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ABSTRACT Performing a safe and successful cataract surgery greatly depends on the effective training
programs of the residents that are commonly offered by several public and private healthcare providers.
Virtual Reality Training (VRT) as a training tool for example, expresses potential capabilities to improve
the learning curve, increasing trainee confidence and acquisition of skills. However, the success of this tool
highly depends on how close this tool is to the reality. Ontology is called as a significant modelling tool which
can help to provide a shared and common understanding of a domain, and in this scenario, a standardized
terminology for representing the training domain, and actions taking place in Virtual Environment (VE).
Recent Systematic Literature Review (SLR) findings show that most ontology designs for VRT are not built
systematically and there is no ontology describing the domain knowledge for VRT in the ophthalmology
field. There is also a lack of a high achievement rate in implementing ontology driven VRT, calls for
systematic and comprehensive steps. Therefore, in order to lower the failure rate of ontology applied to
VRT, OntoPhaco was designed and developed based on philosophically grounded foundational ontologies,
namely, Unified Foundational Ontology (UFO) and Design & Engineering Methodology for Organizations
(DEMO). The evaluation results showed that the use of OntoPhaco was able to improve the student’s learning
experience, assist effectively in building VR training scenarios, and lead to a successful VRT processes. The
lessons learnt from designing OntoPhaco for this domain could generally generate valuable contribution to
the theory and practice of VRT, knowledge management and ontology engineering in complex domains.

INDEX TERMS Ontology applications, virtual reality, training and education.

I. INTRODUCTION
Cataract is a well-known disease in the ophthalmology
field. In spite of the ease, safety and the availability of
good quality services, cataract remains the leading cause
of limited vision and visual impairment worldwide [1]–[3].
Khairallah et al. [1] informed that 10.8 million blind people
and 35.1 million visually impaired people got their eye disor-
ders due to cataract. Although there have been improvements
resulting in reduction of the spread of this disease, it still
continues to be the major cause of blindness among people
due to various risk factors that impede the increasing number
of cataract operations over the world, including high costs of
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equipment maintenance, the availability and training of sur-
geons, the poor quality of training equipment, and the inade-
quate members of training faculties [4]. Moreover, although
there are several techniques and procedures of surgery in
this area including Phaco, the complexity of ophthalmology
surgery still makes it a challenge for trainers to transfer their
skills to a resident level [5]. For instance, teaching cataract
surgery is challenging on a technical level, due to the high
skills needed for the psychomotor. Subsequently, it is costly
and time consuming. Capsulorhexis, as a major step under
Phaco, is another example of a technique requiring difficult
skills that new cataract surgeons struggle to master [6].

In the ophthalmology domain, to be a specialist as an
ophthalmologist requires a long period of education including
residency training and an internship. An initial step during
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the pursuit of this specialization involves observation or assis-
tance during operations performed by one of the experts. This
is followed by practicing in wet labs, while the residents need
to operate on enucleated animal eyes that help them to reach a
certain level of proficiency. At a later stage, with a physician’s
guidance, the residents start to perform operations on actual
patients [7]. Besides this, utilizing simulations using live ani-
mal specimens or cadaveric eyes in labs is another classical
way of training. The locations where such training occurs are
usually named wet labs and are located in separate rooms.
Personnel who are highly trained in surgery are required for
monitoring students. However, this entire exercise is costly
due to the need for providing at least one high-definition
surgical micro-scope, special instruments, worktables, and
highly qualified supervisors (expert surgeons). Therefore, the
adoption of wet labs has been limited in many training pro-
grams in many regions over the world such as Mexico, Latin
America and more [5] due to the aforementioned require-
ments. Additionally, there is also the high cost of animals or
cadavers that can only be used once for each training exer-
cise. Besides, the coherence of the anatomical properties of
animal eyes is never compatible human eyes. Lastly, animal
experimentation could also lead to ethical issues [5].

Many countries are still unable to provide successful and
safe cataract surgeries for a significant portion of the pop-
ulation. Nevertheless, a comprehensive strategy is needed to
address the issues related to availability, quality, accessibility,
satisfaction, and affordability of eye care services, while
cataract continues to be a challenge factor in many regions,
especially in developing countries. VRT was evidently sug-
gested as a tool that has the potential to offer significant
levels of skills transfer to novice ophthalmic surgeons [8].
Additionally, it is convenient, safe, has a low stress environ-
ment, and can provide repeated training. However, although
VR technology is not really a new concept in the healthcare
domain, the disciplines in VR application development are
still in their infancy stage. The successful rate of its adoption
in general [9], and mainly for a domain like ophthalmol-
ogy [10], is not well reported in the literature. Some reasons
for that may be a lack of guidance, supervision, or compre-
hensiveness in the curriculum used for training [11]. Besides
that, VR deals with a very knowledge-intensive task. For
example, capturing knowledge on the ‘‘know-how’’ among
ophthalmologists (experts) conducting a cataract or glau-
coma surgery, where any missing of trivial details can lead
to blindness. VRT is still relatively expensive [12], with
a lack of understanding and capturing training scenarios
and learning contents in an explicit manner [13]. Moreover,
the process to develop such a VR application for training
and learning is tedious work, labor-intensive, and requires a
long development life cycle, because of dealing with a very
knowledge-intensive task and complex area [12]. Bridging
the knowledge between the ophthalmologists and VR experts
is essential and has to be captured explicitly and represented
in a harmonious and unambiguous form. To facilitate a VR
implementation, there is a need to have a modeling tool.

In this context, ontology is leveraged to build a systematic
and standardized conceptualization model at a high level
of abstract and expressiveness in order to provide a shared
and common understanding of the domain. By using agreed
terminology, ontology can capture and represent a training
domain and the action taking place in a VE with expressive
descriptions.

Unfortunately, although ontology is designed for VRT in
a variety of domains, currently, there is no ontology that
has been developed specifically for VRT in the ophthal-
mology domain. Moreover, most of the ontologies are not
built systematically, due to which all ontologies apply defi-
cient foundational ontologies, languages, and methodologies
when developing ontologies for VRT. Additionally, they fre-
quently either misrepresent or inadequately describe perdu-
rant knowledge [14]. This, for example, could accordingly
breed high dangers in real life, especially when VRT repre-
sents an unforgiving domain like the Phaco technique, where
missing trivial details in one step could result in increasing
complexities in the next step, leading to the situation becom-
ing more severe [15]. Misusing ontology results in a compli-
cated ontology that limits its ubiquity, which can definitely
lead to poor design, and it would then be the root cause of
VRT failure. There is an absence of a high achievement rate in
implementing ontology driven VRT calls for systematic and
comprehensive steps. Therefore, this research attempts to fill
these gaps.

A domain ontology for VRT in cataract surgery is a mech-
anism for providing a comprehensive and expressive view
of the real domain that can be utilized by all stakehold-
ers including doctors, students, VR developers and so on.
Benferdia et al. [14] reported and discussed how ontology
should be designed to facilitate a VRT development process
by providing a main components design that is considered
central for designing an ontology for VRT.

However, ontology evaluation is one of important stages
during ontology construction, in order to be widely adopted
in other applications [16]. Ontology evaluation methods
demand the usage of explicit criteria that corresponding
ontology development objectives. Over the years, several
evaluation approaches and criteria have been reported to
evaluate and verify ontologies [16]. These studies suggested
that it is significant to choose the right approaches that fit the
proposed ontology and its application domain. In this study,
an approach of evaluating and designing domain ontology for
VRT in ophthalmology in general and Phaco cataract surgery
in particular, is presented. A general review of ontology
evaluation approaches existing in literature was conducted,
and a proper systematic evaluation process was accordingly
proposed for OntoPhaco ontology.

In this article, twomajor contributions are made as follows.
Firstly, this research presents a review of the current ontol-

ogy evaluation approaches which are matched to those that
are used to evaluate ontology developed for VRT. Accord-
ingly, the process of selecting the applicable method for
the evaluation of OntoPhaco is discussed and described.
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These consist of the process of empirical testing with domain
experts’ help. Having these process can help to generate a
lesson learned that can finally lead to the refinement and
understanding of the applicable ontology evaluation.

Secondly, with a particular emphasis on VRT for cataract
surgery, this paper presents an attempt to establish a common
understanding on how to design the right domain model for
supporting VRT in the ophthalmology domain that incor-
porates the OntoPhaco ontology, such that it is able to
enhance the student’s learning experience and facilitate VRT
development. This demonstrates the efficacy of the proposed
approach for ontology designing and evaluation.

Both objectives can contribute a beneficial insight for
researchers and practitioners when they are dealing with such
a complex area which contains intensive knowledge and a
variety of stakeholders.

The rest of study is arranged as follows. Section II defines
ontologies and provides the significant roles of ontologies
for VRT. In Section III, an overview of the current ontol-
ogy evaluation approaches is presented, and accordingly, the
selected evaluationmethods for OntoPhaco are also provided.
The development process, in Section IV, is described with a
new proposal for constructing OntoPhaco. Finally, Section V
presents the paper’s conclusion and recommends some direc-
tions for further research.

II. THE ROLE OF ONTOLOGY IN VRT
A classic definition of ontology is ‘‘an explicit specification
of a conceptualization’’ [17]. The conceptualization is an
abstract simplified view of some selected part of the world
(portion of a reality), containing concepts and relationships
between them. It exists on a community’s mind as shared
knowledge. The community members in this case are doctors,
youths, VR experts, and other stakeholders. Ontology was
recently defined by Feilmayr and Wöß [18] as ‘‘A formal,
explicit specification of a shared conceptualization that is
characterized by high semantic expressiveness required for
increased complexity’’. The definition means an abstract or
simplified view of a selected part of the world, which is
explicitly represented using a formal language. This repre-
sentation should be hugely expressive, shared among other
parties and stakeholders, and limited to a particular domain
of interest. This entirely means that ontology entirely assists
to explicitly provide a world view and shared understanding
of a domain of interest, which can be utilized as a unified
framework to resolve the problems existing in the specific
domain [19].

Ontology can be used in information sharing between
humans or between computation systems or between humans
and computation systems. It can capture and represent knowl-
edge of a domain of interest in a machine-readable way.
Therefore, information represented in the ontology (at the
knowledge level) can be understood, interpreted, and reused
by humans and machines alike. An ontology is developed
with many usage objectives. The main purpose of an ontol-
ogy is, however, not only to define and classify terminology

related to some areas of interest, but to also capture and
represent the underlying conceptualizations [20]. The other
key role of ontology is to facilitate communication, when
both the domain experts and the stakeholders can commu-
nicate closely with each other, with the aim of reaching an
agreeable specificationmodel. Thus, ontology could facilitate
the implementation process during VR design by bridging
the gap between IT designers on one hand, and the domain
experts on the other hand. Consequently, this approach aids in
the earlier detection of any design errors and helps avoid any
additional massive investments of time and cost. Enabling the
reuse of domain knowledge is another key role of ontology,
where designers can reuse or extend the existing ontology
to their newly developed ontology. Accordingly, it can help
to drastically bypass the redundant effort and time used for
building-up new virtual training scenarios.

The core of any VRT is a training scenario and leaning con-
tent which come from domain experts. Capturing an explicit
training scenario, on know-how and know-what, is vital for
an ideal and comprehensive VRT domain. Therefore, in order
to capture and represent this knowledge in sequence and in
a coherent manner, ontologies were applied to a number of
projects of VRT[14]. For example, Peeters et al. [21] pro-
posed an Automated Scenario-Based Training (SBT) intelli-
gent system. The latter ontology was used as a tool to provide
consistent and unambiguous information and fitted learning
scenario to fill the students’ needs. Besides that, the reason-
ing process and reusability across different training domains
are enhanced. Using ontology as a common understanding
among domain experts and designers was also guaranteed.
In the Smart Home Simulator (SHS) project by Baldassini
and his colleagues [22], ontology was used to provide elder
people a system enabling them to follow a healthy lifestyle.
It was applied tomanage all heterogeneous data (e.g., devices,
users, and environments). In order to ensure that users were
following the suitable activities at home, a reasoning process
was also enabled to query the desired data. BKOnto [23] was
developed to support a virtual exhibition system, which was
built based on biographical history. The aim of ontology was
to assist virtual presentation by offering structure descriptions
and definitions that explicitly present the historical materials,
places, and events. This ontology behaves as a storyline that
enables users to easily navigate a semantic web with the help
of VR technology.

However, most of the studies that used ontology to sup-
port VRT in Benferdia et al. [14] either did not indicate
the methodology or were using immature ones, and they
also did not provide sufficient detail on the ontology eval-
uation process that could be conducted during ontology con-
struction. In the same way, a previous study carried on by
Ahmad et al. [24] for instance, reported the significance of a
rigorous method of ontology development and the shortage of
uniformity in current methodologies, which are not generally
suggested to be as standard approaches for designing an
ontology. Ahmad et al. [24] proposed a new methodology
that could be flexible and generic for development, and an

VOLUME 9, 2021 152349



B. Youcef et al.: OntoPhaco: Ontology for Virtual Reality Training in Ophthalmology Domain

TABLE 1. Variety of criteria for evaluation purpose.

evaluation ontology that is rooted in Design Science Research
Methodology (DSRM).

Therefore, in this study, the approach proposed by
Ahmad et al. [24] is extended to support the development
of an ontology for VRT in ophthalmology in general and
cataract surgery in particular. Systematic verification and
validation processes are also introduced which include evalu-
ating the design theoretically and hypothetically and utilizing
domain expert feedback for verification and revision of the
ontology for VRT.

In the next section, an overview of current ontology eval-
uation approaches is provided, and the selected evaluation
methods for the proposal ontology are further described and
justified.

III. ONTOLOGY EVALUATION METHODS
Having appropriate and formal evaluation criteria and
methodologies are a significant step towards high quality
artefacts. It is thus required to choose the proper evaluation
approach that fits the proposed ontology and its application
area. Therefore, before starting a discussion about this activ-
ity, there is a need to take a look into the overall evaluation
methods that exist in literature. A critical review of ontol-
ogy evaluation methods is, thus provided in the next few
subsections. This review helps to consider the most suitable
approach to evaluate the OntoPhaco ontology.

A. AN OVERVIEW OF ONTOLOGY
EVALUATION APPROACHES
Ontology evaluation is defined as the ‘‘task of measuring the
quality of an ontology’’ in a way to detect the correctness
of the ontology to share knowledge, evaluate the ontology’s
development, and to preserve coherence by applying defined
criteria [25] (see Table 1). Over decades, several evalua-
tion approaches have been proposed for evaluating ontology.
Gómez-Pérez [26] was the first who introduced the verifica-
tion term of ontology. He reported that architecture, lexicon,
and syntax and content of ontology must be verified based on
defined criteria. In addition, currently the verification of the

syntax of ontology can be automatically detected by using a
tool (e.g., Protégé, OntoUML editor and so on) or by using
postulates of used language (e.g., Guizzardi’s Postulates).
Brank et al. [16], on one hand, classified these approaches
into four major categories as follows:

1) The ‘gold standard’ evaluation — this class of evalua-
tion makes a comparison between the designed ontol-
ogy and other high levels and gold standards, that can
usually be an ontologies themselves. For instance, these
standards were described by Abramowicz et al. [27]
as knowledge obtained from domain experts through
a series of workshops in order to build a complete
and precise ontology. However, one should bear in
mind certain significant considerations, that in some
cases the access to gold standards may not be avail-
able. Additionally, the results of this evaluation can
face some difficulties with regards to the selection of
a wrong comparison methodology or an inconvenient
gold standard [29].

2) Data driven evaluation — It is also known as a corpus-
based approach, which is applied to evaluate how far an
ontology significantly represents the domain of inter-
est. The basis of this assessment is to compare the
ontology with the content of a text corpus that repre-
sents a particular domain of knowledge. This can be
conducted by performing automated term extraction
on the corpus and computing the number of concepts
that overlap between the ontology and the corpus [28].
However, this kind of evaluation does not take into
account the assessment of clarity, correctness, and
applicability of ontology. It is more suitable for the
estimation of the coverage of ontology [34].

3) Evaluation by humans — This kind of evaluation
utilizes a set of advanced criteria which have been
established in advance. For example, Lozano-Tello and
Gómez-Pérez [35] suggested the Oncometric method,
which is a multilevel framework of characteristics.
This kind of approach enables users to measure the
usability of an ontology based on the requirement of
its system. The measurement includes five dimensions
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such as language, methodology, tool, content, and
costs. However, this method provides only limited sup-
port for ontologies that are built from scratch and
evaluated [34].

4) Application-based evaluation — In this method, the
ontology is used in an application and then is further
evaluated by users. This approach is considered as an
effective way to evaluate the ability of designed ontolo-
gies to achieve their objectives. Again, it does not verify
the quality of the included knowledge or the structure
of the ontology [34].

On the other hand, Yu et al. [29] in their comparison
proposed three main approaches for ontology evaluation as
follows:

1) The gold standard evaluation — This method overlaps
with the previous approach reported by Brank et al. 16]
which is discussed above.

2) Task-based evaluation— This approach is similar to
the application-based evaluation approach proposed by
Brank et al. [16], where this method tries to measure
on how ontology assists in enhancing a result of a
particular task; for instance, when a designer builds
an ontology in order to improve the effectiveness of
a web search engine. For the purpose of evaluation,
one can compare the results of conducting queries
with and without an ontology. This can help conclude
whether the use of ontology helps to generate more rel-
evant documents if a designed ontology is applied [36].
Yu et al. [29] recommended that this method should be
performed separately for each task, as the evaluations
for applications and tasks may provide different results.

3) Criteria-based evaluation — This method has some
similarities with the approach by Brank et al. [16].
However, this approach is more adaptable and com-
prehensive. Criteria-based evaluation utilises a set of
predefined criteria for evaluating the designed ontol-
ogy [37], which is used to validate the content and
design of the ontology. A variety of criteria in the litera-
ture are assigned for evaluation purposes. The majority
of the criteria considered by Yu et al. [29], [30] are
outlined in Table 1.

B. SELECTED APPROACHES FOR
ONTOPHACO EVALUATION
On reviewing the various approaches for evaluating ontology
and their limitations, this research selected the following
three approaches for OntoPhaco evaluation:

1- Guizzardi’s postulates-based verification.
2- Criteria-based evaluation.
3- Application based-evaluation.
The evaluation criteria that are presented in Table 1, more

specifically, the eight criteria of Yu et al.’s [29][30] work,
are adopted to meet the objective of OntoPhaco. Three cri-
teria (e.g., sensitiveness, minimal encoding bias and com-
putational efficiency), are not included. Sensitiveness refers

to how trivial modifications on definitions can consequently
affect other well-defined concepts that are already included
and validated. For applying this criterion, a specific tool is
needed. However, since OntoPhaco is constructed with a
collaboration of domain experts, they have been involved
in the iterations of various evaluations. Accordingly, each
change, either minor or major was verified and validated.
Furthermore, minimal encoding bias recommends that an
ontology should not be designed based on any symbol level
encoding at the conceptualization level, which is something
more suited for implementation tasks. In this case study,
OntoPhaco is constructed using OntoUML and UML based
DEMO. These are free from any symbol level encoding.
Finally, computational efficiency determines how the used
tool can work with ontology to provide a fast response to
any required task. For applying this criterion, a specific
tool is required, especially in implementation phase, when
ontology is integrated inside VE to provide some reasoning
process. Based on research scope, there is no need for this
criteria.

On the other hand, application-based evaluation is a kind
of post ante evaluation which evaluates the artefact after
designing. It is a technical judgment of the artefact which
tests on its applicability within real world situations. The
conceptual model’s evaluation is commonly performed based
on users’ opinions in terms of knowledge coverage and utility.

In the next section, an overview of the ontology devel-
opment process is presented to design and evaluate domain
ontology for ophthalmology in general, and Phaco cataract
surgery in particular.

IV. DEVELOPMENT OF ONTOPHACO
Several methodologies and methods have been presented
for building ontology either from scratch or by reusing an
existing ontology. The process of building an ontology is
something like a craft rather than an engineering task. Each
designing team has the choice to select their own criteria and
phases that are required to be applied or surpassed based on
the scale size of the proposed ontology that is planned to be
designed [38].

Having a methodology in the designing process can gener-
ally offer repeatable and systemic guidelines for developing
ontologies and provide the ability to share, reuse and extend
ontologies by other designers [39]. In literature, a number
of methodologies are introduced for a particular domain,
which are: Uschold and King’s Method, Gruninger and
Fox’s Method, METHONTOLOGY method and OntoClean
methodology.

On one hand, designing a domain ontology for VRT in oph-
thalmology needs a rigorous ontology development method
and also requires an inclusive ontology evaluation approach
with domain experts involved. Having a look at the rec-
ommended methodology by Benferdia et al. [14], exposed
that Ahmad et al.’s work focused only on ex post evalua-
tion, which refers to artefact evaluation, whereas they totally
ignored ex ant evaluation. The latter method is concerned
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with evaluating the design earlier (e.g., the theoretical and
hypothetical evaluation). This is to avoid any kind of risk and
effort before the design goes through the construction of an
instantiation of the artefact.

On the other hand, including other activity related to
designing preliminary conceptualization is fundamental as
well, due to the following reasons: it offers the opportunity to
domain experts to increasingly get to knowwhat the ontology
is about, what is its purpose, and how it works; it provides
a chance to the ontology engineer to have knowledge about
the domain to easily communicate with the domain expert by
using a graphical approach; and it reduces time required to
rigorously build an ontology.

It is worth, as well, to note that using preliminary concep-
tualization activity helped the experts, in that they did not
find any difficulties to learn about the purpose of the ontology
and the included knowledge. As a result, they had smoothly
engaged in communication about included knowledge during
all interview sessions.

These steps should be supported by other approaches such
as those introduced in Gómez-Pérez [26], (e.g., verification
of the syntax), and Raad and Cruz [33] (e.g., cover many
criteria). To have that, it should clearly allocate this stage
for revising the ontology-based criteria with domain experts
involved, and syntactically check and fix the errors to finally
enhance the product. Taking in consideration the domain of
our ontology, cataract surgery, it was extremely significant
to take into account the verification stage before designing
the artefact in order to confirm the best quality of design.
This stage, therefore, was integrated as the evaluation’s part,
which is explained in Section 4. Fig. 1 illustrates the devel-
opment process and its phases as per this paper, which are
detailed and explained in the context of a domain ontology for
VRT in ophthalmology. The proposed stages for OntoPhaco
ontology development are discussed in the following
subsections.

A. STAGE 1: PRE-CONCEPTUALIZATION
1) DEFINITION
The ontology requirements specification activity and the
production of ORSD are two things that are needed to be
focused on in this stage. These considerations are more
towards what the intended uses are, who the end users are,
why the ontology is being built, and finally which func-
tional and non-functional requirements should the ontol-
ogy fulfil. Functional requirements refer to content-specific
requirements, whereas non-functional requirements indicate
the characteristics, qualities, or other general items which
are not connected to the ontology content, such as whether
the ontology must be designed to support a multilingual
system and whether the terminology used must be obtained
from certain standards[40]. In order to discover proper func-
tional requirements, writing these requirements in a natural
language involving competency questions is the recom-
mended approach. These questions should be answered by

the ontology later. In this research’s case study, a variety
of resources were analyzed and checked (e.g., videos, docu-
ments, websites, photos, articles) in order to get an overview
about the cataract domain. As a result, competency questions
were formulated, and accordingly terminologies such as verb,
names, and adjectives can be extracted as source terms for
the first glossary, which could be a beginning to answer
some competency questions. However, the latter questions
should be answered by domain experts as a confirmation
part. The ORSD is consequently produced and behaves as
a communication tool that aids to create a bridge among
stakeholders to find the set of requirements that should be
satisfied by the designed ontology[40]. The guideline of
Suárez-Figueroa et al. [40] is used as a template to iden-
tify the production of the ORSD. It is, thus, illustrated in
Table 11.

2) PRELIMINARY-CONCEPTUALIZATION
In this stage, it is advised to build a general conceptualization
that only focuses on presenting key concepts, sub-concepts,
and their relations, without any specific terms related to any
kind of modeling language. In this way, it is recommended
to include the first glossary of concepts, terms, and relations,
which are extracted in the first phase (definition phase). Some
sub-steps are reconciled and harmonized to serve the purpose
of the research.

3) KNOWLEDGE ACQUISITION
Manymethods can be applied to confirm the extracted knowl-
edge form previous phases and identify the right resources
that can serve as sources for the ontology development’s
purpose. Two methods were sequentially conducted for
obtaining distinguished resources for developing OntoPhaco.
Online interviews with domain experts in the ophthalmology
domain were established initially. Accordingly, related doc-
uments were reviewed. In this phase, preliminary conceptu-
alization is used as a tool to communicate the competency
questions via a graphical approach. It simultaneously pro-
vides a chance for the researcher to have knowledge about
the domain to easily communicate with the domain expert.
The purpose of this approach is to extract other knowledge,
and at the same time, it is a chance to confirm the extracted
terms and concepts.

However, one should bear in mind certain significant con-
siderations that this phase does not conduct for the veri-
fication part, even though domain experts are involved to
confirm the extracted knowledge from the definition phase.
The reason for this is that most of the knowledge comes
from different resources, and these are required to be con-
firmed by ophthalmologists. Having done that, the first ver-
sion of the ORSD is updated to produce a new version
of the glossary. Therefore, Table 2 shows the glossary of
some combined and confirmed terms, which will be used
to transfer the preliminary conceptualization to a formal
conceptualization.
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FIGURE 1. Proposed methodology for designing OntoPhaco.
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TABLE 2. Glossary of some confirmed terms.

4) RE-ENGINEERING AND REUSING
In spite of the fact that the latter phases assist in the extraction
of the required concepts, some current terms are not entirely
efficient, as they exist in a way to achieve expressiveness
and explicit ontology. Therefore, contents in Table 2 should
be checked, assessed, and compared. Thus, the OntoPhaco
should only use the most convenient resources. In this stage,
the extracted knowledge is reorganized and harmonized into
common knowledge that covers the domain of interest for
cataract surgery. Table 3 illustrates some of the identified
shared knowledge components.

TABLE 3. Samples of the common knowledge for OntoPhaco.

From the above table (Table 2), it is indicated that the pre-
conceptualization phase creates a number of concepts that are
actions or procedures (perdurants). The latter concepts are the
backbone to model the domain of cataract surgery.

Hence representing only an endurant ontology is not
enough; however, in order to explicitly represent the whole
system, it is significant to initially design the endurant ontol-
ogy of the top level of the ophthalmology training, as well as
an ontology of the low level of cataract surgery.

Based on Table 2, the collection of concepts can be charac-
terized into two groups, endurants and perdurants, based on

their prospective attention for each ontology. The endurant
concepts will be utilized to develop the OntoPhaco ontology,
whereas the perdurants will be used to design the Phaco steps
ontology. Bear in mind that some concepts in Table 2 are
revised, harmonized, and reconciled to serve the purpose of
ontology.

B. STAGE 2 – CONCEPTUALIZATION
1) THE DEVELOPMENT OF ENDURANT ONTOLOGY
The knowledge of ophthalmology is very huge and the exact
meaning of key terms of its concepts can occasionally vary
among ophthalmologists. For these reasons, domain experts
repeatedly check the design in terms of completeness and
consistency until they feel that it is complete and coherent.
If there is any unreliable usage of concept definitions among
sources, then the processes of reconciliation and harmoniza-
tion to fit the ontology aim are required.

For instance, the concept device that is introduced in
the pre-conceptualization stage refers to the instrument or
tool that is used to perform some tasks. Whereas, the
planned device is a kind of substance that is utilized during
cataract surgery. Thereby, the term Material is used to reflect
the proposed definition. According to Table 2, at the pre-
conceptualization stage, knowledge of the domain is struc-
tured and arranged into expressive models at the knowledge
level. Therefore, there is enough knowledge and machinery
to begin designing the OntoPhaco ontology (endurant ontol-
ogy). Basically, having a well verified preliminary conceptu-
alization and a glossary of terms greatly assists in rigorously
building this ontology.

The upper ontology from UFO [41], [42] has been used to
provide the skeleton for OntoPhaco. OntoUML is employed
to represent endurant entities (see Fig. 2).

This stage is an iterative one, where it is repeatedly applied
until the conceptualization (OntoPhaco) is theoretically vali-
dated, and the included knowledge is double checked by the
domain experts.

At this level, whereas all concepts are determined and
reconciled, relations between top level and low level in
the ophthalmology training domain are identified. Based on
OntoUML, the syntaxes of individual relations are repre-
sented as lines and associations between them. Table 12 illus-
trates examples of the indicated relationships among concepts
in OntoPhaco.

2) THE DEVELOPMENT OF PERDURANTS ONTOLOGY
In the first glossary it is noted that the initial concepts and
terms have a number of concepts that are considered as proce-
dures or actions (perdurants). These concepts are categorized
as endurant or perdurant based on their prospective attention
for each ontology. Therefore, up to this stage, there is enough
knowledge and machinery that can be used in designing the
perdurants of cataract surgery (Phaco technique). As indi-
cated in [43], any individual perdurant (Speech Act) is sup-
ported by an endurant (Institutional Fact). Bothmodels follow
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FIGURE 2. OntoPhaco.

TABLE 4. Concepts for Create_1 perdurant ontology.

the Speech Act, whereas the Classes model is represented
using the profile reported by Guizzardi [41]. Therefore, the
development of each perdurant for cataract surgery (Phaco
technique) is demonstrated in the next sections based on
Guizzrdi’s profile [41] [42] and the Speech Act profile [43].

a: DEVELOPMENT OF CREATE_1 PERDURANT ONTOLOGY
As shown in Table 2, the initial terms contain concepts that are
classified as procedures for creating the first incision in the
Phaco technique under cataract surgery. Therefore, a list of
concepts connected to the create step are presented in Table 4.

As this conceptualization phase is an iterative one, some
sub-steps related to the creation of the first incision step in
Table 2 are deleted based on the recommendation of oph-
thalmologists. For example, sub-steps like grasp instrument
(Globe), select anatomy, and place globe were frequently
used in old techniques and are no longer in use currently.
Additionally, as shown in Table 6, that the steps’ names are
reconciled due to their similarity. For example, in the create

TABLE 5. Concepts for Create_1 perdurant ontology and their definition.

incision step, the student should create 2 incisions. In each
create incision step, therefore, the number 1 is added to the
name in order to distinguish between steps. Additionally, for
the other concepts, it has been found that they commonly and
completely cover the creating of the first incision procedure.
Thereby, the Create_1 step starts by grasping the instrument.
Accordingly, student selects the insertion place and enters
the instrument. During entering, student should pay special
attention to the architecture of the depth and length of the
incision, which is important to avoid any complications later
on. Table 5 illustrates all the concepts for the create first
incision perdurant ontology and their descriptions once they
are harmonized.

VOLUME 9, 2021 152355



B. Youcef et al.: OntoPhaco: Ontology for Virtual Reality Training in Ophthalmology Domain

FIGURE 3. Endurant ontology of Create_1.

In the DEMO model, every sub-step in the procedure
represents a type of Speech Act referred to as a coordination
act or a C-act. The P-act will only exist if the C-acts are
successfully established. Therefore, C-acts are packaged in
a way as to produce P-acts. P-acts create the institutional
facts. Basically, a P-act is the creation of an instance of,
GraspTheInstrument; SelectInsertionPlace; EnterTheInstru-
ment; CreateTheArchitectureOfIncision; RemoveTheInstru-
ment, respectively.

In Fig. 3 the subjects refer to all the people who have
the ability to take responsibility. The Person class is stereo-
typed as �subject�, which is appropriate for the model
Person, utilizing the Guizzardi metamodel. In the OntoUML
language, Person is also stereotyped as �kind�. Person is
defined as formal organization member. Role of a person is
described as the way in which the subject can participate in
a transaction. This role is specialized by the organizational
unit member, whereas he or she is assigned a particular role
in the organizational unit. Two interfaces are located in the
model. The first is Create_1Act that reinforces the opera-
tion of Create_1(), and the second one is Create_1Steps,
which carries the procedure of performing the conforming
coordinating Speech Acts. Create_1Act is stereotyped as
�DEMORole� and is executed by a class called Parties,
which are stereotyped as �subject�. Parties gather all

the subjects who collaborate in the P-act. Create_1Steps is
stereotyped as �DEMORole� and is implemented by Per-
son. The class Parties has three properties, Trainee of type
Student,Facilitator of typeCandidate Supervisor, andEye
Anatomy of type Patient. Student performs cataract surgery
following the Phaco technique steps. Each step consists of
several sub-steps, and it requires involvement of some objects
to ideally perform surgery, including instrument and anatomy.
A trainee connects the Instrument and Anatomy entities

using an intervening.
The latter individual is called a Relator. Approaching

Way and Addressing Way are classes that are stereotyped
as � relator�, connecting Instrument and Anatomy with
Student, respectively. Each relator has several classes stereo-
typed as �phase�, which represent partitions of a relator.
For example,ApproachingWay has different phases on how
Student uses an instrument to perform surgery. We start and
explore this further by conducting the first P-cat which is
about the Create_1 incision as followings:

1) Student from Parties begins the step by conducting
the first C-act from the Create_1Steps interface; thus,
the instrument is grasped as a first activity Phase
under Approaching Way. The instrument has specific
attributes (e.g., name, role, shape) based on the Instru-
mentInformation that is stereotyped as�datatype�.
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FIGURE 4. Perdurant ontology of Create_1.

2) SelectInsertionPlace is the second C-act, whereas
SelectedInsertionPlace is the phase of Addressing
Way. The latter phase has its own datatypes that allo-
cate the right location of insertion of the instrument,
as well as provide a shape or image showing the inser-
tion’s location.

3) The third C-act is about EnterTheInstrument
through the selected place of insertion. The Phase of
EnteredInstrument is a one of a kind event under
Approaching Way.

4) CreateTheArchitectureOfIncision is the fourth
C-act, which also has specific information and a spe-
cific width and length. This dimension is important to
avoid any complication later on.

5) Finally, the Student performs the last C-act by remov-
ing the instrument. RemovedInstrument is the last
phase in Approaching Way, where the Student final-
izes the endurant ontology Create_1 incision as the
first step and produces the P-act by making one wound
in the eye anatomy.

Fig. 4 displays the perdurant ontology. This consists of sub-
steps of Create_1() whose (UML) context is Create_1Act,
which is stereotyped as �P-act�, the same as the decla-
ration in its interface. Create_1() has five sub-step nodes.
All sub-steps are stereotyped as �C-act�. Each C-act has

a local pre- and post-condition to specify the C-acts. This
approach helps in providing more semantic knowledge on the
DEMO profiles. For example, the C-act, CreateArchitec-
tureOfIncision, has pre- and post-conditions. This approach
notes that the post-condition of a C-act is the precondi-
tion for the next C-act or C-acts (in some cases there is
fork). The activities of Create-1 are represented in sequence
and logical progression. Each activity node has a local pre-
condition. This approach enables the instance of Person to
implement the actions of the appropriate person; this can be
achieved from the instance of Parties, which is in charge for
performing the included activity. For instance, in Create-1,
the first activity node has a pre-condition which mentions
‘‘Student executes number of tasks’’; from here, it can be
understood that the instance Student is involved in the first
activity.

The action Create_1() transfers two instances of the phase
subclass SelectInsertionPlace to the phase subclass Cre-
ateArchitectureOfIncision. It can be concluded that a sys-
tem of phase subclasses is inadequate without the sub-steps
of Create_1, which can change objects from one phase to
another.

All the following models for the designed perdurant
(Speech Act) and associated endurant (Institutional Fact)
follow a similar approach. Table 6 presents the main steps of
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TABLE 6. P-Acts in Phaco technique and the institutional facts created by them.

Phaco technique and correspondent figures of the perdurants
and endurants

The Table 6 consists of some steps that have similari-
ties in activities. In this article, therefore, only one example
is presented, and the others can follow a similar ontology.
Table 7 shows the similar steps and their differences among
each other

3) VERIFICATION
Verification is kind of an ex-ante evaluation (see Fig. 1) which
is assigned to evaluate the design conceptualization. This
stage is the continual and iterative activity of conducting a
technical judgment of the designed ontologies, with respect
to the ontology requirements specifications document, during
the conceptualization phase. This verification is the first eval-
uation of the included knowledge that is extracted from the
previous stages. Here, the domain experts repeatedly check
the design in terms of completeness and consistency until they
feel that it is complete and coherent. OntoPhaco is further
verified using Guizzardi’s postulates and ontology experts.

a: EVALUATION OF ONTOPHACO USING
GUIZZARDI’S POSTULATES
This stage is included before the implementation of
OntoPhaco, which is considered as an ex-ante evaluation. All
designed ontologies were evaluated using Guizzardi’s pos-
tulates and had further undergone criteria-based evaluation.

TABLE 7. Similarities and differences among steps.

Four postulates were specified in Guizzardi’s work [41] that
any designed conceptual model using OntoUML must fulfil
in order to be semantically and syntactically correct.

A. Postulate 1: ‘‘Every individual in a conceptual
model (CM) of the domain must be an instance of a
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conceptual modeling type (CM-Type) representing a
sortal’’.

The meaning of Postulate 1 is that each object that is
represented in a CM using the OntoUML modelling lan-
guage, must be an instance of a Kind, either directly or
indirectly. A substance sortal is stereotyped as a � kind �

in OntoUML, to which it supplies a principle of identity and
individuation for its instances. Consequently, every object in
the OntoPhaco ontology must be an instance of a Kind.
B. Postulate 2: ‘‘An individual represented in a concep-

tual model of the domain must instantiate exactly one
CM-Type representing an ultimate Substance Sortal’’.

Based on Postulate 2, every single object in a CM using
OntoUML as a modeling language cannot be represented as
an instance of more than a unique ultimate kind, whereas it
is understood that two kinds supply different principles of
identity. Fig. 5 displays an example that explains how one
representation of a CM breaks this postulate.

FIGURE 5. Example presenting an instance receiving different principles
of identity [42].

In order to verify and evaluate the research’s models
according to Postulate 1, Postulates 1 and 2 are combined
for briefness in order to easily conduct the verification on
extracted excerpts from differentmodels. Therefore, bymerg-
ing both Postulate 1 and 2, it becomes, ‘‘Every single object in
a conceptual model which is represented by OntoUML, must
be an instance of a Kind, either direct or indirect (Postulate
1), and it cannot be represented as an instance of more than
one ultimate Kind (Postulate 2)’’. Fig. 6 presents antholo-
gies of conceptual models of OntoPhaco ontologies for kind
stereotypes, and their positions with respect to both postu-
lates. Anthology (1) presents that Inpatient,Outpatient and
Emergency are �subkind� specializing in Patient Care.
An instance of Inpatient could be any patient who needs

FIGURE 6. Anthology (1) of a conceptual specification of OntoPhaco
ontology.

to stay in a hospital for more treatment, and an instance of
Outpatient, conversely, refers to any person who does not
need to stay, whereas Emergency could be any patient who
needs immediate examination. Theory Training is also a
�subkind� specializing in Ophthalmology Training, and
its instance could include educational materials or resources.
All existing objects are instance of a kind (e.g.,Ophthalmol-
ogy Training), which is either direct or indirect (Postulate 1).
In the same way, it is obvious that every possible object is an
instance for only one ultimate kind (postulate 2).
C. Postulate 3: ‘‘ACM-Type representing a rigid universal

cannot specialize (restrict) a CM-Type representing an
anti-rigid one’’

The Third Postulate proposes that anti-rigid universals
which are stereotyped as role and phase, cannot be repre-
sented as super-type of a kind in a conceptual model. For
instance, Fig. 7 presents a problemwhere aCustomer as anti-
rigid is represented as a super-type of a kind (e.g.,Person and
Organization). This issue fractures the third Postulate.

FIGURE 7. Problematic in representing Role in conceptual modeling [42].

FIGURE 8. Anthology (2) of conceptual specification of OntoPhaco
ontology.

Fig. 8 presents that all existing anti-rigid universals and
roles (e.g.,Candidate Supervisor, Student and Patient) are
modeled as subtypes of a kind (Person). As shown, all Roles
are not represented as a super-type of a kind.
D. Postulate 4: ‘‘A CM-Type representing a dispersive

universal cannot specialize a CM-Type representing
a Sortal’’.

Postulate 4 means that every class, which is stereotyped as
�mixin�, cannot appear as a subclass to any object that is
stereotyped as kind, phase, or role in a conceptual model.
Mixin has the ability to represent the top types like entity,
element, and thing. Additionally, a few mixins describe fun-
damental properties that are common to all of their instances,
and these themselves are a rigid type, as illustrated in Fig. 9.
In this case, the stereotype �category� is used to represent
a rigid mixin that subsumes several kinds.

Some mixins, on the other hand, are stereotyped as
�roleMixin�. The aim of this anti-rigid is to represent
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FIGURE 9. An example of category a rigid mixin [42].

abstractions of common properties of roles. Additionally,
a fewmixins describe properties that are fundamental to some
of their instances, and coincidental to others (anti-rigid non-
sortal). Hence, all mixins cannot be represented as subclasses
of phases, kinds, or roles.

Additionally, based on postulate 3, rigid mixins (cate-
gories) can only be subsumed by other �mixin� or �

category�. In a UML conceptual model, a mixin must
always model as an abstract class due to the absence of direct
instances. Fig. 10 shows the anthology of a conceptual model
of OntoPhaco and endurant ontologies, where all mixins do
not appear in the conceptual model as a subtype of a kind.

FIGURE 10. Anthology (3) of a conceptual specification of OntoPhaco
ontology.

b: CRITERIA-BASED EVALUATION OF
ONTOPHACO ONTOLOGY
As previously indicated, a conceptual model is commonly
represented by a graphical design. It often represents the
individual’s or team’s design perceptions of the domain of
interest. Consistence, coherence, expressiveness, and com-
pleteness are some crucial criteria that should exist in any
conceptual model. Any single defect could have serious con-
sequences in terms of cost, time, and effort. For example,
it can lead to a misunderstanding or wrong interpretation of
user requirements, resulting in poor system design. As such,
it can definitely be one of the root causes of application
failure.

After OntoPhaco was syntactically and semantically eval-
uated, in this section, the ontology was evaluated based on
a variety of criteria. In order to achieve that, each individual
concept was reviewed based on the selected criteria by con-
ducting interviews with the Subject Matter Experts (SMEs).
The latter experts verified the content of the proposed ontol-
ogy with regards to coherence, expandability, minimal onto-
logical commitments, conciseness, completeness, coverage,

and correctness. The details and the results of the interview
sessions are subsequently presented in the next sub-sections.
Methods and Data Collection for Ontology Verification:

The interview method is one of the most significant tech-
niques used in collecting valuable and accurate qualitative
data. In this research, individual online interviews were con-
ducted to collect more data and to verify the knowledge level
that is represented in OntoPhaco and all the perdurant ontolo-
gies (Phaco Steps). Online interviews were selected as there
were no opportunities to conduct face to face interviews, due
to the movement and meeting restrictions imposed because
of the Covid 19 pandemic. The meetings were conducted
with highly experienced domain experts in the ophthalmol-
ogy field, who were selected to contribute to this phase
with regards to data collection and ontology verification.
Using this approach helps in avoiding long and difficult
questionnaires which would have to be used to verify about
37 ontologies (endurants and perdurants) and would consist
of more than 150 concepts. For verification and refinement
of OntoPhaco, two ophthalmologic experts were involved as
participants from the ophthalmology domain department. It is
worth noting that the choice of participants was based on
some criteria, including professional experience in the field of
ophthalmology, qualifications, knowledge about the domain,
and positions. The aim of this verification was to utilize
their feedback and recommendations to verify the proposed
ontology that was built based on OntoUML, and UML based
DEMO, and to subsequently enhance and refine it.

At first, an overview of the OntoPhaco ontology was pre-
sented to the domain experts. Then, the main concepts, their
subclasses, and relationships between them, either endurant
or perdurant, were shown and discussed with them. Con-
sequently, feedbacks and proposed changes were reordered
and considered. These suggestions included changing names
and deletion of some concepts, as well as addition of new
concepts.
Results of Verification and Refinement of OntoPhaco: In

the following sub-sections, ophthalmologists’ feedbacks are
discussed in order to refine the designed ontologies as part of
the criteria-based evaluation stage.
Clarity: In this criteria, ontology, as defined, should ‘‘effec-

tively communicate the intended meaning of the defined
terms’’ and the definitions should be, as much as possible,
indicated formally [31]. In the perspective of formal defini-
tion of included terms in the proposed ontology, since the
terms were mostly extracted from several sources related to
the domain, the availability of formal definitions is confirmed
for the majority of the terms. On the other hand, the involve-
ment of SMEs was significant in the way to entirely review
the terms and accordingly provide feedback. The ontology
was hence refined efficiently.
Examples — As mentioned before, the terms in an ontol-

ogy should be defined clearly in a way that there is no ambi-
guity. For instance, having the consideration that OntoPhaco
ontology had a ‘‘Device/Material’’ as a key concept under
‘‘Medication’’. The first concept had two terms that were

152360 VOLUME 9, 2021



B. Youcef et al.: OntoPhaco: Ontology for Virtual Reality Training in Ophthalmology Domain

extracted from publication sources. Both terms are used as
kinds of substances that are either utilized to treat cataract
disease or used during cataract surgery. In order to avoid
any conflict between the term device, which refers to an
instrument, and device, which refers to a substance, the term
‘‘Material’’ was selected to enhance the clarity.

TABLE 8. The changed concepts based on criteria-evaluation.

The concept of ‘‘Human Resources’’ had also been
included to monitor the Ophthalmology Training. In the
online interview, it was found out that this concept was hold-
ing an ambiguity. There could be a specific type of manpower
of human resources involved in the ophthalmology training
domain. The previous concept is commonly observed to be
the responsibility of monitoring ophthalmology in general,
rather than in a particular domain like ophthalmology train-
ing. Since the OntoPhaco ontology selected ophthalmology
training as the domain of interest, this term was changed
to ‘‘Certify Trainer’’. In this way it assists to avert the
ambiguity and to preserve clarity.
Consistency/coherence: The included concepts and terms

in ontology should be a logical coherence and without any
ambiguity and conflict. This helps to avoid building of an
incoherent ontology. Gruber [31] reported that ‘‘If a sentence
that can be inferred from the axioms contradicts a definition
or example given informally, then the ontology is incoherent’’
(P.909).
Examples — Primarily, Cataract Surgery was bro-

ken into three subclasses including Pre-operative Surgery,
Intra-operative Surgery, and Post-operative Surgery.
On the other hand, a �formal� relationship was created
between Post-operative Surgery and Post-operative Com-
plication. According to [44], the Post-operative Surgery
concept is about a recovery process that every patient should
follow, where some recovery instructions are given in order
to avoid any risk. Whereas, Post-operative Complication
is a procedure that is conducted to manage some complica-
tions that might appear on the patient after cataract surgery.
Examples of this procedure include management of the small
pupil, YAG, managing posterior, capsular rupture, preventing
postoperative infection, and preventing postoperative inflam-
mation. Hence, patients, after surgery, take recovery time
at home. However, they are strongly advised to follow the
instructions of the eye doctor. If any problem is encountered,
they are required to report to the doctor immediately. This
approach helps to keep them at low risk from any compli-
cations of the cataract procedure. It is also worth indicating
that cataract surgery has a great success rate with less compli-
cations. The above representations and inferences, however,

were considered inconsistent and conflicting with the defined
concepts. According to the feedback, the concepts of Post-
operative Surgery were changed to be as Post-operative
Care, and a Post-operative Recovery class was added to
cover the missing knowledge.
Conciseness: This criterion measures whether all the

knowledge included in an ontology is accurate and meets
the requirements of domain experts. It should additionally
avoid any unnecessary redundancies [26]. The consideration
of this criterionwas carefully carried out through the ontology
development and verification process.
An example — The only unnecessary term utilized in

the ontology was ‘‘Symptom’’. This term was initially
used to specify the concept Patient’s situation. Hence, a
�characteristic� relation was held between the latter con-
cepts. Based on domain experts, this term was considered
redundant and it should be replaced, because during surgery,
there is no need to know about symptoms anymore. The
only thing that the student needs to know are the signs that
exist in the lens. Therefore, the concepts of ‘‘Lens’’ and
‘‘Sign’’ were included. ‘‘Lens’’ is represented as Compo-
nentOf ‘‘Patient’’, which has a�formal� relationshipwith
Sign.
Expendability: This criterion refers to the ability to extend

an existing ontology by adding new definitions. It is also
defined as the effort required to add new information to a def-
inition without modifying the set of well-defined terms and
concepts that are formally verified with domain experts [26].
Two roles are adopted in this research to support the expend-
ability criteria. On the one hand, reusability is one of the
distinguished roles in the ontology domain that can drasti-
cally minimize the effort and time needed for building up new
learning scenario models. Considering this benefit is highly
promising in order to speed up the development of VRT
processes and simultaneously reduce the cost. On the other
hand, separating knowledge from both system and domain
is essential. This role enhances the reusability of the body
of knowledge across divers of systems design. However,
it should be supported by a separation of an upper ontology
from a lower ontology. Using a top ontology would increase
the vocabularies and limit difficulties in extending or integrat-
ing with existing ontology. Therefore, OntoPhaco was, as a
result, built based on UFO and DEMO theory to develop a
well-structured domain ontology and an independent appli-
cation in a way that it can be used across training domains.
Examples—The ophthalmology domain consists of many

diseases such as cataract and glaucoma. Let us assume that
the ontology for cataract surgery has already been designed.
If any ontology engineer wishes to design an ontology for
glaucoma disease, they need to only use the existing ontol-
ogy and extend it with the process of glaucoma surgery,
because the domain knowledge is already there. Note that,
the feasibility of this role can exist through the application
of an upper ontology. This includes UFO with the help of
its language (e.g., OntoUML), as they are the most truthful
and explicit [45]. This approach enables us to separate the
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general knowledge from the specific knowledge, and to build
the skeleton of the whole domain. As a result, the chances of
reusability will be substantially increased. Therefore, select-
ing the right upper ontology and its language is highly rec-
ommended. This would help promote the effectiveness of
reusing an existing ontology, whichwould assist in drastically
avoiding any redundant efforts and time spent for building up
new virtual training scenarios.
Correctness: This criterion indicates that the valid concep-

tualization of real-world concepts is correctly represented by
the ontology [29]. The correctness of OntoPhaco had been
the central emphasis of the verification stage. The recommen-
dations and documents provided were extremely guided to
verify this criterion.
An Example— In OntoPhaco, ‘‘Intra-Operative Surgery’’

is a sub kind of ‘‘Cataract Surgery’’. The first concept,
in turn, has several subclasses like ‘‘Phacoemulsification
Technique’’, ‘‘Extracapsular Surgery’’, and ‘‘Intracapsular
Surgery’’. The previous concepts were specifically reviewed
according to the provided documents and the feedback of
domain experts.
Minimal Ontological Commitment: Minimal ontological

commitment means that the designed ontology should pro-
vide more freedom and flexibility to parties committed to the
ontology in order to specialize it, where there is a need of
that. One approach to achieve such criterion is to assure ‘‘as
few claims as possible about the world being modelled’’ [31].
This criterion was notably revised by using UFO. It is a good
candidate as a foundational ontology to build the skeleton
for the VRT domain, and a strong modeling language (e.g.,
OntoUML) in order to guarantee interoperability, significant
quality, and semantic meaning. Additionally, it deeply takes
the human cognition into account. Having OntoUML, on the
other hand, supports human activities such as communication
matters and problem solving.
Completeness: Completeness is applied to check whether

the individual definitions of the ontology are complete [46].
As suggested by Yu et al. [29], this criterion can be revised
by competency questions that were used in the beginning to
identify the most related terms and concepts. The answers
to these questions generate an ORSD (see Table 11). The
latter document, as per an agreement, must be completely
fulfilled by the ontology. Owing to the fact that the size of the
OntoPhaco is huge, only some examples of the competency
questions are presented in Table 9.
Coverage: Coverage refers to the extent of complete-

ness and coverage of the terms and concepts that are used
to represent the domain knowledge [29]. This criterion is
much proper for a data-driven evaluation, which is applied
to evaluate how far an ontology significantly represents the
domain of interest. The concepts of OntoPhaco centrally
focus on the Phaco technique surgery. For this reason, the
key steps of surgery were firstly provided by the domain
experts. All knowledge related to the surgery was then iden-
tified manually from different resources (e.g., videos, arti-
cles, and websites). Lastly, the overall extracted knowledge,

TABLE 9. Some examples of competency questions utilized to evaluate
completeness criteria.

especially the Phaco technique steps and its details, were
mostly verified and compared with domain experts and con-
tent in the ophthalmology guideline. Based on the feedback,
the ‘‘Rout of Administration’’ was forgotten. This attribute
is very significant and enables students to gain information
on how to administer drugs or materials during cataract
surgery (e.g., topical (eye drop), intracameral (injecting),
intravitreal). It was hence included under ‘‘Medication Infor-
mation’’. The ‘‘Hydrodissection’’ step was also missed out.
This is one of the most fundamental steps, and without it,
cataract surgery cannot be performed. It was therefore rec-
ommended to be added. However, one should bear in mind
certain significant considerations; based on the ophthalmol-
ogist, this step is not included in current VR technology that
was designed for the ophthalmology department in Hospital
Universiti Kebangsaan Malaysia (HUKM). This is one proof
that OntoPhaco is more comprehensive, and it is able to
enhance the current VR technology.

The overall feedback regarding OntoPhaco, from ophthal-
mologists, was good and encouraging. One of them said ‘‘it
is relevant. . . understandable and all highlighted things look
good.’’, and further commented ‘‘we don’t have a nice map
like this’’. The second SME remarked that ‘‘the first time
when I saw it, it was quite complete’’. After positive com-
ments, the proposed ontology was sent to the implementation
phase in order to prepare for demonstration and evaluation
tasks.

C. STAGE 3a: POST- CONCEPTUALIZATION
1) IMPLEMENTATION
In this stage, an approach of visualizing OntoPhaco describ-
ing cataract surgery Knowledge is introduced. This ontology
is designed using the OntoUML and UML based DEMO,
and the visualization is developed using the D3 library under
the JavaScript language. In this research, an interactive tree
diagram was chosen. The example of Mike Bostock [47]
was significantly edited and enhanced to create a proper
interactive visualization for the OntoPhaco ontology.

The knowledge-based tool was developed with the aim of
meeting the needs of domain experts and students. Besides
that, this visualization could also help during the development
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FIGURE 11. Examples of OntoPhaco visualization.

process (knowledge engineering process). A quick overview
of the knowledge part could be significantly obtained by
developers to select the most related knowledge base. It also
assists the ophthalmologic experts in extending knowledge
and ideally detecting whether the represented knowledge is
complete and up to date. In an OntoPhaco application, the
visualization is only limited to two steps related to create
incision (Create_1 andCreate_2) and fill up space (FillUp_1).
Fig. 11 shows part of a collapsible tree presentation. In this
case, students can browse any particular step. Reciprocally,
they can collapse branches of the tree diagram in one single
screenwithout the need to scroll down. For instance, as shown
in Fig. 11a, at first the users display both the steps, and when

they click for example, on step1, the node is collapsed into
other sub-steps (e.g., Create 1st Inc and Create 2nd Inc).
Clicking on the ‘‘Create 1st Inc’’ node produces other sub-
steps. Each latter sub-step has its own detailed information
that is required by the student to ideally establish the Phaco
surgery technique (see Fig. 11b).
An Example— During the process of performing corneal

incision, the incision location and architecture of the tun-
nel are the major concerns. This is because any change in
the required dimension of the incision results in difficul-
ties in making visualizations of the anterior chamber, and
increases the possibility of astigmatism, where the incision
is more likely to leak [15]. The integrating of visual guidance
(OntoPhaco application) provides explicit knowledge and a
comprehensive guide to assist students in performing safe
corneal incision. This application visualizes and presents the
ideal location (Limbal Arcade) and architecture of incision
(Intrastromal length of the incision equal to the width of
the incision) as a guide for students to conduct the incision,
as presented in Fig. 12.

It is worth noting that, as the implementation of OntoPhaco
applications in VR is out of scope, this study adopted an
alternative approach by recording videos during the visual-
ization of the OntoPhaco application on a laptop. Then, the
recorded videos were integrated into the VR environment,
where the students can use the VR training features and see
the videos of OntoPhaco system in parallel. The latter system
sequentially directs and reminds users about the surgical steps
involved and knowledge related to each procedure. The aim
of this dual system is to enhance and preserve awareness
and concentration of the students during cataract surgery
procedures.

2) VERIFICATION
This stage is like post ante evaluation. Its main aim is to verify
the OntoPhaco implementation. It mainly checks whether the
ontology is correctly built and whether the ontology require-
ments and competency questions are correctly implemented.
An online interview was conducted with an ophthalmologic
expert to review the OntoPhaco implementation. Having such
visualizations significantly helped to ideally detect whether
the represented knowledge is complete and up to date.
An example— During verification, the domain expert

identified unnecessary steps under the Create_1 procedure.
These steps were, grasp instrument (Globe), select anatomy,
and place globe. Based on the expert’s explanation, these
steps were frequently used in old techniques, and no longer
existed in the new techniques. According to the feedback, the
unnecessary steps were deleted to maintain the conciseness
criteria.

D. STAGE 3b: POST- CONCEPTUALIZATION
1) APPLICATION BASED- EVALUATION
This kind of approach is under post ante evaluation, which
evaluates the artefact after construction. It is a technical
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FIGURE 12. The explicit knowledge of incision location and architecture of tunnel.

judgment of the artefact by measuring how well the solution
to the problem is being supported by the designed artefact.
In order to check the application of ontology, the OntoPhaco
visualization is integrated into a VR environment to test
its applicability within a real-world situation. A concep-
tual model is evaluated based on users’ opinions in terms
of knowledge coverage and utility. This stage requires the
involvement of a comparison between the solution’s objec-
tives to the current results observed from the utilization of
the artefact in the demonstration stage.

In literature, there are no evaluation standards exist that can
be used for all sorts of design science research artefacts. A set
of evaluation criteria should be, therefore formulated based
on the requirements of each project. Thereby, in this stage,
mixed mode research was selected to achieve the purpose of
the evaluation. The sub-sections below provide more details.

a: EXPERIMENTAL METHOD
Experimental research is a kind of comparative research.
In the experimental method, groups are divided into two
dimensions of experimental research designs. The first is the
within-subjects dimension, and the second is the between-
subjects dimension [48]. Having these two approaches at
hand is enough to make basic experimental research design.
However, it is worth to note that each method mentioned
has its own advantages and disadvantages. Some researches
use the within-subject, and some utilize the between-subject
methods, and others try to combine. It was recommended
by Budiu [49] that if the number of participants are fewer,
it is better to use the within-subjects approach. On the other
hand, Randolph [48] reported that experimental research can
be followed by qualitative methods, which has been seen in
different works [50], [51]. In this study, the within-subjects

dimension, and a combination of focus groups with exper-
imental method, were selected to further understand, ‘‘how
the use of OntoPhaco visualization in VRT environment has
affected the training experience of students’’.

b: METHODS AND DATA COLLECTION
FOR ONTOPHACO VALIDATION
Before starting the interview, a workshop and a brief session
about the study and its objectives was conducted. All the
participants were guided to make them more familiar with
techniques of maneuvering VR devices and to adapt them
to the scene of cataract surgery and OntoPhaco visualization
inside the VR environment. Later on, each student was asked
to use VRT without the OntoPhaco application at first, and
secondly, with visualizations of OntoPhaco (see Fig. 13).
Then, an interview was conducted in order to collect data
about the experience.

The participants were randomly chosen to participate in
this research, where they were recognized as doctors and
students who have experience and much knowledge about
cataract surgery, especially about the Phaco technique. The
proposal of the experiment is that using OntoPhaco visual-
izations in a VR environment can guide students during the
cataract surgery procedure. This experiment does not attempt
to evaluate students’ experience and knowledge background.
Rather, it aims to understand more about how this ontology
helps them by providing comprehensive knowledge about the
Phaco technique for learning and acquisition of this knowl-
edge during VRT. Therefore, online focus groups were used
to collect data about the usability of OntoPhaco visualizations
inside VR, as well as to gather learners’ experiences of using
this visual guidance. In this method, the participants are able
to react to what each individual says, whereas the agreement
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FIGURE 13. Part from experiment’s session.

among the members is not the study’s target [52]. 15 doc-
tors and students under ophthalmology departments (HUKM)
participated in the experiment. The participants’ answers
were recorded accordingly and were later transcribed and
analyzed based on a selection of themes.

c: THEMATIC METHOD
In this study, thematic analysis was selected as a suitable
method for analyzing the findings. Braun and Clarke [53]

TABLE 10. Demographic information of participants.

FIGURE 14. Relation among themes.

provided step by step guidance on how to smoothly conduct
a good thematic analysis procedure. It is well known in
literature, and includes describing, analyzing, and reporting
themes in data. This study used an inductive (bottom-up way)
and semantic approach. This can be possible by allowing the
data to define the theme and only focusing on the explicit
content of data.

In their work, Braun and Clarke [53] explained their guid-
ance, which firstly involves familiarizing ourselves with data
by reading and re-reading the transcript. Accordingly, they
suggested to make notes of first interpretations. As per the
guideline, initial codes should then be produced, and the rel-
evant data should also be collated to each code in a systematic
manner. Next, the defined codes should be combined together
based on suggested themes, and these themes should be fur-
ther refined to check whether they are logical in connection
to the entire transcription. Defining and naming the themes
is the last step, which is also when researchers should define
the essence of each theme.

For credibility purpose, different approaches were
designed by the researchers to minimize bias. However,
there is still a continuing debate about terms like validity
and reliability, and whether these can be used in qualitative
research [54][55]. Due to the lack of universally agree-
able concepts and criteria for evaluating qualitative find-
ings [56], this study used the reported strategy in Long and
Johnson’s [57] work to confirm credibility, which allows
respondent validation. In this case study, participant was
invited to comment on the defined themes and concepts. This
approach helped to check whether these themes and concepts
satisfactorily reflected the phenomena.

d: RESULTS
Demographic Findings: Table 10 provides the extracted
demographic information that was collected during the exper-
imental session. It is worth noting that the experience years
for doctors presented in Table 10 are after 5 years in general
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TABLE 11. Ontology requirements specification document.
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TABLE 11. (Continued.) Ontology requirements specification document.

TABLE 12. Examples of relationships among concepts in OntoPhaco ontology.

medicine study. These samples of people were chosen due
to their experience and knowledge about the ophthalmology
domain in general and cataract surgery in particular.

Usability Findings: Five themes emerged by analyzing
the results of the interview transcripts, which included user
satisfaction, visual guidance, visualization, content, and lack

VOLUME 9, 2021 152367



B. Youcef et al.: OntoPhaco: Ontology for Virtual Reality Training in Ophthalmology Domain

FIGURE 15. Perdurant ontology of CreateOpening.

of knowledge. All these themes were entirely validated and
were found to be consistent with what was discussed during
the interview.

- Theme 1: User satisfaction
User satisfaction described the participants’ reac-

tions to use OntoPhaco visualization inside a VR envi-
ronment. The majority of trainees declared that they
would like to use it, which is beneficial and more
interesting, especially for students, as stated by one
student:

‘‘I think for me as student . . . it is quite interesting to learn
OntoPhaco visualization using VR so make learning

interesting for me. I think is for me, it is
useful’’

Another research assistant mentioned:

‘‘I think OntoPhaco visualization with VR is helpful for
seeking knowledge because we can see the real picture with

VR and very practical’’

- Theme 2: Visual guidance
The second theme focuses on the participants’ experiences

on how OntoPhaco visualization can be used to guide them
during VRT. These experiences were positively expressed on
how this visualization can serve as a visual guide to assist
users during simulation. A doctor mentioned:

‘‘new video was very good an overview about what is going
to happen talking like explain steps and what’s is going to
happen first what’s instrument used then enter and exit’’
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FIGURE 16. Endurant ontology of CreateOpening.

Another doctor said:

‘‘It helps to provide step by step guidance and allows me to
visualize the steps’’

- Theme 3: Visualization
This theme explores methods to visualize the knowledge of

the Phaco technique and to take into account further enhance-
ments that were highlighted by participants to make for an
exciting learning experience. Many of them believed that if
the simulation and OntoPhaco visualization are presented
concurrently with audio, it could be more beneficial. One
doctor mentioned:

‘‘. . .can have a both video, audio and also visualization at
the same time would be more. . .more beneficial’’

Some participants provided some recommendations with
regards to fonts and image types and quality. An example of
this is what a doctor mentioned:

‘‘If you can use real eye rather animation I think it will be a
good idea..the animation sometimes are not same as the

patient eye I think take patient eye rather than animation ’’

Another research assistant commented:

‘‘. . .But some improvement need to be done by increasing
the wording size to make it more clearer. . .while the

picture/video. . .maybe you could improve the quality like
HD or 1080p to make the picture more real and nice color of

visualization’’

- Theme 4: Content
This theme is concerned with how the presented knowl-

edge about Phaco cataract surgery can serve the needs of the
participants. As one doctor remarked:

‘‘The provided steps are explained together with some
clinical anatomy relevance’’

Some requirements related to content enhancements were
also suggested by doctors to provide precise and comprehen-
sive knowledge.

‘‘add measurement the wound size and depth angulation of
knife once creating wound . . . so it can be better to visualize
how the angulation of the wound. . . add measurement how to
insert the knife and give exact angle because the insertion

has multiple approaches.’’

Another doctor mentioned:

‘‘It was a new experience and would like to explore further
using different procedures like glaucoma surgeries, eye lid

surgeries or cornea surgeries’’

- Theme 5: Lack of knowledge
This theme is concerned with some problems faced by the

participants in the first stage, which led them to feel a lack
of control of the VR devices during the experiment. A doctor
commented:

‘‘I took much time to adapt the simulation in term for
remote control’’
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FIGURE 17. Perdurant ontology of Groove_1.

A research assistant also remarked:

‘‘If we can have manual on how to use VR for awareness of
beginner. . . ’’

e: DISCUSSION
This experiment delivers an insight into the experiences
of using OntoPhaco visualization with VR technology
for helping users to enhance the learning curve during
Phaco training surgery. To help respect the significance

of these findings, recommendations are generated to allow
ontological engineers, VR developers and researchers to think
about practical ways that can guide students to conduct very
successful training using VR technology. Additionally, the
findings are reflected in some ontology and VRT literature,
such as the following.
User Satisfaction: A previous study by Tessier et al [58]

defined user satisfaction as a concept and it was ‘‘ultimately
a state experienced inside the user’s head’’ (p.383), and
therefore was a response that ‘‘may be both intellectual and
emotional’’.
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FIGURE 18. Endurant ontology of Groove_1.

Therefore, for improving the OntoPhaco visualization,
it is important to know how participants in the experiment
interact with it, and where the weak points are located.
The findings of the experiments give an opportunity to
design relations among the emerged themes as presented in
Fig. 14. Overall, all participants agree to use the OntoPhaco
visualization in VR, as it enables them to have a good learning
experience.
Visual Guidance: According to Benferdia et al. [14]‘s

study, it was reported that ‘‘Provide Guidance’’ in VE is one
of the important roles of ontology. It was also declared in the
same study, that previous works such as Elenius et al. [59]
and Vincent et al. [60] tried to provide guidance on how
to do tasks inside VE. However, these studies did not pro-
vide enough evidence due to missing roles like ‘‘Enhanc-
ing Communication among Stakeholders or Applications’’
and used languages and methodologies that were deficient
and not enough to capture, represent, and structure explicit
knowledge. Thanks to UFO, its OntoUML language and data
visualization greatly assisted in providing a comprehensive
representation of the domain.

In literature, Lam et al. [61] in their work tried to provide
visual guidance in VRT of Phaco cataract surgery. However,
this study only offers some colored highlights over places of
insertion and capsulorhexis. Whereas, the knowledge related
to instruments, name of location, architecture of wound is
missing. On the other hand, the ontology in this experiment
plays a storytelling role by providing visual guidance in the
form of step-by-step explanations of the Phaco technique,
which covers areas like what is going to happen first, what
is the instrument used and its role, what is the location for

inserting the instrument, and architecture of the incision, and
so on.
Visualization: Visualization is a way of translating data

into visual context by using different approaches like images,
graphs, and video, to communicate a message to the intended
users. The major goal is to provide information in an easy and
visually presentable manner, that enables the human brain to
understand and extract the overall ideas about the data being
presented [62]. Using video with audio was something that
was well appreciated by all the participants. Although the
usage of video inside VR made for a good learning experi-
ence, some users faced some difficulties in seeing the images
and the words. Consequently, they suggested to increase the
font size and the quality of the photos. Here, there is a need
to highlight significant issues related to lack of knowledge’s
theme. The difficulties appeared because some participants
did not move to the right position, which is more comfortable
for the viewing angle. If they had moved closer and smoothly
conducted the zoom in and zoomout activity, theywould have
surely been able to see the texts and images clearly. Other
recommendation was to provide certain highlights over the
cornea wound, and simultaneously, visualization and audio
explanation were presented. This method of using highlights
was previously conducted by Lam et al.’s [61] work. This
method can be further improved in this study by providing a
legend. For example, if users want to grasp the instrument,
some highlights with text can emerge informing them about
the name and the role of the instrument. Therefore, all the
suggestions can be adopted and refined so that the students
can learn and benefit significantly more. These suggestions
are summarized as follows:
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FIGURE 19. Perdurant ontology of Divide_1.

FIGURE 20. Endurant ontology of Divide_1.

1- Visualization, audio, and highlights with a legend can
be presented inside the VE concurrently.

2- To improve the quality of OntoPhaco visualization and
the included images (e.g., HD or 1080p) in order to make the

picture appear more real and also for the visualization to have
nicer and vibrant colors.

3- Using a real eye rather than an animated or photographic
one.
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FIGURE 21. Perdurant ontology of Rotate_1.

Content: In the literature, various studies reported some
problems with regards to the comprehensiveness of the
learning content in the context of VRT. For instance,
Radianti et al. [13] in their study in the higher education
domain, recommended for further research to conduct work-
shops, focus group discussions with students and teachers to
extract the right knowledge. Benferdia et al.’s [11] work also
mentioned about limitation factors, elaborating that VRT in
ophthalmology lacks an integrated comprehensive training
curriculum inside VE. Thus, ontology was called to address
these kinds of issues.

According to Benferdia et al. [14], it was identified that
the role of ‘‘Capturing and Representing Training Scenarios
or Learning Contents’’, was the dominating role in ontology
for VRT. OntoPhaco visualization, which is based on UFO
and DEMO, successfully assists in explicitly describing the
sequence of steps, and information for training scenarios in
the form of storytelling. Having such a visualization method
assists in reducing complexity, and hence users can obtain a
comprehensive overview about Phaco cataract surgery. This
is one of the reasons why a majority of the participants

were satisfied with the contents presented in the Phaco
visualization.

Some comments were provided that can be applied for fur-
ther enhancement of the knowledge presentation, as follows:

1- To add some measurements on how to insert the knife
and to give an exact angle because the insertion has multiple
approaches.

2- To further explore different procedures like glaucoma
surgeries, eye lid surgeries, or cornea surgeries.
Lack of knowledge: This theme is considered as a weak

point of VR in general. Benferdia et al. [11] reported that
a lack of guidance and supervision is a critical factor. The
highly advanced technology used in VR like the excess
level of realism and the new immersive technology, increases
its overall complexity. In the experiment, some participants
faced some difficulties in using the remote control and adjust-
ing the right view and position to make for a nicer learning
experience. Most of them did not know how to interact inside
the VR or how to use VR devices. Some of them took
much time to formalize themselves with the VR devices.
Guidance and supervision should be provided at the first
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FIGURE 22. Endurant ontology of Rotate_1.

stage of training so as to avoid any failure in the VRT
project.

A majority of the doctors found that using OntoPhaco
within VRT is beneficial and provides a good experience for
those seeking knowledge and guidance on how to do cataract
surgery, especially for beginners. Not far from these respon-
dents, research assistants declared their motivation on utiliz-
ing this kind of technology during their training. However,
both the respondents suggested some improvements, as are
presented earlier, that need to be considered for further works
(e.g., font, quality of photo, including other procedures).
Research assistants additionally declared that they usually
need to queue for a long time in order to have a chance to
enter the operation room. This environment with OntoPhaco
can really help these students in maintaining their knowledge
and training themselves before being involved in real surgery.
Like the above respondents, students also expressed their
interest in learning OntoPhaco visualization using VR.

The overall feedback regarding OntoPhaco from ophthal-
mologists and students was good and encouraging, who were
highly satisfied by the integration of OntoPhaco visualization
into the VR environment. Results confirm the significance
of OntoPhaco, which plays a role in enhancing learning
experience. This study opens a new opportunity for research,
in investigating user experiences, on one hand, by employing
behavioral science research in order to include more items
and collect data from a larger responder sample. It can be put
as further work and can trigger more empirical work from
the behavioral science community, instead of design science

research. On the other hand, there is a need to consider that
there are some challenges commonly faced in implement-
ing training scenarios in VEs. As we know, VRT, particu-
larly in the ophthalmology domain, varies meaningfully from
frequent training. As also mentioned before, trivial details
in cataract surgery are crucial, whereas any missing details
could lead to the patient being blind. Therefore, the con-
tents and procedures should be communicated and integrated
in the learning and training scenarios, in a proper manner,
such that students are not swamped. Some works including
technical scaffolds [63], cognitive apprenticeship [64], and
visible thinking [65] have attempted to provide approaches
and frameworks in order to motivate students and make
learning more interesting by connecting it to real application.
These frameworks are significant instructional paradigms,
specifically when VRT applications are used to train students
for fairly complex activities. In future work, these frame-
works may be considered in designing training scenarios and
developing learning environments.

V. CONCLUSION
An ontology is a unified representation of reality of the world
that shares a common understanding of the domain of interest.
It provides vocabularies that represent knowledge of a given
domain with explicitly and formally defined meanings. This
tool can be used to organize and structure information, as well
as to support semantics interoperability and communications
among different stakeholder teams in ophthalmology.
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FIGURE 23. Perdurant ontology of inject.

Despite the number of ontologies designed for VRT, there
is still a misunderstanding on how they should be designed in
the most systematic approach to assist effectively in building
VR training scenarios, leading to successful VRT processes.
When utilizing ontologies for supporting VRT in the oph-
thalmology context, such as the Phaco technique in cataract
surgery, it is fundamental to determine whether they provide
a valid representation of the reality.

In this article, the processes of designing and evaluation
of OntoPhaco were described based on synthesis and anal-
ysis of existing approaches of ontology construction and
evaluation. The designed ontology was evaluated based on
three major approaches; Guizzardi’s postulates-based ver-
ification, criteria-based verification and application-based

evaluation. As part of the validation, the results show that
the use of OntoPhaco was able to improve the student’s
learning experience in retrieving fundamental information
on the related steps, sub steps, and particular details on
demand. It also enables all users to acquire overall knowl-
edge about the steps of the Phaco technique and detect spe-
cific details for each step. Overall, it assists effectively in
building VR training scenarios, leading to successful VRT
processes.

In future, as it is obvious that OntoPhaco provides many
possibilities to reuse it several times in order to make a huge
ontology that can cover the whole ophthalmology domain;
therefore, the foundation ontology can be made possible by
reusing, extending, and mapping the designed ontology to
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FIGURE 24. Endurant ontology of inject.

build a foundation ontology for the whole ophthalmology
domain (a single large domain ontology for ophthalmology).
In this study, the OntoPhaco visualization was used to pro-
vide visual guidance. It can be further implemented to offer
reasoning in order to query and retrieve information in a VR
environment. Having OntoUML in hand gives an opportunity
to transfer graphical designs to many implemented languages
such as OWL [66]–[68].

ACKNOWLEDGMENT
The authors are highly appreciates the enormous support
received for this research project.

REFERENCES
[1] R. Kahloun, R. Bourne, H. Limburg, S. R. Flaxman, J. B. Jonas,

J. Keeffe, J. Leasher, K Naidoo, K. Pesudovs, H. Price, R. A. White,
T. Y. Wong, S. Resnikoff, and H. R. Taylor, ‘‘Number of people blind or
visually impaired by cataract worldwide and in world regions, 1990 to
2010,’’ Investig. Ophthalmol. Vis. Sci., vol. 56, no. 11, pp. 6762–6769,
Oct. 2015.

[2] A. Amritanand, S. Jasper, P. Paul, and T. Kuriakose, ‘‘Facilitating factors
in overcoming barriers to cataract surgical services among the bilaterally
cataract blind in Southern India: A cross-sectional study,’’ Indian J. Oph-
thalmol., vol. 66, no. 7, pp. 963–968, Jul. 2018.

[3] F. F. L. M. Chew, M. A. Salowi, Z. Mustari, M. A. Husni, E. Hussein,
T. H. Adnan, N. F. Ngah, H. Limburg, and P. P. Goh, ‘‘Estimates
of visual impairment and its causes from the National Eye Sur-
vey in Malaysia (NESII),’’ PLoS ONE, vol. 13, no. 6, Jun. 2018,
Art. no. e0198799.

[4] A. Singh and G. H. Strauss, ‘‘High-fidelity cataract surgery simulation
and third world blindness,’’ Surg. Innov., vol. 22, no. 2, pp. 189–193,
Apr. 2015.

[5] J. C. Serna-Ojeda, E. O. Graue-Hernández, P. J. Guzmán-Salas, and
J. L. Rodráguez-Loaiza, ‘‘Simulation training in ophthalmology,’’ Gac.
Med. Mex., vol. 153, no. 1, pp. 102–106, Apr. 2017.

[6] M. Selvander and P. Åsman, ‘‘Virtual reality cataract surgery training:
Learning curves and concurrent validity,’’ Acta Ophthalmol., vol. 90, no. 5,
pp. 412–417, Aug. 2012.

[7] K.-S. Choi, S. Soo, and F.-L. Chung, ‘‘A virtual training simu-
lator for learning cataract surgery with phacoemulsification,’’ Com-
put. Biol. Med., vol. 39, no. 11, pp. 1020–1031, Nov. 2009, doi:
10.1016/j.compbiomed.2009.08.003.

[8] L. Lucas, S. A. Schellini, and A. C. Lottelli, ‘‘Complications in the first
10 phacoemulsification cataract surgeries with and without prior simulator
training,’’ Arquivos Brasileiros Oftalmol., vol. 82, no. 4, pp. 289–294,
2019.

[9] C.-W. Chang, S.-C. Yeh, M. Li, and E. Yao, ‘‘The introduction of a
novel virtual reality training system for gynecology learning and its user
experience research,’’ IEEE Access, vol. 7, pp. 43637–43653, 2019.

[10] A. S. S. Thomsen, Y. Subhi, J. F. Kiilgaard, M. La Cour, and L. Konge,
‘‘Update on simulation-based surgical training and assessment in ophthal-
mology: A systematic review,’’ Amer. Acad. Ophthalmol., vol. 122, no. 6,
pp. 1111–1130, Jun. 2015.

[11] Y. Benferdia, M. N. Ahmad, M. Mustapha, H. Baharin, and M. Y. Bajuri,
‘‘Critical success factors for virtual reality-based training in ophthalmol-
ogy domain,’’ J. Health Med. Informat., vol. 9, no. 4, pp. 1–14, 2018, doi:
10.4172/2157-7420.1000318.

[12] M. Cook, Z. Lischer-Katz, N. Hall, J. Hardesty, J. Johnson, R. McDonald,
and T. Carlisle, ‘‘Challenges and strategies for educational virtual reality,’’
Inf. Technol. Libraries, vol. 38, no. 4, pp. 25–48, Dec. 2019.

[13] J. Radianti, T. A.Majchrzak, J. Fromm, and I.Wohlgenannt, ‘‘A systematic
review of immersive virtual reality applications for higher education:
Design elements, lessons learned, and research agenda,’’ Comput. Educ.,
vol. 147, Apr. 2020, Art. no. 103778.

[14] Y. Benferdia, M. N. Ahmad, M. Mustapha, M. Y. Bajuri, M. Ahmad,
and A. Shapii, ‘‘Ontologies application in virtual reality training domain:
A review and future directions,’’ in Proc. 24th Pacific Asia Conf. Inf. Syst.,
Dubai, India, Jan. 2020, pp. 1–14.

152376 VOLUME 9, 2021

http://dx.doi.org/10.1016/j.compbiomed.2009.08.003
http://dx.doi.org/10.4172/2157-7420.1000318


B. Youcef et al.: OntoPhaco: Ontology for Virtual Reality Training in Ophthalmology Domain

[15] M. Colvard, ‘‘Achieving excellence in cataract surgery: A step-by-step
approach,’’ Los Angeles, CA, USA, Tech. Rep., 2009.

[16] J. Brank,M.Grobelnik, andD.Mladenic, ‘‘A survey of ontology evaluation
techniques,’’ in Proc. Conf. Data Mining Data Warehouses, Ljubljana,
Slovenia, 2005, pp. 166–170.

[17] T. R. Gruber, ‘‘A translation approach to portable ontology specifi-
cations,’’ Knowl. Acquisition, vol. 5, no. 2, pp. 199–220, 1993, doi:
10.1006/knac.1993.1008.

[18] C. Feilmayr and W. Wöß, ‘‘An analysis of ontologies and their success
factors for application to business,’’ Data Knowl. Eng., vol. 101, pp. 1–23,
Jan. 2016.

[19] M. Uschold and M. Gruninger, ‘‘Ontologies: Principles, methods and
applications,’’ Knowl. Eng. Rev., vol. 11, no. 2, pp. 93–136, Jun. 1996.

[20] D. V. Rao, R. Shankar, L. Iliadis, and V. V. Sarma, ‘‘An ontology based
approach to designing adaptive lesson plans in military training simula-
tors,’’ in Proc. Int. Conf. Eng. Appl. Neural Netw., vol. 311, London, U.K.,
2012, pp. 81–93.

[21] M. M. M. Peeters, K. Van den Bosch, M. A. Neerincx, and J. J. C. Meyer,
‘‘An ontology for automated scenario-based training,’’ Int. J. Technol.
Enhanc. Learn., vol. 6, no. 3, pp. 195–210, Jan. 2014.

[22] D. Baldassini, V. Colombo, D. Spoladore, M. Sacco, and S. Arlati, ‘‘Cus-
tomization of domestic environment and physical training supported by
virtual reality and semantic technologies: A use-case,’’ in Proc. 3rd Int.
Forum RTSI, Modena, Italy, 2017, pp. 1–6.

[23] J. H. Yeh and X. M. Huang, ‘‘BKOntoVR: A virtual reality exhibition
system for biographic ontology-based semantic structure,’’ inProc. ICSEB,
Zhuhai, China, 2018, pp. 69–73.

[24] M. M. N. Ahmad, K. B. A. Badr, E. Salwana, N. H. Zakaria, Z. Tahar,
and A. Sattar, ‘‘An ontology for the waste management domain,’’ in Proc.
PACIS, Yokohama, Japan, 2018, pp. 1–14.

[25] D. Vrandecic, ‘‘Ontology evaluation,’’ in Handbook Ontologies, S. Staab,
R. Studer, Ed. 2nd ed. Karlsruhe, Germany: Springer, 2009, pp. 293–313.
[Online]. Available: https://link.springer.com/chapter/10.1007/978-3-540-
92673-3_13

[26] A. Gómez-Pérez, ‘‘Towards a framework to verify knowledge sharing
technology,’’ Expert Syst. Appl., vol. 11, no. 4, pp. 519–529, Jan. 1996.

[27] W. Abramowicz, M. Vargas-Vera, and M. Wisniewski, ‘‘Axiom-based
feedback cycle for relation extraction in ontology learning from text,’’ in
Proc. 19th Int. Conf. Database Expert Syst. Appl., Washington, DC, USA,
Sep. 2008, pp. 202–206.

[28] C. Brewster, H. Alani, S. Dasmahapatra, and Y. Wilks, ‘‘Data driven
ontology evaluation,’’ in Proc. Int. Conf. Lang. Resour. Eval., Lisbon,
Portugal, 2004, pp. 1–4.

[29] J. Yu, J. A. Thom, and A. Tam, ‘‘Evaluating ontology criteria for require-
ments in a geographic travel domain,’’ in Proc. Int. Conf. Internet Syst.,
Agia Napa, Cyprus, 2005, pp. 1517–1534.

[30] J. Yu, J. A. Thom, and A. Tam, ‘‘Ontology evaluation using Wikipedia
categories for browsing,’’ in Proc. 16th ACM Conf. Conf. Inf. Knowl.
Manage., Lisbon, Portugal, 2007, pp. 223–232.

[31] T. Gruber, ‘‘Toward principes design ontologies used for knowledge
sharing,’’ Int. J. Hum.-Comput. Stud., vol. 43, nos. 5–6, pp. 908–928,
Nov. 1995.

[32] G. Shanks, E. Tansley, and R. Weber, ‘‘Using ontology to validate concep-
tual models,’’ Commun. ACM, vol. 46, no. 10, pp. 85–89, Oct. 2003.

[33] J. Raad and C. Cruz, ‘‘A survey on ontology evaluation methods,’’ in Proc.
IC3K, Setubal, Portugal, 2015, pp. 179–186.

[34] P. Delir Haghighi, F. Burstein, A. Zaslavsky, and P. Arbon, ‘‘Development
and evaluation of ontology for intelligent decision support inmedical emer-
gency management for mass gatherings,’’ Decis. Support Syst., vol. 54,
no. 2, pp. 1192–1204, Jan. 2013.

[35] A. Lozano-Tello and A. Gomez-Perez, ‘‘ONTOMETRIC: A method to
choose the appropriate ontology,’’ J. Database Manage., vol. 15, no. 2,
pp. 1–18, Apr. 2004.

[36] C. Welty, R. Mahindru, and J. Chu-Carroll, ‘‘Evaluating ontological anal-
ysis,’’ in Proc. Semantic Integr. Workshop, vol. 82, 2003, pp. 92–96.

[37] M. Grüninger and M. S. Fox, ‘‘Methodology for the design and evaluation
of ontologies,’’ in Proc. Workshop Basic Ontological Issues Knowl., 1995,
pp. 1–10.

[38] R. Benjamins, ‘‘Overview of knowledge sharing and reuse compo-
nents: Ontologies and problem-solving methods,’’ in Proc. Workshop
Ontol. Problem-Solving Methods, vol. 18, Stockholm, Sweden, 1999,
pp. 1–15.

[39] M. Fernández-López and A. Gómez-Pérez, ‘‘Overview and analysis
of methodologies for building ontologies,’’ Knowl. Eng. Rev., vol. 17,
pp. 129–156, Jun. 2002.

[40] M. C. Suárez-Figueroa, A. Gómez-Pérez, and B. Villazán-Terrazas, ‘‘How
to write and use the ontology requirements specification document,’’ in
Proc. Int. Conf. Meaningful Internet Syst., vol. 5871, Vilamoura, Portugal,
2009, pp. 966–982.

[41] G. Guizzardi, ‘‘Ontological foundations for structural conceptual models,’’
Ph.D. dissertation, Telematica Inst., Amsterdam, The Netherlands, 2005.

[42] G. Guizzardi, C.M. Fonseca, A. B. Benevides, J. P. A. Almeida, D. Porello,
and T. P. Sales, ‘‘Endurant types in ontology-driven conceptual model-
ing: Towards ontoUML 2.0,’’ in Proc. Int. Conf. Conceptual Modeling,
vol. 11157, 2018, pp. 136–150, doi: 10.1007/978-3-030-00847-5_12.

[43] R.M. Colomb andM. N. Ahmad, ‘‘A perdurant ontology for interoperating
information systems based on interlocking institutional worlds,’’ Appl.
Ontol., vol. 5, no. 1, pp. 47–77, 2010.

[44] NVISION. (2018). Tips for Post-Cataract Surgery Care (&
What to Avoid). Accessed: Dec. 18, 2020. [Online]. Available:
https://www.nvisioncenters.com/cataracts/post-care/

[45] G. Guizzardi, ‘‘Ontology, ontologies and the ‘I’ of FAIR,’’ Data Intell.,
vol. 2, nos. 1–2, pp. 181–191, Jan. 2020.

[46] S. Staab, R. Studer, H. P. Schnurr, and Y. Sure, ‘‘Knowledge processes and
ontologies,’’ IEEE Intell. Syst., vol. 16, no. 1, pp. 26–34, Jan. 2001.

[47] M. Maclean, ‘‘D3 tips and tricks: Interactive data visualization in a web
browser V5,’’ in Proc. Leanpub, 2019, pp. 1–551.

[48] J. S. Randolph, Multidisciplinary Methods in Educational Technology
Research and Development. Hámeenlinna, Finland: HAMK Press/Justus
Randolph, 2009.

[49] R. Budiu,Between-Subjects vs.Within-Subjects StudyDesign. Sacramento,
CA, USA: Nielsen Norman Group, 2018. Accessed: Dec. 20, 2020.
[Online]. Available: https://www.nngroup.com/articles/between-within-
subjects/

[50] S. Robinson and A. L. Mendelson, ‘‘A qualitative experiment: Research
on mediated meaning construction using a hybrid approach,’’ J. Mixed
Methods Res., vol. 6, no. 4, pp. 332–347, Oct. 2012.

[51] T. Andry, ‘‘The qualitative analysis in eye tracking studies: Including
subjective data collection in an experimental protocol,’’ in Proc. Int. Conf.
Hum.-Comput. Interact., Orlando, FL, USA, 2019, pp. 335–346.

[52] M.Q. Patton,Qualitative Research and EvaluationMethods. BeverlyHills,
CA, USA: Sage, 2002.

[53] V. Braun and V. Clarke, ‘‘Using thematic analysis in psychology,’’ Quali-
tative Res. Psychol., vol. 3, no. 2, pp. 77–101, 2006.

[54] G. Rolfe, ‘‘Validity, trustworthiness and rigour: Quality and the idea
of qualitative research,’’ J. Adv. Nursing, vol. 53, no. 3, pp. 304–310,
Feb. 2006.

[55] B. S. Cypress, ‘‘Rigor or reliability and validity in qualitative research: Per-
spectives, strategies, reconceptualization, and recommendations,’’ Dimen-
sions Crit. Care Nursing, vol. 36, no. 4, pp. 253–263, 2017.

[56] H. Noble and J. Smith, ‘‘Issues of validity and reliability in qualitative
research,’’ Evidence Based Nursing, vol. 18, no. 2, pp. 34–35, Apr. 2015.

[57] T. Long and M. Johnson, ‘‘Rigour, reliability and validity in qualitative
research,’’ Clin. Effectiveness Nursing, vol. 4, no. 1, pp. 30–37, Mar. 2000.

[58] J. Tessier, C. WW, and P. Atherton, ‘‘New measures of user satisfaction
with computer-based literature searches,’’ Spec. Lib., vol. 68, no. 11,
pp. 383–389, 1977.

[59] D. Elenius, G. Denker, and M. Kim, ‘‘Semantically enhanced virtual
learning environments using sunflower,’’ in Proc. Res. Conf. Metadata
Semantics Res., vol. 672, Güttingen, Germany, 2016, pp. 81–93.

[60] V. Havard, B. Jeanne, X. Savatier, and D. Baudry, ‘‘Inoovas–Industrial
ontology for operation in virtual and augmented scene: The architecture,’’
in Proc. 4th Int. Conf. Control, Decis. Inf. Technol. (CoDIT), Apr. 2017,
pp. 300–305.

[61] C. K. Lam, K. Sundaraj, M. N. Sulaiman, and F. A. Qamarruddin, ‘‘Vir-
tual phacoemulsification surgical simulation using visual guidance and
performance parameters as a feasible proficiency assessment tool,’’ BMC
Ophthalmol., vol. 16, no. 1, pp. 1–9, Jun. 2016.

[62] M. Rouse. Data Visualization. Newton, MA, USA: TechTarget,
2020. Accessed: Jan. 15, 2021. [Online]. Available: https://search
businessanalytics.techtarget.com/definition/data-visualization

[63] K. H. Cheong, J. M. Koh, D. J. Yeo, Z. X. Tan, B. O. E. Boo,
and G. Y. Lee, ‘‘Paradoxical simulations to enhance education in
mathematics,’’ IEEE Access, vol. 7, pp. 17941–17950, 2019, doi:
10.1109/ACCESS.2019.2892742.

VOLUME 9, 2021 152377

http://dx.doi.org/10.1006/knac.1993.1008
http://dx.doi.org/10.1007/978-3-030-00847-5_12
http://dx.doi.org/10.1109/ACCESS.2019.2892742


B. Youcef et al.: OntoPhaco: Ontology for Virtual Reality Training in Ophthalmology Domain

[64] A. Collins, J. S. Brown, and A. Holum, ‘‘Cognitive apprenticeship:Making
thinking visible,’’ Am. Educ., vol. 15, no. 3, pp. 1–18, Dec. 1991.

[65] K. H. Cheong and J. M. Koh, ‘‘Integrated virtual laboratory in engi-
neering mathematics education: Fourier theory,’’ IEEE Access, vol. 6,
pp. 58231–58243, 2018.

[66] V. Zamborlini and G. Guizzardi, ‘‘On the representation of temporally
changing information in OWL,’’ inProc. 14th IEEE Int. Enterprise Distrib.
Object Comput. Conf. Workshops, Oct. 2010, pp. 283–292.

[67] P. P. F. Barcelos, V. A. Dos Santos, F. B. Silva, M. E. Monteiro, and
A. S. Garcia, ‘‘An automated transformation from OntoUML to OWL and
SWRL,’’ in Proc. ONTOBRAS, 2013, pp. 130–141.

[68] G. Guizzardi and V. Zamborlini, ‘‘Using a trope-based foundational ontol-
ogy for bridging different areas of concern in ontology-driven conceptual
modeling,’’ Sci. Comput. Program., vol. 96, pp. 417–443, Dec. 2014.

BENFERDIA YOUCEF received the B.Eng.
degree in mechatronics from Mohamed Boudiaf
University at M‘Sila, Algeria, in 2006, and the
M.Sc. degree (Hons.) in IT management from the
Department of Computing, University Technology
Malaysia, in 2015. He is currently pursuing the
Ph.D. degree with the Institute of IR4.0, Universiti
Kebangsaan Malaysia. His current research inter-
ests include ontology, virtual reality, IT project
management, and healthcare informatics. He was

awarded the Best Student Award from University Technology Malaysia.

MOHAMMAD NAZIR AHMAD received the
Bachelor of Information Technology degree in
industrial computing from Universiti Kebangsaan
Malaysia (UKM), in 1998, the M.Sc. degree in
information systems from Universiti Teknologi
Malaysia (UTM), in 2002, and the Ph.D. degree
in information technology from the University of
Queensland (UQ), Brisbane, Australia, in 2009.
He is currently an Associate Professor at UKM.
He has been active for many years in the fields of

ontology and knowledge management areas.

MUSHAWIAHTI MUSTAPHA received the Med-
ical degree (M.D.) from UKM, in 2000, and the
Master of Ophthalmologist degree, in 2007. Her
fellowship in vitreoretinal diseases at Royal Vic-
torian Eye and Ear Hospital, Melbourne, in 2013,
allows her to advance as a Lecturer and an Oph-
thalmologist at Hospital Caunselor Tunku Muhriz
(HCTM), where she is currently an Associate Pro-
fessor of vitreoretinal (VR) surgery. Since then,
she has been active in the field of ophthalmology

in which she conducts numbers of researches and supported by total grants
of almost RM 2,000,000.

152378 VOLUME 9, 2021


