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Abstract

A full accountof the semantic®f constraint-baseglanningin the Cyc KBS is
presentedThe constraintrepresentatiois genericasit makesuseof a procesgep-
resentatiorontology the ProcessSpecificatiorLanguagewhichis beingdeveloped
asa standardy NIST. We alsodescribea planninggraphalgorithmthatmakesuse
of theseconstraints.Thesetechniquesallow modern,efficient planningtechniques
to beembeddedto alarge-scaleKBS architecturetherebyre-combiningwo tech-
nologiesthat have divergedin recentresearchprogrammes.The relation between
planandprocesgepresentatiors alsoexplored.

keywor ds. knowledgerepresentatiotechniquegor planning;constrainreasoningor
planning;procesgepresentation

1 Introduction

This paperpresents constraint-basedpproachto planning[4, 5] whereconstraintsare
representeth the standardorocessepresentatiomntology of the ProcessSpecification
LanguagdPSL)[9]. TheNIST-PSLontologyis embeddednto the Cyc UpperOntology
giving anexplicit accounof planrepresentatiowithin alarge-scal&kK BS; Cyc|6, 7]. For
efficientreasoninghe Graphplanl, 3] approachs adoptedandmodifiedby a planning
moduleexternalto Cyc.

In recentyearsthe planningcommunityhasfocussedn algorithms at the expenseof
knowledgerepresentationThis emphasisasled to mary new results[11]. In contrast,



knowledge-basedystemsesearcthasconcentratean large-scalesystemsand knowl-
edgeauthoringin RKF (RapidKnowledgeFormation).But problemsrequiringdeeprea-
soningsuchasplanninghave beenavoided. An intermediategroundof standarglanand
proces®ntologyhasdeveloped9, 10] but hasnotyetgainedacceptancen thetraditional
Al planningresearclcommunity- in partdueto its abstractnatureandthe lack of ary
accompaping reasoningorocedures.Therearea numberof examplesof plan ontology
reusein KBS projects but thesetypically addressaskssuchasplancritiquing ratherthan
plan generation.This paperattemptso usea proposedstandardprocesgepresentation,
PSL, for plan generationtasks. Thesetasksaretoo hardto be solved deductvely by a
KBS, andhencethey requireefficient algorithmssuchasthosemakinguseof planning
graphd1, 3]. We proposea simplemodularsystemarchitectureo accountfor the differ-
entreasoningasks,anduseof PSLto expressplanconstraintsn eachmodule(i.e. KBS
andplanner).Theconstraintareexpressedn animplementation-neutratay. In fact,we
embedPSL into the Cyc UpperOntologyto illustratehow this canbe achieved.

In this paperwe describe:the embeddingdf PSLinto Cyc; the useof PSLto express
constraintsandwe explain the novel aspectof our approacho encodingthe semantics
of actionsasconstraints.We thendescribea planning-graplplanner Finally, we con-
siderthe specificatiorof a processvhosesubactvity structureis known andcomparehe
resultingrepresentatiowith the equivalentplanrepresentation.

2 Embedding PSL in the Cyc Upper-Ontology

For the purpose®f processaandplanrepresentatiothe proposedstandardCorePSL the-
ory andthe activity andstatesextensiong9] have beenimplementedn CycL. Thecore
theorydefinesactivity typesandactiity occurrenceastop-level collections,in CycL we
addPSLasa prefix: PSLActivity PSLActivityOccurence The predicateoccurrenceOf
relatesactivity occurrenceso actvity types. PSL also definesobjectsandtime points
astop-level collections. We introducePSLObjectandreusethe existing CycL constant
TimeRvint. Thefour top-level collectionsaremutually exclusivein PSL.

Importantrelationsin the Coretheoryinclude: isOccurringAtwhich holds between
anactvity occurrenceandthe timepointsbetweenor equalto its begin andend; partic-
ipatesinwhich relatesan objectto an actiity occurrenceat a timepoint; existsAtwhich
relatesan objectto a timepoint; befole, beforeEgbetweeninime andbetweenEqinime
areusedto ordertimepoints;beginOf andendOfarefunctionsreturninga timepointfor a
TemporalThinganactity or anobject);infMinusandinfPlusaretime points.

The actwity occurrenceextensionof PSL addsa numberof predicatesepresenting
orderandcontainmenbetweeractivity occurrencesndactiities. PSLPrimitiveActivity
is a subsetof actvity containingactvity typeswhich have no subactivity subactivity
relatesa subactvity to its superactity. occurrenceContainsoccurrenceEarlier occur
renceOverlapsuccessqrandsubactivityOccurenceplus the associate@xiomsprovide
thevocalulary for actvity occurrenceordering.

The statesextensionof PSL providesthe conceptdor relating statesof the world to
activity occurrencesFluentis the collectionusedfor statedescriptionsj.e. properties



of theworld thatcanchangeasa resultof anactwity occurrence We definefluentasa
collectionof CycFormula

stateandpostStataelatefluentsto actity occurrencesTherefore the statesprior to
andfollowing actvity occurrencesanbe specified.

A numberof typesof actiity areidentifiedand newv sub-collectionf actvity and
fluentareintroduced:AchievementActivityRepaiableFluent NonrepairableFluent Re-
versibleFluent and IrreversibleFluent Predicateswhich relate activity occurrencego
fluentsinclude: changes possiblyChangs achieved falsified fluentinterval negFlu-
entinterva) Theserelateactwvitiesto fluents:preconditionFluentnegPreconditionFluent
andto timepoints:possibleFluentrequiredFluent tempoalFluentinterval

3 Constraintsfor Planningin PSL

ThestateandpostStatgredicatesreusedto represenpreconditionsandpostconditions
of actvity occurrencesThey could be usedto expressdeductye planningrules,for ex-
ample:the rule thatact haspreconditionp andwhenperformedproducesstateq canbe
expressedn thesituationcalculusas:

1. (holds(p, s) A state(p, act) A postState(q, act)) — holds(q, do(act, s)).

In this formulation, actionsare relatedto fluents, not to a stateindex (or time point),
asis sometimegproposed.A KBS could performplanningusingsuchrulesbut reason-
ing would be intractablewithout sophisticatedheuristicsfor guiding search. Similarly,
STRIPSrepresentationsf actionsdo not take a stateindex or time point asa parameter
However, in the STRIPSapproachhe actiondescriptionrmay containthe statemodifica-
tion operatorsadd anddelete. If sucharepresentatiomvereto be usedfor actionsin a
KBS thenthe correspondingheory of statemodificationwould alsohave to be formu-
lated.We shaw thatthisis not necessary

As statedabove, it is our aim to fully characterisehe semanticsof actionsin the
ontologyandthe KBS, andto find a commonsemanticgor ontology/KBSandplanner
Thereforewe caneitherbuild the theoryof STRIPSoperatorsnto the ontology/KBSor
expressthe full setof action constraintsan the actiondefinitionitself. We explore the
latter.

The planningassatisfiabilityview of actionspecificatiorof KautzandSelmanallows
this possibilitywhenwe requirethatthe representationf actionsin the KBS fully speci-
fiesall changeso all fluentsthatmaybemodified. Thisis thedirectapproacho constraint
representatiomentionedn [4]. Activity occurrencesnustbe explicitly parameterised,
andthe scopemustincludeall variableswhich changethroughthe occurrenceof the ac-
tivity. Activity specificationhave the following schematidorm (expressedn standard
predicatecalculussyntax):
2.Vpy..¥ppJao occurrenceO f(ao, ActivityType) A state( fluent, (p1, ..., pn), a0) A ...
postState( fluents(py, ..., pn), a0) A ...

Therewill typically bea conjunctionof stateanda conjunctionof postStatdéermsin the
formula. Fluentsfluent; areatomicformula, thatis, they do not containconnectvesor
guantifiers.



Situationcalculusrules(1. above) canexpressconstraintsy turningimplicationsinto
equialences.This is necessanasthe constraintsolver doesnot operatepurely deduc-
tively. However, if we arenot developingthe world statemodeldeductvely in the KBS,
the holdspredicatesareredundant.Therefore the proposed®SL constraintformulation
only containgheconjunctionof stateandpostStatgredicate®f theoriginalequivalence,
andeachconjunctof the expressions true unconditionally The patternof quantification
is modifiedappropriatelyto producethe schematidormulationgivenin 2.

Thereis an explicit commitmentto the existenceof all possible|D;| ... x |D,,| ac-
tions (where D; is the domainof parameter)! The model containsall state/postState
relationsfor all possiblevaluesof ao in thedeductve formulation. Asidefrom thenames
of constantsusedto identify statesthelogical modelof a planis the samefor equivalent
constraintsexpressedsa conjunctionor asanlogical equivalence.Matchingthe fluent
in stateto a specificworld statedetermineshe parametersf the activity occurrencei.e.
the parameter®f the skolem function), hencethe postStatefor that occurrencecanbe
constructedand vice versa. In the deductve rule the stateand postStatevould share
variablesandthe samepatternsof instantiationwould be permitted. The advantageof
the conjunctive formulationis thatit requiresactionsto be definedasa completesetof
constrainton the plan. The mappingto a graphrepresentatiofis therebysimplified as
thereis no othersourceof plangeneratiorknowledge- explicit or implicit in the action
representation.

Theexamplein Figurel shavstheencodingof stepl of thecitric acidcycle,aprocess
takenfrom a cellularbiology text. Thestructureof the processs well known, but we for-
mulateit asaplanningproblemin orderto illustratethedualplanning/procesgepresenta-
tion we obtainthroughPSL.The ?Eventis anoccurrencef a Hydrolysisactionandis pa-
rameterisedy the numberof OxaloacetatelcetylCoA, HSCoA,andCitratemolecules.
The amountof Oxaloacetateand AcetylCoA is decreasedby one molecule,while one
moleculeof HSCoA and Citrate is produced. Note that the numberOfMoleculesInCell
predicates usedfor illustrative purposesandis not presentedispart of anauthoritatve
theoryof cell biology. Theexpressiornis presenteih CycL syntax,with thesimplification
of using+ and- for the arithmeticoperators.

The constraintgdiscussedo far have beenrestrictedto constraintson actionprecon-
ditions/efects. Satisfyingtheseensurewalid plans(assuminghatthe plannercorrectly
implementssyntacticmatchingof fluents).Otherimportantclasse®f constraintsnclude
constraintdbasedon the semanticof the predicatesisedasfluents,andactionordering
constraints Theseconstraintgnay easethe authoringof constraintspecificationor may
directplangeneratiorrespectiely.

3.1 Ontology constraints

Constraintsuchastherestrictionin the blocksworld thatthe predicateon is irreflexive,
—-on(z, z), maybespecifiedn theontology Includinganinequalityz # y whenon(z, y)
asapre/postconditiofn theactionspecificatioris a simpleway to enforcethisrestriction

Naturally, in theskolemizedform, ao is representetly askolemfunctionparameterisedverp; , ..., p,,
andno otherconstantseedbe created.



(forAll ?W(forAll ?X (forAl ?Y (forAl 2z
(thereExi sts ?Event

(and
(occurrenced™ ?Event Hydrol ysis)
(state
(nunber O Mol ecul esl nCel | Oxal oacetate ?W
?Event)

(post State
(nunber O Mol ecul esl nCel | Oxal oacetate ?W1)
?Event)

(state
(nunber O Mol ecul esl nCel | Acetyl CoA ?X)
?Event)

(post State
(nunber O Mol ecul esl nCel | Acetyl CoA ?X-1)
?Event)

(state
(nunber O Mol ecul esl nCel | HSCoA ?Y)
?Event)

(post State
(nunber O Mol ecul esl nCel | HSCoA ?Y+1)
?Event)

(state
(nunber O Mol ecul esInCell Citrate ?2)
?Event)

(post State
(nunber O Mol ecul esInCell Citrate ?Z+1)

?Event))))))).

Figurel: A constraintexpressiorfor stepl in thecitric acidcycle

in the plannerals@. However, it is more corvenientto expresstheseconstraintsonce

only, in amoregeneraform. Equality/inequalityconstraintsareformalisedasfollows:

3. VaVyVa postState( P(x,y),a) — postState(z # y, a)

The standardnterpretatiorof = mustnow beassumedo beimplementedn the planner

Equalityandinequalityconstraintarecommon,andcanbe moreconciselyexpresseds

arelationbetweera conjunctionof fluentsanda conjunctionof equality/inequalities:

4. (Vf1...fuVi1...0p stateConstraint(fi A ...fn, i1 A i) <

(Va postState(fi,a) A ...postState(f,,a) — postState(ii,a) A ...postState(iy,a))

wheref;...f,, arefluentsandi,...i,, arein theset{=#}. ThestateConstint predicatds

introducedfor corveniencej.e. it is a purely definitionalextensionof PSL.In the citric

acidexample,thefactthatthe predicatefor the numberof moleculesn a cell of a given

typeis functionalin the secondargumentrequiresan equality constraintwhich cannow

be expressedaoncisely:

(stateConstraint (and (nunber O Mol ecul esi nCel | A, B)
(nunber O Mol ecul esinCell A Q) B=0))

2Thisis a simpleway to make the plannerawareof ontologyconstraints.



3.2 Action ordering constraints

The occurrenceOfpredicatels usedin the activity specificationto relateoccurrenceso
actwity type. However, actvity typeinformationplaysnorole in actionsequencingsall
thatmattersis the state <+ postState interdependencwhichis encodedsia the skolem
function. Activity type canbe usedto expressactionorderingconstraints.For example
we canstatethatHydrolysisshouldprecedeédxidationin the planwe arecreating:

(inplies (and (occurrenced™ ?X Hydrolysis)
(occurrenced™ ?Y xidation)
(subactivityCccurrence ?X pl an)
(subactivityCccurrence ?Y plan))

(occurrenceEarlier ?X ?Y))

Unlike ontology constraints,action ordering constraintscannotbe expressedusing
state postStategredicatesastheseconstraintsare on the plan not the world state. This
type of constraintcould be usedto determineacceptablglansin the solutionextraction
phaseof graph-baseglanning. This is possibleas solutionscanbe easily expressedn
PSL.However, we have notyetimplementedhis feature.

In generalthereis a greatpotentialfor usingontologyconstraintssuchassymmetry
reflexivity andrangetypesin the planner We shallexplorethis furtherin future work.

4 Graph-Based Planning with Constraints

The directencodingof plan constraintan PSL within a CycL-basedKBS hasbeende-
scribed.We now outlinethe plangraphapproacho plansynthesisThe approachmple-
mentsthe additionalequality constraintsdescribedabove. The planneris implemented
asa modulewhich communicatesvith the Cyc KBS, but is externalto it. The planner
simply extractsstateand postStateassertiongrom the KB prior to planning. The plan
graphis constructedlirectly from theseassertionsvithout arny reformulationasis now
described.

Thealgorithmfor solving DynamicConstraintSatishctionProblemgDCSP)wasfirst
appliedto configurationtasks. Solutioncomponentsrerepresentedby variableswhich
rangeover a specifieddomain. Variablesmay be assignedraluesfrom the domainand
may bein or out of the solution. The DCSPalgorithm[8] makesuseof ATMS to keep
track of dependenciebetweernpropositions.DCSPcanbe usedin plansynthesisaftera
plan graphis constructed Propositionsn the plan grapharerepresente@és DCSPvari-
ablesandtheir domainis the setof actionsthatcausethe propositionto betrue. Variables
mustbe indexed by plangraphlevel, andbooleanconsisteng mustbeimposedoy ARN
rules(alwaysrequirenot) in the DCSPproblem.

In ourapproachheplangraphis createdlirectlyfrom theactionconstraintasfollows.

4.1 Plan graph and DCSP

Theplanninggraphis generatedorwardsfrom assumptionsLevel 0 containgheground
propositionghataretruein theinitial stateof theworld. As describedn [3], theplanning



stat e(P1, skf 1)
PSL post St at e( P3, skf 1)

Constraints st at e( P2, skf 2)
post St at e( P2, skf 2)

post St at e( P4, skf 2)

Plan Graph YN T N --0

P2 P2
skf2 - = - =

donmi n(<P2, 1>, { nop, skf 2})
DCSP <in(Pl), 0>

<in(P2), 0>

<in(P2), 1>

<eq( P2, skf2), 1>

<in(P4),1>

<eq( P4, skf2), 1>

Figure2: ConstraintsplanninggraphandDCSP

graphdiffersfrom the plan statesof a state-spacplannerasthe graphcontainsall propo-
sitiontruein ary state but doesnot directly encodestateconsisteng. Figure?2 illustrates
the approach.In contrastwith [1], the graphhasno deleteedgesasthereis no delete
construcin theactionrepresentation.

A simpleprocedures usedto constructheleveli graphfrom theleveli-1 graph:

1. Find all actionswhosepreconditionsaretrueatleveli-1. (Usestate(RPA) andthegraph
atleveli-1 to determingootentialActions,thenched thatall preconditionsare true.)

2. Geneate all propositionsat level i from the valid actionsfoundin 1. (Use post-
State(RA) for all Aidentified.)

While the state/postStataredicatesnaycontainvariablestheplangraphatlevel i — 1
is always composedof groundpropositions. In valid actions,all preconditionsmatch
groundstatesthereforeall variablesarebound,andpropositiondn the level i graphare
alsoground. The procedurdor matchingstateconditionsagainstthe propositionsn the
graphis simplesyntacticpatternmatching.

Theplangraphis translatednto a DCSPproblemasfollows:

1. Thedomainof a variable (proposition)is the setof actionsthat cancreateit.

2. RV rulesare constructedor all propositionsat leveli-1 onwhich a propositionat level
i depends.

3. RV rulesand CONrules are constructedor all propositionsat level i which mustbe
true at leveli givenan assignmenat leveli.

4. ARNrulesare constructedor all variables(propositions)P andnot-Pat leveli.

The dependeng betweenpropositions(variables)at successie levelsis encodedoy
theRV rulesin 2. To ensurethatthe assignmenbf anactionto a propositionentailsall



(occurrenced plani Pl annedActi vi ty)
(occurrenced™ (skfl 1 1 0 0) Hydrolysis)
(occurrenced™ (skf3 1 0 1) | soneri zation)
(occurrenced™ (skf5 1 0 0) Oxi dat i on)
(subactivityCccurrence (skfl1 1 1 0 0) planl)
(subactivityCccurrence (skf3 1 0 1) pl anl)
(subactivityCccurrence (skf5 1 0 0) pl anl)
(successor (skfl1 1 1 0 0) (skf3 10 1))
(successor (skf3 1 0 1) (skf5 1 0 0))

Figure3: Representationf a planin PSL

otherpoststatesof thatactionarein andtake thatvaluetoo, Rv andCON rules(3) are
generatedTo ensuréboolearconsisteng betweersolutionsARN rulesin 4. arerequired.
Notethatthe namesof DCSPvariableshave no semanticsn themseles.

Figure 2 shows the plan graphcreatedirom the PSL constraintdor two actionsskfl
andskf2 Note thatthe agumentsof predicategnumberOfMoleculesIinCelih the citric
acid example)and functionsare not shavn to simplify the diagram. Two newv ground
predicatesor propositionsarecreatedat level 1: P3 andP4. AssumingthatP2isin at
level 1, it canbe assignedskf2from its domain. As a consequencean RV rule asserts
that P4 mustbe in andalsotake the value A2. This is necessaryasthe actionhastwo
postconditionsasillustrated. A furtherconsequences thatP2is in atlevel 0. In factall
level O propositionsarein asshovn. The assignmenbf skf2to P2 doesnot explicitly
dependon the in(P2) assumptiorasthe needfor variablesto be in to be relevantto the
solutionis built into the solutionextractionprocedure.

4.2 Constraints

Constraintson predicatesuchasirreflexivity and having functionalamgumentsare ex-
pressedas equality constraintsand are obtainedfrom stateConstint assertionsn the
CycKB. If apostStatef anactionviolatesa constraintthe actionandits postStateare
not addedto the graph. Constraintswith multiple fluentsasconditions(which could be
supportedy differentactions)andaretestedagainstll propositionsn thegraphatevery
level,andARN rulesaregeneratedbetweenpropositionsasaresult.

4.3 Solution extraction and representation

Solutionextractionis attemptedvhenthereis an assignmento the goal propositionat
the currentlevel of graphexpansion. This processs initiated by first assertinghat the
goalpropositionis in atthe currentlevel. Assignmentsarefoundfor all variableswhich
arein, basedon the sameassumptiongasthe goalassignmentNew assumptionsnay be
found andnew in variablesidentifiedandassignedraluesasa result. This procedures
repeatedrom the currentgraphlevel to level 0. A consistensetof assumptionsnustbe
maintained.If this procedurecanbe completedthe solutionis the sequencef (setsof)
actionsthatsupportpropositionsatlevels1 - n.



The resultof planning—theaction sequencer plan—canbe expressedn the PSL
ontologyandthereforecansimply be assertedn the KBS. Therearetwo possibilitiesfor
planrepresentationthe assignmenof activity occurrenceso orderedtime pointsusing
isOccurringAtandbefore, and/orthe sequencingf activity occurrencesisingsuccessor
and subactivityOccurence(activities canbe viewed as subactvities of the overall plan
activity occurrence)As all actiity occurrencesreimplicitly representeth the KBS no
new constantsieedbe createdo representhe plannedactvities (the symbolsskfl, skf3
etcareskolemtermswhich arealreadydefinedin the KB). Constantdor the overall plan
activity andfor timepointsmay needto be created. The orderof activity occurrencas
easilyextractedfrom thevariableassignmentateachlevel of the DCSPfoundin solution
extraction. The PSL encodingfollows directly from this ordering. For example,a three
stepplanconsistingof skf 1, skf 3, skf 5, atlevels1, 2, and3, would berepresenteth
PSLasshavn in Figure3. In the caseof the citric acid cycle examplepresentedbore,
the successoandsubactivityOccurencemodel exactly correspondso the specification
of the processnodelof thecitric acidcycle.

Currently we have implementeda numberof simple domainsincluding the blocks
world andcitric acid cycle, and successfullytestedthe plannerin thesedomains. The
runtime performanceof the currentPrologimplementatiorhasnot beensystematically
evaluatedasit intendedo be atestbedatherthana competitve implementationindeed,
efficient C implementationsalreadyexist for the basic algorithmsand thesecould be
modifiedto improve runtimes.

The proceduredor generatinghe DCSPproblemaresimple. In futurework we shall
furtherinvestigateany additionalcompleity they mayintroduceinto the DCSPthrough
thegeneratiorof additionalrules. As apreliminaryexplorationof the effect of constraints
onproblemsize,thefollowing tableshavstheeffectof deletingtheirreflexivity constraint
ononin theblocksworld domain.Boththe numberof nodesn thegraphandthenumber
DCSPrulesgeneratean eachiterationof thealgorithmincreases:

| Iteration 11 [2 |3 |
All Constraints
GraphSize 18 | 25 30

No. DCSPRules | 276 | 794 | 1241
Without —on(z, x)
GraphSize 20 | 29 34

No. DCSPRules | 381 | 1160| 1609

It canbe seenthat the small increasen graphnodes(e.g. 2 instancesof on(x,x) at
level 1) resultsin a disproportionatencreasdan the numberof DCSPrules. If this result
generalisesthenontology constraintsappearto have a significantimpacton the size of
the problemrepresentatiofnodesandrules). However, the irreflexivity constraintmay
beparticularlycritical in this domain.



(inmplies (occurrenced™ ?P CitricAcidCycle)
(thereExists ?A1 (thereExists ?A2 (thereExists ?A3
(and (occurrenced ?Al Hydrol ysis)

(occurrence ?A2 |sonerization)
(occurrencet ?A3 Oxidation)
(subactivityQccurrence ?A1 ?P)
(subactivityQccurrence ?A2 ?P)
(subactivityQccurrence ?A3 ?P)
(successor ?Al1 ?A2)
(successor ?A2 ?A3)))))))

Figure4: Specificatiorof thecitric acidcycle (stepsl-3)

5 Process Representation

Thecitric acidcycle examplewasformulatedasaplanningproblemin orderto shav how
sequencesf actionscanbe constructedrom constrainformulain PSL.In this casethe
prototypicalmodelof theprocesss in factknown - the problemin processepresentation
is to describethe processstructurethe participantsn theactwities andsubactvities, and
the effects of actwities. Clearly, thereshouldbe commonalitybetweenthe processand
planrepresentationgndtheaim of this sectionis to demonstratéhis.

The event structureof the citric acid cycle is specifiedin Figure4 by a rule which
assertghat all occurrence®f the cycle have subacWity occurrencef the specified
types,occurringin the specifiedorder The cycle has9 stepsbut only threeare shavn
for simplicity asthe completerule hasthe sameform asthe versionshovn. Theruleis
a specificationanddoesnot introduceary instanceof actvity until the conditionsare
satisfied.Thefull specificationof the processontainsadditionalassertionsisingCycL
vocalulary, but thesearenotdirectly relevanthere. The preandpostcondition®f thefirst
subactvity occurrences asshown in Figure5b.

Theassumptionsf thisrule determinghe participantsn eachsubactvity occurrence.
In thiscasethenumberof Oxaloacetatenoleculess decreasettom theinitial valueafter
?A1. Thechangedo theworld madeby a subactvity occurrencarefoundby examining
the (ground)stateandpostStatexssertion®f thatoccurrence.

Fromsetsof rulesof thesetypes,hypothesising:

(occurrenced P1 CitricAcidCycl e) andby makingthe necessarassump-
tions aboutthe context in which the processis executed,an instanceof the complete
processcan be derved by a sequencef inferencesin the KBS. The descriptionis in
termsof occurrenceOf subactivityOccurence successgistateandpostStateaswasthe
casefor the instancedevel modelcreatedby the planner While activity occurrencesre
representedby differentskolem functionsin the plan-derved modelcomparedwith the
processnodel,the modelsarestructurallyidentical.

It is interestingto comparethe actionorderingstatemenbf section3.2 with the pro-
cessspecification:The orderingstatements a wealer specificationof the process.Thus
thereis a spectrumfrom no action orderingrequirementsthroughpartial ordering,to
completespecification. The reasoningasksrangefrom plan generatiorto plan/process
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(inplies

(and
(occurrenced ?P CitricAcidCycle)
(occurrenced ?Al Hydrol ysis)
(occurrencet™ ?A2 |sonerization)
(occurrencet ?A3 Oxidation)
(subactivityQccurrence ?A1 ?P)
(subactivityQccurrence ?A2 ?P)
(subactivityQccurrence ?A3 ?P)
(successor ?Al ?A2)
(successor ?A2 ?A3)
(number O Mol ecul esl nCel | Oxal oacetate ?W
(nunber O Mol ecul esl nCel | Acetyl CoA ?X)
(nunber O Mol ecul esl nCel | HSCoA ?Y)
(number Of Mol ecul esInCell Citrate ?2) ...)

(and
(state (number O Mol ecul esl nCell Oxal oacetate ?W ?A1)
(state (nunmber O Mol ecul esl nCel | Acetyl CoA ?X) ?Al)
(state (nunmber O Mol ecul esl nCel | HSCoA ?Y) ?Al)
(state (nunmber O Mbl ecul eslnCell Citrate ?Z) ?Al1)
(poststate (nunber Of Mol ecul esl nCel | Oxal oacetate ?W1) ?A1)
(poststate (number O Mol ecul esl nCell Acetyl CoA ?X-1) ?A1)
(post State (nunber O Mol ecul esl nCel | HSCoA ?Y+1) ?Al)
(postState (nunber Of Mol ecul eslnCell Citrate ?Z+1) ?Al1) ...))

Figure5: Effectsof actvity occurrences

checking. Hierarchicalplanningis betweentheseextremesdue to the extensve action
orderingknowledgeencodedn the planschemas.

6 Conclusions

In thedomainswe areconsideringwe may have a modelof a processaandwish to repre-
sentandreasoraboutthat. We may alsowish to performreasoningaboutpossibleaction
sequences planning. Thereforea underlyingrepresentationf actionsthatcanbe used
for bothpurposess animportantrequirement.

We have usedaproposedtandardepresentatiofor processe)SL,andshovn how it
canbeusedfor adirectencodingof actionconstraintgor plansynthesisWe have adapted
the planninggraphandthe relatedDCSPencodingto implementa plannerwhich oper
ateson this representationThe resultsof planningcanalsobe encodedn PSLandcan
thereforesimply be assertedn a KBS which conformsto the PSL ontology or to which
the PSLontologycanbe mapped.Theapproachwe describds a novel combinationof a
proposedstandardorocess/plamntologyrepresentatiomvith efficient graph-baseglan-
ning techniguesFuturework will beto investigatehow expressionsn the ontologycan
beusedefficiently asconstraintsn theplanner Thiswill easeheproblemof writing con-
straints,andgiveinsightsinto how ontologyconstraintcanbeusedto guidegraph/DCSP
generation.
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