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Abstract—This Research to Practice Full Paper presents how
modular design techniques aided by an Outcome-Based ed-
ucational framework, can be incorporated in an Embedded
Systems Design laboratory to improve student learning. Teaching
embedded systems design concepts and enhancing students’ skills
in this area are important tasks for universities in order to
provide an up to date education. To achieve this, the laboratory
objective, content, pedagogical methods, and assessment activities
were aligned using an Outcome-Based educational framework
to ensure proper student learning. The modular approach was
applied to pedagogical methods through the design of a set of
progressive laboratory experiments and six electronic educational
modules. Using this approach effective laboratory experiments
that promoted better student learning, in the area of embedded
systems design, were developed. As a result, the overall laboratory
student performance was improved and therefore the proposed
methodology was validated.

Index Terms—Embedded systems education, Outcome-based
education, Modular design

I. INTRODUCTION

An embedded system is defined by Jiménez et al. as “A
device that contains tightly coupled hardware and software
components to perform a single function, forms part of a larger
system, is not intended to be independently programmable by
the user, and is expected to work with minimal or no human
interaction” [1]. These type of devices are extensively used in
a wide range of applications (automotive, military/aerospace
systems, home automation, and industrial control, among
others). However, their usage is continuously growing due
to the integration of technologies that have been developed,
denoting the relevance of embedded systems in our daily lives
[2].

Because of the relevance of embedded systems, universities
offer design courses as a part of their electrical and computer
engineering curricula. Such courses cover fundamental aspects
of embedded systems design, including basic topics such as
microcontroller unit (MCU) architectures, peripherals interfac-
ing, and other advanced topics such as real-time operating
systems, fault tolerant design, among others [1], [3]–[6].
Different methods have been developed and implemented to
teach the fundamental concepts and at the same time enhance

students’ practical skills in this area. Some of these methods
use problems [7]–[9], projects [10]–[12], video games [13],
[14] or virtual labs [15], [16], to attract and motivate students
in their learning process. However, well-designed courses in
this area need to cover not only aspects related to embedded
systems architecture but also aspect related to the design
process of these devices.

This work proposes a strategy based on modular design
techniques and an Outcome-Based Education (OBE) to teach
embedded design concepts in an applied laboratory. An OBE
framework using a modular design approach attempts to align
the content, pedagogical, and assessment methods in the
laboratory while providing an up to date laboratory experience.
To achieve this goal the research question guiding this study
is: How effective is the application of a modular design
approach aided by an OBE framework to improve student
learning in an Embedded System Design Laboratory?

II. EMBEDDED SYSTEMS DESIGN COURSE (ICOM4217)

The Electrical and Computer Engineering Department at the
University of Puerto Rico at Mayagüez (UPRM) offers a 5-
year program in Computer Engineering (CE). The program,
certified by the Accreditation Board for Engineering and
Technology (ABET) since 1990, consists of 167 credits, from
which, 15 are devoted to technical electives. These technical
elective courses allow students to delve into one of three
emphasis areas: Hardware and Embedded Systems, Computing
Systems, and Communications and Signal Processing [17].

One of the major technical elective courses in the CE
curriculum is the Embedded System Design Course (ESDC)
ICOM4217 [18]. This course is a prerequisite for Capstone
Design and required for students who decide to emphasize
in the Hardware and Embedded systems area. In the ESDC
students learn how to interface and manage I/O ports, inter-
rupts, timers, pulse width modulation (PWM), motors, analog-
to-digital (ADC) and digital-to-analog (DAC) converters, and
memories, among others, to develop applications based on em-
bedded systems. The topics for the course are covered through
regular lectures (3 hours per week) and their implementation



and practical knowledge are covered through weekly labora-
tory exercises within the ESDC laboratory (2 additional hours).
The laboratory also works as a complementary learning tool
that facilitates the design and development of a course project.

As part of the ESD course, students are encouraged to
develop a functional embedded system prototype (course
project) that is designed to satisfy a client’s need where the
client can be either a research group, industry or association.
Each project must include the following four elements: (1)
communications, (2) user interface, (3) control scheme, and
(4) microprocessor unit. During the semester, students work
in the development of their prototypes and several progress
reports that are required to trace students progress. It should
be noted that the class project and laboratory practices run in
parallel during most part of the semester.

III. OUTCOME-BASED EDUCATION

To incorporate modular design concepts into the laboratory,
an educational framework called outcome-based education
(OBE) was followed. This framework, originally proposed by
Streveler et al. [19], searches for aligning the course content,
pedagogical methods, and assessment activities to create a
well-developed course.

Fig. 1 shows the process for the OBE approach in which
the first step is the establishment of the course content. This
content is created based on a series of desired outcomes,
curricular priorities, and learning objectives that will guide stu-
dents in the learning process. Once the content is established,
the second step is the selection of the appropriate teaching
methods. This selection must take into consideration the course
characteristics to provide an enriching learning experience for
students. Finally, the approach requires the development of
assessment methods to evaluate student learning, verify if
the learning objectives were met, and verify if the teaching
methods selected were satisfactory. In this way, the approach
ensures alignment between each of these elements.

IV. LABORATORY CONTENT DESIGN

To provide an up to date laboratory education, the labora-
tory content was redesigned to incorporate modular design
techniques that allowed students improve their abilities in

Fig. 1. OBE Alignment

the process of designing, building, and testing embedded
systems. It should be noted that a modular approach allows for
developing a product from a set of different smaller modules
where each module represents a functional component of the
entire system [20]–[22]. This technique not only seeks to
provide a focus on modularity to the students but also on
how to build embedded systems from a basic idea (necessity),
passing through design considerations (modules and system
design), up to the final conception (functional prototype).

To incorporate modular design concepts, the laboratory con-
tent was re-designed, following the OBE framework, in three
main steps. First, the establishment of the desired outcomes for
the laboratory; second, the definition of a series of curricular
priorities; and third, the establishment of learning objectives
that students should fulfill at the end of the laboratory.

A. Student Profile

According to Wiggins and McTighe to define the laboratory
content, it is crucial to establish what we expect of students
in terms of the knowledge and skills that must be acquired
[23]. To accomplish this, it is important to define the desired
student profile with knowledge in embedded systems. The
profile was established taking into consideration The Cur-
riculum Guidelines for Undergraduate Degree Programs in
Computer Engineering by IEEE/ACM [24] in which the main
characteristics of a computer engineer graduate are specified,
also the course characteristics, and finally some industrial
expectations for a Computer Engineer presented by Henzinger
and Sifakis [25] and Jing et al. [26]. The expected student
profile, resulting from the analysis, consisted of four main
areas:

• Distinction: possess the ability to design embedded sys-
tems that include hardware and software components.

• Professionalism: students must be responsible and must
consider the effects of their designs on the surrounding
community.

• Ability to Design: students must have abilities for the
development of new devices and products based on
embedded systems.

• Breadth of Knowledge: students are expected to know
about embedded systems organization and architecture,
algorithms, and programming skills. In addition, they
are expected to have a system-level perspective, design
experiences, abilities to use different computer-based and
microcontroller-based tools, and communication skills.

B. Laboratory Outcomes

The desired laboratory outcomes were determined by an-
swering the following questions: (1) What do we want students
to know? (2) What do we want students to be able to do? and
(3) Who do we want students to be? [19]. The answer to
these questions serve as a guideline for the establishment of
our learning objectives, teaching methodology, and assessment
instruments. The laboratory outcomes, established based on
the cognitive domain of Bloom’s taxonomy, aimed at enhanc-
ing the practical skills of students in the design, assembling,



and testing of embedded systems [27]. Part of the outcomes
established for the laboratory are presented in Table I.

C. Laboratory Curricular Priorities

Once the laboratory outcomes were defined, the curricular
priorities for the laboratory were established considering the
knowledge, skills, and abilities that students were expected to
learn by the end of the semester. These curricular priorities
(see Table II) were then categorized into one of three levels
of content: Enduring Understanding, Important Elements to
Know&Do, and Worth Being Familiar With [19].

D. Learning Objectives

A set of learning objectives were established to guide
students in their learning process. The objectives, based on the
student outcome analysis and the previously defined curricular
priorities, delineate what students are expected to learn by the
end of the laboratory. It should be noted that the learning
objectives were designed using the domain of Bloom’s Tax-
onomy [27]. The student learning objectives established for
the laboratory included the following nine items:

1) Identifying the main components that form an embedded
system.

2) Identifying the steps in the design process of an embed-
ded system prototype.

3) Explaining the basic functionality of the main peripheral
modules incorporated in a microcontroller chip.

4) Interfacing external electronic elements and modules to
a microcontroller to manage different types of sensors,
actuators, user interfaces, and data.

TABLE I
STUDENT OUTCOME ANALYSIS

What do we want students to know? (A) Students should:
• A1: Identify the uses and advantages of embedded systems.
• A2: Identify the main components of an embedded system.
• A3: Know the steps in the hardware design and building process

for an embedded system prototype.
• A4: Know the software structures to create functional programs

to govern the operation of electronics modules or embedded
systems prototypes.

• A5: Recognize the social and industrial necessities or problems
in which an embedded system can be implemented.

What do we want students to be able to do? (B) Students should
be able to:

• B1: Configure the main components of an embedded system.
• B2: Use Assembly and C language to develop the software for

a project based on embedded systems.
• B3: Design electronics modules that will help in the construction

of an embedded system prototype.
• B4: Interface different electronics modules to a main controller.
• B5: Design a product, device, or prototype based on embedded

systems.

What do we want students to be? (C) Students should be:
• C1: Self-learners.
• C2: Curious persons about how an embedded systems works

and its applications.
• C3: Active members in a workgroup.

5) Sketching block diagrams and schematics that allow for
understanding the architecture and electronic structure
of an embedded system or electronic module.

6) Creating software plans and flow diagrams that allow
for planning the software of an embedded system appli-
cation.

7) Designing a functional embedded system-based proto-
type.

8) Integrating the hardware and software components that
make up an embedded system prototype.

9) Testing a functional embedded system-based prototype.

V. LABORATORY TEACHING METHODOLOGY

The approach for the laboratory instruction was selected
to accomplish the Embedded Systems Design Course char-
acteristics and desired student profile. A modular approach
was selected as it provides guidelines on how to design and
structure embedded systems prototypes. This methodology
also seeks to positively impact the student learning process
while generating motivation for embedded systems concepts
across the entire course.

A. Modular Design Approach

During the design process of a system, equipment, or device,
several methods define its structure, construction, and func-
tionality. One of those methods corresponds to the modular
design. A modular design technique allows for the develop-
ment of a product from a set of different smaller modules. Each
module represents a functional system component that can be
easily replaced by another module with similar characteristics
without affecting the final product functionality [20]–[22].

TABLE II
CURRICULAR PRIORITIES OF THE EMBEDDED SYSTEM DESIGN COURSE

Enduring Understanding
• Identify the main component and peripherals of an embedded

system.
• Known the steps for designing prototypes based on embedded

systems.
• Implement an embedded system for solving a necessity or

project.

Important Elements to Know&Do
• How to structure and present project proposals in which an

embedded systems prototype should be used.
• How to design an embedded system prototype based on micro-

controllers and microprocessors.
• How to identify the electronics modules needed for constructing

an embedded system.
• How to interface different elements that are part of an embedded

system prototype.
• How to employ datasheets to design electronics systems mod-

ules.

Worth Being Familiar With
• Design process of an electronic prototype.
• Embedded systems development tools.
• Hardware design, verification, and integration for an embedded

system.
• Develop flowcharts and Block diagrams for an embedded system

based prototype.
• Microcontroller and microprocessor programming.



This approach was implemented in the laboratory through a set
of guided laboratory experiences, incorporated in a structured
laboratory manual, and a set of educational modules.

The modular approach was implemented through the de-
velopment of a set of small circuits and short programs
that allowed students acquire a base knowledge about their
MCUs internal peripherals. Laboratory experiences were de-
signed to include progressive designs that required previously
designed and tested circuits. Fig. 2 shows two progressive
design examples in which one system was built in three steps
and the next required the abilities and circuits developed in
previous experiments. This process provided students with the
knowledge to design and construct their embedded system
prototype in incremental steps and small functional software
and hardware modules.

B. Laboratory Experiment Structure

The laboratory experiences were designed and implemented
to provide an understanding of the laboratory topics indepen-
dently from the type of student learners [28]. Each experiment
consists of four main sections. Section 1 established objectives,
explaining what students are expected to do and learn in the
experiment. Section 2 provided a short review of the topics
treated in the experiment. Section 3 presented a set of basic
exercises (BE) with a step-by-step instructions to develop the
proposed activities. And lastly, Section 4 gave a complemen-
tary task (CT) in which students apply the learned concepts. It
should be noted that Sections 2, 3, and 4 incorporate different
elements to facilitate the students’ understanding process, such
as flow diagrams, block diagrams, and pseudo-codes, among
others.

C. Laboratory Manual Design

The laboratory manual was designed to provide students
with a tool that guides them in their learning process and
experiment development. Each topic treated was described as
a laboratory experiment with a set of basic exercises (BE) and
one complementary task (CT).

(a) Digital Tachometer (b) Digital Dimmer

Fig. 2. Progressive Design exemplification

Based on the current course topics found in [18], the
laboratory content was chosen to help in the accomplishment
of students learning objectives. The topics selected were
chosen to provide enough material for a hands-on exercise
and could be developed independently of the MCU platform
used by students. Another important aspect taken into consid-
eration was the course topics schedule. It was important to
provide periods where students could only concentrate only
on their class project. Table III shows the topics included
in the laboratory manual. An additional topic on the subject
of High-Voltage Safety was included at the beginning due
to its importance for the equipment and students’ safety.
Each experiment incorporated a bill of materials to provide
students with information about the components needed. Table
IV describes two examples experiments developed for the
laboratory.

D. Educational Modules Design

As part of the proposed approach, a set of educational hard-
ware modules were developed to help students in their learning
process. The modules were designed taking into consideration
the different topics discussed in each experiment. Each de-
signed circuit module provided a set of components placed on
a printed circuit board (PCB) where each PCB could work as
a single experimental module or combined with other modules
to provide a desired functionality. Modules were designed to
work with either 3.3V or 5V microcontrollers, facilitating their
usage with a wide range of MCUs and their incorporation
in different students class projects. Modules also provided
students with an example of how electronic components are
structured and interfaced with an MCU. A supplemental docu-
ment provided functional diagrams, schematics, board design,
and software usage guidelines. Fig. 3 shows a picture of the six
electronics modules developed. Table V describes each module
and the experiments where they were used.

VI. ASSESSMENT METHODS

To evaluate students’ performance and validate the proposed
methodology, a set of assessment instruments were developed.
The design of these instruments took into consideration the
established learning objectives to provide alignment between

TABLE III
LABORATORY MANUAL TOPICS SELECTED BASED ON THE CURRENT

COURSE TOPICS

Class topics selected

5. Basic interface and I/O fundamentals
6. Switches, keypads, and display
7. Interrupts
8. Timers and event counters
9. Pulse width modulation and event counter
10. Stepper motor interface
11. Serial communication
12. Analog-to-digital and digital-to-analog converters



Fig. 3. PCB modules developed. From left to right starting at the top, Module 4, Module 1, Module 2, Module 3, Module 6, and Module 5

TABLE IV
LABORATORY EXPERIMENTS DESCRIPTIONS

Experiment Purpose Activities

2 IDE, GPIOs,
and LCDs

Introducing students to the
process of creating and
debugging a program for
an MCU, while providing
an understanding of
how the General-Purpose
Inputs/Outputs (GPIOs)
work. The experiment also
provides the opportunity to
interface GPIOs to electronics
components such as resistors,
LEDs, and LCD displays

Blinking LED,
Polling a switch,
LCD configuration,
Scrolling List
(CT) ← (GPIOs,
switches, and LCDs
concepts)

7 Serial Com-
munications

Introducing students to the dif-
ferent types of serial commu-
nication protocols. It promotes
the use of an asynchronous
communication to establish a
connection with a PC and syn-
chronous communication to
establish a connection with
a real-time clock-calendar de-
vice

Asynchronous serial
communication
(UART), Sending
and receiving
characters
via UART,
Synchronous serial
communication
(I2C), Digital alarm
clock (CT)

objectives and laboratory content [19]. The designed instru-
ments included a series of pre- and post- laboratory tests. A
set of laboratory experiment activities were also developed and
generated as part of a laboratory manual that included basic
exercises and complementary tasks for each experience.

A. Pre- and Post-Tests

A series of pre- and post- laboratory tests were designed
to determine if the laboratory experiments positively impacted
student learning. Pre-tests included four questions adminis-

TABLE V
LABORATORY MODULES DESCRIPTION

Module Description Experiments

Basic I/O module
(module 1)

It is composed of four main blocks
that provide access to common
electronic peripherals that include
four pushbuttons, two fixed LEDs,
two reconfigurable LEDs, an LCD
display, and a Buzzers

2, 3, 4, 5, 6,
7, and 8

Keypad module
(module 2)

It provides access to one key ma-
trix (4x3 keypad) with two modes
of operation (Pull-up or pull-down
resistors)

3 and 5

Seven-segment
module (module
3)

It is composed of three main blocks
that provide access to optoelec-
tronic peripherals that include a
double 7-segment display, an RGB
LED, and an optoswitch

4

Motor interface
module (module
4)

It is composed of four main blocks
that provide access to common mo-
tor drivers such as H-bridges, re-
lays, and darlington pair arrays.
This module allows to control a DC
motors from three different drivers
and steppers motor

6

Serial
communications
module (module
5)

It is composed of two main blocks
that provide access to ICs that
use serial communication protocols
such as RS232 and I2C. This mod-
ule incorporates a TTL-to-RS232
converter and a real-time clock cal-
endar (DS1307)

7

Data converters
module (module
6)

The data converters module is com-
posed of three main blocks that
provide access to common analog
devices such as potentiometers and
temperature sensors and digital-to-
analog converters

8



tered to students before each experiment to identify their prior
knowledge about the topic. After completing each experiment,
students received a post-test, with the same questions as in
the pre-test, to assess the knowledge acquired during the
experiments. The questions for each pre- and post-tests were
designed and revised by the class professor and teaching
assistant (T.A.). Table VI shows the topics included on the
tests.

B. Laboratory Exercises

A set of basic exercises (BE) and complementary tasks (CT)
were developed for each laboratory experiment. The objective
of these exercises was to provide students with activities in
which they could put in practice the topics learned in the
course lectures. At the beginning of each laboratory session,
the T.A. facilitated students the related materials (electronic
modules and components). Exercises were expected to be
completed in one week. At the end of the experiment, the T.A.
answered questions students may have. One week later, the
T.A. sat with each student group to review the work performed.
Students were asked to demonstrate how they connected their
MCU with the modules and components provided to complete
each task. During the review section, T.A. asked students about
the software and hardware developed and then grade the work
of each student group using a rubric.

VII. STUDENTS PERFORMANCE COMPARISON

A. Assessment Groups

Two students groups were established and compared to
determine if the proposes methodology for the laboratory
promotes a better student learning. These two groups consisted
of a representation of the laboratory methodology used in
past years and the newly implemented methodology (modular
approach). Student results and data were divided into the
following categories:

1) Control group: Students from Fall 2015 and Spring 2016
who took the laboratory without the implementation of
the modular approach (sixteen students).

2) Experimental group: Students from Fall 2016 who took
the laboratory with the proposed modular design ap-
proach implemented (twenty-five students).

TABLE VI
EXPERIMENTAL GROUP TESTS TOPICS

Test Topic

Test 1 High-Voltage Safety
Test 2 IDE, GPIOs, and LCD
Test 3 Interrupts, Switch Debouncing, and Keypad
Test 4 Timers and LEDs
Test 5 Low-Power Modes and PWM
Test 6 Motors Interfacing
Test 7 Serial Communications
Test 8 Data Converters (DAC & ADC)

Both students groups took the class and the laboratory with
the same professor and same laboratory instructor. For both
groups, the class and laboratory were tough in the same day
of the week and at the same hour. In addition, it was ensured
the same number of contact hours (class and laboratory) for
both groups.

The implementation of the proposed modular design ap-
proach required the inclusion of new topics to the laboratory
content. Therefore, some of the assessment activities imple-
mented in the experimental group were slightly different in
comparison with the control group. It should be noted that
most of the questions used for the tests were the same for
both groups. Table VI and Table VII present the tests topics
for the experimental and the control groups respectively.

Due to paper length limitations, the tests validation proce-
dure (item difficulty, item discrimination, and tests reliability)
and the laboratory experiments validation will be presented in
another paper. Some preliminary tendencies of pre- and post-
tests results for the control group can be appreciated in [29].

B. Students Performance

A comparison between the performances of the two stu-
dent groups took into consideration the students’ grades in
laboratory tests and exercises. An unpaired t-statistic and a
Mann-Whitney statistic were used to determine which group
performed better. The hypothesis established (H0) assumed
that the student performance means for both groups (µ for the
control group and µ0 for the experimental group) were equal,
see (1).

H0 : µ = µ0, (1)

An unpaired t-statistic was used to asses the tests grades
comparison, refers to (2) for the equation used. This statistic
allowed us to determine if there was a significant difference
between the use of the old laboratory methodology and the
proposed methodology. With the statistic, a t0 value was
calculated using the mean of the students performance and
compared against the t distribution value. The standard error
calculation for this statistic may vary depending on whether
the variances between the samples are similar or not. Equation
(3) shows the formula used for approximately equal variances
while (4) denotes the formula used for unequal variances.

TABLE VII
CONTROL GROUP TEST TOPICS

Test Topic

Test 1 High-Voltage Safety
Test 2 IDE, ASM/C Programming & IO
Test 3 Interrupt & Switch Debouncing
Test 4 Timers and Applications
Test 5 Low-Power Modes, LED Display Techniques & keypads
Test 6 Introduction to Serial Communications



t0 =
x̄1 − x̄2

SE(x̄1 − x̄2)
(2)

SE(x̄1 − x̄2) =

√(
(n1 − 1)S2

1 + (n2 − 1)S2
2

n1 + n2 − 2

)
∗
(

1

n1
+

1

n2

)
(3)

SE(x̄1 − x̄2) =

√
S2
1

n1
+
S2
2

n2
(4)

In equations (2)-(4), x̄1 and x̄2 represent the means of the
two groups tests grades. Subscripts 1 and 2 represent the
experimental group and 2 for the control group respectively.
SE(x̄1 − x̄2) is the standard error of the difference between
the means and S2

i and ni are the variance and sample size of
each group.

In the case of the laboratory exercises grades, a Mann-
Whitney statistic was used instead of the t-statistic. This
change occurred because, at the moment of analyzing the
distribution of the exercises grades, it was found that these
values were not normally distributed. For this statistic, a
new null hypothesis (H0) that assumed “the median of the
students’ grades for both groups are equal”, was raised. The
implementation of this statistic consisted of organizing the
students’ grades from the lowest to the highest values and
then assigning rank numbers to each value. The second step
consisted of calculating the Ui value for each group using
the (5) and (6), and choosing the lowest Ui value for the Z
approximation using (7). The approximation was necessary
because one of the groups had a sample size larger than 20.
Finally, the |Z| value was compared against the critical Z
distribution value.

U1 = n1 · n2 +
n1(n1 + 1)

2
−R1 (5)

U2 = n1 · n2 +
n2(n2 + 1)

2
−R2 (6)

Z =
Umin − ((n1 · n2)/2)√

n1·n2(n1+n2+1)
12

(7)

Here n1 and n2 represent the sample size for each group,
Umin the minimum value among U1 and U2, and R1 and R2

the sum of the ranks for each group.

VIII. RESULTS

A. Performance Comparison

The performance comparison between the two students
groups was developed using the tests’ grades and laboratory
exercises grades for each of the groups. Due to the implemen-
tation of the proposed modular design approach, some of the
assessment activities implemented in the experimental group
were slightly different in comparison with the control group.

1) Using Test Grades: The data used for this comparison
was the average single-student normalized gain. For each
student, a single-student normalized gain, using (8), was
calculated for each test using the %pre test and %post test
grades. Then, the gains obtained for the tests were averaged to
determine the average single-student normalized gain for each
student [30], [31]. Figures 4 and 5 show the average single-
student normalized gain for the control and experimental
groups respectively.

gi=
%post test − %pre test

100% − %pre test
(8)

Table VIII presents a summary of the results obtained for the
control and experimental group. Based on this data, it could
be concluded that the variances were completely different and
therefore the formula for unequal variances was used for the
t-statistic calculation. SE(x̄1− x̄2) had a value of 3.61 while
the t-statistic had a value of 9.25. Equation (9) shows the
calculation performed for t0. For rejecting or accepting the
null hypothesis, the t0 value was compared against the critical
t distribution value which was obtained by using a degree
of freedom of 28 and a significance value of α = 0.05.
The critical value obtained was of 1.70 which was lower
than the t0 value previously calculated, therefore the null
hypothesis was rejected. Therefore there is strong evidence
to consider that the experimental group performance was
statistically different from the control group. Also, the average
learning gain values indicated that the proposed methodology
promoted better student learning.

t0 =
x̄1 − x̄2

SE(x̄1 − x̄2)
=

63.98− 30.59

3.61
= 9.25 (9)

2) Using Laboratory Exercises Grades: A summary of the
average grades obtained for the control and experimental group
is summarized in Table IX. Taking into consideration the
sample sizes (n1 = 16 for the control group and n2 = 25
for the experimental group), the sum of ranks, and the Ui

values calculated (U1 = 322 and U2 = 78); the Z value

Fig. 4. Control Group learning gains



obtained was of -3.2605. Equation (10) shows the calculation
performed for the Z statistic. For rejecting or accepting the null
hypothesis, the |Z| value calculated was compared against the
critical Z distribution value which was obtained by using a
significance value α = 0.05. The critical value obtained was
of 1.96 which is lower than the |Z| value calculated, thus the
null hypothesis established was rejected. Furthermore, there
is strong evidence that the experimental group performance
was statistically different from the control group performance,
reaffirming our conclusion that “The experimental group had
a better performance, therefore the proposed methodology
promotes a better student learning”.

Z =
78− ((16 · 25)/2)√

16·25(16+25+1)
12

=
−122

37.4165
= −3.2605 (10)

IX. CONCLUSIONS AND IMPLICATIONS

A methodology to teach embedded systems design concepts
in an applied laboratory course was developed. It consisted
of two main parts, a methodology for establishing the course
structure (content and related activities) and an educational
approach (based on modular design) for teaching the concepts
related to the course. An OBE framework was selected to
define the course structure because it allowed for aligning
the laboratory content, pedagogical methods, and assessment
activities. A modular design approach was selected because it
provided students with a methodology to develop a product
from a set of different smaller functional modules. Modular
design also aimed of improving students abilities in the process
of designing, building, and testing embedded systems.

The OBE framework was implemented in three main steps.
First, the laboratory content was revised and designed taking
into consideration academic, industrial, and social expecta-
tions. Later, the pedagogical methods were implemented using
the modular approach. A laboratory manual with a set of
progressive experiments and electronic educational modules
were developed. Finally, assessment methods that consisted in
a series of pre- and post-tests and laboratory exercises were

Fig. 5. Experimental Group learning gains

designed to validate the proposed methodology. The validation
was performed by comparing the students performance in past
semesters (control group) against students performance using
the proposed methodology (experimental group).

The comparison results between the two students groups
demonstrated that the performance obtained by the experi-
mental group was statistically different from the performance
obtained by the control group. In addition, the analysis showed
that the performance of the experimental group was better, al-
lowing to validate the proposed methodology which promotes
a significant impact on the student learning.

TABLE VIII
AVERAGE SINGLE-STUDENT NORMALIZED GAIN MEANS, SAMPLE SIZES,

AND STANDARD DEVIATIONS

Group Sample size (n) Mean (x̄i) Std (Si)

Experimental 25 63.98 9.924373
Control 16 30.59 12.05954

TABLE IX
LABORATORY EXERCISES GRADES MEANS, SAMPLE SIZES, STANDARD

DEVIATIONS, AND SUM OF RANKS

Group Sample size (n) Mean (x̄i) Std (Si) Ri

Control 16 76.84 6.19 214
Experimental 25 86.68 13.38 647
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