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Abstract: Graph theory is a common topic that is introduced as part of the curricula of computing
courses such as Computer Science, Computer Engineering, Data Science, Information Technology
and Software Engineering. Understanding graphs is fundamental for solving many real-world
problems, such as network routing, social network analysis, and circuit design; however, many
students struggle to grasp the concepts of graph theory, as they often have difficulties in visualising
and manipulating graphs. To overcome these difficulties, educational software can be used to aid in
the teaching and learning of graph theory. This work focuses on the development of a Java system for
graph visualisation and computation, called MaGraDa (Graphs for Discrete Mathematics), that can
help both students and teachers of undergraduate or high school courses that include concepts and
algorithms related to graphs. A survey on the use of this tool was conducted to explore the satisfaction
level of students on a Discrete Mathematics course taken as part of a Computer Engineering degree
at the University of Alicante (Spain). An analysis of the results showed that this educational software
had the potential to enhance students' understanding of graph theory and could enable them to apply
these concepts to solve practical problems in the field of computer science. In addition, it was shown
to facilitate self-learning and to have a significant impact on their academic performance.

Keywords: graph theory; java application; undergraduate course; educational software;
statistical study

1. Introduction

Topics related to graph theory are commonly introduced in academic programmes
at the level of a baccalaureate degree in computing [1]. In particular, the curricula of
computer science courses [2] include a knowledge unit related to graphs, trees and their
representations [3], shortest path algorithms such as the Dijkstra and Floyd-Warshall
algorithms [3,4], and minimum spanning tree algorithms, such as the Prim and Kruskal
algorithms [5,6]. Other specific computing programmes such as Computer Engineering [7],
Data Science [8], Information Technology [9] and Software Engineering [10] also include
these concepts about graph theory, to a greater or lesser extent.

In these engineering curricula, there must be a strong relationship between theory
and practice to make mathematics relevant and interesting to students [11]. In addition,
making connections between mathematical content and the real world is essential for
engineers [12]. To accomplish these goals, various types of resources can be used to teach
mathematical concepts. In particular, an understanding of graphs is important for solving
many real-world problems, such as network routing, social network analysis, and circuit
design [13,14]; however, many students have trouble understanding graph theory, as they
often find it challenging to visualise and manipulate graphs. To overcome these difficulties,
educational software can be used to aid in the teaching and learning of graph theory.
Several resources and software tools have been developed to allow students to handle
graphs in classroom. In [15], various resources for teaching graph theory for engineering
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programmes were developed for an elementary course and made available to students
via a Moodle platform [16]. These resources included tutorials, slideshows and Java and
Python files with introductory activities. CABRI-Graph [17,18] is a system that can be
used by students, teachers or researchers. It basically consists of a graph editor together
with a toolkit that allows for several computations, such as some classical transformations
and the evaluation of graph invariants. The user can construct graphs interactively, select
algorithms or graph transformations from a menu, and view the results directly on the
screen. It is written in C, meaning that it is platform-dependent. Gato [19] is another
software application that visualises various graph algorithms and can solve several known
problems such as the shortest path, minimum spanning tree, maximal flow, weighted and
non-weighted matching, and min-cost flow. Gato runs on all platforms that can execute
Python and Tcl/Tk. Tulip [20] is another information framework dedicated to the analysis
and visualisation of graphs. Written in C++, this framework enables the development of
algorithms, visual encodings, interaction techniques, data models, and domain-specific
visualisations. It is also available to the Python community through the Tulip-Python
bindings. Although the above-mentioned tools have great research potential, their use in
an educational context may be limited; in particular, the capability for interactive editing
of the graph structure is limited, and they do not offer a flexible way of creating graphs.
GraphTea [21] is an educational framework that covers a wide range of topics related to
graph theory and its algorithms. This framework creates a new graph from its graphical
representation using the mouse. From a didactic point of view, however, it would be more
interesting to be able to create a graph from its theoretical definition, by introducing a
set of vertices and a collection of edges or arcs, or from its adjacency matrix (or weighted
adjacency matrix, when the graph is weighted). Grafos [22] was developed to aid in the
teaching and learning of graph theory and other related disciplines such as industrial
organisation engineering, logistics, operations research and network design. It is perfectly
suited for use in modelling and solving real problems of a certain size and complexity.
GRIN (GRaph INterface [23]) is a computer software that was designed to allow university
students and teachers to understand graph problems, and covers a wide range of well-
known algorithms for graph theory and optimisation problems in network theory. Both the
Grafos and GRIN computer software only work on the graphical representation of graphs,
and are only available for MS Windows. Neo4j [24] is a native graph database, implemented
in Java, that stores nodes, relationships and properties rather than tables or documents. It
provides a compliant transactional backend that is intended to guarantee the validity of
the data despite errors, power failures, and other mishaps. Neo4j discovers and analyses
connections within the data to improve the accuracy of machine learning models, thus
enabling more accurate predictions through the utilisation of existing data. However, its use
in an educational context may be limited, due to its primary focus on business applications.
Some graph traversal languages can be used with graph databases, such as the Gremlin
query language [25]. Gremlin is a functional data-flow language that allows users to define
complex queries about the property graph for their application. GrAlg [26,27] software was
created in the Delphi environment, and primarily focuses on creating and modifying graphs;
it also provides the option to visualise graph algorithms, which can offer valuable insights
into the entire process and the data structures used. DIDAGRAPH [28] is a software tool
for the visualisation and exploration of graph algorithms, and implements a wide range of
graph-related algorithms. Neither GrAlg and DIDAGRAPH are accessible via the Internet.
GraViz [29] is a graph visualisation and analysis prototype software tool, implemented in
Java, which combines graph analysis algorithms with simple 2D visualisation techniques.
Although GraViz was intended as a throwaway prototype, it continued to evolve, and has
been used by the author as a prototype tool for other projects.

In addition, there are various computer programming languages that can be used for
manipulating the concepts of graph theory. Some of these graph programming languages
are explained in [13,30], such as GIRL (Graph Information Retrieval Language), GASP
(Graph Algorithm Software Package) and GTPL (Graph Theoretic Programming Language).
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The main purpose of these languages is to enable the user to formulate operations on graphs
in a compact and natural way. Grrr [31] is another visual graph rewriting programming
language. The aim of Grrr is to enable the animation of graph-based algorithms, which can
serve as a valuable debugging aid when programming in this language.

In this work, we focus on the development of a new graph visualisation and compu-
tational system with the aim of helping students and teachers of undergraduate or high
school courses that include concepts related to graphs. The proposed software provides
a specific set of features, not all of which are offered by existing programs. More specifi-
cally, this software is an educational tool specifically designed for teaching and learning
graph-related concepts. It provides a user-friendly interface that allows students to interact
with graphs visually and intuitively, and works with both the theoretical definition of
a graph and its graphical representation. A new graph can be created from its sets of
vertices and edges (or arcs, when the graph is directed), from its adjacency matrix (or
weighted adjacency matrix, when the graph is weighted), or from its graphical view. It is a
platform-independent application that runs on all platforms that support Java and can help
students to understand graph-related problems. It can execute all algorithms step by step,
mirroring the natural progression they would follow, and students can use it on their own,
outside the classroom, without little difficulty.

To assess the level of satisfaction of the students with this software, a survey was
conducted during the 2022–2023 academic year of a course in Discrete Mathematics (DM)
at the University of Alicante. The survey collected data on socio-demographic aspects, the
user-friendliness and usability of the software, the quality of its content, its usefulness for
learning graphs, and its impact on academic performance.

Section 2 presents the proposed software, called MaGraDa (Graphs for Discrete Math-
ematics). After introducing the Integrated Development Environment (IDE) and the high-
level, class-based, object-oriented Java programming language used to build the software,
Section 2.1 presents a brief overview of the Java class structure of the graph application and
the external Java libraries it uses. Section 2.2 describes the developed software, and gives
examples of its main characteristics. Section 3 explains the questionnaire used to analyse
the level of satisfaction of students with this software, presents an analysis of the reliability
of the survey, and summarises the main features of the course in which the survey was
carried out. Section 4 explores the underlying dimensions of the survey conducted in
this study, and Section 5 analyses the opinions of students about the use of the proposed
application for graph theory. The results demonstrate the capability of this educational
software to enhance students' grasp of concepts related to graph theory and their ability
to apply these principles effectively to solve practical problems. In addition, the software
is shown to significantly contribute to facilitating self-directed learning, and to positively
impact academic performance. Finally, some conclusions are presented in Section 6.

2. MaGraDa Software Tool

The idea for a software tool in the context of graph theory was conceived in 2001,
based on an initial approach that was used to teach the DM course as part of the Computer
Engineering degree at the University of Alicante (Spain) [32]. Following years of feedback
from students and teachers, we decided to develop a new software by rewriting, extending
and improving that initial Java application. Although the new software includes important
changes from the initial application, it is built under the same name (MaGraDa, or Graphs
for Discrete Mathematics), thus maintaining continuity with its predecessor and familiarity
to our students.

2.1. Structure and Design of the Software Tool

The new version of MaGraDa is a platform-independent Java application that was
developed to help students and teachers of undergraduate or high school courses that
include topics related to graphs. It was coded using version 2021-09 (4.21.0) of Eclipse IDE
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and the Java Development Kit (JDK) version 1.8. It runs on all platforms that support Java,
including MS Windows, Mac OS X and Linux.

Figure 1 shows a schematic diagram of the class structure of MaGraDa. This is not a
standard UML (Unified Modelling Language) diagram, but rather an illustrative scheme
showing the interactions between the different components. The main method in the
MaGraDa class sets several private variables and manages the initial frame with the lan-
guage selection; it starts the frame called MainFrame which contains one of the two modes
of operation, called the text mode. In this mode, the theoretical definition of a graph is the
focus of operation. A graph G is defined as a doublet G = (V, A), where V is a non-empty
set of elements called vertices and A is a collection of pairs of elements of V, which may be
ordered or not, and are called arcs or edges, respectively (see e.g., [4,33]). From MainFrame,
the user can access the second mode of operation, called the graphic mode. This mode was
developed in the Java JDialog named DialogGraphicMode. It uses a canvas, defined as
a class that extends a Java JPanel called DrawPane, to draw graphs. A graph is defined
as an object of the class TGraph. The objects of this class have a set of attributes that are
needed for handling the structure of the graph. The most important attributes of a TGraph
object are the set of vertices, defined as objects of the TVertex class, and the collection of
edges or arcs, defined in the TEdge and TArc classes, respectively. The TGraph class also
contains all the methods needed to work with the algorithms, properties and operations
included in the application. Finally, there is a set of classes and their constructors that are
used to display the algorithms or methods invoked by each menu item in both the text and
graphic modes.

Figure 1. Java structure of MaGraDa.

MaGraDa uses several external open-source Java libraries, such as JLaTeXMath [34],
FlatLaf (Flat Look and Feel) [35], and JUNG (Java Universal Network/Graph) [36,37].
JLaTeXMath is a library for displaying mathematical formulas written in LaTeX [38], and is
used to present a theoretical explanation of all the algorithms included in the application.
FlatLaf is a modern cross-platform Look and Feel (L&F) for Java Swing desktop appli-
cations, and several of the L&Fs in MaGraDa are obtained from this library. Finally, the
JUNG framework is a library that provides a common and extensible language for the
manipulation, analysis, and visualisation of graphs, and is used to open and save graphs in
GraphML format [39].

2.2. Description of the Visualisation and Computational Tool

As mentioned above, the MaGraDa Java application includes two modes of operation
with similar options: the text mode and the graphic mode. Both modes offer the same
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functionalities, and the differences between them lie in the way in which the tool presents
both the graphs themselves and the results of the algorithms and their explanation. In
the text mode, the theoretical definition of a graph becomes relevant, while the graphic
mode exploits the fact that most concepts and problems in graph theory can be expressed
through the use of drawings. MaGraDa visualises graphs in the customary way in graph
theory; that is, given a graph with a set of vertices V, MaGraDa uses points to represent
vertices, line segments from u ∈ V to v ∈ V to represent an edge {u, v}, and an arrow
pointing from s ∈ V to t ∈ V to indicate the direction of an arc (s, t) that starts at s and
ends at t (see e.g., [33,40]). In each of the two modes, the results are presented to facilitate
a comprehensive understanding of the algorithms and to demonstrate how they can be
implemented. In addition, due to the ease of use of MaGraDa, students are able to use it on
their own, outside the classroom, from the outset of the course.

MaGraDa works with directed and undirected graphs, and weighted and unweighted
graphs. It can keep various graphs in memory so that at any time, the user can choose which
graph to work with. In the text mode, an initial dialogue box displays the most relevant char-
acteristics of the selected graph, such as the name of the graph, the number of vertices, the
number of edges or arcs, and whether it is directed and weighted or not. For example, the ini-
tial text mode dialogue box in Figure 2a shows that the current graph, called Graph_1 and de-
fined as G = (V, A), V = {1, 2, 3, 4, 5}, A = {(1, 2), (2, 4), (4, 2), (1, 3), (3, 5), (5, 1), (5, 4)},
is directed and unweighted, and has five vertices and seven arcs. In the graphic mode,
a graphical representation of the current graph is presented (see Figure 2b). We note that
the graphic mode has four different zones: a menu bar for access to all the options it offers,
a toolbar with the most commonly used options, a canvas on which graphs are drawn,
and a status bar that gives information and helps the user with the handling of graphs
and algorithms.

(a) Text mode. (b) Graphic mode.

Figure 2. Initial dialogue boxes of MaGraDa.

The Java application for graph processing is structured into six menus. Two of these
are not related to graph theory, but allow the user to select the mode (text or graphic) and
provide some other options (see Figure 3), such as the language used in the software (it cur-
rently offers three languages: English, Spanish and Valencian/Catalan), the aspect, or Java
L&F, which allows the user to select between several L&Fs (Nimbus, Windows, Dark, . . .),
the file format used to open and save a graph, and a check box to set the visibility of
the toolbar. The options related to graph theory are presented in the other four menus,
as follows:

• Graph menu: This allows for the handling of graphs.
• Basic calculations menu: This gives some basic properties of the current graph.
• Algorithms menu: This shows the algorithms that are available to apply to the

current graph.
• View algorithms menu: This shows a detailed description of the algorithms included in

the software.
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(a)Language options. (b) Java Look and Feel (L&F) options. (c) File format options.

Figure 3. Options menu.

2.2.1. Graph Menu

The Graph menu allows the user to create a new graph, modify the current graph, open
a graph from a file, save a graph to a file, and select or delete a graph. In addition, a check
box (Vertices with names) is included to indicate that all calculations will be presented with
the name assigned to each vertex rather than using its number. In the graphic mode, this
menu also offers an option to centre the current graph on the canvas. We note that MaGraDa
can work with two different file formats: a native format, in which all the properties of
a graph needed by MaGraDa are stored in a text file, and the GraphML format [39], an
XML-based file format [41] used to describe the structural properties of a graph, which
allows for the addition of application-specific data. This comprehensive and user-friendly
file format for graphs is based on a core language for describing the structural properties of
a graph and a flexible extension mechanism for adding application-specific data as needed.
Graphs generated in this format can be opened by other graph visualisation programs such
as Gephi [42] and yEd [43].

The most interesting parts of the Graph menu are those that relate to creating and
modifying a graph. To create a new graph, MaGraDa opens a dialogue box in which the
user must first input the main characteristics of the graph, that is, whether it is directed or
undirected, weighted or unweighted, and the number of vertices, with the option to name
each vertex (see Figure 4). From here, the way in which the user introduces edges or arcs
(with or without weights) varies between the text and graphic modes. In the text mode,
these elements can be entered either from the adjacency matrix (or weighted adjacency
matrix, when the graph is weighted) or by explicitly entering each of the edges or arcs. The
latter method of creating a graph helps students to understand its theoretical definition.

(a) Text mode. (b) Graphic mode.

Figure 4. Initial dialogue boxes used to create a graph.
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Figure 5a shows the adjacency matrix used to create the graph in Figure 2, while
Figure 5b shows the dialogue box that can be used as an alternative method to explicitly
enter the seven arcs of this graph. In the graphic mode, after entering the main characteris-
tics of the graph (see Figure 4b), vertices are drawn by clicking on their positions on the
canvas. For simplicity, the user can also select a uniform distribution of vertices around a
circle or an ellipse on the canvas (depending on the number of vertices in the graph). The
edges or arcs are added by clicking on two adjacent vertices.

(a) Introducing the adjacency matrix. (b) Introducing the arcs of the graph.

Figure 5. Creating a new graph in the text mode.

To modify a graph in the text mode, users can access a dialogue box that allows them to
add or remove edges or arcs, modify weights, and add, remove or rename vertices. Figure 6
shows this option for a directed and weighted graph named Graph_2. In the graphic mode,
these modifications can be made by interacting with the canvas. For example, edges or arcs
can be added or removed by clicking on the two adjacent vertices of the edge or arc. In
addition, the vertices of a graph can be relocated on the canvas at any time by clicking on
the current location of a vertex and dragging it to a new (free) place.

(a) Modifying graph data. (b) How to add or remove arcs and modify weights.

Figure 6. Modifying a directed and weighted graph in the text mode.

In addition, the Graph menu has a submenu that allows the user to create a graph
from a table of activities that represents a PERT (Project Evaluation and Review Technique).
PERT analyses the time required to complete each activity of a project to determine the
minimum time needed to complete the project [4]. This minimum time can be obtained
with the critical path method, which gives the longest path from the start vertex to the
end vertex of the graph representing the project. For simplicity, the MaGraDa activities
table contains the list of activities or tasks, the expected time for each activity, and a list
of prerequisites or tasks that need to be completed before a task begins [40]. MaGraDa
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informs the user if a prerequisite cannot be entered because the associated graph is cyclic,
which would make the project impracticable. Figure 7 shows the dialogue box used to
introduce an activities table. From this table, MaGraDa constructs the associated graph,
which can be modified using a similar dialogue box. When this graph is saved to a file, the
associated activities table is stored, so that this table can be recovered when the graph is
opened again.

Figure 7. Creating a new activities table for a PERT.

2.2.2. Basic Calculations Menu

The second menu, Basic calculations, includes a set of basic characteristics, properties
and operations that can be obtained from the current graph. It gives the degree of the
vertices, the adjacency matrix and the weighted adjacency matrix (when the graph is
weighted). In addition, it shows the edges or arcs of the graph and indicates whether
the graph is simple, cyclic, complete or connected in a reasoned way. When the current
graph is directed, this menu also allows the user to obtain the associated undirected graph,
and when it is undirected and connected, a spanning tree of the graph can be generated.
Furthermore, this menu allows the user to ascertain whether two graphs are isomorphic (see
e.g., [44]) by finding the correspondence between the vertices in both graphs. Before doing
this, MaGraDa checks certain properties that two isomorphic graphs must have in common;
that is, both graphs must be directed or undirected, they must have the same number of
vertices and edges or arcs, and the same sequence of degrees. Another interesting option is
the possibility of obtaining an isomorphic graph by permuting the vertices of the current
graph. Finally, this menu gives the set of vertices that are reachable from a source vertex,
the set of vertices reaching a vertex, and the connected components of the current graph.
These options differ between the text and graphic modes; in the text mode, these options
are displayed by a dialogue box with the answer to the question, while in the graphic mode,
the user must click on a vertex to display its reachability or the connected component
associated with it. In addition, the connected components of a graph can be computed
through a set of steps. This involves obtaining the reachability matrix, denoted as R, the
reaching matrix, denoted as Q, and the Hadamard or element-wise product of R and Q
(R⊗ Q), which yields the connected components [4]. The results of this process for the
directed graph in Figure 2 are displayed in Figure 8.



Appl. Sci. 2023, 13, 12945 9 of 31

(a) Reachability and reaching matrices. (b) Element-wise product and connected components.

Figure 8. Obtaining the connected components step by step.

In the graphic mode, the Basic calculations menu also has an option to zoom the graph
using the scroll wheel of the mouse.

2.2.3. Algorithms and View Algorithms Menus

The third menu, Algorithms, implements some well-known algorithms in the context
of graphs (see, e.g., [3–6,33,40,44–46]). For both weighted and unweighted graphs, this
menu offers the Warshall algorithm [33,45] and the Fleury algorithm [4,33].

For the Warshall algorithm, MaGraDa displays all iterations needed to obtain the
reachability matrix from the adjacency matrix, and highlights the changes from one iteration
to the next. At each step of the recursive Warshall algorithm, the user can move forward
and backwards through the iterations. The presentation of the Fleury algorithm, in which
an Eulerian tour or Eulerian path is built, differs between the text mode and the graphic
mode: in the text mode, an Eulerian tour or path is obtained as requested, whereas in the
graphic mode, the application requests the user to build the Eulerian tour (or path), so
that at each step, when the user selects an edge or arc to add to the tour (or path), the
application determines whether it is suitable or not based on the Fleury algorithm.

The remainder of the algorithms listed in the third menu are related to weighted graphs.
More specifically, MaGraDa implements the critical path algorithm for use with a PERT
and the shortest path algorithm for acyclic graphs using Bellman equations [4]; the Dijkstra
and Floyd-Warshall algorithms [3,4] to find the shortest paths from one vertex to the rest
or between each pair of vertices, respectively; and the Kruskal and Prim algorithms [5,6],
which obtain a minimum spanning tree from a weighted and undirected graph. All these
algorithms are presented in such a way that the user can recognise the steps that have been
followed in their execution, thus acquiring important pedagogical value. For example,
Figure 9 shows the two first iterations of the Floyd-Warshall algorithm when applied to
the graph defined by the weighted adjacency matrix Ω = Ω(1). Note that the interface
highlights the changes from one iteration to the next. As an application of the Floyd-
Warshall algorithm, users can also obtain a specific shortest path between any two vertices
by selecting the specific option included in MaGraDa. The solutions of these algorithms
(shortest paths, critical paths and minimum spanning trees) are also displayed graphically
on the canvas in the graphic mode.
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(a) First iteration. (b) Second iteration.

Figure 9. First two iterations of the Floyd-Warshall algorithm.

The option from the Basic calculations menu that permutes the vertices of a graph can be
used to teach and learn some characteristics of the Floyd-Warshall algorithm. More specifi-
cally, the Floyd-Warshall algorithm can be applied to obtain the shortest path between each
pair of vertices with the constraint that each path contains only the intermediate vertices
from a restricted set (see e.g., [4]). To solve this problem, a previous permutation of vertices
is needed. For example, Figure 10 displays the last two iterations of the Floyd-Warshall
algorithm, when the vertices of the graph of Figure 9 are permuted using the permutation
(A, B, C, E, F, D). This permuted graph can be obtained with the above-mentioned option
(see Figure 10a). Iteration 6 (where D is the sixth vertex in the permutation) in Figure 10b
represents all the shortest paths, with the restriction that vertex D cannot appear as an
intermediate vertex of any path. Obviously, iteration 7 in Figure 10c obtains all the shortest
paths with no restrictions.

(a) Permuting vertices of a graph.

(b) Penultimate iteration (D is not intermediate). (c) Last iteration (without restrictions).

Figure 10. Floyd-Warshall algorithm.
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Figure 11 illustrates the output of the PERT algorithm when applied to the graph
created from the activities table in Figure 7. Figure 11a shows the graph with the critical path
(white arcs) and the minimum time required to complete each activity (yellow numbers at
each vertex). Figure 11b provides information about the critical activities and the maximum
allowable delay to complete a non-critical activity without affecting the project end date.
Figure 12 shows the Bellman equations when applied both with the new vertex numbering
required to calculate these equations, and the original numbering (properly ordered). Note
that MaGraDa highlights the value at which the maximum is reached in each Bellman
equation, which is used to identify the critical path.

The fourth menu, View algorithms, is a descriptive menu that shows a theoretical ex-
planation of each algorithm included in the application. The descriptions included in this
menu and the details offered when executing an algorithm are intended to help users over-
come any difficulties in understanding graph theory. As an example, Figure 13 shows how
the Warshall algorithm is described in this menu. The description of each algorithm can also
be accessed when it is executed from the Algorithms menu (see e.g., Figures 10 and 11b).

(a) Graphic representation. (b) Longest paths from the start vertex.

Figure 11. PERT algorithm.

Figure 12. Bellman equations (PERT algorithm).
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Figure 13. Description of the Warshall algorithm.

3. Materials and Methods

To investigate the students’ level of satisfaction with the new software, we conducted
a cross-sectional survey of students taking the DM course as part of the Computer Engi-
neering degree at the University of Alicante, during the academic year 2022–2023. In the
following, we describe this course, the way in which the tool was used, and the survey
methodology used to analyse the students’ satisfaction with MaGraDa.

3.1. Description of the DM Course

Computer Engineering is a four-year degree with its courses distributed over eight
semesters. DM is a mandatory course for the second semester (first year), with 30 h of
lectures and 30 h of laboratory work. Moodle [16] is used as the main medium for e-learning,
as it is one of the most commonly used web-based learning platforms for managing
online learning within academia, including STEM (Science, Technology, Engineering, and
Mathematics) education. E-learning has become one of the most valuable solutions for
student education, especially following the COVID-19 measures [47]. The content of this
course consists of graph theory (about 60%) and integer and modular arithmetic (about
40%). The content of the graph theory block is detailed in Table 1.

Table 1. Content related to graph theory as part of the Discrete Mathematics (DM) course.

Topic Content

Fundamentals of graphs
Definition and graph terminology. Special types of

graphs. Vertex degree. Paths and connectedness.
Graph isomorphism. Matrix representations.

Accessibility and connectivity

Accessibility. Warshall algorithm. Computation of
connected components. Euler paths and Euler tours.

Fleury algorithm. Hamiltonian paths and
Hamiltonian cycles. Gray codes.

Trees Definitions, properties, and examples. Rooted trees.
Tree traversal. Polish notation.

Weighted graphs

Definition and examples. Shortest paths. Bellman
equations. Acyclic graphs. Critical path method.

Project Evaluation and Review Technique (PERT).
Dijkstra shortest-path algorithm. Floyd-Warshall

method. Minimum spanning trees. Kruskal and Prim
algorithms.
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Laboratory classes provide students with first-hand experience of the concepts in-
troduced on the course as well as the opportunity to explore the properties, operations,
methods and algorithms described in lectures. To present content related to graph theory,
classes (and especially laboratory classes) were conducted with the help of MaGraDa.
Eight laboratory activities were offered that covered all the content related to graphs, as
summarised in Table 2. The final grade for the DM course consisted of two parts: 50% was
allocated based on the grade of a final exam with theoretical and practical exercises, and
50% was based on the lab score for three assessments that included practical exercises (two
of which were related to graphs and the other to integer and modular arithmetic).

Table 2. Laboratory activities undertaken as part of the DM course.

Activity Objectives

Introduction to MaGraDa Exploring graph creation and manipulation from text and graphic
modes of MaGraDa. Learning basic graph terminology and types.

Fundamentals of graphs

Learning concepts of graphs. Familiarisation with terminology related
to graphs and how to apply the relationship between the degree of the
vertices and the number of edges. Understanding the concept of graph
isomorphism. Learning how to build the adjacency matrix and how to

use it to calculate the degree of a vertex and the number of walks
between two vertices. Learning how to build the incidence matrix and

exploring its properties.

Accessibility and connectivity

Understanding the concepts of reachable and reaching vertices.
Knowing how to apply the Warshall algorithm to obtain the reachability

matrix. Knowing how to interpret the reachability and reaching
matrices. Learning to calculate the connected components of a graph.
Understanding the concepts of cutting-edge and cutting-vertex and

their importance in some applications.

Euler paths and tours; Hamilton paths and cycles

Knowing how to reason about whether a graph is Eulerian, has an
Eulerian path, or neither. Knowing how to build Eulerian paths and
tours using the Fleury algorithm. Understanding the properties that
allow us to reason about the existence or otherwise of Hamiltonian

paths and cycles.

Introduction to the tree structure

Understanding the concepts of tree, spanning tree and rooted tree.
Knowing how to apply some properties of trees. Learning how to build
the Polish notations from the rooted tree of a mathematical expression

and vice versa.

Weighted graphs; shortest paths in acyclic graphs
Knowing how to calculate the weighted adjacency matrix of a weighted

graph. Learning how to use the Bellman equations to obtain shortest
paths and critical paths in acyclic graphs. Exploring the utility of PERT.

Shortest paths
Identifying a shortest path problem based on a real-life situation.

Addressing a shortest path problem using the Dijkstra and
Floyd-Warshall algorithms.

Minimum spanning trees
Identifying a minimum spanning tree problem based on a real-life
situation. Addressing a minimum spanning tree problem using the

Kruskal and Prim algorithms.

3.2. Survey Overview and Reliability

The survey was structured into several groups of questions: the first block contained
items on socio-demographic characteristics, whereas the other four focused on the soft-
ware tool. The survey concluded with an open-ended question to allow students to give
comments and suggestions about MaGraDa (see Table 3). In addition, the survey asked
the students for permission to access their grade for the laboratory sessions, to allow us to
study the relationship between the use of MaGraDa and their final grade. The questionnaire
blocks related to MaGraDa contained 18 items in which a five-point Likert scale was used
to measure the level of agreement with each statement or question: strongly disagree
(1), disagree (2), neither agree nor disagree (3), agree (4) and strongly agree (5) [48,49].
These questionnaire items were grouped into four sets of questions about the ease of use
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and friendliness of MaGraDa, its content, its didactic level, and general opinions about
MaGraDa (see Figure 14), as follows:

• Questions about the ease of use and friendliness of MaGraDa (E): the users answered
questions about their level of satisfaction with the ease of use of MaGraDa (E1), the
ease of learning the software (E2), the pleasantness of the interface (E3), the structure
of the menus (E4) and the intuitiveness of the graphic mode (E5).

• Questions about the content of MaGraDa (C): these covered aspects related to the
information provided by the procedures and algorithms (C1), the need for the infor-
mation contained in MaGraDa (C2), its organisation (C3), and the functionalities and
capabilities offered by MaGraDa (C4).

• Questions about the didactic level of MaGraDa (D): the users answered questions
about whether MaGraDa helped them to understand the concepts of graphs (D1),
whether MaGraDa facilitated independent work (D2), whether MaGraDa helped
them to identify, diagnose and correct errors in their graph exercises (D3), whether
MaGraDa helped them in terms of their academic performance (D4), whether they
would prefer to use MaGraDa rather than performing the exercises without computer
assistance (D5), and finally their opinions about the help that MaGraDa could provide
in terms of scoring better on the exams (D6).

• Questions about general opinions on MaGraDa (G): three questions were included
about whether they would recommend MaGraDa for learning concepts about graphs
(G1), whether MaGraDa made learning about graphs more interesting (G2), and an
overall question about their level of satisfaction with MaGraDa (G3).

Figure 14. Questionnaire items about MaGraDa using a five-point Likert scale.

The anonymous questionnaire was distributed to students in laboratory classes using
Google Forms. To avoid bias in the study, the students completed the questionnaire
about MaGraDa when all the content related to graphs had been explained. A total of
116 students answered the questionnaire and were included in the study. The collected
data were analysed with IBM SPSS Statistics 28.0 for Windows [50], using descriptive
statistics, appropriate statistical tests, and multiple linear regression (MLR) with dummy
variables [51].
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Table 3. Questions contained in the survey.

Block Variable Name Question

Socio-demographic

SD1 Age
SD2 Gender
SD3 Highest university year

SD4 First time enrolling on the DM
course

Ease of use and friendliness

E1 Is MaGraDa easy to use?
E2 Is MaGraDa easy to learn?

E3 Is the MaGraDa interface
pleasant?

E4 Are the menus of MaGraDa
well-structured?

E5 Is the graphic mode of MaGraDa
intuitive?

Content

C1
Is the information provided by

MaGraDa about procedures and
algorithms clear?

C2
Is the information provided by

MaGraDa valuable and
necessary?

C3 Is the information provided by
MaGraDa well-organised?

C4
Does MaGraDa provide all the
functionalities and capabilities

you expect it to have?

Didactic level

D1
Does the information provided by

MaGraDa help you understand
the concepts of graphs?

D2 Does MaGraDa facilitate your
independent work?

D3
Does MaGraDa help you identify,

diagnose, and correct errors in
your graph exercises?

D4
Does MaGraDa assist you in

terms of your academic
performance?

D5

Would you prefer to use
MaGraDa for this subject rather
than doing the exercises without

computer assistance?

D6
Do you believe that MaGraDa will

help you achieve a better exam
grade?

General opinion

G1
Would you recommend using

MaGraDa for learning concepts
related to graphs?

G2
Do you consider that using

MaGraDa makes learning about
graphs more interesting?

G3 Overall, are you satisfied with the
MaGraDa software?

Comments and suggestions CS Add any comments or
suggestions about MaGraDa

Using a numeric scale from one to five to represent the values of the 18 input variables
in Table 3, related to opinions about MaGraDa, we calculated the determinant of the Pearson
correlation matrix. This determinant was approximately zero, suggesting that there were
linear relationships among the variables. The variables for which the highest correlation
coefficients were found were G1, G2 and G3, with coefficients ranging from 0.565 to 0.692
(general opinion block); the pairs (D3,D6), (D5,D6), (D2,D4), (D3,D4) and (D4,D6) of the
didactic level block, with correlation coefficients of between 0.515 and 0.623; the pair (E1,E2)
of the block related to the ease of use and friendliness of the software, with a correlation
coefficient of 0.625; and the pairs (E2,G3), (E1,G3), (C2,G2), (D6,G1) and (C2,G1), with
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correlation coefficients of between 0.501 and 0.586. To enable us to explore, understand, and
interpret the relationships between these variables, dimensionality reduction techniques
were applied [52,53].

To assess the reliability of the measuring instrument, Cronbach's alpha [54] was used.
The reliability refers to the degree of internal consistency of the questionnaire and scale [55].
For all items combined, a value of 0.894 was found for Cronbach's alpha (see Table 4),
indicating a high level of internal consistency. The values obtained for the sets E, C, D and
G of grouped items were 0.763, 0.709, 0.805 and 0.838, respectively. Table 5 summarises
the statistics of the questionnaire as a whole and shows the values of Cronbach’ s alpha
coefficient when each item is removed. It can be observed that when item E5 is removed,
the overall reliability is 0.898. However, a decision was made to keep this item because it
does not significantly affect the reliability of the instrument and is a priori relevant when
evaluating the user-friendliness of MaGraDa.

Table 4. Reliability statistics.

Cronbach’s Alpha Confidence Interval
(95%)

Cronbach’s Alpha
Based on Standardised

Items
Number of items

0.894 [0.864, 0.920] 0.896 18

Table 5. Item-total statistics (see Table 3 for a description of each variable).

Item Scale Mean if
Item Deleted

Scale Variance
if Item

Deleted

Corrected
Item-Total
Correlation

Squared
Multiple

Correlation

Cronbach’s
Alpha if Item

Deleted

E1 67.3621 83.816 0.516 0.561 0.889
E2 67.1466 83.587 0.486 0.563 0.890
E3 67.7155 80.744 0.537 0.444 0.888
E4 67.3793 82.742 0.543 0.420 0.888
E5 67.4483 87.449 0.213 0.297 0.898
C1 67.6638 82.121 0.495 0.362 0.890
C2 67.3362 82.347 0.621 0.517 0.886
C3 67.3534 83.535 0.594 0.491 0.887
C4 67.3534 83.622 0.494 0.414 0.889
D1 67.4052 83.130 0.492 0.324 0.889
D2 67.2845 81.962 0.536 0.461 0.888
D3 67.2672 82.180 0.523 0.504 0.888
D4 67.5862 79.845 0.585 0.592 0.886
D5 67.1983 82.943 0.401 0.400 0.893
D6 67.5259 80.043 0.586 0.608 0.886
G1 67.3362 80.277 0.658 0.590 0.884
G2 67.4224 80.750 0.680 0.621 0.884
G3 67.3707 80.027 0.729 0.655 0.882

4. Survey Exploratory Analysis

Factor analysis (FA) and principal component analysis (PCA) are multivariate statisti-
cal methods that are used in educational research to analyse measurement scales. Although
both methods involve reducing the number of dimensions, they differ from a conceptual
and mathematical point of view [52].

FA assumes that the correlations observed between variables result from unobserved
latent factors influencing the observed variables. The main goal of this type of analy-
sis is to identify, understand and model these underlying structures. In an FA model,
each variable Xi, i = 1, 2, . . . , n, is written as a linear combination of the common factors
(Fj, j = 1, 2, . . . , m) plus a specific factor ui, that is, Xi = ai1F1 + ai2F2 + . . . + aimFm + ui,
i = 1, 2, . . . , n, where the scalars of these linear combinations aij, i = 1, 2, . . . , n,
j = 1, 2, . . . , m, are called factor loadings. It is assumed that the common factors are
standardised (E(Fj) = 0 and Var(Fj) = 1, j = 1, 2, . . . , m), and that the specific factors of
the original variables are uncorrelated (cov(ui, uj) = 0, if i 6= j) and have a mean equal to
zero (E(ui) = 0, i = 1, 2, . . . , n).
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There are two types of FA: exploratory FA (EFA) and confirmatory FA (CFA). EFA is a
multivariate statistical technique used for dimension reduction that seeks to discover the
latent factors in a set of quantitative variables. In CFA, the factors are known a priori (and
are usually previously described theoretically), and the objective is to verify whether this
existing theoretical structure fits the data.

On the other hand, the goal of PCA is to reduce the dimensionality of a dataset while
retaining the maximum possible variance from the original data. The aim is to represent
the data as a new set of uncorrelated variables or principal components (Ci, i = 1, 2, . . . , m,
with cov(Ci, Cj) = 0, if i 6= j) that are linear combinations of the original variables, that
is, Ci = ai1X1 + ai2X2 + . . . + ainXn, i = 1, 2, . . . , m, such that they efficiently capture the
variability in the data.

Both FA and PCA have some limitations: firstly, they assume linear relationships
between variables, and secondly, their interpretation is only reasonable if the variables are
scaled at the numeric level (interval or ratio level of measurement) [53]. These assumptions
are not always justified, which can render these reduction methods less suitable for certain
contexts. Nonetheless, in specific fields such as social and education sciences, ordinal
variables are sometimes treated as continuous variables, and the same principles and
assumptions that apply to this type of data apply to ordinal data [56]. In addition, to
overcome the limitations of these methods when using ordinal variables, we carried out a
categorical PCA (CATPCA) [53]. The most important advantages of CATPCA over PCA are
that it can deal with variables at their appropriate measurement level, including nominal or
ordinal variables, and can handle and discover nonlinear relationships between variables. This
means that CATPCA can be applied to ordinal scales such as the Likert scale used in our survey.
CATPCA has the same purpose as PCA for categorical variables. Note that when all variables
are scaled at the numeric level, CATPCA is equivalent to a standard PCA.

4.1. Exploratory Factor Analysis

To assess the suitability of using EFA, we used the Kaiser-Meyer-Olkin (KMO) measure
and the Bartlett test of sphericity (see Table 6). The KMO value of 0.877 (i.e., greater than 0.8)
suggested that the sample size was adequate [57,58]. The p-value for the Bartlett test of
less than 0.001 indicated that the variables were not orthogonal and therefore correlated.
We note that this test uses a chi-square distribution that assumes normality; nevertheless,
many authors have shown, using theoretical distributions, that the Pearson correlation is
robust to skewness and non-normality [56,59–62].

Table 6. Results of Kaiser-Meyer-Olkin (KMO) and Bartlett tests.

KMO Measure of Sampling Adequacy 0.877

Bartlett test of sphericity (chi-square
approximation) 903.893

Degrees of freedom 153
Significance 8.43× 10−107

To explore the latent factors, EFA was applied using the Principal Axis Factoring (PAF)
method and the varimax rotation technique. To establish a cutoff for the eigenvalue, the
Kaiser criterion was employed. In FA, the eigenvalues represent the variance explained
by each factor, and when this criterion is used, factors with eigenvalues greater than one
are retained.

Four factors were extracted that explained 61.96% of the total variance (see Table 7).
The first factor explained 37.384% of the total variance, the second factor 12.01%, the third
6.548% and the fourth 6.018%, with eigenvalues of 6.729, 2.162, 1.179 and 1.083, respectively.
The extraction and rotation sums of the squared loadings displayed in Table 7 provide
similar information but are based only on the shared variance among variables. The four
extracted factors explained 51.54% of this common variance. Table 8 displays the obtained
rotated factor matrix. After examining the absolute loadings that exceeded 0.45, it was
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found that variables D2, D3, D4 and D6 were strongly loaded onto factor 1, while variables
E1, E2, G2 and G3 had high loadings for factor 2, variables C2, C3, D5, G1 and G2 for factor 3,
and variables E3, E4, E5 and C3 for factor 4. Factor 1 could be interpreted as the educational
usefulness and academic benefits of MaGraDa, whereas factor 2 refers to the users’ perceptions
of its usability. Factor 3 mainly represents the perceptions of the quality of its content as a tool
for graph learning, while factor 4 seems to represent the perceptions of its user-friendliness.

Table 7. Total variance explained by factor analysis (FA) with the principal axis factoring (PAF)
extraction method.

Initial Extraction Sums Rotation Sums
Eigenvalues of Squared Loadings of Squared Loadings

Factor Total % of
Variance

Cumulative
% Total % of

Variance
Cumulative

% Total % of
Variance

Cumulative
%

1 6.729 37.384 37.384 6.278 34.880 34.880 2.811 15.617 15.617
2 2.162 12.010 49.394 1.710 9.497 44.377 2.474 13.745 29.362
3 1.179 6.548 55.942 0.698 3.876 48.253 2.409 13.383 42.746
4 1.083 6.018 61.960 0.592 3.286 51.540 1.583 8.794 51.540
5 0.956 5.313 67.273
6 0.737 4.095 71.368
7 0.698 3.880 75.248
8 0.626 3.477 78.725
9 0.540 3.002 81.727

10 0.535 2.972 84.700
11 0.485 2.692 87.392
12 0.455 2.530 89.921
13 0.416 2.313 92.234
14 0.360 2.002 94.237
15 0.319 1.775 96.011
16 0.280 1.557 97.568
17 0.221 1.230 98.798
18 0.216 1.202 100.000

Table 8. Rotated factor matrix from FA with PAF extraction method, varimax rotation (see Table 3 for
a description of each variable).

Item Factor 1 Factor 2 Factor 3 Factor 4

E1 0.106 0.755 0.063 0.244
E2 0.026 0.705 0.067 0.356
E3 0.194 0.417 0.168 0.452
E4 0.250 0.221 0.180 0.603
E5 −0.019 0.139 −0.043 0.551
C1 0.144 0.302 0.316 0.321
C2 0.391 0.180 0.597 0.077
C3 0.122 0.170 0.547 0.498
C4 0.022 0.391 0.385 0.288
D1 0.292 0.295 0.285 0.130
D2 0.624 0.214 0.166 0.070
D3 0.708 0.108 0.142 0.114
D4 0.800 0.070 0.208 0.117
D5 0.296 −0.043 0.477 0.089
D6 0.656 0.010 0.449 0.044
G1 0.391 0.375 0.592 -0.047
G2 0.278 0.526 0.558 0.025
G3 0.383 0.539 0.413 0.154
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4.2. Principal Component Analysis

To reduce the dimensions of the data, we also applied PCA. Table 9 displays the
total variance explained by the obtained principal components, while Table 10 shows the
rotated component matrix using varimax with Kaiser normalisation. With four principal
components, PCA explained 61.96% of the total variance. The first component was highly
correlated with variables E1, E2, E3, C1, C4, D1, G1, G2 and G3, and was therefore related
to the user experience with the MaGraDa software. The second component, which was
strongly correlated with variables D2, D3, D4 and D6, was mainly related to the educa-
tional usefulness and academic benefits of MaGraDa. The third component was strongly
correlated with variables C2, C3, D5, D6 and G1. This component was mainly related to the
users' perceptions of the quality of the MaGraDa content as a tool for graph learning. The
fourth component, which was correlated mainly with variables E4 and E5, was related to
the users’ perceptions of the user–friendliness of MaGraDa.

Table 9. Total variance explained by principal component analysis (PCA).

Initial Extraction Sums Rotation Sums
Eigenvalues of Squared Loadings of Squared Loadings

Component Total % of
Variance

Cumulative
% Total % of

Variance
Cumulative

% Total % of
Variance

Cumulative
%

1 6.729 37.384 37.384 6.729 37.384 37.384 3.783 21.017 21.017
2 2.162 12.010 49.394 2.162 12.010 49.394 3.151 17.504 38.521
3 1.179 6.548 55.942 1.179 6.548 55.942 2.488 13.824 52.345
4 1.083 6.018 61.960 1.083 6.018 61.960 1.731 9.616 61.960
5 0.956 5.313 67.273
6 0.737 4.095 71.368
7 0.698 3.880 75.248
8 0.626 3.477 78.725
9 0.540 3.002 81.727

10 0.535 2.972 84.700
11 0.485 2.692 87.392
12 0.455 2.530 89.921
13 0.416 2.313 92.234
14 0.360 2.002 94.237
15 0.319 1.775 96.011
16 0.280 1.557 97.568
17 0.221 1.230 98.798
18 0.216 1.202 100.000

Table 10. Rotated component matrix of PCA, varimax rotation (see Table 3 for a description of
each variable).

Item Component 1 Component 2 Component 3 Component 4

E1 0.793 0.109 −0.077 0.183
E2 0.765 0.017 −0.049 0.293
E3 0.543 0.230 0.045 0.432
E4 0.307 0.266 0.175 0.653
E5 0.106 −0.055 0.010 0.828
C1 0.507 0.132 0.237 0.203
C2 0.312 0.382 0.607 −0.040
C3 0.379 0.088 0.548 0.387
C4 0.573 −0.082 0.401 0.174
D1 0.489 0.357 0.142 −0.068
D2 0.250 0.754 0.051 0.021
D3 0.093 0.788 0.141 0.126
D4 0.100 0.819 0.226 0.102
D5 −0.066 0.198 0.780 0.121
D6 0.045 0.658 0.523 0.040
G1 0.490 0.394 0.511 −0.163
G2 0.635 0.276 0.448 −0.082
G3 0.609 0.380 0.351 0.086
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4.3. Categorical Principal Component Analysis

The CATPCA solution was computed iteratively from the data, using the optimal
scaling process of IBM SPSS to quantify the variables. Both ordinal and spline ordinal levels
were considered, with the highest percentage of total variance being explained with the
ordinal-level analysis. This is consistent with the recommendation to perform an ordinal-
level analysis when the number of categories is small, and a monotonic spline-level analysis
when the number of categories is large compared to the number of respondents [53].

CATPCA grouped the 18 variables into four principal components, which explained
71.179% of the total variance (see Tables 11 and 12). A high value of 0.976 for Cronbach's
alpha was also obtained for both CATPCA models, with and without rotation. This
technique was able to identify the principal components or dimensions more clearly from
the set of ordinal variables in this survey (see Table 13). The first principal component was
strongly associated with the variables G1, G2, C2 and D2, and represented the usefulness
of MaGraDa in terms of learning graphs. The second principal component was strongly
associated with the variables E1, E2, E3, E4 and E5, and explained its user-friendliness
and usability. The third principal component was primarily associated with variables D1,
D3, D4, D5 and D6, and was therefore related to the impact of MaGraDa on academic
performance. Finally, the fourth principal component, which was highly associated with
variables C1, C3, C4, E1, E2, D1 and G3, was related to the quality of its content (procedures,
algorithms and documentation). In summary, the CATPCA results showed that our survey
comprehensively covered the most important aspects that, in our opinion, an educational
software should encompass, that is, its usefulness for learning, its usability and user-
friendliness, its effect on academic performance, and its content quality.

Table 11. Categorical PCA (CATPCA) model summary.

Variance Accounted for
Dimension Cronbach’s Alpha Total (Eigenvalue) % of Variance

1 0.855 5.185 28.807
2 0.764 3.590 19.945
3 0.616 2.392 13.291
4 0.415 1.644 9.136

Total 0.976 12.812 71.179

Table 12. CATPCA model summary, varimax rotation.

Variance Accounted for
Dimension Cronbach’s Alpha Total (Eigenvalue) % of Variance

1 0.806 3.807 21.151
2 0.759 3.199 17.772
3 0.772 2.928 16.264
4 0.758 2.879 15.992

Total 0.976 12.812 71.179

Table 13. Rotated component loadings from CATPCA, varimax rotation (see Table 3 for a description
of each variable).

Item
Dimension 1: Dimension 2: Dimension 3: Dimension 4:

Usefulness for
Learning

Usability and
User-Friendliness

Impact on
Academic

Performance
Content Quality

E1 0.053 0.640 −0.213 0.501
E2 −0.002 0.561 −0.138 0.646
E3 0.076 0.763 0.111 0.168
E4 −0.041 0.915 0.089 −0.069
E5 −0.038 0.923 0.048 −0.065
C1 −0.027 0.048 0.229 0.640
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Table 13. Cont.

Item
Dimension 1: Dimension 2: Dimension 3: Dimension 4:

Usefulness for
Learning

Usability and
User-Friendliness

Impact on
Academic

Performance
Content Quality

C2 0.976 −0.033 0.081 −0.018
C3 −0.015 −0.011 0.280 0.711
C4 0.027 0.024 −0.012 0.814
D1 −0.024 −0.036 0.453 0.478
D2 0.764 0.122 0.299 0.038
D3 0.324 0.099 0.720 0.091
D4 0.185 0.021 0.757 0.187
D5 −0.083 0.011 0.734 0.091
D6 0.323 0.045 0.804 0.091
G1 0.976 −0.015 0.101 0.005
G2 0.976 −0.024 0.096 0.014
G3 0.320 0.413 0.336 0.553

5. Survey Results, Analysis and Discussion

In this section, we summarise the results of the survey designed to study the satisfac-
tion level of students with MaGraDa. Table 14 displays the socio-demographic characteris-
tics of the students. These demographic data show that the majority of respondents fell
into the age group of 17–19 years (72.4%) followed by 20–29 years (25%) and over 29 years
(2.6%). The percentage of males (82.8%) was much higher than that of females (12.9%), and
was consistent with the total numbers of students taking the four-year degree course in
Computer Engineering at the University of Alicante. In addition, a high percentage (81%)
of students were enrolled in the first year of university, and 77.6% of students were taking
the DM course for the first time.

Table 14. Socio-demographic characteristics.

Variable Values Number Percentage

Age

17–19 84 72.4%
20–29 29 25.0%
30–39 2 1.7%

40 or more 1 0.9%

Gender

Male 96 82.8%
Female 15 12.9%

Rather not say 5 4.3%
Others (please state) 0 0.0%

1 94 81.0%
Highest university 2 19 16.4%

year 3 2 1.7%
4 1 0.9%

First time enrolling Yes 90 77.6%
on the DM course No 26 22.4%

Figure 15 summarises the survey responses in regard to the ease of use and friendliness
of MaGraDa. As can be seen, 79.3% of the students expressed a high level of satisfaction
with its ease of use, while 87.1% found it easy to learn. Only a small percentage (3.5%)
did not consider it well-structured, and 6% did not perceive its graphic mode as intuitive.
In view of these results, and to improve its usability and structural organisation, the
software was refined based on the feedback from the students, with the aim of meeting the
expectations of more of the survey respondents. This feedback was obtained not only from
the open-ended question, which included comments and suggestions about MaGraDa, but
also through observation and feedback from students in the laboratory classes. The most
significant changes that were introduced in regard to usability and user-friendliness, as
suggested by the students, and included in the latest version of MaGraDa (reviewed in
Section 2.2) are summarised in Table 15.
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Figure 15. Satisfaction with the ease of use and friendliness.

Table 15. Changes to the latest version of MaGraDa, as suggested by students.

Usability and User-Friendliness

The sizes of the Java panels are now adapted to the specific screen resolution.

In the graphic mode, vertices can now be repositioned by dragging with the mouse.

Each option is now completed by selecting any other menu option (except for algorithm view options) or by
right-clicking.

In the graphic mode, when a new graph is created or an existing graph is modified (vertex insertion or
deletion, edge or arc insertion or deletion, vertex renaming, or weight modification), the canvas background

changes to a lighter colour so that users can easily see that they are modifying or creating a graph.

In the graphic mode, an option has been added to the Graph menu that centres the current graph on the canvas.

In both the text and graphic modes, a toolbar with the most important options for each mode has been added.
This allows the users to access these options quickly without the need to navigate through the menu. A

specific icon has been designed for each option on this toolbar.

In the graphic mode, the current graph can be zoomed in (to the maximum allowed by the canvas) or zoomed
out (to a minimum of 25%) using the mouse wheel.

Content

Two file formats (native and GraphML format) can be used to open or save graphs.

An options item has been added to the main menu that includes the language selection, the Java L&F, the file
format for graphs and a check box to set the visibility of the toolbar.

For both the shortest path algorithm for acyclic graphs and the PERT algorithm, the explicit development of
the Bellman equations is now displayed step by step, highlighting the value at which the minimum or

maximum is reached, respectively, which is then used to identify the paths.

In the PERT algorithm, the maximum delay that can take place in completing a non-critical activity without
affecting the project end date is now calculated.

For both the Dijkstra and Prim algorithms, the explicit development of each algorithm is also displayed step
by step, mirroring the natural progression of the calculation process.

Regarding the educational content (see Figure 16), the majority of students considered
that the information provided by this software was necessary and valuable (around 79%)
and was aligned with their expectations for learning graph theory. However, 12.9% of
students encountered problems understanding the information about procedures and
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algorithms. In the laboratory classes, some students reported difficulties in understanding
certain algorithms and expressed a desire for the tool to apply all the algorithms step by
step, similarly to the process of calculating them manually.

Figure 16. Satisfaction with content.

To facilitate a better understanding of the software for all users, improvements were
made to the documentation of some algorithms, and their outputs were explained in a more
detailed way (see Table 15). In the current version, MaGraDa includes a feature that allows
users to execute all algorithms step by step, corresponding to the theoretical explanations
given in lectures.

Figure 17 displays the satisfaction of students with the didactic level of MaGraDa,
including both its usefulness for learning graphs and the expected impact on their academic
performance. The majority of students (78.4%) preferred to use this educational software
to learn how to solve graph problems rather than the conventional method, while 13.8%
had no particular preference, and only 7.8% preferred to do the exercises without computer
assistance. In fact, a high percentage of students considered that MaGraDa facilitated
self-learning (82.8%) and the understanding of graph concepts (74.1%), and helped to
identify, diagnose and correct possible errors in the exercises (76.7%). Regarding the
impact of MaGraDa on academic performance, the survey results indicated that 65.5%
of students believed that using MaGraDa would contribute to achieving better exam
grades, while 26.7% of respondents expressed a neutral stance on this matter and only a
minority of participants (7.8%) did not perceive MaGraDa as beneficial for improving their
academic performance.

A statistical summary of the survey variables is provided in Tables 16 and 17. For most
items, the mode and median were equal to four, indicating a generally positive assessment.
In addition, items D3 (useful for diagnosis and error correction) and D5 (preference for
using MaGraDa rather than conventional exercises) stood out with a mode score of five,
highlighting a favourable experience with MaGraDa. These findings were aligned with
the overall opinions expressed by students, as depicted in Figure 18. Specifically, the data
indicated that a small percentage of users (6%) were not satisfied with this software, while a
substantial percentage (79.3%) reported overall satisfaction. In addition, 77.6% of students
were willing to recommend MaGraDa for learning concepts related to graphs. Although
approximately 15% of respondents remained neutral on these matters, it was notewor-
thy that all of the women answering the survey (100%) expressed overall satisfaction
with this software.



Appl. Sci. 2023, 13, 12945 24 of 31

Figure 17. Satisfaction with the didactic level.

Table 16. Statistical summary of variables in blocks E and C (see Table 3 for a description of each
variable).

Item Gender Mode Median Lower Quartile Upper Quartile

E1 Female 5 5 4 5
Male 4 4 4 4
Total 4 4 4 4.75

E2
Female 5 5 4 5
Male 4 4 4 5
Total 4 4 4 5

E3
Female 5 4 4 5
Male 4 4 3 4
Total 4 4 3 4

E4
Female 5 5 4 5
Male 4 4 3 4
Total 4 4 3 5

E5
Female 4 4 4 5
Male 4 4 3 4.75
Total 4 4 3 5

C1
Female 4 4 4 5
Male 4 4 3 4
Total 4 4 3 4

C2
Female 5 4 4 5
Male 4 4 4 4.75
Total 4 4 4 5

C3
Female 4 4 4 5
Male 4 4 4 4
Total 4 4 4 4

C4
Female 4 4 4 5
Male 4 4 4 5
Total 4 4 4 5
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Table 17. Statistical summary of variables in blocks D and G (see Table 3 for a description of each
variable).

Item Gender Mode Median Lower
Quartile

Upper
Quartile

D1
Female 4 4 4 5
Male 4 4 3 5
Total 4 4 3 5

D2
Female 4 4 4 5
Male 4 4 4 5
Total 4 4 4 5

D3
Female 5 5 4 5
Male 5 4 3 5
Total 5 4 4 5

D4
Female 4 4 4 5
Male 4 4 3 4
Total 4 4 3 4.75

D5
Female 5 5 3 5
Male 5 4 4 5
Total 5 4 4 5

D6
Female 5 4 3 5
Male 4 4 3 5
Total 4 4 3 5

G1
Female 4 4 4 5
Male 4 4 4 5
Total 4 4 4 5

G2
Female 4 4 4 5
Male 4 4 3 4
Total 4 4 3 5

G3
Female 5 5 4 5
Male 4 4 4 4
Total 4 4 4 5

Figure 18. General opinions.

To compare the opinions of the students by gender, the non-parametric Kruskal-
Wallis H test was also used. The results showed statistically significant differences in
the response distributions not only for overall satisfaction (p-value = 0.023) but also for
other specific aspects explained by the variables E1 (p-value = 0.03), E2 (p-value = 0.01),
E3 (p-value = 0.01), E4 (p-value = 0.004), D3 (p-value = 0.024), and G3 (p-value = 0.005).
Figure 19 illustrates these differences for the surveyed students who specified their gender
(111 from 116). It is apparent that female respondents had a more favourable perspective
towards the software than male students. More specifically, 86.7% of female participants
expressed the view that MaGraDa was easy to use, and 93.3% found it easy to learn.
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Furthermore, all female respondents affirmed that the software was well structured and
helped in the identification, diagnosis, and rectification of errors in their exercises. Among
male respondents, these percentages were slightly lower, with 80.2% perceiving it as easy
to use and 86.5% finding it easy to learn. Moreover, 74% of male participants reported
its effectiveness in terms of identifying errors. These findings offer valuable insights into
the gender-based differences in opinions regarding MaGraDa, with the female cohort
exhibiting a more favourable outlook across several key dimensions of assessment.

Mann-Whitney U and Kruskal-Wallis H tests were also employed to conduct compar-
isons based on the other characteristics of the surveyed population. The aim of this analysis
was to determine whether there were differences in opinions based on the highest univer-
sity year of the students, and whether it was the first time they had attended the DM course.
In neither case were significant differences observed in the distribution of responses.

To analyse the effect of students’ socio-demographic profiles (described in Table 14)
on the four dimensions obtained using CATPCA in Section 4.3, we also conducted a
stepwise MLR analysis. The decision to use the dimensions obtained through CATPCA
was based on its ability to identify the dimensions more clearly than EFA and PCA from
the set of Likert scale variables used for the survey. Moreover, CATPCA explained a
higher percentage of variance (71.179%) with 4 components, compared to FA and PCA.
Since MLR treats independent variables as numerical, dummy variables were generated
to represent the categorical variables. The gender variable accounted for approximately
3.6% of the variation in students’ opinions about the utility of MaGraDa for learning
(dimension 1). With a p-value of 0.047, this variable emerged as the sole significant socio-
demographic contributor to this dimension. As shown in Table 18, for similar profiles,
female students rated the utility of MaGraDa for learning 0.556 points higher than male
students. Furthermore, the categorised age of the students explained 4.9% of the variation
in dimension 4, with students aged 20 to 29 rating the content quality of MaGraDa 0.472
points higher than the rest of students. The socio-demographic profile did not influence
the students’ opinions about the usability and user-friendliness of the MaGraDa software
(dimension 2) or its impact on academic performance (dimension 3).

Table 18. Models obtained with stepwise multiple linear regression (MLR); Dependent variable in
model A: object scores of dimension 1; Dependent variable in model B: object scores of dimension 4.

Unstandardised
Coefficients

Standardised
CoefficientsModel

βi Std. Error β̃i Sig.

Model A Constant −0.069 0.102 0.500
Female 0.556 0.277 0.189 0.047

Model B Constant −0.160 0.098 0.108
Age [20−29] 0.472 0.200 0.221 0.020

The final grades of students for the laboratory practice sessions were also compared
with their opinions on each survey question. A preliminary statistical analysis to test the
normality of the final grades was carried out using both the Shapiro-Wilk and Kolmogorov-
Smirnov (with the Lilliefors correction) tests, which showed that there was no evidence to
reject the assumption of normality in any group. The ANOVA (analysis of variance) test and
the independent-samples t-test were therefore used to analyse the mean grades. Significant
differences were observed in the mean grades achieved by students who expressed overall
satisfaction with the MaGraDa software compared with those who were dissatisfied (see
also Figure 20). Students who expressed satisfaction with MaGraDa achieved a mean grade
of 6.87 and a median of 7, while their dissatisfied peers had a mean grade of 5.21 and
a median of 5.5. These results indicated the influence of satisfaction with MaGraDa on
academic performance. This was mainly because most of the satisfied students were able to
use MaGraDa efficiently to learn about graphs and to identify, diagnose, and correct errors
in their exercises, thus obtaining better grades for the laboratory sessions.
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Figure 19. Results by gender.

(a) D3: Does MaGraDa help you identify, diagnose, and correct errors
in your graph exercises?

(b) G3: Overall, are you satisfied with the MaGraDa software?

Figure 20. Academic performance with MaGraDa.
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6. Conclusions

In this work, we have presented MaGraDa, a Java-based graph visualisation and
computational system designed to assist students and educators in undergraduate and
high school courses involving concepts and algorithms related to graphs.

To analyse its effectiveness, a survey was conducted among students enrolled on a DM
course as part of the Computer Engineering programme at the University of Alicante in
Spain. A value of 0.894 for Cronbach's alpha indicated the internal consistency of this survey.
An exploratory analysis performed to reduce the dimensions of the data identified the most
important aspects that an educational software should cover, that is, usefulness for learning,
usability and user-friendliness, impact on academic performance, and content quality.

Based on the results of the survey and our analysis, MaGraDa is positioned as a valu-
able tool to facilitate the learning process and make abstract graph concepts more accessible.
Through classroom assessments, we observed positive outcomes in terms of engagement,
comprehension, and problem-solving skills. The visual representation of graphs and the
ability to manipulate them in real time provided a hands-on learning experience, enabling
students to understand graph structures and algorithms more effectively.

Furthermore, the ease of use of this software opens up possibilities for various appli-
cations within computer science education. It could be integrated into existing curricula,
used as a supplementary tool for individual study, or even employed in online courses or
distance learning programmes. The flexibility of this software allows educators to tailor
the learning experience to the specific needs and learning styles of their students.

As with any educational tool, continuous improvement and refinement are necessary.
Future iterations of MaGraDa could incorporate additional features such as interactive
tutorials, more advanced graph algorithms, and customisable exercises. User feedback and
ongoing research will play crucial roles in enhancing its functionality and usability, and
will ensure its long-term effectiveness in terms of supporting graph theory education.

In summary, this educational software for teaching graph theory has been shown to
have the potential to enhance the learning experiences of students and comprehension
of this subject as part of computer science studies. By providing a visual and interactive
platform, we aim to empower students to apply graph theory concepts confidently to solve
practical and real-world problems. The results of this study, in which female students unan-
imously expressed satisfaction with the assessed software and only a small percentage (6%)
of males reported dissatisfaction, underscore the motivating potential of this educational
software. In addition, these findings show that MaGraDa could help to encourage female
students pursuing STEM courses with graph-related content, thereby helping to address
the gender gap in STEM fields.
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