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Abstract

For® ontologiesto be cost-efectively deployed, we requirea clearunderstandingf the variouswaysthatontolo-
giesarebeingusedtoday To achieve this end,we presenta framework for understandingnd classifyingontology
applications.We identify four main cateyoriesof ontology applications:1) neutralauthoring,2) ontologyasspec-
ification, 3) commonaccesdo information, and 4) ontology-basedearch. In eachcateyory, we identify specific
ontologyapplicationscenariosFor each we indicatetheir intendedpurposetherole of the ontology the supporting
technologieswho the principal actorsareandwhatthey do. We illuminate the similaritiesanddifferencesetween
scenarios.

We drawv on work from othercommunities suchas software developersand standard®rganizations.We usea
relatively broaddefinition of ‘ontology’, to shav that much of the work beingdoneby thosecommunitiesmay be
viewed aspracticalapplicationsof ontologies.The commonthreadis the needfor sharingthe meaningof termsin a
givendomain,which is a centralrole of ontologies.An additionalaim of this paperis to drav attentionto common
goalsandsupportingtechnologief theserelatively distinct communitiesto facilitate closercooperatiorandfaster
progress.

1 Intr oduction

Until recently therehadbeenadearthof ontologyapplicationgeportecby the Al ontologycommunity Thishasbegun
to changejn thepastyearor two, therehave beenaflurry of paperseportingattemptsandsomesuccesseatapplying
ontologies— especiallyin the areaof searchandretrieval of information repositoriesfor example,(McGuinness,
1998;Guarinoetal., 1999).And yet, outsidethe Al ontologycommunity industryhasbeenregularly usingontologies
successfullyeventhoughthey maynot call themontologies).

In orderto cost-efectively deploy ontologies,we requirea clearerunderstandingf the myriad of situationsand
contets andways that ontologiesare beingappliedtoday To thatend, we presenta framework for understanding
andclassifyingontologyapplications.The mainfocusof this paperis to describethe framework andto immediately
increaseour understandingf ontology applications.We useexamplesto illustratethe framework. In doing so, we
lay thefoundationfor a comprehensie classificatiorof ontologyapplicationswvhich is beyondthe scopeof this paper
In thelongerterm,we hopethis work will leadto the developmentof specificguidelinesfor how to useontologiesto
achieve specifichenefitsundera givensetof circumstances.

We draw on similar work beingdoneoutsidethe ontologyresearcitommunity Othercommunitiesnclude: software
developersandstandarderganizationaswell asthedatabaseommunity who areworkingto integrateheterogeneous
databasesThereis a commonthreadthat bindsthesedifferentcommunities:the needto overcomebarrierscreated
by disparatevocahularies,approacheggepresentationgndtoolsin their respectie contets. Thereis a needto share
meaningof termsin agivendomain.Achieving asharedunderstandings accomplishedby agreeingon anappropriate

1Theorderof authorswasdeterminedy a coinflip.

2This paperis arevisedversionof a paperby the sametitle thatappearedh the proceedingsf the IJCAI-99 ontologyworkshop.Therearealso
minor differencesn emphasiseflectingthe differentthe differentgoalsof the KAW workshop.



wayto conceptualizéhedomain,andthento makeit explicit in somelanguageTheresult,anontology canbeapplied
in awide variety of contexts for variouspurposes.

Anothergoal of this paperis to draw attentionto the similaritiesamongthe differentcommunitiesto facilitatefaster
progresdor everyone. Thesegroupsstrive to overcomethe barriersnotedin the previous paragraphijronically, the
sameunderlyingissueslsocreatebarriersto closercooperatiobetweerthedifferentcommunitiesvho areaddressing
similar problems. We hopeto lower thesebarriersby identifying and highlighting the commonalityamongthese
communitiesandpointingoutimportantdifferencesin creatingthis framework, we proposeacommonmomenclature,
thatwe hopewill enableworkersin the differentcommunitiesto overcometerminologicalconfusion.We do not try
to reconcilethe differencesbetweenthe communities;we insteadhighlight the commonalitybetweenthesegroups
throughthe useof a singleframeawork.

1.1 Terminology & Acronyms

For the purpose®f this paperwe take a ‘lowestcommondenominatorview of the notionof anontology We do not
aimto defineit, insteadwe adoptthe following characterizationquotedfrom (Uschold,1998)(our emphasis):

“An ontologymaytake a variety of forms,but necessarilyt will includeavocahuilary of terms andsome
specificatiorof their meaning Thisincludesdefinitionsandanindicationof how conceptareinter-related
which collectively imposea structureon thedomainandconstrainthe possibleinterpretation®f terms’.

This broadinterpretationhelpsto shav how both the goalsandthe technicalapproacheslevelopedto achiese them
aresimilar acrosghedifferentcommunities For example,commongoalsincludereuseandinteroperability Common
technologiesnclude specialpurposemodelinglanguagege.qg., Ontolingua(Gruber 1993), EXPRESS (Schenck&

Wilson, 1994;InternationalStandard®©rganization 1994)andIDL) andtranslationtools. Thus,we caneasilyview a
numberof standardizatioefforts (e.g.,STEP*, OMG®) aspracticalapplicationsof ontologies.

2 Overview of the Framework

Themainpartof theframawvork consistof a setof ontolagy applicationscenarios By ‘application’,we meana system
or process(usuallya computermprogram)that makesuseof or benefitsfrom the ontology A scenariais anabstract
usecasefor a classof similar applications.It describesa particularsituationin which an ontologyis put to usefor
somespecificpurpose(s)We identify four main cateyoriesof ontologyapplications:1) neutralauthoring,2) ontology
asspecification3) commonaccesgo information,and4) ontology-basedearch.For eachcategory, we identify one
or morespecificapplicationscenariosFor example,in the neutralauthoringcategory, therearetwo scenariospnefor
authoringanontology andthe otherfor authoringoperationablata.

Eachscenarias illustratedwith a simplediagram.Many of the scenariohave importantvariations thatwe alsocall
attentionto. The scenariosandvariationsareillustratedwith examplesfrom thediversecommunities.

To achieve our goal of enablingscenariogo be easilycomparedwe presenteachin a uniform way usingconsistent
terminology Eachscenarids characterizetby thefollowing, which giveriseto thekey dimensionf our framework:
1) intendedpurposeor benefits,2) the role of the ontology, 3) the actorsrequiredto implementthe scenario,4)
supportingtechnologieand5) the maturity level.

3anobject-flaoredlanguagédor specifyinginformationmodels originally developedaspartof the STEPstandard.
4STandardor the Exchangeof Productmodeldata;aninformal namefor the 1ISO-10303family of standards
50ObjectManagemenGroup;seewww.omg.og



Two additionaldistinctionsthatplay animportantrole in somescenariosare: 1) how meaningof termsis represented
(e.g.,informalor formal) and2) sharingvs exchangge.g.,pasdy referenceor passby value).In theremaindeof this
section,we describethe key dimensionsanddistinctionswhich form the basisfor our framework. In § 3 we present
theontologyapplicationscenarios.

2.1 Framework Dimensions
2.1.1 Purposeand Benefits

Fundamentallyontologiesare usedto improve communicatiorbetweeneitherhumansor computers.Broadly, these
may be groupedinto the following threeareas:to assistin communicatiorbetweerhumanagentsto achieve inter-
operability or to improve the processand/orquality of engineeringsoftware systems.The following is adaptedrom
(Uschold,1998).

Communication betweerpeople Here,anunambiguousut informal ontologymaybe sufficient.

Inter-Operability amongcomputersystemschieved by translatingbetweendifferentmodelingmethodsparadigms,
languagesndsoftwaretools; here theontologyis usedasaninterchangdormat.

Systemdg£ngineering Benefits: In particular

Re-Usability:the ontologyis the basisfor aformal encodingof theimportantentities,attributes,processeandtheir
inter-relationshipsn the domainof interest. This formal representatiomay be (or becomeso by automatic
translation)are-usableand/orsharedcomponentn a softwaresystem.

Seach: anontologymaybe usedasmeta-dataervingasanindex into arepositoryof information.

Reliability: A formal representatiomlso makespossiblethe automationof consisteng checkingresultingin more
reliablesoftware.

Specification:the ontology canassistthe procesf identifying requirementanddefininga specificationfor anIT
system(knowledgebasedpr otherwise).

Maintenance useof ontologiesin systemdevelopment,or aspart of an end application,can rendermaintenance
easierin a numberof ways. Systemswhich arebuilt usingexplicit ontologiessene to improve documentation
of the software which reducesmaintenanceosts. Maintenances alsoan importantbenefitif an ontologyis
usedasa neutralauthoringlanguagewith multiple targetlanguages it only hasto be maintainedn oneplace.

Knowledg Acquisition: speedandreliability may be increasedyy usingan existing ontology asthe startingpoint
andbasisfor guidingknowledgeacquisitionwhenbuilding knowledge-basedystems.

2.1.2 Role of the Ontology

Ontology applicationscenariossary in how the ontologyitself is used. This is further complicatedby the fact that
in a givenscenariojt is frequentlypossibleto think of morethanoneontologybeinginvolved. For example,when
Ontolinguais used,(1) the frameontologyis usedasa basisfor expressing(2) the domainontology An ontology
applicationscenarioneedsto be clearaboutwhich ontologyis beingusedandhow. To facilitatethis, we introduce
threerolesthatinformationcanplay in oneof our scenariosThesecanalsobethoughtof asinformationlevels.

Ly: Openmtional Data arole thatinformationplayswherebythe informationis consumedandproducedby applica-
tionsduringruntime.Informationat Lq is written usingtermsfrom avocalulary definedat L.



L1: Ontolagy a role that information plays, wherebythe information specifiestermsand definitionsfor important
conceptsn somedomain. An ontologytypically is usedin the developmentprocesseso createapplications’
Informationat L, providesavocahulary for thelanguageusedto authorinformationat L.

Lo: Ontolagy RepesentatiorLanguage arole thatinformationplayswherebytheinformationis usedby ontologyau-
thorsor applicationdevelopersduringthedevelopmenprocessto write ontologiesatlevel L. Theinformation
at L, is usedto authorinformationat L.

Importantly the samenformationcanplay differentrolesat differenttimesdependingn the context. For example,a
scheman EXPRESSlaystherole of anontologyfrom theviewpoint of anend-useapplication.Fromthe viewpoint
of anapplicationdevelopmentool (e.g.,an EXPRESScompiler),the sameinformationplaysthe role of operational
data.

To avoid this kind of potentialconfusionin this paperwe focuson end-useapplicationsvhereinformationplaysthe
role of operationatata(Lg). With this assumptionthe following areexamplesof informationtypical at eachlevel:

Ly operationatata(e.g.,a particularpart,a procesglescription)
L, anontology(e.g.,AP203,PIF)
Lo, anontologyrepresentatiotanguag€ge.g.,EXPRESSOntolingua)

To shareor exchangeinformationat L,, requiresreferenceto a modelat L, ;. For example,sharingOntolingua
ontologies(at L;) requiresdevelopmentoolsthatcanparsethe syntaxof Ontolingua(at L,). Anothergoodexample
arisesin the context of the STEPfamily of standardsSTEPdefinesa standardor exchangeof schemanstancewia
cleartext encoding(1ISO-10303-211994)whichis atlevel L,. Exchangeatthis level requiresaschemaat L, written
in EXPRESS(Schenck& Wilson, 1994; InternationalStandard€®rganization,1994)which is at level L. Similar
analogiesxist for objectsharingandexchangestandardge.g.,OMG).

Information at the samelevel canrepresentedising more than one syntax(e.g., an ontologyin Ontolinguaversus
Loom). It is alsopossiblethatyou canusethe samesyntaxto representnformationat differentlevels. For example,
a classdefinitionat L, andaninstancedefinitionat Ly may both be expressedn the syntaxof Ontolingua. This is

becausesomeprimitivesof Ontolingua(e.g.,define-instanceanbe usedaspartof an L, language.

Termsmayalsorequiremappingwithin or betweerlevels. For examplethetermdef i ne- cl ass in Ontolinguamay
bemappedo thetermdef concept in Loom.

2.1.3 Actors

Eachscenaridnvolvesa setof actors. Eachactorrepresents role thata personor applicationmay play. A person
or applicationmay play morethanonerole in a scenario.Actors may play eithera primary or a secondaryole in a
scenario.Thefollow list describesheactors:

Ontology Author. (OA) therole of theauthorof anontology Thisroleis usuallyplayedby aperson.

(Opemational) Data Author. (DA) the role of the authorof operationaldatain the languagewhich usesand/oris
definedin termsof thevocahulary of the ontology

ApplicationDeveloper (AD) therole of the developerof the Application.

6Someapplicationamay actually“discover” informationat this level duringoperationof the application.This requiressomeintelligenceon the
partof theapplicationto “learn” the ontologyprior to actualinterpretatiorof theinformationat L .



ApplicationUser. (AU) therole of the userof the Application.

Knowledg Worker: (KW) therole of the personwho makesuseof the knowledge.

2.1.4 Supporting Technologies

A greatvariety of technologiesxist that cansupportontologyapplications.Theseinclude,but arenot limited to: 1)
Ontologyrepresentatiotanguages-(e.gyUML, Express,Ontolingua,XML); 2) Knowledgeinterchangdanguages:
(e.g.,KIF, PIF(Leeetal., 1995),CDIF); 3) Translationtools: (e.g.,OntolinguatranslatorsCDIF-tools,StepDols, ...
(lots!)); and4) DistributedObjects:(e.g.,CORBA’, COM)

2.1.5 Maturity Level

Weindicatethedegreeto which applicationsandthesupportingechnologiesisingagivenscenariaaremature. At one
extremeascenarianaybeanuntesteddea,aspecificatiorfor aclassof potentialapplications Systemshatarealready
implementedvery from tiny scaledemonstrationsf feasibility in a researchervironmentto fieldedapplicationsn a
commerciakernvironment.

2.2 Other Important Distinctions
2.2.1 Representationof Meaning

How meaningin an ontologyis representedariesgreatly andturnsout to be animportantfactorin the succesof
applyingontologies.Thesimplestontologiesjn thisregard,consistof a simpletaxonomyof terms.Theonly meaning
is suppliedby a singlerelationwhich definesthe taxonomy The relationis usuallythe specializatiorrelationship,
but oftenit is a conglomeratiorof variousrelationshipsuchaspart-of, or similar-subject-matterCloseinspectionof
theimplicit taxonomyof Yahoo! revealsthatthereis no consistenspecificmeaningof the relationship.At the other
extreme,arerigorouslyformal andcarefullyaxiomatizedontologiessuchasTOVE (Gruninger& Fox, 1995)andPIF
(Leeetal., 1995).

The meaningcapturedn anontologyvariesbothin the amountbeingrepresentedndthe degreeof formality of the
representationTheamountof meaninganattribute of theontologyitself) is directly relatedto restrictingthe possible
interpretationsvhich senesthe primary purposeof reducingambiguity Thegreatettheamountof meaningthemore
fewer the possibleinterpretationsandthe lessthe ambiguity Formality (an attributed of the ontologyrepresentation
languagefanvary from naturallanguageo formallogic.

For humancommunicationpurposesjnformal specificationof meaningmay be preferred. Low ambiguityis also
importantfor humansusing ontologiesto aid in the developmentof systems.So formal definitionsmay be helpful
alongwith informal onesasaccompayging documentationlf the ontologyis intendedto be automaticallyprocessed,
thenontologiesrich in meaningpresenta more challengingtaskbut may promisegreaterrewards. In the shortterm,
light-weightontologies(lessrich in meaning)canbe easietto applyin working systemsAn excellentexampleof this
is the multiplicity of usesof ontologiesusedto semanticallystructurea informationrepositoryasa basisfor search
andretrieval. Thisis happenindbothin industry(e.g.,Yahoo!)andresearchThis contrastswith the very challenging
tasktakenon by the PIF project,which is muchfurtherfrom maturinginto commerciatools.

The natureof the two tasks,searchvs inter-operationaredramaticallydifferent. A light-weightontologywill not be
muchhelpin developingtranslatiortools,whereit canbe of immediatebenefitfor searchpurposesHowever, evenin

7CommonObjectRequesBroker Architecture



the searchareathereareobvious benefitsof richerontologies.For example,they cansupportinferencewhich could
beusedto increasebothprecisionandrecallin a semanticallywell structurednformationrepository

2.2.2 Sharing vs Exchange

Dependingon the purposeof the ontology, andthe specificneedsof the application,differentarchitectureswill be
appropriator accessingnformationresourcesWe distinguishbetweenexchangeandsharingusingexamplesfrom
the STEPcollectionof standardglSO-10303,1994). Similar distinctionscanbe madein otherervironments.

Sharing: multiple agentgcomputeror human)referencea commonpieceof information. The informationtypically
residesoutsideary of theapplicationsharingtheinformation.Lesscommonis sharingof a singleapplications
internal datavia referenceghat external applicationscan use. e.g., STEPS StandardData Accesslinterface
(SDAI) (1ISO-10303-221997)

Exchange: multiple applicationsexchangeby passinghe databy value(i.e., copying the data)betweernthem. E.g.,
STEPS cleartext encodingstandard1SO-10303-211994).

3 Ontology Application Scenarios

This sectiondescribescenariosor applyingontologieso achieve oneor morepurposesThesescenariogreabstrac-
tions of specificapplicationsof ontologiestaken from industry or research.They areanalogougo Ivor Jacobsors
usecaseqJacobsoret al., 1992). Eachscenarioincludesan overview, which identifiesthe intendedpurposeof the
ontology the role of the ontology who the importantactorsare,andthe supportingtechnologies Eachis illustrated
with a diagram,andincludesone or more concreteexamples.Whereappropriatewe identify a numberof alternate
variationsof the mainscenario Finally, we assesshe maturity level of eachscenario.

Given the diverseapplicationsof ontologiesfrom the literature,and the variousdimensionsby which they canbe
classifiedjt wasnot clearhow bestto grouptheminto major catgyories.Eventually four main categoriesemepged.

Neutral Authoring: An informationartifactis authoredn a singlelanguageandis corvertedinto a differentform
for usein multiple targetsystemsBenefitsof this approactincludeknowledgereuse improvedmaintainability
andlongtermknowledgeretention.

Ontology asSpecification: An ontology of a given domainis createdand usedasa basisfor specificationand de-
velopmentof somesoftware. Benefitsof this approachinclude documentationmaintenancereliability and
knowledge(re)use.

Common Accessto Information: Informationis requiredby one or more personsor computerapplications but is
expressedisingunfamiliar vocahulary, or in aninaccessiblédormat. The ontologyhelpsrenderthe information
intelligible by providing a sharedunderstandingf theterms,or by mappingbetweersetsof terms. Benefitsof
this approachncludeinter-operability andmoreeffective useandreuseof knowledgeresources.

Ontology-BasedSearch: An ontologyis usedfor searchingan information repositoryfor desiredresourcege.g.
documentsweb pages,namesof experts). The chief benefitof this approachis fasteraccesso important
informationresourcesywhich leadsto moreeffective useandreuseof knowledgeresources.



4 Scenario: Neutral Authoring

The basicideaof thesescenarioss to authoranartifactin a singlelanguageandto have thatartifacttranslatednto a

differentformatfor usein multiple targetapplications.The benefitsof this approachincludedecreasedostof reuse
and portability of knowledgeacrossapplications,improved applicationmaintainability (becausean artifact is only

authoredn oneplace,andcanbe centrallyupdated)andlong term knowledgeretention(e.g.,via reduceddisruption
from changesn vendorformats).

An importantdistinctionis whethertheauthoredartifactrequiringtranslatioris anontology, or operationatiata. These
arediscussedn the next two sections.

4.1 Authoring Ontologies
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FIGURE 1: Authoring Ontologies

4.1.1 Overview

The motivation behindauthoringneutralontologiesis decreaseaost of reuseand maintenancef knowledge. To
accomplishthis, the actorsdevelop an ontology, which is translatecandusedin multiple operationakarget systems.
Supportingtechnologiesncludeunidirectionalontologytranslators.The principle actorsarethe ontologyauthorand
applicationuser

In this scenariothe ontologyauthorcreatesan ontology, which is translatednto differentformatsandusedin mul-
tiple targetapplications.For example,the ontology may becomepart of the knowledgebaseusedin the application.
Applicationusergtheninteractwith anoperationakystemto performtheir desiredtasks.

4.1.2 Examples

An ontologyauthorcreatesanontology(e.qg.,for titaniumalloys) in anontologyauthoringanguagde.g.,Ontolingua).
An applicationdevelopertranslateghe ontologyinto Loom syntax(possiblyassistedy automatictranslationtools).
An applicationdeveloperdirectlyimportsthistranslatedntologyinto Loomandit becomegartof theendapplication,
which may containadditionalinformationin its knowledgebase An applicationuserinteractswith thefinal systemo
answerguestionsabouttitaniumalloys. This ontologycanbereusedf anotherapplicationdeveloperwishesto make
useof it in anothedanguagee.g.,Prolog.In thatcasethey will haveto translatehe ontologyinto Prologandproceed
asperthe Loom example. Note thatin this authoringscenarioonly one-way translationis required. This contrasts
with the casedescribedn § 6, wheretwo way translationis requiredwhen an ontology is usedas an interchange
format.

This exampleillustrateshow to achiese knowledgereuseby virtue of the factthat an ontology authoredn a single
languagecanbeusedin multiple applications.



4.1.3 Maturity

Totally automatedranslationof ontologiesinto operationatargetshasbeendifficult andtypically reliesontranslation
of idiomatic expressiongGruber 1993). For casestudiesandanalysisof someof theseproblemssee(Grossoet al.,
1998;Uscholdetal., 1998;Valenteetal., 1999).

4.2 Authoring Operational Data
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FIGURE 2: Authoring OperationaData

Neutralauthoringof operationatatais identicalin structureto neutralontologyauthoring.Thefocusis on authoring
andtranslatingoperationaldataratherthanan ontology The main differencesarethe role the ontologyplaysin the
scenarioandwhothe primaryactorsare.

4.2.1 Overview

The motivation behindauthoringneutraloperationaldatais improved maintainabilityand transportabilityof opera-
tional data. To accomplistthis, an ontologyauthor(secondaryactor)developsan ontologywhich definesthe neutral
formatusedby the primaryactorto authorthe operationatlata. Toolscanthentranslatehis into operationabataused
by anapplication.Supportingechnologiesncludeunidirectionalloperationaddata]translators.

In thisscenarioa dataauthorcreate®perationatiatabasedn a pre-eistingontology, toolstranslateheseoperational
datainto anoperationatargetsystemusinga unidirectionaltranslator Applicationusergheninteractwith the system
to performanalysisor querythe operationablata.

Theontologyis originally constructedrom carefulanalysisof the domainof theintendedclassof targetsystemse.g.,
by identifying andintegratingtheimplicit ontologiesfor the applications.

4.2.2 Examples

An operationatlataauthorusesanontology(e.qg.,for workflow systemsjo describeaworkflow model. Toolstranslate
the descriptioninto operationdataof varioustarget systems.Application usersperformanalysis(e.g., critical path)
usingthetranslatedperationablata.

As anotherexample, the FrameOntology plays the role of ontology for a classof object-orientedrepresentation
systemgqLoom, Classic,etc.). The engineeringmathontology (Gruber& Olsen,1994)is a setof sentencesvritten
usingthatontology Oncecorvertedto the appropriateformat, this setof sentenceplaystherole of operationadata
for thetargetapplicationge.g.,Loom). Notethatin thisexample we areviewing Loom asa systendevelopmentool,
notanenduserapplication.



This exampleillustratestheimportanceof distinguishinghedifferentrolesof theinformationusedin thesescenarios,
and how the sameinformation artifact may play more than onerole. It enablesus to shov the commonality of
apparentlyery differentscenarios.

4.2.3 Variations

It may be that only one applicationand one translatorwill be usedat a time. This arisesif the motivation is to
reducerisk from changingvendorofferings. If a compalty maintainstheir models(i.e. operationadata)in a single
representationthenwhena new vendorformatis introduced,it may be easierand morereliableto develop a new
translatorto corvertthe neutrallyauthoredartifactto the new format(which mightbethousand®f linesof code),than
to corvert the artifactitself directly, (which may be hundredsof thousand®f lines). An exampleof a commercial
applicationusingthis approachs outlinedin (Uschold& Gruninger 1996).

In the casewhere point-to-pointtranslatorsare built, insteadof going throughan interchangeormat, the ontology
may play animportantrole in specifyingthetranslatorthatis createdmanually If the ontologiesareformal with rich

axiomitizations thenthereis scopefor partially automatingthe constructionof the translatorsand/orin maintaining
themwhentherearechangesn eitherlanguageThisis analogougo the useof ontologiesin the KADS methodology
whereit playstherole of specifyingrequirementgor software.

4.2.4 Maturity

Sameremarksapply hereasfor previous section. Commonpracticein industryis to build point-to-pointtranslators
whenthe needarises.This mayturn outto be morecosteffective,dependingnthe environment.

4.2.5 Closing Remarks

Insofar as a single ontology may be corvertedand usedin mary differentapplications this is one importantway
to achieve knowledgereuse. If varioussystemsare basedon the sameontology thenthis facilitatesinter-operation
betweerthe systemsshouldthatberequired.However, it doesnotinvolve sharingor exchangeof knowledgebetween
systems.Thisis addresseéh detailin § 6. The next scenarids similar to neutralauthoring but with someimportant
differences.

5 Scenario: Ontology as Specification

Thebasicideaof thisscenarias to authoranontologywhichmodelstheapplicationdomain,andprovidesavocahulary
for specifyingthe requirement$or oneor moretargetapplications.Thericherthe ontologyis in expressingneaning,
thelessthepotentialfor ambiguityin creatingrequirementsThesoftwareis basedntheontology whichthusplaysan
importantrole in the developmenbf the software. The benefitsof this approachincludedocumentationmaintenance,
reliability andknowledge(re)use.

Structurally this scenarids similarto NeutralAuthoring (seefigure 3). In bothcasesthe ontologyplaysanimportant
role in the developmentof the application. Therearetwo importantdifferences.First, the ontologyis usefulin this
scenarioeven if thereis only one application. Second,unlike the neutralauthoringscenario,the ontology is not
translatedperse.Rather it guidesdevelopmenbf thetargetapplication(s).

In bothscenariosthetargetapplicationis intimatelyrelatedto andin somesensécontains’theontology In theneutral
authoringscenario the ontologyis an explicit componenbf the application. Not so in the currentscenario.Every
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FIGURE 3: OntologyasSpecification

application‘’has’ anontology, whetherit is explicit or implicit. If a principledmethodologyfor softwaredevelopment
is used,e.g., by building a conceptuaimodel of the domainin UML, thenthis will comprisethe explicit ontology
for the application. Otherwise,a the ontology of a software applicationmay only be implicit. In the ontology as
applicationscenariothe ontologyof the targetapplicationis notonly explicit, but it is usedto developthe software.

5.0.6 Examples

KADS / CML - An ontologyauthorcreatesan ontologyusingthe conceptuamodelinglanguaggCML) from the
KADS methodology The applicationdeveloperusesthis ontology as part of the requirementspecificationwhen
developingthetargetKBS (e.g.,for diagnosingaults). An applicationusertheninteractswith the KBS to solve their
tasks.

In thisexample documentatiofs improvedbecauséhereis anexplicit representationf theontologythatthesoftware
is basedon. Betterdocumentatioralways makes maintenanceasier Reuseis achievedif the ontologyis usedfor
differentapplicationdgn the samedomain.

Protoge-lIl — Ontologiesarealsousedto help automatethe processof knowledgeacquisition,and software devel-
opment.Protoge-lI(Rothenfluhtetal., 1996),is a systemwhich automaticallygenerategnowledgeacquisitiontools
from anontology This ensures tight connectiorbetweenthe ontologyandthe userinterface,which facilitatesthe
enteringof the knowledge.Theresultingknowledgebasesareusedin thetargetapplication(s).

Documentatioris improvedbecauséhereis anexplicit connectiorbetweertheontologyandthetargetsoftware. This
in turn, assistan maintenanceThereis alsoa moredirect benefitin termsof maintenancdecauseéf the ontology
changesit is mucheasierto updatethe knowledgeacquisitiontools becausehey areautomaticallycreated.Thereis
alsoscopefor automatinghe migrationof existing knowledgebasesvhentheunderlyingontologychanges.

Reusds achievedbecaus¢he ontologycanbeusedin mary differentknowledgebasedsystems.

Information Modeling —DatamodelinglanguagesuchasEXPRESSSchencl& Wilson, 1994;InternationalStan-
dardsOrganization,1994)andIDEF1X (Bruce,1992)areusedto createdatabaseschemaywhich canbethoughtof as
ontologies.In the caseof EXPRESS The databaseschemaspecifieshe physicalfile formatfor a targetimplemen-
tation. More generally informationandsystemmodelinglanguagedike UML canalsobe usedto createontologies
which sene to specifytargetsoftware.
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Object-Oriented Modeling — A specialcaseof informationmodelingis object-orientedinalysisanddesign,which

hasbecomepopularin recentyears. The analysisphaseof this approachto building software consistsof identifying

ataxonomyof classesvhich providesthe vocahulary for specifyingthe softwarerequirementsThis taxonomyalong

with the attributes(or slots)for eachis essentiallythe samething asthe ontologiesproducedn the examplesnoted
above. A primarymotivationfor theobject-orientednethodologys reuseof methodsn particular but alsoof attributes
throughclassinheritance This kind of reuseis analogougo reusinganexisting ontologywhenbuilding othersystems,
or largerontologies.However, it is a differentform the notion of usingan ontologyto achiese knowledgesharingvia

neutralauthoring,or asa neutralinterchangdormat.

Software Synthesis — Automatedsoftwaresynthesisnto multiple targetlanguagese.g.,usingSpecvare(Waldinger
et al., 1996; Williamson et al., 1997))is a generalizatiorof the neutralauthoringlanguagescenario. Application
developersplay a key role in both developmentof the ontology and problemstatemenspecification. Typically, the
developerssemi-automaticallyefinethe specificatiorandontologyinto anoperationatargetapplication.

5.0.7 Maturity

TheKADS methodologyis widely usedfor building knowledgebasedsystemsHoweverthereis noformal connection
betweenthe ontologyandthe developedsoftware. The mainrole of the ontologyis to guidethe developmentof the
software,andit senestheimportantpurposeof documentinghe system.We stresshowever, thatunlessthe ontology
is keptin synchwith the application,thenthe utility of the ontologyasa documentatioraid will be miinimal. In
practice thisis al too frequentlywhathappens.

In the Protogdll systemtheprocesof usingthe ontologyto developthe softwareis partially automatedandthereis
amuchtighterconnectiorbetweerthe ontologyandtheimplementedoftware. This systemhasbeenusedto produce
fieldedapplicationswith dozensof licensedusersmostlyin the medicaldomain.

For Express|DEF1X, UML andvariousothersuchlanguagesherearecommerciatoolsfor automaticallygenerating
partsof thetargetsoftwarefrom the specificationsTherearealsovarioustoolsfor translatingoetweerthesdanguages
(e.g.ExpressandUML).

Semi-automatedoftwaresynthesisvith aformal connectiorbetweertheontology(quaspecificationandthesoftware
shavs somepromise but it hasnot beena primaryfocusof the ontologycommunity

6 Scenario; Common Accesso Information

The basicideaof this approachs to useontologiesto enablemultiple targetapplicationgor humans}o have access
to heterogeneousourcesof informationwhich is otherwiseunintelligible. Benefitsof this approachinclude inter-
operability andknowledgereuse.

Thescenariosn this category differin anumberof ways. First, thedirectconsumersf theinformationmaybehumans
or computerapplications.Secondthe informationartifact may play the role of anontology, or operationaldata;the
latter may be non-computationale.g., productdata)or computationale.g.,services).Anotherimportantdistinction
is whetherthe target applicationsagreeon the samesharedontology or whethereachhasits own local ontology In
theformercasetheinformationis madeintelligible via translatorsandin thelattercase yia ontologymappingrules.
Finally, accesgo theinformationmay bevia sharingor exchange.
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6.1 Human Communication
6.1.1 Overview

A majorbenefitof ontologydevelopmenis to promotecommonunderstandingmongknowledgeworkers. To accom-
plish this, the authorsdevelop a commonsharedontology which otherknowledgeworkersreferencean their work.
Non-computationaskills suchaslibrary classificatiorarevaluablein building suchontologieswhich commonlytake
the form of glossaries.Supportingtechnologiesnclude ontologyeditorsandbrowsers. The principle actorsarethe
ontologyauthorsandknowledgeworkers. Theinformationbeingshareds anontology

In this scenariothe ontologyauthorscreatean ontologywhich knowledgeworkersreferencan their work. thisis the
only scenaridn this papemwhich doesnotrequirea computer

6.1.2 Examples

A glossaryof termsto enabledifferentworking groups,who may have differentjargon, to understanceachother
(e.g.,theworkflow managementoalitionreferencedocument(Memberd,994)). Producingglossariesandproviding
commonaccessor humango importantknowledgeassetss a key focusof the KnowledgeManagementommunity
Finally, althoughnot in the form of anexplicit glossarythe frameawork in this paperembodiesaninformal ontology
for ontologyapplicationswhich senesthe purposeof enhancingcommunicatiorbetweerhumanswho usedifferent
terminology

6.1.3 Variations

It maybethatthe ontologyis notthe mainitem of interestbut it enablesknowledgeworkersto betterunderstandioc-
umentswritten usingunfamiliar terminology For example this papercanalsobe usedto make it easierto understand
papersrom thedifferentcommunitiesbeingdiscussed.

6.1.4 Maturity

Informal methodsexist for creatinginformal ontologies. Library classificationskills, which have a long history are
very appropriate Theremay be varioustoolswhich offer automatedassistancé creatingtheseontologieshowever,
we arenot awareof them.
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FIGURE5: DataAccessvia SharedOntology

6.2 Data Accessvia Shared Ontology
6.2.1 Overview

Themotivationbehinddataacceswia a sharedontologyis reducingthe costof multiple applicationshaving common
accesdo data. This may in turn, facilitate inter-operability This is accomplishedhroughdevelopersagreeingon
a sharedontology which definesa commonlanguagefor exchangingor sharingoperationaldata. Supportingtech-
nologiesincludetranslatorsparsergeneratora&ndprinters. The principle actorsare ontologyauthorsandapplication
developers.

In this scenario,an ontology authorcreatesan ontology, which differentapplicationdevelopersagreeto use. This
definesaninterchangdormatfor which two-way translationis requiredbetweent andthe applicationformats.Each
pair of translatorsfor a givenapplication,in effect, definesanapplicationinterfacethatcanbe usedto readandwrite
data. Translatorsare [almost?] always manuallycreated althoughin somecasesthe API for readingand writing
from/to a new formatmaybe automaticallygeneratedisingparsergeneratorgandprinters(seevariationbelow). This
helps, but the bulk of the work is decidingwhat calls to the API arerequiredto translatea given dataitem stored
internaldatastructures- this remainsa challengingmanualeffort. Inter-operationbetweerthe multiple applications
is madepossibleby allowing themto accesghe sameinformation.

6.2.2 Examples

A teamof ontology authorscreatedthe Procesdnterchangd-ormat(PIF). The ideais to make a library of process
modelsthatareexpressedn variousapplication-specififormatsavailableto eachof the applications.Currently they
areworking ontwo formats,(IDEF3andILOG). Thisis ongoingresearch.

EcoCyc(Karp et al., 1996)is a commercialproductthat usesa sharedontologyto make possibleaccesgo various
heterogeneoudatabasem thefield of molecularbiology. The ontologyis a conceptuakchemahatis anintegration
of theconceptuakchemasor eachof the separatelatabases.

6.2.3 Variations

Figure4 depictsthe naturalway to view the situationwhenthereis anexplicit linearformatthatthe applicationuses
for saving andloadingoperationadata. The translatorsarelogically separatdrom the applicationsand canoperate
independentlyA variationof this is the casewherethereis no suchformat; insteadthe internaldatastructuresf the
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FIGURE6: DataAccessvia SharedOntology: variation

applicationare corvertedinto the target format usingreadersand writers internal to the application. Sothereis no
explicit languageto languagédranslationper se, but the effect is the same- thereis two-way translationto/from the
neutralformat(seefigure5).

For example , anontologyauthorcreatesa sharedontologyfor (e.g.,for geometricdata)in anontologyrepresentation
languagde.g.,EXPRESS)Application developersuseparserandprinter generatorso generateodein thelanguage
du jour (e.g.,usingthe commercialproduct,StepDols). This providesapplicationswith an API that canbe usedto
readandwrite datathat applicationsexchange. However, thereare no guaranteeshat the dataconformsto all the
axiomsin the ExpressschemaMaintainingsuchconsisteng is left to the applicationdevelopersandusers.

Anothervariationof dataacceswia a sharecontologyis exemplifiedby the EcoCycexampleabove. Insteadof mary
applicationsusingtheirown formats,andtranslatingrom oneto theotherusingthe ontologyasaninterchangdormat,
thereis just oneapplication(i.e. databaseyvhich usesa singleformatasspecifiedby the ontology In this casethere
is aone-of translatiorof the operationalata(in this casedatabasedyom the pre-&isting formatsto the new format.
In boththis exampleandthe PIF example thereis avery similar processn creatingthe ontologyin thefirst place.The
[possiblyimplicit] ontologiesof severallanguagesisedto expressinformationin the samedomainarecombinednto
asingleneutralformat.

Therearestill othervariations. Typically, applicationsmake useof the ontology during the developmentprocessy
incorporatingcodegeneratedrom the ontologyin the application.Onevariationis to have the applicationmake use
of the ontologyat runtime(sometimeknown aslate binding) ratherthandevelopmentime (i.e., early binding).

Another variation involves applicationsinterchangingdatavia a shareddatastore. An exampleis STEPS SDAI
interface. A relatedvariationis to only have a single applicationthat readsand writes to datastorefor purposeof
persistencandeaseof maintenance.

6.2.4 Maturity

In somecontets, (e.g.,productdatausingEXPRESS)approacheo dataacceswia a sharedontologyarerelatively
mature.Commerciakuccesgxistswhereapplicationrdeveloperscanagreeon sharedntologies. Achieving agreement
acrossa wide variety of applicationsor industrieshasbeendifficult. However, in other contets, (e.g., PIF) the
technologyis along way from beingmature.

A numberof factorsmay influencethe apparengulf in maturity betweenthe STEPcommunityandthe explicit lan-
guageto languagéranslationapproache.g.,PIF). Someof the apparensuccessnay be dueto sheerdifferencesn
the amountof effort applied. EachvendorsupportingSTEPformatsdevotesa significantamountof effort to obtain
compliance Furthermoretheeffort is spreadvereachof thevendors.This meanslozensor hundredof person-years
of effort, ascomparedo justafew person-yeardevotedto the PIF researclproject.
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Although EXPRESSmay be usedto stateimportantconstraintsas rules, theserules are not themseles sharedor

exchangedandthusdo not have to be translated.Instead they areusedto maintainintegrity of the data. In the PIF

effort, the specificationof operationalbehaiour is intendedto be shared. Fully generaltechniquedor translating
behavioural specificationds beyond the currentstateof the art. Although not being addressedt this time, this is

includedin the long termvision for STEP

It mustalsobepointedoutthatcompliancewith the STEPstandardloesnotimply completeanderrorfreemovement
of databetweervendorapplications Many problemsstill remain.

The representationbeing usedby the PIF community containare further from the implementation and therefore
requiremoremanualeffort to implement.In contrast EXPRESSSs closerto theimplementatiorandthereforemuch
of themanualeffort is reducedhat the expenseof flexibility in implementation.

6.3 Data Accessvia Mapped Ontologies
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FIGURE 7: DataAccessvia MappedOntologies

6.3.1 Overview

The motivation behindthis scenarias the sameasthe lastone. The key differenceis that here,thereis no explicit
sharedontology;instead mappingrulesareusedto definewhatatermin oneontologymeansn anotherontology A
mediatorusesheserulesatruntimesothatapplicationsccanacces&achothersdata. This approacthasthe advantage
of not requiringthe applicationdevelopersto explicitly agreeon a sharedontology Supportingtechnologiesnclude
parsergeneratorsprinters,andmediators.The principle actorsareontologyauthorsandapplicationdevelopers.

In this scenariogachapplicationwishing to exchangedatahasit’s own local ontology Applicationdeveloperscoop-
erateto createa sharednappingthatrelatesermsin differentontologies.This mappingis usedto generate mediator
which mapsoperationadataexpressedn the terminologyof oneontologyinto operationadataexpressedhe other
ontology

6.3.2 Example

A developerof an application(e.g., electrical power suppliers)wantsto sharedatawith anotherapplication(e.g.,
schematioviewer). Eachapplicationhasits own ontologycreatedn EXPRESS The developersagreeon a mapping
(e.g.,representedn EXPRESS-X),which relatestermsin the power supply applicationwith electricalschematics.
Themappingis usedto generatea mediatorthatmapsthoseportionsof theelectricalpower supplydatainto schematic
data.
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6.3.3 Variations

Variationsfor dataexchangevia a mappedontologyarethe sameasfor a sharedontology Anotheruseof mapped
ontologiesis to defineviews. Oneontologyrepresenta view of datathatcanbe mappedo alargerontology Thisis
analogougo useof databaseiews.

6.4 Shared Selvices
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FIGURE8: SharedServices

6.4.1 Overview

The motivationbehindsharedservicess neutrality(i.e., languagemachine pperatingsystem location). Developers
achievethisby agreeingpnasharedntology whichdefinednterfacesn multipletargetlanguagesThisis verysimilar
to dataaccessvia sharedontologies,exceptfor the focusof whatis being shared. Supportingtechnologiesnclude
interfacegeneratorsindmarshalingoutines.The principle actorsareontologyauthorsandapplicationdevelopers.

In this scenarioan ontology authorcreatesan ontology which differentapplicationdevelopersagreeto use. Parser
generatorsand printersare usedto generateapplicationinterfacedefinitionsthat eachapplicationusesto readand
write data.

6.4.2 Example

An ontologyauthorusesa languagesuchasIDL or UML to createan ontologyfor objectsin a domainof discourse
(e.g.,productdatamanagement)The ontologyis usedto generatenterfacecodefor theclientandsener (e.g.,using
CORBA). Client applicationscantheninterfacewith serviceson the sener regardlesof location,operatingsystem,
or location.

6.4.3 Maturity

Thestandardsindmachinerysupportingthis approactarerelatively mature.Successlependgrimarily on agreement
onanontologywith enoughsemantiaichnesgo satisfythe requirement®f the clientandsener.
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7 Scenario: Ontology-BasedSeairch

Thebasicideaof this approachs to useanontologyfor searchingninformationrepositoryfor desiredresourcege.g.
documentsyeb pageshamesof experts). The motivationis to improve precisionand/orrecallaswell asreducethe
overallamountof time spentsearchingseefigure 7).

The principle actorsare knowledgeworkers (i.e., applicationusers)and ontology authors. Supportingtechnologies
include ontology browsers,searchengines,automatictaggingtools, automaticclassificationof documentspatural
languageprocessingmeta-datdanguagege.g.,XML), naturallanguageontologies)argegeneral-purposknowledge
basesandthesauriandknowledgerepresentatioandinferencesystems.

In this scenarioan ontology authorcreatesan ontology that assistsknowledgeworkersin identifying conceptghat
they areinterestedn. Thesearchengineusestheseconceptdo locatedesiredresourcegrom arepository?

7.1 Examples

Knowledge-Basediscovery Tool (Eilertsetal., 1999)A knowledgeworker enterswordsrelatedto the conceptof
interest(e.g. tank). The browserconsultsa large WordNet-basedntology, identifiesany potentialambiguities,and
askstheuserto identify thecorrectconcepie.g. astorageank,or anarmytank). The browserre-formulateshequery
by automaticallyappendinghe negationof termscloselyrelatedto the wrong concept. For example,if the desired
concepts storagetank, thenresponsesvhich containwordsstronglyassociateavith ‘army’ areexcluded.

Yahoo! Anotherapproachs to usethe ontologyasanindex into the repository This requiresthatall itemsin the
repositoryarelinkedto itemsfrom the index. An ontologyauthorcreatesan ontology (typically a simpletaxonomy
with relationsbetweenterms). A knowledgeworker usesthis taxomory to help limit the scopeof their search. A

specializedsearchengineusesthesetermsto locaterelevantdocumentsn a repository

7.2 Variations

Therearevariousspecificrolesthatanontologymayplay to assissearch Thesemaybeusedseparatelyor in concert.

e asabasisfor semanticallystructuringandorganizingthe informationrepository;this structuremay be usedin
atleasttwo distinctways:

8We have chosento draw the figure from the KW’s perspectie, for whomthe fact that the searchengineis an ontology-basedpplicationis
irrelevant. It is equallyvalid to introducean applicationdeveloperactorwho usesthe ontologyandto view the knovledgeworker asanapplication
user
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— asa conceptuaframanork to help the userthink aboutthe informationrepositoryandformulatequeries
(e.g.-the Yahoo!taxonomy)

— asavocahulary for meta-dataisedfor indexing and/ortaggingthe documentsn the repository(this does
notrequireuserinteraction)

e to assistin queryfomulation; herealso,the ontologycanbe usedin at leasttwo differentways,dependingon
theinvolvementof theuser The ontologycanbe usedto:

— drivetheuserinterfacefor creatingandrefiningqueriesfor example by disambiguatindthis corresponds
to examplel above).

— performinferenceto improve the query(notrequiringuserinteraction)
In additionto the specificrole the ontologyplays,scenariogor usingontologiesfor searchvary accordingo:

e whetherthequeriesarestrictly word-basedor whethersemanticconceptsareused;
e whetherthedocumentsareexplicitly taggedwith conceptdrom the ontology or not;

¢ whetherandhow variousstepscanbe partially or fully automated.

Automationmay help in variousways. One importantareaof researchs the automatictaggingand classification
of documents.Anotheris the useof naturallanguageprocessingo kick-startthe ontology developmentprocessy
automaticallyidentifying potential conceptsand producinga preliminary taxonomy Natural languageprocessing
may alsobe usedto help understandhe users query A very challengingandactive areaof researclhis in usingthe
ontologyasa basisfor performinginferenceto improve search.Subsumptiorcanbe helpful (McGuinness;1998)),
andis providedwith descriptionlogic basedanguages.The Boeing Compaly hasan internal prototypesearchtool
which performsinferenceusingvariousconceptassociationérom a 35,000termthesauruso improve searchqueries.
The semanticichnessof the ontology may be animportantfactorhere. We hypothesizehat a richer ontology can
improve inferencecapability which canin turn,improve search.

7.3 Maturity

Many commercialinternetportalsarebeginningto explore the useof conceptsaandtechnologieslescribedabove for
ontology-basedearch Severalresearctprojects,morecloselyalignedto this idea,arebeingexplored.

8 Discussionand Futur e Work

We have presentech framework for understandingntology applications. One of the reasondgfor the diversity of
ontologyapplicationsjs thattherearemary differentnotionsaboutwhatanontologyis. This partly correlatego the
differentapplicationsput it is themainpoint of this paperto highlightthe mary similaritiesbetweenvork beingdone
in differentareas.

We intendto disseminatehis framawork to the STER OMG andinformationintegrationcommunities.We hopeto
increasethe repertoireof tools and methodsto the wider communityfor achieving their goals. It is importantto
emphasiz¢hatan applicationmayintegratemore thanoneof the scenariopresentedWe hopethatby bringingthese
all togetherin oneplace,workersmaybeinspiredto creatively combinethemto make moreusefulapplications.

Thisis on goingwork andthereis muchmoreto bedone.This includes:
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Mor e Details Mary interestingvariationsexist for eachof the above scenarioswhich we have not mentioned.In
addition,someof the onesthatwe have mentionedareimportantenoughto warranttheir separateiagramsgxamples,
anddiscussionThereis muchmoreto be saidaboutthe maturity of eachof theseapproaches.

We areparticularlyinterestedn illuminating why someof the sameapproacheseemo have greatlimitationsin some
contets, andyetareseeingcommerciakuccessn othercontexts. For example,PIF versusEXPRESSasapplications
of the DataAccessvia SharedOntologyscenario.

Alter nate Technologiesand Tradeoffs For eachof the areaswhereontologiesmay be applied,we would like to
have an explicit accountof underwhat circumstancegry givenapproachs likely to work. We would alsolike to
identify alternatetechnologieswhich canaccomplistthe samegoals,aswell astheir tradeofs. For example,theuse
of ontologiesasinterchangdormatsis anunprosentechnologyfor sharingcomplex operationatata. The alternative
is to build pointto pointtranslatorsThereareawhole hostof unexploredissues.

Eventually this canthenbeturnedinto guidelinesfor potentialontologyapplicationdeveloperswho canbe advised
aboutwhatapproactto usein their specificcircumstances.

More areas The following areashave not beenexplored sufficiently, if at all. They needto be broughtinto the
framework.

e Therole of largescalegeneralpurposeontologiessuchasCyc.

e Thedomainmodelingcommunitywithin softwareengineering.

¢ Informationintegratione.g.,heterogeneoudatabaseglatawarehouses.

Populate the Framework We would like to list a wide variety of actualsystemseportedin researctandindustry
andclassifythemusingthis framework.

RecommendFutur e Reseach In performingthis analysis,we hopeto provide a thoroughreview of the stateof
the art of ontology application. With a populatedframewnork, and a betterunderstandingf the maturity of various
approachesandthevarioustradeofs, we hopethatthiswill naturallysuggesfruitful areador furtherresearch.
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