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Abstract
Weconsidertheproblemof schedulingthemixedworkloadof both
sporadic(on-line)andperiodic(off-line) taskson variablevoltage
processorto optimizepower consumptionwhile ensuringthat all
periodictasksmeettheirdeadlinesandto acceptasmany sporadic
tasks,which canbe guaranteedto meettheir deadlines,aspossi-
ble. Theproposedefficient algorithmsresultin theschedulingso-
lutions, which are very closeto the minimum boundachievable
with thedynamicallyvariablevoltageapproach.Theeffectiveness
of theproposedalgorithmsis shown onextensiveexperimentswith
real-lifedesignexamples.

1 Introduction
The growing classof portablesystems,suchaspersonalcomput-
ing andcommunicationdevices,demandsdata-andcomputation-
intensive functionalitieswith low power consumption.In this pa-
per, wetargetsynthesisof application-specificsystem-on-chipwith
variablevoltageprocessorcore,mainlyfocusingonprocessorpower
optimization.Thedistributionof power dissipationby thecompo-
nentsof application-specificsystem-on-chipdependson theactual
applicationsrunningon thesystem.However, extensive studiesin-
dicatethat the power consumptionof the processoraccountsfor
significantportionof theoverall powerconsumption[1].

Themosteffective way to reducepower consumptionof apro-
cessorcore in CMOS technologyis to lower the supply voltage
level, whichexploitsthequadraticdependenceof poweronvoltage
[2]. Reducingthe supplyvoltagehowever increasescircuit delay
anddecreasesclockspeed.Theresultingprocessorcoreconsumes
lower averagepower while meetingthe deadlines.Unfortunately,
this techniqueis ineffectivewhentight deadlinesarepresentin sys-
tems. Anotherpower optimizationtechniquefor processorcores
is the predictive systemshutdown [7, 14]. The predictive system
shutdown technique,thoughusableeven in the presenceof tight
deadlines,is inferior to thesupplyvoltagereductiontechniquefor
thecaseswhenbothtechniquescanbeapplied.Thelimitationsof
thetechniquesarisedueto thefact thatsystemsaredesignedwith
a fixedsupplyvoltage.Thesupplyvoltagereductiontechniqueat-
temptsto find asingleoptimalvoltagelevel for theentireprocessor
operation,while thepredictivesystemshutdown techniquemakesa
binaryruntimedecisionwhetherto turnonor off thepowersupply.

Recentadvancesin power supplytechnologyalongwith cus-
tomandcommercialCMOSchipsthatarecapableof operatingre-
liably over a rangeof supplyvoltagesmake it possibleto create
processorcoreswith supplyvoltagethatcanbevariedat run time
accordingto applicationtiming constraints[12, 15]. Thevariable
voltageprocessorcorecanoperateatdifferentoptimalpointsalong
its power vs. speedcurve in orderto achieve muchhigherenergy
efficiency thanexistingtechniquesfor awiderclassof applications.

A hardreal-timesystemtypically hasa mixtureof off-line and
on-lineworkloads.Theoff-line requestssupportthenormalfunc-
tionsof thesystemwhile theon-linerequestsaresporadictasksto
handleexternaleventssuchasoperatorcommandsandrecoveryac-
tions,whichareusuallyunpredictable.Thisunpredictablenatureof
theexternaleventsmakeson-lineschedulingdifficult. Supplyvolt-
agereductiontechniqueis inapplicablebecausewedonothave the
completeknowledgeof the sporadictasks,whenthe decisionfor
the voltagelevel is made. The predictive systemshutdown tech-
niquecanbeapplied,but thedifficulty of estimatingthefutureidle
timeswithout thecompleteknowledgeof theon-linetasks[7, 14]
rendersthe techniqueineffective. In this paper, we considerthe
problemof preemptively schedulingthis mixedworkloadon vari-
ablevoltageprocessorto optimizepower consumptionwhile en-
suringthatall off-line requestsmeettheir deadlinesandto accept
asmany sporadicrequests,which canbeguaranteedto meettheir
deadlines,aspossible.

To illustratethekey pointof theproposeddynamicallyvariable
voltageapproach,we considera setof tasks,shown in Table1, as
a motivationalexample. Five independentcomputations��� , ��� ,��� , ��� and ��	 needto be executedon an embeddedprocessor
core.Thetasks��� and ��� areperiodicwhile theotherthreetasks
aresporadic.The deadlinesfor theperiodictasks� � and � � are
relative to their periods. Eachtaskcanbe executedimmediately
afterits arrival andmustbefinishedby its deadline.

task arrival deadline period executiontimeat 3.3V
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 characteristicsof the 5 tasksusedto illustrate the
motivationfor dynamicallyvariablevoltageapproach.

Assumethe maximumsupply voltageto be 
������������������ �
volts. Power is normalizedto its valueat thereferencepoint, i.e.,� 
���� �! #"%$'&�()�*�,+ Watt. Reducingsupply voltageresultsin in-
creasedcircuit delayandto a goodaccuracy, the circuit delay is
givenby -/. 0)1�12 0 1�1�3 054�687 , where �:9 is the thresholdvoltage,and -
is a constant[2]. We assumea typical valueof ;�� <= #"�$'&�( for the
thresholdvoltage. Thesystemconsumes+?>A@B&C& whenno power
reductiontechniquesare applied. We now considerthe applica-
tion of thepredictive systemshutdown techniqueanddynamically
variablevoltageapproach.Whenapplyingthe predictive system
shutdown technique,we assumethe completeknowledgeof the
idle periods,which will result in bestimprovementfor the tech-
nique. TheEarliest-Deadline-First(EDF) schedulingalgorithmis
usedfor bothtechniquessinceEDFis theoptimalalgorithmfor the
preemptive dynamicpriority schedulingproblem[11].

Figure1 shows theschedulingsolutionsfor thepredictive sys-
temshutdown techniqueanddynamicallyvariablevoltageapproach.
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Figure1: Schedulingsolutionsfor thepredictive systemshutdown
techniqueanddynamicallyvariablevoltageapproach

With thepredictivesystemshutdown technique,thesystemwill
operateat �����H��� �= #"�$'&�( . All the tasksareexecutedin the in-
tervals [0, 4] and[5, 13]. Theprocessorcanbeshutdown for the
intervals [4,5] and[13, 20] andthenberesumedfor thenext peri-
odic tasks.Thedutycycle of theprocessoris 60 %, sotheaverage
power consumptionis ;�� I*>J@#&K&�( .

With thevariablevoltagehardware,onecanschedulethetasks
suchthat thepower consumptionis minimizedundertheassump-
tion of noknowledgeof thearrival timesof thesporadictasks.The
averagepower consumptionis now ;�� �%<L>J@#&K&�( , which is 37 %
lower thanthatof thepredictive systemshutdown technique.

With thecompleteknowledgeof thearrivalsof sporadictasks,
theoptimalstrategy is to setthesupplyvoltageto thesinglemin-
imum voltageall the time suchthat all the tasksjust meettheir
deadline. In this example,for the time interval [0,20], the opti-
mal voltageis M#� NO<* #"�$'&�( , correpondingto the60 % of thehighest
processorspeed,which resultsin averagepower consumptionof;B� ��N#>A@B&C&�( . This is the lowestboundwe canachieve without as-
sumingany knowledgeof thearrivalsof sporadictasks.

Therestof thepaperis organizedin thefollowing way. Section
2 presentsthe relatedwork. Section3 provides the background
materialonvariablevoltagesystems,hardreal-timeschedulingand
our experimentalplatform. In Sections4 and5, severalscheduling
algorithmsareproposedfor the variousschedulingproblemsand
experimentaldataarepresentedto evaluatetheeffectivenessof the
proposedalgorithms.Thepaperis concludedin Section6.

2 Related Work
Wereview theresearchresultsrelevantto low powersystemsbased
ondynamicallyvariablevoltagehardware.At thetechnologylevel,
several researchers[12, 15] have developedefficient DC-DC con-
vertersthat allow the outputvoltageto be rapidly changedunder
externalcontrol. At the hardwaredesignlevel, researchwork has
beenperformedonchipswith dynamicallyvariablesupplyvoltage
that canbe adjustedbasedon processandtemperaturevariations,
andprocessingload[5]. A numberof behavioral synthesisresearch
groupshaveaddressedtheuseof multiple (in theirsoftwareimple-
mentationrestrictedto twoor three)differentvoltages[3, 8, 10, 13].

Schedulingstrategiesfor adjustingCPUspeedto reducepower
consumptionhavebeenproposedmostlyin thecontext of non-real-
time workstation-like environment[4]. Yao,DemersandShenker
[17] haveprovidedanoptimalpreemptiveoff-line real-timeschedul-
ing algorithmfor a setof independenttaskswith arbitraryarrival
times and deadlineson a variable speedprocessor. Several re-
searchershave alsoaddressedthe issueof power in event-driven
systems,and proposedvarioustechniquesfor shuttingdown the
systemor partsof thesystem[7, 14].

Hong et al. [6] describesa designmethodologyfor the real-
time system-on-chipbasedon dynamicallyvariablevoltagepro-
cessorcoreandprovidesan off-line schedulingheuristicfor non-
preemptive hardreal-timetasksin additionto the selectionof the

processorcore and the determinationof the instructionand data
cachesize and configuration. In this paper, we develop several
on-line preemptive schedulingalgorithmsfor mixed workloadof
on-lineandoff-line tasksonvariablevoltageprocessorto optimize
power consumptionwhile ensuringthat all off-line requestsmeet
their deadlinesandto acceptasmany on-linerequests,which can
beguaranteedto meettheirdeadlines,aspossible.

3 Preliminaries
Thevariablevoltageis generatedby theDC-DC switchingregula-
torsin thepowersupply. [12, 15] reportedefficientDC-DCswitch-
ing regulatorswith fasttransitiontimes. Theclock frequency also
takestime to stabilizeat thenew value.Thetime overheadassoci-
atedwith voltageswitchingis on theorderof 10cyclesin amicro-
processor[12, 15]. This overheadis negligible sincethecomputa-
tion itself cancontinueduringthevoltageandfrequency transition.

Therearetwo typesof hardreal-timetasks:periodicandspo-
radic tasks.Eachperiodictask ��P�
�QRP�S�TUP�S � P�� is characterizedby
its worst-casecomputationtime Q P at thereference(highest)volt-
age,harddeadlineT=P , andperiod

� P . Thereadytimesof thetasks
occurperiodicallywith period

� P , theperiodof thetask� P . In most
cases,the deadlinesareassumedto be equalto the periods.Each
sporadictask VWP�
�XYPKSZQRP�S�T=PC� is characterizedby its arrival time X*P ,
worst-casecomputationtime Q P at thereferencevoltage,andhard
deadline T=P . The parametersof a sporadictask becomeknown
whenthetaskarrives.On-lineschedulingalgorithmsfocuson dy-
namicallyperformingfeasibility checks.Whena sporadictaskar-
rives,an acceptancetest is performedto checkif the taskcanbe
scheduledto meetits deadlineandall the tasksalreadyscheduled
arestill guaranteedto meettheir deadlines.We assumethat spo-
radictaskswhich cannotbefeasiblyscheduledat thearrival times
of thetasksarenotacceptedby thescheduler.

Weassumethattheconfigurationof thesystem-on-chipisgiven.
For experiments,weusethesystemconfigurationsprovidedby [6].
For periodictasks,weusethevariousmixesof theninepublicdo-
mainbenchmarks,partof theMediaBench[9]. For sporadictasks,
weuse10smallcustomprograms.Weusethetechniquedescribed
in [6] for computingtheworst-caseexecutiontimesof thetaskson
thesystem-on-chip.

4 Variable Voltage Scheduling for Sporadic Tasks
In this Section,we considera specialcase,whereonly sporadic
(on-line)tasksarrive to thesystem.

4.1 Acceptance Test
Thereadytimeof eachsporadictaskis theinstantof arrival of the
task. We let VH�\[�VWP�
�XYPKSZQRP�S�T=PC�/]^+`_bac_ed/f denotethe
streamof thetasksthathave beenacceptedbut uncompletedat the
time & when an acceptancetest is to be carriedout. We present
an acceptancetestalgorithmwhoserunning time is gh
idc� . The
tasksin V areindexed in ascendingorderof their deadlines.They
arestoredin apriority queue.Let jkQ=
�VWP�SK&�� denotetheunfinished
portionof theworst-caseexecutiontimeat thehighestspeedof the
task V�P at the time & . We keeptrack of the maximumutilization
factorof theprocessor, lU
m&�� , at time & which is definedas lWn�
m&��o�prqs't:u�v � 2xw s�y 9 6� q 3 9 and lU
m&��o�zdL@�{}| n�~�� y � � � y � lWnB
m&�� .

If lU
m&��R�A+ , theset V cannotbefeasiblyscheduledevenat the
highestspeedusing the EDF schedulingalgorithm. When VW� �K�
arrives,weupdatej?Q=
�V � SK&�� for thecurrentlyrunningtask V � and
computea new lU
m&�� including the new taskso that if lU
m&��=�,+ ,VW� ��� is notaccepted.It iseasyto seethatit takes gh
idc� tocomputelU
m&�� in theworstcase.Notethatwe needto recomputel n 
m&�� for
thetask V�n suchthat T*n��`T=� �K�
4.2 Variable Voltage Scheduling
The schedulermaintainsa priority taskqueuein which tasksare
orderedon the EDF basis. In the beginning, thereis no task in



the task queue. A schedulingdecisionis madewhenever any of
the follo� wing two eventsoccurs:(i) Event 1: a new sporadictask
arrivesandis acceptedto thesystemby theacceptancetestand(ii)
Event 2: thecurrenttaskcompletesitsexecution.WhenanEvent 1
occurs,the schedulerupdatesthe optimal voltagescheduleof the
processorfor all thetasksincludingthenew onein thetaskqueue.
The variablevoltageschedulingalgorithmis shown in Figure2.
WhenanEvent 2 occurs,thecompletedtaskis removed from the
taskqueueandwe executethe taskat the headof the taskqueue
following thecurrentvoltageschedule.

Beforewepresentanoptimalvariablevoltageschedulingalgo-
rithm, wepresentsometheoreticalresultson theshapesof optimal
solutions. The algorithmis optimal whenwe have no knowledge
of thearrivalsof sporadictasks.Lemma1 shows that theoptimal
voltagevalueof ataskwith earlierdeadlineshouldbelargerthanor
equalto thatof theothertaskwith laterdeadline.All proofshave
beenomitteddueto spacelimitation.

STS Algorithm
Input: Currenttime � andthesortedset � of the � tasksin the

systemincludingthenew task.
1. Repeat �
2. Compute� q5� ����� prqs't:u������x�

s�� 4m�� q5� 4 for all

tasksin theset � ;
3. Compute� � ��� andfind � suchthat � � �������:� � ��� ,

where � is themaximumvalueif thereareties;
4. Scheduleonly thetasksin [ � , ��� ] at thevoltage

correspondingto processorspeed� � ��� andremove
thetasksfrom theset � ;

5. Let �:�c��� ;
6.   Until (theset � is empty);

Figure2: Pseudocodeof the on-lineschedulingalgorithmcalled
STS Algorithm for sporadictasksonvariablevoltageprocessor

Lemma 1. Given the d sporadictasks VWP=�\
�XYP�S�QRP�S�T=PC� withX P �\X , aL�¡+%S£¢£¢�¢£S�d , sortedin the increasingorder of their
deadlines,thepower optimalvoltages�:P , a¤�¥+%S£¢�¢£¢£S�d , for the d
tasksarenonincreasing,i.e., � P �¦� P8§�� , ¨�a��©+%S£�£���5S�d«ª¬+ , whereX is constant.

Lemma1immediatelyimpliesthatthefollowing theoremholds.
Theorem 1. Theoptimalvoltagescheduleis in a“downstair”shape
andat theedgeof each“stair”, a taskcompletesat its deadline.

Theorem1 leadsto theoptimalalgorithmcalledSTS (Sporadic
TaskScheduling)Algorithm whoserunningtime is gh
idc� . Note
that the algorithmalwaysguaranteesall theacceptedtasksby the
acceptancetestto bescheduledto meettheirdeadlines.

4.3 Experimental Results
To quantifythebenefitsof theproposedapproachover thepredic-
tive systemshutdown approach,we performeda numberof sim-
ulationsto comparethe power consumptionunderthe two strate-
gies. We comparedthe STS algorithm with the predictive sys-
tem shutdown techniqueandthe MIN algorithm,which givesus
the minimum bound for dynamicallyvariablevoltageapproach.
The predictive systemshutdown techniqueassumesthe complete
knowledgeof the idle periodswhile the MIN algorithmassumes
thecompleteknowledgeof thearrivalsof sporadictasks.

Wevariedtheaverageprocessorutilizationfrom thelight work-
loadto heavy workload.Theidealizedpredictivesystemshutdown
techniqueachievesexactlyhalf of theoriginalpowerconsumption.
TheMIN algorithmresultsin asinglevoltagesolutioncorrespond-
ing to theaverageminimumrequiredprocessorspeedto meetthe
deadlinesof thetasks.We observe that thepower consumptionof
the solutionsof STS algorithmis closeto that of the solutionsof
MIN algorithm.
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Figure 3: Dynamicallyvariablevoltageapproachvs. Predictive
systemshutdown technique:Simulationresults

5 Variable Voltage Scheduling for Periodic and Spo-
radic Tasks

In this Section,we considera case,whereperiodic(off-line) tasks
aswell assporadictasksarrive to thesystem.

5.1 Acceptance Test
When a new sporadictask VW� �K� arrives, the task is acceptedif
the schedulercanschedulethe requestto meetits deadlinewith-
outcausingany offline taskor previouslyacceptedsporadicrequest
to missits deadlineusingthehighestspeedof theprocessor. This
problemhasbeenstudiedbymany researchersin real-timeschedul-
ing researchcommunity. Tia etal. [16] proposedanacceptancetest
whosetimecomplexity is gh
i¿ÁÀLd�� . Theefficiency of thetestwas
attainedby carefullyexploiting thepropertiesof theEDFschedul-
ing andperiodictasks,aswell asby maintainingsimpleandeasyto
updatedatastructures.This algorithmassumesthatsporadictasks
spanno morethanonehyperperiodof theperiodictasks.We use
their techniquefor acceptancetest.

5.2 Variable Voltage Scheduling
We presenttwo algorithmsfor this problem. The two algorithms
arebasedon the similar ideasusedfor STS algorithm. The first
algorithmcalledOPASTS (Optimal PeriodicAnd SporadicTask
Scheduling)Algorithm is optimal when we have no knowledge
of the arrivals of sporadictasks. OPASTS Algorithm has time
complexity of gh
�ÂÃÀÄdc� , where Â is the total numberof re-
questsin eachhyperperiodof the ¿ periodic tasksin the system
and d is the numberof sporadictasksthat have beenaccepted
but uncompletedat the time whena schedulingdecisionis made.
Since Â dependson the periodsof the tasks,this time complex-
ity is pseudo-polynomial.Sinceon-lineschedulingdecisionshave
to be madeefficiently, we proposethe secondalgorithm called
HPASTS (HeuristicPeriodicAnd SporadicTaskScheduling)Al-
gorithmwhosetime complexity is gh
id�� . HPASTS Algorithm is
notoptimal,but efficientandeffective.

We definetheutilization factor l �ÆÅ£Ç 
m�*� to be the fractionof
processortime to be spentin the executionof the task set � of¿ periodic tasks. It is easyto seethat l �ÆÅ£Ç 
m�*�È� p �P8~�� �

sÉ s
for the ¿ periodictasksin the set � . Whenthereareno sporadic
tasksacceptedto thesystem,theprocessorspeedshouldbesettol �ÆÅ5Ç 
m�*� .
5.2.1 Optimal Algorithm
We definetheset jU
m&�� to bethesetof $ periodictasksin eachhy-
perperiod,which hasnot beencompletedat thetime & . We use VWP
and j P to referto anindividualsporadictaskandperiodictask,re-
spectively. Wedefinetheset > to betheunionof thesetsV and j .
Thetasksin theset >¡�J[Ê> P ]�+?_ËaÌ_`$)À¬dcf areindexedin the
ascendingorderof their deadlines.We assumethatsporadictasks
spanno morethanonehyperperiodof theperiodictasks.Theex-
tensionof theproposedalgorithmshouldbestraightforward,when



thisassumptiondoesnothold.Whenall theperiodictasksin > are
completed,Í all Â periodictasksin anotherhyperperiodareinserted
in > . Theset > canhaveat most ÂÎÀÏd tasksatall times.
Lemma 2. Giventhe d sporadictasks,and $ periodictasksin the
hyperperiodwhich have not beencompleted,> P ��
�X P S�Q P S�T P � ,aÐ�Ä+�S5¢£¢£¢£S�$�ÀÑd , sortedin theincreasingorderof theirdeadlines,
thepower optimalvoltages� P , aÒ��+%S�¢£¢£¢5S�d , for the $�ÀËd tasks
arenonincreasing,i.e., �:P¤�¦�:P8§�� , ¨�aÐ�©+�S£�£�5�£S�$�ÀÑd�ªÏ+ .

Lemma2immediatelyimpliesthatthefollowing theoremholds.
Theorem 2. Theoptimalvoltagescheduleis in a“downstair”shape
andat theedgeof each“stair”, a taskcompletesat its deadline.

Theorem2 leadsto theoptimalalgorithmcalledOPASTS (Op-
timal PeriodicAnd SporadicTaskScheduling)Algorithm whose
runningtime is gh
�ÂÓÀÏd�� .
5.2.2 Heuristic Algorithm
HPASTS Algorithm is basedon STS Algorithm for only sporadic
tasks.Theonly differenceexistswhencomputingl�nB
m&�� suchthat

for HPASTS Algorithm, l�nB
m&��Ñ�Ôl �ÆÅ5Ç 
m�*�ÒÀ
prqs't:u}v � 2xw s�y 9 6� q 3 9

while for STS Algorithm, l�nB
m&��Y�
prqs't:u v � 2xw s�y 9 6� q 3 9 . If the result-

ing lU
m&��R�A+ , weset lU
m&�� to be1. It is easyto seethatthevoltage
scheduleobtainedby HPASTS Algorithm yieldsa feasiblesched-
ule sincethe schedulerreservesenoughprocessorspeed,assum-
ing the worst case,that all periodicandsporadictasksmeettheir
deadlines.The time complexity of HPASTS Algorithm depends
linearlyon thenumberof sporadictasksin thesystem.

5.3 Experimental Results
WecomparedtheOPASTS andHPASTS algorithmswith thepre-
dictive systemshutdown techniqueandtheMIN algorithm,which
givesustheminimumboundfor dynamicallyvariablevoltageap-
proach. The predictive systemshutdown techniqueassumesthe
completeknowledgeof the idle periodswhile theMIN algorithm
assumesthecompleteknowledgeof thearrivalsof sporadictasks.
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Figure 4: Dynamically variablevoltageapproachvs. Predictive
systemshutdown technique:Simulationresults

Wevariedtheaverageprocessorutilizationfrom thelight work-
load to heavy workload. The workloadby the periodic tasksac-
countedfor between30-70% of thetotal workload.Theidealized
predictive systemshutdown techniqueachievesexactly half of the
originalpowerconsumption.TheMIN algorithmresultsin asingle
voltagesolutioncorrespondingto the averageminimum required
processorspeedto meetthe deadlinesof the tasks.Similar asthe
workloadwith only thesproadictasks,we observe that thepower
consumptionof thesolutionsof OPASTS algorithmis closeto that
of thesolutionsof MIN algorithm. HPASTS algorithmproduces
solutionscloseto thoseof OPASTS algorithm,which consumed
15 % morepoweron average.

6 Conclusion
We proposedseveralon-lineschedulingalgorithmsfor scheduling
the mixed workloadof both sporadic(on-line) andperiodic(off-

line) hardreal-timetasksonvariablevoltageprocessorto optimize
powerconsumptionwhileensuringthatall periodictasksmeettheir
deadlinesandto acceptasmany sporadictasks,whichcanbeguar-
anteedto meettheir deadlines,aspossible.Theproposedefficient
algorithmsresultin theschedulingsolutionsfor variousscheduling
scenariosandworkloads,which arewithin 20 % of theminimum
boundachievablewith thedynamicallyvariablevoltageapproach.
Theeffectivenessof theproposedalgorithmswasshown on exten-
siveexperimentswith numerousreal-lifedesignscenarios.
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