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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-
niquesallow to tacklereal-world problemsthatrequirehan-
dling durationof activities,reasoningonresourceusage,ex-
ecutioncosts,optimisationcriteria,etc. in a wide varietyof
problems(Ghallab,Nau,& Traverso2004;Smith,Frank,&
Jónsson2000). The aim of planningis to �nd out which
actionsneedto be executedto achieve the problemgoals,
whereasschedulingaimsat �nding out when theseactions
needto be executedandwith which resources,which usu-
ally entailsa constraintsatisfaction processto validateall
theproblemconstraints.

Although it is clear that real-world problems require
featuresof both planning and scheduling,thesetwo pro-
cesseshavebeentraditionallymanagedseparatelyand,con-
sequently, this hasbeenthemoststraightforwardapproach.
However, this approachdoesnot seemsensible:selecting
an action in a plan is usually conditionedto several tem-
poral constraints,resourceavailability and criteria to be
optimised. Consequently, planning and schedulingcom-
plementeachother perfectly, which clearly motivatesthe
challengein designing�e xible models to integrate P&S
capabilities. After someattemptsto integrate P&S sys-
tems(Bartak 2004; Chien et al. 2000; Muscettola1994),
the questionof how best to designsuchinter-leaved sys-
tems still remainsopen (Smith, Frank, & Jónsson2000;
Smith& Zimmerman2004). Therearemany subtledetails
for a collaborativesystem,but themainopenpointsfor this
collaboration,which alsorepresentthemaincontributions
of this paper, are:
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� How to model the real problemand specify featuresof
bothplanningandscheduling.Thede�nition of thebasic
problemelementsis essentialto identify therequirements
of theintegratedsystem.

� How to de�ne the systemarchitectureto bridgethe gap
betweenplanningandscheduling.Sinceboth processes
dohave their own role in theproblemsolving,we should
take this fact into accountwhendesigningthesystemar-
chitecture.

� How to identify the most adequateP&S technologyfor
thesystem,particularlyconsideringthat they usesimilar
techniques(graphsearch,heuristics,constraintsmanage-
mentandreasoning,etc.) andthe necessitiesof sharing
andexchanginginformationbetweenthetwo processes.

� How to solvethedifferenttypesof P&Scon�icts thatmay
arisein a mixed-initiativeway, thusanalysingtheway in
which thetwo processescooperate,communicateandin-
teract.

The objective of this paperis to shedsomelight about
thesepointsandpresentanarchitecturefor integratingplan-
ningandschedulingasamodelthatdynamicallyinterleaves
aplanneranda scheduler.

Modelling Planning and SchedulingProblems.
A Brief Description through an Example

A P&S probleminvolvestheexecutionof a sequenceof ac-
tions,which mustsatisfyseveralconstraints(bothtemporal
andonresourceavailability), in orderto achievesomegoals,
while trying to optimisea metric function. Let usassumea
probleminspiredby a planetaryroversscenario1 (seeFig-
ure1) thatwewill usethroughouttherestof thepaper. This
problemrequiresthatacollectionof roversnavigateaplanet
surface,�nding samples,takingimages,etc.,andcommuni-
catingthembackto a lander. Concurrentuseof the rovers
mustbecoordinatedwith thebottleneckof communication,
which must be performedonly when the landeris visible
from therover. Further, roversconsumeenergy in their var-
ious activities and they canonly be rechargedat locations

1This problem was introduced in the
International Planning Competition 2002
(http://ipc.icaps-conference.org) and used since
then



Figure1: A roversscenariowhererovershave to perform
samplingtasksand communicateresultsback to a lander
whenvisible. The useof roversmust be properlycoordi-
natedsincetasksrequirenavigation, consumeenergy and
they canonly berechargedat particularlocationswith sun.

thatarein thesun(actionsto rechargearevery limited and
needto beplannedprecisely),which impliesto manageen-
ergy ef�ciently . Therefore,trying to separatethenavigation
andcommunicationpart from managingenergy consump-
tions and recharging is nearly impossible. This is a clear
exampleof a real-world problemthatmakesit necessaryto
include temporalconstraintsand resourceavailability into
planningas they modify the structureof the plan; i.e. the
plangenerationis highly in�uenced by theschedulingcon-
straints,and separatingplanningand schedulingturns un-
likely. Therequirementsto modela P&S problemlike this
roversscenarioinclude:

� Initial stateandproblemgoalswith theinformationthatis
trueatthebeginningof theproblemandthefactsthatneed
to beachieved,respectively. E.g. the locationswith sun,
the initial energy of the roversandtheir availability, etc.
is partof theinitial state,whereasthedataaboutsamples
(rocks,soil andimages)to becommunicatedis partof the
goals.

� Actions,with duration,conditionsandeffects,thusallow-
ing differentalternativesto achieve the goals. E.g. the
actionsallow roversto navigate,calibratetheir cameras,
rechargeenergy, andtake imagesamongothers.

� Resourcesavailableto executetheactionsin theplan. In
general,this is implicitly includedin theactionsascon-
ditions and/or effects, and usually even representedas
numericexpressions.E.g. the rovers, the cameras,en-
ergy, time,etc.aretheresources,andactionsmodify their
propositionalstate(available,calibrated,empty, etc.) and

numericvalue(decreaseenergy in 10unitsor increaseto-
tal time of theplan–makespan–in 5 units).

� Metric function,asamulti-criteriafunctionde�nedby the
userthat needsto be optimised. The applicationof this
metricallowsto �nd planswhereseveralweightedcriteria
thatplayanimportantrole in theplanareconsidered.E.g.
a metric to minimise the plan makespanandthe energy
usedby all therovershelpsassessthequality of different
plansto choosethemostappropriate.

� Problem constraints (including temporal and non-
temporalconstraints),with additionalconstraintstheplan
needsto satisfy obligatorily (strongconstraints)or as a
preference(softconstraint).E.g. someconstraintssuchas
deadlinesin (sub)goals(communicationneedsto beper-
formedbefore30') or constraintsin theform of timewin-
dows (sunis availablefrom 6' to 150') helpbettermodel
therequirementsof therealproblem.

Although thereis not a well acceptedlanguageto spec-
ify realproblemsof planningandscheduling(at leastto the
authors'knowledge),from a planningperspective thereex-
istsawidely acceptedlanguageto de�ne planningdomains,
which is now calledPDDL3 (Gerevini & Long 2005). De-
spitesomelimitationsin PDDL3to describeschedulingfea-
turessuchasexplicit resourcesandcomplex temporalcon-
straints,a high numberof featuresof real-world problems
canbe currentlymodelledin PDDL3, which makes it ex-
pressiveenoughto modelP&Sproblems.

CollaborativePlanning and Scheduling
Theresolutionof P&S problemshasfollowedtwo different
perspectives. In oneof the researchdirections,the tempo-
ral planning approach, theobjective is to extendplanning
to copewith schedulingcapabilities,that is augmentingthe
planningreasoningcapabilitiesin orderto handletime and
resources(Chen,Hsu, & Wah 2004;Gerevini et al. 2004;
Ghallab,Nau, & Traverso2004). In the otherresearchdi-
rection,planning embedded into scheduling, thesolution
consistsof including planningcapabilitiesinto a scheduler
(Smith& Zimmerman2004). In this approach,thestarting
point is usuallya pre-plannedsetof orderedactivities and
planningis calledeachtime it is necessaryto release,to set
up or to make availableany problemcomponent.However,
thesolutiondoesnotnecessarilygothroughany of thesetwo
approachessincethis indistinguishablemixtureof processes
may increasethecomplexity of theoverall approach,mak-
ing someproblemsintractable.Our contribution is to pro-
vide a generaland�e xible modelwherebothplanningand
schedulingprocesseshave animportantrole in theproblem
solvingperse.Our two maingoalswhendesigningthesys-
temarchitectureare:

� To have two separatebut coordinatedP&S components,
eachspecialisedin solving differentproblems. First, a
plannerthat initially doesnot contemplatetime and re-
sources,i.e. it only considersthepropositionalpartof the
problemin a STRIPS-like style(Fikes& Nilsson1993).
Second,aschedulerthatassiststheplannerto accomplish
aplanthataccommodatesandsatis�esthetime/resources



requirements.Even thoughthis might soundinef�cient
for simpleproblems,it turnsout to beextremelyeffective
for solvingcomplex problemswith complex constraints.

� To comeup with a modelwhereboth P&S taskscanbe
solvedby applyingexisting techniques.Thereexist many
planningandschedulingtechniquesthat, properlycom-
bined,canbeusedfor our purposeof creatinga coopera-
tiveandhighly-coupledintegratedmodelof planningand
scheduling.

Ar chitecture. Planning and schedulingmodules
Figure2 depictsthestructureof the integratedarchitecture
for planningand scheduling,which containsfour identi�-
ableelements:
1. The input data. The input is the problemmodel (do-

main+problemde�nition in any 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
complex taskfrom scratchsincetherearemany state-of-
the-artplannersthatgenerateplansvery ef�ciently . The
underlyingideais to usea classicalplanner, assimple(in
termsof expressivity andcalculus)andef�cient aspos-
sible. Note that this doesnot imply a lossof generality:
a plan providedby any plannercanbe usedasan input,
andeven a plan generatedby hand. Also note that this
planmayabstractout thescheduling(time+resources)re-
quirements,i.e. the plan doesnot needto be executable
becausetheobjectiveof theintegratedmoduleis precisely
to repairagivenplanandmakeit fully executablew.r.t. all
theschedulingrequirements.This increasestheopportu-
nities to useef�cient plannersas a previous stepto the
integratedmodule.

2. The action network (AN). The input plan is converted
into a network that representsthe plan with its actions,
causallinks and (temporal+resource)constraints. Sim-
ilarly to the activity network usedin (Fratini & Cesta
2005), this network represents:i) the shareddatastruc-
ture betweenthe plannerand the scheduler;and ii) the
sharedsearchspace.TheAN (seeanexamplein Figure4
below) followsthephilosophyof temporalconstraintnet-
worksandconsumableresourcenetworks(TCN andrCN
(Dechter, Meiri, & Pearl1991;Wallace& Freuder2005),
respectively) to representtheplan,actionsandconstraints
on timeandresources.Nodesrepresenttimepointswhere
actionsstart/end,while edges,all of themlabelledwith an
interval, represent:i) usageof a resource(time is consid-
eredasa resourceaswell); ii) causallinks betweentime-
points of actions;and iii) temporalconstraintsbetween
timepoints. The AN also includes information about
obligatory actionsto indicatethat theseactionsmustbe
presentin all theplansbecausethey aretheonly way to
supportsomeproblem(sub)goals,similarly to the work
on landmarkspresentedin (Hoffmann,Porteous,& Se-
bastia2004).

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

propositionallyexecutable.Thisprocessactsasaplanre-
pairerwhenit worksupontheinputplan(addingor delet-
ing actionsto make the plan executable),asa replanner
whenacon�ict is detectedin theplanor simplyasaplan-
nerwhenit dealswith goalachievement.

4. The scheduling process. This processvalidatesand
checksthe feasibility of theAN andits constraints.The
schedulerperformstwo importantrolesin theoverallpro-
cess,oneasanautonomoustaskandanotherasacoopera-
tive taskwith theplanner. Theformerinvolvesallocating
actionssoasto ful�l thetemporalconstraintsandthere-
sourcerequirements.The latter informsandcollaborates
with theplannerwhenit detectsaschedulingcon�ict that
requiresplanningabilitiesto solve it.

The planningandschedulingprocessesarespeciallyde-
vised to work togetherin the resolutionof the different
con�icts that ariseduring the plan construction(or recon-
struction).Theproposedarchitecturebringstwofold advan-
tages:

� The input datato the integratedmodelcanbe a proposi-
tionally executableplan,an incompleteplanor anempty
plan given by any planner. It is alsopossibleto provide
the modelwith a plan that alreadysatis�es someof the
problemconstraints.In any case,all this informationis
transformedinto theappropriateelementsin theAN. The
ideais to providea�e xible inputsincefor someproblems
it is possibleto computeaplanin advance,for someother
problemstheknowledgeengineeror theusercansupply
someactivities (actions)that areknown to be necessary
in theproblem,andfor someothercomplex problemswe
might not have this type of informationor even be very
dif�cult to computea planby any standardplanner.

� This architectureprovidesa high �e xibility , beingpossi-
ble to plug-in additionalspecialisedmodules. The pro-
posedscheduleris thoughtto work as a TCN by prop-
agatingandvalidatingthe time andresourceconstraints
feasibility, andproviding useful information to help the
plannerrepair the possiblecon�icts. The sameschema
can be usedfor other modules,as for examplea mod-
ule in chargeof checkinghardandsoftconstraintsamong
planningstatesand plan trajectories(Gerevini & Long
2005) or a modulespecialisedin somespeci�c type of
constraints.The overall ideais thateachof themodules
attemptsto maintainthe consistency of their constraints
andcollaboratewith the plannerwhencon�icts arisein
theAN.

Technology. Planning and schedulingtechniques
Themodelfor this integrationtriesto begeneralenoughto
usealreadyexisting techniquesfor planningand schedul-
ing. The main goal of the planningprocessis 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;



0: (calibrate rover0 cam0 obj wp0)
0: (sample_rock rover0 rover0st wp0)
1: (take_img rover0 wp0 obj1 cam0 low_res)
1: (drop rover0 rover0st)
2: (sample_soil rover0 rover0st wp0)
3: (comm_rock_data rover0 gen wp0 wp0 wp1)
...

Plan / Set of activities (by hand)

Integrated heuristics
common heuristics based on actions

and cost/problem metric

0.001: (calibrate rover0 cam0 obj wp0) [5]

0.001: (recharge rover0 wp0) [7.09091]

0.001: (sample_rock rover0 rover0st wp0) [8]

5.006: (take_img rover0 wp0 obj1 cam0 low_res) [7]

8.009: (drop rover0 rover0st) [1]

9.01: (sample_soil rover0 rover0st wp0) [10]

27.028: (comm_rock_data rover0 gen wp0 wp0 wp1) [10]

37.038: (comm_soil_data rover0 gen wp0 wp0 wp1) [10]

...

;; Plan makespan: 47

;; Plan cost: 75.9

;; Number of actions: 12

Executable plan

Planner

Any kind of  plan

(provided by a

classical planner) or

set of activities

(provided by a user)

Integrated module

update

(add/delete)
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problem solving
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Figure2: Structureof thecollaborativesystemfor planningandscheduling.

Gerevini et al. 2004; Ghallab, Nau, & Traverso 2004;
van der Krogt & de Weerdt2005). On the otherhand,the
schedulingprocessneedsto validateandguaranteethefea-
sibility of the AN. Here different techniquescan be used.
FromtheAI pointof view, schedulingalgorithmsfor check-
ing the consistency of the constraintsinvolved in the AN
(suchasTCN (Dechter, Meiri, & Pearl1991))aremoreap-
propriatethan dynamicCSPthat try to �nd a solution to
the problem (Tsang1993). From the OR point of view,
thereexist many ef�cient algorithmsthat canalsobe used
to perform the allocationof the actionsin the AN while
checkingits feasibility (Baptiste,Le Pape,& Nuijten 1995;
Winston1994).In bothcases,theschedulerneedsto provide
informationaboutwherethecon�icts appear.

As canbeseen,theopendesignof this modelrepresents
animportantadvantagesinceit allowsto useandadequately
combineexisting techniquesandimplementationsfor plan-
ning andschedulingto achieve a bi-modularsolver. How-
ever, sucha combinationof different techniquesmakes it
dif�cult to guaranteesomepropertiessuchascompleteness
and optimality. Fortunately, when solving complex real-
world problems,thesetwo propertiesarenot the mostde-
siredpropertiesin our approach.

Interaction. Solvingplanning and scheduling
con�icts

Solvingproblemsthat includetemporal/resourceconstraint
is acomplex taskthatbecomesespeciallytricky in acollab-
orative approachfor P&S becausethereexist featuresthat
arebettermanagedby thesetwo processesby separate,but
thereexist othersthat requirea strongstageof interaction
and cooperationbetweenboth processes.This is particu-

larly moreevidentwhensolvingP&Scon�icts, whichneeds
adeepexplanation.

Typesof P&S con�icts
We have identi�ed threetypesof con�icts, which usually
arisewhengeneratinga plan thatmustful�l bothP&S fea-
tures,andmustbesolvedby theprocessesby separate(type
1 and2) or by aclosecollaborationof bothof them(type3).
Thesetypesare:

� Type 1. Planningcon�icts solved via planning. These
con�icts aretheclassicalonesthatarecausedby unsup-
portedactionpreconditions,threatsor by mutex relations
betweenthe actionsin the plan. E.g. if an action in
theAN requiresto take an imageat a particularlocation
while theroversis in a differentpoint, it becomesneces-
saryto supportsucha conditionby planningnew actions.
This type of con�ict is relatedto propositionalinforma-
tion (pureSTRIPS) that is speci�cally managedby the
planningprocess.Therefore,thesecon�icts aresolvedby
applyingclassicalplanningtechniques(�a w repairmech-
anisms,suchas insertinganddeletingactionsto satisfy
unsupportedpreconditions).

� Type 2. Schedulingcon�icts solved via scheduling.
Thesecon�icts are thosecausedby oversubscriptedre-
sourcesthatmustbeallocatedto competingactions.E.g.
if two actionsin theAN usethesameresourcewith uni-
tary capacity, which cannotbe sharedat the sametime,
it becomesnecessaryto imposeanorderof executionbe-
tweenthem. This type of con�ict is basicallyrelatedto
resourceinformationandit canbeimplicitly represented
in the actionas (STRIPS) propositionalinformationor
as numericinformation. Sincethesecon�icts imply an



assignmentproblem, they can be solved by scheduling
techniquesthat shift the actionsuntil �nding a feasible
allocation.

� Type 3. Schedulingcon�icts solved via planning. Un-
like type2 con�icts, thereexist othercon�icts thatcannot
bestrictly solvedby shiftingor re-allocatingactionssince
they requireto includea collectionof setupactions(sub-
plan)or templatethatcannotbepre-plannedin adomain-
independentcontext (Smith & Zimmerman2004). E.g.
if an action in the AN requiresan energy level that ex-
ceedsthecurrentvalue,it becomesnecessaryto recharge.
However, if the action for recharging is conditionedby
the resultof a collectionof actions(i.e. the rover needs
to navigateto a particularlocation),a con�ict similar to
type 1 appearssincenew subgoalsneedto be achieved.
This type of con�ict is relatedto resourceinformation
andsometimesto propositionalinformationfor thesetup
actions. Solving this con�ict is a highly complex pro-
cesssinceit �rst needsschedulingto detectit andsecond
planningto: i) �nd theplacein theplanwhererepair(sub-
plan) is needed;andii) modify theoriginal plan (includ-
ing and/ordeletingactions)in orderto make theresource
availableto beusedagain.

As canbe noticed,dealingwith P&S featuresandsolv-
ing their con�icts is the main task to be donein the col-
laborative approach. Algorithm 1 shows the schemefor
this collaboration,which alsorepresentsthe functionalbe-
haviour of the integratedmodel when solving the previ-
ous typesof con�icts. The algorithm works by interleav-
ing the P&S stagesin turnsand the goal is to revise, both
from theplanningandschedulingpointsof 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)tasksto perform. One is
solve PLN con�icts (step8), responsiblefor solving type
1 con�icts. Oncethe currentplanningcon�icts have been
solved,theschedulerrevisestheschedulingcon�icts (steps
9–14).First, it searchesfor aconsistentallocationof theac-
tions in rev SCH(steps11–12)to solve type2 con�icts. If
this allocationfails, thecon�ict thenbecomesa type3 one
(solve SCH con�icts in step14)whichmeansit is necessary
to modify theAN (insert/deleteactions)to solve it.

The key points in Algorithm 1 are the two calls (steps
8 and 14) which correspondto the resolutionof type 1
and 3 con�icts. The resolutionof thesecon�icts require
planningandscheduling. The overall idea is to reformu-
late a planningcon�ict asa planningrepairproblemwhich
is later solved by classicalplanning techniques. On the
other hand, the schedulerprovides the planner with ad-
viceaboutthecon�icting actionsandtheresourcesinvolved
there.Hence,theschedulerhelpstheplannerfocusitssearch
uponthoseplanningalternativesthat betteraccomplishthe
time/resourceobjectives/constraints.Particularly, the P&S
interactionfor solvingthesecon�icts is (seeFigure3):

1. solve PLN con�icts (type 1 con�icts). In this case,the
plannerneedsto solve a planningcon�ict in rev PLN.
First, the planner usesa heuristic estimator, which is
later explained,to �nd out the bestalternativesto repair

1: rev PLN  IS f IS: �ctitious action for the initial
stateg

2: rev SCH ;
3: while 9a 2 ANj a 62rev SCHdo
4: f Planningpart; reasoningoncausallinksg
5: a  earliestactionthatcanbeplannedin AN
6: rev PLN rev PLN[ f ag
7: if numberof con�icts(rev PLN) > 0 then
8: solve PLN con�icts(rev PLN) f Type1 con�ictsg
9: f Schedulingpart; reasoningon timeandresourcesg

10: for all ai 2 rev PLNj ai 62rev SCHdo
11: if 9 a consistentallocationof ai in rev SCHthen
12: rev SCH rev SCH[ f ai g f Type2 con�ictsg
13: else
14: solve SCH con�icts(ai ; R ; quantity ; time point;

Other Constr aints ) f Type3 con�ictsg

Algorithm 1: Generalschemefor collaborativeplanningand
scheduling,andthewaycon�ict resolutionis invoked

thecon�ict. Particularly, the heuristicestimatorinforms
aboutthedifferentplaces(statesin theAN) wherethere-
pair turnsout to be feasible,obviously from a heuristic
pointof view. Startingfrom themostpromisingstate,the
plannertries to solve the con�ict by transformingit into
its own terms: the plannerformulatesa repair problem
in termsof which subgoalsareto beachievedandwhich
onesareto be maintainedin theAN. 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),thusguidingtheplannerprocess
andhelpingdecidewhich planningalternative to take on
accordingto schedulingcriteria. This way, the planner
shows the schedulerthe planningdecisionpoints (plans
P1; P2; : : : P5) andthe schedulerdeterminesthe bestal-
ternative(P2) from thetime/resourceperspective.Finally,
if thecon�ict cannotbe solvedby just insertingnew ac-
tions, theplannerselectsanotheralternative place(state)
from theheuristicestimatorandrepeatstherepairingpro-
cess.The plannertries to solve the con�ict on the basis
of the currentAN, and it will only take the decisionof
deletingactionsfrom theAN whenthereareno moreal-
ternatives(states)to try out. Deletingactionsobviously
producesnew con�icts sincethegoalsof thedeletedac-
tionsarenot longersupported.Consequently, theplanner
needsto selecta new con�ict as a new type 1 con�ict,
whichmeansstartingtheprocessagain.

2. solve SCH con�icts (type 3 con�icts). In this case,
the schedulerneedsto solve the schedulingcon�ict in
rev SCH. However, thisimpliessolvingaschedulingcon-
�ict throughplanningin a joint way. Whenthescheduler
detectsa constraintviolation due to an oversubscripted
resourceR thatcannotbesolvedby theschedulerperse
(asubplanis required),it informstheplanneraboutwhen
thatresourceis needed(atwhichtime point ), how much
is required(quantity ) and who requiresit (action ai ),
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Figure3: Planningandschedulinginteractionfor solvingtype1 andtype3 con�icts.

thuscreatinganew subgoalto besupported.Additionally,
theschedulerprovidestheplannerhelpful informationas
anextra setof constraints(Other Constr aints ) thatthe
plannermustholdwhensolvingtheproblem;for instance,
do not usemorethann unitsof resourceR j whensolv-
ing this con�ict. Basically, theplannerusesthis informa-
tion andactssimilarly aswhensolvinga type1 con�ict,
i.e. it usesthe heuristicestimatorto �nd the beststates
in the AN to insert the subplanto solve the con�ict that
appearswith theresourceR. Notethatthereis noguaran-
teeof solvingthis con�ict just by insertingactions.Con-
sequently, in casesof deadline-relatedcon�icts deleting
actionsbecomestheonly valid alternative.

Solvingcon�icts, especiallytype1 and3, requirea high
componentof searchand thus the useof heuristicestima-
tionsto guidethis processappearsveryconvenient.

Heuristic tactics to help solve conflicts Figure3 shows
two heuristicprocessesthathelpin theP&Sinteraction:the
heuristic estimator in theplannerandthe heuristic selec-
tor in thescheduler. The formerprovidesheuristicestima-
tionsto discover thebeststatein theAN from which repair-
ing the con�ict (insertingthe subplan). Theseestimations
are calculatedon a relaxed versionof a numericplanning
graph,which is similar to theoneusedin metric-FF (Hoff-
mann2003)but with two differences.Firstly, we ignorethe
action conditionsrelatedto the useof numericresources,
which usuallydenoteconsumableresources.Secondly, we
considerall actioneffectsrelatedto the numericresources
eitherthey imply anincreaseor decreasein theresourceus-
age.This way we will beableto checkthegoodnessof es-
timationsthatconsidera globaluseof resources(consump-
tion/restock). Intuitively, ignoring the numericconditions
may leadto includeactionsin theplanninggraphalthough
they arenot executable,which would entailvery optimistic
situationsthat cannegatively affect the estimations.How-
ever, evenignoringthenumericconditions,if actions�nally
turn out to beexecutable,theestimationswill bevery close
to therealvalues.Ontheotherhand,consideringall typeof
effectsallows to obtainmoreaccurateestimationsfor most
resourcessincetheirvalueswill bemoreinformed.In short,

theseestimationsaremoreorientedto �nding out the �nal
consumptionof all theresourcesafterexecutinga setof ac-
tionsratherthanto therealisationof thoseactions.

Note that the useof relaxed planninggraphsis not only
valid for estimatingnumericresourcesbut alsofor any kind
of resourcesthat require setupactivities such as making
availablea vehicle�eet, �ight crew, etc. In thesecases,the
estimationswill beevenmoreprecisesincethenumericre-
laxationhasno impactin their valuesaswe will seein the
illustrationexamplebelow.

Ontheotherhand,theheuristicselectoris usedto choose
aplanduringtheplanrepairingprocess.Duringthisprocess,
the plannerwill likely �nd several actionsthat achieve the
samegoals,thusformingalternativeplans.Insteadof doing
a completesearch,which may be very costly, the heuristic
selectorinformstheplanneraboutwhich alternativeplanto
use. The selectormakesits decisionon the basisof: i) the
useof resources;and ii) the multi-criteria problemmetric
to be optimised.First, it selectsplansthatuseup thosere-
sourcesthatrequiresetupactivities, thusreducingthenum-
berof theseactivities. For instance,trying to useup there-
sourceenergy will reducethenumberof actionsin theplan
(fewer recharge actionswill be necessary),the makespan
andeventuallythecost.Second,it selectsplanswith thebest
problemmetricwhichmeansselectingtheplanthatbest�ts
theuser'spreferences.Note,however, thatothercriteriacan
alsobeused,suchasnumberof actions,makespan,etc.

An illustration example Let us take an exampleof the
roversproblemto illustratetheway theplannerandsched-
uler interactwhen solving con�icts and how the heuristic
tacticshelp in this process.The goal of the problemis to
have soil, rock and imagedatacommunicated.The initial
plan,generatedby anautomatedplanneris shown in Figure
4-a, which is subsequentlyconvertedinto an AN (seeFig-
ure 4-b). Moreover, the problemimposestheseadditional
complex constraints:i) actionshave differentdurationsand
consumeenergy of rover0 (e.g.(sample soil wp0)
increasestime in 10 unitsanddecreasesenergy in 3 units);
ii) theinitial energy level of rover0 is 10; iii) sun is avail-
able to recharge only in waypoint1 and waypoint3;



0: (calibrate camera0 waypoint0)

1: (take_image camera0 waypoint0)

2: (sample_soil waypoint0)

3: (communicate_image waypoint0 waypoint1)

4: (communicate_soil waypoint0 waypoint1)

5: (drop)

6: (sample_rock waypoint0)

7: (communicate_rock waypoint0 waypoint1)
(a)

(calibrate cam0
wp0).on

(calibrate cam0
wp0).off

[5,5]

[-2,-2]
CL

(take_image cam0
wp0).on

(take_image cam0
wp0).off

[7,7]

[-1,-1]

IS (T0)

(comm_image
wp0 wp1).on

(comm_image
wp0 wp1).off

[15,15]

[-6,-6]

(sample_soil
wp0).on

(sample_soil
wp0).off

[10,10]

[-3,-3]CL

have_image obj1
[20,¥ ]

CL

CL

calibrated cam0
[0,30]

communicated_image obj1
[0,40]

time (makespan)

energy of rover0

causal link (CL)

temporal constraint

(b)

Figure 4: (a) Initial plan for the illustration example; (b)
Fragmentof the AN of the initial plan: obligatoryactions
areunderlined,solid anddashedlines representusage(in-
crease/decrease)of resourcesin actions(makespananden-
ergy, respectively), thick lines representcausallinks, and
dottedlinesrepresenttemporalconstraints.

iv) the subgoal(have image objective1) mustnot
be achieved beforetime 20; v) the effect (calibrated
camera0) only persistsduring 30 units; andvi) the goal
(communicated image) hasa deadline,so it is dueto
time40. In thisproblem,con�icts arisebecauseof theloca-
tion of therover(type1), its energy level andthemakespan,
but only the energy andthe makespanaremanagedby the
schedulerasnumericresources(type3 con�icts).

Accordingto Algorithm 1, actionsareselectedfrom the
AN andrevisedto checkfor P&S con�icts. TheAN is free
of con�icts until revising(comm image wp0 wp1) that
introducesa type3 con�ict that theschedulerpersecannot
solve becausethe resourceenergy becomesoversub-
scripted: (comm image wp0 wp1) requires6 units of
energy, but only 4 (10-3-2-1)areavailable.Then,thesched-
uler executes solve SCH con�icts((comm image wp0
wp1), (energy rover0), 2 (6-4), (comm image
wp0 wp1).on, f (

P
(energy rover0) � 10),

(makespan < 1 )g). Hence,the schedulerinforms the
planneraboutall the informationaboutthecon�ict: action,
resource,quantity requiredand timepoint. Moreover, it
also informs about the other constraints to be satis�ed
that include: i) consumptionof energy rover0 cannot
now exceed 10 (since this is the initial value); and ii)
consumptionof makespan is not really constrained.

The heuristicestimatorcalculatesthe four stateswhere

State 1 {10}, {0}
Subplan Remaining actions

State 2 {8}, {5}
Subplan Remaining actions(calibrate

cam0 wp0)

State 3 {5}, {10}
Subplan Remaining actions

State 4 {4}, {12}
Subplan

Remaining
actions

(calibrate cam0 wp0)

(sample_soil wp0)

(calibrate cam0 wp0)

(sample_soil wp0)

(take_image cam0 wp0)

Figure5: The four statesfrom wherethe plannercanstart
thesubplanto recharge,afterexecuting0,1,2,3actions,re-
spectively, of the AN. Eachsubplanalso containsthe ini-
tial valueof theresourcesenergy andmakespan, respec-
tively. Hence,the initial valuesfor thesubplanof thestate
3 aref 5g,f 10g that coincidewith the consumptionof both
resourcesof theparallelexecutionof actionscalibrate
andsample soil.

Table1: Estimationfor theconsumptionof resourcesto exe-
cuteactionsto rechargeenergy insertingthesubplanin four
differentstates(valuesfor wp1 andwp3 arethesame).

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

thesubplanto solve thiscon�ict canbeinserted,asdepicted
in Figure5. The only two actionsthat increasethe energy
level are(recharge wp1) and(recharge wp3) (in
this problemthey have the sameestimationsbecauseboth
waypointsare interchangeable),so the plannerhas to in-
cludea subplan(setupactivities) to navigate there,which
consumes8 units of energy and 5 of makespan. Ac-
cording to the schedulingconstraintson the energy and
makespan, thesubplancanonly beplacedin states1 or 2
(seeTable1). Clearly, state3 is not a valid choicebecause
the initial energy level for the subplanis 5 andit uses8
unitstosolvethecon�ict. Thesamehappensin state4where
thereis a lackof 4 unitsof energy to achievethesubplan.
In order to decidebetweenstate1 or 2, the estimatoruses
criteriabasedontheuse-upof resourcesandproblemmetric
(asin theheuristicselector).In this case,thestate2 is cho-
sensincethe factof totally usingup the resourceenergy
allows to minimise the numberof rechargesand improve
thequality of the�nal plan. Then,theplannerwill generate
thesubplan,which consistsof actionsf (navigate wp0
wp1) ! (recharge wp1)g (or analogouslyin wp3),
updatingtheactionsin theAN andresumingtheAlgorithm
1. This shows how the P&S interaction,togetherwith the
useof heuristictactics,allow to facecon�ict resolutionin a
collaborativeway.

Conclusionsthrough RelatedWork
In the last decade,combiningAI planningandscheduling
hasposeda lot of interestingandchallengingquestions,be-



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,& Jónsson2000). The combinationof P&S
techniquesvaries from loosely-coupledintegration (Pec-
ora & Cesta2005) to highly-coupledintegration with a
constantinteractionof P&S modules(Chien et al. 2000;
Muscettola1994). The way to shareinformationbetween
planningand scheduling,as the level of synergy between
both solving processes(Pecora& Cesta2003),becomesa
key aspectin both typesof integration, being particularly
moredif�cult to achieve in thelatter. Therehavebeensome
successfulattemptsin such a highly-coupledintegration,
suchas HSTS (Muscettola1994) or Aspen (Chien et al.
2000).Thesead-hocsystemsexhibit agoodperformancein
thedomainsthey weredesignedfor, but they arelimited in
moregeneraldomains.Therefore,thechallengeof design-
ing ageneralmodelof planningandschedulingstill remains
open.

This paperrepresentsa stepaheadtowardsa collabora-
tive approachfor planningandschedulingwhich intendsto
be generaland �e xible enoughto tackleany kind of P&S
problems,with astrongorweakcomponentof time/resource
management.Ourmodelisbasedonthecommonideaof dy-
namicallyinterleaving planningandscheduling,both play-
ing a similar role. However, we bring two noveltieswith
respectto other approaches:i) noneof the two processes
(plannerandscheduler)is embeddedinto theotherbut both
work togetherin theproblemresolution;andii) theproposed
model can be implementedusing existing technologiesof
planningandscheduling.We have not focusedon building
a completeandoptimalapproachfor planningandschedul-
ing,but ondesigningtheinteractionbetweenbothprocesses,
whichwe considera key point for thesuccessof thecollab-
oration. This implies making decisionson when to com-
municate,what to communicateandhow theprocesseswill
tacklethe taskwhenthey have all the informationat hand.
In particular, wehaveshown how theplannerandscheduler
interactfor early detectionandsolutionof con�icts, more
speci�cally for the type 3 con�icts which requirecapabili-
tiesof bothprocessesto besolved.As partof our immediate
research,we arefocusingour work on: i) how to improve
the P&S interaction;andii) the implementationof the ad-
hoc mechanismfor providing feedbackfrom the scheduler
to theplannerandtheevaluationof its effectiveness.
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