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The objective of this study is to compare desaiptiogics (DLs) and frames for representing
large-scale biomedical ontologies and reasoninl thikm. The ontology under investigation is the
Foundational Model of Anatomy (FMA). We convertédrom its frame-based representation in
Protégé into OWL DL. The OWL reasoner Racer heipedtify unsatisfiable classes in the FMA.
Support for consistency checking is clearly an atage of using DLs rather than frames. The in-
terest of reclassification was limited, due to diféiculty of defining necessary and sufficient eon
ditions for anatomical entities. The sheer size @rdplexity of the FMA was also an issue.

1 Introduction

As virtually all other biomedical ontologies reldatethem, reference ontologies for core
domains such as anatomical entities and small ml@sdorm the backbone of the Se-
mantic Web for Life Sciences. One such ontologthes Foundational Model of Anat-
omy (FMA). However, existing reference ontologiesngtimes need to be adapted to
Semantic Web technologies before they can actwalhtribute to the Semantic Web.
Converting ontologies into the formalisms supportgdthe Semantic Web can also
benefit these ontologies as such formalisms enadnisistency checking and reasoning
support. This study explores the benefits of cainvgrthe FMA, a large reference on-
tology, to the Web Ontology Language OWL.

Biomedical terminologies and ontologies are indreglg taking advantage of De-
scription Logic (DL)-based formalisms in represegtiknowledge. GALEN and
SNOMED Clinical Term8 (SNOMED CT¥ were both developed in a native DL for-
malism. Other terminologies have been converted Dt formalism, including the
UMLS® Metathesaur(f§[1-3] and Semantic Network [4], the Medical Subjeeadings
(MeSH) [5], the Gene Ontology™ [6] and the Natio@ancer Institute Thesaurus [7].

! http://www.opengalen.org/
2 http://www.snomed.org/snomedct_txt.html




However, many ontologies developed in the frameagigm — often with the ontology
editor Protégé (e.g., the Foundational Model of tAmey) — cannot benefit from the
reasoning support provided by description logicd eannot directly contribute to the
Semantic Web.

While developed out of frame-based structures, rifgmn logics provide more pre-
cise specification of domain knowledge and enaldegsful reasoning support. The
most popular description logic formalism is curtgrthe Web Ontology Language
(OWL) [8, 9]. Serving as the logical basis for themantic Web, OWL is used to for-
malize a domain, assert properties about indivslaald reason about classes and indi-
viduals. OWL comes in three flavors (OWL Lite, OWRL and OWL Full), corre-
sponding to different levels of expressivity (i.ethat knowledge can be represented
with the language) and decidability (i.e., whethesisoning support is assured). OWL
Full is maximally expressive but undecidable; imtast, OWL Lite is efficient but has
limited expressivity. Based on description rathert predicate logic, OWL DL offers a
trade-off between expressivity and decidabilityl vdrsions of OWL use the Semantic
Web technology RDF (Resource Description Framewfank)heir syntax.

In previous work, we proposed a method for conmgrthe Foundational Model of
Anatomy (FMA) from its original frame-based repnetsgion to OWL DL [10, 11]. In
addition to the conversion process, this study $esuwon the reasoning support enabled
by OWL DL for the FMA. Dameron et al. have exploitte conversion of the FMA to
OWL Full rather than OWL DL [12]. Their goal is &iay as close as possible to the
Protégé representation constructs, which is nogipleswith OWL DL (e.g., represent-
ing metaclasses). Beck et al. also transformed=M4 into a description logic-based
representation (but not OWL), with special emphasishe representation of partitive
relations (“Structure-Entirety-Part triplets”) [13]

This study is composed of two parts: conversion aaboning. Section 3 presents
the conversion rules we established to automagicahvert the FMA from its frame-
based representation in Protégé into OWL DL, folldviby results (section 4) and opti-
mization issues (section 5). A reasoner (Raceusésl to reason over the OWL version
of the FMA converted from Protégé. After a briekoview (section 6), we study satis-
fiability (section 7) and reclassification (secti®8n The benefits and limitations of using
description logic to model the FMA are discussedséttion 9. Examples of FMA
classes in OWL DL could not be included in this mmsoript, but are available as sup-
plementary material ator. nl m ni h. gov/ pubs/ supp/ 2006- psb-sz/. They are refer-
enced by “Supp x” markers.



2 The Foundational Model of Anatomy

The Foundational Model of AnatoryFMA) is an evolving ontology that has been
under development at the University of Washingtimwes 1994 [14, 15]. The FMA is
implemented in Protédéa frame-based ontology editing and knowledge iaitepn
environment developed at Stanford University [1Bhe objective of the FMA is to
conceptualize the physical objects and spacescthadtitute the human body. 70,169
classes cover the entire range of macroscopic,ostopic, and subcellular canonical
anatomy. Additionally, 187 slots are specified arsgéd. Seven of them correspond to
partitive relationshipse(g., constitutionaL_parT_oF and2D_rar_oF). In canonical anatomy,
all partitive relationships have inversesg(, consnTutionaL_ParT and 2D_part, respec-
tively). 80 slots represent associative relatiopstietween classes, of which 42 have
inverses €.9., BRancH / BRANCH_OF and CONTAINS / CONTAINED_IN); CONTINUOUS WITH iS itS own
inverse; 37 slots do not have inverses.( FascicULAR_ARCHITECTURE @ndHas watL). In ad-
dition to slots linking classes, there are 61 slotSMA describing atomic properties of
classes€.g., the slotias mass accepts a Boolean value: TRUE or FALSE). Finadlg,
slots in the FMA link classes to instantés.g.,Location andPREFERRED_NAME).

In order to reduce the number of classes undersiigation while keeping most of
the complexity of the FMA, we ignored the classiéf&dng from their parents solely by
laterality (e.g.Left ligament of wrist vs. Ligament of wrist). The remaining subset com-
prises 39,337 classes. A CLIPS representation @A was generated in Protégé,
provided by the FMA developers. The features inGh¢PS representation of FMA are
generally the same as in the Protégé environmemtieMer, slots typed as Boolean in
the Protégé environment are represented as typeB®Mn CLIPS (with allowed-
values of TRUE and FALSE). The version of the FM#ed in this study is dated of
July 2004.

3 Conversion rules

Ontologies developed in Protégire composed of classes and instances, the classes
being organized in a taxonomy. Slots and facetsaamher important component of
frame-based systems: slots specify relationshipgg/dsn classes and describe class
properties; facets express constraints on slotsL ©¥{ologies contain classes, proper-

3 http://fma.biostr.washington.edu/

“ http://protege.stanford.edu/

® Instances in FMA correspond to special types aff whlues, not to the realization of anatomicaloegts as
it is generally understood. (See Supp 4 and Supp &amples)

® Throughout this paper, Protégé refers to the “Gumtégé”, i.e., the frame-based editor, ignorisgbpular
OWL plugin.



ties and individuals. Classes are specified by searg conditions and/or defined by
necessary and sufficient conditions.

We designed conversion rules and implemented tlmeorder to convert the FMA
into OWL DL automatically. In practice, our toolsrovert the original CLIPS file into
an OWL file. The conversion can be summarized HBgvis. Classes in Protégé become
classes in OWL DL Slots in Protégé become properties in OWL DLI(iding annota-
tion properties). Finally, necessary and sufficieanditions are defined for OWL DL
classes.

3.1 Converting slots of the FMA in Protégé into propes in OWL DL

All slots used in the FMA are represented in aleag! slot class. Each of these slots is
converted into a property in OWL DL. Slots haveypet specificationd.g., INTEGER
and SYMBOL) and constraints about the allowableugal{.e., in allowed-parents /
allowed-classes / allowed-values), which are ueedktimit the type and range of prop-
erty in OWL DL, as shown in Table 1. Additionalthe number of values allowed in a
slot (single-slot or multi-slot specification) cesponds to the cardinality (at most one
or multiple) of the corresponding property. Slotshwsingle-slot specification are con-
verted into functional properties in OWL DL. Finglklots having inverses (inverse-slot
specification) are converted as to stand #ai.averseof relation in OWL DL; when a slot
is its own inverse, the corresponding property bezpsymmetric in OWL DL.

Slot of the FMA in CLIPS Property in OWL DL

Typed INTEGER, FLOAT or STRING owl:DatatypeProperty With range being XML Schema datatypes
integer, float and string, respectively

Typed SYMBOL with allowed-values owl:DatatypeProperty With range being XML Schema datatype

TRUE and FALSE Boolean

Typed SYMBOL with allowed-values that | owl:ObjectProperty with range being an enumerated class ofj all

are neither TRUE nor FALSE individuals in allowed-values

Typed SYMBOL with allowed-parents owl:ObjectProperty With range beingwi:unionof all classes in
allowed-parents

Typed INSTANCE with allowed-classes owl:ObjectProperty with range beingwi:unionof all classes in
allowed-classes

Table 1 — Rules for converting slots of the FMAoiproperties in OWL DL

In addition to the overall top-level definitionpgs can be introduced in class descrip-
tions in CLIPS, representing that the class isvedld to have the slot. We use such
specification to delimit the domain of property@WL DL. If slot Sis introduced in

" OWL classes are either named or unnamed. Throaghisupaper, unless we explicitly specify “unnarhed
“class” refers to named classes.



classX, thenX becomes an element of the domain of the progms one slot can be
introduced into multiple classes, the domairsa$ the union of all these classes. (see
Supp 1- Supp 4 for examples)

In order to convert slots of type SYMBOL with alled values other than TRUE or
FALSE into properties having an enumerated clagbeis range, one individual has to
be generated in OWL DL for each of the allowed ealof these slots (see Supp 5).

3.2 Converting classes of the FMA in Protégé into ctas in OWL DL

Every class of the FMA is represented both as acteds and an instance of another
metaclass in Protégé, “as a technical solutionefaabling the selective inheritance of
attributes” [16]. Thametaclass definition of a class, inherited by its subclasses, specifies
its name, its direct superclass(es), and the sittsduced in this class. Therefore, al-
lowable slots for a class include the slots inticetliin this class and those inherited
from its superclasses. In contrast, thetance definition of the class, not inheritable,
specifies the metaclass of which this class isnatance i(e., metaclass instantiation),
and all the values for the slots in this class. Whenverted into a class in OWL DL,
the metaclass and instance definitions of the dlas&otégé are merged, as shown in
Table 2. (See Supp 6-Supp 8 for examples).

Class of the FMA in CLIPS Class in OWL DL
” Every taxonomic relation to direct super- | rdfs:subClassOf axiom to a named class representing
g g class the direct superclass
S & | Bvery slot introduced with allowed-parenty property restriction witlwil:allValuesFrom constraint
@ % | (or allowed-classes) on owl:unionOf all classes in allowed-parents
= T | Every slot introduced with allowed-values | property restriction witlwl:hasvalue constraint on
and a concrete value specification the value
Metaclass instantiation rdfs:subClassOf axiom to a hamed class representing

the metaclass that this class is an instance of
Every slot value where the slot is converted property restriction witlwl:hasvalue constraint on
into a datatype property the value

Every slot value where the slot is converted rdfs:subClassOf axiom to the property restriction
into an object property ranging over an with owl:hasvalue constraint on the value
enumerated class
Every slot value where the slot is converted property restriction witlowl:someValuesFrom con-
into an object property ranging over a straint on the value

named class or disjunction of named clasges

Instance definition

Table 2 — Rules for converting classes of the Fit& classes in OWL DL

Attributed slots are used to represent the pragedf relations. For example, because
the partitive relation betweefall of esophagus andEsophagus is not shared with other
anatomical structureinshared is an attribute of thisrrrisutep_part slot. Attributed slots



and their values are converted inteciassof axioms to the property restrictions with
owl:someValuesFrom CONStraints on the nested classes generated foathes (see Supp 9 for
an example).

3.3 Defining classes in OWL DL by necessary and su#itt conditions

In modeling classes, OWL distinguishes between types of conditionsnecessary
and sufficient conditions (owl:equivalenceclass) Which define classeand necessary condi-
tions (owi:subclassof). Slot values generally correspond to necessangitions. However,
there is no correspondence in Protégé for necessuhsufficient conditions in OWL.
One trivial solution consists of simply describitige classes with necessary conditions
rather than defining them with necessary and dafficconditions. In this case, only
limited reasoning support can be expected, as neassuch as Racer rely in part on
defined classes. Alternatively, we had to selesbmewhat arbitrarily — the properties
that would define FMA classes. Intuitivedyd as a first approximation, we considered
anatomical structures to be “the sum of their pantsl selected one of the mereological
views, the slotonsntutionaL ParT — With all its values — as the source for necgsaad
sufficient conditions for classes in OWIOther slots and combination thereof could
also be selected, leading to different reasonisgltgin OWL. (See Supp 10 for an ex-
ample).

In addition to necessary and sufficient conditiatefined classes can also have nec-
essary conditions, calleglobal axioms in this case (coming from slots other than those
selected for necessary and sufficient conditioHs)vever, global axioms are known to
dramatically increase the reasoning complexity acdt and were therefore purposely
removed from defined classes.

3.4  Designating annotation properties in OWL DL

Similarly to the necessary and sufficient condisiaf classes, annotation properties in
OWL have no direct correspondence in Protégé. $totrlentifiers and names of ana-
tomical structures (e.gUWDAID, PrererreD_NAME andSwonvms) typically become annota-
tion properties in OWL DL. Such slots must be idfeed manually. Their values are
converted into data literals in OWL DL. (See Sufpahd Supp 12 for examples).

8 A class is defined to be equivalent to a conjumcif its direct superclasses, the metaclass oftwiiiis
class is an instancepmeValuesFrom restriction onS overUy, ..., andsomeValuesFrom restriction onS over
Un



4  Results of the conversion

After the conversion of the 39,337 classes andsl&® from FMA in Protégé (ignoring
laterality distinctions), FMAINOWL contains 39,38¥asses, 187 properties and 85 in-
dividuals. Among the properties, 20 correspondriootations (including 3 from attrib-
uted slots), 19 to datatypes and 148 to objecteatms (including 29 from attributed
slots). 115,203usclassof axioms are generated, including 39,331 from taron@nd
3,406 from metaclass instantiation. Additionally3Z0 nested classes are generated for
the values of attributed slots, and 9,88:ziassof axioms are contained in these nested
classes. 559 classes are defined througlvaeniciass axioms after using slot
CONSTITUTIONAL_PART @S source of necessary and sufficient conditidvith these defined
classes, the total number s@fciassor axioms in FMAINOWL has decreased to 107,238,
including 38,772 from taxonomy, and 3,378 from rokdss instantiation.

5 Optimizing the conversion

Optimization techniques have been explored to daensSMAINOWL, for the purpose
of enabling the OWL reasoning and to make it mdfieient. Unlike removing global
axioms as presented earlier, the optimization améschange the logical definitions or
reasoning results of FMAInOWL.

Optimizing domains. As stated earlier, the domain of a property inlOBL is the
disjunction of all classes where the correspondilog is introduced. Some properties
contain a large number of classes in their domééms, 1,618 foriocation), leading to
inefficient OWL reasoning. Classes that are desaetsdof other classes in the domain
can be removed from the domain without changingdf@nition or application of the
property. The optimization results in downsizing ttomain of 40 of the 187 properties.
For example, only 2 classes remain in the domais6d after optimization.

Optimizing subclassof axioms As stated earlier, classes receiMeiassor axioms to
named classes in OWL DL from two sources: taxonamliations and metaclass instan-
tiation. For example, class is represented as “X is-a Y” in metaclass defimitand
“[X] of Z” in instance definition. Optimization témiques prevent the generation of 28
reflexive subclassof axioms (from “[X] of X”), 24,307 duplicateubciassor axioms (from
“Xis-a Y” and “[X] of Y”) and 11,430 transitivelyedundant axioms (from “X is-a Y”
and “[X] of Z” where Y is a descendant of Z). Ovkranly 9% of 39,337 classes end
up havingsubciassof axioms from both taxonomy and metaclass instaotiat

6 Reasoning over FMAInOWL with Racer

Besides making it available in a popular formalighe principal motivation for con-
verting the FMA into OWL is to benefit from reasngisupport. Because it is mapped



to description logic, OWL DL makes use of existiegsoners such as Racer [17]. Rea-
soning support allows users to check the consigtehthe onlology and the hierarchi-
cal organization of the classes (classificationliké consistency checking, classifica-
tion requires classes to be defined with necesaady sufficient conditions, not only
described with necessary conditions.

The sheer size and complexity of FMAINOWL, evereafimiting the number of
classes and optimizing the conversion, caused Ractail to reason over the whole
file. Extracting a subset (e.g., for the cardiowdac system) would alleviate this prob-
lem but is likely to hide issues specific to otlsebsets. Instead, we elected to reason
over the whole domain. As suggested by the devedopfeRacer, we tested only a lim-
ited number of properties at a given tineg(, no properties, only Boolean typed prop-
erties, two inverse object properties). In practiwe generated smaller versions of the
FMAINOWL file, containing all classes but limited the properties to be tested. Ver-
sion 1.7 of Racer was used in this study on a Miftd/Vindows platform.

7 Checking consistency: class satisfiability

We checked the consistency of the ontology base@8aoiean properties and on the
domain and range of properties. Importantly, ndy @o the descendants of unsatisfi-
able classes become unsatisfiable themselves,hisuist also the case of all classes
which have an unsatisfiable class as value for quoeerty.

7.1 Consistency based on Boolean datatype properties

In the FMA in Protégé, Boolean slots are used ¢one differentiae between high-level
anatomical categories. For example, material phaysamatomical entities have mass
(hasvalue (has_mass true)), While non-material physical anatomical entit@és not asvalue
(has_mass false)). Classes specified as descendants of bﬁ)thal_physical_anatomical_entity and
Non-material_physical_anatomical_entity Were identified as unsatisfiable by Racer.

113 such classes were identified by Racer in FMAIAO Inconsistencies were
traced back to inconsistent descriptions in the F{88 cases) and to the conversion
process (74 cases). Examplesimdonsistent descriptions in the FMAinclude the
class zone of cell. This class inheritShasvalue (has_mass tue) from its ancestormate-
rial_physical_anatomical_entity and has valu@ise in itS own Slothas_mass. Note that because
zone_of_cell iS unsatisfiable, all its descendants also becansatisfiable. During theon-
version process we showed that both taxonomic relations and ntegadnstantiation
are converted inteubclassof axioms (section 3.2). Merging the two definitionay result
in conflicting values for a given Boolean properfor example, the classompart-
ment_subdivision IS @ descendant @®kterial_physical_anatomical_entity and an instance of the meta-
C|aSSAnatomicaI_space, itself a descendant Ofon—material_physical_anatomical_entity. Again, this



class inherits bothue andraise for the propertyas_mass and is therefore unsatisfiable (as
are, in turn, its descendants).

7.2  Consistency based on the domain and range of ofypeoperties

Racer checks the consistency between the domaimaaige defined for a given object
propertyP (see 3.1) and the restriction(s) involving thisgarty in the definition of a
classC. Consistency checking based on domain and rang@Wh. is different from
type checking in programming languages. Here, stescy implies that the intersec-
tion between the domain (or range)Roénd the value d® in C is not empty. The class
C is declared unsatisfiable by Racer if this conditis not met. For example, the prop-
erty D2D_PART has rang&Non-Material_physical_anatomical_entity. In the C|aSSSurface_of_Wrist, the
pl’OpertyDZD_PART has Va|Ue\nat0mic_snuff_box, a descendant @faterial_physical_-anatomical_entity.
The value 0b2D_parT in surface_of wrist iS disjoint from the range af2D_rarr. The class
surface_of_wrist iS thus identified as unsatisfiable by Racer. @Nethis error is the only
one revealed by this type of consistency checkirtpé FMA.

8 Reclassification

The whole taxonomy of the FMA is built manually the domain experts under FMA-

specific modeling principles [15]. In contrast, Ra@utomatically recreates the class
hierarchies based on the definition of the clasBéscrepancies between the original
taxonomy and Racer’s hierarchy, i.e., reclassifiegses, typically correspond to incon-
sistent descriptions in the FMA or issues in thevewsion process. As for unsatisfiabil-

ity, reclassification may have far-reaching effeti® to propagation.

8.1 Reasoning on necessary and sufficient conditions

Based on necessary and sufficient conditions the.propertyconsritutionaL_parT in this
experiment), 286 classes were reclassified by Racerging to light the following is-
sues: sibling classes having the same constitutjgarés become equivalent; a class and
its direct superclass having the same constitutipads become equivalent; a class and
its direct superclass become equivalent when tasscand one of its indirect super-
classes have the same constitutional parts; atasa becomes a subclass of its sibling.
An analysis of some of the classes reclassifiedfitogs that the property
CONSTITUTIONAL_PART — as currently defined in the FMA — is not a reléasource of neces-
sary and sufficient conditions. For example, tressAioventricular_vaive and its two direct
subclassesitral_vave andrricuspid_vaive are all identified as equivalent because_vave and
Tricuspid_valve have the same constitutional parts as their intiBeperclassardiac_valve.



8.2 Reasoning on transitive properties

Partitive relationships among (canonical) anaton@dities are generally transitive.
Unlike in Protégé, the transitivity of propertiesssupported in OWL DL. The property
constituTionAL_PART, for example, was defined as transitive, whichpiélidentify addi-
tional issues in the class definitions in FMAINnOWhpst of which being related to se-
lecting consnitutionaL_ParT @S the source for necessary and sufficient camditi One
such issue can be summarized as follows. The totistial parts obrostate include, by
transitivity, cells such asuminal_cell_of_prostatic_acinus, Which have the same values for
CONSTITUTIONAL_PART aScell. This causesrostate t0 be reclassified — along with 137 other
classes — as a direct subclass«of Our point here is to not to argue whether presiat
a kind of cell or not, but rather to emphasizegbwer of reasoning in identifying mod-
eling or conversion insufficiencies. Of course, iaddconstraints to the definition o
would prevent such infelicitous reclassificatiod].1

9 Discussion

Reasoning support as a quality assurance tadlarge ontologies are notoriously diffi-
cult to develop and maintain in a consistent stagpecially when they are developed
with little or no support for consistency checkifgame-based ontology environments
such as Protégé do accommodate plugins allowing tisgerform consistency checks,
but offer little built-in support for consistenchecking. “DL-izing” the FMA makes it
amenable to reasoning support and can therefousdwskfor quality assurance purposes.
In our experience with the FMA, consistency chegkirelped detect modeling errors
otherwise difficult to identify (e.g., low-level@$ses inheriting from two disjoint high-
level classes). The benefit in terms of reclassiion is more subtle, due to the diffi-
culty of defining necessary and sufficient condidor anatomical entities.

More work is heeded to determine the place of D&elatechniques in the validation
and verification of ontologies. While our experiergeems consistent with recent work
on ontology “debugging” [18], such techniques agetainly complementary to visual
(e.g., Jambalaya plugin) or other validation apphea (e.g., [19, 20]).

Size matters The FMA is one of the largest ontologies devetbpdéth Protégé so far,
and probably the largest to be converted from Bété OWL DL. In comparison to the
70,169 classes and 187 properties of the FMA, tBéThesaurus contains “only” about
34,000 classes, 100 properties, and 9,000 conditibrclasses [21]. Moreover, no nec-
essary and sufficient conditions are defined, meramyowi:hasvalue OF owl:allvaluesFrom re-
strictions specified in the NCI Thesaurus. The sls#se and complexity of the FMA
represented an issue not for the conversion, buthfo reasoning. In fact, Racer could
not digest the entire FMA, even after removing 48P4ts classes and optimizing the



representation. In order to enable consistencykihgcproperties had to be tested indi-
vidually or in small groups rather than all togethReasoning over large ontologies
remains technically challenging.

Necessary and sufficient conditionsThe biggest challenge in this experiment is cer-
tainly to define the classes in OWL DL automatigddly selecting the appropriate nec-
essary and sufficient conditions. Other attemptsotavert existing ontologies or termi-
nologies into OWL generally did not address neagsaad sufficient conditions (e.g.,
[21]) or deferred this issue to the applicationsgghese ontologies (e.g., [12]). We
attempted to define anatomical entities by comigjrihe following properties into nec-
essary and sufficient conditions: taxonomic relaiametaclass instantiation and consti-
tutional parts. This simple method can be autoraliyiémplemented as part of the con-
version process, but is insufficient in many respeDefining anatomical entities solely
on the basis of their constitutional parts is rmtrect, in part because no such constitu-
tional parts are defined for most FMA classes. @abhsence of precisely defined classes
was a serious limitation for reasoning supporteeggly reclassification. A closer col-
laboration with the authors of the FMA should lgadbetter class definitions for ana-
tomical entities. Analogously, our conversion st generally consisted in preserving
most of the features of the frame representatimweéver, a better understanding of the
original modeling choices in Protégé for the FMAulbcertainly result in a more accu-
rate representation in OWL. Alternative represéniestshould be tested and evaluated.
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Converting slots of the FMA in Protégé into propertes in OWL DL

The single-slotias mass is specified as type SYMBOL with allowed-values URR and
FALSE. Moreover, this slot is introduced in two sdas Material_physical_anatomical_entity
andNon-material_physical_anatomical_entity. The conversion is shown in Supp 1.

has_mass in CLIPS has_mass in OWL DL
(defclass CLIPS_TOP_LEVEL_SLOT_CLASS <owl:DatatypeProperty rdf:ID="has_mass">
(single-slot has_mass <rdfs:domain>
(type SYMBOL) <owl:Class>
(allowed-values FALSE TRUE) <owl:unionOf rdf:parseType="Collection">
(cardinality 0 1)) <owl:Class rdf:about="#Material_physical_anatomical_entity" />

<owl:Class rdf:about="#Non-material_physical_anatomical_entity" />
</owl:unionOf>
(defclass Material_Physical_anatomical_entity </owl:Class>
(single-slot has_mass...)...) </rdfs:domain>
<rdfs:range rdf:resource="http://www.w3.0rg/2001/XMLSchema#boolean" />
(defclass Non-material_Physical_anatomical_entity | <rdf:type rdf:resource="http://www.w3.0rg/2002/07/owl#FunctionalProperty"/>
(single-slot has_mass ...)...) </owl:DatatypeProperty>

Supp 1 — Converting slefas MAss of the FMA into property in OWL D

The single-slotoivenson is specified as type SYMBOL with allowed-values O-
dimension, 1-dimension, 2-dimension and 3-dimensidme conversion is shown in
Supp 2.

Dimension in CLIPS dimension in OWL DL
(defclass CLIPS_TOP_LEVEL_SLOT_CLASS <owl:ObjectProperty rdf:ID="dimension">
(single-slot dimension <rdfs:domain rdf:resource="#Physical_anatomical_entity" />
(type SYMBOL) <rdfs:range>
(allowed-values 3-dimension 2-dimension <owl:Class>
1-dimension 0-dimension) <owl:oneOf rdf:parseType="Collection">
(cardinality 0 1)) <owl:Thing rdf:about="#individual_1-dimension" />

<owl:Thing rdf:about="#individual_0-dimension" />
<owl:Thing rdf:about="#individual_2-dimension" />
(defclass Physical_anatomical_entity <owl:Thing rdf:about="#individual_3-dimension" />

(single-slot dimension...)...) </owl:oneOf>

</owl:Class>
</rdfs:range>

<rdf:type rdf:resource="http://www.w3.0rg/2002/07/owl#FunctionalProperty" />

</owl:ObjectProperty>

Supp 2 — Converting slatMENSON of the FMA into property in OWL DL



The multi-slot consnitutionaL_parT_oF IS specified as type SYMBOL with allowed-
parentsPhysical_anatomical_entity. Moreover, this slot has inverse-stainsntutionaL_parT,
and is introduced in classe@satomical_space, Body substance and Anatomical_structure. The
conversion is shown in Supp 3.

constitutional_part_of in CLIPS constitutional_part_of in OWL DL

(defclass CLIPS_TOP_LEVEL_SLOT_CLASS
(multislot constitutional_part_of
(type SYMBOL)
(allowed-parents Physical_anatomical_entity)
(inverse-slot constitutional_part))

<owl:ObjectProperty rdf:ID="constitutional_part_of">
<owl:inverseOf rdf:resource="#constitutional_part" />
<rdfs:domain>
<owl:Class>
<owl:unionOf rdf:parseType="Collection">
<owl:Class rdf:about="#Anatomical_space" />
<owl:Class rdf:about="#Body_substance" />
<owl:Class rdf:about="#Anatomical_structure" />
</owl:unionOf>
</owl:Class>
</rdfs:domain>
<rdfs:range rdf:resource="#Physical_anatomical_entity" />
</owl:ObjectProperty>

(defclass Anatomical_space

(multi-slot constitutional_part_of...)...)
(defclass Body_substance

(multi-slot constitutional_part_of...)...)
(defclass Anatomical_structure

(multi-slot constitutional_part_of...)...)

Supp 3 — Converting SIGONSTITUTIONAL_PART_OF of the FMA into property in OWL DL

Slots typed INSTANCE are the attributed slots linkiclasses to instances in Pro-
tégé. As shown in Supp AgriBuTED_PART IS an attributed slot whose allowed classes are
instances of clag®rt_of relationship_value.

Attributed_part in CLIPS attributed_part in OWL DL

(defclass CLIPS_TOP_LEVEL_SLOT_CLASS
(multislot attributed_part
(type INSTANCE)
(allowed-classes Part_of_relationship_value))
(defclass Anatomical_structure
(multi-slot attributed_part...)...)

<owl:ObjectProperty rdf:ID="attributed_part">
<rdfs:domain rdf:resource="#Anatomical_structure" />
<rdfs:range rdf:resource="#Part_of_relationship_value" />
</owl:ObjectProperty>

Supp 4 — Converting sletrTRIBUTED_PART of the FMA into property in OWL DL




Generating individuals in OWL DL

Based on the slatimenson presented earlier, one individtias generated undewi:Thing
for each allowed value of this slot, as shown ipS8&.

<owl:Thing rdf:ID="individual_0-dimension" />
<owl:Thing rdf:ID="individual_1-dimension" />
<owl:Thing rdf:ID="individual_2-dimension" />
<owl:Thing rdf:ID="individual_3-dimension" />

Supp 5 — Generating individuals in OWL DL

9 Individuals are prefixed by “individual_”, becauseme allowed-values of slots share names witlsetain
the FMA in Protégé, such asferior andLiquid.




Converting classes of the FMA in Protégé into class in OWL DL

As shown in Supp 6, the metaclass and instancaitiefis of classntegument_of_abdomen,
are merged into OWL DL.

Integument_of_abdomen in CLIPS Integument_of abdomen in OWL DL
Metaclass definition: <owl:Class rdf:ID="Integument_of_abdomen">
<rdfs:subClassOf rdf:resource="#Integument_of_body_part_subdivision" />
(defclass Integument_of_abdomen <rdfs:subClassOf rdf:resource="#Anatomical_structure" />
(is-a integument_of_body_part_subdivision)) <rdfs:subClassOf>

<owl:Restriction>
<owl:onProperty rdf:resource="#dimension" />
<owl:hasValue rdf:resource="#individual_d3-dimension" />
</owl:Restriction>
</rdfs:subClassOf>
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="#constitutional_part_of" />
) <owl:someValuesFrom rdf:resource="#Abdominal_wall" />
</owl:Restriction>
</rdfs:subClassOf>

Instance definition:

( [Integument_of_abdomen]
of Anatomical_structure
(dimension 3-dimension)
(constitutional_part_of Abdominal_wall)

</owl:Class>

Supp 6 — Converting classtegument_of abdomen of the FMA into class in OWL DL

Few classes have two direct superclasses. Suces|és.g.physical_anatomical_entty is-a Anatomi-
cal_entity_template and Physical_anatomical_entity is-a Anatomical_entity) in CLIPS are converted into twbclas-
sof axioms as shown in Supp 7.

<owl:Class rdf:ID="Physical_anatomical_entity">
<rdfs:subClassOf rdf:resource="#Anatomical_entity_template" />
<rdfs:subClassOf rdf:resource="#Anatomical_entity" />

</owl:Class>

Supp 7 — Converting classes with two direct supesgs into OWL DL




The class Body substance has slotS contaiNeD IN

(with allowed-parents) and

HAs INHERENT_3-D_sHare (with allowed-values and a concrete value spedifin) intro-
duced in its metaclass definition, the conversioowa in Supp 8.

Body_substance in CLIPS

Body_substance in OWL DL

Metaclass definition:
(defclass Body_substance

(multi-slot contained_in
(type SYMBOL)
(allowed-parents Anatomical_space) )
(single-slot has_inherent_3-D_shape
(type SYMBOL)
(allowed-values FALSE TRUE)
(value FALSE) )

<owl:Class rdf:ID="Body_substance">
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="#contained_in" />
<owl:allValuesFrom rdf:resource="#Anatomical_space" />
</owl:Restriction>
</rdfs:subClassOf>
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="#has_inherent_3-D_shape" />
<owl:hasValue
rdf:datatype="http://www.w3.0rg/2001/XMLSchema#hboolean">false</owl:hasValue>
</owl:Restriction>
</rdfs:subClassOf>

</owl:Class>

Supp 8 — Converting claB®dy_substance of the FMA into class in OWL DL




The classesophagus has attributed slotrmriButen_part and one of the values for this

slot is the instancemlive 10718 '°, for which a nested class is generated in OWL, as
shown in Supp 9. We constructed such nested cldsiewing the same conversion

rules for classes.

Esophagus in CLIPS

Esophagus in OWL DL

Instance definition:

( [Esophagus]

(attributed_part
[fm-live_10718]
[fm-live_10719]
)

=

nstance definition of instanee-

live_10718:

(

[fm-live_10718]
of Organ_subdivision_part_of_relationship_value
(related_part Wall_of_esophagus)
(anatomical_arbitrary Anatomical)
(partition Partition_1)
(shared_unshared Unshared)

<owl:Class rdf:ID="Esophagus">
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="#attributed_part" />
<owl:someValuesFrom>
<owl:Class rdf:ID="fm-live_10718"> <!--nested class for instance [fm-live_10718]-->
<rdfs:subClassOf
rdf:resource="#Organ_subdivision_part_of_relationship_value" />
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="#related_part" />
<owl:someValuesFrom rdf:resource="#Wall_of_esophagus" />
</owl:Restriction>
</rdfs:subClassOf>
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="#anatomical_arbitrary" />
<owl:hasValue rdf:resource="#individual_Anatomical" />
</owl:Restriction>
</rdfs:subClassOf>
</owl:Class> <!-- end of nested class for instance [fm-live_10718] -->
</owl:someValuesFrom>
</owl:Restriction>
</rdfs:subClassOf>

</owl:Class>

Supp 9 — Converting clagsophagus of the FMA into class in OWL DL

9 Note that instances in Protégé are composed ofgtaops, one is classes modeled both as instamces
metaclasses such &sophagus, and the other is “pure” instances without meafuihgames such afn

live_10718.

a



Defining classes in OWL DL by necessary and suffiai¢ conditions

The clasgen is defined as shown in Supp 10, with its taxonoralation and all consti-
tutional parts in one necessary and sufficient @tamd The shadowed part in Supp 10
corresponds to the necessary conditions:iofglobal axioms).

Cell in CLIPS Cell in OWL DL
Metaclass definition: <owl:Class rdf:ID="Cell">
<owl:equivalentClass>
<owl:Class>

(defclass Cell

(is-a Anatomical_structure) ...) <owl:intersectionOf rdf:parseType="Collection">

<owl:Class rdf:about="#Anatomical_structure" />

<owl:Restriction>
<owl:onProperty rdf:resource="#constitutional_part" />
<owl:someValuesFrom rdf:resource="#Plasma_membrane" />
</owl:Restriction>
<owl:Restriction>
<owl:onProperty rdf:resource="#constitutional_part" />
<owl:someValuesFrom rdf:resource="#Cytoplasm" />
</owl:Restriction>
<owl:Restriction>
<owl:onProperty rdf:resource="#constitutional_part" />
<owl:someValuesFrom rdf:resource="#Cell_nucleus" />
</owl:Restriction>
</owl:intersectionOf>
</owl:Class>
</owl:equivalentClass>
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="#bounded_by" />
<owl:someValuesFrom rdf:resource="#Surface_of_cell" />
</owl:Restriction>
) </rdfs:subClassOf>

</owl:Class>

Instance definition:

([Cell]
of Anatomical_structure
(constitutional_part
Plasma_membrane
Cytoplasm
Cell_nucleus)

(bounded_by Surface_of_cell)
(has_boundary TRUE)
(has_physical_state Solid)
(part_of

Tissue

Body_substance)
(regional_part
Apical_part_of_cell
Basal_part_of_cell)

Supp 10 — Defining clas=zll in OWL DL



Designating annotation properties in OWL DL

We manually designate slots of the FMA to becommotation properties in OWL DL,
including UWDAID (typed STRING in Protégé) amaererrep_nave (typed INSTANCE),
shown in Supp 11.

<owl:AnnotationProperty rdf:ID="UWDAID" />
<owl:AnnotationProperty rdf:ID="Preferred_name" />

Supp 11 — Designating annotation properties in AYUL

For INSTANCE typed slots such asrerrep_nave Whose value is an instance in Pro-
tégé, we wrap all the slot values in the instamte one data literal as annotation value
in OWL DL, as shown in Supp 12.

Body_substance in CLIPS Body_substance in OWL DL

Instance definition: <owl:Class rdf:ID="Body_substance">

([Body_substance] <UWDAID> 9669 </UWDAID>
of Material_physical_anatomical_entity <Preferred_name>author("JOSE_MEJINO_MD") authority("Cornelius_Rosse")
(UWDAID "9669") modification("Dec_20_1996__10046193PM") name("Body_substance")
(Preferred_name [KB_INSTANCE_08389])...) </Preferred_name> <!-- from [KB_INSTANCE_08389] -->

Instance definition of instance <fowl:Class>

KB_INSTANCE_08389:
(IKB_INSTANCE_08389]
of Concept_name
(author "JOSE MEJINO, MD")
(authority "Cornelius Rosse")
(modification “Dec 20 1996 1:00:46:193PM")
(name "Body substance"))

Supp 12 — Annotation properties and values in @dagg substance in OWL DL



