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Using LEGO® Mindstorms and MATLAB in curriculum design of
active learning activities for a first-year engineering computing course

This paper is an evidence-based practice research study to improve course delivery in computer
programming. Courses and materials in computer programming tend to be abstract, which can
lead to many students having difficulties learning and being engaged with the material. With a
more hands-on practical approach, students may find themselves immersed in the material and
motivated to understand and apply concepts learned in class to real-world applications. Previous
studies in the literature have shown that LEGO® Mindstorms can be used to enhance active
learning for students, particularly when used to demonstrate computer programming concepts.
However, many of the studies have typically been limited to design courses and not first-year
specific. There is not substantial information showing a developed curriculum for a first-year
engineering programming course. The current paper examines the feasibility of using robotics
(specifically LEGO® Mindstorms) combined with computer programming (MATLAB) as it
relates to the curriculum of a first-year engineering computing course, and how it can be
implemented.

Specifically, the goals of this scholar activity were threefold: i) to investigate the literature to
explore the use of active learning tools in first-year engineering education, ii) to determine the
capabilities of the LEGO® Mindstorms platform as an “active learning” tool for first-year
engineering and computer science students at MacEwan University and iii) to use the
information gained to propose and test active learning lab activities for first-year programming
courses. This research uses appreciative inquiry to examine the feasibility of using LEGO®
Mindstorms EV3 robot with the MATLAB programming environment in our first-year
engineering course. The functionality, specifically sensor and motor capabilities, of the robot
was then compared with intended learning outcomes. A checklist of desirable curriculum
learning outcomes was used as the rubric in the feasibility analysis. Motivation for the research
was derived from the literature which showed potential for the use of robotics for active learning.

Results of this investigation have shown that LEGO® Mindstorms is a viable teaching tool for a
first-year engineering computing course to develop fundamental programming skills and hands-
on problem-solving skills. The feasibility study focused on the five sensors and motors that are
available for the Mindstorms EV3 robot to design active learning activities using the MATLAB
toolbox. The capabilities of the motors and sensors were found to be more than adequate to cover
the first-year computing curriculum. Through the assessment of the various sensors, learning
activities were designed to reinforce learning outcomes and provide students with interactive
practical opportunities to apply their knowledge. A set of assignments was created and tested by
a first-year engineering student and reviewed to by the course coordinator to ensure that they
satisfied the learning outcomes of the course and that the programming level was consistent with
the status quo. Examples of the tested learning activities demonstrating curriculum relevant
material in the context of our first-year computing course are presented. A discussion of the
sensor capabilities which provide the framework for the curriculum is also provided. The sensors
are discussed qualitatively in a broader context that would allow development of additional
learning activities as the need arises. A detailed curriculum map using Bloom’s taxonomy for the
cognitive domain is presented for both the classroom and lab environment. This curriculum map
is linked to learning outcomes for the course.



Introduction

The impetus for this research came from papers by Behrens et al. [1], [2] which suggested that
LEGO® Mindstorms robots coupled with the MATLAB programming language could be used in
undergraduate courses in electrical engineering to motivate students using “practical situations”
driven by “active learning” activities. The activities proposed by those authors were discipline
specific to electrical engineering and design, but their results motivated us to consider a similar
idea for a more general first-year engineering computing course that was not discipline specific.
Many of the ideas recommended by Behrens et al. [1], [2] were examined and tested in this study
using a more general approach to programming with MATLAB to demonstrate basic
programming structures using LEGO® Mindstorms robots. The curriculum for our first-year
engineering computing course is common to all engineering disciplines, and therefore the
learning outcomes are broader and sometimes more difficult to satisfy. It should be noted that
students in our first-year program do not choose engineering disciplines until they enter second
year. This research focused on establishing the feasibility of these recommendations within the
context of our own curriculum.

The feasibility of using LEGO® Mindstorms with MATLAB to introduce active learning to a
first-year computing course was conducted through an internal summer project grant at our
institution in the context of our first-year engineering programming course in MATLAB. Ease of
use for our first-year engineering students was paramount in our deliberations. This evidence-
based practice research (feasibility) study was conducted by a first-year engineering student (co-
author), henceforth referred to as research assistant, that had just successfully completed first-
year and had taken our first-year engineering computing course, and by two of our engineering
instructors. The research assistant was familiar with the course requirements and syllabus. The
research assistant developed and coded all the activities discussed later in this paper and
provided feedback regarding ease of use. This qualitative feedback, along with the curriculum
mapping to Bloom’s taxonomy provided evidence for the positive conclusions reached regarding
future implementation of LEGO® Mindstorms in our first-year MATLAB programming course.

Literature Review

A part of this research study was to conduct a literature review of research work in active
learning applied to teaching first-year computing courses in engineering. The scope of the review
was expanded to a more general consideration of robotics as an active learning tool in computing
courses (not necessarily first-year), encompassing general science programs as well. A review of
the literature, in general, supported the use of LEGO® Mindstorms (robotics) with some chosen
programming language for teaching programming and/or discipline specific design courses [1] —
[50]. The review did not reveal any detailed studies of the LEGO® Mindstorms EV3 robot
coupled with the MATLAB programming environment to teach an introductory first-year
engineering functional programming course. In many of the studies, the results were qualitative.
There were few quantitative studies to confirm researchers’ anecdotal observations that robotics
are effective active learning tools. In the following paragraphs, we present a more detailed
discussion of the papers relevant to our consideration of the feasibility of using LEGO®
Mindstorms EV3 and MATLAB in our first-year engineering computing course.



Behrens et al. [2] found that in the term following their robotics/ MATLAB electrical engineering
course, “the number of students who passed were highest for the subjects with contents related to
the project”; in this case Mindstorms project. The authors concluded that although the data was
not indicative of absolute quantitative proof of the concept, the project was successful. Alvarez et
al. [3], however, were unable to show any statistical significance between groups that used and
did not use robots to enhance basic programming skills. Anecdotally, teachers that participated in
the study by Alvarez et al. noted that the experimental group using robots could “properly use
conditional and iterative conditions much earlier” than the group that did not use robots. A
follow-up study by Alvarez et al. [4] suggested that student attrition in the course used for the
study was significantly reduced. It was further concluded in this study that the robots should be
constructed prior to the course to shift the focus of the course to programming instead of robotics
design.

Much of the literature surveyed was not specific to MATLAB but did offer significant qualitative
evidence to support the use of active learning. The literature further supported “hands-on” active
learning in improving the students’ educational experiences. Aznar et al. [5] have gone so far as
to suggest competency in programming can only be achieved by changing teaching
methodologies; moving away from traditional methods that are focused on knowledge transfer
only. They did not recommend a specific platform for achieving this result, although they did
recommend the use of interdisciplinary robotics projects for first-year engineering students. Chen
et al. [6] successfully coupled LEGO® Mindstorms with Microsoft Visual programming to
motivate 400 freshman students, improve course evaluations in a first-year computing science
course and encourage better student participation. Although much of the literature was very
positive in support of using robots in computer programming, there were several studies with
cautionary advice.

Cliburn [7] noted that the programming interface and robotics project should be chosen carefully
S0 as not to increase the workload of the students. Minimizing the additive workload concept was
an important consideration in our feasibility study as we had also recognized what Cliburn had
observed. Cliburn recommended that “instructors should carefully consider whether the
Mindstorms project will add to the course’s content before choosing to adopt them”. Cliburn also
noted that the application of the robotics with C++ programming language was successful in an
introductory object-oriented computer science programming course but fell short for the sequel
to the course. He noted a lack of individual participation in the team environment that was used
to deliver the course.

Fagin & Merkle [8] used data from over 800 students in computer science to quantitatively
assess the success of using robots in an introductory computing course. This study was more
quantitative examining 9/48 sections using “robotics” compared to the remaining sections
without. The results from their study were negative in terms of scores i.e. scores were lower in
the robotics section when comparing two groups (robotic and non-robotics based). Interestingly,
the results did not discourage the authors. The authors attributed this unexpected anomaly in the
results to the lack of ease of use, instructor inexperience and reduced access due to the limited
number of robot Kits, again suggesting that the choice of robot and programming language is
quite critical. Hence the need for this in-depth study.



Cruz-Martin et al. [9] had a positive experience with LEGO® Mindstorms NXT and a C-like
programming language for sophomore students in a systems engineering course. One of the
conclusions reached was that the application of robotics significantly reduced the effort of
teaching faculty in the preparation of exercises while at the same time improving both professor
and student experiences. The authors noted a slight improvement in grades and concluded that
the use of LEGO® robots had “more benefits than drawbacks”.

Fan [10] conducted a study with 300 students using a robot simulator (instead of robotics Kits
like Mindstorms EV3) with MATLAB. This study was more design focused. The authors noted
improved interest in learning skills from assignments and a strong correlation between overall
exam scores and simulator usage.

Danahy et al. [11] provided a summary on the role LEGO® robotics has played in college
engineering education over a 15-year period (1998 — 2013) noting a substantial improvement in
ease of use with the introduction of the EV/3 robot in 2013. He envisions LEGO® products to be
transformational through the added programming capabilities with the newer version, opening
the door to broader applications in undergraduate engineering computing courses. His
conclusions generously supported LEGO® robotics in college level engineering education,
although the case studies that he considered leaned more towards the LEGO® modular
programming language rather than programming languages like MATLAB.

Hirst et al. [12] reviewed various programming environments for teaching robotics using LEGO®
Mindstorms, concluding that none fully met their requirements but did not consider MATLAB.
Klassner et al. [13] used older and newer versions of LEGO® Mindstorms robots with MATLAB
to demonstrate genetic algorithms. Their conclusions were positive about student engagement
but were uncertain regarding the students’ comfort level with the MATLAB programming
language. Their experience was also positive on the ease of use of the new Mindstorms robots
coupled with the MATLAB environment supporting some of the results that we obtained during
our feasibility analysis. Lawhead et al. [14] provided sample exercises for first-year computer
science curricula using LEGO® Mindstorms RCX bricks with Java as the programming
language, arguing the benefits of using physical robots to demonstrate abstract programming
concepts.

Katz [15] conducted an extensive review of the literature for “active learning” in academic
environments. He noted that there seem to be some opposition to active learning suggesting that
it can be detrimental to student progress. However, he suggested that the process necessary to
incorporate active learning in the classroom itself might increase “forethought, creativity and
willingness to experiment” (presumably for instructors, but also maybe students) which in turn
might alter dogmatic paradigms of instructors and, with the engagement of students, improve the
knowledge and skill sets of “today’s” students. Our own anecdotal experiences in the classroom
would tend to support this contention.

There were several articles on active learning, in general, which added to the support for
considering this type of learning environment [51] — [55] in a computing course. Christie et al.
[51] suggested that it is necessary to adapt engineering education in favor of “more engaging”
and “active” learning environments to address the needs of educating diverse groups of learners.



The authors also encouraged engineering educators to conduct research into the “best ways of
activating learning” within the context of their own teaching environment. Lima et al. [52]
provided a summary of active learning, also for engineering education and concluded that active
learning promotes “analysis”, “synthesis” and “evaluation”, which coincidentally belong to the
upper hierarchy of Bloom’s learning taxonomy. Oddie et al. [53] put active learning in the
context of computing science, suggesting that problem solving is one of the key skills required to
learning programming fundamentals. Conclusions based on their research suggested that robotics
encourages engagement and motivates students to learn. Parjdono [54] provided a discussion on
the nature of active learning concluding that this type of learning is necessary for the
development of the students’ “own knowledge”, which is the foundation of Bloom’s cognitive
domain. Prince [55] studied the effectiveness of active learning in a more quantitative
exploration using the literature to provide evidence. He concluded that faculty should use more
non-traditional approaches like active learning to “promote academic achievement”. He found
support for all forms of active learning examined, which included student activities in the
classroom, promoting student engagement, collaborative and cooperative learning, and problem-
based learning (PBL), all of which could be achieved using robotics to teach computer
programming.

Based on the literature review, we concluded that the LEGO® Mindstorms robots with MATLAB
could provide the framework for the hands-on active learning activities and act in a
complementary way to reinforce the delivery of content in fundamental programming course.
The literature reviewed in this study confirmed the need to conduct a feasibility study of this
platform with respect to our introductory computing course. It also provided a template for
various considerations, such as: ease of use, cognitive value, ability to improve understanding of
abstract concepts, meeting learning outcomes and compatibility between robot and programming
platforms.

LEGO® Mindstorms

The EV3 Intelligent Brick is the programmable prototyping board for the LEGO® Mindstorms
robot kit which costs approximately $400 CAD. It is powered by a Siltara ARM9 CPU running
a Linux based operating system. There is 64MB RAM, 16 MB flash memory with 32 GB
additional memory from a micro SDHC card [59]. Figure 1 shows a diagram of how components
are connected using the EV3 brick. First, to send code to the EV3, it is connected to a computer
through a USB connection. There is also support to connect wirelessly to a computer using
Bluetooth or Wi-Fi. The Brick has 4 ports for connecting external sensors through a 6-pin
modified RJ12 connection. Similarly, there are 4 output ports to connect actuators. The Brick
also includes a 178x128 pixel display screen, speakers, and 3 LEDs. The libraries needed to
program the EV3 with MATLAB are freely available and are supported on multiple platforms.
Additional libraries are available for Octave but is out of the scope of the current paper. The
current setup shows that it is simple to connect the EV3 to a personal computer and connect
various sensors. One downfall to the current setup is the cost of the LEGO® Mindstorms kit. To
mediate the cost students could work in groups and/or the kits could be used in multiple courses.

The sensors available for EV3 kits depend on which version of the kit is purchased. Five sensors
were considered here: touch, color, gyro, ultrasonic and infrared sensor with beacon. A possible



alternative to the LEGO® sensors is to connect an Arduino with sensors to the brick. However,
this requires more setup for the instructor and knowledge of circuits. In addition, there are
numerous other third-party sensors available. Three servo motors were used in this study: two
large and one medium. Additional motors are also available. Information regarding the kits can
be found on the LEGO® Mindstorms website.

Figure 1: Diagram of the setup of the EV3 Brick
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Sensor/Motor Evaluation for LEGO® Mindstorms EV3

One aspect in the scope of the project was to examine the five sensors and motors: to see if they
afforded ample flexibility to cover the learning outcomes in the course. It should be noted that
the sensor and motor assessments were conducted by the research assistant (first-year
engineering student) to qualitatively answer ease of use questions as well as suitability to course
content. The summary that follows was based on the testimonials of the student and provided the
evidence needed to assess the overall MATLAB/Mindstorms platform. The qualitative
summaries for the sensors and motors are based on the final conclusions written by the research
assistant and presented here in a condensed form. The research assistant provided the following
qualitative assessments (testimonials) for the sensors and motors.

» “The motors and touch sensor were easily connected to MATLAB and programs were
written to utilize them. The functions associated with the motors and touch sensor were
straightforward to use and would make good preliminary assignments for first-year
students.”

» “The touch sensor has two states, pressed and not pressed and is controlled by a function
that responds to the sensor’s state. The touch sensor could be used at the beginning of a
program as a trigger, or as a bumper detection or as a ledge detector. The touch sensor
was used to control the motion of the robot.”

» “The infrared sensor has three modes: i) proximity mode to detect objects, ii) beacon
mode and iii) remote mode, which utilize functions to make use of the sensor. This sensor
was easily connected to MATLAB and programs written to utilize it. The functions
associated with this sensor are straightforward and should be easy for first-year
engineering students to use with practice.”



» “The ultrasonic sensor has two modes: i) presence mode and ii) measure mode. It would
be possible to collect data and write the data to files for later analysis. This sensor was
easily connected to MATLAB and programs could be written to utilize it. This sensor
also makes use of functions that are straightforward for use in our programming course.”

> “The color sensor has three modes: i) color mode, ii) reflected light intensity mode and
iii) ambient light intensity mode. The color mode can detect various colors, while the
other two modes can detect light intensity in two different situations. The color sensor
was easy to connect to MATLAB and use of the functions was straightforward.”

The conclusion reached by the research assistant was that all motors and sensors were
straightforward and easy to use, and that data could be collected and stored to files for later
analysis using MATLAB.

The sensor/motor evaluation was conducted at the very beginning of the feasibility study to
determine whether the LEGO® Mindstorms robot satisfied the ease of use concept. The research
assistant also concluded that first-year engineering students would be capable of downloading
the Mindstorms platform and creating MATLAB code to use the sensors and motors. This was
completed in approximately one week. When this was completed we proceeded to assess the
combined Mindstorms/MATLAB platform in terms of our first-year computing course. Figure 2
shows the robot setup with various motors and sensors. The sensors are easily attached and
connected to the robot using USB cables. The two EV3 robots were used in this study were
referred to as “Fred” and “Barney”.

Figure 2: Mindstorms EV3 robot, Fred, with connected motors and sensors
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A small sample of MATLAB code developed by the research assistant for the testing of the color
sensor is presented in Figure 3 to illustrate the simplicity of using the sensor functionality.



Figure 3: MATLAB code for using the color sensor

%Collor Sensor

%Has three modes:

%1) color mode - recognizes 7 colors

%2) reflected light intensity mode - measures intensity of light reflected
%back from its red light-emitting lamp

%3) ambient light intensity mode - measures the strength of light that
%enters the window from its environment, ie sunlight or flashlight
%creates a handle for the touch sensor

%by inputting 3, you have plugged the color sensor into port 3

mycolor = colorSensor(Fred, 3)

%if the port number is unknown use:

%mycolor = colorSensor(Fred)

%to automatically find the sensor port with the lowest number and set up
Color sensor

%outputs the color as a string
%can recognize 7 colors: black, blue, green, yellow, red, white, and brown
readColor(mycolor)

%ambient refers to mode, choice of ambient or reflected; defaults to ambient
%outputs light intensity from O (very dark) - 100 (very light)
readLightlntensity(mycolor, "ambient®)

Introductory Engineering Computing Course

This next section deals specifically with our computing course. The first-year engineering
computing course is a 13-week introductory programming course in MATLAB, with a problem-
solving based methodology. The course consists of 3 hours of lecture and 3 hours of lab each
week. Table 1 summarizes the learning outcomes for the course and cross-references the learning
outcomes with Bloom’s taxonomy [56] for cognitive level. To apply the cognitive levels to
curriculum mapping we used the work of Britto and Usman [57], [58] who applied Bloom’s
cognitive domain to the learning outcomes and curriculum mapping for a software engineering
course. In this case, Britto and Usman [58] considered only the cognitive domain. We use the
same six levels of objectives for the cognitive domain that have been presented in by Britto et al.
summarized from the earlier work of Benjamin Bloom [56].

We present Bloom’s levels as: Knowledge (1), Comprehension (2), Application (3), Analysis (4),
Synthesis (5) and Evaluation (6). The progression is usually described as hierarchical moving
from knowledge to evaluation as complexity increases. In this course we did not expect to reach
the highest level (6) for any of our learning outcomes, but we did expect to reach the synthesis
(5) level for several outcomes. The cognitive levels in Table 1 are the maximum levels achieved
by the end of the first-year level course for each specific learning outcome. The learning
outcomes used in this study are standard compared with other similar general programming
courses except for LO5, LO6, and LO15. These learning outcomes are applied to engineering
specific applications to help engage students in the course.



Table 1: Learning Outcomes (LO) for first-year engineering computing course

LO Cognitive
Label Learning Outcome (LO) Level
Achieved
LO1 | Use basic programming language syntax 3
LO2 | Develop algorithms using flowcharts and pseudocode 5
LO3 | Use fundamental data types (Boolean, integers, floating point, characters) 3
LO4 | Employ scalar operators (Math, Conditional, Logical) 4
LO5 | Employ array operators 3
LO6 | lllustrate data visualization using programs 5
LO7 | Develop programs using decision constructs 5
LO8 | Formulate program using repetition constructs 5
LO9 | Synthesize array input using data analytics 5
LO10 | Model programs using functions 4
LO11 | Describe the limitations and inaccuracies of numerical computations 2
LO12 | Create data structures (structures, cell arrays) 5
LO13 | Use standard and file input/output 3
LO14 | Apply verification and validation principles to programs 3
LO15 | Discuss the uses of programming in real world applications 2

Next, the topical order of course content was examined, and course topics were cross referenced
in Table 2 with learning outcomes and the weekly assignments. The learning outcomes are
associated with material covered in the lecture. It should be noted that the learning outcomes
may not be completed in a certain week, such as data types (LO3) which are progressively taught
throughout the course. As can be seen in Table 2, the weekly assignments are staggered such that
course material is presented prior to assigning independent assessment activities. Table 2 was
then used to create the curriculum map in Table 3 and was also used to determine the feasibility
of using the LEGO® Mindstorms robot to satisfy all learning outcomes for the course, and to
determine if there were shortcomings with the combined robotics/programming platform.

The proposed learning activities developed in this feasibility study were mapped to the
anticipated learning outcomes to ensure that all learning outcomes could be satisfied. In addition,
we addressed potential limitations of using the robotics platform (active learning) to complement
the learning outcomes, which were specific to the MATLAB programming language. At the
same time, we assigned Bloom’s cognitive levels to the learning outcomes to get a sense of the
cognitive levels one might expect by the end of the course. It should be noted that curriculum
maps are normally applied to assessment of entire degrees or programs, but we have applied it to
assess the feasibility of using active learning using LEGO® Mindstorms, while still achieving the
goals and learning outcomes of our course. The curriculum map presented in Table 3 illustrates
that the content of the course and the learning outcomes are satisfied for our first-year
engineering computing course. The challenging part was to determine if the course would be
improved by introducing active learning in the form of LEGO® Mindstorms robotics and how
this would be different than the status quo which uses more traditional algorithmic programming
exercises.



Table 2: Course concepts and Learning Outcomes for first-year engineering computing

course
Week Main Topic Subtopics Learning Outcomes Asgn.
#
1 Course outline and Introduction to LO1, LO3, LO13 1
introduction computers: hardware
and software,
introduction to
MATLAB environment
2 Problem solving and Pseudo-code, flow LO1, LO3 2
expression assignment | charts, program
structure, variable
assignment, math
operators, precedence,
built-in functions
3 Arrays and plotting Array initialization, LO1, LO2, LO3, LO4, 3
indexing, operations, LO15
plotting
4 Logical data types and | Logical data types, if- LO1, LO3, LO4, LO5, 4
selection flow control | else, select LOG6, LO9, LO15
5 Repetition flow control | Control mechanisms: LO1-LO5, LO7, LO13, 5
for, while, convergence LO15
6 Review LO1-LO9
7 Functions M-file, anonymous, and LO1-LO4, LO7-LO9, 6
recursive functions LO11, LO15
8 Numeric data types Integers, floating point, LO1-LO5, LO7-L0O10, 7
precision vs. round-off LO14, LO15
error
9 Data types: Character | Characters, structures, LO1, LOS, LO5-LO7, 8
and heterogeneous cell arrays LO9, LO13, LO15
10 | Input/ Output Standard and file 1/0 LO1-LO5 LO7, LOS, 9
LO10, LO13, LO15
11 | Validation and Testing and debugging, LO1-L08, LO10, 10
verification variable checking LO12-LO15
12 | Engineering problems | Various possible topics LO1-L0O10, 11
LO13, LO15
13 | Review LO1-LO15 12




Table 3: Curriculum Mapping: Learning Outcomes with Assignment Order
using Bloom’s Cognitive Levels

Learning Outcome
Asgn.
# 1 2 3 4 | 5|6 7 8 | 9 |10|11 |12 | 13 | 14 | 15
1 1| -1 |-|-/'-|-1-1-|-|-1-1227-]-
2 2 | -2 -] - --1-]--1-1-]1- - | -
3 3122 |2 -1-1-|-|-1-1-1-1- - 11
4 3| -2 2|2 3| -|-|1]|-1]-]|-/|- - 11
5 33|12 |22 |-|3|-|-|-|-|-1212]-/|2
6 3|13 (3|3 |-1-13|3|2|-1]2]|-/|- - | 2
7 3133|133 |-]5|5|3 (3 |-]-1]-1]11]2
8 3| -3 | -3 |5 |5 |-14|-|-]-12]-]2
9 3153|133 |-|5|5|-(4|-]-1]12]-]2
10 3|/5(3 4|3 |5|5|5|-(4|-]3|]2]|1]2
11 3|/5(3 4|3 |5|5|5|5(4|-]-1]13]-]2
12 3|53 4|3 |5|5|5|5(4|2|5]|3]3]2

Learning Activities Assessment Method

The proposed learning activities obtained from the curriculum map are developed in this section
where a brief description of potential robotics assignments for the first-year engineering
computing course is provided. There are 12 proposed weekly assignments to fit within the 13-
week duration of the course. These assignments were created and tested by the research assistant
who had just completed our first-year engineering course without robotics. A template rubric was
created for each assignment which compared the current assignments to the new assignments to
ensure that the course objectives and learning outcomes were met with the proposed activities.
The research assistant then created MATLAB code for all the proposed activities with ease of
use criterion foremost in testing the activities. A sample MATLAB code from Assignment #4 is
included in Figure 4, to demonstrate level of code complexity and which learning outcomes were
satisfied. In this code the Mindstorms robot “Fred” will move forward for 3 seconds if three
criteria are met simultaneously: 1) ultrasonic sensor reads an object between 30 and 100 cm, 2)



the touch sensor is pressed, and 3) the color sensor reads an ambient light of 15 or higher.
Otherwise, “Fred” will make a noise and not move.

Figure 4: Sample MATLAB code illustrating the use of control statements using a robotics
activity satisfying learning outcomes LO1, LO2, LO3, LO7

% 1T Statements
mysonicsensor = sonicSensor(Fred, 4)
mytouch = touchSensor(Fred,4);
mycolor = colorSensor(Fred,1);
myLegl = motor(Fred, "B");
myLeg2 = motor(Fred,"C");
dis = double(readDistance(mysonicsensor))
if dis >= 30 & dis < 100
distance = true;
else
distance = false;
end
tou = readTouch(mytouch)
if tou == 1
touch = true;
else
touch

false;

end

int = double(readLightlntensity(mycolor, "ambient™))

if int >= 15
intensity

else
intensity = false;

true;

end

if distance==1 & touch==1 & intensity==1
myLegl.Speed = 30;
mylLeg2.Speed = 30;

start(mylLegl);
start(mylLeg?);

pause(3);

stop(myLegl);
stop(myLeg?2);
else
playTone(Robot,5000,3,10)
end

The development of the learning activities to match the course objectives is shown in Table 4. In
this table we defined a goal that was consistent with the learning objectives and considered
various robotics assignment tasks that would satisfy those goals. If we were able to satisfy the



Table 4: Learning Goal with Assignment Tasks

Asgn. | Goal Assignment Tasks
Introduction to Interfacing robot with MATLAB — output to screen
1 | MATLAB environment
and syntax
Exploring MATLAB Interfacing robot with MATLAB - exploring use of motors
2 features: i.e. syntax, and sensors
built-in functions, Rewrit s N MATLAB DUl funch I
operators, and data ewrite expressions in , use built-in functions, learn
syntax
types
Solution procedure — Creating simple programs using robot’s motors and sensors,
3 simple programs and creating flow charts and pseudo code
Using arrays and Gather data using a sensor, plot data
4 plotting Vision - Image Analysis using Pixy Cam with the robot
Logic — decisions, Object detection and avoidance
5 | conditional statements | Explore use of infrared sensor
Braitenberg Vehicles — complex behaviors using simple
Sensors
Repetition Automatic Motion with Object avoidance (Random Walk)
6 Arm movement using sensors and motors
Functions Dead Reckoning or other applications using functionality of
7 robot
Numeric Data types I12C communication — understanding digital data transfer
8 General base conversions
9 Character Send string instructions to robot to execute various tasks
10 | Standard and File I/O Rover - collect data and periodically sync with computer to
download
11 | Engineering
Application - Building advanced robot functionality through structures
Structures
12 Allow students to develop complex programming project to
Advanced encompass all learning outcomes — i.e. maze solving
algorithms, color tracking

learning objectives using LEGO® Mindstorms, there is only one cell is the assignment task
column. Those cells that are split indicate that the robot activities were somewhat limited in
satisfying the outcomes. However, there were only two assignments (Assignments #2 and #8)
which needed supplemental activities that were unrelated to robotics. This was not enough to
affect our final conclusions for the feasibility analysis. The proposed assignment content and
testing methodology is described in the following paragraphs.




For Assignment #1, the research assistant downloaded the MATLAB programming
toolkit and became familiar with the LEGO® Mindstorms EV3 robot. The intent of this
assignment is to introduce the basics of MATLAB and the robotics platform. Literature
suggests the robotics kits should be built prior to this course [4]. The research assistant
built two robots during the project but suggested that building the robots should not be a
part of the assignments. Initially a basic configuration for the robot was used.

Next, in Assignment #2, the research assistant explored the sensors and motors for the
LEGO® Mindstorms EV3 robot. For this assignment extra activities using MATLAB
were necessary to meet the learning outcomes. Since Assignment #2 in the current set is
quite light compared to other assignments, this assignment was used to concurrently gain
experience using the sensors.

Assignment #3 deals with developing simple pseudo code, flowcharts and MATLAB
expressions. At this stage in the course, the research assistant coded simple programs to
utilize the robot’s motors and sensors to perform simple tasks while simultaneously using
flow charts to illustrate their problem-solving skills.

Assignment #4 is intended to use arrays and plotting. In this case the robot had ample
capability to produce data through its sensors, both spatially and temporally, which was
plotted using MATLAB. With multiple sensors, it would be easy to generate a wide
variety of plotting exercises. Alternatively, an external non-standard sensor, Pixy Cam,
could be used to capture images that can be displayed and/or modified by creating simple
MATLAB programs.

For Assignment #5 the research assistant used the sensors to produce logic-based
decision making to satisfy the learning outcomes described earlier. The code for one of
theses activities was given in Figure 4. Other activities could be accomplished using the
infra-red sensor for object detection and avoidance. Another possibility would be to
connect various sensors to create Braitenberg vehicles which model complex behaviors
using simple sensors.

Following with Assignment #6, the research assistant proposed the use of repetition to
perform automated tasks for the robot incorporating MATLAB constructs to satisfy the
learning outcomes described earlier. The research assistant tested a variety of activities
for these learning outcomes and concluded that it would be easy to develop new robot
activities from year to year.

Assignment #7 was designed to explore the use of functions to develop modularized
code. The robot itself has internal sensors that can be used to determine distance traveled
which can then be used to create functions that determine a change in position using a
dead reckoning algorithm. Several activities were proposed with sensors and motors to
move the robot and collect sensor data by creating MATLAB functions to perform
certain tasks. However, this assignment was not completely tested due to time
constraints. The research student concluded that it would not be difficult to create robot
activities that would satisfy the learning outcomes associated with Assignment #7.

Next, for Assignment #8, the research assistant practised the more abstract concept of
numeric data types. This was the most difficult learning outcome to satisfy using
robotics. In this case, even in the current curriculum students test their base conversion
skills using pencil and paper. The practical application of digital data transfer could be



used to illustrate the 12C communication protocol used in the EV3 input ports of the
robot.

» The learning outcomes associated with characters and strings were accomplished in
Assignment #9, where string input in MATLAB was sent to the robot. The research
assistant programmed the robot to act as a calculator, displaying different characters on
the LCD screen. Also, different strings were used to execute various tasks for the robot,
creating a “game” environment.

» Standard and file input/output was practised in Assignment #10 using the robot to collect
and store data. Both these assignments were tested by the research assistant who was able
to collect, store and display data on the robot display. The data was then synthesized
using data analytics in MATLAB.

» The next assignment, Assignment #11, deals with data structures. The intent is to create
MATLAB structures that will mimic those that exist in LEGO® Mindstorms MATLAB
toolbox [59] and will augment those structures with additional functionality that would
develop by the students using the programming skills developed in the course.

> Lastly, Assignment #12, uses the skills acquired throughout the term where students will
choose a more complex programming project such as maze solving or color tracking
algorithms to demonstrate all learning outcomes. The research assistant began the
development of MATLAB code for a maze solver. This assignment is the most open-
ended of all the assignments and will likely vary dramatically from year to year.
Complete testing of this assignment was not achieved by the end of this project due to the
time constraints. However, we concluded from the literature survey and from activities
conducted during the project, that it would not be difficult to fulfill the learning outcomes
for this assignment.

Activities for all assignments except for Assignment #6 were created, tested and validated
against our learning outcomes by a first-year engineering student (research assistant) who was
familiar with the learning outcomes and course objectives. Comparative templates were used for
each assignment to maintain consistency between the new and old assignments (status quo).
Each template considered: i) objectives for the assignment based on the existing current
assignment, ii) overall objectives in terms of learning outcomes, iii) proposed Mindstorms
activities and lastly iv) proposed problems (activities) to satisfy objectives and learning
outcomes. For each assignment we considered the learning outcomes, created the new
assignment activity using the active learning concept (robotics) and validated the assignments by
having the research assistant develop code and provide testimonials regarding the ease of use and
what was learned. These templates were too long to include in this paper. The templates were
based on content and learning outcomes from the existing curriculum. The results of this
comparative analysis are provided in Table 4 which was discussed previously. These results and
ease of use were instrumental in making the conclusions from our feasibility study.

Discussion

The results of the feasibility study for LEGO® Mindstorms EV3 with MATLAB were positive.
The combined platform offers the flexibility needed to create the first-year engineering
computing course described in this study. The functionalities of the sensors and motors that are
available for the kits offer many opportunities to demonstrate programming concepts, and to



create different assignments from year to year. The literature and results of the feasibility study
suggest that it would be easy to vary the assignments by considering different features of the
robots and perhaps different designs. Table 4 shows limitations in Assignments #2 and #8 where
the use of robotics would not be appropriate to satisfy the learning outcomes for those
assignments. Adding the robotic complement to Assignment #2 was beneficial in this case as
previous experience had indicated that Assignment #2 was relatively easy compared with other
assignments in the course. For Assignment #8, the use of MATLAB itself to demonstrate base
conversions is also limited due to the abstraction of this course concept, so being unable to use
robotics for this learning outcome was not problematic. It is possible with further research there
may be some activity with the robot that could demonstrate base conversions with a “hands-on”
approach. Cost is a main limitation, but the literature suggests that having students work in
groups can alleviate the cost issue.

The results summarized in Table 4 also show that the final proposed assignments for this course
are ideally suited to the higher level of Bloom’s cognitive domain through a reasonably complex
final project testing the use of the Mindstorms robot. All the “active learning” (robotics)
assignments that were proposed herein (except Assignment #6) have been tested to ensure that a
first-year engineering student could develop the MATLAB code. At the same time, we have
shown that these activities satisfy the learning outcomes and show potential for improving
student outcomes. In addition, there are a wide variety of activities that can be used to create
these “complex” assignments as the robots have seemingly endless configurations. There are
many ways that complexity can be tested from having the robot negotiate mazes, to having the
robot make advanced calculations, using MATLAB as the purveyor of knowledge moving the
students’ cognitive abilities to the levels of comprehension through to synthesis.

In the beginning of the course Bloom’s knowledge level is satisfied: acquiring knowledge about
sensors/motors, and programming environments. Then as the courses progresses, students begin
to comprehend the material. The earlier assignments provide knowledge, the middle assignments
work toward comprehension and application. The later assignments develop students’ analytical
skills through active learning activities with the robots. As the assignments progress in
complexity, it becomes easier for the robot to satisfy the learning outcomes and the synergy
between the active learning concept (robot) and the programming platform is enhanced. The
latter two assignments then focus on more complex engineering applications where the students
begin to combine different aspects of programming and move towards Bloom’s evaluation level,
increasing their skills and understanding thereby satisfying our proposed learning outcomes.
Midterm, final exams and projects would be used to assess the progress of the students at various
stages in the course much as they are used in the current course configuration. Exam assessment
was not considered in this study.

Conclusions

The LEGO® Mindstorms EV3 robot combined with MATLAB programming language would be
feasible for a first-year programming course. The next step in the consideration would be to look
at budget restrictions and how this platform would be introduced into an engineering program,
and whether students would engage in collaborative or cooperative learning. Students typically
have access to licensing to MATLAB so there would be no substantial change from the status



quo in our course, since the MATLAB EV3 toolbox has no additional charge beyond the cost of
the MATLAB licensing fee. To date, we have not typically used teams in our first-year
computing course so if this learning approach were to be considered we would have to carefully
contemplate the implications. To date, assignments have been given to individual students with
individual assessments. In addition, incorporating robots in this new curriculum would
necessitate some learning for faculty teaching the course, but this learning would be the
application of the LEGO® Mindstorms toolbox. The ease of use discussed earlier for this
platform suggests that learning for faculty would not be overly onerous.
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