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Abstract
Ontologieswill play an importantrole in bioinfor-
matics,asthey do in otherdisciplines,wherethey
will provideasourceof preciselyde�nedtermsthat
can be communicatedacrosspeopleand applica-
tions.
The OntologyInferenceLayer (OIL), is an ontol-
ogy languagethat hasan easyto useframe feel,
yet at thesametime allows usersto exploit thefull
powerof anexpressivedescriptionlogic. OilEd, an
editor for OIL, usesreasoningto supportontology
design,facilitating the developmentof ontologies
thatarebothmoredetailedandmoreaccurate.
This paper presentsa bioinformatics ontology
building casestudy using OilEd to highlight the
featuresof thecombinationof a framerepresenta-
tion andanexpressive descriptionlogic.

1 Intr oduction
Ontologieshave becomean increasinglyimportantresearch
topic. This is chie�y a resultof their usefulnessin a range
of applicationdomains[vanHeijst etal., 1997;McGuinness,
1998;UscholdandGrüninger, 1996] includingbioinformat-
ics [Stevensetal., 2001].

Biologistshavelonghadacultureof recordingandsharing
information. This informationhastraditionally beenstored
in naturallanguageform andlatterly in naturallanguagean-
notateddatabases.Therehasbeena recognitionthat if these
informationresourcesareto continueto playtheircentralrole
in bioinformatics,they have to becomemachineunderstand-
able.

Theautomationof tasksdependson elevatingthestatusof
theinformationin resourcesfrom machine-readableto some-
thingwemightcall machine-understandable.Thenaturallan-
guageannotationof a bioinformaticsresourcecan be pro-
cessedcomputationally, but using the knowledgecontained
in the naturallanguageannotationis dif�cult. The key idea
is to have datain theseresourcesde�ned andlinked in such
a way that its meaningis explicitly interpretableby software
processesratherthanjustbeingimplicitly interpretablebyhu-
mans.

To realisethis goal, it will benecessaryto annotatebioin-
formaticsresourceswith metadata(i.e.,datadescribingtheir

content/functionality).Ontologiesarea usefulmechanismto
providemetadatafor variousresources.However, suchanno-
tationswill beof limited valueto automatedprocessesunless
they shareacommonunderstandingasto theirmeaning.On-
tologies,can help to meet this requirementby providing a
“representationof a sharedconceptualisationof a particular
domain” thatcanbecommunicatedacrosspeopleandappli-
cations[Gruber, 1993].

Therehavebeenseveralattemptsto developbioinformatics
ontologiesto exploit this biological information. The Gene
Ontology (GO) [The GeneOntology Consortium,2000] is
a controlled vocabulary for annotatinggene products for
molecularfunctions,the biological processesin which it is
involvedandthecellular locationsin which it is found. Eco-
Cyc[Karpetal., 2000] hasusedanontologytospecifyadata-
baseschemafor theE. coli. metabolism,signaltrandsduction
etc. RiboWeb[Altman et al., 1999] alsousesanontologyto
describeits data,but alsoguideits usersthroughanalysisof
their data.Finally, TAMBIS (TransparentAccessto Multiple
bioinformaticsInformationSources)[Bakeretal., 1998] uses
anontologyto allow usersto querybioinformaticsdatabases.
Eachof theseusesa differentknowledgerepresentationsys-
temfrom phrasesin GO; to framebasedsystemsin EcoCyc
andRiboWebto adescriptionlogic in TAMBIS.

Phrasebasedvocabularieshavetheadvantageof beingeas-
ily accessible,but suffer from dif�culties in consistency and
maintenance.It is commonfor mistakesto bemadein phrase
basedvocabularies,especiallyin the maintenanceof multi-
ple hierarchies.Frame-basedsystemshave theadvantageof
aneasilyaccessibleandintuitivemodellingstyle,reminisient
of an object view of the world (a frame is a classand the
slotsareattributes.Theframeencapsulatesthepropertiesof
theinstances).Suchsystems,like phrasebasedvocabularies,
areesentiallyhand-craftedandcansuffer from inconsisten-
cies and logical mistakes. The well de�ned semanticsand
reasoningsupportof DLs allow logically consistentontolo-
giesto be maintained.Conceptscanbe de�ned in termsof
their propertiesand the reasoningusedto classify the con-
ceptsbasedupon thosedescriptions.Whenan conceptex-
pressionis unsatisfyablein termsof therestof themodel,the
reasoningsupportcaninform themodellerof his or hermis-
take. Descriptionlogic basedontologiesavoid theproblems
of thehand-craftedontologies,but suffer from thecomplexity
of themodellingstyle.



These considerationshave led to the development of
OIL [Fenselet al., 2000], anontologylanguagethatextends
a frame-basedlike view with a muchrichersetof modelling
primitives1. OIL hasa frame-like syntax,which facilitates
tool building, yet canbemappedontoanexpressive descrip-
tion logic (DL), which facilitatesthe provision of reasoning
services.Thusamodelleris offeredthebestof bothworldsin
both developmentanddeploymentof an ontology. OilEd is
anontologyediting tool for OIL (andDAML+OIL) thatex-
ploitsboththesefeaturesin orderto provideafamiliarandin-
tuitivestyleof userinterfacewith theaddedbene�t of reason-
ing support.Its mainnovelty liesin theextensionof theframe
editorparadigmto dealwith a very expressive language,and
theuseof ahighly optimisedDL reasoningengineto provide
soundandcomplete,yet still empirically tractablereasoning
services.

Reasoningwith terms from deployed ontologieswill be
valuablein many bioinformaticsapplications.Themostobvi-
ousis in formulating,processingandansweringqueriesover
bioinformaticsdatabases.Thereis alsoa greatpotentialin
usingreasoningduringanalysisof novel biologicalentities.

The reasoningsupportoffered by OIL is also extremely
valuableat theontologydesignphase,whereit canbeusedto
detectlogically inconsistentclassesandto discover implicit
subclassrelations. This encouragesa more descriptive ap-
proachto ontologydesign,with the reasonerbeingusedto
infer partof thesubsumptionlattice (seethecasestudypre-
sentedin Section4); the resultingontologiescontainfewer
errorsof consistency, yet provide moredetaileddescriptions
thatcanbeexploitedby automatedprocessesin thedeployed
ontologies. Finally, reasoningis of particularbene�t when
ontologiesarelargeand/ormultiply authored,andalsofacili-
tatesontologysharing,mergingandintegration[McGuinness
et al., 2000]; considerationsthat will be particularly impor-
tantin thedistributedbioinformaticsenvironment.

Themodeller, however, is not forcedto usereasoningsup-
port OilEd canbeusedto constructhierarchiesof termsun-
adornedby descriptionsof properties.In fact, the ontology
developmentdescribedin Section4, usesa cyclic, two stage
approachto ontologydevelopment.For agivenportionof the
ontology, a simplehierarchy of termsis hand-crafted.In the
next stage,propertiesaredescribedfor thenecessaryandsuf-
�cient conditionsto beamemberof thatclassor concept.The
reasonercanthenbeusedto checkthedescriptionsfor logical
consistency andoffer any inferredknowledge(unknown sub-
sumptions)thathave beenfound. Thecycle is thenrepeated
for thisandotherportionsof theontology.

This paperconcentrateson this ontology designuse of
OIL, ratherthantheuseof reasoningin thedeployedontolo-
gies. A casestudytaken from thedomainof bioinformatics
will be usedto highlight the developmentandmanagement
facilities

afforded by the combinationof the frame-like syntaxof
OIL with the expressive power of descriptionlogics. First,

1A similar ontologylanguagecalledDAML hasbeendeveloped
as part of the DARPA DAML project [Hendlerand McGuinness,
2001]. Thesetwo languagesaresoonto bemergedunderthename
DAML+OIL.

the
principalfeaturesof thelanguage(Section2) andits asso-

ciatededitor
(Section3) will bedescribed.Section4 describesthede-

velopmentof anontologyof molecularbiologyandbioinfor-
maticsusingOilEd.

2 Oil and DAML+OIL
Thedevelopmentof OIL resultedfrom efforts to combinethe
bestfeaturesof frameandDL basedknowledgerepresenta-
tion systems,while at thesametime maximisingcompatibil-
ity with emerging web standards.Thesestandards,suchas
RDFS[Brickley andGuha,2000], make it easierto useon-
tologiesconsistentlyacrossthe web. The intention was to
designa languagethatwasintuitive to humanusers,andyet
providedadequateexpressivepower for realisticapplications
(many earlyDLs failedonthissecondcount—see[Doyle and
Patil, 1991]).

The resulting languagecombinesa familiar frame like
syntax (derived in part from the OKBC-lite knowledge
model[Chaudhrietal., 1998]), with thepowerand�e xibility
of a DL (i.e.,booleanconnectives,unlimitednestingof class
elements,transitive and inverseslots,generalaxioms,etc.).
The languageis de�ned as an extensionof RDFS, thereby
makingOIL ontologies(partially) accessibleto any “RDFS-
aware”application.

The frame syntax is lessdauntingto ontologists/domain
experts than a DL style syntax, and it facilitatesa mod-
elling style in which ontologiescan start out simple (in
terms of their descriptive content) and are gradually ex-
tended,both as the designitself is re�ned andasusersbe-
comemore familiar with the language's advancedfeatures
(see Section4). The frame paradigmalso facilitates the
constructionandadaptationof tools, e.g., the OntoEditand
Prot́eǵeeditorsandtheChimaeraintegrationtoolareall being
adaptedto useOIL/DAML+OIL [StaabandMaedche,2000;
Grossoetal., 1999;McGuinnessetal., 2000].

On the otherhand,basingthe languageon an underlying
mappingtoaveryexpressiveDL (SHI Q) providesawell de-
�ned semanticsanda clearunderstandingof its formal prop-
erties, in particular that the classsubsumption/satis�ability
problemis decidableandhasworst caseExpTime complex-
ity [Horrockset al., 1999]. The mappingalso provides a
mechanismfor the provision of practicalreasoningservices
by exploiting implementedDL systems,e.g.,the FaCT sys-
tem[Horrocks,2000].

OIL extendsstandardframelanguagesin a numberof di-
rections. One of the key ideasis that an anonymousclass
description,or even booleancombinationsof classdescrip-
tions, canoccuranywherethat a classnamewould ordinar-
ily be used,e.g., in slot constraintsandin the list of super-
classes.For example,in Figure1 (which usesOIL's “human
readable”presentationsyntax,ratherthanthe moreverbose
RDFSserialisation),a herbivore is describedasan animal
that eats only plants or part-of plants. Points to note
are that universallyquanti�ed (value-type)andexistentially
quanti�ed (has-value)slot constraintsareclearly differenti-
ated,andthat theconstrainton theeats slot is a disjunction,



oneof whosecomponentsis ananonymousclassdescription
(in this case,just a singleslot constraint). In addition, it is
assertedthat thepart-of slot is transitive, andthat its inverse
is the slot has-part. Furtherdetailsof the languagewill be
givenin Section3, andacompletespeci�cationcanbefound
in [Fenseletal., 2000].

slot-defpart-of
subslot-ofstructural-relation
inversehas-part
propertiestransitive

class-defde�ned herbivore
subclass-ofanimal
slot-constrainteats

value-typeplant or
slot-constraintpart-of has-valueplant

Figure1: OIL languageexample

3 OilEd
OilEd is a simpleontologyeditor thatsupportstheconstruc-
tion of OIL-basedontologies. The basic designhas been
heavily in�uencedby similar toolssuchasProt́eǵe[Grossoet
al., 1999] and OntoEdit [Staaband Maedche,2000], but
OilEd extendstheseapproachesin anumberof ways,notably
throughan extensionof expressive power and the useof a
reasoner.

3.1 OilEd Functionality
Basic functionality allows the de�nition and descriptionof
classes,slots,individualsandaxiomswithin anontology.

In general,editing functionsareprovided throughgraph-
ical means—mousedriven drop down menus,toolbarsand
buttons. We will not provide a detaileddescriptionof the
graphicaluserinterfacehere,asit is relatively standard(see
Figure2,whichprovidesascreenshotof theeditorsclassdef-
inition panel).Instead,wewill discussthenovel functionality
offeredby thetool.

Frame DescriptionsThecentralcomponentusedthroughout
OilEd is thenotionof a framedescription. This consistsof a
collectionof superclassesalongwith a list of slotconstraints.
For example,aclasscalledhydrolase hasconstraintsinclud-
ing catalyses hydrolysis, describingoneof thepropertiesof
ahydrolaseto bethepromotionof thereactioncalledhydrol-
ysis.Thisis similarto otherframesystems.WhereOilEd dif-
fers,however, is thatwherever a classnamecanappear, a re-
cursively de�ned,anonymousframedescriptioncanbeused.
For example,a gene is has-name gene-name or part-of
gene-name – indicatingthata genemaybefoundusingits
nameor partof its name.In addition,arbitrarybooleancom-
binationsof framesor classes(using and, or and not) can
also appear. This is in contrastto conventionalframe sys-
tems,wherein general,slotconstraintsandsuperclassesmust
beclassnames.

As well asbeingable to assertindividualsasslot �llers,
several types of constraintson slot �llers can be asserted

Figure2: OilEd ClassPanel

(these kinds of constraint are sometimescalled facets).
These include value-typerestrictions (all �llers must be
of a particularclass),has-valuerestrictions(theremust be
at least one �ller of a particular class), and explicit car-
dinality restrictions(e.g., at most three �llers of a given
class). For instance, it is possible to exactly describe
that a G-protein coupled receptor has to have seven and
only seven transmembrane regions – otherwiseit is not a
G-protein coupled receptor. Eachconstrainthasa clearly
de�ned meaning,removing the confusionpresentin some
frame systems,where, for example, it is not always clear
whetherthe semanticsof a slot-constraintshouldbe inter-
pretedasauniversalor existentialquanti�cation.

ClassDe�nitions A classde�nition speci�estheclassname,
along with an optional frame description(seeabove) and
a speci�cation of whetherthe classis de�ned or primitive.
If de�ned, the classis taken to be equivalent to the given
description(necessaryand suf�cient conditions). If prim-
itive, the class is taken to be an explicit subclassof the
given description(necessaryconditions). In the speci�ca-
tion of the OIL language,classescanhave multiple de�ni-
tions. In OilEd, this is not allowed—classesmusthave a sin-
gle de�nition—but the sameeffect canbe achieved through
theuseof equivalenceaxiomsasdiscussedbelow.

Slot De�nitions A slot de�nition givesthe nameof the slot
andallowsadditionalpropertiesof theslotto beasserted,e.g.,
thenamesof any superslotsor inverses. If r is a superslotof
s, thenany two objectsrelatedvia s mustalsoberelatedvia
r (i.e., s(a;b) ! r(a;b)); if r is an inverseof s, thena is re-
latedto bvia s iff bis relatedto a via r (i.e.,s(a;b) $ r(b;a)).
Domainandrangerestrictionsonaslotcanalsobespeci�ed.
For example,wecanconstraintherelationshipparent tohave
bothdomainandrangeperson, assertingthatonly persons
canhave, andbe, parents. As with classdescriptions,the
domainandrangerestrictionscanbe arbitraryclassexpres-
sionssuchasanonymousframesor booleancombinationsof
classesor frames,again extendingthe expressivity of tradi-
tional frameeditors.Notethatin thiscontext, thedomainand
rangerestrictionsareglobal, andapply to every occurrence
of theslot,whetherexplicit or implicit.

A slotr canalsobeassertedto betransitive(i.e.,r(a;b) and



r(b;c) ! r(a; c)), functional(i.e., r(a;b) andr(a; c) ! b =
c) or symmetric(i.e., r(a;b) ! r(b;a)).

All assertionsmadeaboutslotsareusedby the reasoner,
and may inducehierarchicalrelationshipsbetweenclasses,
e.g., as a result of domainand rangerestrictions(seeSec-
tion 4).

Axioms Another area where the expressive power
of OIL/OilEd exceeds that of traditional frame lan-
guages/editorsis in the kinds of axiom that can be usedto
assertfactsaboutclassesandtheir relationships.As well as
standardclassde�nitions (which arereally a restrictedform
of subsumption/equivalenceaxiom), OilEd axiomscanalso
be usedto assertthe disjointnessor equivalenceof classes
(with the expected semantics)along with coverings. A
coveringassertsthatevery instanceof thecoveredclassmust
alsobeaninstanceof at leastoneof thecoveringclasses.In
addition,coveringscanbe saidto be disjoint, in which case
every instanceof the coveredclassmust be an instanceof
exactlyoneof thecoveringclasses.

Again, theseaxiomsarenot restrictedto classnames,but
can involve arbitrary classexpressions(anonymousframes
or booleancombinations).This is a very powerful feature,
andis oneof themainreasonsfor thehigh complexity of the
underlyingdecisionproblem. Theseaxioms,especiallythe
disjointnessaxiom, arequite heavily usedin the casestudy
ontology. It is useful to stateexplicitly that, for instance,
somethingcannotbebothanelement andacompound.

Indi viduals Limited functionality is provided to supportthe
introduction and descriptionof individuals—the intention
within OilEd is thatsuchindividualsarefor usewithin class
descriptions,ratherthan supportingthe productionof large
existentialknowledgebases(it is supposedthat RDF/RDFS
will beuseddirectly for this purpose).As a (non-biological)
example,wemaywishto de�ne theclassof Italians asbeing
all thosePersons who wereborn in Italy, whereItaly is not
a classbut anindividual. Theexampleontologyin Section4
doesnot useany individuals. It might, however, be possi-
ble to usethemto describeindividual chemicalswithin the
ontology.

Concrete Datatypes Concretedatatypes(string and inte-
gers),alongwith expressionsconcerningconcretedatatypes
(suchasmin, max or ranges)canalsobe usedwithin class
descriptions. However, the FaCT reasonerdoesnot sup-
port reasoningover concretedatatypes,andat presentOilEd
simply ignoresconcretedatatyperestrictionswhenreasoning
aboutontologies.The theoryunderlyingconcretedatatypes
is, however, well understood[BaaderandHanschke, 1991],
and work is in progressto extend the FaCT reasonerwith
supportfor concretedatatypes.Thesedatatypesareusedin
thedescriptionof atom in theexampleontology(Section4).

3.2 Reasoning
The editor canbe requestedto verify an ontologyusingthe
FaCT reasoner. When veri�cation is requested,the ontol-
ogy is translatedinto anequivalentSHI Q (or SHF ) knowl-
edgebaseandsentto thereasonerfor classi�cation[Deckeret
al., 2000]. OilEd thenqueriestheclassi�edknowledgebase,
checkingfor inconsistentclassesand implicit subsumption

Figure3: Hierarchy pre-classi�cation

Figure4: Hierarchy post-classi�cation

relationships.The resultsare reportedto the userby high-
lighting inconsistentclassesandrearrangingtheclasshierar-
chy display to re�ect any changesdiscovered. FaCT/OilEd
doesnot provide any explanationof its inferences,although
this wouldclearlybeusefulin ontologydesign[McGuinness
andBorgida,1995].

Figures3 and4 show theeffectsof classi�cationon (part
of) the hierarchy derived from the TAMBIS ontology (see
Section4). Whenverifying the ontology, a numberof new
subsumptionrelationshipsare discovered (due to the class
de�nitions in themodel).

In particular we can see that, after veri�cation,
holoenzyme is notonly anenzyme, but alsoaholoprotein,
andthatmetal-ion andsmall-molecule arebothsubclasses
of cofactor. Note that if thereasoningis not employed,and
if theextendedexpressivenessandadvancedfeaturesarenot
used,OilEd will still functionasasimpleframeeditor.

4 CaseStudy: the TAMBIS Ontology
The role of ontologiesin bioinformaticshasbecomepromi-
nentin thelastfew years.Muchof biologyworksby applying
prior knowledgeto anunknown entity. Thecomplex biolog-
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Figure5: De�nitions pre-classi�cation

ical datastoredin bioinformaticsdatabasesrequiresknowl-
edgeto specify and constrainvaluesheld in that database.
Ontologiesarealsousedasa mechanismfor expressingand
sharingcommunityknowledge, to de�ne commonvocabu-
laries (e.g., for databaseannotations),and to supportintel-
ligent queryingover multiple databases[Baker et al., 1999;
Stevensetal., 2001].

TAMBIS (TransparentAccessto Multiple Bioinformatics
InformationSources)is a mediationsystemthatusesanon-
tology to enablebiologiststo askquestionsover multiple ex-
ternaldatabasesusinga commonqueryinterface.Theontol-
ogy is centralto the TAMBIS system: it provides a model
over which queriescan be formed, it drives the query for-
mulationinterface,it indexesthemiddlewarewrappersof the
componentsources,andit supportsthe queryrewriting pro-
cess[Gobleet al., 2001]. TheTAMBIS ontology(TaO)cov-
erstheprincipalconceptsof molecularbiology andbioinfor-
matics: macromolecules;their motifs, their structure,func-
tion, cellular location and the processesin which they act.
It is an ontology intendedfor retrieval purposesratherthan
hypothesisgeneration,so it is broadandshallow ratherthan
deepandnarrow [Bakeretal., 1999].

TheTaOwasoriginally modelledin the GRAIL DL [Rec-
tor etal., 1997]. It wassubsequentlymigratedto OIL in order
to (a) exploit OIL's high expressivity, maintaininga better�-
delity with biologicalknowledgeasit is currentlyperceived;
(b) usereasoningsupportwhenbuilding andevolving com-
plex ontologieswheretheknowledgeis dynamicandshifting;
and(c) beableto deliver theTaOasaconventionalframeon-
tology (with all subsumptionsmadeexplicit), thusmakingit
accessibleto a wider rangeof (legacy) applicationsandcol-
laborators.

The approachto developingthe ontologywasdirectly in-
�uenced by the rangeof expressivity that OIL affords, and
the capabilitiesof OilEd itself, particularlyits reasoningfa-
cilities. Themodellingphilosophy wasto bedescriptive, i.e.,
to modelpropertiesandallow asmuchaspossibleof thesub-
sumptionlatticeto beinferredby thereasoner.

The design methodologywas to �rst constructa basic
framework of primitive foundationclassesandslots,working
both top down andbottomup, mainly usingexplicitly stated
superclasses.This wasa cyclic activity, with portionsof the
TaObeingdescribedprimitively, thenin themoredescriptive
fashion.

In eachcycle, the reasoneris usedto classify the ontol-
ogy. The classi�cation canthenbe viewed (with andwith-
out inferredsubsumptions)to checktheclassi�cationagainst
the ontologist's knowledge. The editor allows conceptsto
be found by name,so recentlyconstructedconceptscanbe

viewed in their context. Logically inconsistentconceptex-
pressions(thoseequivalentto bottom) arehiglightedfor easy
identi�cation of badlyformedexpressions.

Theinitial modelwasvery“tree-like”, i.e., therewerevery
few classeswith multiple superclasses.The primitive por-
tions of the ontologywerethenincrementallyextendedand
re�ned by addingnew classes,elaboratingslot�llers andcon-
straints,and “upgrading” to de�ned classeswherever pos-
sible, so that classspeci�cationsbecamesteadilymore de-
tailedandfaithful to theapplication.Thisprocesswasguided
by subsumptionreasoning—whenelaboratingor changing
classes,thereasonercouldbeusedto checkconsistency and
to show theimpacton theclasshierarchy.

As eachcycleof extensionof conceptde�nitions ends,the
modelleris ableto view theuseof primitiveandde�ned con-
ceptsacrosstheontology. Thisview `zooms'outfrom theon-
tology, showing thelatticeasdotsandarcs,with thedotsdif-
ferentiatedaccordingto theirbeingde�ned or primitive. This
enablesthemodellerto seeareasof de�nition andwheredef-
inition is lacking. Building-blockconcepts,thatarenot cen-
tral to the useof the ontology, will in all likelyhoodremain
primitive, but it is usefulto spotwherede�nition is lacking;
asde�nition increasesthe�delity andjusti�cation for theon-
tology. For instance,themacromoleculeswithin theTaOare
highly de�ned, but the properties,usedin the de�nition of
morecentralconceptsremainprimitive.
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Figure6: De�nitions post-classi�cation

Figures5 and6 illustratethis (usinga subsetof the com-
pleteontology). Figure5 shows the distrubution of de�ned
conceptsthroughoutthehierarchy beforeclassi�cation2. De-
�ned conceptsaresigni�ed usingadarkercolour, andwecan
seethat the hierarchy hasa very �at structure. In Figure6,

2ThehierarchiesaregeneratedusingOilEd's export functional-
ity, which producesgraphsfor renderingby AT&T' s Graphvizsoft-
ware



weseethesituationafterclassi�cation.Thede�ned concepts
havenow beenorganisedinto asubsumptionhierarchy based
on theirde�nitions.

Figure7 shows a (greatlysimpli�ed) fragmentof theTaO
(usingOIL'spresentationsyntax)thatwewill useto illustrate
thismethodology.3

class-defprotein
class-defde�ned holoprotein

subclass-ofprotein
slot-constraintbinds

has-valueprosthetic-group
class-defde�ned enzyme

subclass-ofprotein
slot-constraintcatalyses

has-valuereaction
class-defde�ned holoenzyme

subclass-ofenzyme
slot-constraintbinds has-valueprosthetic-group

class-defde�ned cofactor
subclass-of(metal-ion or small-molecule)

disjoint metal-ion small-molecule

Figure7: Simpli�ed fragmentof TAMBIS ontology

Bioinformaticsis the studyandanalysisof molecularbi-
ology – the functionsand processesof the productsof an
organism's genes.The knowledgeaboutmolecularbiology
is containedwithin numerousdatabanksandanalysistools.
An ontologyof bioinformaticsthereforeneedsto supporttwo
domains:First, thedomainof molecularbiology– thechem-
icals andhigher-orderchemicalstructureswithin a cell and
second,to re�ect thenatureandcontentof bioinformaticsre-
sources.

The TaO was built with both a top-down and bottom-up
strategy. A generaldomain framework was provided into
whichmoredetailedmolecularbiologicalandbioinformatics
conceptscouldbe�tted. Aswell asthisapproach,asolidcon-
ceptualfoundationaboutchemicalsand their structureand
behaviour wasbuilt. Basicchemicalsandtheir propertiesare
usedto describethe morecomplex biological moleculesof
interestto bioinformatics,so this is anappropriateapproach
both from a straightforwardcontent,aswell asa modelling,
point of view. This involved the descriptionof the differ-
entkindsof chemicals(ions,atomsandmoleculesetc.);their
structure,reactions,functionandprocessesin whichthey act.
Thisgeneralfoundationwasthenusedto give thesubsequent
detaileddescriptionof the salientmolecularbiological con-
ceptsthatform thebottom-upplacementof de�ned concepts.

Thecoreof theTaOis adescriptionof basicchemicalcon-
cepts.Thevariouskindsof chemicalarede�ned aschildren
of theconceptchemical. Theseinclude:
atom Thebuilding blockof all chemicals.A chemical's be-

haviour is de�ned by thenumberof protonsit contains,
i.e., its atomicnumber. Therefore,atom is de�ned as:

3The completeontology can be found at http://img.cs.
man.ac.uk/stevens/tambis- oil.html

class-defde�ned atom
subclass-ofchemical
slot-constraintatomic-number

cardinality1
value-typeinteger
has-value(min 1)

So, atoms may only have one atomic number,
which must be an integer greater than or equal to
1. The conceptsmetal-atom, nonmetal-atom and
metalloid-atom are de�ned to be atoms with the
physicochemicalproperty of either metal nonmetal
or metalloid respectively.
The conceptof carbon hasbeende�ned as a kind of
atom with atomicnumbersix andthephysicochemical
propertyof non-metal.This descriptionof the concept
carbon enablesit to be automaticallyplacedasa kind
of nonmetal-atom. Severalother, biologically relevant,
atomtypeshave beenincludedin theTaO.

ion An ion is simplyachemicalwith anelectricalcharge. It
is de�ned as:

class-defde�ned ion
subclass-ofchemical
slot-constrainthas-charge

has-value(not 0)

The slot constraintdescribesthat an ion must have an
electricalchargeandit canonly beanelectricalcharge.
It alsodescribesthat the valuefor this charge canbe a
positive or negative number, but not zero. it would be
possibletocapturechemicalrealityfurtherbyspecifying
a minimumcardinalityof one– thatis, a chemicalmust
haveat leastonechargeto beanion, but mayhavemore
thanonecharge(a moleculecould,for instance,contain
bothapositiveandnegative charge).
thechemicalion hastwo assertedchildren: cation and
anion. De�ning cation as a chemical with charge
greater-than 0 enablestheclassi�er toplaceit correctly
asa kind of ion. An equivalenceaxiomcanbeusedto
statethatcation is asynonym of positive-ion.
Now,divalent-cation (a chemical with two positive
charges)canbe de�ned by addingfurther propertiesto
thisslot constraint:That
the�ller for has-charge is equal 2, thatis, haspositive
two chargeson thechemical.

element An elementis a kind of chemicalcontainingonly
one kind of atom. OIL has the expressive power to
constrainthe slot atom-type to be equal to only one.
Addingtheslotconstraintatom-type with thevalueone
to atom wouldalsoclassifyatom asanelement.

compound A compoundis a chemical containingmore
than one kind of atom. The slot constraintusedfor
element (above) is alteredso that the constraintindi-
catesthatat leasttwo kindsof atommustbepresentin
thiskind of chemical.



molecule A molecule is a kind of chemical con-
taining atoms linked by covalent bonds. The
concept covalent-bond was described as a kind
of chemical-structure and used to �ll the slot
contains-bond, with thehas-valuerestriction.So,there
mustbea covalentbondpresentfor it to beclassedasa
molecule,but otherkindsof bondmaybepresent– ex-
actly capturingwhatweunderstandof basicchemicals.

Two principal featuresof the ontologydevelopmentarise
from thischemicalcore:

1. The needfor a framework of primitive concepts,such
as metal and propertiessuch as has-charge. These
canbe usedto develop the coreof de�ned conceptsat
the centreof the TaO. Primitive concepts,as well as
thosesuchaschemical itself, areplacedwithin a sim-
ple upperlevel ontologycontainingphysical, mental,
substance, structure, function and process. These
are extendedby their obvious conjunctive forms, e.g.,
physical-structure.

2. The ability to rapidly extendthis chemicalscoreto an-
other layer of de�ned chemicalconcepts,all of which
usedthepreviouslyde�ned concepts.

Thenext “layer” of chemicaldescriptionsincluded:

molecular -compound A chemical containing covalent
bondsandmorethanonetypeof atom.

elemental-molecule A chemical, such as oxygen (O2),
thatcontainscovalentbondsandonly onekind of atom.

metal-ion A kind of atomwith anelectricalcharge.

ionic-compound A kindof chemicalcontainingmorethan
onekind of atomandhasanelectricalcharge.

All theseandmoreweresimplyde�ned to betheconjunc-
tion of two concepts.For example:

class-defde�ned metal-ion
subclass-ofmetal, ion

class-defde�ned divalent-cation
subclass-ofchemical
slot-constrainthas-charge

has-value(equal2)

A conceptdivalent-zinc-cation can then simply be de-
�ned as:

class-defde�ned divalent-zinc-cation
subclass-ofzinc

slot-constrainthas-charge
has-value(equal2)

Thesedescriptionsof chemicalscanbereinforcedwith the
useof axioms. It is not possibleto be both an elementand
a compound,sothesetwo conceptsaredescribedasdisjoint.
This meansthat if a conceptwereto bede�ned with proper-
ties of both an elementanda compound,it would be found
to beinconsistentby thereasoner. Suchstrictde�nitions help

maintainthe consistency andbiological thoroughnessof the
ontology.

An organic-molecular-compound is a molecularcom-
poundthatcontainsat leastonecarbonatom.This,however,
is not suf�cient to de�ne an organic molecularcompound.
Carbondioxide (CO2) is a molecularcompoundcontaining
carbon,but is not organic. Thusthe propertyof containing
carbonis only a necessarycondition for being an organic
molecularcompound.Again,theability to beexactwith con-
ceptdescriptionsallows theontologyto matchchemicaland
biologicalknowledgecloselyandpreventconceptualisations
beingmadethatcontradictdomainknowledge.

Bioinformatics is mainly concerned with organic
macromolecular-compounds. Thus, organic molec-
ular compound was split into the biologically use-
ful distinctions of macromolecular-compound and
small-molecular-compound. the distinction is one of
size and a protein, for example, of over 100 Daltons is
usually said to be a macromolecule. Unfortunately the
boundary is more complex, a smaller molecule can still
be “macro”, dependingon its context. For this reason,
suf�ciency conditionswerenotusedin thede�nition. Useful
small organic moleculeswere simply assertedas primitive
conceptsunderneathsmall-organic-molecular-compound.
Theseincludenucleotide, amino-acid andothersuseful in
describingthepropertiesof biologicalconcepts.

For the purposes of the TaO,
macromolecular-compounds are polymers of
small-organic-molecular-compounds and are de�ned as
such.Thus,protein is de�ned asa polymerof amino-acid;
nucleic-acid asapolymerof nucleotide andpolysaccaride
asa polymerof saccaride. A macromoleculecanonly be
a polymerof onekind of small molecule,so the value-type
restrictionis usedin theslot constraint.It is only possibleto
be oneof thesemolecules,so the disjoint axiom is usedon
thesemacromolecules.

As mostof bioinformaticsconcentratesontheanalysisand
descriptionof nucleicacidsandproteins,muchof theTaO's
descriptionconcentratesin thisarea.DNA andRNA areboth
nucleicacidsformedfrom differentkindsof nucleotide.

Describing DNA slot-constraint value-type has-value
deoxy-nucleotide, allows the classi�er to correctlyplaceit
asa kind of nucleic-acid andcapturethatDNA canonly be
a polymerof the deoxy- form of a nucleotideandsomeof
thenucleotidehave to bepresent.Thevariousdifferentkinds
of DNA andRNA aredistinguishedby their functionand/or
cellular location. Again, as before,other partsof the TaO
areusedto describethesepropertiesof biological concepts.
For example,genomic-dna is dnathatis foundon a nuclear
chromosome,chloroplast chromosome,or mitochondrial
chromosome.The slot constraintusesor in the �ller class
expressionto describethis:

slot-constraintpart-of
cardinality1
value-type

(nuclear-chromosome or
mitochondrial-chromosome or
chloroplast-chromosome)).



The TaO containsa rich partonomy. The cellular struc-
tures, in particular, use the part-of slot and its transi-
tive property to build up this partonomy. For instance,
nuclear-chromosome is part-of the nucleus, which itself
is part-of thecell. Thus,a nuclear-chromosome is part-of
thecell.

Thesebiological-structuresandassociatedpartonomyare
part of the TaO.Not only arethey usedin building someof
the descriptionsof bio-concepts,but arealsopart of the de-
scriptionof thecontentof bioinformaticsresources.

In theinitial descriptionof kindsof protein, holoprotein,
enzyme andholoenzyme wereoriginally primitive classes,
with no slot constraints,andanexplicitly assertedclasshier-
archy: holoprotein andenzyme weresubclassesof protein,
andholoenzyme wasasubclassof enzyme.

During theextensionandre�nementphase,theproperties
of the variousclassesweredescribedin moredetail: it was
assertedthat a holoprotein binds a prosthetic-group, that
an enzyme catalyses a reaction, andthat a holoenzyme
binds a prosthetic-group. Several of the classeswerealso
upgradedto beingde�ned whentheir descriptionconstituted
both necessaryand suf�cient conditionsfor classmember-
ship,e.g.,a protein is a holoprotein if andonly if it binds a
prosthetic-group.

Enzyme was removed from the superclasslist and re-
placedwith protein; thenholoenzyme'spropertieswerede-
scribedin moredetailusingslot constraints—inparticular, it
wasassertedthat a holoenzyme catalyses a reaction and
binds a prosthetic-group. This allows thereasonerto infer
notonly thesubclassrelationshipw.r.t. enzyme, but alsoad-
ditional subclassrelationshipsw.r.t. holoprotein, andin par-
ticular that holoenzyme is a subclassof holoprotein. This
latterrelationshipcouldhavebeenmissedif theontologyhad
beenhandcrafted.

Theextensionandre�nementphasealsoincludedtheaddi-
tion of axiomsassertingdisjointness,equalityandcovering,
furtherenhancingtheaccuracy of themodel.Referringagain
to Figure7,ourbiologistinitially assertedthatcofactor wasa
subclassof bothmetal-ion andsmall-molecule (a common
confusionover the semanticsof `and' and `or') ratherthan
beingeitherametal-ion or asmall-molecule. Subsequently,
whenit wasassertedthatmetal-ion andsmall-molecule are
disjoint, thereasonerinferredthatcofactor waslogically in-
consistent,andthemistakewasrecti�ed. Modellingmistakes
suchastheselitter bioontologiescraftedby hand.

There are two kinds of cofactor – coenzyme and
prosthetic-group. A coenzymecan be either a small
moleculeor metalion andbindslooselyto aprotein.A pros-
theticgroup,ontheotherhand,is akind of cofactorthatbinds
tightly to a protein,but canonly bea smallmolecule.Again,
OIL is expressive enoughto capturethesedistinctionsaccu-
rately.

class-defde�ned prosthetic-group
subclass-ofcofactor and (not metal-ion)
slot-constraintbinds-tightly

has-valueprotein

The slot hierarchy wasalsousedto inducethe classi�ca-
tion of typesof enzyme.For example,reaction (usedin the
de�nition of enzyme) hasachild lysis. Lysisis thebreaking
of a covalentbondandhydrolysis is breakingof a covalent
bondwith water. Thesetwo reactionsarede�ned usingthe
following slotde�nitions:

slot-def lysis-of
domainreaction
rangecovalent-bond

slot-defhydrolysis-of
subslot-oflysis-of

class-defde�ned lysis
subclass-ofreaction
slot-constraintlysis-of

has-valuecovalent-bond
value-typecovalent-bond

class-defde�ned hydrolysis
subclass-ofreaction
slot-constrainthydrolysis-of

has-valuecovalent-bond
value-typecovalent-bond

class-defde�ned lyase
subclass-ofprotein
slot-constraintcatalyses

has-valuelysis
value-typelysis

class-defde�ned hydrolase
subclass-ofprotein
slot-constraintcatalyses

has-valuehydrolysis
value-typehydrolysis

A lyase is a proteinthat catalyseslysis. A hydrolase is
a proteinthatcatalyseshydrolysis. As theslot hierarchy de-
scribeshydrolysis-of beinga subslotof lysis-of, hydrolysis
is a child of lysis andconsequently, hydrolase is a child of
lyase.

Otheradvantagesderivedfrom theuseof OilEd included:

� The frame-like look and feel of OilEd, and the frame
approachof theOIL language,madeontologydevelop-
ment much lessdauntingto our biologist than writing
SHI Q logic expressionswouldhave been.

� Clipboard facilities provided by OilEd allowed
(parts of) frames to be copied and pasted, mak-
ing it easy to experiment with new de�nitions and
to maintain a consistent modelling style. E.g.,
coenzymeA-requiring-oxidoreductase was built by
copying nad-requiring-oxidoreductase and chang-
ing the constraint on the binds slot from nad to
coenzymeA. Thereasonerthenautomaticallymigrated
theclassfrom beingasubclassof holoenzyme to being
asubclassof coenzyme-requiring-enzyme.

� Classde�nitions canbeassimpleaspossibleyetascom-
plex asnecessary. Partsof theTaOaresimply primitive
framesandslots;otherpartsarevery elaborateandex-
ploit thefull expressive powerof theOIL language.



� In TAMBIS, the ontology is managedby an ontology
server that makesfull useof the classde�nitions, e.g.,
to classifyusergeneratedqueryclasses.However, being
ableto deliver a static“snapshot”of theontologyin the
form of anRDFStaxonomyhasprovedextremelycon-
venientwhenworkingwith collaboratorswhoarebuild-
ing ontologiesthat arein fact simpletaxonomies,such
astheGeneOntology [Ashburneretal., 2000].

5 Conclusion
Ontologiesareusefulin a rangeof applications,wherethey
provide a sourceof preciselyde�ned termsthatcanbecom-
municatedacrosspeopleandapplications.We have usedas
an example,the initial developmentof a molecularbiology
andbioinformaticsontology. Examplesfrom this casestudy
havebeenusedto demonstratetheutility of OIL's integration
of featuresfrom frameandDL languages.It canbeseenfrom
thecasestudythatOIL cansupportacyclical ontologydevel-
opment,whereincrementalmovesaremadefrom aprimitive,
assertedtaxonomyto onewhereconceptsarerich with prop-
erties. Thesepropertiescanbe usedto add richnessto the
ontology(from inferredknowledge),aswell asensuringthe
logical consistency andsatis�ability of the ontology. Thus,
theuseof reasoningcanbeseento beimportantfor thedesign
andmanagementof ontologiesduringtheirdevelopment.

OilEd is aprototypedevelopmentenvironmentfor OIL, de-
signedto testanddemonstratenovel ideas,andit still lacks
many featuresthat would be requiredof a fully-�edged on-
tologydevelopmentenvironment,e.g.,it providesnosupport
for versioning,or for working with multiple ontologies.It is
likely that during the developmentof the TaO that other, or
fragmentsof other, ontologieswill beimportedinto theTaO.
Moreover, the reasoningsupportprovided by the FaCT sys-
tem is incompletefor OIL extendedwith concretedatatypes
andindividuals,anddoesnot includeadditionalservicessuch
asexplanation. Thus,the de�nitions usedfor atom andthe
charge on ions is not usedin constructingthe classi�cation.
Explanationhaspotentialusein both the developmentand
useof a bio-ontology. During development,it will obviously
beusefulto have explanationsof why a conceptwasunsatis-
�able accordingto the currentmodel. It is a goal for a bio-
ontology, suchas TaO, to be usedin the analysisof novel
biologicalmacromolecules.Certainbioinformaticsanalyses
candescribethepropertiesof suchmolecules.If thesecould
becastin termsof theTaO,novel conceptsgeneratedby such
analysescouldbeclassi�edin theTaO.theuseof explanation
couldsigni�cantly guidetheuseof suchanalyses.

During this casestudy, we have presentedOIL andOilEd,
anontologyeditorthathasaneasyto useframeinterface,yet
at thesametime allows usersto exploit the full power of an
expressive ontology language(OIL/DAML+OIL). We have
alsoshown how OilEd usesreasoningto supportontologyde-
signandmaintenance,andpresenteda casestudyillustrating
how this facility canbe usedto develop ontologiesthat de-
scribetheir domainsin moredetailandwith greater�delity .
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