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Abstract

In this paperwe postulateOCLh asa prototypefor future planningdomainmodelling
languageswhicharefoundationallysound,but offer featuresthatareattractive andsupport-
ive to knowledgeengineers.Thenovel contributionsof this paperis that it (a) describesa
truth ctiterionfor OCLh anddetailsa proof that thecriterion is sufficient for ensuringnec-
essarytruth in a partialplanstructure(b) evaluatesOCLh, illustratingits pragmaticbenefits
by comparingit with O-Plan’s TF. We show usinga realexamplehow OCLh’s structuring
devicesaid theknowledgeengineerin building a model. Finally, theexampleandcompar-
isonwith TF identifiesfurtherdevelopmentwork to advanceOCLh aspotentialhigh level
researchlanguagefor modellingoperatorbasedplanningdomains.
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1 Intr oduction

Knowledgeacquisitionfor planninghasreceivedincreasingattentionin the last few yearswith
theappearenceof workshopsatAIPS98[1] andthroughthePLANET initiative

�
[13]. Oneprob-

lem identifiedis that languagesdesignedfor usewith realisticsystemstendto be theoretically
opaque- it is not easyto give operatorsa clearsemanticsashierarchicaloperatorsarecontext-
dependent.Althoughsomeprogresshasbeenmadein thisarea[21,5,11], ‘clean’ representation
languagesstill fall shortof therichnessapparentlyrequiredfor applications[14], andaregener-
ally notdesignedwith theknowledgeengineeringtaskin mind. In orderto beableto investigate
existing andnovel planningtechniques,andtheir scalingup to knowledged-basedapplications,
oneneedsto encodedomainsin a languagethat is clearandwell founded,aidstheknowledge
engineerin the knowledgeacquisitionandmaintenancetask,andis orientedtowardsplanning
applications.

In this paperwe postulateOCLh asa prototypefor future plannerdomainmodelling lan-
guagesthat are foundationallysound,but offer featuresthat are attractive and supportive to
knowledgeengineers.OCLh is a language,with a supportingmethod,which hasbeendesigned
for encodingdomainsfor bothclassicalpreconditionplannersandHTN planners.Therationale
for an object-centred approachto encodingplanningdomainswasproposedin reference[12].
A full methodfor themodelbuilding processwasdescribed,includingtheestablishmentof var-
ious modelproperties,supportedby a setof tools to supportthe engineeringprocess.While
this definedthe baselanguage,OCL was later extendedto OCLh to includean extensionfor
HTN models. Along with desirablepropertiesof OCLh encodings,an algorithmto checkdo-
maindescriptionsfor theabsenseof thesepropertieswasintroduced[11]. Furtherdetailsof the
languageis availablein reference[10], andOCLh encodingsof planningdomainsincludingan
HTN transportlogisticdomaincanbefoundon theweb

�
.

In thefirst partof thepaperwe startby briefly reviewing theconstructsof OCLh. Next we
definea truth ctiterionfor OCLh, show that it is is sufficient, andcanbeusedasthebasisfor a
soundgoal achievementalgorithm. In the secondpartof the paperwe illustratethe pragmatic
benefitsof OCLh by comparingit with O-Plan’sTF, andshow usinga realexamplehow OCLh’s
structureaidstheknowledgeengineerto build amodel.

2 Foundationsof OCLh

A domainmodellerusingOCLh aimsto constructamodel
�

of thedomainin termsof objects,
a sorthierarchy, predicatedefinitions,substateclassdefinitions,invariants,andoperators.Pred-
icatesandobjectsareclassedasdynamicor staticasappropriate- dynamicpredicatesarethose
which may have a changingtruth valuethroughoutthe courseof plan execution,anddynamic
objects(groupedinto dynamicsorts)areeachassociatedwith a changablestate.Eachobjectin�

belongsto a uniqueprimitivesort s, wheremembersof s all behave thesameunderoperator
application.For example,in a transportdomainthewriter might startby definingobjectsanda

�
onlineproceedingsathttp://www.aiai.ed.ac.uk/paj/planning/planet/ka-tcu/99-04-workshop.htm�
http://www.hud.ac.uk/scom/research/Artform/resources.html
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simplesorthierarchyasshown in Example1. This shows theway ‘sorts’ definitionsconstruct
the hierarchy, and in particularhow (static) sortscanbe definedin termsof aggregationand
recursion.

sorts� item�
	 box� crate�� sorts� vehicle��	 truck�� sorts� load�
	 empty� add� item� load����
objects� box��	 box- ��� box- ��� box- ���� objects� truck ��	 truck- ��� truck- ����

Example1

Variablescanappearin predicatesin variouscomponentsof a model. In this paperthey are
representedby a capitalletter, andareassociatedwith a sorts givenby thepredicatedefinition
partof

�
. A legalsubstitutionof avariableis thereplacementof avariableby atermwhichhas

s asa ‘supersort’.
OCLh is basedon theassumptionthatthestateof theworld in a planningapplicationcanbe

decomposedinto thestateof eachobject(a ‘substate’)in thatworld. A substatessdescribesthe
stateof anindividualdynamicobjectin a planningworld. It is fully describedasa tuplesswith
components� i � s� e� , wheress� i is theobject’s identifier, ss� s is theprimitivesortof ss� i, andss� e
is a setof grounddynamicpredicateswhich all refer to ss� i � . All predicatesin ss� e areasserted
to be trueundera locally closedworld assumption;informally, thesemeansthatany instances
of predicatesreferringto ss� i not includedin ss� e, but which maybeusedin thedescriptionof
anotherobjectof sortss� s, arefalse.

� box- ��� box��	 at � box- ��� depot- ����� waiting� box- �
������ box- ��� box�
	 in � box- ��� truck- �
� �!�
� truck- ��� truck ��	 loaded� truck- ��� add� box- �"� add� box- �#� empty�$�%��� unavaliable � truck- �
�&� fuel� truck- ��� full ����

Example2

A world state is a completesetof substatesfor all the dynamic,primitive objectsin the
planningapplication.Threesubstatesthatcouldform partof aworld stateareshown in Example
2. Herethe local closedworld assumptiontells us that, for example,waiting� box- '(� is false.
Statesareconstrainedby invariants. Thesedefinethe truth valueof staticpredicatesandthe
relationshipsbetweendynamicpredicates.In particularthey areusedto recordinconsistency
constraints.A world statethatsatisfiestheinvariantsis calledwell-formed.

For eachsorts, thedomainmodellergroupsobjectsubstatestogether, specifyingeachgroup
with a set of predicatescalled a substateclassexpression. When ground,eachexpression
alwaysdecribesaunique,legalsubstate,andtogetherthesubstateclassexpressionsshouldform
acomplete,disjointcoveringof thespaceof substatesfor objectsof s. For example,thesubstates
of a truck mayfall into thethreeclassesgivenby thefirst definitionof Example3.

Substateclassesarenormallyspecifiedat variouslevels in thesorthierarchy. For example,
objectsof sort truck have classesspecifiedthroughtheir primitive sortbut they alsoinherit the
dynamicpredicatefuel� truck � fuel level� from supersortvehicle. A substateof anobject,there-
fore, may have up to n hierarchical componentsrepresentingits primitive sort (s� ) andn )+*
supersortss� �#�,�,�-� sn. In generaltherefore,thehierarchicalsubstateclassexpressionfor anobject

.
in previouspublicationsweidentifiedsubstatesandsubstateexpressionswith theirpredicatedescriptions:here,

for clarity, wedecoratethenwith thenameof theobjectthey areattachedto andtheprimitivesortof thatobject
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of primitivesorts is theconjunctionh�0/ h��/ �-�,� / hn whereeachhj is onecomponentof sortsj ’s
substateclassexpressions.

substateclasses� truck ��	1	 loaded� T � L ��� unavailable� T ��� less than� L �32�� �4�
	 unloaded� T ��� unavailable� T ������	 unloaded� T ��� available� T ���1�!�

substateclasses� vehicle�
	5	 fuel� V � A� �5��
Example3

To ensurethat any legal groundinstantiationof a substateclassexpressiongives a legal
substate,they may contain‘static’ predicates.So, for example,predicateless than limits the
loadof the truck to beup to 4 objects.A moreelaborateexampleof anobjecthierarchyanda
setof classexpressionsthatwill beusedin thediscussionlateris shown in Example4.

��6 sorts� physical obj ��	 transport�!�
��6 sorts� transport�
	 small scale transporter� large scale transporter��
��6 sorts� small scale transporter�
	 ground transporter��7 6 sorts� large scale transporter�
	 people transporter� cargo transporter��
2�6 objects� ground transporter�
	 gt ��� gt���!�8 6 objects� cargo transporter��	 c2���9 6 objects� people transporter��	 b9;:<9 ��= 6 substateclasses� physical obj ��	1	 at � O � L �5��> 6 substateclasses� transport��	1	 unloaded� T ��� available� T ������	 loaded� T � C�&� in use� T �����?��
� : 6 substateclasses� large scale transporter�
	5	 is of sort� L � air base�����?��
����6 substateclasses� cargo transporter��	1	 is of sort� C � equipment���1��
�
��6 substateclasses� people transporter��	1	 is of sort� C � people���1��
���"6 substateclasses� ground transport�
	5	 driving between� T � A � B�4�$�!�

Example4

Herethehierarchygivesa definitionof someof thesorts,objectsandsubstateclassesin the
Pacificadomain@ . Thehierarchyimposesconstraintson final substatesusingthe specialstatic
predicateis of sort, sothata substatefor thecargo transpotercA would beany legalgrounding
of:

	 at � c2�� L �&� loaded� c2�� C�&� in use� c2�� �
whereC andL belongto theprimitivesortsequipmentandair baserespectively.

Primiti veAction Representation

Let Pbethesetof all possiblepredicatestructuresin themodel(whereanargumentof apredicate
cancontainany appropriateobjectidentifier, variableor legally-formedterm). If z� zBDC P, for z
andzB to be‘equal’ we assumethey mustbeidentical. For example,if x � y � z aresortvariables,

E
availablefrom http://www.aiai.ed.ac.uk/oplan/web-demo/show-tf.cgi/pacifica.tf
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p a predicatenamedefinedin
�

, thenp � x � y� is distinct from p � x � z� . If z� zBFC P thenzBFG z
meansthatzB is asubsetof z with thisdefinitionof equality.

If i is a variableor an object identifier, s is a sort-name,ande is a setof predicatestaken
from P, thensewith components� i � s� e� is calleda substateexpressionif se� s H ss� s andthere
is a legal substitutiont suchthat se� ot H ss� o andse� et G ss� e, for at leastonesubstatess. A
consequenceof this definition is thatany subsetof thepredicatesin a substateclassexpression
form asubstateexpression.

A substatetransition is an expressionof the form � o � s� se I ssc� whereo is a dynamic
objectidentifieror a variableof sort s, andseandsscarea substateexpressionanda substate
classexpressionrespectively. In astatecontainingthesubstatesin example2, a transitionmight
be:

� T � truck ��	 loaded� T � X �KJL	 loaded� T � add� B � X �$�&� unavaliable� T ����
broughtaboutby the loadingof anotherbox ontoa truck. For eachcomponentof sefrom the

nth level in thehierarchy, sscmustcontainacompletesubstateclassexpressioncomponentfrom
thenth level. For thelevelsin thesorthierarchythatarenot mentionedin se, it is assumedthat
predicatedesctiptionsof theobjectpersists.Sincethehierarchicalcomponentinheritedfrom the
supersortvehicleis not referredto in theexample,the truck’s fuel level remainsunaffectedby
this transition.

Operator Definition: An actionin adomainis representedby aneitheraprimitiveor hierar-
chicaloperator. A primitiveoperatorschemaO hascomponents� id � prev � nec� cond� cons� , such
thatO � id is theoperator’s identifier, O � prev is theprevail conditionconsistingof asetof substate
expressions,O � necis asetof necessarysubstatetransitions,O � condis asetof (conditional)sub-
statetransitions,andO � consis asetof staticpredicatesactingasconstraints.Eachexpressionin
O � prev mustbetruebeforeexecutionof O, and,at leastin thecaseof primitive operators,will
remaintruethroughoutoperatorexecution.

Operator Execution: A primitive operatorO canbeexecutedin world stateS if thereis a
substitutionsequencet suchthat
(a) for all � X � s� L �MC O � prev, thereis asubstate� o � s� E �NC SsuchthatXt H o andLt G E
(b) for all � X � s� L I R� in O � nec, thereis somesubstate� o � s� E �OC S suchthat Xt H o and
Lt G E
(c) O � const is consistenti.e. thereis a legal bindingu suchthat O � constu’s staticpredicatesall
evaluateto truein

�
.

Thenew world stateis Swith thechangesmadeasspecifiedin thenecessaryobjecttransitions,
andany otherobjectschangedby the conditionaltransitionsif the LHSof the transitionswere
satisfiedin S.

3 A Truth Criterion for Usein Primiti vePartial Plans

Therigorousformulationof OCLh, briefly reviewedabove,leadsto propertiesof domainmodels
suchas consistency and transparency that have beenusedas the basisfor tool support[11].
Herewe show how a truth criterion canbe formulatedandusedasthe basisfor investigating
goal achievementin object-centredgoal-directedplanners.The truth criterion is sufficient for
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ensuringthetruthof asubstateexpressionatastepin aplan,andcanbeusedto ensureaplanner
acceptingOCLh is soundandcomplete.More detailsof this truth criterionanda setof planners
thatarebasedon it is givenin reference[9].

Assumea planstructurecontainingonly primitive operatorsP is any setof steps,temporal
constraints,andvariableconstraintshaving theform � steps� tc � vc� . A stepis theoccurenceof an
operatorwithin aplan.A completionof P is aground,linearsequenceof all thestepsin P which
obeys PQ� pcandPQ� vc. In thiscontext possibly� X H Y � meansthatthetermX canbeunifiedto the
termY without makingvc inconsistent,andlikewisepossibly� A R B� meansthat that temporal
link canbeaddedbetweenstepsA andB without makingtc inconsistent.A soundplan is one
in which all thegoalconditions(which areposedassubstateexpressions)andpreconditionsof
operatorsarenecessarilyestablishedin the plan. In OCLh thesepreconditionsarethe prevail
conditionsandtheleft handsidesof necessarytransitionsof steps.

In the classicalformulation, establishinga literal p at a point t in a plan is often castas
proving thenecessarytruth of p. Therearevariousplannerswhichembodyconditionssufficient
for establisheda literal aspointedout in [8]. Thatis, if theconditionevaluatesto truein apartial
planstructurethenthe literal will benecessarilytrue in all completionsof theplan. Often,this
is carriedout in planningby finding a stepA beforet with p in its effects,andensuringthatthat
effect is notundonebetweenthetemporalpositionof A andt. In OCL,operators(steps)describe
thetransitionsof objects,ratherthantheaddinganddeletingof literals,andsubstateexpressions
ratherthanliteralshave to beestablishedbeforestepscanbeexecuted.

Wegiveasufficientconditionfor thenecessarytruthof asubstateexpression� X � S� L � before
a stepO in a planstructureP in termsof theestablishedcondition(i.e. if this conditionis true
thenthe substateexpressionwill be establishedin any completionof the plan). Here � X � S� L �
couldbea memberof O � p, or L couldbetheleft handsideof somestatetransitionS (seefigure
1). � X � S� L � is establishedby stepA CTPQ� stepsif

1. A is necessarilybeforeO andhasanecessarytransition � X � S� N I R� suchthatL G R.

2. thereis nosuchstepC CTPU� stepssuchthat

(a) C is possiblyin betweenA andO, and

(b) C containsanecessaryor conditionaltransition � Y � S� M I U � suchthat

i. possiblyX H Y, and

ii. if X H Y, theneither VW� L G U � or U andRcontainclassexpressioncomponents
from thesamelevel of theclasshierarchy

Essentiallythisstatesthat,to checkor makeasubstateexpression� X � S� L � truein adevelop-
ing plan,it is sufficient to make sureit hasanestablisher(A), andto checkthatno steppossibly
inbetweencanpossiblychangethestateof theobjectconcerned.Theexceptionis wherea step
canchangethestateof X: whenever this happensthechangein statewill establishthesubstate
expression,or thechangein stateaffectsadistinctpartof X’shierarchy.

X
we take theliberty of usingtuplesratherthannameswith selectorsastheresultingdiscussionis simpler
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A

C

O
(X,S,L)(X,S,M => R)

(Y,S,N => U)

Figure1: Establishmentof aSubstateExpression

To show theestablishconditionissufficient,assumewehaveto apartialplanstructureP , and
a substateexpression� X � S� L � within it that satisfiesthe truth criterion beforestepO. Further
assumethat Y is a completionof P , and � XB�� S� L B� is the groundversionof � X � S� L � . Then
� X B � S� L B �ZHL� X � S� L � t for somegroundingsubstitutiont. Then:

– stepA (usedastheestablisherin P ) is beforeO in thecompletion Y by thedefinitionof
‘necessarilybefore’

– A’s transtion � X � S� N I R� will begroundedto � XB � S� N B[I RB!� in Y . SinceL G R, by
definitionthisholdstruefor any consistentbindingof variablesin L andR. Hencethecondition
L B G RB . is metin Y .

– Assumethereis in thecompletionaC in betweenA andO whichactsasaclobberer. Then
C mustbein P , andfurthermoreit musthavebeenpossibeto orderit in betweenA andO. For C
to bea clobbererin thecompletion,it mustcontain � XB�� S� M B\I U B� in its transitionssuchthat
XB getstranslatedinto a substatethatdoesnot satisfyL B , that is V]� L B^G U B,� , andU B mustaffect
at leastsomeof thehierarchicalcomponentsasRB does.In P , therefore,C musthave contained
a transitionsuchthatL G RgivenC translatesobjectX. Hencewegeta contradiction,andsoin
thecompletiontherecanbenosuchclobberer.

Sincewehaveprovedthat,if any substateexpressionsesatisfiestheconditionin aplan P , it
followsthatagroundversionof seis established,wehavesufficiency. Any plan P whichhasall
its substateexpressions(prevails,overallgoalsandlhsof transitions)satisfyingthetruthcriteria,
meansthatall thecompletionsof thatplanaresoundsolutions_ .

3.1 The Application of the Truth Criterion to HTN Planning

Hierar chical Representationof Actions: By allowing operatorsto contain‘bodies’ (networks
of tasks),theprimitiveoperatoreasilygeneralisesto thehierarchicalcase.Hierarchicaloperators
arerelatedto theprimitiveoperatorsthatresultin expansionsof thehierarchy, andaresimilar in
this respectto the formulationsof Yang[21] andErol [4]. A hierarchicaloperatorwill change
thesubstatesof objectsin waysconditionalon its expansioninto moredetailedtasknetworks. It

`
spacedoesnot permit us to discussthe casewherean expressionis establishedby a conditionaltransition,

howeverthis is discussedin [9]
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will necessarilychangethestateof zero,oneor moreobjectsinto a well definednew state(i.e.
well definedaccordingto thesubstateclassexpressions).If it doesnot necessarilychangethe
substateof any object,thenit is calleda filter operator, but if it is ‘indexed’ with oneor more
necessarytransitions,it is calledamethodoperator[11].

An hierchicaloperatorO hascomponents� id � pre� index � cons� nodes� , suchthatO � id is the
operator’s parameterisedidentifier, O � pre is a set of substateexpressions,O � index is a set of
necessarystatetransitions(possiblynull), O � consis asetof staticpredicatesactingasconstraints
(which includetemporalconstraintson nodes), andO � nodesis a setof nodes. A nodeis either
the nameof a primitive operator, the nameof a hierarchicaloperator, or an expressionof the
form ‘achieve(G)’, whereG is a substateexpression. Eachexpressionin O � pre mustbe true
beforeexecutionof O, but may be affectedby an operator’s execution. Hierar chical Partial
Plan StructuresA tasknetwork m in OCLh is definedasastructure� 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 transitionsthat thenetwork mustachieve. id, consandnodesareasdefined
above. Therefinementstepis carriedoutby reducingm to network mB , by replacinganodewith
operatorop of the sameidentifier, or a nodeof type achieve� G� is replacedby the nameof a
primitive or thenodesin a methodoperatorwhich necessarilyachievesa substatesatisfyingG.
Therefinementstepis legal if m� cons, supplementedwith otherconstraintsbroughtaboutby the
refinement,is consistentin

�
.

The transparencypropertydevelopedin reference[11] wasstatedin termsof transitionse-
quences.We canapply the truth criterion developedabove to restatethis propertyasfollows.
Every expansionof a methodoperatorshouldhave the following property: for eachobjectX
whosesubstatetransitionis declaredin its index, every substateexpressionin the prevail, pre-
conditionor necessarytransitionsmustbeestablishedaccordingto thedefinitionabove.

4 A Practical Evaluation of OCLh using the O-Plan System

O-Plan[3, 17] andSIPE[19, 20] areHTN centeredplanningsystemsthathave beendeveloped
to supportappliedresearch.This applicationfocushasleadto the formationof constructsand
representationaldevicesthataredesignedto meetthemodellingrequirementsof real-world plan-
ning problems.In this section,we compareOCLh with O-Plan’s TaskFormalismTF to identify
theirsimilaritiesanddifferences.As well ashighlightingtheir relativestrengths,theresultspro-
vide an insight into the practicalutility of OCLh, andindicatewherefurther researchmustbe
focusedto unify therelativebenefitsof theserepresentationlaguages.

Our comparisonis in two stages.First,we examinethebenefitsof usingonly thesubstate/
substateclassideasfrom OCLh. Wemotivatethiswith thescenarioof supportingadomainwriter
in understandingandmodifying anexisting domaindescriptionencodedin TF. This scenariois
designedto demonstratethemodellingassumptionsthatareexplicitly capturedin OCLh but not
in TF andtheutility of usingsubstateOCLh elementsasapencilandpaperactivity alongsidethe
generaldevelopmentof themodel. Second,we take eachof themajorconstructsin TF in turn
andconsiderhow they canbemappedto OCLh. Throughoutwe usethe Pacificadomain[15].
Pacificais anunclassifiedversionof a non-combatantmilitary evacuationplanningapplication.

8



It entailsthemovementof transportationequipmentto anisland,theevacuationof thepopulation
of outlyingdistrictsto acentralpoint,andfinally theevacuationof theassembledpopulationand
transportationequipmentfrom the island. The Pacifica domainis one a numberof standard
O-Plandemonstrationsthatcanberunover theWorld WideWeba .

4.1 Analyis of a TF EncodingUsing the OCLh Method

The Pacificatype definitions,looselyequivalentto OCLh sorts,areshown in Example5. The
substatesthat instancesof thesetypescanoccupy arenot explicitly statedin thedomainmodel
but areinsteadimplicitly recordedin themodel’soperatordefinitions.

ground transport bc� GT � GT�����
air transport bd� C 2 B

9;:<9 ���
country bd� Pacifica Hawaii USA�&�
location bd� Abyss Barnacle Calypso Delta Honolulu��e

Example5

Part of the specificationof the fly transportoperatoris given in Example6. We cande-
ducefrom thevars statementsthattransportsonly operatebetweenlocationsthatareof thetype
air baseandfrom the effectsstatementsthat instancesof the typeground transportcanbeat
locationsandhave an in use statussetto at leastin transit. Carefulexaminationof this action
revealssomesubtlesubstateconstraintsin the domainthatarenot explicitly documented.For
example,instancesof the typeground transportcanbecarriedonly by theC5 instanceof the
air transporttype. A C5 is a largemilitary transportaircraftwhile a B(oeing)707 is a standard
civilian passengeraircraft. If adomainwriter chargedwith modifyingthemodelwasunawareof
thisconstraint,heor shemightchangetheC5 tokenin lines5 and6 of Example6 to B707. The
resultwould beanactionthatenablestheinvalid stateof loaded(B707,ground transport)to be
formed.As thecurrentmodeldoesnot includeaspecificationof theconstitutionof avalid state,
thereis no specificationfor thedomainwriter to manuallycheckhis or hernew modelagainst
andthereforeidentify theerror.

��6 schema fly transport

��6 expands fly transport f FROM f TO e
��6 vars g FROM f type air base�hf TO f type air base�7 6 only use for effects at GT �if TO � at GT�jf TO e
2�6 conditions achieve at C2jf FROM � unsupervisedat GT �kf FROM �8 6 effects at C 2lf TO � in use for GT � in transit at begin of self �
in use for GT� in transit at begin of self �9 6 end schemae

Example6
m
http://www.aiai.ed.ac.uk/oplan/web-demo/
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Example4 shows theobjects,sortsandsubstateclassesfor for Pacificaexpressedin OCLh.
The processof producingthis encodingforces the developer to think deeply about the ob-
jects in the domainand the statesthat they can occupy and, hence,explicitly documentthe
assumptionsunderlyingthe original TF encodingof the domain. For example,the distinction
betweenthe B707 and the C5 identified above is madeexplicit throughthe division of sort
large scale transportern into thesortscargo transporterandpeople transporterat line 4. The
invarianton line 14 statesthat it is inconsistentto load an objectC onto a people transporter
whenobjectC is of thesortCargo.

Theprocessof writing theOCLh descriptionof Pacificain Figure3 forcedusto think care-
fully aboutthe statesthat objectscanoccupy. As a result,we have madeexplicit distinctions
suchasthatbetweencargo andpeopletransportersanddocumentedthem. Evenin theabsence
of tool support,for argumentsaythedescriptionin Figure3 wasaddedasacommentwithin the
PacificaTF file, theassumptionsunderlyingthemodelwould bedocumented.However, OCLh

goesfurtherby offering tool supportfor checkingtheconsistency of actionsagainstthesubstate
classandinvariantspecifications.In thefollowing sectionwe considerthemappingbetweenO-
PlanTF andOCLh constructsto determineif thetool supportprovidedfor OCLh canbeextended
to a rich formalismsuchasTF.

4.2 Comparing O-Plan TF and OCLh Constructs

In theprevioussectionwedemonstratedthattheOCLh methodof object-centeredstructuringcan
beusedto identify slipsin operatordefinitionsthatplaceanobjectof asortinto aninvalid state.
AlthoughTF doesnotcurrentlysupportsuchconstructs,it wouldbestraightforwardto integrate
themwith O-Plan. In this sectionwe considermore the complex questionof reconcilingthe
operatorrepresentationsof both languages,andhencethe likelihoodof providing tool support
for checkingO-PlanTF modelsfor transparency. First,weconsiderhow theindexingof methods
in OCLh with astatetransitionindex is achievedin O-PlanTF. Second,weconsiderthemapping
of eachof theconditiontypessupportedby O-Planto OCLh.

Method Indexing

In OCLh, eachmethodmustbeindexedby asetof necessarystatetransitions,LHS I RHS, and
a setof dynamicfilter predicates,P. To determinehow theequivalentindex canbeexpressedin
TF, considertheexampleTF schemain Example7. TheRHScomponentof thestatetransition
index of this schemais statedin theonly use for effects. In this case,theoperatoris designed
to bringaboutthestateof thegroundtransportGT1beingat the?to location.Thesideeffectsof
theoperatoraretypedasjusteffects. In thiscase,theeffect thattheC5 is alsoat the?to location
is asideeffect. Onewouldnotusethisoperatorfor thepurposeof achieving thiseffect. Thinking
in termsof thedomain,it wouldnotmakesenseto loada transporterwith cargoandthenfly the

o
The clarity of modelling afforded to us by OCLh hascausedus to replacethe original air transportand

ground transport typesin the original TF encodingwith large scale transporterand small scale transporter.
The truedistinctionbetweenthesesortsis not that they travel by landor air, but thata large scale transportcan
carrya small scale transportbut not theconverse.

10



transporterto a locationif oneonly wantedthetransporterto beat thatlocation.In this casethe
loadingof thecargo wouldbesuperfluous.

schema fly transport vars f FROM f type air base�hf TO f type air base�
expands fly transport f FROM f TO e
only use if fuel at f FROM assignedto unit e only use for effects at GT �kf TO �
effects at C 2pbLf TO �
conditions achieve at C2jf FROM �
unsupervisedat GT �if FROM �0616

Example7

ReconstructingaLHSof anOCLh transition,to form anindex for amethodoperator, is more
involved. Initially, it appearsthattheonly use if conditiontypeis equivalentto theLHS. In TF
only use if conditionsareusedto choosebetweendifferentmethodsfor refininga givenhigh
level action. Theplannerwill not make any attemptto satisfythecondition. If anonly use if
conditionis not satisfiedat thepoint in theplanningprocesswhentheplannerconsidersit, then
themethodof which it is a partis not applicable.This is theequivalentto theintendedbehavior
of anOCLh planningenginewhenconsideringtheLHSof a statetransitionindex. However, in
OCLh dynamicobjectsin atransitionalsohaveatargetsubstateembodiedin theRHS. In domain
modellingterms,this meanswe only specifyobjectsof dynamicsortsin a statetransitionindex
if weareconcernedaboutboththestatethatthey arein whenwedecideto useamethodandafter
it hasbeenexecuted.For anOCLh hierarchicaloperatorO theO � pre componentprovidesa set
of substateexpressionsfor specificallydefiningdynamicconditionsthatweareconcernedabout
only whenselectingoperators.Mappingthis to O-PlanTF, wecandistinguishbetweentwo sub-
typesof only use if conditions.Thefirst, which correspondto O � pre, aretypedasonly use if
but thereis no associatedexpressionin theoperatorsonly use for effects. Thesecond,which
areequivalenttheLHSof anOCLh statetransitionindex aretypedasonly use if andfor which
thereis alsoanassociatedexpressionin the operatorsonly use for effects. Consideringwhat
wecanlearnform thismapping,it is first clearthatwecanautomaticallycompilefrom anO-Plan
TF operatortheO � preandtheindex transitionsin OCLh. Thereis nodifferencein expressiveness
betweenthe two formalismsin this aspect.Theadvantageof OCLh in this is that it forcesthe
domainwriter to explicitly distinguishbetweenthesesets. This additionalstructuregivesthe
domainwriter someadditionalguidancewhenwriting operators.

Condition Types

O-Plan’s TF containsa numberof conditiontypes[18] which, in termsof theplanningprocess,
determinethemechanismsO-Planwill useto satisfyagivencondition.It is well argued(for ex-
ample,in thecontractormetaphorin thehousebuilding domain[16]) thatthesetypescorrespond
to domainfeaturesandcanbe written without knowledgeof the underlyingsearchstrategies
deployedin O-Plan.In this section,we considereachconditiontypeanddetermineif it canbe
mappedto OCLh or if thefoundaationsof OCLh (andthecorrespondingtruthcriteriaanddomain
propertydefintitions)mustbemodifiedto accommodatethem.
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Achieve (x = v): O-Planwill seekto make x have value= v at thepoint in theplanthatthis
conditionis placed. It will exploit any availablemechanismto do this, including the addition
of new plan structure(which hasthe worst implicationsfor expansionof the searchspace).
Thereis a oneto onemappingbetweenthis conditiontypeandtheOCLh achieve condition. In
OCLh conditionsof this type areexpressedasachieve� g� , whereg is the substateexpression
representinganobjectx with attributev.

Only use if: As outlinedin theprevioussection,this conditiontype is usedby O-Planto
selectbetweendifferentmethodsfor refining the samenon-primitive action. A methodO will
only beconsideredapplicablefor refining if f at the time in theplanningprocessO � pre, O � cons
andtheRHS’sof thetransitionsin O � necholdin thecurrentplanstate.OCLh dividesonly use if
conditionsasfollows:

only use if onStaticpredicates:areexpressedwithin O � cons
only use if on Dynamicpredicates,alsomentionedin theonly use for effectsof an oper-

ator: areexpressedon theLHSof astatetransitionindex in O � nec.
only use if on Dynamicpredicates,not mentionedin theonly use for effectsof an opera-

tor: theseareexpressedin O � pre.
Unsupervised Conditions: O-Planrestrictsthe mechanismsit candeploy in satisfyingan

unsupervisedcondition.It will only useeffectsthatarealreadyin theplanandwill notconsider
the inclusionof new planstructure.This causesproblemswith theexisting definitionof trans-
parency asit is no longernecessaryfor amethodto achieveall thestagesof a transitionitself. In
essence,methodsareno longerself-contained.

Supervised Conditions: For example,(x H v at node1 from node2) meansthat x must
equalv at a point in a planandthat it will besatisfiedby aneffect at a specifiednodeor by an
expansionof thatnode. In OCLh terms,theuseof supervisedconditionstightensthedefinition
of linearsoundness.A supervisedconditionwould stipulatethat theLHS of a given transition
mustbeestablishedby theRHSof a specifiedtransitionor thesetof transitionsinsertedin the
sequenceby somehigherlevel one.Currently, theinitial conditionsor any RHSoccurringbefore
a transitioncansatisfytheLHS.

4.3 Discussion

This comparisonhastakentheO-Plansystemasanexampleof anappliedplanningsystemand
comparedit with OCLh to giveinsightsinto thepracticalutility of OCLh. Wehaveidentifiedthat
evenwhenappliedasjust a paperandpencilactivity alongsidemodeldevelopment,OCLh can
benefitadomainwriter. Thedisciplineof constructingsorthierarchies,theirsubstateclasscom-
ponents,andinvariantsto documentdesigndecisionsforcesthe domainwriter to think deeply
aboutthesortsandthestatesthat their objectscanoccupy. Includingtheseaspectsin a domain
modeldocumentsmodellingassumptionsthatwouldotherwiseonly beimpliedby operatordef-
initions. In the secondstagewe comparedTF’s schemaswith OCLh’s hierarchicaloperators,
with the intentionof . Many of the constructsin O-Plan’s TF have an immediatemappingin
OCLh. Specifically, only use if, only use for effect,effects,andachieve conditionandeffect
typeseithermapdirectly or canbeautomaticallycompiled.However, in thecaseof supervised
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andunsupervisedconditiontypes,thedefinitionsof linearsoundnessandtransparency areover-
restrictive. In thecaseof thesupervisedconditiontypethisshouldnotbeaproblem.Supervised
conditionshave theeffectof tighteningthedefinitionof linearlysoundby specifyingasubsetof
thepossiblecontributorsto establishinga condition. In thecaseof unsupervisedthe issuesare
morecomplex. Unsupervisedremovestheobligationon a methodto beself containedin ensur-
ing that it establishesthe LHS of the overall transitionthat it is designedto achieve. It is not
immediatelyobviouswhatobligationthis placeson othermethodsin themodel.Pragmatically,
unsupervisedhasprovedausefulconstructin modellingreal-world problemsandthereforecan-
not bediscardedwithout carefulconsideration.Theintegrationof supervisedandunsupervised
conditiontypesinto OCLh is animportantissuefor furtherresearch.Theunsupervisedcondition
typeis likely to requirethemosteffort.

In termsof practicalapplication,the O-Planteamis currentlyworking on a planningap-
plication for the supportingSmall Unit Operationsin the US Army. This work is demanding
mucheffort in domainmodellingand requirementsdetermination.The O-Planteamalready
usesIBM=92sBusinessSystemsDesignMethod(IBM 1992a;1992b)to identify thefundamen-
tal entitiesin adomainandthetransitionthatthoseentitiescanmake. Theconceptswithin OCLh

supportthisemphasisthroughtheprovisionof aplanningorientedformalismfor tightly specify-
ing thesemodels.In theabsenceof tool support,OCLh conceptsarebeingappliedaspenciland
paperactivities alongsidethe modeldevelopment.The additionalstructureprovided by OCLh

is helpingto clarify thinking. While not providing a completedefinition of transparency with
respectto O-PlanTF, thenotionprovidesa usefulreview checkfor models.

5 RelatedWork

A relateddevelopmentin knowledgeacquisitionfor planningis the developmentof tools for
manipulating,analysingandcompilingdomainmodels. Fox andLong [6] show how efficient
tool supportcana type structureandmodel invariantsfrom an operatorset. Effectively, their
toolscandeducepartsof the OCLh language(i.e. sort hierarchiesandinvariants)from literal-
basedpreconditionandeffectsoperators.Gerevini andSchuberthaveshown thepotentialof type
analysisin planning[7], andMcCluskey andPorteousshowedthepotentialof combineddomain
independentheuristicextracion [12]. Tools basedon this work help the knowledgeengineer
build a modelby (a) crosscheckingstatedassumptionsandpropertiesof themodel(b) making
explicit implicit knowledgethat is particularlyhelpful to a planner. Biundo andStephanhave
alsoworkedonsystematicmodellingof planningdomains,but in theareaof deductiveplanning
[2]. They usea rich languagewhich is inspiredby formalmethodsin softwareengineering.

Problemsremainwith theformulationof expressiveHTN languagesbecauseof thecomplex-
ities in analysingcomplex conditionalbehaviour in an abstractoperator. Calculating‘implicit
preconditions’,for example,of suchoperatorsis thusnot asstraigtforward asthat of a linear
sequenceof primitive operators.This doesnot mean,however that progresstowardsthat goal
shouldnot bemade.Tsunetoet al’s ‘externalconditions’ideais a stepin this direction- con-
ditions (excluding initial conditions)that areneededto be satisfiedbeforeany completedplan
canbe sound- is an importantideahere. They have an algorithmwhich finds someexternal
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conditions.

6 Conclusions

In thispaperwehavebriefly reviewedthefoundationsof OCLh, anddefined(a)asufficient truth
criterionfor planscontainingprimitiveoperators(b) a truth citerion,basedon transparency and
sortabstraction,for hierarchicaltasknetworks.In thesecondhalf of thepaperwehavecompared
OCLh to TF, a powerful representationlanguagewhich hasbeenusedto encodemany complex
domains.This comparisonhas(a) givenrise to a mappingbetweenmany of theconstructs(b)
highlightedthefeaturesof OCLh thatmayneedfurtherdevelopment(c) illustratedsomeof the
advantagesin usingsuchanobject-centredapproach.Thetwo halvesof thepaper, therefore,pro-
videsevidencethatOCLh is botharealisticyet transparentlanguage,capableof bothsupporting
theoreticalanalysisandproviding theconstructsrequiredfor domainmodelling.
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