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ABSTRACT

In this paper we presentChameleon—aipplication-leel pover
managemenapproactfor reducingenegy consumptiorin mobile
processorsOur approactexportstheentireresponsibilityof power
managemerdecisiongo the applicationlevel. We proposeanop-
eratingsysteminterfacethatcanbeusedby applicationgo achieve
enepgy savings. We considerthree classesof applications—soft
real-time interactve andbatch—andlesignuserlevel powver man-
agemenstratgiesfor representatie applicationssuchasa movie
player a word processqra web browser and a batch compiler
We alsodesigna userlevel power managebasedn GraceOSus-
ing Chameleon.We implementour approachn the Linux kernel
runningon a Sory Transmetdaptop. Our experimentsshav that,
comparedo the traditional system-wideCPU voltagescalingap-
proachesChameleoncan achiee up to 32-50%enegy savings
while deliveringcomparabler betterperformanceo applications.
Further Chameleonmposessmalloverheadsndis very effective
atschedulingconcurrentapplicationswith diverseenegy needs.
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1. INTRODUCTION

Recenttechnologicaladwanceshave led to a proliferation of mo-
bile devicessuchaslaptops personatligital assistant§PDAs), and
cellular telephoneswith rich audio, video, andimaging capabili-
ties. While the processingstorage,and communicationcapabil-
ities of thesedevices have improved signi cantly, theseadwances
have outpacedthe improvementsin battery capabilities. Conse-
quently enegy continuesto be a scarceresourcen suchdevices.
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Thesituationis exacerbatedby theresource-hungrgatureof mary
applicationssuchasmovie playersandbatchcompilations.
Modern mobile devices use enegy judiciously by incorporating
a numberof power managementeatures. For instance, modern
processorsuchasintel's XScaleandPentium-Mand Transmetea
Crusoencorporatalynamicvoltageandfrequeng scaling(DVFS).
DVFS enableslynamicallyvariableCPU speedwhich canreduce
enepgy consumptiorduring periodsof low utilization[11, 12, 24].
In general suchtechniquesnustbe carefully designedo prevent
the processoslovdown from degradingthe responsienessof ap-
plications.

Thispaperexploresanew approachnamelyapplication-leel pover
managementWe arguethatapplicationsknow bestwhattheir re-
sourceand enegy needsare, and consequentlyapplicationscan
implementbetter power managemenpolicies than the operating
system. We proposean approachwhere applicationsare given
completecontrol over their CPU power settings—arnapplication
is allowedto specifyits CPU power settingindependentlyf other
applicationsandthe operatingsystemisolatesanapplicationfrom
the settingsusedby other applications. Our approachresembles
the philosoply of the Exolernel wherethe OS grantscomplete
control of variousresourcego the applicationsandonly enforces
protectionto prevent applicationsfrom harmingone another[5].
The Exokernel project successfullyjdemonstratedhe bene ts of
application-leel networking, application-leel memory manage-
ment,application-leel le systemsandCPU scheduling5]. Our
work extendsthis notionto application-leel pover management.
Reseach Contrib utions: The notion of application-leel power
managemenbpensup a realm of possibilitiesthat are infeasible
usingexisting approaches.

2 Performance:Ourapproactenablegachapplicationto make
local power managemerdecisionsdasednits processode-
mand and processorrvailability. We experimentallyshav
that local decisionsby individual applicationscan globally
optimizesystem-wideenegy usageandarebetterthanchoos-
ing asinglesystem-widepower settingfor all applications.

2 Flexibility: Suchan approachenableseachapplicationto
implementa pover managemenpolicy thatcloselymatches
its enegy andperformanceequirementsDifferentapplica-
tions canchoosedifferentpoliciesandyet coexist with one
anotherconcurrently Legacy applicationsor thoseapplica-
tions that do not wish to implementtheir own stratgy can
delggatethis taskto a userlevel power managethatchooses
appropriatesettingsbasen obsenedbehaior.

2 Geneanlity: Our approachis generalandunlike someexist-
ing approachesdoesnot malke speci ¢ assumptiongbout



thenatureof applications Any applicationcanusethepower
managemeninterfaceto manageits enegy needs,andwe
demonstrateuchstrat@iesfor severaldifferentapplications.

2 Modestmplementatiorosts:We shav thatuserlevel power
managemenpoliciescanbe implementedat a modestcost.
For applicationsconsideredn this work, the costof imple-
mentingour policies varied from 40 to 239 lines of code,
a relatively minor modi cation to applicationshundredsof
thousandsf linesof code.

At rst glance,it mayappeathatanapplication-leel powver man-
agementapproachosesthe ability to couplethe power manage-
mentstrategyy with the CPU schedulingalgorithm. At leastonere-
centapproacthasadwcatedsuchanintegratedapproachor powver
managemenand scheduling[26, 27]. Contraryto intuition, we
shawv thatit is indeedpossibleto implementsuch couplingsbe-
tweenthe scheduleandthe power managewusingour application-
level framevork. We demonstratehe feasibility of doing so by
implementingGrace0g26, 27] asa userlevel pover managein
our system. By carefully exporting resourceusagestatisticsfrom
within thekernelandusinga e xible powvermanagemerinterface,
we shov how thepawvermanagementolicy canbeimplementedn
userspacenhile retainingthe ability to interactwith thescheduler
Chameleongurapplication-l&el povermanagemerdpproactton-
sistsof threecomponents{(i) acommonOSinterfacethatcanbe
usedby powver-awareapplicationgo measureheir CPUusagesnd
adjusttheir CPU speedsettings (ii) amodi ed kernelCPU sched-
uler thatsupportgperprocessCPU speedsettingsandensureper
formancesolationamongprocessesand(iii) a speedadapterthat
mapstheseCPU speedsettingsto the nearesspeedactually sup-
portedby the hardware.

We considerthreeclasseof applications—softeal-time,interac-
tive, andbatch—andshav how soft real-timeapplicationssuchas
movie playersjnteractve applicationsuchasword processorand
webbrowsers andbatchapplicationssuchas“make” caneachim-
plementa differentpover managemenstratey. We speci cally
demonstratdnow theseapplicationscan coexist concurently and
yetglobally optimizesystem-widenegy consumption.

We implementa prototypeof Chameleorin the Linux kerneland
evaluateits effectivenesson a Sory laptop equippedwith Trans-
metas CrusoeTM5600-667processof23]. Ourexperimentsom-
pare Chameleorwith threeexisting OS-level DVFS approaches,
namely PAST [24], PEAK [12] and AV G, [11] and with Lon-
gRun, a hardware-basedVFS approach. Our experimentswith
individual power-awareapplicationsshov thatChameleorcanex-
tractup to a 32% enegy savingswhencomparedo LongRunand
upto 50%savingswhencomparedo OS-basedVFS approaches,
without ary performancedegradationto time-sensitre multime-
dia and interactie applications. Our experimentswith concur
rent applicationsshav thatlocal powver managemendlecisionsin
Chameleotyield 20-50%enegy savingsover LongRunandOSap-
proacheshatuseasinglepower settingfor all applicationsthereby
demonstratinghe bene ts of allowing eachapplicationto usea
custompower settingthatis mostappropriateo its needs.
Therestof this paperis organizedasfollows. Section2 presentsn
overview of theChameleonSections3 and4 presenburuserlevel
povermanagemerdtratgies. Sections discussesurimplementa-
tion. Section6 present®ur experimentakesults.Finally, Sections
7 and8 presentselatedwork andour conclusions.

2. CHAMELEON ARCHITECTURE

Chameleorconsistof threekey componentgseeFigurel). First,
Chameleorconsistof anOSinterfacethatenablesapplicationgo
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Figure 1: The ChameleonAr chitecture.

querythe kernelfor resourceusagestatisticsandto corvey their
desiredpower settingsto the kernel. The detailsof the interface
are presentedn Section5. In general,a userlevel pover man-
agemenstratgy combinesOS-level resourcaisagestatisticswith
applicationdomainknowledgeto determineadesirableCPUpower
setting. This canbe achiezedin two ways. An applicationcanuse
the Chameleorninterfaceto directly modify its own power settings.
Alternatively, an applicationcandelegate the task of power man-
agemento auserlevel powver managerSuchapowver managecan
useresourcalsagestatisticsandary application-supplieéhforma-
tion to adjustthe applications power settingson its behalf.
Second,Chameleonmplementsa modi ed CPU schedulerthat
supportgerprocessCPUpower settingsandapplicationisolation.
The schedulemaintainsthe currentpower settingsfor eachpro-
cessandconveys thesesettingsto the underlyingprocessomwhen-
ever the processs scheduledor execution(i.e., at context switch
time). Theapplications pawer settingscanbemodi ed atary time
via systemcalls, eitherby the applicationitself or by a userlevel
power managerctingon its behalf. An applications power set-
tingstake effect only whenit is scheduled andfurther, applications
getthe sameshareof the CPU regardlessof their power settings.
Consequentlyapplicationsareisolatedfrom oneanotherandfrom
the settingsusedby maliciousor misbehaing applications.Ker
nelsupportfor perprocespower settingsandapplicationisolation
doesnotrequireary directmodi cationsto the CPUschedulingal-
gorithmitself, andasa result, Chameleoris compatiblewith any
schedulingalgorithm.

Third, Chameleoimplementsaaspeedadaptethatmapsapplication-
speci ed power settingsto the nearestCPU speedactually sup-
portedby the hardware. In particular an applicationspeci esthe
desiredCPU speedas a fraction f; of the maximum processor
speed. The speedadaptermapsthis fraction to the nearestsup-
portedCPUspeedsincedifferentprocessorsupportdifferentdis-
cretespeedssuchanapproactensureportability acroshardware.
Although this work considersapplicationsthat managetheir own
enegy needs,in practice,it may not be feasibleto modify every
single applicationto male it poweraware. Thus,legacy applica-
tionswill coexistwith powver-awareapplicationsn ChameleonFor
suchapplications,Chameleorcan either delegate themto a user
level power managetor revert to a hardware DVFS technique.In
the former case the manageideterminegpower settingsbasedon
external obsenationsof applicationbehaior. In the latter case,
wheneer a power-unavare applicationis scheduledon the CPU,
Chameleomlynamicallyswitchego asystem-controlle®VFStech-
nique (our currentprototypeusesLongRun[7]). This hardware
DVFS techniqueis disabledwhen a powver-aware applicationis
scheduledor execution. Both techniquesenablelegacy applica-
tionsto extractsomepower savingswhile permittingpower-awvare
applicationgo maximizethesesavings.
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Figure 2: Threescenariosfor task execution.

3. APPLICATION-LEVEL POWER
MAN AGEMENT

Regardlessof the actualapplication,our userlevel powver manage-
mentpoliciesconsistof threekey steps.(i) Estimateprocessorde-
mand: In this stepa combinatiorof applicationdomainknowledge
andpastCPU usagsstatisticss usedto estimateorocessodemand
in the nearfuture. (ii) Estimateprocessoravailability: This step
explicitly accountdor theimpactof otherconcurrenapplications.
It estimateghe amountof CPU time thatwill be availableto the
applicationin the presencef otherapplications. (iii) Determine
processospeedsetting: Thethird stepchooses speedsettingthat
“matches”the processodemando the processoevailability. For
instance,if the actualdemandis only half of the available CPU
time, thenthe applicationcanrun the processort half speedand
spreadts CPUdemandover the availabletime. In contrast,f the
processodemandandthe processoevailability areroughlyequal,
the applicationmay chooseo run the processoat full speed.

In therestof this sectionwe shav how thesedeascanbeinstanti-
atedfor four speci ¢ applicationghatbelongto threedifferentap-
plicationclasses—softeal-time,interactize best-efort, andbatch.

3.1 MPEG VideoDecoder

An MPEGvideodecodelis anexampleof a softreal-timeapplica-
tion. Many multimediaapplicationssuchasDVD playback,audio
players,music synthesizersyideo captureand editors belongto
this categgory. A commoncharacteristiof theseapplicationss that
dataneeddo beprocessedvith timelinessconstraintsFor instance
in avideo decoderframesneedto be decodedandrenderedat the
playbackrate—ina25frames/s/zideo,aframeneedgo bedecoded
onceevery 40ms. Theinability to meettimelinessconstraintdm-
pactsapplicationcorrectnessplaybackglitcheswill beobseredin
avideodecoderfor example.

A soft real-timeapplicationcanusethe following generalstrategy
for userlevel power managementAssumethatthe applicationex-
ecutesa sequencef tasks;the decodingof a single frameis an
exampleof atask.Let ¢c denotetheamountof CPUtime neededo
executethis taskat full processospeed.Let d denotethe deadline
of this taskandlet t denotethe taskbegin time. Further let e de-
notethe amountof CPUtime thatwill actuallybe allocatedto the
applicationfor this taskbeforeits deadline. The parameter cap-
turesprocessodemandwhile e captureprocessorvailability by
accountindor thepresencef otherconcurrentasksin thesystem.
In atime sharingschedulerfor instancethe larger the numberof
runnabletasks,the smallerthe valueof e. In a QoS-avaresched-
uler thatallows a x ed fraction of the CPU to be resened for an
application thevalueof e will beindependentf othertasksin the
system.

Giventheprocessodemancd, processoavailability e anddeadline
d, the processospeedtanbe choserasfollows.

Casel: If t + ¢ > dthenit isimpossibleto meetthetaskdeadline
(seeFigure2(a)). Essentiallythetaskstarted'too late} andneither
the CPU schedulenot the power managemerdtratgy canrectify

thesituation.In suchascenariotheappropriatgolicy is to choose
thefull processospeedor thistask.

The next two scenariosassumehatcasel is not true andthatit is
possibleto meetthetaskdeadline.

Case2: If e < ¢, thenthe processodemandexceedsprocessor
availability for this task (seeFigure2(b)). Althoughit is feasible
to meetthe deadlineby allocatingsufcient CPUtime to thetask,
the CPUscheduleis unableto do sodueto presencef othercon-
currentapplications Sinceapplicationperformancevill suffer due
to insufcient processoevailability, the pover managemensgtrat-
egy shouldnot further worsenthe situation. Thus,the application
shouldrun at full processospeedor this task. Any otherstrateyy
would violate our goal of isolation.

The nal scenarijmssumeshatneithercasesdl or 2 aretrue.
Case3: If t + ¢ < d thentaskcan nish beforeits deadline
at full processospeed(seeFigure 2(c)). In this case,the policy
shouldslow down the CPU suchthatthe demancdc is spreadover
the amountof time the taskwill executeon the CPU, while still
meetingthedeadline.The CPUfrequeng f shouldbechoseras

C

f - m ¢f max (l)
wheref max is themaximumprocessospeedfrequeng).
Thisstratey is applicableo avarietyof softreal-timeapplications,
solong asthe notion of ataskis de ned appropriately In a video
decoder(i) decodingof eachframerepresentsatask,(ii) ¢ denotes
thetimeto decodehenext frameatfull speed(ii) e denoteghees-
timateddurationfor which the decodemwill schedulednthe CPU
until theframedeadlineand(iii) d denoteghe playbackinstantof
theframe(asdeterminedy the playbackrateof thevideo). While
d isknown, parameters ande needto beestimatedor eachframe.
Estimating processordemand: Processodemands determined
by estimatingframedecodeimes. We considefMPlayeran open-
sourcevideo decoderthat supportsboth MPEG-2 and MPEG-4
playback. Note that MPEG-2is widely usedfor DVD playback,
while MPEG-4is usedby commercialstreamingsystemssuchas
QuickTime andWindows Media;mplayeris representate of these
applications A numberof MPEG-2andMPEG-4videoclips with
differentbit ratesand spatialresolutionswere decodedby anin-
strumentednplayerthat measuredindloggedthe decodetime of
eachframeatfull processospeedWe analyzedheresultingtraces
by studyingthe rst andseconcbrderstatisticsof the decoddimes
and frame sizesfor eachframetype (i.e., |, P, B). Our analy-
sis, the detailsof which maybefoundin [13], shavs a piece-wise
linear relationshipbetweenthe decodetimes and the frame sizes
for eachframetype. Theseresultscorroboratethe ndings of a
prior studyon MPEG-2wherean approximatdinear relationship
betweerframesizeanddecoddimeswasobsered[1]. Usingthese
insights,we constructeda predictorthat usesthe type andsize of
eachframeto computeits decodetime. A key featureof our pre-
dictor is thatthe predictionmodelis parameterizeét run-timeto
determinghe slopeandinterceptof the piece-wisdinearfunction.
To doso,thevideodecodestoresheobseneddecoddimesof the
previousn frames scaleshesevaluesto thefull-speeddecoddime
(sincethe obsenred decodetimes may be at slower CPU speeds),
andusesthesevaluesto periodicallyrecomputethe slopesandthe
interceptof the piece-wisdinear predictor This notonly enables
thepredictorto accountor differencescrossideoclips (e.g.,dif-
ferentbit ratesrequiredifferentlinear predictors),it alsoaccounts
for variationswithin avideo (e.g.,slow moving scenesersusfast
moving scenesn a video). The parameterizegbredictoris then
usedto estimatethe decodetime of eachframeat full processor
speed. Additional detailsof our predictorincludingits experimen-
tal validationmay befoundin [13].
Estimating processoravailability: Using the Chameleorinter-



face theapplicationcanobtainthe startandendtimesof the previ-
ousk instancesvherethe applicationwasscheduledn the CPU.
This history of quantumdurationsandthe starttimesof the quanta
provide an estimateof how much CPU time was allocatedto the
applicationin the recentpast. An exponentialmoving averageof
thesevaluescanbeusedto determingheamountof CPUtime that
is likely to be allocatedto the applicationper unit time, and this
yieldsthe processosvailability overthenext d j t timeunits.
Determining processorspeed: Given an estimatet of the frame
decoddime andé of theprocessoevailability, theactualCPUfre-
queng f is choserin mplayerasfollows:

8

< fmax ift+¢>d
f = ) fmax ife< ¢ (2)
min (m;fmm ) otherwise

where is acorrectionfactorthatis usedto accountor pasterrors
in framedecodetimes. It the actualdecodetimesare consistently
overestimatedr underestimatedly the predictor thefactor  can
be usedto correctthis error. The Chameleorspeedadapterthen
mapsthecomputed to theclosessupportedCPUspeedhatis no
lessthantherequestedpeed.

Implementation: We modi ed mplayerto implementthe frame
decodingime predictorandthe speedsettingstratgyy. Our modi -
cationswereprimarily restrictedto the beginningandendof frame
decodingmethodin mplayer We usedgettimeofday  to mea-
surethe frame decodingtime andthe Chameleorinterfaceto es-
timatethe processoevailability. Othermodi cationsinvolved us-
ing the Chameleorinterfaceto setthe CPU speedusing Equation
2. In all, the implementatiorof framedecodingtime predictorin-
volved221linesof C code,andtheimplementatiorof speedsetting
stratgy involved 18 lines of C code. This indicatesthatuserlevel
pover managemergtratgy canbeimplementecat modesteffort.

3.2 Word Processor

A word processofrom an Of ce suiteis an exampleof aninter
active best-efort application. Many applicationssuchas editors,
shellterminals webbrowsersandgamedall into this cateyory. We
considerAbiWbrd, a popularopen-sourcevord processofrom the
GnomeOf ce suite. AbiWord is an event-driven applicationthat
works as follows. After an event suchasa mouseclick or key
stroke, the word processomust handlethe event. For example,
whenthe userclicks on a menuitem, the applicationmustdisplay
a drop-davn menuof choices. Whenthe usertypesa sentence,
eachcharacterepresenting keystroke needsto be displayedon
the screen.Thewindow needgo beredravn whenthe draw event
arrives. The speedat which theseeventsareprocessetby theword
processogreatlyimpactsthe users experience.

Studieshave shavn thatthereexistsa humanperceptiorthreshold
underwhich eventsappearto happeninstantaneously2]. Thus,
completingtheseeventsary fasterwould not have ary percepti-
ble impacton the user While the exact value of the perception
thresholdis dependenbn the userandthe type of taskbeingac-
complisheda valueof 50msis commonlyused[2, 6, 14, 15]. We
alsousethis perceptiorthresholdn ourwork.

An event-driveninteractve applicationshouldchooseCPU speed
settingssuchthateacheventis processedho later thanthehuman
perceptionthreshold Onepossiblestratgy to do sois to (i) esti-
matethe processodemandf anevent, (i) estimatethe processor
availability in thenext 50 ms,and(iii) choosea speedsuchthatthe
demands spreadover the available CPU time while still meeting
the 50 ms perceptionthreshold. Sincean event-basedpplication
may procesamnary differenttypesof events,estimatingprocessor
demandfor eacheventwill requirethe approachto be explicitly
awareof differenteventtypesandtheir computationaheeds Such

event  process .
arrival runs Perception
t t threshold

S

event processing

| 50-b
f 50 ms

Figure 3: Event processingn aword processor

a stratgy canbe quite comple for applicationssuchasbrowsers
or aword processorthatsupportalarge numberof eventtypes.
Insteadwe proposea differenttechniquethat canmeetthe human
perceptiorthresholdwithout requiringexplicit knowledgeof vari-
ouseventstypes. Our techniquereferredto asgradual processor
acceleation (GPA) accountsor theprocessodemandandthepro-
cessomrvailability implicitly.
Uponthearrival of ary event,the word processors con guredto
run underat alow CPU speedandatimer is set(the timer value
is lessthatthe perceptiorthreshold).If the processingf the event
nishes beforethetimer expires,thenthe applicationsimply waits
for the next event. Otherwise|t increaseshe CPU speedby some
amountand setsanothertimer. If the event processingcontinues
beyondthetimer expiration, the CPU speeds increased/et again
anda new timer is set. Thus,the processoiis graduallyacceler
ateduntil eitherthe eventprocessinds completeor the maximum
CPUspeeds reachedln orderto ensureadequaténteractie per
formancethemaximumCPU speeds alwaysusedwhentheevent
processindime exceedghe perceptiorthreshold.
To understandhow to instantiatethis policy, supposehatthe event
arrives at time t andthe applicationis actually schedulecn the
CPUattimet° (althoughtheapplicationbecomesunnableassoon
as the event arrives, other concurrentapplicationscan delay the
schedulingof this application). From the perspectie of the user
aresponsas desirablefrom the applicationno later thant + 50
ms. Sincethe applicationactually startsexecutingat time t°, it
needgo procesghe eventwithin theremaining50; ~ ms,where
= 1Y% t(seeFigure3). po doso,we choosen timers,whichhave
valuesty, to, ...,tn, and i”:l ti = 50 . After theexpiration
of theith timer, the processospeedis increasedo fi, wheref;
denotesa fraction of the maximumspeed. The valuesof f; are
chosensuchthat the processospeedincreasegprogressiely and
fn = fmax = 1. Thus,theapplicationrunsatfull processospeed
if theeventprocessingontinuesbeyond50; = ms. Obsenrethat,
ratherthanexplicitly estimatingthe processodemandf theevent,
the GPA techniguemonitorsthe progressof the event processing
andadjuststhe processospeedaccordingly Further — implicitly
capturegheimpactof otherconcurrentapplicationsn the system.
Analysis: It is possibleto boundthe maximumslowdown incurred
by anapplicationin the GPA techniquéby carefullychoosingimer
valuesandCPU speeds.To seehow, obsere thatif the processor
wererungingatfull speedtheagountof work donein theinterval
[t%t%+ 1, ti]will takeonly [, fit; atfull processospeed.
If theactualfull-speedprocessindgime of the eventis smallerthan
thisvaluetheevent nishes beforethe50; ~ msperceptiorthresh-
old in the GFA techniqueandthusthe userdoesnot perceve ary
performancedegradation. For ary event requiringmorethanthis
amountof full speedexecutiontime, the maximumpossibleper
formancedegradationunderour stratey is givenby:

xo
degrade = 50§ fi ¢t; )
i=1
sincethe processowill run at full speedoncethe executiontime
exceedgheperceptiorthreshold.
To illustrate,supposehatthe maximumdegradationis setto 20ms



over full processospeed.Let ™ = 0 for simplicity. If we choose
ve timerswith values30ms, 5ms, 5ms, 5ms, and 5ms, and the
processospeedsiuring thesetimer intervals as45%, 60%, 80%,
90%, and100%, respectiely, then,from Equation3, themaximum
possibleuserperceved degradationfor ary eventis 20ms. Thisis
the maximumslowdown for ary event requiring more than50ms
of processingime.
Implementation: We implementedGPA into AbiWord, a sophis-
ticatedword processowwith a codebaseof hundredf thousands
lines of C code. Our implementatiorwas straight-forvard. We
addedcodeat the begginning of the AbiWord eventhandlerto im-
plementthe GFA technique.The X11-sener assignsa time-stamp
to eachnew usereventsuchasmouseclick or key-stroke. We ex-
tractedthis time-stampt andusedgettimeofday  to determine
theexecutionstarttime t®. Theparameter is computedasthedif-
ferencebetweert® andt. Thistook only 17 linesof C codewhile
settingtimersandinvoking the Chameleorinterfacetook 23 lines
of C code.In all, theimplementatiorof GPA took only 40 lines of
C code—afairly modestchange.

3.3 WebBrowser

A web browseris anotherexampleof an event-driven interactve
applicationthat needsto processvariouseventssuchasa mouse
click or akeystroke. Whentheusertypesa URL or datainto aweb
form, the keystrokesneedto bedisplayedon the screen Whenthe
mouseis positionedover a hyperlink, visual feedbackneedsto be
provided by changingthe shapeof the mousecursor Whenthe
userclicks on alink, the browserneeddo constructandsendouta
HTTPrequestwhendataarrivesfrom theremotesener, it needgo

parseanddisplaythe incomingdata. Although the network delay
is beyondthecontrolof thebrowser all other“local” eventsshould
be processedvithin the humanperceptionthresholdfor goodin-

teractive performanceThe GPA techniquecanbedirectly usedfor

powver managemerit suchabrowser

We choseDillo, acompactportableopen-sourcérownserthatruns
on desktopsJaptopsand PDAs and implementedthe GFA tech-
niqueinto this browser Like in the caseof theword processqrour
modi cationswererestrictedo theeventhandlerin Dillo. First,we

extractedthe eventarrival time andthe executionstarttime in the
eventhandlerto compute . We thenaddedcodeto settimersand
increasehe processospeedupontimer expiration. In all, theim-

plementatiorof GPA into Dillo involved 46 linesof C code,again

demonstratinghe modestatureof our modi cations.

3.4 Batch Compilations

Compilationsusingmale is anexampleof a batchapplication.Un-
like interactive applicationsvherethe responseime is important,
thethroughputs importantfor batchapplications Typically, male
spavns a sequencef compilationtasks,onefor eachsourcecode
le. Onepossibleuserlevel pover managemendtrateyy is to esti-
matethe processodemandor eachcompilationtaskandto choose
anappropriatespeedsetting.However, sinceeachcompilationtask
is relatively short-lived,gatheringCPUstatistic§or eachprocesss
dif cult. Insteada betterstratgy is to allow the end-useto spec-
ify thedesiredspeedsetting.Systendefaultscanbeusedwhenthe
userdoesnot specifya setting.
Most Unix-like operatingsystemssupportthe nice utility, which
allowstheend-useto specifya CPUschedulingpriority prior for a
new processkor instancetheusercaninvoke thecommanchice
-n N make to specify that male shouldrun at priority N. A
low priority enableghe batchapplicationto runin thebackground
withoutinterferingwith foregroundinteractive applications A high
priority canalsobechoserif thenew applicationis moreimportant
thancurrentapplications.

A similar stratgy can be usedfor choosingCPU speedsettings.
We implementeda utility called pnice that enablesthe end-user
to specify a particularCPU speedsettingfor a new process.For
instancethe usercaninvoke thecommandpnice -n N make
to specify that make and all compilationsspavned by its should
runata x ed CPUspeedsettingN . A lower speedsettingenables
enepgy savings at the expenseof increasingthe completiontime,
whereas highersettinglowersthe completiontime attheexpense
of higherenegy consumption.

Implementatiorof pnice was straightforvard. The pnice process
rst changests own speedsettingto the speci ed valueN using
the Chameleorinterface. Next, it invokes execto run the speci-
ed command.This ensureghatthe applicationinheritsthe speed
settingof the pnice process.The Chameleorkernelimplementa-
tion ensureghatary procesdorkedby aparentprocessnheritsthe
CPUspeedsettingof theparent.Thepniceutility wasimplemented
in 125linesof C code,again demonstratinghatimplementatiorof
userlevel power managemenoliciestake modesteffort.

4. USER-LEVEL POWER MANAGER

The previous sectiondemonstratetton mary commonlyusedap-
plications canimplementtheir own power managemenstrateyy.
However, implementinga userlevel pover managemenstratgy
requiresmodi cation to the sourcecode,which may not be feasi-
ble for legagy applications Suchapplicationsandelegatethetask
of power managemernito a userlevel power manager The power
manageranuseCPUusagestatisticsandary application-supplied
knowledgeto modify CPU speedsettingson behalf of the appli-
cations. A simpleuserlevel power managemay choosea single
speedsettingfor all applicationshasedon currentutilization; the
speedsettingis variedwith obsenedchangesn systemutilization.
A morecomple stratgy is to choosea differentspeedsettingfor
eachindividual applicationbasedon its obsened behaior; doing
SO requiresusagestatisticsto be maintainedfor eachapplication.
Multiple userlevel power managersan coexist in the system,so
long aseachmanages mutually exclusive subsetof the applica-
tions. Thus, it is feasibleto implementa differentpower manager
for eachclassof application.

The Chameleorinterfaceenableghe entire rangeof thesepossi-
bilities. To demonstrat¢he e xibility of our approachwe take a
recentlyproposedVFS approach—GraceOR26, 27]—andshav
how it canbe implementedas a userlevel pover managemusing
Chameleon.Our objectie is two-fold. First, we shav that mary
recentlyproposedapproachesuchasGraceOShatemploy anin-
kernelimplementatiortanbeimplementedsuserlevel poverman-
agersin our approach.SecondGraceOSadwcatesa cooperatie
application-OSapproach where applicationsperiodically supply
informationto the OSandthe OS choosesheprocessospeedset-
ting basedon this informationand usagestatistics. We shav that
suchinteractionsbetweenthe applicationand the CPU scheduler
arefeasibleusingChameleon.

Implementation: Webegin with abrief overview of theGrace0326,
27]. GraceOSs designedor periodicmultimediaapplicationghat
belongto the soft real-timeclass. GraceOStreatssuchapplica-
tions differently from traditionalbest-efort applications.Whereas
best-efort applicationsarescheduledisingthe Linux time-sharing
schedulerand do not bene t from DVFS, soft real-timeapplica-
tionsarescheduledisinga QoS-avaresoftreal-timescheduleand
bene t from DVFS.

To handlesoft real-timeapplications,GraceOSemploys two key
componentsyi) areal-timeschedulerand(ii) a DVFS algorithm.
The CPU scheduleiis vanilla earliestdeadline rst (EDF); stan-
dardEDF theoryis usedto performadmissiorcontrol of softreal-



time tasksbasedon their worstcaseCPU demands Admitted soft
real-timetaskshave strict priority over best-efort tasks.Deadlines
derived from the application-speci edperiodsare usedfor EDF
schedulingof thesetasks. Three systemcalls—EnterSRT Exit-
SRT and Finishlob—are usedto corvey startand nish time of
tasks(e.g.,framedecode}o thescheduler

The DVFS algorithmmaintainsa histogramof CPU usageandde-
rivesa probabilitydistribution of processodemand.Theprocessor
demandandtheapplication-speci egeriodsareusedn adynamic
programmingalgorithmto derive a list of speedscaling points.
Eachpoint (x; y) speci esthata job shouldruns at the speedy
whenit hasusedx cycles. The DVFS algorithmmonitorsthecycle
usageof thetask. If the usageincreasedeyondx, the next speed
settingy is chosen. Obsere that this techniquehas similarities
with our GPA techniquewherethe progresf a taskis monitored
andthe speeds increasedyradually Thekey differenceis thatthe
durationsx andspeedy arecomputedat run-timeusingdynamic
programmingwhereasn GFA, they arestaticallychosen.

To implementGraceOSas a userlevel power managerwe must
distinguishbetweerthe DVFS componenandthe CPU scheduler
The DVFS algorithmis fully implementedn userspaceanduses

theChameleotinterfaceto queryusagestatisticaandmonitorprogress.

The CPU schedulerand ary interactionsbetweenthe application
andtheschedulemustbeimplementedeparatelyrom Chameleon.
SinceChameleomoesnotmake ary speci c assumptionaboutthe
underlyingschedulerit is compatiblewith any CPUschedulingal-
gorithm,includingEDF.

Consequentlyour implementatiorof the GraceOSncludesthree
components(i) auserlevel daemorto calculatethe softreal-time
task's demandlistribution, cycle budget,andspeedschedulaising
dynamicprogramming300linesof C code);(ii) useof Chameleors
/dev/syscpunterfacedriver to querythe actualusageof eachsoft
real-timetask (109 lines of C code); and (iii) threesystemcalls
EnterSRTEXxitSRTandFinishbbthatallow anapplicationto con-
vey the beginning andendof eachsoft real-timetask (23 lines of
C code).Obsere thatthe rst two componentselateto the DVFS
algorithm, while the third componenis usedby the CPU sched-
ulerin GraceOSThe GraceOSuserlevel power managerunsat
the highestCPU priority in our system.All soft real-timeapplica-
tionsrun at the next highestCPU priority, andbesteffort jobsrun
at lower priorities. EDF schedulingis emulatedby manipulating
priorities of tasks;the taskwith the earliestdeadlineis elevatedin
priority (analogougo theimplementatiorof EDFin GraceOS).

5. IMPLEMENT ATION

Our prototypeof Chameleoris implementedas a setof modules
andpatchesn theLinux kernel2.4.20-9.

New systemcalls: We addedfour nen systemcallsto implement
the ChameleorOS interface: (i) get-speedwhich returnsthe cur
rent CPU speedof the speci ed proceswor procesgroup; (i) set-
speed which setsthe CPU speedof the speci ed processor pro-
cessgroup; (iii) get-speed-dtedule which returnsprocessobud-
getandspeedschedulef thespeci ed processand(iv) set-speed-
schedule which setsthe processobudgetand speedscheduleof
the speci edtask. Thelattertwo systemcalls enablesophisticated
speedsettingstratgies,whereanapplicationcanspecifyana pri-
ori scheduldor changinghe speedasit executes.
Chameleon-enhancedprocinterface: We enhancedhe/procin-
terfaceby addinga/proc/Chameleosub-tree This directoryholds
one le for eachChameleon-dvienprocessandallowsapplications
to querytheir CPU quantumallocationsin therecentpast.
Chameleon/dev interfaces: To supportuserlevel power man-

agersweaddedwo new /dev interfaces/dev/sysdvfand/dev/syscpu
The system-wideutilization is reportedvia /dev/sysdvfswhereas

theCPUcyclesconsumedby individualtasksarereportedvia/dev/syscpu

Processontrol block enhancementsin orderto allow Chameleon
to implementtechniquesuchasPACE [14, 15] andGraceOg26,
27] as userlevel pover managerswe borroved several process
controlblock attributesfrom the GraceOSmplementation:(i) cy-
cle counter which measureshe CPU cyclesusedby a task, (ii)
cycle budget, which storesthe numberof allocatedcycles, and
(iif) speedscheduleyhich storesalist andscheduleof speedscal-
ing points. Whereashesethreeattributesaremeaningfulonly for
Chameleorprocessesanagedy userlevel powver managersywe
alsoaddedthreemoreattributesthatareapplicableto all processes
in the system: (i) Chameleon-dvien- ag, which indicatesif the
processs directly modifying its speedsettings;(ii) current-speed,
which speci esthe currentCPU speedsettingof the processiii)
inheritable- ag, which indicatesif the speedsettingis inheritable
by its children.

DVS kernel module: The DVS kernelmoduleis actuallyrespon-
siblefor interfacingwith the hardwarein orderto modify the pro-
cessorspeed.This is doneby writing the frequeng andvoltageto
two machinespecialregisters(MSR) [26, 27]. Chameleorcanbe
appliedto any DVFS-enabledbrocessoby implementinga DVS
kernelmodulespeci c to thatprocessar

Linux schedulerenhancementsWemodi ed thestandardched-
uler to addperprocessspeedsettingsandcycle chaging. Similar
to our proceszontrol block enhancementsycle chaging is only
necessaryo implementothertechniquessuserlevel power man-
agersandis directly inspiredby the GraceOSmplementatiorj26,
27]. Wheneer the schedule()function is invoked, the modi ed
schedulewill dothefollowing: (i) in thecaseof no context switch,
it may changethe speedof the currenttaskaccordingto its speed
schedule(ii) in thecaseof acontet switch,thescheduleperforms
somebook-keepingonly for the previoustaskwith a speedsched-
ule (e.g.,updatsits cycle counter decrementycle budget,adwvance
speedschedulegtc.); (iii) thenthe schedulersetsthe CPU speed
for the new taskbasednits current-speedittribute.
Ourimplementatiorof ChameleomunsonaSory VaioPCG-V1CPK
laptopwith TransmetaCrusoeTM5600-667processof23]. The
Transmeta M5600 processosupports ve discretefrequeng and
voltagelevels (seeTablel) andimplementshe LongRun[7] tech-
nologyin hardwareto dynamicallyvary the CPUfrequeng based
ontheobsened system-wideCPU utilization. LongRunvariesthe
CPUfrequeng betweena userspeci ed maximumandminimum
values—thesevaluescan be set by usersby writing to two ma-
chine specialregisters(MSR). By default, thesevaluesare setto
300MHZ and677 MHz, enablingthefull rangeof voltagescaling.
LongRuncanbe disabledby settingthe minimum and maximum
registervaluesto thesamdrequeng (e.g.,settingbothto 533MHz
doesnot allow ary leeway in changingthe CPU frequeng, effec-
tively disablingLongRun). This featurecanbe usedto implement
voltagescalingin softwae—the powver-aware applicationcande-
terminethedesiredrequeng 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 15 4.20
667 1.6 5.30

Table 1: Characteristics of the TM5600-667processor



6. EXPERIMENT AL EVALUATION

We evaluatedChameleoron a Sory PCG-V1CPKlaptopequipped
with a TransmetaCrusoeprocessoand128MB RAM. Theoperat-
ing systemwasRedHatLinux 9.0with amodi ed versionof kernel
2.4.20-9.To compareChameleonwith otherDVFS approachesye
implementedhreeOS-base®VFStechniqueproposedn thelit-
erature:(i) PAST [24], (i) PEAK [12], and(ii)) AV G, [11], all of
which areinterval-basedsystem-wideDVFS techniques.Our ex-
perimentdnvolve runningapplicationaundersix differentcon gu-
rations: (i) with DVFS disabled—the&CPUalwaysrunsatthe max-
imum speeddenotedasFULL), (ii) usingthehardwiredLongRun
technology (iii) usingPAST, (iv) usingPEAK, (v) usingAV G,
and(vi) usingChameleoriwhereLongRunis disabledfor power-
awareapplicationsbut enabledor legacy applications).
The enegy consumptiorof the processoduringanintenal T is
computedas
x
ener gy = pi ti ()
i=1

wheren is the numberof available frequeng/voltage combina-
tions on the processarp; denoteshe power consumptionof the
processowhenrunningat theith frequeng/voltagecombination,
andt; representshetime spentat theith frequeng/voltagecom-
binationduring the interval T. We modi ed the Linux kernelto
record the enegy consumptionof the TM5600 processomsing
Equationd andTablel. Giventhe enegy consumptiorof the pro-
cessoduringaninterval T, the averagepower consumptiorof the
processoduringthis interval is computedaspowera, g = 59,
Our experimentsshaved that PEAK always consumedhe least
processoenegy amongall DVFS techniquesHowever, it trades
its enegy savingswith anunacceptablyigh performancelegrada-
tion for time-sensitre multimediaandinteractie applications For
example,video decodingof a 30 minutesclip took an extra 16.6
minutes resultingin poorperformanceThereforewe omit there-
sultsof PEAK in therestof this paperandreferthereadergo [13]
for theseresults.

6.1 Chameleon-awae Applications

We rst evaluateour four Chameleon-aareapplications.Our ex-
perimentsassume lightly-loadedsystemthatrunsa single appli-
cationwith thetypical backgroundsystenmprocesses.

6.1.1 VideoDecoder

We encodedsereral DVD movies at different bit-ratesand reso-
lutions using Divx MPEG2/MPEG4video codecand MP3 audio
codecThe characteristicef six suchmaovies arelistedin Table2.
Thebit-ratesaredepictedin theform (a + b)Kbps,wherea is the
videoandbis theaudiobit-rate.We recordedheenegy consumed
by theprocessoduringplaybackof thesemoviesatfull speedwith
LongRun,with Chameleonwith PAST, andwith AV G, .

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
Movie5 || 640x352| 1755s | 42040 | 2456.9+192.0
Movie 6 || 640x480| 2394s 57355 | 1674.6+384.0

Table 2: Characteristics of MPEG 4 Videos
Our experimentsshav that all ve con gurations handlemovie
playbackvery well. The sameplaybackquality is obsered un-
der: identicalexecutiontimeswhichequalthelengthof themovies,
identical frame rates,no droppedframes,and no usernoticeable
delays.However, the averageCPU power consumptiordiffers sig-

ni cantly acrosshe variouscon gurations(seeFigure4(a)). Fig-

ure 4(a) shavs that: (i) neitherPAST nor AV G, canoutperform
LongRun;(ii) LongRuncanachiere signi cant enegy sazings(from
27:36%t0 57:26%) whencomparedo FULL; (iii) theChameleon-
awaremplayercanachieve anadditional20:52%to 31:99%enegy

savzingswhencomparedo LongRun.

Althoughthereareno userperceved playbackproblems(in terms
of droppedframesor playbackfreezes)underthe ve con gura-

tions, we do obsere jitter in the playbackquality at the frame-
level. Suchsmallinterframejitter is inevitable in a time-sharing
CPU scheduleralthoughits effectsarenot perceptibleat the user

level. mplayerprovidesstatisticalmeasurementsf late frames—
the numberof framesthat are behindtheir deadlineby morethan
20% of the frameinterval. As shown in Figure4(b), the number
of late framesin Chameleoris mostly comparableo PAST and
AV G, andtypically betterthan LongRun(while consumingthe

leastenegy). FULL hastheleast—althougimot zero—lateframes
atthe expenseof the highestenegy consumption.The numberof

lateframesis small(0:2 j 2:3%) in all con gurations.

6.1.2 WebBrowserandWbrd Processor

Weranthewebbrowserandtheword processoandmeasuredheir
averagepower consumption the averageresponsdime, and the
percentagef late events(whereeventprocessindime exceedshe
50msthreshold).

To eliminatethe impact of variable network delays, our experi-
mentswith the web browserconsistedf a client requestinga se-
guenceof web pagesfrom a web sener on a local areanetwork;
the requestedveb pagesconsistof actualweb contentthat was
saved from a variety of popularweb sites. Eachexperimentcon-
sistsof asequencef requestdo thesewebpageswith auniformly
distributed“think-time” betweensuccessie requests.The experi-
mentsdiffer in therequestedvebpagesandthechoserthink times;
eachexperimentis repeatedinderthe ve con gurations,andwe
measurehe meanfor eachexperiment.

Theworkloadfor theword processoemulatesa usereditinga se-
quenceof documentsEachexperimentcontainsascriptthatmakes
asequencef editingrequestso thesedocumentsvith a uniformly
distributed“think-time” betweensuccessie requests.The experi-
mentsdiffer in the editeddocumentsandthe chosenthink times;
eachexperimentis repeatedinderthe ve con gurations,andwe
measurehe meanfor eachexperiment.

Figure 5(a) shawvs that LongRunconsumes factor of threeless
powerthanFULL. Chameleoris ableto extractanadditionall0:27%
enepgy savingswhencomparedo LongRun,while PAST is worse
thanLongRun. We alsonotethatthe averagepower consumption
underChameleoris only 0:03W and0:06W higherthanthe power
consumptiorat the slovestCPU speed 300MHz) for the browser
andtheword processqmrespectiely. Further mostevents nish in
Chameleorwithout ary performancealegradation.The percentage
of late eventsis only 0.24%and0.22%in the word processoand
the browser, respectiely, andis comparableo otherapproaches.
Finally, theincreasdn processingimesof late eventsis no more
than 20ms (obtainedby substitutingthe chosentimer valuesand
CPUspeedsn Equation3).

6.1.3 Batch Compilations

We compileda portion of the ns-2network simulatorusingmale
andour pniceutility. We chosdlifferentvaluesof theCPUspeedn
pniceandmeasuredhe power consumptiorand completiontimes
of male. As expected,our results,depictedin Table 3, shav that
thepowerconsumptiorcanbetradedfor completiortime by appro-
priately choosinga speedsetting. Fasterspeeddower completion
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timesatthe expenseof higherenepy.

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

Table 3: Completion timesand mean CPU power consumption
for batch compilations.

6.2 Isolation in Chameleon

We claim that Chameleorisolatesan applicationfrom the power

settingsof otherapplicationsTo demonstratéhisisolation,we ran

mplayerwith a misbeha&ing backgroundapplication. The back-
groundapplicationrapidly switchesits CPU speeddrom oneset-
ting to anotherevery few milliseconds. We ran mplayerwith this

applicationwhenit waswell-behaed (it useda x ed CPU speed
throughout)andthenwith the misbehaing versionof the applica-
tion. We measuredts impacton the progresof the mplayer Our

resultsshav thattheprogressnadeby mplayeris unafectedby the

rapidchangeof CPU speedby the misbehaing application—ag

changeto the CPU speedby an applicationonly impactsits own

progressand hasno impacton the CPU sharesof other applica-
tions.

6.3 Impact of Concurrent Workloads

To demonstratehat applicationscan malke locally- and globally-
optimal paver managementlecisionsin the presenceof concur
rentapplicationswe consideredour applicationmixes: (i) video
decoderandweb browser (mix M1), (ii) video decoderandword
processor(mix M2), (iii) video decoderand batch compilations
(mix M3), and (iv) batchcompilationsand word processotmix
M4). Note that, from the perspectie of the video decoder the
backgroundoadincreasegrogressiely from mix M1 to M3.
Table4 andFigure6 shav the averagepower consumptiorandthe
performanceof theseapplicationsundervarious powver manage-
mentstratgies. Table4 shavs that Chameleoralways consumes
theleastenegy amongthe ve con gurations.Theenepgy savings
rangefrom 19:81%to 31:19%whencomparedo LongRun,which
itself extractsup to 41:89% reductionwhencomparedo FULL.
The performancedegradation depictedin Figure6(a), shavs that
interactie applicationperformancén Chameleoris comparabléo
the othertechniques. For instance the averageevent processing
time of the word processomundermix M2 increasegrom 4.4ms
in LongRunto 5.96msin Chameleorandis well underthehuman
perceptiorthresholdof 50ms. A similar resultis seenfor theweb
browserundermix M1. Thepercentagef lateeventsremainswell
under1% underall mixes(seeFigure6(b)).

Figure 6(c) plots the percentagef late framesin the video de-
coderfor different mixes. The gure shawvs that the percentage
of late framesin Chameleoris comparableto other approaches.
As the backgroundoad increasefrom mix 1 to mix 3, we see
that the percentagef late framesincreasesrom around0.4%to
morethan22%. For mix M3, all techniquesincluding FULL, in-
cur 22% deadlinemisses. Decodingof the 10 minute clip takes
anextra 20 secondsinderall techniquesresultingin poor perfor
mance. This is primarily dueto insufcient processoevailability
at higherloads,asopposedo de cienciesin the power manage-
menttechnique Dueto the backgroundoadimposedby the batch
compilationsin mix M3, the time sharingscheduleiis unableto
allocatesufcient CPUtime to thevideodecoder

Figure 7 shavs the fraction of time spentby the video decoderat
different CPU speedsettings. In the absenceof ary background
load, the decoderis able to lower its speedsettingto the lowest
speedfor morethan90% of thetime. As the load increasesthe
fractionof time spentathigherspeedsncreaseskFor mix M3, more
than80%of thetime is spentatthe highestspeedrecallthatinsuf-
cient processoavailability causeshevideodecodeto run atfull
speed—Casg in Section3.1).

Undermix M3, the only possiblesolutionis to usea QoS-avare
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schedulethatguaranteea x ed fraction of the CPUto the video
decoderregardlessof the backgroundoad. We ran mix M3 with
Chameleoron aproportional-sharechedulemamelyHierarchical
StartTime Fair Queue(HSFQ)CPU schedulef10]. In this exper
iment,we assigned=14 fraction of CPUtime to the batchcompi-
lations, 12=14 fraction of CPU time to the video decoderandthe
X sener, andtheremainingl=14 to the othertasks. As expected,
the percentagef late framesin the video decoderfell to a very
smallvalue. Further sinceprocessorvailability is guaranteedn
HSFQ,asshavn in Figure7, thevideodecodemwasableto spend
73:73% of its executiontime at the lowest frequeny (300MHz)
(comparedto 7:74% undertime-sharingCPU scheduler). This
causeghe meanpower consumptiorto fall to 2.1W a 44.8%re-
ductionwhencomparedo thetime-sharingscheduler

Chameleon| LongRun | PAST | AV G, | FULL
Mix M1 2:25W 327W | 3:98W | 442W | 5:3W
Mix M2 2:47TW 3:08W | 3:79W | 3:83W | 5:3W
Mix M3 3:81IW 527W | 526W | 5:27W | 5:3W
Mix M4 371IW 5:22W | 523W | 5:23W | 5:3W

Table 4: AverageCPU Power Consumptionfor various mixes.

6.4 Userlevel Power Manager Experiments

We modi ed mplayerto usethe GraceOSsystemcalls andusedit
to decodethe moviesin Table2. The GraceOSuserlevel power
managekvasusedio make pover managemerdecisionson behalf
of mplayer We measurehe enegy consumedy mplayerandplot
it in Table5. Our resultsshav that GraceOScan achiere 3:50%
to 18:44% enegy sasingswhencomparedo LongRun.However,
ChameleoroutperformsGraceOSby 9-41%. This is becauseahe
Chameleon-enhancedplayeris ableto estimatedecodetimes of
individual framesbasedn domain-knevledge while GraceOSe-
lies on external obsenationsof the CPU usageof mplayer This

domainknowledgeyieldsanextra 9-41%in Chameleon.

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

Table5: GraceOSCPU power consumptionfor movie playback

6.5 Implementation Overhead

An importantconsideratiofis theoverheadcausedy frequentthanges
in theCPUspeedsetting.Usingthe CPUcycle counterregister we
measurehe costas 1125 cycles (about3:75 s under300 MHz

and 1:69 s under667 MHz). Due to better DVFS supportin

the Transmetarocessarthis is considerablyower thanthe 8,000-
16,000cyclesreportedfor an HP laptopusedin the GraceOSex-
perimentg26, 27]; however, bothincurminimal overheadFinally,
theoverheadvaluesof thevideodecoderGPA andpnicestratgies
are2738perframe, 1149 pertimer, and127 CPU cycles,respec-
tively, whichis in the orderof afew micro-seconds.

7. RELATED WORK

Recently power managementechniquegor mobile deviceshave
recevedincreasingesearctattention. Theproposedechnique®i-
therusedynamicvoltageandfrequeng scaling(DVFS)[3, 16,17,
19, 26, 27] or application/middlevare-basecdaptation8, 9, 21,
22] for enegy savings. DVFS approachesxtract enegy savings
by varying the processoispeed;the techniquesdo not affect the
amountof processingperformedby the application—theprocess-
ing is merely spreadover longer time periodsby lowering CPU
speedslin contrastmiddlevare-base@daptatiorapproachesary
quality or data delity and thus, the amountof processingper
formed by the applicationto extract enegy savings. We review
relatedwork in both categories.

Application or middlewvare-base@daptationtechniquedradethe
computationabverheador applicationquality; enegy savingsare
extractedby reducingvideo quality [21, 22], documenguality [8]
or data delity [9], and thus, the processingoverheads. Proxy-
basedadaptatiorfor reducingvideo quality hasbeenexploredin
[21, 22]. Puppeteeadaptsdocumentguality (i.e. pictureresolu-
tion, color depth)for enegy savings of of ce applicationg4, 8].
Theimpactof adaptingthe data delity on enegy savings of sev/-
eralapplicationshasalsobeendemonstrateth Odyssg [9].

In contrast,DVFS techniquesdo not reducethe amountof pro-
cessingoverheadmposedby anapplication;insteadthey vary the
CPU speedo matchthe CPU load andextract enegy savings[3,



16, 17, 19, 26, 27]. DVFS techniquedall into four categories:
hardware-based)S-based¢ooperatie application-OS-basednd
application-directednethods Hardware-base@pproachesuchas
LongRun[7] measuresystemutilization in hardwareandchoosea
system-widespeedsettingbasedon the currentutilization. An on-
line hardwareapproacHor voltageandfrequeng controlin multi-
ple clock domainmicroprocessorhasbeenproposedn [25]. OS-
basedapproachesleterminea system-wideCPU settingbasedon
the processodemand®f the currentlyactive tasks[6, 14,15, 20].
In this approach,individual applicationsdo not have ary direct
control over the CPU power settings. A single system-wideCPU
settingis determined,typically basedon the needsof the most
resource-hungnapplication,even when a mix of applicationsis
executingon the processarFurthermorethe OS needdgo infer the
processingneedof applicationsandcanincur measuremergrrors.
In cooperatie application-OSapproachegsheapplicationprovides
somedomain-speci cinformationto the kernel. The OS kernel
andthe CPU scheduleusethis informationfor CPU speedsetting
and/orscheduling. GRACE-OS[26, 27] proposesucha coopera-
tive application/OSapproacHor periodicmultimediaapplications.
It usesprobability distributionsof CPU usageof periodicapplica-
tions andknowledgeof applicationperiods(which is suppliedby
the application)for choosingCPU speeds Aperiodic or non-real-
time applicationsarecurrentlynothandledby theapproach.

An cooperatie power managemerdapproactwasproposedn [18]
to unify low level architecturabptimizations(CPU, memory reg-
ister), OS power-saving mechanism¢DVFS) andadaptve middle
techniquegadmissiorcontrol,optimaltranscodingnetwork traf ¢
regulation). In this technique jnteractionparameterdetweerthe
differentlevelsareidenti ed andoptimizedto signi cantly reduce
power consumption.

Ratherthanan OS-applicatiorpartnershipChameleorexportsthe
entireburdenof powver managemerntb the userlevel.

Finally, several differentapplication-controlledVFS techniques
for videodecodinghave beenproposed3, 16,17,19]. While some
requireof ine estimationof CPU demandsor decoding17], oth-
erscan estimatethe CPU demand=nline [3, 16, 19]. However,
all of thesetechniquesmplicitly assumeonly a singleapplication
is executingon the CPU andgrantcompletecontrol of the proces-
sor settingsto the video decoder Unlike in Chameleonptherap-
plicationsarenot considered—théssueof concurren@applications
that might usea differentspeedsettingis not consideredn these
efforts, nor is the issueof providing isolation acrossapplications
consideredxplicitly.

8. CONCLUSIONS

This paperamguedthat applicationsknow bestwhat their enegy
needsareandproposedChameleonan approachthat putsthe en-
tire burdenof power managementn individual applications.Our
implementationand experimentsshaved that (i) userlevel poli-
ciescanbeimplementedat a modestcostof tensof lines of code,
(i) Chameleorcanextractup to 32% enegy savings whencom-
paredto LongRunand up to 50% when comparedo recentOS-
basedDVFS techniques(iii) concurren@applicationsbene t from
Chameleors e xibility, and(iv) Chameleoimposesagligible over-
heads.
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