Towards an Ef cient Integration of Planning and Scheduling

Antonio Garrido and Ma. de GuadalupeGarc a-Hernandez and Eva Onainda
UniversidadPolitecnicade Valencia
Caminode Veras/n,46022Valencia,Spain

f agarridot,magarcia,onaindia

Abstract

Al planningandschedulingorocessebave beentraditionally
hardly relatedto eachother However, real-world problems
requirecapabilitiesof both processesThis paperpresentsa
descriptionof threeapproaches$or tackling theseproblems:
i) temporalplanningapproachii) separat@pproachandiii)
integratedapproach. For the last approachwe provide an
ef cient model,aspartof our ongoingwork, thatinterleaves
planningand schedulingin a e xible and generalway. We
alsodescribethe key points of this approachwhich arethe
structureandtheway thetwo processesteract.

Intr oduction

Al planningcommunityis gettingmoreandmoreinvolved
in solving realistic problemsthat require the use of plan-
ning techniqueso supplyactionselectiortogethemwith fea-
sibleresourceassignmentssuchaslogistic problemscrisis
managementnanufcturingsystemsgroundtraf ¢ on air-
ports,spaceapplicationsandcontrolof satellitesgtc. (Hoff-
mannet al. 2004). Although theseproblemsinclude fea-
turesof both planning(determiningwhich actionsmustbe
executedandschedulingdeterminingwhen andwhich re-
sourcesmustbe used),planningand schedulingprocesses
have beentraditionally hardly relatedto eachother Partic-
ularly accordingto (Boddy, Cesta,& Smith2004),“it has
beenrecgnizedfor sometime that classicalplanningand
schedulingmodelsare at oppositeendsof a spectrumwith
mostinterestingreal-world problemsfalling somevhere in
the middle and requiring characteristicsof both”. How-
ever, dealingwith planningand schedulingin a disunited
way doesnot seemsensible:selectingan actionin a plan
is usually conditionedto several temporalconstraints,re-
sourceavailability and criteria to be optimised. Conse-
qguently planning and schedulingcomplementeachother
perfectly particularlyconsideringhatthey usesimilartech-
nigues(searchin graphsuseof heuristicsmanagemerand
reasoningf constraintsetc.) (Smith& Zimmerman2004;
Smith,Frank,& Jonssor2000).

Recentadwancesin planningresearchplanninggraphs,
local search,heuristic techniques,satis ability and con-
straint satishction, etc.) allow to dealwith a morerealis-
tic planningmodelthat handlestime, resourcesand multi-
optimisationcriteria, thusincorporatingmore (scheduling)
capabilitiesto plannersfor solving real-world problems.
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However, asthe problemsbecomeharderand more com-
plex, the dif culties to solve thembecomeharderaswell,
andcompleity in plannersis growing dramatically(Ghal-
lab,Nau,& Traverso2004;Garrido& Onaindia2004).Re-
laxation of numericfeaturesin actions,thusdisjoining the
planning part from the schedulingone by separatingthe
structural(propositional)partof the planfrom the partded-
icatedto resourceusage(numeric variablesand resource
management)is also possible(Garrido, Onaindia,& Her-
nandez2005; Halsey 2004). The main ideais to make a
cleardistinctionbetweersketchingthe structureof the plan
(reasoningn conditions effects,orderingsandcausalinks)
andful lling thenumericconstraintgreasoningntimeand
numericvariableghatusuallyinvolveresourcaisage) Nev-
erthelessthereis an importantdravbackin classof prob-
lemswith a strongdependeng on the numericconditions
(Garrido, Onaindia, & Hernandez2005). In theseprob-
lems,actionsto supportthe numericconditionscanonly be
appliedin very particularcases,.e. the numericfeatures
areanintrinsic part of the original problemanddo change
the structureof the plan (thereexists a complex interaction
of numericfeaturesthat cannotbe abstractediuring plan
generation).Let usimaginea rovers: applicationscenario,
whereroverscanonly be rechagedat pointswith sun(ac-
tions to rechage are very limited), and trying to separate
the navigation andcommunicatiorpart from managingen-
ergy levels andrechaging is nearlyimpossible. This is a
clearexampleof a plan that needsto take into considera-
tion the numericfeaturesas they modify its structure;i.e.
theplangeneratioris highly in uenced by thenumericcon-
straintsandmakinga cleardistinctionbetweerplanningand
schedulingurnsunlikely.

This paperpresentsan evolution of differentapproaches
for tackling planningand schedulingproblems. First, we
start with a temporal planning approachthat follows the
sameideasof most state-of-the-arplannersthat have par
ticipatedin last internationalplanning competitions. Sec-
ond, we continuewith a more modernapproachthat tries
to simplify the original problemto make it easierand,con-
sequently more affordable by meansof a relaxation of

1See http:/fipc.icaps-conference.org , Interna-
tional PlanningCompetitiongIPC-2002andIPC—-2004)for more
informationaboutthis andotherproblemsanddomains



numeric variableson actions(separationof planningand
scheduling). Finally, we describesomeideasto perform
(whatwe understand@s)anef cient integrationof planning
andschedulingasamodelthatcombinegechnique®f both
planningandschedulingn andynamicinterleavredway. In
this paper we analysethe main featuresof eachapproach,
andpresentheadwantagegnddisadwantageshasedon our
own experienceandcurrentwork.

A planning/schedulingproblemfrom a
planning perspectve

Nowadaysmary usualactivities involve the executionof a
sequencef actions,which mustsatisfy several constraints
(both temporaland on resourceavailability), in order to
achieve somegoals,while trying to optimisea metricfunc-
tion de ned on the problem. This kind of problemrepre-
sentsa planningand schedulingproblem, which is hardly
separableinto two disjunctive parts. Hence, we de ne
a planning and schedulingproblem as the tuple P,s =
hl; G A;R;C Mi , whereeachelementmeans:

I =Initial statewith all theinformationthatis trueat
thebeginningof the problem.

= Goals,with all the factsthatmustbe achieved at
theendof theproblem.

= Actions, de ned on the problemdomainthatal-
low to achieve Gfrom | .

= Resourcesgvailableto executethe actionsin the
plan.

= Temporalconstraintswith additionalconstraints
the plan mustsatisfy

= Metric function, asa multi-criteria function that
needgo beoptimised.
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To the authors'knowledgethereis not a well accepted
languageto modelreal problemsof planningand schedul-
ing. However, from a planning perspeciie thereexists a
widely acceptedanguageo de ne planningdomainswhich
is called PDDL (McDermott1998). PDDL was designed
as a common framework to de ne planning problems
andtestprogressin planningtechniques.PDDL hasnhow
evolutionedto PDDL2.1andPDDL2.2(Fox & Long 2003;
Edelkamp& Hoffmann 2004), but none of them allows
to explicitly de ne resourcesR or temporal constraints
C. On the one hand, resourcesare arti cially modelled
as other objectsin the problem, and are implicit in the
de nition (conditionsand effects) of eachaction. On the
other hand, temporal constraintsto representhard con-
straintsamongactions, nite persistencef action effects,
deadlinesfor goals, etc. are not consideredand dif cult
to beincludedin the problem. Fortunately in additionto
the initial statel andgoalsG, now in PDDL2.2 we can
easily model: i) actionswith duration (:duration (=
?duration (boarding-time ?a)) ); i) actions
with local conditionsand effects ((at start (at ?p
?c)) , (over all (at ?a 7?c)) ); iii) actionswith
numeric features, conditions ((>= (fuel 7?a) (*
(distance ?cl ?c2) (slow-burn ?a))) ) and

effects ((assign (fuel ?a) (capacity ?a)) );
iv) multi-criteria problem metricsto optimise (:metric
minimize (+ (* 0.5 (total-time)) (*
0.02 (total-fuel-used))) ); and v) timed initial
literals that express deterministic unconditional exoge-
nous events and allow to representa kind of temporal
constraintgn the form of time windows (Ginit (at 9
(shop-open)) (at 20 (not (shop-open))) ).
Although there still exists a lack of capabilitiesin the
planningdomainde nition languagego describeschedul-
ing featuressuchasresourcesgeadlinesandcomplex tem-
poralconstraintsimprovementsn theexpressvity of PDDL
have donerealisticplanningandschedulingoroblemscome
within reach (Hoffmann et al. 2004). Therefore, most
featuresof real-world planning/schedulingroblemscanbe
currently modelledby PDDLZ2.x, at leastfrom a planning
pointof view.

Temporal planning (and scheduling)approach

When dealing with planning and schedulingproblems,a
straightforvard approachis to pushbeyond classicalplan-
ning assumptiongo incorporateschedulingconstraintgdu-
ration on actions,numericfeaturesand multi-criteria met-
rics). Althoughthis makesthe planningsolving processex-
tremelymorecomple, progressn planningtechniquesiave
reacheda greatsuccessas someplannerssuchas SGPlan
(Chen,Hsu,& Wah2004),LPG-TD (Gererini etal. 2004)
or Mips (Edelkamp2002) demonstratedn last planning
competitiongFox & Long 2003;Edelkampetal. 2004).

Basically the structureof a temporalplanneris depicted
in Fig. 1. Startingfrom the domainand problemde ni-
tion (for mostmodernplannerghisis de nedin PDDL2.x),
the temporalplannerextendsclassicalplanningtechniques
to reasorontime, mainly onactionduration,(start,invariant
andend)conditionsandtimedinitial literals. In orderto nd
aplan,differenttypesof technique$ave beendevelopedto
improve search;planning/actiongraphs,estimationsbased
on relaxed plans, resolutionof global constraintsgoal or-
dering,searchspaceaeductionetc. areusuallyusedto help
in actionselection.As canbe thought,mary of thesetech-
niguesareaction-basedheuristics,but more powerful tem-
poral plannerscalculatesomecostfor actionsto be ableto
optimisethe planaccordingto a multi-criteriametric. This
way, the nal plan, which is executableaccordingto the
problemconstraintsprovidesa goodvaluefor the problem
metric (thoughonly a few plannerscanguaranteeptimal-
ity).

This approachs currently one of the mostwidely used;
most plannersthat participated,and were awardedas top
performersijn lastplanningcompetitionsvorkedunderthis
approach. The main reasonfor this lies in the naturalex-
tensionof planningalgorithmsto supportnew capabilities.
Basically the mainadvantage®f this approactaretwofold:

The solving procesgurnsinto a homogeneouplanning
andschedulingsystem,andthereis little distinctionbe-
tweenaction selectionand orderingand resourceusage
decisions.Thus,the schedulingprocesgdoesnot needto



PDDL2.x problem

(define (problem roverprob4213)
(:domain Rover)

PDDL2.x domain
(define (domain Rover)

(:durative-action navigate
duration (= ?duration 5)

(init  (visible wp0 wp1) (visible wp2 wp1)

(:goal (and (communicated_soil_data wp0)

(:durative-action recharge

duration (= 2duration (/ (- 80 (ener (:metric minimize (+ (* 1 (total-time)) (* 0.01 ((energy rover0))))

(:durative-action sample_rock
:duration (= ?duration 8)

Action -based heuristics
Relaxed plans
Action selection

Optimisation criteria

Final plan (execution)

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

0.001: (recharge rover0 wp0) [7.09091]

0.001: (sample_rock rover0 roverOst wp0) [8]
Temporal Planner 5.006: (take_img rover0 wp0 obj1 camo low_res) [7]

8.009: (drop rover0 rover0st) [1]
Classical planner + 9.01: (sample_soil rover0 rover0st wp0) [10]
Temporal extensions (reasoning) +
Numeric multi-criteria optimisation ;: Plan makespan: 47

5 Plan cost: 75.9

Figurel: Outlineof thetemporalplanningapproach.

be very expressve or ef cient; schedulingis just anin-
trinsic componentf a broademplanningprocess.

Theresultingplanis executableanddoesnot needa post-
processingstageto check inconsistencien resource
availability and/ortemporalconstraints. Intuitively, this
meansthat sucha planis straightlywhat a real problem
requiresasa solution.

On the contrary this approachpresentssomeimportant
disadwantages:

Temporalreasoningperformedin the approachis ade-
quatebut slightly limited. Complex temporalconstraints
(suchasdisjunctive or metric constraints)on plans,ac-
tions and resourceds quite comple< without a speci ¢
temporalmanagenr scheduler

It is dif cult to determinewhenthe systemis planningor
schedulingGarrido& Barber2001). Sincethe systemis
atight combinationof planningandschedulingjt makes
it muchmoredif cult (orimpossible}o nd heuristiccri-
teriato improve planningandschedulingseparately

The extension of planning algorithms to deal with
schedulingfeaturesmakesthesealgorithmsextraordinar
ily complex. Although currentlysomeplannerscancope
with this compleity, it is obviousthatthe performancef
plannerscannott with suchanincreasean the complec-
ity of the problems. This imposesa hardlimit in plan-
ning scalabilityandjeopardiseshe future of planningin
its applicationto real-world problems. This is shaovn in
Fig. 2, which compareghe runtimesof LPG-TD.quality
(Gerevini etal. 2004)andSGPlan (Chen,Hsu, & Wah
2004)whensolving STRIPSvs. somenumericproblems.
As canbe seen,the runtimesare signi cantly different.
This helps demonstratéhow the complexity of dealing
with schedulingfeaturesincreaseshe compleity of the
plannersandtheirruntimesin severalordersof magnitude
in somecasesandevenmakesthemunsohablein others.

1000 g

T
SGPlan-strips ——
SGPlan-numeric. -~

" LPGtd'strips ——
LPGtd-numeric -—x-—-

Time (s)
Time (s)
-

2 4 6 & 1 1 1 16 15 2 % 6 6 1 1z 1 16 15
Problem Problem
(@)LPG-TD - rovers (b) SGPIlan - rovers

1000 g

" SGPlan-strips —+—

X SGPlan-numeric ——x---

100 £ x

Time (s)
Time (s)

10

LPGtd-strips —+—
\ LPG‘!d-nu‘merlc‘ "')(""

P Ly P S R
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Problem Problem

(c) LPG-TD - satellite (d) SGPlan - satellite

1

Figure 2: Comparisonof two awardedtemporalplanners
(LPG-TD.quality and SGPlan) solving STRIPSvs. nu-
mericproblemsn rovers andsatellite domains.All

testswerecensoredfter300s.

Separateapproachfor planning and
scheduling

As indicatedin previoussection,oneof the main disadwan-
tagesof atemporalplanningapproachs thelimit thatit im-
posesn planningscalability: the compleity of theseplan-
nersin very dif cult problemsmaybecomeintractable.An
intuitive modi cation to thatapproactis to remove part of
the capabilities(andcompleity) from the planningprocess
anduseaspeci ¢ procesgo performschedulingasksj.e. to
make useof aseparat@pproacHor planningandscheduling
with two differentprocessesA historicalapproactHor this
consistsin drawing a line betweenplanningand schedul-
ing, whereplanningprecedeschedulingGarrido& Barber
2001). First, the plannergeneratesa plan by the application
of actionsfrom the domain, just consideringcausallinks.
Second, the schedulervalidatesthe problem constraints,
consideringactiondurationsandallocatingresources$or the
entireplan. More recentworksbasedn this philosophyuse
anew kind of relaxationthatseparatethestructural(propo-
sitional) partof the planfrom the partdedicatedo resource
usage(numericvariablesand resourcemanagementjGar
rido, Onaindia,& Hernande2005;Halsey 2004).
Fundamentallythis approach(seeFig. 3) worksby sepa-
ratingtheinitial domainandproblemfeaturesnto two dis-
junctivecomponentsOntheonehand planningfeaturesare
managedy aclassicaplannerthatdealswith propositional
actions(noduration Jocal conditions/efectsor numericfea-
turesare consideredundera STRIPS-basednodel. This
way, the outputof this processs a sequentiaplan that is
propositionallysound(theplanwould bedirectly executable
in a scenariowithout numeric variablessuch as a pure-
STRIPSplanningproblem)(Garrido,Onaindia,& Hernan-
dez2005).0ntheotherhand,avery simpleschedulingoro-



PDDL2.x problem

(define (problem roverprob4213)
:domain Rover)

PDDL2.x domain
(define (domain Rover)

- (it~ (visible wpO wp1) (visible wp2 wp1)
(:durative-action navigate
:duration (= 2duration 5)

(:goal (and (communicated_soil_data wp0)

(:durative-action recharge
duration (= 2duration (/ (- 80 (enert

(:metric minimize (+ (* 1 (total-time)) (* 0.01 ((energy rover0))))

(:durative-action sample_rock
duration (= 2duration 8)

Relaxation of numeric features

Classical planning Scheduling features:
features: Numeric variables
Action -based heuristics Propositional actions | Time
(mainly based on number of STRIPS-based Resources
actions) model Metric function

NS

‘Scheduling heuristics
(mainly based on cost and
problem metric)

Classical Planner |

Scheduling
Atomic actions + | [Action parallelisation

Sequential planning Satisfaction of
numeric cms"am.
Sequential plan (STRIPS plan) [
!

Final plan (execution)

(calibrate rover0 cam0 obj wp0)
(take_img rover0 wp0 obj1 camo low_res)
(comm_img_data rover0 gen objl low_res wp0 wp1)
(sample_rock rover0 rover0st wpo)

(drop rover0 rover0st)

(sample_soil rover0 rover0st wp0)
(comm_rock_data rover0 gen wp0 wp0 wpl)
(comm_soil_data rover0 gen wp0 w

0.001: (calibrate rover0 cam0 obj wpo) [5]
0.001: (recharge rover0 wp0) [7.09091]

0.001: (sample_rock rover0 rover0st wpo) [8]

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

!
| 8.009: (drop rover0 rover0st) [1]

9.01: (sample_soil rover0 roverOst wp0) [10]
| 27.028: (comm_rock_data rover0 gen wpO wp0 wp1) [10]
!
'

i Number of actions: 8

;; Plan makespan: 47
3 Plan cost: 75.9
;; Number of actions: 9

Figure 3: Outline of the separatelanning+schedulingyp-
proach.

cesgecevesasaninputthesequentiaplanandincorporates
numericfeaturesthussatisfyingthe numericconditionsand

constraintswhile parallelisingthe actionsin the plan. Ob-

viously, eachplanningandschedulingorocessisesspeci ¢

heuristicsmainly basedon actionsand problemmetric, re-

spectvely. The nal resultis, consequentlyan executable
plan.

The main advantageof this approackis the possibility to
abstraciout planningtasksfrom schedulingones,devoting
the planning effort in the efcient constructionof a plan
andto usea speci ¢ schedulerto checkwhetherthe plan
is schedulable Moreover, if the problemis propositionally
unsohable,i.e. therearesomepropositionalsub)goalghat
cannotbe satis ed, this approactdoesnot needto perform
ary schedulingask. Thereexist, however, somedravbacks:

Lackof cooperatiorbetweerthetwo processesBothpro-
cessesvork independentlyvith norelationor knowledge
on eachotherduringits execution.

Lackof globaloptimisationcriteria. Theplannereturnsa
sequentiaplanthat,afterbeingparallelisedmay provide
abadvaluefor the problemmetric. Unfortunately this is
not unusualsincethe heuristicsusedduring planningdo
not take problemmetric informationinto consideration,
andtheschedulingorocessloesnot have thecapabilityto
changehe plansubstantially

The sequentiaplan might not be properlyparallelisechy
the schedulingprocess.For instance et us supposehat
the available enegy level for a rover is scarceand no
rechageactionis available,i.e. anumericconstrainttan-
not be satis ed. If the plannerreturnsa plan wherethe
rover runsout of enegy while navigating (note that the

(sample_rock rover0 roverOst  wpO0)
(drop rover0  roverOst)

(sample_soil rover0 roverOst  wpO0)
(comm_soil_data rover0 gen wpO wpO wpl)

(comm_rock_data rover0 gen wpO wp0 wpl)
@

0.001: (navigate
5.006: (recharge  rover0 wp3)

12.013: (navigate rover0  wp3 wp0)

17.018: (sample_rock  rover0 roverOst  wpO)
25.026: (drop roverO roverOst)

26.027:  (sample_soil rover0 roverOst  wpO)
36.037:  (comm_soil_data rover0 gen wpO wpO wpl)

46.047:  (comm_rock_data rover0 gen wpO wpO wpl)
(b)

rover0  wpO wp3)

Figure4: Two resultingplansfor aproblemof theroversdo-
main: (a) pure-STRIPSequentiaplan,and(b) parallelplan
thatsatis esthe numericconstraintgtime andresources).

plannerdoesnot checkresourceconstraints)the sched-
ulerwill notbeableto make the planexecutable Again,
thissituationis notunusual Many problemshave astrong
dependengon the numericfeaturessincethey areanin-
trinsic partof the problem(propositionabndnumericpart
are strongly coupled). This meansthat the scheduling
constraintsnustbeveri ed immediatelyaftereachaction
is plannedtheplanhighly depend®n suchconstraintas
they canchangets structure.

The last drawbackis the gravest, so we will illustrateit
with anexampleontheroversapplicationscenariqseel PC+
2002for moreinformation).Let usassume problemwhere
therearetwo sampledo nd (rock andsoil )andcommu-
nicatethembackto alander Initially, rover0 hasenough
enepy to startto operate put notenoughto nish theplan,
andthereis only onewaypoint(wp3) whererechageis pos-
sible. Fig. 4-ashaws the sequentiaplanthatthe plannerof
this approachreturns. As canbe seen this planis proposi-
tionally executableput sinceno reasoningn resource$as
beendone,the plan doesnot containary actionthat visits
wp3. Next, the schedulesstartsto paralleliseactionssatis-
fying numericconditions. The problemappearsvhenthe
roverreachegnenegy level thatpreventsit from executing
ary action,even a navigate actionto wp3 to rechage.
Sincethe schedulecannotchangethe structureof the plan
(addor deleteactionsaccordingto causalinks), it will fail
to nd anexecutableplan, thoughthe executableplan (see
Fig. 4-b)is nearlythesameandit containsall the veactions
presentn thesequentiaplan. This clearlydemonstratethat
working with planningand schedulingin a disunitedway
mayfail in mary problemsandanintegratedapproactwith
amuchstrongerrelationbetweerbothprocesset dealwith
abroademrguantityof problemss necessary

Integration of planning and scheduling

DesigninganintegratedapproacHor planningandschedul-
ing is not an easytask. The solutiondoesnot necessarily
imply anembeddegblanningprocessnto a schedulingone,
or vice versa,aswe will discussin section. An efcient



PDDL2.x problem
(define (problem roverprob4213)
R

Planning process

Replanner (plan
execution an

d reparation)

< inis[ Scheduling process

Validation of (temporal +
resource) constraints

Final plan

camo obj wp0) [5]
wpo) [7.09091]
stw

P
cam0 low_res) [7)

[

rer0st wp0) [10]
jen wp0 wp0 wp') [10]

jen wp0 wp0 wp1) [10]

Figure5: Outline of theintegratedplanningandscheduling
approach.

integratedmodel needsto be generaland e xible, where
both planningandschedulingprocessegplay a similar role,
andwherethe key pointsarethe de nition of the next two
items:i) structureof theintegratedapproachandii) theway
in which planningand schedulingprocessesooperateand
communicatdo work underanintegratedway.

Structur e of the integrated approach

Fig. 5 shawvsthe structureof our integratedapproachObvi-
ously, the integratedmodulerequiresthe domainandprob-
lem de nition asaninput. Moreover, a plan (either pro-
vided by the userasa setof actvities or by a plannerasa
STRIPSparallelor sequentiaplan),is usedasanadditional
input, which is later motivated. Theintegratedmodulecon-
tainsan actionnetwork (AN) corverterthat transformsthe
inputplaninto anetwork thatrepresentthe planwith its ac-
tions, causalinks and(temporal+resourcegonstraintsThe
planning processupdatesthe action network to make ac-
tions propositionallyexecutable;i.e. it mainly works asa
replannerrepairing(addingor deleting)actionsin the net-
work whenthey cannotbeexecuted. Theschedulingprocess
mainly works as a validator of constraintsand checksthe
feasibility of the actionnetwork andits constraints. How-
ever, the schedules taskis not only to validatethe action
network, but alsoto inform the planningprocessaboutthe
con icting actionsandthe resourcesnvolvedin suchcon-
icts. This way, the schedulethelpsthe plannerrepairthe
plan by meansof integratedheuristicsthat allow both pro-
cesseso take commonagreementlecisions Finally, anex-
ecutableplanis extractedfrom the actionnetwork that has
beengeneratedby usingplanningandschedulingcriteria.
Whende ning the structure therearetwo elementghat
are essentiato establishthe foundationsof the integrated

module: the former concernsthe input of the integrated
module, whereasthe latter concernshow the action net-
work representshe plan,actionsandtheir constraintsThe
input of the moduleneedgo includethe domainand prob-
lem de nition. At this point, the integratedmodulecould
startfrom anemptyplan,i.e. generating planfrom scratch.
However, this doesnot seemto be sensiblebecausef the
high compleity thatit entails. Nowadays thereare mary
state-of-the-arplannersthat generateplansin an ef cient
way (Fox & Long 2003; Edelkampet al. 2004). There-
fore, it seemsmuch worthier startingfrom an initial plan
asthebasis(like in the separatapproachor planningand
scheduling,but now with the two processesvorking to-
getherin an interleaved way). The underlyingideais to
usea classicalplanner as simple (in termsof expressvity
and calculus)and ef cient aspossible. This will allow us
to usea pure-STRIPSplan provided by ary planner Note
thatthis doesnot limit theapproach:a relaxed planthatig-
noresthe deleteeffects of actions(Bonet& Geffner 2001,
Hoffmann& Nebel2001)canalsobe usedasaninput, and
evena plan generatedy hand,makingthe corversioninto
an action network even simplerin both cases. Also note
thatthis plandoesnot needto be propositionallyexecutable
sincethereplannercanrepairunsupportedonditions.This
increaseshe opportunitiego useef cient plannersasapre-
viousstepto theintegratedmodule.

The actionnetwork (seeFig. 6) follows the philosophy
of temporalconstraintnetworks (TCN (Dechter Meiri, &
Pearl1991))to represenactionsandconstraintsNodesrep-
resenttimepointswhereactionsstart/end(.on/.of, respec-
tively). Therearethreetypesof edgesall of themlabelled
with aninterval, thatrepresenti) usageof aresourcgtime
is consideredasotherresourcespetweerthe .on/.of time-
points of the sameaction; ii) causallinks betweentime-
pointsof actions;andiii) temporakonstraintbetweerime-
points. For instance,in Fig. 6, action (calibrate
rover0 camO obj wp0) increasesimein 5 units (ac-
tion duration) and decreasegnegy of rover0Qin 2 units
(notethatthesevaluescanbe alsode ned by anintenal).
Action (calibrate roverO camO obj wp0).off
hasa causallink with (take _img rover0 wpO objl
camO low _res).on becausehe rst actiongenerates
propositionat endthatthe secondactionneedsover all its
execution. This de nition of causallinks betweentime-
pointsis an ef cient way to representausallinks between
local effects and conditions. Finally, temporalconstraints
allow to de ne additional constraintsand deadlinesbe-
tweenthe executionof actionsand the beginning of time:
(sample _soil rover0 roverOst  wp0) must n-
ish beforetime 50.

Planning and schedulingprocessesvorking
together

An interestingandcompellingquestiorfor anef cient inte-
grationof planningandschedulindies in theway in which
theseprocessesareinterleared. Herewe outline a tentative
working schemeasan attemptof creatinga highly-coupled
integration approach. Both processesre constantlyinter-
leavedduringthe procesf creatinga planthatsatis esthe



(calibrate rover0

5]
(calibrate rover0
A\_camo objwpo).on /)
f [2:2)

Fon

(take_img rover0
wp0 obj1 cam0
low_res).on

(take_img rover0
wp0 obj1 cam0
low_res).off

1.1

(drop rover0
roverOst).on N v

(drop rover0
roverOst).off

[0,0]

T time

€ energy of rover0
P causal link (CL)

(sample_soil (sample_soil
rover0 roverost rover0 rover0st
wp0).on S - wp0).off

o temporal constraint

Figure6: Exampleof anactionnetwork. Solid anddashed
linesrepresentisage(increase/decrease) resourcesn ac-

tions (time andenegy of rover0, respectiely); thick lines

representausallinks; and dottedlines representemporal
constraintsTO identi es the beginningof time.

temporalandresourceconstraints.Thekey point of this ap-
proach,as indicatedpreviously, is that the schedulerdoes
not merely work as a validator but as a helpful sourceof

informationto helpthe planningprocessFollowing, we de-
scribethe way both processesvork togetheyalongwith its

ow chartdiagram(seeFig. 7). First, the planningtasks
(propositionapartof theplan)are:

1. Check propositional executability. The planningpro-
cessselectsa setof currentactionsfrom the actionnet-
work. Next, it checkswhetherthe actionsare proposi-
tionally executable.

2. Repair process This is the main task of the planning
processconsistingin repairinga portion of the planto
make it executable Therearetwo identi able subtasks:

(a) Repairaction preconditions. The reparationprocess
may imply to repair a single action condition ( a w-
repair) or a setof conditions. During the reparation
processll actionsin theactionnetwork areconsidered
andall necessargctionsto satisfytheunsupportegre-
conditionsareinserted.

(b) Remore actionsfrom the action network. Another
task within the planningmoduleis to remove one or
several actionsfrom the network. This is a relevant
actity since the current plan might not satisfy the
time/resourceconstraintsand the solution necessarily
goesthroughthe deletionof someactionsin the net-
work. Obviously, the recommendatioron which ac-
tions should be removed is given by the scheduling
process. In this case,a portion of the plan could be
removed and the planningprocesswill have to repair
theplanto make it executableagain.

Secondthetwo maintasksthe scheduleundertalesare:

1. Checktime/resourceconstraints + temporal action al-
location. This taskconsistsin checkingthe satishction

Input Output: final plan

v

Planning Scheduling
Check time/resource (=]
Process " rocess
Check propositional constraints
executability of actions in AN

+
Temporal action allocation

is AN valid
(consistent)?

No

urrent acts>
in AN prop.
gxecutable?

Repair process: Find conflicting actions and
inform the planning
1. Repair action conditions about them

2. Remove actions from AN

[ 1 ‘

Figure7: Flow chartdiagramfor the tasksduring planning
andschedulingnteraction.

of all time andresourceconstraintsn the problem. The
schedulingprocesgarriesoutthistaskto nd outwhether
thereexist over-constrainedesource®n the currentpor-

tion of the planunderwork while satisfyingthe temporal
constraints.Whenthereis no preciseinformationon the
temporalallocationof a particularactionand,aslong asit

is possiblethescheduleappliesaleast-commitmertem-
poral scheduling.However, at somepoint (whencheck-
ing time/resourceonstraintsjt maybecomenecessaryo

supplyamoreprecisetemporalallocationfor anactionin

orderto checkthe exact resourceconsumption. For ex-

ample,if it is known thatactiona is placedafterb, then
the schedulemwill keepa temporalconstraint[0; 1 ] be-
tweena andb. At thetime of checkingconstraintsthe
schedulemusthave morepreciseinformationabouthow

long b is aftera in orderto detectthe exacttime point
or interval wherethe problemrunsout of a resource.In

otherwords, it is necessaryo know the planningstate
over which the actionis goingto be executedin orderto

checkthe constraintsatishction.

2. Find conicting actionsand inform the planning pro-

cessabout them. This is the mostcomplex task of the
scheduler If the schedulerdetectsthat someresource
constraintsare violated, it will calculate(heuristic ap-
plication) the most likely actionsinvolved in the over
constrainedesourcegno-goods)suchasthe mostcon-
sumableactionsor the minimal actionsetinvolvedin the
resourcecon ict. This informationwill be provided to
the planningprocessalongwith somerecommendations
for eachaction.

Notethatin ourapproachresourcesiredirectly allocated
by the planningprocessunderthe recommendationsf the
schedulingprocess. Hence,if the replannerinsertsan ac-
tion to transporta packagefrom cityl to city2 with
truckl andtheschedulingorocesdaterdiscoversthefuel
consumptiorexceedghe availableamount it might suggest
to remove suchan actionbecausef its high consumption.



Therefore oncethe actionis removedthe planningprocess
will haveto nd adifferentalternatve to have the package
atcity2 , whichmightinvolve usingadifferenttruck. The
samecanbe appliedto allocatecontinuousresources.The
schedulingorocessamight suggeshot deletingthe drive ac-
tion but just indicatingthatthereis a problemwith the fuel
resourcén suchanaction.In thiscasethereplannewill opt
to applya aw-repairroutineto provide supportto the nu-
mericalpreconditionof the action. In conclusionyesources
are allocatedby the planningprocesshecausehey arein-
variantly attachedo the executionof actions.However, the
decisionaboutwhichresourceo useor whento supplymore
of aresourcewill be suggestedy the schedulingprocess.
An openpoint hereis the improvementin the information
o w betweenhe scheduleandthe planner;i.e. the sched-
uler couldinform the plannerabouttheactionsthatcouldbe
removedfrom the planor advicethe plannerto helpit make
future actionchoices,suchaswarningthe plannerto avoid
actionswith over-subscriptedesources.

Conclusionsthr oughrelatedwork

The separatiorof planningandschedulingprocessesvhen
solving real-world problemshas shovn important draw-
backsthat are dif cult to be solved without a combined
approachof planningand scheduling. In this line of re-
search,we can nd two different perspecties. From a
planning point of view, a planneris extendedto handle
time and resources(temporal planning approach)(Ghal-
lab, Nau, & Traverso 2004; Chen, Hsu, & Wah 2004;
Gerevini et al. 2004; Edelkamp2002). From a schedul-
ing point of view, a scheduleris extendedto coursesome
dynamicaction selection(planning capabilitiesembedded
within schedulingYSmith& Zimmerman2004).In thefor-
mer, anindistinguishablemixture of planningandschedul-
ing is achieved, whereactionandresourceallocationdeci-
sionsare consideredvhile planning. This mixture of pro-
cessesgnayincreasdhe compleity of the overall approach,
makingproblemswith a strongschedulingcomponenprac-
tically intractable. In the latter, planningis an adjunctto
scheduling,i.e. schedulingborrons someof the corven-
tionsandobjectvesof planning. This approachrequiresas
inputdemandspeci ¢ top-level goals,asetof actvitiesand
probablytheorderin which theseactivities mustbeapplied.
Therefore,the planningcomponenis alreadygiven to the
problem.Hence themaindrawvbackof this approactis that
planningis only consideredhsa subtaskof the scheduling
processusedto nd theresourcesetupactiities. Moreover,
theargumenfor leveragingstrength®f bothschedulingand
planningprocessesemainscompelling.

In thelastdecadethewayin which planningandschedul-
ing must be combinedhasbeenaddresseas an interest-
ing questionanda hot topic of researciMuscettolal994;
Chienet al. 2000; Srivastaa, Kambhampati& Do 2001;
Rodrguez2003). Although someattemptshave beensuc-
cessfulin the domainsthey were designedfor, such as
HSTS (Muscettolal994) or Aspen (Chienet al. 2000),
thissuccessannotbeeasilydemonstrateth otherdomains,
i.e. they were designedfor particular problemsand con-
sequentlythey cannotbe consideredas generalintegrated

modelsof planningand scheduling. On the contrary the
integratedapproacltpresentedh this papertriesto beagen-
eral, e xible modelthat dynamicallyinterleases planning
and schedulingprocessegboth playing a similar role) to
tackle planning problemswith a strongandweak compo-
nentof resource/timenanagementOur approacttombines
bothprocessewnhile bene tsfrom theirknowledgeby sepa-
rate,suchasuseof STRIPSor relaxedplans,planexecution
andreparationde nition of timepoints resourceallocation,
temporalconstraintmanagemengtc. Further it alsoincor-
porateshe useof commonintegratedheuristics reasoning
on an actionnetwork, anda clever interactionof the plan-
ning and schedulingprocesseswherethe main issuesare:
i) the structureof the integratedapproachlandits input as
ary kind of plan), andii) the way in which planningand
schedulingprocessemteract(cooperatiorandcommunica-
tion, wherebothprocessebelpeachother).
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