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Semantic Technologies Foundation for Systems
Engineering Initiative

Charter

The Semantic Technologies Foundation
for Systems Engineering is to promote
and champion the development and
utilization of ontologies and semantic
technologies to support system
engineering practice, education, and
research.
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Specifically, The Foundation Will

Work to build consensus around principled, rigorous
use of systems engineering language

— Not just capturing current usage, but proposing
normalized usage that entails semantic rigor

Capture and formalize this consensus in formal
ontologies using well-established languages and
techniques from Knowledge Representation

Collect and promulgate methodological guidance for
development of related ontologies from industry and
academia
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@/ Foundational Concepts for
Building System Models
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Introduction to Ontology

* Ontology =def. a representation of the types of entities in a
given domain and of the relations between them.

 What is an ontology for? To promote interoperability across
heterogeneous data systems

* How does it do this? By exploiting relative stability of
natural language

CLEARED for public release by 88ABW-2017-1747



@ [Example Ontology from SE Domain]

Model-Based Systems Engineering

Requirement
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A@erformsj Y <presents>A

Function = Component » |nterface
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HwComponent Mission | Project
I >
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mass Objective
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Developing and Working with System Models 1



Ontology Timeline

1970- “Strong Al”: First-order logic formalizations
of common-sense knowledge, PSL

1990—- The Semantic Web, OWL, Linked Open Data

2005— The Age of Ontology Suites



Ontology Timeline 1: “Strong Al”: First-order logic
formalizations of common-sense knowledge

Stanford —

=

~1995:
2003:

1970:
1980:

1984:
1985:

Robotics, Naive Physics, First Order Logic

KIF: Knowledge Interchange Format (Tom
Gruber ... SIRI ... )

Cyc (Doug Lenat)

Naive Physics Manifesto; Ontology of Liquids
(Patrick Hayes)

First engineering ontologies

Process Specification Language (PSL) Ontology
(Michael Gruninger, then at NIST, now Toronto)



1995-2005 multiple ontologies of engineering
created at NIST and elsewhere

A requirement ontology for engineering design
J Lin, MIS Fox, T Bilgic - Concurrent Engineering, 1996

Ontology as a requirements engineering product
KK Breitman, JCS do Prado Leite - Requirements Engineering ..., 2003

Ontology-based active requirements engineering framework
SW Lee, RA Gandhi - ... Engineering Conference, 2005



Process Specification Language (PSL) ~2003

Top level of PSL Ontology built around:

Activity =def. a class or type of action, such as install part, which is
the class of actions in which parts are installed

Activity-occurrence =def. an event or action that takes place at a
specific place and time, such as a specific instance of install part
occurring at a specific timestamp

Timepoint =def. a point in time
Object =def. anything that is not a timepoint or an activity.

ISO 18629 from TC 184/SC 4 standards for industrial data

15



1ISO 15926:.

Industrial automation systems and
integration—Integration of life-cycle
data for process plants including oll
and gas production facilities

19



Typical reasons for ontology failure, circa 2005

 No common methodology
« Short half life

* Approaches often tied to data modelling languages
(UML, EXPRESS, ...)

* Poor documentation (few definitions ...)
* No standard language for use in ontology building

Consequence: very few real-world examples of
successful use of ontologies in engineering



Ontology Timeline 2: The Semantic Web

1994: Tim Berners-Lee introduced “Semantic Web”
at 1st WWW Conference

1994: Resource Description Framework (RDF)
1999:Protege

2004:Web Ontology Language (OWL) 1.0
Consequence: ontology proliferation
2007:Linked Open Data
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Ontologies are worse than useless when built
separately, each in its own way
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Ontology Timeline 3: Lessons from biology

1990: Human Genome Project
1999: The Gene Ontology (GO)
2002: Open Biomedical Ontologies (OBO)

2002: Basic Formal Ontology (BFO)
2005: Age of ontology suites



The importance of the Gene Ontology (GO)

model organisms



each community has developed its own
biological terminology

body
digestive tract organisation
nervous system

circulation
excretion
skeleton

muscles

circulation excretion
skeleton muscles

37 A Prokop
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future proof an ontology = rise up to a higher
level of generality

body
digestive tract organisation
nervous system

circulation
excretion
skeleton

muscles

circulation excretion
skeleton muscles

39 A Prokop



GO is an ontology for tagging genome data that
IS species neutral

g
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L body

digestive tract organisation skeleton muscles
nervous system 40 A. Prokop

circulation
excretion
skeleton
muscles




GO consists of three sub-ontologies

Biological Molecular Cellular
Process Function Component

i i molecular
biological o cellular
process Lot component
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Nature Biotechnology 25, 1251 - 1255 (2007)
Published online: 7 November 2007 | doi:10.1038/nbt1346

The OBO Foundry: coordinated evolution of
ontologies to support biomedical data
Integration

Barry Smithl, Michael AshburnerZ, Cornelius Rosse3, Jonathan

Bard?, William Bug2, Werner Ceusters®, Louis J GoldbergZ,

Karen Eilbeck®, Amelia Ireland?, Christopher J Mungalll?, The

OBI Consortiumil, Neocles Leontis!Z2, Philippe Rocca-SerraZ,

Alan Ruttenbergl3, Susanna-Assunta Sansone?, Richard H 43



Typical reasons for ontology failure, circa 2015

* Too many ontologies being built (people think it is easy to do)
* Too much redundancy between ontologies

* Too much inconsistency between ontologies

 Still no common methodology

But

* now we have a (mostly) accepted common language

e and we are beginning to see examples of widely acknowledged
principles of best practice



Ontology Suites
Open Biomedical Ontologies (OBO) Foundry
SWEET, and other domain ontology suites
9:15 AM Joint Doctrine Ontology
Common Core Ontologies (CCO)
Principles for Ontology Building
Toy Example. Military Vehicle Ontology

10:15 AM Coffee

Future-Proofing Ontologies: The Case of the Gene Ontology
Building ontologies with Basic Formal Ontology
Industrial Ontologies Foundry (IOF)

A BFO-based ontology for materials science

10:30 AM Relations in BFO
Realizables in BFO
Roles
Dispositions
12:30 PM Lunch
Example Ontology from the SE Domain
Functions
Capabilities
1:15 PM BFO-based Ontology for Information Entities
AFRL Digital Thread/Digital Twin
Product Life Cycle (PLC) Ontology
Commodities, Services and Infrastructure
3:00 PM Break
3:15PM Interactive session: Defining 'system'

4:30 PM Adjourn



Ontology Suites

Best practice principles for ontology building



The core of these principles

e Start out from domain-neutral top level ontology

* Follow a hub-and-spokes approach: Create suites of
consistently developed ontology modules, with suite-wide
oversight to ensure non-redundancy between modules

* Rigorously enforce reuse of more general ontology content
in more specific ontology resources (from reference
ontologies to application ontologies)



Hub and spokes approach




ontologies are networked together and
developed in coordination with each other

terms in spokes ontologies are defined logically
using terms from ontologies nearer the hub




Examples of ontology suites
sute ~ |domain  Jdate[IRI__ |hub

Toronto Virtual Enterprise
(TOVE)

Gramene: Trait and Gene
Ontologies for Rice

enterprise
modeling

plant science

Open Biomedical Ontologies BRI
(OBO) Library

Semantic Web for Earth and [Elgilile
SN EIRE s A environmental
(SWEET) sciences

Legal Informatics Ontologies Q£
(LRI-Core) informatics
Open Biomedical Ontologies JH{EEEERR
(OBO) Foundry

Marine Metadata oceanography

Interoperability Project

1998

2002

2003

2003

2004

2005

2009

https://www.aaai.org/ojs/index.php/aimagazine Yes
/article/view/1399

http://onlinelibrary.wiley.com/doi/10.1002/cfg.1 Yes
56/full

http://onlinelibrary.wiley.com/doi/10.1002/bies.
10260/full

Yes
(GO)

https://esto.ndc.nasa.gov/conferences/estc2003 No
/papers/A7P2(Raskin).pdf

https://link.springer.com/article/10.1007/s1050 Yes
6-006-0002-1

https://www.nature.com/nbt/journal/v25/n11/f Yes
ull/nbt1346.html (BFO)

http://ieeexplore.ieee.org/document/5422206/ No



Examples of ontology suites
sute ~ |domain  Jdate[IRI__ |hub

Toronto Virtual Enterprise
(TOVE)

Gramene: Trait and Gene

enterprise
modeling

plant science
Ontologies for Rice

Open Biomedical Ontologies BRI

(OBO) Library

Semantic Web for Earth and earth and
Environmental Terminology environmental

(SWEET) sciences

Legal Informatics Ontologies Q£
(LRI-Core) informatics
Open Biomedical Ontologies RIEEAE =
(OBO) Foundry

Marine Metadata oceanography

Interoperability Project

1998

2002

2003

2003

2004

2005

2009

https://www.aaai.org/ojs/index.php/aimagazine Yes
/article/view/1399

http://onlinelibrary.wiley.com/doi/10.1002/cfg.1 Yes
56/full

http://onlinelibrary.wiley.com/doi/10.1002/bies. Yes
10260/full (GO)
https://esto.ndc.nasa.gov/conferences/estc2003 N O
/papers/A7P2(Raskin).pdf

https://link.springer.com/article/10.1007/s1050 Yes
6-006-0002-1

https://www.nature.com/nbt/journal/v25/n11/f Yes
ull/nbt1346.html (BFO)

http://ieeexplore.ieee.org/document/5422206/ No



Examples of ontology suites
sute ~ |domain  Jdate[IRI__ |hub

Toronto Virtual Enterprise enterprise 1998 https://www.aaai.org/ojs/index.php/aimagazine Yes
(TOVE) modeling /article/view/1399

Gramene: Trait and Gene plant science 2002 http://onlinelibrary.wiley.com/doi/10.1002/cfg.1 Yes
Ontologies for Rice 56/full

Open Biomedical Ontologies IS 2003 http://onlinelibrary.wiley.com/doi/10.1002/bies.  Yes

(OBO) Library 10260/full (GO)
Semantic Web for Earth and eIl 2003 https://esto.ndc.nasa.gov/conferences/estc2003  No
Environmental Terminology NIt =] /papers/A7P2(Raskin).pdf

(SWEET) sciences

Legal Informatics Ontologies [zl 2004 https://link.springer.com/article/10.1007/s1050  Yes
(LRI-Core) informatics 6-006-0002-1

Open Biomedical Ontologies life sciences 2005 https://www.nature.com/nbt/journal/v25/n11/f Yes
(OBO) Foundry ull/nbt1346.html (BFO)

Marine Metadata oceanography 2009 http://ieeexplore.ieee.org/document/5422206/ No
Interoperability Project



further examples of suite formation

suite users date hub
Common Core Ontologies (CCO) US Army / I2WD and ARL, IARPA, JIDO, ONR, AFRL 2010 BFO
Common Intelligence DNI, CIA, DIA, ... ~2014 | BFO
Community Ontology

USGS National Map United States Geological Survey ~2014 BFO
Joint Doctrine Ontologies US Air Force Research Labs (part of CCO) 2015 BFO
Transportation Research

Informatics Platform (TRIP) Federal Highway Administration (FHWA) 2015 BFO
Ontologies

UNEP Ontology Framework United Nations Environment Programme 2016 BFO
(VS EINe iG] [T SR Lo IIA [« [aVA Ontologies to support digital manufacturing 2016 BEO
(IOF) (NIST)




suites built following OBO Foundry principles

suite users date hub
Common Core Ontologies (CCO) US Army / I2WD and ARL, IARPA, JIDO, ONR, AFRL 2010 BFO
Common Intelligence DNI, CIA, DIA, ... ~2014 | BFO
Community Ontology

USGS National Map United States Geological Survey ~2014 BFO
Joint Doctrine Ontologies US Air Force Research Labs (part of CCO) 2015 BFO
Transportation Research

Informatics Platform (TRIP) Federal Highway Administration (FHWA) 2015 BFO
Ontologies

UNEP Ontology Framework United Nations Environment Programme 2016 BFO
[ eV AFEIRO 11 o] [ F{T=TH eIV [« [AVA Ontologies to support digital manufacturing 2016 BEO
(IOF) (NIST)
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Joint Publication 1-02

Department of Defense
Dictionary of
Military and Associated Terms

8 MNovember 20010

/) (As Amended hrough
15 December 2013)




Goals of the Joint Doctrine Ontology (JDO) initiative oo ier

esearch

ncor

1. Create JDO, a computational counterpart of the
DoD Dictionary of Military and Associated
Terms (JP 1-02)

2. Test JDO in Air Force Research Lab (AFRL)
and related initiatives to support joint
operations

3. Use JDO to promote reuse of Joint Doctrine
terminology in IT resources across DoD as part
of a strategy to advance interoperability

59



Built for humans

intratheater airlift — Airlift conducted within a the
combatant commander or attached to a subor¢
intertheater airlift. (JP 3-17)

intratheater patient movement — Moving pati
command or in the continental United States.
intertheater patient movement. (JP 4-02)

inventory control — That phase of military logis
requirements determinations, procurement, ¢
materiel.  Also called inventory manag
management; supply management. (JP 4-09

inventory control point— An organizational unit o
supply system that is assigned the primary r
management of a group of items either for :
Department as a whole. Also called ICP. (JP ¢

ionizing radiation — Particulate (alpha, beta, and 1
gamma) radiation of sufficient energy to displa
(JP3-11)

irregular warfare — A violent struggle among stat
influence over the relevant population(s). Also

JDO as computational shadow of JP 1-02

Built for computers

.
]
L} L]
L r
CCO:Intentional Act L JPL:irregular Warfare
L
]

| |
JP1:Act of Exercise of
CCO:Act of Training Authority

1
CCO:Act of Military
Force
l ]
| ¥ o
CCO:Act of Training JPL:Act of Command ‘ _ (CCO:Act of Protection PL:
and Control ‘ Ll Craationd) Warfighting

CCOAct of Military L Jp1:Contingency ‘ L ; )
Training Acquisition Operation | JPL:integration(1)
I_ JPLinactive Duty

Training

60
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What is Joint Doctine for?

* To achieve joint action

e Initially joint action = action involving live forces from more than one
Service

* Increasingly joint action = action involving not only life forces but also
automatic systems



Joint action requires interoperability of
people and information systems

Interoperability = def. The ability of systems, units, or
forces to provide data, information, materiel, and
services to, and accept the same from, other systems,
units, or forces, and to use the data, information,
materiel, and services exchanged to enable them to
operate effectively together.

DoD Instruction 8330.01



How is interoperability to be achieved?

DoD Instruction (DoDI) 8330.01:

By adherence to standards listed in the DoD IT
Standards Registry (DISR).



How can we make the definitions of JP 1-02 serve
as a benchmark of interoperability for military (IT)

systems?

DoD requires that joint doctrine addresses the need for IT
interoperability.

DoD does not require — and has no effective strategy to ensure — that
the IT procedures themselves address the need for conformity with

joint doctrine.
But such conformity is indispensable for unified action involving human
warfighters and IT systems

and it would also bring benefits to military IT systemes,
including the Joint Doctrine Development System itself



The role of general categories

e JP 1-02 defines the

 standard US military and associated terminology to encompass the
joint activity of the Armed Forces of the United States. These military
and associated terms, together with their definitions, constitute
approved Department of Defense (DOD) terminology for
general use by all DOD components.

(JP 1-02, Preface signed by Vice Admiral William E. Gortney, Director
of the Joint Staff)



Importance of categories (Peter Morosoff)

* The purpose of military doctrine is to facilitate commanders and other
warfighters in understanding the realities of war and their specific
situations and then in accomplishing their missions.

* |t achieves these ends largely through the identification and explanation of
important general categories rather than of specific instances (such as a
particular aircraft or IT system).

* Doctrine is in this sense re-usable; it is applicable to many different
instances and to many different subkinds of the same general categories.

* This approach is effective because the basic realities of war are not
changed by the fielding of new commanders, equipment, specialties, or
tactics.



Joint Doctrine Ontology will use the language
of joint doctrine

* JDO is in effect a shadow of JP 1-02, incrementally adding definitional
enhancements and further elements of logical regimentation, but in
such a way that the ontology and the dictionary which underlies it
remain synchronized with each other through each successive
revision of joint doctrine.



Joint Doctrine is authoritative

1. if conflicts arise between it and Service doctrine, then the former —
absent more current and specific guidance from the Chairman of
the Joint Chiefs of Staff — will take precedence.

2. thatitis to be followed except when, in the judgment of the
commander, exceptional circumstances dictate otherwise.



Joint Doctrine is logically authoritative

3. Terms used in Army doctrine to refer to Army-
specific categories defined should be defined as

subcategories of the corresponding Joint Doctrine
category



Doctrine is authoritative during real
warfighting

* Doctrine provides what we can think of as a common mental model -
a shared frame of reference — which remains active through every
phase of every military engagement.

* Doctrine provides the principles which determine how to understand
the authorized command relationships and the authority that military
commanders can use.

* It establishes common ways of accomplishing military tasks and
facilitates readiness by promoting coordination in all aspects of
training and planning.



Examples of gaps in JP 1-02

action nation
agent national organization
authority order

commander organization
geographical area territory
geopolitical entity training




Step 1 for creating JDO as JP 1-02 shadow

Fill gaps with logically well-formed definitions tying JP 1-02 to Common
Core Ontologies



Step 2 for creating JP 1-02 shadow

Remove logical errors in existing definitions (for example in definitions
which confuse the entity you are defining with the term used to
represent that entity):

operational area — An overarching term encompassing more
descriptive terms (such as area of responsibility and joint operations
area) for geographic areas in which military operations are conducted.



Step 3 for creating JP 1-02 shadow

Ensure that each term has exactly one definition



Disambiguate those terms in JP 1-02 which
have multiple definitions

e command — 1. The authority that a commander in
the armed forces lawfully exercises over subordinates
by virtue of rank or assignment. 2. An order given by a
commander; that is, the will of the commander
expressed for the purpose of bringing about a
particular action. 3. A unit or units, an organization, or
an area under the command of one individual.



by replacing one term with multiple terms
making the distinctions explicit

1. command authority

2. commander’s order (expressing the will of the
commander)

3. command unit



Uses of JDO

* Better definitions
e Better Command and Control (C2)
* Netcentricity — discovery of data

* Qutcomes research
* Facilitating DoD IT interoperability

e Facilitating unified action among IT developers.

* today, even the best-intentioned IT developers must make
assumptions on whether a warfighting termin a
specification that is not listed in joint doctrine is valid as it is
or has been superseded by more a current term
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suites built following OBO Foundry principles

suite users date hub
Common Core Ontologies (CCO) US Army / I2WD and ARL, IARPA, JIDO, ONR, AFRL 2010 BFO
Common Intelligence DNI, CIA, DIA, ... ~2014 | BFO
Community Ontology

USGS National Map United States Geological Survey ~2014 BFO
Joint Doctrine Ontologies US Air Force Research Labs (part of CCO) 2015 BFO
Transportation Research

Informatics Platform (TRIP) Federal Highway Administration (FHWA) 2015 BFO
Ontologies

UNEP Ontology Framework United Nations Environment Programme 2016 BFO
Industrial Ontologies Foundry Ontologies to support digital manufacturing 2016 BEO
(IOF) (NIST)




Benefits of modularity

* division of labor

* division of authority

 SME ownership

* owner motivation

* user motivation

* user discoverability
 support for incrementality
 reduces need for ‘'mappings’



Examples of best practice principles

. Distinguish reference ontologies from application
ontologies

. Reference ontologies built around one or more single-inheritance
backbone taxonomies

Single inheritance = every non-root node has exactly one parent

. Create a suite of reference ontology modules which on
any given level of generality do not overlap

. Reference ontologies are asserted, application ontologies
inferred
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5. In a reference ontology: definitions of terms
should be of the genus-species form

A B =def. A which Cs

IS a IS_a A = genus
B, ... = species
B, B, C = specific difference
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Application ontology (fragment)

object

blue object car

IS a IS a

blue car
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6. Factor ontology content into normalized

reference ontology modules wherever possible

object

SUV

90

saloon car

qguality

IS_a

colour

blue red



Toy example of reference ontology and
application ontology for artillery vehicles
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Reference Ontology Definitions Application Ontology Definitions

vehicle =def: an object used for transporting people or artillery vehicle = def. vehicle
goods designed for the transport of one

or more artillery weapons

tractor =def: a vehicle that is used for towing
Delta Battery artillery

crane =def: a vehicle that is used for lifting and vehicle=def. an artillery vehicle
moving heavy objects that is at the disposal of Delta
Battery

vehicle platform=def: means of providing mobility to a

vehicle Delta Battery artillery

tractor=def. an artillery tractor

wheeled platform=def: a vehicle platform that that is at the disposal of Delta
provides mobility through the use of wheels Battery

tracked platform=def: a