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Abstract. There is rapidly growing momentum for web enabled agents that reason about and dynam-
ically integrate the appropriate knowledge and services at run-time. The dynamic integration of knowl-
edge and services depends on the existence of explicit declarative semantic models (ontologies). We have
been building tools for ontology development based on the Unified Modeling Language (UML). This
allows the many mature UML tools, models and expertise to be applied to knowledge representation
systems, not only for visualizing complex ontologies but also for managing the ontology development
process. UML has many features, such as profiles, global modularity and extension mechanisms that
are not generally available in most ontology languages. However, ontology languages have some fea-
tures that UML does not support. ur paper identifies the similarities and di erences (with examples)
between UML and the ontology languages RD and D ML  IL. To reconcile these di erences, we
propose a modification to the UML metamodel to address some of the most problematic di erences.

ne of these is the ontological concept variously called a property, relation or predicate. This notion
corresponds to the UML concepts of association and attribute. In ontology languages properties are
first-class modeling elements, but UML associations and attributes are not first-class. ur proposal is
backward-compatible with existing UML models while enhancing its viability for ontology modeling.
While we have focused on RD and D ML  IL in our research and development activities, the same
issues apply to many of the knowledge representation languages. This is especially the case for semantic
network and concept graph approaches to knowledge representations.

Keywords ontology, semantic we , agents, modeling, ML, , AML.

e resenting knowledge is an im ortant art o any knowledge ased system. In articular, all
arti cial intelligence systems must su ort some kind o knowledge re resentation K . Because
o this, many K languages ha e een de elo ed. or an e cellent introduction to knowledge
re resentations and ontologies see

E ressing knowledge in machine reada le orm re uires that it e re resented as data. here
ore it is not sur rising that K languages and data languages ha e much in common, and oth
kinds o language ha e orrowed ideas and conce ts rom each other. Inheritance in o ect oriented
rogramming and modeling languages was deri ed to a large e tent rom the corres onding notion
in K languages.
K languages can e gi en a rough classi cation into three categories

Logical languages. hese languages e ress knowledge as logical statements. ne o the est
known e am les o such a K language is the Knowledge Interchange ormat KI
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rame ased languages. hese languages are similar to o ect oriented data ase languages.

ra h ased languages. hese include semantic networks and conce tual gra hs. Knowledge is
re resented using nodes and links etween the nodes. Sowa s conce tual gra h language is a
good e am le o this

he analogy etween hy erte t and semantic networks is com elling. I one identi es semantic
network nodes with We resources s eci ed y ni ersal esource Identi ers or Is and se
mantic network links with hy erte t links, then the result orms a asis or e ressing knowledge
re resentations that could s an the entire World Wide We . his is the essence o the esource
escri tion ramework . is a recommendation within the ML suite o standards,
de elo ed under the aus ices o the World Wide We  onsortium. is de elo ing uickly
here is now an Schema, language, and there are many tools and roducts that can rocess
and Schema. he A PA Agent Marku Language AML , s is a language
ased on and Schema that will e a le to e ress a much richer ariety o constraints
as well as su  ort logical in erence. or a good discussion o the design rationale o AML IL
see .
As in any data language, K languages ha e the a ility to e ress schemata that de ne the
structure and constraints o data instances or o ects con orming to the schema. A schema in a

K language is called an , . An ontology is an e licit, ormal semantic model.
It is deri ed rom the corres onding notion in Philoso hy. See the classical work y Bunge |,

as well as more recent work y wuarino, schold and their colleagues , . ata con orming
to an ontology is o ten re erred to as an or as , since it ty ically a stracts or

annotates some natural language te t or more generally a hy erte t document . An ontology may
include oca ulary terms, ta onomies, relations, rules assertions. An ontology should not include
instances annotations.
he increasing interest in ontologies is dri en y the large olumes o in ormation now a aila le
as well as y the increasing com le ity and di ersity o this in ormation. hese trends ha e also
increased interest in automating many acti ities that were traditionally er ormed manually. We
ena led agents re resent one technology or addressing this need . hese agents can reason
a out knowledge and can dynamically integrate ser ices at run time. ormal ontologies are the
asis or such agents. AML  IL is designed to su ort agent communication and reasoning.
and AML  IL, which currently do not ha e any standard gra hical orm, could le erage
the ML gra hical re resentation. In addition, and AML IL are relati ely recent lan
guages, so there is not as many tools or as much e erience as there is or ML. We are currently
engaged in ro ects that ha e realized ene ts in roducti ity and clarity y utilizing ML class
diagrams to de elo and to dis lay com le AML IL ontologies. rane eld has also een
romoting ontology de elo ment using ML and has een translating ML to . Although
their ur oses are different, ML and AML IL ha e many characteristics in common. or e
am le, oth ha e anotiono a which can ha e . ale giesanattem ttoca ture
the similarities etween the two languages at a high le el.
ur a er discusses the similarities and differences etween ML and AML  IL and how the
differences might e reconciled. ne o the most ro lematic differences is the K notion ariously
called a relation, redicate or ro erty. his K notiona ears,at a rstglance,to e the same as
a ML association or attri ute. his is misleading, since the corres onding K conce t is a rst
class modeling element, while ML associations and attri utes are not rst class. More recisely,
in K systems a relation can e ist without s eci ying any classes that it might relate.
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A c t ar c ts

ntology ackage

Class Class
s Sets (union, intersection, etc.)|Not Supported

Hierarchy Class Generalization Relations

roperty spects of ttributes, ssociations and Classes

Hierarchy None for ttributes, limited Generalization for

ssociations, Class Generalization Relations
Restriction Constrains  ssociation Ends, including multiplicity
and roles. Implicitly as class containing the attribute

Data Types Data Types
Instances and alues b ect Instances and ttribute alues

ab . High-Level Mapping of UML and D ML Concepts

In act, in some K systems, it is the ro erties that are the rimary modeling rimiti e, and
classes are effecti ely relegated to a secondary status. See, or e am le, , and . In
such a K system, it is assumed that the uni erse consists o instances that ha e ro erties. A
set o classes is then chosen so as to satis y the criterion o cogniti e economy.  his essentially
means that the instances can e descri ed economically rom the oint o iew o memory usage.
Howe er, there is a tradeoff etween memory usage and time s ent deri ing conse uences which
might otherwise e re resented e licitly.

In ML, on the other hand, an association is de ned in terms o , which
must e related to classi ers, and an attri ute is always within the conte t o a single class. his
difference etween ML and most other K languages has also een noted y rane eld . We

are ro osing a modi cation to the ML metamodel to deal with this issue.

he aim o the AML rogram is to achie e semantic intero era ility etween We  ages,
data ases, rograms, and sensors. An integration contractor and si teen technology de el
o ment teams are working to realize the AML isiono ro idinga set o tools or rogrammers
to uild road conce ts into their We  ages ... and allowing the ottom u design o meaning
while allowing higher le el conce ts to e shared. AML addresses the ro lem o uilding
a set o ontologies ased on commonly acce ted domain models to share in a military grid. he
solution is to de elo wusa le intero era ility technologies, similar to those that ena le the we to
unction. oward this end, AML IL will ena le annotating in ormation on the we to make
knowledge a out the document machine reada le so that so tware agents can inter ret and reason
with the meaning o we in ormation. he only mechanism currently generally a aila le or such
annotations on the We is metadata in the head element o an H ML le. AML  IL enriches
and ormalizes metadata annotations see igure
AML IL is only art o the ision o the automation or ena ling
o things that are currently di cult to do locating content, collating and cross relating content,
drawing conclusions rom in ormation ound in two or more se arate sources. AML s art is to
ser e as a marku language or network agents to ro ide a mechanism or ad ertising and reusing
s eci cations. he so tware tools or creating these agents will e accom lished through the ASK
aska le Agent So tware Kit Program to reduce the er agent de elo ment cost. he third arto
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A
Class Class
classifier role type
type of ModelElement type

attribute

b ect roperty or Datatype roperty

association end

b ect roperty

specialization of classes subClass f
specialization of associations sub roperty f
note comment
name label
see lso tagged value on a class and association see lso
isDefined y tagged value on a class and association isDefined y

Not supported

Restriction class

Not supported

complement f property

Not supported

union f property

Not supported

intersection f property

on roperty association

on roperty

toClass association

toClass

class containing the attribute

subClass f a property restriction

source class of an association

subClass f a property restriction

attribute type

toClass on a property restriction

target class of an association

toClass on a property restriction

Not supported

e uivalentTo

Not supported

sameClass s

Not supported

same roperty s

Not supported

samelndividual s

Not supported

di erentIndividual rom

ackage ntology
versionInfo tagged value on a package versionInfo
import (dependency stereotype) imports
multiplicity cardinality
multiplicity range minCardinality, maxCardinality
association target with end multiplicity .. or Uni ue roperty
association source with end multiplicity .. or Unambiguous roperty

relationship between the association ends of an association|inverse f

Not supported

|Transitive roperty

ab . Mapping etween UML and D ML




explicit semantic agreements via machine -readable ontologies

implicit semantic agreements on paper!

Subject verb object
document XML semantics for Full semantics
parsing info keywords schema || selected sentences for all content

»
>

browser | |web crawler | XML agents agents
parsers (near-term) (future)

. The Evolution of Metadata

the Semantic We  ision addresses the middleware layer as a continuation o the 0ABS  ontrol
o Agent Based Systems in estment to ring systems, sensors, models, etc. into the rototy e

agent grid as an in rastructure or the run time integration o heterogeneous multi agent and
legacy systems.

AML s a lications will e ar reaching, e tending to oth the military and commercial mar
kets. Its machine to machine language ca a ilities might e instrumental in realizing the a 1i
cation s eci ¢ unctionality, inde endent o human control. AML IL will also enhance the
e ciency and selecti ity o search engines and other automated document rocessing tools. Such
engines and tools will e a le to scan multi le We  ages and conce tually relate content that cur
rently might seem unrelated ecause o ariations or im recision in the language rogrammers used
to identi y that content. A num ero AML tools ha e een uilt or are in rogress, including an
ontology 1i rary, arser serializer, ontology editor analyzer, AML crawler and iewer, etc. rial
go ernment e.g. Intelink at the enter or Army Lessons Learned and commercial in e commerce
and in ormation retrie al a lications ha e een lanned and uilt.

Both AML IL and e ress acts using also called . An state
ment consists o a , and . he redicate isre uired to ea ro erty and the
su ect is re uired to e a resource i.e.,s eci ed ya I.

Because o the increasing num er o modeling languages, it is ecoming more im ortant to introduce
systematic techni ues or constructing ma ings or etween modeling languages
and ro ing that the ma ings are consistent , » - In this section we discuss in general
terms some o the issues that arise when constructing ma ings etween modeling languages.
When constructing ma ings etween modeling languages, it is im ortant to understand the goals
and ur oseo thema ings. A recise statement o goals and wur ose is essential or dealing with
the many ma ing issues, such as the ollowing
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Is the ma ing re uired to reser e semantics Ideally, the two languages should ha e well
de ned notions o semantics. In ractice, they will not, so the est one could ho e oris or the
ma ing to e consistent. he notion o ma ing consistency will e discussed elow.
Is the ma ing re uired to e de ned on the entire modeling language In many cases, it
may su ce to de ne the ma ing on a su set o the modeling language. he ur ose o the
ma ingcan e used to answer this uestion.I the language is sim ly a means or ront end
or constructing models o the second language, then it is reasona le to use only those constructs
o the rst language that are needed or the second.
Is the ma ing sim ly a one way ma ing rom one language to the other or should it e
de ned in oth directions I the ma ing is de ned in oth directions, then it is called a
ma ing.
I the ma ing is a two way ma ing, should the two directions e in erses o each other
Ha ing in erse ma ings is generally only ossi le when the languages are ery similar to one
another. his is not the case or ML and AML IL.

o make the discussiono ma ing ro erties more recise, we need to introduce some conce ts.

We resume that each modeling language has notion o . he recise meaning
o this notion will de end on the language, ut it usually takes a orm such as the ollowing wo
models 1 and o are i there is a one to one corres ondence etween the

instances 0 1 and the instances 0 9 that reser es relationshi s etween instances. Semantic
e ui alence o two models usually means that the models differ rom each other only in inessential
ways, such as renaming, reordering or adding redundancy.
We also resume that each model o a language can e serialized in a uni ue way. or e am le,
one can serialize a ML model using the MI ormat, while AML IL is de ned in terms o
which has a standard ML re resentation. or a model in a language , the 0 is
the size o its serialization in whate er unit isa ro riate or the serialization, such as the num er
o characters . he size o is written
ow su ose that 1 and o are two modeling languages. A rom 1 to 91isa
unction rom the models o ; to the models o 9 which reser es semantic e ui alence. In other
words, i 1 and o are two semantically e ui alent models in 1, then 1 is semantically
e ui alent to 2 . henotion o ama ingthat reser es semantic e ui alence is su stantially
weaker than that o a ma ing that reser es semantics i.e., or e ery model , the models
and are semantically e ui alent . he latter notion is what one usually means y a ma ing
eing correct. In the case o ML and AML IL, the ma ing is de ned only on those ML
models that are necessary or e ressing AML  IL ontologies, so it is only a artial ma ing.
A rom 1 to oisa airo ma ings, the rst ; rom ; to o and the
second 9 rom 9to 1,suchthati ;isde nedon ,then 5isde nedon ; ,and ice ersa
or o and ;. By assum tion, two way ma ings reser e semantic e ui alence in oth directions
In general, two way ma ings are not in erses, e en or the models on which they are de ned.
he est one can ho e or is that a lying the two ma ings successi ely will sta ilize, ut e en

this is hard to achie e. o e more recise, we say that a two way ma  ing is i or any model
on which ;isde ned, 1 2 1 1 , and similarly or models o 5. While sta ility

is much easier to achie e than in erti ility, it is still a strong ro erty o ma ings. Let 1 o
e a sta le two way ma ing. or any model on which ; is de ned, o orms a kind

o canonical orm or in the sense that 1 and o are in erses o each other on the canonical
orms.
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While sta ility is clearly desira le, it may not e necessary. A more realistic goal is or the two
way ma ing to settle down e entually. o e more recise, a two way ma ing 1 o is
i or any model on which 1 is de ned, the se uence 1 2 1 1 9 1
is ounded.

While it is desira le or ma ings to e ounded, this can con ict with the desire to kee
the ma ing sim le. onsider, or e am le, a ma ing rom ML that ma s each association
to a AML IL class and each association end to a AML IL ro erty. his is certainly
necessary or association classes and non inary associations. sing the same ma ing uni ormly
or all associations is certainly sim ler than treating inary associations that are not association
classes in a different manner. Howe er, doing so is un ounded. A inary association will ma to a
class and two ro erties, which ma  ack to a class and two associations, these then ma to three
classes and our ro erties, and so on. his e am le illustrates how kee ing the ma ing sim le
can result in un ounded ma ings. We intend to ro ose ma ings that are ounded, e en though
this may make them somewhat more com le .

In order to discuss the similarities etween ML and AML IL an initial incom lete ma ing
etween the languages has een created. a le resents a high le el ma ing o conce ts rom
ML and AML IL, and ser es as an o er iew o the strategy a lied to the ma ing.

a le ela orates on the high le el conce ts and e resses some o the s eci c e tensions
necessary or the initial ma ing etween the languages. his ro osed ma ing is made with
the assum tion that ML class diagrams are created s eci cally or the ur ose o designing

AML  IL ontologies. Legacy class diagrams that were not originally intended or AML IL

a lications would e usa le or AML IL wur oses ut would need modi cation in order to

make ulluse o AML IL ca a ilities. It is im ortant to note that we make no claim that this

ma ingis correct or that it reser es semantics. n the other hand, we ha e attem ted to
ensure that the ma ing is consistent in the sense that it reser es semantic e ui alence.

he ma ingin a le mentions a num er o constructs that ML does not su ort. We
discuss how ML may e e tended to su ort them in Section elow. In rinci le, each o the

ot su orted entries in the ta le could e added to ML vy introducing a suita le stereoty e.
his was the a roach taken y E , and we make use o this or many o our e am les.

Such an a roach is certainly su cient or the goal o using ML as a user inter ace or AML,
ut it does not de ne any semantics or the stereoty es. Without suita le constraints a ma ing

de ned y using ML stereoty es need not e consistent. or e am le, the ro erty

o AML IL should e constrained to link only classes. In Section we address this ro lem y
ro osing a modi cation o ML that introduces a ro riate constraints.

he distinction etween the ML notion o generalization and the AMIL  IL conce t o
is a good e am le o the difference etween consistency and correctness. ML s ecial
ization generalization, while not ormally s eci ed, is most commonly used to re resent the su
class su erclass relationshi in o ect oriented rogramming languages. his relationshi is un
damentally , while the AML IL ro erty is ormally de ned as eing
hese two oints o iew are ormally incom ati le.
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o see why these two are incom ati le, consider the e am le o classes and
de ned as ollows

rom a set theoretic ers ecti e, as uare can only e asu class o rectangle ecause the set o
s uares isasu set o theset o rectangles. Howe er, this oint o iew ignores the eha ioral as ects
o s uares and rectangles. Indeed, in most o ect oriented rogramming languages one could not
easily s eciy the class a 0 e as a su class o . Any such attem t would con ict
with the rinci le o su stituta ility one cannot regard a s uare o ect as a rectangle ecause a
s uare cannot e stretched, whereas a rectangle with length e ual to the width can e stretched.
n the other hand, rom a eha ioral ers ecti e, a rectangle can e asu classo as uare. Indeed,
one could de ne it as ollows

ote the use o o erriding or oth the and methods. sing s ecialization general

ization as in this e am le i.e., adding additional attri utes and methods, and o erriding methods
is ar more common than the set theoretic oint o iew i.e., a su class that restricts the su erclass
without adding any attri utes or methods .

his e am le has generated considera le discussion, including many who dismiss the ossi ility
that might e a su class o as eing or e en . See or a
re utation o such arguments.

rom this e am le, it is clear that ML generalization is semantically uite different rom the

AML IL ro erty. et, using the ormer to s eciy the latter reser es semantic
e ui alence, ecause any two classes such that one is a s ecialization o the other will e ma ed to
two AML  IL classes that are related y the relation. Accordingly, ma ing ML

generalization to AML IL is consistent.
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Indi idualelements o thisma ingcan eillustrated to urthere lainthe rinci lesused to create
the ma ing. igure de icts the mother relationshi that e ists etween the class Person and
the class Woman. In ML this is re resented as a la eled association etween the two classes. In
AMIL  IL the ro erty mother e ists inde endently o the two classes, and any o ect could
e a mother unless suita le restrictions are im osed. or e am le, in igure , this is re resented
as a restriction or class Person, on ro erty mother , to class Woman. ther restrictions could
also e im osed to re resent other notions o motherhood animals, com anies and so on .

.D ML IL roperty Restriction

By a lying the ro osed AML IL to ML ma ing, a AML IL translation can e
generated. Listing re resents a section o an ontology that has een constructed rom igure

.D ML IL Translation of igure

Another conce t o the ma ing can e seen in igure , which shows one o the ML re re

sentations o a AML IL . In the gure, the ro erty that re resents a erson as

eing the ather o another erson is a re nement o the ro erty o a erson eingthe arent
o another erson.
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. . Example of a Sub roperty

igure illustrates the conce t o an instantiated class in ML. In a similar ashion, this would
e descri edin AML  IL as an element identi ed as ommy , with ty e identi ed as Person
and the alue assigned to the ro erty height .

o demonstrate the ma ing etween ML multi licity and AML IL cardinality, igure
de icts the corres ondance etween the multi licity o an association end and the corres onding
cardinality in AML IL. In the gure, an association end that contains a single alue would
ma to as eci ccardinality alue or the ro erty restriction. An association end that contains a
range o alues would ma to the minimum and ma imum cardinality allowed or the corres onding

ro erty restriction.

igure and igure de icts ecialcaseso AML IL ro erties with rede ned cardinality
restrictions. he rst o these is called an nam iguous Pro erty and is de icted in igure . An
nam iguous Pro ertyisde nedin AML IL as arelation that, gi enas eci ed target element,
will always originate rom the same source element.
igure re resents the ML notation or the AML  IL conce t o a ransiti e Pro erty. A
ransiti e Pro erty is de ned in the terms o three or more elements. o e considered transiti e,
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.D ML IL Type roperty

a ro erty that holds true or the rst and second elements and holds true or the second and third
elements must also hold true or the rst and third elements. or e am le, gi en that om is the
ancestor o Jack, and Jack is the ancestor o o ert, then om is also the ancestor o o ert.

While there are many similarities etween ML and K languages such as and AML IL,
there are also many differences. econciling these differences has een one o the ma or ro lems
o our ro ect. We now discuss some o the ma or incom ati ilities.

An im ortant distinction etween K a roaches and o ect oriented a  roaches is the notion o
. A logical system is monotonic i adding new acts can ne er cause re ious acts to
e alsi ed.  course, one must e care ul to de ne which acts are eing considered in this rocess

so that it makes sense. Both and AML IL are monotonic asserting a new act can ne er
cause a re iously known act to ecome alse.

By contrast, ML and other systems are ty ically not monotonic. here are many orms o
nonmonotonic logic, ut the one that is closest to ML and systems is a logic that assumes a

. A sim lee am le can illustrate how monotonicity affects in erence. Su ose that one
s eci es that e ery erson must ha e a name. onsider what would ha eni a articular erson
o ect does not ha e a name. In ML this situation would e considered to e a iolation o the
re uirement that e ery erson must ha e a name, and a suita le error message would e generated.
In a monotonic logic, on the other hand, one cannot make any such conclusion. he erson who
a ears not to ha e a name really does ha e one, it ust isn t known yet.

As another e am le, su ose that in a ML class diagram one has and

classes, and one has an association that s eci es the de artment in which a student is
ma oring. Assume that there is a multi licity constraint on that constrains a student to ma or
in at most one de artment. ow su ose that a articular student is ma oring oth in
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.D ML IL Cardinality

. Example of an Unambiguous roperty

and .In ML this would iolate the cardinality constraint and that would e
the end o it. In a monotonic logic, on the other hand, one cannot make such a conclusion, at least
not directly. It is ossi le that and are the same de artment, one
ust hasn t yet seen the statement that they are the same. In AML  IL one could assert that two
resources in this case and are the same y using the

ro erty. It is unlikely that the annotator intended this, ut it is consistent nonetheless.

irtually all o the consistency constraints that one is accustomed to im ose with ML includ

ing domain constraints, range constraints and multi licity constraints ha e ery different conse

uences in monotonic and nonmonotonic logics. his distinction etween ML and K re resen

tations would there ore seem to e insurmounta le. Indeed, it does make it effecti ely im ossi le

to de ne a ma ing etween these languages that reser es semantics. Howe er, it does not re

ent one rom de ning a ma ing that reser es semantic e ui alence, and that is all that we are
attem ting to achie e.
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. . Example of a Transitive roperty

nlike most data modeling languages, K languages do not ha e a rigid se aration etween meta
le els. Indeed, they o ten ha e none at all. While one normally does maintain such a se aration
to aid in understanding, the languages do not orce one to do so. In effect, all o the statements
in the languages are in a single s ace o statements, including relationshi s such as instance

that in ML goes etween two metale els. In , as in many other K languages, instances o a
class may also e classes, and a chain o instance links may e o any length. he

entity, in articular, is an instance o itsel . While AML  IL inherits some as ects o , the
model theoretic semantics or AML  IL differs rom in choosing to make a clear distinction

etween metale els.

and AML IL as well as most other K languages do not ha e ro les, ackages or any

o the other modularity mechanisms su orted y ML and ML ased ASE tools. and
AML  IL does make use o ML names aces, ut only or disam iguating names, not as a
ackage mechanism. AML IL introduced a notion o an and an ro erty.

Howe er, ery little is mentioned a out what these mean, and what is mentioned is in ormal. or
e am le, there is no re uirement that one can only im ort an ontology, and there is no semantic
distinction etween a statement or resource eing in one ontology rather than eing in another.

has a num er o container notions , and . he semantics o these notions are not

ery clear, and AML  IL has largely re laced them with the notion o a . ML does ha e
containers in L , and it also has ordered associations which im licitly de ne a list within the
conte t o the association. Howe er, lists and ordered associations are semantically different. ML
has a ackage notion which can e used as a container or model elements. Howe er, ML ackages
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are not at the same metale el as containers and AML  IL lists, and the resentation
eatures o ackages also make them unsuita le or re resenting containers.

As we ha e noted in Section a o e, the AML IL notion o ro erty is a rst class modeling
element, while the ML notion o an association is not rst class. urthermore, a ML inary
association always has ust one domain class and one range class. AML IL ro erties are not
limited in this manner, and one can s eci y com le domain and range constraints in ol ing many
classes.

Another signi cant difference etween ML and AML  IL is that the relation etween ML
classes and associations is not e actly the same as etween AML IL classes and ro erties.
In ML, multi licity constraints on associations can affect mem ershi o o ects in the classes
related through the association this is ecause multi licity constraints constrain the num er o
o ects that can e instantiated or these classes. lassesin ML do not directly affect associations.
In AML IL, constraints on ro erties are im osed somewhat indirectly y s eci ying that a
class is a su ty e o a class called a . oing this may limit the sco e o the ro erties

eing constrained y the restriction class. inally, another im ortant difference etween ML and
AML IL is that descri tions o oth classes and ro ertiesin AML IL can e distri uted
o er arious We sites. his is not in the s irit o  ML.
he differences identi ed a o e ha e their own ad antages and disad antages. he idea o
distri ution o descri tions, or instance, goes against the rinci le o modularization, an acce ted
rinci le in so tware engineering. n the other hand, the idea o a ro erty eing associated with
multi le classes is more e i le and might oster reuse. onsider, or e am le, the notion o a
hisis a ro erty that occurs re uently in models, o ten se eral times within the same
model. In ML, such occurrences are different associations, while in AML  IL, they would all
e the same ro erty.
or instance, the ro erty could e used to associate with . Each
link o this association would gi e the ni ersity a liation o a aculty mem er. In ML it would
e modeled as an association. he same ro erty might also e used or associating a
with its .In ML, this must e modeled as a second association. hese two associations
are necessarily different e en i they use the same name ecause the associations are in different
names aces.

In and AML IL as well as many other knowledge re resentation languages , ro er
ties are rst class. A ro erty need not ha e any domain or range s eci cations at all, ut when it
does it may ha e multi le domains and only one range. urthermore, ro erties may ha e alues
that are literals as well as o ects, so that ro erties su sume oth the association and the attri ute
conce tsin ML.

n the other hand, ML allows associations that are non inary, while ro erties can only e
inary. here are well known techni ues or dealing with non inary relationshi s, wut it is much
harder to deal with the act that ML associations and attri utes cannot e rst class.
o deal with the ro lem o rst class ro erties, we ro ose that a new ty e o model element
e added to ML or re resenting ro erties. Since ro erties are unidirectional, it would e
inconsistent to iew a ro erty as a grou ing o associations. o e counsistent one must inter ret
a ro erty as an aggregation o association rom different associations. his is discussed in
more detail in Section
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ne eaturethat AML  IL introduced is the a ility to construct classes using oolean o erations
union, intersection and com lement and wuanti ers. he oolean o erations were introduced
using list alued ro erties called and ,along with a class alued ro erty
named . uanti cation was introduced y using the notion o a .
he only di culty with introducing the same ca a ility in ML is that there is no suita le
notion o a container or list in ML as noted in Section . a o e. Introducing a notion o a list
ust or this ur ose seems unnecessary inasmuch as the AML IL use o lists in this case does
not use the ordering in ormation.
he eature o lists that AML IL does use is the act that lists are containers.
A container is ounded i one cannot add, remo e or change elements in the container y sim ly
asserting new acts. A list is ounded ecause any alteration in the list re uires that some act
a out the list e unasserted. his eature o lists is im ortant only or a monotonic logic discussed
in Section . a o e. I one assumes a closed world, as one ty ically does in ML models, then
oundedness is not use ul. urthermore, there are other mechanisms in ML or s eci ying that a
eature o a model is not changea le. Accordingly, our ro osal or introducing class constructors
into ML does not make use o lists.

ML multi licity constraints can e consistently ma. edto AML IL cardinality constraints as
in igure . heonly incom ati ilities are the result o ro erties eing rst class model elements
that are one directional. he rst class eatureo ro erties means that one cans eciy a cardinality
constraint or e ery domain o a ro erty all at once. In ML one must s eci y this se arately or
each association end elonging to the ro erty, whilein AML  IL it is only necessary tos eciy
it once. n the other hand, ML allows one to s eciy cardinality constraints on all o the ends
o an association. In AML  IL, one must introduce an in erse ro erty in order to s eciy a
cardinality constraint on the domain o a ro erty.

allows one ro erty to easu ro erty o another. ML has the a ility to s eciy that one
association is a s ecialization o another, though this construct is rarely used. In our recommenda
tion, isa s ecialization o ,so0that a ro ertycan eas ecialization
o another. course, L constraints must e added to ensure that one does not ha e meaning
less s ecializations, such as ro erties that are s ecializations o associations, and the semantics o
ro erty s ecialization must e s eci ed care ully.

While it is reasona le to de ne a ma ing rom ML to AML IL y s eciying how each
construct isto e ma ed, one must also consider how the constructs are related to one another. In
other words, in addition to the ma or constructs one must also consider the glue that ties them
together.

onstructs in AML  IL are linked together either through the use o Is or y using
the hierarchical containment relationshi o ML. AML IL o ects need not e e licitly
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named i.e., they can e anonymous , and such o ects can e related to other o ects using ML
containment.

ML uses a ery different kind o glue to link its model elements to each other. Instead o

Is, it uses names in a large num er o names aces. ore am le, each class has its own names ace

or its attri utes and associations. hisis urther enriched ythea ilitytos eciy ri ate, rotected

and u licsco es. also has names aces rom ML , ut ML names aces are a ery different
notion. lacks any kind 0 name sco ing mechanism. In addition, one cannot s eci y na iga ility
constraints or ro erties. While ro erties are unidirectional, this is only a mechanism

or distinguishing the roles o o ects eing related. It does not limit accessi ility.
Any ma ing rom ML to AML IL or the re erse must ha e a mechanism or ensuring
that names are ro erly distinguished. Howe er, there are known methods or dealing with this
ro lem, and no new ML eatures are needed to deal with this.

We now gi eas eci crecommendation or amodi cationtothe ML metamodel that would ena le
one to model using rst class ro erties as well as to construct classi ers using oolean o erations
and uanti cation. he classi er constructorsena leonetos eciycom le crosscutting constraints
using ML. he metamodel or our ro osal is shown in igures , and . All o the metaclasses
in these gures are already arto MLe ce t or , , ,

and . We rst gi e the rationale and semantics o the metaclass and then
consider the classi er constructors.

We make no claim that this is a com lete s eci cation. wur intention was to raise issues and
to outline a solution. A ull M ro osal is eyond the sco e o this a er. Such a ro osal
should consider other crosscutting aggregations o model elements. ore am le, one could aggregate
attri utes and methods in much the same way that association ends are aggregated y using

ro erties.

AML IL is similar to many other K languages that are ased on the mathematical notion
0 a gra h or network consisting o a set o ertices and edges . once tual gra hs and semantic
networks are e am les o commonly used K languages o this kind. atural Language Processing

LP systems are well suited to this kind o knowledge re resentation ecause an edge rom
one erte to another corres onds to a redicate linking a su ect to an o ect. Parts o s eech
in general ma reasona ly well to modeling constructs in K systems see, or e am le,

In AML IL a redicate is re resented y a ro erty. Howe er, the AML IL notion o a
ro erty is de ned inde endently o any conte t in which it might e used. Whether ro erties
should e in this manner is a hotly de ated hiloso hical issue.

We do not take any articular stand on whether deconte tualized ro erties area ro riate or
modeling acti ities. ather we eel that this decision should e let to the modeler. urthermore,
the knowledge re resentation community is a large and growing community, and it makes sense to
su ort their modeling techni ues i it is con enient to do so and i it does not reak any e isting
models. In addition, the rogramming language community has introduced a notion o rst class

ro erties called .Su ort or modeling as ects would also e desirea le.
We argue here that y adding a ew additional model elements to the ML metamodel one can make
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ML com ati le with knowledge re resentation languages as well as hel su ort as ect oriented
rogramming.

o close the ga inthee ressi ilityo ML, we ro osetomodiy ML y addinga metaclass
called asin gures and .Ascan eseen rom the diagram, is an aggregation
0 anum er o association ends. he notion o does not need to e changed. he
notion o ser es as a means o grou ing arious association ends. he act that
is a rst class conce t is shown y the act that can e ist without eing associated with
any classes. A ro erty can e constrained y using restrictions. he notion o a is
discussed in more detail in the ne t section.

It is tem ting to deal with the issue o rst class ro erties y sim ly rei ying them. lasses
are rst class modeling elements, so this a ears to sol e the ro lem. or e am le, instead o
attem ting to model as an association, one could model it as a class . Howe er,
this has se eral disad antages. It can result in com le , unnatural ontologies, and it uts the urden
on the ontology de elo er to deal with this incom ati ility issue. urthermore, i this is used as a
mechanism or ma ing etween AML ILand ML, then the resulting ma ingis un ounded,
as has een discussed in Section

he semantics or metamodel elements is s eci ed in ML y using L. We now gi e an

e am le o such a s eci cation, including oth the rationale or it and the ormal e ression.
A ro erty is a grou ing o association ends. Pro erties crosscut the Association conce t. In
articular, no ro erty can ha e more than one o the association ends o an association. o
e ress this in L one uses , the set o all Association Ends o an Association,
and we introduce to e the set o all Pro erty generaliza le elements o an
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Association. I  is the intersection o the all onnections and allPro  onnections sets, then has
cardinality at most . More ormally

In addition, one must s eciy that a ro erty can only e s ecializations or generalizations o
other ro erties.

We ro ose a mechanism in ML where y one can construct classi ers rom other classi ers using
the same oolean o erations and wuanti ers as in AML IL. he ro osed mechanism di
ers somewhat rom AML IL ecause ML does not ha e a suita le notion o a contalner as

noted in Section . a o e. he metamodel or our ro osal is shown in igures ,and . he
metaclasses , and lay the roles o the AML IL ro erties

, and , res ecti ely. Although the rst two ro erties are
list alued, AML IL does not make any use o the list ordering. he metaclass
is almost the same as the AML  IL notion o a metaclass. We only show the case o a
restriction in igure . A com lete ro osal would also include the other orms o restriction
s eci edin AML IL , , , etc.

A restriction is a classi er oro ects. heinstances o the restriction are the o ects that satis y
a condition on one or more ro erties associated with the restriction. A restriction is im osed on
a class y s eci ying that the class is a s ecialization o the estriction classi er.
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I a estriction classi er is linked with a ro erty ia ,and i the estriction
classi er is linked with lasses ia the meta Association , then the instances o the
estriction classi er can only link with o ects that are in one o the s eci ed classes.
As with the ro erties, the estriction classi ers can only e generalizations and s ecializations
o other estriction classi ers.

o illustrate how one would use the ro osed modeling constructs, we resent an e am le in
igure . In this e am le, there is an association etween and , one o
whose roles association ends is named . We s eci y that this association end elongs
to the ro erty y a ending the ro erty name to the association end name, se arated
y acolon. he ro erty itsel is de ned elsewhere. In thise am le, it is shown using the gra hical
sym ol or a class, modi ed y using the stereoty e.
he classi er constructors are also shown using the same class gra hical sym ol, modi ed with
the a ro riate stereoty e. he classi er s eci es the union o all schools, uni ersities and
institutes that are not com anies. he s eci es a classi er whose o ects are the ones
whose is a school, uni ersity or non com any institute. Because the class is a
s ecialization o the ,the a liation s o a aculty mem er must e organizations that
are schools, uni ersities or non com any institutes.

In this a er we ha e re orted on our work in rogress on using ML as an ontology de elo ment
en ironment. We ha e identi ed similarities and differences etween ML and K languages, and
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we ha e discussed how they can e ma ed to each other in the case o AML IL. In the
similarities discussion we showed how ML conce tscan ema edto AML IL. Inthe in
com ati ilities discussion we identi ed differences etween the two re resentations. In the ma
ing discussion, we made an attem t to gi e rules or translating ML conce ts to AML IL
conce ts. As a result o our analysis, we came to the conclusion that some o the conce ts are sig
ni cantly incom ati le. In articular, the conce t o AML 1L , although somewhat
similar to the ML conce t, cannot e ma ed easily. We elie e that this is the
main o stacle to using ML and ML tools or AML ased ontology de elo ment. We elie e
this o stacle could e reconciled y a modi cation to the ML metamodel. We also introduced
the a ility to construct classi ers using oolean o erations and wuanti cation. hese are use ul
or s eci ying crosscutting constraints that can e im osed on many associations all at once. he
moti ation or these modi cationsto ML was to make it more com ati le with K languages and
as ect oriented rogramming. his might lead to the acce tance o ML y the knowledge re re
sentation community as the re erred gra hical notation or K languages, such as AML IL,
that are ased on gra hs.

his material is ased u on work su orted y the Air orce esearch La oratory, ontract
um er :
Any o inions, ndings and conclusions or recommendations e ressed in this material are those
o the author s and do not necessarily re ect the iews o the nites States Air orce.
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