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Abstract

Thesymbolicrepresentatiorof the physicalstruc-
ture of living organismsneedsan ontolagically

well-foundedandlogically soundappmoac sothat
formalreasoningcanadequatelype supported We

describea set of canonical relations and attrib-

utes necessaryfor the description of biological

structues. Basedon theseepistemolgical prim-

itives, we sketch how a broad range of organisms
can be representedby cascadingtheorieswhich

are ordered by variousdimensionssud as gran-

ularity, developmentgspeciesand canonicity We

thus aim at a rational reconstructionand non-
redundantrepresentationof biological structue

notions.

Keywords: Biological Ontolagies

Intr oduction

Formally founded descriptionsof the physical
compositionof biological entities have attracted
increasingattentionin the lastfew years,astheir
pivotal role in biomedicalontologieshasbeenin-
creasinglyrecognized?2, 13, 16, 14].

In orderto achiese a comprehensie formal rep-
resentatiorof living systemsthe rst stepwould
be to constructa multi-purposereferenceonto-
logy of biological structue. Suchan approach
shouldideally crossthe boundariedetweenspe-
cies, becauseeven organismswith largely differ-
entphenotypeshaw surprisingsimilaritiesatage-
neticlevel. Hence knowledgeaboutoneorganism
shouldbere-usablén orderto understanatheror-
ganismg19]. In termsof sheercoverage,alarge
amountof biomedicalterms are already repres-
entedby the UMLS [18], the GeneOntology[5]
anda continuouslyincreasinghumberof “anatom-
ies”, developedwithin the OpenBiological Onto-
logies (OBO) framework. [17]. However, all of
thesesystemsare committedto a highly select-
ive view of biological structurein termsof devel-

opmentalstages,granularity and species-speci ¢
structure. Each speciesanatomyis being built
from scratchalthoughtherougharchitecturef or-
ganismsxhibits considerablaimilaritiesbetween
speciesanddevelopmentaktages.

Focusing on the anatomyof the heart, Fig. 1
shavs a synopsisof several OBO modelstogether
with the FoundationalModel of Anatomy (FMA)
[16, 15]. Abstractingaway from terminological
differencege.qg.,circulatory systenvs. cardiovas-
cular systen), we recognizea numberof common-
alities betweendiverseorganisms. For instance,
the heartis always part of the circulatory system
Exceptin the caseof ies andin the early devel-
opmentalstagesof the mouse heartshave cham-
ber(s)and valves The differencebetweenheart
atriumsandventriclesexistsin sh aswell asin
miceandhumans.

With the exception of the FMA, which is based
on strict principlesandis moving towardsa form-
ally foundedredesignthe anatomiesf the other
species, as well as the (theoretically) species-
independenGeneOntology areno morethancon-
trolled vocahularieswith thesaurus-lik relations,
which in somecasesdo not even make consistent
useof the part-of relationand provide largely in-
completetaxonomiclinks [1]. Consequentlythe
decisionasto whetheradeductiorsuchascell has-
part nucleolusis valid or not andhow it shouldbe
interpreted assuminga modelwhich assertse.g.,
cell - has-part- cell nucleusandcell nucleus has-
part - nucleolusis left to theuser becausg¢hereis
no ontologicalcommitmentto eitherthe algebraic
propertiesof has-part e.g. transitvity, or the de-
pendenyg statusof has-partcell nucleus(is every
nucleoluspartof a cell nucleusor doesevery cell
nucleushave anucleolusaspart?).

This may be acceptablewhen the use of these
vocahularies is limited to manual, expert-level
geneannotatioror documentetrieval tasks.How-



Mouse (embryonal stage TS11, source: Drosophila (adult, source FlyBase)

MGI) - circulatory system
- cardiovascular system - - heart
- - heart - - - heart muscle
- - - cardiogenic plate - - - adult aortic funnel
- - - adult ostia
Mouse (embryonal stage TS18 , source: - - - dorsal diaphragm
MGI) - - - heart chamber
- cardiovascular system - - - terminal opening
- - heart
- - - atrio-ventricular canal Zebrafish (adult, source: ZFIN)
- - - atrium - cardiovascular system
- - - bulboventricular groove - - heart
- - - bulbus cordis - - - atrium
- - - endocardial cushion tissue - - - bulbus arteriosus
- - - mesentery - - - hypobranchial vessels
- - - outflow tract - - - sinus venosus
- - - pericardium - - - ventricle
- - - primitive ventricle
- - - sinus venosus Human, Adult, (source: FMA)
- cardiovascular system
Mouse (embryonal stage TS26 , source: - - heart
MGI) - - - wall of heart
- cardiovascular system - - - right atrium
--heart -~ - leftatrium is-a organ chamber
- - - aortic sinus - - - right ventricle
- - - atrio-ventricular canal - - - left ventricle
- - - atrio-ventricular cushion tissue - - - right side of heart
- - - atrium - - - left side of heart
- - - bulbar cushion - - - fibrous skeleton of heart
- - - endocardial cushion tissue - - - papillary muscle
- - - endocardial tissue - - - cardiac valve
- - - mesentery - - - tricuspid valve
- - - pericardium - - - mitral valve is-a cardiac valve
- - - trabeculae carneae - - - aortic valve
- - -valve - - - pulmonary valv
- - - ventricle - - - interatrial septum
- ()

Figurel: Comparatie HeartAnatomy(only part-wholdinks) from OBO Biological Ontologiesandthe Found-
ationalModel of Anatomy



ever, anticipatingtheirusefor knowledge-intensie
applicationstheinformal approacHeadsto 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.Comple conceptdescrip-
tions built from a set of formally founded con-
ceptualrelationsmay be a good startingpoint for

a formally adequatdreatmentof biological struc-
tures. In the following sectionswe focuson vari-

ous aspectf conceptuaimodelingof biological
structurein its broadessense aiming at a multi-

purposeoundationabntology

Relationsand Attrib utes

An ontologicalanalysisof ary domainshouldbe
guidedby generallysharedprinciples. According
to Gangemietal. [4], this rst requiresselectinga
setof foundationalformal) relationsthende ning
the groundaxiomsfor theserelations,establishing
constraintsacrossasicrelationsandde ning aset
of formal propertiesnducedby theseformal rela-
tions. Thena setof basiccateyoriesis introduced,
andtherelevantkinds of domainentities(concept
classesand instances)re classi ed accordingto
thebasiccategories.Finally, thedependencieand
interrelationsamongbasic categyories have to be
studied. In this paper we limit oursehesto an
overview of adequatéoundationalelationsandat-
tributes. Ratherthanproposinga single canonical
formalism,we outline alternatve axiomatizations,
their consequenceand intricacies. Our selection
of relationscomprisessomeof the (informal) re-
lations provided by the UMLS semanticnetwork,
completedby additionalones,consideredelevant
for describingbiologicalstructure.

Foundational Relations

Domainentitiescanbeorderedaccordingo (strict)
partial orderswhich are characterizedy a set of
orderingrelations. Strict partial ordersare trans-
itive, antisymmetricand irre e xive, whereaspar
tial ordersaretransitive, antisymmetriandre 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
thatrelationg(suchaspart-of) arecommonlyasser

ted betweenconceptclasses- and have therefore
a different semanticghan their cognaterelations
betweenindividuals — we stick to the following

namingcorvention: lower caserelationnamesare
usedfor relationsbetweenindividuals, and upper
casename<characterizeelationsbetweerconcept
classes. Accordingly, we write concept(class)
nameswith uppercaseinitials, andinstancenames
with lower caseinitials.

Taxonomy: The taxonomicls-A relation,a par
tial order, [26] relatesspeci ¢ classegdo concep-
tually moregeneralclassese.g. Mitral Valvels-A
Atrioventricular Valve or Alanin Is-A AminoAcid
More speci c classesinherit all propertiesfrom
moregeneraklassesThede nition of aclassillu-
minatesits distinctive characteristicén relationto
alreadyde ned (more general)classesfollowing
theAristotelianprincipleof genusanddifferentiae
Whereaghe genusassignsan entity to a class,the
differentiaedistinguishthe entity from otherentit-
ies alsoassignedo that class. For example,Left
HandhasHandasits genusandits laterality attrib-
uteleft asdifferentiae. Taxonomiesanhave either
a monohierarchica(single parent),or a polyhier
archic (multiple parent)structure. In the Found-
ational Model of Anatomy (FMA) [16, 11], e.g.,
huge taxonomiesare representeas strict mono-
hierarchies. The relation Is-A mustnot be mixed
up with therelationinstance-ofvhich relatesindi-
vidualswith theclasseshey belongto, e.g.,myleft
handinstance-oleft Hand Unfortunatelythere-
lationinstance-ofs oftenusednadequatelyn bio-
medicalontologiesge.g. MuscleSysteninstance-of
Organ Systenin the FlyBasevocalulary.

Mereology: At leastfor thelife sciencedomain,
not only taxonomicrelations(ls-A and instance-
of) but alsomereologicalelations(basically part-
of vs. has-par) are of outstandingand equalim-
portancefor the designof ary ontologydescribing
biological structure. In classical(i.e., axiomatic)
mereology[22, 3] genericparthoodis treatedasa
partial order Commonconceptualizationin the
biological domain, however, suggestthat the as-
sumptionthat part-of be re exive must be aban-
doned! The mostobvious distinctionbetweenls-
A and part-of relatesto the factthatthe rst one
is maintainedbetweerclasseswhereashe second
oneis maintainedonly betweenindividuals. As
anexample,my left thumbis part-of myleft hand

1Otherwise,ary instanceof “stomach”would be an
instanceof “stomachpart”, with the consequencéhat
the class*partial resectionof stomach”would include
“total resectiorof stomach”.



but the classThumbis certainly not part-of the
classHand However, “being part-of a hand” is
a property of ary instanceof Thumb This dis-
tinction hasbeenlargely ignoredin our domain.
As a result, the meaningof mereologicalrela-
tions assertedetweena pair of conceptssuchas
Part-Of(CellNucleusCell), is ambiguousallow-
ing the possibilityfor con icting interpretationgo
evolve: The GeneOntology[5] interpretsPart-Of
as“can beapartof, notis alwaysa partof” which
frequently leadsto unexpectedconclusions[25].
In contrast,the FoundationalModel of Anatomy
(FMA) [16] conceptualizepart-of in avery strict
manner: A Part-Of B meansthat arny instanceof
B hasan instanceof A as part, andary instance
of A is part of aninstanceof B [23]. This inter
pretationimposesa mutual dependeng between
parts and wholes and, therefore,may be too ri-
gid in mary cases.For example,we may wantto
expressthat ary instanceof a cell nucleusis part
of a cell, but certainly not ary instanceof a cell
hasa cell nucleus. Certainly we also may want
to instantiatenon-standardrganismswhich lack
certainbody parts. As far as othermodelsof or-
ganismgeferredto in the introductorysectionare
concernedespeciallymouse zebra shanddroso-
philaanatomythereis nocommitmentatall to the
propersemantic®f Part-Of.

A mereologicalelationbetweerconceptyclasses
of individuals),thereforecannotbeinterpretedin-
ambiguouslyunlesswe male clearstatement®n
the existenceof a whole with respectto its parts,
aswell asthe existenceof a part with respectto
its whole. Takinginto accountthe (supposed)n-
tendedmeaningof mereologicalelationsbetween
conceptswe de ne, similar to [23], Part-Of and
Has-Rart on the basisof part-of and has-part us-
ing inst-of asthe membershipgelationbetweenan
individualanda class:

Part-Of (A; B) = get 8X: ingt-0f(x;A) ) Q)
9y :ingt-of (y;B) " part-of (x;y)

HasPart(A;B) = gef 8X: ingt-of (x;A) ) (2)
9y ingt-of (y; B)  haspart(x;y)

Location: The locative relation [3], character
ized by the relation pair location-of vs. has-
location, is anotherpartialorderbetweerindividu-
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 and Has-Rart in Formula (2) and(3). A
crucial decisionis whetherto keep mereological
andtopologicalaspectseparatedor to subscribe
to a more simplied mereotopologicalview in
which spatialobjectscoincidewith theregion they
occupy. As anexample,is a bacteriumafterbeing
ingestedy acell (e.g.,a maciophage) partof this
cell? If not, do its componentge.g., molecules)
becomepartsof the original structureafterdecom-
position?Without ary doubt,boththebacteriaand
its componentsarelocatedwithin thatcell. Simil-
arly, is a hollow spacea part of its hostor part of
the exterior space(cf. [20])? Is a boundarya part
of theentity it bounds?

In arestricteddomainsuchasbiology, thedistinc-
tion betweenmereologyand topology may seem
arbitrary and inconsistent. Here, Part-Of may
imply Has-Location and connectioncan be ex-
pressedn termsof mereology[3]. In this case,
mereologicatelationswould be meresubrelations
of locative ones[21]. This may, however, complic-
atethe conceptualizatioof detachedparts,which
one could still considerto be includedin the no-
tion of part. For example,a metastasi®f a tumor
may still be considereda part of the primary tu-
mor which is, however, not locatedin the primary
site (the alternatve would be to considerit related
to the primary tumor by a relation such as has-
origin). This examplemakesclearhow important
it isin biologyto clarify themeaningof part,where
atleastthreeconceptualizationso-exist: Theloc-
ative one (a heartchamberis part of a heart),the
functionalone(anaxonis partof a motorneuron),
and the one motivatedby origin (a metastasiss
partof atumor, anepitheliumin a sputumsample
is partof therespiratorymucosa).

Other Foundational Relations: Branching re-
lations (has-band, brand-of) de ne tree-like
structureswhich typically describepathways for

the o w of matteror informationin higherorgan-
isms (blood, lymphatic vesselsand nerwes), but
which may also constitutethe building principle
of an organismssuchas a plant or coral. There
are several waysto conceptualizéoranchingrela-
tions. In the FMA, a tree consistsof a trunk and
mary generation®f branchesEachbranchis con-
sidereda subtreeof a higherordertree,andeach
branchalsohasits own trunk. Thusbrand-ofcan
be interpretedeitherasa subtreeor asa continu-
ity relationshipbetweentwo or more trunks. A

subtreebranchhasa partrelationto the higheror-

der tree; two trunks have a branchrelationshipif

they are continuouswith one anotherendto side



or if atrunk terminatedy bifurcatingor trifurcat-

ing into subsidiarytrunks. Consequentlybranch-
ing relationscannotbe subsumedy mereological
relationsbecausegenerallyspeaking,a branchis

notconsideregbartof its trunk. To furtherillustrate
this, ary instanceof Aorta, asthe trunk of a sys-
temicarterialtree,doesnot mereologicallyinclude
ary instanceof its rami cations suchasLeft Com-
mon lliac Artery, or Femoaml Artery. Wherever

branchingrelationsare assertedetweenconcept
classeswede ne Has-Branch andBranc-Ofsim-

ilar to Part-Of andHas-Rart in Formula(2) and(3).

The developmentof the individual (ontogeny)

and the development of the species (phylo-

geny) accordingly form the relation pairs has-
developmental-forth developmental-form-of and
Has-Descendenvs. Descends-fom  Both are
strictpartialorders.In anembryo.e.g.,its spland-

nic mesenbymeis a developmentalform of its

cardiogenic cords which — acrosssome other
steps— is a developmentalform of its primitive

heart According to the abore comments,the

inter-conceptrelations(Has-Deselopmental-Brm

/ Developmental-Brm-Of) have to be introduced
whentwo conceptclassesreto belinkedin terms
of ontogeyy.

All phylogety relations,n contrasto theontogery

relations,aremaintainedbetweenconceptclasses,
and not betweenindividuals. As an example,
HomoHabilis Has-DescendartiomoErectusand
Homo Erectus Has-DescendanHomo Sapiens
For ary given instanceof homo sapiensthereis

no speci ¢ instanceof ary other hominid spe-
cies, so thereis no correlateof this relation at

thelevel of individuals. Phylogenetiaelationsare
maintainecbetweenorganismconceptsaswell as
betweeranatomicaktructureconceptge.g.,Wng

Descends-fom Forelimb).

Thereare otherrelationswhich are not partial or-

ders but to which a foundational status can be

equally ascribed. Topology provides, in addition
to mereology an important ontological organiz-
ation principle. In formal approachego topo-

logy, the basic relation, connects is symmetric
and relatestwo entitiesin space[3]. Thereare
differentkinds of connection,e.g. external con-

nection (touching) or partial overlap [12]. Bio-

logical and common-sens@otionsof connection
vary widely, so it may be advisableto talk about
continuity, contiguity or attachment. If we stay
closerto formal topology we needthe relation
externally connectswhich describeghe touching
of two objectswithout the sharingof parts, cor

respondingto the relation continuous-within the

FMA. For example,an endocadiumis externally
connectedo a myocadium If we allow bound-
aries(seebelow), anotherimportantrelation pair
is boundsvs. bounded-by{10], which is irre e x-

ive, intransitve and antisymmetric(e.g., a heart
is boundedby a surface-of-the-heayt Again, all

of theserelations exclusively relate individuals.
Therefore,new concept-to-conceptklationshave
tobede ned (e.g.Connect} wherererthey occur,

in conceptlassde nitions, similarto formulae(2)

and(3). Notethatthe algebraicpropertiesof these
relationsmay differ: continuous-withis symmet-
ric, but Continuous-Wh is not: In anindividual

neuron,its cell bodyis connectedo its axonand
vice versa.This contrastswith whatwe obsenre at
thelevel of conceptlassesAlthougheachaxonis

connectedo somecell body, notevery cell bodyis

connectedo anaxon

General Attrib utes

In contrasto relations(e.g.,has-part,Is-A), ordin-
ary attributessuchashas-dimensiorhas-inheent-
shapecanonly be lled once. Importantattrib-
utesarethe (geometric)dimension the distinction
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
faceslinesto points. Quitenaturally the notion of
a boundarycomesinto play. Any boundarymust
have exactly onedimensionlessthanthe entity it
bounds. This restrictsthe domainand the range
of the boundingrelation pair bounds/ bounded-
by. Upperlevel conceptssuchasVolume Surface
Line, Point, divide the domainof spatially relev-
antbiologicalconceptsnto four disjoint partitions,
becauseachbiologicalstructureentity hasexactly
onede ning dimension[10]. Boundingstructures
canalsobedividedinto so-calledat andbona de
boundaries.Accordingto [24] and[9], bona de
boundariesare thosewhich have a structuralcor
relatee.g.thesurfaceof thebody, or theinnersur
faceof a cell membrane.Fiat boundariesare “ar
ti cial' boundariese.g.,theMedioclavicularLine,
or the Sagittal Planein grossanatomy

The next fundamental ontological distinction
between three-dimensionalobjects is between
“hollow spaces”and“solids”. Examplesfor hol-
low spacesarethe cranialcavity, theright atrium,
the lumen of a bronchioleor the hollow spacein
a protein molecule. Nearly all biological objects
have hollow spaceas parts (It is, therefore,not
plausibleto considerthem as parts of the exter
ior spacesuchasin formal topology). A possible



axiomatizationis that solids musthave solidsand
may have hollow spacess parts,whereashollow
spaceganonly have hollow spacesindboundaries
asparts[20].

Biological structuresanoccurassingle,countable
entities(e.g., a liver, a tooth, or a cell), but also
as collectionsof uniform objects(e.g., mitochon-
dria), or asstuff, e.g. a portion of blood or water
[6]. Collectionentitiescanbeviewedeitherassets
of their constituentspr astheir mereologicasum.
In the latter case therelationbetweera collection
andits elementsboils down to a sort of has-part
As an example, the conceptclassLeulocytesde-
notesall possiblemereologicasumsof individual
leukocytes Massconceptscan be treatedas col-
lections as well, becausethey are collections of
smallparticles(cells,moleculesatoms).Whether
to classifyanitem asamassor collectionis essen-
tially a matterof perspeciie.

Non-foundational Relationsbetween
Concepts

Therearesomerelationsin theFMA, UMLS or in

OPENGALEN which do not have a foundational
status: Subrelationsof part-of, suchas segment-
of, layerof, shaed-part-of arbitrary-part-of, or

constitutesfor which transitvity no longerholds
[14, 9], canoftenbederivedfrom thefoundational
onesby domainor rangerestrictions.For instance,
layer-of requiresan anatomicallayer as domain
anda physicalentity asrange. Or, constituteshas
amassor materialasdomain.Therelationshaed-
part-of, ontheotherhand,canbeinferredfrom the

factthatanentityis partof morethanoneotheren-
tity. E.g.,anaortais partof a trunk andpartof a

systemicarterial tree Otherrelationsthatcanbe
inferredareinnervation(nervewhoseendingsare
connectedo a musclg andinsertion (tendoncon-

nectedto abong.

The relation Is-Conceptually-Disjointelatestwo

conceptclasseswhich do not have ary instance
in common. This is the default situationin strict
monohierarchiesvhere all classeswhich do not
subsumeone anotherare mutually disjoint. In

polyhierarchictaxonomiesa classmay have more
thanone taxonomicparent. As an example,Pan-

creasmay bemodeledasbeingbothan Endocrine
OrganandanExocrineOrgan, andan AminoAcid

both as an Organic Acid and an Organic Amine

Most pairs of conceptclasseshowever, are mu-

tually exclusive: An organ cannotbe a cell, and
a nucleotidecannotbe a lipid. In orderto pre-
vent unintendedmodels, theseconcepts(or ary

parentof them) mustbe linked via therelation|s-

Conceptually-Disjoint

An analogousituationcanbeobsenedin amere-
ological ordering. Most arbitrary physical entit-
iesarespatiallydisconnectede.g.,thereis no pair
of respectie instanceghat shareary parts,e.g.,a
handwith afoot, or aneyewith amouth Mereolo-
gical disconnectednedsetweenconceptscan be
assertedvheneer the following conditionis as-
sumedo hold:

MereologicallyDisconneted(A; B) = get
8x;y:ing-of (x; A) ~ ing-of(y; B) :)
:9 z: part-of (zx) " part-of(zy)

Theories

The vastdomainof life sciencerequiresa decom-
position of the whole domaininto local theories,
both in termsof granularity[8] aswell asscope
[7]. We de ne atheoryasa setof formal axioms
whichdescribarestrictedlocal)domain.We pro-
posea lattice of theorieswhich is designedalong
four parametersyiz. granularity (G), specieqS),
developmen{D) andcanonicity(C).

Granularity . The conceptualizatiomf biology is
coined by our cognition. Macroscopicanatomy
is restrictedto the naked eye's view, histologyre-
quiresa light microscopepur notionsof cell bio-
logy are formed by the electronmicroscopeand
knowledge of molecularbiology and geneticsis
gatheredusing chemicaland physicaltechniques.
Along theselines, granularityissueshave a large
impacton high-level properties.In a very coarse-
grainedview, one may even considerclassifying
amicroscopicallythin membranesuchasa base-
mentmembane as a two-dimensionaboundary
thus completely neglecting its spatial extension.
Besidesthe sortal difference(degreesof dimen-
sionalityaremutuallydisjoint), thisalsohasanim-
pacton the connectionof neighboringstructures.
What may be de ned as externally connectedo
the naked eye will appeardisconnectedinderthe
microscope. A low granularitymay alsoencom-
passabstractionsn termsof neglectingstructural
differencesof kinds of objects(conceptclasses).
Cell populationssuchasLeulocytes e.g.,may be
further classi ed into LymphocytesGranulocytes
andothers. A distinction of Lymphocytesnto B-
andT-Lymphocytesandthelatterinto T4- andT8-
lymphocytesill be requiredonly in ne-grained
theories,e.g. neededfor the descriptionof the
pathologyof immunode cieng. In acompleteon-
tological accountof living organisms granularity
rangedrom populationspntheonehand,to atoms
andsubatomaparticles,ontheotherhand.



Species The universeof life includesmillions of

species.Hence,the domainof humananatomyis

an extremely restrictedone. Mediating domains
arethoseof vertebrateor mammals. According
to theclassi cationof organismswhichis thepro-

totype of a taxonomicorder, propertiescanbe in-

troducedat ary level of the classi catorytreeand
propagateacrossthat tree. Under a simplifying

view, heartis a muscularorganwhich hasa cav-

ity andis partof a circulatorytract Theseproper

ties hold true for chordates arthropodsandsome
otherphyla. As far asthe heartsof morespeci c

organismsareconcernedadditionalpropertiesare
required,e.g., a certainnumberof ventriclesand
valves the presencef bloodor hemolymphdiffer-

entlocationsof pacemakr cells (seeFig. 1). Ad-

ditionally, we have to considerintra-speciesari-

ationssuchasgenderor race.

Development Organismstraverse a life cycle

from birth to death.Eachdevelopmentaktagehas
its own characteristics Even distantly relatedor-

ganismssuchashumansand ies, exhibit a high

degreeof similarity in the rst embryologicstages.

The existenceof mary partsof an organismis re-
strictedto certainstagesFor example,in miceem-
bryos,anectodernexistsonly in theso-calledTan-
nerstagesI S9— TS19,andthereis noheartbefore
the TannerstageTS11. Otherbody parts(e.g. the
heart,cf. Fig. 1) appealin a certainembryologic
stageandperdurein all subsequerdtepsof thelife
cycle.
Canonicity. Here we introduce the notion of
canonicity as the well-formednessof biological
structure,and de ne it asthe degreeby which a
biological objectcorrespondso its canonicalj.e.,
idealizedform. We suggestan ordinal scalewith
ve levels of canonicity cf. Table1. The higher
the canonicitylevel, the more axiomshave to be
applied. All axiomsintroducedin a lower level
arepropagatedo all higherlevels. Axioms which
describestructuralmodi cations speci ¢ to a con-
cretedisorder e.gStomab Has-Rart Ulcer arenot
consideredn this framawork.

Level 1 introducesthose axioms which hold
evenwith lethalstructuraimodi cationsor post-
mortemdegenerationsuchasErythrocyteshas-
part Hemalobin, BoneHas-Rart CalciumCar-
bonate Heart \entricle Part-Of Heart, Leather
Has-Rart Collagen (but not Heart Valve Part-Of
Heartbecausét couldbeanisolatedheartvalve
for transplantation);

Level 2 introduces,additionally all those ax-
iomswhichholdfor thedescriptiorof biological

structuresorganizedin an organism irrespect-
iveof living or dead e.g.,theaxiomHeart Valve
Part-Of Heartis introducedat this level, aswell

asCell NucleusPart-Of Cell;

In Level 3 all thoseaxiomsareaddedwhich hold
in living organisms,in additionto deadorgan-
isms, e.g.,Aorta Location-OfBlood, or Verteb-
rate BodyHas-Rart Head(but notyet Gastioin-
tenstinalTract Has-Rart Stomab, becausenost
individualssurvive atotal remotionof the stom-
ach).

Level 4 introduces,additionally all those ax-
ioms which characterizea healthy organism,
e.g. Hand Has-Rart Thumband Gastointen-
stinal Tract Has-Rart Stomab. However, it still

allows anatomicalariationswhenthey have no
impacton thefunction of theorganism.

Level 5 nally completesthe set of axioms
neededor the descriptionof the “ideal” organ-
ism. Here enter e.g., mary cardinality con-
straints(e.g.,in human: 32 teetlj, one spleen
threelobesof theright lung.

A theorycanbe expressedy anodein the lattice
of the four axesviz. G, S, D, andC. Herebythe
valuesof granularity(G), developmeniD), canon-
icity (C) arelocatedon anordinalscale thevalues
of specieqS) aregiven by the nodesof the clas-
si cation of organisms. Eachnodeof this classi-
catory treeintroducesropertiesvhich areinher
ited by its subsequentodes.As anexample,Fish
HeartIs-A \ertebiate Heart or DrosophilaEyels-
A Arthropod Eye This meansthat Fish Heart
inheritsall propertiesfrom \ertebate Heart, and
DrosophilaEyeinheritsall propertiesfrom Arth-
ropodEye Thesamemechanisntanbeobsened
with canonicity All propertiesthat structuresof
low canonicityhave in common(e.g., Tissuecon-
sistingof Cellg) areinheritedby the morecanonic
structures.No suchinheritancerulesapply to the
variabledevelopmen{D) andgranularity (G).
Takingthe heart asprototypicalexample,we will
now demonstratepractical inferenceswhich are
supposedo be drawvn from a biological ontology
basedn ourassumptions:

A heartwith four chamberds not compatible,
e.g.,with ary theorycharacterizedy S= sh,
or by S= human& D = 4-week-embryo

Let us assumethe relation connectswhich is
maintainedbetweenthe right andthe left vent-
ricles. We thenmayexcludemostnon-mammals



[Tevel [ 1 [2 [3 [4 [5 |
Theory | ary amount ary living | ary living | living organism ideal
of matter if of or dead organism | withoutpathologic | organism
biologicalorigin | organism modi cations
Setof ni ny n3 Ny Ng
Axioms n n n, n3 ng Ny ng nNg

Tablel: Ordinal Scaleof 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
= mammahswell aswith S= mammak C= 3.

GiventhetheoryD = adult& S= vertebate &
C = 5, every instanceof heartimpliesthe loca-
tion of blood,andeveryinstanceof bloodhasan
instanceof erythrog/tesaspart. Assumingthat
has-partimplies location-of andthat location-
of is transitve, we areableto infer thatin this
theoryevery instanceof Heartis thelocationof
aninstanceof Erythrocytesaswell.

Conclusions

In this paperwe de ned requirementdor ontolo-
giesof biologicalstructure We introduceda setof
canonicalrelationsand attributesrequiredfor the
descriptionof biological structure,and discussed
their semanticaswell asalgebraigroperties.
Finally, we sketchedan architectureby which ter-
minological knowledge about the anatomyof a
broadrangeof organismsgdevelopmentaktagess
well asmalformationsand pathologicalmodi ca-
tions, canbe expressed.A centralelementis the
decompositiorinto theories,which help organize
the hierarchiesand the axiomsin termsof gran-
ularity, developmentalstage,species,and canon-
icity. We claim the following advantagesn using
thisapproach:

(i) Redundanciesire avoided. As an example,
most axiomsthat describethe speciesmice hu-
mans and dogs are identical and thereforecan
reasonablybe encodedinto a more generalthe-
ory (suchasthe one of vertebateg. In turn, the
more generaltheoryinheritsthe sharedproperties
of morespeci c theoriese.g.,the onespertaining
to mice, humansor dogs. In a similar vein, attrib-
utesthat healthyand pathologicallymodi ed or-
ganismshavein commonaredescribedn thenon-
canonicaltheoryfrom which the canonicaltheory
inheritsthe sharedproperties.

(i) Adequateheoriedor aspeci c applicationcan
be selected. It is neither computationallytract-
ablenor usefulto export the whole knowledgeof

biology into a formalismin which logical opera-
tions can be performed,e.g., by a terminological
reasonerFor example if we needto reasorabouta
TS12mouseembryo,we selectthe adequaténter-

sectionof theoriesto accesghe axiomswe really
need.Someof theseaxiomsareinheritedfrom the
mammalheory othersfrom the theoryof thever

tebrates andstill otherscomefrom the theory of

the chordates Someaxiomsare encodedin the
subtheoryof a developmentaktageof the verteb-
rates,and,lastbut nottheleast,therearesomeax-

ioms which are only speci ¢ to the TS12 mouse
embryo.

(iif) Theintersectiorof arbitrarytheorieshasvari-

able extensions. There are mary caseswith no

extensions. The compatibility of theoriescan be
checled by formal reasoningdevices. As an ex-

ample aheartwith oneventriclein atheoryrestric-
tedby S= humanandD = adultis notcompatible
with C = canonical
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