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ABSTRACT

Evaluationboardsare popularas prototypingplatformsin embeddedsoftware development. They often are preferredover

simulationto avoid modelingeffort andsimulationtimesaswell asover completehardware prototypego avoid development
cost. Evaluationboardsprovide accuratdiming resultsaslong asthe main architectureparametersnatchthe targethardware

system.For largerprocessorsthis is often not the casesincethe cacheandmain memoryarchitecturesnight differ. Another
problemis thelack of obsenability of the softwareexecution.Pin-Outversionsof processorsvith improvedobsenability are

expensve (soarein-circuitemulatorspndnotalwaysavailable,andon-chipprocessotestsupportrequiressoftwareadaptation.
A particularproblemarisesvhentrying to verify therunningtime boundsof embeddedoftwaresuchasrequiredfor hardreal-

time systemsHere,formal analysisapproachebave beenproposedvhich requiresegment-wisesxecutionof aprogramunder
investigation Anotherproblemis the accurateanalysisof processopower consumptiorfor differentexecutionpaths.

Thepaperpresentanapproactto fastacquisitionof compactimed executiontraceswith instructioncycle accuratgpower
sample®ncommerciakvaluationkits. Globalsystemmodelingabstractsheervironmentto asetof parameterthatis included
in the softwareunderinvestigationfor sggment-wise yeal-timeexecution. Trigger pointswrite sourcecodeline numbersand
enegy sampleso theaddresanddatabuswherethey arereadby alogic stateanalyzer Experimentshaw thattheapplication
of triggerpointsavoidstheacquisitionof long, completetraceson sophisticateddedicategrototypingplatformsasin previous
work while moreaccurateexecutiontime andpower consumptiorcanbedelivered.
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1. INTRODUCTION

Embeddedsystemrunning time and power analysisare requiredfor validation and designspaceexploration of embedded
systems.Due to the increasingamountof software on reusabletarget architecturesfastand accuratesoftware runningtime
and power analysisplay an importantrole in VLSI systemdesignwhile rapid prototyping needsearly physicalexecution.
Testpatternscaninstrumenthe programunderinvestigationfor executionwhile staticapproachessolateexecutablegprogram
segmentsfrom the program®? We investigatedhe possibility of usingcommercialevaluationkits anda logic stateanalyzer
with network accesgor fastandaccurateacquisitionof embeddedystemsoftwareexecutiontime andpower consumption.

For the verification of hardreal-timesystemsformal analysisapproachesequiresegment-wise real-timeexecutionand
measurementf the programunderinvestigation.The original cachebehaior hasto be preseredandacquiredbecausdt has
a majorimpacton executiontime. Cycle accuratgpover consumptiomeedsto be measuredvithout changingthe execution
contet of the instructionsunderinvestigation. Theserequirementsare impossibleto meetwith most existing approaches
wheresophisticatedommunicatiorof the completeprocessounderinvestigationwith its environmentresultsin unacceptable
emulationtimes. In theseapproachesmnajor changego the instrumentedrograminvalidateits original cachebehaior and
power consumptionwhile measurementesultsare only available for single instructionsor the completeprogram. In the
presentedpproachpeforehandystemmodeling candeliver the relevantparametersf the surroundingcomponentshatare
integratedasfar aspossibleat compiletime. This allows real-timeexecutionandmeasuremendf theinstrumentegrogramor
isolatedprogramsegmentswhile relevantinformationis storedin avery compactrace.An off-the-shelfprocessoevaluation
kit andvery little hardwarefor power measuremerdre needed.Digital valuesare storedby theinstrumentegrogramunder
testitself. A logic stateanalyzemwith anetwork connectiorto thedevelopmentplatformis usedto measurexecutiontime and
power consumptiorin avery efficient way thatabstractshe boardhardwareto a processosimulator

This paperis organizedas follows: Section2 reflectsprevious work. Section3 introducesthe codeinstrumentatiorof
programsbeforesection4 explainsour approachio measuremertf executiontime. Section5 explainsour approacho power
measuremenSection6 presentg&xperimentswvith acommerciakevaluationkit beforewe concludein section?.



2. PREVIOUSWORK

Processoevaluationkits with PCI bus interfacesare state-of-the-arin embeddedystemsoftware emulationusing desktop
personalcomputers. They are often preferredto simulationsincethey avoid the necessityto include processomodelsand
developmodelsfor theembeddedystenmenvironment.Accurateprocessomodelsareoftenhardto getandervironmentmodel
developmentextendsdesigntime and cost. Most software developmentervironmentsaretool suiteswith built-in deluggers
thatrun on a hostPC or work stationand communicatewith the evaluationkit. The compilersgeneratespecialexecutables
for dehugging. This is a costeffective approachbut it lacksthe capabilityof detailedsoftwareexecutionanalysis suchasthe
detectiorandanalysisof "hot spots”in theprogramexecution,i.e. partsof a programwhich areexecutedrequentlyor consume
high enegy. Moreover, evaluationboardmemoryarchitecturds oftendifferentfrom the targetarchitecture.To overcomethe
differentdravbacks,severalresearchgroupshave presentedifferentprototypingandmeasuremerdpproachesvith real-time
executionof the programunderinvestigation.

ThededicatedBACH addressracingplatfornt is usedto collectan Intel 486 specifictrace.lt collectsall accesaddresses
while sourceline numbersare neededor software emulation. Tracesget long and are hardto back annotateto the source
codeof the programunderinvestigation. Cachesare switchedoff duringtracing,so no relevant performancenmetricscanbe
estimatedThe systemalsolacksatime basefor thetrace.As thetime tracinghardwarewasspeciallybuilt for the Intel 486t
is hardto be usedfor otherprocessotypessuchasRISCs.Anotherapproactwith a dedicatedarchitecturé called TimerMon
instrumentghecodewith write referenceso aspecialtracememoryincludingeventID andtimestamgor timing measurement
whenexecutingthe programunderinvestigation A time bases presentput cachesarenotregardedn thisapproachNo power
measuremens partof thesepreviousapproachewhile bothneedsophisticateddedicatechardwareto storethetraces.

Experimentsvith SRFARC and DSPevaluationplatform$ canbe donein a very efficientway. Executiontime and power
consumptiorof single machineinstructionsare determinedoy executingthemin a loop. An analogamperemeteris usedto
measurghe averagecurrentin the boardsupplyline for powver measurementThe metricsare usedin aninstructiontiming
addition approach extendedto an instructionenegy addition approach.No remoteaccesdgor startingthe measurementr
automaticevaluationand exploitation of the measurementesultsis possible. The supply currentof the completeboardis
measuredsothe power consumptiorof the processocannotbe separatedrom thatof thememoriesandthe othercomponents
on the board. No instructioncycle accuratameasuremeris possiblebecausehe systemlacksa time baseandthe possibility
to storemeasuredaluesafteratriggerdefinition. Instructionenegy consumptionsremeasuredn aloop insteadof the real
context of the program thusthe valuesareextremelyinaccurategspeciallywhencachespipelinesandglobalregistersetsare
present.Thisis acommoncasewith RISC processorsesultingin overlappinginstructionexecution.As the systemalsolacks
thepossibilityto storea power trace, the measurementdf a completeprogramor programsegmentis not possible.

Theseresearchapproachesannotautomaticallyreferencehe line numbersof the sourcecode. Oftenonly executiontime
and power consumptiorof eitherthe completeprogramor singleinstructionson the completeboardunderinvestigationcan
be measuredvhile the deliveredtraceonly containsan addressequenceavithout executiontime, power consumptioncache
behavior or referencedo programsegmentsin the sourcecode. Cacheghat have a substantiakffect on executiontime and
power consumptionare eithernot presentor switchedoff in the presentedapproachesThis canbe overcomeby usingfast
cachesimulatior! but noneof thereviewedapproachesandeliver accurateesultsfor executiontime andpower consumption
of programsegmentson morecomplex processohardware.

3. CODE INSTRUMENTATION AND PROGRAM PARTITIONING

The software underinvestigationusually containscontrol structureshat dependon input datawhile measurememeedsan
executionof the program.For this purposea testpatternrepresentingpne possibleinput datasetcanbe givenleadingto one
executionandaccordingmeasuremerdf the programthatis only valid for thetestpattern.This enablesisto useour approach
for the completeprogram. Segment-wiseexecutiontime and power consumptionare neededas a basefor static validation
of real-timeembeddedsoftware? so every sgmentneedsto be executed. We needto mark the beginning andthe endof a
completeprogramor a programsegmentto measurdts executiontime and power consumption. This is donewith trigger
points. Thesepoints mark the sourcecodeto be measuredand can be recognizedwith the logic stateanalyzerconnected
to the processobus. The beginning andthe end of the programsegmentunderinvestigationis marked. Trigger pointsare
implementedy storeinstructionsto non-cacheanemoryspacesDetailsareexplainedin sectior4.

Testpatternmight not reflectbestor worst casef runningtime or power consumption.Staticanalysisexploresfeasible
andinfeasibleexecutionpaths-? and designerinteraction® Programsegmentexecutiontime and power consumptioncan
be measuredvith our approach.In the following, we presentdifferentpossibilitiesfor the instrumentatiorof the complete
programor the programsegmentsunderinvestigation.



3.1. Instrumentation of the Complete Source Code

For timing andpower measuremeran the evaluationkit, the programcanbe executedasa whole usingtestpatternsor ary set
of input data. Wherecontrol structuresaredependingon input data, pathsfor bestcaseandworst caseexecutionmay differ
from the control flow given by the testpatterns. This may be solved by pathanalysi§2! which is beyond the scopeof this
paper As long astestpatternscover every programseggment,we mark the beginningandthe endof a programsegmentwith

atriggerpoint. Executionof the programseggmentpermitsthe measurementf its executiontime andpower consumptiorthat
is abasefor the calculationof the worstcaseandbestcaseexecutiontime or power consumptiorboundsof the feasiblepaths.
Thisresultsin the upperandlower boundsfor the executiontime andpower consumptiorof the completeprogram.

3.2. Instrumentation of I solated Program Segments

If programsegmentsare not reachedin the executionof the instrumentedporogrambecauseest patternsdo not cover all
potentialexecutionpaths while the standalonexecutionof the missingprogramsegmentis possiblethey canbeextractedand
be executedseparately Therefore they areloadedto the baseaddresghey would be mappedo whenthe completeprogram
is givento the linker. The mapfile deliversthis information. The usedvariablesmustbe initialized to avoid, for example,
divide-by-zeroeffects. A standarciataflow analysi§ providesthe variablesto be declaredandinitialized to their startvalues
to make physicalexecutionof the programseggmentpossible.

3.3. Simulation of Program Segments

The programsegmentor completeprogramcan be simulatedas a referencesolutionusing given input dataanda cycle true
processomodell® whichcanexactly deliver processoexecutiontime or powerconsumptionThis canbeary well established,
off-the-shelfprocessosimulatorprovided by the processovendor As an examplefor cycle true processosimulation,that
deliversthe executiontime or power consumptiorof theprogram a StrongARMsimulatorcoreis combinedwith the DINERO
Il cachesimulator deliveringbothinstructionanddatacachebehaior. Sourcecodeshave beenrecompiledto onesimulator
Architecturemodelingregardingexecutiontime is given by the Cygnussimulatorwhile the enegy dissipationmodef11 is
directly basedon the executiontime in afirst approach.Comparedo the evaluationkits, simulationis slow, inaccurateor the
simulatormight not be availableat processoreleasdime, sothe applicationof softwareemulationis feasible.

3.4. Execution on the Evaluation Kit

After the codeunderinvestigationhasbeencross-compiledor the processoron the evaluationkit it is downloadedto its
memory This is the only down link communication the executionrunsin real-timeduring the measurementlf different
processeseedto be measuredit once,areal-timeoperatingsystemRTOS, thatallows unrestrictednemoryaccesshouldbe
installedon the evaluationkit.

4. TIMED TRIGGER POINT TRACE

Whenprogramsor programsegmentscanbe executedby codeinstrumentatioror pathextraction,the traceandthe resulting
executiontime andpower consumptiorof the executedcodecanbe obtainedby measurementPrevious approachestorethe
full addressequence®f dataandaddressus which leadsto memoryconsumingprogramtraces.We reducethe traceof the
programby usingtrigger points.

4.1. Compact Trace Generation

Triggerpointsmarkthe beginningandthe endof a programor a programsegmentthatwe needto measurehe executiontime

for. Relevant programsegmentscanbe determinedwith the SYMTA pathanalysistool suite?! If we only needthe timing

for the sggment,we trigger a clock thatis usingthe systemclock of the boardwhenwe passthefirst trigger point andstopit

whenwe passthelastone. Intermediatgrogrambehavior is not needed Thetrigger pointshave to containinformationabout
the sourcecodelines the programseggmentsbegin andendat to permita backannotationof the timing to the programunder
investigation.In our approachseveral stepsareneededo implementa fully automatedneasuremerandbackannotationof

resultsfor executiontime andpower consumptiorto the sourcecode.

1. Trigger pointsneedto be insertedinto the sourcecode. To presere the programstructurewith automatictrigger point
insertion,every block belongingto a control structureneedsto be setin curly braces{ }. Thisis donein arecursve
descend After that, trigger pointsareautomaticallyinsertedinto the code. A tablewith sourceline crossreferencess
built for laterbackannotation.



2. A triggerpointis implementedy a storeof the sourcecodeline informationto a definedtriggeraddressn anoncached
part of the memoryspace. An architecturespecificexampleis givenin figure 1. Unlike previous work, this method
allowsto usethe processocache.Thestoreinstructionsareinstrumentedsinline assemblelinesto the C sourcecode.
Assembleiinstructionandtriggeraddressaneasilybe changedo variousarchitecturesvhile thetriggerpointlocations
have to be a consenrative selectionwith respecto pipelineandcachebehaior aswell asthe globalregisterallocation.

3. During execution,thetrigger pointsarefound by monitoringthe addressuswith alogic stateanalyzer The associated
datais stored,containingthe currentsourceline number The line numbersof the trigger pointswith corresponding
logic stateanalyzertime stampsare storedinsteadof full traces.Addressanddatabus caneitherbe measuredht extra
connectionsat the processopinsor by connectinghe probeto a bus slot of the evaluationboard. Thetime basefor the
offsetbetweerthetriggerpointsis calculateddy thelogic stateanalyzewusingtheboardclock, notby dedicatechardware
likein previousapproaches.

4. The developmentplatform readsthe resultsfrom the logic stateanalyzervia a simplef t p session.This raw datacan
be evaluatedin mary ways. Executiontime of the whole programandexecutioncountsplus executiontime of program
sgmentdbetweertriggerpointscanbeachievzed. An exampleof aninstrumentegrogramandtheresultingintermediate
logic stateanalyzerformatcanbe seenin figure 6. Bestcaseworstcasefirst or lastexecutionof the programsegments
markedby trigger pointscanbe computedaswell astheaverages.

4.2. Exploitation of Trigger Pointsand Back Annotation

In afirst step,we have to markthe sourcecodelinesthatwe wantto measurehe executiontime andpower for. This needsa
file denominatinghesdinesin ascendingrderseparatethy NEW.1 NEs, calleddefinitionfile. We definea formatfor atrigger
pointcommenthatsupportghe directdeterminatiorof the sourcelines.

/* TPcommentIDTPdefinition1,TPdefinition2,. */

TPcommentID%I P

TPdefinition : TPnameTPkind

TPname : string

TPkind :BEG N | SIMPLE | END

A trigger point commentis composecdf oneor moretrigger point definitions eachof which consistsof a trigger point
nameandatrigger pointkind. Any stringconstantanbechoserfor atriggerpointnamewhile all triggerpointswith thesame
namearecollectedin atrigger pointclass Thefirst trigger point of a classwill be markedasBEGQ N, the lastasEND andthe
othersasSI MPLE. But it is alsopossibleto setall trigger pointsof a classto the kind SI MPLE. The trigger point comment
shouldexactly bewrittenin theline befole theline of interest.Only for an END pointit makessensdo setit behi nd thelast
instructionof interest.A tool readshe sourcecodewith triggerpointcommentsandcreateghedefinitionfile, accordingto the
codedinformationandthe giventriggerpoint class.lt is possibleto createthe definitionfile with othertoolsor evenmanually
As we insertadditionalsourcecodeinto a program,we have to presere the consisteng of the program. Control structures
likei f - el se permitthewriting of singledependen€ instructionswithoutapplyingbracesIn the caseof triggeringon such
single dependeninstructions,we have to insertadditionalbraces becausenow thereare two instructionsdependingon the
samecontrol structure hamelytheinline assembleline andthe instructionof interest.We setbracesaroundevery instruction
block usingarecursive descent.

The next stepis the insertionof the inline assemblefines. The insertionis doneby readingthe preparedC file and by
writing the architecturespecificinline assemblefinesto the line numberswhich aredenominatedn the definitionfile. The
crossreferenceof the original, the preparedand the trigger point file line numbersare storedin a table file. Finally the
executableprogramis compiledby a standardC compiler We automaticallygenerataifferentcontrolfiles for the logic state
analyzerandthe power device. Othercontrol files are neededasinput files for the terminal programof the evaluationkit.
The measuremerdtartswith a completeresetof the boardby the softwaredriven power control. The executableprogramis
downloadedto the evaluationkit andthe setupprogramcontainingthe trigger sequencés loadedto the logic stateanalyzer
After programexecutionthelogic stateanalyzeris stoppedandtheresultsaretransferedrom theanalyzertto the host.

At last the resultsare evaluatedon the host. As the sametrigger point can be reachedon different paths,it hasto be
analyzedn relationto the others.If therearemoreiterationsfor examplewhenmeasuring loop, theresultsaregivenfor the
total numberof executions.They areenumeratedor thefirst andthelast,theworstandthe bestcaseslt is possibleto marka
specialiteration,too. Finally the setupoverheadht programstartaswell asthe numberof triggerpointspassedarelisted.



4.3. Example: Timing Measurement for a SPARCIlite RI SC Processor

Executiontime andpower consumptiorof programsegmentshave beenmeasuredn acommercialSFARClite evaluationkit by
insertingtriggerpoints. The CygnusC compilerhasbeenusedfor assemblycodegenerationln the currentsetupwe areusing
DRAMSs which preventsusfrom separatinggachemissedrom memoryrefreshaswe cannotaccesshe memorycontroller, but
this canbe overcomeby analyzingtherefreshstrat@y or selectingSRAMswhenchoosingan evaluationkit.

After programcompletiontheresultsarebackannotatedo the sourcecode. Thewholemeasuremeris softwarecontrolled
includingboardstartupby switchingon its power supplyfrom the network, trigger pointinsertion,compilation,downloading,
executionandbackannotation.An overview for the SFARClite evaluationkit andits setupis shavn in figure 2. Theterminal
programonly writesthe instrumentedxecutableprogramto the board,which is a fastoneway communication.The program
is executedn real-timebeforetheresultsarereadfrom thelogic stateanalyzermemory

The implementationof the trigger points for the definition of the beginning and the end of a programsegmentor the
completeprogramfor SFARClite is shovn in figure 1. Theaddressvord containsthetriggeraddresshatis recognizedy the
logic stateanalyzer The databus value consistsof afile identifierto distinguishbetweendifferentsources.lt is followed by
thesourcecodeline numberthatis alsoreadby thelogic stateanalyzer For power measurementhis triggerpointis extended
in section5. Theaccesaddresaswell asthelogic stateanalyzersoftwarecaneasilybe modifiedfor anadaptionto different
evaluationkits.

DATA(31..0) = fileID(31..24) & line(23..0)

AN A7
23 __asm__ volatile (“sta %0,[%r1]%2" : : “(00 “rJ”“I“@
g N

24 printData(); ADR(31..0) = base(27..0) & ASI(31..28)
25 __asm__ volatile (“sta %0,[%r1]%2” : : “(0xa00001a), “rJ” (8), “I* (7));

Figure 1. Triggerpointsfor SFARClite emulationboards

Any commercialevaluationkit with bus accesscanbe usedfor this purpose. Our currentwork in the prototypingarea
focuseson software controlled executiontime and power measurementn a StrongARM evaluationkit. The automation
abstractshe evaluationkit to the sameevel asa softwaresimulatorfor the architecturanodelingof a programsegment.

4.4, Limitations

Theinsertionof trigger pointsinto the sourcecodemodifiesthe programunderinvestigation.This implies someoverheadand
limitationsregardingmeasuremerrecisioncausedy theinsertionof trigger points.

¢ We want to keepthe modificationsconsenrative, so no global compiler optimizationacrosstrigger pointsis allowed,
pipelinesandregistersareflushedandthe cachesareresetat trigger points. Compileroptimizationshifting the codeline
of thetriggerpoint hasto be avoided,too.

e Eachtriggerpointimplies atiming overheadvhenthe addresss written to the bus. The numberof cyclesdependsn
thearchitectureThis overheaccaneasilybe subtractedrom the measurediming to getthereal executiontime.

e While the shifting sourcecodeline numberscausedoy trigger point insertionaretaken careof in a table,the shifting
addressesf the objectcodethroughtheinsertionof storeinstructionsfor thetriggerpointshave anunpredictablesffect
on pipelineandcachebehavior. For this reasonwe try to keepthe modificationthroughtrigger pointinsertionassmall
aspossibleby insertingtrigger points only at the beginning andthe end of the programsegmentunderinvestigation.
Reducinghenumberof triggerpointsdoesnot only helpto keeptracesascompactaspossiblebut it alsoleadsto higher
measuremenrecisionregardingthe influenceof thetriggerpointsto the systemunderinvestigation.

e Anotherlimitation is the memorydepthof thelogic stateanalyzer Eventhoughthe traceis very compactwe canonly
analyzeasmary trigger points asthe memoryof the logic stateanalyzercanstore. In comparisorto dedicatedime
tracingplatforms,this off-the-shelfmemoryis easyto extend.
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Figure 2. SRARClite evaluationkit with logic stateanalyzerandhostfunctionality

5. TIMED ENERGY SAMPLES

After successfuimplementatiorof the compactime tracingwe extendedour approacho power measurementlhis extension
candeliver the enegy consumptiorof programsegmentsor a small completeprogram. Theinstrumentationthe preparation
andtheinsertionof triggerpointsinto the programto markthebeginningandthe endof aprogramsegmentunderinvestigation
arethesameasintroducedn section4.

5.1. Hardware Setup

First of all, we needto selectcoreandbus frequeny we wantto measureat becauséoth influencethe power consumption
of boardandprocessarThen,a decisionwhetherto measurehe power consumptiorof the completeevaluationkit including
processgrmemoriesandinterfacesor of the isolatedprocessohasto be made. Measuremenbf the completeboardpower
consumptioris far easieraswe only have to accesghe power connector For isolatedpower measuremertf the processowe
have to accessts on-boardpower regulatoroutputcurrent.

Pawver is measuredy insertinga shuntresistorinto the power supplyline. For on-boardaccessthe resistorhasto be
mountednto the power supplyunderinvestigation For the calculationof the pawer consumptiorthevoltageacrosgheresistor
is measurediswe canseefor SRARClite in figure 3. The setupis valid for mostevaluationkits. We have to ensurethatthe
voltageacrosshe resistordoesnot reducethe supplyvoltagebelov the specifiedminimum input level of boardor processar
This meanswe have to keepthis voltageassmall aspossibleby choosinga smallresistorvalue,but thenit is muchtoo small
for theinputlevel neededor the analog-to-digitatorversion.An analogamplifier generateshe accordinginput voltagewith
respecto valueand offsetfor the analog-to-digitakcorversion. As amplificationand analog-to-digitakcornversionhave to be
doneat processospeedwe needvery fastcomponentandlimit the measurementb eightbit which is accurateenoughin a
first approach.

This kind of measuremendeliversthe power consumptionat one point in a processoicycle while power consumption
duringacycle canvary alot dueto switchingeffectsnearthe clock edges For this reasonwe integratethe power consumption
over a completeclock cycle which is sampled.This meanswe getonevaluefor the enegy consumedn the cycle with each
activationof theanalog-to-digitatorversion.Thelogic stateanalyzereadsthedigital outputin parallelto the addressus,so
areferenceo the sourcecodeis giventhatcanbe usedfor sophisticated@xploitation of instructionlevel power consumption.
As we getonesamplefor every cycle, the influenceof adjaceninstructioncyclescanbe investigatedIn otherwords,supply



currentresultsin a voltageacrossthe resistorwhich representshe instantaneoupower consumption. This is integratedto
achieve the enegy consumptiorof aninstruction. In thefollowing, the term powerconsumptioris usedbecausét represents
all thesemetrics,actuallymeaninghe enegy consumptiorin thecycle.

5.2. Single Shots

Trigger pointsleadto a measuremeraf the power consumptiorof the cycle theinstrumentednstructionis executedn. This
meanghereis absolutelyno referenceo the programunderinvestigationbecausave measurghe power consumptiorof the
insertedriggerpoint. Thisis still necessaryo beableto subtractits overhead For measurementf singlecycles,the sampling
of power hasto be delayedat leastonecycle beyondthetriggerpoint, but its influenceis still present Measuremenof single
cyclesdoesnot make muchsensen enegy measuremerfor programsegmentsor completeprograms.lt is only neededo
measurehe power consumptiorof specificinstructionsequencésto build up atablebasedapproach.

5.3. Continuous M easurement

For programsegmentmeasuremengt leastonesampleof the integratedpower consumptiorper clock cycle is needed Mea-
surements startedandterminatedwith a trigger pointlike in traceacquisition. Betweenthe trigger pointsonly the sampled
power consumptionfor every cycle is readwith the logic stateanalyzer The addressus can optionally be readfor more
accurateébackannotation. This meanghat we geta traceof power samplesetweenthe trigger points, so we canassignthe
power consumptiorto a programsegment. It deliversvery accurategpower consumptiormeasurementsomparedo previous
approachewhile verylittle hardwareoverheads neededAs we directly measurghe power consumptiorof theinstructionsn

the ervironmentthey areexecutedin insteadof loops,their original power consumptioris delivered. The sametrigger points
areusedfor timing andpower measuremengothe samemechanismsor theresultcalculationlike in section4.2 canbeused.

While singleshotsareneededor atablebasedapproachcontinuougpower measuremertanbe appliedfor designspace
explorationof differentimplementationsf programsegmentsregardingtheir codinginfluenceto power consumption.

5.4. Example: Power Measurement for SPARCIite

We implementedthe power measuremenrdpproachusing the SFARClite evaluationkit that we alreadyappliedfor compact
timedtracegeneration.Figure3 shavs the hardware setupto measurehe power consumption.The cycle enegiesmeasured
betweerthe trigger pointsareaddedto the total enegy consumptiorfor thetrigger points. Thesevaluescanbe exploited the
sameway asthe executiontimesthatwe explainedin 4.2. Thecorefrequeng, beingtwice thebusfrequeng, is generatedrom
theprocessoitself. This meansve needtwo clocks,onefor thebusclock of the processoandonefor themeasurementhich
mustbethe sameasthe corefrequeng.
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Figure 3. Povermeasuremerdetupfor SFARClite



In orderto permitan 80 MHz operationof the power measurementiastcomponentgor amplification, integration and
analog-to-digitacorversionareneeded:A precision0.1 Q shuntresistorin the power supplylinesdeliversananalogvoltage
of 10to 40mV. Thisensuregorrectoperatiorof all componentsntheboardbecaus¢heremainingsupplyvoltageis still way
abovetheminimum. The MAX436 operationabmplifierwith 275MHz gainbandwidthproductGBPis usedasthedifferential
amplifier. The power integratorusesa 39 Q resistor a 10 pF capacitorandan AD8012 operationalamplifier with 350 MHz
GBPR The sameoperationalamplifier is usedfor the preamplificationfollowed by an NSCLC4250perationalamplifier with
1.9 GHz GBP for the main amplificationto gain a level suitablefor analog-to-digitakorversion. An ADOP27GSdecouples
amplificationfrom theanalog-to-digitatorversionwhich is usingan AD9054A eightbit corverterwith 135megasampleper
secondor fastoperation.The amplification,offsetandintegrationhave to befinetunedo permita coverageof thefull voltage
rangeby the eight bit of the analog-to-digitalcorversionto achieve a wide rangeof measuredralues. The clock generator
consistof a Philips X0586080 MHz clock for the measuremeranda 74F109Nflip-flop which dividesthe clock to 40 MHz
for theprocessar

eI

L NN

I
dlti

Figure 4. SFARCIite evaluationkit with measuremerfacilities

Figure4 shavsthe SFARCIite evaluationkit with themeasuremerfacilitiesandthelogic stateanalyzemwhichis connected
to thelocal network. The small PCB on the left containsthe power measuremenwhile only the evaluationkit andthe logic
stateanalyzerare neededor the traceacquisition. Figure 5 shaws the frequeny diagramof the whole power measurement
circuit. Theamplificationis nearlyconstanuntil we reachthe maximumfrequeng of the circuit which is betweer80 and90
MHz thatwe canseein figure5.

5.5. Limitations

For thetrigger points,the samedravbacksapply asfor the acquisitionof the programsegmentexecutiontime. The following
problemsareadditionallyintroducedby power measurement.

o |f thepowerconsumptiorof singlecyclesshallbe measuredyiggerpointshave aparticularinfluencebecaus¢hechange
in theprogramis happeningrery nearto thecycle underinvestigation Thesdocal effectscanbe overcomeby continuous
measurementf the sgmentwith the instructionunderinvestigationandthe addressus. This deliversa referenceto
the instructionwhile the trigger point canbe insertedsomecyclesin advance. For mostRISC processorsthereis no
possibilityto readthe processoandpipelinestatus sotheremaybeno exactcoherencéetweerthe power traceandthe
assembleprogramwhile pipelinedexecutionalsoinfluencegheresultsfor the power consumptiorof singleinstructions.
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Figure5. Frequenyg diagramof the power measurement

e All the measuremerthardwareis dependenbn the processospeedof the boardbecausdahe time constantfor the in-
tegrationhasto be setwith a resistorand a capacitoron the board. Thesehave to be changedo adoptthe systemto
other processoispeeds.lt is no seriousrestrictionbecausehe changeis easyto do while executiontime and power
consumptiorfor otherprocessospeedandirectly be calculatedrom the speedsve have doneour measurementst.

e As eightbit for every instructioncycle are neededvhenpower consumptioris measuredye might run into problems
with thelogic stateanalyzermemorysize. It is moresererethanfor puretraceacquisitionwhereonly thetrigger points
needto be stored. This problemmay be overcomewith sourcecodepartitioningusingpathanalysigé andmeasurement
of shorterprogramsegmentsthatallow to fit the power traceinto thelogic stateanalyzememory

5.6. Table Based Power Estimation Tool Suites

Whenexecutiontimesandpower consumption®f singlemachineinstructionsaswell astiming or power penaltiesfor transi-
tionsbetweercertaininstructionshave beendeterminedy measurementhesevaluescanbe usedfor thetool basedorediction
of executiontime andpower consumptiorf  This is donein an instructioncostaddition (ICA)? approach.Then, tracesare
identifiedrunningthe codeon a hostprocessowwhile theinstructionexecutioncostlik e executiontime or power consumption
is takenfrom a tabledeliveredby beforehandneasuremeniThe problemsfor the measuremenrtf singleshotsapply.

5.7. Global Access

The possibility to connectthe logic stateanalyzerwith the measuredxecutiontime and power consumptiormetricsto the
local network with simpleft p ort el net sessionallows a very flexible integrationof the presentegrototypingapproach
into any timing or power estimationtool suite. Softwaredrivenremotepower control of logic stateanalyzerandevaluationkit
aswell asshell scriptdriven measuremerallow to simply specifywheretrigger pointsare setinto the sourcecode,startthe
measuremerdandreadtheresults.This evenpermitsinternetbasedneasuremenwith a standardveb browserrunningon top
of theapplicationassuminga securitymechanisms implemented.

At presentthe SFARClite evaluationkit andthe logic stateanalyzerarepartof thelocal network andcanbe accessedia
Ethernet.Currentwork dealswith the connectiorof experimentaketupsncludinga researctplatformandmeasuringlevices
to the Internet. The implementationof a web browseruserinterfaceis within the scopeof this project, which providesan
Internetbasechardwareandsoftwaredesignenvironment.Both schedulingechniguesindsecuritymechanismsarehottopics.



6. EXPERIMENTS

In the following, experimentsfor compacttraceacquisitionandresultsfor timing and powver measurementf programseg-
mentsandcompleteprogramsare presentedExperimentgor timing andpower measuremerdredonein parallelbecausehe
measuremendf executiontime doesnotincreasecompleity whentriggerpointsareaddedfor power measurement.

6.1. Case Study: Bubble Sort Algorithm

In acasestudy theexecutiontime andthe powerconsumptiorof a completebubblesortalgorithminstrumentedvith onesetof
inputdatahave beenmeasuredyo bestcaseor worstcaseboundshave beendetermined Thesourcecodeis shavn ontheupper
left sideof figure6a. Triggerpointsarespecifiecatthebeginningandattheendof theprogramto demonstratthemeasurement
of thecompleteprogram.An additionaltriggerpointis insertedn theouterf or -loopto demonstratenultiple iterationsacross
a trigger point. Resultsare backannotatedo the sourcecodewherethe trigger points areinserted. The differenttablesin
figure 6 shav thefollowing: In a, the sourcecodewith the trigger point definitionsis shovn which is translatedo a source
codewith additionalbraces{ } andinline assembleinstructionsin b. In ¢ we canseethetriggerpointdefinitionfile while the
tablein d keepdrackof theshifting sourcecodereferencesAn intermediatdormatof thevaluesmeasureavith thelogic state
analyzeris givenin e. Thefirst columnshaws the trigger point numberfollowed by triggeraddressfile ID, sourcecodeline
numberextractedfrom the trigger point andthe timing offsetin statesrelative The sourcecodewith the resultsis shavn in
f. Backannotatedesultsalwaysreflecttherelative valuesto thelasttrigger point. The numberof iterationsacrossthetrigger
pointis givenatthevery beginningof theline followed by the executiontime andthe power consumption Executiontime and
power consumptioratthefirst triggerpoint give thevaluesfor the programstart. The executiontime betweerthetriggerpoints
10 and24 in figure 6f, i.e. thetiming for the executionof the completeprogramwithout startupoverheads 1900nsat TP24
plus 13725ns at TP10resultingin 15625ns for the total executiontime. The power consumptionis 1560nWs plus 10899
nWsresultingin 12459nWsfor the overall power consumptionDependingon the settingof trigger points,measurement®r
programsegmentdik e theinnerf or -loop arepossible.

Furtherexperimentsor tablebasedsoftware power predictionasexplainedin section5.6 andpresentedy Tiwari®1? are
straightforward to implementwhile we focuson direct measurememf programsegmentsbecauseur prototypingplatform
andthe measuremerfacilitiesareeasyto operatedueto theremotecontrol.

6.2. Application in a Static Software Estimation Approach

In thefollowing experimentsthe SFARClite evaluationkit wasintegratedinto a timing andpower estimationtool suite? No
testpatterndor codeinstrumentatiorareinsertedbut the consenrative worstcasedor executiontime and power consumption
aredeterminedisingpathanalysis.Thetool suitefirst determinegin-)feasiblepathsin a programthatcanbe executedon the
evaluationkit. This deliversworstcaseexecutiontime andpower consumptiorof the programsegments.Theworstcasepath
throughthe programis determinedo deliver the overall worstcasefor executiontime andpower consumption.

Usingthis methodologymeasurement®r executiontime andpower consumptiorof programsegmentswith the SFARC-
lite evaluationkit weredoneaspresentedn tablel. Herewe investigatedexecutiontime and power consumptiorof the top
level of anATM switchcomponentTablel givestheupperboundsor executiontime andpowerconsumptionsf theoperation
administrationand maintenanc€OAM) componenusingdifferentpathanalysistechniques.Simulationresultsfor program
segmentausingStrongARMarecomparedo our SFARClite examplewherethe prototypingapproachs usingthecompactrace
acquisitionandpower measuremerfor the programsegments.In thefirst approachoy Malik,® measuregrogramsegments
consistingof one basicblock® eachare shorterthanin the following two approachedecausenf a missing exploitation of
programpaths. This meansmoretrigger pointsandthe accordingoverheadsegardingconserative approachesor pipeline
and cachestatesare part of the programleadingto higheroverestimationsln the secondapproachby Ye andErnst! some
basicblocksarejoinedto singlefeasiblepaths(SFP),sofewer triggerpointsareneededesultingin lessoverestimationln the
third approactby Wolf andErnst? even fewer trigger pointsare needecbecausef the exploitation of a moreaccuratgpath
analysisresultingin fewer, but longerprogramsegmentscontainingcontext dependenpaths(CDP) with lessoverhead.The
exactcaseis determinedy simulationor measuremerdf the completeprogramusingworstcaseinput dataastestpatternslt
senesasareferencao compareheoverestimation®f the conserative staticapproaches.

We noticethatoverestimationsvith theevaluationkit arehigherthanwhenusingsimulatorsgspeciallywhenmoreprogram
segmentsareinvolved. The reasoris the more conserative handlingof programsegmentsby usingtrigger pointscompared
to theuseof a cycle true processosimulator This meanghe applicationof pathanalysisin consenrative staticapproachess
very importantwhenusing evaluationkits for architecturemodelingbecausét reduceghe numberof insertedtrigger points
andthe accordingoverhead.On the otherhand,we have shavn thatour approachs suitablefor sggment-wiseexecutiontime
andpower measuremerthatis neededn staticapproaches.



a: |l nstrumented source code with comrents

1: #define NUM5

2:

3: int a[ NUM ={ 34, 25, 36, 5, 38};
4:

5: main()

6:

7: int i,j, tnp;

8:

9: /* 9%9P : program BEG N */
10: for (i=0;

11: i< (NUM1);

12: i++)

13: /* 9P : program S| MLE */
14: for (j=0;

15: j < NuMm

16: j ++)

17: if (a[i]l < a[jl])

18: {

19: tenp = afil;

20: a[i] = a[jl;

21: a[j] = tenp;

22:

: }
23: /* %P : program END */
24: }
c:Trigger point definition file
10

14
24

d: Table file with cross references

ori gi nal pr epar ed TP
1 1 1
2 2 2
3 3 3
4 4 4
5 5 5
6 6 6
7 7 7
8 8 8
9 9 9
10 10 11
11 11 12
12 12 13
13 13 14
14 15 17
15 16 18
16 17 19
17 19 21
18 20 22
19 21 23
20 22 24
21 23 25
22 24 26
23 27 29
24 28 31

e:Logic state anal yzer internediate format

Label ADR FILE LINE No. States
Base Hex Hex Deci nal Rel ative
1: 70000008 0O 000000010 630144
2: 70000008 0O 000000014 80
3: 70000008 0O 000000014 382
4: 70000008 0O 000000014 91
5: 70000008 0O 000000014 58
6: 70000008 0O 000000024 75

Tine Printed: 29 Aug 2000 14:16:57

b: Source Code with braces and trigger points

1. #define NUM5

2:

3: int a[ NUM ={ 34, 25, 36, 5, 38};

4:

5: main()

6:

7: int i,j, tnp;

8:

9: /* %P : program BEG N */

10: _asm _ volatile ("sta %, [% 1] %" :\
: "r" (0x0000000a), "rJd" (8), "I" (7));

11: for (i=0;

12: i< (NUM1);

13: i ++)

14: /* 9P : program S| MLE */

15: {

16: __asm _ volatile ("sta %O, [% 1] %" :\
. "r" (0xa000000e), "rJd" (8), "I" (7));

17: for (j=0;

18: i < NuM

19: j ++)

20: {

21: if (a[i]l < a[jl])

22: {

23: temp = alil];

24: a[i] = a[jl;

25: a[j] = tenp;

26: }

27: }

28: }

29: /* 9%9P : program END */

30: __asm__ volatile ("sta %, [ % 1] %®" :
"r* (0x00000017), "rd" (8), "1" (7));

31: }

f:Source code with results

1: #define NUM5
2:
3: int a[ NUM ={ 34, 25, 36, 5, 38};
4:
5: main()
6:
7: int i,j, tnp;
8:
9: /* 9%9P : program BEG N */
TP: 10, previous TP: 0O
total: n=1 t=15753600. 00ns W:12993706n\W\é
10: for (i=0;
11: i< (NUM1);
12: i ++)
13: /* 9P : program SIMLE */
TP: 14, previous TP: 10
total: n=1 t= 2000. 00ns WE1642n\W
TP: 14, previous TP: 14
total: n=3 t=13275.00ns W-10899nW\
best : n=1 t= 1450.00ns W1190nW
worst: n=1 t= 9550.00ns WE7841nW¢
14: for (j=0;
15: j < NUM
16: j++)
17: if (a[i]l < a[jl)
18: {
19: tenmp = a[i];
20: ali] = a[jl;
21: a[j] = tenp;
22:

: }
23: /* 9P : program END */
TP: 24, previous TP: 14
total: n=1 t=1900.00ns W1560nW\
24: '}

Figure 6. Sourcecodewith triggerpointsandintermediatdogic stateanalyzerformat



Group SFP | CDP | StrongARM | StrongARM | SFARCIite | SFARClite

Li/Malik & 0 0 11986ns 1282nWs 18425ns | 15127nWs
Ye/Ernst 3 0 11836ns 1261nWs 18125ns | 14880nWs
WOoIf/Erns€ 3 2 9505ns 911nWs 14870ns | 12208nWs
| ExactBounds| - | - [ 9471ns | 903nWs | 13650ns | 11206nWs |

Table 1. Upperboundexecutiontime andpower for the OAM component

7. CONCLUSION

Sgment-wise real-timeexecutionandtiming and power measuremenpreservingthe cachebehaior of the programunder
investigations requiredfor anapplicationin formal programanalysis.The presenteépproachio fastandcompactraceacqui-
sition including executiontime andpower measuremenwith off-the-shelfevaluationkits meetstheserequirementsAvoiding

full tracesby usingtrigger pointsleadsto muchhigherefficiency thanin previousapproachesvhile the one-way communica-
tion throughthe terminal programallows real-timeexecutionof the programunderinvestigation.Resultmeasurementsing
anoff-the-shelflogic stateanalyzerautomaticevaluationandbackannotatiorabstracthe hardwareevaluationkit to the same
level asa softwaresimulator It is completelytransparento the designemworking with an electronicdesignautomationtool

suiteandmatchesovel approacheto formal runningtime analysisbasedn programsegmentexecution.

Executiontime andpower consumptiorof programsegmentsandcompleteprogramshasbeenmeasuredisinga commer
cial SFARCIite evaluationkit. It is genericandcaneasilybeappliedto any commerciakvaluationkit with busaccessCurrent
work focuseson experimentswith executiontime and power consumptiorpredictionusinginstructiontableswhich canbe a
basefor softwarepower reduction.Internetaccesso the measuremerfacilitiesis alsounderinvestigation.
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