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Abstract—In today’s teaching and learning approaches for
first-semester students, practical courses more and more often
complement traditional theoretical lectures. This practical element
allows an early insight into the real world of engineering, augments
student motivation, and enables students to acquire soft skills
early. This paper describes a new freshman introduction course
into practical engineering, which has been established within the
Bachelor of Science curriculum of Electrical Engineering and
Information Technology of RWTH Aachen University, Germany.
The course is organized as an eight-day, full-time block laboratory
for over 300 freshman students, who were supervised by more
than 60 tutors from 23 institutes of the Electrical Engineering
Department. Based on a threefold learning concept comprising
mathematical methods, MATLAB programming, and practical
engineering, the students were required to transfer mathematical
basics to algorithms in MATLAB in order to control LEGO
Mindstorms robots. Toward this end, a new toolbox, called the
“RWTH—Mindstorms NXT Toolbox,” was developed, which
enables the robots to be controlled remotely via MATLAB from
a host computer. This paper describes how the laboratory course
is organized and how it induces students to think as actual engi-
neers would in solving real-world tasks with limited resources.
Evaluation results show that the project improves the students’
MATLAB programming skills, enhances motivation, and enables
a peer learning process.
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I. INTRODUCTION

T RADITIONAL undergraduate courses in electrical engi-
neering often deal with mathematical and physical basics,

principles of electrical engineering, and computer science from
a theoretical point of view. First, the theoretical foundations are
taught, and only then are the more mature students confronted
with genuine engineering problems. In their first semesters,
many students thus find it difficult to relate the theoretical
concepts to practical engineering tasks, and consequently, their
motivation drops [1].

Therefore, various innovations in electrical engineering cur-
ricula have been introduced during the last 15 years to prevent
this motivation drop in the first semesters. The key to successful
and effective learning was stated by Saint-Nom and Jacoby as
“no matter how many concepts you teach, no matter how deep
you go, no matter how tough your exams are, the only lessons
that will remain in the students’ minds are those that touch
them” [2, p. 545]. Thus, a pedagogical approach that places
students in situations where they “feel like engineers” is likely
to enhance student motivation best [3]. Consequently, teaching
engineering skills becomes an important part of undergraduate
lectures [4]–[6]. Establishing project-based laboratories using
interactive software tools [7]–[9] as well as robot kits [3],
[10]–[19] to teach core electrical engineering and computing
concepts are becoming more and more common in current
curricula. Furthermore, project work also often helps students
to acquire social and professional skills in teamwork, manage-
ment, communication, and presentation [2], [3], [5], [6], [17],
[18], [20]. Some students may initially view such project chal-
lenges as more demanding than traditional lectures in which
their own role is more passive than it is in project-based courses.
However, active discussions with peers and supervisors soon
provide other perspectives, and project-based lectures turn out
to be more effective [13], [21], [22].

An additional aspect is that basic circuit theory courses
commonly focus on analog electronics about which, in today’s
era of digital systems, fewer students feel enthusiastic than was
the case one or two decades ago [23]. At various universities,
students are therefore introduced to discrete-time signals and
systems right at the beginning of the curriculum. A pioneering
textbook, suitable for freshman students, is [24]. Teaching
mathematics and digital signal processing (DSP) by presenting
and analyzing digital systems strengthens the theoretical foun-
dations for subsequent electrical engineering subjects and
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complements the classical subjects of analog technology [21],
[23]–[26].

For computer-assisted teaching of mathematical and digital
signal processing basics, mathematical programming tools
like MATLAB from The MathWorks [27] or LabVIEW from
National Instruments, which are also widely used in industry
[23], [26], can be employed. Since text-based and graphically
oriented tools led to similar results in freshman programming
courses [28], both programming tools are about equally well
suited.

Thus, a first-semester learning module combining dig-
ital signal processing with computer programming and
problem-oriented engineering gives students their first in-
sights into practical methods and basic engineering concepts
and helps them to apply their knowledge to other challenges
later on in their studies. With the introduction of the new
Bachelor of Science curriculum in Electrical Engineering and
Information Technology at RWTH Aachen University, Aachen,
Germany, as stipulated Europe-wide by the European Bologna
Process [29], a new first-semester project, called “MATLAB
meets LEGO Mindstorms” was established in the academic
year 2007–2008. This project-based laboratory is closely tied
to a first-semester lecture on linear algebra and digital signal
processing and focuses on three major objectives: applying
mathematical methods and digital signal processing fundamen-
tals to practical applications, teaching programming basics and
introducing MATLAB as a tool for practical engineering, and
emulating practical engineering tasks with LEGO Mindstorms
NXT robots [30].

This paper describes the project’s aims, its contents, and its
implementation to train 309 freshman students. Also, evaluation
results obtained at the end of the project are given. It is orga-
nized as follows. Section II describes the learning targets of the
laboratory. Then, the project structure and management are pre-
sented in Section III. Section IV introduces the new MATLAB
toolbox that was designed for this project. The project is divided
into mandatory basic exercises and a selection of more compre-
hensive ones, which are described in Section V. Evaluation re-
sults are given in Section VI. Section VII provides some future
perspectives, and Section VIII gives the main conclusions about
this practical course.

II. LEARNING TARGETS

The three main objectives of the “MATLAB meets LEGO
Mindstorms” laboratory are to:

1) transfer mathematical concepts and methods to practical
engineering tasks;

2) use MATLAB for the implementation of mathematical
concepts on a computer;

3) combine MATLAB programs with practical engineering
and real-world applications, which go beyond simulations
and computer programming alone.

Thus, the content of the laboratory reflects the three key ob-
jectives Mathematical Methods, MATLAB programming, and
Practical Engineering.

The mathematical fundamentals to be applied and expanded
within the project were taught by an affiliated first-semester lec-
ture called “Mathematical Methods of Electrical Engineering.”
Besides providing a 2-h MATLAB introductory exercise, it
covers discrete-time signals, digital signal processing, and
system theory, all in a manner suitable to freshman students
[24]. It includes topics such as definitions of signals and sys-
tems, sinusoids, complex numbers, Fourier analysis, sampling
and aliasing, LSI systems and difference equations, FIR fil-
tering (e.g., to smooth data), frequency response of FIR filters,
polynomials, and -transform of FIR filters. Also, MATLAB
examples and demos are provided, and explicit links to the
mathematics course on linear algebra, which runs in parallel,
are given. Over the past decade, similar teaching experiences
have already shown that such DSP introduction courses can
be successfully taught to freshman students [23], [25], [26],
especially when combined with computer-based projects.

In the laboratory, MATLAB is used for programming since it
provides a direct and intuitive access to vectors and matrices.
Moreover, this software is also widely used in industry and
in advanced lectures at RWTH Aachen University. During the
project, the students acquire MATLAB programming skills by
translating mathematical algorithms to computer implementa-
tions. Even if some have not yet acquired the skills to realize
their own ideas, the creation of MATLAB code to reproduce the
given project exercises is important in their exploring their own
capabilities [2].

The practical-engineering component of the laboratory goes
beyond computer programming and is realized using pro-
grammable, remotely controlled robots. Other practical courses
have already shown that robotics projects are even more attrac-
tive to students than computer programming alone and have the
additional advantage of being more realistic than simulations
[3], [10]–[19]. Students connect their use directly with tech-
nology and regard them as educational games [31]. A common
approach to providing a robotics environment for teaching
computer engineering and basic programming concepts is to
employ programmable toy robot kits like LEGO Mindstorms
[3], [10]–[12], [15], [18], [19], [31]–[35]. Many students are
already familiar with LEGO, and the Mindstorms NXT system
can be easily extended with additional features and sensors.
This first-semester laboratory was therefore equipped with 100
LEGO Mindstorms NXT education sets [36]. The standard
education kit provides a programmable NXT brick with an
integrated USB and Bluetooth communication interface, four
different types of sensors (touch, sound, light, and ultrasonic
distance sensor), and three motors, as illustrated in Fig. 1. An
advantage of using these robot kits is that, on the one hand,
rather complex robots can be easily constructed, while on the
other hand, the limited accuracy of the sensors and actuators
as well as the firmware limitations of the NXT bricks pose
constraints under which the project tasks need to be solved.
Such limitations of project resources are essential in emulating
authentic engineering tasks.

The laboratory includes six basic exercises and one major
task, which may be selected individually. Each exercise is
documented and organized in modular subtasks with clear
requirements and targets. Each subtask addresses a different
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Fig. 1. LEGO Mindstorms NXT hardware of the standard education kit: five
sensors (light, sound, ultrasonic, and two touch sensors), three servo motors,
and programmable NXT brick.

Fig. 2. Laboratory time schedule (in days). The eight-day full-time project is
divided into two parts. In the first part, the students solve mandatory basic ex-
ercises, which address the NXT motors and different NXT sensors. The second
project part includes major individual tasks and a final presentation.

NXT sensor or actuator, with a progressive level of difficulty
from one subtask to the next. All the basic exercises are de-
signed for students to work in pairs, learning programming
principles in MATLAB, applying the RWTH—Mindstorms
NXT Toolbox and the Bluetooth interface for computer–robot
communication, exploring the NXT hardware characteristics,
and constructing robots. The final major exercise gives the stu-
dents—now grouped in teams of four—freedom to realize their
own ideas, robot constructions, and inventions. For less creative
students, a selection of three prepared major tasks with detailed
descriptions can be provided on demand. In their solutions, the
students have to take LEGO Mindstorms specifics into account,
such as differences due to production spread between sensors
or motors of the same type, and external conditions such as
floor traction and random Bluetooth transmission delays. At
the end of the laboratory, each student team has to present their
individual robots, algorithms, and solutions. An overview of
the whole laboratory time schedule divided into its two parts is
given in Fig. 2.

Since the laboratory encourages the students to manage their
own projects and gives them room to create individual robots
and applications, student motivation may be expected to be
higher than in classical courses. Moreover, the project fosters
the peer learning process [20], [37], in which the students,
within their teams, acquire soft skills like collaboration, team-
work, and leadership. Like professional engineers, the students
have to solve problems in limited time with limited resources
available and finally to present their approaches, solutions, and
results in limited time slots.

Overall, the laboratory encourages freshmen to handle
practical issues by building their own Mindstorms robots and
applications and developing algorithms in MATLAB for signal
processing and controlling purposes, based on mathematical
methods.

III. PROJECT STRUCTURE AND MANAGEMENT

The project started in December 2007. It was carried out as
an eight-day full-time block course, during which the students
could focus entirely on the project while all other first-semester
lectures paused. In the academic year 2007–2008, 309 freshmen
participated in the laboratory. They were distributed over 23
institutes of the Electrical Engineering Department, where they
were guided by more than 60 supervisors. In total, about 150
workstations and 100 LEGO Mindstorms NXT robot kits were
provided.

When entering the Bachelor’s program, the freshmen’s
programming skills differ strongly, ranging from excellent
to literally nonexistent. During a two-month period before
the project started, the accompanying lecture “Mathematical
Methods of Electrical Engineering” provided a first MATLAB
introduction lesson and short program examples with a focus
on digital signal processing. In addition, a specially developed
MATLAB Primer was supplied, which, apart from introducing
students to MATLAB, also covered the required MATLAB
basics for the laboratory. To allow the students to assess their
MATLAB skills, a multiple-choice online self-assessment test
was established, which the students could take repeatedly and
at any time. The incoming test results were monitored contin-
uously, and the students’ preparatory training evaluated, based
on factors such as the achieved test scores and the number of
trials a student took of the test. Students encountering diffi-
culties were invited to join assisted MATLAB trainings. This
ensured that each participant had the necessary basic MATLAB
knowledge when starting the project.

In the eight-month period before the project started, the de-
velopment of the practical exercises and the planning of the
project management was done by a core team of eight super-
visors, who are members of five different institutes of the de-
partment. The core team determined the resources required, de-
veloped a MATLAB software environment to control the robots
remotely from the host computer, created the laboratory exer-
cises and demonstrations, and trained the other supervisors with
respect to the defined learning targets.

In this project, NXT robots can be controlled directly via
MATLAB from the host computers, instead of transferring com-
piled programs to the embedded NXT ARM microcontroller.
Thus, applications are not limited by the NXT computing
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environment, and users are able to employ complex MATLAB
features like 3D-plots, graphical user interfaces (GUIs), re-
gression analysis, filter operations, or interpolation algorithms
performed on the host computer. Remote control and, thus,
mobility for robots are provided via the wireless Bluetooth
communication interface of the LEGO Mindstorms NXT
firmware. Based on this communication protocol, the core team
developed a new MATLAB toolbox, called “RWTH—Mind-
storms NXT Toolbox,” which provides an interface between
MATLAB and NXT robots. In periodic core team meetings,
the software design was refined, and the contents of the lab-
oratory exercises were discussed. The core team developed,
documented, and finally circulated the exercises to the other
supervisors of the department.

IV. RWTH—MINDSTORMS NXT TOOLBOX

Although there is a wide choice of commercial and free Mind-
storms software for different programming languages [32], only
two implementations use the MATLAB environment. The first
software package [38], developed by T. Chikamasa, is based on
control loops in a MATLAB and Simulink environment. It pro-
vides a simulation mode and an embedded coder, which does
not allow the program code to be debugged step-wise. Also, it
focuses on advanced control theory and requires an initial famil-
iarity with Simulink, which can hardly be expected of freshman
students. G. Gutt’s software package [39] uses the Bluetooth
communication between an NXT robot and computer as a re-
mote control. It does, though, require additional software to
address the Bluetooth connection via MATLAB. Since the re-
ceived Bluetooth packets are always buffered in files, this imple-
mentation is not suited for a direct and intuitive computer–robot
communication.

Therefore, the novel RWTH—Mindstorms NXT Toolbox for
MATLAB was developed, which provides a direct communi-
cation between NXT robots and MATLAB without using ad-
ditional software. To this end, the core team implemented the
LEGO Mindstorms Bluetooth communication protocol [40] in
MATLAB, which allows users to control the NXT’s motors,
read its sensors (touch, sound, light, and ultrasonic), or activate
other system features like checking the battery level or playing
a tone. These direct commands, specified by the protocol, rep-
resent one command layer of the toolbox functions structure. A
global overview of the communication between MATLAB and
NXT robot using the multilayered toolbox structure, which pro-
vides low- as well as high-level functions, is shown in Fig. 3.

Recently, MathWorks published free code to control LEGO
Mindstorms NXT robots remotely [41]. This code might also be
applicable to the project tasks, but it provides less functionality
than the new toolbox.

In addition, the RWTH—Mindstorms NXT Toolbox provides
high-level functions and control functions to support an intuitive
and comfortable interface. The usability of the programming in-
terface is essential for the success of a beginners’ course [15].
Therefore, low-level functions and direct commands are encap-
sulated, and a user interface in the style of other MATLAB tool-
boxes is given. Fig. 4 shows two short MATLAB examples for
reading different sensor values using high-level functions. The
toolbox content also includes detailed documentations, first-step

Fig. 3. Global overview of the communication between MATLAB and NXT
hardware. The toolbox structure provides four command layers. The MATLAB
user can apply motor and sensor settings and whole control loops via high-level
functions. These configurations are then passed to the direct command layer,
which creates a valid binary Bluetooth packet using low-level functions. In the
next step, the packet is transmitted via the wireless Bluetooth channel to the
NXT. The NXT system firmware decodes the message and triggers the physical
control of the NXT motors and sensors. For hardware reading, the transmission
chain is applied in reverse order.

Fig. 4. MATLAB program examples using high-level functions for reading
NXT sensors. The upper example returns the current distance value in centime-
ters measured by the ultrasonic sensor, which is connected to port SENSOR_1.
The lower example initializes the sound sensor at the second port and reads 100
samples in decibels. As soon as one sample exceeds the given threshold, a tone
at 400 Hz is played.

instructions, and program examples. Thus, an individual’s own
Mindstorms control programs can be easily implemented, even
for MATLAB beginners.

The possibility of controlling the robots remotely reduces
the development of autonomous robots to three main steps:
building a robot, developing a MATLAB program, and ex-
ecuting the program on the host computer. An intermediate
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Fig. 5. Structure of a valid Bluetooth packet, defined by the Bluetooth communication protocol [40]. The first two bytes determine the total length of the packet.
The third byte specifies the command type, which can be a direct or a system command with or without acknowledgment. The next byte defines the command. The
instruction 0x03, for instance, corresponds to PLAYTONE. The last bytes of the packet carry the payload, such as the values of command parameters.

Fig. 6. Exercise 2: This GUI application emulates a moving sine wave. In the middle of the display, a cursor is plotted. The vertical upward or downward movement
of the cursor is controlled by time intervals generated by manually pressing and releasing the NXT touch sensor. Over a 20-s time period, the user tries to track the
sine wave with the cursor. (left) During this process, the current cursor position is calculated and displayed together with the moving sine wave on the right-hand
side of the GUI. (right) After expiry of the 20-s interval, the reference sinusoid and the tracking result are displayed over time.

step, in which the program is compiled and transferred to the
embedded NXT processor, is not required. Instead, a debugging
and monitoring mode is supported, which allows the students to
validate their program code during execution. The one relevant
drawback of this design is caused by properties of the wireless
Bluetooth channel. In general, the data rate of Bluetooth is
limited to 1–3 Mb/s, and data errors and packet loss can occur
randomly during data transmission. However, a bottleneck
originates from the Bluecore chip of the NXT hardware, which
needs a 30-ms latency to switch from receive to transmit mode
[40]. This limits closed-loop control in real-time applications
requiring a short response time via the NXT Bluetooth com-
munication protocol.

The RWTH—Mindstorms NXT Toolbox for MATLAB sup-
ports Windows and Linux platforms and is published as a free,
open-source product. It is subject to the GNU General Public
License (GPL) [42] and can be downloaded from [43]. The es-
tablishment of an open-source software project seeks to induce
others to participate in the project development and to found in-
ternational interacting communities [44]. Other universities and
schools are encouraged to introduce the toolbox into their own
practical robotics courses. One example is the lecture “Intro-
duction to Control Systems” at the School of Information Tech-
nology and Engineering, University of Ottawa, Ottawa, Canada
[45].

The interface between NXT robots and MATLAB uses the
host computer system for all control computations. There-
fore, more complex features (like visualizations, optimization
algorithms, profiler and debug information, and additional tool-
boxes) or libraries (such as for fuzzy logic, neural networks,

image processing, or databases) can be easily implemented and
used for advanced robot control, going beyond the described
educational purposes.

V. PRACTICAL PROJECT ACTIVITIES

A. Basic Exercises

In the first experiment of the laboratory exercises (Fig. 2),
the students familiarize themselves with the NXT and its hard-
ware configurations. Guided by the instruction manual prepared
by the core team, they construct a driving robot and use the
on-brick programming of the NXT firmware menu to make the
robot follow a black line on a white sheet of paper. After only
one hour’s effort, the students are able to have their first robots
drive across the laboratory floor. This gives them an immediate
sense of achievement and both motivation and confidence for
the following exercises.

The second exercise introduces the Bluetooth communication
between the robot and the host computer using MATLAB. First
insights into the LEGO communication protocol with its struc-
ture, as illustrated in Fig. 5, are acquired. After establishing the
wireless connection via MATLAB using high-level functions of
the RWTH—Mindstorms NXT Toolbox, the students generate
and interpret single Bluetooth packets by varying the arguments
of single commands, like the tone frequency or duration time of

. Next, they implement a MATLAB function to
read the touch sensor. Using a prepared GUI application (Fig. 6),
a vertically moving cursor has to be controlled manually with
the touch sensor such that it tracks a moving sine wave as closely
as possible. Whenever the touch sensor is pressed, the cursor
moves upward; otherwise, it moves downward. This exercise
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Fig. 7. Exercise 4: Calculation and visualization of complex numbers and their arguments. (left) Using the MATLAB compass plot, the arguments of two complex
numbers are displayed on the host computer. (right) Corresponding to this argument plot, the same pointer positions are mechanically generated using a LEGO
Mindstorms machine with intricate gear transmission ratios.

provides a simple example of sigma-delta modulation. Both the
original sine wave and the tracking results are displayed in a
MATLAB plot, as shown in Fig. 6. Also, the summed squared
error is shown, thus allowing the students to compete with each
other.

The third exercise focuses on programming structures like
loops, if-conditions, and arrays. Here, the students implement
a traffic light control system using lamps and the sound sensor.
Depending on the number of detected handclaps, the lamps are
switched on or off. The values of the sound sensor are contin-
uously read and filtered by applying a moving sum to the data
stream, thus providing for each time instance a value of how
many claps occurred during the last 15 samples. At the time the
students performed this exercise, the corresponding LSI-filter
and its impulse response had already been treated in the lec-
ture “Mathematical Methods of Electrical Engineering” (cf. [24,
pp. 102, 145]). The different states of the traffic lights can then
be determined by thresholding the filtered data stream.

The NXT servo motors are addressed in the fourth experi-
ment. The students take measurements of the internal rotation
sensor and work with different gear transmission ratios. Addi-
tionally, a machine to visualize complex numbers and vector
arithmetics is built and programmed. In this subtask, two com-
plex numbers and a mathematical operation read from a user
input dialog are visualized with a MATLAB compass plot as
well as with mechanical pointers of the LEGO Mindstorms ma-
chine, as shown in Fig. 7. As shown in the following, the direct
relation between mathematics, MATLAB implementation, and
robot control commands is here especially evident:

I Mathematics:

II MATLAB:

III NXT Control Commands:

The fifth experiment focuses on light sensor measurements,
programming with timers, and MATLAB GUI design. First,
the students are introduced to the color sensitivity of the
sensor compared to the human eye, as illustrated in Fig. 8
(left). Against the background of this sensor characteristic, the
students take light measurements of differently colored objects
using timer objects in MATLAB, which allow an automatic and
periodic sensor reading. Furthermore, a GUI, including buttons
and displays, has to be developed to control the timers. Fig. 8
(right) shows a final GUI implementation and the resulting plot
of color measurements. Using the evaluated intensities, thresh-
olds are determined for a robust classification of differently
colored objects.

Finally, in the last mandatory exercise the students develop an
explorer robot that scans its local environment using the ultra-
sonic sensor and drives autonomously through an open gate of
an enclosure, as illustrated in Fig. 9. To complete this exercise,
the students program the robot to make a 360 distance profile
of the local environment and process the sensor data with basic
filter operations like edge detection (calculated by moving dif-
ferences, also already treated in the accompanying lecture) or
median filtering.

B. Individual Tasks

In the second part of the laboratory, the students focus on
more complex practical challenges. At this point, being in teams
of four, they have more flexibility and are encouraged to de-
velop their own ideas into robot systems. Alternatively, those
who wish may select from a choice of predefined tasks. These
include a parcours robot that enters, maps, and exits a maze; a
3-D robot arm that grabs and sorts colored balls (Fig. 10); and
a 2-D scanner to scan poster-sized grayscale images shown in
Fig. 11. To ensure comparability, all individual robot systems
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Fig. 8. Exercise 5: (left) Plot of the relative sensitivity of the NXT light sensor over wavelength, compared to the human eye. MATLAB GUI controls the reading
of the light sensor triggered by timers. (right) In a 30-s interval, the intensity of white, black, blue, green, and red objects is measured with a 10-bit data resolution.

Fig. 9. Exercise 6: (left) The explorer robot scans the local environment and plots a 360 distance profile. (right) To find the open gate of the enclosure, the
measured sensor values are processed with basic filter operations to eliminate outliers and to provide a robust estimation of the final direction.

are required to include data processing and programming with
MATLAB, such as data visualization, mapping, GUI interac-
tion, and graphical display.

For the 2-D scanner system, the students are instructed to con-
struct a two-joint robot arm and to develop a time-efficient scan-
ning algorithm. Here, the current position of the light sensor has
to be calculated from the angle position of the two joints, as
shown in Fig. 11. Problems such as transformation from polar
to Cartesian coordinates, sampling, image interpolation, and vi-
sualization are addressed in subtasks. After the students have
successfully plotted the sensor data values in Cartesian coordi-
nates, they are introduced to mean value interpolation to fill the
gaps of the sampled image grid. Without an in-depth treatment
of sampling and image processing methods, the interpolation
is described as the evaluation of the local neighborhood of a
pixel via a 2-D LSI filter mask, as shown in Fig. 12. Although
MATLAB provides advanced filter functions, -loop imple-
mentations can also be used to pass this exercise. Fig. 13 illus-
trates the two image reconstruction steps. It shows the raw image
after scanning and the interpolation result. Despite the hardware
limitations, the interpolated image is of reasonable quality.

C. Presentation

On the last project day, the student teams present their results
and individual robot constructions to the other participants and
the supervisors. Each team is allocated a 15-min time interval
for the presentation. The teams are requested to give live demon-
strations of the integrated features and behavior of their robots
and to outline their algorithms and MATLAB implementations.
As presentation tools, the students use common software like
OpenOffice.org or Microsoft PowerPoint.

VI. EVALUATION AND RESULTS

To earn the credit points for the project, the students have to
pass all basic exercises, carry out at least one individual exercise,
and present their project work as described above. After com-
pletion of an exercise, each student group delivers its results and
MATLAB implementations to a supervisor. If an implementa-
tion solved the exercise but was computationally inefficient, in-
dividual suggestions to improve the solutions were given, and
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Fig. 10. (top right) The parcours robot drives autonomously through a maze,
scans its environment with ultrasonic distance measurements, and (top left)
maps the route online in a MATLAB plot. (bottom right) The 3-D robot arm
grabs and sorts colored balls and (bottom left) sends its current processing state
and position to a MATLAB monitor display.

Fig. 11. The 2-D scanner scans a poster image using the NXT light sensor. The
position of the sensor is determined by a two-joint robot arm controlled by servo
motors. The angle position of the two joints can be described by the angles �
and �.

Fig. 12. Mean value interpolation. (left) Illustration of the local eight-neighbor-
hood pixels � � � �� (2-D filter mask) of the current image pixel position �.
(right) Example of interpolation by the local average.

the sample solution as prepared by the core team was eventu-
ally made available to the students to guide them toward struc-
tured programming methods. On average, one tutor supervised
five students. If students were absent on project days, they were
given the opportunity to complete the missed exercises on an ad-
ditional project day. In total, 93% of the 309 participants passed
the project. This rate shows that almost all students met or even
exceeded the requirements to pass each exercise and achieved
the project goals.

Fig. 13. 2-D scan of a poster-size image, recorded by the NXT light sensor.
After scanning and a coordinate transform from polar to Cartesian coordinates,
the sampled image shown on the left results. Using a moving average filter for
interpolation fills the gaps between the samples, as shown on the right.

Fig. 14. Evaluation results of the project based on an anonymous student online
evaluation (A: excellent, B: good, C: average, D: below average, E: inadequate).

After the laboratory had ended, an anonymous and volun-
tary online evaluation was carried out. There were 131 students
who participated in the survey, answering up to 38 questions
about the general project concept, specific exercises, and per-
sonally achieved improvements. The summarized evaluation re-
sults in Fig. 14 show that the laboratory course also achieved the
goal of introducing MATLAB as a software to solve real-world
problems from the students’ point of view. 48% of the students
rated their MATLAB programming skills as “average” at the
beginning of the laboratory, whereas 48% rated the improve-
ment of their programming skills as “excellent” and 44% as
“good” after the project. Even though these results are based on
the students’ own subjective self-assessments, they agree well
with the skills objectively required to pass the project, such as
the ability to develop and program one’s own individual robot
via MATLAB, based on mathematical methods and principles.
Moreover, these observations are consistent with experiences in
other project-based courses using robot kits, which report an im-
provement of the students’ programming skills [15], [33], [34],
[46].

When asked to “identify positive aspects of the laboratory,”
the students replied with individual statements such as “con-
frontation with problems which are not treated in theoretically
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Fig. 15. Morse encoder and decoder, invented and developed by a student team.
It encodes a text, provided by the user through a MATLAB GUI, in Morse code
and writes the symbols on a moving paper tape using a black marker. Con-
versely, when provided with Morse code written on the paper tape, the machine
reads the symbols with the NXT light sensor and decodes the coded message
into plain text.

oriented lectures,” “theoretical foundations could be linked
to practical problems, which led to a higher level of under-
standing,” and “practice-oriented application with MATLAB.”
These are another indicator that the project objectives were
achieved. The positive student feedback goes along with a high
level of motivation: 40% of the students rated their motivation
as “excellent,” and another 47% as “good.” Fig. 14 also shows
the rating of the teamwork within the student groups. 74%
of the students evaluated the collaboration with their fellow
students as “excellent” or “good.” Altogether, the overall rating
of the project was graded as “excellent” or “good” by 89% of
all feedback responses.

The students’ creativity and the variety of individual applica-
tion ideas, robot constructions, and inventions exceeded the ex-
pectations. The evaluation showed that 45% of the survey par-
ticipants defined and implemented their own individual robot
systems. Examples of these include a 3-D environment scanner
with target recognition, a bottle finder with fill-level-scanner,
a vehicle with roadside recognition, a bowling robot, an au-
tonomous parking vehicle, a sorting machine, a barcode disk
scanner, and a Morse encoder and decoder. As an example, the
Morse encoder and decoder is shown in Fig. 15.

While many students argued that working with the hardware
limitations was challenging, some participants criticized the
randomly occurring major Bluetooth latencies and the complex
motor control, which made the implementation of their ideas
more complicated. Also, as one robot kit had to be shared
between two student pairs during the basic exercises, many
participants would have wished for more robot kits to be avail-
able (see the scoring related to the “Number of Mindstorms
Kits Available” in Fig. 14). Still, 87% of the students said they
would join the practical course again and would like to see
LEGO Mindstorms robot kits also used in other projects and
free-time workshops.

The MATLAB online test was rated as “excellent” or “good”
by 76% of the students, showing that the self-assessment test is
well suited to prepare students for the project. The MATLAB
Primer and the exercise documentation provided were used by
95% of the survey participants for preparation.

Other questions of the online evaluation addressed topics re-
lated to each individual exercise, like the time needed to com-
plete it, quality of the exercise documentation, and the level
of difficulty. Feedback to these questions revealed no major
shortcomings and was the basis for minor revisions for the next
project term.

Overall, the evaluation results clearly show that the freshman
students were highly motivated during the entire eight project
days. The laboratory concept also helped the students to ac-
quire social skills, like working in a team, managing the as-
signed tasks within a given time frame, solving occasional con-
flicts, presenting their results, and cooperating and communi-
cating with peers to attain the educational goals.

The observations made by the supervisors during the project
were also collected. They reported observing active group dy-
namics, enthusiasm, competition between teams, and even stu-
dents spending additional time on refining their robot algorithms
after the official hours. Furthermore, the supervisors observed
peer learning processes within and across the teams when the
students shared laboratory resources and engaged in debates. Fi-
nally, it should also be mentioned that during the examination
term following the first semester, the average grading and the
number of students who passed were highest for the subjects
with contents related to the project, i.e., “Basics of Computer
Science I” (introduction to programming techniques, data struc-
tures, and algorithms) and “Mathematical Methods of Electrical
Engineering.” (All examinations were written; other subjects
with examinations in the same term included Circuit Theory I,
Mathematics, and Physics.) Although not an absolute proof, this
observation is another indicator that the project succeeds in im-
parting programming and other skills to the students.

VII. PERSPECTIVES

Based on these first experiences and the evaluation results, the
number of Mindstorms NXT education sets will be doubled for
the next laboratory course to accelerate the execution time of the
basic mandatory exercises and to provide additional time for the
individual tasks. The RWTH—Mindstorms NXT Toolbox for
MATLAB will be adapted to the USB interface to avoid major
packet loss and enhance the computer–robot communication
for stationary robots. Also, the syntax of the high-level func-
tions of the toolbox will be extended and simplified, especially
where student feedback revealed room for improvements. As
mentioned above, minor adjustments of specific exercises will
be made based on the students’ and the instructors’ feedback.

Due to the great demand, a voluntary workshop for students
who wish to continue their projects in their spare time has been
established. Finally, this laboratory might also be integrated into
the curriculum of Industrial Engineering.
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VIII. CONCLUSION

In this paper, a new freshman introduction course into prac-
tical engineering is presented. It is organized as a full-time block
course over eight days, with a threefold learning concept to
strengthen mathematical basics, foster MATLAB programming
skills, and introduce students to real engineering problems. The
project structure including mandatory and individual exercises
is described, where the objective is to induce the students to
transfer mathematical methods to robot applications via algo-
rithm development, MATLAB programming, and constructing
robots. To provide a more intuitive and transparent com-
puter–robot communication via MATLAB, a new toolbox was
developed and is made publicly available as a free open-source
project.

The percentage of students who passed the project, the unex-
pectedly wide variety of robot systems created during the second
project phase, and the evaluation results of both students and
supervisors show that the project augmented student motiva-
tion and helped the students to develop their programming skills
and acquire soft skills. The mathematical tasks, mechatronical
issues, and inherent hardware limitations were challenging for
most of the participants and led to intensive group dynamics,
teamwork, competition, engagement, and remarkable creativity.
Overall, the freshman introduction course met the practical en-
gineering and MATLAB programming learning targets.

Stimulated by these results, the extension of the project
concept to other practical courses in the curriculum, com-
prising also interdisciplinary student groups, is currently under
consideration.

IX. PROJECT WEB PAGE

Further images, videos, and descriptions of robot construc-
tions created by different students groups can be found at the
project Web page: http://www.lfb.rwth-aachen.de/mindstorms.

The free download and contact information for the de-
veloper community of the open-source software project
“RWTH—Mindstorms NXT Toolbox for MATLAB” is avail-
able at http://www.mindstorms.rwth-aachen.de.
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