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Abstract

Thispaperpresentsandmotivatesanextendedontologyknowledgemodelwhichrepresentssemantic
informationaboutconceptsexplicitly. Thisknowledgemodelresultsfrom enrichingthestandardconcep-
tualmodelwith semanticinformationwhichpreciselycharacterisestheconcept’spropertiesandexpected
ambiguities,includingwhich propertiesareprototypicalof a conceptandwhich areexceptional,thebe-
haviour of propertiesover timeandthedegreeof applicabilityof propertiesto subconcepts.Thisenriched
conceptualmodelpermitsa precisecharacterisationof what is representedby classmembershipmech-
anismsandhelpsknowledgeengineersto determine,in a straightforward manner, the meta-properties
holdingfor a concept.Meta-propertiesarerecognisedto bethemaintool for a formal ontologicalanaly-
sisthatallows building ontologieswith a cleananduntangledtaxonomicstructure.
This enrichedsemanticscanprove usefulto describewhat is known by agentsin a multi-agentsystem,
asit facilitatestheuseof reasoningmechanismson theknowledgethat instantiatesanontology. These
mechanismscanbeusedto solve ambiguitiesthatcanarisewhenagentswith heterogeneousontologies
have to interoperatein orderto performa task.

1 Intr oduction

Advancesin theInternethavemadeit possibleto accesshugeamountsof diverseinformationfrom different
placesall over theworld. Combiningthis informationin orderto obtainaddedvalueon a domainrequires
adeeperunderstandingof how heterogeneousknowledgesourcescanbeintegrated.Thecomplexity of this
taskis high,chiefly becauseof thedifferenttypesof heterogeneitythatmayaffect knowledgesourcesand,
to a lesserextent,their size.
Oneknowledgeengineeringparadigmthathasprovedusefulfor dealingwith the integrationof heteroge-
neousknowledgeis basedona multi-agentsystemarchitecture,wherehumanandsoftwareagentsinterop-
erateandsocooperatewithin commonapplicationareas.Agentsin a multi-agentsystemarecharacterised
by autonomy, adaptability, interoperability, anddynamism.Thesequalitiesareparticularlyuseful in that
they canhelp to facilitateopensystemswhich aretypically dynamic,unpredictableandhighly heteroge-
neous[13], as is the Internet. In thesetypesof applicationdomain,agentinteroperabilitytypical of the
multi-agentsystemapproachis requiredbecausethe individual componentsthat interactwith agentsare
not known a priori . Additionally, this paradigmprovidesrobustnessandflexibility of both the interfaces
betweentheagentsthatexist within theInternetandthosebetweenagentsandsoftwaresystems,which is
essentialsincetheinterfacescannotbeanticipatedat designtime.
Within a multi-agentsystem,agentsarecharacterisedby differentviewsof theworld thatareexplicitly de-
finedby ontologies, thatis viewsof whattheagentrecognisesto betheconceptsdescribingtheapplication
domainwhich is associatedwith theagenttogetherwith their relationshipsandconstraints[4]. Interoper-
ability betweenagentsis achievedthroughthereconciliationof theseviewsof theworld by a commitment
to commonontologiesthatpermitagentsto interoperateandcooperatewhile maintainingtheirautonomy.
In opensystems,agentsareassociatedwith knowledgesourceswhich arediversein natureandhave been
developedfor differentpurposes.Knowledgesourcesembeddedin a dynamicenvironmentcanjoin and
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leave the systemat any time. Fromtheontologyperspective, dealingwith opensystemsimplies thatdif-
ferentontologiesareoftentheefforts of differentdomainexperts,eachontologydesignedandmaintained
independentlyin distributedenvironments.In suchasituationinteroperationbetweenagentsis basedonthe
reconciliationof their heterogeneousviews, which is accomplishedby merging or integratingthe diverse
ontologiesassociatedwith theagentscomposingthesystem[36]. Themerging andintegrationof diverse
ontologieshasto be accomplishedbearingin mind that sinceagentsarehighly heterogeneous,they are
likely to beincapableof fully understandingeachother, sothatbothsyntacticandsemanticinconsistencies
canarise(becuaseof languageor ontologyheterogeneity, illustratedin Section3).
An agentarchitectureis defined[42] asonethat containsan explicitly represented,symbolicmodelof the
world, andin which decisions(for exampleaboutwhatactionto perform)aremadevia logical (or at least
pseudo-logical) reasoning, basedon patternmatching and symbolicmanipulation. Thereforeontologies
in multi-agentsystemsrequirea high degreeof expressive power to supportthe applicationof reasoning
techniquesthat resultin sophisticatedinferencessuchasthoseusedin negotiation,which is motivatedby
therequirementfor agentsto solveproblemsarisingfrom their interdependenceupononeanother[25].
This paperpresentsandmotivatesa knowledgemodelfor ontologieswhich enrichesthetraditionalontol-
ogy conceptualmodelby providing a precisecharacterisationof thepropertiesthatdefineconcepts.This
characterisationincludeswhich propertiesareprototypicalof a conceptandwhich areexceptional,thebe-
haviour of thepropertyover time andthedegreeof applicabilityof propertiesto subconcepts(that is, the
way propertiesareinheritedby subconcepts).This enrichedknowledgemodelaimsto provide thekind of
semanticinformationtypical of formal ontology[3]; this informationcanprove usefulto dealwith prob-
lemsof semanticinconsistency thatarisewhenreasoningwith integratedontologies.In orderto providean
exampleof how suchconceptualmodelcouldbeimplementedwe have extendedtheusualsetof facetsin
theOKBC frame-basedmodel[2] to encompassthis additionalinformation.
Thepaperis organisedasfollows: section2 introducesthenotionof ontologywhile section3 definesthe
problemof sharingknowledgebetweenheterogeneousagents.Section4 introducestheenrichedontology
modelwe propose,which is implementedin anOKBC-like modeldescribedin Section5. Section6 illus-
tratestheexpressivepower of theknowledgemodel,while section7 discussestheextensionsrelatingit to
the toolsof the formal ontological analysisdescribedin Section2 intendedto developontologiesthatare
easierto integrate.An exampleof conceptdescriptionusingtheknowledgemodelis describedin Section
8, andfinally, in section9 conclusionsaredrawn.

2 Ontologies

In thissectionwewill first clarify whatwemeanby ontologies,becausethereis nouniversalagreementon
themeaningof this term.
’Ontology’ is the branchof philosophywhich considersthe natureandessenceof things. Artificial intel-
ligencetakesa lessabstractview anddefinesontologiesasanan explicit, formal specificationof a shared
conceptualisation[35]. In this definition, a conceptualisationrefersto an abstractmodel of somephe-
nomenonin the world which identifiesthe conceptsthat arerelevant to the phenomenon;explicit means
that thetypeof conceptsused,andthattheconstraintson their useareexplicitely defined;formal refersto
thefactthatanontologyshouldbemachine-readableandfinally sharedreflectsthenotionthatanontology
capturesconsensualknowledge,that is, it is not privateto someindividual, but not acceptedby a group
[35].
Accordingto Gruber[8], an ontologycomprisesof concepts, relations, functions, instances, andaxioms.
A conceptrepresentsa setor a classof entitiesor thingswithin a domain. A conceptC is describedin
termsof properties, thatis thefeaturesthatall instancesof C have. Propertiescanbe intrinsic or extrinsic.
Intrinsic propertiesarethosecharacterisinginherentlyanobject,andthey do not dependon any otherob-
ject. Extrinsicpropertiesareusuallyassignedby someexternalagent,andthusarenot inherent.Relations
and functions(we disregardherethe differencebetweenthem)describethe interactionbetweenconcepts
or propertiesof a concept. Instancesarethe individualsrepresentedby the concepts,andfinally axioms
constrainthevaluesof conceptsor instances.
In the remainderof this paperthe term conceptandclassareusedassynonyms,asar propertiesandat-
tributes. Conceptsareorganisedinto a strict is-ahierarchy, sothatpropertiesareinheritedfrom a classto
its subclasses.In theremainderwe usethetermssubclassandsubconceptsassynonyms.
Conceptscanbedescribednot only in termsof their properties,but alsoin termsof their formalproperties
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[11] asdefinedby formalontology [3]. Formalpropertiesarethemaintoolsof formalontologicalanalysis,
which builds on and integratesprevious methodologiesto build ontologies,suchas thoseintroducedby
UscholdandGruninger[39] andGómez-Ṕerez[7] andcomplementsthemby addingformal ontological
toolsthatcanhelpin clarifying theanalysis.Thetaskof theformalontologicalanalysisis to establishwhat
arethe ontologicalpropertiesthat constrainthe way in which the representationalprimitivesareusedto
modelthedomain.A full descriptionof thismethodologycanbefoundin [11].
Thereasonwhy suchconstraintsareneededis thatwhenmodellingadomainthereareanumberof waysof
modellingthesameknowledgeandthechoiceof oneapproachover theothersis left to theexperienceand
thebackgroundknowledgeof theconceptualmodeller. Theformal toolsof ontologicalanalysisaresome
basicnotionsof formal ontologicalpropertiesthat have beenobjectof studyin philosophyfor centuries.
By establishingwhich of thesepropertiesholdswe cancheckwhetherthechoicesmadein modellingthe
conceptsincludedin theontologyandin structuringtheconcepts’hierarchyaresound.
Thetoolsof formalontologicalanalysisarefour, namely:identity, essence, unity, anddependence.

�
IDENTITY: Identity is the logical relationof numericalsameness,in which a thing standsonly to
itself. Basedon the ideathateverythingis what it is andnot anything else,philosophyhastried for
a long time to identify thecriteriawhich allow a thing to be identifiedfor what it is evenwhenit is
cognisedin two differentforms,by two differentdescriptionsand/orat two differenttimes[41, 12].
Thiscomprisesbothaspectsof findingconstitutivecriteria(whichfeaturesathingmusthavein order
to bewhatit is), andof findingre-identificationcriteria(which featurea thinghasto have in orderto
berecognisedassuchby a cognitive agent).Thesearedistinct,althoughequallyimportantaspects
of identity. Although the problemof identifyingwhat featuresan entity shouldhave in orderto be
what it is andrecognisedassuchhasbeencentralto philosophy, it did not have the sameimpact
in conceptualmodellingandmoregenerallyAI. The ability to identify individualsis centralto the
modellingprocess,moreprecisely, it is not the mereproblemof identifying an entity of the world
that is centralto the ontologicalrepresentationof the world, but the ability to re-identifyan entity
in all its possibleforms, or more formally re-identificationin all possibleworlds1. That is, the
problemis relatedto distinguishinga specificinstanceof a conceptfrom its siblingson thebasisof
certaincharacteristicpropertieswhichareuniqueandintrinsic to that instancein its whole. Intrinsic
propertiescorrespondto the modellingprimitive attributes. Extrinsic propertiesrepresentrelations
betweenclasses,thuscorrespondingto themodellingprimitive relationship.
This notion is, of courseinherentlytime dependent,sincetime givesrise to a particularsystemof
possibleworldswhereit is highly likely thatthesameinstanceof aconceptexhibitsdifferentfeatures
2. This problemis known asidentitythroughchange: aninstanceof a conceptmayremainthesame
while exhibiting differentpropertiesat differentinstantsof time. Thereforeit becomesimportantto
understandwhich featuresor propertiescanchangeandwhich cannot[11], andalsothe situations
thatcantriggersuchchanges.
If we reformulatethe identity problemas re-identificationwe realisethat also re-identificationis
affectedby time; how canwere-identifythesameinstanceatdifferentinstantof times?
We facethe re-identificationproblemin everydaylife; we are able to recognisethe featuresthat
permitsus to distinguishan instancefrom the others,andwhenintrinsic featuresarenot available,
we ’attach’ artificial features,that permit us to establishidentity. Oneexampleis the StudentID,
which is assignedto universitystudents,in orderto identify studentsunivocally.

�
UNITY: the notionof unity is often includedin a moregeneralisednotionof identity, althoughthis
two notionsaredifferent.While identityaimsto characterisewhatis uniquefor anentityof theworld
whenconsideredasa whole,thegoalof unity is thatof distinguishingthepartsof an instancefrom
therestof theworld bymeansof a unifying relationthatbindsthemtogether(not involvinganything
else)[11]. For example,thequestion’Is this my car?’ representsa problemof identity, whereasthe
question’Is the steeringwheelpart of my car?’ is a problemof unity. Also the notion of unity is
affectedby thenotionof time, canthepartsof an instancebedifferentat differentinstantsof time?
Thisproblemis alsoknown asindividuation.

�
ESSENCE: The notion of essenceis strictly relatedto the notion of necessity[14]. An essential

1Somephilosophers,e.g. Lewis [19, page39 ff], hold that thereis no suchthing astrans-world identity, althoughobjectsin one
world canhavecounterpartsin otherworlds.

2Herethecounterparttheorydoesnothold,andsoidentity throughtime is alwaysaccepted.
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propertyis a propertythatis necessaryfor anobject,or, in otherwords,a propertythatholds,thatis
truein every possibleworld [20]. Basedon thenotionof essence, Guarinoandcolleagues[10] have
introducedthenotionof rigidity. A rigid propertyis a propertythatis necessaryto all instances,that
is aproperty � suchthat: �������	��
���
�������
 .
Rigidity strictly dependson the notionsof time andmodality [37]; this point is further elaborated
in Section7.1. It is importantnot to confusemodalnecessitywith temporalpermanence.Modal
necessitymeansthat thepropertyis true,in every possibleworld. Time is undoubtablyonepartition
of theseworlds,but temporalpermanencemeansthat thepropertyis true in thatworld (time), with
no informationconcerningtheotherpossibleworlds,andthismight happenby purechance.

�
DEPENDENCE: In the methodologyby GuarinoandWelty [11], the notion of dependenceis con-
sideredrelatedto conceptproperties.In this context dependencepermitsus to distinguishbetween
extrinsicandintrinsic propertiesbasedonwhetherthey dependonobjectsotherthantheonethey are
ascribedto or not.

3 Problemdefinition

Interoperableagentsystemsdependuponthe agentsability to reconciletheir views of the world, andto
share knowledge. Knowledge sharingdenotessharingof thesameknowledgeby multiple agents(bethem
humanor software),acrossmultiple applications,andin multiple contexts at the sametime [38]. This is
accomplishedby ’combining’ theontologiesassociatedwith theagentscomposingthesystem.Combining
heremeansusing two or moredifferentontologiesdevelopedfor a different task in which their mutual
relation is relevant [15]. The combineduseof independentelydevelopedontologieshasbeenobjectof
previouswork ([26, 5, 21]) andit is oftenachievedby integrating or merging ontologies.Herewe follow
Klein [15] anddefineintegration andmerging assynonyms that indicatethe creationof a new ontology
from two or moreexistingontologieswith overlappingparts,which canbeeithervirtual or physical.
Ontologyintegrationis comprisedof thefollowing steps(whichmaybeiterated)[22]:

1. find theplacesin theontologieswherethey overlap;

2. relateconceptsthataresemanticallyclosevia equivalenceandsubsumptionor instancerelationships
(aligning)

3. check(at leastpartially) theconsistency, coherence,andnon-redundancy of theresult.

In thspaperwe areonly concernedwith step1, that is thecoalescenceof two semanticallyidenticalterms
in differentontologiessothat they arereferredto by thesamenamein theresultingontology. Thecoales-
cenceof termsin diverseontologieshasto be accomplishedbearingin mind that sinceagentsarehighly
heterogeneous,their ontologiescanbeheterogeneous,soany kind of heterogeneityhasto bereconciledin
orderto permitknowledgesharing.
Heterogeneityhaslongbeenrecognisedasthemajorobstacleto knowledgesharingandpreviouswork has
illustratedthedifferenttypesof heterogeneitythatcanaffectagents[24, 7, 40, 1, 15]. In thispaperwe take
theview illustratedby Klein [15], andweclassifythedifferenttypesof heterogeneitythatcanaffectagents
in thefollowing way:

� Languageheterogeneity:Languageheterogeneityoccurswhenontologieswritten in differenton-
tology languagesare integrated/combined.It can be causedby differencesin the syntax, logical
representation,semanticsof primitivesandexpressivity of the languagesusedto representthe on-
tologies.For example,a languagemightpermittheexpressionof disjointnessexplicitly, for instance
by usingthestatement(disjoint A, B), whereasanotheronerepresentsthesameconceptby
negationin theclassdeclaration,e.g., A subclass-of (NOT B) � B subclass-of (NOT
A). More specifically, this is a caseof logical representationheterogeneity[15]. This is thekind of
heterogeneitythatKIF aimesto resolve [24].

� Ontologyheterogeneity:Ontologyheterogeneityoccurswhenagentsmake differentontologicalas-
sumptionsabouttheoverlappingdomains.In particular, ontologyheterogeneitycanoccurwhile con-
ceptualisingand/orexplicating [40] thedomain.Both conceptualisationandexplicationheterogene-
ity canbefurthersubdivided,but suchdetailedclassificationof thepossiblecausesof heterogeneity
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is out of thescopeof this paper. Conceptualisationheterogeneityis dueto semanticdifferencesaris-
ing from differentconceptualisationsof the conceptsandthe relationsin the agentsdomains. For
example,one agentcan model the conceptWine into the subconceptsWhite-Wine andRed-
Wine andthenfurtherspecifythetwo. Therefore,theconceptWhite-Wine hastwo subconcepts,
Chardonnay andRiesling; analogouslytheconceptRed-Wine is subdividedinto its subcon-
ceptsBeaujolais andChianti. Anotheragentmight model the conceptWine into the sub-
classesWhite-Wine andRed-Wine, only. Anotherexampleof conceptualisationheterogeneity
canoccurwhenoneconceptualisationsubdividesthe conceptPerson into the subconceptsMale
andFemale whereastheothersubdividesit into thesubconceptsChild, Teenager andAdult.
It concernsonly concepts.
Explicationheterogeneityis dueto differencesin theway theconceptualisationof a domainis spec-
ified. During the conceptualisationphasethe conceptsdescribingthe domainare selected,in the
explication phasetheseconceptsaremadeexplicit. For example,let us supposeto have two on-
tologies ��� and ��� that describethe vehiclesdomain,and that both model the conceptCar, by
calling it Automobile in ontology ��� andMotor-car in ontology ��� . To make the problem
more complex the two conceptscan either be describedby the sameset of attributes, for exam-
ple Registration-Year, Maximum-Speed, or by two setsof attributesthataresemantically
equivalent. For exampleAutomobile in ontology ��� could be describedby the setof attributes
Reg-Year andMax-Speed, while theconceptMotor car in ontology ��� is describedby theset
of attributesRegistration-Year andMaximum-Speed. Few researcheffortshavespecifically
addressedontologyheterogeneity, amongthemtheKRAFT project[28] andOBSERVER [23].

Heterogeneity, andespeciallyontologyheterogeneity, canseriouslyhinderattemptsto shareknowledgeau-
tomaticallybetweenagents.In factin orderto recognisewhethertwo conceptsfrom heterogeneousknowl-
edgesourcesaresimilar, we cannotonly rely on the the termsdenotingthemandon their descriptions,
but we needto have a full understandingof theconceptsin orderto decidewhetherthey aresemantically
relatedor not. As notedby McGuinness[21], anexplicit representationof thesemanticsof termswouldbe
usefulto understandwhethertwo conceptsaresimilar. By conceptsemanticswereferhereto apreciseand
unambiguousdescriptionof themeaningof theconcept.
It emergesthat the currentontologymodelsarenot expressive enoughto provide suchan explicit repre-
sentationof thesemantics.In fact,ontologieswith therichestexpressivenesscurrentlyarethoseorganised
in formal Is-a hierarchies(that is, strict subclasshierarchies),including formal instancerelations,whose
conceptsaredesribedin termsof their characterisingproperties,thatpermit restrictionson thevaluesas-
sociatedwith theproperties,andthat, finally, permit the expressionof logical constraintson the property
values[18]. Eventhiskind of expressivenessdoesnot,however, allows to giveafull accountof theseman-
ticsof theconceptsdescribed.
We realisethatany attemptto provide a representationof theprecisemeaningof eachconceptwill prove
extremelydifficult, andespeciallyif thisrepresentationis to beprocessableby acomputer. In theattemptof
findingamiddlepointbetweenthequestfor arichersemanticsandtheontologymodelscurrentlyavailable
weproposehereto enrichtheclassicontologymodelwith furtherinformationaimingto giveamoreprecise
characterisationof conceptsandof their properties.Theenrichedmodelwe proposecomprisesfocuseson
providing thefollowing characterisations:

� attribute behaviourover time: this information aims to give a betterdescriptionof attributesby
characterisingtheirbehaviour overtime,thatis,whetherthey areallowedto changetheirvalueduring
theconceptlifetime, whetherthechangeis reversible,andwhattriggerchanges;

� modality: this information is a qualitative descriptionof the degreeof inheritability of a concept
propertyby its subconcepts;

� prototypesandexceptions: this informationaims to describepropertiesthat areprototypicalfor a
concept,thatis thepropertiesthatobtainfor theprototypical(from a cognitiveviewpoint,according
to Rosch[29]) instancesof a concept.Exceptionsarethosepropertieswhich canbe ascribedto a
conceptalthoughbeinghighly unusual.

This paperclaimsthat an ontologymodelwhich includethis type of propertycharacterisationmight be
helpful to dealwith ontologicalheterogeneityproblemsin two ways. On theonehandthemodelpermits
to identify formal ontologypropertiesandthereforeit supportsall methodologiesfor building ontologies,

5



including the oneby GuarinoandWelty [11], which is thoughtto leadto cleanertaxonomieswhich are
easierto integrate.Ontheotherhand,thisconceptualmodelfor ontologiesfacilitatesabetterunderstanding
of theconceptssemantics.Currentlyany kind of integrationis performedby handbasedon theexpertise
of the knowledgeengineersandon the ontologiesdocumentation.Even in this casethe ontologymodel
we proposecanprove usefulby providing a characterisationof the properties,which canhelp to identify
semanticallyrelatedterms.
Thereareprospectsfor a semi-automaticintegrationof independentlydevelopedontologies. SMART [5]
andCHIAMERA [22] partiallydealwith languageheterogeneity, but a lot of work hasto bedonein orderto
permitsemi-automaticintegration.

4 Enriched ontologymodel

Theontologymodelwe proposecomprisesconcepts, attributes, relations, andinstances. Conceptsrepre-
senttheentitiesof thedomainandthetaskswe want to modelin theontology. Conceptsaredescribedin
termsof definingproperties,andwe call theseattributes. Conceptsareorganisedinto a Is-ahierarchy, so
thata concept’sattributesandtheir valuesareinheritedby thesubconcepts.Multiple inheritanceis permit-
ted,is therestrictionon valuesassociatedwith properties[18].
Attributesaredescribedin termsof their structuralcharacteristics,suchasthedomain,therange,thevalue
type, andthe maximumandminimum value(if attributesarenumeric). Attributesarealsodescribedin
termsof theirbehaviour over time (whethertheirvaluecanchangeover timeandunderwhichconditionsit
canchange,whetherthis changeis regularor is permittedonceonly, andwhetherthechangeis reversible);
their behaviour with respectto inheritance,that is a qualitative estimateof thesubconceptsinheriting the
attribute and its value(s);their prototypicalandexceptionalvalues. Prototypicalandexceptionalvalues
providecontextual informationconcerningtheattributeasdiscussedin Section7.4.
Relationsbetweenconceptsare supportedby the model, a relationshipR betweena concept ��� and a
concept� � is representedby anattribute of theconcept� � whosevaluetrype is � � . For example,if we
considertheconceptsWine andWinery, wecandefinetherelationshipProduceswhichassociatesawinery
with a wine. This is representedby addingto the conceptdescriptionof Winery the attribute Produces
whosevaluetypeis Wine.
Our ontologymodel includesalsoinstances.LassilaandMcGuinness[18] describeontologiesincluding
formal instancerelationsasa natural extensionof ontologiesenforcing a strict hierarchical structure. In-
stancesarerepresentedasconcepts,however, whenformal instancerelationshold, the ontologyincludes
alsothecontentaboutgroundingindividualsandtheir relationshipswith theconceptthey instantiate.
Finally, theontologymodelsupportsroles.Conceptsarealsousedto representroles, whichcanbethought
of describingthepart playedby oneconceptin acontext, (amorecompletediscussiononrolesis postponed
to Section7.2). Sowe maintaina frame-likesyntaxfor rolesaswell. Rolesaredescribedin termsof their
context, andtheformal role relationshipholds. It is importantto noteherethatwe arenot concernedwith
theproblemof supportinga role representationin thesyntaxof theontologymodel.
This ontologymodelenrichesthe traditionalmodelproposedinitially by Gruber[8], in that permitsthe
characterisationof aconcept’sproperties.Fromthis viewpoint it shouldbemoreexpressive. However, any
evaluationof the costto pay for this expressivenessandof the kind of reasoninginferencespermittedby
this modelarestrictly dependenton thedomainandthetaskat hand.In somecases,a simplesubsumption
inferencewould berequired(for exampleto identify commonancestorsin thehierarchy),whereaswe can
immaginethat theautomaticcoalescenceof termsmight requiremoresophisticatedinferenceswhosecost
we cannotevaluatea priori . In someothercases,thesimplematchingbetweenpropertiescharactersiation,
might rule out the possiblityof semanticrelatedness.For example,of two conceptsaredescribedby the
samepropertiesbut with differentcharacterisations,thismight indicatethattheconceptshavebeenconcep-
tualiseddifferently.
Thesolutionof addinginformationcharacterisingconcepts’propertiesis acontroversialone.Wedorealise
thatoftenis not truethat’more is better’.However, thereis afundamentalreasonfor enrichingtheontology
modelwith characterisationsof theattributes.An ontologyis ana priori accountof the’ things’ thatarein
a domainandtherelationshipsmodellingthestructureof theworld seenfrom a particularperspective. In
orderto providesuchanaccountonehasto understandtheconceptsthatarein thedomain,andthisinvolves
a numberof things. It involvesknowing whatcanbesensiblysaidof a thing falling undera concept.This
canberepresentedby describingconceptsin termsof their properties,andby giving a full characterisation
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of theseproperties.Thus,whendescribingtheconceptBird it is importantto distinguishthatsomebirds
fly andothersdo not. A full understandingof a conceptinvolvesmorethanthis, however: It is important
to recognisewhich propertiesareprototypical[29] for theclassmembershipand,moreimportantly, which
arethepermittedexceptions.Thereare,however, differencesin how confidentwe canbethatanarbitrary
memberof a classconformsto theprototype:it is a very raremammalthat layseggs,whereasmany types
of well known birdsdo not fly.
Understandinga conceptalso involvesunderstandinghow andwhich propertieschangeover time. This
dynamicbehaviour of attributesalsoforms part of the domainconceptualisationandcanhelp to identify
themeta-propertiesholdingfor theconcept.It is worthpointingout thatwearenotreferringto thedynamic
evolution of ontologies,but to the fact that attributesof a conceptmight changetheir value(s)during the
existenceof theconcept.This informationconcernstheconceptandshouldbereflectedby its ontological
definition.
It might be arguedthat this kind of of knowledgehasnot an ontological nature,but ratheran epistemic
one,andto someextentwedo agreewith this criticism. But, ontologies,especiallywhenconsideredin the
context of multi-agentsystems,shouldprovide an actualaccountof the agent’s view of a domain. Com-
municationin agentsystemreliesheavily on theagentsability to shareknowledge,andwe believe thatthe
ability of ontologiesto facilitate the sharingandreuseof knowledgeandthe reasoningwith ontological
knowledgeandits instancescanbe improvedif theformal meta-level of thedescriptionis complemented
by a richerconceptdescription.
Whenwe considerontologiesfrom a purephilosophicalperspective, they arean a priori descriptionof
whatconstitutesnecessarytruth in all possibleworlds[17]. It is this formalstanceonontologiesthatmakes
it possibleto addto ontologiesa meta-level of descriptionandthusto reasonaboutmeta-properties[11].
Our view on ontologies,especiallywhenthesemake an agent’s conceptualisationof the domainexplicit,
is thatontologiesshouldprovide sufficient informationto enableagentsto have a full understandingof a
conceptasit is in thedomain(thatis in therealworld), andthusthey arefully groundedin theagent’s real-
ity, but shouldalsoenableknowledgeengineersto performaformalontologicalanalysisontheseconcepts.
If ontologiesareseenin this perspective, thentheboundarybetweenwhat is to beconsideredontological
knowledgeandwhatis epistemicknowledgebecomesblurred.

5 Implementing the ontologymodel

In thissectionwehaveimplementedtheontologymodeldiscussedin Section4 in aframe-basedknowledge
modelthatwe have extendedto accommodatethesemanticadditionswe propose.Theknowledgemodel
we useis inspiredby OKBC [2], andthereforesupportsanobject-orientedrepresentationof knowledge.It
is worthnotingat this point thatwehaveusedtheOKBC modelonly asasupportfor theproof of concepts
andthat therearesomedifferencebetweenthemodelwe proposeandtheOKBC knowledgemodel. Our
aimis not to build anew knowledgemodelfor ontologiesbut to supportasemanticallyenricheddescription
of attributeswhendefiningconceptsin ontologies.
Theknowledgemodelis basedon thenotionsof classes, slots, andfacets. Classescorrespondto concepts
andto roles(seeSection5) that theseconceptscanplay, andsothey arecollectionsof objectssharingthe
sameproperties,hierarchicallyorganisedinto amultiple inheritancehierarchy, linkedby Is-alinks. Classes
aredescribedin termsof slots, or attributes,thatcaneitherbesetsor singlevalues.For exampletheclass
Wine might bedescribedby theslot Colour whosevaueis theset � Red,White, Rośe� to indicatethefact
thata winehasapropertycolour, andthevalueit cantake is eitherredor whiteor rośe. A slot is described
by a name,a domain,a valuetype andby a setof additionalconstraints,herecalled facets. Facetscan
containthedocumentationfor aslot,constrainthevaluetypeor thecardinalityof aslot,andprovidefurther
informationconcerningtheslotandtheway in which theslot is to beinheritedby thesubclasses.
In thefollowing sectionswe describethemainentitiescomposingour knowledgemodel.This description
is not meantto beexhaustive,but just to give anexampleof how theenrichedsemanticconceptualmodel
couldbe implementedin anOKBC like knowledgemodel. For this reason,we describein thedetailonly
thesuggestedextensionsto theprotocol.
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5.1 The additional facets

The extra informationrepresentedthe extendedsemanticshasbeenrepresentedby additionalfacetsaug-
mentingthosealreadyprovidedby OKBC. However, thesefacetsarenot mappedby correspondingslots
into slot framessincetheinformationencompassedin theadditionalfacetsmakessenseonly whenaslot is
associatedwith a frame,whereasit is undefinedwhentheslot is consideredon its own.

Classtype
The facet:CLASS-TYPE hasbeenaddedto the OKBC onesto specifywhetherthe classthat is beingde-
finedis a conceptor a role. This facetcantake two possiblevalues:concept androle which areused
to changethemeaningof someof theframefacets.

Valuelabel
Thevalueassociatedwith thefacet:VALUE-LABEL of slotSof frameF is oneor moreelementsfrom theset
of keywordsandkeyphrases:� Inherited, Inherited with exceptions, Distinguishing,
Value � . If thevalueassociatedwith thefacet:VALUE-LABEL of slotS of frameF is Prototypical it
meansthat thevalueassociatedwith theslot S is truefor any prototypicalinstanceof theclass,but excep-
tionsarepermittedwith a degreeof credibility expressedby theslot :MODALITY. If thevalueassociated
with the slot is Inherited this meansthat the valueassociatedwith S hasbeeninheritedunchanged
from somesuperclass,whereasif it is Inherited with exceptions thentheslot inheritsthevalue
from its parentframe,with somemodifications(for examplerestrictionon the domain). If the slot value
is labelledthroughthe facet:VALUE-LABEL asDistinguishing this meansthat it is a valuethatdif-
ferentiatesamongsiblingswith a commonsuperclass.For example,let ussupposethat theclassWine is
describedby the slot Colour, whosevaluesare � Red,White� . Let us definetwo classes,Red-Wine and
White-Wine. Both classesaresubclassesof Wine and thereforethey inherit the slot Colour, but this is
inheritedwith valuerestrictions,thereforethevalueassociatedto this slot is Redfor theclassRed-Wine,
andWhite for the classWhite-Wine. Sincethe slot Colour permitsto distinguishbetweenred wine and
whitewine, it is labelledasDistinguishing.
If theslot valueis labelledasValue it meansthatthevalueis neitherprototypical,nor inheritedor distin-
guishing.
It shouldbenotedthatinheritedanddistinguishingvaluesareincompatiblein thesameconceptdescription,
that is a valueis eitherinheritedor distinguishing,but cannotbe both. On the otherhanda valuecanbe
prototypicalandinherited. Distinguishingvaluesbecomeinheritedfor subclassesof the class.Of course
alsofor distinguishingvaluesit maybethatthatonly inheritancedoesnot concernthewholerangeof val-
ues,but only asubrange.

Valueprototypes
Thefacet:VALUE-PROTOTYPES of slot S of frameF specifieswhich valuesof slot S areconsideredproto-
typical in thecontext specifiedby theframeF, thatis thesetthosevaluesthatarenormally(in theconception
of the ontologydesigners)associatedwith theslot S whenthis is describingthe conceptat frameF. This
enablestheontologydesignersto expresswhatis believedto benormalfrom their perspective.
Therefore,thevaluesassociatedwith theslotSat frameF arethosetruefor any prototypicalinstanceof the
class,but exceptionsarepermittedwith a degreeof credibility expressedby theslot :MODALITY (seealso
the facet:VALUE-EXCEPTIONS). For example,let ussupposeto modeltheconceptBlood Pressure.
Theprototypicalvalues(that is thepossiblevaluesof bloodpressurefor a healthyindividual over 18) are
between90 and130 for systolicpressureandbetween60 and85 for diastolicpressure.This notion of
prototypicalvaluesis relatedto theanalogousonein cognitivescience[29] andis discussed,togetherwith
thenotionof exceptionin Section7.4.

Valueexceptions
Thefacet:VALUE-EXCEPTIONS of slotSof frameF specifieswhichsetof possiblevaluesof slotSareto be
consideredasexceptional,thatis thosevaluesthatarepermittedin theconceptdescriptionbecausethey are
in thedomain,but deemedexceptionalfrom a commonsenseviewpoint. Theexceptionalvaluesarethose
whicharepossiblebut highly unlikely. Thevaluesthatthisfacetcantakearethereforeasubsetof thevalues
associatedwith the slot S. Not all valuesthatarenot prototypicalareexceptionals.Let usconsideragain
thebloodpressureexample,exceptionsarethosevaluesregisteredfor peopleaffectedby conditionssuch
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ashypertensionor hypotensionandso,arethosein therangeof valuesfor theslotblood pressure but
outsidetherangedeterminedby theprototypicalvalues.Thatis, exceptionalvaluesfor systolicpressureare
thosein therangeof theslot thataresmallerthan90 andgreaterthan130,whereasfor diastolicpressure,
theexceptionalvaluesarethosesmallerthan59 andgreaterthan85.

Valuemodality
Thefacet:VALUE-MODALITY of slotS of frameF denotesthedegreeof confidencein thefactthattheslot
is associatedwith a somespecifiedvalues. It describesthe classmembershipconditionsandthe degree
of inheritability of thepropertymodelledby thepair slot- value(s).This valuemakessenseonly for class
descriptionsandnot for instancedescriptions.
Thevalueassociatedwith this facetis a nonnegativeintegerbetween1 and7. Eachof thesenumbersis as-
sociatedwith aspecificmeaning.Thepossiblevaluesassociatedwith thisslotsarereportedbelow together
with anexampleshowing casesin whicheachof thevaluesapply:

1. All. Let usassumewe have a framePerson which is describedby thepropertyhasfingerprints
modelledby associatingthe valueYes to the slot :HAS-FINGERPRINTS. The propertyof having
fingerprintsis inheritedby all subclasses,that is all the subclassesof Person (suchasChild ,
Teenager,Adult , andsoon)havefingerprints.Thiskind of informationis describedby associat-
ing thefiller All with thefacet:VALUE-MODALITY whendescribingtheslot :HAS-FINGERPRINTS;

2. Almost all. A classicexamplegivenin knowledgerepresentationof a propertywhich holdsfor
almostall thesubconceptsof theconceptwhichis beingdescribedis mammalsability to givebirth to
liveyoung.In factall speciesof mammalsgivebirth to liveyoungwith theexceptionsof aparticular
family, calledmonotremes, who doesnot. If we wereto modelthis situation,theslot :ABIL ITY-TO-
GIVE-BIRTH-TO-LIVE-YOUNG wouldbedescribedby valueAlmost all associatedwith thefacet
:VALUE-MODALITY;

3. Most. The filler Most is to be usedin thosecaseswherethe majority of subclassesinherit the
property. For example,let ussupposeto considerthe conceptCat. Themajority of catshave short
hair, althoughthereis a considerablenumberof cat specieswhich have long hair. If we choseto
modeltheconceptby associatingwith it theslot hasshorthair, thensucha slot would bedescribed
by associatingthefiller Most to thefacet:VALUE-MODALITY;

4. Possible. In somecases,however, we might not have any informationconcerningthedegreeof
applicability of a propertyto the propertiessubconcepts.For example,let us considerthe concept
universityprofessor. In somecountries,e.g. Italy, for instance,it is not alwaysthecasethat in order
to beaprofessoronehasto beawardedaPhD.Ontheotherhandin someothercountries,e.g.theUK
or theUnitedStates,it is often thecasethata professorhasa PhD.If we hadto modeltheconcept
professorthe propertyhas a phd would be describedby associatingthe valuePossible to the
modalityfacet,in thatit is possiblethatthepropertyholdsfor someof thesubclassesof theconcept,
but we do not have informationconcerningthespecificsubclassesfor which thepropertyholdsand
neitherdo weknow for how many of them;

5. A Few. It hastheoppositesemanticsof Most;

6. Almost none. It hastheoppositesemanticsof Almost all;

7. None. It hastheoppositesemanticsof All.

It is worthnotingthatthevalueNone associatedwith this facetis tantamountto negation.ThevalueNone
aspossiblefiller for the slot VALUE-MODALITY makessenseonly in the context of conflict resolutionin
caseof inheritance,andhasbeenaddedto themodelin thehypothesisthatsuchmodelis usedto support
semi-automaticinconsistenciesresolution.It would make no sensefor a knowledgeengineerto includein
theconceptdescriptiona propertywhosedegreeof applicabilityto subclassesis none.

Valuechangefrequency
Thefacet:VALUE-CHANGE-FREQUENCY of slotSof frameF specifieswhetherandhow oftenthevalueof
slot S changesduringthelifetime of theconceptwhich is representedby theframeF. Thevalueassociated
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with this slot is anelementof theset: � Regular, Once only, Volatile, Never � .
If thevalueof the slot is Regular it denotesthat thechangeprocessis continuous,for instancetheage
of a personcanbemodelledaschangingregularly. If thefacetvalueis to Once only it meansthatonly
onechangeover time for thevalueof slot S is possible,while if thevalueof theslot is Never it specifies
that the valueof the slot S is setonly onceandthenit cannotchangeagain,for examplea person’s date
of birth oncesetcannotchangeagain. Finally Volatile meansthat the changeprocessis discreteand
canberepeatedat irregular intervals; that is theattribute’s valuecanchangemorethanonce;for example
peoplecanchangejob morethanonce.

Value-change-events
The:VALUE-CHANGE-EVENTS slot of specifiestheconditionsunderwhich thevaluesassociatedwith slot
S change.It is associatedwith oneor morequadruples

�����	���! #"$�! &%��'
( *)+�'
-, .0/21! -343-3( *56�
where � � is an event, " � is the stateof the pair attribute-value associatedwith a property, % � defines
the event validity and )+� denoteswhetherthe changeis reversibleor not. The semanticsof this facetis
explainedin Section7.1.
If the classdescribesa role, that is the facet:CLASS-TYPE is associatedwith the valuerole, then the
facet:VALUE-CHANGE-EVENTS definestheconditionsregulatingtheacquisitionandtherelinquishmentof
a role. This point is furtherdiscussedin Section7.2.

6 Expressivepower of the knowledgemodel

The knowledgemodel presentedin the previous sectioncan accommodateall the modelling primitives
which we considerednecessaryto write ontologies. As we have alreadymentioned,conceptsarerepre-
sentedby classes,which aredescribedin termsof attributesor properties,describedby pairsslots-values.
In this knowledgemodelslotsareusedto describeboth intrinsic andextrinsic properties.We follow Guar-
ino andWelty [11] andconsideranintrinsicpropertyassomethinginherentto anindividual,notdependent
on otherindividuals,suchashaving a heartor having a fingerprint. An extrinsic propertiesis onethat is
not inherentandthathasrelationalnature,suchas’being a friend of John’. Soslot-value(s)pairsareused
to describepropertiesholdingfor a class,in turn propertiesaredescribedby a setof pairsfacet-valuethat
characterisetheproperties.
Propertiescanbe divided into prototypical,necessary, distinguishing,inheritedandsimplevalueassign-
ments.As alreadymentionedin Section5, conceptsarehierarchicallyorganisedaccordingto anIs-arela-
tionshipthatpermitspropertyinheritancefrom ancestorsto descendants.Thepropertiesthatareinherited
from an ancestorare labelledas ’inherited’. However, inheritedpropertiescanbe overruledin the more
specificconceptin orderto accommodateinheritancewith exceptions.Thepropertiesthathavebeenover-
ruledarelabelledas’distinguishing’, sincethey allow usto distinguishbetweensiblingsof a sameparent
concept.A propertyis to beconsiderednecessaryif it is essentialto all instancesof theconcept,while it is
prototypicalif it holdsfor theprototypicalinstancesof theconceptonly. Thenotionof essentialproperty
relatesto the ideaof necessaryconditionwhile prototypicalpropertiespermit to identify prototypes,dis-
cussedin Section7.4. Finally, a propertylabelledasvalueassignmentassociatesa valueto anattributein
orderto describeaspecificfeatureof theinstancesof theconcept,suchashair colour= brown.
Roles,alreadydefinedin Section5, arealsosupportedin this knowledgemodel; they arerepresentedas
conceptsbut thefacet:CLASS-TYPE is setto role, sothatwe areableto distinguishthemfrom a concept
definition. As for the rest,a role hasexactly thesamedefinitionof a conceptsincerolesaredescribedin
termsof attributesthataretypical of a roleandareorganisedinto anIs-ahierarchytotally analogousto the
onedefinedfor concepts,wheretheinheritanceof propertiesthroughtherole hierarchyis permitted.Most
of the considerationwe madefor conceptshold for rolesaswell, thereforewe canconsiderprototypical
propertiesfor roles,distinguishingpropertiesandso on andso forth. What distinguishesa role from a
conceptis thattherole holdsduringa specificspanof time. Rolesandtheir propertiesarediscussedbelow
in Section7.2.
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7 Discussion

In orderto usetheenrichedconceptualmodelknowledgeengineershaveto providemoredetailsconcerning
the conceptsthan if they wereusinga traditionalOKBC-like knowledgemodel; they are thusguidedin
performingtheontologicalanalysiswhich is usuallydemandingto perform.
Furthermore,theenrichedknowledgemodelforcesknowledgeengineersto makeontologicalcommitments
explicit, that is the agreementon the meaningof the termsusedto describea domain[9]. Knowledge
sharingis possibleonly if theontologicalcommittmentof thedifferentagentsis madeexplicit. Indeed,real
situationsareinformation-richevents,whosecontext is sorich that,asit hasbeenarguedby Searle[31], it
canneverbefully specified.Many assumptionsaboutmeaningandcontext areusuallymadewhendealing
with real situations[30]. Theseassumptionsare rarely formalisedwhen real situationsare represented
in naturallanguagebut they have to be formalisedin an ontologysincethey arepart of the ontological
commitmentsthat have to be madeexplicit. Enriching the semanticsof the attribute descriptionswith
thingssuchasthebehaviour of attributesover time or how propertiesaresharedby thesubclassesmakes
someof themoreimportantassumptionsexplicit.
The enrichedsemanticsis essentialto solve the inconsistenciesthatariseeitherwhile integratingdiverse
ontologiesor while reasoningwith the integratedknowledge.By addinginformationon theattributeswe
areable to measurebetterthe similarity betweenconcepts,to disambiguatebetweenconceptsthat seem
similar while they arenot, andwe have meansto infer which propertyis likely to hold for a conceptthat
inheritsinconsistentproperties.
A possibledisadvantageof suchasemanticallyenrichedknowledgemodelis thelargenumberof facetsthat
needto filled whenbuilding ontologies.We realisethat this canmake building an ontologyfrom scratch
evenmoretime consumingbut we believe that theoutcomesbalancetheincreasedcomplexity of thetask.
Indeed,in orderto fill theadditionalfacetsknowledgeengineersneedto havea full understandingnotonly
of theconceptthey aredescribing,but alsoof thecontext in which theconceptis used.Arguably, they need
suchknowledgeif they areto performthemodellingtaskthoroughly.

7.1 Representationof attrib ute’s behaviour over time

In theknowledgemodelthefacets:VALUE-CHANGE-FREQUENCY and:VALUE-CHANGE-EVENT describe
the behaviour of fluentsover time, wherethe term fluent is borrowedfrom situationcalculusto denotea
propertyof theworld thatcanchangeover time. Modelling thebehaviour of fluentscorrespondsto mod-
elling thechangesin propertiesthatarepermittedin aconcept’sdescriptionwithoutchangingtheessenceof
theconcept.Thebehaviour over time is closelyrelatedto establishingthe identityof conceptdescriptions
[11], in thatsomepropertiescanchangewithoutaffectingtheidentity of thechangingindividual. Describ-
ing thebehaviour over time involvesalsodistinguishingpropertieswhosechangeis reversible from those
whosechangeis irreversible.
Propertychangesover time arecausedeitherby the naturalpassageof time or are triggeredby specific
eventoccurrences.We need,therefore,to usea suitabletemporalframework thatpermitsusto reasonwith
timeandevents.Themodelchosento accommodatetherepresentationof thechangesis theEventCalculus
[16]. Eventcalculusdealswith localeventandtimeperiodsandprovidestheability to reasonaboutchange
in propertiescausedby aspecificeventandalsotheability to reasonwith incompleteinformation.
Changesof propertiescanbe modelledasprocesses[33]. Processescanbe describedin termsof their
startandendpointsandthechangesthathappenin between.We candistinguishbetweencontinuousand
discretechanges, the former describingincrementalchangesthat take placecontinuouslywhile the latter
describechangesoccurringin discretestepscalledevents. Analogouslywe candefinecontinuousproper-
ties to bethosechangingregularlyover time,suchastheageof a person,versusdiscretepropertieswhich
arecharacterisedby an event which causesthe propertyto change. If the valueassociatedwith change
frequency is Regular thentheprocessis continuous,if it is Volatile theprocessis discreteandif it is
Once only theprocessis considereddiscreteandthetriggeringeventis setequalto time-point=T.
Any regularoccurrenceover time canbe,however, expressedin form of anevent,sincemostof theforms
of reasoningfor continuouspropertiesrequirediscreteapproximations.Thereforein theknowledgemodel
is Section5,continuouspropertiesaremodelledasdiscretepropertieswheretheeventtriggeringthechange
in propertyis the passingof time from the instant 7 to the instant 798 . Eachallowed changeof propertyis
representedby a setof quadruples�����:�;�< #"��! #%=�'
> *)+�'
-, .?/@1! 43-3-3- �5A� where �;� is anevent, "$� is thestate
of theattribute-valuepair associatedwith a property, %�� definestheeventvalidity while )+� takesvaluein
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� Regular, Irregular� , andindicateswhetherthechangein propertiestriggeredby theevent �;� is reversible
or not. Themodelusedto accommodatethis representationof thechangesaddsreversibility to EventCal-
culus, whereeachtriple �	���< #"$�! &%��'
 is interpretedeitherastheconceptis in thestate"$� beforetheevent �;�
happensor theconceptis in thestate"$� after theevent �;� happensdependingon thevalueassociatedwith
%�� . Theinterpretationis obtainedfrom thesemanticsof theeventcalculus,wheretheformerexpressionis
representedasHold(before(�;�B #"$� )) while thelatterasHold(after(�;�B #"�� )).
The ideaof modellingthe permittedchangesfor a propertyis strictly relatedto the philosophicalnotion
of identity. In particular, the knowledgemodeladdressestheproblemof modellingidentity whentime is
involved,namelyidentity throughchange, which is basedon thecommonsensenotion thatan individual
mayremainthesamewhile showing differentpropertiesat differenttimes[14]. Theknowledgemodelwe
proposeexplicitly distinguishesthepropertiesthatcanchangefrom thosewhich cannot,anddescribesthe
changesin propertiesthatanindividualcanbesubjectedto, while still beingrecognisedasaninstanceof a
certainconcept.
Eventsin this representationarealwayspointevents, andweconsiderdurationalevents(eventswhichhave
a duration)asbeinga collectionof point eventsin which thestateof thepair attribute-valueasdetermined
by thevalueof %=� , holdsaslongastheeventlasts.Thedurationis determinedby thedefinitionof anevent
in EventCalculus, wherefor eachevent is givenan initial anda final time point. We realisethat this rep-
resentationoversimplifiesthedynamicof processchangesandwe aim to investigatea moresophisticated
changerepresentationasfuturework.
The notionof changesthroughtime is alsoimportantin orderto establishwhethera propertyis rigid. A
rigid propertyis definedin [10] as a propertythat is essentialto all its instances, whereaswith essential
propertywemeanapropertyholdingfor anindividual in everypossiblecircumstancein which theindivid-
ual exists. Theinterpretationthat is usuallygivento rigidity is that if � is aninstanceof a concept� than
� hasto beaninstanceof � in every possibleworld [17]. Herewe specificallyconcentrateto oneof these
systemsof possibleworlds,thatis time.
In [37] wehaverelatedthenotionof rigidity to thoseof timeandmodalityandin Section7.3weshow that,
by usingtheinformationrepresentedin theslot :VALUE-MODALITY andthatconcerningthebehaviour over
time, we canpreciselyidentify rigidity in the subsetof the setof possibleworlds. By characterisingthe
rigidity of apropertyin thissubsetof possibleworldsweaimto provideknowledgeengineersthemeansto
reachabetterunderstandingon thenecessaryandsufficientconditionsfor theclassmembership.However,
thisdoesnotmeanthattherigidity of apropertydependsonany accountonwhetherthepropertyis usedto
determineclassmembershipor not. That is, thefinal aim is to try to separatethepropertiesconstitutiveof
identity from thosethatpermitre-identification.

7.2 The needfor identity and rigidity: Roles

Establishingwhetherrigidity holdsfor a propertyis not only centralin orderto distinguishnecessarytruth
but alsoto recogniserolesfrom concepts.Thenotionof role is ascentralto any modellingactivity asthose
of objectsandrelations.
A definitionof role thatmakesuseof theformal meta-propertiesandincludesalsothedefinitiongivenby
Sowa[32] is providedby GuarinoandWelty. In [11] they definea roleas:

thepropertiesexpressingthepart playedby oneentity in anevent,oftenexemplifyingapartic-
ularrelationshipbetweentwo or moreentities.All rolesareanti-rigid anddependent... A prop-
erty � is saidto beanti-rigid if it is not essentialto all its instances,i.e. ���C������
��ED;
;�����C
 ...
A property � is (externally) dependenton a property F if, for all its instances� , necessarily
someinstanceof F mustexist, which is not a part nor a constituentof � , i.e. ���G
H�:�����C
I�J�K FH� K 
L�MDON?� K  ��C
P�MDQ�R� K  ��C
�
 .

In otherwordsa conceptis a role if its individualsstandin relationto otherindividuals,andthey canenter
or leave the extent of the conceptwithout losing their identity. From this definition it emergesthat the
ability of recognisingwhetherrigidity holdsfor someproperty� is essentialin orderto distinguishwhether
� is a role.
In [34] Steimanncomparesthedifferentcharacteristicsthathavebeenassociatedin theliteraturewith roles.
From this comparisonit emergesthat the notion of role is inherentlytemporal,indeedrolesareacquired
andrelinquishedin dependenceeitherof timeor of aspecificevent.For exampletheobjectpersonacquires
the role teenager if the personis between13 and19 yearsold, whereasa personbecomesstudentwhen
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they enrolfor a degreecourse.Moreover, from thelist of featuresin [34] it emergesthatmany of thechar-
acteristicsof rolesaretimeor eventrelated,suchas:anobjectmayacquireandabandonrolesdynamically,
may play differentrolessimultaneously, or may play the samerole several time, simultaneously, andthe
sequencein which rolesmaybeacquiredandrelinquishedcanbesubjectedto restrictions.
Rolesmaybe”naturally” determinedwhensocialcontext is takeninto account,andthesocialcontext de-
terminestheway in which a role is acquiredandrelinquished.For example,therole of President of
the country is relinquisheddifferentlydependingon thecontext providedby thecountry. So, for ex-
ample,in Italy therolemaybeacquiredandrelinquishedonly oncein thelifetime of anindividual,whereas
if thecountryis theUnitedSates,therole canbeacquiredandrelinquishedtwice,becausea presidentcan
bere-elected.Socialconventionsmayalsodeterminethatoncea role is acquiredit cannotberelinquished
atall. For example,therolePriest in a catholiccontext is relinquishedonly with thedeathof theperson
playingtherole.
For theaforementionedreasonswaysof representingrolesmustbesupportedby somekind of explicit rep-
resentationof time andevents.Theknowledgemodelwe have presentedprovidessufficient semanticsto
modelthedynamicfeaturesof roles.Indeedthemodelprovidesaway to explicitly representtime intervals
which canbe usedto usedto modelrolesasfluents;moreover, the facet:VALUE-CHANGE-EVENT gives
knowledgeengineerstheability to modelevents,whichdescribetheeventsthatconstraintheacquisitionor
therelinquishmentof a role.
Theability to distinguishrolesgivesalsoadeeperunderstandingof thepossiblecontextsin whichaconcept
canbe used. Recognisinga role canbe equivalentto defininga context, andthe notion of context is the
basison whichprototypesandexceptionsaredefined.

7.3 Modality: Weighing the validity of attrib utes’ properties

The term modality is usedto expressthe way in which a statementis true or false,which is relatedto
establishwhethera statementconstitutesa necessarytruth and to distinguishnecessityfrom possibility
[17]. The term canbe extendedto qualitatively measurethe way in which a statementis true by trying
to estimatethe numberof possibleworlds in which sucha truth holds. This is the view we take in this
thesis,by denotingthe degreeof confidencethat we canassociatewith finding a certainworld with the
facet:VALUE-MODALITY of slotS at frameF. Thisnotionis quitesimilar to theoneof rankingsasdefined
by GoldszmidtandPearl[6, page60]:

Eachworld is rankedby anon-negativeinteger S representingthedegreeof surpriseassociated
with findingsucha world.

Herewe usethe term modality to denotethe degreeof surprisein finding a world wherethe property N
holdingfor aconcept� doesnotholdfor oneof its subconcepts��8 . Theadditionalsemanticsencompassed
in thisfacetis importantfor reasoningwith statementsthathavedifferentdegreesof credibility. Indeedthere
is a differencein assertingfactssuchas’Mammalsgive birth to live young’ and’Birds fly’, the former is
generallymorebelievablethanthelatter, for which many morecounterexamplescanbefound. Theability
to distinguishfactswhosetruth holdswith differentdegreesof strengthis importantin orderto find which
factsaretrue in every possibleworld andthereforeconstitutenecessarytruth. The conceptof necessary
truth bringsus back to the discussionaboutrigidity, in fact it canbe assumedthat the valueassociated
with the:VALUE-MODALITY facettogetherwith thetemporalinformationon thechangespermittedfor the
propertycandeterminewhetherthepropertydescribedby theslot is a rigid property. In particular, we can
exactlydeterminerigidity in asubsetof all possibleworlds. Indeed,sinceanontologydefinesavocabulary,
we canrestrictourselvesto thesetof possibleworldswhich is definedasthesetof maximaldescriptions
obtainableusingthevocabularydefinedby theontology[27]. Then,undertheassumptionof restrictingthe
discourseto thissetof possibleworlds,rigid propertiesarethosewhose:VALUE-MODALITY facetis equal
toAll andthatcannotchangein time,thatis whose:VALUE-CHANGE-FREQUENCY facetis settoNever.
The ability to evaluatethe degreeof confidencein a propertydescribinga conceptis alsorelatedto the
problemof reasoningwith ontologiesobtainedby integration.In sucha case,inconsistenciescanariseif a
conceptinheritsconflictingproperties.In orderto beableto reasonwith theseconflictssomeassumptions
have to bemade,concerningon how likely it is thata certainpropertyholds;thefacet:VALUE-MODALITY

modelsthis informationby modellinga qualitative evaluationof how subclassesinherit theproperty. This
estimaterepresentsthecommonsenseknowledgeexpressedby linguisticquantifierssuchasAll, Almost
all, Few, etc.
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In caseof conflict theproperty’sdegreeof credibility canbeusedto rankthepossiblealternativesfollowing
anapproachsimilar to thenon-monotonicreasoningapproachdevelopedby [6]: in caseof moreconflicting
propertiesholding for a conceptdescription,propertiesareorderedaccordingto the degreeof credibility,
thatis apropertyholdingfor all thesubclassesis consideredto haveahigherrankthanoneholdingfor few
of theconceptsubclasses.Thisorderingof theconflictingpropertiesneedsto bevalidatedby theknowledge
engineer, although,it reflectsthecommonsenseassumptionthat,whenno specificinformationis known,
peopleassumethatthemostlikely propertyholdsfor a concept.

7.4 Prototypes,exceptions,and concepts

In order to get a full understandingof a conceptit is not sufficient to list the setof propertiesgenerally
recognisedasdescribinga typical instanceof the conceptbut we needto considerthe known exceptions.
In thisway, wepartially takethecognitiveview of prototypesandgradedstructures,which is alsoreflected
by the informationmodelledin the facet:VALUE-MODALITY. In this view all cognitive categoriesshow
gradientsof membershipwhich describehow well a particularsubclassfits people’s ideaor imageof the
category to which the subclassbelong[29]. Prototypesarethe subconceptswhich bestrepresenta cate-
gory, while exceptionsarethosewhich areconsideredexceptionalalthoughstill belongingto thecategory.
In otherwordsall thesufficient conditionsfor classmembershiphold for prototypes.For example,let us
considerthebiologicalcategorymammal: a monotreme(a mammalwho doesnot givebirth to live young)
is anexampleof anexceptionwith respectto thepropertyof giving birth to liveyoung.Prototypesdepend
on the context; thereis no universalprototypebut thereareseveral prototypesdependingon the context,
thereforea prototypefor thecategory mammalcouldbecat if thecontext takenis thatof animalsthat can
play therole of petsbut it is lion if theassumedcontext is animalsthat canplay therole of circusanimals.
In theknowledgemodelpresentedaboveweexplicitly describethecontext in naturallanguagein theDoc-
umentationfacet,however, thecontext canbealsodescribedby the rolesthat theconceptwhich is being
describedis ableto play.
Ontologiestypically presupposecontext andthis featureis a major sourceof difficulty whenintegrating
themthem.
Prototypesarealsoquite importantin that they provide a frameof referencelinguistic quantifierssuchas
tall, short, old, etc.Thesequantifiersareusuallydefinedor at leastrelatedto theprototypicalinstanceof the
classwhosemembersthey aredescribing,andindeedtheirdefinitionchangesif wechangethepointof ref-
erence.For example,if wearedefiningtheconcepttall usingasframeof referencetheclass:PERSON then
tall meansover 2 metres,whereasif we definetall with respectto theclass:BUILDING it meansover 300
metres.And again,dependingof thelevel of granularitychosenfor thedescriptionthelinguisticquantifiers
canhave morespecificmeanings.For example,if we subdivide theclass:BUILDING into two subclasses,
:COTTAGE and:SKYSCRAPER, thenanadjectivesuchastall relatedto theprototypicalinstancesof thetwo
classestakesthemeaningof over10metresin thefirst caseandover300metresin thelattercase.
Thereforeincludingthenotionsof prototypesandexceptionspermitsusto provideaframeof referencefor
definingthesequalifierswith respectto a specificclass. For thepurposeof building ontologiesfor multi-
agentsystems,distinguishingthe prototypicalpropertiesfrom thosedescribingexceptionsincreasesthe
expressive power of thedescription.Suchdistinctionsdo not aim at establishingdefault valuesbut rather
to guaranteetheability to reasonwith incompleteor conflictingconceptdescriptions.
Theability to distinguishbetweenprototypesandexceptionshelpsto determinewhich propertiesarenec-
essaryandsufficientconditionsfor conceptmembership.In factapropertywhich is prototypicalandthatis
alsoinheritedby all thesubconcepts(thatis it hasthefacet:VALUE-MODALITY settoAll) becomesanat-
ural candidatefor anecessarycondition.Prototypes,therefore,permittheidentificationof thesubconcepts
thatbestfit thecognitivecategory representedby theconceptin thespecificcontext givenby theontology.
On theotherhand,by describingwhich propertiesareexceptional,we provide a betterdescriptionof the
classmembershipcriteriain thatit permitsusto determinewhatarethepropertiesthat,althoughrarelyhold
for thatconcept,arestill possiblepropertiesdescribingthecognitivecategory.
Also theinformationon prototypesandexceptionscanproveusefulin dealingwith inconsistenciesarising
from ontology integration. Whenno specificinformation is madeavailableon a conceptand it inherits
conflictingproperties,thenwe canassumethattheprototypicalpropertieshold for it.
The inclusionof prototypesin the knowledgemodelprovidesthe groundsfor the semi-automaticmain-
tenanceand evolution of ontologiesby applying techniquesdevelopedin other fields suchas machine
learning.
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8 A modelling example

We arenow readyto completethe exampleby modelling the conceptblood pressure with the enriched
knowledgemodelpresentedabove. In modellingtheconceptof bloodpressurewe take into accountthat
boththesystolicanddiastolicpressurecanrangebetweenaminimumandamaximumvaluebut thatsome
valuesaremorelikely to beregisteredthanothers.Within the likely valueswe thendistinguishtheproto-
typicalvalues,whicharethoseregisteredfor ahealthyindividualwhoseageis over18,andtheexceptional
ones,which are thoseregisteredfor peoplewith pathologiessuchashypertensionor hypotension.The
prototypicalvaluesarethoseconsiderednormal,but they canchangeandwe describealsothe permitted
changesandwhateventscantriggersuchchanges.Prototypicalpressurevaluesusuallychangewith age,
but they canbe altereddependingon somespecificeventssuchasshockandhaemorrhage(causinghy-
potension)or thrombosisandembolism(causinghypertension).Also conditionssuchaspregnancy can
alterthenormalreadings.
Theconceptis describedasa frame,andtheattributesdescribingit aremodelledastemplateslots(that is
slotswhich describepropertiesof thesubclassesandtheinstancesof theclass)andtemplatefacets.
Themodelis presentedbelow:

Frame Blood Pressure

Template-Slot systolic-blood-pressure

Template-Facet :VALUE-TYPE Integer

Template-Facet :CARDINALITY 1

Template-Facet :NUMERIC-MINIMUM 0

Template-Facet :NUMERIC-MAXIMUM 300

Template-Facet :VALUE-LABEL value

Template-Facet :VALUE-PROTOTYPES [90, 130]

Template-Facet :VALUE-EXCEPTIONS [0, 89] T [131,300]

Template-Facet :VALUE-MODALITY 3

Template-Facet :VALUE-CHANGE-FREQUENCY volatile

Template-Facet :VALUE-CHANGE-EVENTS (age=60,[0,89] T [90, 130],after,

Template-Facet :VALUE-CHANGE-EVENTS(haemorrhage,[0,89],after, R)

Template-Facet :VALUE-CHANGE-EVENTS (shock,[0,89], after, R)

Template-Facet :VALUE-CHANGE-EVENTS (thrombosis,[131,300],after,R)

Template-Facet :VALUE-CHANGE-EVENTS (embolism,[131,300],after,R)

Template-Facet :VALUE-CHANGE-EVENTS (pregnancy,[0, 89] T [131,300],after,R)

Template-Slot diastolic-blood-pressure

Template-Facet :VALUE-TYPE Integer

Template-Facet :CARDINALITY 1

Template-Facet :NUMERIC-MINIMUM 0

Template-Facet :NUMERIC-MAXIMUM 200

Template-Facet :VALUE-LABEL value

Template-Facet :VALUE-PROTOTYPES [60, 85]

Template-Facet :VALUE-EXCEPTIONS [0, 59] T [86, 200)]

Template-Facet :VALUE-MODALITY 3

Template-Facet :VALUE-CHANGE-FREQUENCY volatile

Template-Facet :VALUE-CHANGE-EVENTS (age=60,[0,59] T [86, 200)],after, i)

Template-Facet :VALUE-CHANGE-EVENTS (haemorrhage,[0,59],after, R
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Template-Facet :VALUE-CHANGE-EVENTS (shock,[0,59],after, R)

Template-Facet :VALUE-CHANGE-EVENTS (thrombosis,[86,200],after,R)

Template-Facet :VALUE-CHANGE-EVENTS (embolism,[86,200],after,R)

Template-Facet :VALUE-CHANGE-EVENTS (pregnancy,[0, 59] T [86, 200],after,R)

9 Conclusions

Thispaperhaspresentedanontologymodelthatsupportsknowledgesharingin multi-agentsystemswhere
the agentscanbe heterogeneous.The proposedmodelextendsthe usualontologymodelsandhasbeen
implementedin a frame-basedknowledgemodel inspiredto OKBC. The extensionconcernsthe explicit
representationof additionalinformationaboutthe propertiesof the attributesusedto describea concept.
The ontologymodelextensionencompassessemanticinformationdesignedto characterisethe behaviour
of propertiesin agents’conceptdescriptions.
The novelty of this extendedknowledgemodel is that it explicitly representsthe behaviour of attributes
over time by describingthe changesin a propertythatarepermittedfor membersof the concept. It also
explicitly representstheclassmembershipmechanismby associatingwith eachslot aqualitativequantifier
representinghow propertiesare inheritedby subconcepts.Finally, the modeldoesnot only describethe
prototypicalpropertiesholdingfor a conceptbut alsotheexceptionalones.
We have also relatedthe extendedknowledgemodel to the formal ontologicalanalysisby Guarinoand
Welty [11] which permitsusto build ontologiesthathavea cleanertaxonomicstructureandsogivesbetter
prospectsfor maintenanceandintegration. Sucha formal ontologicalanalysisis usuallydifficult to per-
form andwebelieveourknowledgemodelcanhelpknowledgeengineersto determinethemeta-properties
holdingfor theconceptby forcing themto maketheontologicalcommitmentsexplicit.
A possibledrawbackof thisapproachis thelargenumberof additionalfacetsthatneedto filled whenwrit-
ing theontologyto beusedby theagent.We realisethat this canmake building anontologyfrom scratch
evenmoretimeconsumingbut webelievethattheoutcomesin termsof betterunderstandingof theconcept
and the role it plays in a context togetherwith the guidancein determiningthe meta-propertiesat least
balancestheincreasedcomplexity of thetask.
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