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Abstract: Discrete mathematics covers the field of graph theory, which solves various problems in
graphs using algorithms, such as coloring graphs. Part of graph theory is focused on algorithms
that solve the passage through mazes and labyrinths. This paper presents a study conducted as
part of a university course focused on graph theory. The course addressed the problem of high
student failure in the mazes and labyrinths chapter. Students’ theoretical knowledge and practical
skills in solving algorithms in the maze were low. Therefore, the use of educational robots and
their involvement in the teaching of subjects in part focused on mazes and labyrinths. This study
shows an easy passage through the individual areas of teaching the science, technology, engineering,
and mathematics (STEM) concept. In this article, we describe the research survey and focus on the
description and examples of teaching in a university course. Part of the work is the introduction of
an easy transition from the theoretical solution of algorithms to their practical implementation on a
real autonomous robot. The theoretical part of the course introduced the issues of graph theory and
basic algorithms for solving the passage through the labyrinth. The contribution of this study is a
change in the approach to teaching graph theory and a greater interconnection of individual areas of
STEM to achieve better learning outcomes for science students.

Keywords: graph theory; algorithm; maze; robot; education

1. Introduction

This paper focuses on a new concept for teaching graph theory using educational
robots, so it is a connection of the individual parts of the science, technology, engineering,
and mathematics (STEM) concept. This article describes research conducted when teaching
graph theory at a university and provides a practical solution to a selected part of the
course focused on solving a passage through a maze. Students were prepared with teaching
in the theoretical field of discrete mathematics with a focus on the field of graph theory.
As part of the educational course for theoretical lectures, they also attended practical
seminars where students learned to apply the acquired theoretical knowledge to examples.
Unfortunately, most of the examples solved with the application of theoretical knowledge
were solved using pencil on paper. Students did not have the opportunity to transfer
theoretical knowledge to solve real problems in life. In this case, we present a change in a
practical seminar that involved educational robots in the teaching of graph theory. Here,
we see considerable potential for their use and fulfilment of the STEM concepts.

2. Methodology
2.1. Aims

The main goal of this study was to determine the benefits of a new concept of teaching
graph theory using educational robots. The aim was to connect the individual areas of
STEM and use their strengths for the development of students to improve their ability to

Mathematics 2021, 9, 919. https://doi.org/10.3390/math9090919 https://www.mdpi.com/journal/mathematics

https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0001-9696-4565
https://orcid.org/0000-0002-1570-222X
https://doi.org/10.3390/math9090919
https://doi.org/10.3390/math9090919
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/math9090919
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math9090919?type=check_update&version=1


Mathematics 2021, 9, 919 2 of 15

practically apply theoretical knowledge. Another goal was to increase the attractiveness
of the classical teaching of discrete mathematics and to improve its practicality with an
overlap with the real world. Students in the course worked in groups on a joint project
with an educational robot. In this study, we also focused on the communication and joint
work of students. The teaching of students during graph theory was conducted using old
methods; low motivation of students was recorded; and, in some areas, high failure rates of
students were recorded. The following were the parameters of the course: course objectives:
the aim was to develop and increase the logical and algorithmic thinking of students, to
make them familiar with basic graph theory concepts and theorems and combinatorial
algorithms; course content: basic concepts, special types of graphs, graph coloring, trees,
mazes and labyrinths, searching for Eulerian graphs, graph covering, graph searching,
searching trees, and using graph searching in algorithms.

The course aimed to address the problem of high student failure in the mazes and
labyrinths chapter. Students’ theoretical knowledge and practical skills in solving algo-
rithms in the maze were low. The overall test failure in this chapter was high, with a 35%
failure rate on the first test.

2.2. Theoretical Background

To address the high failure rate of students, a solution was designed using educational
robots. Educational robots enable the easy application of selected algorithms from graph
theory. The study focused on algorithms that solve the passage through a maze or a
labyrinth. A maze or labyrinth can be easily redrawn into a graph. Each vertex of the graph
represents an intersection in the labyrinth and the individual edges of the graph represent
paths within the labyrinth. A labyrinth can embody, e.g., a part of a city where a route is
sought from a hotel to a university [1,2]. What is the difference between a labyrinth and
a maze? Labyrinths contain a path without turns and crossroads, where the path leads
from the start to the finish. Therefore, the path through a labyrinth is easy. A maze is
composed of more paths and intersections and there are various turns and dead ends. In a
maze, several different paths often lead to the end. The journey in a maze can be long. The
well-known tips for walking through the maze are to stick to the wall with one hand, or to
mark the paths or intersections we have already traveled. An example of the latter is the
historically well-known solution using Ariadne’s thread [1–3].

Many mathematicians and scientists have created various algorithms within graph
theory to navigate through a labyrinth or maze. In some cases, it is necessary to go through
the whole labyrinth, i.e., to visit all corridors. Examples of the algorithms that solve this
problem are Trémaux [4], Tarry’s algorithm [5], or the Edmund-Johnson algorithm [6].

Tarry’s algorithm is based on two rules:

Rule T1: Each edge can be passed only once in a single direction (if a labyrinth is without
an exit, then exactly once).

Rule T2: The path used to enter the vertex cannot be used for return, except if there is no
other option [5,7].

This algorithm finds the path from the entrance to the exit of the labyrinth. If a
labyrinth does not have an exit, all paths will be traveled twice, i.e., in one direction when
searching for an exit and again when returning to the entrance. The Trémaux algorithm
adds a third rule:

Rule T3: If the vertex is reached by the edge used the first time, if we come to an edge that
is traversed for the first time, to a known vertex, the edge is used for return in the
next step [4,7].

A variety of different algorithms focus on solving the passage through a maze. These
algorithms can be divided according to their approach to a maze. The aforementioned
algorithms are based on the knowledge of the whole maze in the form of a graph. These
algorithms can be used by a human or a computer program. However, the robot in the
maze experiences different conditions as it only perceives what its sensors detect, such
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as a wall of the maze or a free path. Blind paths and loops gradually appear as it passes
through the maze.

Other algorithms do not operate on a complete maze map. They create this map
during passing through a maze or they do not use it at all. In the case of the random
mouse algorithm, the robot moves completely randomly. This group of algorithms includes
pledge algorithm, flood fill algorithm, recursive backtracker, and so on [8].

2.3. Research Questions

We formulated the following research questions for this study: (1) What is the contri-
bution of educational robots to the practical teaching of graph theory? (2) How does group
work affect students in solving algorithms for the robot to pass through a maze? (3) How
is it possible to transfer teaching from educational robots to the online environment?

One of the partial goals of the study was to present the possibilities of the simple
implementation of algorithms for solving the passage through a maze using a real robot
in a real maze. Another partial goal was to present the direct transition from real robots
and their algorithms to a virtual environment, which can then be used in distance learning.
Algorithms can be implemented in various programming environments, where, in our case,
a visual programming environment is presented. Visual programming is not only suitable
for beginners, but is also very widespread. This is the default programming environment
for the Lego Mindstorms robotic kit that was used to construct the robot.

2.4. Research Tools and Sample

As part of the research survey in this study, a quantitative questionnaire was used
to evaluate teaching for students. The questionnaire was created for the purposes of this
training course. The questionnaire contained questions focused on this course; the student
chose the answer based on the choice of options according to a Likert scale. The Likert
scale was used to evaluate the attitudes toward a given statement in the questionnaire. In
the next part of the research survey, qualitative methods were used: direct observation
and semi-structured interviews with selected students. The group work of students on
their joint projects was monitored directly with a focus on their interactivity in the group.
Semi-structured interviews were conducted at the end of the course to retrospectively
ascertain the attitudes of students to the teaching of graph theory using educational robots.
A group of university students of natural sciences was included in the research survey.
Specifically, these were students of science teaching in combination with computer science.
Students had graduated and knew the following: the basics of university mathematics, the
basics of programming, and microcomputer programming. At the same time, students
attended a course in programming robotic kits and robots.

2.5. Course Implementation

This part of the paper presents, within the framework of our practical research, the
implementation of teaching in the practical seminars on the subject of graph theory. In
this section, we provide a theoretical introduction to graph theory, which belongs to
discrete mathematics, and describe the robot and maze used, an important part in the
implementation of graphs and their practical evaluation and comparison. We also present
the possibilities of transferring teaching to the online environment.

Students implemented the theoretical knowledge gained in their graph theory lectures
on a real maze. The theory contains a large number of algorithms for solving the passage
through a maze. However, it is not possible to implement all of them using a robot that
passes through a maze and sees only the walls around it. The active method of project-
based student learning in groups facilitates the development of their competencies [9,10].
The combination of project-based learning with the construction of a robot model in
the field of STEM supports the cooperation and mutual communication of students in
a group [11,12]. For example, for inspiration and recognition of science and technology
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(FIRST), the program uses project-based learning for the solution of real problems with
robots in the field of STEM [13].

In our study, students first designed a suitable robot that met the minimum require-
ments and then sought a solution to the robot’s passage through the maze. In the prepara-
tory and planning phase, students designed various solutions for the construction of the
robot, which they further tested in a real maze. The construction and manual skills of indi-
vidual students were manifested here. During model construction work, robots developed
their competencies, learnt new skills, and gained new knowledge [14,15]. The subsequent
phase was the selection, design, and implementation of an algorithm for the robot. This
part proved to be challenging for the students because they failed to create all the selected
algorithms for the robot to travel through the maze in the programming environment.
There were also other problems, such as robot sensors, software restrictions on variables
and fields, and so on. The most entertaining part for the students was testing the robot in a
real maze. Frequent modifications were necessary during the testing of selected algorithms
based on the real data obtained in the maze as well as adjusting the setting of sensors and
the individual movements of the robot [16].

The final stage was testing and comparing the selected algorithms. The individual
areas of the STEM concept are interconnected during the implementation of the algorithm
into real movements of an autonomous robot moving in a maze [13,17]. Despite little
experience with the construction of robots and the implementation of algorithms in the
programming environment, students managed to create suitable robots and compare
various selected algorithms for passing through the maze. While cooperating on an
autonomous robot project, students learned teamwork and communication, and together
they designed and applied solutions for suitable algorithms for the robot to pass through a
maze [15,18].

2.6. Maze Design

Two extended approaches were used to construct a maze for this study.
The first approach was based on the creation of the individual walls of the maze from

an opaque material that separated the individual paths within the maze. Materials that
could be used for the construction of the walls of the maze were wood, paper, or plastic.
The height of the walls, the type of construction, and the used material were determined.
The floor of the maze could be a table top, a uniform classroom floor, or a large enough
piece of paper. In some cases, a color designation of the start and finish fields of the maze
was used. Furthermore, a maze constructed of square fields of the same size could be used,
where all paths were of the same width. In contrast, the version of a maze with variable
widths of paths and different locations of the intersections was used less frequently. The
construction of robots solving mazes with walls used sensors that detect walls. The basic
sensor was a touch sensor, which detected the wall when the wall came into contact with
the sensor. More sophisticated ultrasonic sensors were used to detect objects and measure
the robot distance from them. Some robots used optical sensors to measure and detect
objects, such as an electro-optical proximity detector (EOPD) sensor [19–21].

The second approach was based on a conversion of the maze into individual paths,
which were established by black lines placed on a light surface. In this solution, color coding
of individual intersections was sometimes adopted. This version is easy to implement with
the use of black adhesive tape placed on a light floor. The construction of robots solving
these types of mazes was based on optical sensors monitoring the black line. The operation
of multiple sensors placed in a row next to each other allowed quick recognition of the
shape of the intersection, which expedited the movement of the robot in the maze [22].

Implementing the first approach to maze construction is more difficult, but the output
is a real model of a maze. The second approach is significantly simpler and more affordable.
The first variant of the maze construction was selected for the presented research. Plastic
pieces of children’s construction kits were used for the construction of walls. Having a
large number of these pieces available allows the construction of almost any maze. The
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walls were built of four layers of building blocks and their height was approximately 10 cm.
The width of the maze path was designed so that it allowed easy movement of the robot,
especially the rotation of the robot on the spot. The construction of the maze was based on
a square 30 × 30 cm network. The width of the square was equal to the width of the path.
The wall of the maze was 3 cm thick. The maze was designed with a size of 5 × 5 squares.
The layout of the individual walls is shown in Figure 1. The starting and end squares of
the maze are highlighted in the scheme.
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Figure 1. The maze was constructed using children’s kits; the scheme of the maze.

2.7. Construction of the Robot

The Lego Mindstorms kit was used for the construction of the robot for this study.
The kit contains a wide range of components that allow various robot designs. The basic
construction of the robotic vehicle was extended by a sensor array for our intentions.
The construction of the robotic model of the vehicle contains two motors that enable the
movement of the robot. The robot’s chassis consists of two wheels connected directly
to the motors and a rear uncontrolled wheel that can move freely. Placing the powered
wheels in the center of the robot allows the robot to rotate in place. In front of the robot,
there are three ultrasonic sensors used for object detection. In our case, we used ultrasonic
sensors to detect the walls of the maze. Therefore, one sensor was turned to the right, the
second sensor was facing forward, and the third sensor faced the left side. The ultrasonic
sensors were connected to the input ports of the control unit under numbers 1, 2, and
3. The location of the ultrasonic sensors was determined by the dimensions of the maze,
the height of the walls, and the width of the path. The sensors were located at the front
bottom of the robot structure. This location of the ultrasonic sensors allowed the robot
to examine intersections. The main part of the robot’s construction was the control unit,
which connected two motors and three sensors. Figure 2 shows the construction of the
robot, the location of the sensors, the control unit, and the motors providing the movement
and rotation of the robot [20,21,23].
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2.8. Programming the Robot

Different programs using various programming languages can be used to program
and control the assembled robot, including the original Lego Mindstorms programming
environment, which was also used in our case. Lego Mindstorms enables simple visual
programming. This programming environment is easy to understand and is suitable for
beginners. The main program consists of individual blocks arranged one after another
using a single control algorithm. The parameters of the robotic or programming elements
are set in each icon, e.g., the ports of the connected motors, speed, direction, and rotation
time are set as a part of the motor icon [24].

2.9. Selection of Algorithms

The algorithms for passing through the maze had to correspond to those given by
the selected construction of the robot and the programming environment. Therefore, the
algorithms that used a view of the maze or its map could not be used. The robot must
gradually explore the maze and look for a suitable path. The robot could not mark already
visited intersections and paths in the maze or remember them. Therefore, algorithms that
do not use this approach had to be used.

The first such algorithm is wall monitoring, which implements both options, i.e., mon-
itoring the right wall and the left wall of the maze. The algorithm for right wall monitoring
is shown in Figure 3. The algorithm for left wall monitoring is similar except the order of
the sensors is changed in the diagram as well as the subsequent rotation of the robot on the
selected side. Figure 3 shows the implementation of this algorithm in a visual programming
environment using subroutines for the rotation and movement of the robot [25,26].
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Another possible algorithm is random mouse. The algorithm, as the name implies,
uses chance in deciding which path the robot should take when moving in a maze. The
random mouse algorithm first determines if individual sensors detect a wall, then the robot
completely randomly selects one of the open paths in the maze. When detecting an end of
a path, when all sensors detect the wall, the robot rotates 180◦ [27]. When implementing
the algorithm in a visual programming environment, it is necessary to use a decision table
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that determines from which open paths the robot randomly selects the path of the next
movement. Table 1 shows the shape of the intersection in the first column; the values for
individual sensors are in the next three columns. A value of 1 indicates that the path is
clear and 0 indicates a maze wall. Each value is then multiplied by the coefficient of each
sensor 1, 3, and 5. The next column lists the options in which direction the robot can move.
This list is used by the robot to randomly select its new direction. The last column is the
sum of the coefficients of Table 1.

Table 1. Decision table for the random mouse algorithm. L, left; F, front; R, right.

Crossroads
Sensor

Movement SumLeft Front Right
(1) (3) (5)
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pletely random. Figure 4 shows its implementation in the Lego Mindstorms NXT visual
programming environment.
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The last algorithm used in our study is based on the pledge algorithm. The algorithm
uses a selected preferred direction of movement. This algorithm uses the nested right wall
monitoring algorithm in the maze. When turning to the right of the preferred direction of
movement, the value of the robot’s rotation is increased by one; in the case of turning to the
left, the value of the robot’s rotation is reduced by one. If the value of the robot’s rotation is
set to zero, the robot continues to move again in the preferred direction. There are several
pitfalls in the implementation of this algorithm, such as turning the robot more than 360◦ to
one side. In the Lego Mindstorms visual programming environment, we defined variables
that stored the current value of the robot’s rotation in the maze [26].
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2.10. Comparison of Selected Algorithms for Solving the Robot Passing through a Labyrinth
2.10.1. Initial Conditions

For comparison of the selected algorithms, we used a robot assembled from a Lego
Mindstorms NXT robotic construction kit with three ultrasonic distance sensors for the
detection of maze walls. The maze was located on a flat, unicolored floor, which allowed
the robots to move easily without the wheels slipping when turning on the spot. The maze
was assembled from a children’s plastic kit.

All algorithms used to solve the maze had to be implemented in the Lego Mindstorms
programming environment to be usable in the virtual environment as well as for easier
programming by beginner students.

2.10.2. Realization

The real-life times needed for passing the robot through the maze using the four
aforementioned algorithms were compared. The robot began the journey on the starting
field of the maze and ended the journey on the end field of the maze. The time was
measured from the start of the program in the control unit to the robot’s arrival at the end
field of the maze. The time was measured manually on a stopwatch, which was recorded
on tables.

The measurements were performed in the first version of the maze shown in Figure 1.
The second measurement was performed in the same maze in the opposite direction (labelled
as version 2), i.e., the start and end fields of the maze were swapped.

2.10.3. Results

The times needed for passing of the robot through the maze were statistically analyzed.
The average time for the robot to pass through the maze for each algorithm is shown
in Table 2. The table shows the average times for both versions of the measurement.
The results revealed that the slowest algorithm was the random mouse, which uses the
completely random movement of the robot in the maze. The fastest algorithm in the first
version of the maze was tracking the right wall. The fastest algorithm in the opposite
direction was tracking the left wall. This is because of the selected layout of the maze walls.

Table 2. The average time (seconds) of passing of the robot through the maze for each algorithm.

Maze
Algorithm

Random Mouse Wall Following
Right-Hand Rule

Wall Following
Left-Hand Rule Pledge Algorithm

version 1 101.27 39.56 50.63 76.40

version 2 109.65 49.84 42.08 51.41

Further analysis of the measured data and their division into quartiles allowed us
to graphically display the results in box plots in Figure 5. The most significant area in
the graph is the blue box area for the random mouse algorithm, where a large scatter of
measured values is evident for different passes through the maze. Even more significant is
the minimum value of this solution, which is the shortest measured time for the passing
of the robot through the maze. In maze version 1, there was still significant variance in
the measured values regarding the pledge algorithm (yellow box), where its shortest time
was the longest overall. Other wall monitoring algorithms showed a low variance in the
measured values, proving that they provided a quick solution for passing the robot through
the maze.
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In the maze version 2, the values for the random mouse algorithm were similar. Wall
monitoring algorithms provided the fastest solutions, only in reversed order. There was
an interesting reduction in the scatter of values for the pledge algorithm and its overall
shortening when the robot passed through maze version 2.

2.11. Virtual Environment

Lego Mindstorms kits can be replaced by the Virtual Robotic Toolkit program, which
enables a simulation of the robot’s journey according to the program created in a visual
programming environment. It is possible to use either EV3 or NXT versions of the control
unit; it is only necessary to use the appropriate version of the program. As the first step, the
environment and then the robotic model have to be selected from the menu; consequently,
the virtual robot can be controlled and programmed. All robots from Lego construction kits
can be designed and assembled in a virtual environment. It is also possible to freely design
and modify your own environment, e.g., a maze. The Virtual Robotic Toolkit environment
uses the original Lego Mindstorms programming environment by uploading the created
control program for the robot to the virtual control unit, which is automatically connected
after starting the program. In the virtual environment of the program, it is possible to
work completely like with a normal robot: you can freely manipulate the robot, turn it,
run the control program, and so on [28]. For virtual work with robots from the Lego kit,
other virtual tools can be used, such as [29,30], or robots can be connected in online robotic
laboratories [31].

The virtual environment has several advantages that can be applied in teaching,
e.g., each student can work with their own robot in their own maze. It is not necessary to
deal with charging batteries of robots. Students can control and program robots outside
the classroom, and thus they have enough time and virtual space to work with the robots,
consequently solving even more demanding tasks.

The robot in the virtual environment of the Virtual Robotic Toolkit program moving in
the upper right window is shown in Figure 6. The bottom of the window shows the visual
programming environment in the Lego Mindstorms EV3 environment. In the left upper
part of the window, there is the virtual control unit of the robot, which allows controlling
and selection of programs to run. Another option is to use an online robotic laboratory,
where it is possible to work with a remotely controlled real robot [31].
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During the global COVID-19 pandemic, this possibility of using a virtual environment
for working with robots is an appropriate solution to teaching in schools. In full-time teach-
ing, the virtual environment prevents unwanted contact of students when manipulating
robots and especially when letting robots use a common maze. It would be necessary
to disinfect the maze after each robot rides through it in the case of a single maze for all
students. This measure would be costly and time consuming. The option for all students
to have their own maze was unrealistic in our case. Another advantage is maintaining a
safe distance between students in the class, because each student works only in their own
location on a single computer. The student does not have to move anywhere and no one
unnecessarily waits for the maze to be vacant. The disadvantage is that each student works
individually and cannot follow the progress or solutions of other students. However, this
can be prevented by sharing problem solving with other students in a virtual environment,
which is why we support the use of the virtual environment in regular teaching in schools.

It is also possible to use the virtual environment as a part of the distance form of
teaching while meeting the basic requirements of the program. It is necessary to secure
licenses for all programs for school students and arrange their use on student computers.
Student computers must also meet the minimum configuration requirements of the Lego
Mindstorms and Virtual Robotic Toolkit programs. Another option is to use the virtual
environment in a hybrid form of teaching. Students’ reactions were mixed. Some preferred
real robots that can be easily and quickly modified, while some appreciated the opportunity
to work with their own virtual robots outside the classroom. Virtualization of work with
robots is currently a necessity owing to the pandemic rather than just an alternative form
of project-based learning.

3. Research

The aim of the research was to answer the research questions in Section 2.3.

3.1. Study Results

At the end of the course, students were presented with a questionnaire containing
twelve statements. Each statement contained five possible answers on a Likert scale
according to the student’s attitude toward the question. The questionnaire was presented
and completed by a group of 15 students in paper form. Data from the paper questionnaire
were digitized and further statistically processed.
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First, the reliability of the questionnaire was verified by calculating the Cronbach’s
alpha, which is used to verify the reliability of the questionnaires, and was calculated
according to the formula

α =
k

k − 1

(
1 −

∑k
j=1 var

(
Yj
)

var(Y)

)
(1)

where k is the number of test items, var(Yj) is the variance of the evaluation of the jth item,
and var(Y) is the variance of the total scores in the test [32].

The value of Cronbach’s alpha in our research for the questionnaire used was 0.84.
This value is sufficient to verify the reliability of the questionnaire used. To verify the
validity of the questionnaire used, content validity was used, which followed the questions
in the questionnaires in relation to the research carried out during the course.

At the end of the course, a semi-structured interview with selected students was
conducted. The aim of the interview was to clarify the individual attitudes of the students
and to better understand and describe their interactions. The semi-structured interview
also reflected students’ behavior during the research observation. This qualitative research
survey complemented the individual results of the questionnaire.

3.2. Research Question

The first research question was as follows: (1) What is the contribution of educational
robots to the practical teaching of graph theory?

In the questionnaire, the first research question was addressed using five statements.
The type of graph used in Figure 7 visualizes the displayed data from the Likert scale used
in the questionnaire. Students evaluated their attitudes toward the first statement, with the
use of educational robots in the course being answered positively in most (73%) answers.
Why the use of educational robots in the course was evaluated positively was clarified in
the answers from the semi-structured interview. From the answers of students, we found
the following: a modern approach to teaching, the application of theory in practice, the
interconnection of several disciplines, and more entertaining teaching of graph theory.
Students positively perceived the connection between graph theory and the application
of algorithms used in programming in real robots. We classified and generalized the
answers more and found that students perceived the use of educational robots as a modern
approach to teaching and positively perceived the direct application of theory in practice
to solve specific problems, which was a great benefit of educational robots in this course.
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The use of simple visual programming of educational robots in the course facilitated
a quick beginning with the direct application of algorithms to solve specific tasks. The
programming environment used made it possible for complete beginners to create robot
control programs. Therefore, students’ attitudes to the statement “Programming and
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controlling educational robots was easy” were very positive (87%; 1 = strongly agree and
2 = agree).

Students negatively evaluated the time needed at the beginning of the course to get
acquainted with the educational robots, as well as to construct their maze and learning in
the programming environment. They perceived that this occurred at the expense of their
theoretical and practical knowledge and skills acquired in the course. Students can design
their own robot; for this reason, they worked on the robot design for a long time. Students
can attend further educational courses at the university focused on the construction and
programming of robots.

The second research question was, (2) How does group work affect students in solving
algorithms for the robot to pass through the maze?

The answer to the second research question helped us, to a large extent, to clarify the
observations of students working together on a project with educational robots. During
the observation, it was important to monitor and capture their mutual interactions in the
group, their joint communication, division, and application of group roles. When focusing
on the formation of the group, which was entirely the students ‘choice, it was clear that the
students’ previous acquaintances influenced their further cooperation. This was reflected
in a greater degree of communication in the group, faster decision-making in solving, and
greater commitment in solving tasks. For the newly formed group of students, who did
not have previous mutual acquaintances, there was a long phase of getting to know each
other and defining each other. This led to a lower observed performance of the group in
solving the task. Another influence was the mood of the students in the group, which
was variable and often closely related to the success of solving tasks. The division of
roles and responsibilities in the group had a significant effect. Students often mentioned
competitiveness as wanting to find better solutions and be more successful than students
from another group. The social support of students in the group motivated them to become
more involved even in times of failure.

Students largely agreed with the statements from the questionnaire in Figure 8: work-
ing on a joint project motivated me to be more committed (74%; 1 = strongly agree and
2 = agree). With a deeper focus on students’ answers, it was clear that the mood in the
working group was also decisive. Group communication, mutual interaction, and the
pursuit of a common goal influenced students in responding to another statement: “To
achieve total success, I am willing to do work for other members of the group”; in this case,
33% of the answers were 3 (undecided).
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In a summary of our findings on the second research question on joint work on
the project motivating students to be more involved, we found that students were both
positively and negatively affected by mood in the group and that students consolidated
the curriculum of graph theory more when applying theoretical knowledge.

The third research question was as follows: (3) How is it possible to transfer teaching
with educational robots to the online environment?

The last two statements in the questionnaire focused on the possibility of changing
the full-time form of teaching to online teaching in the course. When changing the form of
teaching the course, it is also necessary to change the approach to programming educational
robots and change the form of students’ work on the project. Changes in the form of
teaching were discussed together with the students. When conducting online teaching
on the application of theoretical knowledge in the field of graph theory to the practical
solution of problems with virtual robots, it is appropriate to allow each student to work
independently. The biggest threat for students was working independently in an online
environment with a virtual robot. Some students feared that it would be difficult for them
at the beginning of the course. Working in a group provides students with some support
and confidence.

In the case of the answers to the questionnaire, the following were evident from the
answers in the graph in Figure 9: teaching the course was considered possible after minor
modifications of the course curriculum; we could transfer to an online environment and
use virtual robots instead of real robots. A total of 73% of the selected answers (1 = strongly
agree and 2 = agree) of students supported this statement.
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An important finding was to reduce the failure rate of students in the chapter of the
course focusing on mazes and labyrinths. Students’ theoretical knowledge and practical
skills in solving algorithms in the maze were low. The overall test failure in this chapter
was high, reaching 35% on the first test. After the implementation and use of educational
robots for teaching this chapter in the course, the failure rate of students on the first test
improved to 20%. This value was determined only on the basis of successful completion of
the first test of the knowledge and skill regarding algorithms for the maze. Therefore, we
cannot consider this improvement to be authoritative.

3.3. Next Steps

We want to continue the study of the application of educational robots in the field of
discrete mathematics, remaining within the STEM concept. We are currently focusing on
online programming tools for virtual robots on various platforms.

4. Conclusions

In this study, we focused on a new concept of teaching graph theory using educational
robots. The field of graph theory falls into discrete mathematics. The normal teaching
of this course is more theoretical than practical. This paper presented a new concept of
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teaching within the interconnection of individual areas of STEM. It is an application of
algorithms to solve a robot’s passage through a maze. Students compiled and programed
autonomous robots within the course. The robot was assembled from the Lego Mindstorms
robotic kit. Students worked in groups on a project to solve the construction of the robot and
to implement selected algorithms for passing through the maze. During the group work
on the joint project, there was mutual learning and the interconnection of individual areas
of STEM. An important part of the work was the implementation of selected algorithms for
passing through the maze in the visual programming environment of the Lego Mindstorms
program so that it was possible to use them in virtual environments to simulate working
with real robots. The environment enables a simple and fast implementation of algorithms
even for beginners. An option that would enable implementation in distance learning is
offered by the use of simulated robots in a virtual environment.

An important part of the study was a research survey that used a questionnaire
focused on students’ attitudes toward the completed teaching in the course. During the
course, students’ work and their mutual interaction in the group were observed. The
observations were focused on their mutual communication, work on a common task,
division of roles in a group, and successful learning. At the end of the course, a research
survey was conducted through semi-structured interviews with selected students. Here,
this tool was used for a deeper understanding of students’ behavior in the course and
their answers to the questionnaire. The implementation and use of educational robots for
teaching in the course provided many of the mentioned benefits. An important finding
for our course was determining the level of failure of students in the chapter on maze and
labyrinths. There was an improvement, with a reduction in student failure by 15%.

This study may inspire and motivate other lecturers and teachers to use educational
robots in other mathematical areas.
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