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Abstract

This papempresentandmotivatesanextendedontologyknowledgemodelwhich representsemantic

informationaboutconceptexplicitly. Thisknovledgemodelresultsfrom enrichingthe standaradtoncep-
tualmodelwith semantianformationwhich preciselycharacterisethe concepts propertiesandexpected
ambiguitiesincludingwhich propertiesareprototypicalof a conceptandwhich areexceptional the be-
haviour of propertieovertime andthedegreeof applicabilityof propertieto subconceptsThis enriched
conceptuamodelpermitsa precisecharacterisatioof whatis representethy classmembershigmech-
anismsand helpsknowledge engineerdo determine,in a straightforvard manner the meta-properties
holdingfor a concept.Meta-propertiesirerecognisedo bethe maintool for aformal ontologicalanaly-
sisthatallows building ontologieswith a cleananduntangledaxonomicstructure.
This enrichedsemanticcanprove usefulto describewhatis known by agentsin a multi-agentsystem,
asit facilitatesthe useof reasoningnechanism®n the knowledgethatinstantiatesan ontology These
mechanismganbe usedto solve ambiguitiesthat canarisewhenagentswith heterogeneousntologies
have to interoperatén orderto performatask.

1 Intr oduction

Advancesn thelnternethave madeit possibleo accessiugeamountsf diverseinformationfrom different
placesall overtheworld. Combiningthis informationin orderto obtainaddedvalueon a domainrequires
adeepeunderstandingf how heterogeneousnowledgesourcesanbeintegrated. The compleity of this
taskis high, chiefly becausef the differenttypesof heterogeneitghatmay affect knowledgesourcesand,
to alesserextent,their size.

Oneknowledgeengineeringparadigmthat hasprovedusefulfor dealingwith the integrationof heteroge-
neousknowledgeis basedcbn a multi-agentsystemarchitecturewherehumanandsoftwareagentsnterop-
erateandso cooperatavithin commonapplicationareas. Agentsin a multi-agentsystemarecharacterised
by autonomy adaptability interoperability and dynamism. Thesequalitiesare particularly usefulin that
they canhelpto facilitate opensystemswhich aretypically dynamic,unpredictableand highly heteroge-
neous[13], asis the Internet. In thesetypesof applicationdomain,agentinteroperabilitytypical of the
multi-agentsystemapproachs requiredbecausdhe individual componentghat interactwith agentsare
not known a priori. Additionally, this paradigmprovidesrobustnessandflexibility of both the interfaces
betweerthe agentshatexist within the Internetandthosebetweeragentsandsoftware systemswhich is
essentiakincetheinterfacescannotbe anticipatedat designtime.

Within a multi-agentsystem agentsarecharacterisedly differentviews of theworld thatareexplicitly de-
finedby ontologies thatis views of whattheagentrecognise$o bethe conceptglescribingheapplication
domainwhich is associatedavith the agenttogetherwith their relationshipsandconstraintg4]. Interoper
ability betweeragentss achiezedthroughthe reconciliationof theseviews of theworld by a commitment
to commonontologieghatpermitagentdo interoperatendcooperatevhile maintainingtheir autonomy
In opensystemsagentsareassociateavith knowledgesourcesvhich arediversein natureandhave been
developedfor differentpurposes.Knowledgesourcesembeddedn a dynamicervironmentcanjoin and



leave the systemat ary time. Fromthe ontology perspectie, dealingwith opensystemsmplies that dif-
ferentontologiesareoftenthe efforts of differentdomainexperts,eachontologydesignecandmaintained
independentlyn distributedervironments.In sucha situationinteroperatiorbetweeragentss basecnthe
reconciliationof their heterogeneougiews, which is accomplishedy memging or integratingthe diverse
ontologiesassociatedvith the agentscomposinghe system[36]. The meiging andintegrationof diverse
ontologieshasto be accomplishedearingin mind that sinceagentsare highly heterogeneousghey are
likely to beincapableof fully understandingachother, sothatbothsyntacticandsemantidnconsistencies
canarise(becuas®f languageor ontologyheterogeneityillustratedin Section3).

An agentarchitecturds defined[42] asonethat containsan explicitly representedsymbolicmodelof the
world, andin which decisiongfor exampleaboutwhatactionto perform)are madevia logical (or at least
pseudo-lgical) reasoning basedon pattern matding and symbolicmanipulation Thereforeontologies
in multi-agentsystemsequirea high degreeof expressie power to supportthe applicationof reasoning
techniqueghatresultin sophisticatednferencessuchasthoseusedin neggotiation,which is motivatedby
therequirementor agentgo solve problemsarisingfrom their interdependencepononeanothel25].
This paperpresentandmotivatesa knowledgemodelfor ontologieswhich enricheghe traditionalontol-
ogy conceptuamodelby providing a precisecharacterisationf the propertieshat defineconcepts.This
characterisatiomcludeswhich propertiesareprototypicalof a conceptandwhich areexceptional the be-
haviour of the propertyover time andthe degreeof applicability of propertiesto subconceptgthatis, the
way propertiesareinheritedby subconcepts)This enrichedknowledgemodelaimsto provide thekind of
semantidnformationtypical of formal ontology[3]; this informationcanprove usefulto dealwith prob-
lemsof semantidnconsistenyg thatarisewhenreasoningith integratedontologies.In orderto providean
exampleof how suchconceptuamodelcould be implementedve have extendedthe usualsetof facetsin
the OKBC frame-basednodel[2] to encompasthis additionalinformation.

The paperis organisedasfollows: section2 introducesthe notion of ontologywhile section3 definesthe
problemof sharingknowledgebetweerheterogeneouagents.Section4 introduceghe enrichedontology
modelwe proposewhich is implementedn an OKBC-like modeldescribedn Section5. Section6 illus-
tratesthe expressie power of the knowledgemodel,while section7 discusseshe extensiongelatingit to
thetools of the formal ontolagical analysisdescribedn Section2 intendedto develop ontologiesthatare
easierto integrate. An exampleof conceptdescriptionusingthe knowledgemodelis describedn Section
8, andfinally, in section9 conclusionsaredrawn.

2 Ontologies

In this sectionwe will first clarify whatwe meanby ontologiesbecausehereis no universalagreemenon
themeaningof thisterm.

'Ontology’ is the branchof philosophywhich considerghe natureand essencef things. Artificial intel-
ligencetakesa lessabstractview anddefinesontologiesasan an explicit, formal specificatiorof a shaed
conceptualisatiorf35]. In this definition, a conceptualisatiorrefersto an abstractmodel of somephe-
nomenonin the world which identifiesthe conceptghat arerelevantto the phenomenonexplicit means
thatthetype of conceptaised,andthatthe constrainton their useareexplicitely defined;formal refersto
thefactthatanontologyshouldbe machine-readablendfinally shaedreflectsthe notionthatanontology
capturesconsensuaknowledge,thatis, it is not privateto someindividual, but not acceptedoy a group
[35].

Accordingto Gruber[8], an ontology comprisesof conceptsrelations functions instancesandaxioms
A conceptrepresents setor a classof entitiesor thingswithin a domain. A conceptC is describedn
termsof properties thatis the featureghatall instance®f C have. Propertiesanbeintrinsic or extrinsic.
Intrinsic propertiesarethosecharacterisingnherentlyan object,andthey do not dependon ary otherob-
ject. Extrinsic propertiesareusuallyassignedy someexternalagent,andthusarenotinherent.Relations
andfunctions(we disregardherethe differencebetweenthem)describethe interactionbetweenconcepts
or propertiesof a concept. Instancesarethe individualsrepresentedby the conceptsandfinally axioms
constrainthevaluesof conceptsr instances.

In the remainderof this paperthe term conceptand classare usedas synoryms, asar propertiesand at-
tributes Conceptsareorganisednto a strictis-ahierarchy sothatpropertiesareinheritedfrom a classto
its subclassedn theremaindemve usethetermssubclasandsubconceptassynoryms.
Conceptxanbedescribechot only in termsof their propertiesput alsoin termsof their formal properties



[11] asdefinedby formal ontolagy [3]. Formalpropertiesarethemaintoolsof formal ontologicalanalysis,
which builds on and integratesprevious methodologiedo build ontologies,suchasthoseintroducedby

Uscholdand Gruninger[39] and Gobmez-Rerez[7] and complementgshemby addingformal ontological
toolsthatcanhelpin clarifying theanalysis. Thetaskof theformal ontologicalanalysids to establishwhat

arethe ontologicalpropertiesthat constrainthe way in which the representationgbrimitivesare usedto

modelthedomain.A full descriptionof this methodologycanbefoundin [11].

Thereasonwhy suchconstraintareneededs thatwhenmodellingadomaintherearea numberof waysof

modellingthe sameknowledgeandthe choiceof oneapproactover the othersis left to the experienceand
the backgroundknowledgeof the conceptuamodeller The formal tools of ontologicalanalysisaresome
basicnotionsof formal ontologicalpropertiesthat have beenobjectof studyin philosophyfor centuries.
By establishingvhich of thesepropertiesholdswe cancheckwhetherthe choicesmadein modellingthe

conceptsncludedin the ontologyandin structuringthe conceptshierarchyaresound.

Thetoolsof formal ontologicalanalysisarefour, namely:identity, essencgunity, anddependence

e IDENTITY: Identity is the logical relation of numericalsamenessn which a thing standsonly to
itself. Basedon theideathat everythingis whatit is andnot anything else,philosophyhastried for
along time to identify the criteriawhich allow a thing to be identifiedfor whatit is evenwhenit is
cognisedn two differentforms, by two differentdescriptionsand/orat two differenttimes[41, 12].
This comprisedothaspect®f finding constitutize criteria(which featuresa thingmusthave in order
to bewhatit is), andof finding re-identificationcriteria (which featurea thing hasto have in orderto
be recognisedassuchby a cognitive agent). Thesearedistinct, althoughequallyimportantaspects
of identity. Althoughthe problemof identifyingwhat featuresan entity shouldhave in orderto be
whatit is and recognisedas suchhasbeencentralto philosophy it did not have the sameimpact
in conceptuamodellingandmore generallyAl. The ability to identify individualsis centralto the
modelling processmore precisely it is not the mereproblemof identifying an entity of the world
thatis centralto the ontologicalrepresentationf the world, but the ability to re-identifyan entity
in all its possibleforms or more formally re-identificationin all possibleworlds'. That s, the
problemis relatedto distinguishinga specificinstanceof a conceptfrom its siblingson the basisof
certaincharacteristicpropertieswhich areuniqueandintrinsic to thatinstancein its whole. Intrinsic
propertiescorrespondo the modelling primitive attributes Extrinsic propertiesrepresentelations
betweerclassesthuscorrespondingo the modellingprimitive relationship
This notion is, of courseinherentlytime dependentsincetime givesrise to a particularsystemof
possiblevorldswhereit is highly likely thatthe samenstanceof aconcepexhibits differentfeatures
2, This problemis known asidentitythroughchange: aninstanceof a conceptmay remainthe same
while exhibiting differentpropertiesat differentinstantsof time. Thereforeit becomesmportantto
understandvhich featuresor propertiescan changeandwhich cannot[11], and alsothe situations
thatcantriggersuchchanges.

If we reformulatethe identity problemas re-identificationwe realisethat also re-identificationis
affectedby time; how canwe re-identifythe sameinstanceat differentinstantof times?

We facethe re-identificationproblemin everydaylife; we are able to recognisethe featuresthat
permitsusto distinguishan instancefrom the others,andwhenintrinsic featuresare not available,
we 'attach’ artificial featuresthat permit us to establishidentity. One exampleis the StudentiD,
whichis assignedo university studentsin orderto identify studentsunivocally.

e UNITY: thenotion of unity is oftenincludedin a moregeneralisedotion of identity, althoughthis
two notionsaredifferent. While identity aimsto characterisavhatis uniquefor anentity of theworld
whenconsideredasa whole, the goal of unity is thatof distinguishingthe partsof an instancefrom
therestof theworld by meansof a unifying relationthat bindsthemtogether(notinvolvinganything
else)[11]. For example,the question'ls this my car?’ represents problemof identity, whereashe
guestion’ls the steeringwheelpartof my car?’ is a problemof unity. Also the notion of unity is
affectedby the notion of time, canthe partsof aninstancebe differentat differentinstantsof time?
This problemis alsoknown asindividuation

e ESSENCE: The notion of essencas strictly relatedto the notion of necessity14]. An essential

1Somephilosopherse.g. Lewis [19, page39 ff], hold thatthereis no suchthing astrans-vorld identity, althoughobjectsin one
world canhave counterpartsn otherworlds.
2Herethe counterpartheorydoesnot hold, andsoidentity throughtime is awaysaccepted.



propertyis a propertythatis necessarjor anobject,or, in otherwords,a propertythatholds,thatis
truein every possibleworld [20]. Basedon the notionof essenceGuarinoandcolleague$10] have
introducedthe notion of rigidity. A rigid propertyis a propertythatis necessaryo all instancesthat
is aproperty¢ suchthat: Vz¢(z) — O¢(x).

Rigidity strictly depend=on the notionsof time and modality [37]; this point is further elaborated
in Section7.1. It is importantnot to confusemodal necessitywith temporalpermanence Modal
necessitymeanshatthe propertyis true,in every possibleworld. Time is undoubtablyonepartition
of theseworlds, but temporalpermanenceneanshatthe propertyis true in thatworld (time), with
no informationconcerninghe otherpossibleworlds,andthis might happerby purechance.

e DEPENDENCE: In the methodologyby Guarinoand Welty [11], the notion of dependencés con-
sideredrelatedto conceptproperties.In this context dependenceermitsusto distinguishbetween
extrinsic andintrinsic propertieshasednwhetherthey dependn objectsotherthantheonethey are
ascribedo or not.

3 Problemdefinition

Interoperableagentsystemsdependuponthe agentsability to reconciletheir views of the world, andto
shae knowled@. Knowledg sharingdenotessharingof the sameknowledgeby multiple agentgbethem
humanor software),acrossmultiple applicationsandin multiple contets at the sametime [38]. Thisis
accomplishedby 'combining’ the ontologiesassociatedvith theagentscomposinghe system.Combining
heremeansusingtwo or more differentontologiesdevelopedfor a differenttaskin which their mutual
relationis relevant[15]. The combineduse of independentelyevelopedontologieshasbeenobject of
previouswork ([26, 5, 21]) andit is oftenachieved by integrating or meging ontologies.Herewe follow
Klein [15] and defineintegration and meging as synoryms that indicatethe creationof a nev ontology
from two or moreexisting ontologieswith overlappingparts,which canbeeithervirtual or physical.
Ontologyintegrationis comprisedf the following steps(which may beiterated)[22]:

1. find theplacesin the ontologieswherethey overlap;

2. relateconceptghataresemanticallyclosevia equivalenceandsubsumptioror instanceelationships
(aligning)
3. check(atleastpartially) the consisteng, coherenceandnon-redundangof theresult.

In thspaperwe areonly concernedvith stepl, thatis the coalescencef two semanticallyidenticalterms
in differentontologiessothatthey arereferredto by the samenamein theresultingontology Thecoales-
cenceof termsin diverseontologieshasto be accomplishedearingin mind that sinceagentsare highly
heterogeneousheir ontologiescanbe heterogeneousp ary kind of heterogeneityasto bereconciledin
orderto permitknowledgesharing.

Heterogeneitjhaslong beenrecognisedisthe majorobstacleio knowledgesharingandpreviouswork has
illustratedthe differenttypesof heterogeneityhatcanaffectagentq24, 7, 40, 1, 15]. In this papewe take
theview illustratedby Klein [15], andwe classifythe differenttypesof heterogeneityhatcanaffectagents
in thefollowing way:

e Languageheterogeneity:Languageheterogeneityoccurswhen ontologieswritten in differenton-
tology languagesare integrated/combined.lt can be causedby differencesin the syntax, logical
representationsemanticof primitivesand expressvity of the languagesisedto representhe on-
tologies.For example,a languagamight permitthe expressiorof disjointnessexplicitly, for instance
by usingthe statemen{ di sj oi nt A, B), whereasanotheronerepresentshe sameconceptoy
negationin the classdeclaratione.g., A subcl ass-of (NOT B) A B subcl ass-of (NOT
A) . More specifically this is a caseof logical representatioheterogeneityl5]. Thisis thekind of
heterogeneityhatKIF aimesto resole [24].

¢ OntologyheterogeneityOntologyheterogeneitpccurswhenagentanake differentontologicalas-
sumptionsaboutthe overlappingdomains.n particular ontologyheterogeneitganoccurwhile con-
ceptualisingand/orexplicating [40] thedomain.Both conceptualisatioandexplicationheterogene-
ity canbefurthersubdvided, but suchdetailedclassificatiorof the possiblecause®f heterogeneity



is out of the scopeof this paper Conceptualisatioheterogeneitys dueto semantiaifferencesris-
ing from differentconceptualisationsf the conceptsandthe relationsin the agentsdomains. For
example,one agentcan model the conceptW ne into the subconceptdthi t e- W ne and Red-
W ne andthenfurtherspecifythetwo. Thereforethe conceptti t e- W ne hastwo subconcepts,
Char donnay andRi esl i ng; analogouslythe conceptRed- W ne is subdvidedinto its subcon-
ceptsBeauj ol ai s andChi anti . Anotheragentmight modelthe conceptW ne into the sub-
classedhi t e- W ne andRed- W ne, only. Anotherexampleof conceptualisatiommeterogeneity
canoccurwhenone conceptualisatiosubdvidesthe conceptPer son into the subconceptd/al e
andFemal e whereaghe othersubdvidesit into the subconcept€hi | d, Teenager andAdul t .
It concernsonly concepts.

Explicationheterogeneitys dueto differencesn theway the conceptualisationf a domainis spec-
ified. During the conceptualisatiophasethe conceptsdescribingthe domainare selected;n the
explication phasetheseconceptsare madeexplicit. For example,let us supposeto have two on-
tologiesO; and O that describethe vehiclesdomain, and that both model the conceptCar, by
calling it Aut onobi | e in ontology O, andMbt or - car in ontologyO2. To make the problem
more complex the two conceptscan either be describedby the sameset of attributes, for exam-
ple Regi strati on- Year, Maxi mum Speed, or by two setsof attributesthatare semantically
equialent. For exampleAut onobi | e in ontology O; could be describedoy the setof attributes
Reg- Year andMax- Speed, while theconcepivbt or car in ontologyO- is describedy theset
of attributesRegi st rat i on- Year andMaxi mum Speed. Few researclefforts have specifically
addressedntologyheterogeneityamongthemthe KRAFT project[28] andOBSER/ER [23].

Heterogeneityandespeciallyontologyheterogeneitycanseriouslyhinderattemptgo shareknowledgeau-
tomaticallybetweeragentsin factin orderto recognisevhethertwo conceptsrom heterogeneousnowl-
edgesourcesare similar, we cannotonly rely on the the termsdenotingthem and on their descriptions,
but we needto have afull understandingf the conceptsn orderto decidewhetherthey aresemantically
relatedor not. As notedby McGuinnesg21], anexplicit representationf the semanticof termswould be
usefulto understandvhethertwo conceptsaresimilar. By concepisemanticsve referhereto a preciseand
unambiguouslescriptionof the meaningof the concept.

It emepgesthatthe currentontology modelsare not expressve enoughto provide suchan explicit repre-
sentatiorof the semanticsin fact, ontologieswith the richestexpressivenessurrentlyarethoseorganised
in formal Is-a hierarchieg(thatis, strict subclassierarchies)jncluding formal instancerelations,whose
conceptsaredesribedn termsof their characterisingpropertiesthat permitrestrictionson the valuesas-
sociatedwith the properties andthat, finally, permitthe expressionof logical constraintson the property
valueg[18]. Eventhiskind of expressvenessloesnot, however, allows to give afull accounof theseman-
tics of theconceptgescribed.

We realisethatary attemptto provide a representationf the precisemeaningof eachconceptwill prove
extremelydifficult, andespeciallyif thisrepresentatiors to be processablby acomputerIn theattemptof
findingamiddlepointbetweerthe questfor arichersemanticandtheontologymodelscurrentlyavailable
we proposeéhereto enrichtheclassicontologymodelwith furtherinformationaimingto give amoreprecise
characterisationf conceptsaandof their properties. The enrichedmodelwe proposecomprisegocuseson
providing the following characterisations:

e attribute behaviourover time this information aims to give a betterdescriptionof attributesby
characterisingheirbehaiour overtime, thatis, whetherthey areallowedto changeheirvalueduring
the conceptifetime, whetherthe changss reversible,andvhattriggerchanges;

e modality. this informationis a qualitatve descriptionof the degreeof inheritability of a concept
propertyby its subconcepts;

e prototypesand exceptions this information aimsto describepropertiesthat are prototypicalfor a
conceptthatis the propertieghatobtainfor the prototypical(from a cognitive viewpoint, according
to Rosch[29]) instancesf a concept. Exceptionsare thosepropertieswhich canbe ascribedto a
concepialthoughbeinghighly unusual.

This paperclaimsthat an ontology modelwhich include this type of propertycharacterisatiomight be
helpful to dealwith ontologicalheterogeneityproblemsin two ways. On the onehandthe modelpermits
to identify formal ontology propertiesandthereforeit supportsall methodologiedor building ontologies,



including the one by Guarinoand Welty [11], which is thoughtto leadto cleanertaxonomieswhich are
easielto integrate.Ontheotherhand this conceptuamodelfor ontologiesfacilitatesa betterunderstanding
of the conceptssemantics.Currentlyary kind of integrationis performedby handbasedon the expertise
of the knowledgeengineersand on the ontologiesdocumentation.Evenin this casethe ontology model
we proposecanprove usefulby providing a characterisationf the propertieswhich canhelp to identify
semanticallyrelatedterms.

Thereare prospectdor a semi-automatiéntegration of independentlydevelopedontologies. SMART [5]
andCHIAMERA [22] partially dealwith languagéeheterogeneitybut alot of work hasto bedonein orderto
permitsemi-automatintegration.

4 Enriched ontology model

The ontologymodelwe proposecomprisesconceptsattributes relations andinstances Conceptsepre-
sentthe entitiesof the domainandthe taskswe wantto modelin the ontology Conceptsaredescribedn
termsof definingpropertiesandwe call theseattributes Conceptsareorganisednto a Is-ahierarchy so
thata concepts attributesandtheir valuesareinheritedby the subconceptsMultiple inheritances permit-
ted,is therestrictionon valuesassociateavith propertieqd18].

Attributesaredescribedn termsof their structuralcharacteristicssuchasthe domain,therange thevalue
type, and the maximumand minimum value (if attributesare numeric). Attributesare alsodescribedn
termsof their behaiour overtime (whethertheir valuecanchangeovertime andunderwhich conditionsit
canchangewhetherthis changes regularor is permittedonceonly, andwhetherthe changes reversible);
their behaiour with respecto inheritance thatis a qualitative estimateof the subconceptinheriting the
attribute andits value(s);their prototypicaland exceptionalvalues. Prototypicaland exceptionalvalues
provide contextual informationconcerninghe attribute asdiscussedn Section7.4.
Relationsbetweenconceptsare supportedby the model, a relationshipR betweena conceptC; and a
conceptCs, is representedby an attribute of the conceptC; whosevaluetrypeis C. For example,if we
considertheconceptdVine andWinery, we candefinetherelationshipProducesvhich associateawinery
with a wine. This is representedby addingto the conceptdescriptionof Winery the attribute Produces
whosevaluetypeis Wine.

Our ontology modelincludesalsoinstances.Lassilaand McGuinnesq18] describeontologiesincluding
formal instancerelationsasa natural extensionof ontolagiesenfoicing a strict hierarchical structue. In-
stancesarerepresentedsconceptshowever, whenformal instancerelationshold, the ontologyincludes
alsothe contentaboutgroundingindividualsandtheir relationshipswith the concepthey instantiate.
Finally, theontologymodelsupportgoles. Conceptsarealsousedto representoles which canbethought
of describinghepart playedby oneconcepin acontext, (amorecompletediscussioronrolesis postponed
to Section7.2). Sowe maintaina frame-like syntaxfor rolesaswell. Rolesaredescribedn termsof their
contet, andthe formal role relationshipholds. It is importantto noteherethatwe arenot concernedvith
the problemof supportingarole representatiom the syntaxof the ontologymodel.

This ontology model enrichesthe traditional model proposednitially by Gruber[8], in that permitsthe
characterisationf a concepts properties Fromthis viewpointit shouldbe moreexpressve. However, ary
evaluationof the costto pay for this expressvenessandof the kind of reasoningnferencegpermittedby
this modelarestrictly dependenon the domainandthetaskat hand.In somecasesa simplesubsumption
inferencewould be required(for exampleto identify commonancestorsn the hierarchy) whereasve can
immaginethatthe automaticcoalescencef termsmight requiremoresophisticatednferencesvhosecost
we cannotevaluatea priori. In someothercasesthe simplematchingbetweerpropertiescharactersiation,
might rule out the possiblity of semantiaelatednessFor example,of two conceptsare describedoy the
samepropertiesbut with differentcharacterisationshis mightindicatethatthe concept$ave beenconcep-
tualiseddifferently.

Thesolutionof addinginformationcharacterisingonceptspropertiess a controversialone.We dorealise
thatoftenis nottruethat’'moreis better’. However, thereis afundamentateasorfor enrichingthe ontology
modelwith characterisationsf theattributes. An ontologyis ana priori accounwof the’things’thatarein
a domainandtherelationshipanodellingthe structureof the world seenfrom a particularperspectie. In
orderto provide suchanaccounbnehasto understandhe conceptshatarein thedomain,andthisinvolves
anumberof things. It involvesknowing whatcanbe sensiblysaidof a thing falling undera concept.This
canberepresentetly describingconceptsn termsof their propertiesandby giving afull characterisation



of theseproperties.Thus,whendescribingthe conceptBird it is importantto distinguishthat somebirds
fly andothersdo not. A full understandingf a conceptinvolvesmorethanthis, however: It is important
to recognisavhich propertiesareprototypical[29] for the classmembershi@nd,moreimportantly which
arethe permittedexceptions.Thereare,however, differencesn how confidentwe canbethatan arbitrary
memberof a classconformsto the prototype:it is avery raremammalthatlays eggs,whereasnary types
of well known birdsdo notfly.

Understandinga conceptalsoinvolvesunderstandindiow and which propertieschangeover time. This
dynamicbehaiour of attributesalsoforms part of the domainconceptualisatiomndcanhelpto identify
themeta-ppopertiesholdingfor theconcept.t is worth pointingoutthatwe arenotreferringto thedynamic
evolution of ontologies,but to the fact that attributesof a conceptmight changetheir value(s)during the
existenceof the concept.This informationconcernghe conceptandshouldbe reflectedby its ontological
definition.

It might be arguedthat this kind of of knowledgehasnot an ontolagical nature,but ratheran epistemic
one,andto someextentwe do agreewith this criticism. But, ontologies gspeciallywhenconsideredn the
context of multi-agentsystemsshouldprovide an actualaccountof the agents view of a domain. Com-
municationin agentsystenreliesheavily ontheagentsbility to shareknowledge,andwe believe thatthe
ability of ontologiesto facilitate the sharingand reuseof knowledgeandthe reasoningwith ontological
knowledgeandits instancesanbeimprovedif the formal meta-level of the descriptionis complemented
by aricherconceptdescription.

Whenwe considerontologiesfrom a pure philosophicalperspecitie, they are an a priori descriptionof
whatconstitutesiecessaryruthin all possibleworlds[17]. It is this formal stanceon ontologieshatmakes
it possibleto addto ontologiesa meta-level of descriptionrandthusto reasoraboutmeta-propertiefl 1].
Our view on ontologies especiallywhenthesemake an agents conceptualisationf the domainexplicit,
is that ontologiesshouldprovide sufficient informationto enableagentsto have a full understandingf a
conceptasit is in thedomain(thatis in therealworld), andthusthey arefully groundedn theagentsreal-
ity, but shouldalsoenableknowledgeengineerso performaformal ontologicalanalysison theseconcepts.
If ontologiesareseenin this perspeciie, thenthe boundarybetweenwhatis to be consideredntological
knowledgeandwhatis epistemidknowledgebecomedblurred.

5 Implementing the ontology model

In this sectionwe have implementedheontologymodeldiscussedh Sectiord in aframe-base@tnowledge
modelthatwe have extendedto accommodatéhe semanticadditionswe propose.The knowledgemodel
we useis inspiredby OKBC [2], andthereforesupportsan object-orientedepresentationf knowledge. It
is worth notingat this point thatwe have usedthe OKBC modelonly asa supportfor the proof of concepts
andthatthereare somedifferencebetweenthe modelwe proposeandthe OKBC knowledgemodel. Our
aimis notto build anew knowledgemodelfor ontologiesbut to supportasemanticallyenricheddescription
of attributeswhendefiningconceptsn ontologies.

Theknowledgemodelis basedon the notionsof classesslots andfacets Classesorrespondo concepts
andto roles(seeSection5) thattheseconceptsanplay, andsothey arecollectionsof objectssharingthe
samepropertieshierarchicallyorganisednto a multiple inheritancehierarchylinkedby Is-alinks. Classes
aredescribedn termsof slots or attributes,thatcaneitherbe setsor singlevalues.For examplethe class
Wine might be describedby the slot Colour whosevaueis the set{Red,Whitg Ro<} to indicatethe fact
thatawine hasa propertycolour, andthevalueit cantake is eitherred or white or rost. A slotis described
by a name,a domain,a valuetype andby a setof additionalconstraintsherecalledfacets Facetscan
containthedocumentatioffior a slot, constrainthevaluetypeor thecardinalityof aslot,andprovide further
informationconcerningheslotandtheway in whichtheslotis to beinheritedby thesubclasses.

In thefollowing sectionswve describethe main entitiescomposingour knowledgemodel. This description
is not meantto be exhaustve, but just to give an exampleof how the enrichedsemanticconceptuamodel
could beimplementedn an OKBC like knowledgemodel. For this reasonwe describen the detail only
the suggeste@xtensiongo the protocol.



5.1 The additional facets

The extra informationrepresentedhe extendedsemanticshasbeenrepresentedhy additionalfacetsaug-
mentingthosealreadyprovided by OKBC. However, thesefacetsare not mappedby correspondingslots
into slotframessincetheinformationencompasseith the additionalfacetsnakessenseonly whenaslotis
associateavith aframe,whereast is undefinedvhentheslotis considereanits own.

Classtype

Thefacet:cLASS-TYPE hasbeenaddedto the OKBC onesto specifywhetherthe classthatis beingde-
finedis a conceptor arole. This facetcantake two possiblevalues:concept andr ol e whichareused
to changehe meaningof someof theframefacets.

Valuelabel

Thevalueassociatedvith thefacet:vALUE-LABEL of slot S of frameF is oneor moreelementsrom theset
of keywordsandkeyphrases{l nherited,| nherited wi th exceptions, D stingui shi ng,
Val ue }. If thevalueassociatedvith thefacet:vALUE-LABEL of slotS of frameF is Pr ot ot ypi cal it
meanghatthe valueassociatedavith theslot Sis true for any prototypicalinstanceof the class,but excep-
tions are permittedwith a degreeof credibility expressedy theslot :MODALITY. If thevalueassociated
with the slotis | nheri t ed this meansthat the value associatedvith S hasbeeninheritedunchanged
from somesuperclasswhereasf itisl nherited w t h excepti ons thentheslotinheritsthevalue
from its parentframe, with somemodifications(for examplerestrictionon the domain). If the slot value
is labelledthroughthe facet:vALUE-LABEL asDi st i ngui shi ng this meanghatit is a valuethatdif-
ferentiatesamongsiblingswith a commonsuperclass.For example,let us supposehatthe classWine is
describedby the slot Colour, whosevaluesare {Red,White}. Let us definetwo classesRed-Whne and
White-Wine. Both classesare subclassesf Wine andthereforethey inherit the slot Colour, but this is
inheritedwith valuerestrictions thereforethe valueassociatedo this slot is Redfor the classRed-Whe,
and White for the classWhite-Wne. Sincethe slot Colour permitsto distinguishbetweenred wine and
white wine, it is labelledasDi st i ngui shi ng.

If theslotvalueis labelledasVal ue it meanghatthevalueis neitherprototypical,norinheritedor distin-
guishing.

It shouldbenotedthatinheritedanddistinguishingvaluesareincompatiblen thesameconceptdescription,
thatis a valueis eitherinheritedor distinguishing,but cannotbe both. On the otherhanda valuecanbe
prototypicalandinherited. Distinguishingvaluesbecomeinheritedfor subclassesf the class. Of course
alsofor distinguishingvaluesit maybethatthatonly inheritancedoesnot concernthe whole rangeof val-
ues,but only asubrange.

Value prototypes

Thefacet:vALUE-PROTOTY PES of slot S of frameF specifieswhich valuesof slot S areconsideregroto-
typicalin thecontext specifiedby theframeF, thatis thesetthosevaluesthatarenormally(in theconception
of the ontologydesignerspassociateavith the slot S whenthis is describingthe conceptat frameF. This
enablegheontologydesignerdo expresswhatis believedto be normalfrom their perspectie.
Thereforethevaluesassociatedvith theslot S atframeF arethosetruefor ary prototypicalinstanceof the
class,but exceptionsare permittedwith a degreeof credibility expressedy the slot :MODALITY (seealso
thefacet:VALUE-EXCEPTIONS). For example,let us supposeo modelthe conceptBl ood Pressure.
The prototypicalvalues(thatis the possiblevaluesof blood pressurdor a healthyindividual over 18) are
between90 and 130 for systolic pressureand between60 and 85 for diastolic pressure.This notion of
prototypicalvaluesis relatedto the analogousnein cognitive sciencg29] andis discussediogethemwith
thenotionof exceptionin Section7.4.

Valueexceptions

Thefacet:vVALUE-EXCEPTIONS of slot S of frameF specifiesvhich setof possiblevaluesof slotSareto be
consideredsexceptionalthatis thosevaluesthatarepermittedin the conceptescriptiorbecause¢hey are
in the domain,but deemedexceptionalfrom a commonsenseviewpoint. The exceptionalvaluesarethose
which arepossiblebut highly unlikely. Thevaluesthatthisfacetcantake arethereforea subsetf thevalues
associatedvith the slot S. Not all valuesthatare not prototypicalare exceptionals.Let us consideragain
the blood pressureexample,exceptionsarethosevaluesregisteredfor peopleaffectedby conditionssuch



ashypertensioror hypotensiorandso,arethosein therangeof valuesfor theslotbl ood pr essur e but
outsidetherangedeterminedy the prototypicalvalues.Thatis, exceptionalvaluesfor systolicpressurare
thosein the rangeof the slot thatare smallerthan90 andgreaterthan130, whereador diastolicpressure,
the exceptionalvaluesarethosesmallerthan59 andgreaterthan85.

Valuemodality

Thefacet:vVALUE-MODALITY of slot S of frameF denoteghe degreeof confidencean thefactthatthe slot
is associatedvith a somespecifiedvalues. It describegshe classmembershipgconditionsandthe degree
of inheritability of the propertymodelledby the pair slot- value(s). This valuemakessenseonly for class
descriptionsaandnotfor instancedescriptions.

Thevalueassociateavith this facetis a nonngative integerbetweenl and7. Eachof thesenumberss as-
sociatedwith a specificmeaning.The possiblevaluesassociateavith this slotsarereportedbelow together
with anexampleshaving casesn which eachof thevaluesapply:

1. Al I . Let usassumene have aframePer son which is describedoy the propertyhasfingerprints
modelledby associatinghe value Yes to the slot :HAS-FINGERPRINTS. The property of having
fingerprintsis inheritedby all subclasseghatis all the subclassesf Per son (suchasChil d ,
Teenager , Adul t , andsoon)havefingerprints.Thiskind of informationis describedy associat-
ing thefiller Al | with thefacet:vALUE-MODALITY whendescribingtheslot:HAS-FINGERPRINTS;

2. Al nost al | . A classicexamplegivenin knowledgerepresentationf a propertywhich holdsfor
almostall thesubconceptef theconceptwhichis beingdescribeds mammalsability to give birth to
live young.In factall specieof mammalggive birth to live youngwith theexceptionsof aparticular
family, calledmonotemeswho doesnot. If we wereto modelthis situation,theslot :ABILITY-TO-
GIVE-BIRTH-TO-LIVE-YOUNG wouldbedescribedy valueAl nost al | associatedvith thefacet
:VALUE-MODALITY;

3. Most . Thefiller Most is to be usedin thosecaseswherethe majority of subclasseiherit the
property For example,let us supposeo considerthe conceptCat The majority of catshave short
hair, althoughthereis a considerablenumberof cat specieswvhich have long hair. If we choseto
modelthe conceptby associatingvith it the slot hasshorthair, thensucha slot would be described
by associatindghefiller Most to thefacet:vVALUE-MODALITY;

4. Possi bl e. In somecaseshowever, we might not have ary informationconcerningthe degreeof
applicability of a propertyto the propertiessubconceptsFor example,let us considerthe concept
university professor In somecountriesg.qg. Italy, for instanceijt is not alwaysthe casethatin order
to beaprofessoonehasto beawardedaPhD.Ontheotherhandin someothercountriesg.g.the UK
or the United Statesjt is oftenthe casethata professotasa PhD. If we hadto modelthe concept
professorthe propertyhasa phd would be describedby associatinghe value Possi bl e to the
modalityfacet,in thatit is possiblethatthe propertyholdsfor someof the subclassesf theconcept,
but we do not have informationconcerninghe specificsubclassefor which the propertyholdsand
neitherdo we know for how mary of them;

5. A Few. It hasthe oppositesemanticof Most ;
6. Al nost none. It hastheoppositesemanticof Al nost al | ;
7. None. It hasthe oppositesemanticof Al | .

It is worth notingthatthevalueNone associatedvith this facetis tantamounto negation. ThevalueNone
aspossibléfiller for the slot VALUE-MODALITY makessenseonly in the context of conflict resolutionin
caseof inheritance andhasbeenaddedto the modelin the hypothesighat suchmodelis usedto support
semi-automatiénconsistenciesesolution.It would make no sensdor a knowledgeengineetto includein
the conceptdescriptiona propertywhosedegreeof applicabilityto subclasses none.

Valuechange frequency
Thefacet:VALUE-CHANGE-FREQUENCY of slotS of frameF specifiesvhetherandhow oftenthevalueof
slot S changesluringthelifetime of the conceptwhichis representetly theframeF. The valueassociated



with this slotis anelementf theset: {Regul ar ,Once onl y,Vol ati |l e, Never }.

If the valueof the slotis Regul ar it denoteshatthe changeprocesss continuousfor instancethe age
of apersoncanbe modelledaschangingregularly. If thefacetvalueisto Once onl y it meanghatonly
onechangeovertime for the valueof slot S is possible while if thevalueof theslotis Never it specifies
thatthe valueof the slot S is setonly onceandthenit cannotchangeagain,for examplea persons date
of birth oncesetcannotchangeagain. Finally Vol at i | e meansthatthe changeprocessds discreteand
canberepeatedatirregularintervals; thatis the attribute’s value canchangemorethanonce;for example
peoplecanchanggob morethanonce.

Value-change-events
The:VALUE-CHANGE-EVENTS slot of specifieghe conditionsunderwhich thevaluesassociatedvith slot
Schangelt is associateavith oneor morequadruples

{((EbSJ:‘/J):R])U = 17"'7m}

where E; is an event, S; is the stateof the pair attribute-value associatedvith a property V; defines
the eventvalidity and R; denoteswvhetherthe changeis reversibleor not. The semanticsf this facetis
explainedin Section7.1.

If the classdescribesa role, thatis the facet:CLASS-TYPE is associatedvith the valuer ol e, thenthe
facet:VALUE-CHANGE-EVENTS defineghe conditionsregulatingthe acquisitionandtherelinquishmenof
arole. This pointis furtherdiscussedh Section7.2.

6 Expressve power of the knowledgemodel

The knowledge model presentedn the previous sectioncan accommodatell the modelling primitives
which we considerechecessaryo write ontologies. As we have alreadymentioned conceptsarerepre-
sentedby classeswhich aredescribedn termsof attributesor propertiesdescribedy pairsslots-values
In this knawledgemodelslotsareusedto describebothintrinsic andextrinsic properties We follow Guar
ino andWelty [11] andconsideranintrinsic propertyassomethingnherentto anindividual, notdependent
on otherindividuals,suchashaving a heartor having a fingerprint. An extrinsic propertiesis onethatis
notinherentandthat hasrelationalnature ,suchas’being a friend of John’. Soslot-value(s)pairsareused
to describepropertiesholdingfor a class,in turn propertiesaredescribeddy a setof pairsfacet-valuethat
characteris¢heproperties.

Propertiescanbe divided into prototypical,necessarydistinguishing,inheritedand simple value assign-
ments.As alreadymentionedn Section5, conceptsarehierarchicallyorganisecaccordingto anls-arela-
tionshipthat permitspropertyinheritancefrom ancestorso descendantsT he propertieshatareinherited
from an ancestorare labelledas’inherited’. However, inheritedpropertiescanbe overruledin the more
specificconcepin orderto accommodatéheritancewith exceptions.The propertieghathave beenover-
ruledarelabelledas’ distinguishing; sincethey allow usto distinguishbetweersiblingsof a sameparent
concept.A propertyis to beconsideredecessaryf it is essentiato all instance®f theconceptwhile it is
prototypicalif it holdsfor the prototypicalinstanceof the conceptonly. The notion of essentiaproperty
relatesto theideaof necessargonditionwhile prototypicalpropertiespermitto identify prototypesdis-
cussedn Section7.4. Finally, a propertylabelledasvalueassignmenassociatea valueto an attributein
orderto describea specificfeatureof theinstance®f the conceptsuchashair colour= brown.
Roles,alreadydefinedin Section5, arealsosupportedn this knowledgemodel; they arerepresenteds
conceptdut thefacet:CLASS-TYPE is settor ol e, sothatwe areableto distinguishthemfrom a concept
definition. As for the rest,a role hasexactly the samedefinition of a conceptsincerolesaredescribedn
termsof attributesthataretypical of arole andareorganisednto anls-ahierarchytotally analogougo the
onedefinedfor conceptswheretheinheritanceof propertieshroughtherole hierarchyis permitted.Most
of the considerationwe madefor conceptshold for rolesaswell, thereforewe canconsiderprototypical
propertiesfor roles, distinguishingpropertiesand so on and so forth. What distinguishesa role from a
concepts thattherole holdsduring a specificspanof time. Rolesandtheir propertiesarediscussedelov
in Section7.2.
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7 Discussion

In orderto usetheenrichedconceptuamodelknowledgeengineersiave to provide moredetailsconcerning
the conceptghanif they were usinga traditional OKBC-like knowledgemodel; they are thusguidedin
performingthe ontologicalanalysiswvhichis usuallydemandingo perform.
Furthermoretheenrichedknowledgemodelforcesknowledgeengineerso make ontologicalcommitments
explicit, thatis the agreemenbn the meaningof the termsusedto describea domain[9]. Knowledge
sharingis possibleonly if the ontologicalcommittmeniof thedifferentagentss madeexplicit. Indeedyeal
situationsareinformation-richevents,whosecontext is sorich that, asit hasbeenarguedby Searlg[31], it
canneverbefully specified Many assumptionaboutmeaningandcontect areusuallymadewhendealing
with real situations[30]. Theseassumptionsre rarely formalisedwhen real situationsare represented
in naturallanguagebut they have to be formalisedin an ontology sincethey are part of the ontological
commitmentsthat have to be madeexplicit. Enriching the semanticsof the attribute descriptionswith
thingssuchasthe behaiour of attributesover time or how propertiesare sharedby the subclassemalkes
someof the moreimportantassumptiongxplicit.

The enrichedsemanticgs essentiato solve the inconsistencieshat ariseeitherwhile integratingdiverse
ontologiesor while reasoningwith the integratedknowledge. By addinginformationon the attributeswe
are able to measurebetterthe similarity betweenconceptsto disambiguatédetweenconceptshat seem
similar while they arenot, andwe have meango infer which propertyis likely to hold for a conceptthat
inheritsinconsistenproperties.

A possibledisadwantagenf suchasemanticallyenrichecknowledgemodelis thelargenumberof facetghat
needto filled whenbuilding ontologies. We realisethat this canmake building an ontologyfrom scratch
evenmoretime consumingout we believe thatthe outcomesalancethe increasedcompleity of the task.
Indeed,in orderto fill theadditionalfacetsknowledgeengineersieedto have afull understandingotonly
of theconcepthey aredescribingbut alsoof the context in whichthe concepis used.Arguably, they need
suchknowledgeif they areto performthe modellingtaskthoroughly

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 fluentis borroved from situationcalculusto denotea
propertyof the world that canchangeover time. Modelling the behaiour of fluentscorrespondso mod-
elling thechangesn propertieshatarepermittedin aconceptsdescriptiorwithoutchangingheessencef
the concept.The behaiour overtime is closelyrelatedto establishinghe identity of conceptdescriptions
[11], in thatsomepropertiescanchangewithout affectingtheidentity of the changingndividual. Describ-
ing the behaiiour over time involvesalsodistinguishingpropertiesvhosechangeis reversible from those
whosechangas irreversible

Propertychangesver time are causeckither by the naturalpassagef time or aretriggeredby specific
eventoccurrencesWe need thereforefo usea suitabletemporalframewnork thatpermitsusto reasorwith
time andevents.Themodelchoserto accommodatéherepresentationf the changess the EventCalculus
[16]. Eventcalculusdealswith local eventandtime periodsandprovidestheability to reasoraboutchange
in propertieccausedy a specificeventandalsothe ability to reasorwith incompleteinformation.
Changesof propertiescan be modelledas processe$33]. Processesanbe describedn termsof their
startandendpointsandthe changeghathappenin between.We candistinguishbetweencontinuousand
discrete changes the former describingincrementalchangeshat take placecontinuouslywhile the latter
describechangesccurringin discretestepscalledevents Analogouslywe candefinecontinuousproper
tiesto bethosechangingregularly overtime, suchasthe ageof a personyersusdiscretepropertieswhich
are characterisedby an eventwhich causeghe propertyto change. If the value associatedvith change
frequeng is Regul ar thentheprocesss continuousif it is Vol at i | e theprocesss discreteandif it is
Once onl y theprocesss consideredliscreteandthetriggeringeventis setequalto time-point=T.

Any regularoccurrencever time canbe, however, expressedn form of anevent, sincemostof theforms
of reasonindor continuouspropertiegequirediscreteapproximationsThereforein the knowledgemodel
is Sections, continuougpropertiesaremodelledasdiscretepropertiesvheretheeventtriggeringthechange
in propertyis the passingof time from the instantt to the instantt’. Eachallowed changeof propertyis
representetdy a setof quadrupleq ((E;, S;,V;), R;)|j = 1,---,m} whereE; is anevent, S; is thestate
of the attribute-valuepair associateavith a property V; definesthe eventvalidity while R; takesvaluein
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{Regular, Irregular}, andindicateswhetherthe changen propertiedriggeredby theevent E; is reversible
or not. The modelusedto accommodatthis representationf the changesddsreversibility to EventCal-
culus whereeachtriple (E;, S;, V;) is interpreteceitherastheconcepis in thestateS; befoetheeventE;
happenor theconcepis in thestateS; aftertheeventE; happensiependingnthevalueassociatedvith
V;. Theinterpretatioris obtainedrom the semantic®f the eventcalculus wherethe formerexpressioris
representedsHold(befoe(E;, S;)) while thelatterasHold(after(E;, S;)).

The ideaof modellingthe permittedchangesor a propertyis strictly relatedto the philosophicalnotion
of identity. In particulay the knowledgemodeladdressethe problemof modellingidentity whentime is
involved, namelyidentity throughchange, which is basedon the commonsensenotion thatanindividual
may remainthe samewhile shaving differentpropertiesat differenttimes[14]. Theknowledgemodelwe
proposexplicitly distinguisheghe propertieghatcanchangefrom thosewhich cannot,anddescribeghe
changesn propertieghatanindividual canbe subjectedo, while still beingrecognisedsaninstanceof a
certainconcept.

Eventsin thisrepresentatioarealwayspointevents andwe considerurational events(eventswhich have
aduration)asbeinga collectionof point eventsin which the stateof the pair attribute-valueasdetermined
by thevalueof V}, holdsaslong asthe eventlasts. Thedurationis determinedy the definitionof anevent
in EventCalculus wherefor eacheventis givenaninitial anda final time point. We realisethatthis rep-
resentatioroversimplifiesthe dynamicof processhangesandwe aim to investigatea more sophisticated
changerepresentatioasfuturework.

The notion of changeghroughtime is alsoimportantin orderto establishwhethera propertyis rigid. A
rigid propertyis definedin [10] as a propertythatis essentiako all its instanceswhereaswith essential
propertywe meana propertyholdingfor anindividualin every possiblecircumstancén whichtheindivid-
ual exists. Theinterpretatiorthatis usuallygivento rigidity is thatif z is aninstanceof a conceptC' than
z hasto beaninstanceof C in every possibleworld [17]. Herewe specificallyconcentrateo oneof these
systemof possibleworlds,thatis time.

In [37] we have relatedthe notionof rigidity to thoseof timeandmodalityandin Section7.3we show that,
by usingtheinformationrepresenteth theslot:VALUE-MODALITY andthatconcerninghebehaiour over
time, we can preciselyidentify rigidity in the subsetof the setof possibleworlds. By characterisinghe
rigidity of a propertyin this subsebf possibleworldswe aimto provide knowledgeengineershe meango
reachabetterunderstandingn the necessanandsuficientconditionsfor the classmembershipHowever,
this doesnot meanthattherigidity of a propertydepend®nary accounpnwhetherthe propertyis usedto
determineclassmembershir not. Thatis, thefinal aimis to try to separatehe propertiesconstitutive of
identity from thosethatpermitre-identification.

7.2 The needfor identity andrigidity: Roles

Establishingvhetherrigidity holdsfor a propertyis not only centralin orderto distinguishnecessaryruth
but alsoto recogniseolesfrom conceptsThenotionof role is ascentralto ary modellingactiity asthose
of objectsandrelations

A definition of role that makesuseof the formal meta-propertieandincludesalsothe definition givenby
Sawva[32] is providedby GuarinoandWelty. In [11] they definearole as:

thepropertiesxpressinghepart playedby oneentity in anevent,oftenexemplifyinga partic-
ularrelationshipbetweertwo or moreentities.All rolesareanti-rigid anddependent. A prop-
erty ¢ is saidto beanti-rigid if it is notessentiato all its instancesi.e. Vz¢(z) — —0O¢(x)...
A property¢ is (externally) dependenbn a property+ if, for all its instancest, necessarily
someinstanceof ¢ mustexist, which is not a partnor a constituentof z, i.e. VzO(¢(z) —
Y (y) A=P(y,z) A =C(y,)).

In otherwordsa concepts aroleif its individualsstandin relationto otherindividuals,andthey canenter
or leave the extent of the conceptwithout losing their identity. From this definition it emegesthat the

ability of recognisingvhetherrigidity holdsfor someproperty¢ is essentiain orderto distinguishwhether
¢ isarole.

In [34] Steimanrcompareshedifferentcharacteristicthathave beenassociateih theliteraturewith roles.

From this comparisorit emepgesthatthe notion of role is inherentlytemporal,indeedroles are acquired
andrelinquishedn dependenceitherof time or of a specificevent. For examplethe objectpersonacquires
the role teenaer if the personis betweenl3 and 19 yearsold, whereasa personbecomesstudentwhen
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they enrolfor adegreecourse.Moreover, from thelist of featuresn [34] it emegesthatmary of thechar
acteristicof rolesaretime or eventrelated,suchas: anobjectmayacquireandabandonolesdynamically
may play differentrolessimultaneouslyor may play the samerole severaltime, simultaneouslyandthe
sequencén which rolesmaybeacquiredandrelinquishedcanbe subjectedo restrictions.

Rolesmay be "naturally” determinedvhensocialcontext is takeninto accountandthe socialcontext de-
terminestheway in which arole is acquiredandrelinquished.For example,therole of Pr esi dent of

t he country is relinquishedifferently dependingon the contet provided by the country So, for ex-
ample,in Italy therole maybeacquiredandrelinquishednly oncein thelifetime of anindividual, whereas
if thecountryis the United Satestherole canbe acquiredandrelinquishedwice, because presidentcan
bere-elected Socialcorventionsmay alsodeterminethatoncearole is acquiredt cannotberelinquished
atall. For example therole Pri est in acatholiccontet is relinquishecnly with the deathof the person
playingtherole.

For the aforementionedeasonsvaysof representingolesmustbe supportedy somekind of explicit rep-
resentatiorof time andevents. The knowledgemodelwe have presentegrovidessuficient semanticgo
modelthe dynamicfeaturef roles.Indeedthe modelprovidesaway to explicitly representime intervals
which canbe usedto usedto modelrolesasfluents; moreoer, the facet:VALUE-CHANGE-EVENT gives
knowledgeengineersheability to modelevents which describethe eventsthatconstrairnthe acquisitionor
therelinquishmenof arole.

Theability to distinguishrolesgivesalsoadeepeunderstandingf thepossiblecontextsin whichaconcept
canbe used. Recognisinga role canbe equivalentto defininga context, andthe notion of context is the
basison which prototypesandexceptionsaredefined.

7.3 Modality: Weighingthe validity of attrib utes’ properties

The term modality is usedto expressthe way in which a statemenis true or false,which is relatedto
establishwhethera statementonstitutesa necessantruth andto distinguishnecessityfrom possibility
[17]. Theterm canbe extendedto qualitatvely measurehe way in which a statements 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 slot S atframeF. This notionis quite similarto the oneof rankingsasdefined
by GoldszmidtandPearl[6, page60]:

Eachworld is rankedby anon-neyativeinteger x representinghedegreeof surpriseassociated
with finding suchaworld.

Herewe usethe term modality to denotethe degreeof surprisein finding a world wherethe property P
holdingfor aconceptC doesnotholdfor oneof its subconcept§’. Theadditionalsemanticencompassed
in thisfacetis importantfor reasoningvith statementthathave differentdegreesof credibility. Indeedthere
is a differencein assertingactssuchas’Mammalsgive birth to live young’ and’Birds fly’, theformeris
generallymorebelievablethanthelatter, for which mary morecounter&amplescanbefound. The ability
to distinguishfactswhosetruth holdswith differentdegreesof strengthis importantin orderto find which
factsaretruein every possibleworld andthereforeconstitutenecessanyruth. The conceptof necessary
truth brings us backto the discussiomaboutrigidity, in factit canbe assumedhat the value associated
with the:VALUE-MODALITY facettogethewith thetemporalinformationon the changepermittedfor the
propertycandeterminavhetherthe propertydescribedy theslotis arigid property In particular we can
exactly determinerigidity in asubsetf all possibleworlds. Indeed sinceanontologydefinesavocahulary,
we canrestrictoursehesto the setof possibleworlds which is definedasthe setof maximaldescriptions
obtainableusingthevocahulary definedby theontology[27]. Then,undertheassumptiorof restrictingthe
discoursdo this setof possibleworlds,rigid propertiesarethosewhose:VALUE-MODALITY facetis equal
to Al | andthatcannotchangen time, thatis whose:VALUE-CHANGE-FREQUENCY facetis setto Never .
The ability to evaluatethe degreeof confidencen a propertydescribinga conceptis alsorelatedto the
problemof reasoningvith ontologiesobtainedby integration. In sucha case jnconsistenciesanariseif a
conceptinheritsconflicting properties.In orderto be ableto reasorwith theseconflictssomeassumptions
have to bemade concerningon how likely it is thata certainpropertyholds;thefacet:VALUE-MODALITY
modelsthis informationby modellinga qualitative evaluationof how subclassemheritthe property This
estimataepresentthecommonsense&knowledgeexpressedby linguistic quantifierssuchasAl | , Al nost
al | , Few, etc.

13



In caseof conflictthepropertysdegreeof credibility canbe usedto rankthe possiblealternatvesfollowing

anapproachsimilarto thenon-monotonigeasoningpproactdevelopedby [6]: in caseof moreconflicting
propertiesholding for a conceptdescription,propertiesare orderedaccordingto the degreeof credibility,

thatis a propertyholdingfor all the subclasseis consideredo have a higherrankthanoneholdingfor few

of theconcepsubclassesThis orderingof theconflictingpropertiesneedgo bevalidatedby theknowledge
engineeralthough,it reflectsthe commonsenseassumptiorthat, whenno specificinformationis known,

peopleassumehatthe mostlik ely propertyholdsfor a concept.

7.4 Prototypes,exceptions,and concepts

In orderto geta full understandingf a conceptit is not sufficient to list the setof propertiesgenerally
recognisedasdescribinga typical instanceof the conceptbut we needto considerthe known exceptions.
In this way, we partially take the cognitive view of prototypesandgradedstructuresyhichis alsoreflected
by the informationmodelledin the facet:VALUE-MODALITY. In this view all cognitive cateyoriesshav
gradientsof membershipvhich describehow well a particularsubclasdits peoples ideaor imageof the
catgyory to which the subclasselong[29]. Prototypesarethe subconceptsvhich bestrepresent cate-
gory, while exceptionsarethosewhich areconsideredxceptionalalthoughstill belongingto the category.
In otherwordsall the sufficient conditionsfor classmembershiphold for prototypes.For example,let us
considerthe biological cateyory mammal a monoteme(a mammalwho doesnot give birth to live young)
is anexampleof anexceptionwith respecto the propertyof giving birth to live young. Prototypesepend
on the context; thereis no universalprototypebut thereare several prototypesdependingon the context,
thereforea prototypefor the category mammalcouldbe cat if the context takenis thatof animalsthat can
play therole of petsbut it is lion if theassumedontext is animalsthat canplay therole of circusanimals
In theknowledgemodelpresentedbove we explicitly describehe context in naturallanguagéen the Doc-
umentationfacet,however, the context canbe alsodescribedy the rolesthatthe conceptwhich is being
describeds ableto play.

Ontologiestypically presupposeontext andthis featureis a major sourceof difficulty whenintegrating
themthem.

Prototypesarealsoquite importantin thatthey provide a frameof referencdinguistic quantifierssuchas
tall, short, old, etc. Thesequantifiersareusuallydefinedor atleastrelatedto the prototypicalinstanceof the
classwhosemembershey aredescribingandindeedtheir definitionchangesf we changehepointof ref-
erence For example,if we aredefiningtheconceptall usingasframeof referencehe class:PERSON then
tall meansover 2 metreswhereasf we definetall with respecto the class:BUILDING it meansover 300
metres.And again,dependingf thelevel of granularitychoserfor the descriptiorthelinguistic quantifiers
canhave morespecificmeanings.For example,if we subdvide the class:BUILDING into two subclasses,
:COTTAGE and:SKY SCRAPER, thenanadjectie suchastall relatedto the prototypicalinstance®f thetwo
classegakesthe meaningof over 10 metresin thefirst caseandover 300 metresin thelattercase.
Thereforeincludingthenotionsof prototypesandexceptiongpermitsusto provide aframeof referencdor
definingthesequalifierswith respecto a specificclass For the purposeof building ontologiesfor multi-
agentsystemsdistinguishingthe prototypical propertiesfrom thosedescribingexceptionsincreaseghe
expressve power of the description.Suchdistinctionsdo not aim at establishingdefault valuesbut rather
to guaranteghe ability to reasonwith incompleteor conflictingconceptdescriptions.

Theability to distinguishbetweerprototypesandexceptionshelpsto determinewhich propertiesarenec-
essanandsufficientconditionsfor concepimembershipin factapropertywhichis prototypicalandthatis
alsoinheritedby all thesubconceptéthatis it hasthefacet:vVALUE-MODALITY setto Al | ) becomes nat-
ural candidatdfor a necessargondition. Prototypestherefore permittheidentificationof the subconcepts
thatbestfit the cognitive catagory representethy the conceptin the specificcontet givenby the ontolagy.
On the otherhand, by describingwhich propertiesare exceptional,we provide a betterdescriptionof the
classmembershigriteriain thatit permitsusto determinevhatarethe propertieghat,althoughrarelyhold
for thatconceptarestill possiblepropertiesdescribinghe cognitive category.

Also theinformationon prototypesandexceptionscanprove usefulin dealingwith inconsistenciearising
from ontology integration. When no specificinformationis madeavailable on a conceptandit inherits
conflicting propertiesthenwe canassumehatthe prototypicalpropertieshold for it.

The inclusion of prototypesin the knowledgemodel providesthe groundsfor the semi-automatienain-
tenanceand evolution of ontologiesby applying techniquesdevelopedin other fields such as machine
learning.
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8 A modelling example

We are now readyto completethe exampleby modelling the conceptblood pressue with the enriched
knowledgemodelpresentediborve. In modellingthe conceptof blood pressurewve take into accountthat
boththe systolicanddiastolicpressureeanrangebetweera minimumanda maximumvaluebut thatsome
valuesaremorelik ely to beregisteredthanothers.Within the likely valueswe thendistinguishthe proto-
typical valueswhich arethoseregisteredfor a healthyindividual whoseageis over 18, andthe exceptional
ones,which arethoseregisteredfor peoplewith pathologiessuchas hypertensioror hypotension. The
prototypicalvaluesarethoseconsiderechormal, but they canchangeandwe describealsothe permitted
changesandwhat eventscantrigger suchchanges Prototypicalpressurevaluesusuallychangewith age,
but they canbe altereddependingon somespecificeventssuchas shockand haemorrhagécausinghy-
potension)or thrombosisand embolism(causinghypertension).Also conditionssuchas pregnang can
alterthenormalreadings.

The conceptis describedasa frame,andthe attributesdescribingit aremodelledastemplateslots(thatis
slotswhich describepropertiesof the subclasseandtheinstance®f the class)andtemplatefacets.
Themodelis presentedbelow:

Frame Bl ood Pressure

Template-Slot syst ol i ¢c- bl ood- pressure

Template-Facet
Template-Facet
Template-Facet

Template-Facet
Template-Facet
Template-Facet

Template-Facet
Template-Facet
Template-Facet

Template-Facet :

Template-Facet
Template-Facet
Template-Facet

Template-Facet
Template-Facet
Template-Facet
Template-Facet
Template-Facet
Template-Facet
Template-Facet
Template-Facet

Template-Facet :
Template-Facet :
'VALUE-CHANGE-EVENTS (haemorrhage,[}9],after R

Template-Facet

:VALUE-TY PE Integer
:CARDINALITY 1
:NUMERIC-MINIMUM O
Template-Facet :

NUMERIC-MAXIMUM 300

:VALUE-LABEL value

:VALUE-PROTOTY PES [90, 130]
:VALUE-EXCEPTIONS [0, 89] U [131,300]
Template-Facet :
:VALUE-CHANGE-FREQUENCY volatile
"VALUE-CHANGE-EVENTS (age=60,[089] U [90, 130], after,
:VALUE-CHANGE-EVENTS(haemorrhage,[®9],after R)

VALUE-MODALITY 3

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

:VALUE-CHANGE-EVENTS (thrombosis,[131300],afte(R)
:VALUE-CHANGE-EVENTS (embolism,[131300],aftefR)
‘VALUE-CHANGE-EVENTS (pregnang,[0, 89] U [131, 300],afterR)

Template-Slot di ast ol i c- bl ood- pressure

:VALUE-TY PE Integer

:CARDINALITY 1

:NUMERIC-MINIMUM O
:NUMERIC-MAXIMUM 200
:VALUE-LABEL value

*VALUE-PROTOTY PES [60, 85]
:VALUE-EXCEPTIONS [0, 59] U [86, 200)]
:VALUE-MODALITY 3

VALUE-CHANGE-FREQUENCY volatile
VALUE-CHANGE-EVENTS (age=60,[059] U [86, 200)], after, i)
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Template-Facet :VALUE-CHANGE-EVENTS (shock,[0,59],after R)
Template-Facet :VALUE-CHANGE-EVENTS (thrombosis,[86200],afterR)
Template-Facet :VALUE-CHANGE-EVENTS (embolism,[86200],afterR)
Template-Facet :VALUE-CHANGE-EVENTS (pregnang,[0, 59] U [86, 200],afterR)

9 Conclusions

This paperhaspresentednontologymodelthatsupportknowledgesharingin multi-agentsystemswvhere
the agentscan be heterogeneousThe proposedmodel extendsthe usualontology modelsand hasbeen
implementedn a frame-basednowledgemodelinspiredto OKBC. The extensionconcernghe explicit
representatiomf additionalinformationaboutthe propertiesof the attributesusedto describea concept.
The ontology model extensionencompassesemantidnformation designedo characterise¢he behaiour
of propertiesn agents’conceptdescriptions.

The novelty of this extendedknowledgemodelis thatit explicitly representshe behaiour of attributes
over time by describingthe changesn a propertythat are permittedfor membersof the concept. It also
explicitly representshe classmembershipnechanisnby associatingvith eachslot a qualitative quantifier
representindiow propertiesare inheritedby subconceptsFinally, the modeldoesnot only describethe
prototypicalpropertiesholdingfor a conceptout alsothe exceptionalones.

We have also relatedthe extendedknowledgemodel to the formal ontologicalanalysisby Guarinoand
Welty [11] which permitsusto build ontologiesthathave a cleanettaxonomicstructureandsogivesbetter
prospectdor maintenancendintegration. Sucha formal ontologicalanalysisis usually difficult to per
form andwe believe our knowledgemodelcanhelpknowledgeengineerdo determinghe meta-properties
holdingfor the concepty forcing themto make the ontologicalcommitmentsexplicit.

A possibledravbackof this approachs thelarge numberof additionalfacetshatneedto filled whenwrit-
ing the ontologyto be usedby the agent.We realisethatthis canmake building anontologyfrom scratch
evenmoretime consumingout we believe thatthe outcomesn termsof betterunderstandingf theconcept
andtherole it playsin a context togetherwith the guidancein determiningthe meta-propertiesit least
balancesheincreasedtompleity of thetask.
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