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Abstract

Power consumptiorhasbecomea major concern,both
for processordesignwith high clock ratesand embedded
systemshat rely on batteriesto operate Recensupportfor
dynamidrequencyndvoltage scaling(DVS)in contempo-
rary architectuesallowssoftwae to affectpowerconsump-
tion by varying both executionfrequencyand supplyvolt-
age onthe y. However, processas generlly entera sleep
statewhile transitioning betweenfrequencies/voliges. In
the following, we describean experimentalframevork for
studyingDVSfor a processothat continuego executedur-
ing frequency/voltge transitions.For this purpose we de-
velopedan infrastructue for investigatinghard real-time
DVS schemeson the IBM PowerPC405LP Task schedul-
ing wasperformedusingfour earliest-deadline- st (EDF)
DVSsdtemesijncluding our feedbak real-timeDVSalgo-
rithm that, prior to this work, had only beenevaluatedin
simulation.Voltage and currentof the processorcore were
depictedhroughan oscilloscopeandtheenegy consump-
tion wasassessethrougha data acquisitionboard. Mea-
surementsindicate a consideable potential for real-time
DVSsdaedulingalgorithmsto lowerenegy consumptioup
to 54% over nave DVSschemesThebene tsof continued
executionduring frequency/voltge switdhing provideup to
5% enegy savingsor frequentswitcdes.

1. Intr oduction

Enegy managemenhas becomea vital designcon-
straintin embeddedsystemdor a long time. The demand
for ef cient enegy managemeris increasingn hand-held
devices,wherebatterylife isimportant.Thebatterylife lim-
its the enegy budgetin thesedevicesandimposesserere
restrictionson enegy consumptionThis meanghatenegy
savzings becomesa necessityratherthan convenience Dy-
namicVoltageScaling(DVS) is awidely usedenegy man-
agementechniquefor extendingbatterylife. DVS dynam-
ically scalesprocessoicore 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

frequeng of the device. Assumingthat voltage and fre-

guengy arelinearly related,scalingdown both voltageand
frequeng resultsin cubicreductionof power consumption
P/ V% 1)

DVS algorithmshave beenintensively studiedfor both
nonreal-timeandreal-timesystemg15, 2, 11, 7, 8, 14, 18].
In the caseof real-timesystemsthe DVS algorithmcalcu-
latesa safeoperationfrequeng that providesjust enough
processocomputationpower to nish a giventaskbefore
its deadline.The goal is to save the maximum possible
amountof enegy and yet maintain safe operationof the
hardreal-timesystenwhereall tasksareguaranteetb meet
theirdeadlines.

In thiswork, we implementedh DVS infrastructureor a
real-timesystemusingIBM' s PoverPC405LR The 405LP
processoprovidesthe hardware supportrequiredfor DVS
andallows softwareto scalevoltageandfrequeng via user
de ned operationpoints ranging from a high end of 266
MHz at1.8Vto alow endof 33MHz at1V [13, 3, 10]. The
IBM PowerPC 405LP was especiallyattractve for DVS
sinceit hasthe ability to executeinstructionseven when
the frequeng/voltageis being changedmuchin contrast
to ary other processorwith DVS supportthat we know
of wherethe processohasto enterthe sleepmodeduring
frequeng/voltagetransitions We implementeda real-time
earliestdeadline rst (EDF) schedulingpolicy aspartof a
userlevel threadspackageunderthe supportedLinux op-
eratingsystem.Then, we extendedthe capabilitiesof the
infrastructureto supportfour hardreal-timesoftware DVS
techniquegstatic, cycle-conservinglook-aheadand feed-
back)thatleveragethealreadyavailablehardwareDV'S sup-
portin thePowverPCprocessaie usedanoscilloscopeand
ananalogdataacquisitionboardto measureahevoltageand
currentsuppliedto the processorcore. Customchangedo
the developmentboardallow usto separatelymeasurehe
voltageandcurrentof the processgmemoryand|/O com-
ponents Fromvoltageandcurrent,we calculatethe power
consumptiorof the systemduringapplicationrunsfor each
of thefour DVS algorithmsthatwe implemented.



2. EmbeddedPlatform and DVS Support

ThePowverPC495L Prunson adisklessMontaVistaEm-
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 capacitancewhich allows DVS switchesto oc-
cur more rapidly, i.e., switchesare boundedby at most
a 200 microsecondsduration from 1V to 1.8V during
which executioncontinues.Switchesmay occurin a syn-
chronous(blocking) manney astraditionally supportecby
DVS-capableprocessorsAlternatively, switchesmay be
asynchronougnon-blocking)suchthatexecutionmay pro-
ceedduring the switch. Figure 1 depictsthe changesin
current(lower curve) andvoltage(uppercurve) of the pro-
cessorcore during an asynchronouswitch. This unique

Figure 1. Current and Voltage Transition Dur-
ing DVS

feature of asynchronouswitching is realizedby a sys-
temcall that,whenswitchingto ahighervoltage/frequeny,
rst reprogramshe voltageto ramp up towardsthe max-
imum as fastas possible(30 degreevoltageramp on the
uppercurve). As a sideeffect, thisramp-upresultsin anin-
stant current suige (steepramp of the lower curwe). In
additionto initiating the ramp-up the time to reacha volt-
agelevel at leastashigh asrequiredby the new frequeny
is estimatedA high-resolutiortimer is programmedo in-
terruptwhenthis durationexpires,prior to which execution
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(attheendof the 30 degreerampon theup-
percurwe),the powver managementnitis reprogrammedo
settleat thetamgetvoltagelevel, andthe new processofre-
gueny is activated before returning from the handler
The voltage then settles(in caseit overshot)in a con-
trolled mannerto the new operatingpoint. The currentalso
settlesin a controlledmannerdependingon the actualpro-
cessingactiity.

This unique DVS facility is supportedby a dynamic
power managementDPM) facility, whichis providedasan
enhancemerib theLinux kernel[3]. DPM opefating points
de ne stablefrequeng/voltagepairs(aswell asrelatedsys-
temparameters)yhichwe experimentallydeterminedOp-
erating statesdescribesystemstatessuchasidle, taskac-
tivity andsleep Eachoperatingstatecanbeassociateavith
anoperatingpointvia aDPM policythatde nesasetof op-
eratingpoints,onefor eachoperatingstate.In sucha man-
ner, operatingpoints can be selecteddependingon activi-
ties choserby the kernel.To allow applicationsto alsose-
lect operatingpoints, applicationscande ne a DPM task
statethrougha systemcall. Eachof thesetask statescan
thenbe associatedvith an operatingpoint within a given
policy. Overall,the DPM enhancementallow bothkernel-
level anduserlevel DVS in a e xible mannerHowever, the
implementatiordetailsare more subtle.Changinga policy
resultsin synchronoudVS switchingwhere executionis
blocked inside the Linux kerneltill a safe,new operating
point is establishedIn contrast,changinga task statere-
sultsin asynchronou®VS switchingwith continuingexe-
cution betweenrthe systemcall andthe following timer in-
terrupt.

Our aim is to assesghis advancedtechnologyfor the
suitability andbene tsin power consumptiorfor real-time
systemsusing DVS schedulingalgorithms.Unfortunately
stock Linux doesnot supportary real-time schedulers.
Henceour rst stepwasto 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 schedulingThesetwo componentsirecompletelyin-
dependentThis meansthat, even thoughwe planto iden-
tify andimplementa speci ¢ DVS algorithm, our sched-
ulerwill work with any existing DVS algorithm.We imple-
mentedan EDF and DVS algorithm on the userlevel and
analyzedthe power bene ts. We chosea userlevel solu-
tion overakernel-basednedueto the simplicity of design
andthefactthatOSbackgroundactivity is minimal on this
embeddedboard,which ensureghe validity of our results.
To exposethe processoto a real-timetaskload, we devel-
opeda framewnork composef taskswith syntheticCPU
boardactivity whoseexecutiontimeis predictableandcon-
trollable.We thenexposeda varietyof tasksetsto the EDF-
DVS schedulefor differentschedulingpolicieswithin this
framework.

3. A Light-W eight Thread Library

The rst stepinimplementingaDVS systerris providing
supportfor pre-emptve threads Sincewe are dealingwith
a hardreal-timesystemthesethreadsshouldbe scheduled
accordingto somereal-timeschedulingalgorithm (EDF in



our case).Thisraisesanumberof interestingssuesandde-
signchoiceswhichwe will discussbrie y below.

Light-weightprocessesanbe implementedinderUnix
aseitherkernel-spacer userspacethreadq16, 12, 1]. In
the caseof kernel-spaceschedulinganddispatchingof the
threads(including context switching)is performedas part
of the kernelandis transparento the application.On the
contrary userspacethreadsare scheduledand dispatched
as part of an applicationlibrary transparentlyto the ker
nel. Each approachhasits pros and cons. Kernel-space
threadsrequire complex kernel modi cations, which are
often errorprone. However, kernel modi cations provide
morecontrol over the courseof execution(especiallywith
real-timeconsiderations)Jserspacehreadsaresimplerto
implementasa partof anapplicationlibrary but they pro-
vide lesscontroloverexecutionandresourcesincetheker-
nelis notawareof their existence Anotherimportantissue
is portability. Althoughwe aretargetinga very speci c sys-
tem (the PowverPC developmentboard running a speci ¢
versionof Linux), it would be much easierto develop a
genericand portablethreadslibrary underary Unix sys-
tem, which providesbetterdeluggingtools, eventuallyre-
ducing developmenttime. Hence,we optedfor userlevel
threaddnsteadof kernel-level threads.

After decidingon implementinga userlevel threadsli-
brary, the next questionis how to actually approachthe
implementationAgain, we areconcernedhereaboutporta-
bility mainly to facilitate easeof implementationand de-
bugging. The literature reveals that the most portable
technique to implement userspace threadsis via us-
ing the standardC functionssetimp()  andlongjmp()

[4]. Setjmp()  storesthe currentmachinecontet (pro-
gram countey stack pointer and registers)in a jmp _buf
structure,and longjmp()  restoresthe context saved in
ajmp _buf structure.Although thesefunctionsare avail-
able for ary system supportingthe standardANSI C,
unfortunately the details of the jmp _buf structureim-
plementationis machine dependent.From a program-
mer's point of, this shouldnot be a problemprovided that
the saved and restoredcontets are of the samestruc-
ture on a given machine.We have to treatthe jmp _buf
structureasanopaquestructure.

Each thread must execute using its own private
stack to enable pre-emptve scheduling. The UNIX
sigaltstack() system call forces a signal handler
functionto run on a speci ed alternatve stack[6]. By gen-
eratinga new stack for each spavned thread and using
a signal handlerrunning on the alternatve stackto cre-
atethe threads context usingsetjmp() , we ensurethat
everythreadwill have its privateexecutioncontext, includ-
ing its private stack. This eventually allows us to safely
implementpre-emptie scheduling.

Thethreaddibrary providesthefollowing API:

initThreads(void) : Initializes the data struc-
turesusedby thethreaddibrary. Must be calledfrom
the applicationbefore using 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 characteristioof the task (WCET, period,
deadline,andphase)are usedby the real-timesched-
ulerto releasenew instance®f thetask,take schedul-
ing decisionsandcon rm all deadlinesaremet. The
spawnThread() functiononly createsnew thread
andsavesits context (includingthe privatestack),but
it doesnot startits execution.We useSIGUSR1 sig-
nal to run the function CreateNewContext() as
its signal handlerand setit to run using an alterna-
tive stack (with the sigaltstack() call). At this
point, saving the machinecontext for this threadus-

ing setimp()  will also save this private newly
createdstackinfo.
threadYield() : Mustbecalledby thetaskto indi-

cateto the schedulethatthe currentjob instantof the
taskhas nished execution.The contet of this taskis
savedat this point,andthis will bethe startingcontext
of the next releasednstanceof this job. This beha-
ior is intentional(andcorrect)for periodictaskssince
their repetitve behaior is modeledasin nite while
loops,whereeachloopiterationcorrespondso onein-
stanceof thetask.

Start() : Called from main() after spavning all
threadsTime starts(t = 0) whenthe Start()  func-
tion is called,andthreadsareactivated,scheduledand
dispatchedaccordingto the providedschedulingalgo-
rithm.

4. Real-Time Schedulerintegration

The schedulemve implementeds the standarcearliest-
deadline- rst(EDF) schedulerThe EDF schedulingpolicy
isonein whichtaskprioritiesaredynamicallyassigneduch
thatthe taskwith the earliestdeadlinehasthe highestpri-
ority. The EDF scheduleiis invoked on two occasions(1)
whenataskcompletesand (2) ataskis releasedWhena
taskcompletesthe EDF scheduleractivatesthe next active
taskwith the earliestdeadline.If thereareno active tasks,
thenthe processotransitionsinto anidle state.At the mo-
ment,theidle stateis modeledasanidle taskthatis anin-

nite loop. If thescheduleis invokeddueto ataskrelease,
the scheduledecidesf thereleasedaskhasto run next or
if the previous (interrupted)taskhasto be resumedWhen



the scheduleiis invoked, it decidesthe next taskto be ex-

ecutedandalsosetsa timer interruptto be triggeredat the
next releasetime of ary task(s)in the task set. Whenthe
timer interruptis triggered,the releasedask(s)is/areacti-
vatedandthe schedulethenassigngrioritiesfor thetasks.

Example

The following exampleis depictedin Figure2 below. It
shaws the interactionbetweenthe threadslibrary and the
preemptve schedulingalgorithm. The stepsare indicated
by numberson the Figure. We assumehat thereare two
threadsin the systemrunningthe functionsT1 and T2, re-
spectvely. The main() functionis called and initializes
thethreaddibrary by calling initThreads()

1. The rst threadis spavned by calling the function
spawnThread() and

Spacss allocatedfor a new alternatve stack;

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

the SIGUSR1signalis raised which will;

2. Call the CreateNewContext() function running
on the newly createdstack(T1_stack ). Thecontext
of the machineat this point is saved in the structure
T1_jmp _buf by callingthesetjimp() function.

3. After returningfrom CreateNewStack() , thesig-
nal handlingstackis setbackto the original stack.

4. Controlis returnedbackto main() .
5. Sameas(2) above, but anew stackis createdor T2.

6. Same as (3) above, but T2 contet is saved in
T2_jmp _buf .

7. Sameas(4) above.

8. TheStart()  functionis called.Start()  will ini-
tialize the data structuresused by the scheduler
(mainly, timers), and call the Scheduler()  func-
tion.

LetusassumehatT2 hasthe highestpriority andshould
run now. The saved context T2_jmp_buf is restoredby call-
ing a longjmp() to that context. This will transferthe con-
trol againto the CreateNe/Context(), speci cally to the
setimp(). The returnvalue of setjimp()will indicatethat it
hasbeencalledby a longjmp(),andthe actualfunction T2
is called(labeledB in Figure?2).

While T2 is running,atimer interruptgoesoff (indicat-
ing thereleasef anew task).Thetimerhandler(Junctionis
called(labeledC onthe gure), wherethe context of thein-
terruptedtaskT2 is savedin the structureT2_jmp_buf, then
theScheduler()s called.Assumethatthescheduledecides

thatT2is still thehighestpriority jobin thesystemsoit dis-

patchest againby calling alongjmp()to T2_jmp_buf. This

will take usbackto the saved contet atthetimerhandler()
function at setjmp(). The returnvalue of setimp()will in-

dicateit wascalledby alongjmp(), which meanswe need
to resumethe job from the point, whereit wasinterrupted
whenthetimerhandler(was rst triggeredby thealarmsig-

nal. Thisis achievedby just returningfrom timerhandler(),
which will transfercontrol backto T2() at the interrupted
point (labeledD).

The currentinstantof T2 continuesexecutionwithout
ary further interruptionstill it nishes. At this point, the
threadcallsthe threadYeld() function (labeledE). The ex-
ecutioncontet is saved (this will be the startingpoint of
the new releasednstanceof the task),andthe scheduleis
called.

C andE indicatethe two situationsat which the sched-
uleris invoked,namelytaskreleaseandtaskcompletion.

Notethattimerhandler(andthreadYeld() functionswill
runontheinterruptedcalling threads stack respectiely.

5. Worst-CaseTiming Analysis

We currently lack tool supportto derive safe up-
per bounds of the worst-caseexecution time of tasks
on the PPC405processarsuch as a static timing anal-
ysis tool would provide [9]. Hence,we resortedto the
more corventionalempiricalanalysisusing dual-looptim-

ing, asgivenin thefollowing codesnippet:
t1 = gettimeofday();

for( i = 0; Ii<N;

t2 = gettimeofday();

work();

t3 = gettimeofday();

for(i=0; i<N;  i++)
work();

~ t4 = gettimeofday(); o
Thetiming loop computeghe averageexecutiontime of

N instancesf the tasktaking into accountthe loop over
headand cold cachemisses.The executiontime is calcu-
latedas:

i++);

(t4 t3) (t2 tl)
twork = N .

6. Dynamic Voltage Scaling Algorithms

We implementedfour dynamic voltage scaling algo-
rithms: The static, cycle-conservingandlook-aheadlevel-
opedby Pillai andShin[15] aswell asthefeedbaclkscheme
developedin-houseby Zhu et al. [20, 19, 5]. All of these
DVS schedulerinteractwith the EDF scheduleasfollows.
Oncea schedulingdecisionis demandedthe EDF sched-
uler invokesa DVS scheduletthat looks at the amountof
work completedso far, the actual processorequirement,
static slack (due to underutilization) and dynamic slack
dueto earlycompletion)available. TheDVS schedulethen
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Figure 2. Interaction between the Threads Librar y and the Preemptive Scheduling Algorithm

computesa safefrequeny and voltagethat can meetthe
real-time requirementsof the task set. The DVS sched-
uleralsoissuegheappropriatgrimitivesto reducethe fre-

gueng/voltage We usedsystemcallsto the patched_inux

PawerPCkernelthatchangethe frequeny aswell asvolt-

age.The userlevel library that wasresponsibldor thread
creationand managemenalso has primitives to dynami-
cally changehefrequeng andvoltage.

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

6.1. Static Voltage Scalingunder EDF

In this algorithm, the lowest possible operating fre-
gueny is selectedwhile still meetingdeadlinesin EDF
scheduling for a given task set. The system utiliza-
tion is computedbasedon the worst-caseexecutiontimes.
This provides the amount of static slack that is avail-
able,andthis valueis usedasthe scalingfactorto scalethe
frequeng accordingly Hence,the frequeng is set stati-
cally andis notchangedinlesshetasksetis changedCon-
sequentlythe DVS scheduleis invokedwhenatasksetis
releasedor execution(seeFigure3).

The remaining schemesare dynamic schedulingpoli-
cies:cycle-conservingndlook-aheadaswell asour feed-
backRT-DVS EDF

Findthelowestfrequeng f  with
= fenf 2 g e g
which satis esEDF: -

i=1:n

Figure 3. Static RT-DVS EDF

6.2. Cycle-Conseving RT-DVS EDF

In Cycle-ConservingRT-DVS (EDF), initially the task
setis scheduledbasedon the worst-casesxecutiontimes.
Whenonetaskin thetasksetcompletesthe systemutiliza-
tion is recomputedising the actualexecutiontimes of the
completedtask and the worst-caseexecutiontimes of the
remainingtasks(seeFigure4). Thisis repeatedvheneach

Uponreleaseof T;, setU; = (,;'— andselectfrequeng().
Uponcompletionof T; with actualexecutiontime cg,
setU; = % andselectfrequeng().
selectfrequeng: nd lowestf s.t. Ui
i=1:n

fx

T max

Figure 4. Cycle-Conser ving RT-DVS EDF

taskin the task setcompletesHence,the frequeng is re-



ducedby computingthe amountof dynamicslackdueto
early taskcompletionin additionto staticslack.Thus,the
DVS scheduleiis invoked upontaskreleasesand comple-
tions.

6.3. Look-Ahead RT-DVS EDF

This is the mostaggressie of thethreeDVS algorithms
by Pillai and Shin and exploits both static and dynamic
slack.The look-aheadschemedetermineduture computa-
tion needsanddeferstaskexecution.The cycle-conserving
schemaliscussedbove assumethe maximumfrequencies
initially until taskscompleteandthenreducegheoperating
frequeng andvoltage.

In contrastthelook-aheadschemdriesto deferasmuch
work aspossiblein a greedymanner It setsthe operating
frequeng to meetthe minimum work that mustbe com-
pletednow to ensureall future deadlinesaremet.n theory
thelook-aheadschememay necessitatéincreasedrequen-
ciesat a later stagein orderto completedeferredwork in
time. But actualexecutiontimesare usuallymuchsmaller
thanworst-casesxecutiontimes|[17]. This meansthat, on
the average earlier lower frequenciegypically do not re-
sultin later pressureforcing high frequenciesn orderto
meetdeadlinegseeFigureb).

Uponreleaseof T;,

setremainingtimec_left; = C; anddefer().
Uponcompletionof T;, setc_lef t; = 0 anddefer().
During executionof T;, decrement_left;.

deferexecution:
letU = Siis=0
i=1l:n I
for(i=0..ns.t.T; 2 fTy;:::; ThjD1 Dnho)
u=u &

Pi
x = max(0;cleft; (1 U)D; Dy))
U=U+ c_lef tj x

D; Dn
S= s+ X
endfor
selecifrequeng/(DncurrW)
selectfrequeng( ): nd lowestfy s.t.

Figure 5. Look-Ahead RT-DVS EDF

6.4. FeedbackRT-DVS EDF

This algorithmexploits bothdynamicandstaticslackin
anevenmoregreedymannetthanthelook-aheadlgorithm
discussedhbove. The algorithm anticipatesan actual exe-
cutiontime of eachtaskinvocationsimilar to the execution
time usedin previousinvocations.t thensplits the execu-
tion budgetof ataskinto two partsasdepictedn Figure6,

the anticipatedactualtime C, (scaledat the lowestpossi-
ble frequeng) andthe remainingtime Cg (scaledat max-
imum frequeng). All future tasksare deferredaslong as

TA B

f*~—— CAla—= CB —

Figure 6. Task Splitting

possibleusing a maximal (worst-case)schedulewhich is
relatedto the actualscheduleo derive the currently avail-
ableslacksy for taskk. Thus,

__ Ca

- Ca + Sk
indicatesthe scaling factor and the correspondingowest
possiblefrequeng usingselect _frequency( ) asin
Figure5. The algorithmis capableof capturingchangesn
actualexecutiontimesusinga PID-feedbackschemePre-
emptionsof thecurrenttaskhaveto beanticipatediia future
slot allocationsin the schedulamplementedn a backward
sweepto Il idle andearly completionslotsfrom a task’s
deadlinebackwards(seezZhu and Mueller for algorithmic
details[20]). Due to the even more greedyapproachthan
ary of thepreviousschemesghealgorithmis reportedo ex-
hibit additionalenegy savings, particularlyfor mediumuti-
lization systemswhich are quite common[5]. Even more
substantiabarings have beenobsened for uctuating ex-
ecutiontimes where PID-feedbackprovidesnewv opportu-
nities for aggressie scaling[20]. By evaluatingthis algo-
rithm on the 405LP we wantedto assesghe true poten-
tial for enegy savings in an actual systemas opposedto
a simulationervironment.Also, we wantedto determinef
the lower frequencieshosenby the feedbackschemeout-
weighsthehighercomputationabverheadequiredto make
schedulingdecisions.

7. Experimentation Methodology

The DVS algorithms (static, cycle-conserving,look-
aheadand our feedback)were exposedto the DVS capa-
bilities of the 405LPboard.Speci cally, the schedulingal-
gorithmscould choseary frequeng/voltagepair from the
setdepictedin Table 1. This setof pairs was constrained
by a needto have a commonPLL multiplier of 16 rel-
ative to the 33MHz baseclock and a divider of two or
ary multiple of 4. Changingthe multiplier resultsin addi-
tional overheadfor switching, which we wantedto elimi-
natein this study

In order to assesgpower consumption,we neededto
monitor processoicore voltageand currentat a high rate.



Setting 0 1 2 3 4
Frequeng (MHz) | 33 | 44 | 66 | 133 | 266
Voltage(Volts) | 1.0 1.0| 1.1| 1.3 | 1.7

Table 1. Valid Frequenc y/Voltage Pairs

Due to the rate requirementsjt was not feasibleto em-
ploy multimetersfor measuringhevoltagessincetheir pre-
cisionis generallylow andvery coarse-grainedlhe error
ratesin voltagereadingscouldalsoresultin measuringn-
correctvoltages.Hence,we useda high-frequeng analog
dataacquisitionboardto gatherdatafor (a) the processor
core voltageand (b) the processorcurrent. The latter was
measuredsa voltagelevel over a resistorwith a 1V drop
per360mA.Dataacquisitionallowedusto experimentwith
longerrunningapplicationgo assesshe enegy consump-
tion of the processarWe alsoemployedanoscilloscopédor
visualizingthe voltagesand currents,againwith high pre-
cisionin voltageandcurrentreadingsThe snapshoti the
oscilloscopeshotsdepict the phasejust after a simultane-
ousreleaseof all tasksat the beginningof ahyperperiod.

8. Results

We rst assessethe overheadof differentDVS tech-
niguessupportedy the testboardandthe dynamicpower
managemenrdxtensionf theoperatingsystemTable2 re-
ports the overheadfor synchronouswitching (by chang-
ing the DPM policy) in a time rangeboundedby two ex-
tremes:(a) Switching betweenadjacentfrequeng/voltage
levels and (b) switching betweenthe lowest and highest
levels. Furthermore the overheadfor initiating an asyn-
chronoussystemcall (by changingthe DPM task state)
leadingto aswitchandthesubsequerttandleroverheachre
reportedor arangeof the highestandthelowestprocessor
frequenciesThe resultsindicatethat a synchronoudVSs
switch delayingexecutionduring voltage/frequeng transi-
tion hasaboutanorderof amagnituddargeroverheadhan
a systemcall triggeringanasynchronouswitch whereex-
ecutionproceedsluringthe switchinginterval. The system
call is complementedby an interruptthat occurswhenthe
voltagehasrampedup sufciently , andthenew frequeng is
setin theinterrupthandler This handleroverheadcompa-
rableto asignalhandlerincreasesheoverheadf theasyn-
chronousapproactonly insigni cantly.

actiity
overhead

sync.DVS
117-162 sec

Table 2. DVS overhead

async.DVS
8-20 sec

signalhandling
0.07-0.6 sec

In a secondsetof experimentswe measuredhe power
of executingthreemediumutilization task setsdepictedin

Table 3. Task rst task setis harmonic,i.e., all periods
are integer multiples of the smallestperiod, which facili-
tatesscheduling.This often allows schedulingalgorithms
to exhibit anextremebehavior, typically outperformingary
otherchoiceof periods.The secondandthird tasksetsare
non-harmoniavith longerandshortemperiods respectiely.
Actual executiontimeswerehalf thatof the WCET for each
taskfor this experiment.

Eachof the previously discussedeal-time DVS algo-
rithm were subsequentlgxposedto executionunderthese
task sets.As a baselinefor comparisonwe also support
a ndve DVS schemewheretask executionandidle alter
nate betweenmaximumand minimum frequeng/voltage,
respectiely.

We executedtask setsone, two andthreefor ve, one
andsevenhyperperiod$or atotal of twelve,tenandtensec-
onds,respectiely. We measuredhe voltageandcurrentof
theprocessoduringthis time usingananalogdataacquisi-
tion board.This allowed usto integrateinstantpower con-
sumptionof the executiontime. We also performedall ex-
perimentgfor synchronougndasynchronou®VsS switch-
ing to assesshe savingsattributedto thelatter.

Table4 depictsthe enegy consumptiorin m\Watt-hours
of eachexperiment.The nave DVS algorithmsenesasa
basefor comparisondor eachof the subsequenbVs al-
gorithms. For task set one, static DVS reducesenegy
consumptiorby about29% over the ndave schemeCycle-
conservingsaves 47% enegy. Look-aheadRT-DVS saves
over 50%, and our feedbackmethodsaves about54% en-
ergy comparedto nave DVS. This clearly showvs the
tremendouspotential in enegy saings for real-time
scheduling.

Thesavingsfor eachalgorithmarelowerfor tasksettwo
peakingat about23% for our feedbackscheme As men-
tionedbefore,tasksetoneis harmonic,which typically re-
sultsin the bestscheduling(and enegy) resultssince ex-
ecutionis more predictable Tasksetthreelies in between
the othertwo with peaksavings of 37% for our feedback
scheme.

The resultsalso demonstratehat the overheadfor cal-
culationsinherentto schedulingalgorithmsis outweighed
by the potentialfor enegy savings. This is underlinedby
the increasingoverheadin executiontime for eachof the
schedulingalgorithms(from left to right in Table4) accom-
paniedby decreasing@negy consumption.

Another notewvorthy resultis the comparisonbetween
synchronousindasynchronou®VS switchingdepictedin
the last row for eachtask setin Table 4. For eachof the
schedulingalgorithms,we seeadditionalsavings of 1-5%
due to the ability to commencewith a task's execution
while frequeny and voltage are changing.We also ran
experimentswith task setsthat had an order of a magni-
tude smaller deadlinesand executiontimes. Surprisingly



TaskSetl TaskSet2 TaskSet3
task || Period(P;) | WCET (C;) || Period(P;) | WCET(C;) || Period(P;) | WCET (C;)
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|| nave DVS || staticRT-DVS | staticsave|| cycle-cons] c-c save || look-ahead|-a save || our feedbacK fdbk save |
TaskSetl

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%

sazings 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%

sazings 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

hrs] consumption per RT-DVS algorithm

thesynchronouss. asynchronousaving remainedapprox-
imately the same,even though DVS switchesoccur ten
timesasoften. Theseresultsseemto indicatethatthe bene-
t of continuousxecutionduringDVS switching,although
not negligible, is secondaryo trying to minimize the over
headof switchingitself.

We also comparedtask setstwo andthreein termsof
theirabsoluteenegy readingswhichis valid sincethey ex-
ecutedfor the sameamountof time (tenseconds)the same
actualto worst-casexecutiontime rationandthe sameuti-
lization, albeit at seven times more context switches.This
changes depictedin the lastrow of Table4 for the asyn-
chronouscase Not surprisingly theenegy with nave DVS
is about9% higherfor task setthreethanfor settwo due
to thehighercontext switchoverheadf thelatter Quitein-
terestinglythis overheadurnsinto areductionin enegy as
DVS schemedecomemore aggressie peakingat closeto
11%enepgy savings of tasksetthreerelative to settwo for
ourfeedbackscheme.

Finally, we performedtwo setsof experimentsto de-
pict voltageandcurrent uctuations on an oscilloscopeln
the rst experiment,the worst-caseexecutiontimes were
in ated comparedto the actualexecutiontimesto create
a considerableamountof dynamicslack that can be uti-
lized by some DVS algorithms (cycle-conservingJook-

aheadandourfeedbackmethod)In thesecondexperiment,
theactualexecutiontimesof thetaskswerevery closeto the
worst-casexecutiontimesusedby the schedulabilityanal-
ysis.

In eachcase,we ran threedifferenttask setswith high
(0.9), medium(0.5) andlow (0.1) utilization, respectiely.
In whatfollows, we brie y presenthe snapshotebtained
by the oscilloscopdor mediumutilizationandcommentbn
theindicationsof thoseresults.

8.1. Loosetask sets

Thesetasksetshave considerabl®f dynamicslackdues
to the fact that their WCETSs are in ated comparedto
their actualexecutiontimes.We experimentedvith a high,
mediumanda low utilization. While the absolutenumbers
differ for theseutilizations, the trendsare similar. 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 voltage and currentread-
ings are given by look-aheadDVS, which not only distin-
guishesnorelevelsbut alsoexhibits muchlower power lev-
els during load. The lowest resultswere obtainedby our
feedbackDVS, which defersexecutioneven more aggres-
sively thanary of the othermethods.However, our feed-



back schemecan only further reducepower consumption
occasionallyassufcient slackexiststo berecoveredby the

algorithmsof the previous schemesDynamicslackis re-

coveredin increasindevelsby thelatterthreeschemes.

8.2. Tight task sets

The actual executiontimes of thesetask setsare very
closeto the worst-casexecutiontimeswe presentedo the
schedulabilityandDV'S analysis Figure8 shovs amedium
utilizationtaskset.Staticvoltagescalingwill selectonesafe
frequeng basedon worst-casesxecutiontimesand retain
this frequeng throughoutthe execution.Static selectsthe
minimum frequeng/voltagepair (33 MHz @ 1 V) when
thereareno readytasksto run. Figure 8 indicatesthatlow

frequenciesare not often exhibited dueto the high utiliza-
tion of the systemandthetight executiontimes.

Cycle-conservindVS againshavs a morere ned volt-
age(and, hence frequeng) variation,albeit at only a few
levels, underload. It cannotlower the frequeny basedon
the actualexecutiontimes becauseheseare very closeto
theworst-casexecutiontimes.

Look-aheadhowever, dueto its moreaggressie nature,
cantake advantageof someamountof dynamicslackcre-
atedandlowerthefrequeng/voltagesThereis notmuchof
dynamicslackto recover. Infrequently it evenhasto over
comethe fact that the frequeny was lowered too much
in the pastby raisingthe voltageand frequeng to a level
even higher than the safe frequeng calculatedby static.

360mA
OmA
2V

v >t
(a) staticRT-DVS EDF

360mA
OmA
2V

v >t
(b) cycle-conservindRT-DVS EDF

360mA

OmA

2V

1V >t

(c) look-aheadRT-DVS EDF
360mA

OmA

2V

1V >t
(d) ourfeedbackRT-DVS EDF

Figure 7. Voltage/current oscilloscope shot
with loose task set: WCET = 2
Actual ExecTime; Util ization U = 0:5
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Figure 8. \oltage/current  oscilloscope
shot with tight task set: WCET =
Actual ExecTime; Util ization U = 0:5




Nonethelessthe cumulative savings are higher for look-
ahead.

Our feedback scheme shonvs even lower volt-
ages/frequenc than the look-aheadscheme,which il-
lustratesagainits ability to scalepower evenmoreaggres-
sively thanary of the previousschemesThetighterexecu-
tion timesillustratethis muchbetterthanthelooseronesin
Figure7. Hence the potentialfor feedbackis moresigni -
cantin systemsawith actualexecutiontimescloserto their
WCET.

The voltageand currentgraphsobtainedfrom an oscil-
loscopeclearly exhibit the expectedbehaior for the four
implementedVS algorithms.Thesegraphs togetherwith
the executiontracesof long-runningtask setsunderdiffer-
ent schedulingalgorithms,shoved no misseddeadlinesof
taskswhile lowering power whenever possible thusexper
imentallyvalidatingour implementatioraswell asthecho-
senschedulingalgorithms.

9. Conclusion

We successfullycreatedaninfrastructurefor investigat-
ing hard real-time DVS schemeson the IBM PowverPC
405LPwith the task schedulingperformedon an EDF ba-
sis.Theresultsindicatebene tsin enegy reductionof upto
5% for fastDVS modulationwithout enteringsleepmodes,
i.e., by continuingwith the executionof applicationcode
while switchingbetweenvoltages/frequencielVe assessed
the bene ts quantitatvely by determiningthe enegy con-
sumptionover the hyperperiof real-timetasksfor differ-
ent algorithmsand found that aggressie schedulingalgo-
rithms that modulateprocessownoltageandfrequeng can
achieve upto 54%reductionin enegy consumptiorfor pe-
riodic real-timetasksets.
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