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ABSTRACT

Evaluationboardsarepopularasprototypingplatformsin embeddedsoftwaredevelopment. They often arepreferredover
simulationto avoid modelingeffort andsimulationtimesaswell asover completehardwareprototypesto avoid development
cost.Evaluationboardsprovide accuratetiming resultsaslong asthemainarchitectureparametersmatchthetargethardware
system.For largerprocessors,this is oftennot thecasesincethecacheandmainmemoryarchitecturesmight differ. Another
problemis thelack of observability of thesoftwareexecution.Pin-Outversionsof processorswith improvedobservability are
expensive(soarein-circuit emulators)andnotalwaysavailable,andon-chipprocessortestsupportrequiressoftwareadaptation.
A particularproblemariseswhentrying to verify therunningtimeboundsof embeddedsoftwaresuchasrequiredfor hardreal-
timesystems.Here,formalanalysisapproacheshavebeenproposedwhichrequiresegment-wiseexecutionof aprogramunder
investigation.Anotherproblemis theaccurateanalysisof processorpowerconsumptionfor differentexecutionpaths.

Thepaperpresentsanapproachto fastacquisitionof compacttimedexecutiontraceswith instructioncycleaccuratepower
samplesoncommercialevaluationkits. Globalsystemmodelingabstractstheenvironmentto asetof parametersthatis included
in thesoftwareunderinvestigationfor segment-wise,real-timeexecution.Triggerpointswrite sourcecodeline numbersand
energy samplesto theaddressanddatabuswherethey arereadby a logic stateanalyzer. Experimentsshow thattheapplication
of triggerpointsavoidstheacquisitionof long,completetracesonsophisticated,dedicatedprototypingplatformsasin previous
work while moreaccurateexecutiontime andpowerconsumptioncanbedelivered.

Keywords: SoftwareEmulation,ProgramTraceGeneration,SoftwareTiming andPowerMeasurement

1. INTRODUCTION

Embeddedsystemrunning time and power analysisare requiredfor validation and designspaceexploration of embedded
systems.Due to the increasingamountof softwareon reusabletarget architectures,fastandaccuratesoftwarerunningtime
and power analysisplay an importantrole in VLSI systemdesignwhile rapid prototypingneedsearly physicalexecution.
Testpatternscaninstrumenttheprogramunderinvestigationfor executionwhile staticapproachesisolateexecutableprogram
segmentsfrom theprogram.1,2 We investigatedthepossibilityof usingcommercialevaluationkits anda logic stateanalyzer
with network accessfor fastandaccurateacquisitionof embeddedsystemsoftwareexecutiontimeandpowerconsumption.

For the verificationof hardreal-timesystems,formal analysisapproachesrequiresegment-wise,real-timeexecutionand
measurementof theprogramunderinvestigation.Theoriginal cachebehavior hasto bepreservedandacquiredbecauseit has
a major impacton executiontime. Cycleaccuratepower consumptionneedsto bemeasuredwithout changingthe execution
context of the instructionsunder investigation. Theserequirementsare impossibleto meetwith most existing approaches
wheresophisticatedcommunicationof thecompleteprocessorunderinvestigationwith its environmentresultsin unacceptable
emulationtimes. In theseapproaches,major changesto the instrumentedprograminvalidateits original cachebehavior and
power consumptionwhile measurementresultsare only available for single instructionsor the completeprogram. In the
presentedapproach,beforehandsystemmodeling3 candeliver therelevantparametersof thesurroundingcomponentsthatare
integratedasfaraspossibleat compiletime. Thisallowsreal-timeexecutionandmeasurementof theinstrumentedprogramor
isolatedprogramsegmentswhile relevantinformationis storedin a very compacttrace.An off-the-shelfprocessorevaluation
kit andvery little hardwarefor power measurementareneeded.Digital valuesarestoredby the instrumentedprogramunder
testitself. A logic stateanalyzerwith anetwork connectionto thedevelopmentplatformis usedto measureexecutiontimeand
powerconsumptionin a veryefficientway thatabstractstheboardhardwareto a processorsimulator.

This paperis organizedas follows: Section2 reflectsprevious work. Section3 introducesthe codeinstrumentationof
programsbeforesection4 explainsour approachto measurementof executiontime. Section5 explainsour approachto power
measurement.Section6 presentsexperimentswith acommercialevaluationkit beforeweconcludein section7.



2. PREVIOUS WORK

Processorevaluationkits with PCI bus interfacesarestate-of-the-artin embeddedsystemsoftwareemulationusingdesktop
personalcomputers.They areoften preferredto simulationsincethey avoid the necessityto includeprocessormodelsand
developmodelsfor theembeddedsystemenvironment.Accurateprocessormodelsareoftenhardto getandenvironmentmodel
developmentextendsdesigntime andcost. Most softwaredevelopmentenvironmentsaretool suiteswith built-in debuggers
that run on a hostPC or work stationandcommunicatewith the evaluationkit. The compilersgeneratespecialexecutables
for debugging.This is a costeffectiveapproach,but it lacksthecapabilityof detailedsoftwareexecutionanalysis,suchasthe
detectionandanalysisof ”hot spots”in theprogramexecution,i.e. partsof aprogramwhichareexecutedfrequentlyor consume
high energy. Moreover, evaluationboardmemoryarchitectureis oftendifferentfrom thetargetarchitecture.To overcomethe
differentdrawbacks,severalresearchgroupshavepresenteddifferentprototypingandmeasurementapproacheswith real-time
executionof theprogramunderinvestigation.

ThededicatedBACH addresstracingplatform4 is usedto collectanIntel 486specifictrace.It collectsall accessaddresses
while sourceline numbersareneededfor softwareemulation. Tracesget long andarehard to backannotateto the source
codeof the programunderinvestigation.Cachesareswitchedoff during tracing,sono relevantperformancemetricscanbe
estimated.Thesystemalsolacksa time basefor thetrace.As thetime tracinghardwarewasspeciallybuilt for theIntel 486it
is hardto beusedfor otherprocessortypessuchasRISCs.Anotherapproachwith a dedicatedarchitecture5 calledTimerMon
instrumentsthecodewith write referencesto aspecialtracememoryincludingeventID andtimestampfor timing measurement
whenexecutingtheprogramunderinvestigation.A timebaseis present,but cachesarenotregardedin thisapproach.No power
measurementis partof thesepreviousapproacheswhile bothneedsophisticated,dedicatedhardwareto storethetraces.

Experimentswith SPARC andDSPevaluationplatforms6 canbedonein a very efficient way. Executiontime andpower
consumptionof singlemachineinstructionsaredeterminedby executingthemin a loop. An analogamperemeteris usedto
measurethe averagecurrentin the boardsupplyline for power measurement.The metricsareusedin an instructiontiming
additionapproach1 extendedto an instructionenergy additionapproach.No remoteaccessfor startingthe measurementor
automaticevaluationandexploitation of the measurementresultsis possible. The supply currentof the completeboardis
measured,sothepowerconsumptionof theprocessorcannotbeseparatedfrom thatof thememoriesandtheothercomponents
on theboard.No instructioncycle accuratemeasurementis possiblebecausethesystemlacksa time baseandthepossibility
to storemeasuredvaluesaftera triggerdefinition. Instructionenergy consumptionsaremeasuredin a loop insteadof thereal
context of theprogram,thusthevaluesareextremelyinaccurate,especiallywhencaches,pipelinesandglobalregistersetsare
present.This is a commoncasewith RISCprocessorsresultingin overlappinginstructionexecution.As thesystemalsolacks
thepossibilityto storea power trace,themeasurementof acompleteprogramor programsegmentis not possible.

Theseresearchapproachescannotautomaticallyreferencetheline numbersof thesourcecode.Oftenonly executiontime
andpower consumptionof eitherthe completeprogramor singleinstructionson the completeboardunderinvestigationcan
be measuredwhile the deliveredtraceonly containsanaddresssequencewithout executiontime, power consumption,cache
behavior or referencesto programsegmentsin the sourcecode. Cachesthat have a substantialeffect on executiontime and
power consumptionareeithernot presentor switchedoff in the presentedapproaches.This canbe overcomeby usingfast
cachesimulation7 but noneof thereviewedapproachescandeliveraccurateresultsfor executiontime andpowerconsumption
of programsegmentson morecomplex processorhardware.

3. CODE INSTRUMENTATION AND PROGRAM PARTITIONING

The softwareunderinvestigationusuallycontainscontrol structuresthat dependon input datawhile measurementneedsan
executionof theprogram.For this purpose,a testpatternrepresentingonepossibleinput datasetcanbegivenleadingto one
executionandaccordingmeasurementof theprogramthatis only valid for thetestpattern.Thisenablesusto useourapproach
for the completeprogram. Segment-wiseexecutiontime andpower consumptionareneededasa basefor staticvalidation
of real-timeembeddedsoftware,2 so every segmentneedsto be executed.We needto mark the beginningandthe endof a
completeprogramor a programsegmentto measureits executiontime andpower consumption.This is donewith trigger
points. Thesepointsmark the sourcecodeto be measuredandcanbe recognizedwith the logic stateanalyzerconnected
to the processorbus. The beginning andthe endof the programsegmentunderinvestigationis marked. Trigger pointsare
implementedby storeinstructionsto non-cachedmemoryspaces.Detailsareexplainedin section4.

Testpatternmight not reflectbestor worstcasesof runningtime or power consumption.Staticanalysisexploresfeasible
and infeasibleexecutionpaths1,2 anddesignerinteraction.8 Programsegmentexecutiontime andpower consumptioncan
be measuredwith our approach.In the following, we presentdifferentpossibilitiesfor the instrumentationof the complete
programor theprogramsegmentsunderinvestigation.



3.1. Instrumentation of the Complete Source Code

For timing andpowermeasurementon theevaluationkit, theprogramcanbeexecutedasawholeusingtestpatternsor any 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 pathanalysis8,2,1 which is beyond the scopeof this
paper. As long astestpatternscover every programsegment,we markthebeginningandtheendof a programsegmentwith
a triggerpoint. Executionof theprogramsegmentpermitsthemeasurementof its executiontime andpower consumptionthat
is a basefor thecalculationof theworstcaseandbestcaseexecutiontime or powerconsumptionboundsof thefeasiblepaths.
This resultsin theupperandlowerboundsfor theexecutiontimeandpowerconsumptionof thecompleteprogram.

3.2. Instrumentation of Isolated Program Segments

If programsegmentsare not reachedin the executionof the instrumentedprogrambecausetest patternsdo not cover all
potentialexecutionpaths,while thestandaloneexecutionof themissingprogramsegmentis possible,they canbeextractedand
beexecutedseparately. Therefore,they areloadedto thebaseaddressthey would bemappedto whenthecompleteprogram
is given to the linker. The mapfile deliversthis information. The usedvariablesmustbe initialized to avoid, for example,
divide-by-zeroeffects.A standarddataflow analysis9 providesthevariablesto bedeclaredandinitialized to their startvalues
to makephysicalexecutionof theprogramsegmentpossible.

3.3. Simulation of Program Segments

The programsegmentor completeprogramcanbe simulatedasa referencesolutionusinggiven input dataanda cycle true
processormodel,10 whichcanexactlydeliverprocessorexecutiontimeor powerconsumption.Thiscanbeany well established,
off-the-shelfprocessorsimulatorprovidedby the processorvendor. As an examplefor cycle true processorsimulation,that
deliverstheexecutiontimeor powerconsumptionof theprogram,aStrongARMsimulatorcoreis combinedwith theDINERO
III cachesimulator7 deliveringbothinstructionanddatacachebehavior. Sourcecodeshavebeenrecompiledto onesimulator.
Architecturemodelingregardingexecutiontime is given by the Cygnussimulatorwhile the energy dissipationmodel6,11 is
directly basedon theexecutiontime in a first approach.Comparedto theevaluationkits, simulationis slow, inaccurateor the
simulatormight not beavailableatprocessorreleasetime,sotheapplicationof softwareemulationis feasible.

3.4. Execution on the Evaluation Kit

After the codeunder investigationhasbeencross-compiledfor the processoron the evaluationkit it is downloadedto its
memory. This is the only down link communication,the executionruns in real-timeduring the measurement.If different
processesneedto bemeasuredat once,a real-timeoperatingsystem,RTOS,thatallowsunrestrictedmemoryaccessshouldbe
installedon theevaluationkit.

4. TIMED TRIGGER POINT TRACE

Whenprogramsor programsegmentscanbeexecutedby codeinstrumentationor pathextraction,the traceandtheresulting
executiontime andpower consumptionof theexecutedcodecanbeobtainedby measurement.Previousapproachesstorethe
full addresssequenceof dataandaddressbuswhich leadsto memoryconsumingprogramtraces.We reducethe traceof the
programby usingtrigger points.

4.1. Compact Trace Generation

Triggerpointsmarkthebeginningandtheendof a programor a programsegmentthatwe needto measuretheexecutiontime
for. Relevant programsegmentscanbe determinedwith theSYMTA pathanalysistool suite.2,1 If we only needthe timing
for thesegment,we triggera clock that is usingthesystemclock of theboardwhenwe passthefirst triggerpoint andstopit
whenwe passthelastone.Intermediateprogrambehavior is not needed.Thetriggerpointshave to containinformationabout
thesourcecodelines theprogramsegmentsbegin andendat to permit a backannotationof the timing to theprogramunder
investigation.In our approach,severalstepsareneededto implementa fully automatedmeasurementandbackannotationof
resultsfor executiontimeandpowerconsumptionto thesourcecode.

1. Triggerpointsneedto be insertedinto thesourcecode.To preserve theprogramstructurewith automatictriggerpoint
insertion,every block belongingto a control structureneedsto be set in curly braces>�? . This is donein a recursive
descend.After that, triggerpointsareautomaticallyinsertedinto thecode.A tablewith sourceline crossreferencesis
built for laterbackannotation.



2. A triggerpoint is implementedby astoreof thesourcecodeline informationto adefinedtriggeraddressin anoncached
part of the memoryspace.An architecturespecificexampleis given in figure 1. Unlike previous work, this method
allows to usetheprocessorcache.Thestoreinstructionsareinstrumentedasinline assemblerlinesto theC sourcecode.
Assemblerinstructionandtriggeraddresscaneasilybechangedto variousarchitectureswhile thetriggerpoint locations
haveto beaconservativeselectionwith respectto pipelineandcachebehavior aswell astheglobalregisterallocation.

3. During execution,thetriggerpointsarefoundby monitoringtheaddressbuswith a logic stateanalyzer. Theassociated
datais stored,containingthe currentsourceline number. The line numbersof the trigger pointswith corresponding
logic stateanalyzertime stampsarestoredinsteadof full traces.Addressanddatabuscaneitherbemeasuredat extra
connectionsat theprocessorpinsor by connectingtheprobeto a busslot of theevaluationboard.Thetime basefor the
offsetbetweenthetriggerpointsis calculatedby thelogic stateanalyzerusingtheboardclock,notby dedicatedhardware
like in previousapproaches.

4. Thedevelopmentplatformreadsthe resultsfrom the logic stateanalyzervia a simpleftp session.This raw datacan
beevaluatedin many ways.Executiontime of thewholeprogramandexecutioncountsplusexecutiontime of program
segmentsbetweentriggerpointscanbeachieved.An exampleof aninstrumentedprogramandtheresultingintermediate
logic stateanalyzerformatcanbeseenin figure6. Bestcase,worstcase,first or lastexecutionsof theprogramsegments
markedby triggerpointscanbecomputedaswell astheaverages.

4.2. Exploitation of Trigger Points and Back Annotation
In a first step,we have to mark thesourcecodelinesthatwe want to measuretheexecutiontime andpower for. This needsa
file denominatingtheselinesin ascendingorderseparatedbyNEWLINEs,calleddefinitionfile. Wedefineaformatfor a trigger
point commentthatsupportsthedirectdeterminationof thesourcelines.

/* TPcommentID:TPdefinition1,TPdefinition2,.. */

TPcommentID: %TP
TPdefinition : TPname:TPkind
TPname : string
TPkind : BEGIN | SIMPLE | END

A trigger point commentis composedof oneor more trigger point definitions, eachof which consistsof a trigger point
nameanda trigger pointkind. Any stringconstantcanbechosenfor a triggerpointnamewhile all triggerpointswith thesame
namearecollectedin a trigger point class. Thefirst triggerpoint of a classwill bemarkedasBEGIN, thelastasEND andthe
othersasSIMPLE. But it is alsopossibleto setall trigger pointsof a classto the kind SIMPLE. The trigger point comment
shouldexactly bewritten in theline before theline of interest.Only for anEND point it makessenseto setit behind thelast
instructionof interest.A tool readsthesourcecodewith triggerpointcommentsandcreatesthedefinitionfile, accordingto the
codedinformationandthegiventriggerpoint class.It is possibleto createthedefinitionfile with othertoolsor evenmanually.
As we insertadditionalsourcecodeinto a program,we have to preserve the consistency of the program. Control structures
likeif-else permitthewriting of singledependentC instructionswithoutapplyingbraces.In thecaseof triggeringon such
singledependentinstructions,we have to insertadditionalbraces,becausenow thereare two instructionsdependingon the
samecontrolstructure,namelytheinline assemblerline andtheinstructionof interest.We setbracesaroundevery instruction
blockusinga recursivedescent.

The next stepis the insertionof the inline assemblerlines. The insertionis doneby readingthe preparedC file andby
writing thearchitecturespecificinline assemblerlines to the line numbers,which aredenominatedin thedefinition file. The
crossreferencesof the original, the preparedand the trigger point file line numbersare storedin a table file. Finally the
executableprogramis compiledby a standardC compiler. We automaticallygeneratedifferentcontrolfiles for thelogic state
analyzerand the power device. Othercontrol files areneededas input files for the terminalprogramof the evaluationkit.
Themeasurementstartswith a completeresetof the boardby the softwaredrivenpower control. Theexecutableprogramis
downloadedto the evaluationkit andthe setupprogramcontainingthe trigger sequenceis loadedto the logic stateanalyzer.
After programexecutionthelogic stateanalyzeris stopped,andtheresultsaretransferedfrom theanalyzerto thehost.

At last the resultsare evaluatedon the host. As the sametrigger point can be reachedon different paths,it hasto be
analyzedin relationto theothers.If therearemoreiterations,for examplewhenmeasuringa loop, theresultsaregivenfor the
total numberof executions.They areenumeratedfor thefirst andthelast,theworstandthebestcases.It is possibleto marka
specialiteration,too. Finally thesetupoverheadat programstartaswell asthenumberof triggerpointspassedarelisted.



4.3. Example: Timing Measurement for a SPARClite RISC Processor

Executiontimeandpowerconsumptionof programsegmentshavebeenmeasuredonacommercialSPARClite evaluationkit by
insertingtriggerpoints.TheCygnusC compilerhasbeenusedfor assemblycodegeneration.In thecurrentsetupweareusing
DRAMs whichpreventsusfrom separatingcachemissesfrom memoryrefreshaswecannotaccessthememorycontroller, but
this canbeovercomeby analyzingtherefreshstrategy or selectingSRAMswhenchoosinganevaluationkit.

After programcompletiontheresultsarebackannotatedto thesourcecode.Thewholemeasurementis softwarecontrolled
includingboardstartupby switchingon its powersupplyfrom thenetwork, triggerpoint insertion,compilation,downloading,
executionandbackannotation.An overview for theSPARClite evaluationkit andits setupis shown in figure2. Theterminal
programonly writestheinstrumentedexecutableprogramto theboard,which is a fastoneway communication.Theprogram
is executedin real-timebeforetheresultsarereadfrom thelogic stateanalyzermemory.

The implementationof the trigger points for the definition of the beginning and the end of a programsegmentor the
completeprogramfor SPARClite is shown in figure1. Theaddressword containsthetriggeraddressthatis recognizedby the
logic stateanalyzer. Thedatabusvalueconsistsof a file identifier to distinguishbetweendifferentsources.It is followedby
thesourcecodeline numberthatis alsoreadby thelogic stateanalyzer. For powermeasurement,this triggerpoint is extended
in section5. Theaccessaddressaswell asthelogic stateanalyzersoftwarecaneasilybemodifiedfor anadaptionto different
evaluationkits.

Figure 1. Triggerpointsfor SPARClite emulationboards

Any commercialevaluationkit with bus accesscanbe usedfor this purpose.Our currentwork in the prototypingarea
focuseson software controlledexecutiontime and power measurementon a StrongARM evaluationkit. The automation
abstractstheevaluationkit to thesamelevel asa softwaresimulatorfor thearchitecturemodelingof a programsegment.

4.4. Limitations

Theinsertionof triggerpointsinto thesourcecodemodifiestheprogramunderinvestigation.This impliessomeoverheadand
limitationsregardingmeasurementprecisioncausedby theinsertionof triggerpoints.

@ We want to keepthe modificationsconservative, so no global compileroptimizationacrosstrigger points is allowed,
pipelinesandregistersareflushedandthecachesareresetat triggerpoints.Compileroptimizationshifting thecodeline
of thetriggerpointhasto beavoided,too.

@ Eachtriggerpoint impliesa timing overheadwhentheaddressis written to thebus. Thenumberof cyclesdependson
thearchitecture.Thisoverheadcaneasilybesubtractedfrom themeasuredtiming to gettherealexecutiontime.

@ While the shifting sourcecodeline numberscausedby trigger point insertionaretaken careof in a table,the shifting
addressesof theobjectcodethroughtheinsertionof storeinstructionsfor thetriggerpointshaveanunpredictableeffect
on pipelineandcachebehavior. For this reason,we try to keepthemodificationthroughtriggerpoint insertionassmall
aspossibleby insertingtrigger pointsonly at the beginning andthe endof the programsegmentunderinvestigation.
Reducingthenumberof triggerpointsdoesnotonly helpto keeptracesascompactaspossiblebut it alsoleadsto higher
measurementprecisionregardingtheinfluenceof thetriggerpointsto thesystemunderinvestigation.

@ Anotherlimitation is thememorydepthof thelogic stateanalyzer. Eventhoughthetraceis very compact,we canonly
analyzeasmany trigger pointsas the memoryof the logic stateanalyzercanstore. In comparisonto dedicatedtime
tracingplatforms,thisoff-the-shelfmemoryis easyto extend.



Figure 2. SPARClite evaluationkit with logic stateanalyzerandhostfunctionality

5. TIMED ENERGY SAMPLES

After successfulimplementationof thecompacttimetracingweextendedourapproachto powermeasurement.Thisextension
candeliver theenergy consumptionof programsegmentsor a small completeprogram.The instrumentation,thepreparation
andtheinsertionof triggerpointsinto theprogramto markthebeginningandtheendof aprogramsegmentunderinvestigation
arethesameasintroducedin section4.

5.1. Hardware Setup

First of all, we needto selectcoreandbus frequency we want to measureat becauseboth influencethe power consumption
of boardandprocessor. Then,a decisionwhetherto measurethepower consumptionof thecompleteevaluationkit including
processor, memoriesandinterfacesor of the isolatedprocessorhasto be made. Measurementof the completeboardpower
consumptionis fareasieraswe only have to accessthepowerconnector. For isolatedpowermeasurementof theprocessorwe
have to accessits on-boardpower regulatoroutputcurrent.

Power is measuredby insertinga shuntresistorinto the power supply line. For on-boardaccess,the resistorhasto be
mountedinto thepowersupplyunderinvestigation.For thecalculationof thepowerconsumptionthevoltageacrosstheresistor
is measuredaswe canseefor SPARClite in figure3. Thesetupis valid for mostevaluationkits. We have to ensurethat the
voltageacrosstheresistordoesnot reducethesupplyvoltagebelow thespecifiedminimuminput level of boardor processor.
This meanswe have to keepthis voltageassmallaspossibleby choosinga small resistorvalue,but thenit is muchtoo small
for theinput level neededfor theanalog-to-digitalconversion.An analogamplifiergeneratestheaccordinginput voltagewith
respectto valueandoffset for the analog-to-digitalconversion. As amplificationandanalog-to-digitalconversionhave to be
doneat processorspeed,we needvery fastcomponentsandlimit themeasurementto eightbit which is accurateenoughin a
first approach.

This kind of measurementdelivers the power consumptionat onepoint in a processorcycle while power consumption
duringacyclecanvarya lot dueto switchingeffectsneartheclockedges.For this reason,we integratethepowerconsumption
over a completeclock cycle which is sampled.This meanswe getonevaluefor theenergy consumedin thecycle with each
activationof theanalog-to-digitalconversion.Thelogic stateanalyzerreadsthedigital outputin parallelto theaddressbus,so
a referenceto thesourcecodeis giventhatcanbeusedfor sophisticatedexploitationof instructionlevel power consumption.
As we getonesamplefor every cycle, the influenceof adjacentinstructioncyclescanbe investigated.In otherwords,supply



currentresultsin a voltageacrossthe resistorwhich representsthe instantaneouspower consumption.This is integratedto
achieve theenergy consumptionof an instruction.In thefollowing, thetermpowerconsumptionis usedbecauseit represents
all thesemetrics,actuallymeaningtheenergy consumptionin thecycle.

5.2. Single Shots

Triggerpointsleadto a measurementof thepower consumptionof thecycle theinstrumentedinstructionis executedin. This
meansthereis absolutelyno referenceto theprogramunderinvestigationbecausewe measurethepower consumptionof the
insertedtriggerpoint. This is still necessaryto beableto subtractits overhead.For measurementof singlecycles,thesampling
of powerhasto bedelayedat leastonecycle beyondthetriggerpoint, but its influenceis still present.Measurementof single
cyclesdoesnot make muchsensein energy measurementfor programsegmentsor completeprograms.It is only neededto
measurethepowerconsumptionof specificinstructionsequences6 to build up a tablebasedapproach.

5.3. Continuous Measurement

For programsegmentmeasurement,at leastonesampleof theintegratedpower consumptionperclock cycle is needed.Mea-
surementis startedandterminatedwith a trigger point like in traceacquisition.Betweenthe trigger pointsonly thesampled
power consumptionfor every cycle is readwith the logic stateanalyzer. The addressbus canoptionally be readfor more
accuratebackannotation.This meansthat we get a traceof power samplesbetweenthe trigger points,sowe canassignthe
power consumptionto a programsegment. It deliversvery accuratepower consumptionmeasurementscomparedto previous
approacheswhile very little hardwareoverheadis needed.As wedirectlymeasurethepowerconsumptionof theinstructionsin
theenvironmentthey areexecutedin insteadof loops,their original power consumptionis delivered.Thesametriggerpoints
areusedfor timing andpowermeasurement,sothesamemechanismsfor theresultcalculationlike in section4.2canbeused.

While singleshotsareneededfor a tablebasedapproach,continuouspower measurementcanbeappliedfor designspace
explorationof differentimplementationsof programsegmentsregardingtheir codinginfluenceto powerconsumption.

5.4. Example: Power Measurement for SPARClite

We implementedthe power measurementapproachusingthe SPARClite evaluationkit that we alreadyappliedfor compact
timedtracegeneration.Figure3 shows thehardwaresetupto measurethepower consumption.Thecycle energiesmeasured
betweenthetriggerpointsareaddedto thetotal energy consumptionfor thetriggerpoints. Thesevaluescanbeexploited the
samewayastheexecutiontimesthatweexplainedin 4.2.Thecorefrequency, beingtwice thebusfrequency, is generatedfrom
theprocessoritself. Thismeansweneedtwo clocks,onefor thebusclockof theprocessorandonefor themeasurementwhich
mustbethesameasthecorefrequency.

Figure 3. Powermeasurementsetupfor SPARClite



In order to permit an 80 MHz operationof the power measurement,fastcomponentsfor amplification,integrationand
analog-to-digitalconversionareneeded:A precision0.1Ω shuntresistorin thepower supplylinesdeliversananalogvoltage
of 10to 40mV. Thisensurescorrectoperationof all componentsontheboardbecausetheremainingsupplyvoltageis still way
abovetheminimum.TheMAX436 operationalamplifierwith 275MHz gainbandwidthproductGBPis usedasthedifferential
amplifier. The power integratorusesa 39 Ω resistor, a 10 pF capacitorandan AD8012 operationalamplifierwith 350MHz
GBP. The sameoperationalamplifier is usedfor the preamplificationfollowed by an NSCLC425operationalamplifier with
1.9 GHz GBP for the mainamplificationto gaina level suitablefor analog-to-digitalconversion.An ADOP27GSdecouples
amplificationfrom theanalog-to-digitalconversionwhich is usinganAD9054Aeightbit converterwith 135megasamplesper
secondfor fastoperation.Theamplification,offsetandintegrationhave to befinetunedto permitacoverageof thefull voltage
rangeby the eight bit of the analog-to-digitalconversionto achieve a wide rangeof measuredvalues. The clock generator
consistsof a PhilipsX0586080 MHz clock for themeasurementanda 74F109Nflip-flop which dividestheclock to 40 MHz
for theprocessor.

Figure 4. SPARClite evaluationkit with measurementfacilities

Figure4 showstheSPARClite evaluationkit with themeasurementfacilitiesandthelogic stateanalyzerwhichis connected
to the local network. ThesmallPCB on the left containsthe power measurementwhile only theevaluationkit andthe logic
stateanalyzerareneededfor the traceacquisition. Figure5 shows the frequency diagramof the whole power measurement
circuit. Theamplificationis nearlyconstantuntil we reachthemaximumfrequency of thecircuit which is between80 and90
MHz thatwecanseein figure5.

5.5. Limitations

For thetriggerpoints,thesamedrawbacksapplyasfor theacquisitionof theprogramsegmentexecutiontime. Thefollowing
problemsareadditionallyintroducedby powermeasurement.

@ If thepowerconsumptionof singlecyclesshallbemeasured,triggerpointshaveaparticularinfluencebecausethechange
in theprogramis happeningverynearto thecycleunderinvestigation.Theselocaleffectscanbeovercomeby continuous
measurementof the segmentwith the instructionunderinvestigationandthe addressbus. This deliversa referenceto
the instructionwhile the trigger point canbe insertedsomecycles in advance. For mostRISC processors,thereis no
possibilityto readtheprocessorandpipelinestatus,sotheremaybenoexactcoherencebetweenthepowertraceandthe
assemblerprogramwhile pipelinedexecutionalsoinfluencestheresultsfor thepowerconsumptionof singleinstructions.



Figure 5. Frequency diagramof thepowermeasurement

@ All the measurementhardwareis dependenton the processorspeedof the boardbecausethe time constantfor the in-
tegrationhasto be setwith a resistoranda capacitoron the board. Thesehave to be changedto adoptthe systemto
otherprocessorspeeds.It is no seriousrestrictionbecausethe changeis easyto do while executiontime andpower
consumptionfor otherprocessorspeedscandirectly becalculatedfrom thespeedswe havedoneourmeasurementsat.

@ As eightbit for every instructioncycle areneededwhenpower consumptionis measured,we might run into problems
with thelogic stateanalyzermemorysize. It is moreseverethanfor puretraceacquisitionwhereonly thetriggerpoints
needto bestored.This problemmaybeovercomewith sourcecodepartitioningusingpathanalysis2 andmeasurement
of shorterprogramsegmentsthatallow to fit thepower traceinto thelogic stateanalyzermemory.

5.6. Table Based Power Estimation Tool Suites

Whenexecutiontimesandpowerconsumptionsof singlemachineinstructionsaswell astiming or powerpenaltiesfor transi-
tionsbetweencertaininstructionshavebeendeterminedby measurement,thesevaluescanbeusedfor thetool basedprediction
of executiontime andpower consumption.6 This is donein an instructioncostaddition(ICA)2 approach.Then,tracesare
identifiedrunningthecodeon a hostprocessorwhile theinstructionexecutioncostlike executiontime or power consumption
is takenfrom a tabledeliveredby beforehandmeasurement.Theproblemsfor themeasurementof singleshotsapply.

5.7. Global Access

The possibility to connectthe logic stateanalyzerwith the measuredexecutiontime andpower consumptionmetricsto the
local network with simpleftp or telnet sessionsallows a very flexible integrationof thepresentedprototypingapproach
into any timing or powerestimationtool suite.Softwaredrivenremotepowercontrolof logic stateanalyzerandevaluationkit
aswell asshell scriptdrivenmeasurementallow to simply specifywheretriggerpointsaresetinto the sourcecode,startthe
measurementandreadtheresults.This evenpermitsInternetbasedmeasurementwith a standardwebbrowserrunningon top
of theapplicationassuminga securitymechanismis implemented.

At present,theSPARClite evaluationkit andthelogic stateanalyzerarepartof thelocal network andcanbeaccessedvia
Ethernet.Currentwork dealswith theconnectionof experimentalsetupsincludinga researchplatformandmeasuringdevices
to the Internet. The implementationof a web browseruserinterfaceis within the scopeof this project,which providesan
Internetbasedhardwareandsoftwaredesignenvironment.Bothschedulingtechniquesandsecuritymechanismsarehot topics.



6. EXPERIMENTS

In the following, experimentsfor compacttraceacquisitionandresultsfor timing andpower measurementof programseg-
mentsandcompleteprogramsarepresented.Experimentsfor timing andpower measurementaredonein parallelbecausethe
measurementof executiontime doesnot increasecomplexity whentriggerpointsareaddedfor powermeasurement.

6.1. Case Study: Bubble Sort Algorithm
In acasestudy, theexecutiontimeandthepowerconsumptionof acompletebubblesortalgorithminstrumentedwith onesetof
inputdatahavebeenmeasured,nobestcaseor worstcaseboundshavebeendetermined.Thesourcecodeis shown ontheupper
left sideof figure6a.Triggerpointsarespecifiedatthebeginningandat theendof theprogramto demonstratethemeasurement
of thecompleteprogram.An additionaltriggerpoint is insertedin theouterfor-loopto demonstratemultiple iterationsacross
a trigger point. Resultsarebackannotatedto the sourcecodewherethe trigger pointsare inserted. The different tablesin
figure6 show the following: In a, the sourcecodewith the trigger point definitionsis shown which is translatedto a source
codewith additionalbraces>A? andinline assemblerinstructionsin b. In c we canseethetriggerpoint definitionfile while the
tablein d keepstrackof theshiftingsourcecodereferences.An intermediateformatof thevaluesmeasuredwith thelogic state
analyzeris givenin e. Thefirst columnshows the triggerpoint numberfollowedby triggeraddress,file ID, sourcecodeline
numberextractedfrom the triggerpoint andthe timing offset in statesrelative. Thesourcecodewith the resultsis shown in
f. Backannotatedresultsalwaysreflecttherelative valuesto thelasttriggerpoint. Thenumberof iterationsacrossthetrigger
point is givenat theverybeginningof theline followedby theexecutiontimeandthepowerconsumption.Executiontimeand
powerconsumptionat thefirst triggerpointgivethevaluesfor theprogramstart.Theexecutiontimebetweenthetriggerpoints
10 and24 in figure6f, i.e. thetiming for theexecutionof thecompleteprogramwithout startupoverheadis 1900nsat TP24
plus 13725ns at TP10resultingin 15625ns for the total executiontime. The power consumptionis 1560nWs plus 10899
nWsresultingin 12459nWsfor theoverall powerconsumption.Dependingon thesettingof triggerpoints,measurementsfor
programsegmentslike theinnerfor-looparepossible.

Furtherexperimentsfor tablebasedsoftwarepower predictionasexplainedin section5.6 andpresentedby Tiwari6,12 are
straightforward to implementwhile we focuson direct measurementof programsegmentsbecauseour prototypingplatform
andthemeasurementfacilitiesareeasyto operatedueto theremotecontrol.

6.2. Application in a Static Software Estimation Approach
In thefollowing experiments,theSPARClite evaluationkit wasintegratedinto a timing andpower estimationtool suite.2 No
testpatternsfor codeinstrumentationareinsertedbut theconservativeworstcasesfor executiontime andpower consumption
aredeterminedusingpathanalysis.Thetool suitefirst determines(in-)feasiblepathsin a programthatcanbeexecutedon the
evaluationkit. This deliversworstcaseexecutiontime andpower consumptionof theprogramsegments.Theworstcasepath
throughtheprogramis determinedto deliver theoverallworstcasefor executiontimeandpowerconsumption.

Usingthis methodology, measurementsfor executiontime andpowerconsumptionof programsegmentswith theSPARC-
lite evaluationkit weredoneaspresentedin table1. Herewe investigatedexecutiontime andpower consumptionof the top
levelof anATM switchcomponent.Table1 givestheupperboundsfor executiontimeandpowerconsumptionsof theoperation
administrationandmaintenance(OAM) componentusingdifferentpathanalysistechniques.Simulationresultsfor program
segmentsusingStrongARMarecomparedto ourSPARClite examplewheretheprototypingapproachisusingthecompacttrace
acquisitionandpower measurementfor theprogramsegments.In thefirst approachby Malik,8 measuredprogramsegments
consistingof one basicblock9 eachare shorterthan in the following two approachesbecauseof a missingexploitation of
programpaths. This meansmoretrigger pointsandthe accordingoverheadsregardingconservative approachesfor pipeline
andcachestatesarepartof the programleadingto higheroverestimations.In the secondapproachby Ye andErnst,1 some
basicblocksarejoinedto singlefeasiblepaths(SFP),sofewer triggerpointsareneededresultingin lessoverestimation.In the
third approachby Wolf andErnst,2 evenfewer triggerpointsareneededbecauseof theexploitationof a moreaccuratepath
analysisresultingin fewer, but longerprogramsegmentscontainingcontext dependentpaths(CDP)with lessoverhead.The
exactcaseis determinedby simulationor measurementof thecompleteprogramusingworstcaseinputdataastestpatterns.It
servesasa referenceto comparetheoverestimationsof theconservativestaticapproaches.

Wenoticethatoverestimationswith theevaluationkit arehigherthanwhenusingsimulators,especiallywhenmoreprogram
segmentsareinvolved. The reasonis the moreconservative handlingof programsegmentsby usingtriggerpointscompared
to theuseof a cycle trueprocessorsimulator. This meanstheapplicationof pathanalysisin conservative staticapproachesis
very importantwhenusingevaluationkits for architecturemodelingbecauseit reducesthe numberof insertedtrigger points
andtheaccordingoverhead.On theotherhand,we have shown thatour approachis suitablefor segment-wiseexecutiontime
andpowermeasurementthatis neededin staticapproaches.



a:Instrumented source code with comments b:Source Code with braces and trigger points

1: #define NUM 5 1: #define NUM 5
2: 2:
3: int a[NUM]={34,25,36,5,38}; 3: int a[NUM]={34,25,36,5,38};
4: 4:
5: main() 5: main()
6: { 6: {
7: int i,j, tmp; 7: int i,j, tmp;
8: 8:
9: /* %TP : program: BEGIN */ 9: /* %TP : program: BEGIN */

10: for (i=0; 10: __asm__ volatile ("sta %0,[%r1]%2" :\
11: i< (NUM-1); : "r" (0x0000000a), "rJ" (8), "I" (7));
12: i++) 11: for (i=0;
13: /* %TP : program: SIMPLE */ 12: i< (NUM-1);
14: for (j=0; 13: i++)
15: j < NUM; 14: /* %TP : program: SIMPLE */
16: j++) 15: {
17: if (a[i] < a[j]) 16: __asm__ volatile ("sta %0,[%r1]%2" :\
18: { : "r" (0xa000000e), "rJ" (8), "I" (7));
19: temp = a[i]; 17: for (j=0;
20: a[i] = a[j]; 18: j < NUM;
21: a[j] = temp; 19: j++)
22: } 20: {
23: /* %TP : program: END */ 21: if (a[i] < a[j])
24: } 22: {

23: temp = a[i];
24: a[i] = a[j];

c:Trigger point definition file 25: a[j] = temp;
26: }

10 27: }
14 28: }
24 29: /* %TP : program: END */

30: __asm__ volatile ("sta %0,[%r1]%2" :
: "r" (0x00000017), "rJ" (8), "I" (7));

d:Table file with cross references 31: }

original prepared TP
1 1 1 f:Source code with results
2 2 2
3 3 3 1: #define NUM 5
4 4 4 2:
5 5 5 3: int a[NUM]={34,25,36,5,38};
6 6 6 4:
7 7 7 5: main()
8 8 8 6: {
9 9 9 7: int i,j, tmp;

10 10 11 8:
11 11 12 9: /* %TP : program: BEGIN */
12 12 13 TP: 10, previous TP: 0
13 13 14 total: n=1 t=15753600.00ns W=12993706nWs
14 15 17
15 16 18 10: for (i=0;
16 17 19 11: i< (NUM-1);
17 19 21 12: i++)
18 20 22 13: /* %TP : program: SIMPLE */
19 21 23 TP: 14, previous TP: 10
20 22 24 total: n=1 t= 2000.00ns W=1642nWs
21 23 25
22 24 26 TP: 14, previous TP: 14
23 27 29 total: n=3 t=13275.00ns W=10899nWs
24 28 31 best : n=1 t= 1450.00ns W=1190nWs

worst: n=1 t= 9550.00ns W=7841nWs
e:Logic state analyzer intermediate format 14: for (j=0;

15: j < NUM;
Label ADR FILE LINE No. States 16: j++)
Base Hex Hex Decimal Relative 17: if (a[i] < a[j])

18: {
1: 70000008 0 000000010 630144 19: temp = a[i];
2: 70000008 0 000000014 80 20: a[i] = a[j];
3: 70000008 0 000000014 382 21: a[j] = temp;
4: 70000008 0 000000014 91 22: }
5: 70000008 0 000000014 58 23: /* %TP : program: END */
6: 70000008 0 000000024 75 TP: 24, previous TP: 14

total: n=1 t=1900.00ns W=1560nWs
Time Printed: 29 Aug 2000 14:16:57 24: }

Figure 6. Sourcecodewith triggerpointsandintermediatelogic stateanalyzerformat



Group SFP CDP StrongARM StrongARM SPARClite SPARClite
Li/Malik 8 0 0 11986ns 1282nWs 18425ns 15127nWs
Ye/Ernst1 3 0 11836ns 1261nWs 18125ns 14880nWs
Wolf/Ernst2 3 2 9505ns 911nWs 14870ns 12208nWs

ExactBounds - - 9471ns 903nWs 13650ns 11206nWs

Table 1. Upperboundexecutiontime andpower for theOAM component

7. CONCLUSION

Segment-wise,real-timeexecutionandtiming andpower measurementpreservingthe cachebehavior of the programunder
investigationis requiredfor anapplicationin formalprogramanalysis.Thepresentedapproachto fastandcompacttraceacqui-
sition includingexecutiontime andpower measurementwith off-the-shelfevaluationkits meetstheserequirements.Avoiding
full tracesby usingtriggerpointsleadsto muchhigherefficiency thanin previousapproacheswhile theone-waycommunica-
tion throughthe terminalprogramallows real-timeexecutionof the programunderinvestigation.Resultmeasurementusing
anoff-the-shelflogic stateanalyzer, automaticevaluationandbackannotationabstractthehardwareevaluationkit to thesame
level asa softwaresimulator. It is completelytransparentto the designerworking with an electronicdesignautomationtool
suiteandmatchesnovel approachesto formal runningtime analysisbasedon programsegmentexecution.

Executiontime andpowerconsumptionof programsegmentsandcompleteprogramshasbeenmeasuredusinga commer-
cial SPARClite evaluationkit. It is genericandcaneasilybeappliedto any commercialevaluationkit with busaccess.Current
work focuseson experimentswith executiontime andpower consumptionpredictionusinginstructiontableswhich canbea
basefor softwarepower reduction.Internetaccessto themeasurementfacilitiesis alsounderinvestigation.
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