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20 = Human-Robot Interaction

3.1 INTRODUCTION

While robots and humans might interact in a multitude of ways, communication seems
to be one of the most important types. As in human-human communication, successful
communication between humans and robots usually involves the sharing of symbols with
a shared meaning. This is the case for traditional verbal communication, but also for the
case in situations where a human communicates his or her intentions through clicks in
a user interface or through commands issued to an application programming interface
(API). In any case, robots have to be able to represent the meaning of those symbols in a
computable, formal way. More importantly, humans have to be able to access and under-
stand that representation in order to know how to communicate with the robot.

In the last 15 years, ontologies have emerged as one of the best techniques to represent
information and meaning in computer systems. Since the early ages of artificial intelli-
gence, it became clear that in order to understand humans, intelligent systems must be
able to share with them a common representation of the world. There has been a multi-
tude of approaches for doing that, where logic-based techniques came up on top. However,
their high computational complexity and unfit modelling techniques limited the use of
symbolic approaches in robots. New research during the 1980s and 1990s brought up the
idea that intelligent systems, in order to be able to work in tandem with humans, must
represent the world with logical theories modelled taking in to account the knowledge
shared by the community in which the system is situated. These theories are what we call
ontologies. In this context, ontologies are formal information artefacts that define the con-
cepts of a domain as well as the relationships between these concepts. Ontologies can be
used in knowledge sharing between communities of intelligent agents and humans, usu-
ally employed as a tool to provide meaning to information sharing protocols. Also, being
logical theories, ontologies can be used as a knowledge source for implementing symbolic
reasoning techniques.

In the case of robotics, an ontology can serve as a communication middle-layer
between humans and robots. However, as groups of humans might communicate in dif-
ferent languages, there is nothing preventing distinct human/robot groups of employ-
ing distinct ontologies in communications. This creates communication islands akin to
the information islands that prevent the integration of heterogeneous information sys-
tems. In order to help prevent such cases, the IEEE RAS Ontologies for Robotics and
Automation Working Group (ORA WG) was formed with the notable objective of pro-
viding a consensus-based set of ontologies for the domain. Their aim was to link existing
ISO, IEC, etc. standards, current research efforts and new regulatory frameworks to a
generic Robotics and Automation Ontology [LAP+12]. The ORA WG is comprised of over
170 members, representing over 20 countries — a cross-section of industry, academia
and government. The group has spent over four years to develop and publish the IEEE
Standard 1872-2015 [IEE15], which specifies a set of high-level ontologies about robot-
ics and related notions. Notably, the main component is the Core Ontology for Robotics
and Automation (CORA), which formally defines the main notions of robotics and auto-
mation (R&A) as a whole. CORA and other ontologies are now being used by experts
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globally, both for supporting human-robot communication technologies and also for
other areas of robotics. Currently, sub-groups of ORA WG are developing specific ontolo-
gies to complement IEEE 1872-2015, focusing on robot task representation and autono-
mous robots. We expect that the complete family of ORA ontologies will help ensure a
common understanding among members of the community and facilitate more efficient
integration and data transfer.

Our aim with this chapter is to give the reader a brief overview of IEEE 1872-2015
and efforts related to it. We start by discussing what ontologies are and why we need
them. We then present the general structure the IEEE community groups that devel-
oped CORA and are developing new ontologies. CORA and related ontologies in IEEE
1872-2015 standard are presented next, followed by a brief overview of different works
employing CORA and the current groups working on extensions to CORA. We finish
with a discussion about the requirements for, and human-robot interaction (HRI) ontol-
ogy based on, IEEE 1872-2015.

3.2 WHAT IS AN ONTOLOGY AND WHY IS IT USEFUL

In computer science and related technology domains, an ontology is considered a for-
mal and explicit specification of a shared conceptualization [SBF98]. The conceptu-
alization specified by an ontology, according to this point of view, encompasses the
set of concepts related to the kinds of entities that are supposed to exist in a given
domain, according to a community of practitioners. Thus, the main purpose of an
ontology is to capture a common conceptual understanding about a given domain.

Due to this, ontologies can be used for promoting the semantic interoperability among
stakeholders, since sharing a common ontology is equivalent to sharing a common
view of the world. Moreover, because ontologies specify the domain conceptualization
in a formal and explicit way, this ensures that the meaning of every concept is rigor-
ously specified and can be analyzed by humans and machines. Therefore, an ontology
could be used as a common basis for communication between humans and machines.
Finally, ontologies can also be viewed as reusable components of knowledge, since they
capture the knowledge about a domain in a task-independent way. Thus, considering
that the development of knowledge models is a notoriously difficult, time-consuming
and expensive process, the adoption of ontologies promotes a more rational use of the
resources in a project.

An ontology includes at least a set of terms and their definitions as shared by a given
community, formally specified in a machine-readable language, such as first-order logic.
These terms and definitions are structured in terms of

+ classes, which stand for concepts at all granularities
« relations, which establish associations between concepts

« formal axioms, which constrain and add consistency rules to the concepts and
relations
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There are different kinds of ontologies and different ways of classifying them. In [Gua98],
the author proposes four main classes of ontologies

+ Top-level ontologies, which describe very general concepts like space, time, matter,
object, event, action, etc., which are independent of a particular problem or domain

+ Domain ontologies, which describe concepts of a specific domain
+ Task ontologies, which describe generic tasks or activities

« Application ontologies, which are strictly related to a specific application and used
to describe concepts of a particular domain and task

In [Obrl0, PCF+13] the authors also mention a fifth kind of ontology called core ontology.
Core ontologies can be viewed as mid-level ontologies, standing between top-level ontolo-
gies and domain ontologies. Core ontologies reuse concepts specified by top-level ontolo-
gies and specify new concepts that can be used in specific domains and tasks. They specify
concepts that are general in a large domain but that are too specific for being included in a
top-level ontology. In general, this kind of ontology specifies the most important concepts
of a given broad domain [PCF+13].

3.2.1 Process of Ontology Development

The range of activities concerning the ontology development process, the ontology life cycle,
the methods and methodologies for building ontologies and the tools and languages that
support them is called Ontology engineering. Nowadays, there are several different meth-
odologies that can be adopted for developing an ontology engineering process, including
METHONTOLOGY [FLGP]97], KACTUS [SW]95], On-To-Knowledge [SSS04], DILIGENT
[DSV+05], NeOn [SFGPFLI12] and so on. Most of these methodologies specify sequences (or
cycles) of activities that should be carried out for developing an ontology, including:

« Feasibility study, which is an assessment of the practicality of a proposed project.

+ Knowledge acquisition, which is responsible for capturing the relevant domain
knowledge from different sources.

« Conceptual modelling, whose goal is to structure the captured knowledge in a semi-
formal ontology conceptual model;

« Axiomatization, which imposes a formal structure on the modelled domain knowl-
edge (usually adopting a representation based on First Order Logics);

« Implementation, whose purpose is to implement the ontology in a computer-process-
able representation format, such as OWL.*

« Evaluation, which evaluates the developed ontology for ensuring its quality.

* www.w3.orgl'Rowl-features
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« Maintenance, whose purpose is to fix errors, and keep the quality of the ontology
when it is modified, by inclusion of novel knowledge or by updating some definitions.

For further details, in [SSS09] the authors provide a deep discussion about ontology
engineering in general.

The fundamental objective of domain-specific ontology development is to identify, develop
and document the common terms and definitions within a sub-field, so that they can serve
as a common reference for the R&D community. It needs to be completed at a very sophisti-
cated way to fulfil its goals, since only high-quality ontologies can be hoped to become cor-
nerstones of the community effort. High quality, high profile ontologies are called Exemplary
Ontologies (ontologydesignpatterns.org/wiki/Ontology:Main). The general methodology for
building ontologies specifies certain modelling principles that need to be followed in order to
assure that the finished tool commits to the shared knowledge. It needs to ensure the mutual
agreement among stakeholders and increase the potential of reuse of knowledge, allowing
smooth data integration upwards and downwards as well. When it is targeted to develop
exemplary ontologies, the following attributes need to be considered [prol4]:

« the ontology must be well designed for its purpose

« shall include explicitly stated requirements

« must meet all and for the most part, only the intended requirements

+ should not make unnecessary commitments or assumptions

« should be easy to extend to meet additional requirements

« it reuses prior knowledge bases as much as possible

« there is a core set of primitives that are used to build up more complex parts
« should be easy to understand and maintain

« must be well documented

3.3 OVERVIEW OF THE IEEE EFFORT ON ROBOT ONTOLOGIES

Recognizing the advantages that a standard ontology for R&A would bring to the field,
the IEEE Standard Association’s Robotics and Automation Society (RAS) created the
Ontologies for Robotics and Automation (ORA) Working Group in 2011. The goal of the
group was to develop a standard to provide an overall ontology and associated methodol-
ogy for knowledge representation and reasoning in R&A, together with the representation
of concepts in an initial set of application domains. It achieved this goal in 2015 with the
publication of the IEEE 1872-2015 Standard Ontologies for Robotics and Automation.*
The group was composed of 175 members representing 23 countries and was made up of

approximately 50% educational institutions, 25% private companies and 25% government

* http://standards.ieee.org/findstds/standard/1872-2015.html
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entities. With the release of the standard, the ORA working group completed its task and
was required to disband. However, many of the working group members remain involved
in this work by focusing on sub-groups, as described later in this chapter.

The IEEE 1872-2015 standard provides a unified way of representing knowledge and
provides a common set of terms and definitions, allowing for unambiguous knowledge
transfer among any group of humans, robots and other artificial systems. It was awarded
the prestigious Emerging Technology Award by the IEEE Standards Association in
December 2015. The standard was also mentioned in the “The National AI Research and
Development Strategic Plan” released by President Obama in October 2016.* This strategic
plan focuses on the role of AL, machine learning, automation and robotics in addressing
complex national problems.

One of the main parts of IEEE 1872-2015 is the Core Ontologies for Robotics and
Automation (CORA). CORA will be described in greater detail later in this chapter, but
as an introduction, it aims to describe what a robot is and how it relates to other concepts.
It defines four big broad entities: robot part, robot, complex robot and robotic system. The
term robot may have as many definitions as authors writing about the subject. The inher-
ent ambiguity in this term might be an issue when one needs to specify an ontology for
a broad community like ours. We acknowledge this ambiguity as an intrinsic feature of
the domain and, therefore, we decided to elaborate a definition based purely on necessary
conditions, without specifying sufficient conditions. Thus, it is ensured that CORA cov-
ers all entities that the community actually considers as a robot, at the cost of classifying
some entities as robots that may be counterintuitive to some roboticists. Also, the con-
cepts in our ontology could be specialized according to the needs of specific sub-domains
or applications of R&A.

CORA was developed to be a high-level standard in 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, we developed Figure 3.1 to show the
sub-groups that we expected to emerge to specialize the concepts represented in CORA.

Upper Ontology (CORA)

Industrial Robot Autonomous Robot Service Robot
Sub-Group Sub-Group Sub-Group

FIGURE 3.1 Initial organization of ORA groups and sub-groups. The boxes represented in dark
grey show on-going efforts, the one in light grey is currently inactive. We expect additional domain
ontology sub-groups to emerge.

* www.whitehouse.gov/sites/default/files/whitehouse_files/microsites/ostp/NSTC/national _ai_rd_strategic_plan.pdf
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Upper Ontology (CORA)

Task

Representation

Industnal Robot Autonomous Robot Service Robot
Sub-Group Sub-Group Sub-Group

FIGURE 3.2 Present organization of ORA groups and sub-groups.

Over time, we realized that there was a level missing in the above structure. The Upper
Ontology (CORA) provided very high-level concepts and the domain ontologies provided
concepts that were very specific to individual domains. What was missing was a middle
level that contained cross-cutting concepts that were applicable to many, if not all, robot
domains. Examples of these middle-level, cross-cutting concepts could include representa-
tion of sensors and perception data, tasks and environmental objects.

The industrial robot ontology sub-group, after meeting for a few months, realized that
there was a greater need for a cross-cutting representation of task information (a middle-
level ontology) than for a detailed industrial robot ontology. Because of this, the group
changed its name, and its scope, to focus on Robot Task Representation. More specifi-
cally, this group will develop a broad standard that provides a comprehensive ontology for
robot task structure and reasoning. While initially focusing on industrial tasks, the result-
ing standard is expected to be applicable across most, if not all, robot domains. Hence,
Figure 3.1 morphed into Figure 3.2. More details about the Robot Task Representation
group are discussed later in the chapter.

3.4 ONTOLOGIES IN IEEE 1872-2015

The IEEE 1872-2015 standard is composed of a collection of ontologies covering different
general aspects of R&A. These ontologies provide definitions for notions such as robot,
robotic system, positioning, interaction and so on. Each ontology is specified in the lan-
guage SUI/KIF, a first-order language, extending concepts and relation of Suggested Upper
Merged Ontology (SUMO) top-level ontology. The ontologies are also meant to be special-
ized in specific domain and applications ontologies in different areas of robotics. In this
section, we describe the general aspects of each ontology in IEEE 1872-2015.

3.4.1 Preliminaries: SUMO

The majority of the entities defined in the standard are specializations of the SUMO concepts
and relations. SUMO is a vast top-level ontology developed as part of an IEEE-sponsored
effort to create a standard top-level ontology [NPO1]. While SUMO never became an
actual standard, its flexibility and extensive vocabulary of terms made it one of the main
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top-ontologies available in the literature. It includes formal theories about processes, spa-
tial relations, temporal relations, information objects and so on. Also, SUMO has been
extended along the years to address specific domains, such as engineering and the military.

Before presenting the specifics of IEEE 1872-2015, let us consider some basic aspects
of SUMO. SUMO divides all entities that exist into two big groups: physical and abstract
(Figure 3.3). Physical entities exist in space-time. Abstracts do not exist in space and/or
time, and include mathematical and epistemological constructs. Physical entities are sepa-
rated into objects and processes. An object is an entity that has spatiotemporal parts. This
concept corresponds to the notion of ordinary objects, but also include physical regions.
Processes, on the other hand, are physicals that occurs in time and that are not objects.
Instances of processes are physicals such as events, manufacturing processes, movements,
cognitive processes and so on.

On the abstract side of the taxonomy, SUMO has concepts such as quantity, attribute,
class and proposition. Quantities are akin to numeric properties one can use to character-
ize other entities. Attributes are lexical properties. Class and proposition concepts give
SUMO the ability to represent facts about fact (e.g., metamodeling). For instance, a propo-
sition in SUMO is an abstract entity that represents a thought. For example, the sentence
“the book is on the table” expresses the proposition that there is a book situated on top
of a particular table. The sentence in Portuguese “o livro estd sobre a mesa” is a different
sentence that expresses the same proposition. SUMO allows one to capture the material-
ization of a proposition as instances of Content-bearing Object, a sub-class of Object that
represents one or more propositions, such as the two sentences above.

Entity
Physical Abstract
e

Object Process

Artifact Agent Collection
PhysicalEnvironment ArtificialSystem Device - Group
RoboticEnvironment ! Robot RobotGroup

part > dmember

FICURE 3.3 Taxonomic structure (arrows) of the main concepts in SUMO (light grey boxes) and
CORA (dark grey boxes).
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3.4.2 CORA: The Core Ontology for R&A

As discussed in Section 2, a core ontology is a domain ontology that aims at defining the
most general concepts in a broad domain, such as medicine or geology. The core ontology
for robotics and automation is the main ontology in IEEE 1872-2015. As its name implies,
it aims at providing formal definitions for central notions in R&A. The focus on notions
rather than simply on terminology is not an accident: CORA does not try to accommodate
any possible terminology in R&A, but rather it aims at making explicit concepts and rela-
tions behind different terminologies.

CORA gravitates around three main concepts: robot, robot group and robotic system
(Figure 3.3). As we mentioned earlier in this chapter, the term robot may have as many
definitions as people using it. CORA acknowledges this fact by defining robot in a very
general way, allowing for specific subontologies to provide the sufficient conditions for
specific kinds of robots. CORA only states that robots are agentive devices, designed to per-
form purposeful actions in order to accomplish a task. According to SUMO, an instance of
Device is an artefact (i.e. a physical object product of making), which has the intended pur-
pose of being a tool in a class of processes. Being a device, robot inherits from SUMO the
notion that devices have parts. Therefore, CORA allows one to represent complex robots
with robot parts. Also, the concept Robot inherits from the Device the necessity for hav-
ing a described purpose. A robot is also an Agent. SUMO states that agent is “something or
someone that can act on its own and produce changes in the world”. Robots perform tasks by
acting on the environment or themselves. Action is strongly related to agency, in the sense
that the acting defines the agent. In some cases, the actions of a robot might be subordi-
nated to actions of other agents, such as software agents (bots) or humans.

Robots can form robot groups. A robot group is also an agent in the sense that its own
agency emerges from its participants. The concept has been left underspecified in the stan-
dard, and can be used to describe robot teams or even complex robots formed by many
independent robotic agents acting in unison.

Robotic systems are systems composed of robots (or robot groups) and other devices that
facilitate the operations of robots. A good example of a robotic system is a car assembly
cell at a manufacturing site. The environment is equipped with actuated structures that
manipulate the car body in a way that the industrial robots within the system can act on it.
Finally, an environment equipped with a robotic system is a robotic environment.

Apart from these three main concepts, CORA also defines the notion of robot interface.
A robot interface is a kind of device that represents the interface of the robot with the exter-
nal world. A robot has one and only one interface that aggregate all parts that the robot
uses to sense, act and communicate. The robot interface can be seen as a virtual device, in
the sense that it might not coincide with a particular component. Any robot interface must
have at least a sensor, an actuator or a communication device (such as a networks card).

Autonomy is a core notion in R&A, yet one of the hardest to define in precise terms.
CORA incorporates the idea that the degree of autonomy of a robot can only be defined
in relation to the task at hand [HMAO3]. Thus, CORA does not define specific classes of
autonomous robots. It rather defines specific types of agent roles that a robot can have
when participating in a process where it is the agent. The agent role is a binary predicate
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(which is related to, but different from the concept Agent) relating processes with the object
that acts as the agent of the process. CORA defines five sub-relations of agent, namely, fully-
AutonomousRobot, semiAutonomousRobot, teleoperatedRobot, remoteControlledRobot and
automatedRobot (i.e. automaton). Each sub-relation qualifies the role of a particular robot
in the process. CORA does not provide sufficient conditions for these relations but clarifies
that the same robot can assume different roles in different processes.

3.4.3 CORAX: CORA Extended

Even SUMO and CORA together do not cover all aspects of R&A. CORAX is another
ontology part of IEEE 1872-2015 [FCG+15] that specifies some concepts that are not pres-
ent or clear in SUMO and that are too general for CORA. CORAX provides concepts such
as design, environment and interaction.

Design is an important concept in engineering, especially in manufacturing. In R&A,
the concept is frequently related to industrial robotics, where robots perform the job of
building artefacts. Those robots have to represent the design of the artefacts they are build-
ing in order to coordinate their actions. In CORAX, a design is a kind of proposition.
That is, it is an abstract concept that can be materialized in content-bearing objects, such
as manuals and blueprints. Furthermore, artefacts are associated to design, so that one
should expect that an artefact realizes the design. Such notions have been further extended
in the architecture ontology developed by the AuR group (Section 6.1).

Furthermore, the properties of the object must be expressed in its design. For instance,
the design of a phone is about an (idealized) phone that is materialized in the individual
phones built on that design. CORAX specifies the ideal object as a separate entity called a
Design Object, which specifies the idealized object that is the content of a design. The ideal
phone has ideal properties, such as ideal weight and shape. These are related to real prop-
erties but have different pragmatics in modelling and reasoning. While SUMO provides
two main relationships to represent properties, namely attribute and measure, CORAX
specifies two analogue relationships, namely designAttribute and designMeasure. Both sets
of properties, the physical and the abstract, can be used with any quantity type of attribute
type already present in SUMO. In this way, we can specify that, for instance, an idealized
phone (an instance of Object Design) has a design shape and a design weight. The properties
of the design object and those of the artefact may correlate, but CORAX does not provide
a theory of how that correlation occurs.

CORAX also includes the notion of physical environment in order to support speci-
fication of robotic environments. An environment is intuitively composed of a physical
region, plus eventual objects that characterize the environment. In addition, the defini-
tion of physical environment depends on the presence of a landmark from which it is
possible to define the main region of an environment. Landmarks may or may not be
located within the region of interest of the environment. For instance, an office room
environment depends on the physical configuration of its walls, which are located in the
environment. But we can also define an arbitrary environment consisting of a cube in
outer space that depends on Earth as a landmark, even if the planet itself is not part of
the environment.
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As CORA defines the concept Robotic System, it becomes necessary to define what is a
system. CORAX specify the concept Artificial System as an artefact formed from various
devices and other objects that interact with each other and with the environment in order
to fulfil a purpose. This requires a basic definition of interaction. CORAX introduces the
notion of interaction as a process in which two agents participate, where an action gener-
ated by one agent causes a reaction by the other. More specifically, an interaction process
is composed of two sub-processes corresponding to action and reaction. The action sub-
process initiated by x on y causes a reaction sub-process, where y acts upon x (Figure 3.4). AU:Webhave

inserted citation

Finally, CORAX defines certain general classes of robot-robot and human-robot com- for Figures 3.4and

. . . . . 3.10 according to
munication. Both cases are specific types of content bearing processes (i.e. a process that the placement.

Please check and

carries a proposition). confirm.

3.4.4 RPARTS: The Parts Ontology

RPARTS is a sub-ontology of CORA that specifies general notions related to some kinds of
robot parts. According to CORA, robots are (agentive) devices composed of other devices.
A myriad of devices can be robot parts, and CORA cannot determine in advance what
kinds of devices can or cannot be robot parts. Notice that this is an issue that arises at
the conceptual level. This is a consequence of the “open-ended” nature of robots, whose
designs are only constrained by human needs, human creativity and available technologi-
cal resources. Therefore, a type of device that has never been considered as a potential
robot part can be used as a robot part by some future designer. An ontology for R&A, as
CORA is, must take this issue into account.

Furthermore, there is another issue regarding the notion of robot parts that arises at the
instance level. None of the objects that can be classified as robot parts are essentially robot
parts, since they can exist by themselves when they are not connected to a robot (or when
they are connected to other complex devices). For instance, a power source is essentially
a device, and we cannot consider a power source as a sub-class of the class of robot parts,
because this would imply that all instances of power sources are always robot parts. This
is not true, as a specific instance of power source can be dynamically considered as a part
of different complex devices during different specific time intervals. Due to this, CORA

Entity
Artifact ContentBearingObject | _containsinformation ® _ [ praposition
‘ Design DesignObject
dealizes about >

FIGURE 3.4 Entities associated with design in CORAX.
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assumes that the notion of “robot part” is a role (in the sense previously discussed) that can
be played by other devices.

In the earlier proposals of CORA [PCF+13], the notion of robot parts was considered
as a class, whose instances are not essentially instances of it. Thus, instances of robot
parts could cease to be robot parts, without ceasing to exist. In this sense, for example, an
instance of a power source that is considered as a robot part at a given moment (when it is
connected to a robot) could cease to be a robot part in another moment without ceasing to
exist (as an instance of power source). Thus, Robot part was considered as an anti-rigid uni-
versal, in the sense of [Gui05]. The ontology pattern proposed in [PCF+13] was developed
accordingly, inspired by [Gui05]. It represents how a specific instance of a specific kind of
device (e.g. power source) could be classified as a robot part.

This pattern becomes complex when we take into account the principles advocated in
[Gui05]. According to these frameworks, an anti-rigid class (e.g. robot part) cannot sub-
sume a rigid one (e.g. power source). Considering this principle, for each rigid class c that
can play the role of a robot part, we must create another specific anti-rigid class (a spe-
cific role) that will be subsumed by both ¢ and Robot Part. For example, an instance of
the rigid class Wheel only becomes a robot part when it is attached to a particular robot.
Given this condition, it becomes a member of the more specific class (e.g. “Wheel as Robot
Part”), which is subsumed by the rigid class Wheel and the anti-rigid class Robot Part (see
[PCF+13] for further details.

The representation of robot parts in the final proposal of CORA was changed, mainly
because the modelling pattern proposed for representing robot parts results in domain
models that are overwhelmingly complex. Some classes that must be created in order to
maintain the consistency of the model do not fit well into the domain conceptualization
and the resulting complexity is hard to manage. Therefore, this modelling pattern could
hinder the broad adoption of the ontology in the domain. Another factor leading to the
revision was that it is not clear how to fit the dynamical behaviour that is expected from
roles in the framework of SUMO. The modelling of roles adopted in [Gui05] relies on the
notion of possibility (a modal notion). However, as pointed out in [OAH+07], the treatment
of possibilities in SUMO is not clear.

Robot part is then a relationship between a given device d and a robot r, indicating that
d is playing the role of robot part when it is connected to r. RPARTS defines four specific
roles for robot parts.

Robot Sensing Part: responsible for sensing the surrounding environment. Formally,
robot sensing parts must be measuring devices connected to the robot. A measuring
device, according to SUMO, is any device whose purpose is to measure a physical quantity.
For example, a laser sensor can play the role of robot sensing part when connected to a
robot.

Robot Actuating Part: responsible for allowing the robot to move and act in the sur-
rounding environment. Formally, robot actuating parts must be devices that are instru-
ments in a process of robot motion, which is any process of movement where the robot is
the agent and one of its parts is acted upon.
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Robot Communicating Part: responsible for providing communication among robots
and humans by allowing the robot to send (or receive) information to (or from) a robot or
a human.

Robot Processing Part: responsible for processing data and information. Formally,
robot processing parts must be processing devices connected to the robot. A processing
device is any electric device whose purpose is to serve as an instrument in a sub-class of a
computer process.

It is important to emphasize that although these different types of robot parts are mod-
elled as relations between specific devices and robots, they are intended to behave as roles.

This modelling choice also provides interesting modularity characteristics. It keeps
CORA as a minimal core of high-level concepts that provides the structure to the domain
without going deep into details regarding the myriad of different devices that could play
the roles specified here. In this sense, this structure of roles can be viewed as an interface
(in the sense of object-oriented programming paradigm) that can be implemented in differ-
ent ways. Naturally, this schema poses the need for sub-ontologies to define the taxono-
mies of devices that can play the roles specified in CORA, such as an ontology of sensors,
ontology of grippers and so on.

3.4.5 The POS Ontology

Also included in the IEEE 1872-2015, the position (POS) ontology [CFP+13] specifies the
main concepts and relations underlying the notions of position, orientation and pose. These
are essential for dealing with information about the relationship between a robot and its
surrounding space. In this section, we summarize the main concepts relating to positional
information.

POS defines two kinds of positioning information: quantitative and qualitative. In the
quantitative case, a position is represented by a point in a given coordinate system. In the
qualitative case, a position is represented as a region defined as a function of a reference
object. For instance, one can describe a robot as being positioned at the coordinates (x, y)
in the global coordinate system, or that the robot is positioned at the front of the box, where
front comprises a conical region centered on the box and pointed forwards.

POS states that a position can be attributed to a (physical) object. In this sense, when we
say that “a robot x is positioned at y”, this means that there is a measure (SUMO binary
relation) that relates a given “robot x” to a position measurement y.

Position measurements are physical quantities that can be position points or position
regions. A position point denotes the quantitative position of an object in a coordinate
system. More specifically, position points are always defined in a single coordinate system.
A position region is an abstract region in a coordinate system defined with reference to a
series of position points.

A coordinate system is an abstract entity that is defined in relation to a single reference
object, i.e. there is an object that is the reference for each coordinate system. For instance,
the local coordinate system of a robot is referenced by the robot itself. Additionally, the
reference object does not need to be at the origin of the coordinate system. This ontology
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does not commit to a particular kind of coordinate system. It can be stated, however, that
a coordinate system defines at least one dimension in which points get their coordinate
values. A fundamental aspect of coordinate systems is the notion of transformation, which
maps position points in one coordinate system to position points in another coordinate
system. Transformations can be composed, generating new transformations. In POS, an
object can display multiple positions in different coordinate systems only if there is a trans-
formation that can map between the two. In addition to that, coordinate systems are related
through hierarchies (i.e. trees). We say that a given coordinate system ¢, is the parent of a
coordinate system c, if there is a transformation ¢, that maps the points of ¢, to points in c,,
and there is a transformation ¢, that maps the points of ¢, to points in ¢,. According to this,
if two coordinate systems share a parent node in the hierarchy tree, there is a transforma-
tion between them. Usually, an agent chooses a coordinate system as the global reference
frame that constitutes the global coordinate system (GCS) for that agent. This GCS can be
arbitrarily chosen and does not have reference to a particular coordinate frame. Local coor-
dinate systems (LCS) are defined in relation to GCS by hierarchical links. This hierarchy is
arbitrary, in the sense that it can be defined by the designer or agent.

Besides the quantitative position, POS also provides concepts about qualitative posi-
tions that are defined in terms of position regions. Example of qualitative positions are “left
of”, “in front of”, “on top of” and so on. These expressions define regions in relation to a
reference object o, in which other objects are placed. More specifically, a position region is
composed of poses in the coordinate system generated by a spatial operator on the refer-
ence object. The spatial operator is a mathematical function that maps reference objects to
regions in a coordinate system in arbitrary ways.

POS also allows for the specification of relative positions between objects and a given
reference object. In general, this kind of information is represented through spatial rela-
tions that hold between objects. An example is the relation leftOf(o, or), which represents AU:Should“or”

in “leftOf(o, or)”
that the object o is positioned to the left of the object o,. This kind of relation can be defined be /", to match

in POS using the notions of relative position and spatial operator. For example, the relation cevetusie of
leftOf(o, or) holds when there is a qualitative position s (a position region) that was gener- reneneet
ated by the spatial operator leftOfOp over the reference object o,, and the object o has the
relative position s regarding o, Through this mechanism, POS provides the semantics for
spatial relations like “to the left of”.

The usual notion of orientation is similar to position as far as its conceptual structure is
concerned. An object can have a quantitative orientation defined as a value in an orienta-
tion coordinate system, as well as a qualitative orientation defined as a region in relation to
a reference object. For example, orientation is used in the phrase “the robot is oriented at
54 degrees”; the orientation value in this case is 54 in the circular, one-dimensional coor-
dinate system of a compass. On the other hand, orientation regions capture a less intuitive
notion. The expression “the robot is oriented to the north of the Earth” allows for interpre-
tations where the robot has a range of possible orientation points around 0 degrees. Thus,
we can represent “north” as a region (or interval) in the one-dimensional, circular compass

coordinate system that overlaps with the general orientational extension of the object.
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In POS, a position and an orientation constitute a pose. The pose of an object is the
description of any position and orientation simultaneously applied to the same object.
Often, a pose is defined with a position and an orientation referenced to different coordi-
nate systems/reference objects. In addition, since objects can have many different positions
and orientations, they can also have many different poses.

3.5 APPLICATIONS OF CORA TO DATE
3.5.1 CORA as Part of a Robotic Skill Ontology

Modularity of robotic ontologies and the possibility of building a specific application-
related ontology from existing, well-defined building blocks is a long-looked-for property,
enabling faster development of cognitive robotic systems and easier debugging. The case
described below is an illustration of this approach, exploiting IEEE CORA as one of its
building blocks.

The Rosetta suite of ontologies describing industrial robotic skills has been developed
in a series of EU projects for almost a decade. The individual ontologies serve different
purposes. The core ontology, rosetta.owl, is a continuous development aimed at creating
a generic ontology for industrial robotics. It is described in [SM15] and is available on the
public ontology server http://kif.cs.Ith.se/ontologies/rosetta.owl.

The ontology hierarchy is depicted in Figure 3.5, where arrows denote ontology import
operation.

We use either the QUDT (Quantities, Units, Dimensions and Types) or the OM
ontologies and vocabularies in order to express physical units and dimensions. The core
Rosetta ontology focuses mostly on robotic devices and skills, as described in [HMN+11].
According to it, every device can offer one or more skills, and every skill is offered by
one or more devices. Production processes are divided into tasks (which may be consid-
ered specifications), each realized by some skill (implementation). Skills are compositional
items: there are primitive skills (non-divisible) and compound ones. Skills may be executed
in parallel if the hardware resources and constraints allow it. The rosetta.owl ontology is

|
[

FRAMES.OWL |« PARAMS.OWL » SFC.OWL

H CC-BY-3.0
\ | /
SKILLS.OWL > ROSETTA.OWL
CC-BY-3.0 CC-BY-3.0
s 4
QUDT 1.1 oM 1.8
CC-BY-SA-3.0 CC-BY-3.0

FIGURE 3.5 The Rosetta ontologies.
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accompanied by topical ontologies describing behaviours (sfc.owl) as finite state machines,
robotic skill parameterizations (params.owl) and feature and object frames (frames.owl).
All these ontologies are available from the ontology server above.

The definition of skills has been based on the so-called production triangle: product,
process, resources (PPR) [CDYM+07]. The workpieces being manufactured are maintained
in the product-centered view. The manufacturing itself (i.e. the process) is described using
concepts corresponding to different levels of abstraction, namely tasks, steps and actions.
Finally, the resources are materialized in devices (capable of sensing or manufacturing).
The central notion of skill links all three views and is one of the founding elements of the
representation.

Due to the growing complexity of those ontologies and the availability of external upper
ontologies like IEEE standard CORA [PCF+13], we have decided to refactor this structure
into one enabling modular addition of new skills (see Figure 3.6). In this new structure,
support ontologies (frames, params, sfc) have been moved to configuration.owl and coor-
dination.owl, for separation of concerns (according to the 4C suggestion: Computation,
Communication, Configuration, Coordination) and much easier maintenance. The details
of this solution are found in [JMN16]. The refactored ontologies are also available from our
knowledge server.

The particular advantage of using CORA in this case consists of anchoring the con-
cept of the (industrial) robot pose in terms already defined in the position-related part of
CORA. This way, any other robotic knowledge-based system also based on the common
standard ontology IEEE 1872-2015 will be automatically aligned with Rosetta, at least with

SUMO -+ — — — — CORA <+ — - — - CORA:POS
X
g
rd
OM 1.8 -+ - - ROSETTA.OWL
CONFIGURATION.OWL COORDINATION.OWL
SKILL1.OWL

SKILL2.OWL
SKILL3.0WL
| PRIMITIVE1.OWL |
| PRIMITIVE2.0WL |

FIGURE 3.6 The refactored robotic skill ontologies.
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respect to its idea of position. This should enable easier transfer of knowledge about robotic
skills between different systems, possibly in an automatized manner.

3.5.2 The Cargo Delivery Scenario

CORA has been used and tested in very specific scenarios. One of them was a toy sce-
nario where two robots with different physical and sensing capabilities communicated and
coordinated to deliver cargo (a simple pen) to a human, i.e. the human solicits the cargo
through a user interface and the robots coordinate themselves to pick and deliver the cargo
(see Figure 3.7). To perform this task, all players should have the same communication
language which must be formal and unambiguous. Otherwise, they will not be able to
understand each other and, consequently, they will not attain their goal.

For this scenario, we used two robots from different manufacturers: an Aldebaran NAO
H25 (aka manipulator) and a Pioneer 3DX (aka transporter). The manipulator had the
cargo to be delivered to the human by request through a custom user interface. As the
manipulator had its mobility limited to short distances due to its battery autonomy and
speed, it could not deliver the cargo directly to the human, who could have been situated
anywhere in the environment. However, it could manipulate the cargo by grabbing, lifting
and/or dropping it. On the other hand, the transporter could move over long distances at
higher speed than the manipulator and also could carry considerable payloads. However,
it was not able to manipulate objects and had limited sensing capabilities (only range find-
ing sensors).

ONTOLOGY SERVER

—

MANIPULATOR TRANSPORTER HUMAN

.| | |
%, | [

TIME

FIGURE 3.7 General organization of the system.
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CORA concepts were represented using OWL and loaded into an ontology server writ-
ten in Java. This server runs on a specific machine in a centralized architecture and it is
responsible for managing all messages exchanged by human and robots. Thus, all server
clients receive/send ontology information about themselves, which are used, for instance, to
determine the relative positioning among the robots to allow the transporter to align itself
and receive the cargo from the manipulator. Hence, we used the POS ontology, included in
IEEE 1872-2015, to define the position and orientation of a player in a coordinate system to
allow the spatial operations to determine the visibility, proximity, placement and relative
orientation of a player in relation to another.

The experiment started with humans soliciting the cargo through a mobile phone appli-
cation. This information was received by the manipulator and transporter, which first
determined who had the cargo or had the ability to get the cargo. In this case, the manipu-
lator had the cargo in its hands and sent this information to the system. The transporter
started searching the manipulator in order to receive the cargo. When the manipulator was
found, the transporter aligned itself to allow the manipulator to put the cargo on its ship-
ment compartment. When this procedure was done, the transporter moved towards the
human to complete the task. More information about this work can be found in [JRM+15].

Although this scenario is simple, it is complex enough to test our ontological frame-
work. Ontology-based communication played a fundamental role. It endowed all players
with a shared vocabulary with explicit semantics that allowed an unambiguous knowledge
transfer even though using robots from different manufacturers.

3.5.3 Cora as Part of a Surgical Robot Ontology

Ontologies are widely used by the medical community to model knowledge. By using
them, clinical terminology is clear and explicit to the community [GT14]. SNOMED-CT*
© is nowadays the major reference in health terminology, where clinical terms are defined.

In surgeries, ontologies do exist with special focus on computer-assisted surgeries,
Surgical Workflow (SWOnt ontology) [N]JS+09], for assessment studies in human-com-
puter interaction [MJD+15], and laparoscopic surgery (LapOntoSPM) [KJW+15], with
application to situation interpretation, in other words, the recognition of surgical phases
based on surgical activities. The latter case is of special use for HRI, when robots, surgeons,
nurses and other medical staff and engineers co-work in the operating room. In fact, com-
plete awareness of surgical procedures is needed for all agents.

Robotic ontologies with application to surgeries were recently proposed in the litera-
ture, applied to neurosurgery [PNDM+14] and orthopaedics (OROSU) [Gonl3, GT15].
The latter applied CORA within the recently available IEEE 1872-2015 standard [Mad15,
FCG+15]. In the following, a brief presentation of OROSU is presented focusing on a surgi-
cal procedure workflow for a proper interaction between the robot and medical staff in the
operating room.

OROSU was developed with the integration of CORA [Madl5, FCG+15] and bio-
medical/human anatomical ontologies, sourced from NCBO BioPortal [NSW+09] and

* www.ihtsdo.org/snomed-ct
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Open Biological and Biomedical Ontologies [SAR+07]. For tasks (surgical procedures) defi-
nition, and also as an engine to process the ontology, i.e. for reasoning, KnowRob [TB13]
was used with success.

In the OROSU application presented in [GT15], robotic hip surgery was used to test the
ontology for surgical procedure representation and reasoning. Figure 3.9 depicts an exam-
ple for a complete surgical procedure definition (robotic bone tracking using an ultrasound
probe) and the knowledge represented therein. This representation is suitable for a proper
HRI between the medical staff and the robot, both working with the operating room ICT
infrastructure. Figure 3.8 depicts an excerpt of the knowledge related to medical devices
used in OROSU. For example, the sensor data is obtained using CTimaging or USimaging
to gather 3D point clouds and then obtaining the 3D model of the bone.

In conclusion, the presented application is important to show the application of CORA
to a complex HRI scenario. Using CORA and OROSU, robotic surgical procedures can be

—
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FIGURE 3.8 Some measuring devices defined in the ontology, relating SUMO, CORA and OROSU.

FIGURE 3.9 Example of a surgical procedure definition, relating CORA, OROSU and KNOWROB
framework.
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defined and used no matter what type of surgical robot (defined using CORA) is applied
in different scenarios.

3.5.4 Other Applications

The ontologies in IEEE 1872-2015 have been used or cited in other contexts as well. For
example, Banerjee et al. [BBK+15], have used CORAX and other ontologies as part of a
stochastic integer linear program for policies for optimum high-level task partitioning
between collaborative teams of human operators and mobile ground robots. They success-
fully demonstrated collaboration of one human-robot pair leading to shorter completion
times of a kitting operation.

Using ontological representations for grounding physical layers of the various HMI tech-
nologies, Pirvu et al. [PZG16] attempted to engineer a synthetic hybrid system called ACPS
(using SOA), a human centric CPS which integrates physical and human components.

Ina paper on cloud robotics, [KPAG15] notes that research in robot ontologies (KnowRob
and CORA) can help to address current challenges such as heterogeneity, by defining cross-
platform data formats and in future helping to standardize representation of elementary
concepts such as trajectories.

In his paper, Diaconescu [DW14] remarked that the Core Ontology for Web of Things
(WoTCO) ontology proposed by him has many similarities at the top-level with CORA.
We observe that the differences are due to CORA using SUMO and WoTCO using Unified
Foundational Ontology (UFO). While detailed concepts in CORA is subsumed under
R-Parts and is general, WoTCo claims to have more details of concepts specific to the Web
of Things. This similarity at the top level is comforting and can be viewed as reinforcing
coherence of ontological concepts at the top level.

In his paper using elements defined in CORAX, Kootbally developed a platform-inde-
pendent, Industrial Robot Capability Model [Kool6] and a planning infrastructure for
planning and execution of industrial robot tasks for kitting assembly. Using CORA to
represent a kitting workstation, its environment and objects, Kootbally proposed a robot
capability model that defined additional components and pointers to CORA and action
ontology. To represent robot capabilities for manufacturing applications, using XML
Schema Definition Language (XSDL), models for robot parts like end-effectors, sensors
and constraints have been defined. Assembly Action Model extends the dataThing class in
CORA and the Robot Capability Model outputs a process plan with the best available robot
to accomplish a kitting assembly task.

3.6 FOLLOW-ON EFFORTS
3.6.1 The Autonomous Robotics Study Group

The IEEE Ontologies for Robotics and Automation Working Group (ORA) was divided
into sub-groups that are in charge of studying and developing industrial robotics, ser-
vice robotics and autonomous robotics ontologies. The Autonomous Robotics (AuR) Study
Group has over 80 active group members from North America, South America, Europe,
Asia and Africa, representing stakeholders in academia, industry and governments. The
AuR Study Group’s goal is to extend the core ontology for robotics and automation to
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represent more specific concepts and axioms commonly used in autonomous robotics. The
ontology should allow one to specify the knowledge and reasoning needed to build autono-
mous systems that can operate in the air, on the ground and underwater.

The AuR Study Group studies various R&A domains to identify basic components
including the hardware and software necessary to endow robots with autonomy. In order
to develop the standard ontology for autonomous systems, the AuR Study Group has
adopted the following approach:

+ Development of standard vocabularies for architectural concepts in IEEE 1471/
IEC 42010.

+ Development of a functional ontology for robotics and automation.
+ Validations of developed relationships and concepts.

+ Use of developed vocabularies and ontology for conceptual design of sample robot
application using extended 1471 concepts and extension of CORAX.

» €

For vocabulary development, the AuR Study Group has defined: “behaviour”, “func-
tion”, “goal” and “task”. As part of the architectural concepts development, the AuR Study
Group has proposed the Robot Architecture (ROA) Ontology which defines the main con-
cepts and relations regarding robot architecture in the context of autonomous systems. Its
goal is to serve as a conceptual framework so that people and robots can share information
about robot architectures.

A standard ontology in autonomous robotics will provide the underlying semantics of
the vocabulary used in problem-solving and communications for heterogeneous autono-
mous systems. The proposed standard ontology will make possible a smooth integration
among these systems in order to exchange knowledge and cooperatively perform tasks.
Creating a standard for knowledge representation and reasoning in autonomous robot-
ics will have a significant impact on all robotics and automation domains, including
knowledge transmission among autonomous robots and humans. As a result, the use of
autonomous robots by humans will further benefit our society. To the best of the authors’
knowledge, the AuR Study Group is the first group to adopt a systematic approach in devel-
oping ontologies, consisting of specific concepts and axioms that are commonly used in
autonomous robots.

3.6.2 Robot Task Representation Effort AU: “Parentheses

(background,
status, Stephen

Under the original ORA working group, a sub-group was formed to examine an applica- 7 S,

tion ontology focused on industrial automation. This group found that with the growing T© Abptiren
Makawala) deleted

demand for product variations, limited skilled manpower, increased complexity of work- from heading.

ing environments and greater requirements for robot-robot and human-robot collabora-

tion, there is a desire to seamlessly integrate processes and systems at the task level. In this

context, task refers to the concrete decomposition from goal to sub-goals that enables the

human/robot to accomplish outcomes at a specific instance in time. In order to accomplish
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this, there is a need for a standard providing an explicit knowledge representation for robot
tasks. Unfortunately, it was also found that no internationally recognized standard exists
for describing tasks and how to integrate them. Therefore, this sub-group decided to refo-
cus its attention on a task ontology that will represent the knowledge necessary to fully
describe autonomous tasking.

Actors performing autonomous tasks need to have sufficient knowledge of their tasks
to not only perform them, but to also communicate their pending activities to others, and
to recognize and correct errors without the need to interrupt the process. The tasks can
be either informational (i.e. storing, representing or transferring information between the
actors) or physical, where the actors actually manipulate materials (e.g. the robot picks and
places an object) [J]J94]. The task could also be “collaborative” (e.g. human-robot manipu-
lation in materials handling), where autonomous robots are expected to collaborate with
other robots, as well as humans.

The availability of such a standard knowledge representation will:

define the domain concepts as controlled vocabularies for robot task representation
+ ensure a common understanding between different industrial groups and devices

« facilitate interoperability between robotic systems for efficient data transfer and
information exchange

« increase manufacturing performance, i.e. flexibility (easier incorporation of new pro-
cesses due to a common set of concepts)

The industrial sub-group of ORA morphed into the IEEE Robot Task Representation
(RTR) Study Group, with the objective of developing a broad standard that provides a
comprehensive ontology for robot task structure and reasoning across robotics domains.
This work will be a supplement to the existing standard Core Ontology for Robotics and
Automation (CORA) [IEE15]. This supplement will include the presentation of concepts in
an initial set of application domains (e.g., in manufacturing) where robot task representa-
tion could be useful. The ontology provides a unified way to represent knowledge about
robot tasks by sharing common knowledge and preserving semantic meaning. It can be
utilized in manufacturing control applications, where the system needs to control multiple
elements of the manufacturing process.

Our work plan for developing the standard has two aspects. The first is to develop the
task ontology, extending CORA and capturing vocabularies for robot task representation
by requirements analysis and surveying the literature. The final decision making on vocab-
ularies will be achieved through consensus between different group members. The ontology
will contain vocabularies for generic tasks and specialized tasks for industrial application.
The second aspect is to develop a task repository, which will provide a set of instances that
could be used for robotic implementation and validation of the Task Ontology.

Although the Task Ontology will be the official standard when completed, the Task
Repository is necessary to help validate the standard and to provide an avenue that makes
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the standard more useful and applied in the industry. The Task Ontology formally defines
what a task is, and specifies the properties of tasks, the properties of the hierarchy in which
tasks are placed and the ways in which the performance of the capabilities required to
accomplish the tasks are measured. The Task Repository enables the community to build
up a shared catalogue of tasks and capabilities along with their relationships (based on ele-
ments within the Task Ontology). The purpose of the overall standard is to ensure common
representations and frameworks when tasks are described, so the knowledge represented
in the Task Ontology defines the structure and content of the tasks in the Task Repository.

The existence of such a repository allows for clear definitions and descriptions of tasks
and the ability for a user to quickly and easily determine if a task description (and associ-
ated algorithm) exists that will accomplish their goal, even if that task may have been cre-
ated for a different purpose in another domain (Figure 3.10).

To develop this ontology, we will perform the following steps:

+ Requirements Gathering: It isimportant to gather the relevant information require-
ments from all of the target domains to ensure that the resulting knowledge repre-
sentation is truly comprehensive. RTR will reach out to experts in various robotics
fields, some of whom are part of the group already and to others who are outside the
group, to gain a deep understanding of what is necessary to represent task informa-
tion in their domains. In addition to compiling the terms and definitions, RTR will
start the process of identifying cases in which the same term has different meanings
in different domains, as well as the cases where the same definition is associated
with different terms. The output of this process will be a glossary of terms and defi-
nition, sorted by robot domain, which will serve as the basis for subsequent steps in
the work plan.

« Surveying Similar Efforts: There are a number of efforts that have attempted to cap-
ture aspects of task information in specific robotic domains. In this phase of the work
plan, RTR will deeply analyze these efforts to see how well they capture the concepts
identified in the step above and evaluate their potential use as sources of definitions
for the main concepts identified. In addition, RTR will look at the way that these
concepts are represented (i.e. the knowledge representation formalism that is used
and the attributes and relationships that are represented) to leverage the existing rep-
resentational approaches and concepts wherever possible.

P1872-2015
CORA

Ontology

Achievin Developin
Requirements Surveying bl Developing ping Pilot
; o Consensus on § Task .
Gathering Similar Efforts e Task Ontology : Implementation
Definitions Repository
- ; -

FIGURE 3.10 Robot Task Representation Study Group Work Plan.
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3.7

Achieving Consensus on Definitions of Terms: Coming to a consensus on terms
and definitions is the most challenging, yet it is an essential part of the work. We
have formed the study group so that there is representation from a wide array of robot
domains. We are also closely collaborating with the autonomous robotics sub-area,
which is also extending the P1872-2015 standard.

Developing the Task Ontology: Building on the previous work of P1872-2015
(CORA), and using consensus definitions, RTR we will extend the CORA ontology
to capture terms and definitions pertaining to robot tasks. While CORA does not
specifically address robot tasks, it does define high level concepts of robot motion
that can be leveraged. In addition, SUMO defines the concept of process, which can
also be built upon as appropriate. RTR will use aspects of the METHONTOLOGY
ontology development methodology [FLGPJ97], which includes the development of
the ontology conceptual model; the formalization of the ontology, which involves
transforming the conceptual model into a formal or semi-computable model (speci-
fied in first-order logic, for example); and the implementation of the ontology, which
involves transforming the previously formalized ontology into a computable model,
codified in an ontology representation language, such as OWL.

Modelling of Shared Tasks and Capabilities in a Task Repository: While the Task
Ontology provides the structure and definitions of concepts, the Task Repository pro-
vides task instances that can be applied towards robot applications. It uses the struc-
ture of the concepts in the Task Ontology and populates the values with instances
specific to individual robot types and applications. To validate the Task Ontology,
RTR will create a set of task instances in the Task Repository, focusing on tasks that
are generally applicable across robot domains, such as pick and place tasks or robot
mobility tasks. The hope is that as the Task Ontology and associated Task Repository
get used more and more, the community will populate the Task Repository with
additional task instances.

Pilot Implementation: Using the task instances created in the previous step, we will
create two control systems for robots in different domains. These control systems will
use the knowledge represented in the Task Repository to control a robot performing
operations in the domain of interest. We expect one of the domains to be in the man-
ufacturing field due to the interest and availability of these types of robots among the
study group members. The second domain is still to be determined. As mentioned
above, we expect the tasks to focus on pick and place and mobility operations. This
process will help to validate the knowledge represented in the Task Repository as well
as the structure of the Task Ontology.

CONCLUSION AND DISCUSSION: TOWARDS
AN ONTOLOGY FOR HRI

In this chapter, we showed an overview of the development and content of the IEEE 1872-
2015 standard and the current efforts to expand it. The main contribution of IEEE 1872-2015
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is to formalize core concepts of R&A in a set of ontologies. These ontologies, and in par-
ticular CORA, are intended to be used by other researchers and practitioners as a basis
not only for the development of other ontologies in R&A, but also for system and database
design. We also showcased some current applications of IEEE 1872-2015 and summarized
the current standardization efforts in expanding the standard to robot task representation
and autonomous robots.

While IEEE 1872-2015 covers some concepts related to HRI, it still needs to be extended
in order to cover the domain to an adequate level. Designing partial or completely auto-
mated mechanisms for handling human-robot interaction requires a generic and consis-
tent model for representing, sharing and reasoning about the semantics of the perceptions,
actions and interactions of both humans and robots. This model must be sufficiently
expressive and abstract to cover all the complexity and heterogeneity of the technologies
and systems used to capture the interactions. CORA and the remaining ontologies in
IEEE 1872-2015 provide some of these notions, but lack in enough specificity to be applied
directly. A CORA-based ontology for HRI could help solve this issue. A basic requirement
for an HRI ontology is that it should allow for consistent description of the spatial and
temporal context of robot and user, integrating robot perception and human interpretation
of the interaction situation, as well as instructions and queries. The HRI ontology should
allow one to model the semantics of static entities, such as the description of the space
and its constituents, but also the dynamic entities that describe the events, situations, cir-
cumstances and changes of the interactions. The ontology should be placed at the middle
level of Figure 3.2, beside the task ontology, serving as a basis for the implementation of
application-specific models in HRI systems.

HRI ontology requires a suitable representation language that could allow for models to
be easily translated into formal models for Al planning or to the semantic web. The language
must allow for the formal description of interactions between humans, robots and the other
objects of the real world according to a human-like narrative approach. That means that the
language should allow for the definition of conceptual n-ary relations between static and
dynamic entities. For example, representing an interaction such as “the-man-gives-the-cup-
to-the-robot” requires at least a quaternary predicate relating the man, the cup, the robot
and the act of giving. The HRI ontology must allow one to represent complex dynamic enti-
ties according to a narrative approach inspired by the human way of reporting stories and
events. To allow for that, HRI ontology must provide conceptual constructs corresponding
to verbs describing the interactions of a robotic domain such as moving, sensing, grasping,
behaving, changing state and so on. The NKRL language [ACA13, Zarl13] could be a good
candidate to specify dynamic and static entities of the CORA HRI ontology

The problem of connecting perceptions with the corresponding concepts describing
static and dynamic entities in the HRI ontology requires the modelling of physical sym-
bol grounding procedures. For example, from the perspective of an embodied robot that
interacts with humans and objects in the environment, the grounding of its symbolic
system needs to consider the complexity of its sensorimotor readings. In the context of
multi-robot and Internet of Things environments, the problem becomes more complex
as symbols are not only grounded, but commonly shared. Most of the state-of-the-art
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attempts have dealt with the grounding of static entities and new grounding techniques
are needed for grounding dynamic entities. Therefore, the HRI ontology must propose
a grounding methodology that will deal with the grounding of perceptions and situ-
ated verbal and non-verbal communication or dialogues between humans and robots.
Symbolic grounding is called perceptual anchoring when specifically referring to the
building of links between the robot’s low-level processes (i.e. odometers, camera, radar,
ultrasound) and the high-level semantic representations. Due to the complexity of
grounding, it should be better to limit the perceptual anchoring to the concepts and
rules that systematically creates and maintains in time the correspondences between
symbols and sensor and actuation data that refers to the same physical object and the
same human.

The driving force for using HRI ontology should be the use of constraint-based tech-
niques to model and reason about the dependencies between the symbolic information
returned by the perception systems, temporal objects and the dynamic entities describing
interactions between humans and robots. For that, the ontology should include constructs
to represent time relations, such as Allen’s Interval Algebra. Uncertainty must be taken into
account at the ontology level in order to allow a sound and tractable coupling of dynamic
temporal objects and dynamic entities and avoid ambiguous reasoning. Thus, HRI ontol-
ogy must include uncertainty measures with logical statements to describe simultaneous
and nested dynamic entities. Considering the heterogeneity, redundancy and conflicts
between perception and actuation systems, the use of belief theory at the symbolic level,
for instance, would help to assign confidence values to assertions about dynamic entities
and rules processed by reasoning engines.
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