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ABSTRACT
In this paper, we presentChameleon—anapplication-level power
managementapproachfor reducingenergy consumptionin mobile
processors.Ourapproachexportstheentireresponsibilityof power
managementdecisionsto theapplicationlevel. We proposeanop-
eratingsysteminterfacethatcanbeusedby applicationsto achieve
energy savings. We considerthreeclassesof applications—soft
real-time,interactiveandbatch—anddesignuser-level powerman-
agementstrategiesfor representative applicationssuchasa movie
player, a word processor, a web browser, and a batchcompiler.
We alsodesigna user-level power managerbasedon GraceOSus-
ing Chameleon.We implementour approachin the Linux kernel
runningon a Sony Transmetalaptop. Our experimentsshow that,
comparedto the traditionalsystem-wideCPU voltagescalingap-
proaches,Chameleoncan achieve up to 32-50%energy savings
while deliveringcomparableor betterperformanceto applications.
Further, Chameleonimposessmalloverheadsandis very effective
at schedulingconcurrentapplicationswith diverseenergy needs.

Categoriesand SubjectDescriptors
D.4.1 [ProcessManagement]: Scheduling;D.4.7 [Organization
and Design]: Real-timesystemsandembeddedsystems

GeneralTerms
Algorithms,Design,Experimentation

Keywords
PowerManagement,Mobile Computing,Multimedia

1. INTRODUCTION
Recenttechnologicaladvanceshave led to a proliferationof mo-
bile devicessuchaslaptops,personaldigital assistants(PDAs),and
cellular telephoneswith rich audio,video, and imagingcapabili-
ties. While the processing,storage,andcommunicationcapabil-
ities of thesedeviceshave improved signi�cantly, theseadvances
have outpacedthe improvementsin batterycapabilities. Conse-
quently, energy continuesto bea scarceresourcein suchdevices.
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Thesituationis exacerbatedby theresource-hungrynatureof many
applications,suchasmovie playersandbatchcompilations.
Modern mobile devices useenergy judiciously by incorporating
a numberof power managementfeatures. For instance,modern
processorssuchasIntel's XScaleandPentium-MandTransmeta's
Crusoeincorporatedynamicvoltageandfrequency scaling(DVFS).
DVFS enablesdynamicallyvariableCPUspeedwhich canreduce
energy consumptionduringperiodsof low utilization [11, 12,24].
In general,suchtechniquesmustbe carefullydesignedto prevent
theprocessorslowdown from degradingtheresponsivenessof ap-
plications.
Thispaperexploresanew approach,namelyapplication-levelpower
management.We arguethatapplicationsknow bestwhat their re-
sourceand energy needsare, and consequently, applicationscan
implementbetterpower managementpolicies than the operating
system. We proposean approachwhere applicationsare given
completecontrol over their CPU power settings—anapplication
is allowedto specifyits CPUpower settingindependentlyof other
applications,andtheoperatingsystemisolatesanapplicationfrom
the settingsusedby otherapplications. Our approachresembles
the philosophy of the Exokernel, wherethe OS grantscomplete
control of variousresourcesto the applicationsandonly enforces
protectionto prevent applicationsfrom harmingoneanother[5].
The Exokernel project successfullydemonstratedthe bene�ts of
application-level networking, application-level memory manage-
ment,application-level �le systemsandCPUscheduling[5]. Our
work extendsthisnotionto application-level powermanagement.
Research Contrib utions: The notion of application-level power
managementopensup a realm of possibilitiesthat are infeasible
usingexistingapproaches.

² Performance:Ourapproachenableseachapplicationtomake
localpowermanagementdecisionsbasedonits processorde-
mandand processoravailability. We experimentallyshow
that local decisionsby individual applicationscanglobally
optimizesystem-wideenergyusageandarebetterthanchoos-
ing asinglesystem-widepowersettingfor all applications.

² Flexibility: Suchan approachenableseachapplicationto
implementa powermanagementpolicy thatcloselymatches
its energy andperformancerequirements.Differentapplica-
tions canchoosedifferentpoliciesandyet coexist with one
anotherconcurrently. Legacy applicationsor thoseapplica-
tions that do not wish to implementtheir own strategy can
delegatethis taskto auser-level powermanagerthatchooses
appropriatesettingsbasedonobservedbehavior.

² Generality: Our approachis generalandunlike someexist-
ing approaches,doesnot make speci�c assumptionsabout



thenatureof applications.Any applicationcanusethepower
managementinterfaceto manageits energy needs,andwe
demonstratesuchstrategiesfor severaldifferentapplications.

² Modestimplementationcosts:Weshow thatuser-levelpower
managementpoliciescanbe implementedat a modestcost.
For applicationsconsideredin this work, the costof imple-
mentingour policies varied from 40 to 239 lines of code,
a relatively minor modi�cation to applicationshundredsof
thousandsof linesof code.

At �rst glance,it mayappearthatanapplication-level power man-
agementapproachlosesthe ability to couplethe power manage-
mentstrategy with theCPUschedulingalgorithm.At leastonere-
centapproachhasadvocatedsuchanintegratedapproachfor power
managementand scheduling[26, 27]. Contraryto intuition, we
show that it is indeedpossibleto implementsuchcouplingsbe-
tweentheschedulerandthepower managerusingour application-
level framework. We demonstratethe feasibility of doing so by
implementingGraceOS[26, 27] asa user-level power managerin
our system.By carefully exporting resourceusagestatisticsfrom
within thekernelandusinga�e xible powermanagementinterface,
weshow how thepowermanagementpolicy canbeimplementedin
user-spacewhile retainingtheability to interactwith thescheduler.
Chameleon,ourapplication-levelpowermanagementapproachcon-
sistsof threecomponents:(i) a commonOSinterfacethat canbe
usedby power-awareapplicationsto measuretheirCPUusagesand
adjusttheir CPUspeedsettings,(ii) a modi�ed kernelCPU sched-
uler thatsupportsper-processCPUspeedsettingsandensuresper-
formanceisolationamongprocesses,and(iii) a speedadapterthat
mapstheseCPU speedsettingsto the nearestspeedactuallysup-
portedby thehardware.
We considerthreeclassesof applications—softreal-time,interac-
tive, andbatch—andshow how soft real-timeapplicationssuchas
movie players,interactiveapplicationssuchaswordprocessorsand
webbrowsers,andbatchapplicationssuchas“make” caneachim-
plementa differentpower managementstrategy. We speci�cally
demonstratehow theseapplicationscan coexist concurrently and
yetgloballyoptimizesystem-wideenergyconsumption.
We implementa prototypeof Chameleonin the Linux kerneland
evaluateits effectivenesson a Sony laptopequippedwith Trans-
meta'sCrusoeTM5600-667processor[23]. Ourexperimentscom-
pareChameleonwith threeexisting OS-level DVFS approaches,
namelyPAST [24], PEAK [12] and AV Gn [11] and with Lon-
gRun,a hardware-basedDVFS approach.Our experimentswith
individual power-awareapplicationsshow thatChameleoncanex-
tractup to a 32%energy savingswhencomparedto LongRunand
upto 50%savingswhencomparedto OS-basedDVFSapproaches,
without any performancedegradationto time-sensitive multime-
dia and interactive applications. Our experimentswith concur-
rent applicationsshow that local power managementdecisionsin
Chameleonyield20-50%energysavingsoverLongRunandOSap-
proachesthatuseasinglepowersettingfor all applications,thereby
demonstratingthe bene�ts of allowing eachapplicationto usea
custompowersettingthatis mostappropriateto its needs.
Therestof thispaperis organizedasfollows. Section2 presentsan
overview of theChameleon.Sections3 and4 presentouruser-level
powermanagementstrategies.Section5discussesourimplementa-
tion. Section6 presentsour experimentalresults.Finally, Sections
7 and8 presentsrelatedwork andourconclusions.

2. CHAMELEON ARCHITECTURE
Chameleonconsistsof threekey components(seeFigure1). First,
Chameleonconsistsof anOSinterfacethatenablesapplicationsto

Speed
settings

App 2

Speed
settings

App 1

Query
CPU usage

Speed
Adapter

Schedule
processes

Processor
Monitor

Demands

Chameleon         OS         Interface

DVFS-enabled     Processor

Speed
settings

per-process speed setting

CPU Scheduler
with

User-level
Power Manager

U
se

r 
S

pa
ce

K
er

ne
l S

pa
ce

Figure1: The ChameleonAr chitecture.

query the kernel for resourceusagestatisticsand to convey their
desiredpower settingsto the kernel. The detailsof the interface
are presentedin Section5. In general,a user-level power man-
agementstrategy combinesOS-level resourceusagestatisticswith
applicationdomainknowledgeto determineadesirableCPUpower
setting.This canbeachievedin two ways.An applicationcanuse
theChameleoninterfaceto directlymodify its own powersettings.
Alternatively, an applicationcandelegatethe taskof power man-
agementto auser-level powermanager. Suchapowermanagercan
useresourceusagestatisticsandany application-suppliedinforma-
tion to adjusttheapplication's powersettingson its behalf.
Second,Chameleonimplementsa modi�ed CPU schedulerthat
supportsper-processCPUpowersettingsandapplicationisolation.
The schedulermaintainsthe currentpower settingsfor eachpro-
cessandconveys thesesettingsto theunderlyingprocessorwhen-
ever theprocessis scheduledfor execution(i.e., at context switch
time). Theapplication'spowersettingscanbemodi�ed atany time
via systemcalls,eitherby the applicationitself or by a user-level
power manageractingon its behalf. An application's power set-
tingstakeeffectonlywhenit is scheduled, andfurther, applications
get the sameshareof the CPU regardlessof their power settings.
Consequently, applicationsareisolatedfrom oneanotherandfrom
the settingsusedby maliciousor misbehaving applications.Ker-
nelsupportfor per-processpowersettingsandapplicationisolation
doesnotrequireany directmodi�cationsto theCPUschedulingal-
gorithm itself, andasa result,Chameleonis compatiblewith any
schedulingalgorithm.
Third,Chameleonimplementsaspeedadapterthatmapsapplication-
speci�ed power settingsto the nearestCPU speedactually sup-
portedby the hardware. In particular, an applicationspeci�esthe
desiredCPU speedas a fraction f i of the maximum processor
speed. The speedadaptermapsthis fraction to the nearestsup-
portedCPUspeed;sincedifferentprocessorssupportdifferentdis-
cretespeeds,suchanapproachensuresportabilityacrosshardware.
Although this work considersapplicationsthat managetheir own
energy needs,in practice,it may not be feasibleto modify every
singleapplicationto make it power-aware. Thus, legacy applica-
tionswill coexistwith power-awareapplicationsin Chameleon.For
suchapplications,Chameleoncaneitherdelegatethemto a user-
level power manageror revert to a hardwareDVFS technique.In
the former case,the managerdeterminespower settingsbasedon
external observationsof applicationbehavior. In the latter case,
whenever a power-unawareapplicationis scheduledon the CPU,
Chameleondynamicallyswitchestoasystem-controlledDVFStech-
nique (our currentprototypeusesLongRun[7]). This hardware
DVFS techniqueis disabledwhen a power-aware applicationis
scheduledfor execution. Both techniquesenablelegacy applica-
tionsto extractsomepower savingswhile permittingpower-aware
applicationsto maximizethesesavings.
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Figure2: Thr eescenariosfor task execution.

3. APPLICATION­LEVEL POWER
MAN AGEMENT

Regardlessof theactualapplication,ouruser-level power manage-
mentpoliciesconsistof threekey steps.(i) Estimateprocessorde-
mand:In thisstepacombinationof applicationdomainknowledge
andpastCPUusagestatisticsis usedto estimateprocessordemand
in the nearfuture. (ii) Estimateprocessoravailability: This step
explicitly accountsfor theimpactof otherconcurrentapplications.
It estimatesthe amountof CPU time that will be availableto the
applicationin the presenceof otherapplications. (iii) Determine
processorspeedsetting:Thethird stepchoosesaspeedsettingthat
“matches”theprocessordemandto theprocessoravailability. For
instance,if the actualdemandis only half of the available CPU
time, thenthe applicationcanrun the processorat half speedand
spreadits CPUdemandover theavailabletime. In contrast,if the
processordemandandtheprocessoravailability areroughlyequal,
theapplicationmaychooseto run theprocessorat full speed.
In therestof thissection,weshow how theseideascanbeinstanti-
atedfor four speci�c applicationsthatbelongto threedifferentap-
plicationclasses—softreal-time,interactivebest-effort, andbatch.

3.1 MPEG VideoDecoder
An MPEGvideodecoderis anexampleof asoft real-timeapplica-
tion. Many multimediaapplicationssuchasDVD playback,audio
players,music synthesizers,video captureand editorsbelongto
thiscategory. A commoncharacteristicof theseapplicationsis that
dataneedsto beprocessedwith timelinessconstraints.For instance
in a videodecoderframesneedto bedecodedandrenderedat the
playbackrate—ina25frames/svideo,aframeneedsto bedecoded
onceevery 40ms.The inability to meettimelinessconstraintsim-
pactsapplicationcorrectness;playbackglitcheswill beobservedin
avideodecoder, for example.
A soft real-timeapplicationcanusethefollowing generalstrategy
for user-level power management.Assumethattheapplicationex-
ecutesa sequenceof tasks;the decodingof a single frame is an
exampleof a task.Let c denotetheamountof CPUtimeneededto
executethis taskat full processorspeed.Let d denotethedeadline
of this taskandlet t denotethe taskbegin time. Further, let e de-
notetheamountof CPUtime thatwill actuallybeallocatedto the
applicationfor this taskbeforeits deadline.Theparameterc cap-
turesprocessordemand,while e capturesprocessoravailability by
accountingfor thepresenceof otherconcurrenttasksin thesystem.
In a time sharingscheduler, for instance,the larger thenumberof
runnabletasks,thesmallerthevalueof e. In a QoS-awaresched-
uler that allows a �x ed fraction of the CPU to be reserved for an
application,thevalueof e will beindependentof othertasksin the
system.
Giventheprocessordemandc, processoravailability eanddeadline
d, theprocessorspeedcanbechosenasfollows.
Case1: If t + c > d thenit is impossibleto meetthetaskdeadline
(seeFigure2(a)).Essentially, thetaskstarted“too late,” andneither
theCPUschedulernot thepower managementstrategy canrectify

thesituation.In suchascenario,theappropriatepolicy is to choose
thefull processorspeedfor this task.
Thenext two scenariosassumethatcase1 is not trueandthat it is
possibleto meetthetaskdeadline.
Case2: If e < c, then the processordemandexceedsprocessor
availability for this task(seeFigure2(b)). Although it is feasible
to meetthedeadlineby allocatingsuf�cient CPUtime to thetask,
theCPUscheduleris unableto dosodueto presenceof othercon-
currentapplications.Sinceapplicationperformancewill suffer due
to insuf�cient processoravailability, thepower managementstrat-
egy shouldnot furtherworsenthesituation. Thus,theapplication
shouldrun at full processorspeedfor this task.Any otherstrategy
wouldviolateourgoalof isolation.
The�nal scenarioassumesthatneithercases1 or 2 aretrue.
Case3: If t + c < d then task can �nish before its deadline
at full processorspeed(seeFigure2(c)). In this case,the policy
shouldslow down theCPUsuchthat thedemandc is spreadover
the amountof time the taskwill executeon the CPU, while still
meetingthedeadline.TheCPUfrequency f shouldbechosenas

f =
c

min (e; d ¡ t )
¢f max (1)

wheref max is themaximumprocessorspeed(frequency).
Thisstrategy is applicableto avarietyof softreal-timeapplications,
so long asthenotionof a taskis de�ned appropriately. In a video
decoder, (i) decodingof eachframerepresentsa task,(ii) c denotes
thetimeto decodethenext frameatfull speed,(ii) edenotesthees-
timateddurationfor which thedecoderwill scheduledon theCPU
until theframedeadline,and(iii) d denotestheplaybackinstantof
theframe(asdeterminedby theplaybackrateof thevideo).While
d is known,parametersc andeneedto beestimatedfor eachframe.
Estimating processordemand: Processordemandis determined
by estimatingframedecodetimes.We considerMPlayeranopen-
sourcevideo decoderthat supportsboth MPEG-2 and MPEG-4
playback. Note that MPEG-2 is widely usedfor DVD playback,
while MPEG-4is usedby commercialstreamingsystemssuchas
QuickTimeandWindowsMedia;mplayeris representativeof these
applications.A numberof MPEG-2andMPEG-4videoclips with
differentbit ratesandspatialresolutionsweredecodedby an in-
strumentedmplayerthat measuredandloggedthe decodetime of
eachframeatfull processorspeed.Weanalyzedtheresultingtraces
by studyingthe�rst andsecondorderstatisticsof thedecodetimes
and frame sizesfor eachframe type (i.e., I , P , B ). Our analy-
sis,thedetailsof which maybefoundin [13], shows a piece-wise
linear relationshipbetweenthe decodetimesand the framesizes
for eachframe type. Theseresultscorroboratethe �ndings of a
prior studyon MPEG-2wherean approximatelinear relationship
betweenframesizeanddecodetimeswasobserved[1]. Usingthese
insights,we constructeda predictorthat usesthe type andsizeof
eachframeto computeits decodetime. A key featureof our pre-
dictor is that the predictionmodelis parameterizedat run-timeto
determinetheslopeandinterceptof thepiece-wiselinearfunction.
To doso,thevideodecoderstorestheobserveddecodetimesof the
previousn frames,scalesthesevaluesto thefull-speeddecodetime
(sincethe observed decodetimesmay be at slower CPU speeds),
andusesthesevaluesto periodicallyrecomputetheslopesandthe
interceptsof thepiece-wiselinearpredictor. This not only enables
thepredictorto accountfor differencesacrossvideoclips(e.g.,dif-
ferentbit ratesrequiredifferentlinearpredictors),it alsoaccounts
for variationswithin a video(e.g.,slow moving scenesversusfast
moving scenesin a video). The parameterizedpredictor is then
usedto estimatethe decodetime of eachframeat full processor
speed.Additional detailsof our predictorincludingits experimen-
tal validationmaybefoundin [13].
Estimating processoravailability: Using the Chameleoninter-



face,theapplicationcanobtainthestartandendtimesof theprevi-
ousk instanceswheretheapplicationwasscheduledon theCPU.
This historyof quantumdurationsandthestarttimesof thequanta
provide an estimateof how muchCPU time wasallocatedto the
applicationin the recentpast. An exponentialmoving averageof
thesevaluescanbeusedto determinetheamountof CPUtimethat
is likely to be allocatedto the applicationper unit time, andthis
yieldstheprocessoravailability over thenext d ¡ t timeunits.
Determining processorspeed: Given an estimatêc of the frame
decodetimeandê of theprocessoravailability, theactualCPUfre-
quency f is chosenin mplayerasfollows:

f =

8
<

:

f max if t + ĉ > d
f max if ê < ĉ
min ( ĉ ¢f max

min ( ê ;d ¡ t )+ ¯ ; f max ) otherwise
(2)

where¯ is acorrectionfactorthatis usedto accountfor pasterrors
in framedecodetimes. It theactualdecodetimesareconsistently
overestimatedor underestimatedby thepredictor, thefactor¯ can
be usedto correctthis error. The Chameleonspeedadapterthen
mapsthecomputedf to theclosestsupportedCPUspeedthatis no
lessthantherequestedspeed.
Implementation: We modi�ed mplayerto implementthe frame
decodingtimepredictorandthespeedsettingstrategy. Ourmodi�-
cationswereprimarily restrictedto thebeginningandendof frame
decodingmethodin mplayer. We usedgettimeofday to mea-
surethe framedecodingtime andthe Chameleoninterfaceto es-
timatetheprocessoravailability. Othermodi�cations involvedus-
ing theChameleoninterfaceto settheCPUspeedusingEquation
2. In all, the implementationof framedecodingtime predictorin-
volved221linesof C code,andtheimplementationof speedsetting
strategy involved18 linesof C code.This indicatesthatuser-level
powermanagementstrategy canbeimplementedatmodesteffort.

3.2 Word Processor
A word processorfrom an Of�ce suite is an exampleof an inter-
active best-effort application. Many applicationssuchaseditors,
shellterminals,webbrowsersandgamesfall into thiscategory. We
considerAbiWord, a popularopen-sourceword processorfrom the
GnomeOf�ce suite. AbiWord is an event-driven applicationthat
works as follows. After an event suchas a mouseclick or key
stroke, the word processormust handlethe event. For example,
whentheuserclicks on a menuitem, theapplicationmustdisplay
a drop-down menuof choices. When the usertypesa sentence,
eachcharacterrepresentinga keystroke needsto be displayedon
thescreen.Thewindow needsto beredrawn whenthedraw event
arrives.Thespeedatwhich theseeventsareprocessedby theword
processorgreatlyimpactstheuser'sexperience.
Studieshave shown thatthereexistsa humanperceptionthreshold
underwhich eventsappearto happeninstantaneously[2]. Thus,
completingtheseeventsany fasterwould not have any percepti-
ble impact on the user. While the exact value of the perception
thresholdis dependenton the userandthe type of taskbeingac-
complished,a valueof 50msis commonlyused[2, 6, 14, 15]. We
alsousethisperceptionthresholdin ourwork.
An event-driven interactive applicationshouldchooseCPU speed
settingssuchthateachevent is processedno later thanthehuman
perceptionthreshold. Onepossiblestrategy to do so is to (i) esti-
matetheprocessordemandof anevent,(ii) estimatetheprocessor
availability in thenext 50ms,and(iii) chooseaspeedsuchthatthe
demandis spreadover theavailableCPUtime while still meeting
the 50 ms perceptionthreshold.Sincean event-basedapplication
may processmany differenttypesof events,estimatingprocessor
demandfor eachevent will requirethe approachto be explicitly
awareof differenteventtypesandtheir computationalneeds.Such
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a strategy canbequitecomplex for applicationssuchasbrowsers
or awordprocessorsthatsupporta largenumberof eventtypes.
Insteadwe proposea differenttechniquethatcanmeetthehuman
perceptionthresholdwithout requiringexplicit knowledgeof vari-
ouseventstypes. Our techniquereferredto asgradual processor
acceleration(GPA) accountsfor theprocessordemandandthepro-
cessoravailability implicitly.
Uponthearrival of any event, theword processoris con�gured to
run underat a low CPU speed,anda timer is set(the timer value
is lessthattheperceptionthreshold).If theprocessingof theevent
�nishes beforethetimer expires,thentheapplicationsimply waits
for thenext event. Otherwise,it increasestheCPUspeedby some
amountandsetsanothertimer. If the event processingcontinues
beyondthetimer expiration,theCPUspeedis increasedyet again
anda new timer is set. Thus, the processoris graduallyacceler-
ateduntil eithertheeventprocessingis completeor themaximum
CPUspeedis reached.In orderto ensureadequateinteractive per-
formance,themaximumCPUspeedis alwaysusedwhentheevent
processingtimeexceedstheperceptionthreshold.
To understandhow to instantiatethispolicy, supposethattheevent
arrivesat time t and the applicationis actuallyscheduledon the
CPUat timet0 (althoughtheapplicationbecomesrunnableassoon
as the event arrives, other concurrentapplicationscan delay the
schedulingof this application). From the perspective of the user,
a responseis desirablefrom the applicationno later than t + 50
ms. Sincethe applicationactually startsexecutingat time t 0, it
needsto processtheeventwithin theremaining50 ¡ ¯ ms,where
¯ = t0¡ t (seeFigure3). To doso,wechoosen timers,whichhave
valuest1 , t2 , ..., tn , and

P n
i =1 t i = 50 ¡ ¯ . After theexpiration

of the i th timer, the processorspeedis increasedto f i , wheref i

denotesa fraction of the maximumspeed. The valuesof f i are
chosensuchthat the processorspeedincreasesprogressively and
f n = f max = 1. Thus,theapplicationrunsat full processorspeed
if theeventprocessingcontinuesbeyond50¡ ¯ ms.Observe that,
ratherthanexplicitly estimatingtheprocessordemandof theevent,
the GPA techniquemonitorsthe progressof the event processing
andadjuststheprocessorspeedaccordingly. Further, ¯ implicitly
capturestheimpactof otherconcurrentapplicationsin thesystem.
Analysis: It is possibleto boundthemaximumslowdown incurred
by anapplicationin theGPA techniqueby carefullychoosingtimer
valuesandCPUspeeds.To seehow, observe that if theprocessor
wererunningat full speed,theamountof work donein theinterval
[t0; t0 +

P n
i =1 t i ] will takeonly

P n
i =1 f i t i at full processorspeed.

If theactualfull-speedprocessingtime of theeventis smallerthan
thisvaluetheevent�nishesbeforethe50¡ ¯ msperceptionthresh-
old in theGPA technique,andthustheuserdoesnot perceive any
performancedegradation.For any event requiringmorethanthis
amountof full speedexecutiontime, the maximumpossibleper-
formancedegradationunderourstrategy is givenby:

degr ade = 50 ¡ ¯ ¡
nX

i =1

f i ¢t i (3)

sincetheprocessorwill run at full speedoncetheexecutiontime
exceedstheperceptionthreshold.
To illustrate,supposethatthemaximumdegradationis setto 20ms



over full processorspeed.Let ¯ = 0 for simplicity. If we choose
� ve timerswith values30ms, 5ms, 5ms, 5ms, and5ms, and the
processorspeedsduring thesetimer intervalsas45%, 60%, 80%,
90%, and100%, respectively, then,from Equation3, themaximum
possibleuser-perceiveddegradationfor any event is 20ms. This is
the maximumslowdown for any event requiringmorethan50ms
of processingtime.
Implementation: We implementedGPA into AbiWord, a sophis-
ticatedword processorwith a codebaseof hundredsof thousands
lines of C code. Our implementationwas straight-forward. We
addedcodeat the beginningof the AbiWord event handlerto im-
plementtheGPA technique.TheX11-server assignsa time-stamp
to eachnew usereventsuchasmouseclick or key-stroke. We ex-
tractedthis time-stampt andusedgettimeofday to determine
theexecutionstarttimet0. Theparameter̄ is computedasthedif-
ferencebetweent0 andt. This took only 17 linesof C codewhile
settingtimersandinvoking theChameleoninterfacetook 23 lines
of C code.In all, theimplementationof GPA took only 40 linesof
C code—afairly modestchange.

3.3 WebBrowser
A web browser is anotherexampleof an event-driven interactive
applicationthat needsto processvariouseventssuchasa mouse
click or akeystroke. WhentheusertypesaURL or datainto aweb
form, thekeystrokesneedto bedisplayedon thescreen.Whenthe
mouseis positionedover a hyperlink, visual feedbackneedsto be
provided by changingthe shapeof the mousecursor. When the
userclicksona link, thebrowserneedsto constructandsendouta
HTTPrequest;whendataarrivesfrom theremoteserver, it needsto
parseanddisplaythe incomingdata. Although thenetwork delay
is beyondthecontrolof thebrowser, all other“local” eventsshould
be processedwithin the humanperceptionthresholdfor goodin-
teractiveperformance.TheGPA techniquecanbedirectlyusedfor
powermanagementin suchabrowser.
WechoseDillo , acompact,portableopen-sourcebrowserthatruns
on desktops,laptopsand PDAs and implementedthe GPA tech-
niqueinto thisbrowser. Like in thecaseof thewordprocessor, our
modi�cationswererestrictedto theeventhandlerin Dillo. First,we
extractedtheeventarrival time andtheexecutionstarttime in the
eventhandlerto computē . We thenaddedcodeto settimersand
increasetheprocessorspeedupontimer expiration. In all, the im-
plementationof GPA into Dillo involved46 linesof C code,again
demonstratingthemodestnatureof ourmodi�cations.

3.4 Batch Compilations
Compilationsusingmakeis anexampleof abatchapplication.Un-
like interactive applicationswherethe responsetime is important,
thethroughputis importantfor batchapplications.Typically, make
spawnsa sequenceof compilationtasks,onefor eachsourcecode
�le. Onepossibleuser-level power managementstrategy is to esti-
matetheprocessordemandfor eachcompilationtaskandto choose
anappropriatespeedsetting.However, sinceeachcompilationtask
is relatively short-lived,gatheringCPUstatisticsfor eachprocessis
dif�cult. Instead,a betterstrategy is to allow theend-userto spec-
ify thedesiredspeedsetting.Systemdefaultscanbeusedwhenthe
userdoesnotspecifyasetting.
Most Unix-like operatingsystemssupportthe nice utility, which
allowstheend-userto specifyaCPUschedulingpriority prior for a
new process.For instance,theusercaninvokethecommandnice
-n N make to specify that make shouldrun at priority N . A
low priority enablesthebatchapplicationto run in thebackground
withoutinterferingwith foregroundinteractiveapplications.A high
priority canalsobechosenif thenew applicationis moreimportant
thancurrentapplications.

A similar strategy canbe usedfor choosingCPU speedsettings.
We implementeda utility called pnice that enablesthe end-user
to specifya particularCPU speedsettingfor a new process.For
instance,theusercaninvoke thecommandpnice -n N make
to specify that make andall compilationsspawnedby its should
run at a �x edCPUspeedsettingN . A lower speedsettingenables
energy savings at the expenseof increasingthe completiontime,
whereasahighersettinglowersthecompletiontimeat theexpense
of higherenergy consumption.
Implementationof pnicewasstraightforward. The pniceprocess
�rst changesits own speedsettingto the speci�ed valueN using
the Chameleoninterface. Next, it invokesexec to run the speci-
�ed command.This ensuresthattheapplicationinheritsthespeed
settingof the pniceprocess.The Chameleonkernel implementa-
tion ensuresthatany processforkedby aparentprocessinheritsthe
CPUspeedsettingof theparent.Thepniceutility wasimplemented
in 125linesof C code,againdemonstratingthatimplementationof
user-level powermanagementpoliciestakemodesteffort.

4. USER­LEVEL POWER MAN AGER
Theprevioussectiondemonstratedhow many commonlyusedap-
plicationscan implementtheir own power managementstrategy.
However, implementinga user-level power managementstrategy
requiresmodi�cation to thesourcecode,which maynot be feasi-
ble for legacy applications.Suchapplicationscandelegatethetask
of power managementto a user-level power manager. The power
managercanuseCPUusagestatisticsandany application-supplied
knowledgeto modify CPU speedsettingson behalfof the appli-
cations. A simpleuser-level power managermay choosea single
speedsettingfor all applicationsbasedon currentutilization; the
speedsettingis variedwith observedchangesin systemutilization.
A morecomplex strategy is to choosea differentspeedsettingfor
eachindividual applicationbasedon its observed behavior; doing
so requiresusagestatisticsto be maintainedfor eachapplication.
Multiple user-level power managerscancoexist in the system,so
long aseachmanagesa mutually exclusive subsetof the applica-
tions. Thus,it is feasibleto implementa differentpower manager
for eachclassof application.
The Chameleoninterfaceenablesthe entirerangeof thesepossi-
bilities. To demonstratethe �e xibility of our approach,we take a
recentlyproposedDVFSapproach—GraceOS[26,27] —andshow
how it canbe implementedasa user-level power managerusing
Chameleon.Our objective is two-fold. First, we show that many
recentlyproposedapproachessuchasGraceOSthatemploy anin-
kernelimplementationcanbeimplementedasuser-levelpowerman-
agersin our approach.Second,GraceOSadvocatesa cooperative
application-OSapproach,whereapplicationsperiodically supply
informationto theOSandtheOSchoosestheprocessorspeedset-
ting basedon this informationandusagestatistics.We show that
suchinteractionsbetweenthe applicationandthe CPU scheduler
arefeasibleusingChameleon.
Implementation: Webeginwith abriefoverview of theGraceOS[26,
27]. GraceOSis designedfor periodicmultimediaapplicationsthat
belongto the soft real-timeclass. GraceOStreatssuchapplica-
tionsdifferentlyfrom traditionalbest-effort applications.Whereas
best-effort applicationsarescheduledusingtheLinux time-sharing
schedulerand do not bene�t from DVFS, soft real-timeapplica-
tionsarescheduledusingaQoS-awaresoft real-timeschedulerand
bene�t from DVFS.
To handlesoft real-timeapplications,GraceOSemploys two key
components:(i) a real-timeschedulerand(ii) a DVFS algorithm.
The CPU scheduleris vanilla earliestdeadline�rst (EDF); stan-
dardEDF theoryis usedto performadmissioncontrolof soft real-



time tasksbasedon their worstcaseCPUdemands.Admittedsoft
real-timetaskshavestrict priority overbest-effort tasks.Deadlines
derived from the application-speci�edperiodsare usedfor EDF
schedulingof thesetasks. Threesystemcalls—EnterSRT, Exit-
SRT, and FinishJob—are usedto convey start and �nish time of
tasks(e.g.,framedecode)to thescheduler.
TheDVFS algorithmmaintainsa histogramof CPUusageandde-
rivesaprobabilitydistributionof processordemand.Theprocessor
demandandtheapplication-speci�edperiodsareusedin adynamic
programmingalgorithm to derive a list of speedscalingpoints.
Eachpoint (x; y) speci�es that a job shouldruns at the speedy
whenit hasusedx cycles.TheDVFSalgorithmmonitorsthecycle
usageof the task. If theusageincreasesbeyondx, thenext speed
settingy is chosen. Observe that this techniquehassimilarities
with our GPA techniquewheretheprogressof a taskis monitored
andthespeedis increasedgradually. Thekey differenceis thatthe
durationsx andspeedsy arecomputedat run-timeusingdynamic
programming,whereasin GPA, they arestaticallychosen.
To implementGraceOSasa user-level power manager, we must
distinguishbetweentheDVFS componentandtheCPUscheduler.
The DVFS algorithmis fully implementedin userspaceanduses
theChameleoninterfacetoqueryusagestatisticsandmonitorprogress.
The CPU schedulerandany interactionsbetweenthe application
andtheschedulermustbeimplementedseparatelyfromChameleon.
SinceChameleondoesnotmakeany speci�c assumptionsaboutthe
underlyingscheduler, it is compatiblewith any CPUschedulingal-
gorithm,includingEDF.
Consequently, our implementationof the GraceOSincludesthree
components:(i) a user-level daemonto calculatethesoft real-time
task'sdemanddistribution,cyclebudget,andspeedscheduleusing
dynamicprogramming(300linesof Ccode);(ii) useof Chameleon's
/dev/syscpuinterfacedriver to querythe actualusageof eachsoft
real-timetask (109 lines of C code); and (iii) threesystemcalls
EnterSRT, ExitSRT, andFinishJobthatallow anapplicationto con-
vey the beginningandendof eachsoft real-timetask(23 lines of
C code).Observe thatthe�rst two componentsrelateto theDVFS
algorithm,while the third componentis usedby the CPU sched-
uler in GraceOS.The GraceOSuser-level power managerrunsat
thehighestCPUpriority in our system.All soft real-timeapplica-
tionsrun at thenext highestCPUpriority, andbesteffort jobsrun
at lower priorities. EDF schedulingis emulatedby manipulating
prioritiesof tasks;thetaskwith theearliestdeadlineis elevatedin
priority (analogousto theimplementationof EDF in GraceOS).

5. IMPLEMENT ATION
Our prototypeof Chameleonis implementedasa setof modules
andpatchesin theLinux kernel2.4.20-9.
New systemcalls: We addedfour new systemcalls to implement
theChameleonOSinterface: (i) get-speed, which returnsthecur-
rentCPUspeedof thespeci�ed processor processgroup;(ii) set-
speed, which setsthe CPU speedof the speci�ed processor pro-
cessgroup;(iii) get-speed-schedule, which returnsprocessorbud-
getandspeedscheduleof thespeci�edprocess,and(iv) set-speed-
schedule, which setsthe processorbudgetandspeedscheduleof
thespeci�ed task.Thelattertwo systemcallsenablesophisticated
speedsettingstrategies,whereanapplicationcanspecifyana pri-
ori schedulefor changingthespeedasit executes.
Chameleon-enhanced/proc interface: Weenhancedthe/proc in-
terfaceby addinga/proc/Chameleonsub-tree.Thisdirectoryholds
one�le for eachChameleon-drivenprocessandallowsapplications
to querytheirCPUquantumallocationsin therecentpast.
Chameleon /dev interfaces: To supportuser-level power man-

agers,weaddedtwonew /dev interfaces:/dev/sysdvfsand/dev/syscpu.
The system-wideutilization is reportedvia /dev/sysdvfs, whereas
theCPUcyclesconsumedby individualtasksarereportedvia /dev/syscpu.
Processcontrol block enhancements:In ordertoallow Chameleon
to implementtechniquessuchasPACE [14, 15] andGraceOS[26,
27] as user-level power managers,we borrowed several process
controlblock attributesfrom theGraceOSimplementation:(i) cy-
cle counter, which measuresthe CPU cycles usedby a task, (ii)
cycle budget, which storesthe numberof allocatedcycles, and
(iii) speedschedule,whichstoresa list andscheduleof speedscal-
ing points. Whereasthesethreeattributesaremeaningfulonly for
Chameleonprocessesmanagedby user-level power managers,we
alsoaddedthreemoreattributesthatareapplicableto all processes
in the system: (i) Chameleon-driven-�ag, which indicatesif the
processis directly modifying its speedsettings;(ii) current-speed,
which speci�esthecurrentCPUspeedsettingof theprocess;(iii)
inheritable-�ag,which indicatesif the speedsettingis inheritable
by its children.
DVS kernel module: TheDVS kernelmoduleis actuallyrespon-
sible for interfacingwith thehardwarein orderto modify thepro-
cessorspeed.This is doneby writing thefrequency andvoltageto
two machinespecialregisters(MSR) [26, 27]. Chameleoncanbe
appliedto any DVFS-enabledprocessorby implementinga DVS
kernelmodulespeci�c to thatprocessor.
Linux schedulerenhancements:Wemodi�ed thestandardsched-
uler to addper-processspeedsettingsandcycle charging. Similar
to our processcontrolblock enhancements,cycle charging is only
necessaryto implementothertechniquesasuser-level power man-
agers,andis directly inspiredby theGraceOSimplementation[26,
27]. Whenever the schedule()function is invoked, the modi�ed
schedulerwill dothefollowing: (i) in thecaseof nocontext switch,
it maychangethespeedof thecurrenttaskaccordingto its speed
schedule;(ii) in thecaseof acontext switch,theschedulerperforms
somebook-keepingonly for theprevioustaskwith a speedsched-
ule(e.g.,updateits cyclecounter, decrementcyclebudget,advance
speedschedule,etc.); (iii) thenthe schedulersetsthe CPU speed
for thenew taskbasedon its current-speedattribute.
Ourimplementationof ChameleonrunsonaSony VaioPCG-V1CPK
laptopwith TransmetaCrusoeTM5600-667processor[23]. The
TransmetaTM5600processorsupports� ve discretefrequency and
voltagelevels(seeTable1) andimplementstheLongRun[7] tech-
nologyin hardwareto dynamicallyvary theCPUfrequency based
on theobservedsystem-wideCPUutilization. LongRunvariesthe
CPUfrequency betweena user-speci�ed maximumandminimum
values—thesevaluescan be set by usersby writing to two ma-
chinespecialregisters(MSR). By default, thesevaluesareset to
300MHZ and677MHz, enablingthefull rangeof voltagescaling.
LongRuncanbe disabledby settingthe minimum andmaximum
registervaluesto thesamefrequency (e.g.,settingbothto 533MHz
doesnot allow any leeway in changingtheCPUfrequency, effec-
tively disablingLongRun).This featurecanbeusedto implement
voltagescalingin software—the power-awareapplicationcande-
terminethedesiredfrequency andsetthetwo registersto thisvalue.

Freq.(MHz) Voltage(V) Power (W)
300 1.2 1.30
400 1.225 1.90
533 1.35 3.00
600 1.5 4.20
667 1.6 5.30

Table1: Characteristicsof the TM5600-667processor



6. EXPERIMENT AL EVALUATION
WeevaluatedChameleononaSony PCG-V1CPKlaptopequipped
with aTransmetaCrusoeprocessorand128MBRAM. Theoperat-
ingsystemwasRedHatLinux 9.0with amodi�ed versionof kernel
2.4.20-9.To compareChameleonwith otherDVFSapproaches,we
implementedthreeOS-basedDVFStechniquesproposedin thelit-
erature:(i) PAST [24], (ii) PEAK [12], and(iii) AV Gn [11], all of
which areinterval-basedsystem-wideDVFS techniques.Our ex-
perimentsinvolve runningapplicationsundersix differentcon�gu-
rations:(i) with DVFSdisabled—theCPUalwaysrunsat themax-
imumspeed(denotedasFULL), (ii) usingthehardwiredLongRun
technology, (iii) usingPAST, (iv) usingPEAK, (v) usingAV Gn ,
and(vi) usingChameleon(whereLongRunis disabledfor power-
awareapplicationsbut enabledfor legacy applications).
The energy consumptionof the processorduring an interval T is
computedas

ener gy =
nX

i =1

pi t i (4)

wheren is the numberof available frequency/voltagecombina-
tions on the processor, pi denotesthe power consumptionof the
processorwhenrunningat the i th frequency/voltagecombination,
andt i representsthe time spentat the i th frequency/voltagecom-
binationduring the interval T . We modi�ed the Linux kernel to
record the energy consumptionof the TM5600 processorusing
Equation4 andTable1. Giventheenergy consumptionof thepro-
cessorduringaninterval T , theaveragepower consumptionof the
processorduringthis interval is computedaspowerav g = ener gy

T .
Our experimentsshowed that PEAK always consumedthe least
processorenergy amongall DVFS techniques.However, it trades
its energy savingswith anunacceptablyhighperformancedegrada-
tion for time-sensitivemultimediaandinteractiveapplications.For
example,video decodingof a 30 minutesclip took an extra 16.6
minutes,resultingin poorperformance.Therefore,weomit there-
sultsof PEAK in therestof this paperandreferthereadersto [13]
for theseresults.

6.1 Chameleon­awareApplications
We �rst evaluateour four Chameleon-awareapplications.Our ex-
perimentsassumea lightly-loadedsystemthat runsa singleappli-
cationwith thetypicalbackgroundsystemprocesses.

6.1.1 VideoDecoder
We encodedseveral DVD movies at different bit-ratesand reso-
lutions usingDivx MPEG2/MPEG4video codecandMP3 audio
codecThecharacteristicsof six suchmoviesarelisted in Table2.
Thebit-ratesaredepictedin theform (a + b)Kbps,wherea is the
videoandbis theaudiobit-rate.Werecordedtheenergy consumed
by theprocessorduringplaybackof thesemoviesatfull speed,with
LongRun,with Chameleon,with PAST, andwith AV Gn .

Res. Length Frames Bit-Rate(Kbps)
Movie 1 640x272 3360s 80387 1290.9+ 179.2
Movie 2 640x272 612s 14577 757.2+ 128.0
Movie 3 640x352 7168s 179168 679.7+ 128.0
Movie 4 640x352 602s 15003 861.9+ 128.0
Movie 5 640x352 1755s 42040 2456.9+ 192.0
Movie 6 640x480 2394s 57355 1674.6+ 384.0

Table2: Characteristicsof MPEG 4 Videos
Our experimentsshow that all � ve con�gurations handlemovie
playbackvery well. The sameplaybackquality is observed un-
der: identicalexecutiontimeswhichequalthelengthof themovies,
identical framerates,no droppedframes,andno user-noticeable
delays.However, theaverageCPUpowerconsumptiondifferssig-

ni�cantly acrossthevariouscon�gurations(seeFigure4(a)). Fig-
ure 4(a) shows that: (i) neitherPAST nor AV Gn canoutperform
LongRun;(ii) LongRuncanachievesigni�cant energysavings(from
27:36%to 57:26%) whencomparedto FULL; (iii) theChameleon-
awaremplayercanachieveanadditional20:52%to 31:99%energy
savingswhencomparedto LongRun.
Althoughthereareno user-perceivedplaybackproblems(in terms
of droppedframesor playbackfreezes)underthe � ve con�gura-
tions, we do observe jitter in the playbackquality at the frame-
level. Suchsmall inter-framejitter is inevitable in a time-sharing
CPUscheduler, althoughits effectsarenot perceptibleat theuser-
level. mplayerprovidesstatisticalmeasurementsof late frames—
the numberof framesthat arebehindtheir deadlineby morethan
20% of the frameinterval. As shown in Figure4(b), the number
of late framesin Chameleonis mostly comparableto PAST and
AV Gn andtypically betterthanLongRun(while consumingthe
leastenergy). FULL hastheleast—althoughnotzero—lateframes
at theexpenseof thehighestenergy consumption.Thenumberof
lateframesis small(0:2 ¡ 2:3%) in all con�gurations.

6.1.2 WebBrowserandWord Processor
Weranthewebbrowserandthewordprocessorandmeasuredtheir
averagepower consumption,the averageresponsetime, and the
percentageof lateevents(whereeventprocessingtimeexceedsthe
50msthreshold).
To eliminate the impact of variablenetwork delays,our experi-
mentswith the web browserconsistedof a client requestinga se-
quenceof web pagesfrom a web server on a local areanetwork;
the requestedweb pagesconsistof actualweb contentthat was
saved from a variety of popularweb sites. Eachexperimentcon-
sistsof asequenceof requeststo thesewebpageswith auniformly
distributed“think-time” betweensuccessive requests.Theexperi-
mentsdiffer in therequestedwebpagesandthechosenthink times;
eachexperimentis repeatedunderthe � ve con�gurations,andwe
measurethemeanfor eachexperiment.
Theworkloadfor theword processoremulatesa usereditinga se-
quenceof documents.Eachexperimentcontainsascriptthatmakes
asequenceof editingrequeststo thesedocumentswith auniformly
distributed“think-time” betweensuccessive requests.Theexperi-
mentsdiffer in the editeddocumentsandthe chosenthink times;
eachexperimentis repeatedunderthe � ve con�gurations,andwe
measurethemeanfor eachexperiment.
Figure 5(a) shows that LongRunconsumesa factorof threeless
powerthanFULL. Chameleonisabletoextractanadditional10:27%
energy savingswhencomparedto LongRun,while PAST is worse
thanLongRun. We alsonotethat theaveragepower consumption
underChameleonis only 0:03W and0:06W higherthanthepower
consumptionat theslowestCPUspeed(300MHz) for thebrowser
andthewordprocessor, respectively. Further, mostevents�nish in
Chameleonwithout any performancedegradation.Thepercentage
of lateeventsis only 0.24%and0.22%in theword processorand
the browser, respectively, andis comparableto otherapproaches.
Finally, the increasein processingtimesof late eventsis no more
than20ms(obtainedby substitutingthe chosentimer valuesand
CPUspeedsin Equation3).

6.1.3 Batch Compilations
We compileda portion of the ns-2network simulatorusingmake
andourpniceutility. Wechosedifferentvaluesof theCPUspeedin
pniceandmeasuredthepower consumptionandcompletiontimes
of make. As expected,our results,depictedin Table3, show that
thepowerconsumptioncanbetradedfor completiontimebyappro-
priatelychoosinga speedsetting.Fasterspeedslower completion



Movie 1 Movie 2 Movie 3 Movie 4 Movie 5 Movie 6
0

2

4

6

8

Movies

A
ve

ra
ge

 P
ow

er
 C

on
su

m
pt

io
n 

in
 W

at
ts

Average Power Consumption of Movie Playback

1.
65

2.
27

3.
37 3.

64
5.

30

1.
51 1.

90
3.

16
3.

26
5.

30

1.
70

2.
51

3.
52 3.

86
5.

30

1.
95

2.
86

3.
75 4.

24
5.

30

2.
31

3.
38

4.
01

4.
62

5.
30

2.
71

3.
85 4.

28 4.
79 5.

30

Chameleon
LongRun
PAST
AVGn
FULL

Movie 1 Movie 2 Movie 3 Movie 4 Movie 5 Movie 6
0

1%

2%

3%

4%

Movies

P
er

ce
nt

ag
e 

of
 L

at
e 

F
ra

m
es

Performance of Movie Playback

0.
45

%
0.

49
%

0.
30

%
0.

31
%

0.
15

%

0.
27

%
0.

28
%

0.
21

%
0.

29
%

0.
14

% 0.
39

%
1.

30
%

0.
28

% 0.
48

%
0.

15
% 0.

48
%

1.
13

%
0.

33
% 0.
56

%
0.

29
%

1.
20

% 1.
56

%
0.

97
%

2.
29

%
0.

70
%

1.
55

%
1.

40
%

1.
37

%
1.

19
%

1.
11

%

Chameleon
LongRun
PAST
AVGn
FULL

(a)AverageCPUPowerConsumption(Watts) (b) % of LateFrames
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Figure 5: Average CPU power consumption and % of late
events.

timesat theexpenseof higherenergy.
Freq. Completion MeanPower

(MHz) Time Consumed
300 1376s 1.38W
400 1066s 1.96W
533 910s 3.00W
600 812s 4.14W
667 776s 5.15W

Table3: Completion timesand meanCPU power consumption
for batch compilations.

6.2 Isolation in Chameleon
We claim that Chameleonisolatesan applicationfrom the power
settingsof otherapplications.To demonstratethis isolation,weran
mplayerwith a misbehaving backgroundapplication. The back-
groundapplicationrapidly switchesits CPUspeedsfrom oneset-
ting to anotherevery few milliseconds.We ran mplayerwith this
applicationwhenit waswell-behaved (it useda �x ed CPU speed
throughout)andthenwith themisbehaving versionof theapplica-
tion. We measuredits impacton theprogressof themplayer. Our
resultsshow thattheprogressmadeby mplayeris unaffectedby the
rapidchangesof CPUspeedby themisbehaving application—any
changeto the CPU speedby an applicationonly impactsits own
progressandhasno impacton the CPU sharesof otherapplica-
tions.

6.3 Impact of Concurrent Workloads
To demonstratethat applicationscanmake locally- andglobally-
optimal power managementdecisionsin the presenceof concur-
rent applications,we consideredfour applicationmixes: (i) video
decoderandweb browser(mix M1), (ii) video decoderandword
processor(mix M2), (iii) video decoderand batchcompilations
(mix M3), and (iv) batchcompilationsand word processor(mix
M4). Note that, from the perspective of the video decoder, the
backgroundloadincreasesprogressively from mix M1 to M3.
Table4 andFigure6 show theaveragepowerconsumptionandthe
performanceof theseapplicationsundervariouspower manage-
mentstrategies. Table4 shows that Chameleonalwaysconsumes
theleastenergy amongthe� vecon�gurations.Theenergy savings
rangefrom 19:81%to 31:19%whencomparedto LongRun,which
itself extractsup to 41:89% reductionwhencomparedto FULL.
Theperformancedegradation,depictedin Figure6(a),shows that
interactiveapplicationperformancein Chameleonis comparableto
the other techniques.For instance,the averageevent processing
time of the word processorundermix M2 increasesfrom 4.4ms
in LongRunto 5.96msin Chameleonandis well underthehuman
perceptionthresholdof 50ms.A similar resultis seenfor theweb
browserundermix M1. Thepercentageof lateeventsremainswell
under1%underall mixes(seeFigure6(b)).
Figure 6(c) plots the percentageof late framesin the video de-
coderfor different mixes. The �gure shows that the percentage
of late framesin Chameleonis comparableto other approaches.
As the backgroundload increasesfrom mix 1 to mix 3, we see
that the percentageof late framesincreasesfrom around0.4%to
morethan22%. For mix M3, all techniques,includingFULL, in-
cur 22% deadlinemisses. Decodingof the 10 minute clip takes
anextra 20 secondsunderall techniques,resultingin poorperfor-
mance.This is primarily dueto insuf�cient processoravailability
at higher loads,asopposedto de�cienciesin the power manage-
menttechnique.Dueto thebackgroundloadimposedby thebatch
compilationsin mix M3, the time sharingscheduleris unableto
allocatesuf�cient CPUtime to thevideodecoder.
Figure7 shows the fractionof time spentby the videodecoderat
differentCPU speedsettings. In the absenceof any background
load, the decoderis able to lower its speedsettingto the lowest
speedfor morethan90% of the time. As the load increases,the
fractionof timespentathigherspeedsincreases.For mix M3, more
than80%of thetime is spentat thehighestspeed(recallthatinsuf-
�cient processoravailability causesthevideodecoderto runat full
speed—Case2 in Section3.1).
Undermix M3, the only possiblesolution is to usea QoS-aware
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Figure6: Performanceof concurrent applications: averageresponsetime of interactiveapplicationsand % of late eventsand frames.
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schedulerthatguaranteesa �x ed fractionof theCPUto thevideo
decoderregardlessof the backgroundload. We ran mix M3 with
Chameleononaproportional-sharescheduler, namelyHierarchical
StartTime Fair Queue(HSFQ)CPUscheduler[10]. In this exper-
iment,we assigned1=14 fractionof CPUtime to thebatchcompi-
lations,12=14 fraction of CPU time to the video decoderandthe
X server, andtheremaining1=14 to theothertasks.As expected,
the percentageof late framesin the video decoderfell to a very
small value. Further, sinceprocessoravailability is guaranteedin
HSFQ,asshown in Figure7, thevideodecoderwasableto spend
73:73% of its executiontime at the lowest frequency (300MHz)
(comparedto 7:74% under time-sharingCPU scheduler). This
causesthe meanpower consumptionto fall to 2.1W, a 44.8%re-
ductionwhencomparedto thetime-sharingscheduler.

Chameleon LongRun PAST AV Gn FULL
Mix M1 2:25W 3:27W 3:98W 4:42W 5:3W
Mix M2 2:47W 3:08W 3:79W 3:83W 5:3W
Mix M3 3:81W 5:27W 5:26W 5:27W 5:3W
Mix M4 3:71W 5:22W 5:23W 5:23W 5:3W

Table4: AverageCPU Power Consumption for various mixes.

6.4 User­level Power Manager Experiments
We modi�ed mplayerto usetheGraceOSsystemcallsandusedit
to decodethe movies in Table2. The GraceOSuser-level power
managerwasusedto makepowermanagementdecisionsonbehalf
of mplayer. Wemeasuretheenergy consumedby mplayerandplot
it in Table5. Our resultsshow that GraceOScanachieve 3:50%
to 18:44% energy savingswhencomparedto LongRun.However,
ChameleonoutperformsGraceOSby 9-41%. This is becausethe
Chameleon-enhancedmplayeris ableto estimatedecodetimesof
individual framesbasedondomain-knowledge,while GraceOSre-
lies on externalobservationsof the CPU usageof mplayer. This

domainknowledgeyieldsanextra9-41%in Chameleon.
Movies AVG. Power Eng.Sav. to LongRun to Chameleon
Movie 1 2.11W 7:05% ¡ 27:88%
Movie 2 1.64W 13:68% ¡ 9:33%
Movie 3 2.11W 15:94% ¡ 24:12%
Movie 4 2.76W 3:50% ¡ 41:54%
Movie 5 3.09W 8:58% ¡ 33:77%
Movie 6 3.14W 18:44% ¡ 13:69%

Table5: GraceOSCPUpower consumptionfor movieplayback

6.5 Implementation Overhead
An importantconsiderationis theoverheadcausedby frequentchanges
in theCPUspeedsetting.UsingtheCPUcyclecounterregister, we
measurethe costas1125 cycles(about3:75 ¹s under300 MHz
and 1:69 ¹s under667 MHz). Due to betterDVFS supportin
theTransmetaprocessor, this is considerablylower thanthe8,000-
16,000cyclesreportedfor an HP laptopusedin the GraceOSex-
periments[26,27]; however, bothincurminimaloverhead.Finally,
theoverheadvaluesof thevideodecoder, GPA andpnicestrategies
are2738per frame,1149per timer, and127 CPUcycles,respec-
tively, which is in theorderof a few micro-seconds.

7. RELATED WORK
Recently, power managementtechniquesfor mobile deviceshave
receivedincreasingresearchattention.Theproposedtechniquesei-
therusedynamicvoltageandfrequency scaling(DVFS) [3, 16,17,
19, 26, 27] or application/middleware-basedadaptation[8, 9, 21,
22] for energy savings. DVFS approachesextract energy savings
by varying the processorspeed;the techniquesdo not affect the
amountof processingperformedby the application—theprocess-
ing is merely spreadover longer time periodsby lowering CPU
speeds.In contrast,middleware-basedadaptationapproachesvary
quality or data �delity and thus, the amountof processingper-
formed by the applicationto extract energy savings. We review
relatedwork in bothcategories.
Application or middleware-basedadaptationtechniquestradethe
computationaloverheadfor applicationquality;energy savingsare
extractedby reducingvideoquality [21, 22], documentquality [8]
or data �delity [9], and thus, the processingoverheads. Proxy-
basedadaptationfor reducingvideo quality hasbeenexplored in
[21, 22]. Puppeteeradaptsdocumentquality (i.e. pictureresolu-
tion, color depth)for energy savings of of�ce applications[4, 8].
The impactof adaptingthedata�delity on energy savingsof sev-
eralapplicationshasalsobeendemonstratedin Odyssey [9].
In contrast,DVFS techniquesdo not reducethe amountof pro-
cessingoverheadimposedby anapplication;insteadthey vary the
CPU speedto matchthe CPU load andextract energy savings [3,



16, 17, 19, 26, 27]. DVFS techniquesfall into four categories:
hardware-based,OS-based,cooperativeapplication-OS-based,and
application-directedmethods.Hardware-basedapproachessuchas
LongRun[7] measuresystemutilization in hardwareandchoosea
system-widespeedsettingbasedon thecurrentutilization. An on-
line hardwareapproachfor voltageandfrequency controlin multi-
ple clock domainmicroprocessorshasbeenproposedin [25]. OS-
basedapproachesdeterminea system-wideCPU settingbasedon
theprocessordemandsof thecurrentlyactive tasks[6, 14,15,20].
In this approach,individual applicationsdo not have any direct
control over the CPU power settings.A singlesystem-wideCPU
setting is determined,typically basedon the needsof the most
resource-hungryapplication,even when a mix of applicationsis
executingon theprocessor. Furthermore,theOSneedsto infer the
processingneedsof applicationsandcanincurmeasurementerrors.
In cooperativeapplication-OSapproaches,theapplicationprovides
somedomain-speci�cinformation to the kernel. The OS kernel
andtheCPUschedulerusethis informationfor CPUspeedsetting
and/orscheduling.GRACE-OS[26, 27] proposessucha coopera-
tiveapplication/OSapproachfor periodicmultimediaapplications.
It usesprobabilitydistributionsof CPUusageof periodicapplica-
tions andknowledgeof applicationperiods(which is suppliedby
theapplication)for choosingCPUspeeds.Aperiodicor non-real-
timeapplicationsarecurrentlynothandledby theapproach.
An cooperativepowermanagementapproachwasproposedin [18]
to unify low level architecturaloptimizations(CPU,memory, reg-
ister),OSpower-saving mechanisms(DVFS) andadaptive middle
techniques(admissioncontrol,optimaltranscoding,network traf�c
regulation). In this technique,interactionparametersbetweenthe
differentlevelsareidenti�ed andoptimizedto signi�cantly reduce
powerconsumption.
RatherthananOS-applicationpartnership,Chameleonexportsthe
entireburdenof powermanagementto theuserlevel.
Finally, several differentapplication-controlledDVFS techniques
for videodecodinghavebeenproposed[3, 16,17,19]. While some
requireof�ine estimationof CPUdemandsfor decoding[17], oth-
erscanestimatethe CPU demandsonline [3, 16, 19]. However,
all of thesetechniquesimplicitly assumeonly a singleapplication
is executingon theCPUandgrantcompletecontrolof theproces-
sorsettingsto thevideodecoder. Unlike in Chameleon,otherap-
plicationsarenot considered—theissueof concurrentapplications
that might usea differentspeedsettingis not consideredin these
efforts, nor is the issueof providing isolationacrossapplications
consideredexplicitly.

8. CONCLUSIONS
This paperarguedthat applicationsknow bestwhat their energy
needsareandproposedChameleon,anapproachthatputstheen-
tire burdenof power managementon individual applications.Our
implementationand experimentsshowed that (i) user-level poli-
ciescanbe implementedat a modestcostof tensof linesof code,
(ii) Chameleoncanextract up to 32% energy savings whencom-
paredto LongRunandup to 50% whencomparedto recentOS-
basedDVFS techniques,(iii) concurrentapplicationsbene�t from
Chameleon's�e xibility , and(iv) Chameleonimposesnegligibleover-
heads.
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