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ARTICLE INFO ABSTRACT
Keywords: This article is dedicated to the development of a model for competencies within an educational
Ontology program and its implementation through the use of semantic technologies. The model proposed

Educational program by the authors is distinctive in that competencies are organized into a hierarchical data structure

}S):\r;gfmes with arbitrary levels of nesting. Furthermore, the article presents an original solution for
Owlready2 modelling the input requirements for studying a course, which is defined in the form of de-
Curriculum pendencies between the competencies generated by the course and the competencies of other
Python courses. The outcome of this work is an ontological model of a competency-based curriculum, for
Semantic web which the authors have developed and implemented algorithms for data addition and retrieval, as
Protégé well as for analyzing the consistency of the curriculum in terms of the input requirements for

studying a discipline and the learning outcomes from previous periods. The findings presented in
the article will prove to be valuable in the development of educational process management
information systems and educational program constructors. They will also be instrumental in
aligning diverse educational programs within the context of academic mobility.

1. Introduction

Currently, in higher education systems across most countries worldwide, the design of educational programs for the representation
of learning outcomes predominantly adopts a “competency-based approach” [1-5]. The main idea of this approach is that the learning
outcomes of an educational program are formulated as a set of attributes referred to as competencies, which must correspond to the
qualifications of the graduate.

An examination of academic publications in this field enables the articulation of the following merits inherent to the competency-
based approach:

- A shift in focus towards the ultimate learning outcome, prioritizing the result over the instructional process;
- Emphasis on the practical skills of graduates;
- Cross-disciplinary - the ability to develop a single competency across multiple courses;
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- Unification - the possibility of comparative analysis of various educational courses and programs based on a common competency
structure;

- Globalization and academic mobility - a unified competency-based approach facilitates the recognition of qualifications and
educational achievements across different countries.

- In various educational systems, the structure for describing an educational program that employs a competency-based approach
may vary. Nevertheless, in the majority of cases, it typically comprises a standardized set of components that pertain to the
competency-based approach. For instance, the educational program at University incorporates these elements:

- Competencies classified into universal, general professional, and specialized professional;

- Learning outcomes (indicators of competency achievement), serving as a detailed elaboration of competencies;

- Disciplines that facilitate the development of competencies in students.

According to the authors, the current structure has significant limitations that hinder the full utilization of the advantages of the
competency-based approach. The primary drawback of the existing educational program model lies in the insufficient level of detail in
describing competencies and learning outcomes. The total number of competencies and learning outcomes tends to be in the same
order as the number of disciplines within the educational program, which hinders a comprehensive exploration of the program’s
internal content. In an attempt to overcome this limitation, the authors of the curriculum associate multiple disciplines with a single
competency, which, in turn, leads to a dilution of the educational program’s content, effectively nullifying the benefits of the
competency-based approach.

Another significant limitation is that the employed competency model is essentially « flat». It contains all two levels - competencies
and learning outcomes. As a consequence, this results in a limited expressiveness of the competency model, making it challenging to
work with the concepts of “general-specific” concerning the educational content. Furthermore, the model lacks any other mechanisms
for connecting competencies, except for the link between competencies and learning outcomes.

The mentioned shortcomings of the educational program structure limit the opportunities for the analysis and synthesis of
educational content. The implementation of a competency-based approach in education becomes a mere formality, only in-creasing
the administrative costs of the educational program and the volume of bureaucratic documentation.

The problem of applying a competency-based approach to the design and implementation of educational programs should also be
considered in the context of academic mobility. In cases of students transferring to other educational institutions, changing educational
programs, or participating in student exchanges, the necessity of aligning educational programs arises. This is necessary for the
recognition of completed courses and the determination of missing ones. In practice, this process is currently conducted primarily
based on the course titles and credit hours, as standardized methods for describing course content are absent. The competency-based
approach can help address this issue, but it requires a universally shared competency model accessible to all participants in the
educational process, as well as a mechanism for its continuous updating.

To overcome the aforementioned shortcomings, the authors of the article set a re-search task to construct an informational
competency model that would meet the following requirements:

- Providing any level of competency detail;

- Invariance to the education profile and subject area;

- Storing information about dependencies among competencies, reflecting the necessary sequence of their acquisition;
- Integration with the informational model of the educational program;

- The ability for collaborative use and refinement of the model by various educational organizations.

The authors believe that, an adequate tool for implementing the described competency model is ontological modelling. This choice
is primarily motivated by the fact that the competency tree, as one of the main components of the developed model, has a graph
structure. This aligns with the principles of building an ontology, which also represents a graph of arbitrary structure. Additionally, the
emerging relationships between competencies, reflecting prerequisites, as well as connections between competencies and educational
courses, further complicate the graph structure. This also supports the use of technologies for handling loosely structured information,
such as ontological modelling.

With the increasing level of detailing, the competency model of an educational program will expand in volume. The number of
individuals (instances of classes) in such a model can number in the thousands. To develop a high-quality and relevant model, it is
advisable to combine the efforts of various educational institutions, scientific, and engineering schools. Ontological modelling tech-
nology provides such possibilities because an ontology is an open and extensible data structure. The development of an ontological
model can be carried out by different independent groups of experts, each of which creates instances of concepts within its own
namespace. However, this does not exclude the necessity to formalize the results of model development in the form of national and
industry standards.

The ontological approach renders information not only machine-readable but also “machine-understandable” because the se-
mantics and meaning of information are directly embedded in the ontology and are an integral part of the model. This enables the
utilization of intelligent logical reasoning procedures, the effectiveness of which becomes evident when analyzing complex subject
domains and loosely structured data, such as an educational program.
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2. Analysis of relevant research and publications

The Organization for Economic Cooperation and Development’s (OECD’s) "Education 2030" project emphasizes the development of
key competencies for adapting to a rapidly changing world, including digital literacy, physical health, creativity, critical thinking,
responsibility, resilience, and collaboration [6]. This approach reflects a shift from traditional educational systems to
competency-based learning, which aligns with the recommendations of the ACM/IEEE-CS Association for Computing Machinery
(ACM) and the IEEE Computer Society (IEEE-CS) Computing Curricula 2020 [7] and Computer Science Curricula 2023 [8], empha-
sizing the importance of the competence-based approach in the field of computer science.

Initiatives such as the IoC (Institute of Coding) standards [9] are aimed at bridging the gap between labor market requirements and
the level of practical skills development of graduates, highlighting the importance of integrating professional fitness and identity into
educational programs to improve graduates’ employability [10].

The "Computing Curricula 2020" report highlights the transition to competency development, including knowledge, skills, and
attitudes, while ABET (Accreditation Board for Engineering and Technology) applies the competence-based approach in accrediting
educational programs, requiring documentation of competency development in students. This alignment with the CC2020 (Computing
Curricula 2020) document demonstrates a general trend towards recognizing the importance of the competence-based approach in
computer science education [11-13].

Efforts by working groups at the ITiCSE (Innovation and Technology in Computer Science Education) conference and the inte-
gration of CC2020 (Computing Curricula 2020) dispositions with the SFIA (Skills Framework for the Information Age, https://sfia-
online.org/en) framework indicate a desire to improve graduates’ preparation for career challenges and to address the shortage of
professional skills, emphasizing the importance of ongoing development of educational programs in accordance with the requirements
of the information age [14-16].

The complexities of student exchange programs such as Erasmus + are often related to the mandatory use of various administrative
and cartographic documents, which create significant difficulties for both students and the administrations of educational institutions.
To address these issues, the "Erasmus Without Paper" project was developed [17]. The main goal of this project is to simplify the
process of transferring information about students and courses, ensuring its seamless interaction between different educational in-
stitutions through a unified integrated system. This innovation implies a significant simplification of administrative procedures,
making participation in the Erasmus + program more accessible and less burdensome for all interested parties [17]. While admin-
istrative procedures are simplified, the translation of credits requires manual intervention [18]. In the context of automating credit
translation, significant efforts have been made to develop and implement natural language processing applications. These applications
aim to automate the credit transfer process and analyze course compatibility, potentially easing administrative management pro-
cedures in educational institutions [19]. However, a problem has arisen: most developed solutions focus exclusively on the thematic
consistency of courses, neglecting competencies or specific learning outcomes [19]. This means that, despite technological progress in
automating processes, there is a need for additional work in integrating and analyzing competencies to ensure a comprehensive and
thorough accounting of educational outcomes.

The alignment and development of competencies play a key role in the process of reverse credit translation and the development of
student competencies. However, there is a problem with the lack of a common standard for defining competencies, leading to an
individual approach by educational institutions to this issue [20]. Aligning competencies with labor market requirements is an
important aspect that requires careful competency assessment to achieve a balance of productivity and efficiency [21]. However,
competency assessment is a complex task, as it involves considering a multitude of factors, including knowledge, skills, self-assessment,
behavior, and motivation [22-24]. There is an important distinction in competency assessment methods: competencies are often
associated with specific skills, whereas competency reflects a person’s behavior in performing tasks [25]. Various methods are used to
assess these aspects, including the application of numerical indicators, conducting interviews, organizing group work, conducting
seminars, and surveys [26-36]. These approaches allow for a comprehensive assessment of both skills and behavioral aspects of
competency.

Adaptation and development of competencies require careful monitoring of their evolution over time. This includes the need for
regular updates and the integration of current labor market data into online systems to meet changing requirements [37,38]. Various
methods are used to analyze and compare competencies, among which Bloom’s Taxonomy stands out. Bloom’s Taxonomy allows
structuring educational objectives, analyzing textual materials, and effectively comparing competencies, thereby ensuring their
relevance and adaptation to the needs of the modern market [39-42].

Integration and assessment in e-learning systems include approaches to knowledge assessment, as well as the integration of various
systems and methods for representing competencies [43,44]. Special attention is given to creating a tree-like structure of compe-
tencies, which allows systematizing and classifying knowledge and skills. In addition, contextual modeling is used, which aids in a
more accurate understanding and interpretation of competencies in different conditions [45]. Analysis of the scope, commonality, and
variability additionally helps assess the breadth and applicability of competencies, thereby ensuring their effective integration into
e-learning systems.

3. Research questions

The consideration presented in the Introduction chapter, and the results of the literature and related works review allowed the
formulation of the following research questions:
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1) Is it possible to construct an ontological model of educational program competencies that takes into account the hierarchical
embedding of competencies, and integrate this model with an ontological model of courses, learning periods, and descriptions of
prerequisites?

2) Is it possible to implement logical deduction procedures for the analysis of the alignment between entry requirements and learning
outcomes, while considering the hierarchical competency model?

3) Are there effective tools for manipulating data in the OWL/RDF format using the Python programming language that enable the
resolution of challenges associated with the manipulation of ontological competency models?

4) In what manner can the software processing of an acyclic competency graph be structured, accounting for an unrestricted quantity
of hierarchical levels contained within it?

4. Development of an ontological model of competencies

In pursuit of answers to the aforementioned research questions, the authors aimed to develop an efficient competency model that
would harness the full advantages of the competency-based approach [46-51,52] in educational program design. While addressing this
objective, the authors aspired to create a descriptive framework for educational program competencies that would be expressive,
transparent, and amenable to computer-based processing and analysis. The structural distinctions between the developed educational
program competency model and the traditional curriculum structure are illustrated in Fig. 1. The primary characteristics of the
competency model proposed by the authors include:

- The collection of competencies within the educational program constitutes a flat acyclic graph (tree) in which the top level
comprises three nodes corresponding to universal, general professional, and specific professional types of competencies;

- In this competency tree, nodes at lower levels intricately expand upon the content of higher-level competencies, creating a hier-
archical nesting structure;

- Any node within the competency tree can be associated with a set of learner competency requirements (prerequisites) — a list of
other competencies within the educational program that must be acquired before pursuing the associated competency;

- The course is designed to foster a subset of competencies, without limitations on their level or quantity;

- The course’s entry requirements (prerequisites) are assembled from the prerequisites associated with the competencies developed
by the course.

The presented model applies to diverse higher education programs [28,53,46-48], encompassing both bachelor’s and master’s
degrees, and it is intended to facilitate the practical realization of the benefits associated with the competency-based approach to
educational program design. The model offers the following advantages:

Due to the hierarchical nesting of competencies, the necessary level of their detailing is ensured. At the same time, the level of
detailing can vary among different types of competencies and disciplines. The latter circumstance will not cause contradictions, as for
data processing and analysis it is always possible to choose the level of detailing that corresponds to the task to be solved;

A single data model is employed to describe the outcomes of education and the input prerequisites, ensuring transparency and
clarity in the design of the curriculum. It is evident what the sequence of courses should be to meet all the prerequisite requirements;

The prerequisites for taking a course are determined in the form of dependencies between the competencies developed by the
course and other competencies. Such an approach eliminates the linkage between the curriculum and competencies, making the
competency model a universal tool for the analysis and design of educational programs, shared by various educational institutions;

The strict formalization of the competency model enables computer processing and analysis of educational programs using
intelligent algorithms [43,54].

The development of the ontological model of competencies for the educational program was carried out using the ontological editor

. Require
Prerequisite Train
i ISOUrEe
. Require
Prerequisite

a) Curriculum "as is"

Competence 1

Require
Competence 1.1
Ir‘ 1141 I Ir’

b) Developed competences-based curriculum

Competence 1.2
Require
Competence 1.2.1

Course

Fig. 1. Comparison of competency models.
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Protégé 5.5.0 [46]. The foundation for this model was based on the educational program model developed by Refs. [46,49]. A hi-
erarchy of classes and a hierarchy of Object Properties were constructed (see Fig. 2). The class structure follows the principle of in-
heritance, whereby common properties of individuals are implemented in the base class, and specific properties are implemented in
the inheriting classes.

The aggregate of all competencies acquired by the learners during the educational program forms several hierarchical structures,
where the elements at lower levels detail the content of the parent element. This structure of relationships, in terms of ontological
modelling, is established using the ’Includes’ property and its inverse, *IsPartOf’ (see Fig. 3). These properties are transitive — if
Competency A is included in Competency B, and Competency B is included in Competency C, then A is also included in C. Such
structures with arbitrary levels of nesting can be effectively modelled using graph models, namely ontologies.

The acquisition of a particular competency by learners may require them to possess other competencies. For example, acquiring the
skill of object-oriented programming requires basic programming, procedural-oriented programming and algorithmic skills. Conse-
quently, competencies, regardless of their level of nesting, can be linked through the requires/requiredBy object properties. This
property is also transitive, meaning that the prerequisites for a given competency will encompass all chains of competencies connected
through the ’requires’ property.

According to the logic of the model, if a required competence has subsidiary (nested) competencies, they are also considered
required, meaning they are connected through the ’requires’/’requiredBy’ relationship. To implement this logic in the model, it is
necessary to establish the corresponding chain of relationships 'requires’ -> ’includes’ = 'requires’ (see Fig. 4).

In contrast to competencies, the course model is “flat,” which means that courses cannot be nested and do not have any explicit
relationships with each other, except for the chronological sequence of study. each course aimed at mastering a competence by the
learner is linked to that competency through the ’train’ property and its inverse, "trainedBy’ (as shown in Fig. 5). The possibility of
these connections is not dependent on the competency’s position within the hierarchy. Multiple connections are allowed for both
courses and competencies.

Following the logic of the model, a course aimed at mastering a competence by a learner will also be directed towards mastering
nested competencies. To implement this logic within the model, it is necessary to establish the corresponding chain of relations: ’train’
-> ’includes’ = ’train’ (see Fig. 6).

From the perspective of time periods, an educational program possesses a typical structure. In the model, two classes are defined as
subclasses of the Timeinterval class — AcademicYear and Semester, which are connected by relationships includes/isPartOf. To
determine the sequence of a direct succession of intervals, the Timeinterval class, and hence its subsidiary classes, is linked by two
mutually inverse properties - precede and followBy. These properties are not transitive. To establish relations in a time of a more
general nature, such as which interval precedes or follows another, regardless of the “distance” between them, two superproperties —
goesBefore and goesAfter — have been defined. The superproperties goesBefore and goesAfter are transitive. Consequently, any period
within the chain of periods connected by the relations followBy/precede with its neighbours will be connected with other periods by
the relations goesBefore and goesAfter (Fig. 7).

The concept of “Course” is linked to the semester through the functional property “studiedDuring” and its inverse property
“providesStudy”.

In order for the goesBefore/goesAfter relationship between AcademicYear containers to also extend to the relationship between
semesters and the relationship between the AcademicYear container and the semester, a corresponding chain of relationships isPartOf
- > goesBefore = goesBefore must be constructed (Fig. 8).

The complete semantic network graph of the competency model is presented in Fig. 9.

Object property hierarchy: s 2101 H®l [

© asseiteg O X 0 Asserted
owlg:r:fmer B owl:topObjectProperty

AcademicYear B goesAfter
EducationalProgram = followBy
Semester Bl goesBefore
Skill Bl precede
Timelnterval M Includes

AcademicYear B isPartOf

Semester

BN providesStudy

4 BN requiredBy
Course i
skill BN requires
Timelnterval L lstudiedDuring
AcademicYear B train
Semester B trainedBy

Fig. 2. Hierarchy of classes and properties in the ontological model [46].
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Requires / RequredBy
>
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<------ >
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Fig. 3. Transitive connections between competencies.

Functional
Inverse functional
Transitive
Symmetric
Asymmetric
Reflexive

Irreflexive

Description: requires

Equivalent To

SubProperty Of

mm owl:topObjectProperty

Inverse Of

B requiredBy

Domains (intersection)
O skill

Ranges (intersection)
D skill

Disjoint With

e[ 1 =S|

SuperProperty Of (Chain)

B requires o Includes SubPropertyOf: requires

Fig. 4. Defining a chain of object properties for linking nested competencies with the "require’ property.

5. Implementation of an ontological model

After developing the ontology structure, educational program data were integrated into it and described in Python as the following

set of lists:

- Competencies - list of competencies, with each element comprising a list of three elements: a competency identifier, the com-
petency’s title, and the identifier of the parent competency;

- Dependencies - a list of dependencies between competencies, which in the ontology model are reflected by the object property
(relations) requires/requiredBy. Each element of the list is also a list of two elements, where the first element indicates the identifier
of the dependent competency, and the second element represents the identifier of the required competency;

- Courses — a list of educational courses, each element of which is a list consisting of a course identifier, course name, number of
credits in the course, the assessment method (credit/exam), and a semester identifier;

- Discipline_competency_mapping — a list containing information on the development of competencies by educational courses. Each
element of the list represents a tuple consisting of a course identifier and the identifier of the competency it forms.

To load the lists into the ontology model, a Python program code was written that uses the Owlready2 library to work with on-
tologies [55,56,57]:
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Includes / IsPartOf
>

Requires / RequredBy
>

Train / TrainedBy
>

Fig. 5. The connection of educational courses with competencies.

Object property RIS X W Characteristi ZIIIEMmX J Description: train B =[O]E)
TS XAD e

Functional Equivalent To
I owl:topObjectProperty .
= goesAfter Inverse functional SubProperty OF
. followBy .
Transitive
B goesBefore o
- precede S . Inverse
mmetric .
B Includes Y B trainedBy
. isPartOf Asymmetric
- prov!desStudy % Domains (intersection)
BN requiredBy Reflexive ®c
BN requires ourse
B studiedDuring Irreflexive
- Ranges (intersection)
B trainedBy @ skill
Disjoint With

SuperProperty Of (Chain)
B train o Includes SubPropertyOf: train

Fig. 6. Defining the chain of object properties for linking nested competencies with the “train” property.
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<------ >

Fig. 7. Relationships between concepts - time periods.
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Object property RIS WX W Characteristi ZIIEM® & [ Description: goesBefore [EN=]0]E]
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&4 Transitive
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BN requiredBy Reflexive ® Timelnt |
BN requires imelnterval
Bl studiedDuring Irreflexive
B train Ranges (intersection)
trainedBy () Timelnterval
Disjoint With

SuperProperty Of (Chain)
M isPartOf o goesBefore SubPropertyOf: goesBefore

Fig. 8. Defining an Object Properties chain to link AcademicYear and Semester over time.

Subclass

Subclass

ore
(transitive)

requires
mﬁ:} (transitive)

Fig. 9. Ontology graph of the competency model and educational program.

- The ontology of the competence model of the educational program, containing classes, properties, and instances of study periods, is
loaded from an RDF file using the get_ontology().load(). method ();

- For each competency from the external list of competencies, an individual representing that competency is created. Additionally, a
link with the parent competency is established, if available, through the object property (relations) includes/isPartOf;

- For competencies, the required skills (preceding ones) are identified from the list of dependencies, and this information is incor-
porated into the ontology as an object property (relationship) 'requires/requiredBy’;

- In the ontology, an individual is generated for each course from the list of courses, and attributes such as the number of credits,
assessment method, and the duration of the study are included;

- For every course created in the ontology, the competencies it generates are linked to it using the "train/trainedBy’ property, based
on the data from the ’discipline_competency_mapping’ list.

To check the ontology’s integrity, logical inference engines are employed.

After all individuals and properties have been created in the ontology, program access to ontology objects can be obtained using the
Owlready?2 library [55,56,57]. The primary means of data extraction is the SPARQL query language. The Python program code cycles
through all semesters of the curriculum, courses, and the competencies they generate. An example of the output data generated by this
code is presented in Fig. 10.

A distinctive feature of program processing of competencies is the fact that the competence model is represented as a graph (tree)
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Semester 3

Course: Operating Systems Credits: 4 Evaluation: Exam

Trained competencies:
1.Cloud Platforms
2.Google Cloud Platform (GCP)
3.Microsoft Azure
4.Amazon Web Services (AWS)
5.Serverless Architecture

Course: Databases and SQL Credits: 5 Evaluation: Exam

Trained competencies:
1.NoSQL Databases
2.Data Migrations
3.Databases
4.0bject-Relational Mapping (ORM)

Course: Web Development and HTML/CSS Credits: 5 Evaluation: Exam

Trained competencies:
1.JavaScript
2.HTML and CSS

Course: Interface Development Credits: 4 Evaluation: Test

Trained competencies:
1.Frontend Development
2.Frontend Frameworks
3.JavaScript
4.User Interfaces and User Experience
5.Responsive Design
6.HTML and CSS

Fig. 10. Example of information output from the ontology.

with an arbitrary number of nested levels. Due to the fact that hierarchical links between competencies isPartOf/Includes are tran-
sitive, with the help of standard tools, such as SPARQL query, it is easy to get all subsidiary elements of any branch of the tree.
However, they cannot be used to obtain information about the hierarchy level at which the received elements are located. To obtain all
nodes of the competence tree while preserving the hierarchical structure with an unknown number of nesting levels, a recursive al-
gorithm is required. The program code generates a list of top-level competencies, which act as the tree’s vertices. Subsequently, for
each top-level competence a recursive function is derived, which is passed the parent competence and the integer number of the level
necessary to display the nesting of competencies. A fragment of the result produced by the recursive algorithm is presented in Fig. 11.

The analysis of the educational program, using the developed competence model, is carried out through the following algorithm,
implemented in the Python programming language. For each semester, a set of competencies is constructed using SPARQL queries.
This set includes competencies acquired by students during the study of courses from all previous semesters (C), the set of compe-
tencies formed by the courses in the current semester (N), and the set of competencies that serve as prerequisites for their study (P).
Subsequently, the Python software calculates the difference P - N. This resulting set represents the competencies that are missing due to
inconsistencies in the educational program. The analysis of the educational program is performed after enabling logical inference
(reasoner synchronization). The program’s results for the first semester are presented in Fig. 12.

6. Results and discussion

The main results of the work performed are as follows:

An analysis of scientific publications devoted to the issue of applying a competency-based approach in assessing learning outcomes
and the composition of higher education programs has been conducted. In the majority of these works, the authors highlight the
difficulties in conducting a comparative analysis of competencies across various educational programs, which arise within the context
of academic mobility. The main problem lies in the absence of a unified standard for representing a competence model. Additionally,
there is a lack of technological solutions to implement such a standard.

An ontology of competencies has been developed, its structure forming an acyclic graph with an arbitrary number of nesting levels.
At the top level of the hierarchy, nodes correspond to competency types. Typically, each graph node has several subsidiary compe-
tencies that provide detailed specifications of its content. The proposed model is implemented as an ontology and integrated with the
curriculum ontology.

A Python program code has been developed using the Owlready2 library for populating the competency ontology with data and
extracting data using a recursive algorithm.

An algorithm for checking the consistency of the educational program has been implemented using SPARQL queries and Python
programming code. This algorithm involves determining the difference between the set of required competencies for studying courses
in a semester and the set of competencies already acquired by the students.

The main challenge in implementing the scientific and technical solutions proposed in the article is the difficulty of constructing an
adequate and balanced model of competencies. Considering that in scale, it will correspond to a group of educational programs and
must contain a comprehensive set of competencies for hundreds or even several hundred courses. Such a scale does not pose technical
difficulties in implementing the software, but it can present a problem for organizing the work of the expert community, whose
function will include updating the competency tree. Increasing the detail of competencies will lead to a constant increase in their
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3. Professional competencies

3.1. Software development

3.1.1. Programming language selection
1. Python proficiency
2. Java proficiency
3. C++ proficiency
. JavaScript proficiency
ta Structures and Algorithms
Sorting algorithms
Searching algorithms
. Algorithm complexity
. Graphs and trees
. Hash tables
. Dynamic programming
ject-Oriented Programming and Design Patterns
Principles of 00P
Singleton pattern
Factory Method pattern
Observer pattern
MVC pattern
. MVWM pattern
sting and debugging
. Unit testing
Integration testing
. Debugging and profiling
. Security testing
Performance testing
plication Development
ontend Development
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Fig. 11. Fragment of competence tree visualization using a recursive algorithm.

Semester 1

Skills obtained in previous semesters:

Skill_0.1 Russian language

Skill_@.2 Profiled mathematics
Skill_@.3 Informatics and ICT
Skill_1.1.1 Oral communication
Skill_1.1.2 Written communication
Skill_1.1.3 Visual communication
Skill_1.1.4 Intercultural communication

Skills required:

Skill_1.1 Communication skills
Skill_1.1.1 Oral communication
Skill_1.1.3 Visual communication
Skill_1.1.2 Written communication
Skill_1.1.4 Intercultural communication

Sk111_3 1.3.4 Graphs and trees
Skill_3.1.3.6 Dynamic programming
Skill_3.1.3.2 Searching algorithms
Skill_3.1.3.1 Sorting algorithms
Skill_3.1.3.3 Algorithm complexity
Skill_3.1.3.5 Hash tables
Skill_3.1.3 Data Structures and Algorithms
G2

Skill 1.1 Communication skills
Skill_3.1.3.4 Graphs and trees
Skill_3.1.3.6 Dynamic programming
Skill_3.1.3.2 Searching algorithms|
Skill_3.1.3.1 Sorting algorithms
Skill _3.1.3.3 Algorithm complexity
Skill_3.1.3.5 Hash tables

1.3 D

ata Structures and Algorithms

Fig. 12. The results of the analysis of missing competencies in the first semester.
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quantity and create risks of increasing the complexity and time required for experts to coordinate the changes made.
The conducted research made it possible to answer the research questions posed.

1) Is it possible to construct an ontological model of educational program competencies that takes into account the hierarchical
embedding of competencies, and integrate this model with an ontological model of courses, learning periods, and descriptions of
prerequisites? The answer to this research question is YES, such a model has been constructed.

2) Is it possible to implement logical deduction procedures for the analysis of the alignment between entry requirements and learning
outcomes, while considering the hierarchical competency model? The answer to this research question is YES; this task has been
resolved. This is because the ontological model and logical inference mechanisms are best suited for processing graph-like data
structures, which include the hierarchical competence tree.
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3) Are there effective tools for manipulating data in the OWL/RDF format using the Python programming language that enable the
resolution of challenges associated with the manipulation of ontological competency models? The answer to this research question
is YES, as the authors utilized the Owlready?2 library as such a tool.

4) In what manner can the software processing of an acyclic competency graph be structured, accounting for an unrestricted quantity
of hierarchical levels contained within it? The answer to this research question is YES; for processing the competency graph, the
authors developed and tested a recursive algorithm, which represents the most concise software implementation of this task.

7. Conclusion

In this article, the authors describe the developed ontological model of competencies, which is applicable to any higher educational
program and is intended to assist in the practical implementation of the advantages of the competency-based approach to curriculum
design. The primary distinguishing features of the developed model are as follows:

- The aggregate of all competencies within the educational program constitutes a flat acyclic graph (tree) with an unlimited number
of hierarchical levels.

- The nodes of the competence tree that serve as children detail the content of the top-level competency.

- Any node in the competence tree can be associated with a set of requirements for the learner’s competency (prerequisites) — a list of
other competencies within the educational program, the prior acquisition of which is mandatory;

The developed model integrated with the ontological model of the educational program includes descriptions of study periods and
educational courses. The advantages of this model are the ability for unlimited detailing of competencies through hierarchical nesting
and a single data model for the description of learning outcomes and prerequisites, which provides transparency and clarity in
designing the curriculum.

The model has a universal structure and can be applied to educational programs in technical, natural science, and humanities fields.
The applicability condition of the model is the classical structure of the curriculum, consisting of individual courses tied to periods of
study. However, for some educational programs, particularly medical postgraduate programs [5,58], direct application of this model is
not possible due to differences in approaches to developing competency-based curricula.

Continuous program assessment is of paramount importance in the implementation of competency-based educational programs to
ensure compliance with evolving industry standards, technological advancements, and cutting-edge educational practices. A shared
competency model facilitates the effectiveness of such assessment by allowing stakeholders to "speak the same language." This ensures
that the educational program meets the needs of all involved parties and reflects current industry requirements.

Adherence to educational standards is crucial for the acceptance and recognition of competency-based educational programs.
Collaboration with regulatory bodies and adherence to their criteria ensure that graduates meet the necessary requirements for
licensure, certification, or professional practice.

The reproducibility of the model is ensured by open access to the model’s code, as well as to the source code of the developed tools.
All files necessary for implementing the model in the process of designing competency-based educational programs are provided in an
open repository at https://github.com/AyzhanNaz/OntoSkills.

For the computer processing of the ontological model, the Python programming language was utilized, along with the Owlready2
library [55,56,57]. Program code was developed to create individuals and their properties in the ontology based on Python lists, as
well as program code for extracting data from the educational program. To obtain all nodes of the competence tree while preserving
the hierarchical structure with an unknown number of nesting levels, a recursive algorithm was employed.

The analysis of the educational program’s consistency using the developed competence model was also implemented through
Python programming code [55,56,57]. For each semester, a list of missing competencies was obtained using SPARQL queries - these
are competencies that serve as prerequisites for the courses in the semester but have not been acquired by the students in previous
semesters.

The possibilities of the developed ontological model of competencies can be used not only for analyzing the consistency of the
curriculum but also for aligning different educational programs. This task arises when transferring a student between various
educational institutions or transitioning to a different educational program. In this context, the development and updating of a
competency model that covers extensive knowledge domains and is shared among all educational institutions within the academic
mobility environment become relevant. It is evident that its development can only be achieved by large groups of specialists organized
on a crowdsource principle. As mentioned earlier, the ontological approach is well-suited for the implementation of such projects, as
the principle of distribution is fundamental to the concept of the Semantic Web. Defining the architecture and means of implementing a
*global’ competency model is a subject for future research.
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