerandareaandperformanceestimationat thesystemlevel.

VahidandGivargis [16] haveproposedspecificationof moreab-
stractcomponents,i.e., SOCcores,thatcommunicatevia method-
calling or message-passing.Their high-level model and func-
tionalcommunicationallowsfor explorationof SOCbussesfor low
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power� [5]. Otherwork by Givargis et al. [6] hasextendedthis ex-
plorationwith power andperformanceresultsobtainedfrom CPU,
interfaceandcachesimulations.

Our work capitalizeson coresto obtainsufficiently accuratees-
timatesusingsystem-level models.Theaimwasto combinetheac-
curacy of lower–level powerestimationapproacheswith theconve-
nient facility of a parameterizableandfastsystem–level approach.
Therefore,we deployedpower datacollectedfrom gate-level sim-
ulations to estimatethe power and performanceof a core using
object–orientedmodels.It is importantto noticethatthegate–level
simulationshave to be doneonly once for a characteristicset of
instructions� of acoreandthatthisdatacanbeusedattheOO–level
usinga facility of a parameterizablelook–upor equationmecha-
nism. As a result,our approachis ordersof magnitudesfasterthan
approachesproposedsofar, but ataaccuracy thatis relatively close
to low–level obtainedpower estimations.

3 State–of–the–artin power estimation
Current methodsfor power estimation/optimizationdeployed

duringthedesignphaseof SOCdesignscanbesummarizedasfol-
lows. (1) Gate-level methodsare deployed after high-level deci-
sionslike defininga hardware/softwarepartitionor anappropriate
hardwarearchitecturehave alreadybeenmade,i.e. afterRTL syn-
thesisandlogic synthesishave beenperformed.Gate-level power
estimationis cycle-accurateandthereforemay requireprohibitive
simulationtimeswhenappliedto entireSOCs.
(2)RTL-levelpowerestimationtoolsrepresentthecurrentstate–of–
the–artin SOCdesignfor low power. Thosetoolstypicallyperform
anRTL–level simulationthat is attachedto a technologylibrary of
sub–blocks� containingtoggledataandeffective capacitancesin
order to calculatethe consumedenergy clock cycle by clock cy-
cle. Theaccuracy of thosemethodscanbequitegood[14] though
simulationtimesarestill quite lengthyfor entireSOCs. Further-
more, the approachis applicablefor hardware partsof a system
only, thusnotsupportingcomprehensive system-level designspace
explorations. (3) Lesssophisticatedapproachesfor system-level
power estimationuseanaveragepower consumptionof a core(as
availablein a databook of a hardcore,for example)andsumup
the power numbersof all coresof a SOCto obtaina roughesti-
mate. Suchaverage-basedapproacheshave two main drawbacks
that may make themvery inaccurate.First, they do not consider
the particularsystemapplication’s functionality, andsecond,they
do not considertheimpactof onecore’s parameterson othercores
(e.g.,theimpactof cachesizeonbustraffic).

As opposedto the existing methodsdesribedabove, our novel
hybrid approachusesan executablespecificationin conjunction
with (one-time)obtainedlow-level power data,andhasthefollow-
ing uniquefeatures:

1. Thegranularityof power estimationapproachis basedon an
entirecore(i.e.block)andnot justasub–block,thussupport-
ing core-baseddesigntechniques.

2. The abstractionlevel wherethe completesystemsimulation
takes placeis the system-level. The most importantadvan-
tagesherearethe speedaswell as the simplicity to modify
thefunctionalityfor thepurposeof designspaceexplorations.

3. Our approachis not limited to hardwarepartsonly. Instead,
hardwareandsoftwarearetreatedin the sameway, thusac-
countingfor hardware/softwareinterdependencies.In previ-
ouswork [15] the importanceof softwarein termsof power
consumptionhasbeendemonstrated.

4 System-level modeling: an overview
We briefly

describetwo system-level modelingapproaches,namely, method-
callingobjectsandmessage-passingprocesses[16]. Themajordis-
tinction betweenthesetwo approachesis the way in which cores
communicateandsynchronizewith eachother, asdescribednext.

� We usea relaxeddefinitionof theterm instruction: whereasin caseof
aprocessorcoreaninstructionmightdenoteoperationslikeaddor shift, for
example,aninstructionin thecontext of aUART mightdenoteawriting to
or readingfrom its register.

� weusethetermsub–block for anRTL componentlikemultiplexer, reg-
ister, adder, shifter, etc.whereasa block or core is a largersystempartthat
facilitatesacomprehensive functionalitylike anMPEGencoder. Blocksare
composedof sub–blocks. Seealso[7].
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Figure 1: (a) Previous and (b) our system-level estimationap-
proaches.

In method-callingobjects,eachcoreis representedasanobject,
which communicatewith eachothervia methodcalls. Parameter
passingis usedto exchangedatabetweencores.The objectsmay
beactiveobjects,meaningeachhasits own threadof control.Call-
ing a methodmaybeusedto transfercontrol from onecoreto an-
other, andprovides a meansfor synchronization.The high-level
implementationof thecoreis entirelydividedup amongthemeth-
odsof the high-level object. Method-callingobjectsprovides for
a very high-level encapsulationof coreswith a functionalinterface
allowing for earlyexplorationof system-on-chipbussesandencod-
ing schemes.Method-callingobjectscanbeconvertedto message-
passingprocessesby converting all objectsto active ones,andre-
placingmethodcallsby messagepasses.

In message-passingprocesses,eachcoreis representedasapro-
cess(perhapsusing active objects). Communicationis accom-
plishedby passingmessagesfrom oneobjectto another. Sendingof
a messageblocksthesenderuntil thereceptionof themessageby
thereceiving object,henceproviding synchronizationvia message
passing.This modelis basedon Hoare’s modelof communicating
sequentialprocesses.Here, the high-level implementationof the
coreresidesin an infinitely runningloop, e.g., the “run” method.
A modelbasedon messagepassingobjectscanbe automatically
refinedinto a lower level implementation[16]. For example,each
object’s “run” methodis converted into a processin a low-level
HDL. Likewise, the “sends”and “receives” are convertedto bus
structures,i.e.,portsandsignals.

Theformerapproachis moreabstractandhencemaybeeasierto
work with andmayalsoexecutefaster. Thelatterapproachinvolves
morecommunicationdetail andso may be slower but is closerto
a hardware implementation. Both approaches,however, are still
extremelyfast. Our estimationapproachcanbe incorporatedinto
eitherof thesemodelingapproaches.

5 Estimation
Previous (non-core-based)system-level estimationapproaches

have beendevelopedto work with designsthat areintendedto be
fully described,and then synthesized.Suchestimationtools re-
quirea system-level modelof a designasinput. This input is sub-
sequentlysynthesized,in a roughmanner, to gatherlow-level in-
formationaboutthedesign.In addition,thedesigneris requiredto
provideconstraintsandtechnologyspecificinformation,e.g.,clock
frequency, to the estimationtool. This kind of system-level esti-
mationis depictedin Figure1(a). Constraintsandtechnologyin-
formation,combinedwith simulationof themodelandinformation
obtainedfrom synthesis,arethenusedto provide power, area,and
performanceestimates.

Core-baseddesignprovidesuswith a uniqueopportunityto de-
velop estimationtools that can estimatepower, areaand perfor-
mancewith betteraccuracy. Thisis becausefor pre-designedcores,
alow-level modelis alreadyavailable,e.g.,RT-synthesizeableHDL
for soft cores,netlist for firm coresandlayout for hardcores.An
estimationtool canusethis low-level knowledgeto betterestimate
systemmetrics.As anexample,considera UART (universalasyn-
chronousreciever/transmitter)coreimplementedby acore-supplier
in synthesizableHDL, having its buffer sizeasaparameter. By per-



class UART {
    unsigned toggle_count = 0;
    public Reset() {

               

    }

        for(int i=0; i<8; i++)

    }

}

    public EnableTx() {

        data_txbuf = 0, data_rxbuf = 0;

    public WriteTxBuf(unsigned char x) {

public ReadRxBuf(unsigned& x) {
   // implementation...

}
};

   toggle_count += TOGGLE_TABLE[READBUF];

toggle_count += TOGGLE_TABLE[WRITEBUF];

        toggle_count += TOGGLE_TABLE[ENABLETX];

toggle_count += TOGGLE_TABLE[RESET];

            s_out = (data_txbuf >> i) & 0x01;

        data_txbuf = x;

Figure2: UART modelusingmethod-callingobjects

forminggate-level simulationof UARTswith differentbuffer sizes,
onecanobtainareaandtoggleswitchinformationfor differentpa-
rametersettings;we performedsuchsimulationsfor a particular
UART andprovidedthetoggleandsizedatain Table1. Notethat
this is asimpleexample,andin morecomplex, multiple-parameter,
cores,anequationor evena functionmaybenecessaryratherthan
simplya table.With suchdata(or equationsor functions)available
for all cores,thearea(hardwareeffort) of a core-basedsystemfor
givensettingsof parametervaluescanbeestimatedby summingthe
areaof theindividualcoresfor thosesettings.Likewise,aftersimu-
lationof acore-baseddesignatsystem-level, onecanuselow-level
toggledatato accumulatetotal togglecountsandestimatepower
consumptionof thedesignfor agiventechnology.

Figure1(b) depictsan approachfor a system-level modelof a
core baseddesign. In this approach,the high-level model will
containlookup–tables,equations,or functions,obtainedfrom low–
level simulations.Thus,aftersimulation,intermediatedatais col-
lected,e.g.,toggle–count,to becombinedwith technologydatain
subsequentestimation.We will next outlinetheapplicationof this
approachusingmethod-callingobjects.

Buffer-Size(byte) Area(transistors) Toggle-count
2 4552 203
4 7360 232
8 1576 238

16 22600 249

Table 1: Data obtainedfrom gate-level simulationof the UART
core. Toggle-countis the averagetransistorstate-transitionswhen
sendinga randombyteof data.

In method-callingobjects,eachmethodis augmentedwith a
sectionof codethat accumulatesdataduring simulation. An ex-
ampleof this is given in Figure2. Here,we assumethat TOG-
GLE TABLE is obtainedfrom gate-level simulation. Hence,each
time thecoreis “reset” or “enabled”,theappropriatetogglecount
is addedto the total toggle-count. At the end of the simulation,
toggle-countis usedto estimatethepowerusageof theUART core.

6 Model developement
In this sectionwe outlinestepsnecessaryto createa self simu-

lating andanalyzingmodelof a coreasillustratedin Figure3(a).
In brief, thesestepsinvolve designandcaptureof a corein some
hardwaredescriptionlanguage(HDL), simulationatgate-level,and
designof the objectorientedmodelusingdataacquiredfrom the
gate-level, or lower-levelsfor hard-cores,simulations.

A coredeveloperwill startby designingandcapturingthefunc-
tionality of the core,saya UART, usingsomeHDL, sayVHDL.
Then,thecoredeveloperwill identify a setof instructionsdescrib-
ing thefunctionalityof thiscore.In thecaseof theUART core,the
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Figure3: Design(left) anduse(right) flow for modeling/usinga
coresfor high-level simulation

following instructionscanbeidentified:“write-reg” (writing abyte
to thetransmitholdregister),“enable-tx”(enablingof thetransmit-
ter to seriallytransmitthecontentof thetransmitholdregister),and
otherssuchas“reset”,etc..

Thenext stepis toacquiregate-level simulationdatato beusedin
high-level estimation.GivenanHDL descriptionof acoreandaset
of instruction,thecoredeveloperwill createspecializedtestbench
programsfor eachinstructionin order to measuredesignmetrics
suchasperformanceor power. For example,giventheUART core,
we createa testbenchthat performsa write to the transmithold
registers,i.e., executesthe “write-reg” instruction. Then,we syn-
thesizetheHDL descriptionof theUART andsimulatetheUART
usingthe testbench,accumulatingtoggleswitch information. We
repeatthisprocessfor all otherinstructionsandcreateatableof tog-
gle switchesperinstructions.If a coreis parameterizable,multiple
tablesfor differentparametervaluesmustbeobtained,or estimated
via equations.

Thenext stepis thedesignof thehigh-level modelof the core.
The coredevelopercannow modelthe core,usingoneof the ap-
proachesgiven in thesystem-level modelingsection,in any object
orientedlanguage.The object representingthe corewill provide
methodscorrespondingto the instructionsidentifiedin the earlier
step.

Figure4 shows a simplifiedflow–diagramof the functionality
of agenericobject–orientedself–analyzingcoremodel:If thecore
is Busy, i.e., anothercoreclaimedthis corefor a particulartime in
order to accomplishits own task, this corecannotbe claimedby
any other core. The core model can either be called by another
coremodel(Core Call) or it is calledby a controlobjectthattakes
careof the interplayof all coreswhich togethermodel the whole
SOCbehavior. In thefirst casethefollowing actionsareperformed:
Theaccordingcoreis put into thebusystate,theenergy counteris
initializedandtheclockcounteris setto thenumberof clockcycles
it takesto executethe specifiedaction, i.e., instruction, assuming
thatnodelay(e.g.nowaiting for otherresourceslikeabus)occurs.
Then,it is askedwhethertheresourcesthatwill beusedby thiscore
areavailableor not. If yesthenthoseresourcesareclaimedfor the
time they areneeded(andat this time they areunavailableto other
cores).If no thentheexecutionof thiscoreis delayedcostingsome
energy for theidle state(retrievedfrom a look–uptable). Thetwo
leftmost branchesof the flowdiagrambelongto the casethe OO
coremodel is not calledby anothercoremodelbut by an object
insteadthat initializestheaccordingactionsof this coreaftereach
clockcycle. Therefore,first theclockcyclecounteris decremented,
then,whenit is counteddown to zero,theactualaction(instruction)
is executed.�

For our UART example,the objectwill have methods(imple-
mentingthe instructions) “write-reg” and “enable-tx” anda vari-
ablecalledtoggle-count,initialized to zeroby theconstructor, say.
When“write-reg” or “enable-tx” are called, toggle-countwill be

� Assigningtheactualactionto only oneclockcycle is astrongsimplifi-
cationandmight possiblycauseconflicts. This is thepricewe have to pay
for usingthehigh abstractionlevel thatdoesnot allow for a cycle accurate
execution.



Figure4: Simplifiedflow–diagramof thefunctionalityof ageneric
object–orientedself–analyzingcoremodel

incrementedby looking up the toggleswitchamountfor thesein-
structionin thetables.

7 Model use
In the previous section,we describedthe stepsa core-designer

coulduseto build acore’ssystem-level modelin amannersupport-
ing estimation.In thissection,weoutlinestepsnecessaryfor acore
user to usesucha coremodel to build an SOCandperformesti-
mations,summarizedin Figure3(b). In brief, thesestepsinvolve
creatinga high-level modelof the system,simulatingit to obtain
simulationdata,andanalyzingtheresultsto obtainpowerandother
estimates.

The userof coreswill selecta set of objectsrepresentingthe
coresof the systemunderdesign. Thesecoreswill be integrated
togetherusing one of the methodsdescribedin the system-level
modelingsection.Then,thismodelof thesystemwill besimulated.
At the endof the simulation,eachcore in the modelwill output
powerandperformancedata,saytogglecount.Multiple simulation
runscanbe carriedout to obtainpower andperformancedatafor
differentcoreparametervaluesandconfigurations.

Thedataoutputtedby thecoreswill besubsequentlyusedin an
analysistool. At theminimum,theanalysistool will applyproper
technologyspecificmetrics,e.g.,capacitance,clockfrequency, etc.,
to thedataobtainedfrom simulationin orderto producepowerand
performanceestimates.For example,the analysistool will multi-
ply thesquareof thesupplyvoltageandtheaveragecell capacitance
with thetoggleswitchdatato obtainpowerestimates.Theanalysis
tool may examineothersimulationdata,suchas i/o frequency to
andfrom differentcores,to alsoperformestimatesof power con-
sumedby on-chipbusses[5].

8 Experiments
To illustratetheconceptspresentedin this paper, we modeleda

Digital-Camerausingmethodcalling objectsaswell asusingRT-
synthesizableVHDL. Figure5 illustratesthefourmaincores,CCD-
PP, MIPS,CODECandUART thatcapture,processandoutputdig-
itized pictures.We will next detail theDigital-Camera’s functions,
theobject-orientedmodelof it, andthesimulation,analysisandes-
timationof powerandperformanceresults.

The heartof the Digital-Camerais a simplified MIPS proces-
sor andon-chipcacheboundedtogethervia a high-speedbus and
surroundedby a numberof peripheraldevices, i.e., cores,com-
municatingover a peripheralbus, designedfor layout on a single
chip. TheapplicationrunningontheMIPSissuesa“capture”com-
mandto theCCD-PP(chargedcoupleddevice- pre-processor)core
which in turn usesa CCD to captureandprocessa single frame
andstoresit into internalmemory. Theapplicationthenclocksout
the image,onepixel at a time, andstoresit into memoryto been-
coded/decodedby the CODEC,displayedandserially transmitted
via a UART core. The UART corecanbe synthesizedto have an
internalbuffer sizeof 2, 4, 8, or 16. TheCCD-PPcanbe synthe-
sizedfor usewith 8x8, 16x16and32x32CCDs,the CODECcan
besynthesizedwith oneof four differentcompressionalgorithms.

Thehigh-level Digital-Cameramodelis composedof four C++
objects representingthe simplified MIPS, CCD-PP, UART and
CODEC,totalling about600 lines of code. Figure6 depictsthe
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Figure6: Object-orientedmodelof theDigital-Camera

objects,andtheir relationshipto eachother. Eachoneof theseob-
jectsprovidesmemberfunctions,a.k.a.,methods,thatfunctionally
describethe coreit represents.The CCD-PP, UART andCODEC
can be instantiatedwith different parametervalues. This allows
for estimatesfor differentcoreparametersconfigurations.We de-
finedthreeinstructionsthatabstractlymodeltheCCD-PP, namely,
“reset”, “capture” and“read pixel”. The correspondingmethods,
wheninvoked,addto amembervariable(initializedto zeroonstart
of the simulation)somenumberof toggleswitchesobtainedfrom
gate-level simulation. Similarly, theUART is broken into four in-
structions,“reset”, “enable”, “disable” and“write buffer”. These
toggleswitchcountersareoutputtedby eachobjectat theendof the
simulation,alongwith i/o andtiming informationfrom the MIPS
objectto beusedin asubsequentpower/performanceandbusanal-
ysistool asdescribednext.

The analysistool readsthe toggleswitch datafrom simulation
and computespower using technologyspecific metrics such as
wire/gatecapacitance[2] [17], and supplyvoltage. In addition,
i/o (frequency of methodcalls) is usedto explore peripheralbus
configurationssuchaswidth andencodingfor low power andac-
ceptableperformance[5].

The low-level Digital-Camera model, used to validate the
accuracy of our system-level approach,consistsof Synopsys-
synthesizableRT modelsof the four cores,totalling about4500
lines of code,written aspart of UCR’s Dalton project. To obtain
actualpower valuesto comparewith, we synthesizedthe models
to gatesandthenusedthe Synopsyspower estimationtool to get
gate-level accuratepowerandperformanceresults.

We simulatedthe low-level and the high-level modelsof the
Digital-Camerafor 8 differentsetsof coreparameters.Eachsim-
ulation was long enoughto capture,processandserially transmit
a singleframe,i.e., digital image.Table2 summarizesour results.
Thenumberin theUART columnis thebuffer size(in thiscase,the
samevaluesfor all sets),thatunderCCD-PPis theimagesize,that
undertheCODECis thecompressionalgorithm.Thenext column
givestheperipheraldatabuswidth. Thenext two columnsgive the



UART CCD-PP CODEC BUS System-level time Gate-level time System-level power Gate-level power Powererror
2 16x16 1 32 0.07 85 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: Timeandpower comparisonbetweensystem-level andgate-level time(minutes)andpower (micro-Joules).

CPU-timeit took to run the simulationsfor the systemandgate-
level models. On the average,the system-level modelsimulated
thousandsof timesfasterthanthegate-level model. Thenext two
columnsgive estimatedsystem-level andactualgate-level power.
Estimatedpowerwasbetween11%and31%accurate.Moreimpor-
tantly, the magnituderelationsamongthe estimatedpower values
matchthemagnituderelationsamongthegate-level values,mean-
ing thatarchitecturaldecisionscanbemadecorrectlyfrom thees-
timatedvalues. For example, the last row representsthe lowest
powersolution,asindicatedby boththeestimatedandactualpower
numbers,correspondingto a smallCCDandasimplecompression
scheme.

9 Future work
Onelimitation of our approachis that simulationmustbe per-

formed for every configurationof core parametersthat we wish
to consider. While suchsimulationis many ordersof magnitude
fasterthangate-level simulations,it still requiresseveral seconds
and henceprohibits exploration of hundredsor even millions of
configurations.Thus,further techniquesshouldbe developedthat
allows oneto simulatethe systemjust once,andthenrapidly ex-
plore different core parametervalues(as hasalreadybeendone
for on-chipbus exploration[5]). Work mustalsobe performedto
performestimationfor microprocessorsandmemorycores,which
arehighly-specializedcomponentsrequiringspecializedestimation
techniques.Anotheravenueof futurework mayinvestigatetheim-
pact of particularsequencesof core instructions,whereasin this
paperwetreatedeachinstructionindependently.

10 Conclusion
Powerestimationfrom high-level modelsearlyin thesystemde-

signprocesspreviouslysufferedfrom muchinaccuracy, whilevery-
accurateestimationfrom lower-level models(e.g., RTL–level or
gate–level) suffer from unacceptablylong computingtimes. How-
ever, theadventof coresmeansthataccuratelow-level power infor-
mationcannow beincorporatedinto high-level models.Wedefined
sucha hybrid approachandconductedexperiments,with an em-
phasison parameterizedcores,resultingin extremely fastsystem
simulationson theorderof milliseconds,aswell assufficiently ac-
curateestimations.Theapproachis applicableto otherdesignmet-
ricsalso,suchassizeandperformance.Theresultis thatdesigners
of core-basedsystemsusingthisapproachcanmakepower–related
architecturaldesignandparameterselectiondecisionsearly in the
designprocess,whereimpact is large, underthe guidanceof fast
andaccurateestimations.

11 Acknowledgement
A DesignAutomationConferenceGraduateScholarshipanda

NSF grantsupportedthis research.We aregratefulfor their sup-
port.

References
[1] A.Chandrakasan,M.Potkonjak, J.Rabaey, R.Brodersen,Hyper-LP:

A Systemfor PowerMinimizationusingArhcitectural Transforma-
tions, IEEE Proc.of Int’l Conf. on Computer–Aided Design(IC-
CAD92),pp.300–303,1992.

[2] J.Chern,J.Huang,L.Arledge,P.Li, P.Yang,Multilevel MetalCapac-
itance Modelsfor CAD DesignsynthesisSystems, IEEE Electron
Device Letters,vol. 13,no.1, pp.32-34,January1992.

[3] A.Evanset al., FunctionalVerificationof Large ASICs, DesignAu-
tomationConference,1998.

[4] W.Fornaciari, D.Sciuto, C.Silvano, Power Estimation for Archi-
tectural Explorationsof HW/SWCommunicationon System–Level
Buses, TobepublishedatHW/SWCodesignWorkshop,Rome,May
1999.

[5] T.Givargis, F.Vahid, InterfaceExploration for ReducedPower in
Core-BasedSystems, InternationalSymposiumon SystemSynthe-
sis,December1998.

[6] T.Givargis, J.Henkel, F.Vahid, Interfaceand Cache Power Explo-
rationfor Core-BasedEmbeddedSystemDesign, Submittedto Inter-
nationalConferenceonComputerAidedDesign,November1999.

[7] R.Guptaand Y. Zorian, Introducing Core-BasedSystemDesign,
IEEEDesignandTest,Vol. 14,No. 4, Oct-Dec1997,pp.15-25.

[8] T.Kuhn, W.Rosenstiel,U.Kebschull, Object Oriented Hardware
Modeling and SimulationBasedon Java, InternationalWorkshop
on IP BasedSynthesisandSystemDesign,Grenoble,France,1998.

[9] S.Kumar, J.Aylor, B.Johnson,W.Wulf, Object-OrientedTechniques
in HardwareDesign, IEEEComputer, vol. 27,pp.64-70,June1994.

[10] G.Lakshminarayana,A.Raghunathan,K.S.Khouri, N.K.Jha,Com-
mon Case Computation: A High-Level Power-Optimizing Tech-
nique, IEEE Proc. of Design Automation Conference(DAC99),
June1999.

[11] F.Mallet, F.Boeri,andJ.F.Duboc,Hardware Architecture Modeling
Using an Object-OrientedMethod, Proceedingsof the 24th EU-
ROMICRO Conference,August1998.

[12] C.Passerone,R.Passerone,C.Sansoe,J.Martin, A.Sangiovanni-
Vincentelli, R.McGeer, Modeling ReactiveSystemsin Java, Pro-
ceedingsof theSixthInternationalWorkshoponHardware/Software
Codesign,March1998.

[13] B.Payne,RapidSiliconPrototyping:Paradigmfor CustomSystem-
on-a-ChipDesign, http://www.vlsi.com/velocity, 1998.

[14] A.Raghunathan,S.Dey, N.K.Jha,Glitch analysis,and reductionin
register–transfer–level power optimization, IEEE Proc. of Design
AutomationConference(DAC96),pp.331–336,1996.

[15] V.Tiwari, Logic andsystemdesignfor low powerconsumption, PhD
thesis,PrincetonUniversity, Nov. 1996.

[16] F.Vahid, T.Givargis, Incorporating Cores into System-Level Speci-
fication, InternationalSymposiumon SystemSynthesis,December
1998.

[17] N.H.E.Weste,K.Eshraghian,Principlesof CMOSVLSIDesign, Ad-
disonWesley, 1998.

[18] J.S.Young, J.MacDonald, M.Shilman, A.Tabbara, P.Hilfinger,
A.R.NewtonDesignandSpecificationof EmbeddedSystemsin Java
Using Successive, Formal Refinement, Proceedingsof the Design
andAutomationConference,June1998.

[19] NationalTechnology Roadmapfor Semiconductors, Semiconductor
IndustryAssociation,1997.


	ASP-DAC2000
	Front Matter
	Table of Contents
	Session Index
	Author Index


