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Abstract — Developing !teractive systems requires tools and
knowledge from diverse domains. The combination of Software
Engineering with Human Factors and Ergonomics aspects
assists designers and engineers in designing error free, safe
systems for human operators. This paper explores the use of
multidimensional knowledge representation as means to
narrow the gap between design and implementation of
interactive systems. We will present and discuss four distinct
models, User pdel, Device Model, Environment Model and
Task Model, for delivering heavyweight ontologies, by the
means of Ontology—Driven Development (ODD). This might
enable the development of software artifacts, with potential of
improving system _specification, information sharing and
reusability. We willilscuss the theoretical approach as well as
present a literature revision in the topic along with a taxonomy,
enabling the description of user, device, task and environment’s
characteristics. Finally, we present and scrutinize the
development of the ontology.

Index Terms — Human-Computer Interaction, Software
Artifacts, Model-Driven Development, Ontology-Driven
Development, Interactive Systems.

I. INTRODUCTION

Interaction with information systems imposes the existence
of a crucial element: the user interface. It is the part of the
system that humans use for contacting and accessing physi-
cally, perceptually arfkBconceptually services provided by the
information system [1]. Usually, user interfaces that provide
graphical elements for controlling the system — e.g. buttons,
screens, text boxes, and sliders, among others — are recog-
nized as Graphical User Interfaces (GUI). User Interfaces
seek providing system representation for human operators,
exposing the control logic behind system functioning. Hu-
mans make use of the user interface for carrying out their
goals with the information system.

The complexity that arises from process of interaction
between humans and machines has the potential of compro-
mising such goal achievement. For computer systems with
critical functions, such as medical devices, energy or aero-
nautical systems, referred to as interactive critical systems or
high assurance systems, problems in user interface design
may cause losses of different nature, such as financial, envi-
ronmental or social. We use to characterize these losses as
accidents [2]. Thus, the development of interactive systems

Orlando Belo
0000-0003-2157-8891

University of Minho
ALGORITMI R&D Centre / LASI, Braga,

Portugal
Email: obelo@di.uminho.pt

requires tools and knowledge from several domains, for
tacn']g challenges in the development of safe user interfac-
es. The combination of Software Engineering, Human Fac-
tors and Ergonomics aspects is essential, not only for deliv-
ering adequate user experience buffalso for assisting design-
ers and engineers itnm design of error free, safe systems for
human operators. User interface experts use information
from those domains for perceiving the most relevant aspects
for an ideal system use, providing the best solutions in terms
of computer controls suitable for human expectations, and
consequently averting gaps that could induce interaction
errors. In this context, modeling can play an important role
in assisting designers during user interface development.

Model-Driven Development (MDD) is a software devel-
opment paradigm that makes use of information present in
models for reasoning about problems and solutions regard-
ing aspects implemented in software artifacts. Hence, user,
device, task and environment modeling, for instance, might
provide important insights about the description of potential
system user, the computational system in use, the tasks that
one must accompl as well as the environment where the
interaction occurs, respectively.

Another approach for information organization relies on
knowledge representation or on ontologies, for representing
explicit specifications of conceptualization [3]. For [4].
ontologies might have different roles in Software Engineer-
ing (SE) field. They may be a conceptual basis for software
components specification and development. Ontology—
Driven Development (ODD) is a software engineering vision
considering the need of semantic constraints for supporting
development processes, “through which software becomes a
direct projection of a semantic definition” [5]. Those con-
straints are valuable assets for requirement analysis activi-
ties, with the potential of reducing costs and assuring the
ontological adequacy of the user interface of an information
system.

Despite the specificities of ODD and MDD approaches,
ontologies may be seen as models. ODD might be consid-
ered as a particular type of MDD and might assist in describ-
ing problem domain at development time, with potential of
reducing the cost of conceptual analysis or assisting in the
constraints/requirements phase by providing relations be-




tween knowledge elements extracted from application do-
mains.

By providing human factors and ergonomics knowledge
in the context of user interface development processes, this
paper presents a work that seeks narrowing the gap between
design and implementation of user interfaces. Our strategy is
discussing the necessity and usefulness of human, device,
task and environment knowledge in user interfaces devel-
opment, describing a multidimensional knowledge represen-
tation rrncl related with these (abstract) models, and pre-
senting an ontology approach based multidimensional
models. We argue that these models have the potential of
assisting designers and engineers in development phases as
carly as requiremﬂ and specification, by replacing less
expressive models. The remaining of this paper is organized
as follows. Section 2 presents the theoretical approach of
knowledge developmemniection 3. includes a literature
revision in the topic of ontology development, reveals the
interaction ontology we developed along with the taxonomy
enablinhe description of model’s characteristics, and dis-
cusses how interactive systems development can benefit
from using ontologies. Section 4 presents as well as analy
the ontological development approach. Finally, Section 5.
presents some remarks and conclusions, and reveals some
research lines for future work.

II. RELATED WORK

According with [6], a (abstract) human model can be con-
sidered as a set of human parameters, represented by varia-
blcs,hich can be employed for describing users of a prod-
uct. The model is described using a machine and human-
readable format and is relevant for a number of disciplines,
because it provides human factors information about users
that can be considered during system design. Due to this, a
number of standards Eve been created to provide user-
modeling guidelines. e parameters considered in such
models seek assisting systems in dealing with inter-user
variance. According with [7], it refers to the variance of user
parameters that must be recognized in system specification,
which requires that the design cope with different types of
users in the system users. The intra-user variance refers to
monitoring internal user knowledge that is necessary for
performing the task. User knowledge is especially relevant
m the design of interactive systems. It supports different
types of analysis that have the potential of preventing un-
wanted user interface interactions.

Device models are also relevant in designing interactive
systems, since it demands rigorous design of user interface
structure and behavior for avoiding hazards. Device infor-
mation can provide valuable understanding of user interface
parameters, which can be considered in the analysis. This is
especi relevant for interactive systems with critical func-
tions, or high assurance systems. Device modeling allows
for investigating user interface structural and behavioral
parameters that are presented as actions that users are al-
lowed to perform for achieving their goals and keeping per-

formance. The interface structure is useful for reasoning
about the user interface adequate working, in terms of struc-
ture’s individual components (for instance, buttons or dis-
plays). It is motivated by the need of reasoning about the
quality of this structure [8]. For instance, device based user
interface individual components, such as buttons, when
pressed, causes the activation or deactivation of internal
system processes, and displays which are employe&?'or
monitoring changes in internal variables of systems. User
mterface behavior is useful for reasoning about the adequate
user interface working behavior, resulting in the individual
components coordination of such systems, being motivated
by the need for reasoning about the quality of this behavior —
sets of user interface components, such as panels, which are
a collection of components, like displays or buttons, having
different working processes intending the control of different
output signals.

Environment Model has undeniable relevance when in-
vestigating system use. Within the Computer Science, Ergo-
nomics and Human Computer Interaction communities, a
number of fa related with the environment dimension
such as color, air quality, light, noise and temperature, have
physiological and psychological effects in humans, where-
fore might affect their performance [9] (in [10]). Human-
Computer Interaction (HCI) theories hold that humans per-
ceive the environment by making use of input/output chan-
nels using the human senses (hearing, touch or sight). Next,
according with the Human Processing Model theory [11],
the environmental information is encoded in the brain, in
which later, it is to be decoded or interpreted on demand.
These processes contribute for the creation of representa-
tions from the environment in the human mind. Representa-
tions affect how she or he perceives the environment, both in
terms of reason and emotion, i.e., it has both philological
and psychological impact on humans. [12] discusses the
psychological nature of representation and perception, pre-
senting himself an alternative model for representation.

During the development of interactive systems, designers
and engineers must understand what are the tasks the user
must execute to achieve the desired outcome. The study of
tasks intersect a number of fields, due to its transversal na-
ture and relation with the world of work, which explains the
existence of different definitions in the literature, suiting
different domains. In despite of they converging to similar
meaning, it is relevant to use a definition in the context of
HCI and SE domains. An attempt to unify the definition is
given by [13], which theorized that “a task is a goal com-
bined with the ordered sets of tasks and actions that would
satisfy it in the appropriate contexts”.

Task modelling is considered as a valuable resource in-
tending to assist researchers from different application do-
mains in understanding how task parameters might impact
domain performance. Typically employed in the early phas-
es of system design, it represents the relations among the
tasks describing the actions carried out by the users with the
system. For this reason, it has been one of the central models
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i different %del-based and model-driven development
approaches [14]. 1

The relevance of human factors modeling in the develop-
ment of interactive systems is undeniable. It has the potential
of highlighting crucial and critical aspects that might con-
tribute for positive outcomes such as user satisfaction, im-
proving efficiency and pmductivityn,lring the interaction
process, along with decreasing costs. Semantic modeling and
analysis can play an important role in this demand, as mod-
els with semantic constraints have the potential in assisting
designers and system engineers during the requirements
phase of interaction system development. Knowledge Engi-
neering 1s a discipline closely related with SE that involves
methods for knowledge rcprescntnm [15]. According with
[16], knowledge is considered as interrelations between
entities and relationships, highlighting that “relationships
between entities provide meaning, at the same time that
entities derive their meaning from their relationships™.
Knowledge representation is then a research field that makes
use of modeling activity for creating knondge bases, use-
ful for representing conceptualizations that are assumed
existing in a certain ain of interest, along with the rela-
tions between them. From the knowledge viewpoint, [17]
defines ontology as the most useful organization of
knowledge about a particular domain, evolving from the
need of satisfying formal postulates of signification. This is
achieved by the use of object-attribute-value (O-A-V) tri-
plets, which in ontology theory represents facts about objects
anq’neir attributes [18].

e literature covers multiple strategies on ontology de-
velopment, according with [19] and [20]. It is important
highlighting their main differences, as well agreeing on at
least one. Ontology development approaches differs on their
formalism level. Some approaches base their methodology
on elaborating “tasks™ or “principles™ for ontology develop-
ment (for instance, the methodology proposed by [21]. Other
strategies focus on narrowing the distance from ontology
development to other engineering disciplines, incorporating
a defined life cycle for it (for instance, the work of [22], in
establishing well-defined and iternve phases for ontology
development). According with [5] states that more im-
portantly is agreeing on iterative and structured process,
which expresses an ontology life cycle, with well-defined
processes for each activity for building and maintaining the
ontology, such as: 1

- Domain determination — consider the domain whose
syntactic and semantic knowledge are modeled into a
knowledge model.

- Terms enumeration — enumerate important expres-
sions, which describe the domain or scope and can
contain underlying concepts terms, properties related
with those terms, and others [21].

- Definition of class and hierarchy — develop the first
idea of a class and its subclasses (i.e., a hierarchy) by
namining the objects in previously defined concepts.
The approaches might be top-down (classes are first

defined and then specialized in its subclasses), bot-
tom-up (most relevant subclasses are enumerated and
then grouped in different classes) or a combination of
both with no loss for the result.

- Class p?crties definition — also referred to as slots,
define the internal structure of the class. All subse-
quent classes inherit the slots of their super classes.

- Domain and range of properties — define the require-
ments for the information slots hold, i.e., its allowed
values (also referred to as facets definition). A facet
describes values characteristics such as type, domain
and cardinality and therefore has the potential of en-
forcing constraints for slots-values. For instance,
slots-value fype describes what types of values are al-
lowed in the slot. Accepted types range from String,
Number, Boolean, Enumerated or Instance. Slots-
value domain refers to the classes describing the slot,
which is hence referred to as the range of a slot. Slot-
value cardinality is a property that refers to the quan-
tity of values assigned to a slot. Some slot values re-
quire a single cardinality for correctly describing cer-
tain aspects of the reality (e.g., an animal has one
body). Multiple-cardinality describes any number of
values (e.g.. the number of species of the animal
kingdom).

- Properties mstances — create individual instance(s) by
1) choosing a class, ii) creating individual instance of
that class, and ii1) filling all the defined slots of that
class [21].

- Relations Definition — uncover assnciatiﬂnnxpressed
between the characteristics and groups by identifying
and characterizing relations (also referred to as con-
nections or associations). cording with [23] ex-
plains these identifications could allow the relational
knowledge being utilized in a near future for making
useful inferences. For instance, the relation
is_part_of, holds an association between two entities
such as software_button and user_interface, in which
it is built in.

- Data properties — its goal is twofold. They are used
for connecting classes with specific data values, sup-
porting the parameters that compose the models. Data
properties are also used for restricting classes named
Defined Classes under necessary and sufficient con-
ditions.

We can find other examples of works in the literature re-
lated with ontologies in the context of SE life cycle, such
as the work of [23] who proposed the IDEFS5 ontology de-
velopment method for promoting knowledge sharing and
terminology standardization. The authors of [24] de-
scrinl ontologies classifications and proposed a taxono-
my for assisting Software Engineering and Technology
(SET) experts for understanding the linking between on-
tologies with some software development aspects.




TasLEL

lqtkl’l OF USER CHARACTERISTICS AND GROUPS
—gnug name aracteristic name
Demographic data Age, Gender
Anthropometric data Weight, Stature
Interaction related states Perceived stress, Stress and reaction time, Perceived Fatigue, Perceived Attitude towards computer,
Motivation
Hearing parmameters Hearing

TaBLE 111
Iﬁtkl’r OF DEVICE CHARACTERISTICS AND GROUFS
gnu name Characteristic name
Component Type Input, Output
Device Type Generic Device, Specialized Device
System Type Application System, Operational System

TasLEIL.
LISTING OF ENVIRONMENT GROUF AND CHARACTERISTICS

Group name Characteristic name

Physical parameters

Temperature, Humidity, Ambient Noise, Visual comfort (Light luminance), Environment color

TABLEIV.
LISTING OF TASK GROUP AND CHARACTERISTICS

[ Group name

[ Characteristic name

| Task parameters

| Task, Goal, Sub-Task, Task Duration, Skill requirement, User, Resource, Environment |

1

Ether author, [25], presented a conceptualization for

user interface development through ontological modeling,
which provided descriptions of the user interface itself for
a given architecture, for instance, in the description of
components, relationships between components, among
others. [26] presented a formal user interface representa-
tion describing both interaction and components aspects,
while also discussed how the formal representation of user
interface might bcn'lt its development.

The authors [27] proposed a semantic framework in the
context of the human system integration (HSI) research
field. The main goal is extending the overall modeling capa-
bilities in human-machine systems for improving human
representation inside the overall system view. The work of
[28] presented a particular implementation of user interface
ontology tailored for the software development in avionics
domain, where it might play a role as documentation re-
source.

III. THE DESIGN APPROACH

In this paper we propose cataloguing information on User,
Device, Environment and Task domains for formalizing
software models. This information includes the characteris-
tics of the models, along with its descriptors. The goal of the
taxonomy is assisting in answering the following questions:

- What human and device characteristics are important

considering for user interface development?

- What are the literature references that support these
human factors and device characteristics?

For assisting this task, the taxon presents a set of ten
(10) descriptors, namely: name (a unique information that
describes it); description (additional information for detail-
ing the characteristic); unit of measurement (in which unit
the characteristic is measured); the value space of the char-
acteristic (nominal, ordinal, interval, ratio, absolute), taxon-
omy group (which category the characteristic belongs to):
data tyn(what 1s the basic data type the characteristic pre-
sents - string, e eration, list/vector, real, integer); how to
measure/detect (how the characteri information is meas-
ured or detected); reference/source (references/standards that

ports the characteristic); and relations and comments
(further explanations/observations from the given character-
istic).

Table 1 presents excerpt for user characteristics. The
complete listing is composed by a set of twenty-five (25)
descriptors (for instance, related with physical body condi-
tions), along with its seven (7) groups (encapsulating demo-
graphic, anthropometric, interaction related states, hearing,
visual, motor and knowledge/experience data).

An excerpt (first level) composed by six (6) device de-
scriptors, alongside its three (3) groups is presented (Table
II). The complete work extends up to five other levels
providing classification for components, devices and sys-
tems. Table III presents the Environment composed by one
group and five (5) characteristics.
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Fig 1. Domain model of user and devicgifmmalion System

The Task group and characteristics are listed in Tabl .
in which one group includes eight (8) characteristics.
next tasks in ontology creation are supported by the taxono-
my, whose main role is ensuring required information for the
ontology development phases:

- Domain determination — is performed by considering

the need to know User, Device, Environment and
Tasks aspects. The literature of human-machine inter-
action provides a number of measurements for esti-
mating the quality of that interaction. In this context,
one of the most widely accepted measurements con-
sidered is provided by the Ergonomics of human-
system interaction’s chapter offiflic International Or-
ganization for Standardization (ISO), which is stand-
ard ISO 9241-11. In this particular case the construct
of Usability considers User and Equipment compo-
nent, among others, as central for evaluating man-
machine interaction aspects [29].

- Terms enumeration — important terms are enumerated
for describing the domain or scope based on elements
from the main taxonomy structure, i.e., taxonomy
group names and taxonomy characteristics names.

- Class and hierarchy definition — a top-down approach
might provide the first idea of a class and its sub-
classes (i.e., hierarchies), given by examining the ob-
jects in the previously defined concepts from domain
or scope enumeration.

ass properties definition — definition of class prop-
erties (also referred to as slots) is given by examining
the taxonomy-defined hierarchy.
- Domain and range of properties — the descriptors
Unit of measurement, Falue space and Data type of
the taxonomy assist in defining facets.

- Properties instances — ultimately, individual in-
stance(s) of class hierarchy and characteristics might
be created.

- Definition of relations — based on the analysis of user
and device models previously presented, the authors
propose an extension of the relations framework pro-
vided by [30]. A list of 43 tailored relations along
with their inversion relation names, are presented in
the context of the interaction ontology.

glﬁ set of relation types presented, albeit useful for rea-
soning about the main characteristics of the proposed ontol-
ogy, when depleting its capability of capturing the totality of
properties and relations from existing models, can be ex-
tended and specialized for supporting additional and more
representative semantics. Ontologies are on-going work, i.ec.,
they require evolution with updated entities, properties and
re]atns, and so are these relations classification. Addition-
ally, we identified 171 mappings between relations and their
source and destinations classes.

The goals of data properties are twofold. They are used
for connecting classes to specific data values, supporting the
parameters that compose the models, and restrict classes
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Fig 3.gagment of OWL code, for the User Device Ontology
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n.amed “Defined Classes” under necessary and sufficient
conditions. We identi 64 data properties in the context of
the current ontology. Next, a domain model is provided for
representing the modeled objects (conceptual classes), as
depicted in Figure 1.

Domain modeling organizes knowledge around the basic
concepts that is investigated. The model is illustrated with a
class diagram, which use classes and interfaces for capturing
details about the entities that make up your system and the
static relationships between them [31]. The reader will no-
tice that the device portion is condensed for space con-
straints.

IV. RESULTS

The interaction ontology is developed in OWL language,
based on RDF and RDF Scheme, and implemented in Proté-
gé [21], presenting classes, properties and instances. The
present ontology is heavy weighted (as opposite to those
using controlled vocabularies), i.e., its internal structure
represents semantic knowledge enriched with value and
logical constraints. This particular type of ontology also has
the potential of assisting designers in the requirements phase
[32], [24]. Figure 2 depicts a fragment of the Interaction
Ontology, highlighting the restrictions that ties all the ontol-

ogy parts together, ie., the classes, sub-classes, class proper-
ties, range of properties, relations and data properties.

This particular instance highlights the User requirement
for operating Devices of the type Specialized Device. The
restriction demonstrates the requirement of a user with Se-
mantic Knowledge and Experience rated as value 3, which
according with [33] represents a domain expert user. The
semantics of the restriction might also be expressed by the
formal assertion in First Order Logic (FOL) notation pre-
sented in (1).

1
v (S.pecalisedDevice € Devices) 3 User (N
3 hasSemanticKnowledgeAndExperienceValue(User)

1 =3

A snippet of the OWL code for the User Device Ontology
is depicted in Figure 3, contemplating the definition of clas-
ses and sub-classes number of approaches exist for eval-
uating ontologies (e.g., development quality, mathematical
correctness, metrics).

In this woil we make use of a reasoner for knowledge
consistency checking, based on checking reflexive, trans-
mission and redundancy properties of ontologies, providing
contradictions implicit in the definitions, if any exist. In the
case of the proposed ontology, logical consistency is evalu-
ated against the HermiT OWL reasoned [34], and all detect-




ed classes are given as satisfiable. Additionally, descriptive
metrics for the asserted classes of the ontology are presented
in Table V.

Eﬁ TABLE V.
CRIPTIVE METRICS FOR THE ONTOLOGY 'S ASSERTED CLASS
HIERARCHY

Name Metric
Axiom 1188
Logical axiom count 876
Declaration axioms count 312
Class count 76
Object property count 171
Data property count 64
Individual count 4
Annotation Property count 3
SubClassOf 172
EquivalentClasses 6
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V,gNCLUSION AND FUTURE WORK

This work presented §rersion of the interaction ontology,
a structure tailored for contributing for the improvement of
user interface design, considering semantic knowledge from
human factors associated witlilisers, tasks, and environment,
along with knowledge from devices. By providing a heavy
weighted ontology involving knowl from the explored
domains, the proposed work intends assisting designers in
the constraints/requirements phase of user interface devel-
opment, with potential of narrowing the gap between user
interface design and implementation. Therefore, we
achieved the goals of the work, namely, we discussed the
necessity and usefulness of human factors and ergonomic
knowledge during the user interfaces development; we de-
scribed a multidimensional knowledge representation model
related with human, device, task and environment models
and we presented an ontology based on the models.
Future research includes improving the ontology, which is
part of a research strand involving the design of an interac-
tive systems evaluation platform, and submitting it for a
journal. We also intent extending the validation method for
the ontology, i.e., converting the protégé ontology for Alloy
notation, which will allow testing instances and validate
formal assertions about the represented knowledge. Counter-
examples might be useful on the validation of mathemati-
cal/logical assertions. Additionally, moving to a realistic
case study will allow the authors inform and validate the use
of such ontologies in the development of user interfaces for
interactive systems.
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