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Abstract

Theincreasingcompleity andsoftwarecontentof embeddedys-
temshasledto thefrequentuseof systemsoftwarethathelpsappli-
cationsaccessinderlyinghardwareresourcegasilyandefficiently.
In this paper we analyzethe powver consumptiorof real-timeop-
eratingsystemgRTOSs),which form animportantcomponenbf
the systemsoftwarelayer. Despitethe widespreadiseof, andsig-
nificantrole playedby, RTOSsin mobileandlow-pover embedded
systemsilittle is known abouttheir power consumptiorcharacteris-
tics. Thiswork presentshe power profilesfor acommerciaRTOS,
HC/OS,runningseveral applicationson anembeddedystembased
on the Fujitsu SFARClite processor Our work demonstrateghat
the RTOS canconsumea significantfraction of the systempower
and, in addition, impact the power consumedby other software
componentsWe illustratethe waysin which applicationsoftware
canbe designedo usethe RTOSIn a power-efficient manner We
believe thatthis work is a first steptowardsestablishinga system-
atic approachio RTOS power modelingandoptimization.

1 Introduction
Embeddedystemsftencontainprogrammabl@rocessorandpe-
ripheralsin additionto application-specifichardware. The com-
plexity of applicationsand underlying hardware, tight perfor
mance/pwer budgetsaswell asaggressie time-to-marlet sched-
ules, requiresthe useof run-time software supportby application
developers. This supportusuallytakesthe form of an RTOS, run-
time libraries,anddevice drivers|[6, 8, 9, 10, 13, 14, 16]. RTOSs
are usedin embeddedsystemswith soft real-time constraints,as
well asformalreal-timesystemswith hardreal-timeconstraintsin
the interestof brevity, we will usethe term RTOS to referto all
operatingsystemdargetingtime-constraineémbeddedystems.
An RTOSprovidesanumberof servicedo anembeddedystem
designer It manageshe creation,destruction,and schedulingof
tasks,aswell ascommunicatiorbetweentasks. The device driver
andmemorymanagemenportionsof an RTOS simplify the inter-
facebetweeranapplicationandhardwareby providing theembed-

dedsystemdesignemwith routinesto managehardware resources.

In addition,anRTOSservicesynchronousndasynchronouster-
ruptsgeneratedy the processoandotherembeddedystemcom-
ponents.

Typical applicationgnvolve significantuseof RTOS primitives,
the complex interactionsof which arehiddenfrom the application
softwaredeveloper Althoughabstractingaway the detailedbeha-
ior of RTOS servicesallows embeddedystemdesignerso more
easilymanageomplity, tight performancendpower constraints
sometimeslemandnoredetailedanalysis.An RTOSaccountdor
asignificantfractionof thecomputationakffort spenty anembed-
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dedsystem.Therefore designersieedto be avareof the potential
performanceandpowerimpactof their methodof RTOSuse.Com-
mercial RTOS manualsanddatasheetgypically includeestimates
of the executiontime for various partsof the RTOS for specific
hardware configurations.However, vendorsdo not provide infor-
mation aboutRTOS power consumptioncharacteristics.In addi-
tion, state-of-the-artechniquesn embeddedoftwarepower anal-
ysisdo notclearly separat@ndanalyzepower consumedn RTOS
componentsOurwork is afirst steptowardsanalyzingandcharac-
terizingpower consumptiorin differentRTOS components.
Ourwork focuseonunderstandingndcharacterizinghepower
effects of systemsoftware ratherthanon building a new system-
level power analysistool. To our knowledge,this is the first work
thatcharacterizethe power consumptiorof anRTOS. We demon-
stratethat the RTOS itself can consumea significantamountof
powver. Themannerin which anRTOSis usedsignificantlyaffects
overall systempower consumption.We have developeda general
frameawork to measurethe power consumedoy differentapplica-
tion andRTOS componentsWe have characterizethe power con-
sumptionof a commercialRTOS, uC/OS[9], runningon a Fujitsu
SFARCIite processar We presentquantitatve resultsfor enegy
and time consumedby different operatingsystemtasks,suchas
context switching, scheduling,inter-processcommunication,and
timermanagement\Ve presentoncreteexamplesof how informa-
tion derivedfrom RTOSpoweranalysiscanbeusedio optimizeem-
beddedsoftwarepower consumptionThedataandinsightsderived
from our analysiscan be usedfor researchon high-level power-
modelingof differentRTOS componentsThesemodelscanbein-
corporatednto power-awaresystem-lgel designtools.

2 Motivation for RTOS energy analysis
In thissectionwe llustrate,with examplestheimpactof anRTOS
on systemenegy andtime consumption.The RTOS is shavn to
accounffor a significantfraction of the systems enegy consump-
tion. The RTOS enegy analysisinfrastructuredescribedn Sec-
tion 3 is usedto provide a quantitatve breakupof the enegy and
time consumeay differentpartsof the applicationandthe RTOS.
Our analysisidentifiesthe key sourcesof enegy consumptionin
thesystem.Significantsavingsin enegy consumptiorareobtained
by re-writing the applicationto usethe RTOS in a more enegy-
efficientmanner

Eneigy consumptiorinformationis generallymoreuseful,when
optimizing an embeddedsystemss battery lifespan, than pover
consumptioninformation. Even in situationsrequiring the opti-
mizationof power consumptione.g., building anembeddedystem
with limited short-termheatdissipationpnemayfrequentlyconvert
an enepgy-reducedsystemto a powver-reducedsystemby reducing
the systems clock rate, puttingit in a reducedpower consumption
sleepmodepartof thetime, or reducingthe voltageat which some
of its component®perate.Therefore we focuson theenegy con-
sumptionof anumberof simulatecembeddedystemsn this paper
In addition,we give time consumptiorprofilesfor theseexamples.
Note thatthe power consumptiorprofile follows directly from the
enegy andtime consumptiorprofiles.

2.1 TCP/IP subsystem example

In ourfirstexample we considetthepartof aTCP/IPprotocolstack
which doeschecksumcomputationandinterfaceswith the Ether
netcontrollerperipheral.lncomingpacletsareprocessedo derive
their checksums.The paclets are subsequentlyransmittedto the
outputdevice (Ethernetcontroller).
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Fig. 1: (a) A straightforvard implementation,and (b) a multi-
processmplementatiorof the TCP subsystem.

The most straightforvard implementationof this algorithm,
shavn in Fig. 1(a), processesachpaclet assoonasit is available.
However, acquiringalock onthe Ethernettontrollers memoryand
preparingit to receve a paclet, representetby the Procure Ether
netcontmoller operationin Fig. 1, maybecostly The TCP-1barin
Fig. 4,in Sectiond, shavs theenegy consumedy this straightfor
wardimplementationproken down by RTOS serviceandapplica-
tion categories.

It is possibleto amortizethe costof Procure Ethernetcontroller
overthetransmissiomf multiple pacletsby decouplingpacletgen-
erationfrom transmissionio the Ethernetcontroller In thisenegy-
optimizedimplementationtheapplicationis brokeninto threetasks
asshown in Fig. 1(b). The Che&ksumcomputationtaskcommuni-
catespaclets to the Buffer mangiementtask via sharedmemory
Whenthe Buffer managementaskhasenqueue@dnumberof pack-
ets,it transfergshemsimultaneouslyo the Outputtask,which pro-
curesthe Ethernetcontrollerandtransmitsall of the pacletsin its
queue.

The TCP-2 bar in Fig. 4 shawvs the enegy consumedby the
enegy-optimizedversion of the TCP example. This resultsin a
20.5%overall decreasén enegy consumptiorfor the application
with mostof the savings resultingfrom reducedrelianceon hard-
wareaccessynchronizatiorandinitialization services Power con-
sumptionreducedoy 0.2%,i.e., the enegy savingsresultedfrom a
reductionin executiontime, not averagepower consumption.The
enepgy savedin thehardwareaccessynchronizatiorandinitializa-
tion serviceswas sufiicient to morethanoffset the 4.9%increase
in enegy resultingfrom theincreaseccompleity of the multiple-
taskimplementation.Note that one could easily corvert someof
theseenegy savings into power sasings by putting the processor
andmemoryinto sleepmodefor theamountof time savedin TCP-
2. In this example the RTOS properconsumeanly approximately
1% of theoverall enegy. However, in theotherthreeexamplesthe
RTOS consumes substantiafraction of the embeddedsystems
enepy.

2.2 Anti-lock braking example

Our secondexampleis basen embeddedoftwareusedin anau-

tomotive anti-lock brakingsystem(ABS). The systemusesatimer

wake-upssignalto trigger executionof the ABSprocess.Consider
theflow chartshavn in Fig. 2(a)whichimplementgartof anABS.

The systemhasbeenadaptedrom anexamplein adesignautoma-
tion manual[3]. The ABSprocesscallsthe Sensérake pedaland
Sensespeedunctionsthatsensehebrake pedalandthecurrentan-

gularvelocity of the wheel,respectrely. It thencomputeghe cur-

rentspeedandacceleratiorof the automobile andusesthe speed,
accelerationandbrale pedalstatusto decidewhetherto apply the

brakes, pumpthe brales, releasethe brakes, or do nothing. This

brakingdecisionis corveyedto the Actuatebrake function, which
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Fig. 2: (a) A straightforvard implementation,and (b) an enegy
optimizedimplementatiorof the ABS example.

clampsthebrale calipers f appropriate Thesimulatedvehiclewas
subjectedo aninput traceduringwhich its speedandbrale pedal
conditionschangemultiple times. The enegy consumptiorprofile
is shavn in the ABS-1barof Fig. 4.

In the straightforvard implementatiorof the ABS example, il-
lustratedin Fig. 2(a), the processois awakenedandthe ABSpro-
cessexecuteswith every timer tick. As a result,it frequentlyex-
ecuteswithout changingthe condition of the brake calipers. This
needlesxecutionrequiresenegy which might otherwisebe con-
sened. By changingthe algorithmslightly, suchthatit only wakes
up the processopn atimer tick if the brake pedalis depressedas
shaowvn in Fig. 2(b)), theembeddedystems enegy consumptions
reduced As shavn in the ABS-2barof Fig. 4, theenegy-optimized
implementatiorof the ABS exampleconsume$2.8%lessenegy
thanthe straightforvard implementation.Most of the enegy sav-
ingsresultfrom allowing the SFARClite processoto remainin the
sleepmode,andthe DRAM to remainin selfrefreshmode through
timer ticks during which it is certainthat the brale calipersneed
notbeclamped As theexecutiontime in eachcasewas14 seconds,
power consumptioralsoreducedy 62.8%in theenegy-optimized
version. In this example,operatingsystemandboardsupportser
vicesaccountedor approximatelyb0%of thesystems enegy con-
sumption.

The examplespresentedn this sectiondemonstrateéhe manner
in which RTOS servicesare usedmay have a substantiaindirect
impacton applicationenegy consumption.UnderstandindgRTOS
time and enegy effectsallows a designerto optimize the enegy
consumptiorof theembeddedystem.

3 Energy analysisinfrastructure

In this section,we presentour RTOS enepgy analysisframevork.
We first describethe inputs and outputsof our framewvork. Next,
we present high-level view of its building blocks,andthe manner
in which they interactto analyzethe systemenegy consumption.
We thenpresensomedetailsof individual building blocks.

3.1 Inputsand outputs

Ourframework cananalyzethe enegy consumptiorof anapplica-
tion, consistingof multiple tasks,executingundera multi-tasking
operatingsystem. Thesetasksinteractwith eachother aswell as
with peripheraldevices suchas UARTS, brale sensorsand other
hardwarecomponentsThesystems simulatedto obtaina detailed
reportof theenegy consumedy differentapplication/R OSfunc-
tions.

Fig. 3 depictsour enegy analysisframevork. The application,
which consistsof multiple processesis compiledand linked to-
getherwith the uC/OSRTOS andFujitsu’s SFARClite run-timeli-
braries.In addition,a modelof the systems ernvironmentor exter-
nal stimuli is providedto our framework.

The outputsof our tool, shavn at the right of Fig. 3, include
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call-treesfor eachtask,aswell asthe RTOS. Eachtree nodecor
respondgo a functioncall, andhasa child nodefor eachfunction
call instancewhich occurswithin it. An edgefrom function foo
to function bar indicatesthatfoo calls bar. The nodesof the call-
treeareannotatedvith thefunctionsthey representandthe enegy
andtime consumedby eachinvocationof the function. The con-
tributing sourcesof enegy consumptiorwithin the function, e.g.,
instructionexecution,stalls, DRAM refreshing arerecorded Note
thatif afunctionh is calledfrom two functionsf andg, we create
separat@odedn thecall-treecorrespondingo thesewo scenarios.
Thisensureshattheenegy consumptiorstatisticsof afunctionare
separatedby caller Eachcall instances enegy informationcanbe
examinedseparatelypr thecall-instancesnaybecombinedn order
to find thetotal enegy consumedy all of theinstancef a func-
tion locatedat a given positionin the call-tree. At eachpositionin
the call tree, detailedinformationis reportedaboutthe sourcesof
enegy consumptiornwithin the function. In addition, a total hier-
archicalenegy consumptiongqualto the sumof the total enegy
consumption®f anodes children,is given.

3.2 System overview

We now describethe operationof our enegy analysisframevork.

The simulatedembeddedsystemconsistsof a processolinteract-
ing with a setof ASICsandotherperipherals Our enegy analysis
infrastructureis built arounda Fujitsu SFARClite processqrcon-
nectedto two fast pagemode DRAMSs, a timer, a UART, and a
numberof otherperipherals.It is easyto addnew hardware,e.g.,

the brale sensorsisedin the ABS-1 and ABS-2 examples,to the
simulatedsystem. Application-specificdevices may interruptthe
operatiorof theprocessorWe useinterruptroutinesbasednthose
foundin the FujitsuMB86832evaluationkit, anduC/OS.Applica-

tionsrununderpC/OS.

In orderto analyzethe enegy consumptionof the system,we
needdetailedfunctional modelsand enegy modelsfor its con-
stituentparts.Instructionlevel powver modelsfor the Fujitsu SFAR-
Clite processorand internal cache can be found in the litera-
ture[15]. Theinternaloperationof the MB86832processois sim-
ulatedusinganinstructionsetsimulator(ISS) [11] which we have
enhancedo properly handleinteractionwith othercomponentsn
the modeledembeddedsystem. The ISS accuratelycapturesthe
cycle-by-g/cle executionof the processari.e., it accountsfor ef-
fectssuchasbranchdelays,pipelineflushes,control-flov mispre-
dictions, etc. We have enhancedhis ISSin a numberof ways. In
orderto accountor theeffectsof cachemissesthelSSis enhanced
usinganon-linecachesimulatordesignedpecificallyto modelthe
SFARCIite processos cache.lt is necessarjo useanon-linecache
simulatorin orderto know, duringexecution,whetheror notamiss
hasoccurred.An off-line cachesimulatorwould not allow the cor-
rectsimulationof anembeddedystembecausedueto raceswith
other peripheralsthe presenceor absenceof a miss penaltymay
changethe flow of execution. The cachesimulatoraccountsfor
the cacheand memorybehaior. We model external memoryas
well. Specifically we simulatethe cacheand on-boardbus inter-
faceunit of a Fujitsu MB86832[4, 5], aswell asthe operationof
two IBM0118160PT3-60ow-power fastpagemode DRAMSs [7].

Memory enegy consumptionis derived from the manufcturers
data-sheetanddepend®n the DRAM’s modeof operation.If the
hardwareimplementatiorof an additionaldevice a designemwants
to integrateinto the systemis known, its enegy consumptiorcan
becomputedusingknown enegy analysisechniquedl, 2, 12].

As mentionedearlier our enegy analysisframavork organizes
theenegy consumptiordataby function,i.e., theenegy consumed
in the systemduring differentinstancef invocationof a function
arecombinednto ahistogram.Therefore jn additionto evaluating
theenegy consumedy the systemin acycle, our enegy analyzer
needsto keeptrack of the function and procesgshat are currently
beingexecuted.In general the mannerin which the context is de-
terminedis specificto the operatingsystem,andthe processobe-
ing considered.puC/OS performsschedulingand context switches
throughthefunctionOSSched. Ourframeavork useshis informa-
tion to keeptrackof context switches.Functioncallsareperformed
usingthej npl instructionfrom the SFARC assemblylanguage.
Thenameof thefunctionto which controlflow is transferreds de-
terminedfrom the symboltable, which associatesin addresswith
eachfunctionandglobalvariable. The problemof trackingreturns
from functioncallsis complex andrequiresinformationspecificto
(i) theinstructionsetarchitectureof the processobeingused,(ii)
the mannerin which the compilertranslategifferentcontrol-flov
constructdn the high-level programminglanguageinto assembly
code, and (iii) someinformation specificto the RTOS codethat
performscontet switching.

Our enegy analysistechniqueis non-intrusve. This contrasts
with mary well-known softwaredehuggingandperformancenal-
ysistechniqueshataugmenthe programto beanalyzedvith mon-
itoring codein orderto enhancebserability of the programstate
andinternals.While theadditionof monitoringcodeeasesnalysis,
it resultsin alossof accurag becaus¢hemonitoringcodemodifies
the parametershat needsto be measuredexecutiontime anden-
ergy. Additionally, asexplainedin Section3.2,this extracodemay
changethe orderin which tasksexecutein an embeddedsystem
containingmultiple hardware devices. The needto performcycle-
accurateperformancenalysisis heightenedn the presencef ex-
ternal devices which communicatewith the processor In several
systemsgven minor inaccuraciesn timing cancausea changen
thefunctionality of the systembeingimplemented|eadingto inac-
curatecontrol-flov andenepgy results.Sincewe usecycle-accurate
processoandcacheenegy models,our framewvork doesnot suffer
from this problem. Whenrun on a 336 MHz UltraSFRARC-II with
four gigabytesof memory the simulatortakes39.8 minutesto sim-
ulatethe 14 secondABS-1 exampleand 12.3 minutesto simulate
the2.5secondl CP-1example.

3.3 System details

In this section,we describethe operationof two key components
of our target systemarchitecture:the processoandthe operating
system. We first presentan overvien of the processqrandthen

briefly describehe u~C/OSRTOS.

Our systemis built arounda Fujitsu SFARClite MB86832, a
32-bit RISC processaroperatingat 80 MHz, with an externalbus
speeddf 26.7MHz. It implementsa supersebf the SFARC v8 in-
structionsetarchitecture.lts integer unit hasa five-stagepipeline,
which canhandledatainterlocks,anda branchhandlerto perform
control-flav transfersefficiently. The bus interface unit is capa-
ble of providing single-g/cle accessto the on-chip cache. The
MB86832has136 registers,organizedinto eight overlappingreg-
isterwindows, and8 KB instructionanddatacachesMultiply and
divide operationsare supportedby dedicated,on-chip hardvare,
which cancomplete32-bit multiplicationsin five cycles. The pro-
cessoralso hasa pover-dovn mode, which can be emplo/ed to
reduceenegy consumption.

MC/OSis Jearn_abrosses portablereal-timekernelfor micropro-
cessorandmicro-controllers.We usethe versionBrad Denniston
portedto the MB86832 processar uC/OS hasbeenusedin mary
commercialpplicationsandits performances comparableo that
of othercommercialreal-timeRTOSs. uC/OS supportsmultitask-
ing, andcanhandleup to 63 concurrentprocessesThe kernelis
fully preemptie. The RTOS is designedio be scalable,i.e., de-
signerswho do not requiresomeof its featuresmay saze memory
by easilybuilding alight-weightversionof uC/OS.The RTOSpro-
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videsa numberof servicessuchasscheduling task-management,
inter-procescommunicationmemorymanagementnterrupthan-
dling, andtimer-relatedservices.We choseuC/OSfor our experi-
mentsbecausét is modular andits sourcecodeis readily accessi-
ble. Furtherinformationon pC/OScanbe found on the Internetat
http://ww. uCGOS-11.comorin Labrosses book[9].

4 Resultsand case studies

We analyzedthe enegy consumptiornof pC/OS RTOS whenrun-
ning several embeddedapplications.In all caseswe targetedthe
Fujitsu SFARClite processobasedembeddedystempresentedn

Section3.2. Someapplicationswere abstractedrom real embed-
ded systemapplication software, while otherswere designedto

exercisespecificRTOS functionsand services. Overall, carewas
takento ensurehatkey RTOSfunctionsandservicesvereusedby

thechoserapplications.

For eachexample we categyorizedenegy consumptiorby RTOS
andapplicationservicetype. Fig. 4 shavs the enegy consumedy
differentRTOS and applicationservices. Eachvertical bar repre-
sentsa distinct example. Vertical barsare divided to indicatethe
percentagef enegy consumedn the variousRTOS andapplica-
tion functions.For instancejn theMailbox example,l/O primitives
usedby the RTOS accountfor a larger portion of the enegy con-
sumptionthanary otherfunction category.

The Mailbox exampleillustratesthe useof mailboxesfor inter-
processommunicationlt consistof threeapplicationtaskswhich
communicatevia the sharedmemorymailbox communicatiorser
vice provided by pC/OS. The tasksalso perform writes to the
UART. Fig. 4 shaws that, in this example, the main sourcesof
enegy consumptionare input/outputprimitives, interrupt service
routines taskschedulingaswell asRTOSandprocessomitializa-
tion code.Mailbox managemerdervicesalsoconsumea smallbut
significantfraction of the systems enegy. Formattingandtrans-
mitting datato the UART can be enegy-intensve, and shouldbe
sparinglyusedin an enegy-constrainedmplementation.The ap-
plication coderelied heavily on RTOS and processosupportrou-
tines. As a result, the applicationcode only consumedl.0% of
thetotal systemenegy, with RTOS andprocessosupportservices
consumingheother99.0%.

The Semaphorexampleillustratesinter-procedureeommunica-
tion throughthe useof sharedmemory In this case RTOS prim-
itiveswhich postandreleasesemaphoreaccountfor a small but
significantportion of the systems enegy consumption.The appli-
cationcodeconsumed..3%of thetotal systemenegy, with RTOS
andprocessosupportservicessonsuminghe other98.7%.

The TCP and ABS examplesaredescribedn Section2. In the
ABS-2 example, enegy consumptionwas approximatelyevenly
divided betweenthe SFARClIite processorand its DRAM. In the
restof theexamplesthe processoandDRAM consumedipproxi-
mately40% and60% of the systems$ enegy consumptionrespec-
tively. Theresultsin this section,andin Section2, indicatethatan
embeddedystems RTOS maybedirectly responsibldor a signif-
icant portion of the embeddedystems enegy consumption.The
percentagef systemenengy directly consumedy the RTOS may
vary dramaticallyfrom approximatelyl% (TCP-2)to 99% (Mail-
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box), dependingpn the degreeto which the applicationcoderelies
on RTOS services. Even whenthe RTOS doesnot directly con-
sumea significantpercentag®f the systems$ enegy, onecansig-
nificantly reduceoverall enegy, and power, consumptiorby more
wisely using RTOS services,as demonstratedn the ABS-1 and
ABS-2 examples.

5 Conclusionsand futuredirections

By analyzingacommerciaRTOS,uC/OS,runningseveralapplica-
tions, we have demonstratethatthe mannerin whichthe RTOSis

usedhasa significantimpacton anembeddedystems powver con-
sumption.We have presented methodof analyzingthe effectsof

RTOS policieson embeddedystempower consumption.Insights
derived from RTOS power analysiswere usedto optimize embed-
ded software powver consumption. The dataand insightsderived

from our work canbe usedto drive researcton high-level pover

modelingof differentRTOS components.Furthermore pur work

enablegpower-efficient RTOS andapplicationdesign,andmay be

incorporatednto power-awaresystem-lgel designtools.
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