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Abstract

Thesymbolicrepresentationof thephysicalstruc-
ture of living organismsneedsan ontologically
well-foundedandlogically soundapproach sothat
formalreasoningcanadequatelybesupported.We
describea set of canonical relations and attrib-
utes necessaryfor the description of biological
structures. Basedon theseepistemological prim-
itives, we sketch how a broad range of organisms
can be representedby cascadingtheorieswhich
are ordered by variousdimensions,such as gran-
ularity, development,speciesand canonicity. We
thus aim at a rational reconstructionand non-
redundantrepresentationof biological structure
notions.
Keywords: Biological Ontologies

Intr oduction
Formally founded descriptionsof the physical
compositionof biological entities have attracted
increasingattentionin the last few years,as their
pivotal role in biomedicalontologieshasbeenin-
creasinglyrecognized[2, 13, 16, 14].
In order to achieve a comprehensive formal rep-
resentationof living systems,the �rst stepwould
be to constructa multi-purposereferenceonto-
logy of biological structure. Such an approach
shouldideally crossthe boundariesbetweenspe-
cies, becauseeven organismswith largely differ-
entphenotypesshow surprisingsimilaritiesatage-
neticlevel. Hence,knowledgeaboutoneorganism
shouldbere-usablein orderto understandotheror-
ganisms[19]. In termsof sheercoverage,a large
amountof biomedical terms are alreadyrepres-
entedby the UMLS [18], the GeneOntology [5]
andacontinuouslyincreasingnumberof “anatom-
ies”, developedwithin theOpenBiological Onto-
logies (OBO) framework. [17]. However, all of
thesesystemsare committedto a highly select-
ive view of biological structurein termsof devel-

opmentalstages,granularityand species-speci�c
structure. Each speciesanatomyis being built
from scratch,althoughtherougharchitectureof or-
ganismsexhibitsconsiderablesimilaritiesbetween
speciesanddevelopmentalstages.

Focusing on the anatomyof the heart, Fig. 1
showsasynopsisof severalOBOmodels,together
with the FoundationalModel of Anatomy(FMA)
[16, 15]. Abstractingaway from terminological
differences(e.g.,circulatorysystemvs. cardiovas-
cular system), werecognizeanumberof common-
alities betweendiverseorganisms. For instance,
the heart is alwayspart of the circulatory system.
Exceptin the caseof �ies andin the early devel-
opmentalstagesof the mouse,heartshave cham-
ber(s) and valves. The differencebetweenheart
atriumsandventriclesexists in �sh aswell as in
miceandhumans.

With the exceptionof the FMA, which is based
on strict principlesandis moving towardsa form-
ally foundedredesign,the anatomiesof the other
species,as well as the (theoretically) species-
independentGeneOntology, arenomorethancon-
trolled vocabularieswith thesaurus-like relations,
which in somecasesdo not evenmake consistent
useof the part-of relationandprovide largely in-
completetaxonomiclinks [1]. Consequently, the
decisionasto whetheradeductionsuchascell has-
part nucleolusis valid or not andhow it shouldbe
interpreted,assuminga modelwhich asserts,e.g.,
cell - has-part- cell nucleusandcell nucleus- has-
part - nucleolus, is left to theuser, becausethereis
no ontologicalcommitmentto eitherthealgebraic
propertiesof has-part, e.g. transitivity, or the de-
pendency statusof has-partcell nucleus(is every
nucleoluspartof a cell nucleus,or doesevery cell
nucleushaveanucleolusaspart?).

This may be acceptablewhen the use of these
vocabularies is limited to manual, expert-level
geneannotationor documentretrieval tasks.How-



Drosophila (adult, source FlyBase)
- circulatory system
- - heart
- - - heart muscle
- - - adult aortic funnel
- - - adult ostia
- - - dorsal diaphragm
- - - heart chamber
- - - terminal opening

Zebrafish (adult, source: ZFIN)
- cardiovascular system
- - heart
- - - atrium
- - - bulbus arteriosus
- - - hypobranchial vessels
- - - sinus venosus
- - - ventricle

Human, Adult, (source: FMA)
- cardiovascular system
- - heart
- - - wall of heart
- - - right atrium
- - - left atrium
- - - right ventricle
- - - left ventricle
- - - right side of heart
- - - left side of heart
- - - fibrous skeleton of heart
- - - papillary muscle
- - - cardiac valve
- - - tricuspid valve
- - - mitral valve
- - - aortic valve
- - - pulmonary valve
- - - interatrial septum
- - - (...)

Mouse (embryonal stage TS11, source:
MGI)
- cardiovascular system
- - heart
- - - cardiogenic plate

Mouse (embryonal stage TS18 , source:
MGI)
- cardiovascular system
- - heart
- - - atrio-ventricular canal
- - - atrium
- - - bulboventricular groove
- - - bulbus cordis
- - - endocardial cushion tissue
- - - mesentery
- - - outflow tract
- - - pericardium
- - - primitive ventricle
- - - sinus venosus

Mouse (embryonal stage TS26 , source:
MGI)
- cardiovascular system
- - heart
- - - aortic sinus
- - - atrio-ventricular canal
- - - atrio-ventricular cushion tissue
- - - atrium
- - - bulbar cushion
- - - endocardial cushion tissue
- - - endocardial tissue
- - - mesentery
- - - pericardium
- - - trabeculae carneae
- - - valve
- - - ventricle

} is-a organ chamber

} is-a cardiac valve

Figure1: ComparativeHeartAnatomy(onlypart-wholelinks) fromOBOBiologicalOntologiesandtheFound-
ationalModelof Anatomy



ever, anticipatingtheirusefor knowledge-intensive
applications,theinformalapproachleadsto anim-
passe,becausesemanticallyvague,and even in-
consistentassertionsaboutconceptsmay causea
broadrangeof arbitraryinvalid and,thus,unwar-
ranteddeductions.
Therefore,weargue for a domain descriptionin
termsof a setof formal axiomswhich allow valid
andcorrectinferences.Complex conceptdescrip-
tions built from a set of formally foundedcon-
ceptualrelationsmay be a goodstartingpoint for
a formally adequatetreatmentof biological struc-
tures. In thefollowing sections,we focuson vari-
ous aspectsof conceptualmodelingof biological
structurein its broadestsense,aiming at a multi-
purposefoundationalontology.

Relationsand Attrib utes
An ontologicalanalysisof any domainshouldbe
guidedby generallysharedprinciples. According
to Gangemiet al. [4], this �rst requiresselectinga
setof foundational(formal)relations,thende�ning
thegroundaxiomsfor theserelations,establishing
constraintsacrossbasicrelationsandde�ning aset
of formal propertiesinducedby theseformal rela-
tions. Thena setof basiccategoriesis introduced,
andthe relevantkindsof domainentities(concept
classesand instances)are classi�ed accordingto
thebasiccategories.Finally, thedependenciesand
interrelationsamongbasic categories have to be
studied. In this paper, we limit ourselves to an
overview of adequatefoundationalrelationsandat-
tributes. Ratherthanproposinga singlecanonical
formalism,we outlinealternative axiomatizations,
their consequencesand intricacies. Our selection
of relationscomprisessomeof the (informal) re-
lationsprovidedby the UMLS semanticnetwork,
completedby additionalones,consideredrelevant
for describingbiologicalstructure.

Foundational Relations
Domainentitiescanbeorderedaccordingto (strict)
partial orderswhich arecharacterizedby a setof
orderingrelations. Strict partial ordersare trans-
itive, antisymmetricand irre�exive, whereaspar-
tial ordersaretransitive,antisymmetricandre�ex-
ive. Additional constraintsmay stemfrom type
restrictionson the domainand the rangeof a re-
lation. Of paramountimportanceis the distinc-
tion betweenclasses(universals,concepts,sorts
of things,e.g.,“Left Hand”) andindividuals(par-
ticulars, instances,concretethings in the world,
e.g., “my left hand”). Becausewe have found
thatrelations(suchaspart-of) arecommonlyasser-

ted betweenconceptclasses– andhave therefore
a different semanticsthan their cognaterelations
betweenindividuals – we stick to the following
namingconvention: lower caserelationnamesare
usedfor relationsbetweenindividuals,andupper
casenamescharacterizerelationsbetweenconcept
classes. Accordingly, we write concept(class)
nameswith uppercaseinitials, andinstancenames
with lowercaseinitials.

Taxonomy: The taxonomicIs-A relation,a par-
tial order, [26] relatesspeci�c classesto concep-
tually moregeneralclasses,e.g. Mitral ValveIs-A
Atrioventricular Valve or Alanin Is-A AminoAcid.
More speci�c classesinherit all propertiesfrom
moregeneralclasses.Thede�nition of aclassillu-
minatesits distinctive characteristicsin relationto
alreadyde�ned (moregeneral)classes,following
theAristotelianprincipleof genusanddifferentiae.
Whereasthegenusassignsanentity to a class,the
differentiaedistinguishtheentity from otherentit-
ies alsoassignedto that class. For example,Left
HandhasHandasits genusandits lateralityattrib-
uteleft asdifferentiae.Taxonomiescanhaveeither
a monohierarchical(singleparent),or a polyhier-
archic (multiple parent)structure. In the Found-
ational Model of Anatomy (FMA) [16, 11], e.g.,
hugetaxonomiesare representedas strict mono-
hierarchies.The relation Is-A mustnot be mixed
upwith therelationinstance-ofwhich relatesindi-
vidualswith theclassesthey belongto,e.g.,myleft
handinstance-ofLeft Hand. Unfortunately, there-
lationinstance-ofis oftenusedinadequatelyin bio-
medicalontologies,e.g.MuscleSysteminstance-of
OrganSystemin theFlyBasevocabulary.

Mereology: At leastfor thelife sciencedomain,
not only taxonomicrelations(Is-A and instance-
of) but alsomereologicalrelations(basically, part-
of vs. has-part) areof outstandingandequalim-
portancefor thedesignof any ontologydescribing
biological structure. In classical(i.e., axiomatic)
mereology[22, 3] genericparthoodis treatedasa
partial order. Commonconceptualizationsin the
biological domain,however, suggestthat the as-
sumptionthat part-of be re�exive must be aban-
doned.1 ThemostobviousdistinctionbetweenIs-
A andpart-of relatesto the fact that the �rst one
is maintainedbetweenclasses,whereasthesecond
one is maintainedonly betweenindividuals. As
anexample,my left thumbis part-of my left hand,

1Otherwise,any instanceof “stomach”would be an
instanceof “stomachpart”, with the consequencethat
the class“partial resectionof stomach”would include
“ total resectionof stomach”.



but the classThumbis certainly not part-of the
classHand. However, “being part-of a hand” is
a propertyof any instanceof Thumb. This dis-
tinction hasbeenlargely ignoredin our domain.
As a result, the meaningof mereologicalrela-
tionsassertedbetweena pair of concepts,suchas
Part-Of(CellNucleus,Cell), is ambiguous,allow-
ing thepossibilityfor con�icting interpretationsto
evolve: The GeneOntology[5] interpretsPart-Of
as“can bea partof, not is alwaysa partof” which
frequently leadsto unexpectedconclusions[25].
In contrast,the FoundationalModel of Anatomy
(FMA) [16] conceptualizespart-of in a very strict
manner: A Part-Of B meansthat any instanceof
B hasan instanceof A as part, and any instance
of A is part of an instanceof B [23]. This inter-
pretationimposesa mutual dependency between
parts and wholes and, therefore,may be too ri-
gid in many cases.For example,we may want to
expressthat any instanceof a cell nucleusis part
of a cell, but certainly not any instanceof a cell
hasa cell nucleus. Certainly, we also may want
to instantiatenon-standardorganismswhich lack
certainbody parts. As far asothermodelsof or-
ganismsreferredto in the introductorysectionare
concerned,especiallymouse,zebra�shanddroso-
philaanatomy, thereis nocommitmentatall to the
propersemanticsof Part-Of.
A mereologicalrelationbetweenconcepts(classes
of individuals),therefore,cannotbeinterpretedun-
ambiguously, unlesswe make clearstatementson
the existenceof a whole with respectto its parts,
as well as the existenceof a part with respectto
its whole. Taking into accountthe (supposed)in-
tendedmeaningof mereologicalrelationsbetween
concepts,we de�ne, similar to [23], Part-Of and
Has-Part on thebasisof part-of andhas-part, us-
ing inst-ofasthemembershiprelationbetweenan
individualanda class:

Part-Of (A;B) = def 8x : inst-of (x;A) ) (1)

9y : inst-of (y;B) ^ part-of (x;y)

Has-Part(A;B) = def 8x : inst-of (x;A) ) (2)

9y : inst-of (y;B) ^ has-part(x;y)

Location: The locative relation [3], character-
ized by the relation pair location-of vs. has-
location, is anotherpartialorderbetweenindividu-
als. It relatesa spatial entity with anotherspa-
tial entity or a material object, e.g., brain has-
location cranial cavity. Wherever locative rela-
tions are assertedbetweenconceptclasses,we
de�ne Location-Of and Has-Locationsimilar to

Part-Of andHas-Part in Formula (2) and (3). A
crucial decisionis whetherto keepmereological
andtopologicalaspectsseparated,or to subscribe
to a more simpli�ed mereotopologicalview in
whichspatialobjectscoincidewith theregion they
occupy. As anexample,is a bacteriumafterbeing
ingestedby a cell (e.g.,a macrophage) partof this
cell? If not, do its components(e.g., molecules)
becomepartsof theoriginal structureafterdecom-
position?Withoutany doubt,boththebacteriaand
its componentsarelocatedwithin thatcell. Simil-
arly, is a hollow spacea part of its hostor part of
theexterior space(cf. [20])? Is a boundarya part
of theentity it bounds?
In a restricteddomainsuchasbiology, thedistinc-
tion betweenmereologyand topology may seem
arbitrary and inconsistent. Here, Part-Of may
imply Has-Location, and connectioncan be ex-
pressedin termsof mereology[3]. In this case,
mereologicalrelationswould bemeresubrelations
of locativeones[21]. Thismay, however, complic-
atetheconceptualizationof detachedparts,which
onecould still considerto be includedin the no-
tion of part. For example,a metastasisof a tumor
may still be considereda part of the primary tu-
mor which is, however, not locatedin theprimary
site(thealternative would beto considerit related
to the primary tumor by a relation suchas has-
origin). This examplemakesclearhow important
it is in biologyto clarify themeaningof part,where
at leastthreeconceptualizationsco-exist: Theloc-
ative one(a heartchamberis part of a heart),the
functionalone(anaxonis partof a motorneuron),
and the one motivatedby origin (a metastasisis
partof a tumor, anepitheliumin a sputumsample
is partof therespiratorymucosa).

Other Foundational Relations: Branching re-
lations (has-branch, branch-of) de�ne tree-like
structureswhich typically describepathways for
the �o w of matteror informationin higherorgan-
isms (blood, lymphatic vesselsand nerves), but
which may also constitutethe building principle
of an organismssuchas a plant or coral. There
areseveral ways to conceptualizebranchingrela-
tions. In the FMA, a treeconsistsof a trunk and
many generationsof branches.Eachbranchis con-
sidereda subtreeof a higherorder tree,andeach
branchalsohasits own trunk. Thusbranch-ofcan
be interpretedeitherasa subtreeor asa continu-
ity relationshipbetweentwo or more trunks. A
subtreebranchhasa part relationto thehigheror-
der tree; two trunkshave a branchrelationshipif
they arecontinuouswith oneanotherend to side



or if a trunk terminatesby bifurcatingor trifurcat-
ing into subsidiarytrunks. Consequently, branch-
ing relationscannotbesubsumedby mereological
relationsbecause,generallyspeaking,a branchis
notconsideredpartof its trunk. To furtherillustrate
this, any instanceof Aorta, asthe trunk of a sys-
temicarterialtree,doesnotmereologicallyinclude
any instanceof its rami�cationssuchasLeft Com-
mon Iliac Artery, or Femoral Artery. Wherever
branchingrelationsare assertedbetweenconcept
classes,wede�ne Has-BranchandBranch-Ofsim-
ilar to Part-Of andHas-Part in Formula(2)and(3).
The development of the individual (ontogeny)
and the development of the species (phylo-
geny) accordingly form the relation pairs has-
developmental-form/ developmental-form-of, and
Has-Descendentvs. Descends-From. Both are
strictpartialorders.In anembryo,e.g.,its splanch-
nic mesenchymeis a developmentalform of its
cardiogenic cords, which – acrosssome other
steps– is a developmentalform of its primitive
heart. According to the above comments,the
inter-conceptrelations(Has-Developmental-Form
/ Developmental-Form-Of) have to be introduced
whentwo conceptclassesareto belinkedin terms
of ontogeny.
All phylogeny relations,in contrastto theontogeny
relations,aremaintainedbetweenconceptclasses,
and not betweenindividuals. As an example,
HomoHabilis Has-DescendantHomoErectusand
Homo Erectus Has-DescendantHomo Sapiens.
For any given instanceof homo sapiens,thereis
no speci�c instanceof any other hominid spe-
cies, so there is no correlateof this relation at
thelevel of individuals.Phylogeneticrelationsare
maintainedbetweenorganismconceptsaswell as
betweenanatomicalstructureconcepts(e.g.,Wing
Descends-FromForelimb).
Thereareotherrelationswhich arenot partial or-
ders but to which a foundationalstatuscan be
equally ascribed. Topology provides, in addition
to mereology, an important ontological organiz-
ation principle. In formal approachesto topo-
logy, the basic relation, connects, is symmetric
and relatestwo entities in space[3]. There are
different kinds of connection,e.g. external con-
nection (touching) or partial overlap [12]. Bio-
logical and common-sensenotionsof connection
vary widely, so it may be advisableto talk about
continuity, contiguity or attachment. If we stay
closer to formal topology, we need the relation
externally connects, which describesthe touching
of two objectswithout the sharingof parts, cor-
respondingto the relation continuous-within the

FMA. For example,an endocardium is externally
connectedto a myocardium. If we allow bound-
aries(seebelow), anotherimportantrelationpair
is boundsvs. bounded-by[10], which is irre�ex-
ive, intransitive and antisymmetric(e.g., a heart
is boundedby a surface-of-the-heart). Again, all
of theserelations exclusively relate individuals.
Therefore,new concept-to-conceptrelationshave
to bede�ned (e.g.Connects), whereverthey occur,
in conceptclassde�nitions, similar to formulae(2)
and(3). Notethatthealgebraicpropertiesof these
relationsmay differ: continuous-withis symmet-
ric, but Continuous-With is not: In an individual
neuron,its cell bodyis connectedto its axonand
vice versa.This contrastswith whatwe observeat
thelevel of conceptclasses:Althougheachaxonis
connectedto somecell body, noteverycell bodyis
connectedto anaxon.

GeneralAttrib utes

In contrastto relations(e.g.,has-part,Is-A), ordin-
aryattributessuchashas-dimension, has-inherent-
shapecan only be �lled once. Importantattrib-
utesarethe(geometric)dimension,thedistinction
betweensolid and holes, as well as the distinc-
tion of count, collection and massentities. All
biological structure(in a strict sense)hasa spa-
tial dimension,which rangesfrom volumes,sur-
faces,linesto points.Quitenaturally, thenotionof
a boundarycomesinto play. Any boundarymust
have exactly onedimensionlessthanthe entity it
bounds. This restrictsthe domainand the range
of the boundingrelation pair bounds/ bounded-
by. Upper-level concepts,suchasVolume, Surface,
Line, Point, divide the domainof spatially relev-
antbiologicalconceptsinto four disjointpartitions,
becauseeachbiologicalstructureentityhasexactly
onede�ning dimension[10]. Boundingstructures
canalsobedividedinto so-called�at andbona�de
boundaries.Accordingto [24] and[9], bona �de
boundariesare thosewhich have a structuralcor-
relate,e.g.thesurfaceof thebody, or theinnersur-
faceof a cell membrane.Fiat boundariesare`ar-
ti�cial' boundaries,e.g.,theMedioclavicularLine,
or theSagittal Planein grossanatomy.
The next fundamental ontological distinction
between three-dimensionalobjects is between
“hollow spaces”and“solids”. Examplesfor hol-
low spacesarethecranialcavity, the right atrium,
the lumenof a bronchioleor the hollow spacein
a protein molecule. Nearly all biological objects
have hollow spaceas parts (It is, therefore,not
plausibleto considerthem as partsof the exter-
ior space,suchasin formal topology). A possible



axiomatizationis that solidsmusthave solidsand
may have hollow spacesasparts,whereashollow
spacescanonlyhavehollow spacesandboundaries
asparts[20].
Biologicalstructurescanoccurassingle,countable
entities(e.g., a liver, a tooth, or a cell), but also
ascollectionsof uniform objects(e.g.,mitochon-
dria), or asstuff, e.g. a portion of blood or water
[6]. Collectionentitiescanbeviewedeitherassets
of their constituents,or astheir mereologicalsum.
In thelattercase,therelationbetweena collection
andits elementsboils down to a sort of has-part.
As an example,the conceptclassLeukocytesde-
notesall possiblemereologicalsumsof individual
leukocytes. Massconceptscanbe treatedascol-
lections as well, becausethey are collectionsof
smallparticles(cells,molecules,atoms).Whether
to classifyanitemasamassor collectionis essen-
tially a matterof perspective.

Non-foundational Relationsbetween
Concepts

Therearesomerelationsin theFMA, UMLS or in
OPENGALENwhich do not have a foundational
status: Subrelationsof part-of, suchas segment-
of, layer-of, shared-part-of, arbitrary-part-of, or
constitutes, for which transitivity no longerholds
[14, 9], canoftenbederivedfrom thefoundational
onesby domainor rangerestrictions.For instance,
layer-of requiresan anatomicallayer as domain
anda physicalentity asrange.Or, constituteshas
amassor materialasdomain.Therelationshared-
part-of, ontheotherhand,canbeinferredfrom the
factthatanentity is partof morethanoneotheren-
tity. E.g.,an aorta is part of a trunk andpartof a
systemicarterial tree. Otherrelationsthat canbe
inferredareinnervation(nervewhoseendingsare
connectedto a muscle) andinsertion(tendoncon-
nectedto abone).
The relation Is-Conceptually-Disjointrelatestwo
conceptclasseswhich do not have any instance
in common. This is the default situationin strict
monohierarchieswhere all classeswhich do not
subsumeone anotherare mutually disjoint. In
polyhierarchictaxonomiesa classmay have more
thanonetaxonomicparent. As an example,Pan-
creasmaybemodeledasbeingbothanEndocrine
OrganandanExocrineOrgan, andanAminoAcid
both as an Organic Acid and an Organic Amine.
Most pairs of conceptclasses,however, are mu-
tually exclusive: An organ cannotbe a cell, and
a nucleotidecannotbe a lipid. In order to pre-
vent unintendedmodels, theseconcepts(or any
parentof them)mustbe linkedvia therelationIs-

Conceptually-Disjoint.
An analogoussituationcanbeobservedin a mere-
ological ordering. Most arbitrary physicalentit-
iesarespatiallydisconnected,e.g.,thereis no pair
of respective instancesthatshareany parts,e.g.,a
handwith a foot, or aneyewith amouth. Mereolo-
gical disconnectednessbetweenconceptscan be
assertedwhenever the following condition is as-
sumedto hold:

MereologicallyDisconnected(A;B) = def

8x;y : inst-of (x;A) ^ inst-of (y;B) :)

:9 z : part-of (z;x) ^ part-of (z;y)

Theories
Thevastdomainof life sciencerequiresa decom-
position of the whole domaininto local theories,
both in termsof granularity[8] as well as scope
[7]. We de�ne a theoryasa setof formal axioms
whichdescribearestricted(local)domain.Wepro-
posea lattice of theorieswhich is designedalong
four parameters,viz. granularity (G), species(S),
development(D) andcanonicity(C).
Granularity . Theconceptualizationof biology is
coined by our cognition. Macroscopicanatomy
is restrictedto thenakedeye's view, histologyre-
quiresa light microscope,our notionsof cell bio-
logy are formedby the electronmicroscope,and
knowledgeof molecularbiology and geneticsis
gatheredusingchemicalandphysicaltechniques.
Along theselines, granularityissueshave a large
impacton high-level properties.In a very coarse-
grainedview, one may even considerclassifying
a microscopicallythin membrane,suchasa base-
mentmembrane, as a two-dimensionalboundary,
thus completelyneglecting its spatial extension.
Besidesthe sortal difference(degreesof dimen-
sionalityaremutuallydisjoint),thisalsohasanim-
pacton the connectionof neighboringstructures.
What may be de�ned as externally connectedto
the naked eye will appeardisconnectedunderthe
microscope.A low granularitymay alsoencom-
passabstractionsin termsof neglectingstructural
differencesof kinds of objects(conceptclasses).
Cell populations,suchasLeukocytes, e.g.,maybe
further classi�ed into Lymphocytes, Granulocytes
andothers. A distinctionof Lymphocytesinto B-
andT-Lymphocytes, andthelatterinto T4- andT8-
lymphocyteswill be requiredonly in �ne-grained
theories,e.g. neededfor the descriptionof the
pathologyof immunode�ciency. In acompleteon-
tological accountof living organisms,granularity
rangesfrom populations,ontheonehand,to atoms
andsubatomarparticles,on theotherhand.



Species. The universeof life includesmillions of
species.Hence,thedomainof humananatomyis
an extremely restrictedone. Mediating domains
are thoseof vertebratesor mammals. According
to theclassi�cationof organisms,which is thepro-
totypeof a taxonomicorder, propertiescanbe in-
troducedat any level of theclassi�catorytreeand
propagateacrossthat tree. Under a simplifying
view, heart is a muscularorganwhich hasa cav-
ity andis partof a circulatorytract. Theseproper-
ties hold true for chordates, arthropodsandsome
otherphyla. As far asthe heartsof morespeci�c
organismsareconcerned,additionalpropertiesare
required,e.g., a certainnumberof ventriclesand
valves, thepresenceof bloodor hemolymph, differ-
ent locationsof pacemaker cells (seeFig. 1). Ad-
ditionally, we have to considerintra-speciesvari-
ationssuchasgenderor race.
Development. Organismstraverse a life cycle
from birth to death.Eachdevelopmentalstagehas
its own characteristics.Even distantlyrelatedor-
ganisms,suchashumansand�ies, exhibit a high
degreeof similarity in the�rst embryologicstages.
Theexistenceof many partsof anorganismis re-
strictedto certainstages.For example,in miceem-
bryos,anectodermexistsonly in theso-calledTan-
nerstagesTS9– TS19,andthereis noheartbefore
theTannerstageTS11. Otherbodyparts(e.g. the
heart,cf. Fig. 1) appearin a certainembryologic
stageandperdurein all subsequentstepsof thelife
cycle.
Canonicity. Here we introduce the notion of
canonicity, as the well-formednessof biological
structure,and de�ne it as the degreeby which a
biologicalobjectcorrespondsto its canonical,i.e.,
idealizedform. We suggestan ordinal scalewith
� ve levels of canonicity, cf. Table1. The higher
the canonicitylevel, the more axiomshave to be
applied. All axioms introducedin a lower level
arepropagatedto all higherlevels. Axioms which
describestructuralmodi�cationsspeci�c to a con-
cretedisorder, e.gStomach Has-Part Ulcer arenot
consideredin this framework.

� Level 1 introducesthose axioms which hold
evenwith lethalstructuralmodi�cationsor post-
mortemdegeneration,suchasErythrocyteshas-
part Hemoglobin, BoneHas-Part CalciumCar-
bonate, Heart Ventricle Part-Of Heart, Leather
Has-Part Collagen(but notHeart ValvePart-Of
Heartbecauseit couldbeanisolatedheartvalve
for transplantation);

� Level 2 introduces,additionally, all thoseax-
iomswhichholdfor thedescriptionof biological

structuresorganizedin an organism, irrespect-
iveof living or dead,e.g.,theaxiomHeartValve
Part-Of Heart is introducedat this level, aswell
asCell NucleusPart-Of Cell;

� In Level3 all thoseaxiomsareaddedwhichhold
in living organisms,in addition to deadorgan-
isms,e.g.,Aorta Location-OfBlood, or Verteb-
rateBodyHas-Part Head(but not yet Gastroin-
tenstinalTract Has-Part Stomach, becausemost
individualssurvivea total remotionof thestom-
ach).

� Level 4 introduces,additionally, all thoseax-
ioms which characterizea healthy organism,
e.g. Hand Has-Part Thumband Gastrointen-
stinal Tract Has-Part Stomach. However, it still
allows anatomicalvariationswhenthey have no
impacton thefunctionof theorganism.

� Level 5 �nally completesthe set of axioms
neededfor thedescriptionof the “ideal” organ-
ism. Here enter, e.g., many cardinality con-
straints(e.g., in human: 32 teeth), one spleen,
threelobesof theright lung.

A theorycanbeexpressedby a nodein the lattice
of the four axesviz. G, S, D, and C. Herebythe
valuesof granularity(G), development(D), canon-
icity (C) arelocatedonanordinalscale,thevalues
of species(S) aregiven by the nodesof the clas-
si�cation of organisms.Eachnodeof this classi-
�catory treeintroducespropertieswhichareinher-
ited by its subsequentnodes.As anexample,Fish
Heart Is-A VertebrateHeartor DrosophilaEyeIs-
A Arthropod Eye. This meansthat Fish Heart
inheritsall propertiesfrom Vertebrate Heart, and
DrosophilaEye inheritsall propertiesfrom Arth-
ropodEye. Thesamemechanismcanbeobserved
with canonicity. All propertiesthat structuresof
low canonicityhave in common(e.g.,Tissuecon-
sistingof Cells) areinheritedby themorecanonic
structures.No suchinheritancerulesapply to the
variablesdevelopment(D) andgranularity (G).
Taking theheart asprototypicalexample,we will
now demonstratepractical inferenceswhich are
supposedto be drawn from a biological ontology
basedonour assumptions:

� A heartwith four chambersis not compatible,
e.g.,with any theorycharacterizedby S = �sh,
or by S= human& D = 4-week-embryo.

� Let us assumethe relation connectswhich is
maintainedbetweenthe right andthe left vent-
ricles.Wethenmayexcludemostnon-mammals



Level 1 2 3 4 5

Theory any amount any living any living living organism ideal
of matter, if of or dead organism withoutpathologic organism
biologicalorigin organism modi�cations

Setof n1 n2 n3 n4 n5
Axioms n1 � n2 n2 � n3 n3 � n4 n4 � n5

Table1: OrdinalScaleof Canonicity

(since they have no right and left ventricle),
but we may also exclude anatomicalheartsof
adult mammals(becausethey have a septum
betweenthe two ventricles). This scenariois
compatiblewith the theoriesD = embryo& S
= mammalaswell aswith S= mammal& C = 3.

� GiventhetheoryD = adult & S= vertebrate&
C = 5, every instanceof heartimplies the loca-
tion of blood,andeveryinstanceof bloodhasan
instanceof erythrocytesaspart. Assumingthat
has-partimplies location-of, andthat location-
of is transitive, we areableto infer that in this
theoryevery instanceof Heart is thelocationof
aninstanceof Erythrocytes, aswell.

Conclusions
In this paperwe de�ned requirementsfor ontolo-
giesof biologicalstructure.We introducedasetof
canonicalrelationsandattributesrequiredfor the
descriptionof biological structure,and discussed
their semanticsaswell asalgebraicproperties.
Finally, we sketchedanarchitectureby which ter-
minological knowledge about the anatomyof a
broadrangeof organisms,developmentalstagesas
well asmalformationsandpathologicalmodi�ca-
tions, canbe expressed.A centralelementis the
decompositioninto theories,which help organize
the hierarchiesand the axiomsin termsof gran-
ularity, developmentalstage,species,and canon-
icity. We claim the following advantagesin using
this approach:
(i) Redundanciesare avoided. As an example,
most axioms that describethe speciesmice, hu-
mans, and dogs are identical and thereforecan
reasonablybe encodedinto a more generalthe-
ory (suchas the oneof vertebrates). In turn, the
moregeneraltheoryinheritsthesharedproperties
of morespeci�c theories,e.g.,theonespertaining
to mice,humansor dogs. In a similar vein, attrib-
utesthat healthyand pathologicallymodi�ed or-
ganismshave in commonaredescribedin thenon-
canonicaltheoryfrom which thecanonicaltheory
inheritsthesharedproperties.

(ii) Adequatetheoriesfor aspeci�c applicationcan
be selected. It is neither computationallytract-
ablenor useful to export the whole knowledgeof
biology into a formalism in which logical opera-
tions canbe performed,e.g., by a terminological
reasoner. For example,if weneedto reasonabouta
TS12mouseembryo,we selecttheadequateinter-
sectionof theoriesto accesstheaxiomswe really
need.Someof theseaxiomsareinheritedfrom the
mammaltheory, othersfrom thetheoryof thever-
tebrates, andstill otherscomefrom the theoryof
the chordates. Someaxiomsare encodedin the
subtheoryof a developmentalstageof the verteb-
rates,and,lastbut not theleast,therearesomeax-
ioms which are only speci�c to the TS12 mouse
embryo.
(iii) Theintersectionof arbitrarytheorieshasvari-
able extensions. There are many caseswith no
extensions. The compatibility of theoriescan be
checked by formal reasoningdevices. As an ex-
ample,aheartwith oneventriclein atheoryrestric-
tedby S= humanandD = adult is not compatible
with C = canonical.



References
[1] J. Aitken, B. Webber, and J. Bard. Part-of rela-

tionsin anatomyontologies:A proposalfor RDFS
and OWL formalisations. In Proceedingsof the
Paci®c Symposiumon Biocomputing2004, pages
166±177.Hawaii, USA, January6-10,2004.

[2] K. Campbell, A. Das, and M. Musen. A lo-
gical foundationfor representationof clinical data.
Journal of the AmericanMedical InformaticsAs-
sociation, 1(3):218±232,1994.

[3] R. Casatiand A. Varzi. Parts and Places.The
Structuresof SpatialRepresentation. Cambridge,
MA: MIT Press,1999.

[4] A. Gangemi,N. Guarino,C. Masolo,andA. Ol-
tramari. Understandingtop-level ontologicaldis-
tinctions. In Proceedingsof the IJCAI-01 Work-
shop on Ontologies and Information Sharing,
pages26±33.Seattle,USA, August4-5,2001.

[5] GeneOntology Consortium. Creatingthe Gene
Ontology resource: Design and implementation.
GenomeResearch, 11(8):1425±1433,2001.

[6] P. GerstlandS.Pribbenow. Midwinters,endgames
andbodyparts:A classi®cationof part-wholerela-
tions. InternationalJournal of Human-Computer
Studies, 43:865±889,1995.

[7] C. Ghidini andF. Giunchiglia. Local modelsse-
mantics,or contextual reasoning= locality + com-
patibility. Arti®cial Intelligence, 127(2):221±259,
2001.

[8] J. Hobbs. Granularity. In Proceedings9th Intl.
Joint Conferenceon Arti®cial Intelligence, pages
432±435.Los Angeles,CA, 18-23August,1985.

[9] J.Mejino, A. Agoncillo, K. Rickard,andC. Rosse.
Representingcomplexity in part-whole relation-
shipswithin thefoundationalmodelof anatomy. In
Proceedingsof the2003AnnualSymposiumof the
AmericanMedical InformaticsAssociation, pages
71±75.Washington,D.C.,November8-12,2003.

[10] P. Neal, L. Shapiro,andC. Rosse. The DIGITAL
ANATOMIST structuralabstraction:A schemefor
the spatialdescriptionof anatomicalentities. In
Proceedings1998AMIA AnnualFall Symposium,
pages423±427.Orlando,FL, Nov. 7-11,1998.

[11] F. N. Noy, M. Musen,J. Mejino, and C. Rosse.
Pushingtheenvelope:Challengesin aframe-based
representationof humananatomy. TechnicalRe-
portSMI-2002-0925,StanfordUniversity, 2002.

[12] D. Randell,Z. Cui, and A. Cohn. A spatial lo-
gic basedon regions and connection. In Prin-
ciples of Knowledge Representationand Reason-
ing. Proceedingsof the 3rd InternationalConfer-
ence, pages165±176,1992.

[13] A. Rector, A. Gangemi,E.Galeazzi,A. Glowinski,
andA. Rossi-Mori. The GALEN modelschemata

for anatomy: Towards a re-usableapplication-
independentmodel of medicalconcepts. In Pro-
ceedingsof the 12th Conferenceof the European
Federation for Medical Informatics, pages229±
233.Lisbon,Portugal,1994.

[14] J. RogersandA. Rector. GALEN's modelof parts
andwholes:Experienceandcomparisons.In Pro-
ceedingsof the 2000 Annual Symposiumof the
AmericanMedical InformaticsAssociation, pages
714±718.LosAngeles,CA, November4-8,2000.

[15] C. RosseandJ. Mejino. A referenceontologyfor
bioinformatics: the FoundationalModel of Ana-
tomy. Journalof BiomedicalInformatics, 2004.In
press.

[16] C. Rosse,J. Mejino, B. Modayur, R. Jakobovits,
K. Hinshaw, andJ.Brinkley. Motivationandorgan-
izationalprinciplesfor anatomicalknowledgerep-
resentation:The DIGITAL ANATOMIST symbolic
knowledgebase.Journalof theAmericanMedical
InformaticsAssociation, 5(1):17±40,1998.

[17] OBO. OpenBiological Ontologies(OBO). http://
obo.sourceforge.net/,2004.

[18] UMLS. Uni®ed MedicalLanguage System. Beth-
esda,MD: NationalLibrary of Medicine,2003.

[19] XSPAN. CrossSpeciesAnatomyNetwork(XSPAN).
http://www.xspan.org, 2004.

[20] S.SchulzandU. Hahn. Mereotopologicalreason-
ing aboutpartsand(w)holesin bio-ontologies.In
Formal Ontology in InformationSystems.Collec-
ted Papers from the 2nd InternationalFOIS Con-
ference, pages210±221.Ogunquit,Maine, USA,
October17-19,2001.

[21] S. Schulzand U. Hahn. Parthoodas spatial in-
clusion± evidencefrom biomedicalconceptualiz-
ations. In Principles of Knowledge Representa-
tion andReasoning. Proceedings9th International
Conference. Whistler, Canada,June2-5,2004.

[22] P. Simons. Parts: A Studyin Ontology. Oxford:
ClarendonPress,1987.

[23] B. SmithandC.Rosse.Theroleof foundationalre-
lationsin the alignmentof biomedicalontologies.
In Proceedings11th World Congresson Medical
Informatics. SanFrancisco,CA, Sept.,2004.

[24] B. SmithandA. Varzi. Fiatandbona®deboundar-
ies. Philosophyand Phenomenological Research,
60(2):401±420,2000.

[25] B. Smith,J.Williams,andS.Schulze-Kremer. The
ontology of the GeneOntology. In Proceedings
of the 2003 Annual Symposiumof the American
Medical InformaticsAssociation, pages609±613.
Washington,D.C.,November8-12,2003.

[26] C. Welty andN. Guarino. Supportingontological
analysisof taxonomicrelationships.Data& Know-
ledge Engineering, 39(1):51±74,2001.


