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Abstract

The bio-ontologiescommunityfalls into two camps: First we have biology
domainexperts,who actually hold the knowledgewe wish to capturein ontolo-
gies;secondwe have ontologyspecialistsywho hold knowledgeabouttechniques
andbestpracticeon ontologydevelopment.n thebio-ontologydomain thesetwo
campshave oftencomeinto con ict, especiallywherepragmatisnmcomesnto con-

ict with percevedbestpractice.Oneof theseareads theinsistenceof computer
scientistsona rm semantidasisfor the representatiofanguagebeingused.In
this article,we will rst describewhy this communityis soinsistent.Secondwe
will examinethe semanticsof the Web Ontology Language(OWL) andthe di-
rectedagyclic graph(DAG) usedby the GeneOntology Finally we will reconcile
the two representationsT he ability to exchangebetweerthe two representations
meanghatwe cancapitaliseon thefeaturesof bothlanguages.

1 Intr oduction

In this paper we investigatethereconciliationof therepresentationgsedfor the Gene
Ontology (GO) [3] and that usedfor the ontologiesrepresentedn the W3C stan-
dardOWL (WebOntologyLanguage). Differentknowledgerepresentatiofanguages
male statementaboutthe knowledgethey capturein differentways. The semantics
of theselanguagegell both humansandcomputershow to interpretstatementsnade
in thoselanguagesDifferentlanguageave varying expressvity and computational
support; consequentlythereis often a needto exchangebetweenlanguagego take
adwantageof their characteristics.In orderto do so, we have to make surethat the
knowledgecapturedn statementin onelanguagas not changedvhena transforma-
tion is madeinto statement# anothetanguageHence thesemantic®f onelanguage
needto bereconciledwith the semantic®f theother

Ihttp://iwww.w3.org/TR/owl- guide/



The GO hasbecomethe de facto standardor describingthe principle attributes(the
molecularfunction,biologicalprocessandcellularcomponentpf geneproductsacross
mary databaseR, 4]. It succeedf themajoraim of anontologyin providing acom-
mon, sharedunderstandingf the conceptausedto describethoseattributes. It does
this by providing termsusedto label thoseconceptsaswell astextual de nitions of
thoseterms.

The GO andrelatedontologiesin the OpenBio-Ontologie$ (OBO) projectoftenuse
anontologyrepresentatiofanguagealevelopedin-house- the DirectedAcyclic Graph
(DAG) [4]. It hasthe tremendousidvantageof simplicity and hasenabledthe Gene
OntologyConsortium(GOC)to developto its currentstatug?2].

TheOBOsitestateghatsubmittedontologiescanbepresentedh the DAG formator in
OWL. Beinga collectionof bio-ontologiesjt would be usefulto be ableto exchange
ontologiesbetweenthe two formats. Indeed,this hasalreadybeenattemptedn the
GeneOntologyNext GeneratiofGONG) project[9]. In this project,the predecessor
of OWL, DAML+OIL, wasusedto createde nitions of GO classedby decomposing
the phrasesisedfor theterms.Thesedescriptionsverethensubmittedto a description
logic (DL) reasonetto infer a subsumptiorhierarcly. Using this technique,it was
possibleto detectdefectsin the subsumptiorhierarcly of aregion of GO.Onceanew
classi cationhadbeeninferred,the aim would beto translatebackfrom DAML+OIL
to GO's original DAG representationin the GONG project,we madethis translation,
but madesimplifying assumptionslin this article, we take a closerlook at how sucha
translationcouldbeaccomplished.

In Section2 we explain why computerscientistsjn particular like to have a strongse-

manticsin theirrepresentatiotanguagesln Sections3 and4 we outlinethesemantics
of GO'srepresentatioandthatof OWL. Finally, in Section5, we attemptto reconcile
thetwo representations.

2 Why Do Computer ScientistsCare So Much About
Semantics?

Theknowledgerepresentatiooommunitywithin computersciencehastheaim of rep-
resentingknowledgein aform both understandablby humansanda computationally
amenableComputerspf course do not have the samefacility to “understand’knowl-
edgecapturedn anontologyasdo the humanusersof thatontology To a computey
the label on a concept(the term) is not comprehensible Taking the examplein Fig-
urel, ahumanwill understandhat“an instanceof personcannotbebotha Mananda
Womanat the sametime”3; the computemwill not.

The needto captureknowledgewith high- delity and interpretit unambiguouslyis
enabledby having a representatiofanguagewith stronglyde ned semantics.In the
sameway thata C programmindanguagecompilermustundestandwhateachof the
languagecomponentsneansn termsof constructinga programmehatrunson a par
ticular machine,so musta computerunderstandvhat eachof the expressionsn the
descriptionof someknowledgerepresentsThe computers undestandingis encapsu-
latedin the semanticof the language- beit a programminganguageor knowledge

2http://obo.sourceforge.net
3atleastnotin this view of theworld!



Person

1S-a is-a

Man Woman

Figurel: A simpleontologyof Person .

representatiotanguage.

Figure 1 shows a simple ontology of Person , with two child classesof Man and
Woman As humanuserswe understandpr believe we understandwhat is being
representedn suchan ontology: “there are two kinds of Person,namely Man and
Woman”. We can,however, askseveral supplementarguestionf this ontology:

Are all instance®f Manalsoinstance®f Person ?
Are ManandWomarthe only kindsof Person thatexist?

Isit possiblefor aninstanceof Person to bebotha ManandaWoman

We mightalsoextendour descriptionof Person to saythatthey containGonad. So,
for Man, we might sayMan has-part  Testis . Again, we might askoursehes
severaladditionalquestions:

How mary Testis doesamanhave?

Canamanonly have Testis  or mayhehave otherparts?
Doeshaving aTestis malke aninstanceof Person aman?
Are Testis  theonly gonadsamancanhave?

Do all Manhave Testis  ?

Are all Testis  partsof Mar®?

May | sayarything moreaboutthe partsa Manhas?

As humanusersof theontologyshawvn in Figurel we mayunderstandgeduceor infer
theanswergo thesequestionspr we maynot; it is certain,however, thatthe computer
will notdo so. It is in the semanticof the representatiotanguagethat the answers
to suchquestionscanbe couched.lt is part of the semanticof a languagehat says
whethertwo childrenof a conceptare overlapping,thatis, is it possibleto be botha
man anda Woman For a computerto know thatthe only possiblekinds of Person
areManandWomarthefacthasto beexplicitly stated.

Returningto humanusersof an ontology the semanticghat make it possiblefor a
computerto interpretthe representationalsomake it possiblefor a humanto do so.
A usermight believe they understandvhat is representedh the ontology shawvn in



Figurel, but dangerousassumptionsnight be madewhendoing so. If therepresen-
tation languagehasa precisesemanticsthenwhatis expressedn thatlanguagecan

alsobe capturedwith high- delity. So,while precisionis vital for computersit is also

extremelyhelpful for humansasthey canbe explicit andpreciseaboutthe knowledge
they areattemptingto capture.

3 OWL Semantics

OWL-DL[6] is anontologylanguagebasedon descriptionlogics (DLs), which area
family of logic-basednowledgerepresentatioformalismsdescribingobjects classes
and the relationshipsbetweenthem [1]. Most DLs are fragmentsof standard rst
orderlogic. Originally, they weredesignedo give a uni ed logical basisto various
well-known traditionsof knowledge representationframe-basedystems semantic
networks,andhave foundvariousapplicationsn conceptuamodellingandasalogical
underpinningof ontologylanguage$l]. OWL-DL is basedon anexpressie DL, i.e.,
it providesa wealthof constructorso describecomplex classexpressiongrom atomic
classesindrelationshipsin thissectionwewill only useasmallportionof OWL-DL's
expressienesgo highlightits corefeatures.

The semanticsof OWL are bestunderstoodvhen talking aboutobjectsthat are in-
stancef classesandthatarerelatedto otherobjectsvia relations

An objectcanbeaninstanceof a class,anda classcanbe a sub-clas®f anotherclass.
For example,the object Robert is an instanceof the classMan which, in turn, is a
sub-clas®f Person . Themeaningof thesub-classelationships thatall instance®f
thesub-classMan, arealsoinstance®f its superclass(es)Person . In OWL-DL, to
describea class,we candescribét in termsof otherclassege.g., sayingthatMan are
“Person andnotWomat) andof propertiesof its instances.

In Section2 we describedan ontologywith two classesMan andWomanwhich are
both sub-classesf Person . In OWL-DL, we canexplicitly declarethatthesetwo
classesaredisjoint, thatis, it is not possiblefor an objectto be an instanceof both
classesSimilarly, we have to decidewhetherit is possiblefor aninstanceof Person
to be neitheraninstanceof Womamor of Man Again, if this cannot bethe casewe
candeclarePerson ascoveringWomarandMan.

class(Man completePerson

restriction(has-part some\aluesFronTestis ))
Paraphrase: Men arePersonshathave, amongsbtherthings sometestis
class(WomarcompletePerson

restriction(has-part  allValuesFroncomplementOf(estis )))

Paraphrase: WomenarePersonghathase, amongsbtherthings only no testis

Figure2: Descriptionandparaphrasef ManandWoman

As statedabore, OWL-DL alsoallows us to describea classby describinghow its
instancesare relatedto other objects. For example,the rst restrictionin Figure 2
stateghataninstanceof Man hasaninstanceof Testis relatedto it via therelation
has-part  property Thus,if we know thatRobert is aMan, we alsoknow thathe
hasa partthatis atestis—havever, he might have several of thoseandalsootherparts,



aswell. As this statemenbnly sayssomethingaboutthe existenceof a relationship
to anotherobject, it is called an existential restriction. Additionally, OWL-DL also
allowsto make universalrestrictions:e.g., we cansaythataninstanceof Manis related
via therelationhas-part  only to instance®f Testis . As aconsequencef such
a statementand Robert beingan instanceof Man, if we nd an objectrelatedto
Robert via has-part , thenthis objecthasto be a Testis . Moreover, we can
combinethesestatementsindalsousemore comple classexpressions.n Figure2,
we saythatall partsaWomarhasarenot Testis . Thesemanticof OWL-DL mean
thatwe aresayingall instance®f Man have a partthatis aninstanceof Testis . We
arenot, however, sayingthatall instance®f Testis arepartsof aMan

In all of theseexampleswe have only statedrestrictionsconcerningvlan, Womarand
theobjectsto whichthey arerelatedby thehas-part  relation.We have notrestricted
ary otherrelationshipsve might chooseo describesuchashas-mother

OWL-DL alsoenablesusto distinguishbetweerfcomplete”and“partial” classde ni-
tions: thatthede nition of Manis completemeanghatary Person with a Testis

is recognisedo be a Man In contrast,a partial de nition only represent:iecessary
conditions,but not sufcient ones:for example,asshovn in Figure3, we cande ne
theclassEunuch asasubclas®f Person ; soeveryEunuch haspartsnoneof which
areTestis , butnoteveryonewith noTestis isaEunuch.

class(Eunuch partialPerson
complementOfrestriction(has-part some\alueFromTestis )))
Paraphrase: EunuchsareMen thathave,amongsbtherthings notestis

Figure3: Descriptionandparaphrasef Eunuch

Dueto its descriptionlogic underpinning OWL-DL ontologiescanbe submittedto a
DL reasonemhich providesusefulreasoningservices.Most importantly a reasoner
candecidetheconsistencyf eachclassde nedin theontologyandit cancomputethe
implicit classhierarcly. For example,giventhe statementsnadeso far, the reasoner
infers that a Eunuch is, in fact, a subclasof Woman This seemsa little counter
intuitive, sowe might alsoasserthata Eunuch is a subclasof Man Thereasoner
will thentell usthatEunuchis inconsistenttherecanbenoinstance®f it. In thiscase,
its probablyour de nition of Man thatis a poor modelof reality. The inconsisteng
of the Eunuch forcesus to re-examinethis model. The preciseand explicit nature
of modelsin OWL-DL allow usto checkthe knovledgewe have capturedandenable
themto beinterpreteccorrectly

For a completedescriptionof OWL-DL, we referthereaderelsevhere[6]. Here,we

have only useda small part of OWL-DL's expressieness.OWL-DL alsoenablesus

to userelationsin both directions(e.g., we can also de ne gonadsin termsof the

organismghey occurin), statethatarelationsuchashas-parts transitive (e.g., making
aSemiNiferousTubule partof aTestis alsomalesit partof aMan), andrestrict
the numbersof objectsto which aninstanceis relatedby a speci ¢ relationshipé.g.,

restrictingthe numbersof gonadsa Person hasto 2). It shouldbe enoughhowever,

to indicatethatthe formal semanticof OWL enabledoththe authoranda computer
to “understand’preciselywhathasbeenstated andenablesoftwaresuchasareasoner
to deduceamplicit knowledgefrom suchrepresentationg, 8].



Figure4: A GO DAG 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
examinethe biology capturedn thatencoding.Thereis need,however, to sometimes
look atthebiology in orderto understandhe encoding.

The GO is encodedas a Directed Acyclic Graph(DAG) (seeFigure4). A DAG is
a form of multi-hierarcly of nodesandarcs. The nodesform the termsor classesn
the ontologyandthe arcsthe relationships Any oneclasscanhave mary parentsand
mary children.More thanonekind of relationshipcanbe used.Thedirectednatureof
thegraphcomesrom thedirectionalnatureof therelationshipsA is a parentof B, not
viceversa.

Termslabel nodes,which may be interpretedasa class(all the instancef Man or
Woman. Thetermrefersto anodeandall of its children[5]. GO alsoallows synoryms
to be recorded;alternatve labelsfor nodesor classes.In GO's DAG representation,
thereis no way of statingwhetherclassege.g., Man andWomal) are overlappingor
disjoint[5].

Sufciency conditionsare not mentionedwithin GO. For GO, de nitions are natural

languagefree text descriptionghat “de ne' whata term means. Theseare usedby
annotatorandGO curatorsalike whenusingGO.

GO useswo typesof relationshipsThe’is-a ' relationshigpointsfrom achild (more
specialisedjo a parent(moregeneralisedjerm[5]. Figure4 shavs anexampleof a

GO DAG with bothkinds of relationship.Thepart-of  relationshipjn GO's usage,
talksaboutpartsandparentsnot partsandwholes asis corventional.In this way, we

canseewhatsome[10, 9] have calledorphannodes(seeFigure4), wherethe nodeis

part-of  anothemode,butis notakind of ary node.Corventionally thiswouldbea

child with no parentj.e., anorphart.

Therearefour basiclevelsof restrictionfor a GO part-ofrelationshipde ned [5]:

1. Thepart-ofrelationshipmakesno assumptiorof theexistenceof therelationship
betweenthe nodesin eitherdirection. The child may or may not be partof the

4The GO curatorsare undertakingan effort to remove suchorphans— personalcommunicationfrom
Amelialreland.



parentandthe parentmayor maynot have the partchild.
2. Whereverthechild exists, it is aspartof the parent.

3. thisis the exactinverseof type two; wherever the parentexists, it hasthe child
asapart,but thechild is not necessarilypartof the parent.

4. Thisinterpretatioris a combinationof both2 and4°®, “ “has-part'andis-part'.
An exampleof this is 'nuclear membrane'is part-of “nucleus'. So ‘nucleus'
alwayshas-partnuclearmembrane'and nuclearmembraneis alwayspart-of

“nucleus”.

Thetrue pathrule stateghat "the pathway from a child termall theway up to its top-

level parent(smustalwaysbetrue'. Thisshouldbe“true” for bothkindsof relationship
in GO. An instancdabelledasMan, could alsolegitimately be labelledasPerson .

So, a geneproductlabelledas having the function “photoreceptoris alsoa kind of

“signaltransducerand nally , has’molecularfunction'. Thus,thetrue pathrule,when
working alongis-a relationshipgolows a standard subclass'semanticswhereall

instance®f Manarealsoinstance®f Person .

The GO editing style guide mentionsthat the majority of part-oflinks in GO are of
typetwo. Typesoneandthreearenot usedasthey would violatethe “truepath' rulein
GO[5]. Thepart-oflink is transitive andit is usefulto notethatthetransitiity works
alongboth kinds of relationshipsimultaneouslyso that a pathusingbothis-a and
part-of  becomesgpart-of

Oneof the implicationsof the “true path' rule is thatthe type of part-ofrelationship
usedin GO, outlinedabore, is restrictedto thosetypeswherea child termmustalways
be part-ofits parent(the secondrule). The GO editing style guide statesthat adding
a new part-of relationshipsmay breakthis rule. In this case,it statesthat the best
strategy is to re-structureGO with new nodesandrelationshipsso thatthe true path
ruleis followed.

Giventhe DAG representatiorinversesof relationshipsdo not occurandif they did,
would/mayviolatethe“true path”rule. So,while we might have statedthata Testis

is part of Man, we know nothingaboutif a Man haspart Testis , unlessrule four
is invoked. Unfortunately the DAG containsno informationasto which rule is to be
invoked.

5 Reconcilingthe Two Representations

The DAG is-a relationshipand OWL subsumptiorseemsimpleto reconcile;they
have the samesemanticsevery instanceof aclassis alsoaninstanceof it' s superclass.

We canassumehatsubclasse the DAG representatiorike OWL subclassegyver
lap by default. It is, after all, not uncommonto seemultiple inheritancein the GO
DAG. Thiswill capturemostof the biologyin GO correctly However, we needto ask
the question(and similar variantsfor eachGO aspect):ls it possiblefor anindivid-
ual molecularfunctionto be both function-xandfunction-y at the sametime? Thisis
not the samequestionasa proteinhaving multiple functions. The GO DAG doesnot

5The GO usageguidesaysthreeandfour.



capturedisjointnessandits inclusionis a matterof capturingbiologicalknowledge,so
thereis no way of simply automatingknowledgeof disjointness.

5.1 Capturing part-of  in OWL

OWL providesan expressve languagethat allows usto explicitly statehow relation-
shipsshouldbeinterpreted.Section4 discusse$our possibleinterpretation©of GO's

part-ofrelationship,andwe shov herehow thesedifferentinterpretationcanbe cap-
turedvia alternatve translationsso OWL axioms. The advantagehereis that rather
thanusinga single constructwhich may be interpretedn a numberof different(and
in somesensemplicitly speci ed) ways, the representatiorells us preciselyhow to

interpretthe particularrelationship.We canthenhave differentinstancef the part-
of relationship(e.g., thosediscussedn Section4) interpretedusingdifferentlevels of

restriction,without ary dangerof confusion.In the following examples,we consider
how we capturethe particularsemantic®f theassertiorA part-of ~ B.

Type 1 Theserestrictionscannotbe accuratelycapturedn OWL asthey dealwith the
potentialfor therelationship.OWL is designedo capturefacts

Type 2 Wheneer the child exists, it is part of the parent. This canbe represented
throughthefollowing axiom:

SubClassOftemiNiferousTubule restrictionpart-of
some\aluesFrom{estis )))

statingthatfor ary instanceof Semi Niferous  Tubule , theremustbe an
instanceof Testis  of whichit is apart.

Type 3 Wheneer the parentexists, it hasthe child aspart. This canbe represented
throughthefollowing axiom:

SubClassOflestis restrictionpas-part
some\aluesFromBemi Niferous  Tubule )))

Note that in this casewe requirethe useof a propertyhas-part  which is
de ned astheinverseof part-of  ©. Inversepropertiesareinterpretedasone
wouldexpect—if evertwoindividualsSemi Niferous  Tubule andTestis
arerelatedvia a property thenTestis andSemi Niferous  Tubule are
relatedvia the propertys inverse. The axiom above thenstateshat for ary in-
stanceof Testis , theremustbe aninstanceof Semi Niferous  tubule
thatit hasasa part.

Type4 Thisis simply acombinationof 2 and3, andwe canencodethis by including
bothaxiomsintroducedabove.

SMarny DescriptionLogics allow the de nition and useof inverserelationships.In OWL, thereis no
inversepropertyoperator for usein expressionsbut we canintroduceandde ne propertiesasinverses.



SubClassOfemiNiferousTubule restrictionpart-of
some\AluesFrom(estis )))
SubClassOffestis restrictionpas-part
some\AluesFromBemi Niferous  Tubule )))

In OWL-DL, all classesrekindsof otherclasses- everythingis akind of something.
Thus, orphansdo not exist and unlessotherwisestated,a classwould be a subclass
of a specialclass,namedTop. In a GO DAG to OWL-DL conversion,we make or-
phannodessubclassesf thethelocal root class(e.g., Molecular-Function . So,
Plastid is part-ofthe Cytosol , but hasnois-a parent. The GOCis, however,
undegoinga procesf insertingappropriatds-a parentssoin the nearfuture, this
will nolongerbeanissué.

We can see,therefore thatit is possibleto representvhatis capturedin the GO in
OWL-DL. TheOWL representatiomwill capturethe sameknowledgeasthe GeneOn-
tology. In addition,we canevendistinguishbetweerthe usesof rulestwo andfour in
the part-of relationshipin GO. OWL cannot,however, representhe DAG's rule one,
becaus®WL only represents$acts,not possibilities.Finally, the only issueleft unre-
solvedis thatof OWL's openworld assumptiorandwhetherthe DAG hasa closedor
openworld assumptionSpacedoesnot permitanexplorationof this aspect.

6 Conclusion

We have seenthatconvertingfrom DAG to OWL presentsio real problem,but is this
true of thecorversionbackto OWL? Oneissuepertinentto the GO itself arethe useof
relationship®therthanis-a andpart-of . GOonly permitsthesetwo relationships,
soconversionbackagain would belossy We alsohave thegeneralossof expressvity
in thecorversionbackto DAG representationin theconversion,we haveto ensurehat
thetrue pathrule is followed. This might well involve restrictionson the ontological
constructsised.

The DAG style of ontologyis static, with the ontology pre-enumeaited andthe only
classeghatcanexist arethosealreadypresentA DL ontology in contrastjs dynamic
or post-enumexted1], i.e., we caninstantiateobjectsof classeghatwe malke up on-
the-y. Thatis, we canusecomplec classdescriptiongo describeobjects,andthese
descriptionarethentakeninto accounby thereasonerThus,in DL styleontologiesit
is commonfor classesle ned in anontologyto bethebuilding blocksof otherclasses,
ratherthan enumeratingall the possibleclasse® Obviously, corverting a dynamic
ontologyto a staticontology without performingthis enumeratiomrmight leadto an
impoverishedontology

In summarywe have describedherole of the semanticof arepresentatiolanguage.
The core of the agumentis that if ontologiesareto ful | their role of providing a
common,sharedunderstandingf a knowvledge domain, then the statementswithin
that ontology have to be able to be interpretedunabmiguously We then examined
the semanticof GO's DAG asdescribedabove; the conversionthe otherway might

“Personatommunicatiorfrom Amelia Ireland.
8|t is obviously desirablehattheontologyonly impliescorrectclassseandwould notincludeall possible
classedy simplecombination.



presentmore issues. The resultsof examining the semanticsof the two reprsenta-
tionsis, however, thatcornversionsbetweerthetwo authoriseddBO representations
possible(within someconstraints) Despitethe apparentnundanenatureof language
semanticsit is atthe coreof ontologydevelopmentanduseandpresentsa usefultool
in ontologyre-use.
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