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Abstract

This paper addresseghe scheduling problemof radar
dwellsin multi-functionphasearray radars. \Well-known
and new challengesmale it dif cult to provide predictable
performancdor real-timedwell scheduling We developed
the template-baseddedulingalgorithm to guaranteethe
performanceaequirementwith low on-line overhead. Sim-
ulationresultsshowthat thetemplate-baseddedulingap-
proach increaseautilization and providespredictableper
formance

1 Intr oduction

In a multi-function phasearray radar system, radar
taskssearchor track suspicioustargetsin its suneillance
space. A radartask executesperiodically The period of
a radartaskmay changewhenthe stateof the tracked tar
getchangesAt every period,theradartask rst sendsand
receveselectromagnetisvavesto detectthe trackedtarget.
Then, it processeshe collectedsignalto monitor the tra-
jectory of the target. The radartaskmustcompleteby its
deadlineatevery periodin orderto keeptrack of thetarget.
Losing track of the target leadsto expensve overheadof
searchingor thetargetin a largerspacebeforethe system
cantrackthe sametargetagain.

Therearethreechallengesn providing predictableper
formancefor the multi-functionphase-arrayadarsystems.

Priority Conicts Eachradartaskis assigneda seman-
tic importanceaccordingto the level of threatby the
trackedtarget. The higherthe level of threatby a tar
get, the higherthe semantidmportanceof the corre-
spondingrackingtask. The systenshouldalwaysdis-
cardthelessimportanttaskswhenit cannotcomplete
all the tasks. Traditional (real-time) priority-driven
schedulingalgorithms,suchas the EarliestDeadline
First (EDF) andRateMonotonic(RM) algorithm[1],
assignthe schedulingpriority basedon thetiming pa-
rameterssuchas absolutedeadlinesand periods(i.e.,
relatvedeadlines)Whenthesystemis overloadedthe
traditional priority-driven schedulingalgorithmsdis-
cardthetasksthathave late deadlinesor long periods,
thoughimportant, but notdesired.

10Onemay partition animportanttaskandexecutethe taskat a shorter

Pipeline execution A radar task consistsof two major
parts: a dwell part and signal processingpart. The
dwell part must completebefore the corresponding
signalprocessingpart starts. Thesetwo partsare ex-
ecutedon differenthardwarecomponentsSuchtasks
canbemodeledasend-to-endasksstudiedby [2, 3,4].
Resultsn earlierworks shavedthatthe schedulability
analysisof end-to-endtasksrequiresexpensve com-
putationandis not suitablefor on-line schedulability
analysis.

Dynamic systemworkload A tracking task initiates
wheneer an untracled target appeardn the suneil-
lance spaceand a tracking task completeswhenever
the tracked target leaves the sunweillance spaceor is
no longeraninterestto the system.The movementof
the tamgets are often controlled by external sources.
The arrival and completionof tracking tasksare not
predictable. When a new tracking task initiates, the
systemhasto determinewhetherthe new taskcanbe
admittedwith low on-lineoverhead.

Thesethreechallengeamale it extremelydif cult for the
traditional real-timeschedulingalgorithmsto provide pre-
dictableperformance.In addition,thereare physicalcon-
straintson the radarsystemsfor instance duty cycle con-
straintand enegy constraint[5, 6]. Theseconstraintsare
designedo prevent the hardware componentfrom being
damaged.In general,a physicalconstraintis speci ed as
a thresholdfor a physicalparameteffor ary time interal
whoselengthis no greatetthanthe predeterminedength .
Whenaviolation occurs the systemmay be haltedto avoid
damage.

Figurel shaws anillustrative example. Therearethree
tasks, , ,and inFigurel(a). Thelengthandshaded
areaof eachbox representshe executiontime andenegy
consumptiorof a task, respectiely. For instancetask
executesfor 5 units of time and consume25 units of en-
ergy whenit completes.Therelative deadlinefor task

,and is18,22,and20, respectiely. Supposeheen-
ergy thresholds setat35for any timeinterval whoselength
is no greaterthan8. Whenall thesetasksarrive at time 0
andare scheduledy the RM algorithm,a violation of the
enegy constraintoccursattime 7 becaus¢he enegy con-
sumptionis 35attime 7 asshavn in Figure1(b). Only task

periodto avoid sucha problem.However, it is notsuitablefor aradartask
becausét is not preemptable.



Figure 1. Task scheduling with energy constraint

completedyy its deadline;task and  cannotcom-
plete beforethe systemis shutdown. In contrast,sucha
violation canbe avoidedby schedulingask  beforetask

asshown in Figurel(c). In Figure1(c), theenegy con-
sumptionwithin ary time interval for is no
greaterthanthe enegy threshold35. Moreover, all three
taskscompletein time. A schedulingalgorithmtakinginto
accounthe enegy constraintshouldprovide sucha sched-
ule.

In traditional multi-function phasearray radarsystems,
radartasksare schedulechasedon their semanticimpor-
tanceswith bestefforts [5]. At the schedulingtime, the
scheduleselectghetasktrackingthe mostthreateningar
getsandcheckswhetherthe task causesary physicalcon-
straintviolation if it is executed. If arny violation occurs,
the taskwill not be scheduledandis insertedinto the dis-
patchqueuefor later consideration.Performanceequire-
mentsare provided by redundanhardwaresand extensve
simulations.

Kuoetal. in [7] proposed resenation-basedpproach
for real-timedwell scheduling.A resenationratio is com-
putedfor eachtask basedon its timing parameters.Dur-
ing the runtime, a virtual deadlineis computedbasedon
theresenationratio andis usedto schedulehetaskby the
EDF algorithm. This approachallows the systemto guar
anteethe performanceequirementvhenthe schedulability
conditionholds.In our work, we notonly considertthetim-
ing constrainbut alsotheenegy constraint.n addition,we
take into accounthefactthatthe executionof radardwells
canbe interleaved or nestedwithout affecting the correct-
nessof collectedsignals.

This paperdescribesa new real-timetaskmodelwhich
extendsthetraditionalmodelto characterizéhe enegy pa-
rametersf radardwells. Otherphysicalconstraintanbe
considerediy extendingour taskmodel. A new schedul-
ing algorithmusing dwell templatego schedulethe dwell
tasksis developed. A dwell templateis an off-line com-
putedscheduldor a setof radardwells. Theenegy param-
etersof a dwell templateallow the algorithmto checkthe
enegy constraintwith constantime. Templatesalsoallow
thealgorithmto admittaskswith low on-lineoverheadThe
performancef this algorithmis evaluatedvia simulations.

Following thisintroduction,Section2 describeghetask
modeland de nes the termsusedhere. The sectionalso
statesthe problemof schedulingradardwells with enegy
constraint. Section3 presentshe branchand bound al-
gorithmto designthe templatesandthe algorithm design-
ing the templateschedule. We also presentthe algorithm
schedulingadardwellsduringtheruntime. Section4 eval-

uateshealgorithmagainsthetraditionaladaptve schedul-
ing algorithm[5] via simulations. Finally, Section5 sum-
marizeshepaper

2 Formal Model and Problem Statement

Formal Model Thusfar, andin our subsequentliscus-
sion, we usethe term taskand job asthey arecommonly
usedin real-timesystemditerature[1, 8, 9]. Thedwell and
signalprocessingf aradartaskareconsideredstwo peri-
odic subtask®f theradartask. To meetthe deadlineof the
radartask,onecansetthe periodsof thesesubtasksaisone
half of the periodof the radartasks. Hence the radartask
canmeetits deadlineaslong astwo subtaskxompletein

time. In this paper we areconcernedvith the dwell partof

radartasks,called dwell tasks for short. Whenthereis no
confusion,by a task,we meana dwell task. We call tasks

, ,andsoon.

A dwell job, calleda dwell for shortanddenotecby
sendsandreceveselectromagnetiovaves. A dwell is de-
ned by its executiontime and power function. The exe-
cution of a dwell consistsof threephasessending round-
trip delay, and receivingphase Thesethree phasesexe-
cute sequentially The phase-arrayantennasendsand re-
ceiveselectromagnetievavesfor a certainamountof time
in the sendandreceving phaserespectiely. The phase-
arrayantennacould be idle or executeotherdwells during
theround-tripdelayphase Theantennanustbereadyto re-
ceive thereturnwavesat a pre-computedime instant;oth-
erwise,the dwell fails. In addition,during the sendingand
receving phasethedwell shouldnot beinterruptedor pre-
empted.An interrupteddwell fails andmustexecuteagain
from the startto complete. The executiontime of a dwell

, denotedby , is thesumof thelengthsof thesethree
phases.

Thephase-arragntennaonsumegpowver whensending
andreceving electromagnetiovaves. Theamountof power
consumedy a dwell is describedby a time function. A
power function of dwell  for denotes
the consumedpower at the elapsedime sincethe dwell
startsto execute.Duringtheround-tripdelayphaseadwell
consumeso power and the valuesof the power function
are0. Henceadwell is de ned by . We

saythatdwell is lessthandwell if thevalueof the
power function of dwell is alwayslessthanor equalto
thatof dwell . In otherwords, for

Eachtaskis characterizedy its timing andenegy pa-
rametersijncludingits releasgime, dwell, minimal period,
optimalperiod,maximumperiod,andsemantiémportance.
The releasetime of a task, denotedby , is the instantof
time atwhichthetaskbecomeg&nown to thesystem Dwell

denotesthe executiontime and power function of the
task. The periodof ataskis givenasa rangebetweenthe
minimal period, denotedby , and the maximum pe-
riod, denotedby . The minimal periodis the period
belon which shortersamplingperiodyieldsno valueto the
applicationbut introducesadditional overheadto the sys-
tem; the maximumperiodis the periodin which the task
produceshe resultsat the minimal level of precision. In



addition,anoptimal periodis alsogivenfor eachtask. The
optimal periodis the period with which the task can pro-
duceoptimal trackingresult. The systemselectsa period
within therangewhenataskarrives. Theselecteeriodof
task , denotedby |, is calledthe executionperiod We
assumeheperiodof ataskremainsconstantfteranexecu-
tion periodhasbeerselected Thisassumptiortanbeeasily
removed by sequentiallyexecutingthe taskat differentpe-
riods to simulatethe changeof its period. The semantic
importanceof ataskis denotecby . Thesemantidmpor
tancesf tasksaretotal ordering.A radartask is de ned
as . In practice therelease
time of ataskis unknown until the taskarrives. We use
to denotea taskwhosereleasdime is unknavn.
Thesystenpowerfunction denotedy ,isthelevel
of power consumedy the schedulediwell attime . The
systemenegy consumption denotedby , Is the ex-
ponentialsum of the power consumptionfor a look-badk
period The exponentialsum is a weightedsum and
its weight function gives more weight to the recentval-
uesandlessweightto the pastvalues. The systemenegy
consumption for the look-backperiod is de ned as

— . The systemenegy consump-
tion hasbeencommonlyusedto keeptrack of the enegy
consumptiorof a radarsystem[5] becausef its low com-
putationcost.

Timing Constraint A dwell job cannotbe interrupted
duringits sendingandreceving phasebut canbepreempted
duringits delayphase.The following de nition statesthe

timing constrainof a dwell job.

De nition 2.1(Timing Constraint). A dwell job executes
to completionif there is no interruption during its sending
andreceivingphase A dwell job completesn timeif and
onlyif it executego completiorby its deadline

Energy Constraint Eneigy constraintprevents perma-
nentdamagecausedby over-consumingenegy. The fol-

lowing de nition stategheenepgy constrainof aradarsys-
tem.

De nition 2.2(Energy Constraint). Theenegyconsump-
tion within timeinterval mustbe no greaterthan
the enegy threshold for whee is the
currentsystentime

In this paper we usea wealer requirementccordingto
the following de nition: This is an often-usedpessimistic
approximationof De nition 2.2 in orderto reduceon-line
overheadbs, 6].

De nition 2.3 (Approximated Energy Constraint). The
systenenegy consumption for thelook-bad period
mustbe no greaterthanthe enegy threshold attime

This approximatiormayfail in onecase:Whenthe sys-
temconsumes constantevel of powerwithin time interval
andconsumeso power beforetime . In this
casetheexponentialumof the poweris lessthantheequal

weightedsumof the power. De nition 2.3 mayfail to pre-
ventthe damage Fortunately this casewill neveroccurin

theradarsystemdecausehe power consumedn the send-
ing phaseis muchgreaterthanthat consumedn the delay
andreceving phase.For the radarsystemsthis de nition

is a pessimistiaconstraintwhich considersot only theen-
ergy consumptionn time interval but alsothe en-
ergy consumptiorbeforetime . We saythatthereis

anenegy constaint violation wheneer the systemenegy
consumptioris greatetthanthe enegy threshold.

Dwell Template A dwell template denotedby , is a
scheduleof asetof dwellsandis characterizethy thedwell
set,templatelength, dwell schedulefemplateenegy con-
sumption,andsustainablesystemenegy consumption We
calltemplates , ,andsoon.

The dwell set of template , denotedby
, represents dwells in the tem-
plate. The length of template , denotedby , is the

lengthof time necessaryo executethe schedulef thetem-
plate when it executesalone and hasall the resourcest

requires. The dwell schedule denotedby , de nes the
scheduleof dwellsin the template. The schedulés repre-
sentedby a vectorof time instants
Eachelement for
of time whendwell

range .

The powerfunctionof template , denotedby ,

denotesthe level of consumedpower when the template

is executedand is de ned as

for . The (exponentialltemplateenegy con-
sumptionof template , denotedby , is the system
enegy consumptiorassuminghattemplate is theonly
andlasttemplatéromtime totime . Thetemplateenegy
consumptiorcanbe computedasfollows:

denoteshe instant
startsto executeandis within the

The sustainablesystenenegy consumptiorof template
, denotedby , is theupperboundto the systemen-
ergy consumptiorin orderto executethe scheduleof tem-

plate  withoutviolating the enegy constraint.At time
for , the differencebetweerthe enegy thresh-
old andthe enegy consumedy executingthe sched-

uleof template  within is computed Thedifference
is theupperboundto thesystemenegy consumptiorbefore
thetemplateis usedin orderto meetthe enegy constraint,
assuminghe schedulén is executeduntil the current
systentime. Thesustainablesystemenegy consumptions
the minimal amongthe differencedor . Given
the enepgy threshold for the look-backperiod , the
sustainableystemenegy consumptioris computedasfol-
lows:



for
A dwell dened as

A templateis feasible if
andonly if every dwell executesto completionwithin the

template is

template. The executionof a templateis nonpreemptable.

In otherwords, a templateis consideredasa nonpreempt-
ablejob evenwhentherearesomeidle times. Thetemplate
schedule denoteghedwell templatescheduledttime
. A templateschedule for a setof tasksis feasibleif
andonly if all the taskscompletein time andthereis no
enegy constraintviolation for all times.
Figure2 shavs anexampleof dwell jobsandtemplates.
Therearethreedwells , ,and . Theirpowerfunc-

Figure 2. Example of dwell tasks.

tions are representedby the shadedboxesin Figure 2(a).

For the purposeof this paper it is sufcient to know the

averagelevel of power consumptiorin the sendingandre-

ceiving function. Figure 2(b) and (c) shaw two different
templatedor thesedwells. Thetemplatdengthis 10. Tem-

plate  hasa highersustainablesystemenegy consump-
tion andcanbe usedwhenthe systemenegy consumption
is higher Ontheotherhand,template s suitablewhen

the systemenegy consumptioris low.

Problem Statement The performancerequirementof a
radarsystemis often givenasa setof searchingandtrack-
ing scenarios.A scenariodescribeshow mary searchand
track tasksit shouldbe able to executesimultaneouslyin
order to watch the sunweillance space. Such a scenario
can be transformedinto a set of radartasks, denotedby
, in which radartasksare indexed
in descendingrderof their semantidmportancesThere-
leasetimes of the dwell tasksin  areunknawn. In this
paper we assumehereis only one performancerequire-
mentfor the radarsystem. We also assumethat thereis
only oneradarantennan the radarsystem. Thereal-time
dwell schedulingoroblemis statedformally asfollows:

Real-time Dwell Schedulingwith Eneigy Con-
straint: We are given the performancerequire-
ment and the enegy
threshold for alook-backperiod . In ad-
dition, non-criticaldwell task  for may
arrive at ary time after the systemstarts. The
problemis to nd aschedulingalgorithmsothat

all thetasksin set meettheirtiming constraints
andthereis no enegy constraintviolation for all
times. In addition,we wantto scheduleasmary
non-criticaltasksaspossible.

3 Template-Based Dwell Scheduling Algo-
rithm

A template-basedwell schedulingalgorithmconsistof
two phasesdesignphaseandschedulingphase Thedesign
phasés doneoff-line; theschedulingphases doneon-line.
Packinga setof dwellsinto a x edlengthtime interval is
NP-hard. To reducethe time requiredto designthe tem-
plates,we designa branchandbound(BB) algorithm. We
thenconstructhetemplatescheduldasecontheRM algo-
rithm for the dwell tasksin set . In theschedulingphase,
the templateschedulds usedasa basisto scheduledwell
tasks. Tasksspeci edin set arescheduledaccordingto
thetemplatescheduleatasknotin set is admittedonly
if ascheduledaskis notreleasedndtheresenedresource
for thescheduledaskcanbeusedwithoutviolating thetim-
ing andenepgy constraints.

3.1 Dwell TemplateDesign

Beforeproceedingye digressbrie y to answera ques-
tion thatmayarise:Why not simply considereachdwell as
a nonpreemptabl@b. In otherwords,thereis no needto
packdwells,andknown schedulabilityanalysisalgorithms
of nonpreemptabltaskscanbe usedfor admissiortest.

Figure 3 exempli es that this approachwastesresource
anddecreasethe schedulabilityof the system.In this ex-

e §

Figure 3. Interleaving the executions of dwell jobs

ample therearethreedwells: , ,and , asshown
in Figure 2(a). Whena dwell is consideredas a nonpre-
emptablgob, Figure3(a)shovsonepossiblescheduleThe
lastdwell completesattime 14. As statedin Section2, the
systemcanexecuteotherdwells during the delay phaseof
onedwell. Figure3(b) shavs sucha scheduletaking this
factinto account.Dwell executesrst andits sending
phasecompletesat time 1. Dwell follows to execute
anddoesnot affect the executionof dwell . The send-
ing phaseof dwell completesattime 2 beforedwell

startsits receving phaseat time 3. In this schedulethese
threedwells completeat time 8. Clearly, interleaving the
executionsof dwells canimprove the utilization of the re-
sourceand,hencejncreaseheschedulabilityof thesystem.



However, it is morelikely to causeanenegy constraintvi-
olation. If the systemenegy consumptionis high before
dwell starts,the schedulén Figure3(b) may causeen-
ergy constraintviolation. However, the scheduldn Figure
3(a)maynot.

Schedulingdwell jobs sothata setof dwells executeto
completionwithin a given time intenal is as hard as the
precedenceonstraintschedulingproblem, which is NP-
complete[10, 11]. We designthe dwell templateoff-line
for two reasons. First, the schedulabilityanalysisfor the
nonpreemptableeal-timetaskss prohibitively expensveto
be usedon-line. Secondthe samedwellsrepeatedlyoccur
In aradarsystemthenumberof dwellshaving signi cantly
differentpowerfunctionsis limited. Thisis becausé&ow far
thewavesin aradarsystencanreachis limited by thecapa-
bility of the hardwarecomponentsandcannotbe changed.
Designingdwell templateson-line may repeatedlydesign
templatedor the samesetof dwells.

As statedn Section2, adwell templateis de nedby ve
parameterslt is not practicalto designall possibledwell
templatesbecauseéhe numberof templatesexponentially
grows asthe numberof distinguishedvaluesof thesepa-
rametersncreasesThe templatesaredesignednly when
they are requesteddy the templatescheduledesignalgo-
rithm, which is describedater Hence,only the templates
usedby the templatescheduledesignalgorithmare gener
ated.Whendesigningatemplatewe aregiventhreeparam-
eters:thetemplatelength , dwell set , andsustainable
systemenegy consumption . Thelength of the de-
signedtemplatemustbe no greaterthan ; its sustainable
systemenegy consumptiomustbenolessthan ;and
all dwellsin set  executeto completion.How thesethree
parametersare determineds not relatedhereand will be
discussedater We seekanalgorithmto designthe optimal
templatefor thesethreeparametersA templateis optimal
in the sensehatits templateenegy consumptions mini-
mal.

We now describea branch-and-boundBB) algorithm
to designthe optimal feasibledwell template. The search
spaces constructedsasearchree. Eachinternalnoderep-
resentghe templateof a subseof set ; aleaf noderep-
resentghetemplateof set . Therootnodeof thesearch
treerepresentshe templatewith no dwell scheduledn the
template. Thechild nodesof node representhetemplates
of the setof dwellsconsideredn node andanotherdwell

. Eachchild nodeof node schedulesiwell  at
time for

Pruning Conditions The searchspaceis prunedif ary
of the following three conditionsdoesnot hold: (1) the
templateis feasible,(2) the sustainablesystemenegy con-
sumptionis no lessthan , and(3) thetemplateenegy
consumptiorns lessthantheglobalupperbound.Theglobal
upperboundis the minimal of the templateenegy con-
sumptionsof the templateggeneratedy the BB algorithm
in earlieriterations.We saytheenegy parametersf atem-
plateis boundedf condition(2) and(3) hold.
The rst andsecondtonditionassureshateverydwellin

the templateexecutego completionandthereis no enegy
constraintviolation, respectiely. Obviously, ary template

containingthe samescheduleof the templatein which ary
of thesetwo conditionsdoesnot hold mustbeinfeasibleor
causesan enegy constraintviolation. Hence,thereis no
needto visit the child nodeof thenode.

The templateenegy consumptionof one templatein-
creasesf ary dwell is addedinto the template.If thetem-
plate enegy consumptionof the templaterepresentedy
node is greaterthanthe globalupperbound,thetemplate
enegy consumptiorof ary child of node mustbegreater
thanthe upperbound. Hence,thereis no needto visit the
child of node . Theseobviousfactsallow theBB algorithm
to disregardpartsof the searctspace.

Branch and Bound Strategy TheBB algorithmvisitsthe
searchireein the depth- rst mannerstartingfrom the root.
Whenvisiting node , thealgorithmchecksf the schedule
correspondingo thenodeis feasibleandtheenegy param-
etersof thetemplatearebounded.

While conductingthe schedulabilityanalysis,the algo-
rithm ignoresthe dwells whosestartingtime hasnot yet
beenassigned. If the schedulerepresentedy node is
not feasible the childrenof node arenot visited because
noneof the schedulesorrespondingo thosenodescanbe
feasible.Hence the algorithmreturnsto the parentof node

. Similarly, the algorithm returnsto the parentof node
if any of the two enegy parametersare not bounded.
Whenthe schedulerepresentedby node s feasibleand
thetwo enepgy parameterareboundedthe algorithmcon-
tinuesvisiting thechildrenof node if ary exists. If node
is aleafnodeandthecorrespondingchedulas feasible the
algorithmreplacegheglobalboundby thetemplateenegy
consumptiorof thetemplatecorrespondingo theleafnode.
Thealgorithmstopswhenit exhaustghe searctspace.

The pruningconditionsallow the BB algorithmto elim-
inate quickly part of the searchspace. The BB algorithm
exhaustvely searchethesearctspacean theworstcasesce-
narioand nds thetemplatewith minimal templateenegy
consumption.

3.2 Template ScheduleDesign

Before we describethe templatescheduledesignalgo-
rithm, we discussts threedesignparameters(l) whichand
how mary tasksshouldbe pacledinto onetemplatewith a
giventemplatelength,(2) how to selectthe executionperi-
odsof thetasks,and(3) how long atemplateshouldbe.

For the sale of simplicity, the algorithmpacksthe tasks
having the sameexecutionperiodinto onetemplate. Our
approachs notlimited by this assumptiorandis still valid
whenatemplatecontainghe taskswith differentexecution
periods. However, packingthe taskshaving the sameexe-
cutionperiodreducegheon-lineschedulingpverhead.The
disadwantages thatit may introducea lot of idle timesto
the templatesespeciallywhenthe executionperiod of the
tasksis mostly differentandthereareonly afew tasksexe-
cutingattheshortemperiods.Suchidle timescanbereduced
by carefullyselectinghe executionperiodsof thetasksand
limiting thetemplatdength.

The executionperiodsof all the tasksbeingconsidered
areselectecasaharmonicsequenceThis sequenceeduces



the numberof differentexecutionperiodsandleadsto the

nearly constantemporaldistancebetweenthe completion
timesof any two consecutie jobs of atask. In generala

radartaskproducedettertrackingresultswhenthe consec-
utive jobs completewith constantemporaldistance. The

periodassignmenproblemof the taskswith adjustablepe-

riodshasbeenrstudiedoy KuoandMok [12]. Theincremen-
tal algorithmin [12] can nd theharmonicsequencandits

baseat reasonableomputatiortime. Giventhe baseof the

harmonicsequencethe algorithmselectghe executionpe-

riod of eachtaskwithin its periodrange such
thatits executionperiodis in the harmonicsequence.

The length of the templatesare setasa divisor (i.e., a
factor) of the baseof the harmonicsequenceandis no less
than the maximal executiontime of all the dwells in the
system.It leadsto integer numberof templatesn thetime
interval betweerany two absolutedeadlinedbecausef the
harmonicperiods.No deadlineexpiresduringtheexecution
of atemplate Hence thereis noneedto checktheschedule
of thetasksin thetemplateto assureall the taskscomplete
by their deadlines.As long asthe templatecompleteshy
theendof the executionperiodof thetasksin thetemplate,
all the tasksmeettheir deadlines.Otherwise all the tasks
misstheir deadlinesIn addition,thereis no blocking. The
completionof thetemplatesatthe sameperiodhave acon-
stanttemplatedistance. The templatelength mustbe no
lessthan the maximal executiontime so the templatede-
signalgorithmcanpackary dwell into onetemplate When
the executiontimes uctuate dramatically we may not be
ableto nd atemplateengthto meetthesetwo conditions.
Fortunately the executiontime of the dwells in the radar
systemare often no greaterthan 10 ms and are relatively
small comparedo the period of dwell tasks[7]. Thetem-
platelengthandthe length of the hyperperiodare denoted
by and ,respectiely.

Thegoal of thetemplateschedulelesignalgorithmis to
constructthe scheduleso that the tasksin set canmeet
theirtiming constraint@andthereis no enegy constraintvi-
olation. It is sufcient to nd thetemplatescheduldor the
hyperperiodf the following two conditionshold. First, the
tasksarriving afterthestartandbeforetheendof the hyper
periodcompletebeforetheendof thehyperperiod Second,
thereis no enegy constraintviolation within the hyperpe-
riod, presumingthat the scheduleof the hyperperiods re-
peatedlyexecuted.

Thesetwo conditionsare obvious in orderto meetthe
timing andenegy constraint.To meetthetiming constraint,
every taskhasto be scheduledn onefeasibletemplateand
completedby its deadline. To meetthe enegy constraint,
accordingto the de nition of the sustainablesystemen-
ergy consumptionthe systemenegy consumptionat the
instantof time whena templatestartsmust be no greater
thanthesustainablesystemenegy consumptiorof thetem-
plate.However, duringthedesignphasethe systemenegy
consumption for all timesis unknown.

2Thetemporaldistances constanivhenthe tasksarepreemptablg4].
Whenjobs are nonpreemptablethe temporaldistancewill not be a con-
stantbecausef the blocking effect. In our approachthe blocking effect
is avoidedby settingthe templatelengthasa constantanda divisor of the
baseof theharmonicsequence.

The following theoremstatesa sufcient condition to
meetthe enepgy constrainfor all times.

Theorem3.1. Givenatemplateschedule andthesys-
temenegy consumptiorat the start of the hyperperiod
there is no enegy constaint violation for all timesif the
following conditionshold:

1.

2. whee and
- — for

Proof: Theproofcanbefoundin [13]. [ ]

Theorem3.1 is sufcient becausenot all tasksexecute
for anin nite numberof instances.Thesecondition may
falselyrejecta feasibleschedulevhen sometasksexecute
for a nite numberof instancesThe rst conditionin The-
orem3.1only limits the systemenegy consumptiorat the
startof every hyperperiodto be bounded. The systemen-
ergy consumptiorwithin the hyperperiodcould be greater
than  but mustbenogreaterthan .

Thefollowing corollaryfollows straightforwardly.

Corollary 3.2. Giventhetemplateschedule  , thesys-
temenegy consumptiorat the start of everyhyperperiods
boundedby if theenegy consumptiomwithin the hyper

periodis no greaterthan — . In otherwords,
— whee

We now describehetemplateschedulelesignalgorithm
to nd templateschedule to meetthetiming anden-
ergy constraint.In Figure4, eachgraybox above thetime-
line representatemplate.Two timelinesshow thetemplate
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Figure 4. Template Schedule Design

scheduledor two executionperiods100and200in thesys-
tem. Thereare ve tasksindexedin descendingprder of
their semantidmportances.Task and have the exe-
cution period 100 units of time. The othertaskshave the
executionperiod200unitsof time. Task  is thenext task
to be scheduled.The periodrangeof task is

The algorithm rst selects100 asthe executionperiod of



task and nds thereis no feasibletemplateto schedule
task , and . Then,it selects200 asthe execution
periodof task . Thealgorithmtriesto schedulgask
withtask and intoonetemplateand nds thatthereis
no feasibletemplate. Therefore a separatéemplates used
to scheduldgask .

Therearethreefeasibletemplates, , ,and , for
task . Eachof themhasa different sustainablesystem
enegy consumption. The systemenegy consumptionat
time 150 is greaterthan and lessthan and

. Template  cannotbe usedbecausdhe system
may violate the enegy constraint. When more than one
templatecanbeused thealgorithmselectg¢he onewith the
minimal templateenegy consumptiorio reducethe system
enegy consumptiorat the endof the template.Therefore,
thealgorithmselectgemplate  for task

The templatescheduledesignalgorithm incrementally
constructsheschedulesf thetasksin set usingthedwell
templates.The systemenegy bound , which is the as-
sumedsystemenegy consumptionat the start of the hy-
perperiod,s initialized as . The enegy decrements
setas , which is a fraction of . At eachiteration,
task is removedfrom andaddedto set  that
containsthe tasksbeingscheduledhusfar. The algorithm
selectsthe executionperiodfor task  and nds a feasi-
ble schedulefor set . If afeasiblescheduleexists, the
algorithmconsidersanothertaskin set . It stopsandre-
portsthetemplateschedulevhenset is empty If thereis
no feasiblescheduldor set , thealgorithmdecreasethe
systemenegy bound by unitsof enegy andrepeats
theproces®f nding ascheduldor set . If thealgorithm
failsto nd afeasiblescheduldor all it selectsanother
executionperiodfor task  within the periodrangeof task

. Theassumedaystemenegy consumptiorat the startof
thehyperperiods resetas to nd afeasibleschedulé.

This algorithmsimulatesheRM algorithmto nd afea-
sibletemplatescheduldor a setof tasks.At time  where

for — , the dwell jobsreleased
attime areinsertednto thequeueof theirindividual exe-
cution periods.Thealgorithmselectshe non-emptyqueue
with theshortesperiodandremovestask  fromthequeue.
Letset bethesetof thetasksthathave the sameexecu-
tion periodastask doesandareschedulingn onetem-
plate. A requestis sentto the templatedesignalgorithm
to nd afeasibletemplatewhich schedulesask andthe
tasksin set andwhosesustainablesystemenegy con-
sumptionis greaterthanor equalto the systemenegy con-
sumption . If no feasibletemplateexists, task is
insertedinto the queueand the algorithm selectsanother
templatefor time Let template  be the feasi-
ble templatefrom the templatedesignalgorithm. If tem-
plate  doesnot completeby the deadlineof task , the
schedulds not feasibleandthe algorithmreportsa failure.
Otherwisethealgorithmupdateschedule and
theenepgy function .
Task is addedinto set . If the queuewhich contains
the taskswith the sameexecutionperiodof task is not
empty the algorithmremovesanothertaskfrom the queue

3A variable storing the assumedsystemenegy consumptionbefore
task canbeusedto speeduptheprocess.

to nd afeasibletemplate. If the queueis empty the al-
gorithm considerghe templateat the next schedulingime

After templateschedule is found, the algorithm
checksthe conditionsgivenin Theorem3.1. If the condi-
tions hold, templateschedule is reported. Otherwise,
thealgorithmreportsafailurein nding afeasibleschedule.

Whenafeasibleschedulds foundfor set andthereare
someidle timesin theschedulethealgorithmcantry to add
thetasksnotin set to the schedule.It will increasehe
chanceof admitting the non-criticaltasks. The algorithm
stopswhenno taskcanbeaddednto theschedule.

3.3 On-Line Dwell Scheduling

Template-basedwell schedulingalgorithmis anexten-
sion of the clock-driven schedulingalgorithm. When a
new taskarrives,the algorithmperformsthe admissiortest
basednthepre-computedemplateschedule . Theac-
ceptedasksarescheduleaccordingo thetemplatesched-
ule usingtheclock-drivenschedulingalgorithm.

The algorithm always admitsthe tasksspeci ed in the
performancerequirement,i.e., set If the time slots
supposedo executethe tasksin set  are occupiedby
other non-critical tasks, the non-critical tasksare always

discarded.Task , notin set , is admittedonly if there
existstask  suchthat task is not releasedand
dwell is lessthandwell . Task canbescheduled

usingthetime slotsto schedulgask . Thealgorithm rst
selectsone executionperiodfor task . The selectedpe-
riod mustbe in the periodrangeof task  andharmonic
with otherexecutionperiods. Then, the algorithm checks
the templatescontainingthe taskswith the sameexecution
period.

Wheneer the schedulingalgorithmneedsto determine
whetherto admita tasknot in set , the algorithmhasto
checkthe templateswhich containtaskshaving the same
executionperiodof thetask. Theoverheadf nding atem-
plateincreasessthe systemworkloadincreasesWhenthe
systemis heavily loaded,the algorithmmay needto check
moretemplatedeforeit can nd atemplatefor the new ar-
rival. If atemplatecontaingaskshaving differentexecution
periods,the algorithmhasto checkall the templatesn the
hyperperiod.

4 PerformanceEvaluation

We evaluatedthe performanceof the template-based
schedulingalgorithm through extensie simulations. Per
formanceof the template-basedchedulingalgorithm is
comparedhgainsthatof the adaptie algorithmusedin the
multi-functionphase-arrayadarsystemg5].

4.1 Workload Generationand Performance Met-
rics

Workload Parameters We generate the workloads
mainly basedon the parameterstatedin Kuo et al. [7].
Theworkloadin the simulationconsistof the periodicand



Tasks Semantidmporfance] ExecufionTime (ms) | Paver Consumpfionkw) Period(ms)
High Priority Search T ,4, (5,0,0.1 1000ms
Con rmation Task 2 4, (4,0,0.1 500ms(Deadline)
High PrecisionTrack 3 (0.5,1,0.5) 4,0,0.1 (125,200
PrecisionTrack 4 21, 2, 1; 4,0,0.1 (125,500
Normal Track 5 1,21 2 ,0,0.1 (500,2000)
Low Priority Search 6 (0.5,1,0.5) 3,0,0.1 1000ms
Table 1. Dwell Tasks Parameters
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Figure 5. Mean overhead of admitting new arriv als

randomworkloads. High priority andlow priority search
tasksare generatedcperiodically Con rmation and track
tasksarerandomlygeneratedccordingto the given prob-
ability distributions. Randomworkloadsare controlledby
two probability parametersthe probability of con rmation
tasksandthedistribution of thecon rmationresults.A con-
rmation taskis triggeredby a searchtaskwhenan object
is found. The probability of startinga con rmation taskfor
a searchtaskrangesrom 0.12to 0.6. A con rmation task
may or may not initiate a track task. The distribution of
con rmation resultsis presentedy a 4-elementtuple for
theprobability of initiating a high precisiontrack, precision
track,normaltrack, or no tracktask. Four differencedistri-
butionsareusedn oursimulations: ,
,and

Table1 shaws thet|m|ng andenegy parameterx;)f the
dwell tasks.A high-priority searchtaskhasthe highestse-
manticpriority. The threeelementguple of the execution
time andpower consumptiordenoteghe time interval and
consumegbowerfor thesendingdelay andreceving phase
of adwell task.

To searchthewholesuneillancespacethereare45high
priority searchtasksand20 low priority searchtasks. The
enegy thresholdandlook-backperiodis setas250J and
200 ms, respectiely. The performanceequirementcon-
tains 45 high priority searchtasks,10 con rmation tasks,
10 high-precisiortasks,10 precisiontasks 5 normaltracks,
and 20 low priority searches. Thesetasksmust be able
to executesimultaneouslyin the system. Tasksnot in the
performanceequiremenshouldbe schedulecgccordingo
their semantidmportance.

We usethreemetricsto measurehe performancef the
algorithm. They arethemeanutilization, missingratio, and
meanoverhead. The meanutilization measureghe frac-
tion of time thatthe antennds occupiedto sendor receve
the waves. The delay phasesof the scheduleddwells do

30% [

25% [

Utilization(%)

20% [

15% -

B: (0.15, 0.10, 0.05, 0.70y&—
10% TB (0.30, 0.20, 0.10, 0.40y=—
0.45, 0.30, 0.15, 0.10o—
50 L Adapuve (0.15,0.10, 0.05, 0.70)-&
Adaptive: (0.30, 0.20, 0.10, 0.40)-=
% ‘ Adaptive: (0.45, 0.30, 0.15, 0.10)-©
0
0.12 0.24 0.36 0.48 0.60

Probability of Trigger Tracking Tasks

Figure 6. Mean utilization

not count. The missingratio denoteghe fraction of dwells
that missing their deadlines. The meanoverheadof the
template-basedchedulingalgorithm is the averageover-
headfor admittinga new task.

4.2 Resultsand Discussion

Figure5 shavsthe meanoverheador admittingnew ar
rivals. Eachline shaws the overheadfor different distri-
butions of the con rmation results. The overheadfor ad-
mitting new arrivals increasesas the systemworkload in-
creases.This is becausehe algorithmmay have to check
moretemplateso nd afeasibletemplatefor the new ar
rival. Theresultsshav thatthe overheadncreasesio more
than whenthe probability of triggeringtrack tasksis
increasedrom 0.12to 0.60. The increaseof on-line over
headcausedy the increasedvorkloadis relatively small.
The enepgy parametersf the dwell templatesandthe con-
stanttemplatelengthkeepthe on-lineoverheadow.

Figure 6 shavs the meanutilizationsof the phase-array
antennaThesolid anddashedinesrepresenthe meanuti-
lizations for the template-basedchedulingalgorithm and
the adaptve algorithm, respectiely. The mean utiliza-
tions are not high when the enegy constraintis consid-
ered. Whenthe adaptve schedulingalgorithmis used,the
meanutilizationsareno morethan . It shaws thatfor
theadaptve schedulingalgorithmthe systems overloaded.
However, the meanutilizations range from to
whenthe template-basedchedulingalgorithmis used. It
shavsthatinterlearing theexecutionof dwell jobsdoesm-
provethe utilization of the system.

Figure 7(a) and(b) shavs the missingratiosof the high
precisiontrack task and precisiontrack task, respectiely.
Thesolid linesanddottedlinesrepresenthe missingratios
for the template-basechedulingalgorithm and the adap-
tive schedulingalgorithm,respectrely. Whenthetemplate-
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Figure 7. Missing Ratio for High Precision and Precision Track

basedschedulingalgorithmis used,  of the high preci-
siontrackandprecisiontrackjobsdo notcompletein time.

All the jobs missingtheir deadlinesarenot speci edin the
performancerequirement. When the adaptve scheduling
algorithmis used,the algorithm cannotcompleteary job

whosesemanticimportanceis lower thanthat of the high

precisiontracking.Hence themissingratio of theprecision
track taskis . As the workload increasesthe miss-
ing ratios of the high-precisiontrack tasksdecrease.This

is becausghe numberof jobs completingin time is almost
constantwhenthe systemis overloaded.As the workload
increase@ndthe total numberof jobsincreasesthe miss-
ing ratiosdecreaseThemissingratio of normaltracktasks
shows asimilar resultand,thereforejs not shovn here.

5 Summary

We presentedherethedwell taskmodelwhich character
izesthetiming parametersindenegy parametersf dwell
tasks.Moreover, a dwell templateis designedo ef ciently
schedulea setof dwells within a giventime interval. The
enegy parameter®f the dwell templateseducethe over-
headof meetingthe enegy constraintof theradarsystems.
We developedthe template-basedwell schedulingalgo-
rithm. This algorithmof ine constructghetemplateseach
of whichis a scheduleof a setof radardwellsandthetem-
plateschedulef thetasksgivenin theperformanceequire-
ment. During the runtime, the algorithm schedulesiwell
tasksusingthetemplatedo meetthe timing constraintand
enegy constraint.

We evaluatedthe template-basedchedulingalgorithm
by simulationsand comparedits performanceagainstthe
traditionaladaptve schedulingalgorithm. Theresultshavs
thatthe template-basedchedulingalgorithmscheduleshe
tasksin the performanceaequiremento meettheir timing
constraintsvithout any enegy constraintviolation. More-
over, it alsoscheduleshe tasksnotin the performancee-
quirement. It improvesthe utilization andreduceshe re-
jectionratecomparedo thetraditionaladaptve scheduling
algorithm.
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