Interleaving Planning and Scheduling: a Collaborative Approach

Antonio Garrido and Eva Onainda
Dpto. Sistemasnformaticosy Computacion
UniversidadPolitecnicavalencia(Spain)

f agarridot,onaindig@dsic.up.es

Abstract

This paper proposes an approach to interleave planning
and scheduling when dealing with real-world problems
in a collaborative way. Hence, the paper analyses some
challenging points for this collaboration, such as mod-
elling the problem in a joint way, introducing the in-
tegrated architecture and, particularly, the definition of
planning and scheduling conflicts and the way they are
solved when both processes work together. We also in-
clude an example to illustrate the interaction of both
processes.

Intr oduction and Moti vation

The developmentof planningand scheduling(P&S) tech-
niguesallow to tacklereal-world problemghatrequirehan-
dling durationof actvities, reasoningpnresourcaisagegex-
ecutioncosts,optimisationcriteria, etc. in awide variety of
problemgGhallab,Nau,& Traverso2004;Smith, Frank,&
Jonsson2000). The aim of planningis to nd out which
actionsneedto be executedto achieve the problemgoals,
whereasschedulingaimsat nding out when theseactions
needto be executedandwith which resourceswhich usu-
ally entailsa constraintsatishiction processto validateall
theproblemconstraints.

Although it is clear that real-world problemsrequire
featuresof both planning and scheduling,thesetwo pro-
cessedave beentraditionallymanagedeparatelyand,con-

sequentlythis hasbeenthe moststraightforvardapproach.

However, this approachdoesnot seemsensible: selecting
an actionin a plan is usually conditionedto several tem-
poral constraints,resourceavailability and criteria to be
optimised. Consequentlyplanning and schedulingcom-
plementeachother perfectly which clearly motivatesthe
challengein designing e xible modelsto integrate P&S
capabilities. After someattemptsto integrate P&S sys-
tems(Bartak 2004; Chienet al. 2000; Muscettola1994),
the questionof how bestto designsuchinterleaved sys-
tems still remainsopen (Smith, Frank, & Jonsson2000;
Smith & Zimmerman2004). Therearemary subtledetails
for acollaboratve system but the main openpointsfor this

collaborationwhich alsorepresenthe main contributions

of this paperare:
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How to modelthe real problemand specify featuresof
bothplanningandscheduling. Thede nition of thebasic
problemelementss essentiato identify therequirements
of theintegratedsystem.

How to de ne the systemarchitectureto bridge the gap
betweenplanningand scheduling. Sinceboth processes
do have their own role in the problemsolving, we should
take this factinto accountwhendesigningthe systemar
chitecture.

How to identify the mostadequatéP&S technologyfor
the system particularlyconsideringthat they usesimilar
techniqueggraphsearchheuristics constraintananage-
mentandreasoninggetc.) andthe necessitie®f sharing
andexchangingnformationbetweerthetwo processes.

How to solvethedifferenttypesof P&S con icts thatmay
arisein a mixed-initiative way, thusanalysingthe way in
which thetwo processesooperatecommunicateandin-
teract.

The objective of this paperis to shedsomelight about
thesepointsandpresentanarchitecturdor integratingplan-
ning andschedulingasa modelthatdynamicallyinterleaes
aplannerandascheduler

Modelling Planning and SchedulingProblems.
A Brief Description thr ough an Example

A P&S probleminvolvesthe executionof a sequencef ac-
tions,which mustsatisfyseveral constraintgbothtemporal
andonresourcewvailability), in orderto achieze somegoals,
while trying to optimisea metricfunction. Let usassume
probleminspiredby a planetaryroversscenarié (seeFig-
urel) thatwewill usethroughoutherestof thepaper This
problemrequireghatacollectionof roversnavigatea planet
surface, nding samplestakingimagesgtc.,andcommuni-
catingthembackto a lander Concurrentuseof the rovers
mustbe coordinatedvith the bottleneckof communication,
which must be performedonly when the landeris visible
from therover. Further roversconsumeenengy in their var
ious activities andthey canonly be rechagedat locations

This problem was introduced in the
International Planning Competition 2002
(http://ipc.icaps-conference.org) and used since
then



Figure1: A roversscenariowhererovershave to perform
samplingtasksand communicateresultsbackto a lander
whenvisible. The useof roversmustbe properly coordi-
natedsincetasksrequire navigation, consumeenegy and
they canonly berechagedat particularlocationswith sun.

thatarein the sun(actionsto rechagearevery limited and
needto be plannedprecisely)which impliesto manageen-
ergy ef ciently. Thereforetrying to separatehe navigation

and communicationpart from managingenegy consump-
tions and rechaging is nearlyimpossible. This is a clear
exampleof areal-world problemthat makesit necessaryo

include temporalconstraintsand resourceavailability into

planningasthey modify the structureof the plan;i.e. the
plan generatioris highly in uenced by the schedulingcon-
straints,and separatingplanningand schedulingturns un-

likely. Therequirement$o modela P&S problemlik e this

roversscenaridnclude:

Initial stateandproblemgoalswith theinformationthatis

trueatthebeginningof theproblemandthefactsthatneed
to beachieved, respectiely. E.g. the locationswith sun,

theinitial enepgy of the roversandtheir availability, etc.

is partof theinitial state, whereaghe dataaboutsamples
(rocks,soil andimages)o becommunicateds partof the

goals.

Actions,with duration,conditionsandeffects,thusallow-
ing differentalternatvesto achiese the goals. E.g. the
actionsallow roversto navigate, calibratetheir cameras,
rechageenepy, andtake imagesamongothers.

Resourcesvailableto executethe actionsin the plan. In
generalthis is implicitly includedin the actionsascon-
ditions and/or effects, and usually even representeds
numericexpressions.E.g. the rovers,the camerasgn-
ergy, time, etc. aretheresourcesandactionsmodify their
propositionaktate(available,calibrated empty etc.) and

numericvalue(decreasenegy in 10 unitsor increasdo-
tal time of the plan—malespan-in 5 units).

Metric function,asa multi-criteriafunctionde ned by the
userthat needsto be optimised. The applicationof this
metricallowsto nd planswhereseveralweightedcriteria
thatplayanimportantrolein theplanareconsideredE.g.
a metric to minimise the plan makespanandthe enegy
usedby all therovershelpsassesshe quality of different
plansto choosethe mostappropriate.

Problem constraints (including temporal and non-
temporalconstraints)with additionalconstraintgheplan
needsto satisfy obligatorily (strongconstraints)or asa
preferencésoftconstraint) E.g. someconstraintsuchas
deadlinesn (sub)goalfcommunicatiomeedso be per
formedbefore30") or constraintsn theform of time win-
dows (sunis availablefrom 6' to 150") helpbettermodel
therequirement®f thereal problem.

Although thereis not a well acceptedanguageto spec-
ify real problemsof planningandscheduling(at leastto the
authors'knowledge),from a planningperspectie thereex-
istsawidely acceptedanguagédo de ne planningdomains,
whichis now calledPDDL3 (Gerevini & Long 2005). De-
spitesomelimitationsin PDDL3to describeschedulingea-
turessuchasexplicit resourcesandcomplex temporalcon-
straints,a high numberof featuresof real-world problems
canbe currently modelledin PDDL3, which malesit ex-
pressve enoughto modelP&S problems.

Collaborative Planning and Scheduling

Theresolutionof P&S problemshasfollowedtwo different
perspecties. In one of the researctdirections,the tempo-
ral planning approach, the objectie is to extendplanning
to copewith schedulingcapabilitiesthatis augmentinghe
planningreasoningcapabilitiesin orderto handletime and
resourcegChen,Hsu, & Wah 2004; Gerevini etal. 2004;
Ghallab,Nau, & Traverso2004). In the otherresearctdi-
rection,planning embedded into scheduling, the solution
consistsof including planningcapabilitiesinto a scheduler
(Smith& Zimmerman2004). In this approachthe starting
point is usually a pre-plannedsetof orderedactvities and
planningis calledeachtime it is necessaryo releaseto set
up or to make availableary problemcomponentHowever,
thesolutiondoesnotnecessarilgothroughary of thesewo
approachesincethisindistinguishablenixtureof processes
may increasethe compleity of the overall approachmak-
ing someproblemsintractable. Our contribution is to pro-
vide a generaland e xible modelwhereboth planningand
schedulingprocesselave animportantrole in the problem
solvingperse.Ourtwo maingoalswhendesigningthe sys-
temarchitecturere:

To have two separatéut coordinatedP&S components,
eachspecialisedn solving differentproblems. First, a
plannerthat initially doesnot contemplateime andre-
sourcesi.e. it only considerghe propositionapartof the
problemin a STRIPS-like style (Fikes& Nilsson1993).
Secondaschedulethatassistghe plannerto accomplish
aplanthataccommodateandsatis esthetime/resources



requirements.Even thoughthis might soundinef cient
for simpleproblemsijt turnsoutto be extremelyeffective
for solvingcomplex problemswith complex constraints.

To comeup with a modelwhereboth P&S taskscanbe

solvedby applyingexisting techniquesThereexist mary

planningand schedulingtechniqueghat, properly com-

bined,canbe usedfor our purposeof creatinga coopera-
tive andhighly-coupledntegratedmodelof planningand
scheduling.

Ar chitecture. Planning and schedulingmodules

Figure 2 depictsthe structureof the integratedarchitecture
for planningand scheduling,which containsfour identi -
ableelements:

1. Theinput data. The input is the problemmodel (do-
main+problemde nition in ary speci cation language,
e.g. PDDL3) togetherwith an initial plan (either pro-
vided by the useras a setof activities or by a planner)
usedas a basis. Although the systemcould start from
anemptyplan,it doesnot seemsensibleto tacklesucha
comple taskfrom scratchsincethereare mary state-of-
the-artplannersthat generateplansvery ef ciently . The
underlyingideais to usea classicaplannerassimple(in
termsof expressvity and calculus)and ef cient as pos-
sible. Note thatthis doesnotimply a lossof generality:
a plan provided by ary plannercanbe usedasaninput,
and even a plan generatedy hand. Also note that this
planmayabstracbut the schedulingtime+resourcese-
quirementsj.e. the plan doesnot needto be executable
becauséheobjectiveof theintegratedmoduleis precisely
torepairagivenplanandmalkeit fully executablew.r.t. all
the schedulingequirementsThis increaseshe opportu-
nities to useefcient plannersasa previous stepto the
integratedmodule.

2. The action network (AN). The input planis corverted
into a network that representghe plan with its actions,
causallinks and (temporal+resourcegonstraints. Sim-
ilarly to the activity network usedin (Fratini & Cesta
2005), this network representsi) the shareddatastruc-
ture betweenthe plannerand the scheduler;andii) the
sharedsearctspaceThe AN (seeanexamplein Figure4
below) follows the philosophyof temporalconstrainnet-
worksandconsumableesourcenetworks (TCN andrCN
(DechterMeiri, & Pearl1991;Wallace& Freuder2005),
respectiely) to representheplan,actionsandconstraints
ontime andresourcesNodesrepresentimepointswhere
actionsstart/endwhile edgesall of themlabelledwith an
interval, representi) usageof aresourcgtime is consid-
eredasaresourceaswell); ii) causalinks betweertime-
points of actions;andiii) temporalconstraintshetween
timepoints. The AN also includesinformation about
obligatory actionsto indicatethat theseactionsmustbe
presentin all the plansbecausehey arethe only way to
supportsomeproblem(sub)goals similarly to the work
on landmarkspresentedn (Hoffmann, Porteous,& Se-
bastia2004).

3. The planning process. This processupdatesthe AN
when solving the planning con icts and makes actions

4. The scheduling process.

propositionallyexecutable This processctsasa planre-

pairerwhenit worksupontheinputplan(addingor delet-

ing actionsto make the plan executable) as a replanner
whenacon ict is detectedn theplanor simply asaplan-

nerwhenit dealswith goalachiezement.

This processvalidatesand

checksthe feasibility of the AN andits constraints.The

scheduleperformstwo importantrolesin theoverall pro-

cesspneasanautonomousaskandanothemlsacoopera-
tive taskwith the planner Theformerinvolvesallocating

actionssoasto ful | thetemporalconstraintandthere-

sourcerequirementsThe latterinforms andcollaborates
with the plannemwhenit detectsa schedulingcon ict that

requiresplanningabilitiesto solve it.

The planningandschedulingprocessesre speciallyde-
vised to work togetherin the resolutionof the different
con icts that arise during the plan construction(or recon-
struction).The proposedarchitecturéoringstwofold advan-
tages:

The input datato the integratedmodelcanbe a proposi-
tionally executableplan, anincompleteplan or anempty
plan given by ary planner It is alsopossibleto provide
the modelwith a plan that alreadysatis es someof the
problemconstraints.In any case,all this informationis
transformednto theappropriateelementsn the AN. The
ideais to provide a e xible inputsincefor someproblems
it is possibleo computeaplanin advance for someother
problemsthe knowledgeengineeror the usercansupply
someactiities (actions)that are known to be necessary
in the problem,andfor someothercomplex problemswe
might not have this type of informationor even be very
dif cult to computea planby ary standarglanner

This architectureprovidesa high e xibility, beingpossi-
ble to plug-in additionalspecialisednodules. The pro-
posedscheduleris thoughtto work asa TCN by prop-
agatingand validatingthe time andresourceconstraints
feasibility, and providing usefulinformationto help the
plannerrepair the possiblecon icts. The sameschema
can be usedfor other modules,as for examplea mod-
ulein chageof checkinghardandsoft constraintamong
planning statesand plan trajectories(Gerevini & Long
2005) or a modulespecialisedn somespeci c type of
constraints.The overall ideais that eachof the modules
attemptsto maintainthe consisteng of their constraints
and collaboratewith the plannerwhen con icts arisein
the AN.

Technology Planning and schedulingtechniques

The modelfor this integrationtriesto be generalenoughto
usealreadyexisting techniquedfor planningand schedul-
ing. The main goal of the planning processis to get an
executableplan without taking into accountthe resource
constraints. This processcarriesout the typical operations
to solve planning con icts, insert actionsto supportnew
goalsand so on. Therefore,no specialrequirementsare
neededand most current (heuristic) planningand plan re-
pair techniquescan be used (Chen, Hsu, & Wah 2004;
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Figure?2: Structureof thecollaboratve systemfor planningandscheduling.

Gerevini et al. 2004; Ghallab, Nau, & Traverso 2004;
vander Krogt & de Weerdt2005). On the otherhand,the
schedulingprocesseeddo validateandguaranteghe fea-
sibility of the AN. Here differenttechniquescan be used.
FromtheAl pointof view, schedulingalgorithmsfor check-
ing the consisteng of the constraintsinvolved in the AN
(suchasTCN (Dechter Meiri, & Pearl1991))aremoreap-
propriatethan dynamicCSPthat try to nd a solutionto
the problem (Tsang1993). From the OR point of view,
thereexist mary ef cient algorithmsthat canalsobe used
to perform the allocation of the actionsin the AN while
checkingits feasibility (Baptiste,Le Pape,& Nuijten 1995;
Winston1994).In bothcasesthescheduleneedgo provide
informationaboutwherethecon icts appear

As canbe seenthe opendesignof this modelrepresents
animportantadvantagesinceit allowsto useandadequately
combineexisting techniquesandimplementationgor plan-
ning and schedulingto achieve a bi-modularsolver. How-
ever, sucha combinationof differenttechniquesmalesit
dif cult to guaranteessomepropertiessuchascompleteness
and optimality. Fortunately when solving complec real-
world problems thesetwo propertiesare not the mostde-
siredpropertiesn our approach.

Interaction. Solving planning and scheduling
con icts

Solving problemsthat includetemporal/resourceonstraint
is acomplex taskthatbecome®speciallytricky in acollab-
orative approachfor P&S becausdhereexist featuresthat
arebettermanagedy thesetwo processeby separatebut
thereexist othersthat requirea strongstageof interaction
and cooperationbetweenboth processes.This is particu-

larly moreevidentwhensolvingP&S con icts, which needs
adeepexplanation.

Typesof P&S con icts

We have identi ed threetypesof con icts, which usually
arisewhengeneratinga planthatmustful | both P&S fea-
tures,andmustbesolvedby the processeby separatétype
1 and2) or by aclosecollaboratiorof bothof them(type3).
Thesetypesare:

Type 1. Planningcon icts solved via planning. These
con icts arethe classicalonesthatare causedy unsup-
portedactionpreconditionsthreatsor by mutex relations
betweenthe actionsin the plan. E.g. if anactionin

the AN requiresto take animageat a particularlocation
while theroversis in a differentpoint, it becomeseces-
saryto supportsucha conditionby planningnew actions.
This type of con ict is relatedto propositionalinforma-
tion (pure STRIPS) thatis speci cally managedy the
planningprocessThereforethesecon icts aresolvedby

applyingclassicaplanningtechniqueg a w repairmech-
anisms,suchasinsertingand deletingactionsto satisfy
unsupporteghreconditions).

Type 2. Schedulingconicts solved via scheduling.
Thesecon icts arethosecausedby oversubscriptede-
sourceghatmustbe allocatedto competingactions.E.g.
if two actionsin the AN usethe sameresourcewith uni-
tary capacity which cannotbe sharedat the sametime,
it becomesecessaryo imposeanorderof executionbe-
tweenthem. This type of con ict is basicallyrelatedto
resourcanformationandit canbeimplicitly represented
in the actionas (STRIPS) propositionalinformation or
as numericinformation. Sincethesecon icts imply an



assignmenproblem, they can be solved by scheduling
techniqueghat shift the actionsuntil nding a feasible
allocation.

Type 3. Schedulingcon icts solved via planning. Un-

liketype2 con icts, thereexist othercon icts thatcannot
bestrictly solvedby shifting or re-allocatingactionssince
they requireto includea collectionof setupactions(sub-
plan)or templatethatcannotbe pre-plannedn adomain-
independentontet (Smith & Zimmerman2004). E.g.

if anactionin the AN requiresan enegy level that ex-

ceedshecurrentvalue,it becomesecessaryo rechage.

However, if the actionfor rechaging is conditionedby

theresultof a collectionof actions(i.e. the rover needs
to navigateto a particularlocation),a con ict similar to

type 1 appearssincenew subgoalseedto be achieved.

This type of conict is relatedto resourceinformation

andsometimedo propositionaiinformationfor the setup
actions. Solving this con ict is a highly comple pro-

cesssinceit rst needsschedulingo detectit andsecond
planningto: i) nd theplacein theplanwhererepair(sub-
plan)is neededandii) modify the original plan (includ-

ing and/ordeletingactions)in orderto make theresource
availableto beusedagain.

As canbe noticed,dealingwith P&S featuresand solv-
ing their con icts is the main taskto be donein the col-
laborative approach. Algorithm 1 shavs the schemefor
this collaboration,which alsorepresentshe functional be-
haviour of the integrated model when solving the previ-
oustypesof conicts. The algorithmworks by interleas-
ing the P&S stagesn turnsandthe goal is to revise, both
from the planningandschedulingpoints of view (rev _PLN
andrev _SCH all actionsin the AN to nd a con ict-free
plan. Selectingone action at a time (step 5), three are
the main (planning+scheduling)asksto perform. Oneis
solve_ PLN_con icts (step8), responsiblefor solving type
1 conicts. Oncethe currentplanningcon icts have been
solved, the schedulerevisesthe schedulingcon icts (steps
9-14).First, it searche$or a consistengllocationof theac-
tionsin rev _SCHstepsl1-12)to solve type 2 conicts. If
this allocationfails, the con ict thenbecomesa type 3 one
(solve_SCH.con icts in stepl4)whichmeanst is necessary
to modify the AN (insert/deleteactions)to solweiit.

The key pointsin Algorithm 1 are the two calls (steps
8 and 14) which correspondto the resolutionof type 1
and 3 conicts. The resolutionof thesecon icts require
planningand scheduling. The overall ideais to reformu-
late a planningcon ict asa planningrepairproblemwhich
is later solved by classicalplanning techniques. On the
other hand, the schedulerprovides the plannerwith ad-
vice aboutthecon icting actionsandtheresourcesnvolved
there.Hence theschedulehelpstheplannerfocusits search
uponthoseplanningalternatvesthat betteraccomplishthe
time/resourcenbjectives/constraints Particularly, the P&S
interactionfor solvingthesecon icts is (seeFigure3):

1. solve PLN_con icts (type 1 conicts). In this case,the
plannerneedsto solve a planningconiict in rev _PLN
First, the plannerusesa heuristic estimator which is
later explained,to nd out the bestalternatvesto repair

2. solve_SCHcon icts (type 3 conicts).

IS fIS: ctitious action for the initial

=

rev _PLN
statey
rev_SCH ;
while 9a 2 ANj a 62rev _SCHlo
f Planningpart; reasoningon causallinksg
a earliestactionthatcanbeplannedn AN
rev_PLN rev_PLN fag
if numberof_con icts(rev _PLN > 0 then
solve_PLN_con icts(rev _PLN f Typel con ictsg
9: fSdedulingpart; reasoningontimeandresoucegy
10:  forall & 2 rev _PLNj a 62ev _SCHlo
11: if 9 aconsistenallocationof & in rev _SCHhen

NN

12: rev_SCH rev_SCH fajgfType2conictsg
13: else
14: solve_.SCH.con icts(a;; R ; quantity ;time _point;

Other _Constraints) f Type3 con ictsg

Algorithm 1: Generakchemdor collaboratve planningand
schedulingandtheway con ict resolutionis invoked

thecon ict. Particularly, the heuristicestimatorinforms
aboutthedifferentplaceqstatesn the AN) wherethere-
pair turns out to be feasible,obviously from a heuristic
pointof view. Startingfrom the mostpromisingstate the
plannertriesto solve the con ict by transformingit into
its own terms: the plannerformulatesa repair problem
in termsof which subgoalsareto be achiezedandwhich
onesareto be maintainedn the AN. In orderto deduce
this information, the plannermakesuseof its own plan-
ning tacticsto decidewhich actionsneedto be inserted
into the AN. The interestingpoint hereis that the plan-
neralsocountsontheinformationprovidedby thesched-
uler (heuristicselector) thusguiding the plannerprocess
andhelpingdecidewhich planningalternatve to take on
accordingto schedulingcriteria. This way, the planner
shaws the scheduletthe planningdecisionpoints (plans
P1; P2;:::Ps) andthe scheduledetermineghe bestal-
ternative (P,) from thetime/resourc@erspectie. Finally,
if thecon ict cannotbe solved by justinsertingnew ac-
tions, the plannerselectsanotheralternatve place(state)
from theheuristicestimatorandrepeatgherepairingpro-
cess. The plannertries to solve the con ict on the basis
of the currentAN, andit will only take the decisionof
deletingactionsfrom the AN whenthereareno moreal-
ternatves(states)to try out. Deletingactionsobviously
producesew con icts sincethe goalsof the deletedac-
tionsarenotlongersupportedConsequentlythe planner
needsto selecta new conict asa new type 1 conict,
which meansstartingthe processagain.

In this case,
the schedulemeedsto solve the schedulingcon ict in
rev _SCHHowever, thisimpliessolvingaschedulingon-
ict throughplanningin ajoint way. Whenthe scheduler
detectsa constraintviolation due to an oversubscripted
resourceR thatcannotbe solvedby the scheduleperse
(asubplarnis required),it informsthe planneraboutwhen
thatresources neededatwhichtime _point), how much
is required(quantity ) and who requiresit (action a;),



(Re)planning
process

Type 1
conflict
\ 4

Conflict Conflicty
translator c

A
Type 3
conflict

Type 2
conflict

Scheduling
process

Reparation module
(insert actions and dealing
with several alternative plans)

Heuristic Estimator J

Relaxed
numeric
planning graph

Selectian

criteria based on:
* Use up
 Problem metric
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thuscreatinganew subgoato besupportedAdditionally,
thescheduleprovidesthe plannerhelpfulinformationas
anextra setof constraintOther _Constr aints ) thatthe
plannemustholdwhensolvingtheproblem;for instance,
do notusemorethann units of resourceR; whensolv-
ing thiscon ict. Basically the planneruseghis informa-
tion andactssimilarly aswhensolvinga type 1 con ict,
i.e. it usesthe heuristicestimatorto nd the beststates
in the AN to insertthe subplanto solve the con ict that
appearsvith theresourcer . Notethatthereis noguaran-
teeof solvingthis con ict just by insertingactions.Con-
sequentlyin casesof deadline-relatedon icts deleting
actionsbecomegheonly valid alternatie.

Solving con icts, especiallytype 1 and3, requirea high
componenbf searchandthusthe useof heuristicestima-
tionsto guidethis processappearvery corvenient.

Heuristic tactics to help solve conflicts Figure 3 shaws
two heuristicprocessethathelpin the P&S interaction:the
heuristic estimator in the plannerandthe heuristic selec-
tor in the scheduler The former providesheuristicestima-
tionsto discoverthebeststatein the AN from which repair
ing the con ict (insertingthe subplan). Theseestimations
are calculatedon a relaxed versionof a numericplanning
graph,whichis similar to the oneusedin metric-FF (Hoff-
mann2003)but with two differencesFirstly, we ignorethe
action conditionsrelatedto the use of humericresources,
which usuallydenoteconsumabl@esources Secondly we
considerall action effectsrelatedto the numericresources
eitherthey imply anincreaseor decreasén theresourceaus-
age. Thisway we will be ableto checkthe goodnes®f es-
timationsthat considera global useof resourcegconsump-
tion/restock). Intuitively, ignoring the numeric conditions
may leadto includeactionsin the planninggraphalthough
they arenot executablewhich would entail very optimistic
situationsthat can negatively affect the estimations.How-
ever, evenignoringthe numericconditions if actions nally
turn outto be executablethe estimationawill bevery close
to therealvalues.Ontheotherhand,consideringall type of
effectsallows to obtainmoreaccurateestimationgor most
resourcesincetheir valueswill bemoreinformed.In short,

theseestimationsare more orientedto nding out the nal
consumptiorof all theresourcesfterexecutinga setof ac-
tionsratherthanto therealisationof thoseactions.

Note that the useof relaxed planninggraphsis not only
valid for estimatingnumericresourcedut alsofor ary kind
of resourcegthat require setup activities such as making
availableavehicle eet, ight crew, etc. In thesecasesthe
estimationawill be evenmoreprecisesincethe numericre-
laxationhasno impactin their valuesaswe will seein the
illustrationexamplebelow.

Ontheotherhand,the heuristicselectolis usedto choose
aplanduringtheplanrepairingprocessDuringthis process,
the plannerwill likely nd severalactionsthatachiese the
samegoals,thusforming alternative plans.Insteadof doing
a completesearchwhich may be very costly, the heuristic
selectorinformsthe planneraboutwhich alternatize planto
use. The selectormalkesits decisionon the basisof: i) the
useof resourcesandii) the multi-criteria problemmetric
to be optimised. First, it selectsplansthat useup thosere-
sourcedhatrequiresetupactvities, thusreducingthe num-
ber of theseactiities. For instancefrying to useup there-
sourceenegy will reducethe numberof actionsin the plan
(fewer rechage actionswill be necessary)the makespan
andeventuallythecost.Secondit selectgplanswith thebest
problemmetricwhich meansselectingthe planthatbest ts
theusers preferencesNote,however, thatothercriteriacan
alsobeused suchasnumberof actions,makespanetc.

An illustration example Let ustake an example of the
roversproblemto illustratethe way the plannerandsched-
uler interactwhen solving con icts and how the heuristic
tacticshelpin this process.The goal of the problemis to
have soil, rock andimagedatacommunicated.The initial
plan,generatedby anautomateglanneris shovn in Figure
4-a, which is subsequentlgorvertedinto an AN (seeFig-
ure 4-b). Moreover, the problemimposestheseadditional
comple constraintsi) actionshave differentdurationsand
consumeenepgy of r over 0 (e.g. (sanpl esoi | wp0)
increasesime in 10 unitsanddecreasesnegy in 3 units);
i) theinitial enegy level of r over 0 is 10;iii) sun is avail-
able to rechage only in waypoi nt 1 andwaypoi nt 3;



0: (calibrate canmeraO waypoi nt0)
1: (take_i nage caneraO waypoi nt0)
2: (sanpl e_soil waypoi nt0)
3: (conmmuni cat e_i mage waypoi nt 0 waypoi nt 1)
4: (communi cate_soi | waypoi nt0 waypoi nt 1)
5: (drop)
6: (sanpl e_rock waypoi nt0)
7: (communi cat e_rock waypoi nt 0 waypoi nt1)
(@)
[10,10]
{sanple_sal (sample_soil

wpo) N . Wp0).off
/7

CL
(calibrate cam0
wpo).on N

"""""" communicated_image objl
\\.[0.40]
RS .,
™, s,
,,_have_imag&gbjl
“20¥]

Fealibrated camo Y
§ [0.30)

4 0030] - X
] \

(take_image cam0
~7a  time (makespan) N, rEe, \
~o__.¥  energy of roverd [1-1] Y
P causal link (CL) /CL P
........ "t I constraint
emporal constrain (LD (comm_image
WpO wp1).on N v\ WpOwp1).off
[-6.-6]

(b)

Figure 4: (a) Initial plan for the illustration example; (b)
Fragmentof the AN of the initial plan: obligatoryactions
are underlined,solid and dashedines representisage(in-
crease/decreasej resourcesn actions(makesparanden-
ergy, respectiely), thick lines representcausallinks, and
dottedlinesrepresentemporalconstraints.

iv) the subgoal( have_i nage obj ecti vel) mustnot
be achieved beforetime 20; v) the effect (cal i br at ed

caner a0) only persistsduring 30 units; andvi) the goal
(communi cat ed_i nage) hasadeadlinesoit is dueto

time 40. In this problem,con icts arisebecaus®f the loca-
tion of therover (typel), its enegy level andthe makespan,
but only the enegy andthe makespanare managedy the
scheduleasnumericresourcegtype 3 con icts).

Accordingto Algorithm 1, actionsare selectedrom the
AN andrevisedto checkfor P&S con icts. The AN is free
of con icts until revising (commi mage wpO wp1l) that
introducesatype 3 con ict thatthe schedulepersecannot
solve becausethe resourceener gy becomesoversub-
scripted: (commi mage wpO wpl) requires6 units of
enegy, butonly 4 (10-3-2-1)areavailable. Then,thesched-
uler executes solve_SCH.con icts(( conmi mage wpO
wpl), (energy rovey0), 2 (6-4), (conmi mage
wp0 wpl). on, f( (energy rover0) 10),
(makespan < 1 )g). Hence,the schedulerinforms the
planneraboutall theinformationaboutthe con ict: action,
resource,quantity required and timepoint. Moreover, it
also informs about the other constaints to be satis ed
thatinclude: i) consumptiorof ener gy r over 0 cannot
now exceed 10 (since this is the initial value); and ii)
consumptiorof makespan is notreally constrained.

The heuristic estimatorcalculatesthe four stateswhere

State 1 | {10} {0}

Subplan Remaining actions

{8} {5}
Subplan

State 2 (calibrate
camO wp0)

State 3| (calibrate camo wp0) (51 {10}
(sample_soil wp0) Subplan
State 4 | (catibrate camowpo) ‘ (take_image cam0 wp0) ‘ (@), (12} Remaining
| emvle soiwn) | Subplan | _ actions

Figure5: The four statesfrom wherethe plannercan start
the subplanto rechage, after executing0,1,2,3actions,re-

spectvely, of the AN. Eachsubplanalso containsthe ini-

tial valueof theresourcegner gy andmakespan, respec-
tively. Hence,theinitial valuesfor the subplanof the state
3 aref 5g,f 10g that coincidewith the consumptiorof both
resource®f the parallelexecutionof actionscal i br at e

andsanpl e_soi | .

Remaining actions ‘
Remaining actions ‘

Tablel: Estimationfor theconsumptiorof resourceso exe-
cuteactionsto rechageenegy insertingthe subplanin four
differentstateqvaluesfor wp1 andwp3 arethe same).

energy rover0 makespan
State 1 10-8=2 0+5=5
State 2 8-8=0 5+5=10
State 3 5-8=-3 10+5=15
State 4 4-8=-4 12+5=17

thesubplarto solve thiscon ict canbeinserted asdepicted
in Figure5. The only two actionsthatincreasethe enegy
level are(recharge wpl) and(recharge wp3) (in
this problemthey have the sameestimationsbecauseéoth
waypointsare interchangeable)so the plannerhasto in-
clude a subplan(setupactities) to navigate there, which
consumes8 units of ener gy and5 of nakespan. Ac-
cording to the schedulingconstraintson the ener gy and
makespan, thesubplancanonly be placedin statesl or 2
(seeTablel). Clearly state3 is nota valid choicebecause
theinitial ener gy level for the subplanis 5 andit uses8
unitsto solvethecon ict. Thesamehappensn stated where
thereis alack of 4 unitsof ener gy to achieve the subplan.
In orderto decidebetweenstatel or 2, the estimatoruses
criteriabasedntheuse-upof resourcesandproblemmetric
(asin the heuristicselector).In this case the state? is cho-
sensincethe fact of totally usingup the resourcesner gy
allows to minimise the numberof rechagesand improve
thequality of the nal plan. Then,theplannemwill generate
the subplanwhich consistsof actionsf ( navi gat e wp0
wpl) ! (recharge wpl) g (or analogouslyin wp3),
updatingthe actionsin the AN andresumingthe Algorithm
1. This shavs how the P&S interaction,togetherwith the
useof heuristictactics,allow to facecon ict resolutionin a
collaborative way.

Conclusionsthr ough Related Work

In the last decade combiningAl planningand scheduling
hasposeda lot of interestingandchallenginggquestionsbe-



ing considereda hot topic of researcheven from the OR

point of view (Baptiste,Le Pape,& Nuijten 1995; Bartak
2004;Fratini& Cesta2005;Ghallab,Nau,& Traverso2004;
Smith, Frank, & Jonsson2000). The combinationof P&S
techniquesvaries from loosely-coupledintegration (Pec-
ora & Cesta2005) to highly-coupledintegration with a
constantinteractionof P&S modules(Chienet al. 2000;
Muscettola1994). The way to shareinformation between
planning and scheduling,as the level of synegy between
both solving processe¢Pecora& Cesta2003),becomesa
key aspectin both typesof integration, being particularly
moredif cult to achievein thelatter Therehave beensome
successfulattemptsin such a highly-coupledintegration,
suchasHSTS (Muscettolal1994) or Aspen (Chienet al.

2000). Thesead-hocsystemsexhibit agoodperformancen

the domainsthey weredesignedor, but they arelimited in

more generaldomains. Therefore the challengeof design-
ing ageneraimodelof planningandschedulingstill remains
open.

This paperrepresentsa stepaheadtowardsa collabora-
tive approactfor planningandschedulingwvhich intendsto
be generaland e xible enoughto tackle ary kind of P&S
problemswith astrongor weakcomponenbf time/resource
managemenOurmodelis basedbnthecommondeaof dy-
namicallyinterleaving planningandscheduling both play-
ing a similar role. However, we bring two novelties with
respectto other approachesi) noneof the two processes
(plannerandscheduler)s embeddednto the otherbut both
work togethetin theproblemresolution;andii) theproposed
model can be implementedusing existing technologiesof
planningandscheduling.We have not focusedon building
a completeandoptimalapproactfor planningandschedul-
ing, butondesigningheinteractiorbetweerbothprocesses,
whichwe considerakey pointfor the succes®f the collab-
oration. This implies making decisionson when to com-
municate what to communicatendhow the processewiill
tacklethe taskwhenthey have all the informationat hand.
In particular we have shovn how the plannerandscheduler
interactfor early detectionand solution of con icts, more
speci cally for the type 3 con icts which requirecapabili-
tiesof bothprocesset besolved. As partof ourimmediate
researchye are focusingour work on: i) how to improve
the P&S interaction;andii) the implementatiorof the ad-
hoc mechanisnfor providing feedbackfrom the scheduler
to the plannerandthe evaluationof its effectiveness.
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