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Resumo
A Interação Humano-Computador (IHC) é uma área de conhecimento multidisciplinar voltada
para a prática da tecnologia da informação centrada no ser humano. Atualmente, cada vez mais
os sistemas interativos precisam ser personalizados, responsivos, adaptáveis, fáceis de usar e
caracterizados por ambientes cada vez mais conectados e aplicativos inteligentes. Sendo uma
área tão diversa, a IHC envolve um conjunto diversificado e complexo de conhecimentos e con-
ceitos. No entanto, isso leva a problemas de interoperabilidade semântica, que afetam usuários,
designers e sistemas interativos. Além disso, o projeto e a avaliação de sistemas interativos
são atividades intensas em termos de conhecimento. Nesse contexto, problemas relacionados
ao conhecimento, como os referentes à sua representação e compartilhamento, acarretam o
risco de perda de conhecimento relevante. Portanto, são necessários mecanismos eficientes para
promover o entendimento comum e a construção coletiva do conhecimento. Ontologias têm
sido utilizadas com sucesso em diversos domínios para capturar e organizar o conhecimento,
buscando lidar com a interoperabilidade e problemas relacionados ao conhecimento. Portanto,
neste trabalho, argumentamos que organizar ontologias de IHC em uma rede de ontologias:
fornece uma conceituação abrangente do domínio IHC; favorece o crescimento, a reutilização e
a integração do conhecimento; potencializa o uso de ontologias em soluções baseadas em co-
nhecimento e interoperabilidade. Nesse sentido, propusemos a Rede de Ontologias de Interação
Humano-Computador (HCI-ON). A HCI-ON é baseada em uma ontologia de fundamentação e
aborda importantes aspectos de IHC alinhados com seus padrões e literatura. A HCI-ON possui
uma ontologia central que aborda o fenômeno de interação humano-computador e ontologias
específicas de domínio que abrangem subdomínios de IHC, como design, avaliação e interface
com o usuário, entre outros. Visando o crescimento consistente do conhecimento, a HCI-ON
disponibiliza mecanismos para suportar sua constante evolução através da adição de ontologias
novas ou existentes. No domínio de IHC é possível utilizar a HCI-ON como um todo ou em ex-
tratos, para resolver problemas de interoperabilidade semântica e relacionados ao conhecimento.
Para demonstrar o uso da HCI-ON para apoia a resolução de tais problemas, usamos um extrato
HCI-ON para desenvolver UXON, um sistema que apoia a avaliação de UX com base em dados
no registro de interações produzidos por um aplicativo imersivo chamado Compomus. Como
resultado, o uso do HCI-ON foi considerado viável e útil.

Palavras-chaves: Interação Humano-Computador. Ontologia. Rede de Ontologia.



Abstract
Human-Computer Interaction (HCI) is a multidisciplinary knowledge area aimed at the practice
of information technology centered on humans. Currently, increasingly interactive systems are
required to be personalized, responsive, adaptive, user-friendly, and characterized by increasingly
connected environments and intelligent applications. Being such a diverse area, HCI involves a
diverse body of knowledge and a complex set of concepts. This leads to semantic interoperability
problems, which affect users, designers, and interactive systems. Moreover, the design and
evaluation of interactive systems are knowledge-intensive activities. In this context, knowledge-
related problems, such as the ones related to knowledge representation and sharing, cause the risk
of losing relevant knowledge. Therefore, efficient mechanisms to promote common understanding
and collective construction of knowledge are necessary. Ontologies have been successfully used
in several domains to capture and organize knowledge seeking to deal with interoperability
and knowledge-related problems. In this work, we argue that organizing HCI ontologies in
an ontology network provides a comprehensive conceptualization of the HCI domain; favors
knowledge growth, reuse, and integration; and potentializes the use of ontologies in knowledge-
based and interoperability solutions. In this sense, this work proposes the Human-Computer
Interaction Ontology Network (HCI-ON). HCI-ON is grounded on a foundational ontology, is
aligned with HCI standards and literature, and addresses HCI relevant aspects. HCI-ON has a
core ontology that addresses the human-computer interaction phenomenon and domain-specific
ontologies covering HCI subdomains such as HCI design, evaluation, and user interface, among
others. Aiming at knowledge growth in a consistent way, HCI-ON provides mechanisms to
support its constant evolution throughout the addition of new or existing ontologies. In the HCI
domain is possible to use HCI-ON as a whole or extracts of it to solve semantic interoperability
and knowledge-related problems. To demonstrate the use of HCI-ON to support solving such
problems, we used an HCI-ON extract to develop UXON, a system that supports UX evaluation
based on interaction logging produced by an immersive application called Compomus. As a
result, the use of HCI-ON was considered feasible and useful.

Keywords: Human-Computer Interaction. Ontology. Ontology Network.
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1 Introduction

This chapter presents an overview of this thesis and de�nes the basis for the following chapters. It

discusses the research context and motivation, research hypothesis, objectives and methodological

aspects that have guided the work. Last, it presents the structure of this document.

1.1 Context and Motivation

Human-Computer Interaction (HCI) is a multidisciplinary knowledge area that aggregates a vast

and multifaceted community, bound by the evolving concept of usability, and the integrating

commitment to value human activity and experience as the primary driver in technology (Carroll,

2014). It presents as a major challenge to the practice of information technology centered on

the human being and his/her values (Harper et al., 2008). It is connected to other research

areas, involving knowledge from multiple �elds, such as ergonomics, cognitive science, user

experience, human factors, among others (Sutcliffe, 2014).

In the last years, the HCI area has expanded to include a myriad of interaction techniques

and devices, becoming a host for emerging ubiquitous, smart environments, handheld and context-

aware interactions. Being such a diverse area, it involves a diverse body of knowledge and the

landscape of HCI concepts is complex. In addition, as the HCI area continues to mature, new

terms are proposed and new meanings are assigned to existing terms. As a consequence, it is not

trivial to have a common conceptualization of HCI, leading to semantic interoperability problems

(such as ambiguity and imprecision when interpreting shared information) and hampering

communication and knowledge transfer (Carroll, 2014; Preece; Sharp; Rogers, 2015).

Interoperability refers to the ability to interact, in order to achieve some objective. It is a

comprehensive problem that, in general, involves two or more artifacts (systems, components,

models, documents, standards, databases, etc.), among which some form of interaction is intended

(using functionalities, providing and using services, transferring data, exchanging information

and knowledge, etc.) to achieve a goal, requiring little or no knowledge about the characteristics

of the artifacts involved in the integration (Pokraev, 2009).

The growth and expansion of the HCI area have caused the emergence of many references

(books, standards, research papers, etc.) coming from different sub-communities, not sharing a

common conceptualization. The lack of a common conceptualization causes misunderstanding

and interoperability problems when dealing with those references. Rusu et al. (2015) argues that

“the lack of generally agreed formal de�nitions of HCI/usability/UX may have consequences on

their development and recognition among Computer Science communities, especially in regions

where HCI is poorly developed”. Many times, even references from the same sub-community are
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not harmonized. For example, the Software and Systems Engineering Vocabulary (SEVOCAB)

(ISO/IEC/IEEE, 2017) presents three slightly different de�nitions for “user interface”: (i) all

components of an interactive system (software or hardware) that provide information and controls

for the user to accomplish speci�c tasks with the interactive system (ISO/IEC, 2014); (ii) the

ensemble of software and hardware that allows a user to interact with a system (ISO/IEC, 2008b;

ISO/IEC/IEEE, 2018); (iii) the interface that enables information to be passed between a human

user and hardware or software components of a computer system (ISO/IEC, 2012). De�nition

(i) explicitly mentions interactive system (e.g., tablets, smart phones, wearable devices), while

de�nitions (ii) and (iii) refer respectively to system and computer system (e.g., servers). In these

de�nitions, do interactive system, computer system and system have the same meaning? This

is not clear. As a consequence, it is not clear if user interface exists only in interactive systems

or in any kind of computer system or system. It is worth pointing out that the three de�nitions

come from different standards de�ned by the same sub-committee (SC 7 - Software and Systems

Engineering) of the Joint Technical Committee JTC 1 (Information Technology) that joins two

standardization organizations, namely the International Organization for Standardization (ISO)

and the International Electrotechnical Commission (IEC).

Different standards often adopt different terminologies and, sometimes, it is necessary to

use different standards in a combined way. That means, it is necessary to harmonize different

terminologies/conceptualizations so that different standards can work together and knowledge

workers can better understand each other. As another example of semantic con�ict, consider the

following de�nitions provided by different standards and referring, respectively, to “dialog” and

“user interaction”: (i) interaction between a user and an interactive system as a consequence of

user actions (inputs) and system responses (output) in order to achieve a goal (ISO/IEC, 2016)

and (ii) exchange of information between a user and an interactive system via the user interface

to complete the intended task (ISO, 2019b). Although the different standards use different terms

to these de�nitions, they seem to refer to the same concept.

With the emergence of the Internet of Things and technologies associated with smart

environments and user-adaptive systems, we are moving towards smart interactive computer

systems characterized by full integration and semantics (Pourzolfaghar; Helfert, 2016).

Semantic interoperability problems in the HCI area are frequent and affect users, desig-

ners and interactive systems. For instance, nowadays, people use and need to cope with lots of

different user interfaces during the workday. It leads to socio-cognitive dimensions of intero-

perability, such as information sharedness, operational awareness, communication readiness,

adaptiveness and coupledness (Clemmensen, 2018). Moreover, most user interfaces are not built

in isolation, but sit atop a collection of software libraries, toolkits, protocols, and standards

typically inaccessible to user-centred design processes (Edwards; Newman; Poole, 2010). In

addition, different systems represent the same data in different ways, using different syntactic

and conceptual structures, terminologies or different interpretations of the same terminology
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(Staab; Stuckenschmidt, 2006). To solve interoperability problems like these, agreement and

clari�cation of the data are necessary.

Even more interactive systems are required to be personalized, responsive, adaptive,

simple and characterized by increasingly connected environments and intelligent applications.

Moreover, to deal with structural, syntactic and semantic interoperability in order to function as

desired by the user or the group of user becomes almost inherent in these systems (Carmagnola;

Cena; Gena, 2011). Although technologies and standards for interoperability have been built, a

challenge still remains for the design, integration and interoperability of the various elements

that make up this kind of interactive systems (Pourzolfaghar; Helfert, 2016).

Interoperability issues are also perceived in the context of user-adaptive systems. Due to

the lack of interoperability and synchronization between these systems, each system needs to

build its user model separately. Therefore, there is a strong need for the next generation of user

models to be interoperable, i.e., to be able to exchange portions of the user model and use the

information that has been exchanged to enrich user experience (Carmagnola; Cena; Gena, 2011).

In HCI, product design and evaluation involve highly specialized knowledge (e.g., human

factors, ergonomics and user-system interaction design) and can be considered knowledge-

intensive activities. In addition, HCI and human-centred design of interactive systems comprises

a large amount and diversity of information and knowledge about the interplay among the users,

tasks, task contexts, user's interaction, information technology, and the environments in which

the systems are used (Bigham; Bernstein; Adar, 2015; Kendall; Kendall, 2008; Pourzolfaghar;

Helfert, 2016). Thus, to be effective, projects require ef�cient mechanisms for the collective

construction of the knowledge of those involved and to support the collective understanding

regarding the purpose of the software and its context of use.

In the human-centred design process, tacit knowledge is dominant (Ibrahim; Fay, 2006).

Domain knowledge or knowledge about systems and artifacts are exchanged among many

stakeholders (Pourzolfaghar; Helfert, 2016). However, this knowledge transfer is characterized

with high risk of losing tacit knowledge intrinsic to human-human interactions. Knowledge

Management (KM) seeks to transform tacit and individual knowledge into explicit and shared

knowledge. In order to raise individual knowledge to an organizational level, KM aims to

promote the dissemination of knowledge and learning, making knowledge accessible and reusable

throughout the organization (O'Leary, 1998; Rus; Lindvall, 2002; Schneider, 2009).

For KM, as important as knowledge itself is its formalization, i.e. the form of its re-

presentation and storage must be in such a way that promotes knowledge capture and sharing

(Schneider, 2009). For that, knowledge should be represented using a shared conceptualization

(Castro et al., 2020).

Since HCI is a complex knowledge area, ontologies can be useful to capture, organize

and share the involved knowledge. An ontology is a formal and explicit speci�cation of a
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shared conceptualization (Gruber, 1995). Ontologies have been successfully used in several

domains (e.g., IT Service Management (Pardo et al., 2013), E-commerce (Tamma et al., 2005),

Health (Liyanage; Krause; Lusignan, 2015; Sene; Kamsu-Foguem; Rumeau, 2018), Oil and Gas

(Carbonera; Abel; Scherer, 2015) and Education (Yago et al., 2018)) to capture and organize

knowledge aiming to deal with interoperability and knowledge-related problems, as the ones

aforementioned.

In the HCI domain, ontologies have been used mainly in knowledge management and

reasoning solutions addressing user interface, user interaction and user characterization (Costa;

Barcellos; Falbo, 2021). HCI ontologies have covered different HCI aspects, sometimes overlap-

ping concepts and scope. Moreover, there are inconsistencies among their conceptualizations,

even in HCI core concepts. This suggests lack of a common understanding of the HCI pheno-

menon. Furthermore, HCI ontologies have been developed to solve speci�c problems for the

purpose of practical applications, in speci�c and isolated contexts. Hence, they represent a biased

view in its practical application instead of a reference view of the addressed portion of the HCI

domain (Costa et al., 2020; Costa; Barcellos; Falbo, 2021). This leads to problems related to

knowledge integration.

Ideally, in wide domains like HCI, ontologies should not be stand-alone artifacts. Repre-

senting the domain knowledge as a single ontology results in a large and monolithic ontology

that is hard to build, manipulate, use and maintain (Suárez-Figueroa et al., 2012). Hence, they

should relate to each other, forming a network of interlinked semantic resources, i.e., an Onto-

logy Network (ON). ONs enable to establish a comprehensive conceptualization that provides

a common understanding of the domain of interest and can be used as a reference to solve

semantic interoperability and knowledge problems related to the conceptualization as a whole

or to extracts of it. Hence, integrating several ontologies into an ON provides a framework that

can be explored to potentialize and increase the set of solutions in the universe of discourse

addressed by the ON (Ruy et al., 2016).

In view of the above, this research focuses on the problem of interoperability and

knowledge representation in the Human-Computer Interaction domain, precisely on establishing

a domain conceptualization in such a way that promotes knowledge sharing, reuse and integration.

We believe that organizing HCI ontologies as an ontology network provides a comprehensive

conceptualization of the HCI domain and that the ontology network can �gure as a reference

knowledge framework.

1.2 Research Hypothesis

Considering, as previously discussed, that:

• HCI is a multidisciplinary area that involves highly specialized knowledge;
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• There are inconsistencies among HCI standards conceptualizations, even in HCI core

concepts;

• The absence of a consensual and shared conceptualization can hamper communication

and knowledge transfer;

• It is not trivial to have a common conceptualization of HCI because it is continuously

evolving, which leads to new terms and new meanings assigned to the existing terms;

• HCI is a knowledge-intensive process in which user interfaces are not built in isolation,

requiring interoperability among the used resources;

• HCI encompasses a myriad of interaction techniques and devices, leading to semantic

interoperability problems;

• Interactive system users use many different user interfaces and need to experience intero-

perability in the context of information sharedness, operational awareness, communication

readiness, adaptiveness, and coupledness;

• Ontologies are suitable instruments for addressing semantic issues;

• Ontology networks allow organizing ontologies, providing comprehensive, consistent and

integrated knowledge;

the research hypothesis of this thesis is:

Knowledge-related and semantic interoperability problems in the HCI domain can be

addressed with a consensual, shared and comprehensive conceptualization of HCI, represented

by means of an ontology network.

1.3 Objectives

The general objective of this thesis is topropose a knowledge framework of the HCI domain,

which provides a comprehensive conceptualization of that domain, favors knowledge growth,

reuse and integration, and supports knowledge-based and interoperability solutions. This general

objective is broken down into the following speci�c objectives (SO):

• SO1. Investigate the state of the art about ontologies in the HCI domain: this goal

concerns with identifying ontologies that address HCI aspects and �nding out how they

have been developed and used to solve problems in the HCI domain.

• SO2. Establish a HCI reference knowledge framework: it aims to develop an ontology

network to establish a consensual, shared and comprehensive conceptualization of the HCI

domain that can be used to support knowledge-related and interoperability problems and
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covers central aspects of the HCI domain, such as the HCI phenomenon, human-centred

processes (e.g., design and evaluation), HCI techniques (e.g., Persona) and other aspects

relevant to the domain, such as user interface, usage context, user characterization, among

others.

• SO3. Establish mechanisms to support knowledge access, creation, integration and

evolution: it concerns the reuse and growth of knowledge available in the framework, by

means of the creation of new knowledge or integration of existing knowledge.

• SO4. Apply the knowledge framework to solve knowledge-related and interoperability

problems in the HCI domain: concerns the use of the knowledge framework (as a whole

or extracts of it) to solve semantic interoperability and knowledge-related problems in the

HCI domain.

1.4 Research Method

The research method adopted in this work follows the Design Science Research (DSR) paradigm,

which concerns extending human and organizational capabilities by creating new and innovative

artifacts (Hevner et al., 2004; Hevner, 2007). DSR is an iterative process involving three cycles

(Hevner, 2007):Relevance Cycle, Design CycleandRigor Cycle.

Relevanceis mainly related to: (i) research motivation, which arises from needs or

possible improvement opportunities in current theories, as well as (ii) good articulation between

the proposed solution and the motivation, to reinforce the contributions.Rigor is associated

with the use of a reliable body of knowledge (e.g., theories, methods, models, experiences, and

expertise) in the research effort. Finally,Designconcerns the core activities of the research

process towards achieving the research objectives and supporting the research hypothesis. As

such, Design takes Relevance and Rigor aspects into account. Figure 1.1 summarizes the Design

Science cycles performed in this research.

A Design Science Research project begins with theRelevance Cycle, which involves

de�ning the application context, problem to be addressed, the research requirements and the

criteria for evaluating the results (Hevner, 2007). Themotivation for this work was summarized

in the topics pointed out in Section 1.1. Theproblem addressed by this work regards knowledge

sharing and semantic interoperability in HCI, which involves the need for a comprehensive

and consistent conceptualization of the HCI domain, to be used as a knowledge framework

for communication, learning and interoperability purposes. The problem was identi�ed by

analyzing the literature (we discuss this further in Chapter 3) and from practical experiences of

the authors when dealing with different HCI standards and other knowledge sources. For example,

when working with HCI and Software Engineering professionals, we noticed that people with

different backgrounds (e.g., Industrial Design, Web Design, Software Engineering) had different

understandings of the same HCI concept. For instance, to talk about the design of an interactive
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Figure 1.1 – Overview of the Design Science cycles in this research (based on (Hevner et al., 2004; Hevner, 2007)).
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computer system, it is necessary to understand (and agree on) what an interactive computer

system is and how and why user and system interact, as well as what an HCI requirement is and

how it can be met by a design solution. This way it is possible to properly design HCI solutions

to meet the user requirements.

The research questionposed according to the aforementioned problem is: How to

represent HCI knowledge to address knowledge-related and semantic interoperability problems?

Therefore, ourgoal was to establish a knowledge framework of HCI to support knowledge

sharing and semantic interoperability in this domain. Asrequirements, we established that the

framework must: (R1) provide a general and solution-independent conceptualization of the HCI

domain; (R2) provide a conceptualization resulting from an intensive domain analysis; (R3)

address core aspects of the HCI phenomenon; (R4) cover HCI sub-domains (e.g., human-centred

design and evaluation, user interface, user characterization, context of use, quality characteristics,

among others); (R5) adopt an architecture that promotes knowledge organization; (R6) provide

mechanisms to support knowledge growth and reuse; (R7) meet relevant quality criteria to

represent such conceptualization; (R8) integrate knowledge from related domains (e.g., Software

Engineering); (R9) support interoperability and knowledge-related solutions in the HCI domain;

(R10) allow for the use of knowledge as a whole as well as extracts of it. In addition to the

requirements to be met by the produced artifact, we de�ned the following evaluation criteria: (C1)

the knowledge framework must be able to represent real-world situations; (C2) the mechanisms

for knowledge growth and reuse must be feasible; (C3) the knowledge framework must be useful

to develop interoperability and knowledge-related solutions in HCI and its use must be viable.

The Design Cycleinvolves developing and evaluating artifacts or theories to solve

the identi�ed problem (Hevner, 2007). Therefore, in this cycle, we developed and evaluated

theHCI Ontology Network(HCI-ON). We decided to use an ontology network to implement

the knowledge framework because, as we discussed in Section 1.1, ontologies are suitable

instruments for addressing semantic issues and ontology networks allow organizing them in

such a way that results in comprehensive, consistent and integrated knowledge. Our motivation

to develop an ontology network was reinforced by the results of a systematic investigation

we performed (presented in detail in Chapter 3), which showed us inconsistencies among the

conceptualization of existing HCI ontologies and a focus on developing ontologies biased in

the applications they support (Costa; Barcellos; Falbo, 2021). This hampers ontology reuse and

integration to support solutions to more comprehensive HCI problems.

To meet R1, the HCI-ON ontologies are reference ontologies, i.e., a special kind of

conceptual model representing a model of consensus within a community. It is a solution-

independent speci�cation with the aim of making a clear and precise description of domain

entities for the purposes of communication, learning and problem-solving (Guizzardi, 2007).

In addition, aiming to de�ne a reliable conceptualization, as defended by Guarino (1998), the

Uni�ed Foundational Ontology (UFO) (Guizzardi, 2005; Guizzardi; Falbo; Guizzardi, 2008;
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Guizzardi et al., 2013; Guizzardi et al., 2015; Guizzardi et al., 2018) was used to provide the

ontological foundations for the network. Regarding R2, the developed ontologies are based on

HCI literature (presented in Chapter 2) and HCI domain experts. To satisfy R3, we developed the

Human-Computer Interaction core Ontology (HCIO) (presented in Chapter 5), which addresses

core aspects of the HCI phenomenon that are shared with the other HCI-ON ontologies (Costa

et al., 2022). Concerning R4, we developed domain ontologies addressing HCI design and

evaluation (presented in Chapter 6), and have worked on the development of others related to

user interface and user characterization. As for R5, the network adopts a layered architecture,

which starts from more general, domain-independent concepts, to concepts that cross the domain

until reaching speci�c concepts of the HCI sub-domains (presented in Chapter 4). To satisfy

R6, we have de�ned evolution mechanisms, which establish procedures for the integration and

alignment of ontologies, enabling to integrate new and existing ontologies to the network. As for

R7, the developed networked ontologies must meet the characteristics of “beautiful ontologies”

(set of ontology assessment criteria that aim to achieve high quality ontologies) (D'Aquin;

Gangemi, 2011). To meet R8, the network is integrated with SEON (Software Engineering

Ontology Network) (Ruy et al., 2016), an ON that contains ontologies covering several aspects of

the Software Engineering domain (presented in Chapter 4). Concerning R9, we have used HCI-

ON in some applications to solve interoperability and knowledge-related problems (presented in

Chapter 7). Finally, as for R10, HCI-ON conceptualization can be used as a whole or partially,

according to the problem to be solved (discussed in Chapter 4).

To evaluate HCI-ON considering C1, the networked ontologies were validated by ins-

tantiating their concepts with data from real-world scenarios. In terms of C2, the mechanisms

were used by the doctorate candidate herself and by other ontology engineers to evolve the ON,

which allows to evaluate if the mechanisms were appropriate. Last, as for C3, the evaluation was

carried out in the context of the use of HCI-ON to develop knowledge-based and ontology-based

systems.

Finally, theRigor Cyclerefers to using and generating knowledge. Rigor is achieved

by appropriately using foundations and methodologies from a knowledge base grounding the

research, and adding knowledge generated by the research to contribute to the growing knowledge

base (Hevner, 2007). As foundations, we adopted HCI relevant literature, including standards,

theories, models and others. We also used knowledge of ontologies, ontology networks and

secondary studies. The main contribution for the knowledge base is HCI-ON (Costa et al., 2020).

The main stakeholders that can bene�t from HCI-ON include HCI researchers, professors

and professionals that work with HCI or its intersection with other areas. They can use HCI-

ON conceptualization to better understand the HCI domain (e.g., HCI phenomenon, human-

centred design and evaluation, user interface types and elements, modalities of interaction, user

characterization, etc.), contributing to teaching, learning and communication purposes. Ontology

engineers, in turn, can use HCI-ON as a whole or extracts of it to build other ontologies. Software
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engineers (and related professionals) interested in producing knowledge-based or interoperability

solutions using the networked ontologies, will also bene�t from HCI-ON.

As secondary contributions we have (i) the secondary study that investigated HCI on-

tologies, which provides a panorama of ontologies addressing HCI aspects and how they have

been developed and used to solve problems in the HCI domain (Costa; Barcellos; Falbo, 2021);

and (ii) ontology-based solutions to knowledge-related problems. Concerning (ii), the result

produced in this work consists of UXON (User eXperience Ontology Network-based system)

(Manso, 2022), a system that uses an extract of HCI-ON to support user experience evaluation.

In the context of related works carried out in the same research group, HCI-ON was used in the

development of a system that supports knowledge recording and sharing to aid in human-centred

design (Castro et al., 2021) and also in the development of an adaptive interface of a social

network for users with different degrees of color blindness (Scalser, 2022).

During this research, we have elaborated papers presenting some of the results produced

so far. The following papers were published in conferences:

• COSTA, S. D., BARCELLOS, M. P., FALBO, R. de A., & CASTRO, M. V. H. B. Towards

an Ontology Network on Human-Computer Interaction. In G. DOBBIE, G. et al (Ed.),Pro-

ceedings of the 39th International Conference on Conceptual Modeling. Cham: Springer

International Publishing, 2020. p. 331–341. ISBN 978-3-030-62522-1. DOI: 10.1007/978-

3-030-62522-1_24.

• CASTRO, M. V. H. B., COSTA, S. D., BARCELLOS, M. P., & FALBO, R. de A. Kno-

wledge Management in Human-Computer Interaction Design: A Mapping Study. In:

Proceedings of the XXIII Iberoamerican Conference on Software Engineering, CIbSE

2020, Curitiba, Brazil, November. Curitiba, Brazil: [s.n.], 2020. p. 9–13.

• CASTRO, M. V. H. B.; BARCELLOS, M. P.; FALBO, R. d. A; COSTA, S. D. Using

Ontologies to aid Knowledge Sharing in HCI Design. In:Proceedings of the XX Brazilian

Symposium on Human Factors in Computing Systems. New York, NY, USA: ACM, 2021.

p. 1–7. ISBN 9781450386173. DOI: 10.1145/3472301.3484327.

The following papers were published in journals:

• COSTA, S. D.; BARCELLOS, M. P.; FALBO, R. d. A. Ontologies in human–computer

interaction: A systematic literature review.Applied Ontology, p. 1–32, oct 2021. ISSN

18758533. DOI: 10.3233/AO-210255.

• COSTA, S. D., BARCELLOS, M. P., FALBO, R. de A., CONTE, T., & OLIVEIRA,

K. M. de. A Core Ontology on the Human-Computer Interaction phenomenon.Data &

Knowledge Engineering, v. 138, p. 101977, mar 2022. DOI:10.1016/j.datak.2021.101977.
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• CASTRO, M. V. H. B., COSTA, S. D., BARCELLOS, M. P., & FALBO, R. de A. In-

vestigating Knowledge Management in Human-Computer Interaction DesignJournal of

Software Engineering Research and Development, v. 9, n. 1, p. 20, 2022.

1.5 Organization of this Thesis

This chapter presented the Introduction of this thesis, involving the general aspects, namely: the

context and motivation for this research, the research hypothesis and objectives and the adopted

methodological approach. The next chapters are organized as follows:

• Chapter 2. Background: HCI, Ontologies and Ontology Network:presents the founda-

tions required for grounding the ideas of this research. The content covers an introduction

to HCI and its main aspects related to this work, and the most relevant ontological notions

applied along the work, including ontology classi�cation, ontology networks. An intro-

duction to the Uni�ed Foundational Ontology (UFO) (Guizzardi, 2005; Guizzardi; Falbo;

Guizzardi, 2008; Guizzardi et al., 2013; Guizzardi et al., 2015; Guizzardi et al., 2018) and

to the Software Engineering Ontology Network (SEON) (Ruy et al., 2016) portions used

in this work is also presented in this chapter.

• Chapter 3. A Secondary Study on HCI Ontologies:presents an investigation, which

associates systematic literature review and systematic mapping methods, conducted to

investigate ontologies in HCI, aiming at providing a panorama of how ontologies have

been used in the HCI domain and how they have been developed. The �ndings and results

are presented and discussed.

• Chapter 4. A Human-Computer Interaction Ontology Network: presents HCI-ON, the

Human-Computer Interaction Ontology Network proposed in this work, and discusses:

HCI-ON premises and architecture; the integration of HCI-ON and SEON; the mecha-

nisms to support HCI-ON evolution; the application of HCI-ON evolution mechanisms to

support including new domain networked ontologies and to favor semantic interoperability

initiatives. Moreover, this chapter also introduces the HCI-ON speci�cation.

• Chapter 5. A Human-Computer Interaction Ontology: presents HCIO, the Human-

Computer Interaction Ontology, which addresses the interaction phenomenon and its

components, namely: user and interactive computer system. The chapter also presents two

real cases of HCI phenomenon that are used to demonstrate that HCIO is able to represent

real-world situations; discusses how HCIO was evaluated and its use as a core ontology of

HCI-ON.

• Chapter 6. A Human-Computer Interaction Evaluation Ontology: presents HCIEO,

the Human-Computer Interaction Evaluation Ontology, which addresses user-centred
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evaluation and it is a domain ontology of HCI-ON. The chapter presents HCIEO conceptu-

alization and evaluation.

• Chapter 7. HCI-ON Applications: presents the use of HCI-ON to develop UXON (User

eXperience Ontology Network-based system) (Manso, 2022) and the studies carried out

to evaluate it from the users' perspective (aiming to verify if the use of HCI-ON helped

producing a useful solution) and from the developer's perspective (aiming to verify if

the use of HCI-ON helped developing the solution). Other two systems developed based

on HCI-ON extracts are also brie�y presented, namely: KTID (Knowledge Tool for

Interaction Design) (Castro et al., 2021; Sessa, 2021) and SNOPI (Social Network with

Ontology-based adaPtive Interface) (Scalser, 2022).

• Chapter 8. Final Considerations:summarizes the main ideas discussed in this thesis,

addressing the research contributions and the impacts of this work, the current limitations,

and, �nally, perspectives of future work.

• Apendix A: Artifacts used in UXON's Evaluation – User Perspective:presents the

instruments used for the questionnaires applied in the empirical studies.

• Apendix B: Artifacts used in UXON's Evaluation – Developer Perspective:presents

the instruments used for the interview applied in the empirical studies.
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2 Background: HCI, Ontologies and Ontology

Network

This chapter presents the background for this work. It is related to the Rigor cycle (Figure

1.1), more speci�cally to the use of foundations from a knowledge base to ground this research.

Section 2.1 concerns HCI and its main aspects related to this work. Section 2.2 regards ontologies,

discussing its basic notions and classi�cations. It also presents the Uni�ed Foundational Ontology

(UFO) (Guizzardi, 2005) portion relevant to this work. Section 2.3 addresses ontology networks

and presents the Software Engineering Ontology Network (SEON) (Ruy et al., 2016) portion

used in this work. Last, Section 2.4 closes the chapter.

2.1 Human-Computer Interaction

The Human-Computer Interaction term has surfaced in the 1980s and is currently extremely in

evidence with the large use of interactive systems supporting daily activities and the advent of

new technologies (mobiles, tablets, and so on). HCI is interested in the design, implementation

and evaluation of interactive computer systems for human use, along with the phenomena

related to this use(Preece; Sharp; Rogers, 2015; Carroll, 2014). It has �ve study objects: (i) the

nature of human-computer interaction, (ii) the use of interactive systems situated in context, (iii)

human characteristics, (iv) the architecture of computer systems and the user interface, and (v)

development processes with a focus on use (Barbosa; Silva, 2010; Hewett et al., 1992).

HCI is a multidisciplinary knowledge area that aggregates a vast and multifaceted

community, bound by the evolving concept of usability, and the integrating commitment to

value human activity and experience as the primary driver in technology (Carroll, 2014). It is

connected to other research areas, involving knowledge from multiple areas, such as ergonomics,

cognitive science, user experience, human factors, among other (Sutcliffe, 2014; Carroll, 2014;

Preece; Sharp; Rogers, 2015).

The interest in interactive systems and their impact on people's life has promoted the

study and practice of usability, a key aspect related to user ef�ciency and satisfaction when

interacting with the computer. HCI is also concerned with other important qualities characteristics

such as user experience, accessibility and communicability. The HCI discipline aims to promote

the study and practice of usability and related characteristics seeking to analyze the impact that

technology has on people's lives and create software and other technologies that people will

want to use, will be able to use and will be useful when used (Carroll, 1997). It is responsible for

the analysis, design, implementation and evaluation of interactive computer systems for human

use (Preece; Sharp; Rogers, 2015).
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2.1.1 Human-Computer Interaction Phenomenon

“Interaction, simply, is the core of HCI.” (Hornbæk; Oulasvirta, 2017). HCI has evolved since

the 1980s1 through various terminologies, classi�cations and studies. An important study is

the de�nition of the three paradigms to explain the HCI phenomenon proposed by (Harrison;

Tatar; Sengers, 2007). The �rst paradigm sees interaction as man-machine coupling, aims at

optimizing the �t between man and machine, and combines engineering and human factors. The

second focuses on cognitive science and adopts the metaphor of mind and computer as coupled

information processors, and aims at optimizing accuracy and ef�ciency of information transfer.

The third sees interaction as phenomenologically situated, has in its center the meaning and

meaning construction, and aims at supporting situated actions in the world.

Dix et al. (2004) consider the communication between user and interactive computer

system the interaction itself. User and system are, thus, participants in the interaction. Brie�y,

a human-computer interaction is the communication process that occurs during the use of an

interactive computer system and that involves user actions on the system interface (user input)

and user interpretations of the system responses (system output) revealed through the user

interface (Figure 2.1). The user interface includes all parts of the system that a user has contact

with, physical, perceptually or conceptually (Benyon, 2010). Interactive computer systems aid in

goals achievement by supporting the accomplishment of tasks in some application domain or

context of use where users interact with the system through its interface.

Figure 2.1 –Human-Computer Interaction: (a) user goal triggering the interaction, (b) user
action, explicit user input, (c) system output (triggering the interaction or not)
and user interpretation, (d) user action (does not rely on the user's intentionality),
implicit user input

According to (Norman, 2013), the interaction cycle can start from the top, in agoal-

driven behavior(Figure 2.1, (a)), where the user �rst establishes a goal to be achieved and then

goes through user actions to accomplish the goal. In Figure 2.1, (a) together with (b) represents
1 The HCI term started to be largely used after the publication of the book entitled “The Psychology of Hu-

man–Computer Interaction” by Stuart K. Card, Thomas P. Morton and Allen Newel, in 1983.
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that the interaction starts with the goal establishment and a user action that triggers the interaction

cycle. For example, Mary has the goal of sending an email to David (Figure 2.1, (a)). Thus, she

types a message in her laptop (user input) and sends it to David (Figure 2.1, (b)). The email

system shows a noti�cation that the email was sent (system output) and Mary interprets that she

has achieved her goal (Figure 2.1, (c)). The interaction cycle can also start from the bottom, in a

data-drivenor event-driven behavior, triggered by some event in the world (e.g., an event caused

by an interactive computer system) and then can go through user actions (Figure 2.1, (c) when

the system output triggers the interaction). In the previous example, consider that David (who

was not expecting to receive an email from Mary at that moment) is noti�ed by his smartphone

(system output) that he has received an email (Figure 2.1, (c)). He interacts with his smartphone

(inputting data in it and interpreting its output) due to the system noti�cation (Figure 2.1, (b)).

After that, he can start a new interaction cycle, now in agoal-driven behavior(starting from

Figure 2.1, (a)), motivated by his goal of answering Mary's email.

The aforementioned perspective refers totraditional andexplicit human-interaction

(Schmidt, 2000), i.e., the user explicitly enters data through the user interface (explicit input) and

the interactive system, in turn, uses output devices to deliver information (Schmidt, 2005). In

Mary's example, she types the message because of her goal and, when she is typing the message

(explicit input), she is aware of the changes occurring in the user interface (system output).

Some interactions, saidimplicit human interaction, are more transparent, natural and

not explicit. They are performed by the user that is not aimed to interact with the interactive

system, but the system understands the user actions as inputs (Schmidt, 2000). For example,

David wears a smartwatch and is lying down reading a book. The smartwatch constantly captures

physiological information (e.g, David's pressure and heart rate), i.e., David unintentionally

provides inputs to the system (Figure 2.1, (d)). Suddenly, the wind blows through the window

and David gets up very fast and runs to hold a door that would slam. The smartwatch noti�es

David (Figure 2.1, (c) system output) that his heart rate increased faster than usual in the last

seconds. David then interprets that it was because he got up very quickly and ran (Figure 2.1, (c)

user interpretation).

2.1.2 Human-centred Design and Evaluation of Interactive Systems

As previously said, HCI is interested in the design, implementation and evaluation of interactive

systems for human use, as well as in the phenomena related to that use. It is strongly related

to Software Engineering (SE) – both are design disciplines that share the common goal of

developing interactive systems. However, they employ different perspectives of what is important

in an interactive system, in its use and in its development. Therefore, each area gives rise to

its own methods, techniques and processes (Barbosa; Silva, 2010; Sutcliffe, 2014). SE seeks

systematic approaches with linear “specify-design-implement” processes. The HCI, in turn, is

less method-oriented. It prioritizes design and evaluation over implementation and emphasizes
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the use of the system, focusing on the context of use, the user's goals and ways of achieving them,

the user characteristics and possible forms of interaction in the user interface. Thus, HCI works

to provide adequate support to the user when performing its activities and in the achievement of

its goals (Barbosa; Silva, 2010; Sutcliffe, 2014).

Quality attributes that HCI and SE concern with also differ partially. SE aims at attributes

such as availability, integrity, robustness, maintainability and recoverability. Recently, SE has

adopted the term quality in use to represent the ergonomic concept of usability in SE in order

to integrate usability with Engineering and Software Quality standards (Barbosa; Silva, 2010;

Bevan, 2006; Sutcliffe, 2014). HCI, in turn, aims at attributes such as usability, user experience,

accessibility and communicability (Barbosa; Silva, 2010).

Usability is de�ned as the extent to which a system, product or service can be used

by speci�c users to achieve speci�c goals with effectiveness, ef�ciency and satisfaction in a

context of speci�c use (ISO, 2019a). It addresses users' cognitive, perceptual and motor skills

during interaction and involves a set of criteria - learnability, memorability, ef�ciency, safety

and satisfaction - as a consequence of this use (Nielsen, 1993; Barbosa; Silva, 2010). User

experience (UX) relates to the users' emotions and feelings. According to Hassenzahl and

Tractinsky (2006), UX is the consequence of the interrelationship of a user's internal state,

the characteristics of the designed system and the context (or the environment) within which

the interaction occurs. Accessibility refers to the removal of barriers that prevent access to the

interface and its interaction. Finally, communicability concerns the ability of the interface to

communicate the design logic to the user (Barbosa; Silva, 2010).

2.1.2.1 Human-Centred Design

HCI Design aims to serve users and other stakeholders interested in the project. Unlike computer-

centred design practiced in SE, HCI design is user-centred (Barbosa; Silva, 2010; Chammas;

Quaresma; Mont'Alvão, 2015). User Centred Design (UCD) is a philosophy based on ergo-

nomics, usability and human factors. It is based on the needs and interests of the user, which

in�uences the form the product takes. It is a project-oriented approach that focuses on the

use and development of interactive systems with an emphasis on making products usable and

understandable. Its principles are: focus on the user (their characteristics, needs and objectives),

observable metrics (user performance and reactions) and iterative design (repeat as many times as

necessary) (Barbosa; Silva, 2010; Chammas; Quaresma; Mont'Alvão, 2015; Norman, 2002). The

term Human-Centred Design (HCD) has been adopted in place of UCD, aiming to emphasize

the impact to all stakeholders and not just those considered users (ISO, 2019a).

HCD proposes a set of activities to be followed during the product's life cycle from the

initial stages of the project, even before the user interface design (Nielsen, 1993; Barbosa; Silva,

2010). Figure 2.2 shows the HCD process for internal systems de�ned by the ISO 9241 - part

210 (ISO, 2019a). This standard is intended for those responsible for planning and managing
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interactive systems projects through an iterative process (Bevan, 2006; ISO, 2019a).

Figure 2.2 – Interdependency of human-centred design activities (adapted from (ISO, 2019a)).

Activities must start from the �rst stage of the project, the stage in which the initial

product design is formulated, and can be incorporated into different SE design approaches (ISO,

2019a).Plan the HCD processaims at planning and integrating the HCD in all phases of the

product life cycle: conception, analysis, design, implementation, testing and maintenance. This

activity produces theHCD project planas an artifact, which becomes part of the overall project

plan (ISO, 2019a).

Understand and specify the context of useaims to study the users and anticipated uses

of the product and describes in suf�cient detail the context of use in the form of a document

(context of use description), which must be indicated in the speci�cation of user requirements

in order to identify the conditions under which the requirements apply (ISO, 2019a). Such a

document should address the groups of users, their characteristics, goals and tasks, as well as the

system environment. Examples of artifacts produced in this activity arepersonas, as-is scenarios

anduser group pro�les.

Therequirements speci�cationactivity aims to identify the user's needs and specify

functional requirements and other types of requirements for the product. In HCD, requirements

speci�cation activity is extended to create explicit statements of user requirements in relation

to the context of intended use and system goals. This activity typically produces two artifacts,

user needs descriptionanduser requirements speci�cation. The former, regards the user and

other stakeholders needs, taking into account the context of use. It should include what users

need to achieve (rather than how to achieve it) and any constraints imposed by the context of

use. The latter should include the intended context of use, requirements derived from user needs

and context of use, requirements arising from relevant ergonomics and user interface knowledge,

usability requirements and objectives, among others. Examples of these artifacts areidenti�ed

user needs, required design guidanceandderived user requirements(ISO, 2019a).

Produce design solutionsaims to achieve the best user experience and includes sub-
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activities such as: design user tasks, user-system interaction and the user interface; make the

most concrete solutions applying scenarios, simulations, prototypes and mock-ups; change

the solutions due to the response of the evaluation and user feedback; and communicate the

solution. This activity produces the following artifacts:user-system interaction speci�cation

(e.g., appropriate allocation of functions to be achieved, i.e., the division of system tasks into

those performed by humans and those performed by technology - designing the interaction

involves deciding how users will accomplish tasks with the system rather than describing what

the system looks like),user interface speci�cation(a detailed design of the user interface should

take into account the ergonomics and user interface knowledge, standards and guidelines) and

implemented user interface(enables designers to communicate the proposed design to users

and other stakeholders to obtain feedback). Examples of these artifacts arescenarios of use,

low-�delity prototypesandhigh-�delity prototypes(ISO, 2019a).

Evaluate the designsis based on the user's evaluation. It must be performed during

all previous activities and can employ user-centred assessment approaches, such as user-based

testing and inspection-based assessment, in order to obtain a design solution that meets user

requirements and to better understanding of user needs. User-centred evaluation can be used

to collect new information about the user, provide feedback of the design solution from the

user's perspective, assess whether user requirements have been achieved and establish baselines

or make comparisons between designs. Furthermore, to obtain valid results, the evaluation

should be carried out by experienced evaluators, and should use appropriate methods (user-

based or inspection-based). This activity aims to obtain early feedback to improve the product

and to validate that the user requirements have been satis�ed, producing the following arti-

facts:evaluation results, conformance test resultsandlong-term monitoring results. Examples

of these produced artifacts areusability-test report, user survey reportand�eld report (ISO,

2019a).

2.1.2.2 Evaluation of Interactive Systems

According to Hassan and Galal-Edeen (2017), the success of an interactive system for human

use does not depend only on its ability to provide functionality related to the users' goals and

needs, but also on the experience provoked in the users while interacting with the system.

HCI is the area that values the quality of use (e.g., usability, accessibility, communicabi-

lity, user experience) of interactive system intended for human use (Hassan; Galal-Edeen, 2017).

The quality of use is related to characteristics of the interaction and of the interactive system

interface (Barbosa et al., 2021). Therefore, HCI develops and applies evaluation methods that

aim to assess the qualities of use of these systems and the phenomena related to this use (Preece;

Sharp; Rogers, 2019; Carroll, 2014).

Among the existing qualities of use, usability and user experience are the main determi-

nants of the system quality and success or failure indicators of this system (Hassan; Galal-Edeen,
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2017). Hassan and Galal-Edeen (2017) argue that usability is a subset of the user experience and

that both concepts complement each other.

In the literature, there is a diversity of methods that can be applied to assess each of

the quality of use mentioned above. Also, different authors categorize them in different ways.

For example, Preece, Sharp and Rogers (2019) classify the evaluation into three categories:

controlled settings directly involving users; natural settings involving users; and any setting not

directly involving users. Barbosa et al. (2021) consider two categories: HCI evaluation through

inspection; and evaluation in HCI through observation. Petrie and Bevan (2009) categorize

methods to evaluate the usability, accessibility and user experience of eSystems2 in: (i) automated

checking of conformance to guidelines and standards; (ii) evaluations conducted by experts;

(iii) evaluations using models and simulations; (iv) evaluation with users or potential users; and

(v) evaluation of data collected during usage. Along with this classi�cation, the authors usually

provide information on when to use and why conduct each of the evaluation methods. This

information is crucial (and should be used during the design process presented in Section 2.1.2.1)

to guide the evaluator to be assertive in choosing the correct evaluation method for what he/she

wants to evaluate.

For example, in (ii), it is recommended: its use as soon as initial prototypes are available;

to be conducted when there is no time or users available to carry out the evaluation, among others

(Petrie; Bevan, 2009). Thus, in a certain scenario, in which good usability of the interactive

system is desired, heuristic evaluation (Nielsen, 1994a; Nielsen, Jakob, 2020) may be the most

appropriate choice. It involves a small group of evaluators (there is no user participation) who

examine the system's user interface (or prototype) according to usability principles (recognized

as “heuristics” (Nielsen, Jakob, 2020)) and judge its compliance with these principles (Nielsen,

1994a).

In (iv) there are methods in which the evaluation of usability and user experience are

based on user observation (Petrie; Bevan, 2009), which allows recording of interaction data

and measurement of collected data (Barbosa et al., 2021) to reach conclusions about these

characteristics of quality of use. Observation ensures that the user is not interrupted during their

interaction and experience (Preece; Sharp; Rogers, 2019).

Furthermore, observation methods can be classi�ed as: direct (iv, user-based evaluation),

when data is directly recorded by the evaluator observing the user; and indirect (v, data collected

during usage), when the data is recorded by the system itself during its use (interaction logging),

that is, indirectly recorded, and does not require the presence of the evaluator during the evaluation

(Barbosa et al., 2021; Marques et al., 2020; Preece; Sharp; Rogers, 2019; Petrie; Bevan, 2009).

In both, data from interactions and situations that may occur while the user interacts with the

system being evaluated are recorded and analyzed (or measured) and allows identifying problems

that occurred during their user experience (Barbosa et al., 2021; Marques et al., 2020; Preece;
2 interactive electronic products, services and environments (eSystems) (Petrie; Bevan, 2009).
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Sharp; Rogers, 2019).

The evaluation of interactive systems with a focus on user experience leads the evaluator

to make an analysis of computer interactive systems and user behavior that allows the identi�ca-

tion of errors in the interaction and in the interface that hinder the user experience (Barbosa et

al., 2021; Marques et al., 2020; Menezes; Nonnecke, 2014). Direct observation is best when a

small group of users is involved. On the other hand, when it is necessary to observe the behavior

of many users, indirect observation becomes more appropriate. For example, one of the known

methods in user-based evaluation is Usability Testing (Moran, 2019), and in indirect evaluation

it is A/B Testing (Preece; Sharp; Rogers, 2019). Both involve metrics and measurements of the

data collected and can be complemented with interviews and questionnaires applied to users

after using the system (Preece; Sharp; Rogers, 2019; Petrie; Bevan, 2009).

A metric3 allows characterizing a particular entity by quantifying its properties (Barcellos;

Falbo; Frauches, 2014). Thus, metrics related to user experience quantitatively describe some

perspective of this experience (Albert; Tullis, 2013). Thus, they show, based on quantitative

values, some aspect of the interaction between the user and the system, such as, for example,

effectiveness (ability to perform a task); ef�ciency (the amount of effort used to complete the

task); or satisfaction (how happy the user was with their experience while performing the task). A

striking feature among metrics related to user experience is that they measure something related

to human beings and their behavior (Albert; Tullis, 2013).

2.2 Ontologies

The term ontology has been used in philosophy to refer both to a philosophical discipline, and as

a domain-independent system of categories. In Computer Science, we refer to an ontology as a

special kind of information object or computational artifact (Guarino; Oberle; Staab, 2009).

Originally de�ned as an “explicit speci�cation of a conceptualization” (Gruber, 1993)

the ontology de�nition was adapted to a “formal speci�cation of a shared conceptualization”

(Borst, 1997). Moreover, both de�nitions were merged and adapted to express a shared view

between several parties, a consensus rather than an individual view. Gruber (1995) stated that:

“an ontology is a formal, explicit speci�cation of a shared conceptualization.”

In the literature, ontologies have been classi�ed considering diverse perspectives, such

as according to their levels of generality, formality, applicability, etc. In this research, we are

mainly interested in the classi�cation criterion regardingGenerality Levels. According to Scherp

et al. (2011), ontologies can be classi�ed into foundational, core, and domain generality levels.

Foundational ontologiesaim at modeling the very basic and general concepts and relations that

make up the world (including domain-independent notions, such asobjects, events, participation

andparthood) (Guarino, 1998). They are generic across any area and are highly reusable in
3 In this work, the termsmetricandmeasureare adopted as synonymous.
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different modeling scenarios (domain-independent) and represent the highest-level ontologies.

Core ontologiesprovide a re�nement to foundational ontologies by adding detailed concepts

and relations in a speci�c area (such as service, process, organizational structure) that still spans

across various (sub)domains. Core ontologies are situated in between foundational and domain

ontologies and despite being more general than domain ontologies, are domain-dependent.

Finally, domain ontologiesdescribe knowledge that is speci�c for a particular domain, such as

a soccer ontology (Guarino, 1998) and represent the lowest-level ontologies (e.g., an ontology

about the anatomy of the human body). They can make use of/be based on foundational ontologies

or core ontologies by specializing their concepts. Higher-level ontologies can be used to support

the development of lower-level ontologies, i.e., foundational ontologies can be used as basis

for building core and domain ontologies, and core ontologies can support the development of

domain ontologies.

Falbo et al. (2013) argue that Scherp, Saathoff, Franz, & Staab (Scherp et al., 2011)

classi�cation should be perceived as a continuum, ranging from pure foundational ontologies

(that are totally domain-independent) to domain ontologies (domain-dependent). Thus, there can

be different levels of generality in ontologies classi�ed in a certain type. In this sense, considering

the continuous nature of the aforementioned classi�cation, some ontologies can be used for

supporting the development of more speci�c ontologies even within the same level of generality.

For instance, there are more general core ontologies, such as UFO-S (Nardi; Falbo; Almeida,

2013), which addresses services in general, and more speci�c core ontologies, such as the

Software Process Ontology (SPO, presented in Section 2.3.1.2) (Bringuente; Falbo; Guizzardi,

2011), which addresses core concepts about software and system in the Software Engineering

area and spans across several sub-domains in that area, such as software measurement, software

design process, software test process and so on.

Figure 2.3 illustrates the view of ontology generality levels as a continuum. The dashed

arrows show the grounding dependencies between the ontologies in different levels.

Figure 2.3 –Ontology Generality Levels as a Continuum (adapted from (Falbo et al., 2013; Ruy,
2017)).

In the �gure, DOLCE (Borgo; Masolo, 2009; Gangemi et al., 2002) and the Uni�ed



Chapter 2. Background: HCI, Ontologies and Ontology Network 42

Foundational Ontology - UFO (Guizzardi, 2005) are foundational ontologies. UFO-C (an on-

tology of social entities) is still considered to be a foundational ontology despite being more

speci�c than UFO-A (an ontology of endurants) (Guizzardi, 2005; Guizzardi et al., 2018) and

UFO-B (an ontology of events) (Guizzardi; Falbo; Guizzardi, 2008; Guizzardi et al., 2013). The

Reference Software Requirements Ontology(RSRO, presented in Section 2.3.1.4) (Ruy et al.,

2016) andRuntime Requirements Ontology(RRO) (Duarte et al., 2016) are domain ontologies,

although RRO addresses an even more speci�c domain than RSRO.

Another important distinction concerns the ontology intended application and diffe-

rentiates ontologies as conceptual models, calledreference ontologies, from ontologies as

computational artifacts, calledoperational ontologies(Guizzardi, 2007). A reference ontology

is a special kind of conceptual model, an engineering artifact, constructed with the goal of making

the best possible description of the domain in reality, representing a model of consensus within

a community, regardless of its computational properties (Guizzardi, 2007; Studer; Benjamins;

Fensel, 1998). Once users have agreed on a common conceptualization, different operational

versions (machine-readable ontologies) of a reference ontology can be implemented. Contrary

to reference ontologies, operational ontologies are designed with the focus on guaranteeing

desirable computational properties.Moreover, when developing a reference ontology, the focus is

on expressivity of the representation and truthfulness to the domain being represented (domain

appropriateness), even at the expenses of computational characteristics such as tractability and

decidability (Guizzardi, 2007). Summing up, in the view employed here, a reference ontology

is a particular kind of conceptual model, namely, a reference conceptual model capturing the

shared consensus of a given community.

Using ontologies provides several bene�ts. Feilmayr and Wöß (2016) categorize them

in technical-centred or user-centred. From a technical point of view, some bene�ts are: (i)

enables communication and facilitates knowledge transfer between computational systems,

between humans, and between humans and computational systems; (ii) enables computational

inference, which is useful for deriving implicit facts; (iii) promotes knowledge organization,

making domain assumptions explicit and sharing an understanding of the information structure;

(iv) enables, on the one hand, reuse of domain knowledge and, on the other, integration of new

knowledge built upon existing knowledge; (v) promotes standardization, contributing to establish

a uniform language that enables protocols; (vi) provides identi�cation, i.e., a unique identi�er,

uniquely identi�es the meaning of concepts in a given domain of interest; (vii) clearly separates

between an ontological schema and its instances; (viii) allows constant evolution, allowing agile

schema management during application runtime, which is supported by the graph-based data

model, in contrast to relational databases. From the user point of view, some bene�ts are: (i)

enables knowledge sharing between users; (ii) makes domain assumptions explicit and thus

offer knowledge base schemas for storing and retrieving information; (iii) provides a domain

speci�cation as a result of an intensive domain analysis; (iv) provides a clear separation of

operational and domain knowledge; and (v) enables knowledge reuse.
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In this work, the focus is on solving knowledge-related and interoperability problems in

the HCI domain. Even with the support of methods and tools, it is still an activity essentially

performed by humans. Thus, in this text, when referring to ontologies, we mean reference

ontologies (except when we explicitly refer to operational ontologies). Regarding the generality

levels, all of them are applied, as we will discuss in Chapter 4. Concerning the foundational

ontology, we use the Uni�ed Foundational Ontology UFO (Guizzardi, 2005) to provide the

common ontological foundation to the proposed network. Hence, next we brie�y present UFO

and its fragment relevant to this work.

2.2.1 The Uni�ed Foundational Ontology - UFO

UFO is a foundational ontology that has been developed based on a number of theories from

Formal Ontology, Philosophical Logics, Linguistics and Cognitive Psychology (Guizzardi et

al., 2015). It is constituted by three main parts. UFO-A is an ontology of endurants (objects)

(Guizzardi, 2005; Guizzardi et al., 2018), UFO-B, an ontology of events (perdurants) (Guizzardi;

Falbo; Guizzardi, 2008; Guizzardi et al., 2013), and UFO-C (Guizzardi; Falbo; Guizzardi, 2008),

an ontology ofsocial entitiesbuilt on the bottom of UFO-A and UFO-B. Figure 2.4 and 2.5

present the fragment of UFO used to ground this research. The description below is based mainly

on (Guizzardi; Falbo; Guizzardi, 2008) and (Guizzardi et al., 2013).

In UFO, Entitiesare classi�ed into Individuals and Universals.Universals(will be

explored later) are patterns of features, which can be realized in a number of different individuals.

Individuals(shown in Figure 2.4), in turn, are entities that exist in reality possessing a unique

identity. In other words, universals are entities that are possibly instantiated (e.g., Person), while

individuals are those that necessarily cannot be instantiated (e.g., John).

UFO makes another fundamental distinction between enduring and perduring individuals.

Endurantsare said to be wholly present whenever they are present (e.g., a person), i.e., theyare

in time, while Perdurants (Events)are individuals composed of temporal parts (e.g., a soccer

game), i.e., theyhappen in timein the sense that they extend in time accumulating temporal

parts.Endurant Universalsare universals whose instances are endurants, whileEvent Universals

are universals whose instances are events.

In UFO-A, there are three main categories of endurants: Substantials, Moments and

Situations.Substantialsare existentially independent individuals (such as a person, a house, a car

etc.).Moments, in contrast, are individuals that can only exist in other individuals. Quite simply,

moments denote properties, and thus, they can only exist in other individuals. In other words,

moments are existentially dependent on other individuals.Intrinsic Momentsare those moments

that depend on one single individual (e.g., the color of a car, the temperature of a person).

Situationsare complex entities that are constituted by possibly many endurants (including

other situations). A situation represents a state of affairs, i.e., a portion of reality that can be

comprehended as a whole. “John being with fever and in�uenza” is an example of a situation.



C
hapter

2.
B

ackground:
H

C
I,O

ntologies
and

O
ntology

N
etw

ork
44

Figure 2.4 – UFO Fragment relevant to this research.
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Endurants are present in the situations they constitute. For instance, both the substantial John, and

the intrinsic moments m1 (John's Fever) and m2 (John's in�uenza) are present in the situation s1:

“John being with fever and in�uenza”. Finally,Dispositionis a special kind of Intrinsic Moment,

representing properties that are only manifested in particular situations and that can also fail

to be manifested (e.g., the fragility of a glass, or the disposition of a magnet to attract metallic

material). When manifested, they are manifested through the occurrence of events.

Regarding Perdurants (UFO-B), Events can be atomic or complex, depending on their

mereological structure. WhilstAtomic Eventshave no proper parts,Complex Eventsare aggre-

gations of at least two disjoint events. Events are ontologically dependent entities in the sense

that they existentially depend on substantials to exist. The existential dependence of events on

substantials provides for an orthogonal way of partitioning events. Besides the mereological

decomposition of events, a complex event can be partitioned by separating each part of this

event which is existentially dependent on each of its participants. The portion of an event which

depends exclusively on a single substantial is said aParticipation(e.g., the participation of a

player in a soccer game). As an orthogonal way of partitioning events, participations can be

atomic or complex.

Events are transformations from a portion of reality to another, i.e., they may change

reality by changing the state of affairs from one situation to another. There are two possible

relations between situations and events: (i) a situationtriggersan event in the case that the event

occurs because of the obtaining of the situation, and; (ii) an eventbrings abouta situation in

the case that the occurrence of the event results in the situation. Suppose that a situation s was

brought about by an event e, and that s triggered another event e'. In this case, we can state that

the occurrence of edirectly causesthe occurrence of e'. Moreover, if e'directly causesanother

event e”, then we can state that the �rst event ecausesthe last event e”. Both relationsdirectly

causesandcausesare derived relations (and thus represented in the model in Figure 2.4 preceded

by `/'), since they can be obtained by means of the intermediate situations.

UFO-C starts by making a distinction between agentive and non-agentive substantial

individuals, termedAgentsandObjects, respectively. Agents can be physical or social.Person

is a subtype ofPhysical Agent. Agents are substantials that can bear special kinds of intrinsic

moments namedMental Moments. Every mental moment has aPropositionas its propositio-

nal content, which refers to a class of situations referred by that mental moment. “Intending

something” is a speci�c type of mental moment termedIntention. The propositional content of

an Intention is aGoal. The relation between a mental moment and a situation is the following:

Situations in reality can satisfy the propositional content of a mental moment (i.e., satisfy in the

logical sense the proposition representing that propositional content). Thus, intentions can be

ful�lled or frustrated. Intentions are desired situations for which the agent commits at pursuing.

For this reason, intentions cause the agent to perform actions.Actionsare intentional events,

i.e., events with the speci�c purpose of satisfying (the propositional content of) some intention.
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Participations can also be intentional (i.e., be themselves actions) or unintentional events. For

example, the stabbing of Caesar by Brutus includes the intentional participation of Brutus and

the unintentional participation of Caesar and the knife. Thus, it is not the case that everyAgent

Participationis considered an action, but only those intentional participations, which are said

Action Contributions. Only agents (entities capable of bearing intentional moments) can perform

actions. The participations of objects in events are always unintentional and are saidObject

Participations. Moreover, asAgents, Objectscan be physical (Physical Object) or social (So-

cial Object). Physical Objectscan be a book, a knife, whileSocial Objectsinclude a project

and money.Normative Descriptionsis aSocial Objectsthat de�ne one or more rules/norms

recognized by at least oneSocial Agentand that can de�ne otherSocial Objects. For example,

the Brazilian Constitution (Normative Description) de�nes the Child and Adolescent Statute

(Social Object, more speci�cally aNormative Description), and both are recognized by Brazilian

citizens (Social Agent).

Figure 2.5 shows a fragment of UFO that addressesQualities. This fragment is important

to ground concepts related to the measurement of properties of entities (e.g., collection of values

related to metrics aiming to evaluate usability of an interactive system).

The root concept of UFO isThing, which is specialized intoUrelement, Abstract Thing

andSet. Sets, in turn, are entities that simply exist, without being explicitly created or destroyed.

Urelementsare all entities that are notSets(e.g., the entities represented in Figure 2.4).Intrinsic

Moment Universalsare dependent on a single entity (e.g., Color).Quality UniversalsareIntrinsic

Moment Universalsand refer to the properties that characterizeUniversals(e.g., Weight and

Height). They areIntrinsic Moment Universals(i.e., are dependent on a single entity (e.g., Color))

associated toQuality Structures, which can be understood as the set of all possible regions that

delimits the space of values possible to be associated to a particularQuality Universal. For

instance, the quality universal Weight is associated to a space of values that is a linear structure

isomorphic to the positive half-line of the real numbers. The regions that compose aQuality

Structureare calledQuality Regions, and are regions that approximate qualia. AQualeis a

perception of aQuality in a Quality Structure(e.g., whether theQuality is the height that

characterizes a given person, the point in theQuality Structurethat indicates the height of the

person is the quale).Quality Functionis a specialization ofSetthat maps instances of aQuality

Universalto points in aQuality Structure.

Measurable Quality Universalsare quality universals that can be objectively measured

by cognitive agents or measurement devices, and it is possible to establish distances among their

quality regions (e.g., Weight and Height).Measurement Quality Structuresare structures that

allow for objectively evaluating the distance between two values and verifying if the values are

equal or not.

As said before,Quality Regionsare regions that approximate qualia. AQualeis intrinsic

to cognitive agents and therefore cannot be shared or communicated. In order to allow quale
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Figure 2.5 – UFO Fragment that addressesQualitiesrelevant to this research.
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communication, it is necessary to use lexical elements (e.g., 1.86 can be the lexical element used

to communicate the height of a person) associated toReference RegionsandReference Structures.

A Reference Regionis an abstract entity based on aQuality Regionthat acts as a bridge between

that region and the lexical elements used to communicate the approximated quale. AReference

Structure, in turn, is associated to aQuality Structureand is a set ofReference Regionsgrounded

in Quality Regionsof thatQuality Structure. When the `value' of a particular quality is being

referred by lexical elements (e.g., 1.86), what is actually being referred is a quality region that

most approximates the quale.

Finally, Reference Structuresassociated toMeasurement Quality Structuresare called

Measurement Reference Structuresand act like scales grounded by quality structures. They are

composed byMeasurement Reference Regionsand can be partitioned in spaces with the same

magnitude according to aUnit.

The UFO distinctions (such as these just described) have been used in diverse applications,

such as providing ground for the development of core and domain ontologies and for analyzing

conceptual models in a foundational light. The idea behind ontological analysis process basically

consists in analyzing the concepts and de�nitions of a subject model and evaluating if they make

sense according to the chosen semantic basis. The results range from identi�ed problems and

proposed solutions to the complete reengineering of that model. The employed basis use to be a

formal and well accepted semantic reference. A foundational ontology, consistently providing the

basic types that describe the world, is a good choice. Examples of the use of UFO in ontological

analysis are (Guizzardi; Falbo; Guizzardi, 2008; Bringuente; Falbo; Guizzardi, 2011; Salamon et

al., 2017).

2.3 Ontology Network

Ontologies are not stand-alone artifacts. They relate to other ontologies in ways that might affect

their meaning, and are inherently distributed in a network of interlinked semantic resources

(Ruy, 2017). AnOntology Network(ON) is a collection of ontologies, included in such a

network, related together, through a variety of relationships, such as modularization, alignment

and dependency, sharing concepts and relations with other ontologies (Suárez-Figueroa et al.,

2012). Accordingly, a networked ontology is an ontology included in such a network, sharing

relationships with a potentially large number of other ontologies (Suárez-Figueroa et al., 2012).

Specially for a complex domain, representing its knowledge as a single ontology results

in a large and monolithic ontology that is hard to manipulate, use, and maintain (Suárez-Figueroa

et al., 2012). On the other hand, representing each sub-domain in isolation is a costly task that

leads to a very fragmented solution that is again hard to handle (Ruy et al., 2016). In such cases,

building an ON is an adequate solution (Suárez-Figueroa et al., 2012).

ONs enable to establish a comprehensive conceptualization that provides a common



Chapter 2. Background: HCI, Ontologies and Ontology Network 49

understanding of the domain and can be used as a reference to solve semantic interoperabi-

lity and knowledge problems related to the conceptualization as a whole or to extracts of it.

Hence, integrating several ontologies into an ON provides a framework that can be explored to

potentialize and increase the set of solutions in the universe of discourse addressed by the ON.

Developing an ontology network may require effort (particularly at the beginning, if

existing ontologies need to be put in correspondency, merged, integrated, etc.). However, the

effort is worth because the ontology network potentializes knowledge reuse and growth and, as a

consequence, promotes more robust and comprehensive ontology-based solutions (Costa et al.,

2020). Moreover, if ontologies are organized in an ON, when ontologies are needed in scenarios

spanning different sub-domains, instead of spending effort to integrate several ontologies, one

can just extract the ON portion to be used.

ON contributes to knowledge growth. It is like a living organism, i.e., it is constantly

evolving. As the network is being populated, more and more common entities are de�ned

and reused, in such a way that, for adding new networked ontologies, much of the effort and

de�nitions have already been done. This mechanism makes the development of networked

ontologies more productive (Ruy et al., 2016). New ontologies can be gradually added to it.

Each new ontology contributes to the whole network. When a new ontology is added, it reuses

elements from the networked ontologies. These, in turn, may be adapted to keep consistency and

share the same semantics along the whole network.

Suárez-Figueroa et al. (2012) proposed the NeOn Methodology Framework, which

provides guidance for engineering networked ontologies containing detailed processes, guidelines

and different scenarios for collaboratively building networked ontologies (Ruy et al., 2016).

One of the most common ways for two ontologies to relate is to be dependent on each other.

Dependency relationships occur when, in order to de�ne its own model, an ontology refers

to concepts and relations de�ned in another ontology (i.e., an ontology reuses concepts from

another). It can be done by using an OWL primitive (owl:imports) in operational ontologies, or

by relating to or specializing a concept from other ontology in reference ontologies (Ruy et al.,

2016).

Another manner to relate ontologies is aligning them. Alignment relationship is a way to

put different models in correspondence by establishing equivalency mappings between entities

from different ontologies (i.e., the same as, a generalization of, a specialization of) (Suárez-

Figueroa et al., 2012).The main purpose of alignments is to ensure semantic interoperability,

making it possible to merge ontologies in a meaningful way by representing information in one

ontology in terms of the entities in another (Suárez-Figueroa et al., 2012).

In this thesis, due to the strong connection between IHC and Software Engineering, we

reused concepts from SEON, a Software Engineering Ontology Network (Ruy et al., 2016). Next,

we introduce SEON and its fragments relevant to this work.
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2.3.1 Software Engineering Ontology Network - SEON

The Software Engineering Ontology Network (SEON) results from several efforts on building

ontologies for the Software Engineering (SE) area (Ruy et al., 2016).

SEON is organized in a three-layer architecture. Brie�y, at the foundational layer, there

is the Uni�ed Foundational Ontology (UFO, presented in 2.2.1). At the core layer, there are three

core ontologies: the Software Process Ontology (SPO), the Core Ontology on Measurement

(COM) and Enterprise Ontology (EO). Finally, the domain-speci�c layer encompasses twelve SE

sub-domain ontologies (such as Reference Software Requirement Ontology (RSRO), Reference

Ontology on Software Testing (ROoST), Design Process Ontology (DPO), among others. These

represent the SEON version available at <http://dev.nemo.inf.ufes.br/seon>4.

During the development of this work, some changes were made to Software Ontology

(SwO) (Duarte et al., 2018). It incorporated concepts related to hardware equipment resources,

originally de�ned in SPO, and to systems, was renamed as Software and System core Ontology

(SysSwO) and moved from the domain to the core layer (that is, the ontology scope was increased

and it now addresses core aspects related to software and systems). Next, we present extracts

of SEON that are relevant to this research. They contain concepts reused to develop networked

ontologies of HCI-ON.

2.3.1.1 System and Software Ontology - SysSwO

SysSwO is a core reference ontology about the nature of system and software, including, software

artifacts, software constitution, software execution, computer system and hardware equipment. It

aims to capture the complex artifactual nature of system and software, explaining what a computer

system is, how software is materialized and executed inside a computer system, producing results

that go beyond the limits of the machine, directly affecting the real world (Bringuente; Falbo;

Guizzardi, 2011; Duarte et al., 2018). In this work, we address interactive computer systems and

how user interacts with them. Thus, we reuse the general conceptualization about system and

software to de�ne relevant HCI concepts (e.g., through specializations). Like all SEON core and

domain ontologies, SysSwO is grounded in UFO. Figure 2.6 presents the SysSwO fragment that

was reused in this research. In the sequel, we describe the main concepts reused and how they

are grounded in UFO (blue arrows in Figure 2.6). In the text, concepts from SysSwO are written

in underline italicsand concepts from UFO are written initalics. In the �gure, UFO concepts

are shown in grey while SysSwO concepts are shown in green.

Computer Systemis anObject combining hardware and software. Concerning hard-

ware, aComputer Systemis composed of a set ofComputer Machines. Computer Machineis

a HardwareEquipmentwhich otherHardware Equipmentconnect to it.Hardware Equipment

is a physicalObjectused for running software programs or to support some software process
4 Accessed on March 4th, 2021.
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Figure 2.6 – SysSwO fragment relevant for this research.

activity (e.g., a printer, a router, a mouse, a keyboard).

Regarding software, aComputer Systemhas a set of copies of software systems that are

installed and loaded in theComputer Machinesthat comprise theComputer System. A copy of a

software system installed and loaded in aComputer Machineis said aLoaded Software System

Copyand it is aDispositioninhering in theComputer Machinewhere it is loaded. ALoaded

Software System Copyis the materialization of aSoftware System, which is a subtype ofSoftware

Software Item. A Item, in turn, is a piece of software produced during the software development

process, not considered a complete software product (e.g., a program).Software Itemis a subtype

of Software Artifact(can depends on anotherSoftware Artifact), which is anObjectintentionally

made to serve a given purpose in the context of a software project or organization. Moreover,

Software Artifactcan be described by aDocumentwhich, in turn, is subtype ofSoftware Artifact

and can be any written or pictorial information related to the software development (e.g., a

requirement document, a speci�cation, a report).

A Software Systemis constituted ofPrograms(also a subtype ofSoftware Item). Analo-

gously to aSoftware System, to run aProgram, one must have a copy of the program loaded in a

Computer Machine(Loaded Program Copy) and execute it.Program Copy Executionis then an

Eventthat brings about a particularSituation(the post-state of the event termed as aComputing

Resulting State) resulting from theProgram Copy Execution. A Computing Resulting State(Si-

tuation) can trigger otherProgram Copy Execution(Event). TheProgram Copy Execution(pce1)

that brought about aComputing Resulting Statethat triggered a secondProgram Copy Execution

(pce2) is said to directly cause it (pce1directly causespce2).

Finally, aComputer Systemcan be composed of othersComputer Systems. In this case,
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it is said aComplex Computer System.

2.3.1.2 Software Process Ontology - SPO

The Software Process Ontology (SPO) (Bringuente; Falbo; Guizzardi, 2011) is a core reference

ontology that aims at establishing a common conceptualization of the Software Process domain,

including processes, activities, resources, people and procedures. In this work, we address

stakeholders responsible to perform a user-centred evaluation of an interactive computer systems

and procedures to be followed during an evaluation. Thus, we reuse the general conceptualization

about software process assets to de�ne relevant HCI concepts (e.g., through specializations).

Figure 2.7 presents the SPO fragment that was reused in this work. In the text, concepts from

SPO are written inbold italicsand concepts from UFO are written initalics. In the �gure, SPO

concepts are shown in yellow.

Figure 2.7 – SPO fragment relevant for this research.

A StakeholderrepresentsAgents(person, team or organization) interested or affected by

the software process activities or results. Moreover, considering the agent nature,Stakeholders

can be classi�ed asPerson Stakeholder(such as a hired Programmer, an external Instructor, or a

User). As beingSocial Agent, Person StakeholderrecognizesProcedureswhich areNormative

Descriptionsprescribing a de�ned way for performing the activities that adopt it.Procedures

relate to methods, techniques and document templates adopted by software activities.

2.3.1.3 Core Ontology on Measurement - COM

The Core Ontology on Measurement (COM) (Barcellos; Falbo; Frauches, 2014) is a core refe-

rence ontology that aims at establishing a central conceptualization related to the measurement,

that is, the conceptualization that is independent of the domain in which the measurement is

applied. In this work, we address interactive computer system evaluation which involves the

measurement of its quality characteristics. Thus, we reuse the general conceptualization about

measurement to de�ne relevant user-centred evaluation concepts (e.g., through specializations).
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Figure 2.9 presents the COM fragment that was reused in this work. In the text, concepts from

COM are written inbold italicsand concepts from UFO are written initalics. In the �gure, COM

concepts are shown in pink.

Measurable Entity(Individual) is anything that can be measured (e.g., a person, a

computer system). It is characterized byMeasurable Elements(Measurable Quality Universals)

which are properties that can be measured. For example, a person can be characterized by his/her

weight and height.Measureis a function (Quality Function) used to quantifyMeasurable

Elements, allowing them to be associated withScale Values, contained in a givenScale. For

example, the measure number of lines of source code can be used to quantify the measurable

element size of a particular software (Measurable Entity). A Scale(Measurement Reference

Structure) is a structure that identi�es the possible values to which a measure can be mapped

(e.g., the set of integer and positive values compose the scale of the measure number of lines of

source code). Each value or region that forms a scale is aScale Value(Measurement Reference

Region). Measurescan be expressed inMeasure Units, which are units de�ned and adopted

by convention in order to partitionScaleinto equal regions (e.g., height can be measured in

centimeters).Measurementis the act of applying a Measure to quantify aMeasurable Element

of aMeasurable Entity, resulting in aMeasured Value. For example, the measurement of the

number of lines of source code of a particular software can result in theMeasured Value34.678.

2.3.1.4 Reference Software Requirements Ontology - RSRO

The SEON domain-speci�c Reference Software Requirements Ontology (Ruy et al., 2016) is

a domain reference ontology that addresses software requirements notions. It is centered in

the conception of requirement as a goal to be achieved, and addresses the distinction between

functional and non-functional requirements, how requirements are documented in proper artifacts,

among others. RSRO is grounded in UFO and reuses SPO and SysSwO. In this work, we address

user requirements and how they are related to a user-centred evaluation. Thus, we reuse the

general conceptualization about requirements to de�ne relevant HCI concepts (e.g., through

specializations). Figure 2.8 presents the RSRO fragment that was reused in this research. In the

text, concepts from RSRO are written inunderline, concepts from SPO are written inbold italics

and concepts from UFO are written initalics. In the �gure, RSRO concepts are shown in purple.
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Figure 2.9 – COM fragment relevant for this research.
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Figure 2.8 – RSRO fragment relevant for this research.

The main RSRO concept isRequirement. It is a Goal, representing the users' needs

and expectations (Stakeholder Intention) to be achieved as result of the system development.

Requirementscan be functional or non-functional.Functional Requirementsare the ones de-

�ning a function to be available from the target system (e.g., the need for providing a client

register or controlling an order). They refer to Software Function Types, i.e., types of func-

tions that the software must provide (e.g., providing a client register, controlling an order).

Non-Functional Requirementsde�ne criteria or capabilities for the system (e.g., being easy to

operate, being in conformance with a standard). A special type ofNon-Function Requirement

is Product Quality Requirement, which refers toQuality Characteristicsthat the product shall

present in some degree, such as reliability, usability, ef�ciency. TheRequirements Stakeholder

represents theStakeholdersfrom whom the Requirementsare collected.

2.4 Final Considerations of the Chapter

This chapter presented the background for this research. It discussed aspects related to HCI,

ontologies and ontology networks. Concerning HCI, the phenomenon of communication between

user and interactive system, different paradigms were presented, involving several elements that

change the way of seeing the phenomenon. It was highlighted that the design and evaluation of

interactive systems involve highly specialized knowledge, focused on the user and aiming at

usability and user experience. Basic notions of ontologies and ontology networks were introduced

and fragments of the ontologies used in this work (i.e., UFO and ontologies from SEON) were

also presented. In the next chapter, we present a study in which we investigated HCI ontologies

recorded in the literature and their use in the HCI domain.
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3 A Secondary study on HCI Ontologies

This chapter presents a secondary study about ontologies in the Human-Computer Interaction

domain. The study was performed to help us investigate and understand the research problem.

Thus, it is is related to the Relevance cycle (Figure 1.1). The study is also related to the Rigor

cycle because it adds knowledge generated by this research to contribute to the knowledge

base growth. The study was published in (Costa; Barcellos; Falbo, 2021). Section 3.1 presents

the context and motivation for the study. Section 3.2 presents the followed research protocol.

Section 3.3 addresses data extraction and synthesis. Section 3.4 discusses the �ndings. Section

3.5 regards the study limitations. Last, Section 3.6 closes the chapter.

3.1 Context

Considering the HCI knowledge diversity and the successful use of ontologies to solve knowledge-

related problems in several domains, we decided to investigate the use of ontologies in the

HCI context. To achieve our goal, we performed a secondary study that combines features

of systematic literature review (SLR) and systematic mapping (SM). A SLR aims to evaluate

and interpret available research studies relative to a topic, area or phenomenon of interest

(Kitchenham; Charters, 2007). Indeed, we want to use a trustworthy and auditable method to

make a characterization review about ontologies in HCI. However, we also want to provide

an overview of this research topic by means of classi�cation and counting contributions in

relation to categories of classi�cation schemas, which is consistent with systematic mappings

(Kitchenham; Charters, 2007; Petersen; Vakkalanka; Kuzniarz, 2015). For simpli�cation reasons,

in the text we refer to our study as an SLR.

Results of a review study help identify gaps in order to suggest future research and

provide a direction to appropriately position new research activities (Kitchenham; Charters, 2007;

Kitchenham; Budgen; Brereton, 2011; Petersen et al., 2008). In the context of this work, the

secondary study aimed at providing a broader view about HCI ontologies, helping us understand

the research topic advances thus far and better establishing the scenario for our research.

In this SLR, our objective was to �nd out (i)how ontologies have been used to support

HCI and (ii) how they have been developed. With (i), we intended to understand which aspects

of the HCI domain have been supported by ontologies and the types of ontology-based solutions

that have been adopted to solve HCI problems. With (ii), we aimed to verify the quality of the

ontologies used in the HCI domain. This is important because the quality of an ontology directly

in�uences the quality of the solution that uses it. Therefore, we investigated how ontologies have

been developed, evaluated and the quality characteristics they exhibit.



Chapter 3. A Secondary study on HCI Ontologies 57

3.2 Research Protocol

To perform our study, we followed the process de�ned by (Kitchenham; Charters, 2007), which

comprises:planning, when the research protocol is de�ned with the purpose of supporting study

replicability as well as helping researchers to avoid bias when conducting the study;conducting,

when the protocol is executed and data are extracted, analyzed and recorded; andreporting,

when the results are recorded and made available to potential interested parties.

Thestudy goalwas to understand how ontologies have been used in the HCI domain and

how they have been developed. In our study, we refer to these ontologies as HCI ontologies. For

achieving this goal, we de�ned theresearch questionspresented in Table 3.1.

Table 3.1 – Research questions and their rationale.

RQ Research Question Rationale

RQ1 When and in which type of vehicle

have the studies been published?

Provide an understanding on when and where (journal/conferen-

ce/workshop) publications addressing HCI ontologies have been

published, to analyze the maturity of the research topic.

RQ2 Which aspects of the HCI domain

have been covered by the existing

ontologies?

Identify the aspects of the HCI domain covered by the ontologies

to analyze the comprehensiveness of the HCI ontologies and of

their use in the HCI domain.

RQ3 What have been the uses of HCI on-

tologies?

Identify the types of solutions that have been supported by on-

tologies and understand the purposes of using ontologies in the

HCI domain.

RQ4 Have the HCI ontologies been deve-

loped by following ontology engine-

ering methods?

Understand how HCI ontologies have been developed, aiming

to analyze if good ontology engineering practices have been

adopted.

RQ5 How have the HCI ontologies been

evaluated?

Verify if (and how) HCI ontologies have been evaluated to analyze

if ontology evaluation has been a concern in HCI ontologies.

RQ6 Which quality characteristics have

HCI ontologies exhibited?

Identify the HCI ontologies quality characteristics to verify if the

ontologies used in the HCI domain present good quality level.

Thesearch stringadopted in the study contains two groups of terms joined with the

operator AND, and one group joined with the operator OR. The �rst group includes terms

related to HCI. The second group includes terms related to Ontology. The third group includes

re�nement to the others. Within the groups, we used OR operator to allow synonyms. The search

string is presented in Table 3.2.
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Table 3.2 – Search Terms of the SLR.

Search subjects (groups) Search terms

Area (HCI) �human-computer interaction� OR �HCI� OR �user interface design� OR

�user interaction design� OR �user centered design� OR �user centred design�

OR �human-centered design� OR �human-centred design� OR �UI design�

OR �user interface evaluation� OR �user interface assessment� OR �user

interaction evaluation� OR �user interaction assessment� OR �UI evaluation�

OR �UI assessment� OR �user interaction�

Approach (Ontology) “ontologies” OR “ontology”

Area & Approach

(Re�nement)

�user interface ontology� OR �user interface ontologies� OR

�UI ontology� OR �UI ontologies�

Search String: ((�human-computer interaction� OR �HCI� OR �user interface design� OR �user

interaction design� OR �user centered design� OR �user centred design� OR �human-centered design�

OR �human-centred design� OR �UI design� OR �user interface evaluation� OR �user interface

assessment� OR �user interaction evaluation� OR �user interaction assessment� OR �UI evaluation� OR

�UI assessment� OR �user interaction�)AND (“ontologies” OR “ontology”))OR (�user interface

ontology� OR �user interface ontologies� OR �UI ontology� OR �UI ontologies�)

For de�ning the search string, we followed the strategy of iteratively improving the

search string until obtaining satisfactory results in terms of the number of publications and their

relevance (Petersen; Vakkalanka; Kuzniarz, 2015). We started with a very general search string

including terms such as “human-computer interaction”, “HCI”, “user interface” and “ontology”.

After running some tests, we noticed that the term “user interface” caused many irrelevant papers

to be returned. Thus, we re�ned the search string by combining the term “user interface” (and

synonyms) with other terms such as “ontology”, “design”, “evaluation” and “assessment”.

The sourcesused in the study were digital libraries that satisfy the following crite-

ria (Costa; Murta, 2013): (i) it allows using logical expressions or a similar mechanism for

performing searches; (ii) its search mechanism supports full-length searches; (iii) it is available

in the researchers' institution; and (iv) it covers the research area of interest, namely Computer

Science.

The following sources were selected: Scopus1 and Engineering Village2. Scopus is one of

the largest databases of peer-reviewed literature. It indexes papers from other important sources

such as IEEE, ACM and Science Direct, providing useful tools to search, analyze and manage

scienti�c research. Engineering Village is also a citation indexing platform, which indexes

complementary sources. Initially, we have also selected the Web of Science database. However, it

did not return any additional paper when we searched publications until 2018. Thus, we decided

to exclude it from the set of sources.

Publications selectionwas performed in four steps, as presented in Figure 3.1.
1 <http://www.scopus.com>
2 <http://www.engineeringvillage2.org>
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Figure 3.1 – Publication Selection Process.

In Preliminary Selection and Cataloging (S1), the search string was applied in the search

mechanism of each digital library used as source of publications (we limited the search scope to

title, abstract and keywords metadata �elds). After that, we performed theDuplications Removal

(S2), i.e., publications indexed in more than one digital library were identi�ed and duplications

were removed. InSelection of Relevant Publications – 1st �lter (S3), the abstracts of the selected

publications were analyzed considering the following inclusion (IC) and exclusion (EC) criteria:

(IC1) the paper presents an ontology about the HCI domain; (EC1) the paper does not present

an ontology about the HCI domain; (EC2) the paper does not have an abstract; (EC3) the paper

was published only as an abstract; (EC4) the paper is a secondary study, tertiary study, editorial,

summary of keynote, tutorial or the proceedings of a scienti�c event; (EC5) the paper is not

written in English. Finally, inSelection of Relevant Publications – 2nd �lter (S4), the full text of

the publications selected in S3 were read and analyzed considering the aforementioned criteria

plus the following: (EC6) the paper is an older version (outdated) of another paper already

considered; and (EC7) we did not have access to the full text of the paper. The (EC6) served

to avoid repetition and (EC7) to treat publications whose full text was not available for the

researchers.

We used the StArt tool3 to support publications selection. To consolidate data, publicati-

ons returned in the publication selection steps were cataloged and stored in spreadsheets. We

de�ned an id for each publication and recorded the publication title, authors, year, and vehicle

of publication. Data from publications returned in S4 were extracted and organized into a data

extraction table oriented to the research questions. The spreadsheets produced during the study

can be found in (Costa; Barcellos; Falbo, 2020c).

Before performing the SLR, we tested the protocol. This test was conducted to verify

its feasibility and adequacy, based on a pre-selected set of studies considered relevant to our

investigation. The doctorate candidate performed publications selection and data extraction.

The advisors reviewed both. Once data has been validated, the doctorate candidate carried out

data interpretation and analysis, and again advisors reviewed the results. Disagreements were

discussed and resolved. Quantitative data were tabulated and used in graphs and statistical

analysis. Finally, the doctorate candidate and advisors performed qualitative analysis considering

the �ndings, their relation to the research questions and the study purpose.
3 <http://lapes.dc.ufscar.br/tools/start_tool>
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3.3 Data Extraction and Synthesis

The study considered papers published until 2019. Searches were conducted for the last time in

January 2020. Figure 3.2 illustrates the followed process and the number of publications selected

in each step. To search the digital libraries, the search string went through syntactic adaptations

according to particularities of each source.

Figure 3.2 – Search and Selection Process.

In the 1st step, as a result of searching the selected sources, a total of 1906 publications

was returned. In the 2nd step, we eliminated duplicates, achieving 899 publications (reduction of

approximately 53%). In the 3rd step, we applied the selection criteria over the abstract, resulting

in 117 papers (reduction of approximately 94%). At this step, we only excluded publications

that were clearly unrelated to the subject of interest. In case of doubt, the paper was taken to

the next step. Finally, in the 4th step, the selection criteria were applied considering the full text,

resulting in 38 publications (reduction of approximately 68%).

From the 38 selected publications, we identi�ed 35 different ontologies because some

publications present complementary parts of the same ontology. Table 3.3 shows the list of

identi�ed ontologies and corresponding publications. Along this and the next sections we refer

to the ontologies by using the id listed in the table. Detailed information about the selected

publications, including a brief description and extracted data, can be found in (Costa; Barcellos;

Falbo, 2020c). In the following, we present the data synthesis for each research question.

Table 3.3 – Selected Publications and Ontologies.

Id Ontology Brief description and some concepts Reference
#01 Ontology of Multiparty

Interaction
It is a conceptual model, based on references such as (Norman,
1986), which addresses HCI phenomenon and the involved parts
(i.e., user and system). Includes concepts such as Participants,
User and Interaction.

(Storrs, 1994)

#02 UI Design Process Onto-
logy

It is a conceptual model on task modeling and interaction with
focus on UI design. Some concepts: Task, Interaction, Action.

(Suàrez; Jùnior;
Barros, 2004)

#03 Impairment-User Inter-
face Ontology

It is a conceptual model on UI and adaptation for user impairment.
Addresses concepts such as Impairment, User, InterfaceAdapta-
tion.

(Karim; Tjoa, 2006)

#04 DREAMS Ontology It presents a conceptual model and a small extract of the opera-
tional ontology implemented in OWL and RDF that addresses
user stereotypes and related aspects for interaction and devices
capabilities in massive networking scenarios. Includes concepts
such as Social_Role, Device, Input_modality.

(Kor�atis; Constan-
tiou, 2006)

#05 SOUPA Extension It is a conceptual model which addresses multimodal pervasive sys-
tems, devices and environments in multimodal interaction. Some
concepts: I/O Device, Sensor, Service.

(Coronato; DE PIE-
TRO, 2007)
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Table 3.3 –Continued from previous page

Id Ontology Brief description and some concepts Reference
#06 HCI Frame-based Onto-

logy
It is a conceptual model on task modeling and interaction with
focus on UI design regarding guidelines structures. Includes con-
cepts such as Target User, Design Property, Usability Requirement.

(Bakaev; Avdeenko,
2010; Bakaev; Av-
deenko, 2012)

#07 Ontology for Interactive
Adaptive Systems

It is an operational ontology, implemented in OWL, for adaptive
interactive systems and its facets such as user, system, user-system
interaction and adaptation. Includes concepts such as DialogSys-
tem, Interaction, Adaptation, UserModelItem.

(Bezold; Minker,
2010)

#08 Interaction Ontology It presents a small extract of an operational ontology implemented
in OWL that addresses interaction patterns and web UI regar-
ding structural and visual aspects. Some concepts: Widget, Event,
Presentation Properties.

(Celino; Corcoglio-
niti, 2010)

#09 Abstract Widget Onto-
logy

It is a conceptual model, addressing web UI elements and concepts
such as Abstract Interface Element, Element Exhibitor, Variable
Capture.

(Martín et al., 2010)

#10 User Interface Ontology It is an operational ontology implemented using OWL/RDF. It
addresses interface entities and relationships, including concepts
such as Widget, Textual, Frame.

(Shahzad; Granit-
zer; Helic, 2011)

#11 Core HCI Ontology It is a conceptual model of UI design addressing input and out-
put modalities to be chosen according the context of use. Some
concepts: Location, Modality, Device.

(Tourwé et al.,
2011)

#12 The name is not cited in
the paper

It presents a conceptual model and an operational version that
addresses interactive modal devices and situations of use. Includes
concepts such as Device, DeviceRestrictedByLocation, Situation.

(Bowen; Hinze,
2012)

#13 Gesture Ontology It is a conceptual model that addresses gesture interaction and
aspects involved during the process of producing a gesture. Inclu-
des concepts such as User, Body Movements, Function-oriented
Gesture.

(Chera; Tsai; Va-
tavu, 2012)

#14 User Interaction Context
Ontology

It is a conceptual model about user interaction and interaction
context addressing the characterization of user actions and resour-
ces used during his/her interaction. It has an operational version
implemented using OWL and includes concepts such as Action,
Resource, Task, User.

(Devaurs; Rath;
Lindstaedt, 2012)

#15 RaUL Ontology It is a conceptual model, a markup ontology, about web UI ele-
ments related to the structure of a web form. It has an operational
version implemented using RDF and includes concepts such as
Page, Widget Element, Button.

(Haller; Groza; Ro-
senberg, 2012)

#16 PersonasOnto It is a conceptual model about persona characterization and perso-
nas aspects related to usability test. It has an operational version
implemented using OWL. Some concepts: Person, Persona, Usa-
bility Test.

(Negru; Buraga,
2012; Negru;
Buraga, 2013)

#17 An ontology for Personas It is a conceptual model about persona characterization. A small
extract of an operational ontology implemented in OWL/RDF is
presented. Includes concepts such as Person, Persona, Context,
Goal.

(Salma; Eddine; Sa-
bin, 2012; Salma;
Marouane, 2016)

#18 Haptic Applications Soft-
ware Modeling Ontology

It is an operational ontology, implemented using OWL/SWRL
about haptic HCI and pathways that haptic information follows
between the human and the machine haptic system. Some con-
cepts: Haptic-Devices, Computer haptics, Haptic-Feedback.

(Myrgioti; Bassilia-
des; Miliou, 2013)

#19 End-to-End Interaction
Ontology

It is a conceptual model and an operational ontology (implemen-
ted in OWL) that addresses elements of interaction under the
WIMP (Windows, Icons, Menus, Pointer) UI perspective. Includes
concepts such as Interaction, Interface, User.

(Zamzami; Budi-
ardjo; Suhartanto,
2013)
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Table 3.3 –Continued from previous page

Id Ontology Brief description and some concepts Reference
#20 Ergonomics of Human-

Computer Interface Onto-
logy

It is a conceptual model concerning ergonomics of UI and aspects
such as recommendations, graphic design and evaluation. Includes
concepts such as HCI Ergonomics, Interface_Evaluation, Design_-
And_Evaluation.

(Elyusu�; Seghi-
ouer; Alimam,
2014)

#21 Interaction Event Onto-
logy

It is a conceptual model about interaction event in social media,
covering aspects related to users' (social) interactions. Some con-
cepts: Event, InteractionEvent, SocialRole.

(Kabir et al., 2015)

#22 User's Feedback Onto-
logy

It is a conceptual model that addresses user interaction feedback
concerning aspects related to structure, credibility and information
value. Includes concepts such as Role, Signi�cance, Modality.

(Mezhoudi; Vander-
donckt, 2015)

#23 Web Design Domain On-
tology

It is a conceptual model about web UI design property and web UI
structure and elements. Some concepts: Interface element, menu,
design property, Interface design property.

(Bakaev; Gaedke,
2016)

#24 Ontological Framework
for Universal Acess to
ICT

It is a conceptual model about universal accessibility in infor-
mation and communication technologies according to the user
needs and preferences. Includes concepts such as UserInterface,
UserCharacteristic, UserCondition.

(Koutkias et al.,
2016)

#25 Interaction Ontology It is a conceptual model about craftswoman capacities and ap-
propriated input/output (I/O) interaction modalities, modes and
mediums. It is implemented using OWL/SWRL and includes con-
cepts such as Craftswoman, Motor Capacity, Modality, Medium.

(Lebib; Mellah;
Mohand-Oussaid,
2016)

#26 Ontological Model of
Adaptive User Interface
for People with Disabili-
ties

It is a conceptual model about adaptive UI for people with di-
sabilities, covering UI elements and user characterization. An
operational version is implemented using Java and Jena. Includes
concepts such as User, Disability, Interface Element Type.

(Kultsova et al.,
2017)

#27 Usability Guideline Onto-
logy

It is a conceptual model about usability guidelines description and
structure. It is implemented using OWL and includes concepts
such as Guideline, Guideline Element, Content Type.

(Robal; Marenkov;
Kalja, 2017)

#28 PG-Ontology It is a conceptual model about pervasive game, concerning its
description, elements/components and their relationships from the
user experience perspective. Includes concepts such as Pervasive_-
game, Player, Game.

(Arango-López et
al., 2018)

#29 Context Model Centre
Ontology

It is a conceptual model about context-awareness, addressing con-
text as the information that is used to characterize the relevant
objects and entities that affect computing tasks. Some concepts:
Context Domain, Environment Context, User Context.

(Meng, 2018)

#30 Accesibilitic Ontology It is a conceptual model about characterization of user needs
and capabilities, assistive devices/software tools used to support
accessibility and the users interaction taking into account capabili-
ties. An operational version is implemented using OWL. Includes
concepts such as User, Capacity, ActivityParticipation, SupportAs-
sistance.

(Mariño et al.,
2018)

#31 Ontologies of Interaction
Channels – Virtual Rea-
lity System and Environ-
ment

It is a conceptual model about characteristics of interaction chan-
nels of Virtual Reality system and environment. Includes concepts
such as InteractionChannel, Forms_of_interaction, Spacial_navi-
gation.

(Sokolowski; Walc-
zak, 2018)

#32 Web UI Measurement It is a conceptual model and an operational ontology (implemented
in OWL) about the organization of UI metrics and services used
in the UI measurement. Includes concepts such as Service, Metric,
Attribute, Interface.

(Bakaev et al.,
2019)

#33 Af�nto Ontology It is a conceptual model and an operational ontology (implemented
in OWL) about affective HCI, which addresses affective states and
different factors of its context of use. Some concepts: Environmen-
tal_property, System_property, AffectiveP_properties.

(Garay-Vitoria;
Cearreta; Larraza-
Mendiluze, 2019)
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Table 3.3 –Continued from previous page

Id Ontology Brief description and some concepts Reference
#34 IoRT Ontology It is a conceptual model about the user characteristics and inte-

raction in IoRT (Internet of Robotic Things), addressing relevant
aspects for personalized, context-aware task generation. An ope-
rational version is implemented using OWL. Includes concepts
such as Preferred Interaction, PreferredRobot Interactions, Task,
Pro�le.

(Mahieu et al.,
2019)

#35 The name is not cited in
the paper

It is a conceptual model and an operational ontology (implemen-
ted in OWL) about the presentation and behavior of interactive
components (graphical UI) used in web and mobile applications.
It also addresses the structure of user stories, tasks, scenarios
and prototypes. Some concepts: Event, Action, Condition, Menu,
clickOn.

(Silva; Winckler;
Trætteberg, 2019)

3.3.1 Publication year and vehicle (RQ1)

Figure 3.3 shows the distribution of the 38 selected publications over the years and the distribution

of publications considering the vehicle of publication. Papers addressing ontologies in the HCI

context have been published since 1994 in journals and conferences (no workshop publication

was found). Conferences have been the main forum, encompassing 68.4% of the publications

(26 out of 38). 12 papers (31.6%) were published in journals.

Figure 3.3 – Publications over the years.

Table 3.4 presents the publication sources of the selected studies, their types and #id.

Publications vehicles in areas such as Information Technology and Arti�cial Intelligence seem

to be more receptive for presenting studies related to the investigated research topic. Moreover,

only two papers (#30 and #33) were published in the same journal (IEE Access) while the others

were published in different publication sources.

Table 3.4 – Publication Sources.

Publication source Type Id
Interacting with Computers Journal #01
Conference on Task models and diagrams (TAMODIA'04) Conference #02
International Conference on Computers for Handicapped Persons (ICCHP) Computers Helping
People with Special Needs

Conference #03
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Table 3.4 –Continued from previous page

Publication source Type Id
European Conference on Information Systems (ECIS'06) Conference #04
International Conference on Security and Privacy in Communication Networks (Secure-
Comm'07)

Conference #05

The IASTED International Conference on Automation, Control, and Information Technology -
Information and Communication Technology (ACIT-ICT'10)

Conference #06

International Conference on Database Systems for Advanced Applications (DASFAA'12) Conference #06
Journal of Ambient Intelligence and Smart Environments Journal #07
International Conference on Semantic Systems Conference #08
World Wide Web Journal #09
International Conference on Computer Sciences and Convergence Information Technology
(ICCIT'11)

Conference #10

Belgian/Netherlands Arti�cial Intelligence Conference (BNAIC'11) Conference #11
ACM SIGCHI symposium on Engineering interactive computing systems (EICS'12) Conference #12
IEEE International Symposium on Intelligent Control Conference #13
Applied Arti�cial Intelligence Journal #14
Joint International Semantic Technology Conference (JIST'11) Conference #15
International Conference on Knowledge Engineering and Ontology Development (KEOD'12)Conference #16
International Joint Conference on Knowledge Discovery, Knowledge Engineering, and Kno-
wledge Management (IC3K'12)

Conference #16

IEEE International Conference on Complex Systems (ICCS'12) Conference #17
Journal of Theoretical and Applied Information Technology Journal #17
Expert Systems with Applications Journal #18
International Journal of Software Engineering and its Applications Journal #19
International Conference on Multimedia Computing and Systems (ICMCS'14) Conference #20
The Computer Journal Journal #21
World Symposium on Web Applications and Networking (WSWAN'15) Conference #22
IEEE North West Russia Section Young Researchers in Electrical and Electronic Engineering
Conference (EIConRusNW'16)

Conference #23

Universal Access in the Information Society Journal #24
International Conference on Web Information Systems and Technologies (WEBIST'16) Conference #25
Conference on Creativity in Intelligent Technologies and Data Science (CIT&DS'17) Conference #26
Portland International Conference on Management of Engineering and Technology (PICMET'17)Conference #27
World Conference on Information Systems and Technologies (WorldCIST'18) Conference #28
KSII Transactions on Internet and Information Systems Journal #29
IEEE Access Journal #30, #33
Doctoral Conference on Computing, Electrical and Industrial Systems (DoCEIS'18) Conference #31
International Conference on Web Engineering (ICWE'19) Conference #32
Journal of Systems and Software Journal #34
IFIP Conference on Human-Computer Interaction (INTERACT'19) Conference #35

3.3.2 Coverage of the HCI domain (RQ2)

Figure 3.4 shows the HCI aspects addressed by the ontologies identi�ed in the study. The

categorization used to classify the aspects was established based on the data extracted. First,

we extracted information as recorded in the publications (e.g., ontology #13 addresses the HCI

phenomenon by means of gesture). Then, we analyzed data extracted and identi�ed categories

to group them. For example, we considered in the “HCI phenomenon” category all ontologies

addressing the HCI phenomenon, regardless the mode of interaction.

User Interface(UI) has been the HCI aspect most addressed by the HCI ontologies,
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being covered by 12 of them (34.29%). In this context, some ontologies focus on the UI elements

(#09, #10, #15, #19, #23, #26, #35), addressing them from graphical (#10, #35), web (#09, #15,

#23, #26) and WIMP (#19) perspectives. Other ontologies address other aspects of UI, such

as UI adaption (#03) and UI measurement (#34).HCI phenomenonhas been the second HCI

aspect most addressed, being treated in 11 ontologies (31.43%). Some ontologies deal with

speci�c modes of interactions such as gesture (#13), haptic (#18), virtual reality (#31), affective

(#33) and IoRT (#34). #25, in turn, addresses several modes of interaction, representing them in

categories such as direct manipulation, language, visual, hearing and tactile. #01 describes HCI as

multiparty, concerning one or more participants. #14, #19, #21 and #35 represent HCI by means

of events, actions and tasks.User characterizationandHCI or UI Designhave been, respectively,

the third and fourth most addressed HCI aspect. The former is treated in 10 ontologies (28.57%)

that address user impairment (#03), social roles (#04), user modeling (#07), persona (#16, #17),

user capacity (#25, #30), disability (#26), needs and preferences (#24, #34). Nine ontologies

(25.71%) concern the latter, being #13 focused on HCI design and #02, #06, #08, #11, #16, #17,

#20, #23 on UI design.

Besides the four aforementioned aspects, HCI ontologies have also addressed other nine

HCI aspects.Context of use/Context-awarenessis treated in six ontologies (17.14%) that address

interaction context (#14), context-awareness in mobile adaptation (#29), context-based approach

in virtual reality (#31), context of use factors that in�uence affective states (#33) context-aware

systems for personalized interaction tasks in IoRT, Four of these ontologies (73.33%) also deal

with the phenomenon of interaction.

Five (14.29%) ontologies addressAccessibility, dealing with UI accessibility (#03, #25,

#26) as well as with the user needs (#24, #30). Four (11.43%) ontologies treatMultimodal

Figure 3.4 – HCI aspects covered by the found ontologies.
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Interactive Systems, addressing multimodal devices (#12, #30) and multimodal devices and

systems (#05, #31).HCI/UI Evaluationis treated in three (8.57%) ontologies. #16 encompasses

usability test under the persona perspective, #20 concerns UI ergonomics and #32 regards UI

measurement. Also three (8.57%) ontologies addressMobile Application, dealing with mobile

devices capacities (#04), accessibility (#24) and performance (#29).

The four less addressed aspects were treated only in two (5.71%) or one (2.86%) ontology.

Ontologies addressingAdaptive Interactive Systemshave dealing with adaptive interactive sys-

tems as a whole (#07) and UI adaptation for user impairment (#03). In theErgonomics/Usability

context, #20 addresses ergonomics by means of recommendations, while #27 describes usability

guidelines. In its turn,Pervasive Systemshas encompassed ontologies addressing pervasive

game description (#28) and proactive environments (#05). Finally, #22 treatsUser Feedback

description concerning its structure, credibility and information value.

3.3.3 Use of Ontologies in HCI (RQ3)

When investigating how ontologies have been used in the HCI domain, we �rst looked at the

types of ontology-based solutions that have been used and, thus, we investigated their use in the

HCI domain. Figure 3.5 shows the identi�ed types of ontology-based solutions.

Figure 3.5 – Ontology-based solutions.

The most common ontology-based solution has beenKnowledge Management, which

has been the use of 15 out of 35 ontologies (42.86%). In this category, ontologies have been used

to support knowledge capture, representation, organization, use, sharing, among others. In this

context, #06, #07, #12, #14, #23, #26, #27 and #33 were used to structure knowledge bases. For

example, #06 was used in a recommender system supporting HCI design for web applications;

#07 served as a semantic representation to an interactive system, enabling the UI to adapt itself

to each user; #23 structured knowledge in an Evolutionary Algorithm approach, which combines

Arti�cial Intelligence and design methods to automate development and improvement of web UI;

#27 was used in a tool to support automatic evaluation of web UIs based on usability guidelines;

and #33 was used as a basis of an affective multimodal conversational system. Some ontologies

were used to knowledge capture and sharing. For example, #11 was used in an ontology-driven
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modeling framework to capture and manage design expert knowledge to be provided as design-

related recommendations. #03 was used in a user's personal information management system

to capture knowledge and adapt the UI according to the user impairments. By using a template

to capture knowledge, #19 supported reverse engineering requirements for systems without

documentation or available source code. #14 was used to increase the performance of user task

detection by capturing simple interaction events (key pressed and mouse clicks) from the user's

computer desktop which are automatically stored into a repository for further inferences. The

other three ontologies (#04, #21, #32) were used to knowledge representation. #04 regards the

representation of social context and its surrounding activities to support the development of

mobile service provision models, #21 represents knowledge about the user's interaction events

in different social media and #32 structures knowledge about web UI metrics.

Nine (25.71%) ontologies were used toReasoning, i.e., to derive information that is not

explicitly expressed in the ontology or in the knowledge base (Victoria; Antoanela; Cicortas,

2008). For example, #25 was used to determine the most suitable and adaptable user interfaces

to craftswoman (user) considering modalities and sensory and motor abilities; #34 was used to

build services that generate interaction tasks for social robots in smart IoT environments; and

#12 was used to reason about the usability of interactive medical devices in multiple situations

of use.

The third main use of HCI ontologies, with six out of 35 (17.14%) ontologies, has been

Basis of a System/Approach, Conceptual DescriptionandVocabulary/Communication. Being

a Basis of a System/Approachmeans that the ontology is used as part (e.g., a module or a

repository) of the proposed system/approach architecture. This is the case, for example, of #29

and #34. The former is part of a context-aware computing architecture, supporting architecture

layers such as knowledge discovery and context-aware services. The latter is part of the reasoning

service component of a semantic-based platform architecture conceived as a middleware.

Ontologies used forConceptual Descriptionaim to provide a formal speci�cation of a

portion of the domain of interest. In this context, #18 provides a conceptualization regarding

haptic interaction; #01 describes the HCI phenomenon, #2 conceptualizes interaction based

on task description; #17 provides a conceptual representation about personas; #22 presents

a conceptual description about user feedback; and #24 provides a semantic representation of

concepts that are required for addressing universal accessibility related to user interaction with

Information and Communication Technologies.

Ontologies used forVocabulary/Communication, as the name suggests, are used as a

vocabulary or for communication purposes. In this sense, #35 was used as a common vocabulary

in an approach to allow for automatic assessment of the graphical UI prototypes against user

stories. #04 supported communication related to social context and its surrounding activities

to aid the development of advanced models of mobile service. #21 represents user interaction

events in different social media and it was used as a vocabulary for semantic event matching. #13
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helped to inform the design of service-oriented architectures for engineering new systems and

applications. #20 was used to support to build user pro�les. Finally, #28 served as a consensual

instrument to talk about pervasive games from the user experience perspective.

Five out of 35 (14.29%) ontologies were used toSemantic Mapping, i.e., interrelate

concepts from different sources (e.g., data bases, documents, ontologies, etc.). For instance, #31

was used to map concepts related to virtual reality (VR) system and VR environment, enabling

the proposed system to assign interaction channels to the interaction capabilities of the VR

environment. Finally, �ve (14.29%) ontologies were used toSemantic Annotation, meaning that

semantic information was added to artifacts, allowing machines to read them. For example, in

#27, each usability guideline was annotated enabling information to be accessed in a machine-

processable form to automatically access the UI elements against selected UI guidelines and the

associated metrics.

Table 3.5 summarizes the aspects addressed by each HCI ontology (RQ2) and the

ontology-based solutions on which the ontologies were used (RQ3).

3.3.4 Ontology Development (RQ4)

According to the publications, the development of only three (8.57%) out of 35 ontologies fol-

lowed an ontology engineering method (see Figure 3.6): #25 adopted Methontology (Fernández-

López; Gómez-Pérez; Juristo, 1997), #28 used Methontology and NeOn (Gómez-Pérez; Suárez-

Figueroa, 2009; Suárez-Figueroa et al., 2012) and #30 applied NeOn. Although other publications

(#02, #11, #12, #13 and #18) mention the use of some guidelines to develop the ontologies, the

methods are not clearly presented or referred. Thus, we did not consider that they adopted an

ontology engineering method.

Figure 3.6 – Ontology development.

3.3.5 Ontology Evaluation (RQ5)

In this research question, we used the classi�cation proposed by Brank, Grobelnik and Mladenić

(2005), namely: task-based evaluation and data-driven evaluation. In a task-based evaluation, the

ontology is used in some kind of application or task, and the outputs of the application, or its

performance on the given task, are used to evaluate the ontology (Brank; Grobelnik; Mladenić,

2005). This is an indirect way of evaluating an ontology and, depending on the complexity or
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Table 3.5 – HCI ontologies: HCI aspects and ontology-based solutions.

HCI covered aspects Ontology-based solution

Id UI

HCI
Phe-
no-
me-
non

User
Cha-
racte-
riza-
tion

HCI/UI
De-
sign

Context
of Use /
Context-
awareness

Acessibility
in HCI

Multimodal
Interac-

tive
System

HCI/UI
Evalu-
ation

Mobile
Appli-
cation

Adaptive
Inte-

ractive
Sys-
tems

Ergonomics
/Usabi-

lity

Pervasive
Sys-
tems

User
Fe-
ed-

back

KM Reasoning

Basis
of a
Sys-
tem

Conceptual
Descrip-

tion
Vocabulary

Semantic
Map-
ping

Semantic
Anno-
tation

#01
p p

#02
p p p

#03
p p p p p

#04
p p p p p

#05
p p p

#06
p p

#07
p p p

#08
p p p p p

#09
p p

#10
p p p

#11
p p p

#12
p p p p

#13
p p p

#14
p p p

#15
p p

#16
p p p p

#17
p p p

#18
p p p

#19
p p p

#20
p p p p

#21
p p p

#22
p p

#23
p p p

#24
p p p p

#25
p p p p p

#26
p p p p p p

#27
p p p p

#28
p p

#29
p p p p

#30
p p p p

#31
p p p p

#32
p p p p

#33
p p p p

#34
p p p p

#35
p p p
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subjectivity of the application, it is hard to say if the ontology is really correct. In a data-driven

evaluation, the ontology is compared to existing data about the problem domain to which the

ontology refers (Brank; Grobelnik; Mladenić, 2005). As shown in Figure 3.7, 15 (42.86%)

ontologies (#02, #05, #06, #07, #08, #10, #12, #14, #15, #16, #21, #26, #29, #31, #35) were

evaluated by following a task-based evaluation, two (5.71%%) ontologies (#09, #30) used a

data-driven evaluation method, �ve (14.29%) ontologies (#18, #19, #25, #27, #33) used both

methods and 13 (37.14%) ontologies (#01, #03, #04, #11, #13, #17, #20, #22, #23, #24, #28,

#32, #34) were not evaluated.

Figure 3.7 – Ontology evaluation.

20 (51.14%) ontologies (#02, #05, #06, #07, #08, #10, #12, #14, #15, #16, #18, #19, #21,

#25, #26, #27, #29, #31, #33, #35) were evaluated through a task-based method. For example,

the evaluation of #25 and #31 was carried out considering prototypes built using the ontologies.

Analogously, systems built using the ontologies were used to evaluate #06 (university website and

recommender system), #07 (interactive dashboard), #12 (safety-critical system), #26 (hospital

device system) and #27 (interface customization system). #15 was evaluated through a RESTful

Web Service that was used to deploy, generate and retrieve RDFa annotated web forms using

the ontology. In #16, a semantic HTML template was applied in a small-scale experiment to

build a web-based application for managing academic information (e.g., grades, schedule). #19

was evaluated by means of a template used to recover system requirements from the actions

performed by the user.

Seven (17.5%) ontologies (#09, #18, #19, #25, #27, #30, #33) adopted a data-driven

approach. All of them used some kind of instantiation to evaluate the ontology. For example,

#19 was instantiated considering a real case of requirements recovery, while #27 was evaluated

through the instantiation of 115 usability guidelines. #30 was the only ontology evaluated by

using a data-driven approach and that used competency questions to represent the ontology

requirements. In its evaluation, #30 instantiation was oriented to the competency questions.

Finally, 13 (37,14%) ontologies (#01, #03, #04, #11, #13, #17, #20, #22, #23, #24, #28,

#32, #34) were not evaluated. In some cases, the authors stated that the ontology was under

evaluation (e.g., #24). In others, toy examples or workshops were used to illustrate the ontology

use (e.g., #11, #34). Based on the information provided in the publications, we did not consider



Chapter 3. A Secondary study on HCI Ontologies 71

that these ontologies were evaluated because they were not actually used in real situations nor

instantiated real data.

3.3.6 Ontology Quality Characteristics (RQ6)

In this research question, we considered some of the characteristics of “beautiful ontologies”

de�ned by D'Aquin and Gangemi (2011)4, namely: (i) reusing foundational ontologies; (ii)

being formally rigorous; (iii) implementing also non-taxonomic relations; (iv) being modular

or embedded in modular framework; (v) implementing an international standard; (vi) being

based on competency questions, and (vii) following an evaluation method. Table 3.6 presents the

quality characteristics identi�ed in the ontologies.

Table 3.6 – Research questions and their rationale.

id
reusing

foundational
ontologies

being
formally
rigorous

implementing
also

non-taxonomic
relations

being
modular

implementing
an international

standard

based on
competency
questions

following an
evaluation

method

#01
p

#02
p p p p

#03
p p

#04
p p p

#05
p p p p

#06
p p p

#07
p p p p

#08
p p p

#09
p p

#10
p p p

#11
p p p p

#12
p p p p

#13
p p p

#14
p p

#15
p p

#16
p p p

#17
p

#18
p p p p p

#19
p p p

#20
p

#21
p p p

#22
#23

p

#24
p p p p

#25
p p p

#26
p p p p

#27
p p

#28
p p p

#29
p

#30
p p p p p

#31
p p

#32
p p p

4 We did not consider characteristics such as commercial impact, which are dif�cult to evaluate based only on

information provided in the publications.
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Table 3.6 –Continued from previous page

id
reusing

foundational
ontologies

being
formally
rigorous

implementing
also

non-taxonomic
relations

being
modular

implementing
an international

standard

based on
competency
questions

following an
evaluation

method

#33
p p p p p

#34
p p p p p

#35
p

Concerning the reuse of foundational ontologies, only #18 and #34 (5.71%) were de-

veloped based on a foundational ontology (Basic Formal Ontology – BFO5 (Grenon; Smith;

Goldberg, 2004) and Dolce Ultralight upper ontology6 (Gangemi et al., 2002), respectively).

With respect to being formally rigorous, we considered two aspects: whether axioms/rules

are de�ned, and how the ontology is presented (as a graphical conceptual model, as an operational

ontology, using some formalism, or textual description only). Eight (22.86%) ontologies de�ne

rules (#02, #05, #06, #07, #11, #24, #25, #26), two (5.71%) ontologies de�ne axioms (#30,

#33) and four (11.43%) ontologies de�ne both (#12, #18, #21, #34). Thus, 14 ontologies (40%)

present some degree of formalism. Only one (7.14%) of those 14 ontologies (#02) is presented

by means of textual description (since it de�ned rules, we consider that it presents some degree

of formalism). Two (14.29%) (#07, #18) are operational ontologies, being represented as OWL

and OWL SWRL artifacts, respectively. Five (35.71%) ontologies (#06, #11, #21, #24, #26) are

presented as graphical conceptual models. The remaining six (42.86%) ontologies (#05, #12,

#25, #30, #33, #34) are presented as both, graphical conceptual model and operational ontology.

Regarding the types of relations, 27 (77.14%) ontologies consider both taxonomic

and non-taxonomic relations (although #01, #10 do not clearly represent them). Six (17.14%)

ontologies (#14, #15, #20, #23, #29, #31) consider only taxonomic relations. In two (5.71%)

ontologies (#22, #35) it was not possible to identify the types of relations.

As for modularity, we investigated if the ontology was organized in hierarchy, dimension,

abstraction levels, structure of classes, or if it is non-modular. 12 (34.29%) ontologies are non-

modular, while 23 (65.71%) ontologies are modularized according to one of the aforementioned

modularization types.

Concerning the use of standards, only four (11.43%) ontologies mention their use as a

reference to the ontology conceptualization: #04 used the Composite Capabilities/Preference

Pro�les part of the Device Independence activity of W3C (Klyne et al., 2004), #24 considered

ISO/IEC 24751 (ISO/IEC, 2008a), ETSI TS 202 746 (ES, 2010) and ISO 9999:2011 (ISO,

2011), #32 used W3C Web Content Accessibility Guidelines7, #33 mentions models found in
5 <http://ontology.buffalo.edu/bfo/>
6 <http://www.ontologydesignpatterns.org/ont/dul/DUL.owl>
7 <https://www.w3.org/WAI/ER/tools/>
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the literature, and #34 considered the vcard speci�cation (RFC63508) and the W3C Organization

Ontology9. Other works (#01, #02, #03, #10, #13, #16, #17, #18, #28, #33) mention the use of

references but do not specify which ones were used. #28 and #33 mention models found in the

literature. Therefore, we did not consider that they use international standards.

Regarding the use of competency questions, only �ve (14.29%) ontologies (#11, #12,

#13, #28 and #30) used competency questions to establish the ontology requirements.

3.4 Data Analysis and Discussion

In this section, we provide additional information about the analyzed HCI ontologies and make

some discussion about the obtained results.

Consideringwhen the studies have been published, although the �rst publication identi-

�ed in the study was published in 1994, HCI ontologies only became a regular research topic

addressed in publications from 2010. We believe that this is due to the increasing use of ontolo-

gies in several domains in the last decade (ontologies became particularly popular because the

Semantic Web) and the acknowledgement of the advantages of using them to solve knowledge-

related problems. Regarding thetype of vehicle, we noticed a predominance of conference papers

(26 out 38 papers). The low percentage of journal publications, which generally require more

mature works, can be seen as a sign that the research on this topic is not mature enough yet. We

also noticed that there is no “home” or well-established forum for publications addressing HCI

ontologies, since the 38 papers were published in many different conferences and journals. In

fact, it seems that papers addressing HCI ontologies have been more welcome in vehicles of

areas such as Information Technology and Arti�cial Intelligence than in vehicles devoted to HCI.

With respect tothe HCI aspects covered by the ontologies, the top three aspects have been

user interface (12 ontologies), interaction phenomenon (11 ontologies) and user characterization

(10 ontologies). These aspects concern core knowledge of the HCI domain. When talking about

HCI, it is often necessary to talk about the HCI phenomenon itself and the parts involved in it, i.e.,

the user and the system, which is perceived by means of the user interface. Thus, it was expected

that these aspects were focus of many ontologies. HCI or UI design has also been addressed by

many ontologies (nine). This shows that representing knowledge related to designing interactive

systems has been considered relevant. Other aspects have not been much explored (e.g., user

feedback, usability, HCI or UI evaluation) and others have not even been considered (e.g., user

experience, prototype), suggesting that there are still many portions of the HCI domain that can

be addressed by ontologies.

Consideringhow ontologies have been used in the HCI domain, there has been a pre-

dominance of knowledge management solutions (15 ontologies) and reasoning (9 ontologies).
8 <https://www.w3.org/TR/vcard-rdf/>
9 <https://www.w3.org/TR/vocab-org/>
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Ontologies are useful to structure knowledge. Thus, knowledge management has been an onto-

logy use of paramount importance in several domains (Souza; Falbo; Vijaykumar, 2015). The

study results showed that the HCI domain has also bene�ted from the use of ontologies in this

kind of application. Ontologies as conceptual models as well as operational ontologies have been

used in knowledge management solutions. On the other hand, reasoning has involved the use of

operational ontologies to support getting new information from data captured by an application or

stored in a repository. By combining results from RQ2 and RQ3, we can notice that the two more

used ontology-based solutions (knowledge management and reasoning) have been used only in

the context of the four more addressed HCI aspects (UI, HCI phenomenon, user characterization

and HCI/UI design). In line with what we said before, we believe that these aspects have been

much explored because they are core aspects in the HCI domain. Thus, we think that it would be

expected that they were addressed in the ontology-based solutions most used in the HCI domain.

Although HCI/UI evaluation is an important aspect of the HCI domain (Preece; Sharp; Rogers,

2015), we noticed that it has not been much explored.

By analyzing the ontologies use reported in the selected publications, we can point out

some advantages that have been obtained from the use of ontology-based solutions to solve

HCI problems: (i) by using ontologies it has been possible to represent knowledge about the

domain in a clear and explicit way, supporting communication and learning tasks. For example,

#01 and #28 describe and make clear knowledge about HCI phenomenon and pervasive games,

respectively. (ii) ontologies have allowed to structure knowledge, supporting the development of

ontology-based systems, frameworks, approaches, architectures, etc. For example, #07 is used

(both at design time and at runtime) in a framework for adapting interactive systems according to

the user behavior. (iii) ontologies have enabled automated solutions and reasoning. For instance,

#12 is used to reason about the usability of interactive medical devices in multiple situations of

use. (iv) ontologies have supported semantic interoperability, enabling data/information from

different sources be integrated in HCI solutions (e.g., #16 it is used to semantically annotate a

template about persona to integrate multiple data).

Concerning thequality of HCI ontologies, we noticed that although the ontologies

present some quality characteristics (e.g., being modular and implementing non-taxonomic

relations), others have not been a concern. For example, only one ontology (#34) is grounded

in a foundational ontology. Foundational ontologies provide basic concepts and help domain

ontologies to be truthful. Most of the HCI ontologies are not formally rigorous. For example, the

ontologies presented in #13, #15, #20, #23, #29 and #31 are, in fact, taxonomies or lightweight

ontologies, while #07, #08, #10 and #18 are just OWL artifacts (i.e., operational ontologies).

Being formally rigorous makes the ontology more precise. Only �ve ontologies used international

standards as a basis. Standards are important references to ontologies because they provide a

consensual conceptualization about the domain of discourse. As for ontology development, only

three were developed by following an ontology engineering method. By following an ontology

engineering method, one adopts best practices to increase ontology quality. In this context, only
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three ontologies had their scope de�ned by means of competency questions. These questions

help to elicit the ontology requirements and produce an ontology that meet the user needs. Most

HCI ontologies have been evaluated. However, evaluation has not been an explicit subject in the

publications. Most of the time we considered that the instantiations or uses made of the ontologies

were a way of evaluating them. The quality of an ontology directly affects the solution built

using it. Thus, it is of paramount importance to use good practices to develop HCI ontologies. In

general, the study results showed that ontology engineering practices and principles has not been

a concern when developing HCI ontologies. We think that this can be seen as an opportunity to

HCI and Ontology Engineer professionals and researcher get closer.

Finally, by analyzing the ontologies coverage (we extracted the ontologies concepts, as it

can be seen at (Costa; Barcellos; Falbo, 2020c), we noticed several overlaps. Although several

ontologies address the same concepts or complementary portions of the HCI domain, they do

not reuse each other's concepts. In fact, we noticed that HCI ontologies have been developed

for solving speci�c problems, in speci�c contexts, without a concern with integration to other

existing HCI ontologies. This causes an increasing number of ontologies and makes it dif�cult to

integrate different ontologies to produce a new ontology covering a larger portion of the domain.

This, in turn, leads one to create new ontologies instead of reusing existing ones, feeding a

`vicious cycle' of many overlapping ontologies.

3.5 Limitations of this Secondary Study

Although the ambition of a secondary study is to summarize all relevant research in an area,

different sets of publications can be obtained given a number of decisions and judgment ta-

ken (Wohlin et al., 2012). Thus, as any study, the study presented in this chapter has some

limitations. In addition, some challenges can reach the researchers during a secondary study,

such as how to select a comprehensive and relevant source of publications, how to consistently

apply the inclusion/exclusion criteria, how to classify data and how to interpret them. In this

study, we experienced these challenges and carried out some actions aiming at minimazing their

in�uence on the results.

Publication selection and data extraction were initially performed by one of the authors.

To reduce this subjectivity, the other two authors performed these same steps over a random

sample of about 45% of the non-duplicated publications. Thus, at least 400 publications were

evaluated by two researchers. The results of each reviewer were then compared. Disagreements

and possible biases were discussed in meetings. Concerning the 38 selected publications, all of

them were evaluated by at least two researchers.

An analysis of degree of concordance was performed to measure the level of agreement

between the results obtained from the researchers in the selection process. For this, we calculated

the kappa coef�cient (Landis; Koch, 1977). Kappa is a statistical measure of inter-rater agreement
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for qualitative (categorical) items. It is considered to be a more robust measure than simple

percent agreement calculation, since it takes into account the agreement occurring by chance.

Kappa maximum value is 1, representing total agreement. Values close to and below 0 indicate

no agreement. Considering the set of publications analyzed by all the reviewers, the obtained

kappa coef�cient was 0.79, which, according to Landis and Koch (1977), means substantial

agreement.

Terminological problems in the search strings may have led to missing some primary

studies. In order to minimize these problems, we performed previous simulations in the selected

databases. We decided not to search any speci�c conference proceedings, journals, or the grey

literature (technical reports and works in progress). Thus, we have just worked with studies

indexed by the selected electronic databases. The exclusion of these other sources makes the

review more repeatable, but possibly some valuable studies may have been left out of our analysis.

Although the digital libraries adopted represents a comprehensive source of publications, the

exclusion of other sources and the fact that we did not performed snowballing may have left

some valuable publications out of our analysis.

Applying the search string to digital libraries engine can also interfere in the returned

publications. First, because it is necessary to adapt the string syntax. The adaptation may result in

a different search string. The string used in the study was adapted to each digital library and we

double-checked the adapted string and ran tests to ensure that it was correct. Second, because of

problems or changes in the engines. During the study, changes occurred in the engine of one of

the used digital libraries. We ran some tests that showed us that the engine interface had changed,

but the engine seemed to work as before.

Another limitation is related to the classi�cations we made for categorizing data. Some

categories were based on classi�cations proposed in the literature (e.g., quality characteris-

tics (D'Aquin; Gangemi, 2011), evaluation types (Brank; Grobelnik; Mladenić, 2005)). Others,

were established during data extraction, based on data provided by the analyzed publications (e.g.,

categories used in RQ2 and RQ3). Classi�cation schemas and data categorization were done by

the doctorate candidate and reviewed by her advisors. However, determining how publications �t

them involves a lot of judgment. Thus, different results could be obtained by other researchers.

3.6 Final Considerations of the Chapter

In this chapter, we presented a secondary study that investigated ontologies in the HCI domain.

The results of this study provide a panorama of research related to the topic and go deeper in

some aspects of the use of ontologies to solve HCI-related problems. A total of 899 publications

were considered and 35 ontologies addressing different aspects of the HCI domain were identi�ed

in 38 selected publications.

Six research questions were de�ned to investigate the following facets: (i) the distribution
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of the selected publications over the years and the type of vehicle; (ii) the HCI domain aspects

addressed by the HCI ontologies; (iii) how ontologies have been used in the HCI domain; (iv)

how HCI ontologies have been developed; (v) how HCI ontologies have been evaluated; and (vi)

the HCI ontology quality characteristics.

According to Kitchenham and Charters (2007), the results of a secondary study help

identify gaps that suggest future research. Therefore, this study contributes by providing a

consolidated view of ontologies in HCI and pointing out some conclusions that can drive future

research in the area. In this context, we can highlight:

(i) The adoption of ontologies in the HCI domain is a research topic that still needs to be

matured. Although the �rst found publication is from 1994, only in the last decade ontology

use became more regular in the HCI domain.

(ii) Ontologies have focused on core HCI aspects, mainly on the triad user, interface and

interaction. This suggests that several HCI sub-domains have not experienced the bene�ts

of ontology-based solutions. For instance, we did not �nd works using ontologies to

address important HCI aspects such as prototype and user experience. Moreover, although

some works deal with HCI/UI design and evaluation, there is still much to be explored.

For example, we did not �nd any work addressing design or evaluation processes, do-

cumentation and evaluation methods. We also did not �nd any publication dealing with

physiological computing, multiple users or smart home.

(iii) Ontologies have been used mainly in knowledge management and reasoning solutions.

Considering the diversity of knowledge involved in the HCI domain and the multiple

artifacts used in this context, other important solutions, such as the ones related to semantic

interoperability, can be further explored.

(iv) The most sophisticated ontology-based solutions we found focus only on interface adapta-

tion. There are many other HCI-related problems that can be addressed by using ontologies.

(v) There has been no concern with the quality of the developed ontologies. This suggests

that HCI and ontology engineering professionals and researchers should work together to

produce HCI ontologies. This can contribute to both areas: HCI can bene�t from quality

ontologies, while Ontology Engineer can �nd new opportunities and challenges to apply

ontologies.

(vi) There has been a lack of reusing existing ontologies. Therefore, ontologies reuse in the

HCI domain is an issue to be further explored. In summary, the study results show that

although ontologies have been used in the HCI domain, the use has focused on only two

types of ontology-based solutions and three core aspects of HCI. Moreover, HCI ontologies

in general have not been developed by following ontology engineering good practices.
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Considering the advantages of using ontologies, we believe that it is worth investing efforts

to improve HCI ontologies and ontology-based solutions to address problems in the HCI

domain.

The found ontologies cover different (and sometimes overlapping) HCI aspects related

to: user interface (UI), HCI phenomenon, user characterization, HCI/UI design, HCI/UI evalua-

tion, context of use, accessibility, multimodality, mobile applications, pervasive environments,

adaptive interactive systems, ergonomics, usability and user feedback. The ontologies have been

adopted as conceptual models as well as computational artifacts. They have been used mainly

to structure and infer knowledge, support reasoning, serve as a basis for developing systems

(e.g., recommender systems) or other approaches (e.g., frameworks) and describe portions of

the HCI domain. By analyzing the ontologies, we noticed that many of them do not exhibit

important quality characteristics, which can hamper the quality of the produced ontology-based

solutions. Furthermore, the HCI area has bene�ted from the use of ontologies in many con-

texts, such as knowledge management in user interface design (Suàrez; Jùnior; Barros, 2004),

accessible web applications engineering (Martín et al., 2010), elicitation of user interface design

recommendations (Tourwé et al., 2011), reasoning about the usability of interactive medical

devices (Bowen; Hinze, 2012), modeling of user interactions in virtual reality environments

(Sokolowski; Walczak, 2018), consistency between user requirements and GUI (graphical user

interface) (Silva; Winckler; Trætteberg, 2019), among others.

Concerning works similar to our study, we did not �nd any study investigating the use of

ontologies in the HCI domain. Before performing our study, we searched for secondary studies

investigating ontologies in the HCI domain. Since we did not �nd any, we decided to carry out

our study.

The study results contribute to researchers and practitioners interested in HCI and

ontologies by providing information about ontologies that have been used in HCI context and

how they have been used. This information allows one to reuse existing ontologies or be inspired

by the ontology-based solutions to propose new ones. Furthermore, the results reveal how the

ontologies have been developed, pointing out ontology engineering practices that should be

considered when developing HCI ontologies. Aiming to provide advances in the state of the art,

the study results reveal gaps that can be addressed in future research.

Considering the study results, we noticed that HCI ontologies could be organized in

an ontology network in order to favor reuse in ontology development and increase the com-

prehensiveness of ontology-based solutions in the HCI domain. Therefore, we propose the

Human-Computer Interaction Ontology HCI-ON, which is presented in the next chapter.
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4 Human-Computer Interaction Ontology

Network

This chapter presents the Human-Computer Interaction Ontology Network (HCI-ON), the

knowledge framework proposed in this work to support addressing knowledge-related and

semantic interoperability solutions. It refers to the artifact proposed in this work and, thus, is

related to the Design cycle (Figure 1.1). It is also related to the the Rigor cycle because HCI-ON

is a contribution to the knowledge base. HCI-ON was introduced in (Costa et al., 2020). Section

4.1 introduces the chapter. The HCI-ON architecture and how it was designed for assuring the

necessary grounding for the networked ontologies is presented in Section 4.2. HCI-ON current

version is presented in Section 4.3. HCI-ON integration with SEON is presented in Section 4.4.

Section 4.5 presents mechanisms to evolve the network. Additionally, Section 4.6 discusses how

HCI-ON networked ontologies have been built and integrated to the network. Section 4.7, shows

how HCI-ON has been made available in a website. Last, in Section 4.8, we present some �nal

considerations of the chapter.

4.1 Introduction

As we presented in Chapter 3, several HCI ontologies are found in the literature, representing a

variety of HCI sub-domains, such as User Interface, HCI Phenomenon, User Characterization,

HCI and User Interface Design, Context of Use, among others. Their use has enabled technology

in a variety of initiatives such as knowledge management, reasoning, basis of a system, conceptual

description, communication, semantic mapping and annotation.

The secondary study we performed (see Chapter 3) showed us that many HCI ontologies

have been created and used in isolation, even when they share concepts with other existing

ontologies. By reusing and integrating several ontologies, it is possible to obtain a framework

that can be explored to potentialize and increase the set of solutions in the universe of discourse.

Such framework would provide a more comprehensive view of the domain, enabling more robust

and comprehensive solutions. Moreover, reusing existing ontologies contributes to improve the

quality of the resulting ontology and increase the productivity of the ontology development

process (Poveda-Villalón; Suárez-Figueroa; Gómez-Pérez, 2010). However, if there are many

available ontologies, it may be hard to identify which ones are needed to solve a particular

problem and integrate them to produce the necessary ontology. As a result, many times, one

chooses to develop a new ontology from scratch, creating yet another ontology, even when there

are others able to solve the problem of interest.

As HCI is a complex domain, we argue that in order to provide a comprehensive and
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consistent conceptualization for representing HCI body of knowledge, ontologies covering diffe-

rent HCI aspects should be integrated. However, produce a large monolithic HCI ontology is

unfeasible. Suppose that there are HCI ontologies covering all HCI sub-domains. The combi-

nation of all of them would result in an ontology of the complete HCI domain. Unfortunately,

building such ontology would be extremely laborious, not only due to its size, but also due to the

numerous problems related to ontology integration and merging, such as overlapping concepts,

diverse foundational theories and different representation and description levels, among others.

Moreover, HCI sub-domains share concepts, ranging from general (e.g., Interactive Computer

System, User) to more speci�c concepts (e.g., Usability, Quality Characteristic, and User Expe-

rience). This striking feature of the HCI domain must be considered while representing it. For

achieving consistent HCI ontologies, concepts and relations should keep the same meaning in

any related ontology.

Ideally, in wide domains like HCI, ontologies should not be stand-alone artifacts. Thus,

we advocate that ontologies should be organized in an ontology network (ON), where ontologies

are modular and related together through a variety of relationships, forming a network of

interlinked semantic resources (Suárez-Figueroa et al., 2012). This way, knowledge is better

structured and ontologies reuse concepts one from another, keeping consistency in shared

concepts and decreasing overlap problems. By organizing ontologies in an ON, when ontologies

are needed in scenarios spanning different HCI sub-domains, instead of spending effort to

integrate several ontologies, one can just extract the ON portion to be used. Taking these

considerations in mind, we propose the Human-Computer Interaction Ontology Network (HCI-

ON) as a knowledge framework of the HCI domain.

HCI-ON was strongly inspired by SEON (Ruy et al., 2016). In this sense, we reused

some elements of the SEON framework, (such as its architecture, integration mechanisms, and

automatic solution to generate the ontology network speci�cation) and we made some changes

and improvements.

4.2 HCI-ON Architecture

To truly enjoy the bene�ts of keeping the ontologies in a network, we need to take advantage of

the existing resources available in the ON for gradually improving and extending it. It is crucial

to establish a sustainable architecture that supports growing the ON by adding new ontologies to

it or integrating existing ontologies into it.

Ontology development and integration are not simple tasks. In addition, for building an

integrated framework, it is not just putting the pieces together. Contrariwise, it is an incremental

and long-term work. Therefore, the ON shall provide the means for facilitating its growth, i.e.,

mechanisms that deliver the high-level structures and methods for easily accommodating the

new, lower-level, pieces in such a way that preserves the network properties and does not con�ict
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with any existing part (Ruy, 2017). Finally, by organizing HCI ontologies in a network, it is not

our ambition to establish a “complete HCI ontology”, but providing a starting point, and a proper

structure for easing the addition of new ontologies and evolution of the existing ones. Hence,

HCI-ON rises with three main premises (Ruy, 2017): grounding, being based on a well-founded

grounding for supporting ontology development; growth, offering mechanisms to easily building

and incorporating new HCI sub-domain ontologies to the network; and consistency, promoting

integration by keeping a consistent semantics for concepts and relations along the whole network.

HCI-ON adopts a three-layered architecture: in the background, we have a foundatio-

nal ontology (the Uni�ed Foundational Ontology – UFO (Guizzardi, 2005; Guizzardi; Falbo;

Guizzardi, 2008; Guizzardi et al., 2013)) to provide the general ground knowledge for clas-

sifying concepts and relations in the ON; in the center, core ontologies are used to represent the

general domain knowledge, being the basis for the sub-domain networked ontologies; going

to the borders, well-founded and aligned domain-speci�c ontologies appear, describing more

speci�c knowledge. Well-founded domain ontologies are grounded in the foundational ontology

and cover HCI more relevant aspects. Aligned ontologies are existing HCI ontologies that are

connected to the ON as they are. Thus, the last layer of HCI-ON, which regards domain-speci�c

ontologies, is subdivided into two: one with well-founded domain ontologies and another with

aligned domain ontologies.

Therefore, the HCI-ON architecture is organized considering the stated premises and the

three ontology generality levels (foundational, core and domain), as Figure 4.1 shows. HCI-ON

extends SEON architecture (Ruy et al., 2016) by decomposing the domain layer into two: one

devoted to well-founded ontologies and other to accommodate aligned ontologies.

Figure 4.1 – HCI-ON Architecture (adapted from (Ruy et al., 2016)).

4.3 HCI-ON - Current Version

Figure 4.2 shows the current version of HCI-ON, containing the foundational, core and well-

founded domain-speci�c layers. Each circle (network's node) represents an ontology. Dotted

circles represent ontologies that are under development in the context of other research projects
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(i.e., there are concepts and relations de�ned for such ontologies but, at this moment, there

is not a stable version of them). Arrows denote dependency relationship between networked

ontologies. Dependency relationship indicates that concepts from the target ontology are reused

by the source ontology.

Figure 4.2 – HCI-ON current version (without the Aligned Domain Layer).

In a nutshell, the foundational layer offers the ontological distinctions for the core and

domain layers, while the core layer offers the HCI core knowledge for building the domain

networked ontologies. This way of grounding the ontologies in the network is helpful for engine-

ering the networked ontologies, since it provides ontological consistency and makes a number of

modeling decisions easier. It assures the grounding and consistency premises. Moreover, HCI is

a very interrelated domain and, as HCI-ON increases, it has more ontologies with concepts and

relations potentially reusable by the new ontologies. This reuse-based development reinforces

the growth premise.

Regarding the aligned domain-speci�c layer, currently, HCI-ON contains the 35 HCI

ontologies identi�ed in our secondary study (see Chapter 3). These ontologies were connected to

HCI-ON through alignment relationships and, thus, they are kept as they are. Therefore, they are

not grounded in UFO. For better visualization, ontologies at the aligned domain-speci�c layer

are represented in several �gures. Figure 4.3, Figure 4.4, Figure 4.5 and Figure 4.6 complement

Figure 4.2 and present all the networked ontologies of HCI-ON. In the �gures, the id related to

each ontology refer to the ones assigned to the ontologies in Chapter 3. Dotted arrows represent

alignment relationships. Details on the alignment performed are presented in Section 4.6.
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Figure 4.3 –HCI ontologies (#02, #06, #07, #11, #16, #18, #25 and #30) aligned to core and
well-founded domain layers.

Next, we provide further information about each layer of HCI-ON.

4.3.1 Foundational Layer

At the top of HCI-ON, sustaining the network, is the Uni�ed Foundational Ontology (UFO)

(Guizzardi, 2005). Its ontological distinctions are used for classifying HCI-ON concepts, e.g., as

objects, actions, quality, agents, roles, goals and so on. UFO provides the necessary grounding

for the concepts and relations of all networked ontologies. Although UFO is incorporated as an

essential part of the ON, it is not under the HCI-ON control. It was presented as a background

for this research in Section 2.2.1, and is used in diverse situations henceforth.
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Figure 4.4 –HCI ontologies (#01, #03, #04, #05, #08, #09, #10, #12 and #13) aligned to core
and well-founded domain layers.

4.3.2 Core Layer

In the center of HCI-ON, providing the HCI core knowledge for the network, there is the Human-

Computer Interaction Ontology (HCIO). HCIO is a core ontology developed based on a set

of HCI theories and literature. It captures that interactive computer systems have a complex

artifactual nature, being constituted by software artifacts of different nature. Its purpose is to

clarify the main notions and establish an explicit common and shared conceptualization about

the HCI phenomenon. HCIO describes what an interactive system is, which types of actions

users perform when interacting with an interactive system and, �nally, what a human-computer

interaction is. It is at the heart of HCI-ON, since it includes important concepts for talking about

core aspects of HCI (e.g., to talk about HCI design or evaluation, it is necessary to refer to

Interactive Computer System) (Costa et al., 2020). HCIO is presented in detail in Chapter 5.
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Figure 4.5 –HCI ontologies (#14, #15, #17, #19, #20, #21, #22, #23 and #24) aligned to core
and well-founded domain layers.

4.3.3 Domain Layer

Under the foundational and core layers, HCI-ON places the domain ontologies. As we explained

before, this layer containswell-founded domain ontologiesandaligned domain ontologies,

organized in two sub-layers. Well-founded domain ontologies encompass HCI sub-domains (e.g.,

HCI design, HCI evaluation, user interface, user characterization), are grounded in UFO and

reuse concepts from HCIO. They are connected to the network through dependency relationships.

Currently, there are seven well-founded domain ontologies (some of them under development):

HCI Design Ontology (HCIDO) (Costa et al., 2020; Castro, 2021); HCI Evaluation Ontology

(HCIEO) (presented in Chapter 6); UI Types and Elements Ontology (UIT&EO); HCI Modality

Ontology (HCIMO); Context of Use Ontology (CUO); User Characterization Ontology (UCO),

and HCI Quality Characteristics Ontology (HCIQCO). HCIDO and HCIEO address aspects

related to, respectively, HCI design and evaluation, such as the process, produced artifacts and

stakeholders, among others. HCIMO treats, in a general way, HCI styles/paradigms (modalities
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