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Abstract
Theincreasingcomplexity andsoftwarecontentof embeddedsys-
temshasledto thefrequentuseof systemsoftwarethathelpsappli-
cationsaccessunderlyinghardwareresourceseasilyandefficiently.
In this paper, we analyzethe power consumptionof real-timeop-
eratingsystems(RTOSs),which form an importantcomponentof
thesystemsoftwarelayer. Despitethewidespreaduseof, andsig-
nificantroleplayedby, RTOSsin mobileandlow-power embedded
systems,little is known abouttheirpowerconsumptioncharacteris-
tics. Thiswork presentsthepowerprofilesfor acommercialRTOS,
µC/OS,runningseveralapplicationsonanembeddedsystembased
on the Fujitsu SPARClite processor. Our work demonstratesthat
the RTOScanconsumea significantfractionof thesystempower
and, in addition, impact the power consumedby other software
components.We illustratethewaysin which applicationsoftware
canbedesignedto usetheRTOSin a power-efficient manner. We
believe that this work is a first steptowardsestablishinga system-
atic approachto RTOSpower modelingandoptimization.

1 Introduction
Embeddedsystemsoftencontainprogrammableprocessorsandpe-
ripheralsin addition to application-specifichardware. The com-
plexity of applicationsand underlying hardware, tight perfor-
mance/power budgets,aswell asaggressive time-to-market sched-
ules,requiresthe useof run-timesoftwaresupportby application
developers.This supportusuallytakesthe form of anRTOS,run-
time libraries,anddevice drivers[6, 8, 9, 10, 13, 14, 16]. RTOSs
are usedin embeddedsystemswith soft real-timeconstraints,as
well asformal real-timesystemswith hardreal-timeconstraints.In
the interestof brevity, we will usethe term RTOS to refer to all
operatingsystemstargetingtime-constrainedembeddedsystems.

An RTOSprovidesanumberof servicesto anembeddedsystem
designer. It managesthe creation,destruction,andschedulingof
tasks,aswell ascommunicationbetweentasks.Thedevice driver
andmemorymanagementportionsof anRTOSsimplify the inter-
facebetweenanapplicationandhardwareby providing theembed-
dedsystemdesignerwith routinesto managehardwareresources.
In addition,anRTOSservicessynchronousandasynchronousinter-
ruptsgeneratedby theprocessorandotherembeddedsystemcom-
ponents.

Typical applicationsinvolve significantuseof RTOSprimitives,
thecomplex interactionsof which arehiddenfrom theapplication
softwaredeveloper. Althoughabstractingaway thedetailedbehav-
ior of RTOS servicesallows embeddedsystemdesignersto more
easilymanagecomplexity, tight performanceandpowerconstraints
sometimesdemandmoredetailedanalysis.An RTOSaccountsfor
asignificantfractionof thecomputationaleffort spentby anembed-
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dedsystem.Therefore,designersneedto beawareof thepotential
performanceandpower impactof theirmethodof RTOSuse.Com-
mercialRTOSmanualsanddatasheetstypically includeestimates
of the execution time for variouspartsof the RTOS for specific
hardwareconfigurations.However, vendorsdo not provide infor-
mationaboutRTOS power consumptioncharacteristics.In addi-
tion, state-of-the-arttechniquesin embeddedsoftwarepower anal-
ysisdo not clearlyseparateandanalyzepower consumedin RTOS
components.Ourwork is afirst steptowardsanalyzingandcharac-
terizingpower consumptionin differentRTOScomponents.

Ourwork focusesonunderstandingandcharacterizingthepower
effectsof systemsoftware ratherthanon building a new system-
level power analysistool. To our knowledge,this is thefirst work
thatcharacterizesthepower consumptionof anRTOS.We demon-
stratethat the RTOS itself can consumea significantamountof
power. Themannerin which anRTOSis usedsignificantlyaffects
overall systempower consumption.We have developeda general
framework to measurethe power consumedby differentapplica-
tion andRTOScomponents.Wehavecharacterizedthepower con-
sumptionof a commercialRTOS,µC/OS[9], runningon a Fujitsu
SPARClite processor. We presentquantitative resultsfor energy
and time consumedby different operatingsystemtasks,suchas
context switching, scheduling,inter-processcommunication,and
timermanagement.Wepresentconcreteexamplesof how informa-
tion derivedfromRTOSpoweranalysiscanbeusedto optimizeem-
beddedsoftwarepowerconsumption.Thedataandinsightsderived
from our analysiscan be usedfor researchon high-level power-
modelingof differentRTOScomponents.Thesemodelscanbein-
corporatedinto power-awaresystem-level designtools.

2 Motivation for RTOS energy analysis
In thissection,weillustrate,with examples,theimpactof anRTOS
on systemenergy andtime consumption.The RTOS is shown to
accountfor a significantfractionof thesystem’s energy consump-
tion. The RTOS energy analysisinfrastructuredescribedin Sec-
tion 3 is usedto provide a quantitative breakupof the energy and
time consumedby differentpartsof theapplicationandtheRTOS.
Our analysisidentifiesthe key sourcesof energy consumptionin
thesystem.Significantsavingsin energy consumptionareobtained
by re-writing the applicationto usethe RTOS in a more energy-
efficient manner.

Energy consumptioninformationis generallymoreuseful,when
optimizing an embeddedsystems’s battery lifespan, than power
consumptioninformation. Even in situationsrequiring the opti-
mizationof powerconsumption,e.g., building anembeddedsystem
with limitedshort-termheatdissipation,onemayfrequentlyconvert
anenergy-reducedsystemto a power-reducedsystemby reducing
thesystem’s clock rate,puttingit in a reducedpower consumption
sleepmodepartof thetime,or reducingthevoltageat which some
of its componentsoperate.Therefore,we focuson theenergy con-
sumptionof anumberof simulatedembeddedsystemsin thispaper.
In addition,we give time consumptionprofilesfor theseexamples.
Note that thepower consumptionprofile follows directly from the
energy andtime consumptionprofiles.

2.1 TCP/IP subsystem example
In ourfirst example,weconsiderthepartof aTCP/IPprotocolstack
which doeschecksumcomputationandinterfaceswith the Ether-
netcontrollerperipheral.Incomingpacketsareprocessedto derive
their checksums.The packetsaresubsequentlytransmittedto the
outputdevice (Ethernetcontroller).
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Fig. 1: (a) A straightforward implementation,and (b) a multi-
processimplementationof theTCPsubsystem.

The most straightforward implementationof this algorithm,
shown in Fig. 1(a),processeseachpacket assoonasit is available.
However, acquiringa lock ontheEthernetcontroller’smemoryand
preparingit to receive a packet, representedby theProcure Ether-
netcontroller operationin Fig. 1, maybecostly. TheTCP-1barin
Fig. 4, in Section4, shows theenergy consumedby thisstraightfor-
ward implementation,broken down by RTOSserviceandapplica-
tion categories.

It is possibleto amortizethecostof Procure Ethernetcontroller
overthetransmissionof multiplepacketsbydecouplingpacketgen-
erationfrom transmissionto theEthernetcontroller. In thisenergy-
optimizedimplementation,theapplicationis brokeninto threetasks
asshown in Fig. 1(b). TheChecksumcomputationtaskcommuni-
catespackets to the Buffer managementtaskvia sharedmemory.
WhentheBuffer managementtaskhasenqueuedanumberof pack-
ets,it transfersthemsimultaneouslyto theOutputtask,which pro-
curestheEthernetcontrollerandtransmitsall of thepacketsin its
queue.

The TCP-2 bar in Fig. 4 shows the energy consumedby the
energy-optimizedversionof the TCP example. This resultsin a
20.5%overall decreasein energy consumptionfor the application
with mostof the savings resultingfrom reducedrelianceon hard-
wareaccesssynchronizationandinitializationservices.Powercon-
sumptionreducedby 0.2%,i.e., theenergy savingsresultedfrom a
reductionin executiontime, not averagepower consumption.The
energy savedin thehardwareaccesssynchronizationandinitializa-
tion serviceswassufficient to morethanoffset the 4.9% increase
in energy resultingfrom the increasedcomplexity of themultiple-
task implementation.Note that onecould easilyconvert someof
theseenergy savings into power savings by putting the processor
andmemoryinto sleepmodefor theamountof timesavedin TCP-
2. In thisexample,theRTOSproperconsumedonly approximately
1%of theoverall energy. However, in theotherthreeexamples,the
RTOS consumesa substantialfraction of the embeddedsystem’s
energy.

2.2 Anti-lock braking example
Our secondexampleis basedon embeddedsoftwareusedin anau-
tomotive anti-lockbrakingsystem(ABS). Thesystemusesa timer
wake-upsignalto trigger executionof the ABSprocess.Consider
theflow chartshown in Fig. 2(a)whichimplementspartof anABS.
Thesystemhasbeenadaptedfrom anexamplein adesignautoma-
tion manual[3]. TheABSprocesscalls theSensebrake pedaland
Sensespeedfunctionsthatsensethebrakepedalandthecurrentan-
gularvelocity of thewheel,respectively. It thencomputesthecur-
rentspeedandaccelerationof theautomobile,andusesthespeed,
acceleration,andbrake pedalstatusto decidewhetherto apply the
brakes,pumpthe brakes, releasethe brakes,or do nothing. This
brakingdecisionis conveyed to theActuatebrake function,which
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Fig. 2: (a) A straightforward implementation,and (b) an energy
optimizedimplementationof theABS example.

clampsthebrakecalipers,if appropriate.Thesimulatedvehiclewas
subjectedto an input traceduringwhich its speedandbrake pedal
conditionschangemultiple times.Theenergy consumptionprofile
is shown in theABS-1barof Fig. 4.

In the straightforward implementationof the ABS example,il-
lustratedin Fig. 2(a), theprocessoris awakenedandtheABSpro-
cessexecuteswith every timer tick. As a result, it frequentlyex-
ecuteswithout changingthe conditionof the brake calipers. This
needlessexecutionrequiresenergy which might otherwisebecon-
served. By changingthealgorithmslightly, suchthat it only wakes
up theprocessoron a timer tick if thebrake pedalis depressed(as
shown in Fig. 2(b)), theembeddedsystem’s energy consumptionis
reduced.As shown in theABS-2barof Fig.4, theenergy-optimized
implementationof theABS exampleconsumes62.8%lessenergy
thanthe straightforward implementation.Most of the energy sav-
ingsresultfrom allowing theSPARClite processorto remainin the
sleepmode,andtheDRAM to remainin self refreshmode,through
timer ticks during which it is certainthat the brake calipersneed
notbeclamped.As theexecutiontimein eachcasewas14seconds,
powerconsumptionalsoreducedby 62.8%in theenergy-optimized
version. In this example,operatingsystemandboardsupportser-
vicesaccountedfor approximately50%of thesystem’senergy con-
sumption.

Theexamplespresentedin this sectiondemonstratethemanner
in which RTOS servicesareusedmay have a substantialindirect
impacton applicationenergy consumption.UnderstandingRTOS
time andenergy effectsallows a designerto optimize the energy
consumptionof theembeddedsystem.

3 Energy analysis infrastructure
In this section,we presentour RTOS energy analysisframework.
We first describethe inputsandoutputsof our framework. Next,
we presenta high-level view of its building blocks,andthemanner
in which they interactto analyzethe systemenergy consumption.
Wethenpresentsomedetailsof individual building blocks.

3.1 Inputs and outputs
Our framework cananalyzetheenergy consumptionof anapplica-
tion, consistingof multiple tasks,executingundera multi-tasking
operatingsystem.Thesetasksinteractwith eachother, aswell as
with peripheraldevicessuchasUARTs, brake sensors,andother
hardwarecomponents.Thesystemis simulatedto obtainadetailed
reportof theenergy consumedby differentapplication/RTOSfunc-
tions.

Fig. 3 depictsour energy analysisframework. Theapplication,
which consistsof multiple processes,is compiledand linked to-
getherwith theµC/OSRTOSandFujitsu’s SPARClite run-timeli-
braries.In addition,a modelof thesystem’s environmentor exter-
nal stimuli is providedto our framework.

The outputsof our tool, shown at the right of Fig. 3, include
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Fig. 3: Energy analysisframework.

call-treesfor eachtask,aswell asthe RTOS.Eachtreenodecor-
respondsto a functioncall, andhasa child nodefor eachfunction
call instancewhich occurswithin it. An edgefrom function foo
to functionbar indicatesthat foo calls bar. Thenodesof thecall-
treeareannotatedwith thefunctionsthey represent,andtheenergy
andtime consumedby eachinvocationof the function. The con-
tributing sourcesof energy consumptionwithin the function, e.g.,
instructionexecution,stalls,DRAM refreshing,arerecorded.Note
that if a functionh is calledfrom two functionsf andg, we create
separatenodesin thecall-treecorrespondingto thesetwo scenarios.
Thisensuresthattheenergy consumptionstatisticsof afunctionare
separatedby caller. Eachcall instance’s energy informationcanbe
examinedseparatelyor thecall-instancesmaybecombinedin order
to find thetotal energy consumedby all of the instancesof a func-
tion locatedat a givenpositionin thecall-tree.At eachpositionin
the call tree,detailedinformationis reportedaboutthe sourcesof
energy consumptionwithin the function. In addition,a total hier-
archicalenergy consumption,equalto thesumof the total energy
consumptionsof a node’s children,is given.

3.2 System overview
We now describetheoperationof our energy analysisframework.
The simulatedembeddedsystemconsistsof a processorinteract-
ing with a setof ASICsandotherperipherals.Our energy analysis
infrastructureis built arounda Fujitsu SPARClite processor, con-
nectedto two fast pagemodeDRAMs, a timer, a UART, and a
numberof otherperipherals.It is easyto addnew hardware,e.g.,
the brake sensorsusedin the ABS-1 andABS-2 examples,to the
simulatedsystem. Application-specificdevices may interrupt the
operationof theprocessor. Weuseinterruptroutinesbasedonthose
foundin theFujitsuMB86832evaluationkit, andµC/OS.Applica-
tionsrununderµC/OS.

In order to analyzethe energy consumptionof the system,we
needdetailedfunctional modelsand energy modelsfor its con-
stituentparts.Instructionlevel powermodelsfor theFujitsuSPAR-
Clite processorand internal cachecan be found in the litera-
ture[15]. Theinternaloperationof theMB86832processoris sim-
ulatedusinganinstructionsetsimulator(ISS) [11] which we have
enhancedto properlyhandleinteractionwith othercomponentsin
the modeledembeddedsystem. The ISS accuratelycapturesthe
cycle-by-cycle executionof the processor, i.e., it accountsfor ef-
fectssuchasbranchdelays,pipelineflushes,control-flow mispre-
dictions,etc.We have enhancedthis ISS in a numberof ways. In
orderto accountfor theeffectsof cachemisses,theISSis enhanced
usinganon-linecachesimulatordesignedspecificallyto modelthe
SPARCliteprocessor’scache.It is necessaryto useanon-linecache
simulatorin orderto know, duringexecution,whetheror notamiss
hasoccurred.An off-line cachesimulatorwould not allow thecor-
rectsimulationof anembeddedsystembecause,dueto raceswith
otherperipherals,the presenceor absenceof a misspenaltymay
changethe flow of execution. The cachesimulatoraccountsfor
the cacheand memorybehavior. We model external memoryas
well. Specifically, we simulatethe cacheandon-boardbus inter-
faceunit of a Fujitsu MB86832[4, 5], aswell astheoperationof
two IBM0118160PT3-60low-power fastpagemodeDRAMs [7].

Memory energy consumptionis derived from the manufacturer’s
data-sheet,anddependson theDRAM’s modeof operation.If the
hardwareimplementationof anadditionaldevice a designerwants
to integrateinto the systemis known, its energy consumptioncan
becomputedusingknown energy analysistechniques[1, 2, 12].

As mentionedearlier, our energy analysisframework organizes
theenergy consumptiondataby function,i.e., theenergy consumed
in thesystemduringdifferentinstancesof invocationof a function
arecombinedinto ahistogram.Therefore,in additionto evaluating
theenergy consumedby thesystemin a cycle,our energy analyzer
needsto keeptrack of the function andprocessthat arecurrently
beingexecuted.In general,themannerin which thecontext is de-
terminedis specificto theoperatingsystem,andtheprocessorbe-
ing considered.µC/OSperformsschedulingandcontext switches
throughthefunctionOSSched. Our framework usesthis informa-
tion to keeptrackof context switches.Functioncallsareperformed
using the jmpl instructionfrom the SPARC assemblylanguage.
Thenameof thefunctionto whichcontrolflow is transferredis de-
terminedfrom thesymboltable,which associatesanaddresswith
eachfunctionandglobalvariable.Theproblemof trackingreturns
from functioncalls is complex andrequiresinformationspecificto
(i) the instructionsetarchitectureof the processorbeingused,(ii)
themannerin which thecompilertranslatesdifferentcontrol-flow
constructsin the high-level programminglanguageinto assembly
code,and (iii) someinformation specificto the RTOS codethat
performscontext switching.

Our energy analysistechniqueis non-intrusive. This contrasts
with many well-known softwaredebuggingandperformanceanal-
ysistechniquesthataugmenttheprogramto beanalyzedwith mon-
itoring codein orderto enhanceobservability of theprogramstate
andinternals.While theadditionof monitoringcodeeasesanalysis,
it resultsin alossof accuracy becausethemonitoringcodemodifies
theparametersthatneedsto bemeasured:executiontime anden-
ergy. Additionally, asexplainedin Section3.2,this extra codemay
changethe order in which tasksexecutein an embeddedsystem
containingmultiple hardwaredevices. Theneedto performcycle-
accurateperformanceanalysisis heightenedin thepresenceof ex-
ternaldeviceswhich communicatewith the processor. In several
systems,even minor inaccuraciesin timing cancausea changein
thefunctionalityof thesystembeingimplemented,leadingto inac-
curatecontrol-flow andenergy results.Sinceweusecycle-accurate
processorandcacheenergy models,our framework doesnot suffer
from this problem. Whenrun on a 336MHz UltraSPARC-II with
four gigabytesof memory, thesimulatortakes39.8minutesto sim-
ulatethe 14 secondABS-1 exampleand12.3minutesto simulate
the2.5secondTCP-1example.

3.3 System details
In this section,we describethe operationof two key components
of our target systemarchitecture:the processorandthe operating
system. We first presentan overview of the processor, and then
briefly describetheµC/OSRTOS.

Our systemis built arounda Fujitsu SPARClite MB86832, a
32-bit RISCprocessor, operatingat 80 MHz, with anexternalbus
speedof 26.7MHz. It implementsa supersetof theSPARC v8 in-
structionsetarchitecture.Its integerunit hasa five-stagepipeline,
which canhandledatainterlocks,anda branchhandlerto perform
control-flow transfersefficiently. The bus interfaceunit is capa-
ble of providing single-cycle accessto the on-chip cache. The
MB86832has136 registers,organizedinto eightoverlappingreg-
isterwindows,and8 KB instructionanddatacaches.Multiply and
divide operationsare supportedby dedicated,on-chip hardware,
which cancomplete32-bit multiplicationsin five cycles. Thepro-
cessoralso hasa power-down mode,which can be employed to
reduceenergy consumption.

µC/OSis JeanLabrosse’sportablereal-timekernelfor micropro-
cessorsandmicro-controllers.We usetheversionBradDenniston
portedto the MB86832processor. µC/OShasbeenusedin many
commercialapplications,andits performanceis comparableto that
of othercommercialreal-timeRTOSs. µC/OSsupportsmultitask-
ing, andcanhandleup to 63 concurrentprocesses.The kernel is
fully preemptive. The RTOS is designedto be scalable,i.e., de-
signerswho do not requiresomeof its featuresmaysave memory
by easilybuilding a light-weightversionof µC/OS.TheRTOSpro-
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Fig. 4: Energy consumptionprofiles

videsa numberof servicessuchasscheduling,task-management,
inter-processcommunication,memorymanagement,interrupthan-
dling, andtimer-relatedservices.We choseµC/OSfor our experi-
mentsbecauseit is modular, andits sourcecodeis readilyaccessi-
ble. Furtherinformationon µC/OScanbefoundon theInternetat
http://www.uCOS-II.com, or in Labrosse’s book[9].

4 Results and case studies
We analyzedthe energy consumptionof µC/OSRTOS whenrun-
ning several embeddedapplications.In all cases,we targetedthe
FujitsuSPARClite processorbasedembeddedsystempresentedin
Section3.2. Someapplicationswereabstractedfrom real embed-
ded systemapplicationsoftware, while otherswere designedto
exercisespecificRTOS functionsandservices.Overall, carewas
takento ensurethatkey RTOSfunctionsandserviceswereusedby
thechosenapplications.

For eachexample,wecategorizedenergy consumptionby RTOS
andapplicationservicetype.Fig. 4 shows theenergy consumedby
differentRTOS andapplicationservices.Eachvertical bar repre-
sentsa distinct example. Vertical barsaredivided to indicatethe
percentageof energy consumedin the variousRTOSandapplica-
tion functions.For instance,in theMailbox example,I/O primitives
usedby the RTOSaccountfor a largerportion of the energy con-
sumptionthanany otherfunctioncategory.

TheMailbox exampleillustratestheuseof mailboxesfor inter-
processcommunication.It consistsof threeapplicationtaskswhich
communicatevia thesharedmemorymailboxcommunicationser-
vice provided by µC/OS. The tasks also perform writes to the
UART. Fig. 4 shows that, in this example, the main sourcesof
energy consumptionare input/outputprimitives, interrupt service
routines,taskscheduling,aswell asRTOSandprocessorinitializa-
tion code.Mailbox managementservicesalsoconsumea smallbut
significantfraction of the system’s energy. Formattingandtrans-
mitting datato the UART canbe energy-intensive, andshouldbe
sparinglyusedin an energy-constrainedimplementation.The ap-
plication codereliedheavily on RTOSandprocessorsupportrou-
tines. As a result, the applicationcodeonly consumed1.0% of
thetotal systemenergy, with RTOSandprocessorsupportservices
consumingtheother99.0%.

TheSemaphoreexampleillustratesinter-procedurecommunica-
tion throughtheuseof sharedmemory. In this case,RTOSprim-
itiveswhich postandreleasesemaphoresaccountfor a small but
significantportionof thesystem’s energy consumption.Theappli-
cationcodeconsumed1.3%of thetotal systemenergy, with RTOS
andprocessorsupportservicesconsumingtheother98.7%.

TheTCPandABS examplesaredescribedin Section2. In the
ABS-2 example, energy consumptionwas approximatelyevenly
divided betweenthe SPARClite processorand its DRAM. In the
restof theexamples,theprocessorandDRAM consumedapproxi-
mately40%and60%of thesystem’s energy consumption,respec-
tively. Theresultsin this section,andin Section2, indicatethatan
embeddedsystem’s RTOSmaybedirectly responsiblefor a signif-
icantportion of theembeddedsystem’s energy consumption.The
percentageof systemenergy directly consumedby theRTOSmay
vary dramaticallyfrom approximately1% (TCP-2)to 99% (Mail-
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Fig. 5: Time consumptionprofiles

box),dependingon thedegreeto which theapplicationcoderelies
on RTOS services. Even when the RTOS doesnot directly con-
sumea significantpercentageof thesystem’s energy, onecansig-
nificantly reduceoverall energy, andpower, consumptionby more
wisely using RTOS services,as demonstratedin the ABS-1 and
ABS-2examples.

5 Conclusions and future directions
By analyzingacommercialRTOS,µC/OS,runningseveralapplica-
tions,we have demonstratedthatthemannerin which theRTOSis
usedhasa significantimpacton anembeddedsystem’s power con-
sumption.We have presenteda methodof analyzingtheeffectsof
RTOSpolicieson embeddedsystempower consumption.Insights
derived from RTOSpower analysiswereusedto optimizeembed-
ded software power consumption. The dataand insightsderived
from our work canbe usedto drive researchon high-level power
modelingof differentRTOS components.Furthermore,our work
enablespower-efficient RTOSandapplicationdesign,andmaybe
incorporatedinto power-awaresystem-level designtools.
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