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Abstract
Modern mobile processorsoffer dynamicvoltageand frequency scaling,which can be usedto reducethe energy

requirementsof embeddedandreal-timeapplicationsby exploiting idle CPUresources,while still maintainingall appli-
cations' real-timecharacteristics.However, accuratepredictionsof taskrun-timesarekey to computingthe frequencies
andvoltagesthat ensurethat all tasks' real-timeconstraintsare met. Pastwork hasusedfeedback-basedapproaches,
whereapplications'pastCPU utilizationsareusedto predict future CPU requirements.Inaccuratepredictionsin these
approachescanleadto misseddeadlines,lessthanexpectedenergy savings, or large overheadsdueto frequentvoltage
andfrequency changes.Previoussolutionsignoreother`indicators'of futureCPUrequirements,suchasthefrequency of
I/O operations,memoryaccesses,or interrupts.Thispaperaddressesthisshortcomingfor memory-intensive applications,
wheremeasuredtaskrun-timesandcachemissratesareusedasfeedbackfor accuraterun-timepredictions.Cachemiss
ratesindicatethefrequency of memoryaccessesandenableusto derive thelatenciesintroducedby theseoperations.The
resultsshown in this paperindicateimprovementsin thenumberof deadlinesmetandtheamountof energy saved.

1 Intr oduction

Background. The increasingenergy demandsof morepowerful mobile processorscanleadto shorterbatterylivesand
greaterheatdissipation. In order to reducethesedemandswhile preservinghigh performance,energy-awarenesshas
becomea critical factor in the designof mobile andembeddedsystems.As a result,new methodsfor dynamicenergy
managementhave beenintroduced,e.g.,dynamicvoltageandfrequency scaling(DVFS). DVFS takesadvantageof the
quadraticrelationshipbetweensupplyvoltageandenergy consumption[1], whichcanresultin signi�cant energy savings.
However, DVFS techniquesposea dif�cult challengeto real-timesystems:notonly mustDVFS beusedto reduceenergy
consumption,but it mustdo sowithout impactingthedesiredquality of serviceofferedby thesystemto applicationsand
endusers.Recentapproachesto solvingthis issuebasesthefrequency/voltagecomputationsusedby thescheduleron its
predictionsof future taskrun-times[8, 4]. However, theseapproachesignorethatapplications'run-timesalsodependon
I/O, memoryaccesses,andinterrupts,resultingin inaccuraciesin run-timepredictions.

Thispaperaddressesinaccuraciesin run-timepredictionsby removingoneof theirmajorcauses,theutilizationof mem-
ory resources.Memory-intensive applications,including imageandvideoprocessingandscienti�c applications,require
frequentaccessesto memory, whichcontributessubstantiallyto their total run-times,particularlyin systemswhereDVFS
not only changesthe CPU's clock frequency, but alsothe frequency of the bus linking CPU andmemory. Utilizing all
tasks' schedulingattributes,a DVFS algorithmcancomputethe total CPU utilization, andconsequently, the frequency
andvoltagecombinationthatmaximizesthis utilization (i.e.,100%).However, inaccuraciesin predictingtasks'run-times
cancausesystemutilization to exceed100%, therebyleadingto misseddeadlinesand frequentfrequency andvoltage
re-computations.Overestimatingtheutilizationcanresultin inef�cient energy management.Thekey ideaexploredin this
paper, therefore,is to dynamicallymonitora task's cachemissrate,which indicatethememoryoverheadsexperiencedby
thetask. Thesemissratesareusedasinputsby theDVFS algorithmusedto betterpredictrun-timeandmoreaccurately
computethe frequenciesandvoltagesto be usedfor taskexecution. Experimentalresultsutilize the frequency scaling
capabilitiesof anXScale-basedevaluationboard.Futurework will extendtheseresultsto voltagescaling.

Related Work. Previous work on DVFS algorithmsfor real-timeschedulersdescribedin [4] and [5] relieson worst-
casetask executiontimes, whereaswe usecachefeedbackdatato approximateactualexecutiontimes. This is a �rst



steptowardsmoreaccuraterun-timepredictionsandoptimalenergy savings; our futurework will addressfurthercauses
for inaccuracies,e.g.,disk andnetwork I/O delays.Therehasalsobeensubstantialprior work thatexaminestheeffects
of DVFS on cacheperformance.In [3], the authorsevaluateenergy savings dueto the reducedcachemisspenaltiesat
lowerclock frequencies.Compile-timetechniques,suchastheoneproposedin [2] haveexploitedthesestall periods.On-
line algorithmsincluding[7] utilize performancecountersavailablein modernmicroprocessorsto achieve similar energy
savingswithout theneedfor recompilingapplications.

2 Dynamic Voltageand FrequencyScaling

Real-Time CPU Scheduling. To ef�ciently supportreal-timeapplications,eachtask � hasa period ��� associated,where
theendof thecurrentperiodis thedeadline.Eachtask � is guaranteed��� timeunitseachperiod �	� , andthescheduleruses
EarliestDeadlineFirst (EDF)amongall currently`eligible' tasks(i.e., tasksthathavenotyetexecutedfor their timeslices
in their respectiveperiods).If a taskmissesits deadline,theschedulerviolatedthereal-timeguaranteesto this task.

Clock frequenciesaretypically computedsuchthat the restutilization of theCPU is exploited by slowing down task
execution.We computea new clock frequency whenever thesystemutilization changes,e.g.,whentasksjoin or leave the
runqueue.Thecurrentutilizationof all tasksis computedwith:
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�
� is theservicetime allocatedto task � at thedefault clock frequency andthis servicetime increaseswhentheclock is

sloweddown. For eachclock frequency � , ascalingfactor ��� canbeobtainedby executingasampleprocessing-intensive
codeat boththedefault frequency ������� and ��� anddividing themeasuredrun-times: ���

�

������������� . This is repeated
for eachavailableclock frequency (or corevoltage)for a givenprocessor. Thegoalof frequency scalingis to getasclose
to 100%utilizationaspossible,i.e.,
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where �
) is theyet unknown scalingfactor. To guaranteethatbest-effort tasksarenot starved,we canreplace
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Theresulting �
)
is comparedto thepreviouslyobtainedscalingfactors,andthescalingfactor ��� closestto �

)
( �8�:9;�

)
) is

selected,andtheclock frequency is adjustedto frequency � .
Note thatotherapproachesexist thatcomputedifferentscalingfactorsfor eachindividual application,however, these

approacheshavehighercomputationaloverheads.Nevertheless,thesolutionintroducedin thispapercouldalsobeapplied
to theseapproaches.However, thiscommonapproachto DVFSassumesthattherun-timescanbepredictedby monitoring
previousCPUrequirements,ignoringthatotherfactors(e.g.,I/O utilization) canaffect therun-times,makingthepredic-
tionsinaccurate.This issueis addressedby theremainderof this paper.

Run-Time Prediction. Intuitively, the scalingfactor �
) would be the ratio of the clock frequencies.However, various

factorscausea changein �<) . Figure1 shows theperformanceof threeapplications,relative to the maximumfrequency.
On the x-axis, we displaythe differentfrequenciessupportedby our XScale-baseddevice: the �rst numberdepictsthe
coreclock frequency (rangingfrom 99MHz to 398MHz); thesecondnumberis thebus frequency (rangingfrom 50MHz
to 196MHz). This resultsin 5 differentfrequency settings.Notehowever, that the fourth and�fth settingsdiffer only in
thebus frequency. Thethreeprogramsselectedaredcache-miss,a C programwritten speci�cally to generatedatacache
missesby performingmemoryaccessesona largearray;gzip,thepopular�le compressionapplication;andcjpeg, aJPEG
imagecompressor. Thetheoreticalline shows theexpectedratio,assumingthattheexecutiontime waslinearly relatedto
theCPUfrequency. With memory-intensiveprogramslikegzipanddcache-miss,executiontimesdiffer substantiallyfrom
the theoreticalline, sincetheexecutiontimesof theseprogramsaremoredependenton thebus frequency thantheCPU
frequency. If a simplelinearmodelwereusedto determinethe �

)
factors,it would underestimatetheutilization at lower
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Figure1: Relative performanceof threeapplicationsat
variousclock frequencieson theIntel XScalePXA255.
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Figure2: Datamemoryaccessrateof gzip.

clock frequencies,resultingin misseddeadlines,andoverestimatetheutilization at higherclock frequencies,resultingin
wastedenergy. Theresultsin Figure1 point out theimportanceof consideringcachemissratesin theDVFSapproach.

Theremainderof this paperwill usetheMemoryAccessRate(MAR)to quantifytherateof cachemisses.As opposed
to themissrate, MAR is de�ned in Equation4 astheratioof datacachemissesto instructionsexecuted.
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Figure2 shows gzip's MAR plottedover time. Applicationslike gzip experiencea largevariationin MAR, with therate
changingby a factorof overahundred.Dueto thisvariation,asinglesetof �

) valueswouldnotbesuf�cient for theentire
executionof gzip. Therefore,it is critical to determinetheappropriatesetof �

) factorsfor eachprocess'scurrentbehavior.
Notethat thesemeasurementshave beenperformedon anXScaleprocessor, a modernmobilescalarprocessorwith a

7-stagepipelineandout-of-ordercompletion.While modernprocessorscanhidecertainmemorylatencies,thehundredsof
cyclesresultingfrom DRAM accessescancausesigni�cant performancelosses[6]. Therefore,we useMAR asindicator
for theperformancepenaltiesincurredby memoryaccesses.

3 CacheMiss RatesasFeedbackfor DVFS

Approach.To improverun-timepredictionsfor DVFS,weproposeto monitorcachemissratesusingasoftwarefeedback
loop. Our approachusesperformancecountersto countthenumberof datacachemissesandinstructionsexecuted,and
keepaweightedaverageof theMAR for eachprocess.Fromthisvalue,theCPUschedulercanpick anappropriatematrix
of scalingfactors,whichwill moreaccuratelyestimatetheprocess'sexecutiontimeundertheavailablefrequencies.

Our approachis implementedon an Intel Sitsangevaluationboardwith an XScalePXA255processor. The PXA255
processorhasthreecaches,a32KB instructioncache(32-wayassociativity), a2KB L1 mini-datacache(2-wayassociativ-
ity), anda 32KB L2 datacache(32-wayassociativity). All cachesusetheround-robinpolicy.

PerformanceCounters. Many processorssupportsomeform of performancecountersfor optimization.Thesehardware
counterssupportthe monitoring of numeroustypesof events,suchasmemoryaccessesandpipeline stalls. The Intel
XScalePXA255processorhasthree32-bitperformancecounters:onewhichcountsclockcyclesandtwo general-purpose
counters,whichmaybeusedto monitorany of 16possibleevents,selectablein softwarevia a con�gurationregister1.

For theseexperiments,it is importantto chooseperformancecounterswhich arenot affectedby frequency changes.
Sincetheexecutiontimevarieswith frequency, cachemissesoverclockcycleswould vary for a givenprogramdepending

1http://www.intel.com/design/pca/prodbref/252780docs.htm



on thefrequency. Therefore,for thecomputationof MAR, instructionsexecutedwaschoseninsteadof clock cycles.Un-
fortunately, thePXA255 doesnot provide a performancecounterfor combinedcachemisses,only separateonesfor the
instructionanddatacaches.Dueto the limitationsof theprocessor, datacachemisseswaschosen.Hence,thede�nition
of theMAR astheratioof datacachemissesto instructionsexecuted(Equation4).

Monitoring of CacheMiss Rates.To implementanenergy-awareschedulerusingcachefeedback,we �rst mustapprox-
imatethe executiontime of a processwith a given MAR. If we take a program's executiontime, andbreakit into two
components,timespentexecutinginstructionsandtimespentstalledonmemoryaccesses,wegetthefollowing formula:
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where �

3P_�` a

�

3b_b` c is a constantdependenton CPU clock frequency, and � f YNg

a

� f Y�g

c is a constantdependenton bus
frequency. To �nd the valuesfor thesetwo constants,a testprogramwasdesignedto generatea speci�ed missrateby
performingmemoryaccessesona largearray. Thetestprogramwasrunwith multipleMARs ateachsupportedfrequency,
andusinglinearregression,theexecutiontimeswereusedto determinetheconstants�

3b_b` and �(f YNg . Theexperimental
determinationof the ��f Y�g constantsensuresthatprocessortechniquesto hidememorylatenciesareconsidered,i.e., �@f Y�g

only indicatesthememorylatenciesthatcouldnotbehiddenby theprocessor.
Thescalingfactorsfor eachfrequency canbecalculatedusingtheratioof theexecutiontimesfrom theequationabove.

Calculatingthesescalingfactorsat runtimewould addextra overheadto eachschedulerinvocation,so twelve matrices
of scalingfactorswereprecalculatedandcompiledinto theDVFS module. The twelve matriceswereselectedsuchthat
matrix

=

� correspondsto thescalingfactorsfor processeswith anMAR of h�i

� . A �eld wasaddedto Linux's task struct
to keepaweightedaverageof theMAR for eachprocess,andcodewasaddedto selecttheappropriatematrixof �

) factors
at eachschedulerinvocation.

4 Experimental Evaluation

To testtheeffectivenessof thecachefeedbackloop,four differentprogramsarerunundervariousserviceconstraints.Two
of theprogramschosenaretestcasesdesignedto generatedatacachehits andmisses.Theothertwo programs,cjpeg, and
gzip,arechosento berepresentativeof commonmemory-boundor real-timemultimediaapplications.For thedcache-hit
testcase,with the lowestMAR, thereis little differencebetweenthe resultsof the theoreticalfrequency scalingandthe
feedbackloop. This is to beexpected,sincethetheoreticalalgorithmdoesnot considermemoryaccesses.On processes
with ahigherMAR, suchasdcache-missandgzip,theperformanceexhibitstheS-shapedcurvein Figure1. In thesecases,
thefeedbackloophelpsconserveenergy at lowerutilizationsandalsohelpsavoid misseddeadlinesathigherutilizations.

Table1 summarizesthe68 testcases;detailedresultshavebeenomittedfor brevity.

Utilization (%)
TestProgram 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

dcache-miss - - - $ $ - - - $ $ $ $ $ + - + -
gzip - - - $ $ - - - $ $ $ - - - # # -

cjpeg - - - $ $ - - - $ $ $ - - - - # -
dcache-hit - - - - - - - - - - - - - - - - -

Legend:
$ Bothalgorithmsmeetthedeadline,but thefeedbackloopconservedenergy by runningata lowerfrequency

thanthetheoreticalalgorithm.
# Both algorithmsmeetthedeadline,but thefeedbackloop conservedlessenergy thanthetheoreticalalgo-

rithm.
+ Thetheoreticalalgorithmmissesits deadline,but thefeedbackloopavoidsamisseddeadlineby raisingthe

frequency.
- Both thetheoreticalalgorithmandfeedbackloopexecuteat thesamefrequency.

Table1: Testprocesses.



In themajority of cases,thereis no differencebetweentheexecutionunderthetheoreticalalgorithmandthefeedback
loop,dueto thePXA255's limited numberof frequencies.Sincethereareonly � ve frequency combinationsavailable,the
theoreticalalgorithmusuallypickstheoptimumfrequency. In many cases,thefeedbackloop reducesenergy consumption
by selectinga lower frequency thanthe theoreticalalgorithm. In thesecases,thebusspeedis usuallythe limiting factor
for performance.Sincemultiple CPU frequenciessharethe samebus speed,the feedbackloop can selectthe lowest
CPU frequency, resultingin a lower energy consumptionover the theoreticalalgorithm. However, in a few testcases,
thefeedbackloop is over-aggressivewhenminimizing clock frequencies,causingit to performworsethanthetheoretical
algorithm. In thesecases,outsidefactorssuchasI/O responsetime andcontext switchinglikely increasethe execution
timeof theprocessmorethanexpected,resultingin amisseddeadline.In furtherresearch,weintendto implementamulti-
resourcefeedbackalgorithm,measuringandtakingthesefactorsinto considerationwhenchoosingoptimalfrequencies.

Overall, thefeedbackloop resultsin fewermisseddeadlinesin 3% of thecasestested.In another25%of thecases,the
feedbackloop resultsin a loweroperatingfrequency. This leadto anaveragefrequency savingsof 8.1%.

5 Summary and Conclusion

Dynamicvoltageandfrequency scalingallows for a reductionin energy consumptionandin heatdissipationfor mobile
devices.However, mostDVFSalgorithmsarenotwell-suitedto real-timeapplications,sincethey will eithermissdeadlines
or wasteenergy if the executiontime of the processis miscalculated.Utilizing the processor's performancecountersto
monitor memoryaccesses,we proposeto betterpredictprocessexecutiontime usinga feedbackloop. Here,the DVFS
approachconsidersthe recentnumberof cachemisses,deriving theoverheadsfor accessingmemory, andtherebybetter
predictinganapplication's run-time,resultingin moreprecisevoltageandfrequency computations.

Whentestedwith four applicationsundervariousutilizations,thecachefeedbackmethodresultsin anenergy savings
in 25%of thecasestested.At highutilizationsandhighmemoryaccessrates,thefeedbackloopraisedtheCPUfrequency,
avoidingmisseddeadlinesin 3%of thecasestested.

In future research,we plan to monitor additionalresourcesto usein our feedbackloop, including I/O requestsand
context switchingoverheads.While theapproachintroducedin this paperrelieson frequency scaling,theXScale-based
evaluationboardusedin our experimentsalsosupportsvoltagescaling. Therefore,our future resultswill leverageboth
frequency andvoltagescalingto achieveoptimalenergy managementresults.
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