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KnowledgeFormulation for Al Planning

T. L. McCluskey andR. M. Simpson

Departmenbf ComputingandMathematicalSciencesUniversity of HuddersfieldUK.
QueensgateluddersfieldHD1 3DH
Telephonet4 (0) 1484422288 Fax 44 (0) 1484421106
t.l.nccl uskey@ud. ac. uk, r.m sinpson@ud. ac. uk

Abstract. In this paperwe presentan overview of the principle componentof GIPO, an environ-
mentto supportknowvledgeacquisitionfor Al Planning GIPO assistsn theknowledgeformulationof
planningdomainsandin prototypingplanningproblemswithin thesedomains GIPOfeaturesmixed-
initiative componentsuchasgenerictypecompositionanoperatoinductionfacility, andvariousplan
animationandvalidationtools.We outlinethebasisof themaintools,andshav how anengineemight

usethemto formulateadomainmodel. Throughouthe papemwe illustratethe formulationprocessis-
ing the Hiking Domain



1 Intr oduction

In recentyearsAl planningtechnologyhasimprovedsignificantlyin the compleity of problemsthatcan
be solved,andin the expressienesf domainrepresentatiotanguagesised.Realandpotentialapplica-
tions(e.g.in spaceechnology[19, 6], in informationgathering2], in travel plangeneratiorj12], in Grid
Computing[6], in e-commercande-work [5]) andcommunityeventssuchasthe AIPS/ICAPSPlanning
Competitionhave movedthefield on considerablyin the last 10 years.Work in planningalgorithmscon-
tinuesto keepa logical separatiorbetweerplanningengineanddomainknowledge,but the problemsof
acquiring,constructingyalidatingand maintainingthis kind knowledgearestill considerableln fact,in
the planningarea,the problemof knowledgeengineerings still a barrierto makingplanningtechnology
moreaccessiblg¢16]. Planningdomaindescriptionanguagesof which PDDL [1, 7] is the mostused re-
flecttheinterestsof planenginebuildersin thatthey emphasisexpressivenes@vhatcanbe represented)
ratherthanstructuee (in whatway thingsareexpressed).

Therearepeculiaritiesof planningthat clearly distinguishengineeringplanningknowledgefrom gen-
eralexpertknowledge.Theultimateuseof theplanningdomainmodelis to bepartof a systeminvolvedin
the'synthetic’taskof planconstructionThis distinguishest from themoretraditionaldiagnosticor classi-
ficationproblemsfamiliarto knowledgebasedsystemsAlso, the knowledgeelicitedin planningis largely
knowledgeaboutactionsand how objectsare effectedby actions.This knowledgehasto be adequatén
contentto allow efficientautomatedeasoningandplanconstruction.

With someexceptiongeg [3, 4] andotherpaper<itedbelow), thereis little researchiteratureon plan-
ning domainknowledgeacquisition.Not too mary yearsagotools for planningdomainacquisitionand
validationamountedo little morethansyntaxcheclers.'Debugging’ a planningapplicationwould natu-
rally belinkedto bug finding throughdynamictesting reflectingthe ‘knowledge-sparseipplicationsused
to evaluateplanners.The developmentof the two pioneeringknowledge-baseglanningsystemsO-Plan
andSIPEhasled by necessityto consideratiorof knowledgeacquisitionissuesandresultedin dedicated
tool support.The O-Plansystemhasfor exampleits ‘CommonProces$ditor’ [24] andSIPE hasits Act
Editor [20]. Thesevisualisationervironmentsarosebecausef the obvious needin knowledgeintensie
applicationsof planningto assistthe engineeringorocessThey arequite specificto their respectie plan-
ners,having beendesignedo help overcomeproblemsencounteredvith domainconstructiorin previous
applicationsof theseplanningsystems.

In this paperwe describea knowledgeacquisitionmethodsupportedoy an experimentaltools envi-
ronment,GIPO, for engineeringand prototypingplanningapplicationsLik e the researcltentredaround
application-orienteghlanneramentionedabove, we aretrying to developa platformthatcanassisthe ac-
quisition of structurallycomplex domains;however our aim is to producea systemthatcanbe usedwith
a wide rangeof planningengines,andis transparenaind portableenoughto be usedfor researchand
experimentation.

GIPO (Graphicallnterfacefor Planningwith Objects)is an experimentalGUI andtools ervironment
for building planningdomainmodels providing helpfor thoseinvolvedin knowledgeacquisitionandthe
domainmodelling.It providesan interfacethat abstractsaway muchof the syntacticdetailsof encoding
domains,and embodiesvalidation checksto help the userremove errorsearly in domaindevelopment.
It integratesa rangeof planningtools - plan generatorsa plan steppera plan animator a randomtask
generatorand a reachabilityanalysistool. Thesehelp the userexplore the domainencoding,eliminate
errors,anddeterminethe kind of plannerthat may be suitableto usewith the domain.A betaversionof
GIPO(2)is availablefrom the GIPOwebsite http://scom.hud.ac.uk/planim/GIPO.

Thecontritution of this paperis thatit dravstogethetthe main GIPOtoolsunderlyinga stagednowl-
edgeformulationmethodfor thiskind of domainmodel. The3 phase®f themethodareshavnin overview
in Figurel. Theseare:

— firstly, astaticmodelof objectsrelations propertiesandconstraintss derivedfrom aninformal state-
mentof requirementsThis is thenaugmentedvith local dynamicknowledgein the form of object
behaiour. This stepmayinvolve andbe informedby, the re-useof commondesignpatternsof plan-
ning domainstructureg§23].

— secondlyinitial representationsf the actionsavailableto the plannerarederivedfrom the behaiour
modelandtheinitial requirementsThis processnaybeassistedy the useof inductiontechniqueso
aidtheacquisitionof detailedoperatordescriptiong21].



— thirdly, themodelis refinedanddehugged.This involvestheintegrationof plangenerationplanvisu-
alisation,andplanningdomainmodelvalidationtools.

Thesestepsand componentgombineto provide a tool assistednterfacefor supportingplanningdo-
main knowledge acquisitionwhich provides mary opportunitiesto identify and remove both inconsis-
tenciesandinaccuraciesn the developingdomainmodel. Additionally GIPO providesan opportunityto
experimentwith theencodingandplanningenginesavailablefor dynamictesting.GIPOhasa publicinter
faceto facilitatetheintegrationof third partyplanningenginesgprocessingiomainsandproblemsexpressed
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Fig. 1. An Overview of the KnowledgeEngineeringProcessisingGIPO
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1.1 Underlying RepresentationFormalism

We briefly review the underlyingrepresentatiotanguagesincethis influencesandunderliesthe KE pro-
cess.Thelanguagegamily usedis OCLy, [17,15]. OCLy, a structuredformal languagefor the captureof
bothclassicalandhierarchical HTN-like domains Knowledgeis capturedby describingchangeghatthe
objectsin the domainundego asthe result of actionsand events. The domaindefinition is structured
aroundclasse®f objects the stateghattheseobjectsmayinhabit,andthe possibletransitionsaffectedby
planningoperatorsObjectsinvolvedin planninghave their own local state Herethe stateof theworld is
avectorof variables values whereeachvariableholdsthe valueof its own state.As theworld ‘evolves’
the valuesof the statevariableschange This differsfrom corventionalwisdomin Al planningasrepre-
sentedby the standarddomaindescriptionlanguagePDDL. In OCLy, the universe of potential statesof
objectsare definedfirst, before opemator definition This amountsto an exhaustive specificationof what
canbe said aboutobjectsat eachlevel in the classhierarchy Of course,GIPO insulatesthe userfrom
detailedsyntax,displayingfor exampleobjectclasshierarchieggraphically Whereaghe PDDL family is
aimedat providing a minimumly adequateommonlanguagdor communicatinghe physicsof adomain,
OCLy, providesamorenatural richerandpartially graphicalanguagdor domainmodelling.More natural
becausat is structuredaroundthe notion of objectsand objectclassesandis richer becauset captures
constraintapplyingto the physicsof the domainin additionto the barephysicsof actions.



Eithermanually or throughautomatedool supportwe acquirefor eachclassof objecta setof “typical
situations”that an object of that classmay inhabit as a resultof the planningprocessWe refer to the
definitionsof these‘typical situations”as“substateclasses”lf onethinksof transitionsof anobjectin the
domainbeingmodelledasarcsin a state-machingheneachsubstatelasscorrespond$o a parameterised
nodein the state-machineln a simple case,a classmay have only one suchsubstateclass(node).For
example,if it is enoughto recordonly the positionof a carin a domainmodelthenall possiblesituations
of thecarmayberecordedassimply “at(Car,Place)” whereCar andPlacerangethroughall carandplace
objectsrespectrely. Onthe otherhand,in ahierarchicadomain,anobjectsuchasacarmayhaverelations
and attributesinheritedfrom differentlevels, whereeachlevel is modelledas a state-machinénvolving
differentsubstatelasses.

Thedevelopedsubstatelassdefinitionsarethenusedn thedefinitionof operatorsn ourobject-centred
languagewhich areconceptualisedssetsof parameterisettansitions written

(C,0,LHS= RHS

whereO is anobjectconstanbr variablebelongingto classC, andLHS andRHS aresubstatelassesThis

meanghat O movesfrom a situationunifying with LHSto a situationunifying with RHS Transitionscan

benecessaryconditionalor null. Null transitionshave anemptyRHSimplying thatO mustbein LHSand

staysin thatsituationafteroperatorexecution.A necessaryransitionrequireghattheremustbe anobject

O that makesthe requiredtransitionfor the operatorto be applicable A conditionaltransitionspecifies
thatary objectO in a statethat unifieswith LHS will make the transitionto stateRHS OCL operators
accordinglyspecify pre andpostconditionsfor the objectsparticipatingin the applicationof an operator
butin away thatrequireshe changego objectsto conformto the definedlegal stateor suchobjects.

The OCL family of languagesdditionallyprovidesformalismsto captureproblemspecificationgnd
to capturestaticknowledge thatis knowledgeof objectswithin the domainthatis not subjectto changeas
aresultof the applicationof domainoperators/actionsut may be referredto by the specificatiorof such
operators/actions.

2 Example Domain

GIPO hasbeenusedto build andmodelmary domainssinceits first versionin 2001.Herewe will use
a simplemodelof the Hiking Domainto exemplify the main featuresof the KA method.Thereadercan
downloadmorecomplex GIPOmodelsfrom our web-site includingthetransporiogisticsdomainswhich
containseveralhundredstaticfactsandobjectsin a hierarchyof 30 objectclasses.

Imagineyou wantto have a hiking holidayin the Lake District in North WestEngland.You andyour
partnemwould liketo walk roundthis areain along clockwisecircularrouteover severaldays.Youwalk in
onedirection,anddoone“leg” eachday. But notbeingveryfit, youdo notwishto carryyourluggageand
tentaroundwith you. Insteadyou usetwo carswhich you have to carryyourtent/luggagendto carryyou
andyour partnerto thestart/endf aleg, if necessaryDriving a carbetweerary two pointsis allowed, but
walking mustbe donewith your partnerand muststartfrom the placewhereyou left off. As youwill be
very tired whenyou have walkedto the endof aleg, you musthave your tentup alreadythereanderected
so you cansleepthe night, beforeyou setoff againto do the next leg in the morning. Actions include
walking, driving, moving anderectingtents,andsleeping.The requiremenfor the planneris to work out
thelogisticsandgeneratglansfor eachday of the holiday.

Theinitial pre-formulatiorphasedn theacquisitionprocesss to examinetherequirementsf theprob-
lem, identify the main objectsandactions,andmake tentatve decisionson the kind of planningproblem
involved. We are developingdifferentflavours of GIPO to accommodatéundamentadifferencesn the
outcomeof this phaseFor example,it might beconsideredhecessaryo modeldriving, walking, erecting
tents,and sleepingas durative processeslf at this stageit was decidedthat we neededo modeltime,
processesgventsand actionsexplicitly in the domain,thenwe would usea particularversionof GIPO
equippedo handlethesemechanism§?2]. However, assumeve (at leastinitially) decidethatwe require
to performtheseactionsin a sequentiafashion,andthatwe arenot concernedbouthow longthey take to
performonly the orderthatthey mustbe performedn, thenwe canrepresenthe actionsasinstantaneous
andwe have a “classicalplanning”problem.We will give obviousnameso theseactions:'drive’,walk’,
'sleep”put up’ and’put down’ tents,’get in’ and’get out’ of cars.Objectclasseswill becar, tent,person,
coupleandlocation.



3 Initial Domain Formulation: Generic Typesand Generic Type Compaosition

Thefirst phaseof our GIPO-supporteanethodis the formulationof a domainontologyaugmentedvith a
specificatiorof objectbehaiour in theform of thetypical statechangeghatobjectsgo through.This can
bedonemanuallyvia GIPO's GUI, but in this sectionwe advocatethe useof predefineddesignpatterns”,
whichwe call GenericTypes They canbe usedto helpa domainauthorto developa domainmodelusing
conceptsat a higherlevel of abstractiorthanis providedby the underlyingspecificatiorlanguageTradi-
tional languagedor the specificatiorof planningdomains suchasPDDL, or eventhe object-level OCL,
allow the authorsof a new domaingreatfreedomin their choiceof representationf the domaindetails.
This freedomis we contendfor the mostpart unnecessargnd providesan unwantedconceptuabarrier
to thedevelopmentof effective domaindefinitions.In softwareengineeringt is becomingcommonplace
to use“designpatterns”to help structurethe designand coding of applications Within the Al planning
communitythe notionof a“generictype” hasbeenusedto identify commonstructureacrossiomainswith
a view to exploiting thesesimilaritiesto improve plan generatiomprocessingpeed8, 13,14]. In collab-
orationwith Fox andLong [23] we have developeda fusion of theseideasto identify a setof structural
elementghat are capableof beingusedto help structurea wide rangeof potentialplanningdomains.In
thisway we providethedomainengineemith asetof conceptatahigherlevel of generalityto allow them
to moreeasilyidentify the objectbehaiour of their domain.Broadly, a generictype thendefinesa class
of classe®f objectsall subjectto commontransformationsluring plan execution.Within OCL we refer
to classeswhich aresetsof objectsall subjectto the samecharacterisatioandtransformationsA generic
typeaccordinglyrangesover thetypesor classe®f individualdomainsThedegreeof commonalityin the
characterisatioandtransformationshatthesetypesor classesnustsharehave beendescribedn thelit-
eraturein termsof parameterisedtatemachineglescribinghe patternsof transformationshatthe objects
undepgo. Within GIPO the domainengineetlis presentedvith a rangeof templatescorrespondingo the
identifiedgenerictypes,which sheinstantiatego createafirst cut definitionof the objectbehaiour of the
domain.

3.1 BasicGeneric Types

Perhapghe mostuseful of the “generictypes”is that of a mobile A mobile caninitially be thoughtof
as describingthe typesof objectsthat move on a map. They canvery simply be characterisedby the
parameterisedtatemachineshovn in figure 2

e e
Basic Mobile Pattern Basic Bistate Pattern
turn_off
move(mobile, loc, loc)
turn_on
at(mobile,loc) on(bistate) off(bistate)
. NG J

Fig. 2. BasicMobile andBistateGenericTypes

In this one-state-machinte stateis characterisely the propertyof the mobile objectcorresponding
to its locatednessandthe transitionis identified by the action causingit to move. For this generictype
to be applicableto a classin a particulardomaintheremustbe a type suchthat thereis an actionthat
changeghetruth valueof a n placedpredicateN >= 2, typically the predicateat, whereone argument
identifiestheclassin questionmobile andanothem valueloc which changessaresultof theapplication
of the operatorIn otherwordsthe valueof loc differsin the pre-andpost-condition®f the actionin the
referenceo theat predicateNo otherpredicatereferencingnobilesshouldchangeruth valuein thesame
actiondefinitionin this mostbasicform of the mobile prototype.The namingof predicatesandarguments



may (andwill) bedifferentin differentinstance®of the generictype. Thisis a very weakcharacterisation
of a mobile, in that domainsthat describeactionsthat perform transformatioron somepropertyof the
objectsin questionmight fulfil the above requirementandhencebe characterisedsa mobile. We have
identifiedanumberof variationsof the patternthatneedto bedistinguishedrom oneanotherin particular
we identify casesvherethe classmobile mustbe associatedvith the classdriver suchthatthereneedso
beaninstanceof adriver associate@ndco-locatedwith the mobileto enablethe mobile’s move actionto
take place.Themove actionwill alsoresultin the driver changinglocationin stepwith the mobile Other
flavours of mobilesare associatedvith portablesi.e. objectsthat canbe “moved” in associationsvith
mobiles.We alsodistinguishmobilesthatconsumeor produceresourcesvhenthey make atransitionfrom
onestateto another

A secondcommonand very generalgenerictypewe call a bistate A bistatedefinesa classbistate
which is characterisedby two one placepredicatesvhich we call off and on both referringto the same
bistate Thereis alsoa pair of actionsthatallow the bistateto “flip” from onestateto the other A bistate
canbethoughtof in analogyto a switchthancanbeturnedoff andon, seefigure 2 BasicBistatePattern.

3.2 Generic Typesin the Hiking Domain

Hiking Generic Types

BISTATE BISTATE
/take_down \[\\\\
.\ put_up' | N\]\ié{lk\_\ sleep,
S fanlal ]
NS R "~ walk
, \\ get_ir, AN /
I OSNG:
,/ \ / - ‘\ ’ A
] - - ! | drive
- - "drive S //,qn,v,e [ N v
~ _ <>_—
Tent | Car ) Person | Couple )
PORTABLE MOBILE PORTABLE/DRIVER MOBILE

Fig. 3. GenericTypesinstantiatedor the Hiking Domain

In this sectionwe usethe exampleof the Hiking domainto illustratethe way in which generictypescan
be usedasdesignpatternsto supporta more abstractedsiew of the structurewithin a planningdomain
duringthe engineeringorocessWithin the Hiking domainthereareat leasttwo candidatesvhich canbe
identifiedasmobiles.Therearethewalkersthemselesandtherearethecarsthatareusedto carrythetent
from oneovernightstoplocationto the next. Thoughboth thesecandidatesanbe describedas mobiles



neitherareadequatelgharacterisetly the simplepatternof amobileillustratedin diagram 2. Thewalkers
whichwe aggreyateinto couplesaremobilesconstrainedo move from locationto locationasconstrained
by a directedgraphlinking the routelocations,which is our mapof the Lake District. The carsarealso
mobilesbut aremobilesthatrequiredrivers andareusedto carry passengerandthe tentfrom overnight
stopto overnightstop. The tentitself is a bistatewhich canbe eitherup or downbut is alsoa portable
andassuchcanbe in the car while beingmoved from locationto location. Individual walkers are also
characterisetty morethanonegenerictype pattern,asa couplethey aremobiles,asindividualsthey are
drivers or portables but arealsobistatesasthey can“flip” betweerthe statesof beingfit andtired asthey
successiely walk andsleep.Thegenerictypesandthelinks betweerthemareshaown in diagram 3.

Pattern Manager

Known Patterns hil -
Instantiated Patterns .. Mobile Pattern

Type: Set Name: car

Type: Map Mame: lakeDistrict
Type: bistate Mame: person
Type: portable Narme: tent
Type: portable Narnme: person
Type: mobile Mame: car

A mohbile iz an object that mowes on a map. There isa single
action perfortned by all mobiles, that is the move action. A
mobile is characterised by an at predicate that relates a mobile
to a location. The result of the mobile moving is that it is
located at a new location where the new location must be
adjacent to the starting location on the map as defined for these

mobiles.

Fig. 4. ThePatternManager

The GIPO Generic Type Editors To enablethe domaindeveloperto usetheidentifiedgenerictypesto
structurea domainwe have developeda seriesof dialogswhich we have integratedinto the GIPO domain
developmentool.

Thedialoguesallow theuserto choosdherelevantpatternsaandthentailor themto the problemin hand.
In simplecasedailoringis simply amatterof namingthe componentsf the patternin anappropriatevay.
In more complex caseghe usermustadd optional componentgo the patternagainby form filling and
in the mostcomplex casesnsurethat domainsusing multiple patternsallow themto interactwith each
otherin the correctway. This may involve unifying statesfrom relatedpatternsor associatingcommon
actionsthatfacilitatetransitionsin multiple patternsThe setof “generictype” dialoguesform a domain
editorin suchaway thatthe usercommittingherchoicesn the editingdialogueswill resultin theformal
domainspecificationbeingautomaticallygeneratedWe illustrate the processwith snapshotsaken from
the“PatternManager”in figure 4 which is usedto controlthe additionandediting of patternsknown and
instantiatedvithin the domain.We alsoshav the maindialogfor definingthe parametersf the “mobile”
patternin figure5. At theendof thisstage GIPOwill containaninitial formulationof thedomainontology
includinga characterisationsf the stateghatobjectsin eachclasscaninhabit.

4 Induction of Object Behaviour

The setof editorsintegratedinto GIPO alongwith the useof generictype designpatternss adequateo
develop fully working domainmodels.The processhowever, requiresconsiderableskill and familiarity
with thediffering A.l. planningparadigmso be successfullyused.To lower the thresholdof prior knowl-
edgerequiredto developplanningdomainmodelswe have developedanoperatoinductionprocesscalled
opmaler in its GIPOintegratedform, aimedat the knowledgeengineewith gooddomainknowledgebut



Mahile Design Pattern *

Enter a name for the sort of this mobile (car Define Instances

Example the mobiles may be ‘car's

Enter a name that describes a mobile moving from one location to the next (drive

Example a car may "drive” from Huddersfield to Durham

Enter a name that describes a mobile being situated at a specified location |carat

Example a car may be "parked_in' Huddersfield

Enter a name for the map on which these mobiles move. IakeDisTricﬂ Define Map

Example a car may be restricted to drive in "England®.

Optional Components

Example the mobiles may be driven by a ‘person’ Define Driver
Example the mobiles may carry a ‘box' person’ D efine Cargo
Example the ‘car’ may consume Tuel' on a ‘move’ action. Define Resource

Fig.5. TheMobile Dialog

wealer generaknowledgeof A.l. planning.Opmaler requiresasinput aninitial structuraldescriptionof
thedomainalongwith trainingdatain theform of awell understoogroblemdravn from the domainac-
companiedvith anactionsequencadequat¢o solvethetrainingproblem.In particularwe assumehatthe
modellerhaspartially constructecherdomainmodelandhasreachedhe stagewherethereexists at least
a partial modelwith a valid classhierarchy predicatedefinitionsand substateclassdefinitions.We may
have donethis usingeitherthe baseeditorsof GIPO or by partially describingthe problemusinggeneric
type designpatterns Someoperatoranay have beendevelopedandwill be usedif availablebut arenot
necessaryn additionto run opmaler the usermustspecify usingthe taskeditor, thetrainingproblem.A
taskspecificatiorallocatesaninitial stateto every objectin the problemandthedesiredstateof a subsebf
theseobjectsasthe goal stateto be achieved. The usernow suppliesopmaler with thetraining sequence
of actions A snapshobf the opmaler interfaceis shavn in figure 6. An actionis simply thechosemame
for theactionfollowedby the namesof all objectsthatparticipaten thatapplicationof theaction.A good
sequencef operatorsvouldideallyincludeinstance®f all operatorsequiredn thedomain thoughthisis
notrequiredby opmaler andthe actionsetcanbebuilt upincrementallyusingdifferentprobleminstances.
For the Hiking domaina goodsequencevould be onethatenabledhe coupleto completethe first leg of
thetour, andberestedandreadyto startthenext with theircarsin thecorrectplace.Suchasequencould
includeall the operatorsequired A fragmentof the sequencés shovn below.

putdown tentl fred keswick

load fred tentl carl kesw ck

getin sue keswi ck carl

drive sue carl kesw ck helvelyn tentl

Theuseris encouragetb think of eachactionin termsof asentencelescribingvhathappenskor example
in thelastactionwe think of thisas“Suedrivescarlfrom Keswickto Helvelyntakingthetentwith her” We
sketchtheapplicationof thealgorithmfor inducingthe“drive” operatormssuminghattheearlieroperators
have beenderivedandthatthe specifiedstartsituationin the problemplaced‘'Sue”'Fred”, thetent“tent1”,
andbothcarsin Keswickandthatthetentwaserected.
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Qbject Tree .. Action Sequence .. Edit Action ..
S| allsorts tent_down{fred,tent 1 keswick) drive
3 | car load(fred,tentl,carl keswick) | HI
¢ carl get_in{sue,carl,keswick) | carl
O car drive(sue,carl keswick, helvelyn,tent 1) [3] keswick
- [5] persan [S] helvelyn
O fred (5] tent1
O sue
o-[5] rent =1 =1
O rentl Select a state for fred that results from applying the action
3-[E] place tent_down(fred, tentl, keswick) i
O keswick fred begins the action in state it{fred, keswick)
O helvelyn
& fairfield End State == |tired(Person,Place)
O honister B B B
O derwent [ [v] fred does not change state in this action.
o= [5] counle — |[ZJChanges all objects of sort person in the same prior state
oK Cancel

Fig. 6. A ScreerShotof opmaler

Prior to reachingthe point of the derivation of the drive operatorwe initialise the worldstateto that

of all objectsasdescribedn theinitial stateof the chosentaskandthenaseachoperatoris derved we
adwancethe worldstateby applyingthe operatorto changethe statesof the affectedobjects.In consid-
ering the drive operatorwe detectthat this is the first applicationof the operator Thereforeto createthe
drive operatorwe generatea new operatorskeletonand setthe parameterisethameof the operatorto
drive(sue carl, keswidk, helvelynptentl). We theniterateover the dynamicobjectsin the parameterised
name(theseare the objectsof classesor which substatediare beendefined).In this exampleit is all
the objectsexcluding the two location argumentskeswid and helvelyn For the first objectto be con-
sideredsuewe find her stateasstoredin the worldstate which for the operatorsequencgivenwould be
in(sue carl, keswik). Thiswill form thebasisof theleft handsideof thetransitionfor this objectinstance.
We now querytheuseraboutthe statef suethatresultsfrom applyingthedrive operatorin thedialogue
with theuserwe attemptto gatherall theadditionalinformationrequiredto correctlyidentify thetransition
madeby the object,sue We askwhetheror not suedoeschangestate,if notwe adda null transitionto the
operatorin ourexamplecasehoweversuewill changestate andtheuserwill selectfrom a suppliedist of
possiblestatesvhich will betheresultingstate The selectedstatewill form the basisfor the RHSelement
of thetransition.As partof thedialogwe alsoaskif arny otherobjectof classpersonin thesameprior state
would make the sametransition.Dependingon the answetrto this questionwe treatthetransitioneitheras
a conditionalchangeor asa requiredchangeof the operatorandaddthe transitionaccordingly Whena
transitionis addedas conditionalthe objectnameis removed from the operatorgarametefist. Only the
objectsreferredto in the prevail andnecessargectionsaarerecordedn the parametelist.
Thoughwe now have the mainstructurefor thetransitionmadeby suewe still have somedetailsto clarify.
First we detectthatkeswid is recordedasnext to helvelynin a list of staticfactsprovided aspartof the
initial domainmodel,we accordinglyguerythe useragainto askif thisis arequiredconditionof applying
theoperator Thatis, mustthetwo placesherecordedasnext to oneanothetto enableheapplicationof the
drive operatorlf it is requiredthenwe addthe factto the LHS of the transition.In the exampledomainit
is notrequiredthatsuecanonly drive betweeradjacentocations shemaydrive to any location,hencethe
predicatewill notbeaddedo theLHS.

We continuetheabove procesdy iteratingovertheremainingdynamicobjectscarl andtentl Theresultis
thatwe have afully instantiatednstanceof thedrive operatorWe generaliséhe operatoiby replacingthe
objectnameswith variablenamesmaintaininga oneto onerelationshipbetweerthe objectnamesandthe
variablenamesFinally we applythe operatoito theworldstateto advancethe statereadyfor consideration
of thenext operatorandour derivationof the operatordrive is complete.

Usingthis procedurehe algorithminducesthe following necessaryransitionfor objectsof the sortscor
respondingo sueandcarl.

(person Persor, [in(Persord, Car0, Placed)] = [in(PersorD, Car0, Placel)])

(car, Car0, [at(Car0, Placed)] = [at(Car0, Placel)])



For tentl the conditionaltransition
(tent Ten, [loaded TenD, B, Placa))] = [loaded Ten, B, Placel)])
Thevariablesstartingwith uppercaseletters,in thetransitionsabove areall typedeitherexplicitly in the
transitionor implicitly by their occurrencen the stronglytypedpredicateslefiningthetransition.
After having beentranslatednto PDDL by GIPO,theinduceddrive operatoris asfollows:

(:action drive
:paraneters ( ?x1 - person ?x2 - car
?x3 - place ?x4 - place)
:precondition (and (in ?x1 ?x2 ?x3)(at ?x2 ?x3))
ceffect (and (in ?x1 ?x2 ?x4)(not (in ?x1 ?x2 ?x3))
(at ?x2 ?x4)(not (at ?x2 ?x3))
(forall ( ?x5 - tent)
(when (| oaded ?x5 ?x2 ?x3)
(and (| oaded ?x5 ?x2 ?x4)
(not (loaded ?x5 ?x2 ?x3)))))))

The currentversionof opmaler allows existing operatorgo be usedin the induction processandis
capableof refiningthe operatordo addadditionalfeaturessuchasnew conditionalclausesor staticcon-
straints.It is limited howeverin thatthe multiple usesmustbe consistentvith oneanotheiit will notdeal
with conflicts. Operatorrefinementand usein inducing hierarchicaloperatorss the subjectof ongoing
work [18].

5 Refining and Validating Domain Models

GIPOwith its mary graphicaleditorsensureshatarny domainspecificatiorcreatedwithin the systemis at

leastsyntacticallycorrect,n termsof boththerepresentatioof thedomainin OCL,, andtheirautomatically
generatedranslationsnto PDDL. Automaticvalidationof thedomainis furtherenabledy thetypesystem
of OCL;, andtherequirementhatthe staticlegal statesof all dynamicobjectsaredefinedin stateclauses,
thesubstatelassdefinitions.As thesestateshave beenexplicitly enumeratedperationsanbechecledto

ensurehatthey donotviolatethedefinedstatesDefinedtasksfor the planningsystencanalsobechecled

againstthesestatedefinitionsfor legality. Thesestaticvalidationchecksare capableof uncoveringmary

potentialerrorswithin adomainspecification.

Whenthe knowledgeengineethasassembleé complete staticallyvalidated specificatiorof the do-
mainthereis still the needto testthe specification Dynamictestingcanbe doneby runningthe domain
specificatiorwith atrustedplanneragainstestproblemsUltimately this mustbedonebut it is essentially
“pblack box” testingandwill provide little insightinto problemswhenthe desiredoutputis not created.
This problemis exacerbatedvhenwe take into accountthat the currentgeneratiorof planningengines
arenot fully robust. To help overcometheselimitations within the GIPO ervironmentwe provide a plan
visualiserto allow the engineetto graphicallyview the outputof successfuplansgeneratedby integrated
planningenginesandmoreusefullywe provide a plan stepperto allow the engineetto singlestepa hand
craftedplanwhenthe planningengineeitherfailsto produceary planor producesanunexpectedolan. The
attractionof singlesteppinga handcraftedplanis thatit allows a separatiorin thetestingprocesdetween
validatingthatdomainknowledgeis adequateo supportthe desiredplan andknowing thatthe planning
engineis adequat¢o generatéhe plan. Theanimatorandsteppebothpresenplansatthelevel of objects,
objectstatesandthe changesroughtaboutto the objectsby the applicationof actions.

In the steppershavn in figure 7 we seethe emeping plan at a stagewherethe tent needsto be
movedto the next overnightstop. The designengineemanuallyselectsthe operationgo build the plan
andinstantiateshe operationvariablesUnfortunatelyin thecaseshovn thereis amistale in thedefinition
of thedrive operationin thatit fails to guarante¢hatobjectsloadedin the car move whenthe carmoves.
This canbe seenby the engineerdoubleclicking on the tentstatefollowing the drive operationandaswe
seein thepop-upwindow thatthetentis atthewronglocation,it shouldbein thesamdocationasthecar,
namely“helvelyn”. Also whenthe engineemext triesto unloadthetentat the new destinatiorthe system
generatesn error messagéo indicatewhy thatcannotbe done.In this way the engineercanexplorethe
adequayg of thedomainspecification.
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6 Relatedwork

Fromaknowledgebasedsystempoint of view, GIPOis a knowledgeformulationtool thatpre-supposea
commongenericconceptuatiomainmodelfor its rangeof applicationslt assumethatdomainknowledge
is object-centredandthatactiongandeventsandprocessesh thedomaincausevell-definedstatechanges
to thoseobjects.GIPO views a planningengineasa genericProblemSolving Method (PSM) - onethat
canoutputorderedactionsetswheninput with somedeclaratve goal or procedurabbstractask. In this
regardGIPOis similarto KBS toolsthatallow the userto selectPSM componentslependingon the type
of reasoninghatbestsuitsthe derivationof solutionsto problems.

As far asthe authorsare aware, no ervironmentsas sophisticatedhs GIPO have beenbuilt to help
acquireknowledgein aform thatcanbeusedwith arangeof availableplanningenginesTheernvironments
that have beenbuilt for usein applicationseithertendto be aimedat specificAl plannersor areaimed
at capturingmoregeneraknowledge.Several notableworksin the knowledgeacquisitionliteraturesuch
asEXPECT[9] andProtege [11] fall into the latter cateyory. EXPECT is an extremelyrich systemthat
usesontologiesand knowledgeacquisitionscriptsto generateand drive dialogueswith usersto acquire
and maintainknowledgebasesof a diversenature.As currently conceved, EXPECT s not designedo
interfaceto Al planningenginesandhenceenablethe generatiorof plansthoughit doesallow reasoning
aboutplans.

Part of our goalwasto try andhelp bring the very sophisticategblanningtechnologyof the planning
enginedo a potentiallywideruserbase Ourambitionfalls someway betweerthatof providing knowledge
acquisitioninterfacesfor specificplanningenginesandthe goal of facilitatingthe gatheringof knowledge
for abroadspectrunof automatedeasoningasksWe arestill exploringwhatsortof knowledgeis needed
for suchsophisticatedasksandwhatautomatedhelpcanbe providedto assisendusergyatherttherequired
knowledgeIn thelongerrunit maybedesirabldo integratethetypeof systemwe arecreatingwith systems
suchasEXPECTor Protegeasthatwouldfacilitatedeploymentof systemsvherecomplex planningis only

! Thisreflectsthe swingto the developmenbf self-containedybrid andadaptie plannersn the planningliterature;
approacheto breakdown planningalgorithmsinto smallercomponentsothatplanenginesanbe built up rapidly
from themfor specificdomainsareyetto be proven (e.g.see[10]).



onepartof abroadeknowledgebasedsystemUntil we have moreexperiencen providing systemgustto
supportthe planningelementwe feel suchintegrationwould betoo ambitious.

7 Conclusion

Knowledgeacquisitionandthevalidationof modelsof planningdomaings notoriouslydifficult, dueto the
needto encodeknowledgeaboutactionsandstatechangeaswell asstaticandstructuralknovledge We
seeGIPOasa prototypefor arangeof portableandplannerindependenérvironmentshatwill beusedto
easetheseKA problems.Using high level tools suchasthe generictype adaptoy operatorinductionand
plansteppingdomainexpertswith alimited knowledgeof Al planningcanbuild updomainmodelsUsing
GIPO'sinterfaceto state-of-the-anplannersvia the competition-standarBDDL languagegdomainexperts
canprototypeplanningapplicationsusingtheseplanningenginesandtestthemfor their suitability to the
application.

We have andcontinueto produceseveralflavoursandversionsof GIPOthatcanbe usedto formulate
knowledgeoncethe natureof the domainrequirementsre clear Althoughimplementedandtested the
tools describecherearestill beingevaluatedandarethe subjectof future development. Several hundred
down-loadsof GIPO have beenrecordedandwe have a small userbasearoundthe world. A particularly
promisingdirectionis GIPO's usein teaching- it hasbeenusedsuccessfullyin a one year coursein
Al with undegraduatestudentsParticular avenuesfor future researchand developmentinclude (a) the
identificationand build-up of a portablelibrary of generictypesfor planningapplications(b) upgrades
of GIPO's automatedacquisitiontools to dealwith domainsinvolving continuousprocessesactionsand
events.
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