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Abstract

Effective communication requires a common vocabulary. An ontology provides a description of
the terminology, concepts and relationships for a particular area of interest. An ontology may be
viewed as a declarative encoding of the meaning of the domain vocabulary terms, thus making it
a key to enabling communication. For systems that are used by people whose understanding of a
domain is not necessarily consistent, an explicit description of the important terms can be
extremely useful.

Many commercial companies have successfully deployed applications with increasing use of
semantics such as taxonomy-based search and navigation services. Rule-based manufacturing,
product configuration, and financial services systems have been relatively common in those
industries for many years. Fewer organizations have successfully deployed semantically rich
systems that incorporate ontology-based metadata, sophisticated reasoning and explanation
support. The technology has been around for decades, though its use for web-based applications
is relatively recent, and it remains difficult for some people to understand, let alone use
effectively.

This tutorial provides an overview of the knowledge representation landscape and attempts to de-
mystify some of the "black art" of ontology development. We will outline basic methodology
steps developed from a combination of

e Domain analysis methodology from software engineering

e |IDEF methods developed for the US Department of Defense

e Best practices developed through extensive experience and lessons learned, with a focus
on problems in software and systems engineering

Examples from systems engineering will be provided, with emphasis on ontology development
in UML using the Ontology Definition Metamodel, applications that lend themselves to
vocabulary development in the Web Ontology Language (OWL), and use of the these
technologies together with models developed using the OMG's Systems Modeling Language
(SysML).
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* Part 1: Introduction to Knowledge Representation & Ontology

* Part 2: Ontology Development in UML: The Ontology Definition Metamodel

* Part 3: Integrating Ontologies & Systems Engineering via SysML
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* A little history

* A few definitions

* Layers of abstraction & conceptual modeling
® C(Classifying ontologies

* A little methodology
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Mars was photographed by the Hubble Space Telescope in August 2003 as
the planet passed closer to Earth than it had in nearly 60,000 years.
Image Credit: NASA, J. Bell (Cornell U.) and M. Wolff (SSI)

A sunset on Mars creates a glow due to the
presence of tiny dust particles in the
atmosphere. This photo is a combination
of four images taken by Mars Pathfinder,
which landed on Mars in 1997. Image
credit: NASA/JPL

Recent images from instruments on board the
Mars Reconnaissance Orbiter take much more
detailed, narrower views of specific features of
the Martian surface. Image credit: NASA/JPL
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military records, passenger & immigration lists, online
documents (e.g., county histories, church histories, etc.)

* Historical/forensic research requires cross-domain search of a wide variety of resources within a
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* Knowledge Representation
- Cross-disciplinary field with historical roots in philosophy, linguistics, computer
science, and cognitive science

- Goal is to represent the meaning of knowledge unambiguously, so that it can
be understood, shared, and used by computational agents acting on behalf of
people to accomplish some task

® Philosophical origins

- Socrates questioning, Plato’s studies of epistemology -
the nature of knowledge

- Aristotle’s shift to terminology, development of logic as
a precise method for reasoning about knowledge

- Arguments for the existence of God dating back to
Anselm of Canterbury

- Medieval theories of reference and of mental language,
Scholastic logic

Plato and Aristotle at the School of
Athens, by Raphael
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®* Anontology is a specification of a conceptualization.
- Tom Gruber

* Knowledge engineering is the application of logic and ontology to the task
of building computable models of some domain for some purpose. - John
Sowa

* Artificial Intelligence can be viewed as the study of intelligent behavior
achieved through computational means. Knowledge Representation then is
the part of Al that is concerned with how an agent uses what it knows in
deciding what to do -Brachman and Levesque - KR&R

* Knowledge representation means that knowledge is formalized in a
symbolic form, that is, to find a symbolic expression that can be interpreted.
- Klein and Methlie

* The task of classifying all the words of language, or what's the same thing,
all the ideas that seek expression, is the most stupendous of logical tasks.
Anybody but the most accomplished logician must break down in it utterly;
and even for the strongest man, it is the severest possible tax on the logical
equipment and faculty. - Charles Sanders Peirce, letter to editor B. E. Smith
of the Century Dictionary
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* Predicate logic is harder to read than the original English, but is more
precise:
Every semi-trailer truck has at least 3 axles.
(V' x)(((SemiTrailerTruck(x) A (7y)(SemiTrailer(y) A (hasPart (x,y))) A
(SemiTrailerTruck(x) » (7 z)(TractorUnit(z) ~ (hasPart (x,z))))
> (Fs)(set(s) A (count(s,(=3))
A (VYw)(member(w,s) > (Axle(w) A hasPart(x,w))) )).

* Logic is a simple language with few basic symbols.

* The level of detail depends on the choice of predicates - these
predicates represent an ontology of the relevant concepts in the
domain.

* Different choices of predicates represent different ontological
commitments.

* Derived from Knowledge Representation: Logical, Philosophical, and Computational Foundations,
John F. Sowa, Brooks/Cole, Pacific Grove, CA, 2000.
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An ontology specifies a rich description of the

* Terminology, concepts, homenclature

* Properties explicitly defining concepts

* Relations among concepts (hierarchical and lattice)

Rules distinguishing concepts, refining definitions and relations (constraints,
restrictions, regular expressions)

relevant to a particular domain or area of interest.

Thesauri Disjointness,
“Narrower Term”  Formal Frames Inverse,

Catalog Relation Is-a (Properties) Part-of...

Terms/ Informal Formal Value General
Glossary Is-a Instance Restrictions Logical

Constraints

*Based On Aaai '99 Ontologies Panel - Mcguinness, Welty, Ushold, Gruninger, Lehmann
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* Ontologies provide a common vocabulary for use by independently
developed resources, processes, services

* Agreements among organizations sharing common services can be made
with regard to their usage; the meaning of relevant concepts can be
expressed unambiguously

* By composing / mapping ontologies and mediating terminology across
participating events, resources and services, independently-developed
services can work together to share information and processes consistently,
accurately, and completely

®* Ontologies also ensure

- Valid conversations among agents to collect, process, fuse, and
exchange information

- Accurate searching by ensuring context using concept definitions and
relations instead of/in addition to statistical relevance of keywords

10
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®* Vocabulary - a collection of symbols
- Domain-independent logical symbols (e.g., V or D)

- Domain-dependent constants, identifying individuals, properties, or
relations in the application domain or universe of discourse
- Variables, whose range is governed by quantifiers

- Punctuation that separates or groups other symbols

* Syntax - formation rules that determine how symbols can be
combined in well-formed expressions; rules may be stated in a linear
grammar, graph grammar, or independent abstract syntax

* Semantics - a theory of reference that determines how the constants
and variables are associated with things in the universe of discourse,
and a theory of truth that distinguishes true statements from false
statements

* Rules of Inference - rules that determine how one pattern can be
inferred from another; if the logic is sound, the rules of inference
must preserve truth as determined by the semantics

11
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* A family of logic-based Knowledge Representation formalisms
- Descendants of semantic networks and KL-ONE

- Describe domain in terms of concepts (classes), roles (relationships), and
individuals (instances)

* Distinguished by
- Formal semantics
e Decidable fragments of FOL
e Closely related to Propositional, Modal, and Dynamic Logics
- Provision of inference services
e Sound and complete decision procedures for key problems
o Implemented systems (highly optimized)

* Applications include

- Configuration - product configurators, consistency checking, constraint
propagation, first significant industrial application (e.g., CLASSIC)

- Ontologies - ontology engineering (design, maintenance, integration), reasoning
with ontology-based mark-up, service description and discovery

- Databases - consistency of conceptual schemata, schema integration, query
subsumption (w.r.t. conceptual schemata)

12
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* An ontology is a conceptual model of some aspect of a particular
universe of discourse (or of a domain of discourse)

* Typically, ontologies contain only “rarified” or “special” individuals,
metadata, representing elemental concepts critical to the domain

* A knowledge base is the persistent repository for

- The ontology and metadata representing the relevant individuals, facts,
and rules about how they can be combined or relate to one another

- The metadata only - in some applications and frameworks the ontology is
separately maintained

®* Most inference engines require in-memory deductive databases for
efficient reasoning (including commercially available reasoners)

* A knowledge base may be implemented in a physical, external
database, such as a relational database, but reasoning is typically
done on a subset (partition) of that knowledge base in memory

13




Space Administration

. . . sandpiper sollware
i meie o ey REASONING & Truth Maintenance
g

Pasadena, California

®* Reasoning is the mechanism by which the assertions one makes in an
ontology and related knowledge base are evaluated by an inference
engine.

* |n classical logic, the validity of a particular conclusion is retained
even if new information is received.

* This may change if some of the preconditions are actually
hypothetical assumptions invalidated by the new information.

* The same idea applies for arbitrary actions - new information can
make preconditions invalid.

* Generally, there are two issues that a reasoner must address:
- If some conclusion is invalid, which other conclusions are also invalid?
- If some action cannot be performed, which others are at risk?

* The “housekeeping” associated with tracking the threads that support
answering these questions is called truth maintenance.

14
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* |If all new information is “positive”, then all prior conclusions should
remain valid.

®* Problems are introduced if new information negates a prior
assumption, causing it to be withdrawn.

®* What does it mean to negate (withdraw) an assumption?
Conclusive information is not available?

The assumption cannot be proven?

The assumption is not provable using certain methods?

The assumption is not provable given a fixed quantity of time?

®* The answer can result in different definitions of negation and
differing interpretations by non-monotonic reasoners.

® Solutions include chronological and “intelligent” backtracking
algorithms, heuristics, circumscription algorithms, justification or
assumption based retraction, etc., depending on the reasoner and
methods used for truth maintenance.

®* Reasoning efficiency is dependent, in part, on the algorithms applied
for truth maintenance.

15
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When a particular conclusion is reached by a reasoner, many users
and applications want to understand why?

Primary motivations include interoperability, reuse, and trust

Especially when web-based information is involved, understanding the
provenance of the information /results is crucial

What information sources were used (source)
How recently they were updated (currency)
How reliable these sources are (authoritativeness)

Was the information directly available or derived, and if derived, how
(method of reasoning)

Methods used to explain why a reasoner reached a particular
conclusion include explanation generation and proof specification

16
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* “A data model describes data, or database schemas - an ontology
describes the world”
Adam Farquhar, “Ontology 101”, Stanford University, 1997

®* View resources their relationships as they “are”, or “are ... with
respect to some application or domain”, not as they are defined in
databases, tag systems or by programmers

* Librarians, linguists, business people with domain knowledge (subject
matter experts, SMEs) - classify knowledge differently from someone
interested in optimization of algorithms, or shoehorning information
into an existing framework, coding system, or application

* Shortcuts at the top levels do not help; automation and mapping
among ontologies and terminology at lower levels provides significant
benefit

17
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* Definitions range from high-level mind
mapping and brainstorming ... to detailed
collaboration, dialog, and information
modeling to support knowledge sharing

®* Tools are equally diverse, from inexpensive
brainstorming tools and university shareware
to sophisticated ontology and software
model development environments

®* Common capabilities include

“drawing a picture” that includes concepts and
relationships between them ik
- producing sharable artifacts, that vary depending on m«w
the tool - often including web sharable drawings

18
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> Simple Knowledge Organization System (SK0S)

Modeling
Standards
Unified Modeling | | Ontology Definition RIS ATl e LR
Language (UML) | | Metamodel (ODM) Fianagement Hetamadcl
(IMM) For Services (SoaML)
! > Resource Description Framework (RDE) » Entity-Relationship (ER) » Service Modeling
I > Web Ontology Language (OWL) = Relational DBMS = Multi-party Service Architectures
! = Common Logic (CL/IKL) = XML Schema = Compatibility w/BFMN for processes
! | > Muiti-dimensional > Design by contract, dynamic adaptation
[ :
i :
Metadata | : e
Standards | » Dublin Core Metadata Elements
|

i
» IS0 11179 Metadata Registration
» IS0 19763 Model Registration

Grounding in MOF/UML facilitates

19
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e |dentify subject areas

Ontology / ODM/OWL, SBVR Vocabulary ...

» Define the meaning of things in the organization

Conceptual

: ¢ Describe the logical representation of properties ODM/OWL, E-R, BPMN, UML, SysML,
= ) SoaML, AMP...
e Describe the physical means by which data is stored RDBMS/IMM, ACT, XSD ...
. e UML, source, scripting languages, stored
» Represent the coding language on a specific development platform procedures...
. . ) Physical KBs,
¢ Hold the values of the properties applied to the data in a schema databases, asset repositories...

*Layering diagram courtesy Kenn Hussey

®* Knowledge Representation / Management for Large Scale Applications

— Provide broad metadata, process, service & asset management facilities (including
feedback/lessons learned...)

— Enable rich cross-domain, cross-process, cross organizational modeling supported by
mapping & transformation services to provide maximum flexibility, interoperability

— Leverage standards and best practices in information architecture, metadata modeling,
management, registration, and governance, and asset management & registration

— Provide incremental reasoning capabilities for model validation, transformation services

®* Repeatable, reusable, interop<ble > > 20
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Classification techniques are as diverse
as conceptual models; and generally
include understanding

* Level of Expressivity

* Level of Complexity / Structure

* Granularity

* Target Usage, Relevance

* Amount of Automation, Reasoning Requirements

®* Prescriptive vs. Descriptive / Reliability / Level
of Authoritativeness

* Design Methodology
® Governance

®* Vocabulary Management, Metrics
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From NIST’s Ontology Summit 2007

* Semantic Dimensions

- Expressiveness: represents how well a KR language addresses
increasingly complex semantics

- Structure: represents how well an ontology encodes semantics,
with the same or less expressivity than the KR language

- Granularity: represents the level of detail specified in an ontology

®* Pragmatic Dimensions

- Intended use: the original use case(es), or purpose for developing
a particular ontology

- Automated reasoning: the extent to which the ontology is
designed to be used for automated reasoning

- Prescriptive vs. Descriptive: the extent to which an ontology was
intended to be used for descriptive purposes vs. normative
prescriptive use (i.e., with high degree of concern for
correctness)

25
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* Intended use of ontologies, including domain requirements (e.gq.,
scientific and engineering apps require formulas, units of measure,
computations that may be challenging to represent)

* Intended use of systems that implement or use them, including
reasoning requirements, questions to be answered

®* What kinds of transformations are required among processes,
resources, services to support semantic mediation

®* Ontology and system alignment / de-confliction / ambiguity
resolution requirements

* Ontology and system composition requirements, dynamic vs. static
composition, in what environment and under what constraints

* Performance, sizing, timing requirements of target

®* For distributed environments, the humber and kinds of resources,
processes, services requiring ontologies - how distributed, how
unique, developed collaboratively or independently, dynamic
community participation or static

26
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* Requirements, domain & use case analysis are critical
- Develop initial source/reference material
- Focus on system or application requirements

- Iterative development starting with a “thread” that covers
basic capabilities can ground the work and prioritize decisions

®* Need to understand and communicate
- Architectural trade-offs, cost & technical benefits

- The nature of the information & kinds of questions that need
to be answered drive the architecture, approach, and ontology
scoping and design

®* Reuse standards, available ontologies whenever possible
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* A controlled vocabulary

* A hierarchical or taxonomic structure (for query expansion)
Hardware, Flight Hardware, Fight Avionics, Star Tracker, ...

* Knowledge supporting structured queries
Find all requirements specifying functions performed by a given component

* Efficient inference (i.e., limited expressive power) vs. increased
expressivity (potentially expensive or resource bounded computation)

* Custom reasoning for temporal relations, geospatial, dynamic
evaluation of engineering equations, process-specific, conditional
operations

* Computational tractability —_— Disjontness,

“Narrower Term”  Formal Frames Inverse,
Catalog Relation Is-a (Properties) Part-of...

| | 1 | ]

\ 1 | [ |

Terms/ Informal Formal Value General
Glossary Is-a Instance Restrictions Logical
Constraints

“Based On Aaai '99 Ontologies Panel - Mcguinness, Welty, Ushold, Gruninger, Lehimann

<© > .
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®* General concepts as well as domain-specific knowledge

® Basic starting point - cross-domain definitions
- Namespace definitions, related metadata, registration, governance
policies
- Commonly used structures & vocabularies: messaging, event processing,
service descriptions, general systems & software engineering terminology

- Common metadata for asset/artifact management (e.g., documents,
images & multimedia, engineering artifacts)

* Domain vocabularies must be prioritized, selected based on
business requirements, clear ROI

* Common early targets include domain taxonomies supporting
service registration

asset/artifact repository search & retrieval

partial service & related metadata generation

automated verification
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® Layout a high-level architecture for ontology components

* l|dentify the relationships among components - roles, domain,
interface, process, utility

®* For each ontology component
- Describe its domain and scope, how it will be used

- ldentify example questions and anticipated/sample answers for
the application(s) it will support

- ldentify key stakeholders, ownership, maintenance, resources for
instance knowledge

- Describe anticipated reuse/evolution path

- ldentify critical standards, resources that it must interoperate
with, dependencies

® Resources

http://www.idef.com/IDEF5/html
http://www.kbsi.com/technology/methods/sbont.htm
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caroma e orreemaosy @It 2: ONtology Development in UML: Web Ontology
| Language (OWL) & Ontology Definition Metamodel

® Intro to RDF & OWL
®* Motivation for using UML

®* Ontology development using the Ontology Definition
Metamodel (ODM)

® Relationships to other OMG & ISO Standards
* Planned work at OMG
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“The Semantic Web is an extension of the current web in which
information is given well-defined meaning, better enabling computers

and people to work in cooperation.”
-- Tim Berners-Lee

Trust
Proof
Logic
framework o _5
1 =
o OWL Rules [E %
S DLPbitof OWL/Rul [
ol RDF Schema

Semantic Web stack from "Putting the Web back into Semantic Web”, Tim Berners-Lee, ISWC2005 Keynote
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* Historically, knowledge representation and reasoning systems have
operated under closed world assumptions

* Uncertainty is magnified under open-world, “wild, wild web” conditions,
making reasoning much more difficult

* Semantic web languages are designed to support less certainty, to
provide “better” search results, informed answers to questions, not
absolutes

* Because they are based on XML, such languages can assist businesses in
leveraging existing investment in mark-up, content, and data

- To augment business intelligence/analysis and knowledge mining

- To support knowledge sharing and collaboration, augment enterprise
information integration

- Enrich web services and other applications
- Support policy-based applications and ensure compliance with policy

at a lower cost with higher potential ROl than traditional computing
methods
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® Describes relationships
® Uses URIs used for naming
* Language has
- graph based model
- RDF/XML serialization (exchange syntax)
- other presentation syntaxes (N3, Turtle, ...)

® Specification, W3C presentations, tools are available at

- Semantic Web: http://www.w3.org/standards/semanticweb/

- Linked Data:
http://www.w3.org/standards/semanticweb/data

- RDF: http://www.w3.org/standards/techs/rdf#w3c_all
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Subject

http://www.incose.org/symp2010/Symposium.owl#Symposium
Predicate

Graph:

http://www.incose.org/symp2010/Symposium.owl#heldAt

Ob jec t— http://www.incose.org/symp2010/Symposium.owl#HyattRegencyOHare

<rdf:Description rdf:ID=“Symposium"/>
XML/RDF: <symp2010:heldAt rdf:resource="#HyattRegencyOHare"/>
</rdf:Description>

N-triples: symp2010:Symposium symp2010:heldAt symp2010:HyattRegencyOHare .

Courtesy Evan Wallace, NIST
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* An RDF vocabulary that provides for identifying:
- classes,
- subsumption (inheritance) relations for classes,
- subsumption (inheritance) relations for properties,

- domain and range for properties

Courtesy Evan Wallace, NIST
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symp2010:Hotel

. rdfs:subClassO
Gr aph . rdf:type d f

W symp2010:AirportHotel

symp2010:HyattRegencyOHare

XML/RDF: <rdf:Description rdf:ID="Hotel">
<rdf:type rdf:resource="http://www.w3.org/2000/01/rdf-

schema#Class"/ >
</rdf:Description>

<rdfs:Class rdf:ID=“AirportHotel">
<rdfs:subClassOf rdf:resource="#Hotel"/>
</rdfs:Class>

<symp2010:AirportHotel rdf:ID=“HyattRegencyOHare“/> Courtesy Evan Wallace, NIST
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DuPont QBASF

&

Daimler-Chrysler

Boeing O
BMW

Courtesy Evan Wallace, NIST
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DuPont OBASF

&

O Daimler-Chrysler
Boeing

BM

V‘S\\&\;

a Mini

Cooper 5 a Dakota

Courtesy Evan Wallace, NIST
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DuPont OBASF

<&

. . Boeing &
<owl:0ObjectProperty rdf:ID="builtBy"

<rdfs:range rdf:resource="#Enterpr ;}7\

<rdfs:domain rdf:resource="#DurableGood"/ >

<owl:inverseOf rdf:resource="#hasBuilt"/ >
</owl:ObjectProperty>

Daimler-Chrysler

S
N
S
Q 2 &\3
\)\

a Dakota
VIN

Courtesy Evan Wallace, NIST
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range —

<owl:0ObjectProperty rdf:ID="builtBy">
<rdfs:range rdf:resource="#Enterprise”/>
<rdfs:domain rdf:resource="#DurableGood"/ >
<owl:inverseOf rdf:resource="#hasBuilt"/ >

</owl:ObjectProperty>

Courtesy Evan Wallace, NIST
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<owl:0ObjectProperty rdf:ID="builtBy">
<rdfs:range rdf:resource="#Enterprise’/>
<rdfs:domain rdf:resource="#DurableGood"/ >
<owl:inverseOf rdf:resource="#hasBuilt"/ >

</owl:ObjectProperty>

domain ——

Courtesy Evan Wallace, NIST
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domain —, Dngwt OBASF
Boeing Daimler Chrysler

<owl:0ObjectProperty rdf:ID="hasBuilt"> B

<rdfs:range rdf:resource="#DurableGood"/ >

[

<rdfs:domain rdf:resource="#Enterprise”/> § §
<owl:inverseOf rdf:resource="#builtBy"/ > é’ Q
</owl:ObjectProperty> /<
\

a Mini

- er
range Cooper 5 a Dakota

Courtesy Evan Wallace, NIST

43




National Aeronautics and
Space Administration

. . . sandpipner sollware
caitomia msttus ot Ty VI€1A-Properties — Logical
Pasadena, California
A
"‘%,/ .
7
Wesley
* Symmetric
Evan
6033».
b4,
7%
* Transitive IsParg
NIST
/50&

MEL hasPart MSID

Courtesy Evan Wallace, NIST
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Range |
®* Functional 1
(o) (o)
T (o)
(0]
| | | | | _a
| | | | | i
i _Domain
* Inverse Functional Rangel-
(o)
1 (o)
(o)
(o)
i ] I I —>
Courtesy Evan Wallace, NIST Doma in




Space Administration
sandpiper sollware

Jet Propulsion Laboratory
California Institute of Technology OWL C I aSS

Pasadena, California

<owl:Class iralen-Chrysler

rdf:ID="ManufacturingEnterprise™/ >

<owl:Class rdf:ID="DiscreteManufacturingEnterprise”>

<rdfs:subClassOf>
<owl:Class rdf:about="#ManufacturingEnterprise”/>

</rdfs:subClassOf>
</owl:Class>

Courtesy Evan Wallace, NIST
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6 Types
1. class identifier

enumeration ~

property restriction N

intersection > anonymous

union > nested

o U1 N W N

complement . )

Courtesy Evan Wallace, NIST
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property P

Individua/

of Class C

®* Quantified property restriction (type)
- Universally quantified - allValuesFrom
- Existentially quantified - someValuesFrom

* hasValue property restriction (value)
® Property cardinality restriction (# of values)

Courtesy Evan Wallace, NIST
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® Subsumption (necessary) B
- A S BwhereB
is a class description
partial or primitive class A

* Definition (necessary and sufficient)
- C=DwhereD
is a class description D
complete or defined class

Courtesy Evan Wallace, NIST
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* Disjointness
- AdisjointWith B A

Courtesy Evan Wallace, NIST

50




Space Administration
sandpiper sollware

caoms mss o remoeey \\lNy UML for Ontology Modeling?

Pasadena, California

* A little review:

Every semi-trailer truck has at least 3 axles.

(vx)(((SemiTrailerTruck(x) » (Fy)(SemiTrailer(y)  (hasPart (x,y)))
AN
(SemiTrailerTruck(x) A (Fz)(TractorUnit(z) ~ (hasPart (x,z))))

o (3)(set(s) A (count(s,(=3))
A (Yw)(member(w,s) o (Axle(w) A hasPart(x,w))) )).
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read

File Edit Wiew Insert Format Help ANSC-test.owl] _
~ . . .
el Sk # 3 Fle Edit Project ®ML DTD/Schema  Schema design ®SLMOuery  Authentic Conwert View  Browser Tools
<owl:Class rdf:ID="SemiTrailerTruck™s Window  Help - & x
<rdfs:comment rdf:datatype="http://vow.w3.org/2001/XNL3chemag#string” Y — "
: gpesrmeep:// a/zo0t/ fotring DEdE B & &8 # % B[yl ¥ B 0 . Fos
|| 211 =lowl: Clags= o x
</ rdfs: conmment> g" 212 <owI:C.Iass rdf:ID="$em\TraiIer]’ruc?<"> )
erdfs:susClass0Es ;Ii = :rdfs.commerrt roff: datatype="htt: e w3 org 2001 XMLSchema#string
<owl:Restriction> 25
<owl:onProperty> B - =hdfzcomments=
<owl:ChjectPropercy rdf:about="#hasixle"/> 217 < erdissubClazsOrs
</owl:onPropertys 218 =oravl: Restriction=
<owl:allValuesFrom rdf:resource="#ixle"/> 2 T sowlorProperty= . .
Jowl:Restriction> 220 =0l ObjectProperty rdfabout="ghas Lxle"r=
</owl:Restriction 221 r =fowl:onProperty=
</rdfs:subClass0f> 222 =owlallaluesFrom rdfresource="gAxle"s
<rdfs:subClassof> 223 el Restriction=
<owl:Restriction> 224 r airdfzsubClassOf=
<owl:onPropertys 225 & ardfs subCI§S§0f>
<owl:ChjectProperty rdf:ahout="#hasPart"/>» 223 ot Restriction=
. 227 = _<UWLUnPrUper1y=
</owl:ionProperty> 228 <ol OkjectProperty rdf. shout="#hasPart'is
<owl:someValuesFrom rdf:resource="#TractorlUnic"/> 229 - =il onProperty=
</owl:Restrictions 230 =00 SOMey aluesFrom rdfresource="#TractorUnit" =
</rdfs:subClass0f> ey | r =fowel:Restriction=
<rdfs:subClassOf> égg L ‘”;fs;sfgla“&f’
e & ardfssubClazs0fs
<ouwliRestrictions . 234 <owlRestrictiors=
<owl:soweValuesFrom rdf:resource="#SemiTrailer"/> 235 =0l zomet aluesFrom rdf resource="#ZemiTrailer" />
<owl:onPropertys 236 & =owlonProperty= Attrbutes o ox
<owl:ChjectProperty rdf:ahout="#hasPart"/> 237 i =owel OhjectProperty rdf.shout="¢hasPart"/=
</owl:onPropertys> 238 r <."OW|ZDHPI:OPBI‘W>
</owl:Restriction> gig I ;";WIIRZ?I”C{'?:
FoakdtssubClassors
</rdfs:subClassoty 241 & srdislabel rof detatype="http: e w3 org2001 HMLScheme#string”
<rdfs:label rdf:datatype="http://wuw.w3.org/2001/XNLSchemaf#string™ 242 <SemiTrailerTruck=irdis:labels
rEemiTrailerTruck</rdfs: label> 243 =rdfs subClazss0f rof resource="#articulated ehicle"f=
<rdfs:subClass0f rdf:resource="#irticulatedVehicle™/> 244 & =rdfassubClassOf=
<rdfs:subClassofs 245 =0l Clazs rofID="Truck"=>
. - In=" " 248 =frdfasubClaszsOr=
<owl Class rdf:ID="Truck"/> e L s eubCaeeO
</rdfs:subClass0of> 245 & | =owlRestriction= L.
<rdfs:subClassofs 249 & <ot onPropertys Entities 3 X
<owl:Restrictions> 230 { <ol ObjectProperty rdf shout="ghassxle"i=
<owl:onPropertys> 251 =fovl onProperty=
<owl:OhjectProperty rdf:about="#hashxle"/> 252 & =ovlminCardinality rof: datatype="http: S e 3 org/2001 HMLSchemagnoniegativelnteger"
</owl:onPropertys 253 =3=fovl minCardinglty=
: perty 254 <lowlRestriction=
<owl:minCardinality rdf:datatype="http://www.w3.org/2001/ZNLSchema#nol 255 civife sUbClassOfs
F3</owliminCardinalicys 256 <ol Class= bt
</owl:Restriction> Text Girid Schema’wSOL Athentic Erowser
</rdfs:subClass0of> . 0
</owl:Class> mssi-ANSC-test.ow 40
£
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B ssi-ANSC-test Protége 3.2 beta

File Edit Project OWL Code

Tools

A

OEH +BE b

sandpiper

Editors such as Protégé are better ...

Help

(file:AC:1\OntologyLibrarylANSC%20Test%200ntologylssi-ANSC-test. pprj, OWL / RDF. Files)

Window

¢y @HEE ar

(.Metadata r_. ML Classes r- Properties r‘ Indlivicuzls r = Forms |

SUBCLASS EXPLORER /mjy CLASS EDITOR RS NENT

For Project: # ssi-ANSC-test

Asserted Hierarchy

® e

For Class: . SemiTrailerTruck

(instance of owlClass)

D eR O

[T inferred View

D Annotations

owl:Thing
. Axle
@ PivatJoint
v O vehicle
¥ @ articulatedvehicle
O AriculatedBus
O ArticulatedTram

|® semitraierTruck

¥ @ Poweredvehicle
. TractorUnit
v @ Truck
. SemiTrailerTruck
¥ @ Unpoweredyshicle
v @ Traler
@ FullTrailer
. LivestockTrailer
@ MatorcycleTrailer
. SemiTrailer
. TravelTrailer

Property |

Walue

| Lang |

= rdfs:comment

= rdfsilabel

SemiTrailer Truck

-

Toeea

Asserted Conditions

@ Aticulated\/ehicle

. Truck

@ hasixle only Axle

9 hasixle min 3

9 hasPart some TractorUnit
€D hasPart some SemiTrailer

hasPart some PivotJoint
hasPart min 0

MECESSARY & SUFFICIENT
NECESSARY

INHERITED
[from Articulated'/shicle]
[from \ehicle]

O @ e

@D oisjoints

- Logic: Wiesn [} Properties Yiew

sollware
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| follow relationships ...

taskplan_viden-example1 Protége 3.4 beta ([file:\C:\project-reposlonisttidevellexamples\video\taskplan,_wideo-exampled.pprj, OWL ! RDF Files) |Z||Ez|
File  Edit Project OWL  Reasoning Code  Toolz  Window  Help

NeR +BE md d O ar <€protégé

( & Metadatartaskplan_video-examplel ) r. o Claszes r- Properties r‘ Inclividuals r = Forms rONISTTZ |

SUBCLASS EXPLORER W), CLASS EDITOR for taskplan:CompositeTaskPlan (instance of owlkClass) 7 = [FF

For Project: @ taskplan_video-examplz For Class: http:ifesese onistt.orgfdeveliortology dasktaskplan owRCompositeTaskPlan [ interred view
Asserted Hierarchy w 'f} . lj Q’ IE EE DAnnotations
»> anistt: Capakhility |~ | Property | Yalue | Lang |
oniztt: Confederation rdfs:comment A plan for how to execute a composite task. -
onistt: Deployment
> onistt: Resource
v onisth: TaskPlan i
taskplan: &hstractTaskPlan
taskplan: CompositeTaskPlan ib ﬁ ﬁ; B ﬁ . M Properties and Restrictions
taskplan: PrimitiveTaskPlan [=] taskplan: failedConstraint  (multiole task: Capability Constraint)
> protocolintistiontechanizm [ taskplan: subtaskinvocationPlan — (multiple taskplan TaskinvocstionPlan)
protocol Protocal ¥ M taskplantazk  (alvaluesFrom task CompositeTaszk)
| 2 rdf:List — tazk CompositeTazk
> =werla Entity (m] taskplan:rolesssignment  (muttiple taskplan: Roled ssignment)

task: Capakility

tazk CapabilityConstraint
task: ConstraintSeverity
tazk:Resource

task:Raole
v tazk: Tazk
task: AbstractTask ‘ .' & C | Supercl ﬁ Q= ‘Es 2 & @D bisjoints
tazk CompositeTask aniztt: TazkPlan taskplan: Primitive TazkPlan

tazk Primitive Task taskplan: AbstractTaskPlan

v tazk: Tazkinvacation
task MonPrimitiveTaskinvocation
tazk:Primitive Tazkinvocation

taskplan: Folebssignment

|'| ;i Sy i ) Logic Wiews (@ Properties Wiew
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File

Ecit Project OWL  Reszonin

DelegateSourceSelectionlnvocationPlan_1 (instance of taskplan: TasklnvocationPlan, internal name is http:/fww.

INDIVIDUAL EDITOR for DelegateSourceSelectio Plan_1 (instance of taskplan:Taskln Plan)

For Individual: [t feeeewe onistt orgideseliontologyiexamplesivideotaskplan_video-sxample] #DelegsteSourceSelectioninvocationPlan_1

D Annotations
Property | “Value | Lang |
= rdfsicomment Il

dl

taskex:DelepateSourceSelectionlnwocation (instance of task:MenPrimitiveTasklnvocation, internal name ... |Z||E||X|

INDIVIDUAL EDITOR. for taskex:DelegateSourceSelectionlnvocation (instance of task:MonPrimitive Tasklnvocation) +=FT

For Individual: bt fhaseewe onistt orgideveliontology fexamplesivideotask_video-example] #DelegsteSourceSelectioninvocation

|j ﬁ: E EE DAnnotations

Property | Walue | Lang |
=1 roifzcomment Il

dl

task:actualArguments ‘ ‘ t

|() rodf:Lizt (tazkex DataConsumer, taskex:DataElrokt---|

task:invokedTask ‘ ‘ t

|0 taskew Delegate=ource Selection |

& 8

| MR Metadatadssionment 1 [

[+]
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accessible to many

=0wlClasss z0wlClasss
ArticulatedVehicle PoweredVehicle
zintersectionOf= zirntersectionOf=
zintersectionClagss |  sintersectionCfs zowIClags: +hasDoor | “0WIClasss
Truck T Door
zobjectProperty=
hasDoor
ardfsSubClassOfz
zowlClasss ardfsSubClassOfs | =owlRestrictions «some'/aluesFroms =owlClasss
SemiTrailerTruck T - - - - = | TractorUnit
zonPropertys ﬂxsurrugateDbjectF‘mpert‘grx
hasPart
ardfsSul ss0fs aonPropert'g.ri _
zowlRestrictionz _"_d_ ____________ zowlClass:
zsome'aluesFroms SemiTrailer
rdfsSubClassOf icti
“ ? o sowlRestriction= zonPropertys |ESurogateCbjectPropertys
r— — — - hasAxle
TOWLminCardinality = 3}
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* UML provides a graphical notation, but OWL & UML are very
different languages

- Language mapping from OWL to UML only covers a fraction of the
UML language - to logical (class) diagrams

- Key distinctions:
e Properties in OWL are first-class citizens, second class in UML
(meaning, it’s difficult to map OWL properties directly to UML
properties or associations)

o UML supports n-ary relations whereas in OWL, properties are binary

o OWL uses true set theoretic concepts (intersection, union,
complement, etc.), where UML is less formal

This is overly simplified - the mapping is not straightforward,
but the benefits of having a graphical notation are acknowledged
in the W3C OWL 2 community.
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* Insulates business applications from technology
evolution, for
- Increased portability and platform independence
- Cross-platform interoperability
- Domain-relevant specificity Manufacturing T

* Consists of standards and best practices across a
range of software engineering disciplines
- The Unified Modeling Language (UML®) Space |
- The Meta-Object Facility (MOF™) *"—!_%
- The Common Warehouse Metamodel (CWM™)

®* MOF defines the metadata architecture for MDA /

- Database schema, UML and ER models, business and
manufacturing process models, business rules, API
definitions, configuration and deployment descriptors

- Supports automation of physical management and
integration of enterprise metadata

- MOF models of metadata (of the abstract syntax of the
representation language) are called metamodels
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MOF tools use metamodels to generate code
that manages metadata, as XML documents,
CORBA objects, Java objects

Generated code includes access mechanisms,

APIs to
) Regd .and manipulate Model 1 language used, Metamodel A
- Serialize/transform

- Abstract the details based on access patterns

source language
Related standards: |
- XML Metadata Interchange (XMI®)
- CORBA Metadata Interface (CMI) <:| Transformation Model
- Java Metadata Interface (JMI) S
— ransrormation
Metamodels are defined for \/7 |

- Relational and hierarchical database modeling target language

- Online analytical processing (OLAP)

- Business process definition, business rules Model 2 language useq Metamodel B
specification

- XML, UML, and CORBA IDL
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MOF technology streamlines the mechanics of managing models as XML
documents, Java objects, CORBA objects

Knowledge Representation supports reasoning about resources
- Supports semantic alignment among differing vocabularies and nomenclatures
- Enables consistency checking and model validation, business rule analysis

- Allows us to ask questions over multiple resources that we could not answer
previously

- Enables policy-driven applications to leverage existing knowledge and policies
to solve business problems
« Detect inconsistent financial transactions
« Support business policy enforcement
« Facilitate next generation network management and security applications

while integrating with existing RDBMS and OLAP data stores
MOF provides no help with reasoning
KR is not focused on the mechanics of managing models or metadata
Complementary technologies - despite some overlap
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Generic UML
Modeling Tool

UML Model Generic
Using UML Profile UML Model

Native Semantic Web MOF/XMI Based
Ontology Development Tooling

e.g. Semantic Web Eclipse
|

Document H OWL-XMI Document
/
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Integrated MOF Repository Federated MOF Repositories

MOF XML (XMI) Documents

@ MOF CORBA Interfaces
@ MOF Java Interfaces (JMI)

@ Import/Export
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ODM is Object Management Group’s standard for model driven ontology
development (adopted in October 2006, finalized in May 2009) — available at
http://www.omg.org/spec/ODM/1.0/

A family of metamodels & profiles that enable model interchange, ontology
development in UML 2

Grounded in formal logic enabling reasoning engines to understand, validate,
and apply ontologies developed using the ODM

Mappings to other OMG standards are either in work or under consideration,
including

Information Management Metamodel (IMM) for exchange of ER, logical & physical
database models, use of database schema for ontology development

SysML for exchange of systems engineering models, use of SysML models as a basis
for ontology development

SoaML for exchange of service models, use of SoaML models as starting points for
richer service description development

Production Rule Representation (PRR), Semantics for Business Vocabularies and
Rules (SBVR) for rule interchange
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* Five EMOF platform independent metamodels (PIMs), four

normative
- Mappings (MOF QVT) —= = —a
 UML2 Profiles 1 (e A
— RDFS & OWL — —
- T — "
» Collateral E__nge" 7
— XMI | ,’f
- JavaAPlIs | cm -
— Proof-of-concepts — u'mrg
« Conformance i
— RDFS & OWL s
— Multiple Options —
— TM, CL Optional —'mpg igw :
— Informative Mappings
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®* Focus is on abstract syntax of the
Resource Description Framework 1
(RDF), RDF Schema, & the Web —
Ontology Language (OWL) ,

* Components build on one another, but ROFAase | <emerges
RDF can be used either standalone or |
as the basis for OWL ontology | ————— . S
development

* Both OWL DL & OWL Full dialects are
supported; OWL 2 profile-specific —
applications can use a subset of
constructs from the OWL DL ;o
metamodel cenerge>s <M ge>>
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* RDFBase - primary package

— Reflects basic abstract syntax from ™
RDF Concepts

— Minimal implementation
requirements, e.g., for RDF =
triple/quad store

®* RDFS - adds vocabulary related to ,
RDF Schema, few additional RDF e
features —RLFB / _—

* RDFWeb - fits the model to the }e <merge>> [T ROPWeb

Web via document model,
required for RDF/XML syntax,
among others
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RDFProperty RDFSRe=source

URIRefForResource URIReference
> 0.1 0.*
+Hresource +uriRef
1 o.*
Frodic steForTriple +ROFpredicate +UuriRef
URIForURIReference
HripleWithPredicate +Lri
. . . 0.1
SubjectForTriple
Triple Hode UniformResourceldentifier
0. 1 +name ; String [1]
+ripleWWithSubject +RDFsubject
0.t 1
HripleWithOhbject ObjectForTriple +RDFobject
BlankHNode URIReferencelode RDFSLiteral
+nodelD : String [0..1] +HexicalForm : String [1]

» Supports triple model from RDF (s, p, 0), blank node identifiers, essentially
RDF basics

 Limited coverage to RDF Concepts document rather than along namespace
boundaries, which didn’t work from a UML perspective
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RDFSResource
Docymgnt TripleForDocument Triple
L 1.-
+document +Hriple
fordered}
NamespaceDefinitionFarDocument NamespaceDefinition
1 0. namespacePrefix : String [1]
+document +namespaceDefintion o.*
+namespacelefinition
NamespaceDefinitionForNamespace
+namespace
1
NamespaceForDocument Hamespace
1t [V
+document +xmiBase
0.1 0.1
1 +namespace +owninghamespace
FRBEHTEDL URiReferenceForNamespace URIReferencelnNamespace
DocumentContainslocalName
+HocalMName +namespacelRIRef +uriRefinMamespace
o 1 0.
Locallame URIReference 3 =
— FragmentidentifierForURIRef URIForURIReference UniformResourceldentifier
name ; String [1] . B
0.1 0. 0. o4 |tname: String [1]
+fragmentlclertifier +uriRef 5
+UriRef +Lirj
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OWLDL

RDFS
P i
4 I
&
<<mefges== l
# I
. |
RDFBase <<Merge== RDFWeb
S
l il
|
T T
==metge=> /
| /
| /
/
==merge==
by
I s
|/
OWLBase
il 5
! N
/ %
<<meyge== S=MERgE=>>

OWLFull

sandpiper sollware

Web Ontology Language (OWL) Metamodel Overview

®* OWL metamodel components include:

— OWLBase, covering all common
abstract syntax & constraints

— OWLDL - containing OWL DL
constraints

— OWLFull - containing OWL Full
constraints

* Non-normative models for OWL,
including changes to property
representation & intersection classes
for OWL Full, to address MOF multiple
classification, are posted to the OMG
web site
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* Intended to be highly intuitive for UML users

®* Reuses UML constructs when they have the same semantics as
OWL

* When this is not possible, stereotypes UML constructs that are
consistent and as close as possible to OWL semantics

® Uses standard UML 2 notation

* In the few cases where this is not possible, follows the
clarifications and elaborations of stereotype notation defined
in UML 2.1

* Leverages the model library included in Appendix A for a
number of constructs, for example statements, rdf:value,
container and list elements, as well as built-in properties
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* rdf:resource is modeled as UML::InstanceSpecification

* Introduction of «reifies» stereotype of UML::Dependency to allow such instance
specifications to reify classes, properties, individuals, statements, etc.

* rdf:Property is modeled as UML::AssociationClass, UML::Association, and
UML::Property, to provide greatest possible flexibility

* Several possible representations of various aspects of rdf:Property

ardfsClasss +date ardfsDatatypes
I ) XSD Library:date
ardfPropertys label = DateLabel,
1.1::date umlIPrimitive Type = String,
label = DatelLabel, uriRef = http:iiasennE . orgf200102XMLE chema#date}
uriRef = http:/ipurl.org/deielementsi1.1/date} +ilate
esurrogateProperty=
sTHIECURG InweRily srdfsSubPropertyOfs terms:date
ardfsClasss 1
l erdfsSubPropertyOfs ardfsSubRropertyOfs zrdfsSubPropertyOfs
erdfPropertys ! suriReferences ardfsSubPropértyOfs
terms:date ‘KE‘fSEDEf_'”Ed_B“_} http:/ipurl.org/determs/
label = dateLabel, uri = "http:#purl.orgfdeiterms} asurrogatePropertys asurrogatePropertys | |esurrogatePropertys | |esurrogstePropertys
uriRef = http:/fpurl.org/deitermsidate} | _ terms:available terms::icreated terms:issued terms:modified

-
-_—
—_—

erdfsSeshlsos
[ zsurrogateFors zuriReferences

[W3CDTF] Date and Time Formats
uri = "http /w3 org/ TR/NOTE-datetime"}

esurrogatePropertys
terms::date
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zowlClass=
Vehicle

erdfsSubClassOfs T

zowlClass:
LandVWehicle

T

ardfsSubdlassOf:  erdfsSubClapssOf:  erdfsSubClassOf:  erdfsSubClassOfs

2owlClasss zowlClasss zowlClasss 2owlClasss
WheeledVehicle RailedVehicle TrackedVehicle SkiedVehicle

zowlClasss esurrogateObjectProperty=
Axle hasPart F—
zalvaluesFroms _- 7
-~ ardisSubPropertyOfs
ehdfsSubClassOfs |sowiRestrictions | =OnPropertys | esurrogateObjectPropertys
hasAxle
zrdfeSubProperty Ofls
zonPropertys: i
conlRestrictions | — onFORETYE = zsurrogateCbjectPropertys J
hasWheel
- e
—
zdllValuesFroms = owiClasss f
Wheel /
ardfsSulClassOfs N cowRestricions /
[OWLminCardinality = 1} sonPropertys
S
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zowlClasss zowlClasss
ArticulatedVehicle PoweredVehicle
zintersectionOfz gintersectionOfz
zintersectionClass: zirtersectionOfs zowlClassz +hasDoor zowlClassz
Truck I Door
zobjectPropertys
hasDoor
zrdfaSubClagssOfs
=owIClasss srdfsSubClassOfs | sowlRestrictions =some'/aluesFroms zowlClasss
SemiTrailerTruck T - - - - -~ - -—-—-—-=- -~ ~| TractorUnit

sonPropertys  {gsurrogateObjectPropertys

hasPart
arcfssu gs0fs zonPropertys . =

zowlRestriction: zowlClasss:
esomeYaluesFroms SemiTrailer
zrdfsSubClassOfz icti
cowlRestriction= zonPropertys  |(£SUrrogateCbjectPropertys
T r— — — 7 hasAxle
TOWLminCardinality = 3}
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* CL Metamodel is identical to the UML diagrams in 1SO 24707

* High degree of synergy between ODM and Topic Maps ISO
13250 working group

® Current work in ISO JTC1 SC32 to update ISO 11179 (Metadata
Registration) references ODM; also addressing alighment with
SKOS (Simple Knowledge Organization System) and Dublin Core

* All ODM metamodels are referenced and used in ISO CD 19763
(MMF - Metamodel Framework, Model Registry specification)

®* Mappings from multiple components of IMM (e.g., ER, ISO
Express, W3C XML Schema, etc.) are planned
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* W3C is moving the ball forward on a number of relevant fronts:
RDF Query (SPARQL), Rules (RIF), OWL2

* Planned revision of ODM will support OWL 2 (in work)

®* Ontology PSIG roadmap includes MOF revisions to support
multiple classification (SMOF)

®* RFP published in Minneapolis (June 2010) to support APIs for
knowledge base access

* Extensions under consideration include mappings to
— SysML
— Production Rule Representation (PRR) specification
— IMM Metamodels (ER, XML Schema ...)
— “SoaML meets Semantic Technologies”

* OMG BMI DTF Semantics for Business Vocabularies & Rules (SBVR)
— logical grounding in Common Logic / ODM CL Metamodel
— direct mapping to OWL
— Date Time vocabulary under development as test case
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* Well-known graphical notation for collaboration, sharing, and
maintenance of complex ontologies and other models

* Interoperable with other modeling languages, including Entity-
Relationship (ER), business process, and data modeling paradigms
- allows users to leverage existing artifacts as a basis for ontology
development

* Native development framework supports ontology reuse in
downstream rule, software, and service development

* Eclipse-based architecture enables seamless integration of
knowledge bases, reasoners, transformation and other services

* A large and growing community of technologists who are familiar
with the UML notation and tools
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NASA & JPL Taxonomies for document-related asset management,
navigation extend

— Dublin Core Metadata Terms (DCMI, http://www.dublincore.org/ )

— Simple Knowledge Organization System (W3C,
http://www.w3.0org/TR/skos-reference/ — now candidate recommendation)

* DISA approach to metadata for other asset types will reuse & extend
these vocabularies where applicable

* Registry metadata will extend ISO 11179-3 Metadata Registry, 1ISO
19763 Model Registry standards as appropriate

® Current approach for planetary science data store (PDS) uses ISO
11179 Edition 2, may be updated to support emerging Edition 3

77



http://www.dublincore.org/
http://www.w3.org/TR/skos-reference/
http://www.w3.org/TR/skos-reference/
http://www.w3.org/TR/skos-reference/

Space Administration
. sandpiper sollware
Jet Propulsion Laboratory

caroma e orreemaoy @It 3: Integrating Ontologies & Systems Engineering
| via SysML

78




National Aeronautics and
Space Administration

Jet Propulsion Laboratory Th Ch II
California Institute of Technology e a e n g e

Pasadena, California

sandpiper sollware

* JPL is developing formal OWL ontologies for flight project development
(technical and programmatic)

— To normalize terminology for human communication

— To assist and support data exchange among information systems
* Including, but not limited to, SysML modeling tools

* We want to see the concepts and properties from our ontologies in our
SysML modeling tools

— To express precise semantics in SysML
— To sustain our consensus terminology through regular use

Therefore....

* We need (at least) to translate OWL ontologies into SysML profiles
Someday....

* We want full bidirectional interchange of models—including instances
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Focus on the
semantics of
systems
engineering for
domain-specific
activities

OWL

classification (e

Focus on the
guidance systems
engineers need for
domain-specific
SysML activities

Profiles /

Focus on providing
“correct-by-
classification”
guidance

classification

Focus on providing
“correct-by-
construction”
guidance

“domain” = a combination
of discipline & application
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®* Foundation Ontologies
— Establish broad concepts and properties in systems engineering and space
flight
— Provides the basis for aligning & integrating discipline-specific views &
application-specific problem domains
* Discipline Ontologies
— Establish concept and property definitions for discipline-specific views,
particularly those with widespread applicability

— E.g., all spacecraft subsystems have mass properties
— Shared viewpoints encourage model reuse
* Application Ontologies

— Establish concept and property definitions for application-specific problem
domains

— E.g, Spacecraft, Telecom Subsystem, Transponder, etc.
— Recurring problems encourage model reuse
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Foundation Ontologies Fundamental terms use

Base, Mission, Project, in all projects,
Quantities-Units-Dimensions-Values, dlSCl_Plln_eS, and
Analysis, Artifact, Architecture Description applications

use

Discipline Ontologies
Discipline-specific terms
specified and owned by
discipline experts

Mechanical, Electrical,
Physics, Thermal,

Propulsion, Attitude
use Control, Navigation, ...
\ - - -
Focus is integration
and interoperation
Kinds of items that are
use . .
modeled in a project;
specified and owned by
Application Ontologies application experts
Star Tracker, Sun Sensor, Reaction Wheel, Thruster,..
2-axis vs. 3-axis S/C; Radio vs. optical comm; ... — .
Focus is reuse
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* Component

— Object that performs one or more functions and presents zero or more
interfaces that define its connections to the outside world

— Examples: launch vehicle, spacecraft, telecom subsystem, flight software,
attitude control software, and mission operations team

* |nterface

— A set of mechanical, electrical, signal, or other properties that describe

some aspect of a component's connection to or interaction with another
component

— Examples: spacecraft to launch vehicle, launch vehicle to spacecraft,
battery terminals
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* Requirement
— An assertion about a Component, Function, or Interface that must be true
for every acceptable realization of that element
— Examples:
» The spacecraft bus main structure shall be aluminum.
» The spacecraft shall provide 300 W to instruments.
» The mission shall conform to CCSDS telecom standards.

* Work Element
— Discrete unit of project authority, cost, schedule, and activity

— Node in the project Work Breakdown Structure
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Map every OWL Class to a stereotype extending SysML.::Block
— E.g., mission:Component - «Component»

Map every OWL Data Property to a SysML value property
— E.g., physics:mass — mass : Float

Map every OWL Object Property to a SysML reference part
— E.g., mission:performs — «performs»

Would this work in general? It could work...

Would it be practical? It would ignore non-Block concepts already in SysML

— A simple, mechanistic approach fails to acknowledge the ontological commitments
implicitly made in SysML

Let’s take a closer look
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®* Function

— SysML strives to be methodology-neutral; thus a function can be modeled
using several behavioral constructs

— Our Function is a specialization of UML::Activity
— We retain the name Function to conform to local usage and to distinguish
distinct Activity types (e.g., Process)
* Interface

— UML’s Interface concept is intended for declaring a contract but the parties
involved in that contract are implicit

— Our interface concept extends SysML.::Block for explicitly specifying a
contract including the involved parties

* Requirement
— Requirement modeling is well supported in SysML

— Our Requirement specializes SysML::Requirement to benefit from current
SysML practice and differentiate conceptual requirements from other kinds
of requirements
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* A Work Breakdown Structure is, conceptually, a tree of responsibility
and authority

— Each node (Work Element) has the responsibility to produce certain
deliverables

— Each Work Element has authority to make design decisions, expend
resources, contract for its own deliverables, etc.

— An element should appear in a model only by decision of a unique and
explicitly identified authority
®* Some notions attached to a Work Element:
— Naming: A Work Element names objects within its design authority

— Access Control: A Work Element controls who can read/write model
elements within its design authority

— Delegation: A Work Element authorizes other Work Elements

* UML::Package matches the ontological commitments intrinsic in the
concept of Work Element
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OWL Concept Ontological specializes extends
Commitments

Component performs Function, UML.::Class SysML.::Block
presents Interface

Function performed by UML.::Activity —
Component

Interface presented by UML::Class SysML.::Block
Component, mates with
Interface

Requirement specifies Component, UML.::Class SysML::Requirement

Function, Interface

Work Element authorizes multiple UML::Package —
elements exclusively
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The conceptual mapping approach suggests a strategy for automated
transformation of ontologies into profiles
Define two OWL Annotation Properties
— specializesMetaclass
— extendsStereotype
Annotate OWL Class Declarations with these properties

Transform by this algorithm:
— Parse OWL ontology

— For each class declaration
Create a matching SysML stereotype
* Apply attributes as specified by annotation properties

— Emit SysML profile
This works for classes

Object properties in the conceptual ontology make the mapping
strategy more complex....
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®* Some Mapping Options
— Specialize an existing meta-association (e.g., containment)
— Extend an existing meta-relationship (e.g. «depend»)
— Create a reference property
— Create an association block

* Which one is right depends (again) on ontological commitments
— Which one best matches the intended meaning?
— Which one results in a profile that is conceptually intuitive?

®* Practical issues

— Meta-associations can’t be specialized in a profile
* Implemented in tool-specific customization

— Mapping options probably require some tool customization

— Constraints on association end ownership in a profile

— Mapping object property inverses

— Some OWL2 restrictions are better mapped as OCL constraints
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* We want to convey that a Requirement is authorized by a Work
Element

* Lete, be a Work Element; let r be a Requirement

* We'd like these statements to be equivalent:

— e, is the innermost Work Element containing r
— e, authorizesr

bdd [Package] WE-Requirement | @ IJ
«WorkElements «WorkElements I,

AttitudeControl Telecommunication fL s Rion EanionL = packani has
intuitive semantics as the context in
which someone has the authority to
define new elements independently and
separately from the package context of a
different <<WorkElement>> package.

Wrequirements Wrequirements wrequirements
Pointing KeepOutZones Telemeatry

* Example:
— Telecomunication authorizes Telementry

91




Space Administration
. sandpiper sollware
Jet Propulsion Laboratory

California Institute of Technology I n S i d e th e P rOfi Ie

Pasadena, California

* Recall that Work Element specializes Package; Requirement
specializes Class

package MissicnOntology [ MissicnOntology IJ

ur:ataciassw wmetaclass»
ackage Class
wsterectypes ssteractypes
MissionOntology::WorkElement SysML Profile::Requirements::Requirement
[Package] [Class]

As a kind of UML::Package, a WorkElement represents the context where somecne
has the authority to define several things such as SysML::Requirement elements,
The

Supposing that the only kind of thing a WerkElement package could authorize were a
SysML:'Requirement, how do we then capture this authorization relationship in
SysML? relaticnship of authority in SysML?
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package Explanations [ [E WE-Req (profile explanation attempt) I)
- +iowner +iownedElement Element
S A_ownedElement_owner 0.0 g
{readOnly ,union} {readOnly union}

+/namespace +/ownedMember NamedElement

0.1 A ownedMember_namespace 0.

{readOnly unicn, subsets owner} {readCnly union subsets member subsets cwnedElement}

+owningPackage +packagedElement 15 PR .|'|

0.1 A packagedElement_owningPackage 0. 7T

{subsets namespace} {subsets ownedMember)

+package +ownedType
T 0.1 A_ownedType_package 0.
{subsets namespace) {subsets packagedElement)
The ownership relation between a <<WorkElement>> and a <<SysML::Requirement>>is a
specialization of the ownership relation between a UML::Package and a UML: Type, i.e., ‘ Em:msuiamdﬂfassﬂkr|
A ownedType_package. Because a profile is not a genuine metamadel, showing this =T
relationship would be tempting for explanation purposes but such an explanation can't be
specified precisely because of the crossing of metalevels that exists between stereotypes &
associations involving sterectypes at the profile level and metaclasses & meta-associations at
the metamodel level.
Adlecantypay +workElement Inferred specialization of A_ownedType_package (incorrect!) +ownedRequirement ustaraolype
WorkElement 1 o Requirement
[Package] 3. & [Class]
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Association Strategy Step 1
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package MissionOntology [ [25 WE-Req Overview! 1)

1) folow all possibh i

— = = target sterectypes of interest, i.e.; <<WorkEl

of this source set to reach the
== and <<F i

This meta-association defines the relevant cencept of ownership in the UML that is applicable directly or ul
indirectly to the that the <<WorkE Requi starectypes extend, while g al that are outside the
This cwnership concept involves Element & A_ownedElement_ocwner (shown in red below). i o the get sets
—
ol g e A_ownedBlement_owner +ownedElement [Zo——
T 0.
{readOnly, unicn} {readCnly union}
A_ownedMambar_namespace dhMemb:
N [ of NamedElement
0.1 0."
{readOnly,unicn subsets owner) {readCnly union subsets member subsets ownedElement}
| i A_packagedElement_owningPackage +
Package X R o PackageabieEi
0.1 o.r

{subsets namespace}

{subsets ownedMember}

{subsets namespaca}

A nestedClassifier_class

+nestingPackage A_nestedPackage_nestingPackage +/nestedPackage
0.1 0."
{subsets namespace} {subsets packagedElement}
+pack A_ownedType_package +lownedT: B

package saicsshd g Type
0.1 0.*

{subsets packagedElement}

+nestedClass WWF..._|

t: subsets ontext}

2) The lattice between most general meta-classifiers (Element, A_ownedElement_owner) and most specific
(=<WorkElement>> <<Requirement>>) iz elaborated to preserve the conceptual directionality of the
associations w.r.t their roles -- ie. all specializations of Element w.r.t. Element:/owner role are on the left
and all specialization of Element w.r.t. the Element::/ownedElement role are on the right. Without this, this
complex diagram would be illegible; with this, one can highlight the different ways in which the cwnership
relationship applies at the most-specific elements of interest, i.e., <<Work and q

{subsets ownadMember crdered)

0.*

wstereotypes Vpe
WorkElement Requirement
[Package] [Class]

terectype wstereotypen
Requirement WorkElement
[Class] [Package]

sollware
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package MissionOntology | [2 WE-Req Overview2 IJ
First, we seaﬂ:h for the most must i i iath for the i ip(s) of interest; i.e., A_ownedElement_owner.
This pr ing| age, A_ownedType_package, and A_nestedClassifier_class shown in red below.
Then, we bDund he subset Df interest an:curﬁm to me most general ancestors and adl ntﬁnmdmte mata-ciass&s that ara relevant
for i the of the t ifi i\, NamedElement and all of their specializations.
Any meta-classifier more general than iha t-s pecifi are xfrelwant as sfmn below in du'nmad gray.
Finally, all intermediate metaclasses that do not contribute any information w.r.t. met tension ips can be bypassed; they are dimmed gray below.
s A_ownedElement_owner o Elam
Efement |, *OWner ownedElement | groment
0.1 0.* ]
[readOnly,union) {readOnly union}
NamedElerment
+inamespace A_ownedMember_namespace dM
M: £ = | NamedElerment
{readOnly,union,subsets owner} {readOnly union,subsets member subsets ownedElement}
‘ i A_packagedElement_owningPackage +
Package s £
| 0.1 0.
{subsets namespace} {subsets ownedMember}
i A_nestedPackage_nestingPackage
. +nestingPackage A A ot ge_| g g L +nestedPackage Package
0.1 0.
{subsets namespace} {subsets packagedElement}
A edT
+package _owWn ype_package +ownedType ’TW’
0.1 : 0.
(subsets namespace) | C 25| (subsets packagedElement}
StructuredClassifier
Encapsulated Classifier
A tedClassifi 1 i
+class e +nestedClassifier —————
0.1 0.*
{subsets subsets itionContext) fsubset dMember ordered)
StructuredClassifior
EncapsulatedClassifier |
«wsterectypen ustereotypen #stareotypes ustereotypes
WorkElement Requirement Requirement WorkElement
[Package] [Class] [Class] [Package]
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package Explanations [ [Z WE-Req Overview3 1)

The UML/SysML specifications do not provide any support for showing inferred relationships.

Instead, we use an idiom involving an <<InferredGeneralization>> sterectype extending UML: Association that owns both association ends.
This allows us to use <<|nferredGeneralization>> relationships in a separate "explanation™ package.

The same technigue applies to other kinds of inferred relaticnships such as the composition of two associations.

A_ownedMember_namespace +'ownedMember :
o NamedElement
| _
Package +owningPackage A_packagedElemant_owningPackage +packagedElement | PackageabloElemant
0.1 0. ¥
{subsets namespace} {subsets cwnedMember)
’ A_nestedPackage_nestingPackage
. +nestingPackage A PR P +inestedPackage Package
0.1 0. |
aInferredGaneralizations
{subsets namespace} Class > Namespace {subsets packagedElement)
e +package AR Al +HownedType 'i'po
0.1 A_ownedType_package o.*
{subsets namespace} {subsets packagedElement)
proy +Class A_nestedClassifier_class +nestedClassifier _— o
0.1 0.
{subsets namespace subsets redefinitionContext} {subsets ownedMember ordered) aInferredGeneralzations
Class = Classifier
ustereotypes «sterectypes wstereotypes usterectypes
WorkElement Requirement Requirement WorkElement
[Package] [Class] [Class] [Package]
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* Annotate OWL object properties to inform the generator whether to
— Specialize an existing meta-association
— Extend an existing meta-relationship
— Create a reference property
— Create an association block
* Annotations are also required for
— Determining association end ownership
— Relating inverse properties
® Getting this right requires
— Understanding our own ontological commitments
— Understanding the UML and SysML metamodels
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* Import/export conversion between ontologies serialized in W3C syntax
vs. represented as instance models of the OWL2 metamodel

OWL2 metamodel extracted

—_—— — —_— — — —_— — — — — — — — — —

package MappingStrategy [ Import/Export u

I http:/www.w30rg/TRIowl2-syntax/ ‘] from the W3C spec

I ,—.( OWL2 Metamodel

| ja¥ !

| ‘OWLZMetamodal Switchl J Generated EMF-based

R A OWL2 metamodel API
: = : Importer constructs an OWL2
| M°d°"‘°::"°°" ' & 7 model (instance of the OWL2
| APoModetmport | Gonceptual Ontology metamodel) by visiting it

—————————————éf———\ Exporter uses the OWL2

metamodel switch to guide
its construction via the OWL2
semantic web factory

v
OWL2 Visitors

__________________
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* Workflows implemented with Eclipse Helios’ M2M QVTo

package MappingStrategy [ [[1; QVT Workflows ]J

. . conformance relationship between
|:{> QVT Operational transformation E an instance model / metgmo del
specialization relationship between
|:| metameadlorpronle E ’ E instance models or metamodels/profiles
OWL2 Metamodel i ; f i
; import relationship between instance
T E instance model (of a metamodel/profile) D— — -93":' mgdels A metamrr;’)defslproﬁfes

|
g7 <::| UML Metamodel

Metamodel2O0ntology F
(QVT)

UML Ontology

s

L7 = SysML Profile

SysMI:AOntology Profile20ntology o
(@Qvm)
| ) /
Mapping Annotation Ontology /
Ay
~ /
~ /
[+ 7 = 7
Conceptual Ontology Annotated Conceptual Ontology Annotated(:gts-lrn;gyZPmﬁle Conceptual Model
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* Current prototypes:
— OWL2 Semantic Web / OWL2 MM import/export
— Mapping Annotation Ontology
« Supports mapping of class concepts
— Metamodel20ntology QVTo transformation
— AnnotatedOntology2Profile QVTo transformation
» Supports current Annotation Mapping Ontology

* Future Work

— Mapping Annotation Ontology
« Patterns for mapping object & data properties
— AnnotatedOntology2Profile QVTo transformation
» Add support for object/data property mapping
— Live synchronization of SysML tools & OWL2 repositories

« Transform the AnnotatedOntology2Profile trace as a PIM-level specification into
PSM-level synchronization logic for SysML tools & OWL2 repositories (e.g.,
change listeners)

— Alignment with evolving Ontology Definition Metamodel
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