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Abstract

A full accountof thesemanticsof constraint-basedplanningin theCyc KBS is
presented.Theconstraintrepresentationis genericasit makesuseof a processrep-
resentationontology, theProcessSpecificationLanguage,which is beingdeveloped
asa standardby NIST. We alsodescribea planninggraphalgorithmthatmakesuse
of theseconstraints.Thesetechniquesallow modern,efficient planningtechniques
to beembeddedinto a large-scaleKBS architecture,therebyre-combiningtwo tech-
nologiesthat have diverged in recentresearchprogrammes.The relationbetween
planandprocessrepresentationis alsoexplored.

keywords: knowledgerepresentationtechniquesfor planning;constraintreasoningfor
planning;processrepresentation

1 Introduction

This paperpresentsa constraint-basedapproachto planning[4, 5] whereconstraintsare
representedin thestandardprocessrepresentationontologyof theProcessSpecification
Language(PSL)[9]. TheNIST-PSLontologyis embeddedinto theCycUpper-Ontology
giving anexplicit accountof planrepresentationwithin alarge-scaleKBS; Cyc[6, 7]. For
efficient reasoningtheGraphplan[1, 3] approachis adoptedandmodifiedby a planning
moduleexternalto Cyc.

In recentyearstheplanningcommunityhasfocussedon algorithms,at theexpenseof
knowledgerepresentation.This emphasishasled to many new results[11]. In contrast,
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knowledge-basedsystemsresearchhasconcentratedon large-scalesystemsandknowl-
edgeauthoringin RKF (RapidKnowledgeFormation).But problemsrequiringdeeprea-
soningsuchasplanninghavebeenavoided.An intermediategroundof standardplanand
processontologyhasdeveloped[9, 10] but hasnotyetgainedacceptancein thetraditional
AI planningresearchcommunity- in part dueto its abstractnatureandthe lack of any
accompanying reasoningprocedures.Therearea numberof examplesof planontology
reusein KBS projects,but thesetypically addresstaskssuchasplancritiquingratherthan
plangeneration.This paperattemptsto usea proposedstandardprocessrepresentation,
PSL, for plan generationtasks. Thesetasksaretoo hardto be solved deductively by a
KBS, andhencethey requireefficient algorithmssuchasthosemakinguseof planning
graphs[1, 3]. Weproposeasimplemodularsystemarchitectureto accountfor thediffer-
entreasoningtasks,anduseof PSLto expressplanconstraintsin eachmodule(i.e. KBS
andplanner).Theconstraintsareexpressedin animplementation-neutralway. In fact,we
embedPSLinto theCyc Upper-Ontologyto illustratehow this canbeachieved.

In this paperwe describe:theembeddingof PSLinto Cyc; theuseof PSLto express
constraints;andwe explain the novel aspectof our approachto encodingthe semantics
of actionsasconstraints.We thendescribea planning-graphplanner. Finally, we con-
siderthespecificationof aprocesswhosesubactivity structureis known andcomparethe
resultingrepresentationwith theequivalentplanrepresentation.

2 Embedding PSL in the Cyc Upper-Ontology

For thepurposesof processandplanrepresentationtheproposedstandardCorePSLthe-
ory andtheactivity andstatesextensions[9] have beenimplementedin CycL. Thecore
theorydefinesactivity typesandactivity occurrencesastop-level collections,in CycL we
addPSLasa prefix: PSLActivity, PSLActivityOccurrence. The predicateoccurrenceOf
relatesactivity occurrencesto activity types. PSL alsodefinesobjectsand time points
astop-level collections. We introducePSLObjectandreusethe existing CycL constant
TimePoint. Thefour top-level collectionsaremutuallyexclusive in PSL.

Importantrelationsin the Core theory include: isOccurringAtwhich holdsbetween
anactivity occurrenceandthe timepointsbetweenor equalto its begin andend;partic-
ipatesInwhich relatesanobjectto an activity occurrenceat a timepoint;existsAtwhich
relatesanobjectto a timepoint;before, beforeEq,betweenInTime, andbetweenEqInTime
areusedto ordertimepoints;beginOf andendOfarefunctionsreturninga timepointfor a
TemporalThing(anactivity or anobject);infMinusandinfPlusaretimepoints.

The activity occurrenceextensionof PSL addsa numberof predicatesrepresenting
orderandcontainmentbetweenactivity occurrencesandactivities. PSLPrimitiveActivity
is a subsetof activity containingactivity typeswhich have no subactivity. subactivity
relatesa subactivity to its super-activity. occurrenceContains, occurrenceEarlier, occur-
renceOverlap, successor, andsubactivityOccurrenceplus theassociatedaxiomsprovide
thevocabulary for activity occurrenceordering.

The statesextensionof PSL providesthe conceptsfor relatingstatesof the world to
activity occurrences.Fluent is the collectionusedfor statedescriptions,i.e. properties
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of theworld thatcanchangeasa resultof anactivity occurrence.We definefluentasa
collectionof CycFormula.

stateandpostStaterelatefluentsto activity occurrences.Therefore,thestatesprior to
andfollowing activity occurrencescanbespecified.

A numberof typesof activity are identifiedandnew sub-collectionsof activity and
fluentareintroduced:AchievementActivity, RepairableFluent, NonrepairableFluent, Re-
versibleFluent, and IrreversibleFluent. Predicateswhich relateactivity occurrencesto
fluents include: changes, possiblyChanges, achieved, falsified, fluentInterval, negFlu-
entInterval, Theserelateactivitiesto fluents:preconditionFluent, negPreconditionFluent;
andto timepoints:possibleFluent, requiredFluent, temporalFluentInterval.

3 Constraints for Planning in PSL

ThestateandpostStatepredicatesareusedto representpreconditionsandpostconditions
of activity occurrences.They couldbeusedto expressdeductive planningrules,for ex-
ample: the rule thatact haspreconditionp andwhenperformedproducesstateq canbe
expressedin thesituationcalculusas:
1.

���������
	������	�����	�������������������� �!�"���#	�� $%����������&
�'�
�(� �'�*) �+�,���
	��-&������.���
�(����	��'�
.

In this formulation, actionsare relatedto fluents,not to a stateindex (or time point),
asis sometimesproposed.A KBS couldperformplanningusingsuchrulesbut reason-
ing would be intractablewithout sophisticatedheuristicsfor guiding search.Similarly,
STRIPSrepresentationsof actionsdo not take a stateindex or time point asa parameter.
However, in theSTRIPSapproachtheactiondescriptionmaycontainthestatemodifica-
tion operatorsadd anddelete. If sucha representationwereto be usedfor actionsin a
KBS thenthe correspondingtheoryof statemodificationwould alsohave to be formu-
lated.Weshow thatthis is notnecessary.

As statedabove, it is our aim to fully characterisethe semanticsof actionsin the
ontologyandtheKBS, andto find a commonsemanticsfor ontology/KBSandplanner.
Thereforewe caneitherbuild the theoryof STRIPSoperatorsinto theontology/KBSor
expressthe full setof actionconstraintsin the actiondefinition itself. We explore the
latter.

Theplanningassatisfiabilityview of actionspecificationof KautzandSelmanallows
this possibilitywhenwerequirethattherepresentationof actionsin theKBS fully speci-
fiesall changesto all fluentsthatmaybemodified.Thisis thedirectapproachto constraint
representationmentionedin [4]. Activity occurrencesmustbe explicitly parameterised,
andthescopemustincludeall variableswhich changethroughtheoccurrenceof theac-
tivity. Activity specificationshave the following schematicform (expressedin standard
predicatecalculussyntax):
2. / ��0�12131 / �.4�5.���6�,�7��8�9#9#�;:��<�>=@?%�-�����'AB�(��CED�C���F�GHF,�������I	;����������?J��8J�;:K� 0����K07��121312���L4��������M�N�O12131���#	�� $%����������?J��8K�;:J��P,����07�;131213�E�L4Q�<�����#�R�S13121
Therewill typically bea conjunctionof stateanda conjunctionof postStatetermsin the
formula. Fluents

?J��8J�;:K�UT
areatomicformula, that is, they do not containconnectivesor

quantifiers.
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Situationcalculusrules(1. above)canexpressconstraintsby turningimplicationsinto
equivalences.This is necessaryasthe constraintsolver doesnot operatepurely deduc-
tively. However, if we arenot developingtheworld statemodeldeductively in theKBS,
theholdspredicatesareredundant.Therefore,theproposedPSLconstraintformulation
only containstheconjunctionof stateandpostStatepredicatesof theoriginalequivalence,
andeachconjunctof theexpressionis trueunconditionally. Thepatternof quantification
is modifiedappropriatelyto producetheschematicformulationgivenin 2.

Thereis an explicit commitmentto the existenceof all possible V W 0 VQX 13121 XYVZW 4 V ac-
tions (where W T

is the domainof parameter
C
)1 The model containsall state/postState

relationsfor all possiblevaluesof
���

in thedeductiveformulation.Asidefrom thenames
of constantsusedto identify states,thelogical modelof a planis thesamefor equivalent
constraintsexpressedasa conjunctionor asan logical equivalence.Matchingthefluent
in stateto aspecificworld statedeterminestheparametersof theactivity occurrence(i.e.
the parametersof the skolem function), hencethe postStatefor that occurrencecanbe
constructed,andvice versa. In the deductive rule the stateandpostStatewould share
variablesandthe samepatternsof instantiationwould be permitted. The advantageof
theconjunctive formulationis that it requiresactionsto be definedasa completesetof
constraintson the plan. The mappingto a graphrepresentationis therebysimplified as
thereis no othersourceof plangenerationknowledge- explicit or implicit in theaction
representation.

Theexamplein Figure1 showstheencodingof step1 of thecitric acidcycle,aprocess
takenfrom acellularbiology text. Thestructureof theprocessis well known, but we for-
mulateit asaplanningproblemin orderto illustratethedualplanning/processrepresenta-
tion weobtainthroughPSL.The?Eventis anoccurrenceof aHydrolysisactionandis pa-
rameterisedby thenumberof Oxaloacetate,AcetylCoA,HSCoA,andCitratemolecules.
The amountof OxaloacetateandAcetylCoA is decreasedby onemolecule,while one
moleculeof HSCoA andCitrate is produced. Note that the numberOfMoleculesInCell
predicateis usedfor illustrative purposesandis not presentedaspartof anauthoritative
theoryof cell biology. Theexpressionis presentedin CycL syntax,with thesimplification
of using+ and- for thearithmeticoperators.

Theconstraintsdiscussedso far have beenrestrictedto constraintson actionprecon-
ditions/effects. Satisfyingtheseensuresvalid plans(assumingthat theplannercorrectly
implementssyntacticmatchingof fluents).Otherimportantclassesof constraintsinclude
constraintsbasedon thesemanticsof thepredicatesusedasfluents,andactionordering
constraints.Theseconstraintsmayeasetheauthoringof constraintspecificationsor may
directplangenerationrespectively.

3.1 Ontology constraints

Constraintssuchastherestrictionin theblocksworld thatthepredicate
��:

is irreflexive,[ ��:\��]!� ]J�
, maybespecifiedin theontology. Includinganinequality

]_^` F
when

�,:a��]!��F.�
asapre/postconditionin theactionspecificationis asimplewayto enforcethisrestriction

1Naturally, in theskolemizedform, b;c is representedby askolemfunctionparameterisedover d�e�f ghgighf2d#j ,
andno otherconstantsneedbecreated.
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(forAll ?W (forAll ?X (forAll ?Y (forAll ?Z
(thereExists ?Event
(and

(occurrenceOf ?Event Hydrolysis)
(state
(numberOfMoleculesInCell Oxaloacetate ?W)
?Event)

(postState
(numberOfMoleculesInCell Oxaloacetate ?W-1)
?Event)

(state
(numberOfMoleculesInCell AcetylCoA ?X)
?Event)

(postState
(numberOfMoleculesInCell AcetylCoA ?X-1)
?Event)

(state
(numberOfMoleculesInCell HSCoA ?Y)
?Event)

(postState
(numberOfMoleculesInCell HSCoA ?Y+1)
?Event)

(state
(numberOfMoleculesInCell Citrate ?Z)
?Event)

(postState
(numberOfMoleculesInCell Citrate ?Z+1)
?Event))))))).

Figure1: A constraintexpressionfor step1 in thecitric acidcycle

in the planneralso2. However, it is moreconvenientto expresstheseconstraintsonce
only, in amoregeneralform. Equality/inequalityconstraintsareformalisedasfollows:
3. / ] / F / �H�+�M	�� $%����������kY��]!��F.�<���
�\)l���#	;� $%����������]m^` FK���
�
Thestandardinterpretationof ` mustnow beassumedto beimplementedin theplanner.
Equalityandinequalityconstraintsarecommon,andcanbemoreconciselyexpressedas
a relationbetweenaconjunctionof fluentsandaconjunctionof equality/inequalities:
4.

� / ?M0�13121i?�4 / CU0�13121nC�4o	��������>pq��:�	���9#��C�:J�7�E?#0%�I13131r?>4.��Cs0t�u12131nC�4��Nv
� / �w�+�M	�� $%���������E?M0��'�.���x12131 �+�M	�� $%���������E?�4.���
�\) �+�M	�� $%���������-CU0;���
���u12131 �+�M	�� $%���������-C�4L���
�'�
where

?M0�13121i?�4
arefluentsand

Cs0�12131hC-4
arein theset y ` ^`{z . ThestateConstraint predicateis

introducedfor convenience,i.e. it is a purelydefinitionalextensionof PSL.In thecitric
acidexample,thefact that thepredicatefor thenumberof moleculesin a cell of a given
type is functionalin thesecondargumentrequiresanequalityconstraintwhich cannow
beexpressedconcisely:
(stateConstraint (and (numberOfMoleculesInCell A,B)

(numberOfMoleculesInCell A,C)) B=C))

2This is asimpleway to make theplannerawareof ontologyconstraints.
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3.2 Action ordering constraints
The occurrenceOfpredicateis usedin the activity specificationto relateoccurrencesto
activity type.However, activity typeinformationplaysnorole in actionsequencingasall
thatmattersis the

	��������@v|���#	�� $%�������
interdependency which is encodedvia theskolem

function. Activity typecanbeusedto expressactionorderingconstraints.For example
wecanstatethatHydrolysisshouldprecedeOxidationin theplanwearecreating:

(implies (and (occurrenceOf ?X Hydrolysis)
(occurrenceOf ?Y Oxidation)
(subactivityOccurrence ?X plan)
(subactivityOccurrence ?Y plan))

(occurrenceEarlier ?X ?Y))

Unlike ontology constraints,action orderingconstraintscannotbe expressedusing
state, postStatepredicatesastheseconstraintsareon the plan not the world state. This
typeof constraintcouldbeusedto determineacceptableplansin thesolutionextraction
phaseof graph-basedplanning. This is possibleassolutionscanbe easilyexpressedin
PSL.However, wehavenotyet implementedthis feature.

In general,thereis a greatpotentialfor usingontologyconstraintssuchassymmetry,
reflexivity andrangetypesin theplanner. We shallexplorethis furtherin futurework.

4 Graph-Based Planning with Constraints

The direct encodingof plan constraintsin PSL within a CycL-basedKBS hasbeende-
scribed.We now outlinetheplangraphapproachto plansynthesis.Theapproachimple-
mentsthe additionalequalityconstraintsdescribedabove. The planneris implemented
asa modulewhich communicateswith the Cyc KBS, but is externalto it. The planner
simply extractsstateandpostStateassertionsfrom the KB prior to planning. The plan
graphis constructeddirectly from theseassertionswithout any reformulationasis now
described.

Thealgorithmfor solvingDynamicConstraintSatisfactionProblems(DCSP)wasfirst
appliedto configurationtasks.Solutioncomponentsarerepresentedby variableswhich
rangeover a specifieddomain. Variablesmay be assignedvaluesfrom the domainand
maybe in or out of thesolution. TheDCSPalgorithm[8] makesuseof ATMS to keep
trackof dependenciesbetweenpropositions.DCSPcanbeusedin plansynthesisaftera
plangraphis constructed.Propositionsin theplangrapharerepresentedasDCSPvari-
ablesandtheirdomainis thesetof actionsthatcausethepropositionto betrue.Variables
mustbeindexedby plangraphlevel, andbooleanconsistency mustbeimposedby ARN
rules(alwaysrequirenot) in theDCSPproblem.

In ourapproachtheplangraphis createddirectlyfrom theactionconstraintsasfollows.

4.1 Plan graph and DCSP

Theplanninggraphis generatedforwardsfrom assumptions.Level 0 containstheground
propositionsthataretruein theinitial stateof theworld. As describedin [3], theplanning
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Plan Graph

DCSP

0 1 2 3

P2

skf1

skf2

P3

P4

P2

P1P1

domain(<P2,1>,{nop,skf2})
<in(P1),0>
<in(P2),0>
<in(P2),1>
<eq(P2,skf2),1>
<in(P4),1>
<eq(P4,skf2),1>

state(P1,skf1)
postState(P3,skf1)
state(P2,skf2)
postState(P2,skf2)
postState(P4,skf2)

PSL 
Constraints

Figure2: Constraints,planninggraphandDCSP

graphdiffersfrom theplanstatesof astate-spaceplannerasthegraphcontainsall propo-
sition truein any state,but doesnot directlyencodestateconsistency. Figure2 illustrates
the approach.In contrastwith [1], the graphhasno deleteedgesas thereis no delete
constructin theactionrepresentation.

A simpleprocedureis usedto constructthe level i graphfrom the level i-1 graph:
1. Find all actionswhosepreconditionsaretrueat leveli-1. (Usestate(P,A)andthegraph
at level i-1 to determinepotentialActions,thencheck thatall preconditionsare true.)
2. Generate all propositionsat level i from the valid actionsfound in 1. (Use post-
State(P,A) for all A identified.)

While thestate/postStatepredicatesmaycontainvariables,theplangraphat level
C�}�~

is always composedof groundpropositions. In valid actions,all preconditionsmatch
groundstates,thereforeall variablesarebound,andpropositionsin the level

C
graphare

alsoground.Theprocedurefor matchingstateconditionsagainstthepropositionsin the
graphis simplesyntacticpatternmatching.

Theplangraphis translatedinto aDCSPproblemasfollows:
1. Thedomainof a variable(proposition)is thesetof actionsthat cancreateit.
2. RV rulesareconstructedfor all propositionsat level i-1 onwhich a propositionat level
i depends.
3. RV rulesandCONrulesare constructedfor all propositionsat level i which mustbe
trueat level i givenan assignmentat level i.
4. ARNrulesareconstructedfor all variables(propositions)P andnot-Pat level i.

The dependency betweenpropositions(variables)at successive levels is encodedby
theRV rulesin 2. To ensurethat theassignmentof anactionto a propositionentailsall
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(occurrenceOf plan1 PlannedActivity)
(occurrenceOf (skf1 1 1 0 0) Hydrolysis)
(occurrenceOf (skf3 1 0 1) Isomerization)
(occurrenceOf (skf5 1 0 0) Oxidation)
(subactivityOccurrence (skf1 1 1 0 0) plan1)
(subactivityOccurrence (skf3 1 0 1) plan1)
(subactivityOccurrence (skf5 1 0 0) plan1)
(successor (skf1 1 1 0 0) (skf3 1 0 1))
(successor (skf3 1 0 1) (skf5 1 0 0))

Figure3: Representationof a planin PSL

otherpoststatesof thatactionare
CE:

andtake thatvaluetoo, RV andCON rules(3) are
generated.To ensurebooleanconsistency betweensolutionsARN rulesin 4. arerequired.
Notethatthenamesof DCSPvariableshaveno semanticsin themselves.

Figure2 shows the plan graphcreatedfrom the PSL constraintsfor two actionsskf1
andskf2. Note that theargumentsof predicates(numberOfMoleculesInCellin thecitric
acid example)and functionsarenot shown to simplify the diagram. Two new ground
predicates,or propositions,arecreatedat level 1: P3 andP4. AssumingthatP2 is in at
level 1, it canbe assignedskf2 from its domain. As a consequence,an RV rule asserts
that P4 mustbe in andalsotake the valueA2. This is necessaryasthe actionhastwo
postconditionsasillustrated.A furtherconsequenceis thatP2 is in at level 0. In factall
level 0 propositionsare in asshown. The assignmentof skf2 to P2 doesnot explicitly
dependon the in(P2) assumptionasthe needfor variablesto be in to be relevant to the
solutionis built into thesolutionextractionprocedure.

4.2 Constraints

Constraintson predicatessuchas irreflexivity andhaving functionalargumentsareex-
pressedasequality constraintsandare obtainedfrom stateConstraint assertionsin the
Cyc KB. If a postStateof anactionviolatesa constraint,theactionandits postStatesare
not addedto thegraph. Constraintswith multiple fluentsasconditions(which couldbe
supportedby differentactions)andaretestedagainstall propositionsin thegraphatevery
level, andARN rulesaregeneratedbetweenpropositionsasa result.

4.3 Solution extraction and representation

Solutionextractionis attemptedwhenthereis an assignmentto the goal propositionat
the currentlevel of graphexpansion.This processis initiated by first assertingthat the
goalpropositionis in at thecurrentlevel. Assignmentsarefoundfor all variableswhich
arein, basedon thesameassumptionsasthegoalassignment.New assumptionsmaybe
foundandnew in variablesidentifiedandassignedvaluesasa result. This procedureis
repeatedfrom thecurrentgraphlevel to level 0. A consistentsetof assumptionsmustbe
maintained.If this procedurecanbecompleted,thesolutionis thesequenceof (setsof)
actionsthatsupportpropositionsat levels1 - n.
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The result of planning—theaction sequenceor plan—canbe expressedin the PSL
ontologyandthereforecansimplybeassertedin theKBS. Therearetwo possibilitiesfor
plan representation:theassignmentof activity occurrencesto orderedtime pointsusing
isOccurringAtandbefore, and/orthesequencingof activity occurrencesusingsuccessor
andsubactivityOccurrence(activities canbe viewed assubactivities of the overall plan
activity occurrence).As all activity occurrencesareimplicitly representedin theKBS no
new constantsneedbecreatedto representtheplannedactivities (thesymbolsskf1,skf3
etcareskolemtermswhich arealreadydefinedin theKB). Constantsfor theoverallplan
activity andfor timepointsmay needto be created.The orderof activity occurrenceis
easilyextractedfrom thevariableassignmentsateachlevel of theDCSPfoundin solution
extraction. ThePSLencodingfollows directly from this ordering. For example,a three
stepplanconsistingof skf1, skf3, skf5, at levels1, 2, and3, wouldberepresentedin
PSLasshown in Figure3. In thecaseof thecitric acidcycle examplepresentedabove,
thesuccessorandsubactivityOccurrencemodelexactly correspondsto thespecification
of theprocessmodelof thecitric acidcycle.

Currently, we have implementeda numberof simple domainsincluding the blocks
world andcitric acid cycle, andsuccessfullytestedthe plannerin thesedomains. The
runtimeperformanceof the currentProlog implementationhasnot beensystematically
evaluatedasit intendedto bea testbedratherthanacompetitive implementation.Indeed,
efficient C implementationsalreadyexist for the basicalgorithmsand thesecould be
modifiedto improverun times.

Theproceduresfor generatingtheDCSPproblemaresimple. In futurework we shall
further investigateany additionalcomplexity they mayintroduceinto theDCSPthrough
thegenerationof additionalrules.As apreliminaryexplorationof theeffectof constraints
onproblemsize,thefollowing tableshowstheeffectof deletingtheirreflexivity constraint
onon in theblocksworld domain.Boththenumberof nodesin thegraphandthenumber
DCSPrulesgeneratedon eachiterationof thealgorithmincreases:

Iteration 1 2 3

All Constraints
GraphSize 18 25 30
No. DCSPRules 276 794 1241

Without [ �,:a��]!�']J�
GraphSize 20 29 34
No. DCSPRules 381 1160 1609

It canbe seenthat the small increasein graphnodes(e.g. 2 instancesof on(x,x)at
level 1) resultsin a disproportionateincreasein thenumberof DCSPrules. If this result
generalises,thenontologyconstraintsappearto have a significantimpacton thesizeof
the problemrepresentation(nodesandrules). However, the irreflexivity constraintmay
beparticularlycritical in this domain.
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(implies (occurrenceOf ?P CitricAcidCycle)
(thereExists ?A1 (thereExists ?A2 (thereExists ?A3

(and (occurrenceOf ?A1 Hydrolysis)
(occurrenceOf ?A2 Isomerization)
(occurrenceOf ?A3 Oxidation)
(subactivityOccurrence ?A1 ?P)
(subactivityOccurrence ?A2 ?P)
(subactivityOccurrence ?A3 ?P)
(successor ?A1 ?A2)
(successor ?A2 ?A3)))))))

Figure4: Specificationof thecitric acidcycle (steps1-3)

5 Process Representation

Thecitric acidcycleexamplewasformulatedasaplanningproblemin orderto show how
sequencesof actionscanbeconstructedfrom constraintformulain PSL.In this case,the
prototypicalmodelof theprocessis in factknown - theproblemin processrepresentation
is to describetheprocessstructure,theparticipantsin theactivitiesandsubactivities,and
the effectsof activities. Clearly, thereshouldbe commonalitybetweenthe processand
planrepresentations,andtheaim of this sectionis to demonstratethis.

The event structureof the citric acid cycle is specifiedin Figure4 by a rule which
assertsthat all occurrencesof the cycle have subactivity occurrencesof the specified
types,occurringin the specifiedorder. The cycle has9 stepsbut only threeareshown
for simplicity asthecompleterule hasthesameform astheversionshown. The rule is
a specification,anddoesnot introduceany instancesof activity until the conditionsare
satisfied.Thefull specificationof theprocesscontainsadditionalassertionsusingCycL
vocabulary, but thesearenotdirectly relevanthere.Thepreandpostconditionsof thefirst
subactivity occurrenceis asshown in Figure5.

Theassumptionsof this ruledeterminetheparticipantsin eachsubactivity occurrence.
In thiscase,thenumberof Oxaloacetatemoleculesis decreasedfrom theinitial valueafter
?A1. Thechangesto theworld madeby asubactivity occurrencearefoundby examining
the(ground)stateandpostStateassertionsof thatoccurrence.

Fromsetsof rulesof thesetypes,hypothesising:
(occurrenceOf P1 CitricAcidCycle) andby makingthe necessaryassump-
tions aboutthe context in which the processis executed,an instanceof the complete
processcan be derived by a sequenceof inferencesin the KBS. The descriptionis in
termsof occurrenceOf, subactivityOccurrence, successor, stateandpostStateaswasthe
casefor the instancelevel modelcreatedby theplanner. While activity occurrencesare
representedby differentskolem functionsin the plan-derivedmodelcomparedwith the
processmodel,themodelsarestructurallyidentical.

It is interestingto comparetheactionorderingstatementof section3.2 with thepro-
cessspecification:Theorderingstatementis a weaker specificationof theprocess.Thus
thereis a spectrumfrom no action orderingrequirements,throughpartial ordering,to
completespecification.The reasoningtasksrangefrom plangenerationto plan/process
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(implies
(and

(occurrenceOf ?P CitricAcidCycle)
(occurrenceOf ?A1 Hydrolysis)
(occurrenceOf ?A2 Isomerization)
(occurrenceOf ?A3 Oxidation)
(subactivityOccurrence ?A1 ?P)
(subactivityOccurrence ?A2 ?P)
(subactivityOccurrence ?A3 ?P)
(successor ?A1 ?A2)
(successor ?A2 ?A3)
(numberOfMoleculesInCell Oxaloacetate ?W)
(numberOfMoleculesInCell AcetylCoA ?X)
(numberOfMoleculesInCell HSCoA ?Y)
(numberOfMoleculesInCell Citrate ?Z) ...)

(and
(state (numberOfMoleculesInCell Oxaloacetate ?W) ?A1)
(state (numberOfMoleculesInCell AcetylCoA ?X) ?A1)
(state (numberOfMoleculesInCell HSCoA ?Y) ?A1)
(state (numberOfMoleculesInCell Citrate ?Z) ?A1)
(poststate (numberOfMoleculesInCell Oxaloacetate ?W-1) ?A1)
(poststate (numberOfMoleculesInCell AcetylCoA ?X-1) ?A1)
(postState (numberOfMoleculesInCell HSCoA ?Y+1) ?A1)
(postState (numberOfMoleculesInCell Citrate ?Z+1) ?A1) ...))

Figure5: Effectsof activity occurrences

checking. Hierarchicalplanningis betweentheseextremesdueto the extensive action
orderingknowledgeencodedin theplanschemas.

6 Conclusions

In thedomainsweareconsidering,we mayhavea modelof a processandwish to repre-
sentandreasonaboutthat.Wemayalsowish to performreasoningaboutpossibleaction
sequences- planning.Thereforea underlyingrepresentationof actionsthatcanbeused
for bothpurposesis animportantrequirement.

Wehaveusedaproposedstandardrepresentationfor processes,PSL,andshown how it
canbeusedfor adirectencodingof actionconstraintsfor plansynthesis.Wehaveadapted
theplanninggraphandthe relatedDCSPencodingto implementa plannerwhich oper-
ateson this representation.Theresultsof planningcanalsobeencodedin PSLandcan
thereforesimply beassertedin a KBS which conformsto thePSLontology, or to which
thePSLontologycanbemapped.Theapproachwe describeis a novel combinationof a
proposedstandardprocess/planontologyrepresentationwith efficient graph-basedplan-
ning techniques.Futurework will beto investigatehow expressionsin theontologycan
beusedefficiently asconstraintsin theplanner. Thiswill easetheproblemof writing con-
straints,andgiveinsightsinto how ontologyconstraintscanbeusedto guidegraph/DCSP
generation.
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