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ABSTRACT

Operationof battery-pavered portablesystemscanno longer be
sustainedncea batterybecomeslischaged. Maximizationof the
batterylifetime is a difficult taskdueto nonlinearityof batterybe-
havior thatdepend®nthecharacteristicef thesystemoadprofile.
We addresghe problemof tasksequencingvithout andwith volt-
age/clockscalingthatshapeshe profile sothatthe batterylifetime
is maximized. We developedan accurateanalyticalbatterymodel
andvalidatedit with measurementsikenon areallithium-ion bat-
tery usedin a pocket computer We usethe modelasa basisfor a
uniquebattery-consciousostfunctionandutilize its propertieso
develop several novel algorithms,including insertionof recovery
periodsandvoltage/clockscalingfor delayslackdistribution.
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1. INTRODUCTION

In portablebattery-paveredelectronicsystemsmaximizingthe
batterylifetime is animportantproblem.Consequentlya designer
needsan accuratemodel of a battery Previously, we have pro-
poseda high-level analyticalmodelthatproducesaccuratdifetime
predictionsand permitsa trade-of betweenthe accuray andthe
amountof computationperformed[9]. The presentwork shavs
how this modelcanbe utilized for single-processdoad schedul-
ing without andwith voltage/clockscaling.
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Several publishedpapershave consideredhe batteryissuesto
improve systemoperation[2, 5, 6]. The authorsof [2] usedthe
VHDL-basedsimulationmodelfrom [1] to exposethe impact of
differentdynamicpover managemenpolicieson the batterylife-
time. Both single-batteryand dual-batterypoveredsystemswvere
consideredln [6] the authorsaddressedtaticschedulingof tasks
with real-timeconstraints Evaluationof the proposednethodwas
basednthebatterymodelcombiningPeulert’slaw [4] andempir
ical analysisdueto [8]. Lifetime improvementsreportedin [2, 6]
mustbe interpretedwith care,sincethe resultsare hearily biased
by the propertiesof a modelusedto representhe battery Powver-
aware schedulingundertiming constraintswas describedin [5].
Theauthorsuseda NASA/JPL Mars Pathfindemrover asa motivat-
ing applicationwith the two power sources:a batteryanda solar
panel.Theobjectivewasto utilize thesolarpanel(thefree” enegy
source)asmuchaspossibleand minimize the enegy dravn from
thebattery However, theschedulewasonly avareof thepresence
of analternatve enegy source not batterybehaior itself.

In this paperwe proposeanapproacho batteryloadprofile syn-
thesisbhasedon the high-level batterymodelfrom [9]. This model
not only accuratelypredictsthe batterylifetime undervariousdis-
chage conditions,but also provides an analyticalexpressionthat
canbe usedasa costfunction to guide the batterylifetime opti-
mization process. The specificproblemsthat we addressare (1)
tasksequencingvithoutvoltage/clockscalingand(2) tasksequenc-
ing with voltage/clockscaling. While tacklingtheseproblems we
accounffor andtake advantageof chagerecorery effects. We also
demonstratehat predictionsof the modelarein closecorrespon-
dencewith measuementsgperformedon a real lithium-ion battery
usedin apocket computer

2. MOTIVATING EXAMPLE

In this sectionwe demonstratehy simpleexamples the impact
of tasksequencingn a battery Moreover, we alsoprovide justifi-
cationfor the useof the batterymodelfrom [9] in our algorithms.
QII the resultsareobtainedby performingexperimentswith areal

attery

The experimentalsetupconsistedof a lithium-ion batteryused
in the ITSY pocket computer[10], the programmableslectronic
load Agilent 6060B, andthe hostcomputerrecordingexperimen-
tal data. The open-circuitvoltage of the batterywas 4.2 V and
the cutoff voltagewas setto 3.0 V. The electronicload operated
in the constant-curreniode. Variable-currenprofileswere gen-
eratedas a piece-wiseconstant-currenprofile (a staircase).The
batteryvoltagewas sampledevery second,and oncethe voltage
droppedbelawn the cutof level theloadwasdisconnectedrom the
battery Rechaging was performedin the constant-curreniode
at 800 mA, until the batteryvoltagerecoveredto its open-circuit
value.

First, we conducteden constant-currendischage experiments
to estimateparametergor our batterymodelandto seehow well
the modelpredictsbatterylifetime underconstanioads. The dis-
chage currentsrangedfrom 1011 mA to 123 mA, and the life-
timesrangedfrom 30 minutesto over 300 minutes. The modelfit



is shavn in Figurel. Themaximumerrorof lifetime predictionss
4%, with the averageof 2%.

Lifetimes under Constant-Current Discharge
T T T T T

T
X measured
O predicted

Lifetime, min
e
5

L L L L L L L L L
100 200 300 400 500 600 700 800 900 1000 1100
Load, mA

Figure 1: Lifetimes for Various Constant-Current Loads.

Next, we generatedive variable-currenprofilesshavn in Fig-
ure 2. We selectedour currentsof certainduration(1011mA for
10 minutes,814 mA for 15 minutes,518 mA for 20 minutes,and
222 mA for 15 minutes)andsequencethemin differentorderto
obtainprofilesP1-P4.The lengthandtotal chage demancbf each
of the four profile is 60 minutesand 36010mA-min, respectiely.
Notethatin P1,afterall thefour currentswereapplied,the battery
wasdischagedunderthe constantateof 222 mA until the cutof
voltagewasreached.The sole purposeof the lastload 222 mA is
to determinehow muchresidualchageis left.

Measured Predicted Lifetime | Chage

Profile | L Cn | 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 P1is the best,andpro-
file P2is theworstsequencéor thebattery Notethatloadcurrents
in P1(P2)aredecreasindincreasing).This importantresultis ac-
curatelypredictedby the batterymodel. In P1thebatterysurvives
all thefour loadsandremainsoperationafor extra4.9 minutesun-
der 222 mA (residuall088 mA-min chage). In P2, however, the
batteryfails to servicethe last 6.0 minutesunder1011 mA (un-
delivered 6066 mA-min chage). For thesetwo profiles, the dif-
ferencein the total deliveredchage is asmuchas20% of 36010
mA-min. The otheralternatves P3 and P4 areneitherbetterthan
P1norworsethanP2,aspredictedby the modelanddemonstrated
by themeasurements.

Voltage/clockscalingplaysa critical role in minimizing enegy
consumptionthusimproving the batterylifetime. To obtainprofile
P5,for example wetookP2andchangedhefailing 10-minutdoad
of 1011 mA to a 20-minuteload of 518 mA to reflecta hypothet-

ical changein the systemvoltage! The profile lengthincreased
from 60 minutesto 70 minutes,and the batteryfailed after 67.5
minutes.Thetotal deliveredchageis 34965mA-min, whichis an
improvementover P2with 29944mA-min.

Table1 shaws the measured/predictddetimes (Ly andLp, re-
spectvely) andthe measured/predictedeliveredchages(Cr, and
Cp, respectiely) for the profilesP1-P5. Note that the chage er
rors werewithin 2%, while the maximumlifetime error was 3%.

1This is a pessimisticscenario,sincethe chage consumptionis
usuallyreducedafterthe supplyvoltageis scaleddown.
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Figure 2: Experimental Load Profilesfor ITSY Battery.

Onecanseethatthemodeladequatelgaptureghetrendin battery
behaior obsered in the experimentswith very small prediction
errors.

3. COST FUNCTION

In this sectionwe describeheinputandthe outputof thebattery
model and definea cost function for the task sequencingoroce-
dures. Given n tasks,we associatea 3-tuplewith eachtaskk: the
currently dravn from thebattery theduration, andthestarttime
tk-

Battery Model: Theinputto the modelis theload profile, de-
scribedby thefollowing threesets:thesetof currentsS = {ly | k=
0,1,...,n— 1}, thesetof durationsSy = {A¢ | k=0,1,...,n— 1?,
andthe setof starttimesS = {tx | k=0,1,...,n— 1}. The profile
always startsat time 0. Let T denotethe profile length,i.e. the
latestfinishtime, T = max{tx + Ax}.

In additionto §, Sy, andS, themodelrequiresspecification®f
two batteryparameterst and3. Theseparametersre estimated
basecdbn the batteryprofiling datacollectedfrom several constant-
currentdischage experiments.For instancethe ITSY batteryhas
o = 39668andf = 0.57. Theunitsof a aremA-min, andtheunits

of B2 are1/min. Intuitively, a representshe batterycapacity and
[ capturesionlinearityin batterybehaior.
Let
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The outputof the modelis the batterylifetime L — the smallest
positive numberin the intenal [0,T] that satisfiesthe following



equation:

o= ”il|k|:(L,min{'—7tk}’mi”{Latk‘i‘Ak}aB)- )
=)

It is possiblethat sucha numberdoesnot exist, i.e. the battery
survivesthe profile (all tasksare completed).In suchcasesL =
NULL . ProcedureComputeLif etime(-) is usedfor computingL.
Furtherdetailsaregivenin [9].

CostFunction: For agivenprofile of lengthT, let

n-1
o= %'kF(T:tkatk‘l‘Aka B)- (3)
k=

Intuitively, o is the chagethatthebatteryhaslostby time T. If
0 < a, thenthe batteryis still operationakttime T. We usec as
our costfunctionto be minimized

For avalid profile, thelateny T mustnot exceeda given delay
budgetB. In additionthe batterymaynotfail atary timet < T, i.e.

n-1
o> IF(tminft,t}, minft,t+ A, B) , VEST.  (4)
k=0

Notethat,if for someloadk its starttimet, > t, thenit doesnot
contrikute to the value of the sum. Condition (4) is necessaryo
accountfor relaxationeffectsthatmay maska failure taking place
beforeT. It requiresthat no sub-profileof lengtht < T is too ex-
tremefor thebatteryto survive.

Thefollowing propertyof thefunctionF(-) is critical to mary of
theresultsin this paper

THEOREM 1. ForO<A<t+A<T, functionF(T,t,t+A,B)is
(a) monotonicallyincreasingin t and(b) monotonicallydeceasing
inT.

Remark: Notethatour batterymodeldoesnot involve battery
voltage.The cutoff voltage(i.e. the voltageat which the batteryis
declaredo bedischaged)is abstractedo o, anda useris expected
to specifytheload profile asa discretesetof currentvaluesdravn
from thebatteryduringapplicationexecution.Samplingthebattery
currentat the frequeny of lessthan1Hz will suffice [7]. If such
informationis notavailable,a usermayassumeheaveragebattery
voltageVaye, andlet theload profile i(t) = P(t)/(€Vave), Wheree
is the efficiencgy of a DC-DC corverterandP(t) is the power con-
sumptionof anapplication.Onecanassumehate is constantand

P(t) OV2(t)f(t) [3], whereV (t) isthecorverteroutputvoltageand
f(t) istheclock rate. Theni(t) OV2(t)f(t).

4. TASK SEQUENCING (NO SCALING)

The formulation of the battery-avare task sequencingoroblem
without voltage/clockscalingis shawn in Figure3. Theinput con-

sistsof sets§ and S, a directedagyclic taskgraphG, the delay
budgetB, andthe batteryparameterst and3. The outputis theset
S of starttimesof tasks. The objectie is to minimize o given by
Equation(3), subjectto thefollowing threeconstraints:

(1) dependencyconstraint: taskdependenciearepresered,

(2) delay constraint: thelateny doesnotexceedthedelaybudget,
(3) enduranceconstraint: atary time within a schedulethe bat-
teryis alive.

We tackle the sequencingproblemin three steps: (i) greedy
sequencing(ii) incrementalrecovering, and (iii) local compress-
ing. The first stepis greedysequencingsubjectto dependen-
cies, with no idling allowed. The length of the resulting profile
isT= z 1Ak In this case the delayconstraintis alreadysatis-
fied, underthe assumptiorthatB is never lessthanthe sumof all
taskdurations.Howe/er, theenduranceonstrainimaybeviolated,
which calls for the secondstep— incrementalrecovering In the
secondstep,weinsertidle periodssothattheprofile nolongerfails.
As muchrecorery asnecessarys exercised andthe load ordering
is not changed.Thus, the enduranceonstraintand dependencies
arenot violated; howvever, the delay budgetmay be exceededlue

to recovery delaypenalty In thethird step,local compessing we
attemptto placelight loadsinsideidle periods,subjectto depen-
dencies,so thatload relaxationis still presentbut recovery delay
penaltyis reduced.Thus,the purposeof the third stepis to reduce
the profile length T to the budgetB. Detailsof thesethreeproce-
duresareshavn in Figure3.

GreedySequencing:Theinputis thetaskgraphG aswell asS
and$,, andthe outputis §. Dependenciearepresered by con-
struction:notaskis scheduledinlessits predecessorsave already
beenscheduled.If thereare several candidatexompetingfor the
currentplacein asequencehentheprocedureselectshe onewith
the heaviest weight amongthem. Oncea taskis scheduledijt is
removed from thetaskgraph.

The weight of 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 I andMear‘(Gp) Suchweigh-
ing is preferrecoverw( p) = I, for eachtaskp (e.g.ataskwith very
low currentmay have a successownh very large current,whose
executionwill bedelayeduntil its predecessds scheduled)

If therearenodependencieshenw(p) equaldo I, for eachnode
p. In this case,the proceduresequencei;asksm nonincreasing
orderof their currents.Sucha profile hasthe minimumcosto (for

T= zE;éAk), in accordancevith Theorem?2.

THEOREM 2. For atasksequencevith noidle periodsallowed,
z’k‘_llkF(T t, tk + Dk, B) is minimized,if I > 1; = t < t; for all
o<i,j<n-1

Incremental Recovering: Theinputis aninitial profile speci-
fiedby §, S\, and § (the outputof the greedysequencingstep)
aswell asthe batteryparameters andf. The outputis the task
sequenceavith insertedidle periodsanda flag indicating whether
recoveringfailedor succeededdle periodsareinsertedonly if the
batteryfails beforetime T; otherwise the load profile is returned
asit is.

Let & denotethe lengthof anidle period. Beforecomputingd,
the procedurecheckswhetherd will belessthanthe delaybudget
B. This checkis performedasfollows. Let q denotethe failing
task,i.e. L € [tg,tq+ Aqg]. First, the procedureassumeshatd = B

and createstemporaryset &, wherestarttimes of eachtaskk
following andincluding q areincreasedy B (e.g. tq =tq+B).
Then,it checkswhethertaskq is recovered,i.e. L ¢ [fg, fg+ Aqg). If
0 > B, thenthe procedurdgerminateswith FAILURE , sinceit will
be impossibleto compresghe profile so that the delay constraint
is met. If & is guaranteedo be lessthanB, thenit is computedby
MinRecweryLengh(-).? Finally, InserRecwery(-) placesheidle
periodof lengthd atty andaddsd to tg andto the starttimes of
tasksfollowing q in the sequence.This processis repeateduntil
eitherall failuresarerepairedor recovery is no longerfeasible.

At the absenceof the delay constraint,the proposedapproach
providesanoptimalfailurerecoveringsolutionfor agivenloadpro-
file, in accordanceavith Theorem3.

THEOREM 3. Let g be the failing task, and let o4 denotethe
costof the subpofile of lengthtq + Ag. Let & denotethe lengthof
anidle periodinsertedwithin thesubpoflle in question(thelength
of theresultingsubpofile become$(1+A q+9)- (1) Thecostofthe
new subpofile is minimized f anidle periodis insertedat tq. (2)
If anidle periodis placedearlier thanty, its lengthmustbegreater
thand to achievethe samecostasin (1).

Local Compressing: Theinput s the taskgraphG, the recor-
eredload profile (specifiedby S, S, andS), the delaybudgetB,

2Notethatwe settheupperboundon 3 to beB. One(naive)imple-
mentationof MinRecweryLengh(-) would beto increased from O
to B with smalltime incrementssayt, andcheckwhetherl is still
in [tg+ 8,tq + Aq+ 9. (After insertinganidle periodthe starttime
of g is shiftedby d). In otherwords,oneneedso increased until
the costof thesubprofileof lengthty + Ag + 8 becomesessthana.



PROBLEM: Battery-ConsciousTask Sequencing
INPUT: S, S, G, B, o, B
OUTPUT. S
OBJECTIVE:min{o = ¥1-3 IkF (T, ti, t + Ak, B)}
CONSTRAINTS:
(1) if g dependon pin G, thentq > tp +Ap
@T<8B
@)Vt <T, TRgIkF (t,min{t,t}, min{t,t + A}, B) < o

TaskSequenceConstructiofG, S, S)
S = Greed/Sequencing3,S, %)
{S, flag} = IncrememalRecwernng(S , S, S,a,B)
IF flag=SUCCESS
{S, flag} = LocalCompressingG, S, S, 0, B)
RETURN {§, flag}

GreedySequencingG, S, S)

FORallpe &
w(p) = maxlp, Mean(Gp)}
now=20

WHILE G is notempty
S={p| Parerts(p,G) = 0}
Selectq | w(q) = max{w(p) | pe S}
tg=now, now=ty+4Aq
Remae g from G

RETURN §

IncrementalRecwoering (S,%,S,a,B)
L = Compuelifetime(S,S,S,a,B)
WHILE L # NULL
Findq | L € [tg,tq +Aq]
§ = InserRecwery(B,tq,S)
L = CompuelLifetimegS,S,S,a,B)
IF L € [f,f + A
RETURN {S, FAILURE }
3= MinRecweryLengh(a,B,q,5,%,S)
S = InserRecwery(d,t,S)
L = CompuelLifetimgS, S, S,a,B)
RETURN {§, SUCCESS

LocalCompressing(é, S,%,5,B,0,B)
T = max{tx + Ak}
IFB>T
RETURN {S, SUCCESS}
Thew=T, change=TRUE
WHILE chang = TRUE
{Rs,R¢ } = IdertifyldleReriods(S , %, S)
M=Ry, §=S, Toid=Thew. chang = FALSE
WHILE M >0
S={pltp=RiM} )
Findq| Ig=min{lp | p€ SAND Parerts(p,G) ¢ S}
Remave g from S
tqg = Rs[M]
S =UpdateSartTimegs)
{S, flag} = IncrememalRecoery(S , %, S, a,B)
IF flag = FAILURE
S=8
ELSE
Tnew = Madk{tk + Ak}
IF B> Thaw
RETURN {S, SUCCESS}
IF Toid 5 Thew
§=S§
ELSE
change = TRUE
BREAK
M=M-1
RETURN {S, FAILURE }

Figure 3: Task Sequencingwithout Voltage/Clock Scaling

andthe batteryparametersr and3. The outputis the new pro-
file specificatiorandthe flag indicatingwhethercompressiorsuc-
ceededr failed.

First, the length T 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)andR; (idle finish times). For
example,the starttime of the k-th idle period (countingfrom the
beginning of the profile) is recordedas Rq[k], andits finish time
is recordedas R; [k]. Next, we selectthe latesturvisited idle pe-

riod M andcollect the tasksscheduledafter M into the setS In
S, we find task g suchthat Iq is aslow aspossibleprovided that

startingq at Rs[M] will notviolatedependencie€Onceq is placed

at Rs[M], the starttimes of the remainingtasksin S are updated
by U pdateSartTimeg-), sothattheirinitial orderingis presered,

but initial idle periodsamongthem are omitted. Then, new idle

periodsareinserted,if necessarylf thelengthof this new profile

is decreasedthenit becomeghe currentsolution, and the outer
WHILE -loopis repeated Otherwise profile changesareignored,
andthe next latesturvisited idle period is consideredthe inner
WHILE -loopis repeated).

Local compressings terminated,if (a) changescanno longer
reducethe length of the currentprofile, or (b) the currentprofile
meetsthe delaybudget. Note that modificationsare appliedstart-
ing from the end of the load profile, sincethe lightestloadsare
normally scheduledate. Light load may reducethe total recov-
ery time if placedinside anidle period of interest. We consider
idle periodsstartingfrom the latestso thatthe minimal portion of
theprofile is changedIn otherwords,the procedureplaceslighter
tasksinto lateridle periods,thusattemptingto approactthe dead-
line ata minimal costpenalty

5. TASK SEQUENCING WITH SCALING

Simultaneousoltage/clockscalingis a very effective way to re-
duceenegy consumptiori3]. Fromthe batterylifetime maximiza-
tion perspectie, scalingtechniquesrecritical in shapingtheload
profile appropriately In this sectionwe statethe problemof task
sequencingvith voltage/clockscalingandprovide two procedures
for improving delay-constrainetbad profiles. Note that the bat-
tery modelinvolves only task durationsand currentsdravn from
theenegy sourceby aDC-DC corverter Sincevoltage/clockscal-
ing is appliedto the enegy consumelthe outputsideof aDC-DC
corverter),changesn voltagelevelsandclock frequenciesnustbe
translatednto changesn thetaskcurrentsanddurationsbeforethe
modelcanbeused.

We assumethat the systemcan operateat ary voltageV; from
the orderedsetS; = (Vp,Vi,...,Vk—1) atthe correspondingnaxi-
mumfrequeng ¢ fromtheorderedsetS, = (qo, ¢1, ...,k —1). The
elementsof S, andS, arein ascendingrder Let Iy and A re-
spectvely denotethe currentandthe durationof taskk, whenthe
systemis operatingat V; with the clock frequeny ¢. Figure4
shaws the formulationof the battery-consciousoltage/clockscal-
ing problem. The objective is to assigneachtaskk to a specific
voltageV,; atthefrequeng @ (thusdetermininghetaskcurrentlig
andthetaskdurationAj) andthe starttime ty, sothattheresulting
profile costo is minimizedandthe following constraintsare satis-
fied: (1) taskdependencieare presered, (2) the profile lengthis
within the delaybudget,and (3) the batterysurvivesall the tasks.
Unlike the caseof tasksequencingvithout voltage/clockscaling,
we needto generatenotonly §, but also§ andS,.

Scaling Based on Lowest-Fower Initial Solution: We start
with the lowest-paver profile, which satisfiesthe endurancecon-
straint, but may violate the delay constraint. In this profile all
the tasksare assignedo V (the lowestsupply voltagelevel), so
thatthe enegy consumptions minimized. We useLoolJ p(-) to
look up, in a userspecifiedtable, task currentsand durationsfor
a given voltage. For example,for taskk atVp and ¢y, the current
anddurationare{ly,Ax} = LookJ p(k,Vo, @) = {lok, Dok} Thus,
we generatethe initial sets§ and Sy. Initial § is producedby
Greed/Sequencing).

Let L bethe computedifetime of theinitial profile {§,S,S}-



PROBLEM: Battery-ConsciousVoltage/Clock Scaling
INPUT: S/, S, G, B, a, B
OUTPUT. S, S\, S
OBJECTIVE:min{o = 3 =3 likF (T, ti, t + Dic, B) }
CONSTRAINTS: .
(1) if gdependsn pin G, thenty > tp +Ap
(T<B
(3) vt < T: ZE;% IikF(t7 min{tvtk}7 min{t7tk +Aik}7 B) <a

VoltageClockScaling(Sy, Sy, G, B, o, B)
K=1|S/|, n=|G|
FORk=0,1,....n—1
{Iks B} = LookJ p(k; Vo, o)
S = Greed/SquencingG,S,S)
T = Tioohk
L =CompuelifetimgS, S, S,a,B)
IF T<BAND L =NULL
RETURN {S,%,S, SUCCESS
IF T>BAND L #NULL
RETURN {S,%,S, FAILURE }
IF T<BAND L # NULL
{S, flag} = IncremenalRecwering(S ,S, S, a,B)
IF flag= SUCCESS
{S: flag} = LocaIQ)mpressingé,S 733737075)
RETURN {S,%, S, flag}

{S,%,S, flag} = LatencyReddion(S,,$, S, %, 9, B, a,B)

IF flag = SUCCESS
{S,%,S} = Sadtilization(S,, S, S, %, S, B, 0, B)
RETURN {S,%,§, flag}

LatencyReduction(S/,5,S,%,S,B,a,B)
FORx=0,1,...,n—1
k = the x-th taskin thesequence
FORi=1,..,K-1
{li, &} = LookU p(k, Vi, @) .
{S,%,S} = UpdateLoadProfil e(ly, A, S, S, S)
T=max{f +4/} o
L = CompuelLifetimgS, %, S,a,B)
IF L# NULL
BREAK
{S 7SAsS} = {S7SA7S}
IFT<B
RETURN {S,%,S. SUCCESS
RETURN {S,%,S, FAILURE }

SlackUtilization (S/, S, S,%, S, B,a,B)

n=|§|
T =max{t + 4/}
IFT>B

RETURN {S,%,S}
FORx=n-1n-2,..,0
k = the x-th taskin thesequence
Find j | {lk, Ak} = LookJ p(k, Vi, §))
FORi=j-1,j-2,..,0
{lks &k} = LookJ p(k, Vi, @) .
{S,%.,8} = UpdateLoacProfile(i, Ay, S , S, S)
T=max{f +4}
IFT>B
BREAK
{9,%,5}={9,%,5}
RETURN {S,%,S}

Figure 4: Task Sequencingwith Voltage/Clock Scaling

NotethatT = Sp—3Agk. If T <BandL = NULL, thenwe have
alreadyobtainedinal solution.Ontheotherhand,if T > BandL #
NULL , thenwe abortour attemptsto generatea feasibleprofile.
Therearetwo non-trivial cases(a) T < B andL # NULL , and(b)
T >BandL=NULL.

In case(a), the delay budgetis met, but the battery doesnot
survive the profile. Sincethe voltagelevel is the lowest, the task
currentscannotbe reduced. Therefore,only idle periodinsertion
is applicable:we performIncrememnalRecaering(-), followed by
LocalCompressing-).

In case(b), the batterysurvivesthe profile, but the delaybudget
is exceeded.Therefore,sometasksmustbe assignedo a higher
voltage/cloci(resultingin greatercurrentsbut shorterdurationso
satisfythedelayconstraintWe useLatencyReddion(-) to reduce
the profile lengthsothatthe budgetis met. Figure4 providesfur-
therdetails. At eachiterationof the outerFOR-loop, we consider
theearliesturvisitedtaskk (at positionx in thetasksequencegnd
its voltageis scaledup asmuchaspossible provided thatthe pro-
file remainsfailure-free. Upon assigningnew voltage/clockto k,
we call U pdateLoadProfil &(-) to updatetheload profile, move to
the next task (at positionx+ 1 in the tasksequence)andperform
voltage/clockup-scalingagain.Intuitively, this procedureattempts
to generatea nonincreasingequencef currentswithout causing
failuresbeforeall thetasksarecompleted.

Slack Utilization: Givena failure-freeprofile with positive de-
lay slack(i.e. L= NULL andT < B), we maybe ableto improve
its quality by scalingvoltage/clockdown, whichdecreasesskcur
rentshut increasedask durations. The correspondingprocedure,
Saddtilization(-), is shavn in Figure4. We considertasksone
by one,startingfrom the profile’s end. The voltage/clockfor each
consideredaskis down-scaledasmuchaspossible provided that
the delayconstraintis not violated. Thus, this procedureattempts
to reducethe battery stresstoward the end of the dischage pro-
cess.Voltage/clockdown-scalingdoesnot introduceary failures,
in accordancsvith thefollowing theorem.

THEOREM 4. Assumehata giventasksequencés failure-free
Letvoltage andclock be scaleddownfor sometasks.Theresulting
profileis still failure-free

6. RESULTS

Thebatterylifetime depend®n boththeloadprofile andthebat-
tery parametersin this sectionwe let a = 40000and3 = 0.2. Fig-
ure5 shavsthelifetime surfacefor the simplestcaseof a constant-
currentdischage. Note thatfor suficiently large B the batterybe-
havesasapracticallyidealpower sourcej.e. thelifetime increases
almostlinearly asa grows. We usesmall 3 = 0.2 to exposenon-
lineareffectsin batterybehaior.

Lifetime Surface at 1A Discharge Rate

Lifetime, min

Figure 5: Lifetimes for Various a and B under Constant-Rate Dis-
charge.

Considera setof tasksdescribedn Table2. Therearetwo sup-
ply voltagesV andV /2, andeachtaskis associatedvith the two
possiblebatterycurrentvaluesandthe two possibledurations.We



‘ Task‘ VoltageV VoltageV /2 ‘ Parents‘

I,mA  Amin | I,mA A min

T1 1000 5| 125 10

T2 750 51| 93 10 -

T3 500 10 | 62 20 Tl

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.

Load, mA Load, mA

1000 FAILED 10007 TASKS COMPLETED
OVER BUDGET
H (WITH RECOVERY)
o

0 o

(a) Profile P1: Decreasing Load (b) Profile P2: After Recovery

Load, mA Load, mA

1000 1000 [
FAILED

WITHIN BUDGET

|

(c) Profile P3: After Compression

TASKS COMPLETED
£

(d) Profile P4: Altemative Recovery

Load, mA Load, mA
1000 1000

FAILED

(€) Profile P5: Alternative Compression

TASKS COMPLETED
OVER BUDGET

I e s N e e

o Time, min

Time, min
(f) Profile P6: Lowest-Power Initial Solution
Load, mA Load, mA
TASKS COMPLETED

WITHIN BUDGET
(WITH UP-SCALING)

o, o

(g) Profile P7: After Voltage Up-Scaling

1000 1000

TASKS COMPLETED
WITHIN BUDGET
(WITH DOWN-SCALING)

(h) Profile P8: After Slack Utilization

Figure 6: GeneratedLoad Profiles.

let thedelaybudgetB equal90 minutes.To illustratethe proposed
methodswe examineeight profilesP1-P8 shavn in Figure6. Ta-

ble 3 shaws the tasksequencaswell asthe correspondindength

T andthecosto, for eachprofile.

Profile TaskSequence T, o@T,

‘ ‘ ‘ min ‘ mA-min ‘
P1 (T1,7T2,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 (T1,7T2,T3,7T5,T4,T6,T7,T8) | 120 9886
P7 (T1,7T2,7T3,T5,T4,T6,T7,T8) | 85 30139
P8 (T1,7T2,7T3,7T5,T4,T6,T7,T8) | 90 26103

Table 3: Profile Lengths and Costs.

To demonstratehe impact of task sequencingwithout volt-
age/clockscaling,we fix the voltageatV for tasksT1-T4 andat
V /2 for tasksT5-T8. In this case,the minimum profile lengthis
90 minutes,which the sameasthe delay budgetB. Profile Plis
generatedy Greed/Sequencing ), profile P2is obtainedfrom P1
by IncrememalRecwering(-), andfinally, P2 is transformednto
profile P3by LocalCompressing:).

Dependencieallow the tasksto be sequenceéh decreasingr-
der of their currentsin P1. The battery however, fails after 8.6
minutes;thereforejdle periodinsertionfollows. Sincethereis no
delayslack, P2 with two idle periodsviolatesthe delayconstraint

by 16 minutes® However, the profile lengthof P3is successfully
reducedto 90 minutesby compression.Note that P1 and P3 are

two tasksequencewith noidle periods,andasexpected the cost

of P1is lowerthanthecostof P3(23435vs. 29558mA-min). Pro-

file P1demonstratethe needfor the enduranceonstraint.For P1

0 < o butL # NULL , whichmeanghata batteryfailure hasbeen
masled by relaxationeffects.

Profile P4 shavs an alternatve to P2. Thetotal idling time in
P2 and P4 is the same,16 minutes. In P4, however, the two idle
periodsfrom P2 are combinedinto one. Note thatthe batterycan
no longersurvive P5,andasexpected the costof P2is lower than
the costof P4. Profile P5shavs an alternatve to P3. P5differs
from P3in thattasksT7 and T8 are swapped. Even thoughthe
costsof P3 andP5 are practically the same,P5 violatesboth the
dependengcconstrainandthe enduranceonstraint.

ProfilesP6,P7,and P8 demonstrat¢heimpactof voltage/clock
scaling. P7 is obtainedby LatencyReddion(-) from the lowest-
power initial solutionP6,whereall the tasksareassignedo V /2.
Thelengthof P6is 120 minutes,andthe delayslackis —30 min-
utes. In profile P7,which is failure-freeandwithin the delaybud-
get, the voltagefor tasksT1, T3, T4, and T8 is scaledup to V.
Notethata 5-minutedelayslackis availablein P7. After applying
SadUtil ization(-) oneobtainsprofile P8, whosecostis lowerthan
thatof P7 by morethan10% (26103vs. 30139).Note thatamong
the eightconsideregrofiles,only P3,P7,andP8arefeasible(i.e.
all the constraintsaresatisfied) andthe costof P8is the best.

7. CONCLUSION

Sincethe batterybehaior exhibits a nonlineardependenc on
the characteristicef the systemload profile, achieving a provably
optimallifetime is not an easytask. We addressethe problemof
battery-conscioutask sequencingvithout andwith voltage/clock
scaling.We emplo/edanaccurateanalyticalbatterymodelasa ba-
sisfor auniquecostfunctionanddevelopedseveralefficientheuris-
tics for synthesizingoattery-eficientload profiles. Our algorithms
includeinsertionof recovery periodsandvoltage/clockscalingfor
delayslackdistribution.
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