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Abstract

In this paperwe postulateOCLy, asa prototypefor future planningdomainmodelling
languagesvhich arefoundationallysound but offer featureghatareattractve andsupport-
ive to knowledgeengineers.The novel contritutions of this paperis thatit (a) describesa
truth ctiterionfor OCLy, anddetailsa proof thatthe criterionis sufficient for ensuringnec-
essanytruth in a partial plan structure(b) evaluateOCLy, illustratingits pragmatidoenefits
by comparingit with O-Plans TF. We shav usinga realexamplehow OCLy,’s structuring
devicesaid the knowledgeengineeiin building a model. Finally, the exampleandcompar
isonwith TF identifiesfurther developmentwork to advanceOCLy, aspotentialhigh level
researchianguagdor modellingoperatobasedlanningdomains.
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1 Intr oduction

Knowledgeacquisitionfor planninghasrecevedincreasingattentionin the lastfew yearswith
theappearencef workshopsat AIPS98[1] andthroughthe PLANET initiative' [13]. Oneprob-
lem identifiedis that languageslesignedor usewith realisticsystemgendto be theoretically
opaque- it is not easyto give operatorsa clearsemanticashierarchicaloperatorsare context-
dependentAlthoughsomeprogresiasbeenmadein thisareg 21,5, 11], ‘clean’ representation
languagestill fall shortof therichnessapparentlyrequiredfor applicationg14], andaregener
ally notdesignedvith theknowledgeengineeringaskin mind. In orderto beableto investigate
existing andnovel planningtechniquesandtheir scalingup to knowledged-basedpplications,
oneneedso encodedomainsin alanguagehatis clearandwell founded,aidsthe knowledge
engineerin the knowledgeacquisitionand maintenanceask,andis orientedtowardsplanning
applications.

In this paperwe postulateOCL, asa prototypefor future plannerdomainmodellinglan-
guagesthat are foundationallysound, but offer featuresthat are attractve and supportve to
knowledgeengineersOCL,, is alanguagewith a supportingmethod which hasbeendesigned
for encodingdomainsfor bothclassicalpreconditiorplannersandHTN planners.Therationale
for an objectcented approacho encodingplanningdomainswas proposedn referenceg12].
A full methodfor the modelbuilding processvasdescribedincludingthe establishmendf var-
ious model properties,supportedby a setof tools to supportthe engineeringorocess. While
this definedthe baselanguage OCL was later extendedto OCL,;, to include an extensionfor
HTN models. Along with desirablepropertiesof OCL, encodingsan algorithmto checkdo-
maindescriptiondor the absensef thesepropertiesvasintroduced11]. Furtherdetailsof the
languagas availablein referencq10], andOCL;, encodingsof planningdomainsincludingan
HTN transporiogistic domaincanbefoundon thewel?.

In the first partof the paperwe startby briefly reviewing the constructsof OCL,. Next we
defineatruth ctiterionfor OCL,;,, show thatit is is sufficient, andcanbe usedasthe basisfor a
soundgoal achiezementalgorithm. In the secondpart of the paperwe illustratethe pragmatic
benefitsof OCL, by comparingt with O-Plans TF, andshav usinga realexamplehow OCL;’s
structureaidsthe knowledgeengineeto build amodel.

2 Foundationsof OCL

A domainmodellerusingOCL,;, aimsto construciamodel M of thedomainin termsof objects,
a sorthierarchy predicatedefinitions,substatelassdefinitions,invariants andoperators Pred-
icatesandobjectsareclassedasdynamicor staticasappropriate dynamicpredicatesrethose
which may have a changingtruth valuethroughoutthe courseof plan execution,anddynamic
objects(groupednto dynamicsorts)areeachassociatedavith a changablestate.Eachobjectin

M belonggto a uniqueprimitive sorts, wheremembersf s all behae the sameunderoperator
application.For example,in a transportdomainthe writer might startby definingobjectsanda

Lonline proceedingsit http://www.aiai.ed.ac.ukpaj/planning/planet/ka-tcu/984-workshg.htm
2http:/ivww hud.ac.uk/scom/researchtfarm/resairces.htnh
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simplesorthierarchyasshowvn in Examplel. This showvs the way ‘sorts’ definitionsconstruct
the hierarchy andin particularhow (static) sortscan be definedin termsof aggregationand
recursion.

sortgitem [box cratg]) sort{vehicle [truck]) sortgload, [emptyadd(item, load)])
objectgbox [box1, box2, box3]) objectgtruck, [truck-1, truck-2])

Examplel

Variablescanappeaiin predicatesn variouscomponent®f a model. In this paperthey are
representetdy a capitalletter, andareassociatedvith a sorts givenby the predicatedefinition
partof M. A legalsubstitutionof avariableis thereplacementf avariableby atermwhich has
sasa‘supersort’.

OCL,;, is basedn theassumptiorthatthe stateof theworld in a planningapplicationcanbe
decomposehto the stateof eachobject(a‘substate’)in thatworld. A substatessdescribeshe
stateof anindividual dynamicobjectin a planningworld. It is fully describedasa tuple sswith
componentsi, s, €), wheressi is the objects identifier, sssis the primitive sortof ssi, andsse
is a setof grounddynamicpredicatesvhich all referto ssi3. All predicatesn sse areasserted
to betrue undera locally closedworld assumptionjnformally, thesemeanshatary instances
of predicateseferringto ssi notincludedin sse, but which may be usedin the descriptionof
anotherobjectof sortsss, arefalse.

(box1, box [at(box1, depot2), waiting(box1)]) (box2,box [in(box2, truck-1)])
(truck-1, truck, [loadedtruck-1, add(box3, add(box-2, empty)), unavdiable(truck-1), fuel(truck-1, full)])

Example2

A world state is a completesetof substategor all the dynamic, primitive objectsin the
planningapplication.Threesubstatethatcouldform partof aworld stateareshovnin Example
2. Herethe local closedworld assumptiortells us that, for example,waiting(box2) is false.
Statesare constraineddy invariants. Thesedefinethe truth value of static predicatesandthe
relationshipsdetweendynamicpredicates.In particularthey are usedto recordinconsisteng
constraintsA world statethatsatisfiegheinvariantsis calledwell-formed.

For eachsorts, thedomainmodellergroupsobjectsubstatesogetheyspecifyingeachgroup
with a set of predicatescalled a substate class expression When ground, eachexpression
alwaysdecribesa unique legal substateandtogetheithe substatelassexpressionshouldform
acompletedisjointcoveringof thespaceof substatefor objectsof s. For example thesubstates
of atruck mayfall into thethreeclassegjivenby thefirst definitionof Example3.

Substateclassesarenormally specifiedat variouslevelsin the sorthierarchy For example,
objectsof sorttruck have classespecifiedthroughtheir primitive sortbut they alsoinherit the
dynamicpredicatefuel(truck, fuel_level) from supersortehicle A substatef anobject,there-
fore, may have up to n hierarchical componentsepresentingts primitive sort(s;) andn — 1
supersorts,, ..., S,. In generathereforethe hierarchicakubstatelassexpressiorfor anobject

3in previouspublicationsve identifiedsubstateandsubstatexpressionsvith their predicatedescriptionshere,
for clarity, we decorateéhenwith the nameof the objectthey areattachedo andthe primitive sortof thatobject
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of primitive sortsis the conjunctionh; &h,&...&h, whereeachh; is onecomponenbf sorts’s
substatelassexpressions.

substateclasseétruck, [[loaded T, L), unavailabl€T), less than(L, 5)],
[unloadedT), unavailabl€T)], [unloadedT), availablg(T)]])
substateclasseévehicle [[fuel(V, A)]])

Example3

To ensurethat any legal groundinstantiationof a substateclassexpressiongives a legal
substatethey may contain‘static’ predicates.So, for example, predicateless than limits the
load of thetruck to be up to 4 objects. A moreelaborateexampleof an objecthierarchyanda
setof classexpressionshatwill beusedin thediscussiorateris shavn in Example4.

1.sortgphysical obj, [transport)

2.sortgtransport [small_scale transporter large_scale transportef)
3.sortgsmalLscale transporter [ground_transportet)
4.sortqlarge_scale transporter [peopletransporter cargo_transportey)
5.objectgground_transporter [gtl, gt2])

6.objectgcarga_transporter [c5])

7.0bjectgpeopletransporter [b707])

8.substateclasseéphysical obj, [[at(O, L]])

9.substateclasseétransport [[unloadedT), availablgT)], [loaded T, C), in_us€T)],])
10.substateclasseflarge_scale transporter [[is_of _sort(L, air_base],])
11.substateclassescarga_transporter [[is_of_sort(C, equipmeny]])
12.substateclassegpeopletransporter [[is_of _sort(C, peoplg]])
13.substateclassegground_transport [[driving_betweeliT, A, B], ])

Exampled

Herethe hierarchygivesa definition of someof the sorts,objectsandsubstateclassesn the
Pacificadomairt. The hierarchyimposesconstraintson final substatesisingthe specialstatic
predicatas_of_sort, sothata substatdor the caigo transpotec5 would be ary legalgrounding

of:
[at(c5, L), loadedc5, C), in_us€ch))

whereC andL belongto the primitive sortsequipmentindair _baserespecitiely.

Primiti ve Action Representation

Let P bethesetof all possiblepredicatestructuresn themodel(whereanargumentof apredicate
cancontainary appropriatebjectidentifier, variableor legally-formedterm). If z Z € P, for z
andZ to be‘equal’ we assumehey mustbeidentical. For example,if X, y, z aresortvariables,

4availablefrom http://www.aiai.ed.ac.ukbplan/web-demo/she-tf.cgi/pacifica.tf



p a predicatenamedefinedin M , thenp(x,y) is distinctfrom p(x, z). If zZ € PthenZ C z
meanghatZ is asubsebf zwith this definitionof equality

If i is a variableor an objectidentifier, s is a sort-nameande is a setof predicatetaken
from P, thensewith componentgi, s, €) is calleda substateexpressionif ses = sssandthere
is a legal substitutiont suchthatseo; = sso andsee C sse, for at leastonesubstatess A
consequencef this definitionis thatany subsef the predicatesn a substatelassexpression

form a substatexpression.

A substatetransition is an expressionof the form (o, s, se = ssg whereo is a dynamic
objectidentifier or a variableof sorts, andseandsscarea substatesxpressioranda substate
classexpressiorrespectrely. In astatecontainingthe substateg example2, atransitionmight
be:

(T, truck, [loadedT, X] = [loaded T, add(B, X)), unavaliabléT)])

broughtaboutby the loadingof anotherbox onto a truck. For eachcomponenbf sefrom the
nthlevelin thehierarchysscmustcontainacompletesubstatelassexpressiorcomponenfrom
thenthlevel. For thelevelsin the sorthierarchythatarenot mentionedn se it is assumedhat
predicatadesctiption®f theobjectpersists Sincethe hierarchicakomponeninheritedfrom the
supersortvehicleis not referredto in the example,the truck’s fuel level remainsunafectedby
thistransition.

Operator Definition: An actionin adomainis representetly aneitheraprimitive or hierar
chicaloperator A primitive operatorschemaD hascomponentsid, prev, nec cond cong, such
thatO.id is theoperatorsidentifier, O.prev is the prevail conditionconsistingof asetof substate
expressionsQ.necis a setof necessargubstatdransitionsO.condis a setof (conditional)sub-
statetransitionsandO.consis a setof staticpredicatesictingasconstraintsEachexpressiorn
O.prev mustbetrue beforeexecutionof O, and,at leastin the caseof primitive operatorsyvill
remaintruethroughoutperatorexecution.

Operator Execution: A primitive operatorO canbe executedin world stateSif thereis a
substitutionsequence suchthat
(@)for all (X,s, L) € O.prev, thereis asubstatdo, s, E) € SsuchthatX; = oandL; C E
(b) for all (X,s,L = R) in O.neg thereis somesubstatgo, s,E) € SsuchthatX; = o and
L CE
(c) O.cons is consistent.e. thereis a legal binding u suchthat O.cong,’s staticpredicatesall
evaluateto truein M.

Thenew world stateis Swith the changesnadeasspecifiedn the necessargbjecttransitions,
andary otherobjectschangeddy the conditionaltransitionsif the LHS of the transitionswere
satisfiedn S.

3 A Truth Criterion for Usein Primiti ve Partial Plans

Therigorousformulationof OCLy, briefly reviewedabove,leadsto propertieof domainmodels
suchas consisteng and transpareng that have beenusedas the basisfor tool support[11].
Here we shav how a truth criterion can be formulatedand usedas the basisfor investigating
goal achieementin object-centredjoal-directedolanners. The truth criterionis suficient for

5



ensuringhetruth of asubstatexpressioratastepin aplan,andcanbeusedto ensureaplanner
acceptingOCL,;, is soundandcomplete More detailsof this truth criterionanda setof planners
thatarebasednit is givenin referencg9].

Assumea plan structurecontainingonly primitive operatorsP is ary setof stepstemporal
constraintsandvariableconstraint$iaving theform (stepstc, vc). A stepis theoccurencef an
operatomwithin aplan. A completionof P is aground Jinearsequencef all thestepsn P which
obeysP.pcandP.vc. In thiscontext possiblyX = Y) meanghatthetermX canbeunifiedto the
term'Y without makingvc inconsistentandlik ewise possiblfA < B) meanghatthattemporal
link canbe addedbetweenstepsA andB without makingtc inconsistent.A soundplanis one
in which all the goal conditions(which areposedassubstatexpressionsandpreconditionsof
operatorsare necessarilyestablishedn the plan. In OCL,;, thesepreconditionsare the prevail
conditionsandtheleft handsidesof necessaryransitionsof steps.

In the classicalformulation, establishinga literal p at a pointt in a planis often castas
proving thenecessaryruth of p. Therearevariousplannersvhich embodyconditionssuficient
for established literal aspointedoutin [8]. Thatis, if theconditionevaluatedo truein apartial
planstructurethenthe literal will be necessarilyruein all completionsof the plan. Often, this
is carriedoutin planningby finding a stepA beforet with p in its effects,andensuringhatthat
effectis notundonebetweerthetemporalpositionof A andt. In OCL, operatorgsteps)escribe
thetransitionsof objects ratherthantheaddinganddeletingof literals,andsubstatexpressions
ratherthanliteralshave to be establishedbeforestepscanbe executed.

We give asuficientconditionfor the necessaryruth of asubstatexpressionX, S, L) before
astepO in aplanstructureP in termsof the establishedcondition(i.e. if this conditionis true
thenthe substateexpressionwill be establishedn ary completionof the plan). Here (X, S L)
couldbe amemberof O.p, or L could betheleft handside of somestatetransitior? (seefigure
1). (X, S L) is establishedby stepA €P.stepsif

1. Ais necessarilypeforeO andhasanecessaryransition(X, S N = R) suchthatL C R.

2. thereis nosuchstepC €P.stepssuchthat

(a) Cispossiblyin betweem andO, and
(b) C containsanecessargr conditionaltransition(Y, S M =- U) suchthat
i. possiblyX =Y, and

ii. if X=Y, theneither—(L C U) or U andR containclassexpressiorcomponents
from thesamelevel of the classhierarchy

Essentiallythis stateghat,to checkor make a substatexpression X, S, L) truein adevelop-
ing plan, it is sufficientto make sureit hasanestablishefA), andto checkthatno steppossibly
inbetweercanpossiblychangehe stateof the objectconcernedThe exceptionis wherea step
canchangethe stateof X: wheneer this happenghe changean statewill establishthe substate
expressionpr thechangen stateaffectsa distinctpartof X’'s hierarchy

Swe take theliberty of usingtuplesratherthannameswith selectorsastheresultingdiscussioris simpler



®(X,S,M =>R) (X,S.L) @

(Y,S\N => U)

Figurel: Establishmenof a SubstatdExpression

To show theestablistconditionis sufficient,assumeve have to apartialplanstructureP, and
a substateexpression(X, S, L) within it that satisfiesthe truth criterion beforestepO. Further
assumehat Q is a completionof P, and (X', S,L’) is the groundversionof (X,SL). Then
(X', S L) = (X, S L); for somegroundingsubstitutiort. Then:

— stepA (usedasthe establishein P) is beforeO in the completionQ by the definition of
‘necessarilybefore’

— A'stranstion(X, SN = R) will begroundedo (X', SN’ = R) in Q. SinceL C R, by
definitionthis holdstruefor any consistenbindingof variablesn L andR. Hencethe condition
L' C R. ismetin Q.

— Assumethereis in thecompletiona C in betweenA andO which actsasa clobberer Then
C mustbein P, andfurthermordat musthave beenpossibeo orderit in betweer andO. For C
to bea clobbererin the completion,it mustcontain(X’, S M’ = U’) in its transitionssuchthat
X' getstranslatednto a substatehatdoesnot satisfyL’, thatis —(L" C U’), andU’ mustaffect
atleastsomeof the hierarchicacomponentaisR does.In P, therefore C musthave contained
atransitionsuchthatL C R givenC translate®bjectX. Hencewe geta contradictionandsoin
thecompletiontherecanbeno suchclobberer

Sincewe have provedthat,if any substatexpressiorsesatisfiegheconditionin aplan?P, it
followsthata groundversionof seis establishedywe have sufficiengy. Any plan? which hasall
its substatexpressiongprevails, overallgoalsandlhs of transitions)katisfyingthetruth criteria,
meanghatall the completionof thatplanaresoundsolutions.

3.1 The Application of the Truth Criterion to HTN Planning

Hierar chical Representationof Actions: By allowing operatorgo contain‘bodies’ (networks
of tasks) theprimitive operatoreasilygeneraliseto thehierarchicakase Hierarchicabperators
arerelatedto the primitive operatorghatresultin expansionf the hierarchyandaresimilarin
this respecto the formulationsof Yang[21] andErol [4]. A hierarchicaloperatorwill change
thesubstatesf objectsin waysconditionalonits expansionnto moredetailedtasknetworks. It

6spacedoesnot permit us to discussthe casewherean expressionis establishedy a conditionaltransition,
howeverthisis discussedn [9]



will necessarilychangethe stateof zero,oneor moreobjectsinto a well definednew state(i.e.
well definedaccordingto the substateclassexpressions).If it doesnot necessarilychangethe
substateof arny object,thenit is calleda filter operatoy but if it is ‘indexed’ with oneor more
necessaryransitionsjt is calleda methodoperatof11].

An hierchicaloperatorO hascomponentgid, pre, index, cons nodeg, suchthatO.id is the
operators parameterisedentifier, O.pre is a setof substatesxpressionsQ.index is a set of
necessargtatetransitiongpossiblynull), O.consis asetof staticpredicatesctingasconstraints
(which includetemporalconstraintson node$, andO.nodesis a setof nodes A nodeis either
the nameof a primitive operatoy the nameof a hierarchicaloperatoy or an expressionof the
form *achieve(G)’, whereG is a substatexpression. Eachexpressionin O.pre mustbe true
beforeexecutionof O, but may be affectedby an operators execution. Hierar chical Partial
Plan StructuresA tasknetwork min OCL, is definedasa structure(id, pre, index, cons nodes.
pre arethe preconditionsof the network (for a top level network this be the initial state),and
index is the setof transitionsthatthe network mustachieve. id, consandnodesareasdefined
above. Therefinemenstepis carriedout by reducingmto network nt, by replacinga nodewith
operatorop of the sameidentifier, or a nodeof type achieve(G) is replacedby the nameof a
primitive or the nodesin a methodoperatorwhich necessarilyachiezesa substatesatisfyingG.
Therefinemenstepis legalif m.cons supplementewith otherconstraintdroughtaboutby the
refinementjs consistentn M.

The transpaencypropertydevelopedin referencg11] wasstatedin termsof transitionse-
guences.We canapply the truth criterion developedabove to restatethis propertyasfollows.
Every expansionof a methodoperatorshouldhave the following property: for eachobject X
whosesubstatdransitionis declaredn its index, every substateexpressionin the prevail, pre-
conditionor necessaryransitionamustbe establishedccordingo the definitionabove.

4 A Practical Evaluation of OCLy, usingthe O-Plan System

O-Plan[3, 17] andSIPE[19, 20] areHTN centerelanningsystemshathave beendeveloped
to supportappliedresearch.This applicationfocushasleadto the formationof constructsand
representationalevicesthataredesignedo meetthemodellingrequirementsf real-world plan-
ning problems.In this section,we compareOCL;, with O-Plans TaskFormalismTF to identify
their similaritiesanddifferencesAs well ashighlightingtheir relative strengthstheresultspro-
vide aninsightinto the practicalutility of OCL,, andindicatewherefurther researchmustbe
focusedo unify therelative benefitsof theserepresentatioraguages.

Our comparisoris in two stages First, we examinethe benefitsof usingonly the substatée
substatelassdeasfrom OCL,. We motivatethiswith thescenariaf supportingadomainwriter
in understandingndmodifying an existing domaindescriptionencodedn TF. This scenarias
designedo demonstratéhe modellingassumptionghatareexplicitly capturedn OCL;, but not
in TF andtheutility of usingsubstat€®CL;, elementasapencilandpaperactvity alongsidehe
generaldevelopmentof the model. Secondwe take eachof the major constructsn TF in turn
andconsiderhow they canbe mappedo OCL;,. Throughoutwe usethe Pacificadomain[15].
Pacificais anunclassified/ersionof a non-combatantilitary evacuationplanningapplication.



It entailsthemovementf transportatioquipmento anisland,theevacuatiorof thepopulation
of outlying districtsto a centralpoint, andfinally theevacuatiorof theassemblegopulationand
transportatiorequipmentfrom the island. The Pacificadomainis one a numberof standard
O-Plandemonstrationthatcanbe run over the World Wide Wely .

4.1 Analyis of a TF Encoding Using the OCL, Method

The Pacificatype definitions,loosely equivalentto OCL,;, sorts,areshavn in Example5. The
substateshatinstance®f thesetypescanoccupy arenot explicitly statedin the domainmodel
but areinsteadmplicitly recordedn the models operatordefinitions.

ground_transport= (GT1 GT2),

air_transport= (C5 B707),

country= (Pacifica HawaiL_USA),

location= (Abyss Barnacle Calypso Delta Honolulu);

Example5

Part of the specificationof the fly_transportoperatoris givenin Example6. We cande-
ducefrom thevars statementshattransportonly operatebetweerlocationsthatareof thetype
air_baseandfrom the effectsstatementshat instanceof the type ground_transportcanbe at
locationsandhave anin_use statussetto atleastin_transit Carefulexaminationof this action
revealssomesubtlesubstateconstraintan the domainthatare not explicitly documented For
example,instancef the type ground_transportcanbe carriedonly by the C5 instanceof the
air_transporttype. A C5is alarge military transportaircraftwhile a B(oeing)707is a standard
civilian passengeaircratft. If adomainwriter chagedwith modifyingthemodelwasunavareof
this constrainthe or shemightchangethe C5tokenin lines5 and6 of Example6 to B707. The
resultwould be anactionthatenablegheinvalid stateof loaded(B707ground_transport)to be
formed.As the currentmodeldoesnotincludea specificatiorof the constitutionof a valid state,
thereis no specificatiorfor the domainwriter to manuallycheckhis or her nev modelagainst
andthereforedentify theerror

1.schema fly_transport

2.expands fly_transport 7FROM ?TO;

3.vars: FROM 7?type air_base ?TO ?type air_base

4.only_use for_effects at GT1 ?TO, at GT2 ?TO;

5.conditions achieve at C5 7FROM, unsupervisedat GT1 ?FROM,
6.effectsat C5 7TO, in_usefor GT1 in_transit at begin_of self,
in_usefor GT2 in_transit at begin_of self,

7.end_schema

Example6

"http:/lwwwaiai.ed.ac.ukdplan/web-demo/



Example4 shavs the objects,sortsandsubstateclassedor for Pacificaexpressedn OCL,.
The processof producingthis encodingforcesthe developerto think deeply aboutthe ob-
jectsin the domainand the statesthat they canoccupy and, hence,explicitly documentthe
assumptionsinderlyingthe original TF encodingof the domain. For example,the distinction
betweenthe B707 and the C5 identified above is madeexplicit throughthe division of sort
large_scale_transportef into thesortscargo_transporterandpeople_transporteratline 4. The
invarianton line 14 statesthatit is inconsistento load an objectC onto a people_transporter
whenobjectC is of thesortCargo.

The processof writing the OCL;, descriptionof Pacificain Figure3 forcedusto think care-
fully aboutthe statesthat objectscanoccupy. As a result,we have madeexplicit distinctions
suchasthatbetweercago andpeopletransporteranddocumentedhem. Evenin the absence
of tool supportfor agumentsaythe descriptionn Figure3 wasaddedasa commentwithin the
PacificaTF file, the assumptionsinderlyingthe modelwould be documentedHowever, OCL,
goesfurtherby offeringtool supportfor checkingthe consisteng of actionsagainsthe substate
classandinvariantspecificationsIn thefollowing sectionwe considerthe mappingbetweenO-
PlanTF andOCL,;, constructgo determinaf thetool supportprovidedfor OCL, canbeextended
to arich formalismsuchasTF.

4.2 Comparing O-Plan TF and OCL, Constructs

In the previoussectionwe demonstratethatthe OCL, methodof object-centeredtructuringcan
be usedto identify slipsin operatorefinitionsthatplaceanobjectof asortinto aninvalid state.
AlthoughTF doesnot currentlysupportsuchconstructsit would be straightforvardto integrate
themwith O-Plan. In this sectionwe considermore the complex questionof reconcilingthe
operatorrepresentationsf both languagesandhencethe likelihood of providing tool support
for checkingO-PlanTF modelsfor transpareng First,we consideihow theindexing of methods
in OCL;, with astatetransitionindex is achiezedin O-PlanTF. Secondwe considethemapping
of eachof the conditiontypessupportedy O-Planto OCL,,.

Method Indexing

In OCL,,, eachmethodmustbeindexedby a setof necessargtatetransitions]. HS= RHS and
a setof dynamicfilter predicatesP. To determinehow the equivalentindex canbe expressedn
TF, considerthe exampleTF scheman Example7. The RHScomponenbdf the statetransition
index of this schemas statedn the only_use_for_effects In this case the operatoris designed
to bring aboutthe stateof the groundtransportGT1 beingatthe ?to location. The sideeffectsof
theoperatoraretypedasjust effects In this casetheeffectthatthe C5is alsoatthe ?tolocation
is asideeffect. Onewould notusethis operatoirfor the purposeof achiezing thiseffect. Thinking
in termsof thedomain,it would not make senseo loadatransportewith caigo andthenfly the

8The clarity of modelling afforded to us by OCLy, hascausedus to replacethe original air_transportand
ground_transporttypesin the original TF encodingwith large_scale_transporterand small_scale_transporter
Thetrue distinctionbetweerthesesortsis not thatthey travel by land or air, but thata large_scale_transportcan
carryasmall_scale_transportbut notthecorverse.
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transporteto alocationif oneonly wantedthetransporteto be atthatlocation.In this casethe
loadingof thecalgo would be superfluous.

schema fly_transport vars 7FROM ?type air_base ?TO ?type air_base
expands fly_transport 7FROM 7TO;

only_use.if fuelLat ?FROM assignedto_unit; only_usefor_effects at GT1 ?TO,
effectsat C5 = ?TO,

conditions achieve at C5 7FROM,

unsupervisedat GT1 ?FROM, ..

Example7

Reconstructing LHS of anOCL, transition,to form anindex for amethodoperatoyis more
involved. Initially, it appearghatthe only_use_if conditiontypeis equivalentto the LHS. In TF
only_use.if conditionsare usedto choosebetweendifferentmethodgor refining a given high
level action. The plannerwill not make ary attemptto satisfythe condition. If anonly_use.if
conditionis not satisfiedat the pointin the planningprocessvhenthe plannerconsiderst, then
themethodof whichit is a partis notapplicable.Thisis theequvalentto theintendedoehaior
of an OCL,;, planningenginewhenconsideringhe LHS of a statetransitionindex. However, in
OCL, dynamicobjectsin atransitionalsohave atargetsubstatembodiedn theRHS In domain
modellingterms,this meanswe only specifyobjectsof dynamicsortsin a statetransitionindex
if weareconcerne@boutboththestatethatthey arein whenwe decideto usea methodandafter
it hasbeenexecuted.For an OCL;, hierarchicaloperatorO the O.pre componenprovidesa set
of substatexpressiongor specificallydefiningdynamicconditionsthatwe areconcerne@bout
only whenselectingoperatorsMappingthis to O-PlanTF, we candistinguishbetweertwo sub-
typesof only_use.if conditions.Thefirst, which correspondo O.pre, aretypedasonly_use.if
but thereis no associate@xpressionn the operatorsonly_use for_effects The secondwhich
areequialentthe LHS of an OCLy, statetransitionindex aretypedasonly_use_if andfor which
thereis alsoan associatedxpressionn the operatorsonly_use_for_effects Consideringwhat
we canlearnform this mapping|t is first clearthatwe canautomaticalljcompilefrom anO-Plan
TF operatothe O.pre andtheindex transitionan OCL,,. Thereis nodifferencen expressieness
betweenthe two formalismsin this aspect. The advantageof OCL, in thisis thatit forcesthe
domainwriter to explicitly distinguishbetweenthesesets. This additionalstructuregivesthe
domainwriter someadditionalguidancevhenwriting operators.

Condition Types

O-Plans TF containsa numberof conditiontypes[18] which, in termsof the planningprocess,
determinghe mechanism®-Planwill useto satisfya givencondition.lIt is well agued(for ex-
ample,in thecontractometaphoin thehousebuilding domain[16]) thattheseypescorrespond
to domainfeaturesand can be written without knowledgeof the underlyingsearchstratgies
deplog/edin O-Plan. In this section,we considereachconditiontype anddeterminef it canbe
mappedo OCL,; orif thefoundaation®f OCL,, (andthecorrespondindruth criteriaanddomain
propertydefintitions)mustbe modifiedto accommodatéhem.
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Achieve (x = v): O-Planwill seekto make x have value= v atthepointin the planthatthis
conditionis placed. It will exploit ary available mechanisnto do this, including the addition
of new plan structure(which hasthe worst implicationsfor expansionof the searchspace).
Thereis a oneto onemappingbetweerthis conditiontype andthe OCL,, achieve condition. In
OCL;, conditionsof this type are expressedas achieve(g), whereg is the substatesxpression
representingnobjectx with attributev.

Only_use_if: As outlinedin the previous section,this conditiontypeis usedby O-Planto
selectbetweendifferentmethodsfor refiningthe samenon-primitive action. A methodO will
only be consideredpplicablefor refiningiff atthetime in the planningproces.pre, O.cons
andtheRHSsof thetransitiongn O.necholdin thecurrentplanstate.OCLy, dividesonly_use._if
conditionsasfollows:

only_use.if on Staticpredicates:areexpressedvithin O.cons

only_use.if on Dynamicpredicatesalso mentionedn the only_use_for_effectsof an oper
ator: areexpresseanthe LHS of a statetransitionindex in O.nec

only_use if on Dynamicpredicatesnpot mentionedn theonly_use for_effectsof an opera-
tor: theseareexpressedn O.pre.

Unsupenised Conditions: O-Planrestrictsthe mechanismd candeploy in satisfyingan
unsupervisedondition.It will only useeffectsthatarealreadyin the planandwill notconsider
theinclusionof new plan structure.This causegproblemswith the existing definition of trans-
pareng asit is nolongernecessarjor amethodto achieve all the stagef atransitionitself. In
essencanethodsareno longerself-contained.

Supewised Conditions: For example,(x = v at nodel from node2) meansthat x must
equalv ata pointin a planandthatit will be satisfiedby aneffect at a specifiednodeor by an
expansionof thatnode. In OCL,, terms,the useof superviseadonditionstightensthe definition
of linear soundnessA supervisecconditionwould stipulatethatthe LHS of a giventransition
mustbe establishedy the RHSof a specifiediransitionor the setof transitionsinsertedin the
sequencéy somehigherlevel one.Currently theinitial conditionsor ary RHSoccurringbefore
atransitioncansatisfythe LHS.

4.3 Discussion

This comparisorhastakenthe O-Plansystemasan exampleof anappliedplanningsystemand
comparedt with OCLy, to give insightsinto the practicalutility of OCL;,. We have identifiedthat
evenwhenappliedasjust a paperand pencil activity alongsidemodeldevelopment OCL;, can
benefitadomainwriter. Thedisciplineof constructingsorthierarchiestheir substatelasscom-
ponents andinvariantsto documenidesigndecisionsorcesthe domainwriter to think deeply
aboutthe sortsandthe stateghattheir objectscanoccuyy. Includingtheseaspectsn adomain
modeldocumentsnodellingassumptionghatwould otherwiseonly beimplied by operatordef-
initions. In the secondstagewe comparedlF's schemasvith OCL;’s hierarchicaloperators,
with the intentionof . Many of the constructan O-Plans TF have animmediatemappingin
OCL,. Specifically only_use_if, only_use_for_effect, effects,andachieve conditionandeffect
typeseithermapdirectly or canbe automaticallycompiled. However, in the caseof supervised
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andunsupervisedonditiontypes,the definitionsof linearsoundnesandtransparencareover-
restrictive. In the caseof the superviseaonditiontypethis shouldnotbe a problem.Supervised
conditionshave the effect of tighteningthe definitionof linearly soundby specifyinga subsebf
the possiblecontritutorsto establishinga condition. In the caseof unsupervisedhe issuesare
morecomple. Unsupervisedemovesthe obligationon a methodto be self containedn ensur
ing that it establisheshe LHS of the overall transitionthatit is designedo achieve. It is not
immediatelyobviouswhatobligationthis placeson othermethodsn the model. Pragmatically
unsupervisethasproveda usefulconstructin modellingreal-world problemsandthereforecan-
not be discardedvithout carefulconsiderationTheintegrationof supervisedandunsupervised
conditiontypesinto OCL,;, is animportantissuefor furtherresearchTheunsupervisedondition
typeis likely to requirethe mosteffort.

In termsof practicalapplication,the O-Planteamis currentlyworking on a planningap-
plication for the supportingSmall Unit Operationsn the US Army. This work is demanding
much effort in domainmodelling and requirementsietermination. The O-Planteamalready
usedBM=92sBusinessSystem®PesignMethod(IBM 1992a;1992b)to identify thefundamen-
tal entitiesin adomainandthetransitionthatthoseentitiescanmake. Theconceptsvithin OCL,
supportthis emphasishroughthe provision of a planningorientedformalismfor tightly specify-
ing thesemodels.In theabsencef tool support, OCL, conceptsarebeingappliedaspenciland
paperactvities alongsidethe modeldevelopment. The additionalstructureprovided by OCL,,
is helpingto clarify thinking. While not providing a completedefinition of transparengc with
respecto O-PlanTF, thenotionprovidesa usefulreview checkfor models.

5 RelatedWork

A relateddevelopmentin knowledgeacquisitionfor planningis the developmentof tools for
manipulating,analysingand compiling domainmodels. Fox andLong [6] shav how efficient
tool supportcana type structureand modelinvariantsfrom an operatorset. Effectively, their
tools candeducepartsof the OCL,;, languagg(i.e. sorthierarchiesandinvariants)from literal-
basedreconditiorandeffectsoperatorsGerevini andSchuberhave shavn thepotentialof type
analysign planning[7], andMcCluskey andPorteoushovedthe potentialof combineddomain
independenheuristicextracion[12]. Tools basedon this work help the knowledgeengineer
build a modelby (a) crosscheckingstatedassumptiongandpropertiesof the model(b) making
explicit implicit knowledgethatis particularly helpful to a planner Biundo and Stepharhave
alsoworkedon systematianodellingof planningdomainsjut in theareaof deductve planning
[2]. They usearich languagevhichis inspiredby formal methodsn softwareengineering.
Problemgemainwith theformulationof expressve HTN languageb¥ecausef thecomple-
ities in analysingcomplex conditionalbehaiour in an abstracoperator Calculating‘implicit
preconditions’ for example,of suchoperatorss thusnot as straigtforward asthat of a linear
sequencef primitive operators.This doesnot mean,however that progressowardsthat goal
shouldnot be made. Tsunetoet al’s ‘externalconditions’ideais a stepin this direction- con-
ditions (excludinginitial conditions)thatare neededo be satisfiedbeforeany completedplan
canbe sound- is animportantideahere. They have an algorithmwhich finds someexternal
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conditions.

6

Conclusions

In this paperwe have briefly reviewedthefoundationsof OCL,,, anddefined(a) a sufficienttruth
criterionfor planscontainingprimitive operatorgb) a truth citerion,basedon transparencand
sortabstractionfor hierarchicatasknetworks. In thesecondalf of thepapemwe have compared
OCL, to TF, a powerful representatiofanguagevhich hasbeenusedto encodemary comple
domains.This comparisorhas(a) givenrise to a mappingbetweenmary of the constructgb)
highlightedthe featuresof OCL;, thatmay needfurther development(c) illustratedsomeof the
adwantagesn usingsuchanobject-centre@dpproachThetwo halvesof thepapeythereforepro-
videsevidencethatOCL,, is botharealisticyet transparentanguagecapableof bothsupporting
theoreticalnalysisandproviding the constructsequiredfor domainmodelling.
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