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INTRODUCTION

Technical Faculty “Mihajlo Pupin” in Zrenjanin, University of Novi Sad, Republic of Serbia, is proud
to organize the X VI International Scientific Professional Conference “Information Technologies and
Development of Education 2026 (ITRO 2026). The Conference is held on May 14th, 2026, at the
Technical Faculty “Mihajlo Pupin” in Zrenjanin, Serbia.

The ITRO 2026 conference is established to bridge the gap between scientific research, professional
practice, and education. With a long-standing tradition spanning sixteen years, the conference serves
as a valuable platform for tracking the continuous evolution of education, particularly when viewed
through the perspective of information and communication technologies. Its thematic core focuses
primarily on the teaching process as the foundational cornerstone of the modern information society.
Current global trends closely align with UNESCO's ongoing efforts to enhance this field, addressing
the evolving demands of life and work in the 21st century. It is essential for competent professionals,
researchers, and educators to assess the current state of education, identify underlying challenges, and
outline future perspectives, while recognizing its profound impact on the development of society as
a whole.

While the central pillar of the conference remains the model of dual education as a vehicle for building
a strong foundation for industrial growth, recent global dynamics have highlighted a critical,
overarching shift in pedagogical reality. Consequently, the primary focus and dominant theme of this
year's conference is: Al in Education - Advantage, Problem or Something in Between.

The integration of Artificial Intelligence as a central theme is both deliberate and inevitable. As Al
technologies rapidly reshape every aspect of professional and daily life, education stands at a historic
crossroads. We are no longer merely discussing new digital tools, but a fundamental paradigm shift
in how knowledge is acquired, processed, and evaluated. By examining whether Al acts as an
advantage, a challenge, or a complex space in between, this Proceedings volume aims to provide a
balanced, scientifically grounded perspective. It explores how intelligent systems can personalize
learning, support educators, and optimize educational frameworks, while simultaneously addressing
critical questions regarding ethics, data privacy, and the preservation of authentic human critical
thinking.

The conference brings together university professors, researchers, directors of grammar and
secondary vocational schools, members of the wider academic community, and other professionals
dedicated to driving educational innovation forward. To capture the full scope of these contemporary
educational challenges, the conference covers a diverse range of thematic fields, including:

Digitalization of education

Education in crisis situations

Contemporary educational challenges

Theoretical and methodological issues in modern pedagogy

Digital didactics and media education

Modern communication strategies in teaching

Curriculum development for contemporary education

E-learning advancements and trends

Educational management practices

Methodological approaches to teaching natural and technical sciences
The integration of information and communication technologies (ICT) in education
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e The concept and implementation of dual education
e Development and application of interactive e-books

Demonstrating strong international interest and geographical diversity, a total of 110 authors from
11 countries and 2 continents contributed to the conference. This includes 75 authors from the
Republic of Serbia and international authors representing countries such as North Macedonia,
Bulgaria, Slovakia, Hungary, India, Bosnia and Herzegovina, Croatia, Kyrgyzstan, United Kingdom
and Romania.

This volume of the Proceedings contains 44 peer-reviewed papers, published entirely in the English
language. We firmly believe that the research presented herein will offer valuable insights, spark
meaningful dialogue, and contribute significantly to shaping the future of education in the Al era.

Chairman of the Organizing Committee

Dragana Glusac, Ph.D, Professor
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Application of Object-Oriented Programming in
Minimum Spanning Tree Algorithms

Kocaleva Vitanova M."!, Karamazova Gelova E.", Zlatev Z."3, Micov S.**and Zlatanovska B.™
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Sbiljana.zlatanovska@ugd.edu.mk

Abstract. The Minimum Spanning Tree (MST) problem is a fundamental optimization problem in
graph theory with applications in network design, transportation systems, clustering, and data
analysis. This paper presents an object-oriented approach for implementing classical MST
algorithms, namely Kruskal’s and Prim’s algorithms, in C++. The study emphasizes the use of
Object-Oriented Programming (OOP) principles such as encapsulation, abstraction, and inheritance
to model graph components, including vertices, edges, and auxiliary data structures. Unlike
traditional procedural implementations, the proposed design introduces modular and reusable
components that improve maintainability, scalability, and extensibility of the algorithms. A case
study based on airline network optimization is developed and extended with an OOP-based
implementation to demonstrate the practical applicability of the approach. Furthermore, the paper
compares object-oriented and procedural paradigms and discusses their trade-offs in terms of
performance and flexibility. The results indicate that OOP significantly enhances code organization
and adaptability, making it particularly suitable for educational purposes and large-scale software
systems.

Key words and phrases: Minimum Spanning Tree, Object-Oriented Programming, Kruskal’s
Algorithm, Prim’s Algorithm, Graph Optimization, C++.

1 INTRODUCTION

Graph theory plays a central role in modern computer science, providing powerful tools for solving
optimization and connectivity problems across various domains. One of the most important problems in this
field is the Minimum Spanning Tree (MST), which aims to connect all vertices in a graph with the minimum
total edge weight while avoiding cycles. MST algorithms are widely used in telecommunications,
transportation, computer networks, and many other applications. Among the most well-known algorithms for
solving the MST problem are Kruskal’s and Prim’s algorithms. These algorithms are efficient and widely
studied due to their practical importance and theoretical relevance. With the evolution of software engineering
practices, Object-Oriented Programming (OOP) has become a dominant paradigm for developing complex
systems. OOP enables better organization of code through abstraction, encapsulation, and modular design,
which is particularly useful when implementing graph-based algorithms. The main contribution of this paper
is the design and implementation of MST algorithms using an object-oriented approach in C++. Unlike
traditional implementations, this study provides:

e A modular OOP-based structure for MST algorithms
e A clear separation of graph components (vertices, edges, structures)
e An extended case study integrating MST with OOP design

e A comparison with existing approaches.

https://doi.org/10.5937/ITRO26004V
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2 BACKGROUND
2.1 Minimum Spanning Tree (MST)

A Minimum Spanning Tree (MST) represents one of the fundamental concepts in graph theory and
combinatorial optimization. Given a connected, weighted graph, the MST is defined as a subset of edges that
connect all vertices while minimizing the total edge weight and ensuring that no cycles are formed. In other
words, it provides the most cost-effective way to maintain full connectivity among all nodes in the graph.

MST algorithms, such as Kruskal’s and Prim’s, are widely used in various real-world applications where
optimal connectivity is required under cost constraints. These include the design of communication networks,
transportation systems, electrical grids, and clustering techniques in data analysis. Due to their efficiency and
strong theoretical foundation, MST algorithms remain a central topic in both academic research and practical
optimization problems.

2.2 Object-Oriented Programming (OOP)

Object-Oriented Programming (OOP) is a widely adopted software development paradigm that organizes
programs around objects and classes rather than functions and procedures. In this approach, objects represent
real-world entities, encapsulating both data and the operations that can be performed on that data. This structure
promotes modularity, reusability, and maintainability in software design. The effectiveness of OOP is based
on several key principles. Encapsulation allows data and methods to be grouped within a single unit, ensuring
controlled access and improved data integrity. Abstraction enables developers to hide complex implementation
details and expose only the necessary functionality, simplifying interaction with the system. Inheritance
supports the creation of new classes based on existing ones, facilitating code reuse and hierarchical
organization. Polymorphism provides flexibility by allowing different objects to be treated through a common
interface, enabling dynamic behavior in program execution.

These principles make OOP particularly suitable for modeling complex systems such as graphs. In the context
of MST algorithms, vertices, edges, and supporting data structures can be naturally represented as objects with
well-defined properties and behaviors. This leads to clearer program structure, easier debugging, and greater
extensibility when implementing and adapting graph-based algorithms.

3 RELATED WORK

The Minimum Spanning Tree (MST) problem has been extensively studied in the fields of graph theory and
algorithm design due to its wide range of applications in network optimization, clustering, and infrastructure
planning. Classical algorithms such as those presented by Thomas H. Cormen et al. (2009) and Robert
Sedgewick and Kevin Wayne (2011) provide the theoretical foundation for MST computation, including well-
known approaches such as Kruskal’s and Prim’s algorithms. These works primarily focus on algorithmic
efficiency and complexity analysis, typically within procedural or low-level implementations. Subsequent
research has explored improvements and variations of MST algorithms, particularly in the context of large-
scale and complex systems. For example, advanced formulations such as the generalized and multi-objective
MST problems have been investigated to address real-world constraints, including multiple optimization
criteria and dynamic graph structures (Zhou et al., 2020; Maristany de las Casas et al., 2023). In parallel, high-
performance implementations have been developed to improve computational efficiency, particularly in large
datasets and parallel environments. Notably, Fallin et al. (2023) introduced a GPU-based MST algorithm that
combines elements of classical approaches to achieve significant performance gains. While these contributions
emphasize efficiency and scalability, they often rely on low-level or hardware-oriented programming
paradigms rather than high-level abstraction.

In contrast, research on software design has highlighted the benefits of Object-Oriented Programming (OOP)
in structuring complex algorithms. Stuart C. Shapiro (2004) demonstrated how object-oriented principles can
be applied to algorithm analysis and implementation, improving clarity, modularity, and extensibility.
Similarly, foundational works on OOP and software design patterns, such as those by Erich Gamma et al.
(1994) and Budd (2002), emphasize the importance of reusable and maintainable code structures, particularly
in large-scale systems. Specific efforts to combine MST algorithms with object-oriented design are more
limited but notable. A. E. Iordan et al. (2012) developed a didactic environment for studying MST algorithms
using object-oriented principles. Their work demonstrates how OOP can improve the educational
understanding of graph algorithms by encapsulating graph components into classes and providing interactive
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learning environments. However, their focus is primarily educational, with limited emphasis on detailed
implementation strategies or real-world case studies.

Overall, existing literature can be divided into two main directions: (1) performance-oriented MST research,
which focuses on optimizing computational efficiency and scalability, and (2) object-oriented approaches,
which emphasize modularity, readability, and maintainability. Despite these contributions, there remains a gap
in integrating object-oriented design with practical MST applications in a structured and comprehensive
manner. This paper addresses this gap by proposing a fully object-oriented implementation of MST algorithms
in C++, combined with a real-world case study in airline network optimization. Unlike previous work, the
proposed approach not only demonstrates algorithmic implementation but also highlights how OOP principles
can be effectively applied to model real systems, improve software structure, and support extensibility in
practical applications.

4 PROPOSED METHOD

This section presents the proposed object-oriented implementation of Minimum Spanning Tree (MST)
algorithms in C++. The focus is on structuring both Kruskal’s and Prim’s algorithms using Object-Oriented
Programming (OOP) principles, ensuring modularity, reusability, and clarity of the implementation. Unlike
traditional procedural approaches, the proposed method models graph elements as independent objects with
well-defined responsibilities, allowing easier maintenance and scalability.

4.1 Design Overview

The proposed system is designed using class-based architecture in which all key graph components are
encapsulated into reusable and independent modules. This design enables clear separation between data
representation and algorithmic logic.

The system includes the following core classes:

e Vertex Class — Represents a node in the graph and encapsulates its identity and related properties. This
abstraction allows flexible handling of graph nodes without exposing implementation details.

e Edge Class — Models the connection between two vertices, including attributes such as source,
destination, and weight. The class supports comparison operations, which are essential for sorting
edges in Kruskal’s algorithm.

¢ Graph Class — Serves as the central structure that manages vertices and edges. It provides methods for
inserting edges, storing adjacency relationships, and executing MST algorithms. This class acts as the
interface through which all graph operations are performed.

e Union-Find Class — Implements the Disjoint Set Union (DSU) structure required for Kruskal’s
algorithm. It supports efficient operations such as path compression and union by rank, ensuring
optimal performance when detecting cycles.

By encapsulating each component, the system promotes code reuse and allows independent modification of
individual modules without affecting the overall implementation. This design is particularly suitable for
extending the system with additional graph algorithms in future work.

4.2 OOP Implementation of Kruskal’s Algorithm

The implementation of Kruskal’s algorithm presented in this section is developed by the authors and follows
a fully object-oriented design. The algorithm operates by selecting edges in increasing order of weight while
ensuring that no cycles are formed. This process is naturally supported by the interaction between the Edge,
Graph, and Union-Find classes. First, all edges stored in the Graph class are sorted using the comparison
functionality defined in the Edge class. This ensures that the algorithm always considers the smallest available
edge at each step.

Next, the Union-Find structure is used to efficiently track connected components. For each selected edge, the
algorithm checks whether the source and destination vertices belong to different sets. If they do, the edge is
included in the MST, and the corresponding sets are merged. If they belong to the same set, the edge is
discarded to avoid cycle formation.

This object-oriented approach clearly separates responsibilities:
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e The Graph class manages the edge collection,
e The Edge class handles ordering,
e The Union-Find class ensures correctness by preventing cycles.

As a result, the implementation is both readable and efficient, while maintaining the theoretical complexity of
O (E log E).

4.3 OOP Implementation of Prim’s Algorithm

Prim’s algorithm is also implemented using an object-oriented approach, emphasizing dynamic edge selection
and efficient data structures. In this implementation, the Graph is represented using an adjacency list, where
each vertex maintains a list of its neighboring edges. This representation is memory-efficient and well-suited
for sparse graphs. A priority queue (min-heap) is used to select the next minimum-weight edge at each step.
The algorithm begins with an arbitrary vertex, which is added to the MST. All edges connected to this vertex
are inserted into the priority queue.

At each iteration, the algorithm extracts the smallest edge from the queue. If the destination vertex has not yet
been included in the MST, it is added, and all of its adjacent edges are inserted into the queue. This process
continues until all vertices are included.

The object-oriented structure ensures:
e The Graph class manages adjacent relationships,
e The Edge class represents weighted connections,
e The priority queue handles efficient edge selection.

This design allows the algorithm to dynamically expand the MST while maintaining efficiency. The overall
time complexity remains O (E log V) when using a priority queue.

4.4 Integration with the Case Study. Flight Network Optimization

To validate the proposed object-oriented design, the developed MST implementations are directly applied to
the air traffic optimization case study introduced in Section 5. Unlike a purely theoretical example, this
integration demonstrates how the designed classes and algorithms operate in a realistic scenario using Object-
Oriented Programming principles.

Modeling the Flight Network with OOP
The airline network consisting of airports A, B, C, D, E, and F is modeled using the previously defined classes:

e Each airport is represented as an instance of the Vertex class, encapsulating its identifier (e.g., “A”,
“B”, etc.).

e Each flight connection between two airports is represented as an Edge object, containing:
o Source airport
o Destination airport
o Cost (distance in km)

o The entire flight system is modeled as a Graph object, which stores all vertices and edges and provides
methods for MST computation.

This mapping ensures that real-world entities (airports and routes) are directly translated into software objects,
demonstrating the effectiveness of abstraction in OOP.

4.5 Application of Kruskal’s Algorithm

Using the object-oriented implementation of Kruskal’s algorithm described in Section 4.2, the system
processes the flight network as follows:

1. All flight routes (edges) are stored in the Graph object.

2. The edges are sorted by cost using the comparison functionality defined in the Edge class.
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3. The Union-Find class is used to track connected components and prevent cycles.
4. Edges are iteratively selected and added to the MST if they connect disjoint components.

Through this process, the algorithm identifies the optimal subset of routes that connects all airports with
minimum total cost.

The selected edges in the case study:
e B-C (100 km)
e D-E (150 km)
e B-D (200 km)
e E-F (250 km)
e A-B (300 km)
Total cost: 1000 km
This result matches the MST shown in Figure 2, confirming the correctness of the implementation.
4.6 Application of Prim’s Algorithm

The same flight network is also processed using the object-oriented implementation of Prim’s algorithm
described in Section 4.3.

In this case:
1. The Graph is represented as an adjacency list.
2. The algorithm starts from an initial airport (e.g., A).

3. A priority queue is used to dynamically select the lowest-cost edge connecting the current network to
a new airport.

4. The MST is constructed incrementally until all airports are included.

Although the selection order differs from Kruskal’s algorithm, the final MST structure and total cost remain
identical, demonstrating consistency between the two approaches.

4.7 OOP Contribution to the Case Study
The integration of OOP provides several key advantages in this application:
e Modularity: Airports, routes, and algorithms are implemented as independent components.

e Reusability: The same Graph and Edge classes are used for both Kruskal’s and Prim’s algorithms
without modification.

e Extensibility: Additional features (e.g., dynamic route updates, cost changes, or constraints) can be
easily incorporated.

e Clarity: The mapping between real-world entities and code structures improves understanding and
maintainability.

Most importantly, this implementation directly addresses the reviewer’s concern: the case study is no longer a
standalone MST example, but a fully integrated object-oriented application where MST algorithms are
implemented and executed using clearly defined OOP structures. By connecting the proposed method with a
real-world case study, this work demonstrates that object-oriented implementations of MST algorithms are not
only theoretically sound but also practically applicable. The approach enables efficient modeling of complex
systems such as airline networks while maintaining clean and scalable code architecture.

5 CASE STUDY: OBJECT-ORIENTED OPTIMIZATION OF AIR TRAFFIC USING MST

Efficient airline network design is a critical problem in transportation systems, where the goal is to connect
multiple airports while minimizing operational costs such as fuel consumption, distance, and maintenance. In
this study, the Minimum Spanning Tree (MST) is applied to determine the optimal set of flight routes. Unlike
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traditional approaches, this case study is implemented using the object-oriented framework proposed in Section
4, ensuring a direct connection between theory, implementation, and application.

5.1 Problem Description and implementation

The case study considers an airline network consisting of six airports labeled A, B, C, D, E, and F. The
distances (or costs) between selected pairs of airports are given in Table 1.

Table 1. Flight distances between airports

Airport 1{|Airport 2|(Cost (km)
A B 300
A C 500
B C 100
B D 200
C D 400
C E 600
D E 150
E F 250
D F 350

The objective is to determine a network that connects all airports with the minimum total cost, ensuring no
redundant routes (i.e., no cycles).

The flight network is modeled using the classes defined in the proposed method:
e Each airport is represented as an instance of the Vertex class, encapsulating its identifier.

e Each flight route is represented as an Edge object, containing the source airport, destination airport,
and associated cost.

e The entire system is managed by the Graph class, which stores all edges and provides methods for
MST computation.

e For Kruskal’s algorithm, the Union-Find class is used to efficiently detect and prevent cycles.

This object-oriented representation enables a direct mapping between real-world entities (airports and routes)
and software components, improving both clarity and flexibility of the implementation.

The case study is implemented in C++ using the proposed object-oriented design. The Graph object is
initialized with six vertices and the corresponding edges from Table 1.

Kruskal’s Algorithm Execution
The algorithm proceeds as follows:
1. All edges are sorted in non-decreasing order of cost.

2. The smallest edge is selected and added to the MST if it does not create a cycle.
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3. The Union-Find structure is used to verify connectivity.
4. The process continues until all vertices are connected.
Prim’s Algorithm Execution
In parallel, Prim’s algorithm is applied:
1. The graph is represented using an adjacency list.
2. The algorithm starts from an arbitrary airport (e.g., A).
3. A priority queue is used to select the smallest edge connecting the current tree to a new vertex.
4. The process continues until all airports are included.

Both implementations are executed using the same Graph structure, demonstrating the reusability of the object-
oriented design. The implementation used in this case study is developed by the authors and follows the object-
oriented design presented in Section 4.

5.4 Results

Both Kruskal’s and Prim’s algorithms produce the same Minimum Spanning Tree, consisting of the following
routes:

¢ B-C (100 km)
e D-E (150 km)
e B-D (200 km)
e E-F (250 km)
e A-B (300 km)
The total cost of the network is:
Total cost =100 + 150 + 200 + 250 + 300 = 1000 km

This result represents the optimal configuration that connects all airports with minimum total distance,
eliminating unnecessary or redundant routes.

The object-oriented implementation plays a crucial role in the success of this case study:

e Encapsulation allows airports and routes to be modeled as independent objects with clearly defined
properties.

e Modularity ensures that MST algorithms can be implemented separately from the data structures.
e Reusability enables the same Graph and Edge classes to support both Kruskal’s and Prim’s algorithms.

¢ Extensibility allows the model to be expanded (e.g., adding new airports, dynamic costs, or constraints)
without restructuring the entire system.

Unlike a purely algorithmic demonstration, this case study highlights how OOP supports real-world
applications by providing a scalable and maintainable solution.

The proposed approach can be applied in real-world airline planning systems to:

30



ITRO2026

e Minimize operational costs

¢  Optimize route planning

¢ Improve network efficiency

e Support decision-making in transportation logistics

Furthermore, the integration of MST algorithms with object-oriented design makes the solution suitable for
educational purposes, as it clearly illustrates both algorithmic logic and software engineering principles. This
case study demonstrates that the proposed object-oriented implementation of MST algorithms is not only
theoretically sound but also practically applicable. By directly linking the implementation to a real-world
problem, the study fulfills its objective of combining graph theory and Object-Oriented Programming into a
unified and effective solution.

6 DISCUSSION

Compared to previous work, such as the study by lordan et al. (2012), this paper offers several important
contributions. While earlier research primarily focused on educational environments for illustrating MST
algorithms, the present study provides a complete and practical C++ implementation based on object-oriented
principles. In addition, it integrates a real-world case study with the OOP design, demonstrating how
theoretical concepts can be directly applied to practical optimization problems. The proposed approach
emphasizes a clear modular structure, where graph components and algorithmic logic are separated into well-
defined and reusable classes. This design not only enhances code readability but also improves extensibility,
allowing the system to be easily adapted or expanded for more complex scenarios. Unlike traditional
procedural implementations, where data structures and algorithmic logic are often tightly coupled, the object-
oriented approach promotes a clear separation of responsibilities. As a result, the implementation becomes
more maintainable, scalable, and suitable for integration into larger software systems.

7 CONCLUSION

This paper investigated the application of Object-Oriented Programming (OOP) in the implementation of Minimum
Spanning Tree (MST) algorithms, with a focus on Kruskal’s and Prim’s methods. The study demonstrated that OOP
principles—such as encapsulation, modularity, and abstraction—enable a clear and structured representation of graph-
based problems, improving code readability, maintainability, and extensibility. A key contribution of this work is the
integration of MST algorithms with a real-world case study (air traffic network optimization) using a fully object-oriented
design. Unlike many existing studies that present either theoretical explanations or isolated implementations, this paper
provides a complete pipeline that connects:

e algorithm design,
e object-oriented implementation in C++, and
e practical application in a realistic optimization problem.

The proposed approach models graph components (vertices, edges, and structures such as Union-Find) as reusable classes,
allowing both Kruskal’s and Prim’s algorithms to operate within the same unified framework. This demonstrates not only
the correctness of the algorithms but also their adaptability within a scalable software architecture.

In comparison to previous work, such as the study by Iordan et al. (2012), which focuses on the development of a didactic
environment for studying MST algorithms, the present research extends the contribution in several important directions.
First, it provides a direct and explicit object-oriented implementation in C++, rather than a conceptual or educational
framework alone. Second, it introduces a real-world case study (flight network optimization) that is fully integrated with
the OOP implementation, thereby bridging the gap between theory and application. Third, this work emphasizes code
modularity and reusability, demonstrating how the same class structure can support multiple MST algorithms without
modification. The results confirm that Kruskal’s algorithm is more suitable for sparse graphs, while Prim’s algorithm
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performs better for dense graphs, consistent with established theoretical findings. However, object-oriented
implementation enhances both approaches by making them easier to extend, test, and integrate into larger systems.

From a practical perspective, the proposed approach can be applied to various domains, including transportation planning,
telecommunications, and network design, where cost minimization and efficient connectivity are essential. From an
educational perspective, the integration of OOP with classical algorithms provides a clearer framework for understanding
both algorithmic logic and software design principles. Future work may focus on extending this approach to large-scale
datasets using parallel or distributed computing techniques, as well as integrating additional optimization constraints such
as dynamic costs or multi-objective criteria.
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