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Abstract

This paper addressesthe schedulingproblemof radar
dwells in multi-functionphasearray radars. Well-known
andnew challengesmake it dif�cult to providepredictable
performancefor real-timedwell scheduling. We developed
the template-basedschedulingalgorithm to guaranteethe
performancerequirementwith low on-lineoverhead.Sim-
ulationresultsshowthat thetemplate-basedschedulingap-
proach increasesutilization and providespredictableper-
formance.

1 Intr oduction

In a multi-function phasearray radar system, radar
taskssearchor track suspicioustargetsin its surveillance
space. A radartask executesperiodically. The periodof
a radartaskmay changewhenthe stateof the tracked tar-
getchanges.At every period,theradartask�rst sendsand
receiveselectromagneticwavesto detectthetrackedtarget.
Then, it processesthe collectedsignal to monitor the tra-
jectory of the target. The radartaskmustcompleteby its
deadlineateveryperiodin orderto keeptrackof thetarget.
Losing track of the target leadsto expensive overheadof
searchingfor the target in a largerspacebeforethesystem
cantrackthesametargetagain.

Therearethreechallengesin providing predictableper-
formancefor themulti-functionphase-arrayradarsystems.

Priority Con�icts Each radar task is assigneda seman-
tic importanceaccordingto the level of threatby the
trackedtarget. Thehigherthe level of threatby a tar-
get, the higher the semanticimportanceof the corre-
spondingtrackingtask.Thesystemshouldalwaysdis-
cardthe lessimportanttaskswhenit cannotcomplete
all the tasks. Traditional (real-time) priority-driven
schedulingalgorithms,suchas the EarliestDeadline
First (EDF) andRateMonotonic(RM) algorithm[1],
assigntheschedulingpriority basedon thetiming pa-
rameterssuchasabsolutedeadlinesandperiods(i.e.,
relativedeadlines).Whenthesystemisoverloaded,the
traditional priority-driven schedulingalgorithmsdis-
cardthetasksthathave latedeadlinesor long periods,
thoughimportant1, but notdesired.

1Onemaypartitionan importanttaskandexecutethetaskat a shorter

Pipelineexecution A radar task consistsof two major
parts: a dwell part and signal processingpart. The
dwell part must completebefore the corresponding
signalprocessingpart starts. Thesetwo partsareex-
ecutedon differenthardwarecomponents.Suchtasks
canbemodeledasend-to-endtasksstudiedby [2, 3,4].
Resultsin earlierworksshowedthattheschedulability
analysisof end-to-endtasksrequiresexpensive com-
putationandis not suitablefor on-line schedulability
analysis.

Dynamic systemworkload A tracking task initiates
whenever an untracked target appearsin the surveil-
lancespaceand a tracking task completeswhenever
the tracked target leaves the surveillancespaceor is
no longeran interestto thesystem.Themovementof
the targets 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.

Thesethreechallengesmake it extremelydif�cult for the
traditionalreal-timeschedulingalgorithmsto provide pre-
dictableperformance.In addition,therearephysicalcon-
straintson the radarsystems,for instance,duty cycle con-
straintandenergy constraint[5, 6]. Theseconstraintsare
designedto prevent the hardwarecomponentsfrom being
damaged.In general,a physicalconstraintis speci�ed as
a thresholdfor a physicalparameterfor any time interval
whoselengthis nogreaterthanthepredeterminedlength � .
Whenaviolationoccurs,thesystemmaybehaltedto avoid
damage.

Figure1 shows an illustrative example. Therearethree
tasks,��� , ��� , and �	� in Figure1(a).Thelengthandshaded
areaof eachbox representstheexecutiontime andenergy
consumptionof a task,respectively. For instance,task �
�

executesfor 5 units of time andconsumes25 units of en-
ergy whenit completes.The relative deadlinefor task �
� ,

�
� , and �

� is 18, 22,and20, respectively. Supposetheen-
ergy thresholdis setat35for any timeintervalwhoselength
is no greaterthan8. Whenall thesetasksarrive at time 0
andarescheduledby theRM algorithm,a violation of the
energy constraintoccursat time 7 becausetheenergy con-
sumptionis 35at time7 asshown in Figure1(b). Only task

periodto avoid sucha problem.However, it is notsuitablefor a radartask
becauseit is not preemptable.
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Figure 1. Task scheduling with energy constraint
� � completesby its deadline;task � � and � � cannotcom-
pletebeforethe systemis shutdown. In contrast,sucha
violation canbeavoidedby schedulingtask � � beforetask

�t� asshown in Figure1(c). In Figure1(c), theenergy con-
sumptionwithin any time interval u v�w.v
xzy|{ for v~}€• is no
greaterthan the energy threshold35. Moreover, all three
taskscompletein time. A schedulingalgorithmtakinginto
accounttheenergy constraintshouldprovidesucha sched-
ule.

In traditionalmulti-function phasearrayradarsystems,
radartasksare scheduledbasedon their semanticimpor-
tanceswith bestefforts [5]. At the schedulingtime, the
schedulerselectsthetasktrackingthemostthreateningtar-
getsandcheckswhetherthe taskcausesany physicalcon-
straintviolation if it is executed. If any violation occurs,
the taskwill not be scheduledandis insertedinto the dis-
patchqueuefor later consideration.Performancerequire-
mentsareprovidedby redundanthardwaresandextensive
simulations.

Kuo et al. in [7] proposeda reservation-basedapproach
for real-timedwell scheduling.A reservationratio is com-
putedfor eachtask basedon its timing parameters.Dur-
ing the runtime, a virtual deadlineis computedbasedon
thereservationratio andis usedto schedulethetaskby the
EDF algorithm. This approachallows the systemto guar-
anteetheperformancerequirementwhentheschedulability
conditionholds.In our work, we notonly considerthetim-
ing constraintbut alsotheenergyconstraint.In addition,we
take into accountthefactthattheexecutionof radardwells
canbe interleaved or nestedwithout affecting the correct-
nessof collectedsignals.

This paperdescribesa new real-timetaskmodelwhich
extendsthetraditionalmodelto characterizetheenergy pa-
rametersof radardwells. Otherphysicalconstraintscanbe
consideredby extendingour taskmodel. A new schedul-
ing algorithmusingdwell templatesto schedulethe dwell
tasksis developed. A dwell templateis an off-line com-
putedschedulefor asetof radardwells.Theenergy param-
etersof a dwell templateallow the algorithmto checkthe
energy constraintwith constanttime. Templatesalsoallow
thealgorithmto admittaskswith low on-lineoverhead.The
performanceof thisalgorithmis evaluatedvia simulations.

Following this introduction,Section2 describesthetask
model and de�nes the termsusedhere. The sectionalso
statesthe problemof schedulingradardwells with energy
constraint. Section3 presentsthe branchand bound al-
gorithm to designthe templatesandthe algorithmdesign-
ing the templateschedule.We alsopresentthe algorithm
schedulingradardwellsduringtheruntime.Section4 eval-

uatesthealgorithmagainstthetraditionaladaptiveschedul-
ing algorithm[5] via simulations.Finally, Section5 sum-
marizesthepaper.

2 Formal Model and ProblemStatement

Formal Model Thus far, and in our subsequentdiscus-
sion, we usethe term taskand job as they arecommonly
usedin real-timesystemsliterature[1, 8, 9]. Thedwell and
signalprocessingof aradartaskareconsideredastwo peri-
odic subtasksof theradartask.To meetthedeadlineof the
radartask,onecansettheperiodsof thesesubtasksasone
half of theperiodof the radartasks.Hence,the radartask
canmeetits deadlineas long astwo subtaskscompletein
time. In this paper, weareconcernedwith thedwell partof
radartasks,calleddwell tasks for short. Whenthereis no
confusion,by a task,we meana dwell task. We call tasks

� � , � � , andsoon.
A dwell job, calleda dwell for shortanddenotedby • ,

sendsandreceiveselectromagneticwaves. A dwell is de-
�ned by its executiontime andpower function. The exe-
cutionof a dwell consistsof threephases:sending, round-
trip delay, and receivingphase. Thesethreephasesexe-
cute sequentially. The phase-arrayantennasendsand re-
ceiveselectromagneticwavesfor a certainamountof time
in the sendandreceiving phase,respectively. The phase-
arrayantennacouldbe idle or executeotherdwellsduring
theround-tripdelayphase.Theantennamustbereadyto re-
ceive thereturnwavesat a pre-computedtime instant;oth-
erwise,thedwell fails. In addition,duringthesendingand
receiving phase,thedwell shouldnot beinterruptedor pre-
empted.An interrupteddwell fails andmustexecuteagain
from the start to complete.The executiontime of a dwell

• , denotedby ‚|ƒ , is thesumof thelengthsof thesethree
phases.

Thephase-arrayantennaconsumespowerwhensending
andreceiving electromagneticwaves.Theamountof power
consumedby a dwell is describedby a time function. A
power function „

ƒ†…
v.‡ of dwell • for •‰ˆŠv‹ˆŒ‚

ƒ denotes
the consumedpower at the elapsedtime v sincethe dwell
startsto execute.Duringtheround-tripdelayphase,adwell
consumesno power and the valuesof the power function
are0. Hence,a dwell is de�ned by •Ž•

…
‚•ƒ†wV„•ƒ

…
v.‡V‡ . We

saythatdwell •’‘ is lessthandwell •”“ if thevalueof the
power functionof dwell •

‘ is alwayslessthanor equalto
that of dwell ••“ . In otherwords, „

ƒ—–^…
v.‡”ˆ˜„

ƒš™›…
v.‡ for

•‰ˆŠv‹ˆŠœž•|Ÿ¡ ¢‚£ƒ
–

wV‚|ƒ
™¢¤

.
Eachtaskis characterizedby its timing andenergy pa-

rameters,includingits releasetime,dwell, minimal period,
optimalperiod,maximumperiod,andsemanticimportance.
The releasetime of a task,denotedby ¥ , is the instantof
timeatwhichthetaskbecomesknown to thesystem.Dwell

• denotesthe executiontime and power function of the
task. The periodof a taskis givenasa rangebetweenthe
minimal period, denotedby ¦t§š‘6¨ , and the maximumpe-
riod, denotedby ¦

§—©�ª . The minimal period is the period
below whichshortersamplingperiodyieldsnovalueto the
applicationbut introducesadditionaloverheadto the sys-
tem; the maximumperiod is the period in which the task
producesthe resultsat the minimal level of precision. In



addition,anoptimalperiodis alsogivenfor eachtask.The
optimal period is the periodwith which the taskcanpro-
duceoptimal trackingresult. The systemselectsa period
within therangewhenataskarrives.Theselectedperiodof
task � ‘ , denotedby ¦ ‘ , is calledthe executionperiod. We
assumetheperiodof ataskremainsconstantafteranexecu-
tion periodhasbeenselected.Thisassumptioncanbeeasily
removedby sequentiallyexecutingthetaskat differentpe-
riods to simulatethe changeof its period. The semantic
importanceof a taskis denotedby « . Thesemanticimpor-
tancesof tasksaretotal ordering.A radartask � is de�ned
as �¬• … ¥£w(•­w
¦Y§š‘;¨	w
¦Y®�¯^°(w
¦¡§—©�ªqw.«�‡ . In practice,therelease
time of a taskis unknown until thetaskarrives.We use�²±

to denotea taskwhosereleasetime is unknown.
Thesystempowerfunction, denotedby „ … v.‡ , is thelevel

of power consumedby thescheduleddwell at time v . The
systemenergy consumption, denotedby ³ … v.‡ , is the ex-
ponentialsum of the power consumptionfor a look-back
period � . The exponentialsum is a weightedsum and
its weight function gives more weight to the recentval-
uesandlessweight to thepastvalues.The systemenergy
consumption³

…
v.‡ for the look-backperiod � is de�ned as

³
…

v.‡´•¶µ

°

·

„
…�¸

‡\‚•¹‹º
»•¼

½¿¾

¸ . The systemenergy consump-
tion hasbeencommonlyusedto keeptrack of the energy
consumptionof a radarsystem[5] becauseof its low com-
putationcost.

Timing Constraint A dwell job cannotbe interrupted
duringits sendingandreceivingphasebut canbepreempted
during its delayphase.The following de�nition statesthe
timing constraintof a dwell job.

De�nition 2.1 (Timing Constraint). A dwell job executes
to completionif there is no interruptionduring its sending
and receivingphase. A dwell job completesin time if and
only if it executesto completionby its deadline.

Energy Constraint Energy constraintprevents perma-
nentdamagecausedby over-consumingenergy. The fol-
lowing de�nition statestheenergy constraintof aradarsys-
tem.

De�nition 2.2(Energy Constraint). Theenergyconsump-
tion within timeinterval u

¸ÁÀ
�qw

¸
{ mustbeno greaterthan

the energy threshold ³ÃÂ¡Ä for •Åˆ
¸

ˆ˜v where v is the
currentsystemtime.

In this paper, we usea weaker requirementaccordingto
the following de�nition: This is an often-usedpessimistic
approximationof De�nition 2.2 in orderto reduceon-line
overhead[5, 6].

De�nition 2.3 (Approximated Energy Constraint). The
systemenergyconsumption³

…
v.‡ for thelook-back period �

mustbeno greaterthan theenergy threshold³
Â¡Ä at time

v .

This approximationmayfail in onecase:Whenthesys-
temconsumesaconstantlevel of powerwithin timeinterval

u v
À

�qw.v${ andconsumesnopowerbeforetime v
À

� . In this
case,theexponentialsumof thepoweris lessthantheequal

weightedsumof thepower. De�nition 2.3mayfail to pre-
vent thedamage.Fortunately, this casewill never occurin
theradarsystemsbecausethepowerconsumedin thesend-
ing phaseis muchgreaterthanthat consumedin thedelay
andreceiving phase.For the radarsystems,this de�nition
is a pessimisticconstraintwhich considersnot only theen-
ergy consumptionin time interval u v À �qwVv${ but alsotheen-
ergy consumptionbeforetime v À � . We saythat thereis
anenergy constraint violation whenever thesystemenergy
consumptionis greaterthantheenergy threshold.

Dwell Template A dwell template, denotedby Æ , is a
scheduleof asetof dwellsandis characterizedby thedwell
set,templatelength,dwell schedule,templateenergy con-
sumption,andsustainablesystemenergy consumption.We
call templatesÆ � , Æ � , andsoon.

The dwell set of template Æ ‘ , denotedby Ç ‘ •

 ¢• � w(• � w>È6È;È6wÉ•

¨,Ê;‘6Ë

¤ , representsÌ …�Í ‡ dwells in the tem-
plate. The length of template Æ ‘ , denotedby Î ‘ , is the
lengthof timenecessaryto executethescheduleof thetem-
plate when it executesaloneand hasall the resourcesit
requires. The dwell schedule,denotedby Ï

‘ , de�nes the
scheduleof dwells in the template.The scheduleis repre-
sentedby a vectorof time instantsÏ

‘
•ÑÐ5Ò¢�£wÉÒÓ�|wÔÈ;È6È6wÉÒ

¨,Ê;‘6Ë.Õ

.
EachelementÒ

“ for ÖŒ•¶×•wÉØ�wÔÈ;È6È6w.Ì
…�Í

‡ denotesthe instant
of time whendwell ••“ startsto executeandis within the
rangeu •qwÉÎ

‘
‡ .

Thepowerfunctionof templateÆ
‘ , denotedby „
Ù

–^…
v.‡ ,

denotesthe level of consumedpower when the template
is executedand is de�ned as „

Ù�–^…
v.‡z•ÛÚ

¨,Ê6‘;Ë

“VÜ
�

„
ƒš™›…

v
À

Ò
“

‡ for •ÁˆÝvÞˆÅÎ . The(exponential)templateenergy con-
sumptionof templateÆ

‘ , denotedby ³Ãß
ª^¯£à ‘ , is thesystem

energy consumptionassumingthat templateÆ~‘ is theonly
andlasttemplatefrom time • to time v . Thetemplateenergy
consumptioncanbecomputedasfollows:
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Thesustainablesystemenergy consumptionof template
Æ

‘ , denotedby ³������
à ‘ , is theupperboundto thesystemen-

ergy consumptionin orderto executethescheduleof tem-
plate Æ ‘ without violating theenergy constraint.At time ¸

for •´ˆ
¸

ˆ Î
‘ , thedifferencebetweentheenergy thresh-

old ³
ÂYÄ andtheenergy consumedby executingthesched-

uleof templateÆ
‘ within u • w

¸
{ is computed.Thedifference

is theupperboundto thesystemenergyconsumptionbefore
thetemplateis usedin orderto meettheenergy constraint,
assumingtheschedulein u •qw

¸
{ is executeduntil thecurrent

systemtime. Thesustainablesystemenergyconsumptionis
theminimal amongthedifferencesfor • ˆ

¸
ˆoÎš‘ . Given

the energy threshold³ÃÂ¡Ä for the look-backperiod � , the
sustainablesystemenergy consumptionis computedasfol-
lows:
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A dwell template is de�ned as Æ ‘ •

… Ç ‘ wÉÎ ‘ w(Ï ‘ wV³ ß ª^¯£à ‘ wÉ³������ à ‘ ‡ . A template is feasible if
andonly if every dwell executesto completionwithin the
template.The executionof a templateis nonpreemptable.
In otherwords,a templateis consideredasa nonpreempt-
ablejob evenwhentherearesomeidle times.Thetemplate
scheduleÏ … v.‡ denotesthedwell templatescheduledat time

v . A templatescheduleÏ … v.‡ for a setof tasksis feasibleif
andonly if all the taskscompletein time and thereis no
energy constraintviolation for all times.

Figure2 showsanexampleof dwell jobsandtemplates.
Therearethreedwells •­� , •’� , and •’� . Theirpowerfunc-
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Figure 2. Example of dwell tasks.
tions are representedby the shadedboxes in Figure 2(a).
For the purposeof this paper, it is suf�cient to know the
averagelevel of power consumptionin thesendingandre-
ceiving function. Figure 2(b) and (c) show two different
templatesfor thesedwells.Thetemplatelengthis 10. Tem-
plate Æ~� hasa highersustainablesystemenergy consump-
tion andcanbeusedwhenthesystemenergy consumption
is higher. On theotherhand,templateÆ

� is suitablewhen
thesystemenergy consumptionis low.

Problem Statement The performancerequirementof a
radarsystemis oftengivenasa setof searchingandtrack-
ing scenarios.A scenariodescribeshow many searchand
track tasksit shouldbe able to executesimultaneouslyin
order to watch the surveillance space. Such a scenario
can be transformedinto a set of radar tasks,denotedby

l

•  Ó�

±

�

w.�

±

�

w>È6È6È;wV�

±

m

¤
, in which radartasksare indexed

in descendingorderof their semanticimportances.There-
leasetimesof the dwell tasksin

l

areunknown. In this
paper, we assumethereis only one performancerequire-
ment for the radarsystem. We also assumethat thereis
only oneradarantennain the radarsystem.The real-time
dwell schedulingproblemis statedformally asfollows:

Real-timeDwell Schedulingwith Energy Con-
straint: We are given the performancerequire-
ment

l

•  Ô�~±

�

wV� ±

�

wÔÈ;È6È;wV� ±

m

¤
and the energy

threshold³
ÂYÄ for a look-backperiod � . In ad-

dition, non-criticaldwell task �
“ for Öonqp may

arrive at any time after the systemstarts. The
problemis to �nd a schedulingalgorithmsothat

all thetasksin set
l

meettheir timing constraints
andthereis no energy constraintviolation for all
times. In addition,we want to scheduleasmany
non-criticaltasksaspossible.

3 Template-Based Dwell Scheduling Algo-
rithm

A template-baseddwell schedulingalgorithmconsistsof
two phases:designphaseandschedulingphase.Thedesign
phaseis doneoff-line; theschedulingphaseis doneon-line.
Packinga setof dwells into a �x ed lengthtime interval is
NP-hard. To reducethe time requiredto designthe tem-
plates,we designa branchandbound(BB) algorithm. We
thenconstructthetemplateschedulebasedontheRM algo-
rithm for thedwell tasksin set

l

. In theschedulingphase,
the templatescheduleis usedasa basisto scheduledwell
tasks. Tasksspeci�ed in set

l

arescheduledaccordingto
the templateschedule;a tasknot in set

l

is admittedonly
if ascheduledtaskis not releasedandthereservedresource
for thescheduledtaskcanbeusedwithoutviolatingthetim-
ing andenergy constraints.

3.1 Dwell TemplateDesign

Beforeproceeding,we digressbrie�y to answera ques-
tion thatmayarise:Why not simplyconsidereachdwell as
a nonpreemptablejob. In otherwords,thereis no needto
packdwells,andknown schedulabilityanalysisalgorithms
of nonpreemptabletaskscanbeusedfor admissiontest.

Figure3 exempli�es that this approachwastesresource
anddecreasesthe schedulabilityof the system.In this ex-
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Figure 3. Interlea ving the executions of dwell jobs

ample,therearethreedwells: • � , •’� , and •’� , asshown
in Figure 2(a). When a dwell is consideredas a nonpre-
emptablejob,Figure3(a)showsonepossibleschedule.The
lastdwell completesat time 14. As statedin Section2, the
systemcanexecuteotherdwellsduring thedelayphaseof
onedwell. Figure3(b) shows sucha scheduletaking this
fact into account.Dwell •

� executes�rst andits sending
phasecompletesat time 1. Dwell •­� follows to execute
anddoesnot affect the executionof dwell •

� . The send-
ing phaseof dwell •’� completesat time2 beforedwell •†�

startsits receiving phaseat time 3. In this schedule,these
threedwells completeat time 8. Clearly, interleaving the
executionsof dwells canimprove the utilization of the re-
sourceand,hence,increasetheschedulabilityof thesystem.



However, it is morelikely to causeanenergy constraintvi-
olation. If the systemenergy consumptionis high before
dwell •’� starts,theschedulein Figure3(b) maycauseen-
ergy constraintviolation. However, theschedulein Figure
3(a)maynot.

Schedulingdwell jobsso thata setof dwellsexecuteto
completionwithin a given time interval is as hard as the
precedenceconstraintschedulingproblem, which is NP-
complete[10, 11]. We designthedwell templatesoff-line
for two reasons.First, the schedulabilityanalysisfor the
nonpreemptablereal-timetasksisprohibitivelyexpensiveto
beusedon-line. Second,thesamedwellsrepeatedlyoccur.
In aradarsystem,thenumberof dwellshaving signi�cantly
differentpowerfunctionsis limited. Thisis becausehow far
thewavesin aradarsystemcanreachis limited by thecapa-
bility of thehardwarecomponentsandcannotbechanged.
Designingdwell templateson-line may repeatedlydesign
templatesfor thesamesetof dwells.

As statedin Section2,adwell templateis de�nedby � ve
parameters.It is not practicalto designall possibledwell
templatesbecausethe numberof templatesexponentially
grows as the numberof distinguishedvaluesof thesepa-
rametersincreases.The templatesaredesignedonly when
they are requestedby the templatescheduledesignalgo-
rithm, which is describedlater. Hence,only the templates
usedby the templatescheduledesignalgorithmaregener-
ated.Whendesigningatemplate,wearegiventhreeparam-
eters:thetemplatelength Î , dwell set Ç , andsustainable
systemenergy consumption³š����� . The length of the de-
signedtemplatemustbe no greaterthan Î ; its sustainable
systemenergy consumptionmustbeno lessthan ³

����� ; and
all dwellsin set • executeto completion.How thesethree
parametersare determinedis not relatedhereand will be
discussedlater. We seekanalgorithmto designtheoptimal
templatefor thesethreeparameters.A templateis optimal
in the sensethat its templateenergy consumptionis mini-
mal.

We now describea branch-and-bound(BB) algorithm
to designthe optimal feasibledwell template.The search
spaceisconstructedasasearchtree.Eachinternalnoderep-
resentsthe templateof a subsetof set Ç ; a leaf noderep-
resentsthetemplateof set Ç . Theroot nodeof thesearch
treerepresentsthetemplatewith no dwell scheduledin the
template.Thechild nodesof node› representthetemplates
of thesetof dwellsconsideredin node › andanotherdwell

••œ Ç . Eachchild nodeof node› schedulesdwell • at
time Í for Í

•Ý•qwÔ×›wÔÈ>È>È>wVÎ
À

× .

Pruning Conditions The searchspaceis prunedif any
of the following three conditionsdoesnot hold: (1) the
templateis feasible,(2) thesustainablesystemenergy con-
sumptionis no lessthan ³��7��� , and(3) thetemplateenergy
consumptionis lessthantheglobalupperbound.Theglobal
upperbound is the minimal of the templateenergy con-
sumptionsof the templatesgeneratedby theBB algorithm
in earlieriterations.Wesaytheenergy parametersof a tem-
plateis boundedif condition(2) and(3) hold.

The�rst andsecondconditionassuresthateverydwell in
thetemplateexecutesto completionandthereis no energy
constraintviolation, respectively. Obviously, any template

containingthesamescheduleof the templatein which any
of thesetwo conditionsdoesnot hold mustbeinfeasibleor
causesan energy constraintviolation. Hence,thereis no
needto visit thechild nodeof thenode.

The templateenergy consumptionof one templatein-
creasesif any dwell is addedinto the template.If thetem-
plate energy consumptionof the templaterepresentedby
node› is greaterthantheglobalupperbound,thetemplate
energy consumptionof any child of node› mustbegreater
thantheupperbound. Hence,thereis no needto visit the
childof node› . Theseobviousfactsallow theBB algorithm
to disregardpartsof thesearchspace.

Branch andBound Strategy TheBB algorithmvisitsthe
searchtreein thedepth-�rst mannerstartingfrom theroot.
Whenvisiting node › , thealgorithmchecksif theschedule
correspondingto thenodeis feasibleandtheenergy param-
etersof thetemplatearebounded.

While conductingthe schedulabilityanalysis,the algo-
rithm ignoresthe dwells whosestartingtime hasnot yet
beenassigned. If the schedulerepresentedby node › is
not feasible,thechildrenof node › arenot visitedbecause
noneof theschedulescorrespondingto thosenodescanbe
feasible.Hence,thealgorithmreturnsto theparentof node

› . Similarly, the algorithm returnsto the parentof node
› if any of the two energy parametersare not bounded.
When the schedulerepresentedby node › is feasibleand
thetwo energy parametersarebounded,thealgorithmcon-
tinuesvisiting thechildrenof node› if any exists. If node›

is aleafnodeandthecorrespondingscheduleis feasible,the
algorithmreplacestheglobalboundby thetemplateenergy
consumptionof thetemplatecorrespondingto theleafnode.
Thealgorithmstopswhenit exhauststhesearchspace.

Thepruningconditionsallow theBB algorithmto elim-
inatequickly part of the searchspace.The BB algorithm
exhaustivelysearchesthesearchspacein theworstcasesce-
narioand�nds the templatewith minimal templateenergy
consumption.

3.2 TemplateScheduleDesign

Beforewe describethe templatescheduledesignalgo-
rithm,wediscussits threedesignparameters:(1) whichand
how many tasksshouldbepackedinto onetemplatewith a
giventemplatelength,(2) how to selecttheexecutionperi-
odsof thetasks,and(3) how long a templateshouldbe.

For thesake of simplicity, thealgorithmpacksthetasks
having the sameexecutionperiod into one template. Our
approachis not limited by this assumptionandis still valid
whena templatecontainsthetaskswith differentexecution
periods.However, packingthe taskshaving thesameexe-
cutionperiodreducestheon-lineschedulingoverhead.The
disadvantageis that it may introducea lot of idle timesto
the templatesespeciallywhenthe executionperiodof the
tasksis mostlydifferentandthereareonly a few tasksexe-
cutingattheshorterperiods.Suchidle timescanbereduced
by carefullyselectingtheexecutionperiodsof thetasksand
limiting thetemplatelength.

The executionperiodsof all the tasksbeingconsidered
areselectedasaharmonicsequence.Thissequencereduces



the numberof differentexecutionperiodsandleadsto the
nearlyconstanttemporaldistancebetweenthe completion
timesof any two consecutive jobsof a task2. In general,a
radartaskproducesbettertrackingresultswhentheconsec-
utive jobs completewith constanttemporaldistance.The
periodassignmentproblemof thetaskswith adjustablepe-
riodshasbeenstudiedby KuoandMok [12]. Theincremen-
tal algorithmin [12] can�nd theharmonicsequenceandits
baseat reasonablecomputationtime. Giventhebaseof the
harmonicsequence,thealgorithmselectstheexecutionpe-
riod of eachtaskwithin its periodrange u ¦ §š‘;¨ w ¦ §—©�ª { such
thatits executionperiodis in theharmonicsequence.

The lengthof the templatesaresetasa divisor (i.e., a
factor)of thebaseof theharmonicsequenceandis no less
than the maximal executiontime of all the dwells in the
system.It leadsto integernumberof templatesin thetime
interval betweenany two absolutedeadlinesbecauseof the
harmonicperiods.No deadlineexpiresduringtheexecution
of a template.Hence,thereis noneedto checktheschedule
of thetasksin thetemplateto assureall thetaskscomplete
by their deadlines.As long as the templatecompletesby
theendof theexecutionperiodof thetasksin thetemplate,
all the tasksmeettheir deadlines.Otherwise,all the tasks
misstheir deadlines.In addition,thereis no blocking. The
completionsof thetemplatesat thesameperiodhaveacon-
stant templatedistance. The templatelength must be no
lessthan the maximal executiontime so the templatede-
signalgorithmcanpackany dwell into onetemplate.When
the executiontimes�uctuate dramatically, we may not be
ableto �nd a templatelengthto meetthesetwo conditions.
Fortunately, the executiontime of the dwells in the radar
systemareoften no greaterthan10 ms andare relatively
small comparedto theperiodof dwell tasks[7]. The tem-
platelengthandthe lengthof the hyperperiodaredenoted
by Î and „Ÿž , respectively.

Thegoalof thetemplatescheduledesignalgorithmis to
constructthe scheduleso that the tasksin set

l

canmeet
their timing constraintsandthereis noenergy constraintvi-
olation. It is suf�cient to �nd thetemplateschedulefor the
hyperperiodif thefollowing two conditionshold. First, the
tasksarriving afterthestartandbeforetheendof thehyper-
periodcompletebeforetheendof thehyperperiod.Second,
thereis no energy constraintviolation within the hyperpe-
riod, presumingthat thescheduleof thehyperperiodis re-
peatedlyexecuted.

Thesetwo conditionsare obvious in order to meetthe
timing andenergyconstraint.To meetthetiming constraint,
every taskhasto bescheduledin onefeasibletemplateand
completedby its deadline.To meetthe energy constraint,
accordingto the de�nition of the sustainablesystemen-
ergy consumption,the systemenergy consumptionat the
instantof time whena templatestartsmust be no greater
thanthesustainablesystemenergy consumptionof thetem-
plate.However, duringthedesignphase,thesystemenergy
consumption³

…
v.‡ for all timesis unknown.

2Thetemporaldistanceis constantwhenthetasksarepreemptable[4].
Whenjobs arenonpreemptable,the temporaldistancewill not be a con-
stantbecauseof the blockingeffect. In our approach,theblockingeffect
is avoidedby settingthetemplatelengthasa constantanda divisor of the
baseof theharmonicsequence.

The following theoremstatesa suf�cient condition to
meettheenergy constraintfor all times.

Theorem3.1. Givena templatescheduleÏ … v.‡ andthesys-
temenergy consumptionat thestart of thehyperperiod³ � ,
there is no energy constraint violation for all timesif the
followingconditionshold:

1. ³ … „ ž ‡‹ˆŒ³�� .

2. ³ … Ö/Î‹‡šˆz³
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Proof: Theproof canbefoundin [13].
Theorem3.1 is suf�cient becausenot all tasksexecute

for an in�nite numberof instances.Theseconditionmay
falselyrejecta feasibleschedulewhensometasksexecute
for a �nite numberof instances.The�rst conditionin The-
orem3.1only limits thesystemenergy consumptionat the
startof every hyperperiodto be bounded.The systemen-
ergy consumptionwithin the hyperperiodcould be greater
than ³�� but mustbenogreaterthan ³ ÂYÄ .

Thefollowing corollaryfollowsstraightforwardly.

Corollary 3.2. Giventhe templateschedule Ï
…

v.‡ , thesys-
temenergyconsumptionat thestart of everyhyperperiodis
boundedby ³�� if theenergyconsumptionwithin thehyper-
periodis nogreaterthan ³

�
£

…
×

À
‚•¹
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Wenow describethetemplatescheduledesignalgorithm
to �nd templatescheduleÏ

…
v.‡ to meetthe timing anden-

ergy constraint.In Figure4, eachgraybox above thetime-
line representsatemplate.Two timelinesshow thetemplate
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Figure 4. Template Schedule Design
scheduledfor two executionperiods100and200in thesys-
tem. Thereare � ve tasksindexed in descendingorderof
their semanticimportances.Task �
� and ��� have the exe-
cution period100 units of time. The other taskshave the
executionperiod200unitsof time. Task �	Î is thenext task
to bescheduled.Theperiodrangeof task �

Î is u;×Ô•›• wgÏ••›•£{ .
The algorithm �rst selects100 as the executionperiodof



task �ÐÎ and�nds thereis no feasibletemplateto schedule
task � � , � � and � Î . Then, it selects200 as the execution
periodof task �ÐÎ . The algorithmtries to scheduletask �ÑÎ

with task � � and ��Ò into onetemplateand�nds thatthereis
no feasibletemplate.Therefore,a separatetemplateis used
to scheduletask � Î .

Therearethreefeasibletemplates,Æ Ò , ÆšÎ , and ÆšÓ , for
task � Î . Eachof themhasa different sustainablesystem
energy consumption. The systemenergy consumptionat
time 150 is greaterthan ³ ����� à Ó and lessthan ³ ����� à Î and

³������ à Ò . Template ÆšÓ cannotbe usedbecausethe system
may violate the energy constraint. When more than one
templatecanbeused,thealgorithmselectstheonewith the
minimal templateenergy consumptionto reducethesystem
energy consumptionat theendof the template.Therefore,
thealgorithmselectstemplateÆ Î for task �ÐÎ .

The templatescheduledesignalgorithm incrementally
constructstheschedulesof thetasksin set

l

usingthedwell
templates.The systemenergy bound ³ � , which is the as-
sumedsystemenergy consumptionat the start of the hy-
perperiod,is initialized as ³

ÂYÄ . The energy decrementis
set as ÔÓß , which is a fraction of ³ Â¡Ä . At eachiteration,
task ��‘Õœ

l

is removed from
l

andaddedto set
l

� that
containsthe tasksbeingscheduledthusfar. Thealgorithm
selectsthe executionperiod for task ��‘ and �nds a feasi-
ble schedulefor set

l

� . If a feasiblescheduleexists, the
algorithmconsidersanothertaskin set

l

. It stopsandre-
portsthetemplateschedulewhenset

l

is empty. If thereis
no feasibleschedulefor set

l

� , thealgorithmdecreasesthe
systemenergy bound ³

� by Ô
ß unitsof energy andrepeats

theprocessof �nding aschedulefor set
l

� . If thealgorithm
fails to �nd a feasibleschedulefor all ³

� , it selectsanother
executionperiodfor task �

‘ within theperiodrangeof task
�t‘ . Theassumedsystemenergy consumptionat thestartof
thehyperperiodis resetas ³

ÂYÄ to �nd afeasibleschedule3.
ThisalgorithmsimulatestheRM algorithmto �nd afea-

sibletemplateschedulefor a setof tasks.At time v
‘ where

v
‘

•
Í

£­Î for
Í

• •qwÔÈ;È6È6w
¦

¨

¢

À
× , the dwell jobs released

at time v\‘ areinsertedinto thequeueof their individualexe-
cutionperiods.Thealgorithmselectsthenon-emptyqueue
with theshortestperiodandremovestask��‘ fromthequeue.
Let set

lÕÖ

bethesetof thetasksthathave thesameexecu-
tion periodastask ��‘ doesandareschedulingin onetem-
plate. A requestis sentto the templatedesignalgorithm
to �nd a feasibletemplatewhich schedulestask ��‘ andthe
tasksin set

lÕÖ

andwhosesustainablesystemenergy con-
sumptionis greaterthanor equalto thesystemenergy con-
sumption ³

…
v

‘
‡ . If no feasibletemplateexists, task �

‘ is
insertedinto the queueand the algorithm selectsanother
templatefor time v

‘
x Î . Let template Æ × be the feasi-

ble templatefrom the templatedesignalgorithm. If tem-
plate Æ

× doesnot completeby thedeadlineof task ��‘ , the
scheduleis not feasibleandthealgorithmreportsa failure.
Otherwise,thealgorithmupdatesscheduleÏ

…
vV‘5‡õ•ÅÆ

× and
theenergy function ³

…
v

‘
x Î ‡ÿ•o³

…
v

‘
‡�£´‚

¹

¢ÙØÛÚ

x ³ ß
ª^¯£à

× .
Task ��‘ is addedinto set

l
Ö

. If the queuewhich contains
the taskswith the sameexecutionperiodof task �

‘ is not
empty, thealgorithmremovesanothertaskfrom thequeue

3A variable storing the assumedsystemenergy consumptionbefore
task Ü

æ

canbeusedto speedup theprocess.

to �nd a feasibletemplate. If the queueis empty, the al-
gorithmconsidersthe templateat thenext schedulingtime

� ‘ x¿Î .
After templatescheduleÏ … v.‡ is found, the algorithm

checksthe conditionsgiven in Theorem3.1. If the condi-
tionshold, templatescheduleÏ … v.‡ is reported.Otherwise,
thealgorithmreportsafailurein �nding afeasibleschedule.

Whenafeasiblescheduleis foundfor set
l

andthereare
someidle timesin theschedule,thealgorithmcantry to add
the tasksnot in set

l

to the schedule.It will increasethe
chanceof admitting the non-critical tasks. The algorithm
stopswhenno taskcanbeaddedinto theschedule.

3.3 On­Line Dwell Scheduling

Template-baseddwell schedulingalgorithmis anexten-
sion of the clock-driven schedulingalgorithm. When a
new taskarrives,thealgorithmperformstheadmissiontest
basedonthepre-computedtemplatescheduleÏ … v.‡ . Theac-
ceptedtasksarescheduledaccordingto thetemplatesched-
ule Ï

…
v.‡ usingtheclock-drivenschedulingalgorithm.

The algorithmalways admitsthe tasksspeci�ed in the
performancerequirement,i.e., set

l

. If the time slots
supposedto executethe tasks in set

l

are occupiedby
other non-critical tasks,the non-critical tasksare always
discarded.Task �	‘ , not in set

l

, is admittedonly if there
exists task �

“ suchthat task �
“

œ

l

is not releasedand
dwell •’‘ is lessthandwell ••“ . Task ��‘ canbescheduled
usingthetimeslotsto scheduletask �

“ . Thealgorithm�rst
selectsoneexecutionperiodfor task �

‘ . The selectedpe-
riod mustbe in the periodrangeof task �

‘ andharmonic
with otherexecutionperiods. Then, the algorithmchecks
thetemplatescontainingthetaskswith thesameexecution
period.

Whenever the schedulingalgorithmneedsto determine
whetherto admit a tasknot in set

l

, the algorithmhasto
checkthe templateswhich containtaskshaving the same
executionperiodof thetask.Theoverheadof �nding atem-
plateincreasesasthesystemworkloadincreases.Whenthe
systemis heavily loaded,thealgorithmmayneedto check
moretemplatesbeforeit can�nd a templatefor thenew ar-
rival. If a templatecontainstaskshaving differentexecution
periods,thealgorithmhasto checkall thetemplatesin the
hyperperiod.

4 PerformanceEvaluation

We evaluatedthe performanceof the template-based
schedulingalgorithm throughextensive simulations. Per-
formanceof the template-basedschedulingalgorithm is
comparedagainstthatof theadaptivealgorithmusedin the
multi-functionphase-arrayradarsystems[5].

4.1 Workload Generationand PerformanceMet­
rics

Workload Parameters We generate the workloads
mainly basedon the parametersstatedin Kuo et al. [7].
Theworkloadin thesimulationconsistsof theperiodicand



Tasks SemanticImportance ExecutionTime (ms) PowerConsumption(kw) Period(ms)
High Priority Search 1 (1, 4, 1) (5,0,0.1) 1000ms
Con�rmation Task 2 (1, 4, 1) (4, 0, 0.1) 500ms(Deadline)

High PrecisionTrack 3 (0.5,1,0.5) (4,0,0.1) (125,200)
PrecisionTrack 4 (1, 2, 1) (4,0,0.1) (125,500)
NormalTrack 5 (1, 2, 1) (3, 0, 0.1) (500,2000)

Low Priority Search 6 (0.5,1, 0.5) (3, 0, 0.1) 1000ms

Table 1. Dwell Tasks Parameter s
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Figure 5. Mean overhead of admitting new arriv als Figure 6. Mean utilization

randomworkloads. High priority and low priority search
tasksare generatedperiodically. Con�rmation and track
tasksarerandomlygeneratedaccordingto the givenprob-
ability distributions. Randomworkloadsarecontrolledby
two probabilityparameters:theprobabilityof con�rmation
tasksandthedistributionof thecon�rmationresults.A con-
�rmation taskis triggeredby a searchtaskwhenanobject
is found.Theprobabilityof startinga con�rmation taskfor
a searchtaskrangesfrom 0.12to 0.6. A con�rmation task
may or may not initiate a track task. The distribution of
con�rmation resultsis presentedby a 4-elementtuple for
theprobabilityof initiating ahighprecisiontrack,precision
track,normaltrack,or no tracktask.Four differencedistri-
butionsareusedin oursimulations:

…
•qÈ6×=ÝqwV•qÈ6×Ô• wV• È •§Ý�wV• È�Þ|••‡ ,

…
•qÈ Ï›• wV• È Ø›•qwV• È;×Ó•qwÉ•qÈ ß•••‡ , and …

•qÈ ß§ÝqwV• È Ï••qwV• È;×�Ý�wÉ•qÈ6×Ô••‡ .
Table1 shows the timing andenergy parametersof the

dwell tasks.A high-priority searchtaskhasthehighestse-
manticpriority. The threeelementstuple of the execution
time andpower consumptiondenotesthetime interval and
consumedpowerfor thesending,delay, andreceivingphase
of adwell task.

To searchthewholesurveillancespace,thereare45high
priority searchtasksand20 low priority searchtasks.The
energy thresholdandlook-backperiodis setas250 J and
200 ms, respectively. The performancerequirementcon-
tains45 high priority searchtasks,10 con�rmation tasks,
10high-precisiontasks,10precisiontasks,5 normaltracks,
and 20 low priority searches.Thesetasksmust be able
to executesimultaneouslyin the system. Tasksnot in the
performancerequirementshouldbescheduledaccordingto
their semanticimportance.

We usethreemetricsto measuretheperformanceof the
algorithm.They arethemeanutilization,missingratio,and
meanoverhead. The meanutilization measuresthe frac-
tion of time that theantennais occupiedto sendor receive
the waves. The delay phasesof the scheduleddwells do

not count.Themissingratio denotesthefractionof dwells
that missing their deadlines. The meanoverheadof the
template-basedschedulingalgorithm is the averageover-
headfor admittinga new task.

4.2 Resultsand Discussion

Figure5 showsthemeanoverheadfor admittingnew ar-
rivals. Each line shows the overheadfor different distri-
butionsof the con�rmation results. The overheadfor ad-
mitting new arrivals increasesas the systemworkload in-
creases.This is becausethe algorithmmay have to check
moretemplatesto �nd a feasibletemplatefor the new ar-
rival. Theresultsshow thattheoverheadincreasesnomore
than ß••§à whenthe probability of triggeringtrack tasksis
increasedfrom 0.12to 0.60. The increaseof on-line over-
headcausedby the increasedworkloadis relatively small.
Theenergy parametersof thedwell templatesandthecon-
stanttemplatelengthkeeptheon-lineoverheadlow.

Figure6 shows themeanutilizationsof thephase-array
antenna.Thesolidanddashedlinesrepresentthemeanuti-
lizations for the template-basedschedulingalgorithm and
the adaptive algorithm, respectively. The meanutiliza-
tions are not high when the energy constraintis consid-
ered. Whentheadaptive schedulingalgorithmis used,the
meanutilizationsareno morethan Ï§Ý�à . It shows that for
theadaptiveschedulingalgorithmthesystemis overloaded.
However, the meanutilizations rangefrom Ï�Ý�à to Ý|•áà

whenthe template-basedschedulingalgorithmis used. It
showsthatinterleaving theexecutionof dwell jobsdoesim-
provetheutilization of thesystem.

Figure7(a)and(b) shows themissingratiosof thehigh
precisiontrack taskandprecisiontrack task, respectively.
Thesolid linesanddottedlinesrepresentthemissingratios
for the template-baseschedulingalgorithm and the adap-
tiveschedulingalgorithm,respectively. Whenthetemplate-
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Figure 7. Missing Ratio for High Precision and Precision Track

basedschedulingalgorithmis used, ß�à of the high preci-
siontrackandprecisiontrackjobsdonot completein time.
All thejobsmissingtheir deadlinesarenot speci�ed in the
performancerequirement. When the adaptive scheduling
algorithm is used,the algorithmcannotcompleteany job
whosesemanticimportanceis lower than that of the high
precisiontracking.Hence,themissingratioof theprecision
track task is ×Ó•›•áà . As the workload increases,the miss-
ing ratiosof the high-precisiontrack tasksdecrease.This
is becausethenumberof jobscompletingin time is almost
constantwhenthe systemis overloaded.As the workload
increasesandthe total numberof jobs increases,themiss-
ing ratiosdecrease.Themissingratio of normaltracktasks
showsasimilar resultand,therefore,is not shown here.

5 Summary

Wepresentedherethedwell taskmodelwhichcharacter-
izesthe timing parametersandenergy parametersof dwell
tasks.Moreover, a dwell templateis designedto ef�ciently
schedulea setof dwells within a given time interval. The
energy parametersof the dwell templatesreducethe over-
headof meetingtheenergy constraintof theradarsystems.
We developedthe template-baseddwell schedulingalgo-
rithm. This algorithmof�ine constructsthetemplateseach
of which is a scheduleof a setof radardwellsandthetem-
platescheduleof thetasksgivenin theperformancerequire-
ment. During the runtime, the algorithmschedulesdwell
tasksusingthetemplatesto meetthetiming constraintand
energy constraint.

We evaluatedthe template-basedschedulingalgorithm
by simulationsand comparedits performanceagainstthe
traditionaladaptiveschedulingalgorithm.Theresultshows
thatthetemplate-basedschedulingalgorithmschedulesthe
tasksin the performancerequirementto meettheir timing
constraintswithout any energy constraintviolation. More-
over, it alsoschedulesthe tasksnot in theperformancere-
quirement. It improvesthe utilization andreducesthe re-
jectionratecomparedto thetraditionaladaptivescheduling
algorithm.
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