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Abstract. Earlierwork on schedulingoy autonomousystemshas
demonstratedhat schedulesn the form of simple temporalnet-
works,with intenvals of valuesfor possibleevent-timescanbemade
“dispatchable”j.e., executablencrementallyin realtime with guar
anteesagainstfailure due to unfortunateevent-time selections.In
the presentwork we shawv how the propertyof dispatchabilitycan
be extendedto networksthatincludeconstraintfor consumablee-
sourcesWe describeconditionsthat canbe placedon resourceuse
by actiities during executionto avoid oversubscriptiorwhile insur
ing scheduledispatchability This involves preventing interactions
betweenresourceuse and schedulingper se, that can compromise
dispatchability We alsodescribestratgiesthat canbe usedin con-
junctionwith theseconditionsto increasdlexibility of resourceallo-
cation.Thiswork indicateghatflexible handlingof resourceusecan
be safely extendedto the executionlayer to provide more effective
deploymentof consumableesources.

1 Introduction

Like mary otherautonomousystemsthe schedulingsystemwithin
of the Remote Agent architecturedeveloped at NASA-Ames [5]
hastwo basiclayersof operation.Thefirst is the PlannerScheduler
which producesa basicscheduleof operation[3]. The outputfrom
this subsystentonsistsof anenvelopeof schedulingimesfor each
operation,or activity, which allows someflexibility in scheduling
specificactiities basedon currentconditions.The taskof selecting
specifictimesfor operations carriedoutin asecondayerby theplan
executor or “Executive”, which issuesghe commandsignalsfor op-
eratingthe physicalsystemandmonitorsthe progresf the system
to determinewhetheractviteshave beenperformedsuccessfully

Becausehe Executive is operatingn realtime, the constrainton
its operationare severe. In particular during the instantiationof a
schedulehe Executive cannotafford to backtrack.Thatis, it cannot
go backandreschedulearlieractvities wheneer its previous deci-
sionshave causedt to reacha point wherethereare no options(a
‘deadend’), becauseheseearlieractities have alreadybegun. For
this reasonwhen actualplan executionbegins theremustbe guar
anteeghata schedulederivedfrom the time-ervelopess executable
incrementallyor “dispatchable”.In recentwork it hasbeenshavn
thatconsistentemporalconstraininetworks,which area basiccom-
ponentof the PlannerSchedules output,canbe madedispatchable
[4].

In this paperwe describework we have doneto extendtheearlier
work on dispatchablenetworks of temporalconstraintgo situations
wheretherearealsoconsumableesourcesThe goal of this work is
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to establistconditionson resourcausethatallow usto guarante¢hat
aresourcewill not be oversubscribedwhile still maintainingguar
anteedor schedulalispatchability A critical problemin this caseis
interactionbetweendecisionsregardingresourceuseand selection
of start-andend-timesof actitiesin thescheduleTo solve this, we
derive a basicconditionon resourcauseto which areaddedqualifi-
cationsthatsene to avoid unwontedinteraction.This paperoffersan
alternatve andin somewaysmoregenerabpproacho onepresented
in anearlierpaper6].

Thenext sectiondiscussesdispatchablexecutionandtheincorpo-
rationof consumableesourcento this processSection3 describes
conditionsfor avoiding oversubscriptiorof a consumableesource
andmeansof avoiding interactionsbetweerrestrictionson resource
useandmaintainingschedulaispatchability Building on the previ-
ous section,Section4 describesa generalcondition for dispatcha-
bility. Section5 discussestratgjiesthat canbe usedfor increasing
flexibility of resourceusewhile still meetingthe conditionfor dis-
patchability Section6 givesconclusions.

2 Incorporating Resource Use at the Executive
Level

In the presentschedulingsystem,the PlannerSchedulersendsthe
Executive an ervelope of acceptableschedulingtimesin the form
of a simpletemporalnetwork (STN) [1]. A critical characteristiof
this network is thatit is not only consistenbut dispathable This
meanghateventscanbeinstantiatedsuccessiely, wheneerthecur-
renttime is within the presentboundsof an event, andthe system
will notencounteadead-endi.e.,aneventthatcannotbescheduled
becausehe currenttime is beyondits presentime boundg4].

The basicdispatchingexecutionproceedsasfollows (see[4] for
details).At eachstepof executionaneventz is selectedrom a pool
of candidateeventswhoseantecedentbave alreadybeeninstanti-
ated,and whosetime boundsbraclet the currenttime. After this
eventhasbeensetto thecurrenttime, constrainfpropagatioroccurs,
whichis restrictedto adjacenhodesn the network. In thefollowing
example,basedonthe STNin Figurel, instantiationsareshavn on
theleft andresultsof propagatiorontheright, in termsof acceptable
intervalsfor eventswhosenodesareadjacenin theconstrainigraph.

a=0 b=4—-9,c=4—-6

c=5 e=9-—-12

b=7 d=9-11

d=9 e=9-12,f=16-19,g=16 — 19
e=12 f=17-19,0=17-19

g=17 f=17

f=17



In the situationwe wish to consider someof the actiities in the
schedulareassociatedvith useof aconsumableesourceAs anex-
ample considethestorageof informationfrom sensinglevicesona
spacecraftwhich normally involvesan onboardsolid staterecorder
(SSR).Datais storedin the SSRuntil the craft is in communica-
tion with the Deep SpaceNetwork on earth,whenthe information
is downloaded.Data storageoccursduring a Recordstate;in this
stateresourcecapacityis usedup. Datatransmissioroccursduring
a Playbackstate, wheninformationis relayedto earth;in this state
resourcecapacityis releasedThe SSRis, therefore,a consumable
resourcewith a fixed capacitythat cannotbe exceededduring the
schedule However, in this casethe resourcecan be reneved peri-
odically. We referto the setof resourceactvities betweerrenevals
(here,Playbackspasa“bout” of resourcaise.ln thepresenpapemwe
will focusonsinglebouts.Sequencesf boutsrequireadjustmentsf
the capacityvalue,andaretreatedn detailin [6]. Notethatin mary
casessuchaspower use,theremayonly be onebout.

Themanneof representingesourcaiseatthe Executivelevel will
dependnthewayin which we establishconditionsfor dispatchabil-
ity, aswill be seenbelow. For expositorypurposesve will represent
resourcaiseasaseparateonstrainnetwork, basecn constraintof
theformz; + x> ... < C,wherez; is aninstanceof resourcauseand
C is the resourcecapacity which we call the consumableesource
network, or cRN. An exampleis shawvn in the upperpart of Figure
1, which shavs acRN for asingleconsumableesourceandasingle
boutof use.In this graph,intenalsrepresenboundson resourcaise
for a given actiity. Thus,eachinterval, [10,20], represents range
of possibleuseof aresourcebetweenl0 and20 units. In addition,a
single k-ary constraintbetweenendpointspreventsthe resourceca-
pacity (here,30 units)from beingexceededuringthe bout.

In thefigure,cRN nodesarelinkedto STN nodesthatcorrespond
to the sameactwity. Thelinkagebetweerthe STN andcRN is indi-
catedby dashedines,eachlabeledwith its constanbf proportional-
ity. Theselinks arenot constraintsput insteadlink two representa-
tionsof thesameactiity - asatemporaldurationandasaninstance
of resourcaise.Here(andin general) resourcauseis assumedo be
a nondecreasinfunction of time. For expository purposeswve will
assumea linear relation, specifically multiplication of the temporal
boundsby a positive or negative quantity for resourceuseand re-
lease respectiely, this quantity beingconstantfor a given actiity.
Of importanceis the factthat the mappingfrom activity durationto
associatedesourceuseis both bijective, i.e., one-to-oneand onto,
andmonotonic.

3 TheDispatchability Problem for the Executive
STN-cRN

We now considemwhatit meango extendthe notionof dispatchabil-
ity to schedulesvith resourceconstraintsThis extensionentailstwo
requirements:

1. resourcecapacitycannotbe exceededevenmomentarily
2. thedispatchabilityof the schedulenustbe maintained

In addition,if possiblewe would lik e to extendthenotionof flexibil-
ity of executionto resourcauseaswell aseventtimes.

At the outset,it is importantto note that the tractability of the
elaborategroblem,representetiereasan STN-cRNis not a basic
issue.This is becauséoth temporaland consumableesourcecon-
straints(representeasless-tharinequalities)are closedundera bi-
naryfunction,min, thatis associatie, commutatie, andidempotent.
This CSR thereforefalls undertractability class2 of [2].
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Figurel.
whichintenalsfor duration(STN) andresourcaise(cRN) associatedavith
thesameactvity arelinkedtogetherSuchlinks areindicatedby dashed
lines;thelinkedintenals arethoseassociatedavith arcsdirectedtoward the
nodesof origin anddestinatiorfor the cross-links For example,actiity x in
thecRN is associatedvith arc(b,d)in the STN.

Combinedemporal-and-consumable-resteinetwork, in

To supportdispatchabilitya cRN mustallow ary sequencef in-
stantiationgo be madein the associatedSTN without exceedinga
resourcecapacity Given the bijective mappingfrom STN eventto
resourceuse, this implies that ary choiceof value for aninstance
of resourceusemustallow somevaluesto be chosenfor all future
(asyet uninstantiatedyariables.We refer to this loosely as “cRN
dispatchability”.

The only necessargonditionfor cRN dispatchabilityappeargo
bethefollowing:

Z Ib; < C @

wherelb; is thelower boundon resourceausefor theith actiity in a
bout.In otherwords,the sumof theminimumusageor all actiities
in aboutmustnot exceedthe currentcapacity

The strongestsufiicient conditionis simply that the sum of the
upperboundson resourceusebe lessthanor equalto the resource
capacity

C )

™
&
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Ohviously in this casewe do nothave to consideracRNatall during
execution,sincewhatever valuesthe Executive selectsin the STN,
theresultingresourceusewill bewithin capacity

This condition puts potentially severe limitations on the rangeof
choicethatcanbe givento the Executive. This canbeseenn Figure
1, wherethe sum of upperbounds(40) is well abore the capacity
(30). In orderto conformwith this condition, the intervals would
have to bereducedby one-halfon average.

In Figurel a constraintis usedto insurethatresourcecapacityis
not exceededIn addition, this cRN is fully consistentbecausdor
every valueof resourcaisagechoserfor oneactiity thereis atleast
oneusagevaluefor the otherthatis within the designatedounds.
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This consisteng canbe expresseds:

k—1

Zubi + by < C (3

i=1

holdingfor all subset®f k — 1 activities in a boutof lengthk. The
questiorthenis, is this conditionsuficientto supportdispatchability
(thesecondequirementistedabove)?

Unfortunately the answeris, "No”. Becauseof the tight linkage
betweentime andresourceuse,propagatiorbasedon one of these
factorswill alsoaffectthe other In termsof the dualnetwork shavn
in Figurel, eitherof thefollowing problemsmayarise.

1. Reductionsn cRN upperboundsmay deletevaluesin the STN
thatarenecessaro insuredispatchabilityin thetemporalsubnet-
work.

2. Increasinga lower boundof an STN intenval may requirean in-
creasdn the lower boundof the correspondingesourcenterval
in thecRN, thusviolating the cRN dispatchabilitycondition.

For the cRN—STN interaction,if changesccurin the STN, the
only partof the graphwe have to worry aboutis betweenthe point
of changeandvariablesthatarealreadyinstantiatedi.e. eventsthat
arealreadyfixed), a subsetof the uninstantiatechodesthat we will
call the“critical region”. Dispatchabilitywill still hold with respect
to futuredomainsby virtue of the original STN dispatchability

For the STN—cRN interaction,the critical situationinvolvesan
increasein the lower boundfor an end-timeof a resource-actity.
However, anincreasethat would violate the resourceconditioncan
only occurif thereis anarcto thatnodefrom a nodeotherthanthe
start-time Moreover, aviolationcanonly occurif thisadditionalcon-
straintforcesthe end-timeto be greaterthana given value,without
putting similar constraintn the start-time.In this case depending
onthestart-timechosentheend-timeandhencetheactiity duration
canbeforcedto take a valuegreatetthanthe minimum.An example
is shawvn in Figure2, in which the constraintbetweerb andd could
force d to take a time thatrequiresthat d-c be equalto 2, asshavn
by thefollowing sequencef instantiations:

a=0 b=1-2,¢c=9
b=2 d=11-12
c=9 d=11

This situationcanbe avoidedif the end-timeis, in fact,indepen-
dentof the start-time.In this case whenthe STN is madedispatch-
able the additionalconstrainton the end-timecan be replacedwith
a constrainton the start-time.In Figure 2, this would meanthatthe
constrainbetweerb andd canbereplacedvith onebetweerb andc,
thestart-timefor thesameactivity. This canbedone(giventhetrian-
gleinequality)if | bc| + |cd| = | bd |[4]. Asaresultof this
manipulation both the start-and end-timesare subjectto the same
constraintsotherestrictionon end-timeshatwe mustavoid cannot
occut If this canbe donefor eachsuchsituationinvolving a critical
domainthenthedispatchabilityguaranteeanbe established.

This resolution of the STN—cRN problem also solves the
cRN—STN problem. Becausejf the activity in questionhas no
nodesotherthanthe start-timeadjacentto its end-timenode,then
therewill notbeary actiitiesin thecritical region with domainval-
uesthatdependn specificvaluesin thedomainof its end-time And
this suggests generalstatemenfor a sufficient condition for dis-
patchabilitywith consumableesources.
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Figure2. STNcomponenbf compositenetwork, in which instantiationof
eventscanleadto violation of requiredconditionson resourceuse.Further
explanationin text.

4 A General Condition for Dispatchability

Thegenerakonditionfor dispatchabilithastwo parts.First, thefol-
lowing inequalitymusthold,

j k
iubi + Z b; < C (4)
i=1 i=j+1

for somesubsetof ¥k — j actiities. In addition, for eachactiity

associatedvith a lower boundin the inequation the end-timemust
beindependentf thestart-time.Suchactvitieswill bereferredto as
“buffers”, sincethey seneto buffer theschedulingorocedureagainst
going over resourcecapacity (The termis dueto N. Muscettola.)
The secondrequirementnsuresthatthe lower boundvalueswill be
availableregardlesof the values(for timesor resourcause)chosen
for their predecessom@ndsuccessors.

Theobjectof inequation(4), like thatof (3), is to insurethatthere
will be at leastonevalid assignmenin certaindomainsregardless
of the valueschoserfor assignmenfrom the others. The difference
is that herewe are specifyinga particularsetof actvities. This re-
ducesflexibility of executionin comparisorwith the former condi-
tion. However, in mary casest shouldbe possibleto amelioratethis
situation,asindicatedbelow.

In addition,the presentonditionwill notallow usto usen-aryre-
sourceconstraint®f theform shawvn in Figurel exceptunderspecial
circumstancegyneof whichwasdescribedreviously [6]. In fact,at
first blushit might appearthat the presentcondition amountsto a
specialcaseof inequation(2), with someupperboundssetequalto
the lower boundsfor the sameactvities. However, this is not really
the case aswe demonstratén the next section.

5 Strategiesfor Flexible Resource Use

First, it shouldbe notedthat, if inequality (4) holdsfor two setsof
buffers within a bout, andone setis a subsetwof the other thenthe
smallersetcanbe used.More generally the buffer-setsform a lat-
tice structureandwe canuseoneof the minimal setsto satisfythe
condition. Ideally, this would be a singleton.Moreover, if thereis
morethanone suchsingletonset,thenthesecanbe tracked during
execution,sothatbuffer-actuvities instantiateceforethelastonedo
nothave to besetto theirlower bounds(Onecouldtrackin thisway
with setsof larger size,but onecould not avoid usinglower bounds
until onecameto thelastmemberof a givenset.)

Although, in general,ordinary n-ary resourceconstraintscannot
beusedin connectiorwith this condition,anotherstratey described
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in previouswork [6] is still viable. Theideais to trackthedifference
betweerthe upperboundon resourceusefor agivenactvity andthe
actualuse.Theaccumulatediifferencebetweerthesevalues,

i ubi —
i=1

which we call the “credit”, canbe addedto the lower boundof a
buffer-activity to increasaherangeof valuesconsistentvith there-
quirementsfor dispatchability If, in addition, it is possibleduring
planningto make adjustment$o scheduldimesto insurethata min-
imal buffer setoccursaslate aspossibleduring a bout of actities,
thenwe canincreasdilexibility further, sincethereis moreopportu-
nity for creditto accumulate.

Carrying the latter idea further, if we caninsurethat all of the
activities thatmight occurlast (the “candidate-last’set) are buffers,
thenwe canuseordinaryn-aryresourceonstraintsluringexecution.
In this case the constraintwill insurethatthelastactvity is setto a
valuethatsatisfieghe dispatchabilityrequirement¢andthefactthat
it is abuffer will insurethatacceptablealuesarepresent).

Finally, if therearesingletonbuffers,it may be worthwhileto try
to satisfy inequality (3) for all subsetsof k& — 1 activities. In this
casejf avaluefor resourceuseis choserfor ary actuvity thatis no
morethanits lowerboundplustheexisting credit,thenthe Executive
will beableto chooseary possiblevaluefor theremainingresource
actuities.

Thusthereareavarietyof stratgiesthatcanbeusedin adispatch-
ableexecutionwith consumableesourceonstraintsSelectiorof an
appropriatestratgy dependsn the characteiof the dispatchability
condition. If inequality (2) is satisfied,thena simple STN is suffi-
cient.If theconditionassociateavith inequality(4) is satisfiedthen
a minimal buffer-setcanbe used,togetherwith credit-basedstrate-
gies.Finally, thereare casesvherea stratgy involving ordinaryn-
ary resourceconstraintss sufficient.

J

> o, ®)

i=1

6 Conclusions

In thiswork we have derived conditiongthatinsurethatschedulexe-
cutionis dispatchablevenwhenconsumableesourcegreinvolved.
This involved pinpointingthe basicdifficultiesthatarisewhencom-
biningtemporalandconsumableesourceonstraintsyhichtake the
form of interactionsbetweertwo subnetwrks. We have alsoshavn
thatthis canbe donewhile still allowing, in mary casesa high de-
greeof flexibility in selectingvaluesfor resourceuseduring execu-
tion.

Thepresentwork is pertinentto alarge classof problemsencoun-
teredin planningby autonomoussystemslike the RemoteAgent,
when consumableresourcedik e the Solid State Recorderare in-
volved.In thesesystemsgreatefflexibility of resourcaisecanmale
operationsinvolving taskssuch as data collection more effective,
thusincreasinghe lik elihoodthat overall missiongoalsareaccom-
plished.
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