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Abstract

The increasingspeedand complexity of the mi-
croprocessorhasbroughtabouta correspondingin-
creasein power consumption. Coupledwith rel-
atively small gains in batterycapacityover recent
years,the importanceof intelligentbatterymanage-
menthasbecomeparamount.This paperpresentsa
mechanismthat takes advantageof feedbackabout
power consumptionin order to usebatteryenergy
moreeffectively. This feedbackmechanismallows
the implementationof many different energy man-
agementpolicies. One such policy is presented
herewhich allows us to direct power consumption
by changingperformancestatesin the schedulerto
achieve predeterminedenergy goals. Furthermore,
our implementationin Linux cansynthesizeany av-
eragepowerusageratewith little overhead.

1 Intr oduction

In many situations,performanceis limited by theen-
ergy available.For example,in mobiledevices,there
is a �nite amountof energy that mustbe conserved
to provide a usefulbatterylife. Similarly, it maynot
bepossibleduringpeakenergy periodsto supplythe
maximumpower to all computersin a denserack.
Furthermore,their power consumptionmay be lim-
itedby theability to dissipateheat.

Many new microprocessorarchitecturesprovide
several voltage and clock settingsthat reducethe
powerrequiredandtheperformanceprovided.In ad-
dition to lowering thepower consumption,reducing
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processorvoltagecan reducethe energy expended
becauseit candecreasethe amountof energy used
perwork unit (i.e., instruction).

This paperdescribesa dynamicpower manage-
mentmechanismutilizing real-timefeedback. Ad-
ditionally, this paperdescribesa power management
implementationthat enablesa �nite amountof en-
ergy to last a particularamountof time. As an ex-
ample,considerthe userof a laptopwho wantsthe
batteryto last for the durationof a transcontinental
�ight. In this scenario,theoverarchinggoalis to en-
surethattheenergy in thebatterywill lastuntil some
futuretime. Obviously, whenthereis ampleenergy,
the goal is easilymet. However, when thereis in-
suf�cient energy to serviceall pendingwork, some
work cannotbeperformed.

This paperdescribesa uniqueimplementationin
Linux. Our power managementmechanismguaran-
teesthat the energy in the batterymeetsor exceeds
the target energy at a speci�ed time in the future.
It continuouslyadjuststhepower settingon themi-
croprocessorto achieve anaveragepower usagethat
meetsthe target energy goal. Ratherthantrying to
predictfutureperformancerequirements,our mech-
anismusesreal-timefeedbackaboutthecurrenten-
ergy to adaptthe properpower settingto reachthe
target. Consequently, it achieves the conservation
goalin highly dynamicsituations.

For this paper, we focusonanimplementationfor
theAMD Mobile Athlon, whichcanscalebothvolt-
ageand frequency. We show resultsin which bat-
terylife is extendedby reducingpowerconsumption.
Power consumptionis reducedby selectinga lower
performancesettingontheCPU,whichgenerallyre-
ducesthepower demandof othercomponentsin the
system. This paperalso shows that systempower
consumptioncanbe regulatedwith CPU power set-
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tings.Ourmechanismexhauststheenergy within 1%
of thetargettime with little overhead.

Thefollowing sectiongivesanoverview of related
work. Section3 presentsthe model for our mech-
anismand introducesone possiblepolicy. Section
4 shows how the mechanism,alongwith the policy
mentionedabove, is implementedin the Linux ker-
nel. Section5 presentsour results.Finally, Section
6 discussesthe conclusionswe reachedbasedupon
this research.

2 RelatedWork

TheOdyssey platformusesinstantaneouspowercon-
sumptioninformationto direct programactivity to-
wardsreachingan energy consumptiongoal [20].
It usesboth an externaldevice anda smartbattery
to monitor energy usageandreport this energy us-
ageto the kernel [8, 7] Odyssey assumesthat ap-
plicationscanadaptthemselvesto theenvironment's
energy needs,which requireseitherapplicationspe-
ci�c knowledgeor sometype of proxy betweenthe
applicationand the OS. While this assumptionen-
ables Odyssey to control energy consumption,it
greatly diminishesits applicability. On the other
hand,our mechanismis totally transparentto appli-
cations,whichmakesit amoregeneralsolution.

Therehasbeena wide variety of researchgeared
toward estimatingpower in software throughevent
counters[1, 14], systemlevel events[2], or at the
instructionlevel [30, 28]. Our implementationuses
a laptopequippedwith a batterycontaininga status
monitor, which we accessvia theACPI [3, 9] inter-
face.

Allowing the operatingsystemand relatedsoft-
waregreatercontrolover power managementis be-
comingmorepopular—ACPI isadirectresultof this.
Severalpapershave looked at theadvantagesof do-
ing this at the software level [16, 5, 31, 34]. Some
of this researchis directedat particularcomponents
of the machine,such as disks or network devices
[4, 18, 33,17].

Therehasalsobeenmuchresearchinto modifying
the OS schedulerto achieve power savings. While
thereareexamplesof schedulingoptimizationsthat
do not take advantageof voltageor frequency scal-
ing [15, 19], developmentsin processortechnology

have directedmostresearchtowardsscaling.Weiser
et al [32] describedandevaluatedthreescheduling
algorithmsto reducepower throughthe useof two
voltagesandclockspeedsandof�ine analysisof sys-
tem traces. The goalsbeing to both reducepower
consumptionand to minimize delay by accurately
predictingfuture load. Othershave drawn on their
work to provide improved algorithms[10, 12], but
thegoalsremainthesame.

Thiswork developedinto dynamicvoltagescaling
(DVS) [6, 11, 22, 24, 13], which hascometo mean
the simultaneouschangingof clock speedandvolt-
ageto reducepower consumption. DVS takes ad-
vantageof thefactthatpeakprocessingpower is not
alwaysnecessaryto adequatelyservicethe average
systemload.

DVS systemsattempt to balance performance
andconsumption.Typically, they optimize the en-
ergy� delay product.Thiscreatesasystemthatmore
ef�ciently usesenergy, but is still powerful andre-
sponsive. In orderto do this, DVS mustaccurately
predictupcomingload.A poorpredictioneithercon-
sumestoomuchenergy or causestoomuchdelay. In
contrast,our systemhasthe singulargoal of meet-
ing a target energy. Consequently, it neednot pre-
dict load. Instead,it mustkeeptheremainingenergy
above somethresholdnecessaryto meetthe target
energy.

Additional researchties the schedulerdirectly to
DVS [21, 24, 23, 25]. Mostof thiswork dealsexclu-
sively with meetingreal-timeschedulingdeadlines
while conservingenergy. Our mechanismis com-
plementaryto suchreal-timeschedulersin thatit can
exploit dynamicslackfrom thereal-timetasks.Real-
time tasksarealways completedby their deadline,
andthecyclesleft overareusedappropriately.

3 Power Management

Thereareseveral power managementscenarios.A
systemwith no power restrictionsoperatesat the
maximumperformance,withoutregardto power. On
the other hand, a systemdesignedsolely to con-
serve energy operatesonly at the voltage and fre-
quency settingwith the lowest energy per instruc-
tion. Thisis essentiallyhow SpeedStepisusedonthe
Intel Mobile Pentiumline of processors.Two per-
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formancesettingsareavailable,a high power, high
performancesetting,and a low power, low perfor-
mancesetting. When the AC adapteris plugged
in, the machineoperatesat maximumperformance
andmaximumpower. Without AC power, the pro-
cessorswitchesto the lower performancesettingto
conserve power. Theabove extremesaretrivial and
staticin nature.An energy conservationpolicy must
balancethecon�icting demandsof performanceand
conservation dynamically. Becausetherearemany
different workloadsandgoals,therearealso many
possiblebalancingschemes.

This sectionmodelstheproblemof goal-oriented
energy consumption,or energy conservation (EC).
Our mechanismmaintainsa target averagepower
for the systemby selectingthe appropriateoperat-
ing point. The precisede�nition of operatingpoint
variesdependingon implementation.For processors
that featurevoltageandfrequency scaling,theoper-
atingpoint is a speci�c voltage/frequency combina-
tion. The energy conservation goal ensuresthat the
�nite energy in a batterywill lasta givenamountof
time. Formally statedtheproblemis: giventhecur-
rentenergy (E attime0)anddesiredenergy (E f ) ata
timefrom now (T), ensurethattheenergy in thebat-
tery is at leastE f at timeT. Supposingasystemhas
in�nitely many operatingpoints,onewould merely
selectoperatingpoint P, whereP = (E � E f )=T.
Of course,therearea rathersmall numberof such
pointsin realmicroprocessors.

Our power managementmechanismselectsthe
properoperatingpoint to achieve an averagepower
usage,P̂ , suchthatover time thegoalis met: P̂T �
E � E f . ThecloserthatP̂T approachesE � E f , the
betterperformancewill be, and, consequently, the
closerthebatterywill be to depletion.If P̂ is lower
than the minimum operatingpoint the goal cannot
be met. Conversely, if P̂ is greaterthan the maxi-
mum operatingpoint, then the goal is trivially met
(becauseit would be impossibleeven at the maxi-
mumoperatingpointto expendenoughenergy to use
theentirebattery).Ignoringthetwo trivial extremes
juststated,thedesiredaveragepoweralwaysliesbe-
tweentwo operatingpoints. If operatingpointsare
labeledPi from lowestto highestperformance(and
consumption),thenthe targetpoint will lie between
adjacentpoints,i.e., Pi � P̂ � Pi +1 . This interme-

diateoperatingpoint, P̂ canbe synthesizedover an
interval by executingPi andPi +1 for anappropriate
proportionof time.

Many modernmicroprocessorshave severaloper-
ating points, which are typically voltage/frequency
pairs. This directly effects the power consumption
of the microprocessor, which in many systemscon-
sumesa signi�cant percentageof the total system
energy. Moreover, becausethe CPU is the primary
producerof work, theretendsto bea correlationbe-
tweenCPU performanceandoverall systempower.
In otherwords,whentheCPUfrequency is reduced,
the load on other componentstendsto also be re-
duced. Obviously, thereexist pathologicalcasesin
whichtheCPUhaslittle or noin�uenceonthepower
consumptionof othercomponents.Considerthecase
of thenetwork device wheretheCPUhasno control
over the rate of incoming packets on the network.
In general,though,CPU performanceis important
whenconsideringsystempower consumption.

In adynamicsystem,demandis variedandunpre-
dictable. In particular, it canbe zero—thereareno
readyprocessesto execute. At sucha time, power
consumptioncanbe reduced,oftensigni�cantly, by
enteringan idle or dozemode. (In X86 proces-
sorsthis modeis enteredwith theHALTinstruction,
whichturnsoff functionalunitsbut still listensto sig-
nals.)Consequently, thedesiredoperatingpoint in a
dynamicsettingis:

P(t) =

(
Pidl e; if no work
(E(t) � E f )=(T � t); otherwise

When thereis no work to do for a period of time,
“excess”energy is accumulated.Whendemandon
theprocessorreturns,theoperatingpoint,P(t), will
belargerthantheaverageP̂ . Therefore,idle periods
afford thesystemahigheroperatingpoint laterwhen
it is needed.

This model can be extendedto include recharg-
ing of thebattery. SupposethatE r energy is added
during the period T, i.e., E r = Pr T for a con-
stantrechargerate.Thenthedesiredoperatingpoint
is P(t) = (E(t) � E f + Er )=(T � t). If the
recharge rate is not constant,but one can estimate
the recharge rate,thenthe operatingpoint becomes
P(t) = (E(t) � E f )=(T � t) + Pr (t). Theestimate
Pr (t) musthold for the entire interval that this op-

3



eratingpoint is used.Even if thecon�dencein this
estimateis low, it is not an issueuntil very nearthe
goalwhenthereis insuf�cient time to adjust.

Additionally, the modelcanbe usedin conjunc-
tion with a real-time scheduler, where EC sched-
ulesnon-real-timeasksusingexcesspower (beyond
that neededfor the real-timetasks). Supposingthe
worst-caseenergy neededfor the real-timetasksis
Er t = Pr tT. Then the operatingpoint is selected
similar to that with recharge, except that E r t is a
debit not a credit. So the desiredoperatingpoint is
P(t) = (E(t) � E f � Er t )(T � t). (Of course,
theoperatingpointmustnever besetlower thanthat
requiredto meetreal-timeperformancedemands.)A
staticreal-timeschedulemustbeconservative; there-
fore,in all but theworst-casesituations,theenergy at
time T will exceedE f (thegoal). Whena real-time
taskuseslessenergy (thantheworstcase),it creates
“slack” energy which canbe allocatedto non-real-
time tasks. A dynamicEC mechanismcan useall
availableslackenergy for non-real-timetasks.

This energy conservation policy discussedin this
sectionis oneof many thatrequirea dynamicpower
managementmechanism. For instance,insteadof
guaranteeingacertainbatterylifetime, it canbeused
to control heatgenerated. In this case,the policy
wouldmonitortemperatureandadjustthepowerset-
ting appropriately.

4 Implementation

This section describesthe implementationof the
feedbackmechanismanda goal-orientedpolicy we
call energy conservation(EC). This implementation
is donein Linux for theAMD Mobile Athlon, which
utilizes voltageandfrequency scaling. However, it
doesnot requirevoltageor frequency scaling. An
earlierimplementationfor thePowerPC7400places
theprocessorin dozemodefor a certainfractionof
cyclesto reducepower consumption.

Thefeedbackmechanismis madeup of four soft-
ware components. First, a downloadablekernel
moduleprovidesa policy (which selectsthedesired
powersetting)andseveralutility functions.Theutil-
ity functionsenableruntimespeci�cationof thepol-
icy, as well as policy-speci�c parameters(suchas
target lifetime). The module createsa �le in the

Frequency Voltage Higher Lower

1400 1.45 - 72
1350 1.45 72 529
1300 1.40 545 69
1250 1.40 66 489
1200 1.35 505 64
1150 1.35 63 449
1100 1.30 464 59
1050 1.30 58 408
1000 1.25 424 55
950 1.25 53 54
900 1.25 51 51
850 1.25 50 330
800 1.20 346 46
750 1.20 43 43
700 1.20 41 41
650 1.20 39 39
600 1.20 36 37
550 1.20 35 35
500 1.20 32 32
300 1.20 25 -

Table1: Voltage/Frequency combinationsandtransition
timesto next higherandlowerstates(in microseconds)

proc �lesystem that provides all statusinformation
regardingthe currentstateof the processor, battery,
andpolicy. Thesecondcomponentis a kernel-level
daemonthatperiodicallyinsertsenergy consumption
and batterystatusdata into the kernel. It can use
an internal monitor (such as that implementedon
a smartbattery, accessedvia ACPI), or an external
monitorvia thenetwork (suchasa DAQ runningon
a secondmachine). This daemonhasdirect access
to kernelmemory, which eliminatescross-boundary
copies,reducingoverhead. Third, anotherdaemon
logsdatafor postmortemanalysis,andsimilarly sup-
ports an external monitor for logging via the net-
work for instantaneousanalysis. Finally, the feed-
backmechanismrequiresa modi�cation to the ker-
nel scheduler. In the scheduler, we provide a hook
thatcalls a function in thedownloadedkernelmod-
ulewhenaschedulingdecisionis made.

The test machinehas a 1.4 GHz AMD Mobile
Athlon thatsupportstwenty frequency andsix volt-
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agesettings.Table 1 shows valid combinationsthat
were derived empirically. For eachfrequency set-
ting, thereare variousvalid voltagesettings. The
combinationswerechosenbothto ensuresystemsta-
bility andto give a wide rangeof operatingpoints.
The table also shows the time to transition to the
next higherandlower operatingpoint, respectively,
in microseconds.Thesevalueswere found by us-
ing the Athlon's time stampregister, which contin-
uesto countduring the voltageor frequency transi-
tion. As expected,transitiontimes betweenstates
with constantvoltageareconsideratelysmallerthan
thosewith differing voltages.This canbeanimpor-
tantconsiderationwhenimplementingotherpolicies,
especiallythosewhich mustreactquickly to chang-
ingenergy consumption.For theECpolicy thisisnot
particularlyimportantbecausewechangestatesonly
whennew datais sampled,which occursevery few
seconds—thisis discussedfurther in the following
section. Therefore,even whena statechangetakes
500microseconds,theoverall effectonperformance
is negligible.

Theoperationof thefeedbackmechanismis con-
ceptuallysimple. Datais gatheredfrom the energy
monitor (in this case,ACPI) andwritten to a kernel
datastructure. When new datais insertedinto the
structure,a �ag is setto make the moduleawareof
the fact that new datahasarrived. If new datahas
arrived, the schedulermakes a call to the module,
which determinesthe propersettingvia the current
policy.

The energy conservation (EC) module, created
for this paper, executesa proportionalintegral con-
troller [27, 29]. Thegoalof theproportionalintegral
controlleris to minimizetheerrorterm

e(t) = e(t � 1) + (P̂ � Pm (t)) ; (1)

whereP̂ is theaveragepowerconsumptionthatmust
bemaintained(asdescribedabove) andPm (t) is the
averagepower measuredby the kernel daemonat
time t. On theMobile Athlon implementation,ACPI
allows usto measureaveragepower over aperiodof
1 minute. In anotherimplementationon the Pow-
erPC,we usea dataacquisitionboardrunningon a
secondmachineto measureaveragepowerconsump-
tion at asmallergranularity. Thesmallergranularity
(for example,power averagedover 1 second)allows
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Figure 1: Power vs. performancecurve for AMD
Mobile Athlon @ 1400MHz.

theECpolicy to adjustmorequickly, whichmeansit
canmorepreciselytrack thetargetpower consump-
tion. However, we have found that given an appro-
priate amountof time, ACPI provides an adequate
granularityto allow theEC policy to meetit' s goals
successfully.

TheuserinformstheECmoduleof thetargetbat-
tery energy, E f , andlifetime, T, via eithertheproc
�lesystem or an ioctl call. The remainingbattery
energy E(t) is readat a speci�c samplinginterval
by the daemonandcopiedinto kernelspace.Each
time theEC kernelmoduleis invoked by thesched-
uler, it readsthisstructureto determineif new datais
available. It thencalculatesthe error e(t) from (1).
P̂ = (E(0) � E f )=T is calculatedonly once,when
the usersuppliesthe desiredbatterylifetime. P̂ is
alsoreferredto asthebiasvalue,andis usedby EC
to maintainasteadystatewhene(t) is 0.

Finally, thebiasvalueandtheerrorareused(along
with K, a dimensionlessgainconstant,which is tun-
able),to attainournew setpoint,Ps(t):

Ps(t) = P̂ + K e(t)

Ps(t), which is continuous,mustbe convertedto a
discretesetting.Thevalueof thegainconstantis in-
terestingin itself, as it determineshow quickly the
EC modulerespondsto changesin power consump-
tion. This is discussedin thefollowing section.

Whenthe EC modulecalculatesa new value for
Ps(t), it decideswhether to transition to a new
statebasedon a table of experimentallycalculated
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state/energy pairs.This tableis shown graphicallyin
Figure1. It shows the power consumedwhile run-
ning the processorusinga programcalledburnK7,
part of the cpuburn [26] suite of programs. This
programis meantto stressthe CPU to �nd prob-
lems in a machinesthermal design(it' s ability to
move heataway from the processor).Therefore,it
is a goodapproximationof themaximumpower the
CPUwill consumeatagivenfrequency andvoltage.
Not shown on the graphis the voltageusedat each
frequency setting, thesecan be found by referring
backto Table1. It is interestingto observe thateven
thoughwe aremeasuringthepower consumptionof
theentirelaptop,overall power still follows theana-
lytical model,E �f V 2, for themicroprocessoralone.

If Ps(t) is within a certainthresholdof P̂ , then
theCPUmaintainsits currentsetting.Thethreshold
determineshow aggressive theEC policy is. For ex-
ample,considerthe casewherethe desiredaverage
power is 33 watts,but themeasuredpower Pm (t) is
37 watts. Assuminga K valueof 1 (asan example
only, realisticallythisvalueis muchtoo large),Ps(t)
is calculatedto be 29 watts(assumingtherewasno
prior error). Usinga tableof calculatedstate/energy
pairs, the schedulerwill �nd that 29 watts lies be-
tweentwo operatingpoints. In the operatingpoint
above, frequency is 900 MHz, voltageis 1.25volts
with a correspondingapproximatepower consump-
tion of 32 watts. In the operatingpoint below, fre-
quency is 850 MHz, voltageis 1.2 volts with a cor-
respondingapproximatepower consumptionof 28
watts.ECwill transitionto thehigheroperatingpoint
dependingon the differencein power consumption
betweenthe two operatingpointsmultiplied by the
threshold. If the thresholdis set to be within, for
example,75%of thedifferencebetweenthetwo op-
eratingpoints(whichis 4 watts),thenECwill transi-
tion if Ps(t) is within :75� 4 = 3 wattsof thehigher
of the two operatingpoints(which is 32 watts). In
this case,it would transitionto thehigheroperating
point. If thethresholdvalueis heldlower, for exam-
ple at 25%, then the policy would be considerably
lessaggressive,andin thiscaseit wouldtransitionto
theloweroperatingpoint.

As canbeseenfrom theaboveexample,thecalcu-
latedstate/energy pairsareusedonly asa guideline
of the relative power consumptionbetweenstates.

Figure2: Traceof energy for fully loadedprocessor.

The most importantfactorsin determiningthe next
statearethe accumulationof error in the controller
e(t) and the gain constantK As we show in the
following section,Ps(t) adjustsitself via thesetwo
termsto ful�ll therequirementsof theECpolicy.

5 Results

This sectionshows resultsobtainedwith our imple-
mentationof EC in Linux. Our experimentalma-
chine is a CompaqPresario700 laptop with a 1.4
GHz AMD Mobile Athlon processor, running the
Linux 2.4.18kernel.Thebatteryonthismachinehas
a built-in batterymonitor, which reportsbackto the
OScritical batteryinformationsuchastheremaining
batteryenergy anddischargerate.Weaccessthis in-
formationvia the ACPI interface. The monitor can
be con�gured to readthe batterystatusinformation
atvaryingrates.Theminimumtimeinterval between
batterystatusupdatesis slightly lessthan3 seconds.
Fortunately, we foundthis to bemorethanadequate
to implementtheEC policy. For all testsin this pa-
per, a samplingfrequency of 3 secondsis used.For
thesake of consistency, we choosea 90 minutegoal
for all relatedtests,althoughthis numberholdsno
particularsigni�cance.

Figure2 shows thetracedatafor a 90 minutebat-
tery goal, wherethe processoris undera full, con-
stantload. This traceshows that averagepower is
trackedvery tightly andtheresultingcurve is nearly
a straightline. This particularcaseis handledeas-
ily by theproportionalintegral controller. Dueto the
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Figure3: Traceof energy for a variableload,K = .02.

Figure4: Traceof energy for avariableload,K = .2.

constantload,oncetheproperpowerconsumptionis
determined,the controllerneedsat worst to choose
betweentwo operatingpoints.

Figure 4 shows how EC respondswhenthe pro-
cessoris experiencinga variable load, again for a
90 minutebatterygoal. This testconsistsof a script
which both loadeda randomwebpageandencodes
an mp3 periodically, while compiling a very large
project in the background. This resultedin highly
variable load, rangingfrom periodsof full load to
periodsof mostly I/O. Again, the traceshows that
averagepower is tracked tightly. It is interestingto
noteherethatbecauseof thehighly variableload,the
EC policy takeslongerto steadytheaveragepower
consumption.

Thespeedandmagnitudeof theadjustmentmade
by theEC policy is determinedbothby theprevious

Figure5: Traceof energy for avariableload,K = 2.

errorandthedampingfactorK. Choosinganappro-
priateK that is satisfactory for all loadsis critical.
We found that a K valueof .2 generallyyields sat-
isfactoryresults.It allows theEC policy to respond
quickly to varying loads,while also maintaininga
consistentaveragepower consumption.

Figures3, 4, and5 show a variableload with K
valuesof .02, .2, and 2, respectively. Notice that
the averagepower consumptionmaintainedwith a
K valueof .02or 2 is not asconsistentasthatmain-
tainedusinga K valueof .2. For the smallervalue
of .02, EC is not able to respondas quickly to a
varying load. Instead, it often choosesto main-
tain the currentoperatingpoint. This can be seen
in the last part of �gure 3 as increasesin power
consumptionasEC maintainsthe currentoperating
point, followed by sharpdecreaseswhenEC �nally
responds.While theoperatingpointmayyield anav-
eragepower consumptioncloseto that desired,this
slow responsecanbe dangerous.For example,the
operatingpoint maybe too high neartheendof the
battery. Since EC with a low dampingfactor re-
spondsslowly, it may missthe batterygoal. Using
a largeK valueof 2 asin �gure 5 causesotherprob-
lems. Theperformanceof both interactive andnon-
interactive tasksaredegradeddueto frequentmodi�-
cationof theoperatingpoint. In interactive tasks,the
userexperiencesfrequentpausesin feedback. For
non-interactive tasks,becauseeachoperatingpoint
changetakessomeamountof time,thetimefor each
taskto run to completionwill be increased.While
choosinga largeK is not necessarilyproblematicin
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Figure6: High andlow priority processes.

Work performed
Policy High Low Total
Linux .338 .338 .676
EC .500 .500 1.00

Table2: Normalizedwork performedby high and low
priority processes.

termsof hitting thetarget,it is generallyundesirable
whenusedon a realsystem.

Also of interestis thefrequency changesin thelast
few minutesof Figure2 andthe last 15 minutesof
Figure 4. Althoughbarelynoticeablein the�gures,
thereoccurreda signi�cant drop in batterylevel co-
inciding with both events. Sincethe smartbattery
givesus only the energy consumptionof the entire
machine,it is not possibleto deducewhich compo-
nent(s)led to the sharpdrop in batterylevel. How-
ever, this is simply a limitation of our measurement
device,astheEC policy respondedappropriatelyby
reducingtheoperatingpointof theprocessor.

Figure6 showsenergy tracesfor asystemwith pe-
riodic high andlow priority processes.Here,a high-
priority taskwith a periodof 2 secondsanda low-
priority taskwith a periodof 1 secondareexecuted.
For EC, anenergy goalof 90 minutesis used.Both
processesexecutethesameamountof work persec-
ond.

Table2 lists thenormalizedwork (in termsof ap-
plication instructionsexecuted)performedby each
policy. Since EC maintainsthe battery for a full
90 minutes,eachtask is executedmore times than

Figure7: EC overa 64minuteinterval.

wouldbeusingthestandardLinux scheduler.
Figure7 shows ECrunningwith agoaltime iden-

tical to the length of time standardLinux depletes
thebattery(seeFigure6, approximately64 minutes.
EC ran theprocessorat maximumspeedandpower
over theentireinterval, doinganidenticalamountof
work. This is to beexpected,sincethetypeof work
is periodic.

As mentionedearlier, 90 minutesis not meantto
representthemaximumlifetime thatECcanachieve
on this particularmachine. In our experiments,we
have foundthatundermany conditions,ECwill out-
lastunmodi�ed Linux by up to 2.3 times.Of course,
the relative power of the processorto othercompo-
nentson themachineplaysamajorpartin determin-
ing thepower savingsonecanachieve by usingEC.
However, onmachineswheretheprocessoris thetop
consumerof batterypower, EC cana provide signif-
icantboostto batterylifetime.

6 Conclusions

This paperpresentsthe foundationfor a feedback
directedpower managementsystemimplementedin
Linux. It alsodescribesthe implementationof one
policy, which we call energy conservation. Several
testsarepresentedthat show the implementationis
ableto guaranteethattheenergy in thebatterymeets
or exceedsthetargetenergy ataspeci�edtime in the
future.Furthermore,we show thatEC respondscor-
rectly undera variety of different loads. We show
that a practicalpower managementsystemcan be
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implementedwithout the needto predict the load
of the system.Moreover, our mechanismis ableto
conserve energy for useby processeswhich execute
periodically. This paperdiscusseshow the model
canbe implementedasa complementto a real-time
scheduler. Finally, we show that on a laptopwhere
the CPU consumesa signi�cant percentageof sys-
tem power, batteryconsumptiongoalscan be met
simplyby regulatingCPUfrequency andvoltage.
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