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Abstract

Alargeandincreasingnumberof modernembeddedys-
temsare subjectto tight power/enegy constaints. It has
beendemonstatedthatthe opemting systen{OS)canhave
a significantimpacton the enegy efficiencyof the embed-
dedsystem Hence analysisof the enegy effectsof the OS
is of greatimportance Corventionalapproachesto enegy
analysisof the OS (andembeddedoftwae, in geneal) re-
quire the application softwae to be completelydeveloped
and integrated with the systemsoftwae, and that either
measuementon a hardware prototypeor detailedsimula-
tion of the entire systembe performed. Sincethis process
requires significantdesigneffort, unfortunately it is typi-
cally too late in the designcycleto perform high-level or
architectural optimizationson the embeddedoftwae, re-
stricting the scopeof powersavings.

Our workrecanizeshe needto provide embeddedoft-
ware designes with feedbak about the effect of differ-
ent OS serviceson enegy consumptionearly in the de-
sign cycle As a first stepin that direction, this paper
presentsa systematienethodolgyto performenegy anal-
ysisand macio-modelingof an embeddedS. Our enegy
macio-modelsprovide softwae architectsand developes
with an intuitive modelfor the OS enegy effects, since
they directly associateenegy consumptionwith OS ser
vicesand primitivesthat are visible to the applicationsoft-
ware. Our methodolgy consistsof (i) an analysisstage,
whereweidentifya setof enegy components;alledenegy
characteristicswhich are usefulto the designerin making
OS-elateddesigntrade-ofs, and (ii) a subsequentacio-
modelingstage, whete we collectdatafor theidentifieden-
ergy componentsand automaticallyderive macio-models
for them. We validate our methodolgy by deriving en-
ergy macio-modeldor two state-of-the-arembedde®S’s,
#C/OSandLinux OS.

Acknowledgments:This work was supportecdby DARPA undercon-
tractno. DAABO7-00-C-L516.

1 Intr oduction

Embeddedoperatingsystemsform a critical part of a
wide range of comple« embeddedsystems,and provide
benefitsranging from hardware abstractionand resource
managemento real-timebehaior. The enegy effects of
the OS have greatbearingon the enepy efficiency of the
overall embeddedystem.In the past,mostof the embed-
dedOS-relatednvestigationshave centerecaroundperfor
manceissueslin recentyears0S-relatedssuesconcerning
enegy consumptiorof embeddedoftwarehave beenstud-
ied. The problemcan be broken down into two aspects.
First, the enegy consumptioroverheadf the OS needgo
be studied. This work is generallycalledOS enegy char
acterization[1,4]. Second,the effects of using different
OS’s or differentusagesof an OS needto be investigated
too. Initial investigationsof this problemhave beendone
in[1,4,8,10,17].

In this paper we discussthe motivation for performing
OS enegy characterizatiorand proposea methodologyto
do it systematically Our focusis software oriented,with
emphasison the methodologyfor performing OS enegy
characterization.lt compriseswo parts. The first part is
analysis which is concernedvith identifying a setof en-
ergy componentscalledenegy characteristics Thesecond
partis macio-modeling which is concernedvith obtaining
macro-modelgor the enegy characteristicslt involvesthe
processof experimentdesign,datacollection,and macro-
model fitting. As far as we know, this work is the first
attemptto tackle enegy macro-modelingpf an embedded
OS.To demonstrateur approachye presenexperimental
resultsfor two well-known OS’s, namely pC/OS[7] and
Linux OS.

1.1 RelatedWork

High-level softwareenegy reductionstratgiesare usu-
ally concernedvith the OS. Somegeneralideason adapt-
ing softwareto managesnegy consumptiorwerepresented
in [5,6,9]. Vahdatet al. [17] proposedrevisiting several
aspectf the OS for potentialimprovementin enegy ef-
ficieng. Lu et al. [10] proposedand implementedOS-
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Figure 1. A typical embedded system

directedpower managemenin Linux and shaved that it
can save more than 50% power comparedto traditional
hardware-centricshut-davn techniques. Bellosa[2] pre-
sentedthread-specifionline analysisof enegy-usagepat-
ternsthatarefed backto the scheduleto controlthe CPU
clock speed.

Performanceanalysisof the OS hasbeeninvestigated
in the past[12,18]. In addition, other work has been
doneto analyzethe enegy consumptionof the OS. En-
ergy analysisof areal-timeOSwasfirst performedby Dick
et al. [4], who developedan enepgy simulationandanaly-
sisframework for uC/OS-SRRClite basedembeddedys-
tems. Cignetti et al. [3] modeledthe power consumption
of the PalmOS™ family of devicesbasedn discretede-
vice statesandprovidedanenegy simulatorbasedon this
power model. Li etal. [8] presentedssuesconcerningthe
implementationof a low power OS and demonstratedhe
enegy adwantageof the event-driven TinyOS over a gen-
eralpurposeOS (eCos).Acquaviva et al. [1] characterized
the enegy consumptiorof eCos,focusingin particularon
therelationshipbetweerenegy consumptiorandprocessor
frequeng.

2 Motivation for OS Energy Characteriza-
tion

Consideranembeddedystemconsistingof mary com-
ponentspneof whichis a microprocessothathostsall the
software tasks. The software tasksusean OS asthe run-
time engine. A conceptualdiagramfor sucha systemis
shavn in Fig. 1. Assumethatthe softwarefor this embed-
dedsystemhasthe task configurationshavn in the figure.
Task T1 throughtask T4 dealwith backgroundprocessing
suchas managingthe memory controlling the LCD, etc.
TaskT5 looks out for new datacomingfrom the A/D con-

verter performssomepreprocessingandpasseshe datato
taskT4. Giventhis multi-task specificationthereare ses-
eral waysto actuallyimplementthe system. In particulay
for taskT5, we have two options:

C1: In this case,task T5 is implementedas an actual
softwareprocess.After performingpreprocessingt
passeshe datato task T4 throughinter-processom-
munication(IPC).

C2: In this case,task T5 is implementedas an interrupt
serviceroutine (ISR) or signal handlerfor task T4.
ThelSRor signalhandleiis activatedperiodicallyus-
ing ahardwaretimer. SincetasksT4andT5 sharethe
sameprocesspacepassinglatafrom taskT5to task
T4 doesnotincurary IPC overhead.

Designersacquaintedwith the underlyingimplementa-
tion of anOSwill know thatthe C2implementatiorhasless
overheaddelayandenegy) comparedo C1. However, C1
is a cleaner(in termsof easeof programming)implemen-
tationcomparedo C2. Therefore sometrade-of hasto be
made.Apart from that, choosingthe actualmechanisnfor
IPC alsorequiresa trade-of betweervariousobjectives. A
decisioncanbe madeintelligently only if the metricunder
consideratior(the enegy overhead)s quantified. Oneap-
proachfor quantifyingtheenegy overheadf CloverC2is
to actuallyimplementboth andcomparethemin a simula-
tion ervironment.However, this is verytime-consuminglf
sometype of enegy characteristicdatafor the chosenOS
aremadeavailable, thecomparisortanbemademuchmore
efficiently. Thisis especiallysoif the enegy characteristic
dataareprovidedin theform of enegy macro-modelsOur
work in this paperis afirst steptowardsmakingthis possi-
ble.

3 Overall Methodologyfor OS Energy Char-
acterization

Fig. 2 illustratesthe overall methodologyfor OS enegy
characterizationTherearefour stepsinvolved,namely:

1. In theenepy effect analysisstep,we identify the es-
sentialcomponent®of the embeddedDS one should
characterize.

2. After identifying the enegy componentdo charac-
terize,we generatalirectedtestprogramshatisolate
thesecomponentérom eachother

3. In this step,the testprogramis compiledandlinked
with the OS, and fed into an enegy simulation
tool. This steprequiresa low-level enegy simula-
tion framework thatis capableof executingthe ap-
plicationsoftwaretogethemith the OSandreporting
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Figure 2. Overall methodology for OS energy
characterization

theenegy consumptioron a functioninstancebasis.
Suchsimulatorsexist, andwerereportedn [4, 13].

4. Theexecutionandenepy profilesgeneratedrom the
previous stepis subjectto furtheranalysisandmodel
fitting to obtaintheenegy macro-models.

Step 1 is the enegy analysisstage,whereasStep2 to
Step4 belongto the enegy macio-modelingstage.We dis-
cussthesetwo stagesof our methodologyin the next two
sections.

4 OSEnergy Analysis

Forthepurposeof enegy analysiswe canview anOSas
amulti-entrymulti-exit program(MEME-P).Suchaview is
depictedn Fig. 3, wherethebig circle is a conceptuatep-
resentatiorof the OS-applicatiorinterface. Dottedlinesin
thecircle represenfconceptually)possibleexecutionpaths
in the OS. Noticethatsomepathsoverlapin somesections,
depictingthecommonfactof programmodularity Someof
theentry-«it pairsbelongto systencall interfaceswhereas
othersbelongto implicit pathsof executionwithin the OS,
i.e., they do not directly correspondo systemcallsin the
applicationcode. Examplesof implicit executionpathsin-
cludethosetriggeredby interrupts.In thefollowing discus-
sion,we shallcall the entry-«it pairsbelongingto the sys-
temcall interfacesSCEEP(systemcall entry-eit pair),and
the entry-&it pairs belongingto implicit execution paths
IEEP (implicit entry-&it pair).

SCEEP2

IEEP1

M1: First mode of operation for SCEEP1
M2: Second mode of operation for SCEEP1

Figure 3. An MEME-P view of an OS

In atypical OS,a SCEEPcanbe overloadedwith afew
groupsof pathshecause¢he systemfunctionit representss
overloadedwith mary modesof operations.For example,
theread() systemfunctionin the Linux OS canbe used
to readfrom a file, from the network, or from a terminal.
Thesedifferentmodesof operationsorrespondo very dif-
ferentgroupsof pathsfor the SCEEPof theread() func-
tion. Similarly, IEEP couldalsobe overloadedn the sense
thatdifferentgroupsof pathsmay be traversed,depending
onthestateof the OS.

Guidedby the MEME-P view, the objective of OS en-
ergy analysisis to identify a useful set of SCEEPS and
IEEP’s, andto classifythe pathsbetweertheminto groups
amenableto macro-modeling. The enegies consumed
while traversingthesepathsare the enegy characteristics
of the OS. We broadly classify the enegy characteristic
datainto two categyories,namelythe explicit groupandthe
implicit group. We discussachgroupseparatelyn thefol-
lowing sub-sections.

4.1 Explicit Energy Characteristics

By explicit, we meanthe enegy datathatis directly re-
lated to the OS primitives (systemfunctions). Using the
MEME-P view, it basicallyrelatesto the enegy consumed
while traversingthe pathsbetweenSCEEPS. An OStypi-
cally comprisesnary SCEEPS. A comprehensiesetof ex-
plicit enegy characteristidatashould,in principle, cover
all the SCEEPS. However, in mostpracticalapplications,
a selectedset of the SCEEPS shouldsuffice in providing
usefuldatafor the designersFor systemfunctionsthatare
overloadedvith multiple modesof operationgachmodeof
operationshould have its own enegy macro-modelgven
thoughall the modesof operationsharethe sameSCEEP

Making enegy macro-modelsvailablefor systenfunc-



tions allows the designerdo chooseamongpossiblealter
natives(systemfunctions)efficiently. Thereforethe signif-
icanceof theseenegy macro-modeldies notin their abil-
ity to provide absoluteestimatedor the actualenegy con-
sumptionputin theirability to facilitatecomparisoramong
differentalternatves.

4.2 Implicit Energy Characteristics

In contrastto explicit enegy, implicit enegy character
isticsarenot directly relatedto ary OS primitive. Thatis,
theenepy is notincurredwhenexercisingan OS primitive,
but comesasa resultof runningthe OS engine. Using the
MEME-P view, this enegy basicallyrelatesto the enegy
consumedwhile traversingthe pathsbetweenEEP’s. Sim-
ilar to the SCEERthereareusuallya few groupsof paths
for asingle|IEER eachof themrequiringa separatenegy
macro-model.The enegy consumptioralongthe different
groupsof pathsbetweerthe|EEPis characteristiof anOS,
andthey arecalledimplicit enegy characteristics Someof
themare:

Timer interrupt energy: This is the enegy
overheadncurredby thetimer interrupttied to
thescheduler

Schedulingenergy: This is the enegy over-
headof performing reschedulingin the pre-
emptive scheduler

Context switch energy: This is the enegy
overheadincurredwhen a context switch oc-
curs. Notethata call to the schedulemay not
always resultin a context switch, hence,we
separatelycharacterizehe context switch and
schedulingeneny.

Signal handling energy: A signaldepictsan
OSemulationof alow-level interrupt. Sinceit
is commonlyused,its enegy overheadshould
becharacterized.

Making enegy macro-modelsavailable for the above en-
ergy componentsallows the designergo efficiently com-
putethe relative enegy costof differentsoftwarearchitec-
tures.

5 OSEnergy Macro-modeling

We adopta white-boxanalysisand black-box measue-
mentphilosophyfor OS enegy macro-modeling. White-
box analysisrefersto the factthatwe identify andanalyze
the enegy component®f interestby studyingthe internal
operationof the OS. Black-boxmeasuementrefersto the

factthatwe measuréheenegy componentby devising ex-
perimentghatisolatethe OS enegy of interestby only in-
strumentingthe applicationcode. Black-boxmeasurement
and macro-modelingenablethe enegy modelsto be used
without ary knowledge of the OS’s internal implementa-
tion.

In thefollowing sub-sectionsye first discussstep? (see
Fig. 2) of ourmethodologyfor bothexplicit andimplicit en-
ergy characteristicsAfter that,steps3 and4 of ourmethod-
ology areillustrated.

5.1 Approachto Measure Explicit Energy Char-
acteristics

The enegy consumptionof an OS primitive (system
function) can be characterizedy repeatedlycalling it in
a test program. Caremust be taken to extract the “pure”
enegy costof the systemfunction,isolatingit from theim-
plicit enegy. For example,in measuringhe costof ames-
sagequeueread one mustmake surethatthe enegy data
collecteddoesnot include context switch enegy. This is
achieved by arrangingto have bothreadandwrite partsof
the experimentin the samesoftware process. Moreover,
spuriousdataresultingfrom timer interrupt, rescheduling
andpre-emptve context switch mustbeisolatedandelim-
inated. For example,to avoid pre-emptve context switch,
the testprogrammustnot executefor morethan200ms in
thecaseof Linux OS.

Using this approachwe presentsomecharacterization
resultsfor somecommonlyusedOSprimitivesin Sectiong.

5.2 Approachto Measure Implicit Energy Char-
acteristics

As describedn Sectiord.2,therearea few key parame-
tersoneshouldmeasurdo obtaintheimplicit enegy char-
acteristics Measuringtheseparameterss not as straight-
forward asfor explicit enegy characteristics.We discuss
themone-by-onen thefollowing sub-sections.

5.2.1 Context Switch Energy

Contet switchenegy is agoodmeasuref thechoserOS’s
ability to performmulti-taskingenepgy-efficiently. Due to
its importancewe presentwo differentapproache$o ob-
tainvaluesfor thiskey parameterWhethembothapproaches
resultin similar enegy valuesis anindicatorof their accu-
ragy.

The first approachis to arrangetwo separateexperi-
ments,A andB. ExperimentA consistsof two tasks,con-
nectedtogetherby two separatéPC channelgyoingin op-
positedirectionswith asinglebyterepeatedibeingpassed
backand forth throughthe two IPC channels. Sincetwo
tasksareinvolvedin theactiity (readingandwriting of the



'/ void sub_functionl1()

main () {
int i
i=0;

for(i  =0;i<(1<<13);i++) {
i*=i

}

return;

3

for (i=0;i<N; i++) {
sub_function();
}
}

Figure 4. A test program for revealing conte xt
switc h energy

()]
1000 4
2)

(©)

100 4

Count

104

1 E

240000

4)

T

244000 248000 252000 256000
Energy consumption of sub_functioni()

Figure 5. Histogram for the energy consump-
tion of sub _functionl1()

IPC channels)context switchesoccurrepeatedly Experi-
mentB consistsof a similar setup. However, in this case,
boththelPC channelsareentirelyin asingletask.As read-
ing andwriting of thelPC channel®ccur, no context switch
is involved. By comparingthe differencesin the enegy
consumptiondetweenthesetwo experimentsthe context
switchenepgy canbeisolated.

The secondapproachis quite different from the first.
In this case, the test program consists of a function
sub _function1() that doesnothing, expectingto be
preemptedy the OS. Thistestprogramis shovn in Fig. 4.
Functionsub _functionl() is calleda large numberof
times by the main testprogram,andis pre-emptedoy the
OS during someof thesecalls. Plotting the histogramfor
the enegy consumptionof sub _function1() reveals
theenegy incurredby thetimerinterrupt,reschedulingand
contet switch. Sucha plot is shavn in Fig. 5. Knowing
the underlying schedulingmechanisnof the OS, we can
deducethe origin of eachenegy clusterin Fig. 5! (de-
notedby (1) — (4) in thefigure). Thefirst clusterfrom the
left, i.e., cluster(1), is the nominalenegy consumptiorof

1 Thisis exactly thereasorwe describeour approactaswhite-boxanal-
ysisandbladk-boxmeasuement
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Figure 6. Histogram for the energy consump-
tion of sub _function2()

sub _function1() . Cluster(2) is dueto the timer in-
terrupt,which arriveswith a periodof 5ms. Every 10ms,
reschedulingoccurs, which resultsin enegy cluster (3).
This clustershaws significantdispersion,pointing to the
fact that the reschedulingalgorithm usedin the OS is dy-
namic. Cluster(4), which hasa low count,is attributedto
callsto sub _functionl() during which an actualcon-
text switch occurs. To extract the context switch enegy
from the histogram,we only have to calculatethe differ-
encebetweerthefourth andthefirst enegy clusters. As we
will shaw in Section6, this valueturnsoutto bevery close
to thevalueobtainedusingthefirst approach.

5.2.2 Timer Interrupt and ReschedulingEnergy

Knowing thatthe secondclustershouldbe attributedto the
timer interrupt, we obtainthe timer interruptenegy to be
the differencebetweenthe secondclusterandfirst. Sim-
ilarly, the schedulingenepy is the enepgy differencebe-
tweenthethird clusterandfirst.

5.2.3 SignalHandling Energy

Signal handling enegy needs to be extracted using
another experiment. In this experiment, we reuse
sub _function1() describedin Section5.2.1, naming
it sub _function2() in this experiment. However, the
main test programalso setsup an alarm that generates
signalperiodically An alarmsignalhandlerthatdoesnoth-
ing (just return) is also establishedn the main test pro-
gram. While sub _function2() is called repeatedly
by the main testprogram,someinvocationswill be inter-
ruptedby the alarm. Fig. 6 shovs the enegy histogramfor
sub _function2() in the experiment.Knowing thatthis
setupis the sameasthe setupin Section5.2.1 exceptfor



signalhandling,we attribute the extra clusterto signalhan-
dling.

5.3 Energy Simulation and Macro-modelFitting

After devising the testprogramsrequiredto extractthe
enegy characteristicsyve usea low-level enegy simula-
tion frameawork to collect the data. Suchlow-level enegy
simulationframeworks exist [4, 13], andare ableto report
enegy consumptiorof a softwarefunction on aninstance-
by-instancebasis.

Macro-modefitting is thelast stepin our methodology
We usearegressiortechniquedevelopedin [14]. Basically
for the enegy characteristic®f interest,we first collecta
seriesof data Ey, Es, ..., E, usingthe low-level enegy
simulator At thesametime, we alsochoosea macro-model
templateEl = c1 Ry + coR2 + -+ + ¢p R, for this enegy
characteristics.?;'s are the macro-modeparametersand
¢;’s arethe unknown coeficientsto be determined.Given
the collection of enegy data, we form a matrix equation
usingthemacro-modetemplate:

Rii Rip Ry p 1 E
Ro1 Rapo Ry e | | B
Rn,l Rn,2 Rn,p Cp n

Solution of this matrix equationusing the pseudo-inerse
methodyieldsthevaluesfor ¢;’s suchthatthe macro-model
bestfits theenepgy data[11].

We next illustratethis macro-modefitting stepusingan
example. Considerthe caseof building an enegy macro-
modelfor the Linux systemfunctionmsgsnd() . Knowing
the functionality of this systemfunction, it is straightfor
wardto proposeanenegy macro-modetemplatesxpressed
asE = ¢; + cox, wherez is the numberof bytesprocessed
by this systemfunction,andc; andcs arethe unknown co-
efficientsto be determined Runningthe testprogramgen-
eratedn thepreviousstepyieldsaseriesof enegy dataF,
E,, ..., E,, correspondindo aseriesof x's, 1, X2, ..., Tp.
Thecorrespondingnatrix equatiorusedto solve for theun-
known coeficientsec; andes is givenby:

1 Iy El
1 a ) _ | E
1 =z, E,

Sinceit isregressiorbasedthemacro-modelepropose
will have somefitting error with respecto the lower-level
enegy valuesit is basedon. Evaluationof the erroris im-
portantto justify the applicability of themacro-modelsWe

usethefollowing relative errormetric:

€E =

3 (E; — E;)/E;)? @

- n

(]
whereFE;’s aretheenegy datavaluesand E;’s arethe val-
uesgiven by the macro-model.This error metricis anun-
biasedmeasureof the statisticalsignificanceof the macro-
modelsif thesamplesizen is muchlargerthanthe number
of parameterp.

6 Experimental Results

To validate our methodology this sectionpresentsex-
perimentalresultsfor enegy characterizatiorof two well-
known OS’s, namely uC/OS[7] andLinux OS (arm-linux
v2.2.2).Weuseenegy simulatorg4, 13] for embeddedys-
tem platformsbasedon the Fujitsu’s SFARClite processar
andtheIntel StrongARMprocessatrto collectlow-level en-
ergy datafor 4C/OSandLinux OS, respectiely. Discus-
sions of the useand accurag of suchsimulatorscan be
foundin [4, 13].

Tablel shavstheimplicit enegy characteristiclatafor
bothuC/OSandLinux OS.Sincetheenegy datafor 4C/OS
werederivedfor a SFARClite-basedlatform, whereaghe
enegy datafor Linux OS werederived for a StrongARM-
basedplatform, the enegy characteristicddatafor uC/OS
werealsonormalizedo the StrongARM-basegblatformso
thata meaningfulcomparisorcanbe madewith the Linux
OSenepy characteristidata. Sincetwo approachesvere
usedto determinethe context switch enegy, we reportfor
both uC/OSandLinux two contet switch enegy values,
indicatedas(1) and(2). Thetwo context switchenegy val-
uesderived using the two approachesurn out to be very
closeto eachother therebyproviding an empirical vali-
dation of the approaches. Note that timer interrupt and
reschedulingreinseparablén 4C/OS.Thereforethereis a
commonentryfor bothin Tablel. Also, thereis no concept
of signalhandlerin C/OS, thereforethe entry on signal
handlingenegy for uC/OSis omitted.

Explicit enegy characteristicdata for uC/OS are re-
portedin Table2. Datafor Linux OS arereportedin Ta-
ble 3. Thetableslist the enegy macro-modeldor selected
setsof systemfunctionsthatspanvarioussub-systems-or
thosesystemfunctionsoverloadedwith multiple modesof
operationssuchasread() andwrite()  in Linux, sep-
arateenegy macro-modeld$or eachmodeof operationare
reported.

Eventhoughe is largein somecasessuchmacro-models
canstill be very usefulin providing relatively accurateen-
ergy estimationto helpwith system-leel enegy optimiza-
tion. For example,in thecontext of choosingaproperLinux
OS systemfunction for the IPC betweentask T4 andtask



Table 2. Energy macro-models for selected system functions in uC/OS

| Sub-systems || SystemFunctions Macro-modelgnJ) | Normalized(nJ) [ Remarks |

ProcesManager OSTaskCreate() E =55221 E =6734 e=1.9%
IPC OSMboxCreate() E = 38747 E =472.5 €=0.4%

IPC OSMboxPend() E =6717 E =819 e=0.8%

IPC OSMboxPost() E =5745 E =701 e=12%

IPC OSSemCreate() E = 38777 E =4729 e=0.4%

IPC OSSemPend() E =6529.8 E =179.6 e =0.9%

IPC OSSemPost() E =6124.1 E =747 e =0.9%

IPC OSQCreate() E = 48320 E =589.3 e=0.5%

IPC OSQPend() E =9705.2 E =118.4 e=1.8%

IPC OSQPost() E = 9464.1 E=1154 e=1.7%
MemoryManager || OSMemCreate(blocks) | E = 12650 + 3400z | E =154.3 4+ 4152z | e=1.1%
MemoryManager OSMemGet() E=17172.0 E =875 e=14%
Memory Manager OSMemPut() E =6700.0 E =817 e=0.8%
Timer Manager OSTimeGet() E = 3053.0 E =372 e=1.2%
Timer Manager OSTimeSet() E =3097.1 E =378 e=11%

Table 1. Implicit energy characteristic data for
nC/OS and Linux OS

I uCIlOS | Enegy Overhead| Normalized ||
Context Switch(1) 66000 nJ 804 nJ
Context Switch(2) 62500 nJ 762 nJ

Timer Interrupt/Sched. 21000 nJ 256 nJ

I Linux OS | Enegy Overhead] |
Context Switch(1) 12570 nJ
Context Switch(2) 12500 nJ

Timer Interrupt 450 nJ
Scheduling 1200 nJ
SignalHandling 3200 nJ

T5 describedn Section2, enegy macro-modeldor all the
available IPC systemfunctionscomein handy Knowing
the typical amountof databeing passedthe designercan
calculatethe enegy consumptionof all the possibleIPC
systenfunctionsandchooseheonewith thelowestenegy
consumptionEvenfor systemfunctionswhich do nothave
alternatves, enegy macro-modelgjive designersa quick
way of estimatingthe enegy consumptioroverheadf the
systemfunctions.

7 Limitations

Thoughwe havetriedto beascomprehensieaspossible
in our approacho OSenegy characterizatiorthe scopeof
our work hasto be limited in someways. First of all, we
targetembeddeaperatingsystemghataremonolithic[16]
andrun on a singleprocessarThis groupof OS’s includes
Linux, pC-Linux, uC/OS,eCos,etc. Secondalthoughthe
overall methodologyshould be applicableacrossmultiple

OS’s, the detailsof testprogramgenerations nevertheless
implementation-dependerit our case we usedLinux OS
as the taget OS and leveragedthe approachfor pC/OS.
Third, the focus of this paperis only on OS enegy char
acterization. Thoughwe have pointed out somepossible
usesof theenegy characteristicdata, systematicallyusing
thisinformationin asystem-leel softwareenegy reduction
frameawork is atopic for future work.

Our methodologyinvolvesthe useof low-level enegy
simulatorsto provide therequiredenegy dataasa basisof
macro-modelingAccurag of the macro-modefitting was
discussedn Section5.3. The aggrejateerrorasa resultof
macro-modelingndsimulationis discussedn [15].

8 Conclusions

We presenteda systematicapproachto analyze and
macro-modelthe enegy consumptionof various compo-
nentsin anembeddedS. In the enegy analysisstage we
dissecte@typical OSanddescribecinapproacho identify
the essentiacomponentof the embeddeddS one should
characterizeln themacro-modelingtagewedescribedhe
experimentsve performedo measurgheenegy character
istics,andtheapproactwetookto obtainthecorresponding
macro-modelsWe validatedour methodologyon two well-
known OS’s, uC/OSandLinux OS.Enegy macro-models
obtainedusingour approacttanbevery helpful for guided
OS-relateddesigntrade-ofs.
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