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ABSTRACT
Operationof battery-poweredportablesystemscan no longerbe
sustainedoncea batterybecomesdischarged.Maximizationof the
batterylifetime is a difficult taskdueto nonlinearityof batterybe-
havior thatdependsonthecharacteristicsof thesystemloadprofile.
We addresstheproblemof tasksequencingwithout andwith volt-
age/clockscalingthatshapestheprofile sothatthebatterylifetime
is maximized.We developedanaccurateanalyticalbatterymodel
andvalidatedit with measurementstakenonareallithium-ion bat-
tery usedin a pocket computer. We usethemodelasa basisfor a
uniquebattery-consciouscostfunctionandutilize its propertiesto
develop several novel algorithms,including insertionof recovery
periodsandvoltage/clockscalingfor delayslackdistribution.

Categoriesand SubjectDescriptors
J.6.2[Computer-Aided Engineering]: Computer-AidedDesign

GeneralTerms
Algorithms,Performance,Design

Keywords
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1. INTRODUCTION
In portablebattery-poweredelectronicsystemsmaximizingthe

batterylifetime is animportantproblem.Consequently, a designer
needsan accuratemodel of a battery. Previously, we have pro-
posedahigh-level analyticalmodelthatproducesaccuratelifetime
predictionsandpermitsa trade-off betweenthe accuracy and the
amountof computationperformed[9]. The presentwork shows
how this modelcanbe utilized for single-processorload schedul-
ing without andwith voltage/clockscaling.
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Several publishedpapershave consideredthe batteryissuesto
improve systemoperation[2, 5, 6]. The authorsof [2] usedthe
VHDL-basedsimulationmodel from [1] to exposethe impactof
differentdynamicpower managementpolicieson thebatterylife-
time. Both single-batteryanddual-batterypoweredsystemswere
considered.In [6] theauthorsaddressedstaticschedulingof tasks
with real-timeconstraints.Evaluationof theproposedmethodwas
basedonthebatterymodelcombiningPeukert’s law [4] andempir-
ical analysisdueto [8]. Lifetime improvementsreportedin [2, 6]
mustbe interpretedwith care,sincethe resultsareheavily biased
by thepropertiesof a modelusedto representthebattery. Power-
aware schedulingunder timing constraintswas describedin [5].
Theauthorsuseda NASA/JPLMarsPathfinderrover asa motivat-
ing applicationwith the two power sources:a batteryanda solar
panel.Theobjectivewasto utilize thesolarpanel(the”free” energy
source)asmuchaspossibleandminimize theenergy drawn from
thebattery. However, theschedulerwasonly awareof thepresence
of analternative energy source,not batterybehavior itself.

In thispaper, weproposeanapproachto batteryloadprofilesyn-
thesisbasedon thehigh-level batterymodelfrom [9]. This model
not only accuratelypredictsthebatterylifetime undervariousdis-
charge conditions,but alsoprovidesan analyticalexpressionthat
canbe usedasa cost function to guide the batterylifetime opti-
mization process.The specificproblemsthat we addressare (1)
tasksequencingwithoutvoltage/clockscalingand(2) tasksequenc-
ing with voltage/clockscaling.While tacklingtheseproblems,we
accountfor andtake advantageof chargerecoveryeffects.Wealso
demonstratethat predictionsof the modelarein closecorrespon-
dencewith measurementsperformedon a real lithium-ion battery
usedin apocket computer.

2. MOTIVATING EXAMPLE
In this sectionwe demonstrate,by simpleexamples,the impact

of tasksequencingon a battery. Moreover, we alsoprovide justifi-
cationfor theuseof thebatterymodelfrom [9] in our algorithms.
All theresultsareobtainedby performingexperimentswith a real
battery.

The experimentalsetupconsistedof a lithium-ion batteryused
in the ITSY pocket computer[10], the programmableelectronic
load Agilent 6060B,andthe hostcomputerrecordingexperimen-
tal data. The open-circuitvoltageof the batterywas 4.2 V and
the cutoff voltagewas set to 3.0 V. The electronicload operated
in the constant-currentmode. Variable-currentprofilesweregen-
eratedasa piece-wiseconstant-currentprofile (a staircase).The
batteryvoltagewas sampledevery second,and oncethe voltage
droppedbelow thecutoff level theloadwasdisconnectedfrom the
battery. Recharging wasperformedin the constant-currentmode
at 800 mA, until the batteryvoltagerecoveredto its open-circuit
value.

First, we conductedten constant-currentdischarge experiments
to estimateparametersfor our batterymodelandto seehow well
themodelpredictsbatterylifetime underconstantloads. Thedis-
charge currentsrangedfrom 1011 mA to 123 mA, and the life-
timesrangedfrom 30 minutesto over 300minutes.Themodelfit



is shown in Figure1. Themaximumerrorof lifetime predictionsis
4%,with� theaverageof 2%.
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Figure1: Lifetimes for Various Constant-Current Loads.

Next, we generatedfive variable-currentprofilesshown in Fig-
ure2. We selectedfour currentsof certainduration(1011mA for
10 minutes,814mA for 15 minutes,518mA for 20 minutes,and
222mA for 15 minutes)andsequencedthemin differentorderto
obtainprofilesP1-P4.Thelengthandtotal chargedemandof each
of the four profile is 60 minutesand36010mA-min, respectively.
Notethatin P1,afterall thefour currentswereapplied,thebattery
wasdischargedundertheconstantrateof 222mA until thecutoff
voltagewasreached.Thesolepurposeof the last load222mA is
to determinehow muchresidualchargeis left.

Measured Predicted Lifetime Charge
Profile Lm Cm Lp Cp Error Error

min mA-min min mA-min % %

P1 64.9 37098 66.9 37542 3.1 1.2
P2 54.0 29944 54.4 30348 0.7 1.3
P3 55.8 32591 55.0 31940 1.4 2.0
P4 58.4 35181 57.5 34715 1.5 1.3
P5 67.5 34965 67.0 34706 0.7 0.7

Table 1: ITSY Lifetime and Delivered Charge.

Accordingto theseexperiments,profile P1 is thebest,andpro-
file P2is theworstsequencefor thebattery. Notethatloadcurrents
in P1(P2)aredecreasing(increasing).This importantresultis ac-
curatelypredictedby thebatterymodel. In P1thebatterysurvives
all thefour loadsandremainsoperationalfor extra4.9minutesun-
der 222mA (residual1088mA-min charge). In P2,however, the
batteryfails to servicethe last 6.0 minutesunder1011 mA (un-
delivered6066mA-min charge). For thesetwo profiles, the dif-
ferencein the total deliveredcharge is asmuchas20% of 36010
mA-min. The otheralternativesP3 andP4 areneitherbetterthan
P1norworsethanP2,aspredictedby themodelanddemonstrated
by themeasurements.

Voltage/clockscalingplaysa critical role in minimizing energy
consumption,thusimproving thebatterylifetime. To obtainprofile
P5,for example,wetookP2andchangedthefailing 10-minuteload
of 1011mA to a 20-minuteloadof 518mA to reflecta hypothet-
ical changein the systemvoltage.1 The profile length increased
from 60 minutesto 70 minutes,and the batteryfailed after 67.5
minutes.Thetotal deliveredchargeis 34965mA-min, which is an
improvementover P2with 29944mA-min.

Table1 shows themeasured/predictedlifetimes(Lm andLp, re-
spectively) andthemeasured/predicteddeliveredcharges(Cm and
Cp, respectively) for the profilesP1-P5. Note that the charge er-
rors werewithin 2%, while the maximumlifetime error was3%.

1This is a pessimisticscenario,sincethe charge consumptionis
usuallyreducedafterthesupplyvoltageis scaleddown.
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Figure2: Experimental Load Profilesfor ITSY Battery.

Onecanseethatthemodeladequatelycapturesthetrendin battery
behavior observed in the experiments,with very small prediction
errors.

3. COST FUNCTION
In thissectionwedescribetheinputandtheoutputof thebattery

model and definea cost function for the task sequencingproce-
dures.Givenn tasks,we associatea 3-tuplewith eachtaskk: the
currentIk drawn from thebattery, theduration∆k, andthestarttime
tk.

Battery Model: The input to themodelis the load profile, de-
scribedby thefollowing threesets:thesetof currentsSI � �

Ik � k �
0 � 1 �����	�	� n 
 1� , thesetof durationsS∆ � �

∆k � k � 0 � 1 ���	�	�	� n 
 1� ,
andthesetof starttimesSt � �

tk � k � 0 � 1 �����	�	� n 
 1� . Theprofile
always startsat time 0. Let T denotethe profile length, i.e. the
latestfinish time,T � maxk

�
tk 
 ∆k � .

In additionto SI , S∆, andSt , themodelrequiresspecificationsof
two batteryparametersα andβ. Theseparametersareestimated
basedon thebatteryprofiling datacollectedfrom severalconstant-
currentdischargeexperiments.For instance,the ITSY batteryhas
α � 39668andβ � 0 � 57. Theunitsof α aremA-min, andtheunits
of β2 are1/min. Intuitively, α representsthebatterycapacity, and
β capturesnonlinearityin batterybehavior.

Let

F � x � y� z� β � � z 
 y 
 2
∞

∑
m� 1

e� β2m2 � x � z� 
 e� β2m2 � x � y�
β2m2 � (1)

Theoutputof themodelis thebatterylifetime L – thesmallest
positive numberin the interval � 0 � T � that satisfiesthe following



equation:

α �
n � 1

∑
k � 0

IkF � L � min
�
L � tk ��� min

�
L � tk 
 ∆k ��� β ��� (2)

It is possiblethat sucha numberdoesnot exist, i.e. thebattery
survives the profile (all tasksarecompleted). In suchcases,L �
NULL . ProcedureComputeLif etime��� � is usedfor computingL.
Furtherdetailsaregivenin [9].

CostFunction: For a givenprofile of lengthT, let

σ �
n � 1

∑
k � 0

IkF � T � tk � tk 
 ∆k � β ��� (3)

Intuitively, σ is thechargethatthebatteryhaslost by time T. If
σ � α, thenthebatteryis still operationalat time T. We useσ as
our costfunctionto beminimized.

For a valid profile, the latency T mustnot exceeda givendelay
budgetB. In additionthebatterymaynot fail atany time t � T, i.e.

α �
n � 1

∑
k � 0

IkF � t � min
�
t � tk ��� min

�
t � tk 
 ∆k ��� β ����� t � T � (4)

Notethat,if for someloadk its starttime tk � t, thenit doesnot
contribute to the valueof the sum. Condition(4) is necessaryto
accountfor relaxationeffectsthatmaymaska failuretakingplace
beforeT. It requiresthatno sub-profileof lengtht � T is too ex-
tremefor thebatteryto survive.

Thefollowing propertyof thefunctionF ��� � is critical to many of
theresultsin this paper.

THEOREM 1. For 0 � ∆ � t 
 ∆ � T, functionF � T � t � t 
 ∆ � β � is
(a) monotonicallyincreasingin t and(b) monotonicallydecreasing
in T.

Remark: Note that our batterymodeldoesnot involve battery
voltage.Thecutoff voltage(i.e. thevoltageat which thebatteryis
declaredto bedischarged)is abstractedto α, andauseris expected
to specifytheloadprofile asa discretesetof currentvaluesdrawn
from thebatteryduringapplicationexecution.Samplingthebattery
currentat the frequency of lessthan1Hz will suffice [7]. If such
informationis notavailable,ausermayassumetheaveragebattery
voltageVave, andlet the load profile i � t � � P � t ����� εVave� , whereε
is theefficiency of a DC-DC converterandP � t � is thepower con-
sumptionof anapplication.Onecanassumethatε is constantand
P � t � ∝V2 � t � f � t � [3], whereV � t � is theconverteroutputvoltageand
f � t � is theclock rate.Theni � t � ∝ V2 � t � f � t � .

4. TASK SEQUENCING (NO SCALING)
The formulationof the battery-aware tasksequencingproblem

without voltage/clockscalingis shown in Figure3. Theinput con-
sistsof setsSI andS∆, a directedacyclic taskgraph  G, the delay
budgetB, andthebatteryparametersα andβ. Theoutputis theset
St of starttimesof tasks.Theobjective is to minimizeσ givenby
Equation(3), subjectto thefollowing threeconstraints:
(1) dependencyconstraint: taskdependenciesarepreserved,
(2) delayconstraint: thelatency doesnotexceedthedelaybudget,
(3) enduranceconstraint: at any time within a schedule,thebat-
tery is alive.

We tackle the sequencingproblem in three steps: (i) greedy
sequencing,(ii) incrementalrecovering, and(iii) local compress-
ing. The first step is greedysequencing, subject to dependen-
cies, with no idling allowed. The length of the resultingprofile
is T � ∑n � 1

k � 0 ∆k. In this case,thedelayconstraintis alreadysatis-
fied, undertheassumptionthatB is never lessthanthesumof all
taskdurations.However, theenduranceconstraintmaybeviolated,
which calls for the secondstep– incrementalrecovering. In the
secondstep,weinsertidle periodssothattheprofilenolongerfails.
As muchrecovery asnecessaryis exercised,andtheloadordering
is not changed.Thus,the enduranceconstraintanddependencies
arenot violated;however, thedelaybudgetmay be exceededdue

to recovery delaypenalty. In thethird step,local compressing, we
attemptto placelight loadsinside idle periods,subjectto depen-
dencies,so that load relaxationis still presentbut recovery delay
penaltyis reduced.Thus,thepurposeof thethird stepis to reduce
theprofile lengthT to thebudgetB. Detailsof thesethreeproce-
duresareshown in Figure3.

GreedySequencing:Theinput is thetaskgraph  G aswell asSI
andS∆, andtheoutputis St . Dependenciesarepreserved by con-
struction:no taskis scheduledunlessits predecessorshave already
beenscheduled.If thereareseveral candidatescompetingfor the
currentplacein asequence,thentheprocedureselectstheonewith
the heaviest weight amongthem. Oncea task is scheduled,it is
removedfrom thetaskgraph.

Theweightof a nodeis determinedasfollows. Let a subgraph
inducedby somenode p be denotedby  Gp, and let the function
Mean�� Gp � returnthemeancurrentof thenodesin  Gp. Theweight
w � p� is definedasthemaximumof Ip andMean�! Gp � . Suchweigh-
ing is preferredoverw � p� � Ip for eachtaskp (e.g.ataskwith very
low currentmay have a successorwith very large current,whose
executionwill bedelayeduntil its predecessoris scheduled).

If therearenodependencies,thenw � p� equalsto Ip for eachnode
p. In this case,the proceduresequencestasksin nonincreasing
orderof their currents.Sucha profile hastheminimumcostσ (for
T � ∑n � 1

k � 0 ∆k), in accordancewith Theorem2.

THEOREM 2. For a tasksequencewithnoidle periodsallowed,
∑n � 1

k � 0 IkF � T � tk � tk 
 ∆k � β � is minimized,if Ii � I j " ti � t j for all
0 � i � j � n 
 1.

Incr emental Recovering: The input is an initial profile speci-
fied by SI , S∆, andSt (the outputof the greedysequencingstep)
aswell asthe batteryparametersα andβ. The output is the task
sequencewith insertedidle periodsanda flag indicatingwhether
recoveringfailedor succeeded.Idle periodsareinsertedonly if the
batteryfails beforetime T; otherwise,the load profile is returned
asit is.

Let δ denotethe lengthof an idle period. Beforecomputingδ,
theprocedurecheckswhetherδ will be lessthanthedelaybudget
B. This checkis performedas follows. Let q denotethe failing
task,i.e. L #$� tq � tq 
 ∆q � . First, theprocedureassumesthatδ � B
andcreatestemporaryset Ŝt , wherestart times t̂k of eachtask k
following and including q are increasedby B (e.g. t̂q � tq 
 B).
Then,it checkswhethertaskq is recovered,i.e. L �#%� t̂q � t̂q 
 ∆q � . If
δ � B, thentheprocedureterminateswith FAILURE , sinceit will
be impossibleto compressthe profile so that the delayconstraint
is met. If δ is guaranteedto be lessthanB, thenit is computedby
MinRecoveryLength ��� � .2 Finally, InsertRecovery ��� � placestheidle
periodof lengthδ at tq andaddsδ to tq andto the start timesof
tasksfollowing q in the sequence.This processis repeateduntil
eitherall failuresarerepairedor recovery is no longerfeasible.

At the absenceof the delayconstraint,the proposedapproach
providesanoptimalfailurerecoveringsolutionfor agivenloadpro-
file, in accordancewith Theorem3.

THEOREM 3. Let q be the failing task,and let σq denotethe
costof thesubprofile of lengthtq 
 ∆q. Let δ denotethe lengthof
an idle periodinsertedwithin thesubprofile in question(thelength
of theresultingsubprofile becomestq 
 ∆q 
 δ). (1) Thecostof the
new subprofile is minimized,if an idle period is insertedat tq. (2)
If an idle periodis placedearlier thantq, its lengthmustbegreater
thanδ to achievethesamecostasin (1).

Local Compressing: The input is the taskgraph  G, the recov-
eredloadprofile (specifiedby SI , S∆, andSt ), thedelaybudgetB,

2Notethatwesettheupperboundonδ to beB. One(naive) imple-
mentationof MinRecoveryLength �&� � wouldbeto increaseδ from 0
to B with smalltime increments,sayτ, andcheckwhetherL is still
in � tq 
 δ � tq 
 ∆q 
 δ � . (After insertinganidle periodthestarttime
of q is shiftedby δ). In otherwords,oneneedsto increaseδ until
thecostof thesubprofileof lengthtq 
 ∆q 
 δ becomeslessthanα.



PROBLEM: Battery-ConsciousTaskSequencing
INPUT: SI , S∆, 'G, B, α, β
OUTPUT: St
OBJECTIVE:min( σ ) ∑n * 1

k + 0 IkF , T - tk - tk . ∆k - β /10
CONSTRAINTS:
(1) if q dependson p in 'G, thentq 2 tp . ∆p
(2) T 3 B
(3) 4 t 3 T - ∑n * 1

k + 0 IkF , t - min( t - tk 05- min( t - tk . ∆k 06- β /73 α

TaskSequenceConstruction,6'G- SI - S∆ /
St ) GreedySequencing, 'G - SI - S∆ /( St - f lag08) IncrementalRecovering , SI - S∆ - St - α - β /
IF f lag ) SUCCESS
( St - f lag0�) LocalCompressing,5'G - SI - S∆ - St - α - β /

RETURN ( St - f lag0
GreedySequencing, 'G - SI - S∆ /

FOR all p 9%'G
w , p/:) max( Ip - Mean,6'Gp /10

now ) 0
WHILE 'G is notempty

S );( p < Parents, p -='G /�) /0 0
Selectq < w , q/>) max( w , p/?< p 9 S0
tq ) now, now ) tq . ∆q

Remove q from 'G
RETURN St

Incr ementalRecovering , SI - S∆ - St - α - β /
L ) ComputeLif etime, SI - S∆ - St - α - β /
WHILE L @) NULL

Findq < L 9BA tq - tq . ∆q C
Ŝt ) InsertRecovery , B - tq - St /
L ) ComputeLif etime, SI - S∆ - Ŝt - α - β /
IF L 9BA t̂q - t̂q . ∆q C

RETURN ( St , FAILURE 0
δ ) MinRecoveryLength , α - β - q - SI - S∆ - St /
St ) InsertRecovery , δ - tq - St /
L ) ComputeLif etime, SI - S∆ - St - α - β /

RETURN ( St , SUCCESS0
LocalCompressing ,5'G - SI - S∆ - St - B - α - β /

T ) maxk ( tk . ∆k 0
IF B 2 T

RETURN ( St , SUCCESS0
Tnew ) T, change ) TRUE
WHILE change ) TRUE
( Rs - Rf 0D) Identi f yIdlePeriods, SI - S∆ - St /
M )$<Rs < , Ŝt ) St , Told ) Tnew, change ) FALSE
WHILE M E 0

Ŝ );( p < tp 2 Rf AM C 0
Findq < Iq ) min( Ip < p 9 ŜAND Parents, p- 'G /DF9 Ŝ0
Remove q from Ŝ
tq ) Rs AM C
St ) U pdateStartTimes, St /( St - f lag08) IncrementalRecovery , SI - S∆ - St - α - β /
IF f lag ) FAILURE

St ) Ŝt
ELSE

Tnew ) maxk ( tk . ∆k 0
IF B 2 Tnew

RETURN ( St , SUCCESS0
IF Told 3 Tnew

St ) Ŝt
ELSE

change = TRUE
BREAK

M ) M G 1
RETURN ( St , FAILURE 0

Figure3: Task Sequencingwithout Voltage/ClockScaling.

and the batteryparametersα and β. The output is the new pro-
file specificationandtheflag indicatingwhethercompressionsuc-
ceededor failed.

First, the lengthT of the original profile is comparedwith the
budgetB. If the profile lengthis within the budget,thenthe pro-
file is not changed.Otherwise,we identify idle periodsandcon-
structtwo setsRs (idle starttimes)andRf (idle finish times). For
example,the start time of the k-th idle period(countingfrom the
beginning of the profile) is recordedas Rs � k� , and its finish time
is recordedasRf � k� . Next, we selectthe latestunvisited idle pe-
riod M andcollect the tasksscheduledafter M into the set Ŝ. In
Ŝ, we find taskq suchthat Iq is as low aspossibleprovided that
startingq at Rs �M � will not violatedependencies.Onceq is placed
at Rs �M � , the start times of the remainingtasksin Ŝ areupdated
byU pdateStartTimes��� � , sothattheir initial orderingis preserved,
but initial idle periodsamongthem areomitted. Then, new idle
periodsareinserted,if necessary. If the lengthof this new profile
is decreased,then it becomesthe currentsolution, and the outer
WHILE -loop is repeated.Otherwise,profile changesareignored,
and the next latestunvisited idle period is considered(the inner
WHILE -loop is repeated).

Local compressingis terminated,if (a) changescanno longer
reducethe lengthof the currentprofile, or (b) the currentprofile
meetsthedelaybudget. Note thatmodificationsareappliedstart-
ing from the end of the load profile, sincethe lightest loadsare
normally scheduledlate. Light load may reducethe total recov-
ery time if placedinsidean idle periodof interest. We consider
idle periodsstartingfrom the latestso that theminimal portionof
theprofile is changed.In otherwords,theprocedureplaceslighter
tasksinto later idle periods,thusattemptingto approachthedead-
line ata minimal costpenalty.

5. TASK SEQUENCING WITH SCALING
Simultaneousvoltage/clockscalingis a veryeffective way to re-

duceenergy consumption[3]. Fromthebatterylifetime maximiza-
tion perspective, scalingtechniquesarecritical in shapingtheload
profile appropriately. In this sectionwe statethe problemof task
sequencingwith voltage/clockscalingandprovide two procedures
for improving delay-constrainedload profiles. Note that the bat-
tery model involvesonly taskdurationsandcurrentsdrawn from
theenergy sourceby aDC-DCconverter. Sincevoltage/clockscal-
ing is appliedto theenergy consumer(theoutputsideof a DC-DC
converter),changesin voltagelevelsandclock frequenciesmustbe
translatedinto changesin thetaskcurrentsanddurationsbeforethe
modelcanbeused.

We assumethat the systemcanoperateat any voltageVi from
theorderedsetSV � � V0 � V1 �����	�	� VK � 1 � at thecorrespondingmaxi-
mumfrequency φi from theorderedsetSφ � � φ0 � φ1 ���	���	� φK � 1 � . The
elementsof SV andSφ arein ascendingorder. Let Iik and∆ik re-
spectively denotethecurrentandthedurationof taskk, whenthe
systemis operatingat Vi with the clock frequency φi . Figure 4
shows theformulationof thebattery-consciousvoltage/clockscal-
ing problem. The objective is to assigneachtaskk to a specific
voltageVi at thefrequency φi (thusdeterminingthetaskcurrentIik
andthetaskduration∆ik) andthestarttime tk, sothattheresulting
profile costσ is minimizedandthefollowing constraintsaresatis-
fied: (1) taskdependenciesarepreserved, (2) the profile lengthis
within thedelaybudget,and(3) thebatterysurvivesall the tasks.
Unlike the caseof tasksequencingwithout voltage/clockscaling,
we needto generatenotonly St , but alsoSI andS∆.

Scaling Based on Lowest-Power Initial Solution: We start
with the lowest-power profile, which satisfiesthe endurancecon-
straint, but may violate the delay constraint. In this profile all
the tasksareassignedto V0 (the lowest supplyvoltagelevel), so
that the energy consumptionis minimized. We useLookU p ��� � to
look up, in a user-specifiedtable, taskcurrentsanddurationsfor
a given voltage. For example,for taskk at V0 andφ0, thecurrent
anddurationare

�
Ik � ∆k � � LookU p � k � V0 � φ0 � � �

I0k � ∆0k � . Thus,
we generatethe initial setsSI and S∆. Initial St is producedby
GreedySequencing��� � .

Let L bethecomputedlifetime of theinitial profile
�
SI � S∆ � St � .



PROBLEM: Battery-ConsciousVoltage/ClockScaling
INPUT: SV , Sφ, 'G, B, α, β
OUTPUT: SI , S∆, St
OBJECTIVE:min( σ ) ∑n * 1

k + 0 IikF , T - tk - tk . ∆ik - β /10
CONSTRAINTS:
(1) if q dependson p in 'G, thentq 2 tp . ∆p
(2) T 3 B
(3) 4 t 3 T - ∑n * 1

k + 0 IikF , t - min( t - tk 05- min( t - tk . ∆ik 05- β /H3 α

VoltageClockScaling, SV - Sφ -I'G - B - α - β /
K )$<SV < , n )%<J'G <
FOR k ) 0 - 1 -JK K K - n G 1
( Ik - ∆k 0D) LookU p , k - V0 - φ0 /

St ) GreedySequencing,6'G - SI - S∆ /
T ) ∑n * 1

k + 0 ∆k
L ) ComputeLif etime, SI - S∆ - St - α - β /
IF T 3 B AND L ) NULL

RETURN ( SI - S∆ - St , SUCCESS0
IF T E B AND L @) NULL

RETURN ( SI - S∆ - St , FAILURE 0
IF T 3 B AND L @) NULL
( St - f lag0�) IncrementalRecovering , SI - S∆ - St - α - β /
IF f lag ) SUCCESS
( St - f lag08) LocalCompressing,6'G - SI - S∆ - St - α - β /

RETURN ( SI - S∆ - St - f lag0
( SI - S∆ - St - f lag08) LatencyReduction , SV - Sφ - SI - S∆ - St - B - α - β /
IF f lag ) SUCCESS
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RETURN ( SI - S∆ - St - f lag0
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FOR x ) 0 - 1 -JK K K - n G 1
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FOR i ) 1 -JK K K - K G 1
( Îk - ∆̂k 0D) LookU p , k - Vi - φi /
( ŜI - Ŝ∆ - Ŝt 0L) U pdateLoadProf il e, Îk - ∆̂k - SI - S∆ - St /
T ) maxl ( t̂l . ∆̂l 0
L ) ComputeLif etime, ŜI - Ŝ∆ - Ŝt - α - β /
IF L @) NULL

BREAK
( SI - S∆ - St 0L)M( ŜI - Ŝ∆ - Ŝt 0
IF T 3 B

RETURN ( SI - S∆ - St , SUCCESS0
RETURN ( SI - S∆ - St , FAILURE 0
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IF T E B

BREAK
( SI - S∆ - St 0L)M( ŜI - Ŝ∆ - Ŝt 0

RETURN ( SI - S∆ - St 0

Figure4: Task Sequencingwith Voltage/ClockScaling.

Note that T � ∑n � 1
k � 0 ∆0k. If T � B andL � NULL , thenwe have

alreadyobtainedfinal solution.Ontheotherhand,if T O B andL P�
NULL , thenwe abortour attemptsto generatea feasibleprofile.
Therearetwo non-trivial cases:(a)T � B andL P� NULL , and(b)
T O B andL � NULL .

In case(a), the delay budget is met, but the batterydoesnot
survive the profile. Sincethe voltagelevel is the lowest, the task
currentscannotbe reduced.Therefore,only idle period insertion
is applicable:we performIncrementalRecovering ��� � , followedby
LocalCompressing��� � .

In case(b), thebatterysurvivestheprofile,but thedelaybudget
is exceeded.Therefore,sometasksmustbe assignedto a higher
voltage/clock(resultingin greatercurrentsbut shorterdurations)to
satisfythedelayconstraint.WeuseLatencyReduction ��� � to reduce
theprofile lengthso that thebudgetis met. Figure4 providesfur-
therdetails.At eachiterationof theouterFOR-loop,we consider
theearliestunvisitedtaskk (atpositionx in thetasksequence),and
its voltageis scaledup asmuchaspossible,providedthatthepro-
file remainsfailure-free. Upon assigningnew voltage/clockto k,
we call U pdateLoadProf il e�&� � to updatetheloadprofile, move to
thenext task(at positionx 
 1 in the tasksequence),andperform
voltage/clockup-scalingagain.Intuitively, this procedureattempts
to generatea nonincreasingsequenceof currentswithout causing
failuresbeforeall thetasksarecompleted.

Slack Utilization: Givena failure-freeprofile with positive de-
lay slack(i.e. L � NULL andT � B), we maybeableto improve
its qualityby scalingvoltage/clockdown, whichdecreasestaskcur-
rentsbut increasestaskdurations. The correspondingprocedure,
SlackUtil ization ��� � , is shown in Figure4. We considertasksone
by one,startingfrom theprofile’s end. Thevoltage/clockfor each
consideredtaskis down-scaledasmuchaspossible,provided that
thedelayconstraintis not violated. Thus,this procedureattempts
to reducethe batterystresstoward the end of the discharge pro-
cess.Voltage/clockdown-scalingdoesnot introduceany failures,
in accordancewith thefollowing theorem.

THEOREM 4. Assumethata giventasksequenceis failure-free.
Let voltage andclock bescaleddownfor sometasks.Theresulting
profile is still failure-free.

6. RESULTS
Thebatterylifetime dependsonboththeloadprofileandthebat-

teryparameters.In thissectionwelet α � 40000andβ � 0 � 2. Fig-
ure5 shows thelifetime surfacefor thesimplestcaseof aconstant-
currentdischarge. Notethat for sufficiently largeβ thebatterybe-
havesasapracticallyidealpowersource,i.e. thelifetime increases
almostlinearly asα grows. We usesmall β � 0 � 2 to exposenon-
lineareffectsin batterybehavior.
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Figure 5: Lifetimes for Various α and β under Constant-Rate Dis-
charge.

Considera setof tasksdescribedin Table2. Therearetwo sup-
ply voltagesV andV � 2, andeachtaskis associatedwith the two
possiblebatterycurrentvaluesandthetwo possibledurations.We



Task VoltageV VoltageV Q 2 Parents
I , mA ∆, min I , mA ∆, min

T1 1000 5 125 10 -
T2 750 5 93 10 -
T3 500 10 62 20 T1
T4 250 10 31 20 -
T5 800 5 100 10 T2, T3
T6 600 5 75 10 T4, T5
T7 400 10 50 20 T1
T8 200 10 25 20 T2, T7

Table 2: Task Curr entsand Durations.
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Figure6: GeneratedLoad Profiles.

let thedelaybudgetB equal90 minutes.To illustratetheproposed
methods,we examineeightprofilesP1-P8,shown in Figure6. Ta-
ble 3 shows the tasksequenceaswell asthecorrespondinglength
T andthecostσ, for eachprofile.

Profile TaskSequence T, σ @ T,
min mA-min

P1 (T1, T2, T3, T4, T5, T6, T7, T8) 90 23435
P2 (T1, T2, T3, T4, T5, T6, T7, T8) 106 23180
P3 (T1, T7, T2, T8, T3, T4, T5, T6) 90 29558
P4 (T1, T2, T3, T4, T5, T6, T7, T8) 106 23292
P5 (T1, T8, T2, T7, T3, T4, T5, T6) 90 29646
P6 (T1, T2, T3, T5, T4, T6, T7, T8) 120 9886
P7 (T1, T2, T3, T5, T4, T6, T7, T8) 85 30139
P8 (T1, T2, T3, T5, T4, T6, T7, T8) 90 26103

Table3: Profile Lengthsand Costs.

To demonstratethe impact of task sequencingwithout volt-
age/clockscaling,we fix the voltageat V for tasksT1-T4 andat
V � 2 for tasksT5-T8. In this case,the minimum profile lengthis
90 minutes,which the sameasthe delaybudgetB. Profile P1 is
generatedby GreedySequencing�&� � , profile P2is obtainedfrom P1
by IncrementalRecovering ��� � , andfinally, P2 is transformedinto
profile P3by LocalCompressing�&� � .

Dependenciesallow thetasksto besequencedin decreasingor-
der of their currentsin P1. The battery, however, fails after 8.6
minutes;therefore,idle periodinsertionfollows. Sincethereis no
delayslack,P2with two idle periodsviolatesthedelayconstraint

by 16 minutes.3 However, theprofile lengthof P3 is successfully
reducedto 90 minutesby compression.Note that P1 andP3 are
two tasksequenceswith no idle periods,andasexpected,thecost
of P1is lower thanthecostof P3(23435vs. 29558mA-min). Pro-
file P1demonstratestheneedfor theenduranceconstraint.For P1
σ � α but L P� NULL , whichmeansthata batteryfailurehasbeen
maskedby relaxationeffects.

Profile P4 shows an alternative to P2. The total idling time in
P2 andP4 is the same,16 minutes. In P4, however, the two idle
periodsfrom P2 arecombinedinto one. Note that thebatterycan
no longersurvive P5,andasexpected,thecostof P2is lower than
the costof P4. Profile P5 shows an alternative to P3. P5 differs
from P3 in that tasksT7 and T8 are swapped. Even thoughthe
costsof P3 andP5 arepractically the same,P5 violatesboth the
dependency constraintandtheenduranceconstraint.

ProfilesP6,P7,andP8demonstratetheimpactof voltage/clock
scaling. P7 is obtainedby LatencyReduction ��� � from the lowest-
power initial solutionP6,whereall the tasksareassignedto V � 2.
The lengthof P6 is 120 minutes,andthe delayslackis –30 min-
utes. In profile P7,which is failure-freeandwithin thedelaybud-
get, the voltagefor tasksT1, T3, T4, and T8 is scaledup to V.
Notethata 5-minutedelayslackis availablein P7. After applying
SlackUtil ization ��� � oneobtainsprofileP8,whosecostis lowerthan
thatof P7by morethan10%(26103vs. 30139).Notethatamong
theeightconsideredprofiles,only P3,P7,andP8arefeasible(i.e.
all theconstraintsaresatisfied),andthecostof P8is thebest.

7. CONCLUSION
Sincethe batterybehavior exhibits a nonlineardependency on

thecharacteristicsof thesystemloadprofile, achieving a provably
optimal lifetime is not aneasytask. We addressedtheproblemof
battery-conscioustasksequencingwithout andwith voltage/clock
scaling.Weemployedanaccurateanalyticalbatterymodelasaba-
sisfor auniquecostfunctionanddevelopedseveralefficientheuris-
tics for synthesizingbattery-efficient loadprofiles.Our algorithms
includeinsertionof recovery periodsandvoltage/clockscalingfor
delayslackdistribution.
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