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Abstract The new ways of interacting with computers, smartphones, and other devices have brought new challenges,
such as the need to ensure that different types of users can easily use the same system. Adaptive User Interface (AUI)
systems have been recognized as a solution to this matter. They change the user interface to better meet the needs of
different users. However, developing such systems is not trivial. It is necessary to capture the users’ characteristics
and preferences and constantly adapt the system accordingly. In this paper, we discuss the use of ontologies to
support the development of AUI systems. We argue that by providing structured knowledge about such systems,
ontologies help understand how they work and offer a basis to structure them, identify the necessary adaptations and
implement mechanisms to make them happen in run-time. We have explored the use of ontologies from an ontology
network (i.e., networked ontologies) to develop a social network about academic subjects that automatically adapts
its interface according to the low vision and colorblind user’s needs and usage characteristics. This exploratory study
showed that using networked ontologies to develop an AUI system is useful and feasible. The ontology was useful
at the conceptual level by serving as a basis to define the system’s structural model and at the operational level by
providing the semantics used in a reasoning engine to adapt the Ul at run-time. The first version of an ontology-based
process to guide the development of AUI systems emerged from this experience and it is also presented in this paper.
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1 Introduction

In the current technological landscape, the development of in-
teractive systems that prioritize human needs and preferences
has become increasingly important. Ensuring that such sys-
tems are designed with a human-centered approach is a critical
issue (Gurcan et al., 2021). The digital and contemporaneous
society has required interactive systems even more intuitive
and suitable for user needs. For that, a proper user interface
(UI) is needed. Efficient Uls promote effective communica-
tion between users and the system. Thus, a well-designed UI
is essential for the success of any interactive system. How-
ever, the increasing number of different electronic devices,
environments, and types of users has been a challenge when
developing interactive systems (Sebek et al., 2015).

A well-known and currently discussed issue in this context
concerns usability problems when different types of users use
the same system (Rathnayake et al., 2019). Users differ in a
wide range of variables, including demographic characteris-
tics, background, education, personality, cognitive skills, and
preferences. Users’ motivation, goals, and moods also vary.

For a UI to facilitate effective communication between the
user and the system, it should consider the different needs of
different users. The difference can take into account charac-
teristics, such as the ones aforementioned, accessibility needs,
and others. Thus, it is important that the UI be able to adapt
to the requirements of different types of users (Sebek et al.,
2015), i.e., we need Adaptive User Interfaces (AUI). The
purpose of an AUI is to enhance the user’s experience with
the UI by adapting various aspects of the Ul based on the
user current goals and needs (Machado et al., 2018). UI adap-

tations can be performed in an adaptive system and usually
require identification and classification of user characteristics
to constantly adapt the system (Firmenich et al., 2019). In
this paper, we adopt the term AUI system referring to such
systems, i.e., a system that adapts its Ul

Developing AUI systems is a complex and knowledge-
intensive activity (Yigitbas et al., 2019). UI adaptations may
occur according to a diversity of user information. Hence,
structuring and organizing knowledge about the user and the
system to promote the proper adaptations in the UI becomes
necessary. In this work, we argue that using ontologies is a
promising approach to aid in this matter. Ontologies capture
and organize knowledge and, thus, can be used to structure
knowledge about the interactive systems and the users’ char-
acteristics, helping understand how such systems work and
serving as a basis to structure them, identify the necessary
adaptations, and implement mechanisms to make them hap-
pen in run-time.

In the literature, some works have explored the use of
ontologies to develop AUI systems (Costa et al., 2021) (e.g.,
(Bonacin et al., 2022), (Braham et al., 2021)), (Fedasyuk and
Lutsyk, 2021), (Stefanidi et al., 2022), (Sala et al., 2021) and
(Khan and Khusro, 2019). However, the ontologies often are
very specific, i.e., they can only be used to solve a particular
problem in the context of the system to which they were
created, and are used mainly at the operational level. This may
work for isolated solutions, but systems have been required
to be more comprehensive and constantly evolve according
to the user needs. Isolated solutions are usually hard to be
extended to incorporate new requirements or reused in the
development of new solutions.
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Therefore, we advocate that ontologies should also be used
at the conceptual level to structure knowledge about the sys-
tem and user characteristics. Thus, it is possible to provide
a general knowledge framework that can be used as a basis
to define UI adaptations and develop AUI systems. We also
argue that, ideally, we should use ontologies from an ontol-
ogy network (ON), i.e., a set of interconnected ontologies that
provide a comprehensive conceptualization of the domain of
interest and have a common global conceptual structure that
helps share their concepts (Sattar et al., 2021). By doing so,
it is possible to constantly evolve the set of possible adapta-
tions by considering different concepts from the networked
ontologies.

We hypothesize that networked ontologies can help de-
velop AUI systems at both conceptual and operational lev-
els. Thus, we performed an exploratory study in which we
explored the use of ontologies from an ON to aid in devel-
oping AUI systems to verify whether and how networked
ontologies support developing an AUI system. Our research
aims at identifying key steps for using networked ontologies
in this context and providing guidance on how to develop
ontology-based AUI systems. In the study, we used an extract
of the Human-Computer Interaction Ontology Network (HCI-
ON)! (Costa et al., 2020, 2022), to develop SNOPI (Social
Network with Ontology-based adaPtive Interface), a social
network about academic subjects that automatically adapts
its UI according to the low vision and colorblind user’s needs.
HCI-ON is an ON that contains several ontologies addressing
HCI subdomains. The ontology (i.e., the ON extract) was
useful at the conceptual level by serving as a basis to define
the system structural model and at the operational level by
providing the semantics used in a reasoning engine to adapt
the UI at run-time. From this experience, the first version of
an ontology-based process to guide the development of AUI
systems emerged.

This paper is aimed to share the main results of our ex-
perience. It extends (Freitas et al., 2022) by improving the
paper background, providing information about the research
approach we have followed, introducing HCI-ON and its on-
tologies relevant to this work, describing further details about
SNOPI and the use of ontologies to develop it, and presenting
the main results of an interview performed with the SNOPI
developer.

The paper is organized as follows. Section 2 provides the
background for the paper and discusses some related work;
Section 3 regards the research approach used in this work;
Section 4 presents HCI-ON and its fragment relevant to this
paper; Section 5 introduces SNOPI and discusses how we
used networked ontologies to develop it; Section 6 presents
the main results of an interview performed with the SNOPI de-
veloper to get his feedback about using an extract of HCI-ON
to develop an AUI system; Section 7 describes the ontology-
based process to develop AUI systems resulting from the
exploratory study; and, finally, Section 9 concludes the pa-
per.

'HCI-ON is available at https: //dev.nemo. inf .ufes . br/hcion/
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2 Background

2.1 Adaptive User Interfaces

Interactive systems are systems designed with a focus on the
user (Farooqui et al., 2021) and, thus they have a Ul Im-
proving user experience and usability is a necessary concern
when developing such systems. Interactive systems can also
be adaptive systems, i.e., systems that have the ability to au-
tomatically adapt to changes in their environment or context
of use (Yigitbas et al., 2020). It is possible to focus the adap-
tation specifically on the UI, resulting in an AUI. Adaptive
systems can adjust their functionalities, resources, and behav-
iors to meet the needs of users or the environment in which
they are being executed (Yigitbas et al., 2020). Thus, a Ul is
adaptive when it automatically adapts itself according to the
user’s characteristics.

Adaptable Ul, which also refers to Ul that undergoes adap-
tations, can be confused with AUI. However, they are distinct
concepts. A Ul is adaptable when the user can explicitly and
deliberately adapt it. For example, users may be able to ad-
just the font size or color scheme of the interface to make
it easier to read. The user explicitly requests the modifica-
tions they want to make, and the system responds by making
the necessary changes. On the other hand, an adaptive Ul
is a user interface that can automatically adjust itself at run-
time to changes in context (Yigitbas et al., 2019). The system
collects information about the user’s preferences, behavior,
and context and uses this information to modify the interface
accordingly. For example, an adaptive interface may automat-
ically adjust the font size based on the user’s visual acuity or
change the layout of the interface based on the user’s device
screen size. In this paper, we focus on adaptive interfaces.

The need for adaptive interfaces arises when interactive
systems become increasingly complex and effective, allowing
different types of users to access them from various comput-
ing devices, such as computers, smartphones, tablets, and
notebooks. At this point, systems are developed to meet the
needs of the majority of its users, in order to improve the us-
ability of the interface. However, due to the heterogeneity (i.e.,
a multitude of end users, computing platforms, input/output
resources, interaction modes, and user work environments,
among others), this mode of development can lead to the
exclusion of certain types of users or user characteristics
can change over time (Hussain et al., 2018). Developing an
adaptive interface is a good strategy to reduce the impact of
problems caused by heterogeneity, as it considers different
characteristics of different users and shapes the interface to
meet them, making the system more accessible and improving
its usability.

Developing an AUI has some challenges, whether in col-
lecting information from the user, measuring user charac-
teristics, or organizing knowledge through the information
collected. Also, there are issues related to the protection and
privacy of the user’s data, the user’s adaptability to a new
interface, and the difficulty in adapting the conceptual model
of the UI to achieve the desired goals (Oppermann, 1994).

Another important challenge when developing an AUI is
designing for the diversity of users and contexts of use, which
implies making alternative design decisions at various levels
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of interaction design. Furthermore, creating an AUI requires
modeling information related to the user and the context of
the interaction, which can be complex and require additional
resources. However, research on AUIs continues to advance
to provide highly usable systems for people with different
needs and characteristics in different usage contexts (Gulla
etal., 2015).

2.2 Ontologies

Gruber (1993) defines ontology as “a formal explicit, specifi-
cation of a shared conceptualization”. The conceptualization
is an abstract and simplified view of the world. In this defini-
tion, “conceptualization” refers to an abstract model of some
phenomenon in the real world that identifies the relevant con-
cepts of this phenomenon; “explicit” means that the types of
concepts used and the constraints imposed on their use are
explicitly defined; “formal” refers to the fact that an ontology
should be interpretable by machines; and “shared” reflects
that ontologies must capture consensual based knowledge
accepted by a community.

In the literature, ontologies have been classified consid-
ering diverse perspectives, such as according to their levels
of generality, formality, applicability, among others. Regard-
ing Generality, ontologies can be classified into foundational,
core, and domain generality levels (Scherp et al., 2011). Foun-
dational ontologies aim at modeling the very basic and gen-
eral concepts and relations that make up the world (including
domain-independent notions, such as objects, events, partici-
pation and parthood) (Guarino, 1998). They are generic across
any area and are highly reusable in different modeling sce-
narios (domain-independent) and represent the highest-level
ontologies. Core ontologies provide a refinement to founda-
tional ontologies by adding detailed concepts and relations
in a specific 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 on-
tologies, are domain-dependent. Finally, domain ontologies
describe knowledge that is specific to 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 foun-
dational 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 on-
tologies can be used as the basis for building core and domain
ontologies, and core ontologies can support the development
of domain ontologies.

Another important distinction concerns the ontology in-
tended application and differentiates ontologies as conceptual
models, called reference ontologies, from ontologies as com-
putational artifacts, called operational ontologies (Guarino
et al., 2009; Guizzardi, 2007). A reference ontology is as
a special kind of information object that aims to make the
best possible description of the domain in reality, regardless
of its computational properties. Operational ontologies, in
turn, are computational artifacts designed with the focus on
guaranteeing desirable computational properties and, thus,
are machine-readable ontologies.
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Ontologies have been used in software development to
aid in several contexts. Ontology-oriented software devel-
opment can use both reference and operational ontologies.
The former is suitable for supporting the description of the
application domain itself and is applied in development time,
a.k.a, ontology-driven development (ODD) (Seedorf et al.,
2006). The latter is appropriate for use as primary artifacts
in run-time and plays a major role in application logic, a.k.a,
ontology-based architecture (OBA) (Seedorf et al., 2006).

For large and complex domains (such as HCI), ontologies
should be organized in an Ontology Network (ON), where on-
tologies are modular and related together through a variety of
relationships (e.g., modularization, alignment, dependency),
sharing concepts and relations with other ontologies and, thus,
forming a network of interlinked semantic resources. A net-
worked ontology is an ontology that belongs to a network
and has relationships with a potentially large number of other
ontologies (Suarez-Figueroa et al., 2012).

Especially for a complex domain, representing its knowl-
edge as a single ontology results in a large and monolithic
ontology that is hard to manipulate, use, and maintain (Suérez-
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 solu-
tion (Suarez-Figueroa et al., 2012). ONs enable to establish
a comprehensive conceptualization that provides a common
understanding of the domain 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 (Costa et al., 2020).

3 Methodological Approach

The work presented in this paper is part of a research project in
which we have followed the Design Science Research (DSR)
paradigm, which concerns extending human and organiza-
tional capabilities by creating new and innovative artifacts
(Hevner, 2007; Hevner et al., 2008). DSR is an iterative pro-
cess involving three cycles (Hevner, 2007): Relevance Cycle,
Design Cycle and Rigor Cycle.

A DSR project begins with the Relevance Cycle, which in-
volves defining the problem to be addressed, the project goal,
the requirements to be met, and the criteria for evaluating the
results. The problem addressed by this work refers to diffi-
culties to develop AUI systems. The problem was identified
in the literature (Norcio and Stanley, 1989; Yen and Acay,
2009; Akiki et al., 2014) - we performed informal and system-
atic literature reviews - and also based on the experience of
the first author when developing such systems. Considering
the identified problem, the perceived gaps and the benefits
reported in the literature of using ontologies to address seman-
tics and support software development, we decided to develop
an ontology-based approach to support AUI systems devel-
opment. The main requirements for the approach are (R1)
it must guide its users on the steps to develop AUI systems,
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and (R2) it must provide a knowledge framework related to
AUI systems. In addition to the requirements to be met by the
approach, as criteria to evaluate it, we defined that it must be
useful and its use must be feasible.

The Design Cycle involves developing and evaluating ar-
tifacts or theories to solve the identified problem (Hevner,
2007). Therefore, in this cycle we aim to develop OADAPT
(Ontology-based Approach to Develop AdaPtive inTerfaces),
which is the main artifact produced in the project. OADAPT
consists of two components: (i) a knowledge framework given
by an ON containing ontologies that address aspects relevant
to adaptive systems and AUI, and (ii) a process describing the
steps to use it to develop AUI systems. The first component
aims at meeting R2, while the second is aimed to satisfy R1.

The approach development includes design activities and
some empirical studies. As suggested in (Barcellos et al.,
2022), the studies have been organized as learning iterations -
i.e., studies performed in iterations that allow the researcher to
learn something about the research, providing useful knowl-
edge to understand the problem, develop the artifact, evaluate
or improve it. Until this moment, we have performed two
learning iterations. The first one refers to a systematic map-
ping of the literature to investigate the use of ontologies to
support AUI systems development. The results helped us
to get a panorama about the state of the art of the research
topic and better understand the problem. The second learning
iteration, which is the focus of this paper, refers to an ex-
ploratory study to experience the use of networked ontologies
to develop AUI systems and resulted in the first version of
OADAPT. In addition to the two learning iterations already
performed, we plan another three. The third learning iteration
(ongoing) consists of a case study in which the first version of
OADAPT (the one presented in this paper) is being used by
a developer (different from the one that developed SNOPI)
to evolve SNOPI. The fourth learning iteration (started) is a
case study in which a different developer will build an AUI
system from scratch. This studies will allow us to evaluate
the use of OADAPT by third parties, identify the approach
strengths and weaknesses and evolve it accordingly. Finally,
the fifth learning iteration will be an experimental study to
evaluate the new version of OADAPT and will involve other
developers. In these three learning iterations, we will eval-
uate OADAPT considering its usefulness and feasibility, as
defined in the Relevance Cycle.

The Rigor Cycle refers to using and generating knowl-
edge during the work. 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 have used relevant liter-
ature related to AUI systems, including standards, theories,
models and others. We have also used foundations about
ontologies and ontology networks, and about primary and
secondary studies. Our main contribution for the knowledge
base is OADAPT itself.

Next, we introduce the knowledge framework of OADAPT,
which consists of networked ontologies of HCI-ON (Costa
et al., 2020, 2022).
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4 The Human-Computer Interaction
Ontology Network (HCI-ON)

The Human-Computer Interaction Ontology Network (HCI-
ON) is a knowledge framework of HCI that provides a general
and solution-independent conceptualization resulting from
an intensive HCI domain analysis (Costa et al., 2020, 2022;
Costa, 2022). Figure 1 presents an overview of its current
version. In the figure, each circle represents an ontology. Dot-
ted circles represent HCI-ON ontologies under development.
Arrows denote dependency relationship between networked
ontologies. Dependency relationship indicates that concepts
from the target ontology are reused by the source ontology.

HCI-ON addresses HCI core aspects and sub-domains,
adopting an architecture that promotes knowledge organiza-
tion. HCI-ON adopts a three-layered architecture by follow-
ing the classification proposed in (Scherp et al., 2011). In the
background, we have a foundational ontology (the Unified
Foundational Ontology — UFO (Guizzardi, 2005; Guizzardi
et al., 2008, 2013)) to provide the general ground knowledge
for classifying concepts and relations in the ON?. In the cen-
ter, core ontologies are used to represent the general domain
knowledge, being the basis for the sub-domain networked on-
tologies. Last, domain-specific ontologies appear, describing
more specific knowledge.

Currently, HCI-ON includes ten ontologies and more than
100 concepts. At the core layer, there is the Human-Computer
Interaction Ontology (HCIO), which addresses what an in-
teractive computer system is, user actions taken in an inter-
action, and how an interaction happens (Costa et al., 2022).
At the domain layer, there are nine ontologies, namely: User
Characterization Ontology (UCQO), which concers aspects re-
lated to user characteristics; Ul Types and Elements Ontology
(UIT&EO), which addresses UI types and its components;
Adaptive Interface Ontology (Al10O), which deals with AUI,
its components and customizations; User Profile Ontology
(UPO), which addresses general aspects of the user profile
and useful information for managing and improving interface
adaptations; Context of Use Ontology (CUQO), which involves
concepts describing the elements that characterize a context
of use, such as physical and social environments wherein
the interaction occurs; HCI Modality Ontology (HCIMO),
which treats HCI styles/paradigms (modalities of interaction);
HCI Quality Characteristics Ontology (HCIQCO), which con-
cerns interactive computer system quality characteristics (e.g.,
usability, communicability); HCI Design Ontology (HCIDO),
which involves concepts related to HCI design and design
components (Costa et al., 2020; Castro, 2021); and HCI Eval-
uation Ontology (HCIEO), which regards concepts related to
HCI evaluation and measurement.

HCI-ON allows the use of the complete framework or ex-
tracts of it. Since the concepts are integrated in a consistent
way, one can just select the fragment that reflects the domain
of interest (Costa et al., 2020; Costa, 2022).

In the context of the work addressed in this paper, we
have used concepts from HCIO (core ontology) (Costa et al.,

2Dicussions about UFO and its use to ground HCI-ON core and domain
ontologies are out of the scope of this paper. Information about that can be
found in (Costa et al., 2020, 2022; Costa, 2022).
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2022) and developed/evolved UCO, UIT&EO, AOI and UPO.
Figure 2 shows a fragment of the HCI-ON extract used to
develop SNOPI (blue circles highlight the concepts directly
used in this paper). In the figure, concepts are represented
with the same colors used in the ontologies shown in Figure
1 (e.g., yellow concepts are HCIO concepts).

Briefly, an Interactive Computer System is a computer sys-
tem that has a User Interface composed of Output Equipment
and Input Equipment. An Adaptive User Interface, in turn,
is a User Interface that adapts itself and, thus, it is part of
an Adaptive Interactive Computer System. User participates
in Human-Computer Interactions to communicate with the
system. User has User Characteristics (e.g., Mary - a user -
has 18 years) that are considered to define the User Profile,
which is composed of several properties (e.g., User Gender,
User Disability, User Age, User Education, User Language,
User Experience Level, among others). Each property can
be specialized into others (e.g., Cognitive Disability, Motor
Disability, Auditory Disability and Vision Disability are dif-
ferent types of User Disability). User Profiles are defined
by Adaptive Interactive Computer Systems. A User Interface
Customization refers to an adaptation to be made in the Adap-
tive User Interface based on a User Profile (the minimum
cardinality of this relation is 0 because a customization can be
based on other factors such as use context — not represented
in Figure 2). A User Interface Customization is performed by
an Interface Component Program (which is a program that
composes the Adaptive Interactive Computer System) and
changes the Adaptive User Interface.

5 Using Networked Ontologies to De-
velop an AUI System

We performed an exploratory study with the purpose of veri-
fying whether the use of an ontology extracted from an ON
would support (and how) the development of an AUI system.
Since the beginning of the COVID pandemic, many scientific
conferences have been held online, making it possible for
many people to participate. Information is usually spread in
many channels and people can miss it. Thus, we decided to de-
velop a social network devoted to information about scientific
events (dates, call for papers, links, publications, etc.). The
system, called SNOPI (Social Network with Ontology-based
adaPtive Interface), should present the basic features of a
social network (e.g., feed, add comments, upvote, downvote)
and cover specificities of the application domain. We defined
some Personas (Salminen et al., 2020) to identify the main
user profiles and needs. In this context, we included Personas
with some special needs related to low vision and colorblind.

Once we identified the system requirements, users and their
characteristics, we selected an extract of HCI-ON covering
aspects related to interactive system, Ul, user characteristics,
user profile and adaptations (a fragment is shown in Figure
2).

SNOPI? development followed ODD and OBA approaches.
The ontology was used as a reference conceptual model at
development time to structure the system and its relational

3SNOPI is available at https://dev.nemo. inf .ufes.br/snopi/
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database. The reference ontology also served as a knowledge
body that helped better understand AUI systems and related
concepts. Moreover, it was transcribed into a language that
allows machine-reading, resulting in an operational ontol-
ogy (ontoSNOPI)* used at run-time to support UI adaptation
through reasoning.

ontoSNOPI was implemented using OWL (Ontology Web
Language)’. In addition to the ontology concepts and rela-
tionships, ontoSNOPI implements the adaptation rules by
means of axioms, on how to adapt the Ul according to the
user’s profile (e.g., considering degrees of color blindness
and low vision). The axioms were defined considering the
recommendations of the W3C® Accessibility Standard and
the Web Content Accessibility Guidelines (WCAG)’.

Shortly, we used the reference ontology to identify the
different properties related to Vision Disabilities to be con-
sidered in the system (i.e., Blindness and five types of Low

4ontoSNOPI is available at https://dev.nemo.inf.ufes.br/
hcion/ontoSNOPI.owl

Shttps://www.u3.org/TR/owl-guide/

Shttps://www.w3.org/standards/webdesign/accessibility

"https://www.u3.org/TR/WCAG/

Vision, namely: Field of Vision, Light Sensitivity, Visual Acu-
ity (clarity), Color Vision, Contrast Sensitivity) and the afore-
mentioned standards to help identify the adequate adaptations.
For example, for Visual Acuity (clarity) user needs, there is a
recommendation related to Perception that makes changes in
text size, font, style, capitalization, and all interface elements.
For Contrast Sensitivity user needs, there is a recommen-
dation related to Brightness and Color that allows users to
set background and text colors from a full-color spectrum.
After defining the adaptation rules (i.e., User Interface Cus-
tomizations), by following the ontology conceptualization,
we created Interface Component Programs that implement
such rules and materialize the adaptation in the UL

Figure 3 presents an overview of SNOPI. The Ul layer
contains the components (e.g., screens, controllers) that com-
municate user and system. The application layer regards the
system functionalities, while the data layer concerns data
structure and storage. Finally, the semantic layer concerns
a reasoning engine that uses the operational ontology and
adaptation rules to change the interface according to the user
characteristics.


https://dev.nemo.inf.ufes.br/hcion/ontoSNOPI.owl
https://dev.nemo.inf.ufes.br/hcion/ontoSNOPI.owl
https://www.w3.org/TR/owl-guide/
https://www.w3.org/standards/webdesign/accessibility
https://www.w3.org/TR/WCAG/
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Figure 3. SNOPI overview.

When accessing the system, the user is asked to answer a
questionnaire (a partial view is illustrated in Figure 4). The
questionnaire was designed around common parameters noted
in the W3C Recommendations on Web Accessibility Initia-
tive®. The purpose is to capture some user characteristics to
support Ul adaptation. User data is stored in the database.
At run-time, this data is instantiated in the ontoSNOPI and
inferences (reasoning) using the axioms are performed from
these instances to identify the adaptations suitable for the user
profile. The Ul adaptations are recorded in the database and
the system adapts the Ul accordingly. This procedure is per-
formed in the first time the user accesses the system because
it does not know the user yet. In the next accesses, the system
checks the captured user information and adapts the UI. At
any time, the user can update personal characteristics in the
system. Moreover, they can also make new changes in the Ul
by themselves (the Ul is adaptive and adaptable).

‘ Searchhere.

Search

)

Gserol

#4C1 s the main event of the Braziian Compu
#55C ) inthe area of Human-Computer Intera

Figure 4. Fragment of the User Characterization questionnaire.

Figure 5 illustrates the adaptation of the Ul to the dark mode
(low light emission) and increased font size. This adaptation
is suitable for colorblind or light-sensitive user and users
with impaired vision. SNOPI performs other UI adaptations,
such as to the high contrast mode, which increases contrast,
decreases visual interference, and increases the focus on the
components, being suitable for contrast sensitive users.

In the following sections, we provide further information
about the use of an HCI-ON fragment to develop SNOPI.
Section 5.1 concerns the use of the ontology at run-time to
identify and apply the UI adaptations. Section 5.2, in turn,
discusses the use of the ontology at development time and
presents information about SNOPI development.

8https://www.w3.org/ WAT/
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Figure S. Feed Ul adapted for dark mode and large font size.
5.1 Behind SNOPI Ul Adaptations

As explained before, adaptations in the SNOPI UI occur in
run-time (OBA approach), using ontoSNOPI, the operational
version of the used HCI-ON fragment. To develop ontoSNOPI
we used Protégé®, an open-source tool for ontology handling,
developed and maintained by Stanford University (Musen,
2015).

Each concept from the reference ontology was represented
in the operational ontology. Figure 6 illustrates ontoSNOPI
class hierarchy defined in Protégé. In some cases, names
were changed for simplification or implementation reasons.
In this section, we use bold italics to refer to concepts from the
operational ontology (Figure 6) and ifalics to refer to concepts
from the reference ontology (Figure 2).

At first, we created two classes, Customization and
User_Profile, as subclasses of the native class owl:Thing,
referring respectively to User Interface Customization and
User Profile concepts. User_Profile specializes classes re-
ferring to the concepts that inherit from User Profile in the
reference ontology, dealing, thus, with user characteristics,
difficulties, and general information. Customization, in turn,
encapsulates the UI adaptation rules. For example, Font In-
crease refers to the rule that is applied if the user profile has a
disability in some field of vision (Field Of Vision) or visual
acuity (Visual_Acuity) or has age (User_Age) greater than
or equal to 40. The rules are implemented as axioms in the
operational ontology and are generated based on user profile
information and ontology concepts. In SNOPI, the rules are
‘fixed’ in the sense that they are predefined considering a set
of user characteristics and possible adaptations, and they do
not change during the system execution. Different rules will
be applied to different user characteristics. New rules can be
created by the developer considering other ontology concepts,
user characteristics, or Ul adaptation guidelines.

Using the defined classes, it was possible to capture and
handle the necessary information to adapt the UI. For ex-
ample, the User_Disability class captures whether the user
has any disabilities. After creating the operational ontology,
we exported the OWL file, which is used at run-time by the
SNOPI back-end. To enable reasoning, we created an algo-
rithm that loads the OWL file in the SNOPI back-end (the
reasoning is performed on the server).

After the operational ontology is created, it can receive
information from the users and perform inferences to identify

‘https://protege.stanford.edu/
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Figure 6. ontoSNOPI class hierarchy.

the UI adaptations to be applied. Information provided by the
user (characteristics, preferences) is loaded (instantiated) in
the ontology. For example, John (User_Profile) is a user who
has little experience (Basic_Experience) with technology and
has color blindness (Color_Vision). When a new user logs
into the system, or when an existing user changes its data on
the profile settings page, the system captures this information
and stores it in the back-end, thus creating an individual on
ontoSNOPI to represent the user.

After the creation of the individual in an instance of on-
toSNOPI, HermiT Reasoner (Glimm et al., 2014)' is called
by the algorithm to perform inferences and identify the
changes to be made according to the user profile. The data
related to the adaptations applied are persisted in the system
to adapt the user interface every time the user uses the system.

HermiT Reasoner is a widely used OWL 2 reasoner that
can be used for performing reasoning tasks on ontologies.
Thus, HermiT Reasoner can be used not only for ontology
development but also for validating the rules of an operational
ontology. For example, after creating an individual in an
instance of ontoSNOPI, HermiT Reasoner can be used to
validate the rules and ensure that they are consistent with the
user’s profile. Figure 7 shows an example of the user “01”
characteristics, that has 62 years old and is sensitive to light.

Onttp://www.hermit-reasoner.com/
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Property assertions: 01 (I = [m] (]

Object property assertions

Il has_Disabilities Light_Sensitivy

Data property assertions

Bl has_Age 62

Figure 7. User “01” Properties.

Based on this information, HermiT Reasoner is used to
perform run-time inference using the rules defined in the
operational ontology and identify the most appropriate Ul
adaptations. For example, Figure 8 shows the most appro-
priate Ul adaptations indicated for user “01” after inference.
Dark_Mode indicates a Ul adaptation due to the user’s sensi-
tivity to light while Font_Increase indicates a UI adaptation
in which the font of characters is increased to improve read-
ability because of the age of the user. To validate the rules,
we ran tests considering different user characteristics. The ob-
tained results were consistent with the accessibility guidelines
considered.

Description: 01 (2] (] =[] []

Types
Dark_Mode

Font_Increase

Figure 8. Inference About the User “01”.

5.2 SNOPI Development

In this section, we present information about SNOPI concep-
tual modeling, architecture and user interface.

5.2.1 Conceptual Modeling

The class diagram represents the initial model of the system,
as it defines entities, attributes, and relationships (Gorman
and Choobineh, 1990). The ontology (i.e., HCI-ON extract)
was used in development time (ODD approach) as a source of
knowledge and a basis for SNOPI class diagram. For building
the class diagram, we considered the ontology conceptualiza-
tion and represented it in a way closer to the system. Moreover,
we added elements to address the main actions performed in a
social network (creating posts, liking posts, and commenting
on posts). Figure 9 depicts a fragment of SNOPI class dia-
gram. In the diagram, we highlight the classes defined based
on the ontology (by using the same colors used in Figure 2)
and indicate the ontology concepts by using red font. In this
section, underlined words refer to concepts from the class
diagram (Figure 9) and words in italics refer to concepts from
the reference ontology (Figure 2).

Profile class is based on the User Profile concept of the
ontology. It stores information about the user characteristics,
which are recorded in the User class. The Profile class is re-
lated to: Gender (user’s gender), StatusProfile (new: user who
has just registered to the system; current: user who uses the
system regularly and is familiar with it; legacy: user who has
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not used the system for a long time), ExperienceLevel (user’s
experience with technologies), Language (user’s language),
and Education (user’s level of education). The Preference
class stores user preferences regarding the system interface
and defines how the interface should be for this user. The
Preference class was defined based on the User Interface
Customization concept and refers to the customizations (i.e.,
adaptations) that must be made in the system interface for
a given user, considering the inferences made using the op-
erational ontology. It is related to: DarkMode (enables or
disables dark mode), ExperienceLevelMode (user’s level of
experience with technology) and FontMode (to increase or
decrease font size). The Sharing class is intended to store
important information about Post sharing. Finally, the Post
class stores the messages posted on the social network and the
relationships between different messages, which materializes
the interactions between users of the system. Post is related
to PostType, which indicates if it is a video, a PDF file or
others.

5.2.2 System Architecture

SNOPI was developed following the client-server paradigm
and, thus, it was divided into two subsystems: one performed
on the Client side and the other on the Server side.

Figure 10 illustrated SNOPI architecture. The back-end,
(Server side) was developed using the Framework Spring,
which is based on the Spring Boot standard. It contains the
Controller, Service, and Model layers plus the operational
ontology ontoSNOPI. The Controller layer is responsible for
dealing with the Requests made by the Server side, authoriz-
ing and applying a preview of the business logic to validate
the Requests. The Web Server is responsible for processing
the HTTP requests received by the clients and returning the
corresponding responses. The Service layer executes the on-
toSNOPI OWL file to the Back-End, identifying the appro-
priate interface adaptations for each user. The Model layer
deals with data persistence in the Database.

The Front-End (Client side), was developed using the
Angular Framework, based on the MVVM!! (Model-View-
ViewModel) standard. It comprises the user interface layer
(Template, Style, and Script), whose function is to deal with
the components responsible for content display and is directly
related to the View Model of the MVVM standard (Microsoft,
2021).

5.2.3 Adaptive User Interface Development

We started the AUI development by prototyping some screens
using Figma'? to better understand the application domain
(social network) and, thus, explore possible adaptations. First,
we developed the sketch!® of the application. Then, we cre-
ated mock-ups'# to define the application design before im-

https://learn.microsoft.com/en-us/xamarin/
xamarin-forms/enterprise-application-patterns/mvvm

Phttps://www. figma. com/

13Sketch is popular among software UI/UX designers “to create either
wireframes or pixel-perfect static images of GUIs that comprise mock-up
artifacts” (Moran et al., 2020).

14A mock-up is a closer representation of the software to be developed
(Acuiia et al., 2012).
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plementation. Figure 11 shows a mock-up produced during
prototyping. All colors used in the Ul were tested and ap-
proved by the online accessibility tool Adobe Color'?, so the
system, since its initial stage, used appropriate colors for peo-
ple with some degree of color blindness. After creating the
mock-ups, we used Angular to develop the UI.

6 Developer’s Perception of Using On-
tologies

Aiming to get feedback about the use of an HCI-ON extract
to develop an AUI system, we carried out an interview with
the SNOPI developer. We must clarify that, although all the
authors have participated in SNOPI conception, its develop-
ment was performed by only one developer. Next, we explain
the study and summarize its main results obtained from the
participant’s answers and comments.

6.1 Study Planning

The interview goal was to investigate, from the developer’s
point of view, whether the use of networked ontologies (par-
ticularly an extract of HCI-ON) helps the development of an
AUI system. Aligned with this goal, we defined two main
questions: (Q1) How does the use of networked ontologies
help in the development of an AUI system? and (Q2) What
are the benefits and difficulties of using networked ontologies
in the development of an AUI system?.

The instruments used in the study consisted of: (i) a con-
sent form to participate in the study, which aims to safeguard
the participant’s rights regarding the study and its results; (ii)
a form to characterize the participant’s profile, and (iii) an
interview questionnaire used by the interviewers to guide the
interview. The used instruments are available in (Freitas et al.,
2023).

The procedure adopted in the study consisted of a face-
to-face approach and semi-structured interview. In the face-
to-face approach an interviewer asks the questions in the
presence of the respondent (Robson and McCartan, 2016). In
the semi-structured interview, the interviewer has an interview
guide that serves as a checklist of topics to be covered and the
order of the questions. Based on the flow of the interview, the
order can be substantially modified and additional unplanned
questions can be asked to follow up on what the interviewee
says (Robson and McCartan, 2016).

In the interview questionnaire, Q1 and Q2 were detailed in
more specific questions. They are listed below. For simplifica-
tion, in the questions we adopted the term ontology referring
to the HCI-ON extract (i.e., the networked ontologies) used
to develop SNOPI.

* Ql.1. In which stages of SNOPI development (e.g., anal-
ysis, design, implementation) was the ontology useful?
Why?

* Q1.2. In which stages the ontology was not helpful?
Why?

Bhttps://color.adobe.com/pt/create/
color-accessibility
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Figure 10. SNOPI architecture.

* Q1.3. Do you consider that the ontology extract helped
you to have a better understanding of the domain?

* Q2.1. What benefits have you noticed when using the
ontology in SNOPI development?

* Q2.2 What difficulties have you faced when using the
ontology in SNOPI development?

* 2.3. Was this the first time you developed an ontology-
based system? Briefly describe your experience.

* Q2.4. Would you use ontologies again to develop another
system? Why?

* Q2.5. How was the SNOPI development process (e.g.,
you perform it based on your tacit knowledge and ex-
perience, you defined a process beforehand or did you
follow an existing one, etc.)?

6.2 Study Execution and Results

The participant in this study was the SNOPI developer, who
has an undergraduate degree in Computer Science and de-
clared to have high theoretical and practical knowledge of
systems development, medium theoretical knowledge of

Figure 11. SNOPI Login Screen Mock-up.

ontology-based system development, medium theoretical
knowledge of ontologies, and low practical experience with
ontologies.

The interview was carried out by two interviewers (first and
second authors). During the interview, the interviewers fol-
lowed the questionnaire. With the consent of the interviewee,
the interview was recorded.

Following the planned procedure, the interview was con-
ducted face-to-face. After presenting the purpose of the in-
terview, the interviewers started the interview following the
order of the questions in the questionnaire. During the inter-
view, the interviewers rephrased some questions, asked new
ones, presented examples and clarifications to improve the
interviewee’s understanding and collect feedback. The inter-
view lasted approximately one hour. Next, we summarize the
main answers given by the participant.

When asked about which steps of SNOPI development
the ontology was most useful, the participant reported that
it was in the Requirements Specification and Analysis and
Design steps (Q1.1). According to him, the ontology did not
help choose the technologies to be used (Q1.2). He stated that
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the ontology helped him understand the interactive system
and AUI domains but did not help him have a better under-
standing of the application domain because the application
was about social networks and the ontology addresses AUI
systems aspects (Q1.3). Regarding the benefits of using the
ontology in SNOPI development, he reported that ontology
concepts related to adaptive interfaces were primarily used for
system modeling, class diagram development, and database
modeling (Q2.1). Regarding the difficulties, he said that the
greatest challenge was building the operational ontology and
figuring out its logical operation (reasoning) (Q2.2). Because
of that, he said that a tool to transform reference ontologies
(i.e., conceptual models) into operational ontologies would be
very useful, as well as guidelines to help operational ontology
development. He informed that SNOPI development was the
first time he used an ontology to develop a system (Q2.3)
and that he would use ontologies again (Q2.4). Regarding
the SNOPI development process, he said that he used his
knowledge and followed the classic stages of the software de-
velopment process (Q2.5). He pointed out that a process with
well-defined steps and guidelines would be helpful because
he had doubts about how to perform some steps and make the
most of the use of the ontology.

6.3 Discussion

In this section, we briefly discuss the results considering the
main questions of the study (Q1 and Q2).

Concerning Q1, the results indicate that the use of the
ontology was most useful in Requirements Specification &
Analysis and Design stages. The reference ontology supported
understanding the interactive system and AUI domain, which
helped define how the system should work. In addition, it
aided in identifying user properties that could be considered
by the system to define different profiles and served as a
basis for the system structural model (the ontology model
was used to create the class diagram and define the database
structure). Moreover, the operational ontology helped capture
user characteristics and change the UI at run-time.

Regarding Q2, according to the developer’s feedback, on-
tology concepts helped him with system modeling, class dia-
gram development, and database modeling. Another advan-
tage addressed by the author of using networked ontologies is
that one does not need to look for a particular ontology able
to address the application problem or develop a new one with
that purpose. They can just look at the ON and identify the
extract that fits their need. Concerning difficulties, despite
the ontology usage both at development time (ODD) and at
run-time (OBA), the developer pointed out that in ODD, he
had difficulty transforming the reference ontology into the op-
erational ontology and suggested the creation of guidelines to
support this task. Furthermore, the developer felt lost in which
software development stages he would use the ontology. De-
spite following the classic software development process, he
believes it is not sufficient when software development is
ontology based.

In conclusion, the results of the interview indicated that
the use of networked ontologies is useful and feasible. How-
ever, there are still some challenges to overcome, particularly
related to the lack of knowledge and guidelines on the steps
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to be followed and how to perform them. Considering that,
based on the SNOPI development experience, we structured
the acquired knowledge and lessons learned (i.e., tacit knowl-
edge) and defined a process (i.c., explicit knowledge) that
contains the steps to use ontologies from an ON to develop
an AUI system. The process is presented in Section 7.

6.4 Limitations

Any study has limitations that must be considered together
with the results.The main limitation regards the participation
of the authors in SNOPI development. The SNOPI devel-
oper carried out SNOPI development under the supervision
of some of the authors, which may have influenced his per-
ception of using HCI-ON and his answers in the interview.
To minimize the influence of the relationship between the
interviewee and interviewers during the interview, the inter-
viewer followed some recommended procedures: he listened
more than spoke; posed questions in a straightforward, clear,
and non-threatening way; and tried to get the interviewee to
talk freely and openly. Even so, it is not possible to eliminate
biases.

Some limitations related to the interview in general also
apply to this study. First, the interview is time-consuming.
This can tire the interviewee, influencing their answers. The
interview was very straightforward and lasted about one hour.
It was recorded, so the interviewers did not have to waste time
writing down the responses. Second, the participant may have
misunderstood some questions. To avoid this, the interviewer
exemplified some questions and/or reformulated the questions
to facilitate understanding. Last, some questions can lead
to confirmation bias. In such cases, the interviewer asked
the participant to justify his answers. We also highlight the
limitation of the interview has been conducted by only one
interviewer. Besides the individual bias, the absence of other
people to help raise new questions or comments limits the
possibility of getting new information that was not considered
in the interview planning.

We must also clarify that the SNOPI developer is one of
this paper’s authors, which is also a threat. However, he joined
the research project exclusively to develop SNOPI (i.e., he
did not participate in the project before that and he left the
project just after concluding SNOPI development), which
minimizes the threat, although not eliminate it. It is also im-
portant to consider that the HCI-ON extract used in the study
was developed by some of the paper authors. Thus, they have
knowledge of the ontologies, which helped clarify doubts
during SNOPI developing. This may have influenced the de-
veloper’s perception of using networked ontologies. Thus,
other developers may have perceptions different from his.

The fact that we have got feedback from only one developer,
who is a beginner in ontology-oriented software development,
is also an important limitation. Relying on feedback from a
single developer does not provide a complete picture of the
proposal’s effectiveness.

Therefore, considering the study limitations, the results
are not conclusive, cannot be generalized, and should be con-
sidered as preliminary evidence that the use of networked
ontology helps develop AUI systems is useful and feasible.
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7 An Ontology-based Process to De-
velop AUI Systems

In this work, we argue that using an ON makes it easier to
apply ontologies to develop AUI systems because an ON
provides a comprehensive and consistent conceptualization
and, thus, the ontology can be extracted from the ON instead
of being developed from scratch. As a result, the effort to
produce the used ontology decreases. Moreover, the quality
of the used ontology increases because ontologies integrated
into the ON are properly verified and validated (Ruy et al.,
2016). Thus, the ON is a key pillar in our approach.

In the last years, we have worked on HCI-ON (Costa et al.,
2020, 2022), an ON that addresses several HCI subdomains.
In this context, recently, we have dedicated efforts to de-
velop ontologies devoted to adaptive interactive computer
systems and AUI (a fragment was shown in Figure 2). The
ON serves as a knowledge framework that can be used to
solve knowledge-related and interoperability problems (Costa
et al., 2020, 2022). In this work, the knowledge-related prob-
lem refers to understanding interactive computer systems
and AUI subdomains and applying the conceptualization to
develop AUI systems. Besides providing knowledge about
these subdomains, it is also needed to provide guidelines on
how to use the ON to develop AUI systems. Thus, our ap-
proach, which we call OADAPT (Ontology-based Approach
to Develop AdaPtive inTerfaces), consists of a knowledge
framework (i.e., an ON containing ontologies that address
relevant aspects to adaptive systems and AUI) and a process
describing the steps to use it to develop AUI systems. The pro-
cess emerged from the SNOPI development experience and
considers the use of ontologies at development time (ODD)
and run-time (OBA). Since it is a software development pro-
cess, it includes some classic software development phases
(steps (i), (i), (iv), (v), and (viii)). In addition to them, the
OADAPT process includes three steps (steps (iii), (vi), and
(vii)) that were defined based on the experience gained during
the SNOPI development study. These additional steps were
designed to address the specific challenges of developing soft-
ware systems with adaptive user interfaces using ontologies.
By including these steps in the OADAPT process, we aim
at developing AUI based on a solid foundation of ontologi-
cal knowledge. The proposed process is the first version of
the process component of OADAPT (Ontology-based Ap-
proach to Develop AdaPtive inTerfaces). Figure 12 shows an
overview of the eight-step process to use an ON to develop
AUI systems. Next, we briefly describe each step.

(i) Identify System Scope and Users: This step consists in
delimiting the system scope, identifying high-level require-
ments, the system users and its characteristics. It focuses on
understanding the system purpose and boundaries, the prob-
lem to be addressed and the expected different types of users.
Knowing the user’s characteristics will help define the adapta-
tions needed in the AUI in next steps. The main user’s needs
should also be identified to establish an initial set of func-
tionalities based on high-level requirements. The adoption
of techniques such as Empathy Map (Gray et al., 2010) and
Personas (Salminen et al., 2020) is helpful to identify the
users, their needs and characteristics. Empathy maps help
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understand user behavior by visualizing their thoughts, feel-
ings, and actions (Vasilieva, 2018). Personas, in turn, aid in
creating fictional characters that represent different user types
(Pruitt and Grudin, 2003). They are created to gain a better
understanding of the needs, desires, and goals of a specific
group of users; this information is then used to make decisions
about the features of a system, service, or product (Salminen
et al., 2020). By using these techniques, developers can obtain
a deeper understanding of the user’s needs and characteristics
and create a system that meets them.

(ii) Elicity System Requirements: In this step, the results of
the previous one are refined by defining the system functional
and non-functional requirements (Sommerville, 2020). Func-
tional requirements describe the functions the system should
contain. Non-functional requirements, in turn, represent con-
straints that the system should address. In this sense, non-
functional requirements are particularly important to indicate
Ul adaptation needs. For example, if the system users need Ul
accessibility options, non-functional requirements specifying
such needs should be defined to be further addressed in the UI.
Low-fidelity prototypes can be useful to capture information
about functionalities and non-functional requirements. They
provide a basic representation of the system’s design, making
it easier for users to give feedback about the system’s scope
and express their needs. Moreover, they allow developers
to identify potential issues and make necessary adjustments
before moving forward with the development process. By
refining the system’s requirements, developers can ensure
that the system will meet the user’s needs and expectations.

(iii) Select Ontology: In this step, considering the system
scope, requirements, and user characteristics, the ON frag-
ment (i.e., the reference ontology) to be used must be selected.
The ontology provides a shared vocabulary and a set of rules
that will be used to define and communicate the meaning of
terms and concepts. Moreover, it will serve as a basis for con-
ceptual modeling and reasoning. If necessary, new concepts
can be added to the selected fragment. Once the reference on-
tology has been selected or extended, it can be used to refine
the results produced in steps (i) and (ii). For example, the on-
tology can reveal new user’s characteristics to be considered
and can help refine non-functional requirements.

(iv) Perform System Analysis: Comprises developing the
system structural and behavioral models. The structural model
represents the system’s static structure, while the behavioral
model represents the system’s dynamic behavior. Together,
these models provide a comprehensive view of the system
and its components. The reference ontology is used as a basis
for the structural model (e.g., class diagram). If necessary, the
model can be adjusted to be more suitable for the system (e.g.,
some concepts can be turned into attributes of other concepts
and new concepts related to the application domain and not
covered by the ontology can be added). Guidelines on how
to turn ontological models into information models (more
adequate to structure systems) can be found in (Carraretto
and Almeida, 2012).

(v) Define System Architecture: Consists in defining the
system architecture, its components (e.g., domain component,
UI component), and related technologies (Bass et al., 2003).
When adopting Ontology-Based Approach (OBA), the ar-
chitecture must include components that portray the use of




Using Networked Ontologies to Support the Development of Software Systems with Adaptive User Interface

Identify System Scope
and Users

Elicit System
Requirements

Select Reference

Ontology System Analysis

Freitas et al. 2023

Define System

Architecture Define Ul Adaptations

Develop the system structural
and behavioral models. The
Reference Ontology is used to
define the structural model and
can also provide knowledge to
build behavioral models.

Delimit the system scope, Identify functional and non-
identify high-level funcional requirements (low

requirements, and identify the fidelity prototypes may be

system users and their main helpful).
characteristics.

Select the ON extract to be
used. New concepts can be
added if needed.

Structural and
behavioral
Ontology. models

System scope Reference
and users requirements.

Select the technologies to be
used to develop the system.
Define architecture, its
components (e.g., domain
component, Ul component)
and the role of the ontology in
the architecture.

Considering the Reference
Ontology, the system
architecture (mainly the Ul
component), and the users
characteristics, define the Ul
‘adaptations to be carried out.

o » ‘ » ‘
rules.

System
architecture ang
technologies

Figure 12. Overview of the ontology-based process to develop AUI systems.

operational ontology. The role of the operational ontology
must be clearly defined in the architecture. For example, it
can be used in a semantic reasoning engine to enable the sys-
tem to make inferences based on the knowledge contained
in the ontology. The operational ontology can also be used
to support other aspects of the system, such as data integra-
tion or knowledge management. When selecting technologies
for the system, it is important to consider the language and
technologies used to implement the operational ontology. For
example, OWL is a popular language for handling ontologies,
and it has several compatible technologies for implementing
operational ontologies, such as Apache Jena'® and Protégé.

(vi) Define Ul Adaptations: In this step, the UI adaptation
rules are defined. Considering the reference ontology, the sys-
tem architectures (mainly the UI component), and the user’s
characteristics, the UI adaptations to be carried out must be
defined. For example, it can be defined that if the user is
brightness sensitive, the screen must be turned into the high
contrast mode. It is recommended that the rules be stipulated
very clearly (e.g., step by step) and structured as an algorithm
in natural language (this will be helpful in the implementation
step). It is important to note that at this stage, there may be
no concern with the computer language that will implement
the rules. The focus here is on defining the rules themselves,
rather than worrying about how they will be implemented.
Depending on the complexity of the UI adaptations, it may
be necessary to define several rules. The reference ontology
supports the mapping of user’s characteristics to specific UL
elements or adaptation needs. This helps define the adaptation
rules. Moreover, existing standards, guidelines, and patterns
can be considered to help define adequate adaptations (e.g.,
the W3C Accessibility Standard and the Web Content Acces-
sibility Guidelines can be used to aid in defining accessibility
adaptations).

(vii) Develop Operational Ontology: Consists in produc-
ing the operational ontology that will be used at run-time.
If there is an operational version of the reference ontology
available in the ON, it should be selected. If there is not, the
reference ontology must be translated into a machine-readable
one. Inference (reasoning) should be carried out to verify the
operational ontology consistency. An advantage of using HCI-
ON is that it provides the reference ontologies and also their
operational versions in OWL. The adaptation rules defined
in step (iv) (Define Ul Adaptations) must be incorporated as
axioms into the operational ontology. During run-time, the
semantic reasoning engine defined in the system architecture
uses the axioms to make inferences on user data and iden-
tify the most suitable Ul adaptation for a particular user. It is

1https://jena.apache.org/

recommended to create some test cases and instantiate them
in the operational ontology to verify whether the adaptation
rules (axioms) are consistent. For this verification, after the
operational ontology population, it is necessary to perform
reasoning. This can be done by using tools such as Protégé.
The operational ontology (e.g., the OWL file) resulting from
this step will be used in the system implementation (next
step).

(viii) Implement and Test the System: In this step, the sys-
tem is implemented by following the system architecture and
using the operational ontology to implement Ul adaptations
at run-time. The operational ontology is used by the semantic
reasoning engine to identify the most suitable Ul adaptation
for a particular user based on their characteristics. Unitary,
integration, and system tests must be carried out to ensure
that the system properly meets the established functional and
non-functional requirements. Unitary tests are carried out to
test individual components of the system, while integration
tests aim to test the interaction between different components.
In system testing, the system is tested as a whole and may
include different types of tests, such as performance testing,
security testing, and compatibility testing (Herzig et al., 2015).
Usability tests are necessary to evaluate the AUI. They can
provide feedback on the effectiveness of the UI adaptations
and their impact on the user experience.

It is worth pointing out that although the process is rep-
resented as a sequence of steps (for simplification reasons),
there is an interaction between stages (e.g., it is possible to
go back to steps (i) or (ii) after step (iii) to refine user’s char-
acteristics and requirements based on the reference ontology).
This flexibility allows for the process to be adapted to the
project’s specific needs and can help ensure that the resulting
system is effective and meets user’s needs. Moreover, the
process can be performed iteratively.

8 Related Work

In the literature, there are some works that propose the use of
ontologies in the development of AUI systems (Costa et al.,
2021). In this section, we summarize six of them and highlight
how our work differs from their proposals.

Bonacin et al. (2022) use a recoloring ontology to develop
a functional web prototype that changes the colors of UI el-
ements automatically for colorblind users. The ontology is
used to represent key aspects of the color adaptation process,
as well as logical rules based on empirical data regarding pref-
erences and access contexts. Braham et al. (2021), in turn, use
ontologies and Ul design patterns to develop a mobile appli-
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cation that supports run-time adaptation of the UI for people
with disabilities. The ontology is used to select appropriate
design patterns for adapting the Ul in different contexts. In the
work by Stefanidi et al. (2022), ontologies are used to support
the development of an AUI system aimed to improve users’
situational awareness. The authors use ontologies to represent
domain knowledge and combinatorial optimization to decide
which information to present in the AUI. Khan and Khusro
(2019) propose an AUI system for visually impaired users on
touchscreen devices. An ontology is used to model and store
concepts and relationships to Ul adaptation. Sala et al. (2021)
developed an automated adaptation system to enhance the
accessibility of public e-services on the web. Ontologies are
utilized to annotate relationships between e-services process
components, user characteristics, and adaptation techniques,
with the aim of generating AUIs. Fedasyuk and Lutsyk (2021)
propose an adaptive system to help people with cognitive dis-
abilities. An ontology is used to adapt the functionalities and
graphical Ul to individual user needs. All these works focused
on the use of operational ontologies and did not follow a sys-
tematic process, which makes it difficult for other people to
repeat the process to develop other systems.

Like in the works aforementioned, in our work, we pro-
pose to use ontologies to help develop AUI systems (specifi-
cally their software constituent). However, our proposal has
some important differences. First, we argue for the use of
well-founded reference ontologies, which are application-
independent and, thus, can be used to develop different AUIs
and different systems. Moreover, they can be translated into
operational ontologies to be used at run-time. Second, we
propose the use of ontologies of an ON. Thus, different ON
extracts (i.e., ontologies containing different concepts) can
be used to develop different systems. In addition, the set of
user characteristics and other concepts represented in the ON
increases over time (because the ON continuously evolves)
enabling one to address new adaptions. Finally, we are mov-
ing towards defining a systematic process that (i) describes
the steps to be followed to use ontologies from an ON to
develop AUI systems and (ii) provides a knowledge frame-
work that addresses relevant aspects to adaptive systems and
AUI to support t AUI systems development. As a benefit,
third parties will be able to use the proposed process and the
knowledge framework to develop AUI systems.

9 Final Considerations

The development of AUI systems is a complex and
knowledge-intensive activity. Ontologies have been recog-
nized as important tools for solving knowledge-related prob-
lems (Feilmayr and W68, 2016). Therefore, this paper aimed
to explore the use of ontologies, particularly networked on-
tologies (i.e., ontologies from an ON), in the development
of AUI systems. Although some works have already used
ontologies to develop AUI systems, most of them focus on
operational ontologies that are developed specifically for the
system where they are used, which hampers reuse and evolu-
tion. These works also do not describe the followed process.
Moreover, none of them considered the use of ONs. With
this research, we give the first step to explore ONs to aid in
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AUI systems development, leverage the use of ontologies at
conceptual and operational levels, and define a systematic
process to help in this matter.

The ontology used in the work addressed in this paper is an
extract of HCI-ON (Costa et al., 2020, 2022), an ON that con-
tains several ontologies addressing HCI subdomains. Thus,
other extracts can be considered to extend SNOPI or develop
other systems that address different UI adaptations. For ex-
ample, in HCI-ON, there is the Context of Use Ontology,
which addresses aspects related to the context of the use of
the system (e.g., the device where the system runs). Concepts
from this ontology can be used to define adaptations con-
sidering the device context (e.g., SNOPI could be extended
to consider such adaptations). Moreover, as HCI-ON grows,
other extracts containing new concepts can be considered to
develop more comprehensive and effective AUI systems.

It is important to note that although we have developed
SNOPI, it is not the main contribution of this work. The sys-
tem was developed motivated by some needs of our research
group and it is not the end of this research, but a means that
helped us explore the use of ontologies from an ON to sup-
port the development of AUI systems and give the first step
towards an approach with that purpose. This work contributes
to the state of the art by exploring an ON to develop AUI
systems and evolving a knowledge framework (HCI-ON) to
grow knowledge of such systems and AUI. Moreover, the
work contributes to practitioners by giving the first step to
defining an ontology-based process that can be used in the
development of AUI systems. The work has some limitations
that must be considered together with the results presented
in this paper. The main limitation is that the ontologies used
in the study were developed by the authors and the process
resulted from a study also carried out by the authors.

It is worth noting that, being an ON, HCI-ON can be con-
stantly evolving (Costa et al., 2020). Extending HCI-ON pro-
vides the opportunity to include new adaptations in SNOPI
or develop new tools. However, extending HCI-ON does not
necessarily imply changes in OADAPT or in the architecture
of SNOPI. Therefore, the current contributions remain valid
over time. This means that as HCI-ON evolves and new con-
cepts are added to it, the proposed ontology-based approach
for developing AUI systems can still be used without signifi-
cant changes to its underlying architecture. By leveraging the
extensibility of HCI-ON, developers can continue to improve
and refine their ontology-based AUI systems over time, while
keeping compatibility with existing implementations.

We performed an interview with the SNOPI developer and
the general results indicate that the use of networked ontolo-
gies (particularly an HCI-ON extract) is useful and feasible.
At development time, the reference ontology helped in under-
standing the interactive system and AUI domain and, thus,
how the system should work. It also aided to identify user
characteristics to define different profiles. Moreover, it was
used to define the system class diagram and the database
structure. At run-time, the operational ontology helped cap-
ture user characteristics and change the UI accordingly. Some
difficulties were perceived, mainly related to the lack of clear
guidance on the process to be follow to use ontologies to
develop the system. Considering this feedback, we defined a
process to help in this matter.
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This paper aimed to present the general idea of using an
ON to help develop AUI systems and the main results we
have obtained so far. This is a long-term research, and there
are several involved challenges. For example, regarding the
proposed process, it is necessary to refine it and provide de-
tailed guidelines to perform its steps, so that other people can
properly use it to develop their own AUI systems. It is also
necessary to evaluate the process in practical settings and
by third parties. Moreover, it should be evolved to be more
flexible and cover situations where it is not desirable to use
operational ontologies. Concerning the knowledge framework
(i.e., the ON), it is necessary to extend the conceptualization
in such a way that it describes AUI systems comprehensively
(e.g., by considering a wider range of user characteristics,
accessibility needs, customizations, context-aware systems,
context of use, among others). In addition, it would be inter-
esting to investigate the potential of using machine learning
to support Ul adaptations.

Our intention is to work to address challenges like these.
Currently, we are dedicating efforts to three main fronts. First,
we have a new developer using OADAPT to evolve SNOPI
and another one using OADAPT to develop another AUI
system from scratch. This experience is a new learning it-
eration in our methodological approach and will help us to
obtain feedback about the process and learn more about it.
Second, we are detailing each step of the process to provide
the necessary guidelines for other people to use it to develop
AUI systems. In this context, our focus is particularly on the
steps involving the selection of the ON extract, and its use
at both conceptual and operational levels. Lastly, we are ex-
tending HCI-ON to achieve a comprehensive and consistent
knowledge framework to support AUI systems development.
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