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Abstract: This standard extends IEEE Std 1872™-2015, IEEE Standard for Ontologies for
Robotics and Automation, to represent additional domain-specific concepts, definitions, and
axioms commonly used in Autonomous Robotics (AuR). This standard is general and can be
used in many ways—for example, to specify the domain knowledge needed to unambiguously
describe the design patterns of AuR systems; to represent AuR system architectures in a unified
way; or as a guideline to build autonomous systems consisting of robots operating in various
environments.

Keywords: automation, autonomous robots, IEEE1872.2™ ontology, robotics

The Institute of Electrical and Electronics Engineers, Inc.
3 Park Avenue, New York, NY 10016-5997, USA

Copyright © 2022 by The Institute of Electrical and Electronics Engineers, Inc.
All rights reserved. Published 12 May 2022. Printed in the United States of America.

IEEE is a registered trademark in the U.S. Patent & Trademark Office, owned by The Institute of Electrical and Electronics
Engineers, Incorporated.

PDF:  ISBN 978-1-5044-7988-2 STD24961
Print:  ISBN 978-1-5044-7989-9 STDPD24961

IEEE prohibits discrimination, harassment, and bullying.

For more information, visit https.//www.ieee.org/about/corporate/governance/p9-26.htmi.

No part of this publication may be reproduced in any form, in an electronic retrieval system or otherwise, without the prior written permission
of the publisher.

1 Documents
Copyright © 2022 IEEE. All rights reserved. Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 02:09:07 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1872.2-2021


http://www.ieee.org/web/aboutus/whatis/policies/p9-26.html
http://www.avadocuments.com/doc/ieee-1872-2-2021
http://www.avadocuments.com/doc/ieee-1872-2-2021

Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE Standards documents are made available for use subject to important notices and legal disclaimers.
These notices and disclaimers, or a reference to this page (https://standards.ieee.org/ipr/disclaimers.html),
appear in all standards and may be found under the heading “Important Notices and Disclaimers
Concerning IEEE Standards Documents.”

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents

IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating
Committees of the IEEE Standards Association (IEEE SA) Standards Board. IEEE develops its standards
through an accredited consensus development process, which brings together volunteers representing
varied viewpoints and interests to achieve the final product. IEEE Standards are documents developed by
volunteers with scientific, academic, and industry-based expertise in technical working groups. Volunteers
are not necessarily members of IEEE or IEEE SA, and participate without compensation from IEEE. While
IEEE administers the process and establishes rules to promote fairness in the consensus development
process, IEEE does not independently evaluate, test, or verify the accuracy of any of the information or the
soundness of any judgments contained in its standards.

IEEE makes no warranties or representations concerning its standards, and expressly disclaims all
warranties, express or implied, concerning this standard, including but not limited to the warranties of
merchantability, fitness for a particular purpose and non-infringement. In addition, IEEE does not warrant
or represent that the use of the material contained in its standards is free from patent infringement. IEEE
standards documents are supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE Standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related
to the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved
and issued is subject to change brought about through developments in the state of the art and comments
received from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity, nor is IEEE undertaking to perform any duty owed by
any other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon
his or her own independent judgment in the exercise of reasonable care in any given circumstances or, as
appropriate, seek the advice of a competent professional in determining the appropriateness of a given
IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO: THE
NEED TO PROCURE SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS;
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.

Translations

The IEEE consensus development process involves the review of documents in English only. In the event
that an IEEE standard is translated, only the English version published by IEEE is the approved IEEE
standard.
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Official statements

A statement, written or oral, that is not processed in accordance with the IEEE SA Standards Board
Operations Manual shall not be considered or inferred to be the official position of IEEE or any of its
committees and shall not be considered to be, nor be relied upon as, a formal position of IEEE. At lectures,
symposia, seminars, or educational courses, an individual presenting information on IEEE standards shall
make it clear that the presenter’s views should be considered the personal views of that individual rather
than the formal position of IEEE, IEEE SA, the Standards Committee, or the Working Group.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE or IEEE SA. However, IEEE does not provide interpretations,
consulting information, or advice pertaining to IEEE Standards documents.

Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments. Since IEEE standards represent a consensus of concerned interests, it is
important that any responses to comments and questions also receive the concurrence of a balance of
interests. For this reason, IEEE and the members of its Societies and Standards Coordinating Committees
are not able to provide an instant response to comments, or questions except in those cases where the matter
has previously been addressed. For the same reason, IEEE does not respond to interpretation requests. Any
person who would like to participate in evaluating comments or in revisions to an IEEE standard is
welcome to join the relevant IEEE working group. You can indicate interest in a working group using the
Interests tab in the Manage Profile & Interests area of the IEEE SA myProject system.! An IEEE Account
is needed to access the application.

Comments on standards should be submitted using the Contact Us form.?

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with
the provisions of any IEEE Standards document does not constitute compliance to any applicable
regulatory requirements. Implementers of the standard are responsible for observing or referring to the
applicable regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action
that is not in compliance with applicable laws, and these documents may not be construed as doing so.

Data privacy

Users of IEEE Standards documents should evaluate the standards for considerations of data privacy and
data ownership in the context of assessing and using the standards in compliance with applicable laws and
regulations.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under US and international copyright laws.
They are made available by IEEE and are adopted for a wide variety of both public and private uses. These
include both use, by reference, in laws and regulations, and use in private self-regulation, standardization,
and the promotion of engineering practices and methods. By making these documents available for use and
adoption by public authorities and private users, IEEE does not waive any rights in copyright to the
documents.

! Available at: https://development.standards.ieee.org/myproject-web/public/view.html#landing.
2 Available at: https:/standards.ieee.org/content/ieee-standards/en/about/contact/index.html.
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Photocopies

Subject to payment of the appropriate licensing fees, IEEE will grant users a limited, non-exclusive license
to photocopy portions of any individual standard for company or organizational internal use or individual,
non-commercial use only. To arrange for payment of licensing fees, please contact Copyright Clearance
Center, Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400;
https://www.copyright.com/. Permission to photocopy portions of any individual standard for educational
classroom use can also be obtained through the Copyright Clearance Center.

Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time
by the issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every 10 years. When a document is more than 10 years
old and has not undergone a revision process, it is reasonable to conclude that its contents, although still of
some value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that
they have the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whether it has been amended
through the issuance of amendments, corrigenda, or errata, visit IEEE Xplore or contact IEEE.? For more
information about the IEEE SA or IEEE’s standards development process, visit the IEEE SA Website.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE SA Website.* Search for standard
number and year of approval to access the web page of the published standard. Errata links are located
under the Additional Resources Details section. Errata are also available in IEEE Xplore. Users are
encouraged to periodically check for errata.

Patents

IEEE Standards are developed in compliance with the IEEE SA Patent Policy.?

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to
the existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant
has filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the
IEEE SA Website at https://standards.iece.org/about/sasb/patcom/patents.html. Letters of Assurance may
indicate whether the Submitter is willing or unwilling to grant licenses under patent rights without
compensation or under reasonable rates, with reasonable terms and conditions that are demonstrably free of
any unfair discrimination to applicants desiring to obtain such licenses.

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not
responsible for identifying Essential Patent Claims for which a license may be required, for conducting
inquiries into the legal validity or scope of Patents Claims, or determining whether any licensing terms or
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing

3 Available at: https://ieeexplore.ieee.org/browse/standards/collection/ieee.

4 Available at: https:/standards.ieee.org/standard/index.html.
> Available at: https://standards.iece.org/about/sasb/patcom/materials.html.
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agreements are reasonable or non-discriminatory. Users of this standard are expressly advised that
determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely
their own responsibility. Further information may be obtained from the IEEE Standards Association.

IMPORTANT NOTICE

IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure
against interference with or from other devices or networks. IEEE Standards development activities
consider research and information presented to the standards development group in developing any safety
recommendations. Other information about safety practices, changes in technology or technology
implementation, or impact by peripheral systems also may be pertinent to safety considerations during
implementation of the standard. Implementers and users of IEEE Standards documents are responsible for
determining and complying with all appropriate safety, security, environmental, health, and interference
protection practices and all applicable laws and regulations.
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Introduction

| This introduction is not part of IEEE Std 1872.2-2021, IEEE Standard for Autonomous Robotics (AuR) Ontology. |

There is an increasing demand from government and private agencies alike to use autonomous robots like
unmanned aerial vehicles (UAVs), unmanned ground vehicles (UGVs), unmanned surface vehicles
(USVs), and autonomous underwater vehicles (AUVs) for tasks such as homeland security, reconnaissance,
search and rescue, surveillance, data collection, and urban planning. Ontologies in autonomous robotics
(AuR) provide a unified way of representing the underlying semantics that defines the vocabulary, thereby
allowing precise knowledge transfer for problem solving and unambiguous communications between
heterogeneous autonomous systems. Creating ontologies in autonomous robotics may have a huge impact
directly and indirectly on all robotics and automation (R&A) domains. The main benefit of a domain
ontology is to set standard definitions of shared concepts identified in the requirement phase, as well as to
define relations between the concepts and their properties. Well-founded ontologies capture the domain
terminology in both semantic and logical frameworks, which allows building a formal theory of the
domain. This theory provides a much harder limit to the possible interpretations of the terms in the domain,
constituting a more preferable tool for standardization work than a simple list of terms/definitions written in
natural language. Furthermore, an ontology may serve further purposes as systems synthesis and operation.
In the tradition of symbolic artificial intelligence, a domain ontology provides a clear set of symbols to be
used in reasoning mechanisms for autonomous systems, such as classification, inference, and planning. The
domain structure encoded in ontologies can be expected to provide the blueprint for application
programming interfaces (APIs) in domain-specific software packages and model for databases. Another
potential area to use AuR ontologies is in agent communications, where an ontology provides vocabulary
and precise semantics. For instance, future unmanned systems may need to work in teams and
communicate with other unmanned vehicles to share information and coordinate activities.

This standard is a follow-on to IEEE Std 1872™-2015 (IEEE Standard Ontologies for Robotics and
Automation). IEEE Std 1872 CORA was created to support follow-on standards such as this one (refer to
S.R. Fiorini et al [B1]).! CORA was developed to be a high-level standard from which domain-specific
efforts could build from. The approach was to define concepts in CORA that were generic to all robot
domains, and then these domains could specialize these concepts to address their specific information
requirements. When the working group that developed CORA was created, based on the interests of the
working group members, it was expected that sub-groups would emerge that would specialize the concepts
represented in CORA. The groups are organized in two layers. The middle-layer groups develop ontologies
regarding transversal notions in robotics. Lower-layer groups concern specific domains in robotics and use
concepts from CORA and middle-layer groups.

The Robot Task Representation Sub-Group (P1872.1) develops a broad standard that provides a
comprehensive ontology for robot task structure and reasoning. In this context, task refers to the concrete
decomposition from goal to sub-goals that enables the human/robot to accomplish the outcome at a specific
instance in time. In order to accomplish this, there is a need for a standard providing an explicit knowledge
representation for robot tasks.

The AuR Sub-Group aims to create ontologies that specify the domain knowledge needed to build
autonomous robots, operating in the air, ground, and underwater environments. Benefits include having a
common knowledge base for the development and integration of systems from different manufacturers,
which may enable interoperability and catapult design to a new level. The AuR Working Group intends to
extend CORA and define domain-specific concepts and axioms. This document describes the AuR
Working Group’s analysis of various autonomous robots (flying, ground, underwater, etc.) to identify the
components necessary to endow robots with autonomy—including the hardware and software.

! The numbers in brackets correspond to those of the bibliography in Annex D.
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Ancillary Open Source

Participants in the IEEE 1872.2 Working Group have created ancillary files developed separately from this
standard, including OWL files, and will contribute the files to the IEEE SA Open Source Platform in the
project located at: <https://opensource.ieee.org/aur/owl>. These files will be available for public input, but
will not be considered part of IEEE's standards development activities.
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IEEE Standard for Autonomous
Robotics (AuR) Ontology

1. Overview

1.1 Scope

This standard is a logical extension to IEEE Std 1872™-2015, IEEE Standard for Ontologies for Robotics
and Automation.' The standard extends the core ontology for robotics and automation (CORA) ontology by
defining additional ontologies appropriate for Autonomous Robotics (AuR) relating to the following:

a)  The core design patterns specific to AuR in common robotics and automations (R&A) sub-domains
b)  General ontological concepts and domain-specific axioms for AuR
¢)  General use cases and/or case studies for AuR

1.2 Purpose

The purpose of the standard is to extend the CORA ontology to represent more specific concepts and
axioms that are commonly used in autonomous robotics. The extended ontology specifies the domain
knowledge needed to build autonomous systems comprised of robots that can operate in all classes of
environments. The standard provides a unified way of representing autonomous robotics system
architectures across different R&A domains, including, but not limited to, aerial, ground, surface,
underwater, and space robots. This allows unambiguous identification of the basic hardware and software
components necessary to provide a robot, or a group of robots, with autonomy, i.e., endow robots with the
ability to perform desired tasks in all classes of environments without continuous explicit external
guidance.

1.3 Word usage

The word shall indicates mandatory requirements strictly to be followed in order to conform to the standard
and from which no deviation is permitted (shall equals is required to).>>

The word should indicates that among several possibilities one is recommended as particularly suitable,
without mentioning or excluding others; or that a certain course of action is preferred but not necessarily
required (should equals is recommended that).

! Information on references can be found in Clause 2.

% The use of the word must is deprecated and cannot be used when stating mandatory requirements; must is used only to describe
unavoidable situations.

3 The use of will is deprecated and cannot be used when stating mandatory requirements; will is only used in statements of fact.
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The word may is used to indicate a course of action permissible within the limits of the standard (may
equals is permitted to).

The word can is used for statements of possibility and capability, whether material, physical, or causal (can
equals is able to).

2. Normative references

The following referenced documents are indispensable for the application of this document (i.e., they must
be understood and used, so each referenced document is cited in text and its relationship to this document is
explained). For dated references, only the edition cited applies. For undated references, the latest edition of
the referenced document (including any amendments or corrigenda) applies.

IEEE Std 1872™-2015, IEEE Standard Ontologies for Robotics and Automation.*>

3. Definitions, acronyms, and abbreviations

For the purposes of this document, the following terms and definitions apply. The [EEE Standards
Dictionary Online should be consulted for terms not defined in this clause.®

3.1 Background of autonomous robotics

“Autonomy is the extent to which a robot can sense its environment, plan based on that environment, and
act upon that environment with the intent of reaching some task-specific goal (either given to or created by
the robot) without external control” (Beer, Fisk, and Rogers [B2]). AuR has identified the components of
autonomous robotics, such as sensors, estimation, plans, actuators, control, processing elements, and
communication elements.

actuator: An entity that makes some change.

communication element: An entity that passes information between the sender and the recipient.

control: Respond to the input in order to reach some desired output.

estimation: A process to infer the state, based on sensor information, previous knowledge, and some
algorithm.

plan: A proposed arrangement in advance that considers a list of intended steps/actions associated with
timing and resources for doing or achieving a goal in the future.

processing element: A computational element with processing capability upon which software artifacts
may be deployed for execution.

sensor: An entity that measures some property of a phenomenon that may be altered/changed by some
stimulus to produce, in general, a quantity.

3.2 Autonomous robotics (AuR) ontology definitions

The following definitions are part of the base concepts of the Autonomous Robotics Ontology. Those are
formally defined in 4.4, where the AuR Ontology axioms are presented.

4 IEEE publications are available from the Institute of Electrical and Electronics Engineers (http:/standards.ieee.org/).

° The IEEE standards or products referred to in Clause 2 are trademarks owned by The Institute of Electrical and Electronics
Engineers, Incorporated.

SJEEE Standards Dictionary Online is available at: http:/dictionary.ieee.org. An IEEE Account is required for access to the
dictionary, and one can be created at no charge on the dictionary sign-in page.

y Documents
Copyright © 2022 IEEE. All rights reserved. Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 02:09:07 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1872.2-2021


http://standards.ieee.org/
http://dictionary.ieee.org/
http://www.avadocuments.com/doc/ieee-1872-2-2021
http://www.avadocuments.com/doc/ieee-1872-2-2021

IEEE Std 1872.2-2021
IEEE Standard for Autonomous Robotics (AuR) Ontology

architectural behavior: The architectural behavior of an object is the internal organization of the flow of
information that determines the object’s actions. Reactive behavior, deliberative behavior, and cognitive
behavior are subtypes of architectural behavior.

behavior: The behavior of an object is an element of one of the following classes: manifested behavior,
engineering behavior, emergent behavior, architectural behavior, or rule behavior.

emergent behavior: The emergent behavior of an object is the set of relationships chosen to describe the
object relevant interactions.

engineering behavior: The engineering behavior of an object is the description of the manifested behavior
given by a set of state variables.

function: The function of an object is the role that the manifested behavior of the object plays in the event.

function execution: A function execution is an event in which the manifested behavior of an object plays a
role with respect to a goal.

information interaction: An information interaction is an interaction in which there are no direct
exchanges of physical forces.

interaction: Given an event, the interaction among (some or all) the objects participating in it, is the
change of the objects’ qualities and their relationships during the event.

manifested behavior: The manifested behavior of an object in an event is the evolution of the object’s
qualities and of the relationships holding among that object and any other object participating in the event.

object-centered environment: Given an event, the object-centered environment of an object in the event is
a physical object comprising all the entities (with their relationships) that participate in the event and that
could potentially interact with the object during the time of the event.

object-centered environment description: The object-centered environment description of an object in an
event is a description of the object-centered environment in that event.

object-centered external environment description: The object-centered external environment description
(EED) of an object in an event is the description of the object-centered environment without the
information about the object itself.

physical interaction: An interaction in which there are direct exchanges of physical forces.

rule behavior: The rule behavior of an object is the set of rules and decision methods that an agent has and
can possibly use to decide its actions.

3.3 Acronyms and abbreviations

AuR autonomous robotics
BFO basic formal ontology
CORA core ontology for robotics and automation
DOLCE descriptive ontology for linguistic and cognitive engineering
DUL DOLCE ultralite
FOL first-order logic
OWL web ontology language
R&A robotics and automation
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SLAM simultaneous localization and mapping

SUMO suggested upper merged ontology
4. Concepts and axioms

4.1 Overview

This clause formally defines the main concepts and the axioms for the Autonomous Robotics Ontology of
the terms and definitions of Clause 3.

In detail, an ontology is defined to be a logical theory consisting of a set of formulas whose models
approximates as well as (formally) possible the intended models, i.e., those models that satisfy the
conceptualization and the ontological commitments (Guarino, Oberle, and Staab [B3]).’

Being a logical theory, an ontology consists of individuals, classes, relations, and axioms. The exact list
changes depending on the specific logic language one adopts. Usually, an ontology is given in first-order
logic (FOL) (Smullyan [B4]), or in web ontology language (OWL) (Antoniou and van Harmelen [BS5]).
Individuals are the objects in the ontology, the things the ontology is about. Classes are properties and are
used to identify the individuals that satisfy that property. Functions provide ways to identify and relate
individuals. Relations are connections across individuals or classes. Axioms are expressions in the language
that use the previous elements to state what is true in the ontology.

Ontology classifications usually divide ontological systems in upper-level, reference, domain, and
application (see Figure 1). An upper-level ontology focuses on broadly applicable concepts such as object,
event, state, quality, and high-level relations like part hood, constitution, participation, and dependence.
Examples are the suggested upper merged ontology (SUMO) (Niles and Pease [B6]), Cyc ontology (Lenat
and Guha [B7]), the basic formal ontology (BFO) (Arp, Smith, and Spear [B8]), and the DOLCE
foundational ontology with its extension DOLCE+DnS Ultralite (DUL) (Masolo et al. [B9]). A reference
ontology is an ontology that focuses on a discipline being highly reusable within the discipline [medical,
engineering, enterprise, etc. (Guarino, Oberle, and Staab [B3])]. When the ontology focuses in a more
limited area, e.g., autonomous or collaborative robotics, it is called a domain ontology. This type of
ontology contains vocabulary about concepts within a domain and their relationships; about the activities
taking place in that domain; and about the theories and elementary principles governing that domain. The
concepts in domain ontologies are usually specializations of concepts already defined in upper-level and in
reference ontologies, and the same could occur with the relations. Some examples are the core ontology for
robotics and automation (CORA) (IEEE Std 1872-2015) and the ontology presented in this standard.® An
application ontology contains all the definitions needed to model the knowledge required for a particular
application, e.g., robot grasping system or simultaneous localization and mapping (SLAM).

This clause starts with an overview of the existing relations between AuR ontology and CORA (in 4.2).
Then, once identified a representative set of definitions of Clause 3, the clause presents usage examples of
each term and its rationale. Moreover, an ontological implementation is included, which contains examples
of integration of the AuR ontology with the upper ontologies, DUL, and SUMO. First, those upper-level
concepts useful for the integration are introduced (in 4.3). Then, the resulting axioms (in 4.4) are proposed
and described using OWL, including examples and rationale. Note that even though the proposed ontology
is based on some general terms (primitives), it does not commit to any specific upper-level ontology.

7 The numbers in brackets correspond to those of the bibliography in Annex D.
8 Information on references can be found in Clause 2.
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