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Abstract

The bio-ontologiescommunityfalls into two camps: First we have biology
domainexperts,who actuallyhold the knowledgewe wish to capturein ontolo-
gies;second,we have ontologyspecialists,who hold knowledgeabouttechniques
andbestpracticeonontologydevelopment.In thebio-ontologydomain,thesetwo
campshaveoftencomeinto con�ict, especiallywherepragmatismcomesinto con-
�ict with perceivedbestpractice.Oneof theseareasis theinsistenceof computer
scientistson a �rm semanticbasisfor therepresentationlanguagebeingused.In
this article,we will �rst describewhy this communityis so insistent.Second,we
will examinethe semanticsof the Web Ontology Language(OWL) and the di-
rectedacyclic graph(DAG) usedby theGeneOntology. Finally we will reconcile
the two representations.Theability to exchangebetweenthetwo representations
meansthatwecancapitaliseon thefeaturesof bothlanguages.

1 Intr oduction

In thispaper, we investigatethereconciliationof therepresentationsusedfor theGene
Ontology (GO) [3] and that usedfor the ontologiesrepresentedin the W3C stan-
dardOWL (WebOntologyLanguage)1. Differentknowledgerepresentationlanguages
make statementsaboutthe knowledgethey capturein differentways. The semantics
of theselanguagestell bothhumansandcomputershow to interpretstatementsmade
in thoselanguages.Differentlanguageshave varyingexpressivity andcomputational
support;consequentlythereis often a needto exchangebetweenlanguagesto take
advantageof their characteristics.In order to do so, we have to make surethat the
knowledgecapturedin statementsin onelanguageis not changedwhena transforma-
tion is madeinto statementsin anotherlanguage.Hence,thesemanticsof onelanguage
needto bereconciledwith thesemanticsof theother.

1http://www.w3.org/TR/owl- guide/
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The GO hasbecomethe de facto standardfor describingthe principle attributes(the
molecularfunction,biologicalprocess,andcellularcomponent)of geneproductsacross
many databases[3, 4]. It succeedsin themajoraimof anontologyin providing acom-
mon, sharedunderstandingof the conceptsusedto describethoseattributes. It does
this by providing termsusedto label thoseconceptsaswell astextual de�nitions of
thoseterms.

TheGO andrelatedontologiesin theOpenBio-Ontologies2 (OBO) projectoftenuse
anontologyrepresentationlanguagedevelopedin-house– theDirectedAcyclic Graph
(DAG) [4]. It hasthe tremendousadvantageof simplicity andhasenabledthe Gene
OntologyConsortium(GOC)to developto its currentstatus[2].

TheOBOsitestatesthatsubmittedontologiescanbepresentedin theDAG formator in
OWL. Beinga collectionof bio-ontologies,it would beusefulto beableto exchange
ontologiesbetweenthe two formats. Indeed,this hasalreadybeenattemptedin the
GeneOntologyNext Generation(GONG)project[9]. In this project,thepredecessor
of OWL, DAML+OIL, wasusedto createde�nitions of GO classesby decomposing
thephrasesusedfor theterms.Thesedescriptionswerethensubmittedto adescription
logic (DL) reasonerto infer a subsumptionhierarchy. Using this technique,it was
possibleto detectdefectsin thesubsumptionhierarchy of a region of GO.Oncea new
classi�cationhadbeeninferred,theaim would beto translatebackfrom DAML+OIL
to GO's original DAG representation.In theGONGproject,we madethis translation,
but madesimplifying assumptions.In this article,we take a closerlook at how sucha
translationcouldbeaccomplished.

In Section2 weexplainwhy computerscientists,in particular, like to haveastrongse-
manticsin their representationlanguages.In Sections3 and4 weoutlinethesemantics
of GO's representationandthatof OWL. Finally, in Section5, weattemptto reconcile
thetwo representations.

2 Why Do Computer ScientistsCare So Much About
Semantics?

Theknowledgerepresentationcommunitywithin computersciencehastheaimof rep-
resentingknowledgein a form bothunderstandableby humansanda computationally
amenable.Computers,of course,donothave thesamefacility to “understand”knowl-
edgecapturedin anontologyasdo thehumanusersof thatontology. To a computer,
the label on a concept(the term) is not comprehensible.Taking the examplein Fig-
ure1, ahumanwill understandthat“an instanceof personcannotbebothaMananda
Womanat thesametime”3; thecomputerwill not.

The needto captureknowledgewith high-�delity and interpretit unambiguouslyis
enabledby having a representationlanguagewith stronglyde�ned semantics.In the
sameway thata C programminglanguagecompilermustunderstandwhateachof the
languagecomponentsmeansin termsof constructinga programmethatrunson a par-
ticular machine,so musta computerunderstandwhat eachof the expressionsin the
descriptionof someknowledgerepresents.Thecomputer's understandingis encapsu-
latedin thesemanticsof the language– be it a programminglanguageor knowledge

2http://obo.sourceforge.net
3at leastnot in thisview of theworld!
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Figure1: A simpleontologyof Person .

representationlanguage.

Figure 1 shows a simple ontology of Person , with two child classesof Man and
Woman. As humanuserswe understand,or believe we understand,what is being
representedin suchan ontology: “there are two kinds of Person,namelyMan and
Woman”.Wecan,however, askseveralsupplementaryquestionsof thisontology:

� Are all instancesof Manalsoinstancesof Person ?

� Are ManandWomantheonly kindsof Person thatexist?

� Is it possiblefor aninstanceof Person to bebothaManandaWoman?

Wemightalsoextendourdescriptionof Person to saythatthey containGonad. So,
for Man, we might sayMan has-part Testis . Again, we might askourselves
severaladditionalquestions:

� How many Testis doesamanhave?

� Canamanonly have Testis or mayhehaveotherparts?

� Doeshaving aTestis makeaninstanceof Person aman?

� Are Testis theonly gonadsamancanhave?

� Do all Manhave Testis ?

� Are all Testis partsof Man?

� May I sayanythingmoreaboutthepartsaManhas?

As humanusersof theontologyshown in Figure1 wemayunderstand,deduceor infer
theanswersto thesequestions,or wemaynot; it is certain,however, thatthecomputer
will not do so. It is in the semanticsof the representationlanguagethat the answers
to suchquestionscanbe couched.It is part of the semanticsof a languagethat says
whethertwo childrenof a conceptareoverlapping,that is, is it possibleto be both a
man anda Woman. For a computerto know that theonly possiblekindsof Person
areManandWomanthefacthasto beexplicitly stated.

Returningto humanusersof an ontology, the semanticsthat make it possiblefor a
computerto interpretthe representation,alsomake it possiblefor a humanto do so.
A usermight believe they understandwhat is representedin the ontologyshown in
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Figure1, but dangerousassumptionsmight bemadewhendoingso. If the represen-
tation languagehasa precisesemantics,thenwhat is expressedin that languagecan
alsobecapturedwith high-�delity. So,while precisionis vital for computers,it is also
extremelyhelpful for humansasthey canbeexplicit andpreciseabouttheknowledge
they areattemptingto capture.

3 OWL Semantics

OWL-DL[6] is an ontologylanguagebasedon descriptionlogics (DLs), which area
family of logic-basedknowledgerepresentationformalismsdescribingobjects, classes
and the relationshipsbetweenthem [1]. Most DLs are fragmentsof standard�rst
order logic. Originally, they weredesignedto give a uni�ed logical basisto various
well-known traditionsof knowledgerepresentation:frame-basedsystems,semantic
networks,andhavefoundvariousapplicationsin conceptualmodellingandasalogical
underpinningof ontologylanguages[1]. OWL-DL is basedon anexpressive DL, i.e.,
it providesawealthof constructorsto describecomplex classexpressionsfrom atomic
classesandrelationships.In thissection,wewill only useasmallportionof OWL-DL's
expressivenessto highlight its corefeatures.

The semanticsof OWL are bestunderstoodwhen talking aboutobjectsthat are in-
stancesof classes, andthatarerelatedto otherobjectsvia relations.

An objectcanbean instanceof aclass,andaclasscanbeasub-classof anotherclass.
For example,the objectRobert is an instanceof the classMan which, in turn, is a
sub-classof Person . Themeaningof thesub-classrelationshipis thatall instancesof
thesub-class,Man, arealsoinstancesof its superclass(es),Person . In OWL-DL, to
describea class,we candescribeit in termsof otherclasses(e.g., sayingthatManare
“Person andnot Woman”) andof propertiesof its instances.

In Section2 we describedanontologywith two classes,Man andWoman, which are
both sub-classesof Person . In OWL-DL, we canexplicitly declarethat thesetwo
classesaredisjoint; that is, it is not possiblefor an object to be an instanceof both
classes.Similarly, we have to decidewhetherit is possiblefor aninstanceof Person
to beneitheraninstanceof Womannor of Man. Again, if this cannot bethecase,we
candeclarePerson ascoveringWomanandMan.

class(Man completePerson
restriction(has-part someValuesFromTestis ))

Paraphrase: MenarePersonsthathave,amongstotherthings, sometestis.
class(WomancompletePerson

restriction(has-part allValuesFromcomplementOf(Testis )))

Paraphrase: WomenarePersonsthathave,amongstotherthings, only no testis.

Figure2: Descriptionandparaphraseof ManandWoman.

As statedabove, OWL-DL also allows us to describea classby describinghow its
instancesare relatedto other objects. For example, the �rst restrictionin Figure 2
statesthataninstanceof Manhasaninstanceof Testis relatedto it via therelation
has-part property. Thus,if we know thatRobert is a Man, we alsoknow thathe
hasa partthat is a testis–however, hemight have severalof thoseandalsootherparts,
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aswell. As this statementonly sayssomethingaboutthe existenceof a relationship
to anotherobject, it is calledan existential restriction. Additionally, OWL-DL also
allowsto makeuniversalrestrictions:e.g., wecansaythataninstanceof Manis related
via the relationhas-part only to instancesof Testis . As a consequenceof such
a statementand Robert being an instanceof Man, if we �nd an object relatedto
Robert via has-part , then this objecthasto be a Testis . Moreover, we can
combinethesestatementsandalsousemorecomplex classexpressions.In Figure2,
we saythatall partsa Womanhasarenot Testis . Thesemanticsof OWL-DL mean
thatwe aresayingall instancesof Manhave a partthatis aninstanceof Testis . We
arenot,however, sayingthatall instancesof Testis arepartsof aMan.

In all of theseexampleswe have only statedrestrictionsconcerningMan, Womanand
theobjectsto whichthey arerelatedby thehas-part relation.Wehavenotrestricted
any otherrelationshipswemight chooseto describe,suchashas-mother.

OWL-DL alsoenablesusto distinguishbetween“complete”and“partial” classde�ni-
tions: that thede�nition of Man is completemeansthatany Person with a Testis
is recognisedto be a Man. In contrast,a partial de�nition only representsnecessary
conditions,but not suf�cient ones:for example,asshown in Figure3, we cande�ne
theclassEunuch asasubclassof Person ; soeveryEunuch haspartsnoneof which
areTestis , but noteveryonewith noTestis is aEunuch.

class(Eunuch partialPerson
complementOf(restriction(has-part someValueFromTestis )))

Paraphrase: EunuchsareMen thathave,amongstotherthings, no testis.

Figure3: Descriptionandparaphraseof Eunuch

Dueto its descriptionlogic underpinning,OWL-DL ontologiescanbesubmittedto a
DL reasonerwhich providesusefulreasoningservices.Most importantly, a reasoner
candecidetheconsistencyof eachclassde�ned in theontologyandit cancomputethe
implicit classhierarchy. For example,given thestatementsmadeso far, the reasoner
infers that a Eunuch is, in fact, a subclassof Woman. This seemsa little counter-
intuitive, so we might alsoassertthat a Eunuch is a subclassof Man. The reasoner
will thentell usthatEunuchis inconsistent: therecanbenoinstancesof it. In thiscase,
its probablyour de�nition of Man that is a poor modelof reality. The inconsistency
of the Eunuch forcesus to re-examinethis model. The preciseandexplicit nature
of modelsin OWL-DL allow usto checktheknowledgewe have capturedandenable
themto beinterpretedcorrectly.

For a completedescriptionof OWL-DL, we refer the readerelsewhere[6]. Here,we
have only useda small part of OWL-DL's expressiveness.OWL-DL alsoenablesus
to userelationsin both directions(e.g., we can also de�ne gonadsin termsof the
organismsthey occurin), statethatarelationsuchashas-partis transitive(e.g., making
aSemiNiferousTubule partof aTestis alsomakesit partof aMan), andrestrict
the numbersof objectsto which an instanceis relatedby a speci�c relationship(e.g.,
restrictingthenumbersof gonadsa Person hasto 2). It shouldbeenough,however,
to indicatethat theformal semanticsof OWL enablesboththeauthoranda computer
to “understand”preciselywhathasbeenstated,andenablesoftwaresuchasareasoner,
to deduceimplicit knowledgefrom suchrepresentations[7, 8].
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Figure4: A GODAG with bothis-a andpart-of relationships.

4 The Semanticsof the Gene Ontology's Representa-
tion

The aim of this sectionis to elucidatethe semanticsof GO's encodingand not to
examinethebiology capturedin thatencoding.Thereis need,however, to sometimes
look at thebiology in orderto understandtheencoding.

The GO is encodedasa DirectedAcyclic Graph(DAG) (seeFigure4). A DAG is
a form of multi-hierarchy of nodesandarcs. The nodesform the termsor classesin
theontologyandthearcstherelationships.Any oneclasscanhave many parentsand
many children.More thanonekind of relationshipcanbeused.Thedirectednatureof
thegraphcomesfrom thedirectionalnatureof therelationships:A is aparentof B, not
viceversa.

Termslabel nodes,which may be interpretedasa class(all the instancesof Man or
Woman). Thetermrefersto anodeandall of its children[5]. GOalsoallowssynonyms
to be recorded;alternative labelsfor nodesor classes.In GO's DAG representation,
thereis no way of statingwhetherclasses(e.g., Man andWoman) areoverlappingor
disjoint [5].

Suf�ciency conditionsarenot mentionedwithin GO. For GO, de�nitions arenatural
language,free text descriptionsthat `de�ne' what a term means.Theseareusedby
annotatorsandGOcuratorsalikewhenusingGO.

GOusestwo typesof relationships.The`is-a ' relationshippointsfrom achild (more
specialised)to a parent(moregeneralised)term[5]. Figure4 shows anexampleof a
GO DAG with bothkindsof relationship.Thepart-of relationship,in GO's usage,
talksaboutpartsandparents,not partsandwholes, asis conventional.In this way, we
canseewhatsome[10, 9] have calledorphannodes(seeFigure4), wherethenodeis
part-of anothernode,but is notakind of any node.Conventionally, thiswouldbea
child with noparent,i.e., anorphan4.

Therearefour basiclevelsof restrictionfor aGOpart-ofrelationshipde�ned [5]:

1. Thepart-ofrelationshipmakesnoassumptionof theexistenceof therelationship
betweenthenodesin eitherdirection. Thechild mayor maynot bepartof the

4The GO curatorsare undertakingan effort to remove suchorphans– personalcommunicationfrom
Amelia Ireland.
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parentandtheparentmayor maynothave thepartchild.

2. Wherever thechild exists,it is aspartof theparent.

3. this is theexact inverseof type two; wherever theparentexists, it hasthechild
asapart,but thechild is notnecessarilypartof theparent.

4. This interpretationis a combinationof both2 and45, “ `has-part'and`is-part'.
An exampleof this is 'nuclear membrane'is part-of `nucleus'. So `nucleus'
alwayshas-part̀ nuclearmembrane',and`nuclearmembrane'is alwayspart-of
`nucleus'.”

Thetruepathrule statesthat`thepathway from a child termall theway up to its top-
levelparent(s)mustalwaysbetrue'. Thisshouldbe“true” for bothkindsof relationship
in GO. An instancelabelledasMan, could alsolegitimately be labelledasPerson .
So, a geneproductlabelledashaving the function `photoreceptor'is alsoa kind of
`signaltransducer'and�nally , has`molecularfunction'. Thus,thetruepathrule,when
working alongis-a relationshipsfolows a standard̀ subclass'semantics,whereall
instancesof Manarealsoinstancesof Person .

The GO editing style guidementionsthat the majority of part-of links in GO areof
typetwo. Typesoneandthreearenotusedasthey wouldviolatethe`truepath' rule in
GO [5]. Thepart-of link is transitive andit is usefulto notethatthetransitivity works
alongboth kinds of relationshipsimultaneously, so that a pathusingboth is-a and
part-of becomespart-of .

Oneof the implicationsof the `true path' rule is that the type of part-of relationship
usedin GO,outlinedabove, is restrictedto thosetypeswhereachild termmustalways
be part-of its parent(the secondrule). The GO editing style guidestatesthat adding
a new part-of relationshipsmay breakthis rule. In this case,it statesthat the best
strategy is to re-structureGO with new nodesandrelationshipsso that the true path
rule is followed.

Given theDAG representation,inversesof relationshipsdo not occurandif they did,
would/mayviolatethe“true path” rule. So,while wemighthavestatedthataTestis
is part of Man, we know nothingaboutif a Man haspart Testis , unlessrule four
is invoked. Unfortunately, theDAG containsno informationasto which rule is to be
invoked.

5 Reconcilingthe Two Representations

The DAG is-a relationshipandOWL subsumptionseemsimple to reconcile;they
havethesamesemantics:every instanceof aclassis alsoaninstanceof it' ssuperclass.

Wecanassumethatsubclassesin theDAG representation,likeOWL subclasses,over-
lap by default. It is, after all, not uncommonto seemultiple inheritancein the GO
DAG. This will capturemostof thebiology in GO correctly. However, we needto ask
the question(andsimilar variantsfor eachGO aspect):Is it possiblefor an individ-
ual molecularfunctionto bebothfunction-xandfunction-yat thesametime? This is
not thesamequestionasa proteinhaving multiple functions.TheGO DAG doesnot

5TheGOusageguidesaysthreeandfour.
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capturedisjointnessandits inclusionis amatterof capturingbiologicalknowledge,so
thereis nowayof simplyautomatingknowledgeof disjointness.

5.1 Capturing part-of in OWL

OWL providesanexpressive languagethatallows us to explicitly statehow relation-
shipsshouldbe interpreted.Section4 discussesfour possibleinterpretationsof GO's
part-of relationship,andwe show herehow thesedifferentinterpretationscanbecap-
turedvia alternative translationsto OWL axioms. The advantagehereis that rather
thanusinga singleconstructwhich may be interpretedin a numberof different(and
in somesenseimplicitly speci�ed) ways,the representationtells us preciselyhow to
interprettheparticularrelationship.We canthenhave differentinstancesof thepart-
of relationship(e.g., thosediscussedin Section4) interpretedusingdifferentlevelsof
restriction,without any dangerof confusion.In the following examples,we consider
how wecapturetheparticularsemanticsof theassertionA part-of B.

Type1 Theserestrictionscannotbeaccuratelycapturedin OWL asthey dealwith the
potentialfor therelationship.OWL is designedto capturefacts.

Type2 Whenever the child exists, it is part of the parent. This canbe represented
throughthefollowing axiom:

SubClassOf(SemiNiferousTubule restriction(part-of
someValuesFrom(Testis )))

statingthat for any instanceof Semi Niferous Tubule , theremustbe an
instanceof Testis of which it is apart.

Type3 Whenever the parentexists, it hasthe child aspart. This canbe represented
throughthefollowing axiom:

SubClassOf(Testis restriction(has-part
someValuesFrom(Semi Niferous Tubule )))

Note that in this casewe requirethe useof a propertyhas-part which is
de�ned asthe inverseof part-of 6. Inversepropertiesareinterpretedasone
wouldexpect– if evertwo individualsSemi Niferous Tubule andTestis
arerelatedvia a property, thenTestis andSemi Niferous Tubule are
relatedvia theproperty's inverse.Theaxiomabove thenstatesthat for any in-
stanceof Testis , theremustbe an instanceof Semi Niferous tubule
thatit hasasapart.

Type4 This is simply a combinationof 2 and3, andwe canencodethis by including
bothaxiomsintroducedabove.

6Many DescriptionLogics allow the de�nition anduseof inverserelationships.In OWL, thereis no
inversepropertyoperator for usein expressions,but wecanintroduceandde�ne propertiesasinverses.
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SubClassOf(SemiNiferousTubule restriction(part-of
someValuesFrom(Testis )))

SubClassOf(Testis restriction(has-part
someValuesFrom(Semi Niferous Tubule )))

In OWL-DL, all classesarekindsof otherclasses– everythingis a kind of something.
Thus,orphansdo not exist andunlessotherwisestated,a classwould be a subclass
of a specialclass,namedTop. In a GO DAG to OWL-DL conversion,we make or-
phannodessubclassesof thethelocal root class(e.g., Molecular-Function . So,
Plastid is part-of the Cytosol , but hasno is-a parent. The GOC is, however,
undergoinga processof insertingappropriateis-a parents,soin thenearfuture,this
will no longerbeanissue7.

We cansee,therefore,that it is possibleto representwhat is capturedin the GO in
OWL-DL. TheOWL representationwill capturethesameknowledgeastheGeneOn-
tology. In addition,we canevendistinguishbetweentheusesof rulestwo andfour in
thepart-of relationshipin GO. OWL cannot,however, representtheDAG's rule one,
becauseOWL only representsfacts,not possibilities.Finally, theonly issueleft unre-
solvedis thatof OWL's openworld assumptionandwhethertheDAG hasa closedor
openworld assumption.Spacedoesnotpermitanexplorationof thisaspect.

6 Conclusion

We have seenthatconvertingfrom DAG to OWL presentsno realproblem,but is this
trueof theconversionbackto OWL? Oneissuepertinentto theGOitself aretheuseof
relationshipsotherthanis-a andpart-of . GOonlypermitsthesetworelationships,
soconversionbackagainwouldbelossy. Wealsohave thegenerallossof expressivity
in theconversionbackto DAG representation.In theconversion,wehaveto ensurethat
the truepathrule is followed. This might well involve restrictionson theontological
constructsused.

The DAG style of ontologyis static,with the ontologypre-enumeratedandthe only
classesthatcanexist arethosealreadypresent.A DL ontology, in contrast,is dynamic
or post-enumerated[1], i.e., we caninstantiateobjectsof classesthatwe make up on-
the-�y. That is, we canusecomplex classdescriptionsto describeobjects,andthese
descriptionsarethentakenintoaccountby thereasoner. Thus,in DL styleontologies,it
is commonfor classesde�ned in anontologyto bethebuilding blocksof otherclasses,
ratherthan enumeratingall the possibleclasses8. Obviously, converting a dynamic
ontologyto a staticontology, without performingthis enumerationmight leadto an
impoverishedontology.

In summary, we have describedtherole of thesemanticsof a representationlanguage.
The core of the argumentis that if ontologiesare to ful�l their role of providing a
common,sharedunderstandingof a knowledgedomain, then the statementswithin
that ontology have to be able to be interpretedunabmiguously. We then examined
the semanticsof GO's DAG asdescribedabove; the conversionthe otherway might

7Personalcommunicationfrom Amelia Ireland.
8It is obviouslydesirablethattheontologyonly impliescorrectclasssesandwouldnotincludeall possible

classesby simplecombination.
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presentmore issues. The resultsof examining the semanticsof the two reprsenta-
tionsis, however, thatconversionsbetweenthetwo authorisedOBOrepresentationsis
possible(within someconstraints).Despitetheapparentmundanenatureof language
semantics,it is at thecoreof ontologydevelopmentanduseandpresentsa usefultool
in ontologyre-use.
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