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Abstract

A largeandincreasingnumberof modernembeddedsys-
temsare subjectto tight power/energy constraints. It has
beendemonstratedthat theoperatingsystem(OS)canhave
a significantimpacton the energy efficiencyof the embed-
dedsystem.Hence, analysisof theenergy effectsof theOS
is of great importance. Conventionalapproachesto energy
analysisof theOS(andembeddedsoftware, in general) re-
quire the applicationsoftware to be completelydeveloped
and integrated with the systemsoftware, and that either
measurementon a hardware prototypeor detailedsimula-
tion of the entire systembe performed.Sincethis process
requiressignificantdesigneffort, unfortunately, it is typi-
cally too late in the designcycle to performhigh-level or
architectural optimizationson the embeddedsoftware, re-
stricting thescopeof powersavings.

Our work recognizestheneedto provideembeddedsoft-
ware designers with feedback about the effect of differ-
ent OS serviceson energy consumptionearly in the de-
sign cycle. As a first step in that direction, this paper
presentsa systematicmethodologyto performenergyanal-
ysisand macro-modelingof an embeddedOS.Our energy
macro-modelsprovide software architectsand developers
with an intuitive model for the OS energy effects, since
they directly associateenergy consumptionwith OS ser-
vicesandprimitivesthat are visibleto theapplicationsoft-
ware. Our methodology consistsof (i) an analysisstage,
whereweidentifya setof energycomponents,calledenergy
characteristics, which are usefulto the designerin making
OS-relateddesigntrade-offs, and (ii) a subsequentmacro-
modelingstage, where wecollectdatafor theidentifieden-
ergy componentsand automaticallyderive macro-models
for them. We validate our methodology by deriving en-
ergymacro-modelsfor twostate-of-the-artembeddedOS’s,� C/OSandLinuxOS.

Acknowledgments:This work wassupportedby DARPA undercon-
tractno.DAAB07-00-C-L516.

1 Intr oduction

Embeddedoperatingsystemsform a critical part of a
wide range of complex embeddedsystems,and provide
benefitsranging from hardware abstractionand resource
managementto real-timebehavior. The energy effects of
the OS have greatbearingon the energy efficiency of the
overall embeddedsystem.In the past,mostof the embed-
dedOS-relatedinvestigationshave centeredaroundperfor-
manceissues.In recentyears,OS-relatedissuesconcerning
energy consumptionof embeddedsoftwarehavebeenstud-
ied. The problemcan be broken down into two aspects.
First, theenergy consumptionoverheadof theOSneedsto
be studied. This work is generallycalledOS energy 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 energy characterizationandproposea methodologyto
do it systematically. Our focus is software oriented,with
emphasison the methodologyfor performingOS energy
characterization.It comprisestwo parts. The first part is
analysis, which is concernedwith identifying a setof en-
ergycomponents, calledenergycharacteristics. Thesecond
part is macro-modeling, which is concernedwith obtaining
macro-modelsfor theenergy characteristics.It involvesthe
processof experimentdesign,datacollection,andmacro-
model fitting. As far as we know, this work is the first
attemptto tackleenergy macro-modelingof an embedded
OS.To demonstrateour approach,we presentexperimental
resultsfor two well-known OS’s, namely, � C/OS [7] and
Linux OS.

1.1 RelatedWork

High-level softwareenergy reductionstrategiesareusu-
ally concernedwith the OS.Somegeneralideason adapt-
ing softwareto manageenergy consumptionwerepresented
in [5, 6,9]. Vahdatet al. [17] proposedrevisiting several
aspectsof the OS for potentialimprovementin energy ef-
ficiency. Lu et al. [10] proposedand implementedOS-
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Figure 1. A typical embed ded system

directedpower managementin Linux and showed that it
can save more than 50% power comparedto traditional
hardware-centricshut-down techniques. Bellosa [2] pre-
sentedthread-specificonline analysisof energy-usagepat-
ternsthat arefed backto the schedulerto control the CPU
clock speed.

Performanceanalysisof the OS hasbeeninvestigated
in the past [12,18]. In addition, other work has been
done to analyzethe energy consumptionof the OS. En-
ergy analysisof areal-timeOSwasfirst performedby Dick
et al. [4], who developedan energy simulationandanaly-
sisframework for � C/OS-SPARClite basedembeddedsys-
tems. Cignetti et al. [3] modeledthe power consumption
of the %'&)(�*,+'-/.10 family of devicesbasedon discretede-
vice states,andprovidedanenergy simulatorbasedon this
power model. Li et al. [8] presentedissuesconcerningthe
implementationof a low power OS and demonstratedthe
energy advantageof the event-driven TinyOS over a gen-
eralpurposeOS(eCos).Acquaviva et al. [1] characterized
the energy consumptionof eCos,focusingin particularon
therelationshipbetweenenergy consumptionandprocessor
frequency.

2 Moti vation for OS Energy Characteriza-
tion

Consideranembeddedsystemconsistingof many com-
ponents,oneof which is a microprocessorthathostsall the
software tasks. The software tasksusean OS asthe run-
time engine. A conceptualdiagramfor sucha systemis
shown in Fig. 1. Assumethat thesoftwarefor this embed-
dedsystemhasthe taskconfigurationshown in the figure.
TaskT1 throughtaskT4 dealwith backgroundprocessing
suchas managingthe memory, controlling the LCD, etc.
TaskT5 looksout for new datacomingfrom the A/D con-

verter, performssomepreprocessing,andpassesthedatato
taskT4. Given this multi-taskspecification,therearesev-
eral waysto actually implementthe system. In particular,
for taskT5, we havetwo options:

C1: In this case, task T5 is implementedas an actual
softwareprocess.After performingpreprocessing,it
passesthedatato taskT4 throughinter-processcom-
munication(IPC).

C2: In this case,taskT5 is implementedasan interrupt
serviceroutine (ISR) or signal handlerfor task T4.
TheISRor signalhandleris activatedperiodicallyus-
ing ahardwaretimer. SincetasksT4andT5sharethe
sameprocessspace,passingdatafrom taskT5 to task
T4 doesnot incur any IPC overhead.

Designersacquaintedwith the underlyingimplementa-
tion of anOSwill know thattheC2 implementationhasless
overhead(delayandenergy) comparedto C1. However, C1
is a cleaner(in termsof easeof programming)implemen-
tationcomparedto C2. Therefore,sometrade-off hasto be
made.Apart from that,choosingtheactualmechanismfor
IPC alsorequiresa trade-off betweenvariousobjectives.A
decisioncanbemadeintelligently only if themetricunder
consideration(the energy overhead)is quantified.Oneap-
proachfor quantifyingtheenergyoverheadof C1overC2 is
to actuallyimplementboth andcomparethemin a simula-
tion environment.However, this is verytime-consuming.If
sometypeof energy characteristicdata for the chosenOS
aremadeavailable,thecomparisoncanbemademuchmore
efficiently. This is especiallysoif theenergy characteristic
dataareprovidedin theform of energy macro-models.Our
work in this paperis a first steptowardsmakingthis possi-
ble.

3 Overall Methodology for OS Energy Char-
acterization

Fig. 2 illustratestheoverall methodologyfor OSenergy
characterization.Therearefour stepsinvolved,namely:

1. In theenergy effect analysisstep,we identify thees-
sentialcomponentsof the embeddedOS oneshould
characterize.

2. After identifying the energy componentsto charac-
terize,wegeneratedirectedtestprogramsthatisolate
thesecomponentsfrom eachother.

3. In this step,the testprogramis compiledandlinked
with the OS, and fed into an energy simulation
tool. This steprequiresa low-level energy simula-
tion framework that is capableof executingthe ap-
plicationsoftwaretogetherwith theOSandreporting
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theenergy consumptionon a functioninstancebasis.
Suchsimulatorsexist, andwerereportedin [4, 13].

4. Theexecutionandenergy profilesgeneratedfrom the
previousstepis subjectto furtheranalysisandmodel
fitting to obtaintheenergy macro-models.

Step1 is the energy analysisstage,whereasStep2 to
Step4 belongto theenergymacro-modelingstage.We dis-
cussthesetwo stagesof our methodologyin the next two
sections.

4 OS Energy Analysis

For thepurposeof energyanalysis,wecanview anOSas
amulti-entrymulti-exit program(MEME-P).Suchaview is
depictedin Fig. 3, wherethebig circle is a conceptualrep-
resentationof theOS-applicationinterface.Dottedlines in
thecircle represent(conceptually)possibleexecutionpaths
in theOS.Noticethatsomepathsoverlapin somesections,
depictingthecommonfactof programmodularity. Someof
theentry-exit pairsbelongto systemcall interfaces,whereas
othersbelongto implicit pathsof executionwithin theOS,
i.e., they do not directly correspondto systemcalls in the
applicationcode.Examplesof implicit executionpathsin-
cludethosetriggeredby interrupts.In thefollowing discus-
sion,we shallcall theentry-exit pairsbelongingto thesys-
temcall interfacesSCEEP(systemcall entry-exit pair),and
the entry-exit pairs belongingto implicit executionpaths
IEEP(implicit entry-exit pair).

SCEEP1

SCEEP2

IEEP1

M1
M2

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

Figure 3. An MEME-P view of an OS

In a typical OS,a SCEEPcanbeoverloadedwith a few
groupsof pathsbecausethesystemfunctionit representsis
overloadedwith many modesof operations.For example,
the read() systemfunction in the Linux OS canbe used
to readfrom a file, from the network, or from a terminal.
Thesedifferentmodesof operationscorrespondto verydif-
ferentgroupsof pathsfor theSCEEPof theread() func-
tion. Similarly, IEEPcouldalsobeoverloadedin thesense
that differentgroupsof pathsmay be traversed,depending
on thestateof theOS.

Guidedby the MEME-P view, the objective of OS en-
ergy analysisis to identify a useful set of SCEEP’s and
IEEP’s, andto classifythepathsbetweentheminto groups
amenableto macro-modeling. The energies consumed
while traversingthesepathsarethe energy characteristics
of the OS. We broadly classify the energy characteristic
data into two categories,namelytheexplicit groupandthe
implicit group. We discusseachgroupseparatelyin thefol-
lowing sub-sections.

4.1 Explicit Energy Characteristics

By explicit, we meantheenergy datathat is directly re-
lated to the OS primitives (systemfunctions). Using the
MEME-P view, it basicallyrelatesto theenergy consumed
while traversingthe pathsbetweenSCEEP’s. An OS typi-
cally comprisesmany SCEEP’s. A comprehensivesetof ex-
plicit energy characteristicdatashould,in principle, cover
all the SCEEP’s. However, in mostpracticalapplications,
a selectedset of the SCEEP’s shouldsuffice in providing
usefuldatafor thedesigners.For systemfunctionsthatare
overloadedwith multiplemodesof operation,eachmodeof
operationshouldhave its own energy macro-model,even
thoughall themodesof operationssharethesameSCEEP.

Makingenergy macro-modelsavailablefor systemfunc-



tions allows the designersto chooseamongpossiblealter-
natives(systemfunctions)efficiently. Therefore,thesignif-
icanceof theseenergy macro-modelslies not in their abil-
ity to provide absoluteestimatesfor theactualenergy con-
sumption,but in theirability to facilitatecomparisonamong
differentalternatives.

4.2 Implicit Energy Characteristics

In contrastto explicit energy, implicit energy character-
istics arenot directly relatedto any OS primitive. That is,
theenergy is not incurredwhenexercisinganOSprimitive,
but comesasa resultof runningthe OS engine.Using the
MEME-P view, this energy basicallyrelatesto the energy
consumedwhile traversingthepathsbetweenIEEP’s. Sim-
ilar to the SCEEP, thereareusuallya few groupsof paths
for a singleIEEP, eachof themrequiringa separateenergy
macro-model.Theenergy consumptionalongthedifferent
groupsof pathsbetweentheIEEPis characteristicof anOS,
andthey arecalledimplicit energycharacteristics. Someof
themare:

Timer interrupt energy: This is the energy
overheadincurredby thetimer interrupttied to
thescheduler.

Scheduling energy: This is the energy over-
headof performing reschedulingin the pre-
emptivescheduler.

Context switch energy: This is the energy
overheadincurredwhen a context switch oc-
curs. Note thata call to theschedulermaynot
always result in a context switch, hence,we
separatelycharacterizethe context switch and
schedulingenergy.

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

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

5 OS Energy Macro-modeling

We adopta white-boxanalysisandblack-boxmeasure-
mentphilosophyfor OS energy macro-modeling.White-
boxanalysisrefersto the fact that we identify andanalyze
the energy componentsof interestby studyingthe internal
operationof the OS. Black-boxmeasurementrefersto the

factthatwemeasuretheenergycomponentsby devisingex-
perimentsthat isolatetheOSenergy of interestby only in-
strumentingthe applicationcode. Black-boxmeasurement
andmacro-modelingenablethe energy modelsto be used
without any knowledgeof the OS’s internal implementa-
tion.

In thefollowing sub-sections,wefirst discussstep2 (see
Fig. 2) of ourmethodologyfor bothexplicit andimplicit en-
ergy characteristics.After that,steps3 and4 of ourmethod-
ology areillustrated.

5.1 Approach to Measure Explicit Energy Char-
acteristics

The energy consumptionof an OS primitive (system
function) can be characterizedby repeatedlycalling it in
a test program. Caremust be taken to extract the “pure”
energy costof thesystemfunction,isolatingit from the im-
plicit energy. For example,in measuringthecostof a mes-
sagequeueread, onemustmake surethat the energy data
collecteddoesnot include context switch energy. This is
achievedby arrangingto have both readandwrite partsof
the experimentin the samesoftware process. Moreover,
spuriousdataresultingfrom timer interrupt, rescheduling
andpre-emptive context switchmustbe isolatedandelim-
inated. For example,to avoid pre-emptive context switch,
thetestprogrammustnot executefor morethan 243434*,5 in
thecaseof Linux OS.

Using this approach,we presentsomecharacterization
resultsfor somecommonlyusedOSprimitivesin Section6.

5.2 Approach to Measure Implicit Energy Char-
acteristics

As describedin Section4.2,therearea few key parame-
tersoneshouldmeasureto obtainthe implicit energy char-
acteristics. Measuringtheseparametersis not asstraight-
forward as for explicit energy characteristics.We discuss
themone-by-onein thefollowing sub-sections.

5.2.1 Context Switch Energy

Context switchenergy is agoodmeasureof thechosenOS’s
ability to performmulti-taskingenergy-efficiently. Due to
its importance,we presenttwo differentapproachesto ob-
tainvaluesfor thiskey parameter. Whetherbothapproaches
resultin similar energy valuesis anindicatorof their accu-
racy.

The first approachis to arrangetwo separateexperi-
ments,A andB. ExperimentA consistsof two tasks,con-
nectedtogetherby two separateIPC channelsgoing in op-
positedirections,with asinglebyterepeatedlybeingpassed
back and forth throughthe two IPC channels. Sincetwo
tasksareinvolvedin theactivity (readingandwriting of the



main () {
int i;

for (i=0;i<N; i++) {
sub_function1();

}
}

void sub_function1()
{

int i, j;

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

j += i;
}
return;

}

Figure 4. A test program for revealing conte xt
switc h energy
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Figure 5. Histogram for the energy consump-
tion of sub function1()

IPC channels),context switchesoccurrepeatedly. Experi-
mentB consistsof a similar setup. However, in this case,
boththeIPC channelsareentirelyin a singletask.As read-
ing andwriting of theIPCchannelsoccur, nocontext switch
is involved. By comparingthe differencesin the energy
consumptionsbetweenthesetwo experiments,the context
switchenergy canbeisolated.

The secondapproachis quite different from the first.
In this case, the test program consists of a function
sub function1() that doesnothing, expecting to be
preemptedby theOS.This testprogramis shown in Fig. 4.
Functionsub function1() is calleda largenumberof
timesby the main testprogram,andis pre-emptedby the
OS during someof thesecalls. Plotting the histogramfor
the energy consumptionof sub function1() reveals
theenergy incurredby thetimerinterrupt,rescheduling,and
context switch. Sucha plot is shown in Fig. 5. Knowing
the underlyingschedulingmechanismof the OS, we can
deducethe origin of eachenergy cluster in Fig. 56 (de-
notedby (1) – (4) in the figure). The first clusterfrom the
left, i.e., cluster(1), is the nominalenergy consumptionof7

Thisis exactly thereasonwedescribeourapproachaswhite-boxanal-
ysisandblack-boxmeasurement.
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Figure 6. Histogram for the energy consump-
tion of sub function2()

sub function1() . Cluster(2) is due to the timer in-
terrupt,which arriveswith a periodof 89*:5 . Every ;<3=*:5 ,
reschedulingoccurs, which results in energy cluster (3).
This cluster shows significant dispersion,pointing to the
fact that the reschedulingalgorithmusedin the OS is dy-
namic. Cluster(4), which hasa low count,is attributedto
calls to sub function1() during which an actualcon-
text switch occurs. To extract the context switch energy
from the histogram,we only have to calculatethe differ-
encebetweenthefourthandthefirst energy clusters.As we
will show in Section6, this valueturnsout to bevery close
to thevalueobtainedusingthefirst approach.

5.2.2 Timer Interrupt and ReschedulingEnergy

Knowing that thesecondclustershouldbeattributedto the
timer interrupt,we obtainthe timer interruptenergy to be
the differencebetweenthe secondclusterand first. Sim-
ilarly, the schedulingenergy is the energy differencebe-
tweenthethird clusterandfirst.

5.2.3 Signal Handling Energy

Signal handling energy 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 generatesa
signalperiodically. An alarmsignalhandlerthatdoesnoth-
ing (just return) is also establishedin the main test pro-
gram. While sub function2() is called repeatedly
by the main testprogram,someinvocationswill be inter-
ruptedby thealarm.Fig. 6 shows theenergy histogramfor
sub function2() in theexperiment.Knowing thatthis
setupis the sameas the setupin Section5.2.1except for



signalhandling,we attributetheextra clusterto signalhan-
dling.

5.3 Energy Simulation and Macro-modelFitting

After devising the testprogramsrequiredto extract the
energy characteristics,we usea low-level energy simula-
tion framework to collect the data. Suchlow-level energy
simulationframeworks exist [4, 13], andareableto report
energy consumptionof a softwarefunctionon an instance-
by-instancebasis.

Macro-modelfitting is thelaststepin our methodology.
We usea regressiontechniquedevelopedin [14]. Basically,
for the energy characteristicsof interest,we first collect a
seriesof data > 6 , >@? , ..., >BA using the low-level energy
simulator. At thesametime,wealsochooseamacro-model
template>DCFE 6�G'6IH E�? G ? HKJLJ�JMH EON G N for this energy
characteristics.G@P ’s are the macro-modelparametersandE P ’s arethe unknown coefficientsto be determined.Given
the collection of energy data,we form a matrix equation
usingthemacro-modeltemplate:QRRRS G 6UT 6 G 6UT ? VWV G 6UT NG ? T 6 G ? T ? VWV G ? T NVXV VXV . . . VWVG A T 6 G A T ? VWV G A T N

Y�ZZZ[
QRRS E 6E�?VWVEON

Y�ZZ[ C QRRS > 6>B?VWV>@A
Y�ZZ[

Solution of this matrix equationusing the pseudo-inverse
methodyieldsthevaluesfor E P ’ssuchthatthemacro-model
bestfits theenergy data[11].

We next illustratethis macro-modelfitting stepusingan
example. Considerthe caseof building an energy macro-
modelfor theLinux systemfunctionmsgsnd() . Knowing
the functionality of this systemfunction, it is straightfor-
wardto proposeanenergy macro-modeltemplateexpressed
as >\C]E 6 H E ?�^ , wherê is thenumberof bytesprocessed
by this systemfunction,and E 6 and E�? aretheunknown co-
efficientsto bedetermined.Runningthetestprogramgen-
eratedin thepreviousstepyieldsaseriesof energy data> 6 ,>@? , ..., >@A , correspondingto a seriesof ^ ’s, ^ 6 , ^ ? , ..., ^ A .
Thecorrespondingmatrixequationusedto solvefor theun-
known coefficients E 6 and E ? is givenby:QRRS ; ^ 6; ^_?VXV VXV; ^1A

Y�ZZ[a` E 6E ?cb C QRRS > 6> ?VXV> A
Y�ZZ[ (1)

Sinceit is regressionbased,themacro-modelwepropose
will have somefitting error with respectto the lower-level
energy valuesit is basedon. Evaluationof the error is im-
portantto justify theapplicabilityof themacro-models.We

usethefollowing relativeerrormetric:d C effg Ahjilkmkon> iqp > i
rOs > i	r ?t (2)

where > i ’s aretheenergy datavaluesand n> i ’s aretheval-
uesgiven by the macro-model.This error metric is an un-
biasedmeasureof the statisticalsignificanceof themacro-
modelsif thesamplesize t is muchlargerthanthenumber
of parametersu .

6 Experimental Results

To validateour methodology, this sectionpresentsex-
perimentalresultsfor energy characterizationof two well-
known OS’s, namely, � C/OS[7] andLinux OS(arm-linux
v2.2.2).Weuseenergysimulators[4, 13] for embeddedsys-
templatformsbasedon the Fujitsu’s SPARClite processor,
andtheIntel StrongARMprocessor, to collectlow-level en-
ergy datafor � C/OSandLinux OS, respectively. Discus-
sions of the use and accuracy of such simulatorscan be
foundin [4, 13].

Table1 shows theimplicit energy characteristicdatafor
both � C/OSandLinux OS.Sincetheenergydatafor � C/OS
werederivedfor a SPARClite-basedplatform,whereasthe
energy datafor Linux OS werederivedfor a StrongARM-
basedplatform, the energy characteristicdata for � C/OS
werealsonormalizedto theStrongARM-basedplatformso
that a meaningfulcomparisoncanbe madewith the Linux
OS energy characteristicdata. Sincetwo approacheswere
usedto determinethe context switchenergy, we reportfor
both � C/OSand Linux two context switch energy values,
indicatedas(1) and(2). Thetwo context switchenergy val-
uesderived using the two approachesturn out to be very
close to eachother, therebyproviding an empirical vali-
dation of the approaches.Note that timer interrupt and
reschedulingareinseparablein � C/OS.Therefore,thereis a
commonentryfor bothin Table1. Also, thereis noconcept
of signal handlerin � C/OS, thereforethe entry on signal
handlingenergy for � C/OSis omitted.

Explicit energy characteristicdata for � C/OS are re-
portedin Table2. Data for Linux OS arereportedin Ta-
ble 3. Thetableslist theenergy macro-modelsfor selected
setsof systemfunctionsthatspanvarioussub-systems.For
thosesystemfunctionsoverloadedwith multiple modesof
operations,suchasread() andwrite() in Linux, sep-
arateenergy macro-modelsfor eachmodeof operationare
reported.

Eventhoughd is largein somecases,suchmacro-models
canstill be very usefulin providing relatively accurateen-
ergy estimationto helpwith system-level energy optimiza-
tion. For example,in thecontext of choosingaproperLinux
OS systemfunction for the IPC betweentaskT4 and task



Table 2. Energy macr o-models for selected system functions in � C/OS
Sub-systems SystemFunctions Macro-models(nJ) Normalized(nJ) Remarks

ProcessManager OSTaskCreate() vxwzy<y<{L{=| vxw~}����4� � ��w�|<� ���
IPC OSMboxCreate() vxw~�<�����9� vxw��9�L{=� y ��w~�4� �9�
IPC OSMboxPend() vxw~}��9|�� v�w~�4|L� � ��w~�4� ���
IPC OSMboxPost() vxwzy<���9y v�wz�L�=��| ��w�|<� {<�
IPC OSSemCreate() vxw~�<���L�<� vxw��9�L{=� � ��w~�4� �9�
IPC OSSemPend() vxwz}�y<{��4� � v�wz�L�=� } ��w~�4� ���
IPC OSSemPost() vxwz}4|�{��M��| v�wz���4� � ��w~�4� ���
IPC OSQCreate() vxw����<�<{L� vxwzyL�L�4� � ��w~�4� y<�
IPC OSQPend() vxwz���L�<y=� { vxw�|<|��4� � ��w�|<� ���
IPC OSQPost() vxwz�L��}��M��| vxw�|<|Uy=� � ��w�|<� �<�

MemoryManager OSMemCreate(� blocks) vxw�|�{L}<yL���������L�L� v�w�|Uy��M� �����4|<� y�� ��w�|<��|��
MemoryManager OSMemGet() vxw��=|��L{=� � v�w~���9� y ��w�|<� �9�
MemoryManager OSMemPut() vxwz}��L�L�4� � v�w~�4|L� � ��w~�4� ���

Timer Manager OSTimeGet() vxwz�<��y��4� � v�w~���9� { ��w�|<� {<�
Timer Manager OSTimeSet() vxwz�<�<�<�=��| v�w~���9� � ��w�|<��|��

Table 1. Implicit energy characteristic data for� C/OS and Lin ux OS� C/OS Energy Overhead Normalized

Context Switch(1) }<}L�<�L�B�1� �<�������
Context Switch(2) }�{LyL�L�B�1� �L}<{����

Timer Interrupt/Sched. {=|��<�L�B�1� {<y�}I���
Linux OS Energy Overhead

Context Switch(1) |�{Ly<���B�1�
Context Switch(2) |�{LyL�L�B�1�

Timer Interrupt ��yL�I�1�
Scheduling |�{��<�I�1�

SignalHandling ��{��<�I�1�
T5 describedin Section2, energy macro-modelsfor all the
available IPC systemfunctionscomein handy. Knowing
the typical amountof databeingpassed,the designercan
calculatethe energy consumptionof all the possibleIPC
systemfunctionsandchoosetheonewith thelowestenergy
consumption.Evenfor systemfunctionswhich do not have
alternatives, energy macro-modelsgive designersa quick
way of estimatingtheenergy consumptionoverheadof the
systemfunctions.

7 Limitations

Thoughwehavetriedto beascomprehensiveaspossible
in our approachto OSenergy characterization,thescopeof
our work hasto be limited in someways. First of all, we
targetembeddedoperatingsystemsthataremonolithic[16]
andrun on a singleprocessor. This groupof OS’s includes
Linux, � C-Linux, � C/OS,eCos,etc. Second,althoughthe
overall methodologyshouldbe applicableacrossmultiple

OS’s, thedetailsof testprogramgenerationis nevertheless
implementation-dependent.In our case,we usedLinux OS
as the target OS and leveragedthe approachfor � C/OS.
Third, the focus of this paperis only on OS energy char-
acterization. Thoughwe have pointedout somepossible
usesof theenergycharacteristicdata, systematicallyusing
thisinformationin asystem-level softwareenergyreduction
framework is a topic for futurework.

Our methodologyinvolves the useof low-level energy
simulatorsto provide therequiredenergy dataasa basisof
macro-modeling.Accuracy of themacro-modelfitting was
discussedin Section5.3. Theaggregateerrorasa resultof
macro-modelingandsimulationis discussedin [15].

8 Conclusions

We presenteda systematicapproachto analyze and
macro-modelthe energy consumptionof various compo-
nentsin anembeddedOS.In theenergy analysisstage,we
dissectedatypicalOSanddescribedanapproachto identify
the essentialcomponentsof the embeddedOS oneshould
characterize.In themacro-modelingstage,wedescribedthe
experimentsweperformedto measuretheenergy character-
istics,andtheapproachwetookto obtainthecorresponding
macro-models.We validatedourmethodologyontwo well-
known OS’s, � C/OSandLinux OS.Energy macro-models
obtainedusingour approachcanbevery helpful for guided
OS-relateddesigntrade-offs.
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