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OFTWARE AND KNOWLEDGE RE-
use hae generated consideable intelest
because thereduce deelopment time and
the lesouces thaprojects equie. For knowl-
edge-based systemm) paticular, the high
cost of knavledge acquisition maés euse
essential. Hoever, reuse inolves theseltal
lenges:hetepgeneity of epresentéion for-
malisms,languaes,and tools; lgical and
semantic ppblems; assumptions implicit i
ead system; and commonsense-kiexige
losses. Ontolgies ae a way around these
obstates.They are useful br unifying dda-
base daa-warehouseand knevledge-base
vocabularies and gen for maintaining con
sisteny when updéing coiporate memoies
used in knwledge mangement.

To meet thelealleng of huilding ontole
gies, we've developed Methontolgy,!2 a
frameavork for specifying ontolgies a the
knowledge level 2 and the Ontolgy Devel-
opment Erironment.This aticle presents
our pelience in using Methontolty and
ODE to huild the Chemicals ontoy.*

The challenge of building
ontologies

Ontolagy building is a caft rather than an

engneeing actvity. Eadh development team

METHONTOLOGY PROVIDES GUIDELINES FOR SPECIFYING
ONTOLOGIES AT THE KNOWLEDGE LEVEL, AS A SPECIFICATION
OF A CONCEPTUALIZATION. ODE ENABLES ONTOLOGY
CONSTRUCTION, COVERING THE ENTIRE LIFE CYCLE AND

AUTOMATICALLY

usualy follows its avn set of pinciples,
design citeria, and phases he dsence of
structured guidelines and methods hinsle
the deelopment of shad and consensug
ontologies within and betwen teamsthe
extension of an ontolgy by othes, and its
reuse in other ontofes and ihal goplica
tions. We believe thd the souce of these
problems is the bsence of anxplicit and
fully documented conpéual model upon
which to formalize the ontolgy.

Like knavledge-based-system delop-
ment,ontology development &ces a knwl-
edge-acquisition bottlendc Unlike KBS
developes, ontology developes (ontole
gists) lak suficiently tested andenealized
methodolagies ecommending Wa actvi-
ties should be pesfmed and awha stage

of ontolagy development. (Br desciptions

IMPLEMENTING ONTOLOGIES.

of related work, see the sidwar)
Ontology developes often svitch directly
rfrom knavledge acquisition to implementa

al tion, which poses these @ilems:

First,the concptual models a implicit
in the implement@on codes. Making the
conceptual models eplicit usually requires
reengneeing.

Second ontolagical commitmentsand
design citeria are implicit and gplicit in the
ontolagy code

Third, domain &peits and human end
uses hare no undestanding of érmal ont
tologies codifed in ontolay languaes®
Reseath has shan tha, using the Ontolgy
Sewver bowser tools] expeits and user
could ain a full undestanding of andali-
date taxonomies and pi#ally undestand
instances. Haever, they were undle to
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Methodologies for building ontologies

Until now, few domain-indeendent methodogges for kuilding
ontolagies hae beeneported Mike Ushold’s methodolgy,! Michael
Grininger and Mak Fox's methodolgy,2 and Methontolgy3#are the
most epresentéive. These methodotges all starfrom the identif
cation of the ontolgy’s pupose and the needrfdomain knwledge
acquisition. Havever, having acquied a signitant amount of knal-
edge, Uschold’'s methodolgy and Griiningr and Bx’s methodolgy
propose coding in afmal languge and Methontolgy proposes
expressing the idea as a sefritermedide representéions(see the
main aticle). Methontol@y then uses énsldors to geneete the
ontology.

These thee methodolgies also identify the needifontolayy evalua
tion. Usdold’s methodolgy includes this actity but does not ste
how to cary it out. Griinin@r and IBx propose identifying a set of com
peteny questiong.Competenyg questions a the basisdr a igorous
chamcteization of the knavledge thd the ontolgy has to ceer; they
specify the ppblem and viha constitutes a@pd solution. Once the
ontology has beenx@resseddrmally, it is compaed ajainst this set of
competeng questions. Methontogly proposes thizevaluaion occur
throughout ontolgy development. Most of thevalugion hgppens dur
ing concgtualizaion.

Several representtion systems use adime-based modelingpa
proad, a logic-based pproad, or even both to érmalize ontol@ies.
They model the wrld using concpts,instancestelaions,functions,
and axiomsAn ontolagy formalized using ay of these pproaces can
then be implementedhore or less stightiorwardly, in different lar
guages sub as Ontolingud CycL.? LOOM,” and Flaic.8
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undestand astract deinitions of concets,
relaions, functions,and axioms. Fom the
knowledge-acquisition viepoint,they were
quite undle to formalize their knevledge.

Fourth, as with taditional knevledge bases,
direct coding of the kneledge-acquisition
result is too brupt a stp, especialy for com
plex ontolayies.

Fifth, ontology-developer peferences in
a gven languge condition the implemen
tation of the acquied knavledge. So,when
people code ontofges directly in a taget
languaye, they are omitting the minimal
encoding bias dterion defned by Tom
Gruber®

The concptualizaion should be spedd & the
knowledge level without dgpending on a par
ticular symbol lgel encodingAn encoding bias
results vhen epresentéion choices ag& made
purely for the comenience of noté&n or imple
mentdion ....

Finally, ontology developes might hae
difficulty undestanding implemented en
tologies or @en huilding nev ontolagies.This
is becauseaditional ontolgy tools bcus too
much on implementigon issuesather than
on design questionsoFexample someone
who knavs haw to kuild ontolagies hut is
unfamiliar with the languge in question
might have difficulties working & the imple
mentaion level.

For instancethe epressiondensity=
masgvolumein a chiemical domain could bg
written in Ontolingua as sk in Fgure 1.
This example shwrs tha unless pu ae \ery
familiar with the languge, undestanding
existing defnitions and witing new defni-
tions ae almost imposslb. If you ae sue
cessful in this pycessijt will have talen a
big efort. The poblem is not undestanding
that density is equal to massviied by vol-
ume athe knavledge level, but writing this
in a taget languge. Therefore, something
that is gppaently very simple athe concp-
tual level is extremely complicaed when
expressed fathe implemention level, if
you're not Bimiliar with the languge.

This means thantolagies ae huilt exclu-
sively by developes who ae perectly ac
quainted with the langges in vhich the
ontolagies will be implementedBecause
these ontolgists ae not necessiy expetts
in the domaindr which the ontolgy is huilt,
they spend a lot of time aneésouces on
knowledge acquisition.

Methontolgy and ODE alleiate some of
these poblems. Methontolgy provides a
userfriendly gpproad to knavledge acquisi
tion by non-knavledge engneess? and an
effective, geneally applicable method 6r
domain-knavledge-model constrction and
validation. ODE suppads this famevork by
letting ontol@ies be lilt at the knavledge

level and implemented automizally using

2 translaors. Sopntolagists dont need to kney

the ontolgy’s implementaon languge.

Ontology development

Ontological engneeing requires the def
inition and standalization of a life g/cle
rangng from requirments spedifation to
maintenanceas well as methodolgies and
techniques thedrive ontol@y development.
So,the Methontolgy framevork includes

< the identifcation of the ontolgy devel-
opment pocess;

» alife gcle based onwlving prototypes;
and

» the methodolgy itself, which specifes
the st@s for perbrming eab actvity, the
techniques usedhe poducts to be out
put, and hev the ontolgies ae to be
evaluaed

In developing Chemicalsyur first stg, as
in ary project,was to planThen,because
we're not epets in the bemicals domain,
we acquied knavledge to put tgether a pg-
liminary version of the equirments speei
fication. We then simltaneous} acquied
and concptualized moe knavledge; con
ceptualizaion helped guide acquisition.
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:Iff-Def
(And (Elements ?Element)

(Define-Function Density(?Element) :->?Density-At-20-C
“The density of an element is equal to its atomic weight divided by its atomic volume”

(Density-At-20-C ?Element?Density-At-20-C)
(Exists (?Atomic-Weight)
(Exists (?Atomic-Volume-At-20-C)

(And (Atomic-Weight?Element ?Atomic-Weight)
(Atomic-Volume-At-20-C?Element ?Atomic-Volume-At-20-C)
(>?Atomic-Volume-At-20-C 0)
(/?Atomic-Weight?Atomic-Volume-At-20-C))))))

Figure 1. The expression density = mass/ volume in a chemical domain written in Ontolingua.

Indeed the concptualizdion phase is lik
assemling a jigsav puzzle fom the pieces
supplied ly acquisitionwhich is why most
knowledge acquisition is completed dog
conceptualizaion. We then gve the ontol
ogy to the epett for examinaion. The epett
evaluaed the congatualizaion by inter-
preting theintermedide representéions
(which we’'ll present in the né section),
which ale fairly intuitive. During both spec
ification and concptualizdion, we inte
grated in-house andx¢éemal ontol@ies.
Once the cong#ualizdion was complete
we used ODE to autortieally geneete the
code in Ontolingua.

Our peiience shws tha the specita
tion, conceptualizaion, integration, and im
plementéion can be pedrmed as often as
required Indeedan ontolgy’s speciication
frequenty changes thoughout the ontolgy
lif e g/cle as its dehitions ae creaed mod
ified, and deletedFigure 2 pesents the
development lie ¢/cle of the Chemicals
ontolagy.

The Chemicals ontofly (available &
http://mwww-ksl.stardrd.edu:5915ndhttp://
www-ksl-svc-lia.diaifupm.es:5915
actualy compises tw main ontolgies:
Chemical-Elements and Chemical-
Crystals. Chemical-Elements has 16
concets, 103 instancesthree functions,
21 relations,and 27 axiomsChemical-
crystals has 19 congets, 66 instances,
eight elaions,and 26 axioms. Chemicals
also indudes pubic Ontolingua ontolgies,
sudh asstandard-Units, Standard-
Dimensions, andKIF-Lists

Specifcation. Ontolagy specifcation’s goal
is to put t@ether a document theovers the
ontolagy’s pimary objectve, purpose gran
ularity level, and scopeThe aim is to iden
tify the set of tams to be epresentedtheir
characteistics,and their ganularty. This

cise as possie.

Figure 3 shavs a shdrexample of an ontel
ogy requirements spediation document in
the diemicals domairiVe huilt this specif-
caion after acquing domain knwledge.

Conceptualization. When most of the
knowledge has been acqei the ontolaist
has a lot of unstictured knavledge tha must
be oganized Concetualizaion oganizes
and stuctures the acquéd knavledge using
extemal representdions tha are indgoendent
of the implemention languaes and evi-
ronments. Spedially, this phase @anizes
and corerts an inbrmally perceived viev
of a domain into a sengfmal speciication,
using a set of intenedide representtions
tha the domain xpert and ontolgist can
undestand® These IRs lidge the gp

between hav people think bout a domain

and the languges in which ontolajies ae
formalized

This set of IRs is based on those used
the conceptualizaion phase of the Ideal
methodolagy for knovledge-based systems
development Figure 4 illustates the cder
we follow for concgtualizaion.

First, we huilt a glossay of temstha
includes all the tens (concets, instances,
attributes verbs,and so on) of thehemicals
domain and their degptions (see Igure 5a).

When the glossgucontained a sidge num-
ber of tems,we huilt concept-dassiication
treesusing elaions sub as sublass-of sul>
class-patition-of, and &haustve-subtass-of
(Class C is a sulmss of pagnt dass P if and
only if every instance of C is also an instance
of P A subdass patition of C is a set of sub
classes of C thaare rmutually disjoint. A
exhaustve subtass of C is a set of utually-

Planning ¢ Specification

Conceptualization

Implementation

Part 1

Part 2

Knowledge acquisition

i

Documentation

Configuration management

Integration

specifcation should be as complete and €onFigure 2. Ontology development life cycle.
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disjoint dasses—a sulbess patition—that
covers C. Eely instance of C is an instance of
exactly one of the sultasses in the ption.)
So,we identifed this domairs taxonomies,
and eab taxonony produced an ontofly as
prescibed ty Methontolay. The concpt-das
sification tree in kgure 5b outlines the taxen
ony of thechemical-Elements ontolayy.
The net step was to liild ad hoddinary-
relations diggramsbetween concpt dasst
fication treesThese digrams esthlish rela
tionships betwen concpts of the same or
different ontolgies. They will set out the
guidelines ér integrating ontolajies,because
if a concet Clis linled by a reldion R to a
concept C2, the ontolgy containing C1

includes the ontolgy containing C2pro-

Domain: Chemical

Date: May 15, 1996

Developed by Asuncion Gémez-Pérez and Mariano Fernandez L6pez
Purpose:  Ontology about chemical substances to be used when information about
chemical elements is required in teaching, manufacturing, analysis, and
S0 on.

Level of formality: Semiformal.
Scope:  List of 103 elements: lithium, sodium, chlorine, mercury, ....

List of concepts: element, halogen, noble gas, semimetal, metal, third-transi-
tion metal, ....

Information about at least the following properties: atomic number, atomic
weight, electronegativity, melting point, ....

Sources of knowledge:

(a) Three interviews with the expert.

(b) The following books:
[Handbook, 84-85] Handbook of Chemistry and Physics, 65th ed., CRC Press
Inc., 1984-1985.

vided tha C1 and C2 a in different con

Figure 3. Ontology requirements specification document for the Chemicals ontology.

Name Description

Atomic weight The relative mass of an atom of an element against the mass of the twelfth part of the carbon-12 isotope.

Crystalline structure A 3D skeleton containing the set of points or ionic positions of a crystal that have an identical environment.

Element A substance made up of atoms with the same number of protons.

Mercury (Planet Mercury), Hg (hydrargyrum, liquid silver); at. wt. 200.59 + 3; at. no. 80; m.p. —38.842°C; b.p. 356.58°C; va-
lence 1 or 2. The metal is obtained by heating cinnabar in a current of air and by condensing the vapor. It is a heavy,
silvery-white metal; a rather poor conductor of heat, as compared with other metals; and a fair conductor of electricty.
[Handbook, 84—-85]

Third transition series The set of elements that belong to Ib, Ilb, Illb, Vb, Vb, VIb, VIib, and VIII groups of the sixth period.

@
Element Concept  Synonyms Acronyms Instances Class Instance Relations
Reactiveness name attributes  attributes
Noanelztal Element — Elm. — — Atomic number Has structure
s it o??n Atomic volume at 20°C
MeTllme 2 Atomic weight
g _T_ i tal Chemical group
ransl I?rt] me_zti_ . Chemical period
S|rs ';??S' 'o.?. Sl Density at 20°C
et (5 Electronegativity
Third transition series Melting point
Lanthanide
\ ’t*c“”'.‘g.e ol Third  Sixth-period 3TS. Gold — — —
onArIinls[lon =S transition  transition Hafnium
Alkala! i series series Mercury
alai terreum ol
(b) Iridium
Platinum
Rhenium
Tantalum
Has structure= Crystalline Wolfram
Element @l
) structure (d)
Is in element
© Figure 5. Intermediate representations for the Chemicals ontology: (a) part of the glossary of terms; (b) a concept-
classification tree; (c) a binary-relations diagram; (d) part of the concept dictionary; (€) a hinary-relations table;
() an instance-attribute table; (g) a logical-axioms table; (h) a formula table; (i) an attribute-classification tree;
(j) part of an instance table.
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Figure 4. Conceptualization according to Methontology.

Start
conceptualization

AN

Build the
glossary of
terms

Build the
concept-classification
trees

Build the
binary-relations
diagram

cept-dassifcation trees. kgure 5¢c pesents
a simplified diagram of the ad hoc bingr
relations in the Chemicals ontalg. The
Chemical-Elements ontolagy includes the

Conceptualize the ontology corresponding with each concept-classification tree L Chemical-Crystal ontology because the
souice concet of the elaions namedias-

Structure isin thechemical-Elements
hierarchy. Similay, if the relation Is-in-
Element is defned as the werse eldion of
Has-Structure, the Chemical-Crystal
ontolagy can be said to ihade thechemical-
Elements ontolayy.

For eat concet-classiication tree gn-
erated, we huilt these IRs:

The concept dictionaly contains all the
domain concpts, instances of sutcon
cepts, class and instancetabutes of the
concets,and optionall, concept synolyms

Build the
instance-attribute
tables

Build the
binary-relation
tables

Build the
concept
dictionary

Build the
class-attribute
tables

Build the
logical-axioms
tables

Build the
constants
table

Build the
instance
tables

Build the
attribute-classification
trees

Build the
formula
tables

Instance attribute name Density-at-20°C
Value type Density-Quantity
Unit of measure Kilogram/meter3
Precision 0.001
Relation name Has structure Range of values [0, 25]
Source concept Element Default value —
Source cardinality (0, n) Cardinality 1, n)
Target concept Crystalline structure Inferred from instance attribute Atomic-Weight
Target cardinality (0, n) Atomic-Volume
Mathematic properties — Inferred from class attribute —
Inverse relation Is in element Inferred from constants —
References [Cullity, 78] Formula Density
To infer —
© References —
Axiom name High electronegativity of nonmetals ®
Description Electronegativity of nonmetals is higher than 2.1
Concept Nonmetal
Referred attributes  Electronegativity
Variables N, E
Expression For all (X; Y) (Non-Metal(X) and Electronegativity(X, Y) =>Y>2.1)
Relations —
References [Janssen, 90] Formula name i
@ Inferred attribute Density-at-20-Degrees-Celsius
Formula Density-at-20-Degrees-Celsius = Atomic-
Weight/Atomic-Volume-at-20-Degrees-
Celsius
Description An element’s density is equal to its atomic
weight divided by its atomic volume
Basic instance attributes Atomic-Weight
- S Atomic-Volume-at-20-Degrees-Celsius
Density at 20°C Basic class attributes —
Constants —
Density formula Precision =
Constraints Atomic-Volume-at-20-Degrees-Celsius > 0
(h)
Atomic volume Atomic weight Instance Attribute Value
at 20°C Mercury Atomic number 80
- Atomic weight 200.59
O] Density at 20 degrees Celsius 13.546
Electronegativity 1.9
Melting point —-38.842
@
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and aconyms. Rgure 5d gves a small par
of the concpt dictionay of Chemical-
Elements.

A binary-relations table specifes the
namethe names of the sae and taget con
cept, the inverse elaion, and so ondr eah
ad hoc elaion whose souwre concpt is in the
concept-dassiication tree (see igure 5e).

An instance-#ribute téble descibes eah
instance #ribute in the congat dictionay
(see kgure 5f). Instancettributes ae atri-
butes thaare defned in the conget but tha
take values in its instancesoFexample a
chemical elemernd’ gomic weight is poper
to eat instanceFor eat instance tribute,
we induded

e jts name;

« the\alue type;

¢« the measwment unit 6r numeical
values;

¢ the accuacy for numeical values;

« the ang of \alues;

¢ the dehult values;

¢ minimum and maxiram cadinality;

* the instancetéributes,class dtributes,
and constants thare used to irdr the
value of the #iribute thais being defed;

e the atributes th&can be inémred using
this atribute;

¢ the formula or wle for infering the
attribute tha is being daéhed; and

* the leferences used tdlfin the atribute.

A class-dtribute table descibes con
cepts,not concet instancesfor eat dass
attribute in the congat dictionay. So,for
ead dass dtribute, the tdle will give the
name possille value type measuement
unit for numeiical values,value accueicy,
attribute cadinality, instance #ributes br
which a \alue can be irdired using the
value of this #ribute referencesand so on.

A logical-axioms téle defines the con
cepts by means of Igical expressions thia
are alvays tiue (see Igure 5g). Eah defned
axiom indudes its namgts naural-languae
desciption, the concpt to which the axiom
refers, the dtributes used in the axiorthe
logical expression theformally descibes the
axiom using FOPCiffst-oder pedicae cat
culus),and eferences.

A constants thle specifes eab constans
name its naural-languge desdption, its
value type (mmbermassand so on)is con
stant alue its measwtement unit (6r numer
ical constants)the dtributes tha can be
inferred using the constarand eferences.

A formula table descibes eah formulain
the instanceifribute tdles (see Kure 5h).
We used these lées to iner rumeiical
instance-#ribute \alues fom the alues
taken by other instancettiibutes class #tri-
butes,or even constants. Eadable should

specify

¢ the formula’s name

¢ the dtributes inerred with the 6rmula,

¢ the formula’s mahemaical expression,

¢ its ndural-langu@e desdption,

¢ the instance andass #ributes and con
stants used in the calctitan,

e the accuagy with which the \alue will be
calculded,

» the constaints under \Wwich using thedr-
mula males senseand

THE PROCESS OF BUILDING
THESE IRS IS NOT SEQUEN-
TIAL IN THE SENSE OF A
WATERFALL LIFE-CYCLE
MODEL, BUT IT MUST
FOLLOW SOME ORDER SO AS
TO ASSURE THE CONSISTENCY
AND COMPLETENESS OF THE
REPRESENTED KNOWLEDGE.

* the eferences emplyged in flling in the
formula teble.

An dtribute-dassifcation treegraphically
shaws relaed dtributes and constants in
root dtribute inference sequeng¢and the
sequence of the@fmulas emplged (see kg-
ure 5i).We used it to alidate tha all atri-
butes used in thefmula male sense and n
attributes hae been omitted

An instance téale lists the namgthe dtri-
butes with knavn values in a instancand the
values of thelaove dtributesfor eat instance
in the concpt dictionay (see kgyure 5j).

The pocess of hilding these IRs is no
sequential in the sense of aterfall life-g/cle
model,but it must llow some oder so as to
assue the consisterycand completeness g
the iepresented knwledge. Embedied in the
concetualizdion method a a seies of con
trols for verifying that eat IR is used cor

t

=

a

rectly and thathe knavledge represented is
valid—tha is, tha the semantics of the con
ceptualizzd knavledge is what it should be
Asuncion Gémez-Pér,Mariano Ffemandez
Lépez,andAntonio deVicente hae piovided
a detailed desigtion of the IR galudion.®
Our peiience shws tha domain &petts
and human end useundestand andalidate
most of the Methontolgy IRs. In one set of
trials,two ervironmental andiemical epeits
undestood and alidated 80% of the knal-
edge represented in the IR&Iso, we found
that, from the knavledge-acquisition point of
view, expetts canifl in many of the IRs.

Knowledge acquisition.This is an indpen
dent actity within ontolagy development.
However, it coincides with other adfities.
For Chemicalswe acquied most knavledge
at the star of ontolay development.The
level of knavledge acquisitioné€ll as deel-
opment pogressed and & became mer
familiar with the aplicaion domain.

Knowledge acquisition occued in thee
stages:

(1) We held peliminaly meetings with the
expett to look for geneal, not detailed
knowledge. The deth of these meet
ings was minimal; ve were looking br
the coase gain—the @erview.

(2) We studied the documenian. We
needed to learas nuch as possile
about the domain ofx@etise (hem
istry), to save the time thexpert would
otherwise hee spent on insticting us
in the domainThat's why having a
method with vhich expelts can hild
their avn ontolajies is \ery useful.

(3) Having obtained some basic knledgg,
we initiated the &pert-knowledge-
acquisition gcle. We stated by look-
ing for more genernl knovledge and
gradually moved davn into the patc-
ular details 6r confguring the full
ontolagy.

During knavledge acquisitionwe used
the fllowing set of KBS knwledge-acqui
sition tediniques in an ingrated manner:

» Nonstuctured inteviews with epeitsto
build a peliminaty draft of the equire-
ments-specitation documentThey out
put tems,definitions,a concet dassif-
cation, and so on.

» Informal text analsisto stug/ the main
concets in books and handbooKeshis
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study endled us toifl in IRs sud as the
concept dictionay.

» Formal text analysis We perbrmed this
marually without using specialed ewi-
ronmentsdr this pupose Frst,we idenr
tified the p#tems to be locied in the tgt.
For example for Chemicalssome of the
structures to be detectedese “A is B,”
“the highest alue ofA is atained in B’
and“A increases as B inease$.After-
ward, we selected the instantial stuc-
tures in the tet that mached the piems.
Finally, we anayzed the mdeed sentence
to extract dtributes haural-languae def
initions, rules,assignéon of values to
attributes,and so on.

e Structured interiews with the epert to get
specifc and detailed kneledge dout con
cepts, their popeties,and their elaion-
ships with other cong#s,and to galuge
the concptual model once the corpte
alization actvity is complete For Chemi
cals,because thexpett was imiliar with
the IRswe used strctured inteviews for
validaion puposesWe delivered the IRs
to the epett, who poposed banges.

* Domain tdle analsis This was \ery use
ful for ascetaining the alues of the con
cept dtributes anddr identifying cetain
daa regulaities. For example we could
get electonayativity attribute \alues or
ead element fom the electnegativities
table—for instance chedking tha the
electonegativity of nonmetals is over
2.1. Havever, this tetinique can basky
when d#a ae talen fom domain thles
whose souwres difer, because theare
probably based on diérent citeria. Elec
tronegativity, for example can be obtained
accoding to the dterion of Linus Rk
ing or RoberMulliken.

» Domain-gaph anaysisto look for regu-
larities. For example using a gaph tha
relaed @omic rumbes to wlumes,we
conduded thathe @omic wlume of all
the lanthanides is similaif we had had
domain gaphs with exact daa, we could
have obtained irdrmation similar to tha
output ly domain-téle anaysis.

» Units-of-measwgment anajlsisto deter
mine the #ributes ivolved in brmulas
and to detenine the quantities of thes
attributes.

* Detailed eviews ly the epeit. When
conceptualizdion was @ an adanced
stage, we submitted the IRs to thepert
for detailed inspectioifter several days
working on his evn, he retumed the

tables and tees with a sés of suges
tions and caections.

e Formula analysisto chedk whether the
formulas ae corect and to detetine their
attributes. ©r example for chemical-
Elements, the e&pelt originally ex-
pressed the densitpiimula asdensity=
masgvolume The epelt recommended
tha masswas theatomic-weight; vol-
umetheatomic-volume a a gven tem
perture (specitally, 20°C); anddensity
the elemeng pensity at tha tempea-

5 ture. Afterward, we chedked the érmula
for corectnessapplying the brmula to
several cases in Wich the thee déa were
known. We then anafzed the units of
measuement.

THE USER OR APPLICATION
THAT ACCESSES THE ONTOL-
OGY ONLY HAS TO KNOW THE
IRS THAT ARE USED FOR CON-
CEPTUALIZATION AND NOT
HOW THE CONCEPTUALIZATION
IS STORED IN THE DATABASE.

The pett was \ety important in all these
techniques (although he a® not alays
directly involved),because heage dues as
to what we were to look br. For example
thanks to thexpett, we knav tha theran-
thanides have popeties \ery similar to
those ofuanthanum. Therefore, we alvays
chedked in the thles and theigphs whether
it was possile to afirm in the ontolgy tha
the maxinum and mininam \alue within the
lanthanides &s \ery close

Integration. Throughout ontolgy devel-
opment,we identifed tems tha could be
included fom other ontolgies. For the
Chemicals ontolgies,we found these pes
sibilities for reuse of ontolgies stoed in the
e Ontology Sewver:KIF-Number supplied all
the mahemadical opeators (nultiplication,
sum,and so On)KIF-List contained the
definitions for building lists.standard-
Dimensions!? included tems sut as
mass-quantity andlength-quantity,
which defne an #ribute tha stoes a alue

that is a mass or lengthirrally, standard
units defined the Sl (Systeme Intes
tional) units of measement. It povided
some but not all,of the units of measar
ment identifed in the congatualizaion.
Having identifed candidge ontolajies for
reusewe dedked tha these ontolgies had
been walidated and eiified. Because no seft
ware ewvironment br validating ontolajies
exists,we did this manally, following the
guidelines gven ky Asuncion Gomez-Pér 1!

Implementation. Finally, ODE automé-
cally geneeted Ontolingua lange code
using a tansldor tha transbrms the con
ceptual model into an implemented model
We’'ll descibe this in the ne section.

ODE

The Ontolgy Design Erironments goal is
to suppoarthe ontolgjist throughout ontolgy
developmentfrom requirements spedifa-
tion, through knevledge acquisition and cen
ceptualizdion, to implement#on, with as
much integration and galudion as possile.
To adieve this gal, ODE seeks to autortea
ead ontolay-development actity and aute
matically integrate the esults of edt phase
with the input of thedllowing phase

ODE capabilities. Because the conptual
ization of a complete and consistent ontol
ogy involves the marmgement of a hug
amount of inbrmétion, we stoed the entie
ontology in a elaional ddabase This has
the big adantage thd the gplications access
the ontolgy using SQL (Stuctured Quey
Languaye), which encouages the use of
ontolagies in eal gplications. ODE uses
SQL directly on the IRs and not on thetda
base intanal stucture. Therefore, the user or
applicaion tha accesses the ontgjp only
has to knw the IRs thaare used ér con
ceptualizaion and not hey the concptual
ization is stoed in the d&base

To maintain the consistepaevithin ead
IR and between IRswe studied the con
straints in theiklds of a congetual tdle or
between theiélds belon@ng to diferent con
ceptual tdles.This stug, based on mposed
rules of \erification of the IRS seeks to iden
tify any effects possily caused y the oper
ations of editing an ontofyy at the concp-
tual level and hav the dove opesations ae
implemented in the dabase

Because usemxpelience in ontolgy de-
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data_dictionary — Concept name word

Synonyms [{wordh" | —]
Acronyms [{word}," | —]
Instances [{word}," | —]

Class attributes [{wordh" | —]
Instance attributes [{worad}," | —]
Relations [{worad}," | —]

Figure 6. The expression of the data dictionary in the ODE rules notation.

def class — {;;; class
(Define-Class class (?class)
“documentation”
[:def
(and
{(superclass ?class)}

[(Superclass-Of {subclass})]

[(Has-Instance ?class {instance})]

[{(Has-at-Most relation ?class max_cardinality)

(Has-at-Least relation ?class min_cardinality) |

(Has-One ?class relation) |

(Has-Some ?class relation)]}y")(

[:axiom-def (Exhaustive-Subclass-Partition class

(Setof {subclass};"))])},"

Figure 7. The transformation rule for defining classes in Ontolingua.

;77 Element
(Define-Class Element (?Element)
protons.”

:def

(and

:axiom-def

“A substance that is made up of atoms with the same number of

(Has-One ?Element Atomic-Number)

(Has-Some ?Element Atomic-Volume-at-20-Degrees-Celsius)
(Has-One ?Element Atomic-Weight)

(Has-One ?Element Chemical-Group)

(Has-One ?Element Chemical-Period)

(Has-Some ?Element Density-at-20-Degrees-Celsius)
(Has-One ?Element Electronegativity)

(Has-Some ?Element Melting-Point)

(Exhaustive-Subclass-Partition Element
(Setof Reactiveness Reactiveless)))

Figure 8. Ontolingua code generated by the ODE translator for the concept Element.

velopment aries, ODE provides optional
guided concptualizaion tha helps inepe-
rienced userlean ebout ontolgy develop
ment.This concetualizaion is very useful
for domain gpeits who want to luild their
own ontolajies.

ODE curently includes these functions:

e Managing ontolaies (openingclosing,
saving, saving as,integrating, printing,
and so on);

¢ Manajing ontolajies in tdular notéion
(creding and emaving tables,adding and
deleting thle rows, printing tables,and

S0 on);

* Mangajing IRs in gaphic notdion;

e Automaically genegting code in érmal
languaes;

e Customizing the user intexte;

* Managing the deelopment-evironment
help; and

* Manging conc@tualizaion and user
interface erors.

We've designed ODE to be complete
independent of other systems thmanae
ontolagies. For example although ODE gn

erates Ontolingua code iSCII, ODE does

not inteact with Ontolingua.

ODE requires a Bntium unning Win-
dows 95 andiccess 7. ODE has beeropr
grammed inVisual Basic ersion 5.0. Its user
interface complies with Miasoft design
standads for the deelopment of eent-
oriented gplications.

The translator module. Because ODE del
egates implementidon to fully automaed
code @negtors,nonepetts in the languges
in which ontolayies ae implemented can
specify ontolgies using the IRs aad/ pre-
sentedTo assue transldion of the conce-
tual model to as marianguaes as possié,
we designed ODE'transldor to be modular
and eusdle. The translaor module incor
porates these elements:

First,we use a @mmar to ddaratively
express the congaual modelWe use this
rules notéon:

e A - B meansA has the strcture indk
cated in B

¢ [A] meansA is optionaj

 [A|B]meansA or B,

¢ {A} Y meandsA is repeaed a umber of
times thais betveen x and y;

e Teminal symbols a inbold and non
teminal symbols & initalics;

¢ — meansthe feld is flled in with no
value

Figure 6 shavs hav we express the da
dictionas.

Secondwe identifed a sees of tansbr-
maion rules containing the stctures to be
geneeted in eah languae. We use the same
noteion as or the IRs. Br example Figure
7 shavs the tansbrmation rule for defning
classes in Ontolingua.

Third, for eat type of \alid defnition in
the languge, we huilt a teble tha relaes the
terms used in theansbrmaion rules to the
terms emplged in the congetual model (see
Table 1). Sothe nonteminal symbols of the
transbrmation rules @ in the left-hand cel
umn; the felds of the IRs needed teigthe
information represented Y the tansbrma
tion rule g in the rght-hand columnTable
1 shavs tha

» the name of thelass in the implementa
tion maches a conqe name in the con
cept dictionay;

» the documentén in the implemention
is obtained fom the desdption in the
glossay of tems;
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Table 1. The relationship between conceptualization and implementation for classes.

“Concept name” appearing in the concept dictionary
Name of superclasses to which the class is related in the concept-classi-
Name of subclasses to which the class is related in the concept-classifi-

Instances appearing in the concept dictionary

attributes, or relations in the concept dictionary

Maximum cardinality expressed for the attribute in the Cardinality field of

table or binary-relation table

IMPLEMENTATION CONCEPTUALIZATION
Class
Documentation “Description” in the glossary of terms
Superclass

fication tree
Subclass

cation tree
Instance
Relation Instance attributes, class
Max cardinality

its instance-attribute
Min cardinality

its instance-attribute

Minimum cardinality expressed for the attribute in the Cardinality field of

table or binary-relations table

» ead supeclass and sullass name is sup
plied by the concpt-dassification tree;

» the names of the instances &alen from
the instanceiéld defned in the conqat
dictionay;

 the elaion names a obtained fom the
instance andlass #&ributes and theala
tions deined for the concpt in question
in the concpt dictionay; and

» the cadinalities gpear in the instance- @
class-dtribute tdles and ad hoc bingar
relation tables.

Figure 8 shavs an @ample of the Ontolin
gua code gneeted for the Chemicals ontel
ogy. The geneeted code is eor-free which
dramaically cuts the time andfeifit involved
in implementéon.

Furthemore, the tansldor’s architectue
allows other tansldors to be deeloped in
selies. By meely chandng the ules tha
identify the tansbrmation rules of the tens
to be gnerted and bangng the second cel
umn of the thle thd relaes the conqaual
ization to the implementan, we can hild
a nav translaor.

ETHONTOLOGY'S TABULAR
andgraphic-based notin is a usefriendly
approac to knavledge acquisition § do-
main epeits who ae not knevledge eng-
nees. So.all the ontolgies huilt using this
approad ale not hand-afted; theg rely on
the same congrualizaion process; thg

have been hilt independenty of their end
use; and tharfal ontol@y code is gnested
automaically using ODE tansldors.

The Chemicals ontody is being used in
several goplicaions. Ontgenestion® is an
information-retrieval system thialets Span
ish uses consult and acceds, their avn
languae, the knavledge contained in the
Chemicals ontolgy. The system uses

r domain ontolgy (Chemicals) and a linguig
tic ontolagy (the Genealized Upper Me
def*?) to geneste Spanish te desciptions
in response to the ques in the bemisty
domain.

The other pplicaion is Chemical Onto
Agentl3an ontolgy-basedVWW broker in
the dhemisty domain. Itis a tedtng bioker
that lets students learchemisty in a very
straightforward mannerproviding the nee
essay domain knavledge and helping stu
dents test their skillSlo male the anwers
more undestandale to studentghis system
can inteact with Ontgenegtion.

We ae huilding other ontolgies accod-
ing to the Methontolgy framevork and using
ODE: the (xa)2-ontology, developed ly
the KnavledgeAnnotation Initiative,"*which
seeks to model the kmtedge-acquisition
comnunity (its reseachers, topics,products,
and so on); theeference-oOntology,®a
domain ontolgy about ontolgies; and a
Monatomic-Ions-Ontology, to be
included in anEnvironmental-Pollu-
tants-Ontology. These tw ontolamies
reuse the Chemicals ontgio
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