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Abstract

Power consumptionhasbecomea major concern,both
for processordesignwith high clock ratesand embedded
systemsthat relyonbatteriesto operate. Recentsupportfor
dynamicfrequencyandvoltagescaling(DVS)in contempo-
raryarchitecturesallowssoftwareto affectpowerconsump-
tion by varying both executionfrequencyand supplyvolt-
age on the�y . However, processors generally entera sleep
statewhile transitioningbetweenfrequencies/voltages. In
the following, we describean experimentalframework for
studyingDVSfor a processorthatcontinuesto executedur-
ing frequency/voltage transitions.For this purpose, wede-
velopedan infrastructure for investigatinghard real-time
DVSschemeson the IBM PowerPC405LP. Taskschedul-
ing wasperformedusingfour earliest-deadline-�rst (EDF)
DVSschemes,includingour feedback real-timeDVSalgo-
rithm that, prior to this work, had only beenevaluatedin
simulation.Voltage andcurrentof theprocessorcore were
depictedthroughanoscilloscope, andtheenergyconsump-
tion wasassessedthrougha data acquisitionboard. Mea-
surementsindicate a considerable potential for real-time
DVSschedulingalgorithmsto lowerenergyconsumptionup
to 54%over nä�veDVSschemes.Thebene�tsof continued
executionduring frequency/voltageswitching provideup to
5%energysavingsfor frequentswitches.

1. Intr oduction
Energy managementhas becomea vital design con-

straint in embeddedsystemsfor a long time. The demand
for ef�cient energy managementis increasingin hand-held
devices,wherebatterylife is important.Thebatterylife lim-
its the energy budgetin thesedevicesand imposessevere
restrictionsonenergy consumption.Thismeansthatenergy
savings becomesa necessityratherthanconvenience.Dy-
namicVoltageScaling(DVS) is awidely usedenergy man-
agementtechniquefor extendingbatterylife. DVS dynam-
ically scalesprocessorcore voltageup or down, depend-
ing on the computationdemandof the system.Reducing

the supply voltageresultsin a lower maximumtransistor
switching speed,and this also allows lowering the clock
frequency of the device. Assumingthat voltage and fre-
quency arelinearly related,scalingdown bothvoltageand
frequency resultsin cubicreductionof power consumption
(P / V 2 � f ).

DVS algorithmshave beenintensively studiedfor both
nonreal-timeandreal-timesystems[15, 2, 11, 7, 8, 14, 18].
In thecaseof real-timesystems,theDVS algorithmcalcu-
latesa safeoperationfrequency that providesjust enough
processorcomputationpower to �nish a given taskbefore
its deadline.The goal is to save the maximum possible
amountof energy and yet maintainsafeoperationof the
hardreal-timesystemwhereall tasksareguaranteedto meet
their deadlines.

In thiswork, we implementedaDVS infrastructurefor a
real-timesystemusingIBM' s PowerPC405LP. The405LP
processorprovidesthehardwaresupportrequiredfor DVS
andallowssoftwareto scalevoltageandfrequency via user-
de�ned operationpoints rangingfrom a high end of 266
MHz at1.8V to a low endof 33MHz at1V [13, 3, 10]. The
IBM PowerPC 405LP was especiallyattractive for DVS
sinceit hasthe ability to executeinstructionseven when
the frequency/voltageis being changed,much in contrast
to any other processorswith DVS supportthat we know
of wherethe processorhasto enterthe sleepmodeduring
frequency/voltagetransitions.We implementeda real-time
earliestdeadline�rst (EDF) schedulingpolicy aspart of a
user-level threadspackageunderthe supportedLinux op-
eratingsystem.Then,we extendedthe capabilitiesof the
infrastructureto supportfour hardreal-timesoftwareDVS
techniques(static,cycle-conserving,look-aheadandfeed-
back)thatleveragethealreadyavailablehardwareDVSsup-
port in thePowerPCprocessor. Weusedanoscilloscopeand
ananalogdataacquisitionboardto measurethevoltageand
currentsuppliedto the processorcore.Customchangesto
the developmentboardallow us to separatelymeasurethe
voltageandcurrentof theprocessor, memoryandI/O com-
ponents.Fromvoltageandcurrent,we calculatethepower
consumptionof thesystemduringapplicationrunsfor each
of thefour DVS algorithmsthatwe implemented.



2. EmbeddedPlatform and DVS Support

ThePowerPC495LPrunsonadisklessMontaVistaEm-
beddedLinux variant,which is basedon the 2.4.21stock
kernel but hasbeenpatchedto supportDVS on the PPC
405LP. The board has also been modi�ed for 50% re-
duced capacitance,which allows DVS switches to oc-
cur more rapidly, i.e., switchesare boundedby at most
a 200 microsecondsduration from 1V to 1.8V during
which executioncontinues.Switchesmay occur in a syn-
chronous(blocking) manner, astraditionally supportedby
DVS-capableprocessors.Alternatively, switchesmay be
asynchronous(non-blocking)suchthatexecutionmaypro-
ceedduring the switch. Figure 1 depicts the changesin
current(lower curve) andvoltage(uppercurve) of thepro-
cessorcore during an asynchronousswitch. This unique

Figure 1. Current and Volta ge Transition Dur-
ing DVS

featureof asynchronousswitching is realizedby a sys-
temcall that,whenswitchingto ahighervoltage/frequency,
�rst reprogramsthe voltageto rampup towardsthe max-
imum as fast as possible(30 degreevoltageramp on the
uppercurve).As asideeffect, this ramp-upresultsin anin-
stant current surge (steepramp of the lower curve). In
additionto initiating theramp-up,the time to reacha volt-
agelevel at leastashigh asrequiredby thenew frequency
is estimated.A high-resolutiontimer is programmedto in-
terruptwhenthis durationexpires,prior to whichexecution
within the application can still continue after return-
ing from the systemcall (executing instructionsduring
the 30 degree ramp-up). Once the timer interrupt trig-
gersits handler(at theendof the30degreerampontheup-
percurve),thepowermanagementunit is reprogrammedto
settleat thetargetvoltagelevel, andthenew processorfre-
quency is activated before returning from the handler.
The voltage then settles(in caseit overshot) in a con-
trolled mannerto thenew operatingpoint.Thecurrentalso
settlesin a controlledmannerdependingon theactualpro-
cessingactivity.

This unique DVS facility is supportedby a dynamic
powermanagement(DPM) facility, which is providedasan
enhancementto theLinux kernel[3]. DPM operatingpoints
de�ne stablefrequency/voltagepairs(aswell asrelatedsys-
temparameters),whichweexperimentallydetermined.Op-
erating statesdescribesystemstates,suchasidle, taskac-
tivity andsleep.Eachoperatingstatecanbeassociatedwith
anoperatingpointvia aDPM policythatde�nesasetof op-
eratingpoints,onefor eachoperatingstate.In sucha man-
ner, operatingpointscanbe selecteddependingon activi-
tieschosenby thekernel.To allow applicationsto alsose-
lect operatingpoints,applicationscande�ne a DPM task
statethrougha systemcall. Eachof thesetask statescan
thenbe associatedwith an operatingpoint within a given
policy. Overall, theDPM enhancementsallow bothkernel-
level anduser-level DVS in a �e xible manner. However, the
implementationdetailsaremoresubtle.Changinga policy
resultsin synchronousDVS switchingwhereexecutionis
blocked inside the Linux kernel till a safe,new operating
point is established.In contrast,changinga task statere-
sultsin asynchronousDVS switchingwith continuingexe-
cutionbetweenthesystemcall andthe following timer in-
terrupt.

Our aim is to assessthis advancedtechnologyfor the
suitability andbene�ts in power consumptionfor real-time
systemsusingDVS schedulingalgorithms.Unfortunately,
stock Linux does not support any real-time schedulers.
Henceour �rst stepwas to implementan EDF scheduler
on the 405LP underLinux. The DVS schedulingis inde-
pendentof task scheduling,i.e., the schedulercan be en-
visionedto be comprisedof (1) EDF schedulingand (2)
DVS scheduling.Thesetwo componentsarecompletelyin-
dependent.This meansthat, even thoughwe plan to iden-
tify and implementa speci�c DVS algorithm,our sched-
ulerwill work with any existingDVS algorithm.We imple-
mentedan EDF andDVS algorithmon the userlevel and
analyzedthe power bene�ts. We chosea user-level solu-
tion overa kernel-basedonedueto thesimplicity of design
andthefactthatOSbackgroundactivity is minimal on this
embeddedboard,which ensuresthevalidity of our results.
To exposetheprocessorto a real-timetaskload,we devel-
opeda framework composedof taskswith syntheticCPU
boardactivity whoseexecutiontime is predictableandcon-
trollable.Wethenexposedavarietyof tasksetsto theEDF-
DVS schedulerfor differentschedulingpolicieswithin this
framework.

3. A Light-W eight ThreadLibrary

The�rst stepin implementingaDVSsystemis providing
supportfor pre-emptive threads.Sincewe aredealingwith
a hardreal-timesystem,thesethreadsshouldbescheduled
accordingto somereal-timeschedulingalgorithm(EDF in



ourcase).This raisesanumberof interestingissuesandde-
signchoices,whichwewill discussbrie�y below.

Light-weightprocessescanbeimplementedunderUnix
aseitherkernel-spaceor user-spacethreads[16, 12, 1]. In
thecaseof kernel-space,schedulinganddispatchingof the
threads(including context switching) is performedaspart
of the kerneland is transparentto the application.On the
contrary, user-spacethreadsarescheduledanddispatched
as part of an applicationlibrary transparentlyto the ker-
nel. Each approachhas its pros and cons. Kernel-space
threadsrequire complex kernel modi�cations, which are
often error-prone.However, kernel modi�cations provide
morecontrol over thecourseof execution(especiallywith
real-timeconsiderations).User-spacethreadsaresimplerto
implementasa partof an applicationlibrary but they pro-
videlesscontroloverexecutionandresourcessincetheker-
nel is not awareof their existence.Anotherimportantissue
is portability. Althoughwearetargetingaveryspeci�c sys-
tem (the PowerPCdevelopmentboard running a speci�c
versionof Linux), it would be much easierto develop a
genericand portablethreadslibrary underany Unix sys-
tem,which providesbetterdebuggingtools,eventuallyre-
ducingdevelopmenttime. Hence,we optedfor user-level
threadsinsteadof kernel-level threads.

After decidingon implementinga user-level threadsli-
brary, the next questionis how to actually approachthe
implementation.Again,weareconcernedhereaboutporta-
bility mainly to facilitateeaseof implementationand de-
bugging. The literature reveals that the most portable
technique to implement user-space threads is via us-
ing thestandardC functionssetjmp() andlongjmp()
[4]. Setjmp() storesthe currentmachinecontext (pro-
gram counter, stackpointer, and registers)in a jmp buf
structure,and longjmp() restoresthe context saved in
a jmp buf structure.Although thesefunctionsare avail-
able for any system supporting the standardANSI C,
unfortunately, the details of the jmp buf structureim-
plementation is machine dependent.From a program-
mer's point of, this shouldnot be a problemprovided that
the saved and restoredcontexts are of the samestruc-
ture on a given machine.We have to treat the jmp buf
structureasanopaquestructure.

Each thread must execute using its own private
stack to enable pre-emptive scheduling. The UNIX
sigaltstack() system call forces a signal handler
functionto run on a speci�edalternativestack[6]. By gen-
erating a new stack for eachspawned threadand using
a signal handlerrunning on the alternative stack to cre-
ate the thread's context usingsetjmp() , we ensurethat
every threadwill have its privateexecutioncontext, includ-
ing its private stack.This eventually allows us to safely
implementpre-emptivescheduling.

Thethreadslibrary providesthefollowing API:

� initThreads(void) : Initializes the data struc-
turesusedby thethreadslibrary. Must becalledfrom
the applicationbeforeusing any other threadsfunc-
tions.

� spawnThread (void(*func)(void),
unsigned int WCET, unsigned int
period, unsigned int deadline,
unsigned int phase) : Createsa new thread
running the function provided as the �rst argu-
ment.The characteristicof the task (WCET, period,
deadline,andphase)areusedby the real-timesched-
uler to releasenew instancesof thetask,take schedul-
ing decisions,andcon�rm all deadlinesaremet.The
spawnThread() functiononly createsanew thread
andsavesits context (includingtheprivatestack),but
it doesnot start its execution.We useSIGUSR1sig-
nal to run the function CreateNewContext() as
its signal handlerand set it to run using an alterna-
tive stack(with the sigaltstack() call). At this
point, saving the machinecontext for this threadus-
ing setjmp() will also save this private newly
createdstackinfo.

� threadYield() : Mustbecalledby thetaskto indi-
cateto theschedulerthat thecurrentjob instantof the
taskhas�nished execution.Thecontext of this taskis
savedat thispoint,andthis will bethestartingcontext
of the next releasedinstanceof this job. This behav-
ior is intentional(andcorrect)for periodictaskssince
their repetitive behavior is modeledas in�nite while
loops,whereeachloopiterationcorrespondsto onein-
stanceof thetask.

� Start() : Called from main() after spawning all
threads.Time starts(t = 0) whentheStart() func-
tion is called,andthreadsareactivated,scheduled,and
dispatchedaccordingto theprovidedschedulingalgo-
rithm.

4. Real-Time SchedulerIntegration

The schedulerwe implementedis the standardearliest-
deadline-�rst(EDF) scheduler. TheEDF schedulingpolicy
isonein whichtaskprioritiesaredynamicallyassignedsuch
that the taskwith the earliestdeadlinehasthe highestpri-
ority. TheEDF scheduleris invokedon two occasions:(1)
whena taskcompletes,and(2) a taskis released.Whena
taskcompletes,theEDF scheduleractivatesthenext active
taskwith the earliestdeadline.If thereareno active tasks,
thentheprocessortransitionsinto an idle state.At themo-
ment,the idle stateis modeledasanidle taskthat is an in-
�nite loop. If thescheduleris invokeddueto a taskrelease,
theschedulerdecidesif thereleasedtaskhasto run next or
if theprevious(interrupted)taskhasto beresumed.When



thescheduleris invoked, it decidesthe next taskto be ex-
ecutedandalsosetsa timer interruptto be triggeredat the
next releasetime of any task(s)in the taskset.When the
timer interruptis triggered,the releasedtask(s)is/areacti-
vatedandtheschedulerthenassignsprioritiesfor thetasks.

Example

Thefollowing exampleis depictedin Figure2 below. It
shows the interactionbetweenthe threadslibrary and the
preemptive schedulingalgorithm.The stepsare indicated
by numberson the Figure.We assumethat thereare two
threadsin thesystemrunningthe functionsT1 andT2, re-
spectively. The main() function is called and initializes
thethreadslibrary by calling initThreads() .

1. The �rst thread is spawned by calling the function
spawnThread() and

� Spaceis allocatedfor a new alternativestack;

� the SIGUSR1 signal handler (CreateNew-
Context() function) is con�gured to usethe
alternative stack (using the sigaltstack()
function).Theold stackvalueis saved;

� theSIGUSR1signalis raised,whichwill:

2. Call the CreateNewContext() function running
on the newly createdstack(T1 stack ). The context
of the machineat this point is saved in the structure
T1 jmp buf by calling thesetjmp() function.

3. After returningfrom CreateNewStack() , thesig-
nalhandlingstackis setbackto theoriginal stack.

4. Controlis returnedbackto main() .

5. Sameas(2) above,but anew stackis createdfor T2.

6. Same as (3) above, but T2 context is saved in
T2 jmp buf .

7. Sameas(4) above.

8. TheStart() function is called.Start() will ini-
tialize the data structures used by the scheduler
(mainly, timers), and call the Scheduler() func-
tion.

Let usassumethatT2 hasthehighestpriority andshould
run now. Thesavedcontext T2 jmp buf is restoredby call-
ing a longjmp() to that context. This will transferthe con-
trol again to the CreateNewContext(), speci�cally to the
setjmp().The returnvalueof setjmp()will indicatethat it
hasbeencalledby a longjmp(),andtheactualfunctionT2
is called(labeledB in Figure2).

While T2 is running,a timer interruptgoesoff (indicat-
ing thereleaseof anew task).Thetimerhandler()functionis
called(labeledC onthe�gure), wherethecontext of thein-
terruptedtaskT2 is savedin thestructureT2 jmp buf, then
theScheduler()is called.Assumethattheschedulerdecides

thatT2 is still thehighestpriority job in thesystem,soit dis-
patchesit againby calling a longjmp()to T2 jmp buf. This
will take usbackto thesavedcontext at thetimerhandler()
function at setjmp().The returnvalueof setjmp()will in-
dicateit wascalledby a longjmp(),which meanswe need
to resumethe job from thepoint, whereit wasinterrupted
whenthetimerhandler()was�rst triggeredby thealarmsig-
nal.This is achievedby just returningfrom timerhandler(),
which will transfercontrol backto T2() at the interrupted
point (labeledD).

The current instantof T2 continuesexecutionwithout
any further interruptionstill it �nishes. At this point, the
threadcalls thethreadYield() function(labeledE). Theex-
ecutioncontext is saved (this will be the startingpoint of
thenew releasedinstanceof the task),andthescheduleris
called.

C andE indicatethe two situationsat which thesched-
uler is invoked,namelytaskreleaseandtaskcompletion.

Notethattimerhandler()andthreadYield() functionswill
runon theinterruptedcalling thread'sstack,respectively.

5. Worst-CaseTiming Analysis
We currently lack tool support to derive safe up-

per bounds of the worst-caseexecution time of tasks
on the PPC405processor, such as a static timing anal-
ysis tool would provide [9]. Hence,we resortedto the
moreconventionalempiricalanalysisusingdual-looptim-
ing, asgivenin thefollowing codesnippet:

t1 = gettimeofday();
for( i = 0; i<N; i++);
t2 = gettimeofday();
work();
t3 = gettimeofday();
for(i=0; i<N; i++)

work();
t4 = gettimeofday();

Thetiming loopcomputestheaverageexecutiontimeof
N instancesof the tasktaking into accountthe loop over-
headandcold cachemisses.The executiontime is calcu-
latedas:

twor k =
(t4 � t3) � (t2 � t1)

N
:

6. Dynamic VoltageScalingAlgorithms
We implementedfour dynamic voltage scaling algo-

rithms:Thestatic,cycle-conservingandlook-aheaddevel-
opedby Pillai andShin[15] aswell asthefeedbackscheme
developedin-houseby Zhu et al. [20, 19, 5]. All of these
DVS schedulersinteractwith theEDFschedulerasfollows.
Oncea schedulingdecisionis demanded,the EDF sched-
uler invokesa DVS schedulerthat looks at the amountof
work completedso far, the actualprocessorrequirement,
static slack (due to under-utilization) and dynamic slack
dueto earlycompletion)available.TheDVS schedulerthen
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Figure 2. Interaction between the Threads Librar y and the Preemptive Scheduling Algorithm

computesa safefrequency and voltagethat can meetthe
real-time requirementsof the task set. The DVS sched-
uleralsoissuestheappropriateprimitivesto reducethefre-
quency/voltage.We usedsystemcallsto thepatchedLinux
PowerPCkernelthatchangethe frequency aswell asvolt-
age.The user-level library that wasresponsiblefor thread
creationand managementalso hasprimitives to dynami-
cally changethefrequency andvoltage.

Next, the DVS schedulingalgorithmsareintroducedin
increasinglevel of computationaloverhead(for makinga
schedulingdecision)and increasingpotential for energy
savings.

6.1. Static VoltageScalingunder EDF

In this algorithm, the lowest possible operating fre-
quency is selectedwhile still meetingdeadlinesin EDF
scheduling for a given task set. The system utiliza-
tion is computedbasedon theworst-caseexecutiontimes.
This provides the amount of static slack that is avail-
able,andthis valueis usedasthescalingfactorto scalethe
frequency accordingly. Hence,the frequency is set stati-
cally andis notchangedunlessthetasksetis changed.Con-
sequently, theDVS scheduleris invokedwhena tasksetis
releasedfor execution(seeFigure3).

The remainingschemesare dynamic schedulingpoli-
cies:cycle-conservingandlook-aheadaswell asour feed-
backRT-DVS EDF.

Find thelowestfrequency f k with
� = f k

f m
^ f k 2 f f 1; :::; f max g

whichsatis�esEDF: �
i =1 ::n

C i
P i

� �

Figure 3. Static RT-DVS EDF

6.2. Cycle-Conserving RT-DVS EDF

In Cycle-ConservingRT-DVS (EDF), initially the task
set is scheduledbasedon the worst-caseexecutiontimes.
Whenonetaskin thetasksetcompletes,thesystemutiliza-
tion is recomputedusingthe actualexecutiontimesof the
completedtask and the worst-caseexecutiontimes of the
remainingtasks(seeFigure4). This is repeatedwheneach

Uponreleaseof Ti , setUi = C i
P i

andselectfrequency().
Uponcompletionof Ti with actualexecutiontimecci ,

setUi = cci
P i

andselectfrequency().

selectfrequency: �nd lowestf k s.t. �
i =1 ::n

Ui � f k
f max

.

Figure 4. Cycle-Conser ving RT-DVS EDF

taskin the tasksetcompletes.Hence,the frequency is re-



ducedby computingthe amountof dynamicslack due to
early taskcompletionin additionto staticslack.Thus,the
DVS scheduleris invoked upontaskreleasesandcomple-
tions.

6.3. Look-Ahead RT-DVS EDF

This is themostaggressiveof thethreeDVS algorithms
by Pillai and Shin and exploits both static and dynamic
slack.The look-aheadschemedeterminesfuturecomputa-
tion needsanddeferstaskexecution.Thecycle-conserving
schemediscussedaboveassumesthemaximumfrequencies
initially until taskscompleteandthenreducestheoperating
frequency andvoltage.

In contrast,thelook-aheadschemetriesto deferasmuch
work aspossiblein a greedymanner. It setsthe operating
frequency to meetthe minimum work that must be com-
pletednow to ensureall futuredeadlinesaremet.In theory,
the look-aheadschememaynecessitateincreasedfrequen-
ciesat a later stagein orderto completedeferredwork in
time. But actualexecutiontimesareusuallymuchsmaller
thanworst-caseexecutiontimes[17]. This meansthat, on
the average,earlier lower frequenciestypically do not re-
sult in later pressureforcing high frequenciesin order to
meetdeadlines(seeFigure5).

Uponreleaseof Ti ,
setremainingtimec lef t i = Ci anddefer().

Uponcompletionof Ti , setc lef t i = 0 anddefer().
Duringexecutionof Ti , decrementc lef t i .
deferexecution:

let U = �
i =1 ::n

C i
P i

; s = 0

for (i = 0..ns.t.Ti 2 f T1; :::; Tn jD1 � ::: � Dn g)
U = U � C i

P i

x = max(0; c lef t i � (1 � U)(D i � Dn ))
U = U + c lef t i � x

D i � D n

s = s + x
endfor
selectfrequency( s

D n � cur r ent time )

selectfrequency(� ): �nd lowestf k s.t. � � f k
f max

Figure 5. Look-Ahead RT-DVS EDF

6.4. FeedbackRT-DVS EDF

This algorithmexploitsbothdynamicandstaticslackin
anevenmoregreedymannerthanthelook-aheadalgorithm
discussedabove. The algorithmanticipatesan actualexe-
cutiontime of eachtaskinvocationsimilar to theexecution
time usedin previous invocations.It thensplits theexecu-
tion budgetof a taskinto two partsasdepictedin Figure6,

theanticipatedactualtime CA (scaledat the lowestpossi-
ble frequency) andtheremainingtime CB (scaledat max-
imum frequency). All future tasksaredeferredas long as

TBTA

CA/a CB

t

fm

Figure 6. Task Splitting

possibleusinga maximal (worst-case)schedule,which is
relatedto theactualscheduleto derive the currentlyavail-
ableslacksk for taskk. Thus,

� =
CA

CA + sk

indicatesthe scalingfactor and the correspondinglowest
possiblefrequency usingselect frequency( � ) asin
Figure5. Thealgorithmis capableof capturingchangesin
actualexecutiontimesusinga PID-feedbackscheme.Pre-
emptionsof thecurrenttaskhaveto beanticipatedvia future
slot allocationsin thescheduleimplementedin a backward
sweepto �ll idle andearly completionslots from a task's
deadlinebackwards(seeZhu andMueller for algorithmic
details[20]). Due to the even moregreedyapproachthan
any of thepreviousschemes,thealgorithmis reportedto ex-
hibit additionalenergysavings,particularlyfor mediumuti-
lization systems,which arequite common[5]. Even more
substantialsavings have beenobserved for �uctuating ex-
ecutiontimeswherePID-feedbackprovidesnew opportu-
nities for aggressive scaling[20]. By evaluatingthis algo-
rithm on the 405LP, we wantedto assessthe true poten-
tial for energy savings in an actualsystemas opposedto
a simulationenvironment.Also, we wantedto determineif
the lower frequencieschosenby the feedbackschemeout-
weighsthehighercomputationaloverheadrequiredto make
schedulingdecisions.

7. Experimentation Methodology
The DVS algorithms (static, cycle-conserving,look-

aheadand our feedback)were exposedto the DVS capa-
bilities of the405LPboard.Speci�cally, theschedulingal-
gorithmscould choseany frequency/voltagepair from the
setdepictedin Table 1. This set of pairs was constrained
by a needto have a commonPLL multiplier of 16 rel-
ative to the 33MHz baseclock and a divider of two or
any multiple of 4. Changingthe multiplier resultsin addi-
tional overheadfor switching,which we wantedto elimi-
natein this study.

In order to assesspower consumption,we neededto
monitor processorcorevoltageandcurrentat a high rate.



Setting 0 1 2 3 4
Frequency (MHz) 33 44 66 133 266

Voltage(Volts) 1.0 1.0 1.1 1.3 1.7

Table 1. Valid Frequenc y/Volta ge Pairs

Due to the rate requirements,it was not feasibleto em-
ploy multimetersfor measuringthevoltagessincetheirpre-
cision is generallylow andvery coarse-grained.The error
ratesin voltagereadingscouldalsoresultin measuringin-
correctvoltages.Hence,we useda high-frequency analog
dataacquisitionboardto gatherdatafor (a) the processor
corevoltageand(b) the processorcurrent.The latter was
measuredasa voltagelevel over a resistorwith a 1V drop
per360mA.Dataacquisitionallowedusto experimentwith
longer-runningapplicationsto assesstheenergy consump-
tion of theprocessor. Wealsoemployedanoscilloscopefor
visualizingthe voltagesandcurrents,againwith high pre-
cisionin voltageandcurrentreadings.Thesnapshotsin the
oscilloscopeshotsdepict the phasejust after a simultane-
ousreleaseof all tasksat thebeginningof ahyperperiod.

8. Results
We �rst assessedthe overheadof different DVS tech-

niquessupportedby the testboardandthedynamicpower
managementextensionsof theoperatingsystem.Table2 re-
ports the overheadfor synchronousswitching (by chang-
ing the DPM policy) in a time rangeboundedby two ex-
tremes:(a) Switchingbetweenadjacentfrequency/voltage
levels and (b) switching betweenthe lowest and highest
levels. Furthermore,the overheadfor initiating an asyn-
chronoussystemcall (by changingthe DPM task state)
leadingto aswitchandthesubsequenthandleroverheadare
reportedfor a rangeof thehighestandthelowestprocessor
frequencies.The resultsindicatethat a synchronousDVS
switchdelayingexecutionduringvoltage/frequency transi-
tion hasaboutanorderof amagnitudelargeroverheadthan
a systemcall triggeringanasynchronousswitchwhereex-
ecutionproceedsduringtheswitchinginterval. Thesystem
call is complementedby an interruptthat occurswhenthe
voltagehasrampedupsuf�ciently , andthenew frequency is
setin the interrupthandler. This handleroverhead,compa-
rableto asignalhandler, increasestheoverheadof theasyn-
chronousapproachonly insigni�cantly.

activity sync.DVS async.DVS signalhandling
overhead 117-162� sec 8-20� sec 0.07-0.6� sec

Table 2. DVS overhead

In a secondsetof experiments,we measuredthepower
of executingthreemediumutilization tasksetsdepictedin

Table 3. Task �rst task set is harmonic,i.e., all periods
are integer multiples of the smallestperiod,which facili-
tatesscheduling.This often allows schedulingalgorithms
to exhibit anextremebehavior, typically outperformingany
otherchoiceof periods.Thesecondandthird tasksetsare
non-harmonicwith longerandshorterperiods,respectively.
Actualexecutiontimeswerehalf thatof theWCETfor each
taskfor this experiment.

Eachof the previously discussedreal-timeDVS algo-
rithm weresubsequentlyexposedto executionunderthese
task sets.As a baselinefor comparison,we also support
a nä�ve DVS schemewheretaskexecutionand idle alter-
natebetweenmaximumand minimum frequency/voltage,
respectively.

We executedtask setsone, two and threefor � ve, one
andsevenhyperperiodsfor atotalof twelve,tenandtensec-
onds,respectively. We measuredthevoltageandcurrentof
theprocessorduringthis timeusingananalogdataacquisi-
tion board.This allowedus to integrateinstantpower con-
sumptionof theexecutiontime. We alsoperformedall ex-
perimentsfor synchronousandasynchronousDVS switch-
ing to assessthesavingsattributedto thelatter.

Table4 depictstheenergy consumptionin mWatt-hours
of eachexperiment.The nä�ve DVS algorithmservesasa
basefor comparisonsfor eachof the subsequentDVS al-
gorithms. For task set one, static DVS reducesenergy
consumptionby about29%over thenä�ve scheme.Cycle-
conservingsaves47% energy. Look-aheadRT-DVS saves
over 50%, andour feedbackmethodsavesabout54% en-
ergy comparedto nä�ve DVS. This clearly shows the
tremendouspotential in energy savings for real-time
scheduling.

Thesavingsfor eachalgorithmarelowerfor tasksettwo
peakingat about23% for our feedbackscheme.As men-
tionedbefore,tasksetoneis harmonic,which typically re-
sults in the bestscheduling(andenergy) resultssinceex-
ecutionis morepredictable.Tasksetthreelies in between
the other two with peaksavings of 37% for our feedback
scheme.

The resultsalsodemonstratethat the overheadfor cal-
culationsinherentto schedulingalgorithmsis outweighed
by the potentialfor energy savings. This is underlinedby
the increasingoverheadin executiontime for eachof the
schedulingalgorithms(from left to right in Table4) accom-
paniedby decreasingenergy consumption.

Another noteworthy result is the comparisonbetween
synchronousandasynchronousDVS switchingdepictedin
the last row for eachtask set in Table 4. For eachof the
schedulingalgorithms,we seeadditionalsavings of 1-5%
due to the ability to commencewith a task's execution
while frequency and voltage are changing.We also ran
experimentswith task setsthat had an order of a magni-
tude smallerdeadlinesand executiontimes. Surprisingly,



TaskSet1 TaskSet2 TaskSet3
task Period(Pi ) WCET(Ci ) Period(Pi ) WCET(Ci ) Period(Pi ) WCET(Ci )
1 2,400 400 600 80 90 12
2 2,400 600 320 120 48 18
3 1,200 200 400 40 60 6

Table 3. Task Set, times in msec

algorithm nä�veDVS staticRT-DVS staticsave cycle-cons. c-csave look-ahead l-a save our feedback fdbk save
TaskSet1

sync. 4.47 3.2 28.41% 2.38 46.61% 2.21 50.56% 2.04 54.21%
async. 4.43 3.13 29.35% 2.327 47.51% 2.12 52.07% 2.00 54.70%
savings 0.89% 2.19% 2.51% 3.92% 1.95%

TaskSet2
sync. 0.544 0.5056 7.06% 0.4713 13.36% 0.424 22.06% 0.4089 24.83%
async. 0.5276 0.5025 4.76% 0.4622 12.40% 0.4218 20.05% 0.4064 22.97%
savings 3.01% 0.61% 1.93% 0.52% 0.61%

TaskSet3
sync. 0.595 0.5616 5.61% 0.4799 19.34% 0.4043 32.05% 0.3708 37.68%
async. 0.5802 0.5496 5.27% 0.4547 21.63% 0.3912 32.57% 0.3671 36.73%
savings 2.49% 2.14% 5.25% 3.24% 1.00%

TaskSet2 vs.TaskSet3
change 9.07% 8.57% -1.65% -7.82% -10.71%

Table 4. Energy [mW � hr s] consumption per RT-DVS algorithm

thesynchronousvs.asynchronoussaving remainedapprox-
imately the same,even though DVS switchesoccur ten
timesasoften.Theseresultsseemto indicatethatthebene-
�t of continuousexecutionduringDVS switching,although
not negligible, is secondaryto trying to minimizetheover-
headof switchingitself.

We also comparedtask setstwo and threein termsof
theirabsoluteenergy readings,which is valid sincethey ex-
ecutedfor thesameamountof time(tenseconds),thesame
actualto worst-caseexecutiontimerationandthesameuti-
lization, albeit at seven timesmorecontext switches.This
changeis depictedin the last row of Table4 for theasyn-
chronouscase.Not surprisingly, theenergy with nä�veDVS
is about9% higher for taskset threethanfor set two due
to thehighercontext switchoverheadof thelatter. Quitein-
terestingly, thisoverheadturnsinto areductionin energy as
DVS schemesbecomemoreaggressive peakingat closeto
11%energy savingsof tasksetthreerelative to settwo for
our feedbackscheme.

Finally, we performedtwo setsof experimentsto de-
pict voltageandcurrent�uctuations on anoscilloscope.In
the �rst experiment,the worst-caseexecutiontimes were
in�ated comparedto the actualexecutiontimes to create
a considerableamountof dynamicslack that can be uti-
lized by some DVS algorithms (cycle-conserving,look-

aheadandourfeedbackmethod).In thesecondexperiment,
theactualexecutiontimesof thetaskswereverycloseto the
worst-caseexecutiontimesusedby theschedulabilityanal-
ysis.

In eachcase,we ran threedifferent tasksetswith high
(0.9), medium(0.5) andlow (0.1) utilization, respectively.
In what follows, we brie�y presentthesnapshotsobtained
by theoscilloscopefor mediumutilizationandcommenton
theindicationsof thoseresults.

8.1. Loosetask sets

Thesetasksetshaveconsiderableof dynamicslackdues
to the fact that their WCETs are in�ated comparedto
their actualexecutiontimes.We experimentedwith a high,
mediumanda low utilization.While theabsolutenumbers
differ for theseutilizations, the trendsaresimilar. Hence,
we only depict the medium utilization casein Figure 7.
Static DVS shows two levels of voltages(busy/idle time)
whereascycle-conservingDVS differentiatesthree levels
on a dynamicbase.Even lower voltageandcurrentread-
ings aregiven by look-aheadDVS, which not only distin-
guishesmorelevelsbut alsoexhibitsmuchlowerpowerlev-
els during load. The lowest resultswere obtainedby our
feedbackDVS, which defersexecutioneven moreaggres-
sively thanany of the othermethods.However, our feed-



backschemecan only further reducepower consumption
occasionallyassuf�cient slackexiststo berecoveredby the
algorithmsof the previous schemes.Dynamicslack is re-
coveredin increasinglevelsby thelatterthreeschemes.

8.2. Tight task sets

The actualexecutiontimes of thesetask setsare very
closeto theworst-caseexecutiontimeswe presentedto the
schedulabilityandDVS analysis.Figure8 showsamedium
utilizationtaskset.Staticvoltagescalingwill selectonesafe
frequency basedon worst-caseexecutiontimesandretain
this frequency throughoutthe execution.Staticselectsthe
minimum frequency/voltagepair (33 MHz @ 1 V) when
thereareno readytasksto run. Figure8 indicatesthat low
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Figure 7. Volta ge/current oscilloscope shot
with loose task set: W CET = 2 �
Actual ExecTime; Util iz ation U = 0:5

frequenciesarenot oftenexhibited dueto thehigh utiliza-
tion of thesystemandthetight executiontimes.

Cycle-conservingDVS againshowsamorere�ned volt-
age(and,hence,frequency) variation,albeit at only a few
levels,underload. It cannotlower the frequency basedon
the actualexecutiontimesbecausethesearevery closeto
theworst-caseexecutiontimes.

Look-ahead,however, dueto its moreaggressivenature,
cantake advantageof someamountof dynamicslackcre-
atedandlowerthefrequency/voltages.Thereis notmuchof
dynamicslackto recover. Infrequently, it evenhasto over-
come the fact that the frequency was lowered too much
in the pastby raisingthe voltageandfrequency to a level
even higher than the safe frequency calculatedby static.
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Figure 8. Volta ge/current oscilloscope
shot with tight task set: W CET =
Actual ExecTime; Util iz ation U = 0:5



Nonetheless,the cumulative savings are higher for look-
ahead.

Our feedback scheme shows even lower volt-
ages/frequency than the look-aheadscheme,which il-
lustratesagainits ability to scalepower evenmoreaggres-
sively thanany of thepreviousschemes.Thetighterexecu-
tion timesillustratethis muchbetterthanthelooseronesin
Figure7. Hence,thepotentialfor feedbackis moresigni�-
cant in systemswith actualexecutiontimescloserto their
WCET.

The voltageandcurrentgraphsobtainedfrom an oscil-
loscopeclearly exhibit the expectedbehavior for the four
implementedDVS algorithms.Thesegraphs,togetherwith
theexecutiontracesof long-runningtasksetsunderdiffer-
ent schedulingalgorithms,showed no misseddeadlinesof
taskswhile loweringpower wheneverpossible,thusexper-
imentallyvalidatingour implementationaswell asthecho-
senschedulingalgorithms.

9. Conclusion
We successfullycreatedan infrastructurefor investigat-

ing hard real-time DVS schemeson the IBM PowerPC
405LPwith the taskschedulingperformedon an EDF ba-
sis.Theresultsindicatebene�tsin energy reductionof upto
5%for fastDVS modulationwithoutenteringsleepmodes,
i.e., by continuingwith the executionof applicationcode
while switchingbetweenvoltages/frequencies.Weassessed
the bene�ts quantitatively by determiningthe energy con-
sumptionover thehyperperiodof real-timetasksfor differ-
ent algorithmsandfound that aggressive schedulingalgo-
rithms that modulateprocessorvoltageandfrequency can
achieveup to 54%reductionin energy consumptionfor pe-
riodic real-timetasksets.
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