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Abstract

We considetthe problemof schedulinghemixedworkloadof both
sporadic(on-line) andperiodic(off-line) taskson variablevoltage
processoto optimize power consumptionwhile ensuringthat all
periodictasksmeettheir deadlinesandto accepiasmary sporadic
tasks,which canbe guaranteedo meettheir deadlinesas possi-
ble. The proposecefficient algorithmsresultin the schedulingso-
lutions, which are very closeto the minimum boundachieable
with the dynamicallyvariablevoltageapproachThe effectiveness
of theproposedlgorithmsis shavn on extensve experimentswith
real-life designexamples.

1 Introduction

The growing classof portablesystemssuchaspersonalcomput-
ing andcommunicatiordevices,demandglata-and computation-
intensve functionalitieswith low powver consumption.In this pa-
per, wetargetsynthesiof application-specifisystem-on-chigvith
variablevoltageprocessocore mainlyfocusingonprocessopower
optimization. The distribution of pawer dissipationby the compo-
nentsof application-specifisystem-on-chiglepend®n the actual
applicationgunningon the system However, extensve studiesin-
dicatethat the power consumptionof the processorlccountsfor
significantportionof the overall powver consumptiorf1].
Themosteffective way to reducepower consumptiorof a pro-
cessorcore in CMOS technologyis to lower the supply voltage
level, which exploits thequadratiadependencef pover onvoltage
[2]. Reducingthe supplyvoltagehowever increasegircuit delay
anddecreaseslock speed.Theresultingprocessocoreconsumes
lower averagepower while meetingthe deadlines.Unfortunately
thistechniquas ineffective whentight deadlinesrepresentn sys-
tems. Anotherpower optimizationtechniquefor processorcores
is the predictve systemshutdevn [7, 14]. The predictive system
shutdevn technique thoughusableeven in the presenceof tight
deadlinesjs inferior to the supplyvoltagereductiontechniquefor
the casesvhenbothtechniquesanbe applied. Thelimitations of
thetechniguesrisedueto thefactthat systemsaredesignedvith
afixedsupplyvoltage.The supplyvoltagereductiontechniqueat-
temptsto find a singleoptimalvoltagelevel for theentireprocessor
operationwhile thepredictive systenshutdevn techniquenakesa
binaryruntimedecisionwhetherto turn on or off the power supply
Recentadwancesin power supplytechnologyalongwith cus-
tom andcommercialCMOS chipsthatarecapableof operatingre-
liably over a rangeof supplyvoltagesmale it possibleto create
processocoreswith supplyvoltagethatcanbevariedat runtime
accordingto applicationtiming constraintd12, 15]. The variable
voltageprocessocorecanoperatetdifferentoptimalpointsalong
its power vs. speedcurve in orderto achieze muchhigherenegy
efficiengy thanexistingtechniquegor awider classof applications.

A hardreal-timesystentypically hasa mixture of off-line and
on-lineworkloads. The off-line requestsupportthe normalfunc-
tions of the systemwhile the on-linerequestaresporadidasksto
handleexternaleventssuchasoperatocommandsndrecovery ac-
tions,whichareusuallyunpredictableThisunpredictabl@atureof
theexternaleventsmalkeson-lineschedulindifficult. Supplyvolt-
agereductiontechniques inapplicablebecauseve do nothave the
completeknowledgeof the sporadictasks,whenthe decisionfor
the voltagelevel is made. The predictive systemshutdevn tech-
niguecanbeapplied,but thedifficulty of estimatinghefutureidle
timeswithout the completeknowvledgeof the on-linetasks[7, 14]
rendersthe techniqueineffective. In this paper we considerthe
problemof preemptiely schedulinghis mixed workloadon vari-
able voltage processotto optimize pover consumptionwhile en-
suringthatall off-line requestsneettheir deadlinesandto accept
asmary sporadicrequestsyhich canbe guaranteedo meettheir
deadlinesaspossible.

Toillustratethekey pointof theproposedlynamicallyvariable
voltageapproachwe considera setof tasks,shavn in Tablel, as
a motivationalexample. Five independentomputations’s, Tz,
Tc, Tp andTr needto be executedon an embeddedrocessor
core.ThetasksT's andT's areperiodicwhile theotherthreetasks
aresporadic.The deadlinedor the periodictasksT4 andTs are
relative to their periods. Eachtask can be executedimmediately
afterits arrival andmustbe finishedby its deadline.

[ task ] arrival | deadline| period | executiontimeat3.3V |

A 0 10 10 2
B 0 20 20 2
C 5 15 - 1
D 5 10 - 4
E 11 18 - 1

Table 1: The characteristic®f the 5 tasksusedto illustrate the
motivationfor dynamicallyvariablevoltageapproach.

Assumethe maximumsupply voltageto be (Viq)rer = 3.3
volts. Pawver is normalizedto its valueat the referencepoint, i.e.,
P(3.3 volts) = 1 Watt. Reducingsupply voltageresultsin in-
creasectircuit delay andto a goodaccurag, the circuit delayis
givenby k& x (vd:%dvm whereV; is the thresholdvoltage,andk
is a constanf?]. We assumea typical value of 0.8 volts for the
thresholdvoltage. The systemconsumed W att whenno power
reductiontechniquesare applied. We nowv considerthe applica-
tion of the predictive systemshutdevn techniqueanddynamically
variablevoltageapproach. When applying the predictve system
shutdavn technique,we assumethe completeknowledge of the
idle periods,which will resultin bestimprovementfor the tech-
nique. The Earliest-Deadline-FirgEDF) schedulingalgorithmis
usedfor bothtechniquesinceEDFis theoptimalalgorithmfor the
preemptve dynamicpriority schedulingoroblem[11].

Figure 1l shavs the schedulingsolutionsfor the predictve sys-
temshutdevn techniqgueanddynamicallyvariablevoltageapproach.
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Figurel: Schedulingsolutionsfor the predictive systemshutdavn
techniqueanddynamicallyvariablevoltageapproach

With thepredictive systenshutdevn techniquethesystenmwill
operateat V4 = 3.3 volts. All thetasksareexecutedin thein-
tenals [0, 4] and[5, 13]. The processocanbe shutdown for the
intenvals [4,5] and[13, 20] andthenbe resumedor the next peri-
odictasks.Theduty cycle of the processors 60 %, sotheaverage
power consumptioris 0.6 W atts.

With thevariablevoltagehardware,onecanschedulghetasks
suchthatthe power consumptioris minimizedunderthe assump-
tion of noknowledgeof thearrival timesof thesporadidasks.The
averagepower consumptionis now 0.38 Watts, which is 37 %
lower thanthatof the predictive systemshutdevn technique.

With the completeknowledgeof the arrivals of sporadictasks,
the optimal strateyy is to setthe supplyvoltageto the singlemin-
imum voltageall the time suchthat all the tasksjust meettheir
deadline. In this example,for the time intenal [0,20], the opti-
mal voltageis 2.48 volts, correpondingo the 60 % of the highest
processoispeed which resultsin averagepower consumptionof
0.34Watts. Thisis the lowestboundwe canachieve without as-
sumingary knowledgeof thearrivals of sporadictasks.

Therestof thepaperis organizedn thefollowing way. Section
2 presentghe relatedwork. Section3 provides the background
materialonvariablevoltagesystemshardreal-timeschedulingand
our experimentaplatform. In Sectionst and5, several scheduling
algorithmsare proposedor the variousschedulingproblemsand
experimentadataarepresentedo evaluatethe effectivenesof the
proposedalgorithms.The paperis concludedn Section6.

2 Related Work

Wereview theresearchiesultsrelevantto low power systembased
ondynamicallyvariablevoltagehardware. At thetechnologylevel,
severalresearcherfl2, 15] have developedefficient DC-DC con-
vertersthatallow the outputvoltageto be rapidly changedunder
externalcontrol. At the hardware designlevel, researctwork has
beenperformedon chipswith dynamicallyvariablesupplyvoltage
that canbe adjustedbasedon processandtemperaturevariations,
andprocessingoad[5]. A numberof behaioral synthesisesearch
groupshave addressethe useof multiple (in their softwareimple-
mentatiorrestrictedo two or three)differentvoltageq3, 8, 10, 13].

Schedulingstratgiesfor adjustingCPUspeedo reducepower
consumptiorhave beenproposednostlyin the context of non-real-
time workstation-lile ervironment[4]. Yao, Demersand Shenler
[17] have providedanoptimalpreemptie off-line real-timeschedul-
ing algorithmfor a setof independentaskswith arbitraryarrival
times and deadlineson a variable speedprocessor Several re-
searcherdiave also addressedhe issueof power in event-driven
systems,and proposedvarioustechniquesor shuttingdown the
systemor partsof thesystem[7, 14].

Hong et al. [6] describesa designmethodologyfor the real-
time system-on-chigbasedon dynamicallyvariable voltage pro-
cessorcoreand pravidesan off-line schedulingheuristicfor non-
preemptie hardreal-timetasksin additionto the selectionof the

processorcore and the determinationof the instructionand data
cachesize and configuration. In this paper we develop several
on-line preemptie schedulingalgorithmsfor mixed workload of
on-lineandoff-line taskson variablevoltageprocessoto optimize
power consumptionwhile ensuringthatall off-line requestsmeet
their deadlinesandto acceptasmary on-line requestsyhich can
beguaranteedb meettheirdeadlinesaspossible.

3 Preliminaries

Thevariablevoltageis generatedby the DC-DC switchingregula-
torsin thepower supply [12, 15] reportecefficient DC-DC switch-
ing regulatorswith fasttransitiontimes. The clock frequeng also
takestime to stabilizeat the new value. Thetime overheadassoci-
atedwith voltageswitchingis on theorderof 10 cyclesin amicro-
processofl12, 15]. This overheads neagligible sincethe computa-
tion itself cancontinueduringthevoltageandfrequeng transition.

Therearetwo typesof hardreal-timetasks:periodicandspo-
radictasks. EachperiodictaskT;(C;, D;, P;) is characterizedby
its worst-caseomputatiortime C; atthereferenceghighest)volt-
age,harddeadlineD;, andperiod P;. Thereadytimesof thetasks
occurperiodicallywith periodP;, theperiodof thetaskT;. In most
casesthe deadlinesareassumedo be equalto the periods. Each
sporadidasksS;(A;, C;, D;) is characterizedy its arrival time A;,
worst-caseomputatiortime C; atthereferencevoltage,andhard
deadlineD;. The parameterof a sporadictask becomeknown
whenthetaskarrives. On-line schedulingalgorithmsfocuson dy-
namicallyperformingfeasibility checks.Whena sporadidaskar
rives, an acceptanceestis performedto checkif the taskcanbe
scheduledo meetits deadlineandall the tasksalreadyscheduled
arestill guaranteedo meettheir deadlines.We assumehat spo-
radictaskswhich cannotbe feasiblyscheduledat the arrival times
of thetasksarenotacceptedy thescheduler

We assumehattheconfiguratiorof thesystem-on-chijs given.
For experimentsyve usethesystemconfigurationgrovidedby [6].
For periodictaskswe usethe variousmixesof the nine public do-
mainbenchmarkspartof the MediaBencH?9]. For sporadicasks,
we usel0smallcustomprogramsWe usethetechniquedescribed
in [6] for computingthe worst-casexecutiontimesof thetaskson
thesystem-on-chip.

4 Variable Voltage Scheduling for Sporadic Tasks

In this Section,we considera specialcase,whereonly sporadic
(on-line)tasksarrive to the system.

4.1 Acceptance Test

Thereadytime of eachsporadictaskis the instantof arrival of the
task. Welet S = {S;(4;,C;,D;) : 1 < i < m} denotethe
streamof thetasksthathave beenacceptedut uncompletectthe
time t whenan acceptanceestis to be carriedout. We present
an acceptanceestalgorithmwhoserunningtime is O(m). The
tasksin S areindexedin ascendingrderof their deadlines.They
arestoredin apriority queue Let RC(S;, t) denotethe unfinished
portionof theworst-casexecutiontime atthe highestspeedf the
task.S; atthetimet. We keeptrack of the maximumutilization
factorof theprocessaqrU (t), attime ¢t whichis definedasU; (t) =

7 RO(S;,t
Z=D7_,f) andU (t) = maevi1....mU; (1).

If U(t) > 1, thesetS cannotbefeasiblyschedule@venatthe
highestspeedusing the EDF schedulingalgorithm. When Sy,
arrives,we updateRC(S1, t) for thecurrentlyrunningtaskS; and
computea nev U(t) includingthe new tasksothatif U(t) > 1,
Snhew isnotacceptedlt is easyto seethatit takesO(m) tocompute
U(t) in theworstcase.Note thatwe needto recomputeJ; (t) for
thetaskS; suchthatD; > Dyey

4.2 VariableVoltage Scheduling

The schedulemaintainsa priority task queuein which tasksare
orderedon the EDF basis. In the beginning, thereis no taskin



the task queue. A schedulingdecisionis madewheneer ary of
the following two eventsoccurs: (i) Event1: a new sporadictask
arrivesandis acceptedo the systemby theacceptanceestand(ii)
Event 2: thecurrenttaskcompletests execution.WhenanEvent 1
occurs,the schedulemupdateshe optimal voltagescheduleof the
processofor all thetasksincludingthe new onein thetaskqueue.
The variablevoltage schedulingalgorithmis shavn in Figure 2.
Whenan Event 2 occurs,the completedaskis removed from the
task queueandwe executethe task at the headof the taskqueue
following the currentvoltageschedule.

Beforewe presenainoptimalvariablevoltageschedulingalgo-
rithm, we presensometheoreticaresultson the shape®of optimal
solutions. The algorithmis optimal whenwe have no knowledge
of the arrivals of sporadictasks.Lemmal shavs thatthe optimal
voltagevalueof ataskwith earlierdeadlineshouldbelargerthanor
equalto thatof the othertaskwith later deadline.All proofshave
beenomitteddueto spacdimitation.

ST S Algorithm

Input: Currenttime ¢ andthe sortedsetS of them tasksin the
systemincludingthe new task.

1. Repeat {

> RO

2. ComputeU;(t) = % for all
tasksin thesetS;

3. ComputeU(t) andfind k suchthatU(t) = Uy (),
wherek is themaximumvalueif thereareties;

4. Schedulenly thetasksin [¢, Dy] atthevoltage
correspondingo processospeed/ (t) andremove
thetasksfrom thesetS;

5. Lett = Dy;

6. } Until (thesetS is empty);

Figure2: Pseudacodeof the on-line schedulingalgorithmcalled
ST S Algorithm for sporadidaskson variablevoltageprocessor

Lemma 1. Giventhe m sporadictasksS; = (A;, C;, D;) with

A; = A, i = 1,---,m, sortedin the increasingorder of their
deadlinesthe power optimalvoltagesV;, i = 1, - - -, m, for them
tasksarenonincreasing,e.,V; > V;41,Vi=1,...,m—1, where

A is constant.

Lemmal immediatelyimpliesthatthefollowing theoremholds.
Theorem 1. Theoptimalvoltageschedulés in a“downstair’shape
andatthe edgeof each‘stair”, ataskcompletestits deadline.

Theoreml leadsto the optimalalgorithmcalledST S (Sporadic
Task Scheduling)Algorithm whoserunningtime is O(m). Note
thatthe algorithmalwaysguaranteesll the acceptedasksby the
acceptancéestto bescheduledo meettheir deadlines.

4.3 Experimental Results

To quantifythe benefitsof the proposedapproactover the predic-
tive systemshutdevn approachwe performeda numberof sim-
ulationsto comparethe power consumptiorunderthe two strate-
gies. We comparedthe STS algorithm with the predictve sys-
tem shutdevn techniqueandthe MIN algorithm, which givesus
the minimum boundfor dynamically variable voltage approach.
The predictive systemshutdevn techniqueassumeshe complete
knowledge of the idle periodswhile the MIN algorithmassumes
thecompleteknowledgeof thearrivals of sporadidasks.

We variedtheaverageprocessoutilizationfrom thelight work-
loadto heary workload. Theidealizedpredictive systemshutdavn
techniqueachievesexactly half of theoriginal pover consumption.
TheMIN algorithmresultsin asinglevoltagesolutioncorrespond-
ing to the averageminimumrequiredprocessospeedo meetthe
deadlinef the tasks.We obsere thatthe pover consumptiorof
the solutionsof STS algorithmis closeto that of the solutionsof
MIN algorithm.
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Figure 3: Dynamically variable voltage approachvs. Predictve
systenshutdeovn techniqueSimulationresults

5 VariableVoltage Schedulingfor Periodicand Spo-
radic Tasks

In this Section,we considera case whereperiodic(off-line) tasks
aswell assporadidasksarrive to the system.

5.1 Acceptance Test

When a new sporadictask Sr.., arrives, the task is acceptedf
the schedulercan schedulehe requestto meetits deadlinewith-
outcausingary offline taskor previously acceptedporadiaequest
to missits deadlineusingthe highestspeedof the processorThis
problemhasheenstudiedoy mary researcheris real-timeschedul-
ing researclttommunity Tia etal. [16] propose@nacceptanceest
whosetime compleity is O(n+m). Theefficieng of thetestwas
attainedby carefully exploiting the propertieof the EDF schedul-
ing andperiodictasks aswell asby maintainingsimpleandeasyto
updatedatastructures This algorithmassumeshat sporadictasks
spanno morethanonehyperperiodof the periodictasks. We use
their techniquefor acceptanceest.

5.2 VariableVoltage Scheduling

We presenttwo algorithmsfor this problem. The two algorithms
are basedon the similar ideasusedfor STS algorithm. The first
algorithm called OPAST S (Optimal PeriodicAnd SporadicTask
Scheduling)Algorithm is optimal whenwe have no knowledge
of the arrivals of sporadictasks. OPASTS Algorithm hastime
compleity of O(N + m), where N is the total numberof re-
questsin eachhyperperiodof the n periodictasksin the system
and m is the numberof sporadictasksthat have beenaccepted
but uncompletedat the time whena schedulingdecisionis made.
Since N dependn the periodsof the tasks,this time complex-
ity is pseudo-polynomialSinceon-line schedulingdecisionshave
to be madeefficiently, we proposethe secondalgorithm called
HPAST S (HeuristicPeriodicAnd SporadicTask Scheduling)Al-
gorithmwhosetime compleity is O(m). HPASTS Algorithm is
notoptimal, but efficientandeffective.

We definethe utilization factor Uma.. (T') to bethefractionof
processottime to be spentin the executionof the tasksetT of
n periodictasks. It is easyto seethat Upas(T) = .7, %
for the n periodictasksin the setT’. Whenthereareno sporadic
tasksacceptedo the system the processospeedshouldbe setto
Umaz (T)

5.21 Optimal Algorithm

We definethe setR(t) to bethesetof ! periodictasksin eachhy-
perperiodwhich hasnot beencompletedat thetime t. We usesS;
andR; to referto anindividual sporadidaskandperiodictask,re-
spectvely. We definethesetW to betheunionof thesetsS andR.
Thetasksin thesetW = {W; : 1 <14 < 1+m} areindexedin the
ascendingrderof their deadlines We assumehat sporadictasks
spanno morethanonehyperperiodf the periodictasks. The ex-
tensionof the proposedlgorithmshouldbe straightforvard, when



thisassumptiomloesnothold. Whenall theperiodictasksn W are
completedall NV periodictasksin anothethyperperiodareinserted
in W. ThesetW canhave atmostN + m tasksatall times.
Lemma 2. Giventhem sporadidtasks,and! periodictasksin the
hyperperiodvhich have notbeencompletedW; = (A;, Ci, D;),

i =1,---,1 + m, sortedin theincreasingrderof their deadlines,
the power optimal voltagesV;, ¢ = 1,-- -, m, for thel + m tasks
arenonincreasing,e.,V; > Vi41,Vi=1,...,l+ m —1.

Lemma2 immediatelyimpliesthatthefollowing theoremholds.
Theorem 2. Theoptimalvoltageschedulés in a“downstair’shape
andatthe edgeof each‘stair”, ataskcompletestits deadline.

Theoren® leadsto theoptimalalgorithmcalledOPAST S (Op-
timal PeriodicAnd SporadicTask Scheduling)Algorithm whose
runningtimeis O(N + m).

5.2.2 Heuristic Algorithm

HPAST S Algorithm is basedon ST S Algorithm for only sporadic

tasks. Theonly differenceexists whencomputingU; (¢) suchthat
: i RC(Sih)

for HPASTS Algorithm, U;(t) = Umae(T) + ==——

j—t

7 RC(S;t)

while for STS Algorithm, U; (t) = &=4=L——. If theresult-
J

ingU(t) > 1, wesetU(t) to bel. It is easyto seethatthevoltage
scheduleobtainedby HPAST S Algorithm yields a feasiblesched-
ule sincethe schedulereseres enoughprocessospeed,assum-
ing the worst case that all periodicand sporadictasksmeettheir

deadlines. The time complity of HPAST S Algorithm depends
linearly on thenumberof sporadidasksin thesystem.

5.3 Experimental Results

We comparedhe OPAST S andHPAST S algorithmswith the pre-
dictive systemshutdevn techniqueandthe MIN algorithm,which
givesusthe minimum boundfor dynamicallyvariablevoltageap-
proach. The predictive systemshutdevn techniqueassumeghe
completeknowledgeof the idle periodswhile the MIN algorithm
assumeshe completeknowledgeof thearrivals of sporadidasks.
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Figure 4. Dynamically variablevoltage approachvs. Predictve
systemshutdevn technique Simulationresults

We variedtheaverageprocessoutilizationfrom thelight work-
load to heary workload. The workload by the periodictasksac-
countedfor betweer80-70% of thetotal workload. Theidealized
predictive systemshutdevn techniqueachievesexactly half of the
originalpowerconsumptionTheM I N algorithmresultsn asingle
voltage solution correspondingo the averageminimum required
processospeedo meetthe deadlinef the tasks. Similar asthe
workloadwith only the sproadictasks,we obsere thatthe powver
consumptiorof thesolutionsof OPAST S algorithmis closeto that
of the solutionsof MIN algorithm. HPAST S algorithmproduces
solutionscloseto thoseof OPAST S algorithm, which consumed
15 % morepower on average.

6 Conclusion

We proposedseveral on-line schedulingalgorithmsfor scheduling
the mixed workload of both sporadic(on-line) and periodic (off-

line) hardreal-timetaskson variablevoltageprocessoto optimize
powerconsumptiorwhile ensuringhatall periodictasksmeettheir
deadlinesandto acceptasmary sporadidaskswhich canbeguar
anteedo meettheir deadlinesaspossible.The proposecefficient
algorithmsresultin the schedulingsolutionsfor variousscheduling
scenariosandworkloads,which arewithin 20 % of the minimum
boundachiezablewith the dynamicallyvariablevoltageapproach.
The effectivenes®f the proposedalgorithmswasshavn on exten-
sive experimentswith numerouseal-life designscenarios.
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