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Abstract

Startedin thebeginningof 2001,theSemanticWebis re-
gardedby manyas the next generation of the Web. Ontol-
ogy languagesare the building blocks of SemanticWeb as
they provide basicvocabularies for data markups:the on-
tologies.Thecorrectnessof sharedontologiesis crucial to
the proper functioningof agents.Henceensuringthe con-
sistencyof ontologiesis a central issuein both the design
anddeploymentphasesof anySemanticWeb-aware appli-
cation.Our experiencesshowthat SemanticWebis a novel
and fruitful applicationdomainfor formal languagesand
their mature reasoningtool support.In order to easethe
application of formal methodsand tools to the Semantic
Web,wedevelopedan integratedtoolsenvironmentto sup-
port systematicdevelopmentof OWL ontologies and then
transformation,reasoningassistanceandqueryingof them.
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1. Intr oduction

TheWorld Wide Webhaschangedour life in many dra-
maticways.However, by andlarge,thecurrentWebis still
amediumfor exchangeof dataandknowledgeamongpeo-
ple. To reachits full potential,Webneedto becomeubiqui-
tousin thesensethat it becomesa globe-scalemediumfor
softwareagentsto interchangeknowledgeandaccomplish
taskson human's behalf.SemanticWeb (SW) [3] wasen-
visionedby Tim Berners-Leeasthenext generationof the
Web. It is necessaryin the�rst placeto mark-updataonthe
Web semanticallyso that they canbe understoodandpro-
cessedby agentsautonomously. Ontology languagessuch
as DAML+OIL [30] and OWL [17] provide basicvocab-
ulariesfor suchmarkups.To supportautonomousreason-
ing of agents,(a largeportionof) theselanguageswerede-
signedto bedecidable.

Thecorrectnessof ontologiesarevital to thesuccessof
a SW-awareapplicationassoftwareagentsareto perform

autonomousdiscovery, processing,reasoningand integra-
tion of theseontologies.Variousontologyreasoningtools
suchasFaCT [16] andRACER [14] have beendeveloped
to checkthe consistency of SW ontologies.As thesetools
were built to reasonaboutdecidablelanguages,they are
madefully automated,in the sensethat no userinterven-
tion is requiredto performreasoningandcheckingtasks.

Decidabilityof ontologylanguagesdoesnot comeat no
cost.Ontology languageshave descriptionlogics as their
basis.It hasbeenshown [4] thatany descriptionlogicsfor-
mula is expressibleby a formula in ÄL 3, thesubsetof �rst-
order predicatelogic that only allow at most 3 variables.
This inherentexpressivenesslimitation makes it dif�cult
or even impossiblefor ontology languagesto model cer-
taincomplex propertiesthatmightbecrucialto thecorrect-
nessof ontologies.OurexperiencesshowedthatSWcanbe
a new applicationdomainfor formal languagesand tools
suchas Z [31], Alloy [20] and PVS (PrototypeVeri�ca-
tion System[26]). Z [31] is a statebasedformal language
basedon settheoryand�rst-order predicatelogic. It is by
naturemoreexpressive thanontologylanguagesandhence
cancapturemoreproperties.Alloy [20] canbeviewedasa
subsetof Z andit hasa fully automatedreasonerthat can
pin down theorigin of errorsin aspeci�cation.

In our previousworks [10, 9] we de�ned Alloy & Z se-
mantics for DAML+OIL and applied Alloy Analyzer
(AA [21]) and Z/EVES [28], both software engineer-
ing (SE) veri�cation tools, to check the consistency of
DAML+OIL ontologies.In [8], we have identi�ed some
shortcomingsof SW andSEtoolsandproposeda comple-
mentaryapproachinvolving formal methodsandtools.We
proposedto use RACER, Z/EVES and AA in combina-
tion to effectively andef�ciently checkfor inconsistencies
of DAML+OIL and RDF ontologies.Our combinedap-
proachwas successfullyapplied to a real-world military
planontologiescasestudy, whereoneontologicalinconsis-
tency anda total of 23 errorsthatarebeyondthemodelling
powerof DAML+OIL werediscovered.

However formal methods usually make extensive



use of mathematicalconceptsand symbols, which of-
tenpresentdif�culties for userswithout therelevantmath-
ematicalbackground.In order to hide the underlyingfor-
mal methodsnotationsand make the combinedapproach
more friendly to userswho are not familiar with the var-
ious SW tools, an easy-to-usevisual tool that supports
automatedcreating, transforming and querying ontolo-
giesis muchdesired.

In this work, we extendour previousworksto the latest
ontologylanguageOWL andpresentanintegratedtoolsen-
vironmentfor developingandreasoningaboutontologies,
namedSESeW(SoftwareEngineeringfor SemanticWeb),
which servesasa front-endto the tools usedin our previ-
ousworks andthe extensionto OWL underoneumbrella.
Moreover, in orderto make thetool self-containing,we im-
plementedasystematicmethodologyfor creatingOWL on-
tologies,i.e. theMethontologyproposedby Fernandezand
Gomez-PerezandJuristo[11].

SESeWis developed in Java and has an easy-to-use
graphical user interface. It supports step-by-stepde-
velopmentof OWL ontologiesas well as transforming
DAML+OIL/OWL/RDF ontologies to formal speci�ca-
tion languageslike Z and Alloy and PVS. We also offer
useful functionalitiesto checkthe well-formednessof on-
tologies, to perform queries over ontologies, etc. In a
nutshell,SESeWoffersa completeenvironmentfor devel-
oping consistentontologies.Our work is remotelyrelated
to works on applying formal methodsto the Web do-
main[27, 32, 24, 5].

ThispaperdescribesSESeWin detail.Theremainderof
thepaperis organizedasfollows.Section2 brie�y discusses
the backgroundinformationof the ontologylanguages,Z,
Alloy andPVS.In Section2.3,our previousworkson rea-
soningaboutDAML+OIL are brie�y discussed,followed
by the naturalextensionto OWL ontologies.In Section3,
the detailedfunctionalitiesof SESeWare presented.Sec-
tion 4 brie�y evaluatestheperformanceof thetool. Finally,
Section5 discussesfutureworksandconcludesthispaper.

2. Overview

This sectionis devotedto a brief introductionof theSe-
mantic Web languagesand tools, the formal speci�cation
languagesand their tools, and our previous works on us-
ing formal languagesandtoolsasunderlyingreasonersfor
DAML+OIL andOWL ontologies.

2.1. SemanticWebLanguages& Tools

The SemanticWeb [3] is a vision of next generationof
the Web. It is believed that in the future, the Web is no
longeronly for humanconsumption,rather, it is alsoa uni-
versalmediumfor softwareagentsto interchange,process

andintegrateinformationautonomouslyandcooperatively
to accomplishcomplex tasksonhuman'sbehalf.In orderto
achievethis,dataonthewebmustbemarked-upunambigu-
ously and semantically, by ontologies.Ontologiesare ex-
pressedin termsof ontologylanguages,which build upon
layersof successfultechnologiessuchas XML, URI and
RDF[23].

Thedevelopmentof variousSW technologieshave been
coordinatedby the World Wide Web Consortium(W3C).
RDF (the ResourceDescriptionFramework) is a model
for meta-datadescribingdataon the web without assump-
tion aboutthe applicationdomain.DAML+OIL [30] is an
ontology languagebasedon RDF Schema[6], enforcing
syntacticwell-formednessandwith more languageprimi-
tivesto expressconstraints.It wasdesignedto bedecidable.
TheWebOntologyLanguage(OWL) [25], thesuccessorof
DAML+OIL, becameaW3Crecommendationastheontol-
ogy language.It takesinto considerationof requirementsof
differentusergroupsandconsistsof threeincreasinglyex-
pressivesublanguages:OWL Lite, DL andFull. OWL Lite
andDL aredecidableandFull is not (refer to [22] for de-
tails).

A numberof ontology reasoningtools have beende-
veloped to assist in the development of ontologies.
Three of them are brie�y mentionedin the following.
FaCT (Fast Classi�cation of Terminologies) [16], de-
velopedat University of Manchester, supportsautomated
TBox (concept-level) reasoning,namely class subsump-
tion, consistency and classi�cation reasoning. It does
not supportABox (instance-level) reasoning.It can clas-
sify a DAML+OIL/OWL ontology by performing sub-
sumptionreasoningsoasto reduceredundancy anddetect
any inconsistency within it. FaCT++1 is a new genera-
tion of theFaCTreasoner. It is anOWL Lite reasonerthat
featuresa new internal architectureand new optimiza-
tion. RACER,theRenamedABox andConceptExpression
Reasoner[14], supportsboth TBox and ABox reason-
ing for the description logic ALCQH I R + (D)¡ [13].
RACER's functionalities include developing ontolo-
gies, querying, retrieving and evaluating the knowledge
base,etc. It supportsRDF, DAML+OIL andOWL. In ad-
dition, OilEd [2] is an ontology editor that can use
both FaCT and RACER as backgroundreasoner. It sup-
portsboth DAML+OIL andOWL. RACER andOilEd are
usedin ourcombinedapproach[8].

2.2. Z, Alloy & PVS

Z [31] is a state-basedformal speci�cation language
basedontheestablishedmathematicsof settheoryand�rst-
orderlogic. It hasbeenusedto specifydataandfunctional

1 http://owl.man.ac.uk/factplusplus/



Figure 1. Data Flow Diagram of SESeW

modelsof a wide rangeof systems,including transaction
processingsystemsand communicationprotocols.It has
�rst-order predicatelogic asits foundationsoit is moreex-
pressive thandescription-logics-basedontology languages
suchasDAML+OIL andOWL. Z/EVES [20] is an inter-
active systemfor composing,checking,and analyzingZ
speci�cations.It supportsthe analysisof Z speci�cations
in a numberof ways: syntaxand type checking,schema
expansion,preconditioncalculation,domainchecking,gen-
eral theoremproving, etc. In Z/EVES,Z speci�cationsare
in the form of sectionsto improve reuse.The built-in sec-
tion toolkit de�nes basicconstantsand operators.Speci-
�cations arebuilt hierarchicallyby including existing sec-
tionsastheirparents.

Alloy [14] is a structuralmodellinglanguageemphasiz-
ing on automatedreasoningsupport.It treatsrelationsas
�rst classcitizensandusesrelationalcompositionasapow-
erful operatorto combinevariousstructuralentities.The
designof Alloy was in�uenced by Z andhenceit can be
(roughly) viewed as a subsetof Z. Alloy Analyzer (AA)
is a constraintsolver thatprovidesfully automaticsimula-
tion andchecking.AA works asa compiler: it compilesa
givenprobleminto a(usuallyhuge)booleanformula,which
is subsequentlysolvedby a SAT solver, andthesolutionis
thentranslatedbackto AA. Inevitably, ascope- aboundon
the sizeof the domains- mustbe given to make the prob-
lem �nite. AA determineswhetherthereexists a modelof
theformula.WhenAA �nds anassertionto befalse,it gen-
eratesacounterexample,which(in somecases)makestrac-
ing the error easier, comparedto theoremprovers.Similar
to Z/EVES, Alloy speci�cationsare in the form of mod-
ules,organizedinto a tree.Existingmodulescanbereused
by commandsopen or use .

PVS[26] providesanexpressive speci�cationlanguage
that augmentsclassicalhigh-order logic with a sophisti-
catedtype systemwith predicatesubtypesand dependent
typeswith parameterizedtheories.Therefore,we may ex-
pressandverify propertiesthatarenot expressiblein OWL
or Z or Alloy.

2.3. SEApproachto Reasoningabout Ontologies

Ontology reasonerssuch as RACER and FaCT have
beendevelopedto reasonontologieswith a high degree
of automation.However, complex ontology-relatedprop-
ertiesmay not be expressiblewithin the currentweb on-
tology languages,consequentlythey maynot becheckable
by RACER andFaCT. Hence,in our previous work [8], a
combinedapproachto reasonontologieswasproposed.We
proposedto usetheSE(SoftwareEngineering)techniques
andtools, i.e. Z/EVES andAA, to complementthe ontol-
ogy tools for checkingSemanticWeb documents.In this
approach,Z/EVES is �rst appliedto remove trivial syntax
andtypeerrorsof theontologies.Next, RACERis usedto
identify any ontologicalinconsistencies,whoseoriginscan
be tracedby AA. Finally Z/EVESis usedagain to express
complex ontology-relatedpropertiesand reveal errorsbe-
yondthemodellingcapabilitiesof thecurrentwebontology
languages.We have successfullyappliedthis approachto
checkasetof military planontologies.In anotherwork [7],
we usedPVS to reasonaboutboth OWL andOWL Rules
Language(now called SWRL [18]) which extendsOWL
with Horn-like rules.

In this work, the approachis extendedto handleOWL
ontologiesby de�ning theZ andAlloy semanticsfor OWL
ontologylanguage.We skip thedetailsof thesemanticsin
thispaperasit is verysimilar to theonespresentedin [8].

3. The ToolsEnvir onment: SESeW

This section is devoted to an introduction of our in-
tegratedtools environment for developing and reasoning
DAML+OIL andOWL ontologies.Figure2 showsthemain
window of SESeW, with a military-domainOWL ontology
opened.It hasfour tabbedtext areasfor ontologies,Z, Al-
loy andPVSspeci�cationsrespectively. TransformedZ, Al-
loy andPVS speci�cationsaredisplayedin the respective
text areas.Figure3 illustratesthe data�o w in SESeW. In
the following sections,the detailsof the main functionali-
tiesarepresented.
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Figure 2. Main Windo w of SESeW

A usermayloadanexistingontologycreatedusingother
editorslike Prot́eǵe [12], in which caseSESeWprovidesa
standardtext editingenvironmentandfunctionalityfor edit-
ing the ontologies.Simple validation functionslike well-
formednesscheckingareofferedto make surethesyntacti-
cal correctnessof theontologies.

3.1. Ontology Creation

We implementeda systematicmethodologyfor creating
ontologies,namelyMethontology[11]. Basically, Methon-
tology is a set of activities in ontology developmentpro-
cess,a life cycle to build ontologiesbasedon evolving pro-
totypes,and a well-structuredmethodologyusedto build
ontologiesfrom scratch.The ontology life cycle contains
the following states:speci�cation,conceptualization,inte-
gration, implementation,and maintenance(Figure 3, bor-
rowedfrom [11]). Thespeci�cationphaseis to produceei-
theraninformal,semi-formalor formalontologyspeci�ca-
tion documenteitherin naturallanguage,or asasetof inter-

mediaterepresentationsor usingcompetency questions.In
theconceptualizationphase,thedomainknowledgeis struc-
turedin a conceptualmodel.A completeglossaryof terms,
i.e. concepts,instances,verbs,andproperties,is built. The
integrationphasespeedsup the constructionof the ontol-
ogy by consideringreuseof de�nitions alreadybuilt into
otherontologies.Ontologyimplementationrequirestheuse
of anenvironmentthatsupportsthemeta-ontologyandon-
tologiesselectedat the integration phase.Knowledgeac-
quisition is an independentactivity in the ontologydevel-
opmentprocess.Experts,books,handbooks,�gures, tables
andeven otherontologiesaresourcesof knowledgefrom
which theknowledgecanbeelucidated.

In SESeW, we assumethe existenceof a list of gath-
eredtermsfrom text �les or otherontologiesgeneratedus-
ing knowledgeacquisitiontechniquessuchas text analy-
sis, structuredinterview or brainstorming.In the concep-
tualizationphase,usersarerequiredto identify theclasses
from a list of possibleclasses,the instancesof eachclass,
andtherelationshipsbetweenindividualsandclasses.Prop-
ertiesaredistinguishedby whetherthey relateindividuals
to individualsor individualsto datatypes.Datatypeproper-
ties may rangeover RDF literals or simpleXML Schema
datatypes.To createa datatypeproperty, usersarerequired
to provideapropertynameby eitherselectingonefrom the
Glossaryof Termsor typing a nameinto thetext �eld. The
userthenselectsthe propertydomainandrange.Figure4
shows thewindow for introducingnew datatypeproperties.
A datatypepropertycanbea F unctional Pr operty which
hasthefollowing de�nition.

P(x; y) ^ P(x; z) ) y = z

The creationof object propertiesis similar to the cre-
ation of datatypeproperties,except that an object prop-
erty hasclassesasits range(insteadof datatypes).Besides
F unctional Pr operty , it may be of threeother property
types: Tr ansitiv ePr operty , Symmetr icP r operty , and
I nverseFunctional Pr operty . The respective de�nitions
for thethreepropertycharacteristicsare:



Figure 4. Creating Datatype Proper ty

P(x; y) ^ P(y; z) =) P(x; z)
P(x; y) ( ) P(y; x)

P(y; x) ^ P(z; x) =) y = z

In addition to designatingpropertycharacteristics,it is
possibleto further constrainclasseswith propertyrestric-
tions.The six typesof restrictionsde�ned in OWL areall
supportedin SESeW:

² hasValue: whichallowsusersto restrictclassesby re-
quiring theexistenceof particularpropertyvalues.

² allValuesFr om: which requiresthat for every in-
stanceof the classthat hasthe speci�ed property, the
valuesof thepropertyareall membersof theclassin-
dicatedby theallValuesFr om clause.

² someValuesFr om: which requiresthat for every in-
stanceof the classthat hasthe speci�ed property, at
leaseonevalueof thepropertyis amemberof theclass
indicatedby thesomeValueFr om clause.

² cardinal ity : which permits the speci�cation of ex-
actly theexactnumberof elementsin a relation.

² minC ardinal ity : which permitsthe speci�cation of
theminimumnumberof elementsin a relation.

² maxC ardinal ity : which permitsthe speci�cationof
themaximumnumberof elementsin a relation.

Lastly, the ontology is generatedautomatically(shown in
theits text areaandsavedinto the�le designated).

3.2. Ontology Querying

A friendly userinterfaceisprovidedfor queryingagiven
ontology. A user may input queriesin an SQL-like lan-
guageRDQL [1]. The queryengineis a part of the ontol-
ogytoolkit, theJenaFramework [19], whichis bundledwith

SESeW. An RDFmodelcanbeviewedasagraph,oftenex-
pressedas a set of triples. An RDQL consistsof a graph
pattern,expressedasalist of triple patterns.Eachtriple pat-
ternis comprisedof namedvariablesandRDFvalues(URIs
andliterals).An RDQL querycanadditionallyhaveasetof
constraintson thevaluesof thosevariables,anda list of the
variablesrequiredin theanswerset.A typical querywould
have the structure“SELECT...WHERE...USING... ”,
whereontology entitiesof interestare speci�ed after the
keyword SELECTalongwith constraintsafterthekeyword
WHEREin thenamespacegivenafterthekeywordUSING.

As this tool wasinitially developedaspartof a military-
relatedresearchproject, frequentlyusedquerypatternsin
themilitary planningdomainarecategorizedandtemplates
arecreatedto easethecreationof suchqueries.For exam-
ple, thecategory “instantiation”providesa templateto cre-
ate queriesto �nd out all instancesof a particularclass.
Oncea userselectsa query type, the text areafor typing
in queryis updatedwith the correspondingtemplates.Af-
ter a query is entered,usermay performsyntaxchecking
of thequerybeforesubmittingit. As thetargetusersdo not
have therequiredexpertiseto identify thenamespacesof a
givenontology, wehave hard-wiredthenamespacesfor the
military planontologiesinto thetool, which maycausein-
conveniencefor usewith otherdomains.Weplanto change
this,which is detailedin Section5.

For the military planscasestudy, we have developeda
setof 14querytemplates,includingqueriesto �nd thesub-
task/super-taskrelationshipwith regardto a particularmil-
itary task,queriesto �nd all military taskswhosestartand
end time fall into a particulartime frame,queriesto �nd
all military tasksthat proceeds/follows a given task, and
queriesto �nd a military unit assignedto executea given
task,etc.This setof templatesgreatlyeasesthequeryand
understandingof theontology.

3.3. Ontology Transformation

Themainpurposeof the tool is to realizeour approach
of usingSE techniquesandtools suchasmodel-checking
andtheoremproving to verify DAML+OIL/OWL/RDF on-
tologies.Thus,SESeWprovidesfully automatedtransfor-
mationfrom ontologiesto Alloy, Z andPVSspeci�cations.

Thetransformationfrom ontologiesto Alloy andZ spec-
i�cations is discussedin detail in [8]. Originally the trans-
formation from DAML+OIL to Alloy was accomplished
with anXSLT stylesheet.To allow greater�e xibility andac-
curacy, thetransformationprogramis re-writtenusingJava
language.The transformationis basedon thesemanticsli-
braryfor DAML+OIL built in Alloy andZ. It is straightfor-
wardly extendedto OWL by de�ning the Alloy andZ se-
manticsfor the OWL language.The Z semanticsis con-
tained in a sectionowl2z, on top of toolkit . De�nitions



alonearenotsuf�cient to exploit thefull powerof Z/EVES.
An amplestockof rewrite rules,forwardrulesandassump-
tion rules is neededto make proof processesmore auto-
mated.Basedon thesemanticmodel,weconstructedasec-
tion, called OW L2Z Rules, of rules which describesthe
abovede�nitions in morethanoneangleandis usedto help
Z/EVESperformreasoningtasks.Thissectionhasowl2z as
its parent.Ontologiesarebuilt layeron layer. Otherdomain
speci�c ontologiesarebuilt in termsof the basicconcepts
andtheircorrespondingZ modelswill haveOW L2Z Rules
or its descendentsectionsasparents.TheAlloy semanticsis
containedin amodulecalledowl. Similar to theZ case,the
Alloy modelswill importmoduleowl or its descendants.

ThetransformedAlloy or Z speci�cationis presentedin
its own text area.The �rst lines of the transformedspeci-
�cation importsthe Alloy or Z library for DAML+OIL or
OWL constructs.The transformedspeci�cationis readyto
be importedto AA or Z/EVEsfor variousreasoningtasks.
Thetransformationfrom DAML+OIL/OWL/RDF to Z has
been�ne tunedto make theproof usingZ/EVES.Sincein
Z/EVES,a namemustbedeclaredbeforeuse,thetransfor-
mationprogramextractsall thedeclaredclasses,properties
andindividuals�rst, put themat thebeginningof thegener-
atedZ speci�cation.In subsequentpasses,predicatesabout
thesenamesarethengroupedandgenerated.As thesepred-
icatesareusedin proof process,labelsaresystematically
addedto all thepredicatesfor easyreferencinglateron.The
transformationto Alloy is similarly achieved.

In addition, SESeWalso includesthe fully automated
transformationfrom ontology languagesto PVS so as to
verify bothOWL andORL (OWL RulesLanguage).In or-
der to usePVS to verify andreasonaboutontologieswith
ORL axioms,it is necessaryto de�ne the PVS semantics
for OWL andORL. This semanticmodelformsthereason-
ing environmentfor veri�cation usingPVStheoremprover.
ThecompletePVSsemanticsfor OWL languageprimitives
andthenewly proposedORL areavailableonline2. To make
theproving processof PVSmoreautomated,asetof rewrite
rules and theoremsare de�ned. They aim to hide certain
amountof underlyingmodelfrom theveri�cation andrea-
soningandto achieve abstractionandautomation.Usually
theserules relateseveral classesand propertiesby de�n-
ing the effect of using them in a particularway. PVS is
usedfor standardSW reasoninglike inconsistency check-
ing, subsumptionreasoning,instantiationreasoningaswell
ascheckingORL andbeyond.For instance,OWL andORL
cannotdealwith theconcretedomains:it canonly makeas-
sertionsaboutlinear (in)equalitiesof cardinalitiesof prop-
erty instancesover integer. PVS,ontheotherhand,canper-
form basicarithmeticoperationsandcomparisons.

2 http://nt- appn.comp.nus.edu.sg/fm/ORL2PVS/
OWL2PVS.pvs.txt

3.4. External ToolsConnection

SESeWalsointegratesexisting toolsfor developingand
reasoningaboutontologiessothatausermaychoosehis/her
favorite tool(s)to preparetheontologybeforeusingourap-
proachfor reasoningaboutor verifying the �nished ontol-
ogy to obtaincon�dence.Shortcutsto the following tools
areprovided:

² Alloy Analyzer:To identify thesourceof anontologi-
calerror,

² Z/EVES: To type-check and theorem-prove the
generated Z speci�cation for properties that
DAML+OIL/OWL cannotmodel,

² RACER:To actasabackgroundreasonerfor ontology
editorsOilEd andProt́eǵe,

² OilEd: To develop, visualize ontologiesand reason
aboutthemaswell.

Thesetoolsareusedin combinationto reasonabout(trans-
formed)ontologies.In thecurrentversion,weonly invokes
the external programs.Tighter connectionsbetweenour
SESeWwith thesetools are being pursued.For example,
SESeWmayinteractwith RACERthroughRACER's Java
API so that a usercanknow whetherthe ontologyis con-
sistentimmediatelywithout the hassleof openingOilEd.
Moreover, usersmayalsomakeuseof therich queryfacili-
tiesRACERprovides,whichOilEd doesnotsupport.

AA is also developedin Java so that it is possibleto
developprogrammaticwaysof accessingfunctionalitiesof
AA if theAPI is provided.In this way, SESeWbecomesa
moreintegratedformal environment.As AA canpin point
the sourceof identi�ed error, it will be moreuser-friendly
if SESeWcandirectly commandAA to bring up the iden-
ti�ed erroneoussourcestatements.Wearecurrentlyinvolv-
ing peopleto explore the sourcecodeof AA for this pur-
pose.Z/EVESis developedin AllegroCommonLisp andit
presentsa morecomplicatedchallengefor integrationwith
SESeW.

4. PerformanceEvaluation

To evaluatethe performanceof SESeW, experimental
performancemonitorsareincludedto �nd out thememory
andcomputationaltimeusedfor creationof ontologies.

Figure5 shows how the increasein the numberof on-
tology resourcesand relationsaffects the time and mem-
ory usageof thetool, assumingthatin anontologybuilding
process,eachresource/relationcostssameamountof time
andconsumessameamountof memory. Approximately, the
timeandmemoryusageincreaseslinearlyasthenumberof
resources/relationsincreases.The averagetime neededfor
creatingoneresource/relationdecreasesslowly.



Figure 5. Performance of Creating Ontologies

The transformationfrom ontologiesto formal speci�-
cationlanguageis alsoinstantfor DAML+OIL ontologies
and takes a few secondsmaximum for OWL ontologies
(both linear time). The key point of usinga combinedap-
proachis that our tool is able to identify (and locate)in-
consistenciesin a largeontologyin a reasonableamountof
time. Comparisonon effectivenessandef�ciency between
our combinedapproachwith othersare available in [8].
However, becauseour approachinvolves interactive prov-
ing, e.g.Z/EVES, PVS or user-decidedparameterswhich
seriouslyaffect both memoryand computationaltime us-
age,e.g.AA, andmoreover therearenot yet benchmarks
for evaluatingperformanceon reasoningaboutontologies,
weskip theperformanceevaluationfor reasoningaboutthe
ontologies.

5. Conclusion

As we have shown before,formal methodscanbe suc-
cessfullyappliedto the SemanticWeb domainto improve
the quality of ontologies.To advocatethis application,we
developedanintegratedtoolsenvironmentsothatdifferent
tools from both the SW andformal methodscommunities
canbe groupedtogetherso that they canbe usedin com-
binationmoreef�ciently . In a nutshell,SESeWallows sys-

tematiccreationaswell aseffective querying,transforma-
tion, veri�cation andreasoningof DAML+OIL/OWL/RDF
ontologies.

Therearequiteanumberof waysthatwecanfurtherim-
prove SESeW. The very �rst is to offer tighter integration
with external tools/programs,as discussedin Section3.4.
Wemayaswell offer morecon�gurablewaysof performing
queries.As SESeWhasbeendevelopedwith a military ap-
plicationin mind,thequerypartis currentlydedicatedto the
military planningontologiescasestudy. For instance,the
query templatesare solely designedfor military planning
ontologies.However, our experiencestronglysuggeststhat
query templatesfor generalontologiesareusefulaswell.
Hence,we are exploring generalquery patternsand tem-
platesaswaysof speedingup thequerysearch.Moreover,
weplanto makequerytemplatesandnamespacespluggable
so thatmoreexperienceduserscandesigntheir own query
templates,managenamespacesusedin query, etc.Another
importantextensionis to supportontologymerging.Ontol-
ogy merging is an importanttaskin ontologydevelopment
andintegrationasontologiesfrom differentsourcessome-
timesneedto bemergedor alignedto takeadvantageof the
semanticsof theontologies.Thereis notmuchtool support
for performingontologymerging andalignmentcurrently.
Lastly, becauseontologylanguagesareactively developing,
it is necessaryfor SESeWto beextendedto supportthelat-
estontologieslanguagesin the future.Oneof themat the
momentis OWL-S [29], for SemanticWeb Services.Be-
sidesreasoningaboutthestaticpropertiesof anontology, it
is ourbelief thatformalmethodssuchasZ or CSP[15] can
play an importantrole in ensuringthe dynamicpart of the
serviceontologies.

It is our goal in this paperto harnessthestrengthof ex-
isting state-of-the-artformal methodsandtoolssothatSW
communitycanbene�t. Althoughour tool is still in a pro-
totypestage,we believe that it can serve as a good start-
ing pointof promotinga wideradoptionof formalmethods
in novel applicationdomainssuchastheSemanticWeb.
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