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ABSTRACT The move from face-to-face to distance learning poses a challenge for courses that rely on
hands-on experience such as embedded systems. In this course, students need to work with hardware and
software to achieve various learning objectives. For full advantage, the hands-on experience should be
aligned with the acquisition of related concepts and procedural knowledge. The alignment of conceptual
learning with hands-on experience is a big challenge, in general, and for distance learning, in particular.
This article describes how different learning technologies can be integrated to achieve such alignment
for embedded systems in a distance learning mode. A framework for active, lecture-free learning was
established using a learning management system, YouTube, various web resources, a hardware kit, and
a software development environment. The learning activities were implemented as ungraded quizzes on
Moodle with different types of questions. These include review questions, conceptual questions, procedural
questions, brainstorming questions, code analysis questions, and code creation questions. Our students used
the provided hardware kit and the software development environment to complete the learning activities
throughout the semester without listening to any live or recorded lecture from our end. This instructional
design was evaluated by analyzing learning data generated by Moodle as well as self-report data. The results
show high student engagement and positive perceptions of the course content and the learning method.
We believe that the proposed pedagogical framework of this design is of general value and can be adopted
in other engineering courses with similar requirements of hands-on experience in distance learning.

INDEX TERMS Distance learning, embedded systems, learning management systems, student engagement,
lecture-free instruction, COVID-19.

I. INTRODUCTION
COVID-19 has caused a dramatic change in education and
made distance learning one of the few options for educa-
tional institutions to continue their operations [1]–[3]. Many
or most faculty and students were forced to rapidly adopt
new technologies and ways of teaching and learning they
were never used to before. Reports about the transition to
distance learning highlight many challenges and obstacles
both for faculty and students [4], [5]. These include personal,
pedagogical, technical as well as financial and organizational
obstacles [6].

The related work on this topic has emphasized the impor-
tance of student engagement for successful distance learning
that is not about ‘‘moving lectures online and continuing
business as usual’’, according to DeFranco and Roschelle [2].
Distance learning is associated with a low level of student
engagement [7], [8]. Kaczmarek et al. surveyed students
and faculty about their perceptions about distance learning
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in the pandemic [9]. The authors found out that students
(i) perceive virtual lectures as less engaging than interactive
case-based sessions, (ii) consider the learning of technical
concepts through virtual classrooms as hard, and (iii) feel
that long classes increase fatigue. Faculty reported difficulties
in judging student engagement and understanding because
they don’t see students’ faces. Also, the faculty stated that
distance learningmakes the explanation of technical concepts
difficult [9].

To improve student engagement in distance learning sev-
eral suggestions were made in the literature. The following
recommendations are related to our work:

1) Focusing on active-learning techniques rather than pas-
sive methods [10].

2) Diversifying distance learning activities to stimulate
student motivation [6].

3) Offering ungraded or anonymous quizzes to improve
understanding and engagement [9].

4) Offering more interactive sessions to avoid
fatigue [9], [10].
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5) Combining synchronous and asynchronous learning
formats [9], [10].

Embedded systems are ubiquitous in modern life. Grad-
uates with related skills and competencies are in high
demand to develop and support this technology [11]. Univer-
sities worldwide have responded to this demand by offering
different programs in this area [12]–[15]. The embedded
systems’ didactics was addressed thoroughly by Grimhe-
den and Toerngren [16]. The authors highlighted that this
subject has a thematic identity and functional legitimacy.
Thematic identity means that the subject of embedded sys-
tems is developed within other disciplinary subjects (e.g.
digital design and software engineering) and the specific
areas of knowledge in embedded systems arise from the
delimitations of these subjects. Functional legitimacy refers
to the necessity to acquire functional, i.e., practical skills
towards product development. These functional skills are
usually not part of traditional lectures and cannot be acquired
by reading textbooks [16]. Rather, practical competencies
are developed during hands-on exercises, laboratory exper-
iments, and projects which rely on a trial-and-error method
for problem-solving [16]–[18]. Knowing this, it should be
expected that the unprepared shift to distance learning may
have a considerable impact on the quality of teaching embed-
ded systems and practical courses in general [19]. One reason
for this is that teaching laboratories are hardly accessible
in the pandemic and many universities may not be ready
for virtual laboratories. Remote labs have long been utilized
to overcome some challenges of traditional hands-on labs
such as costs, accessibility, and safety [20]–[22]. Virtual
labs for embedded systems were also presented by some
authors [23], [24]. Information technology-based solutions
for connecting distributed remote labs are available to facil-
itate global sharing [25]. The pandemic of COVID-19 has
attracted considerable attention to remote laboratories [26]
with several opportunities and challenges [27], [28].

In this paper, we argue that today’s technologies can be
deployed to support both conceptual learning and hands-on
experience at a distance. For this, we present the design
of a course on the fundamentals of embedded systems
that we offered at our university for computer engineering
senior-level students in Fall 2020. The core aspect of this
instructional design is the replacement of lectures with learn-
ing activities. These activities combine conceptual knowl-
edge with hands-on exercises using hardware and software.
Our students performed these activities at home using a
hardware kit that we provided at the beginning of the term
and the freely available Arduino IDE. Each activity consists
of multiple pages with a question on each page. Using this
ungraded quiz format is essential to segment the topic and
sequence its parts properly with immediate feedback and
scaffolding.

Lecture-free teaching has been addressed in the context of
blended learning and flipped-classroom models [29], [30].
Also, complete courses that replace lectures with learning
activities were described in the literature [31], [32]. However,

the classroom in these contributions still plays a central role.
It is not clear whether or how the proposed models would
work for full distance learning. Furthermore, none of the
related designs combines conceptual learning with hands-on
exercises thoroughly in the way presented in this article. The
relevance of our contribution comes from a unique combina-
tion of the following features:

1) Distance learning using a lecture-free, fully active
learning mode.

2) The learning activities integrate conceptual learn-
ing with hands-on experience using purposeful hard-
ware/software experiments.

3) The learning activities are implemented using an
ungraded multi-page quiz format on Moodle to support
relevant pedagogical and cognitive principles such as
segmentation, sequencing, and immediate feedback.

4) The learning activities are diversified in terms of ques-
tion types, hands-on experiments, and used information
sources.

5) The learning activities can be completed synchronously
or asynchronously.

As can be seen, these features are in line with the
above-mentioned recommendations for improving student
engagement in distance learning. Our analysis of completion
reports, student performance in the learning activities, student
perceptions of individual activities, as well as self-report data
confirms that the proposed design is associated with high
student engagement.

The rest of paper has five sections. Section II describes the
instructional design with focus on the creation of learning
activities. Section III describes the involved technologies.
Section IV outlines the project. Section V presents evaluation
results. Section VI discusses the findings and Section VII
concludes the paper.

II. INSTRUCTIONAL DESIGN
Embedded Systems at our university is a core course for
computer engineering students at the senior level. The stu-
dents must have taken a course on microprocessors as a
prerequisite. For a curricular reason, the course has a lecture
module with three credit points only, but no lab. However,
the students are required to do a semester project using a
microcontroller of their choice or by using embedded kits
available in the department labs. The course has the following
learning outcomes, which are aligned with the ACM/IEEE
Computer Engineering Curriculum to some extent [33]:

1) Define an embedded system and name its main features
and applications.

2) Explain the general architecture of an embedded sys-
tem and analyze its main hardware components.

3) Analyze, develop, and create embedded software pro-
grams.

4) Explain the hardware/software interaction in embedded
systems.

5) Classify embedded system interfaces and analyze their
operation.
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FIGURE 1. Course layout on Moodle.

FIGURE 2. Pedagogical framework and supporting technologies.

6) Create embedded programs with a real-time operating
system.

7) Design an embedded system for a particular application
and assess its functionality.

The course is structured into nine chapters as illustrated
in Fig. 1 that shows the course layout on Moodle. Note that
the course has a general information chapter and a project
chapter.

A. PEDAGOGICAL FRAMEWORK
The course design relies on different pedagogies, which are
supported by different technologies as illustrated in Fig.2.

The core pedagogy of the presented course is lecture-free
active learning. The learning activities are provided through
Moodle using the quiz format. Each learning activity (also
referred to as Learning Quiz) focuses on one or a few learn-
ing objectives and replaces a lecture. It consists of multiple
pages, where each page contains an introductory part fol-
lowed by one or more embedded questions as shown in Fig. 3.
To answer these questions, students rely on:

1) Knowledge from previous topics in the course.
2) New knowledge presented in the current activity.
3) Knowledge from external sources including YouTube

videos, online datasheets, and software manuals.
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FIGURE 3. The structure of three activities which replace one class hour.

FIGURE 4. The layout of activities within one chapter.

4) Knowledge gained from running hands-on experiments
using a provided hardware kit and a software develop-
ment environment.

5) A combination of the previous four items.

Every learning activity is followed by a one-question sur-
vey (referred to as Learning Survey) to understand students’
perceptions of the completed activity. The learning session is
concluded with an ungraded Review Quiz, which recaps the
learning objective of the current session. Fig. 3 illustrates the
structure of these three components.

Fig. 4 shows an example for the layout of activities within
one course chapter. Accordingly, the activities are separated
by labels which give a title for the current activity and its date.
As can be seen, we applied access control rules to make sure
that the students have already completed previous activities
before starting new ones. This method is highly important
for keeping students on track and to be ready for the current
activity.

B. LEARNING ACTIVITIES
The design of engaging learning activities is the main facet of
this course. A learning activity has two aspects: a structural
and a content-specific aspect. Fig. 3 illustrates the structural
aspect of a learning activity featuring the following pedagog-
ical elements:

1) Splitting the learning topic to multiple segments of
knowledge and assigning these segments to successive
pages. Segmentation and sequencing are believed to
reduce the intrinsic cognitive load in the learner’s work-
ing memory [34], [35].

2) The student is responsible for the generation of the
basic knowledge segment on each page. This is
achieved by using an ungraded quizzing approach that
strongly relates to inquiry-based learning [36].

3) Providing the right amount of information (or links to
information) on each page to avoid the split-attention
effect that is believed to increase the extraneous cogni-
tive load in working memory [37].

4) Providing immediate evaluation of students’ solutions
as well as immediate feedback. The feedback can also
serve as scaffolding for the next question if needed.
Both, immediate feedback and proper scaffolding are
believed to enhance learning considerably [38], [39].

The content-specific aspect of a learning activity relies on
the instructor’s experience to make the activity purposeful,
doable, and interesting. The interestingness of the learning
activity is very important to maintain students’ attention and
keep them engaged. The inquiry-based approach (question
and answer) provides an initial trigger for engagement. How-
ever, to stay engaged throughout the whole activity, students
should have a positive experience when they move from one
question to another in the session. Therefore it is mandatory
to design the activities to be doable but still not trivial. In other
words, the activity questions should keep some level of chal-
lenge. Even when a student fails to answer a question or solve
a problem correctly, the built-in feedback should provide a
sufficient explanation of the answer and possibly highlight
related misconceptions that may lead to characteristic mis-
takes.

A typical learning activity in our course has some or all of
the following content-related types of questions depending on
the specifics of the learning topic at hand:

1) Review questions
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FIGURE 5. An example for a review question.

2) Conceptual questions
3) Procedural questions
4) Brainstorming questions
5) Code analysis questions
6) Coding questions

In the following paragraphs, we explain each of these
question types using screenshot examples from the course on
Moodle.

1) REVIEW QUESTIONS
Usually, a learning activity starts with a review question
to recall what was learned in the previous session and

create a link to the current activity. Fig. 5 shows the first
question in the activity LQ 8-3 with the chapter about
serial communication. Here we are using a question type
on Moodle called cloze. This question type has a special
syntax and allows embedding several short-answer ques-
tions, numerical questions, and multiple-choice questions
in a single question. For an insight into the syntax of
this question, see Appendix A, which presents the ques-
tion text related to Fig. 5. Note that the abbreviations
SA, NM, and MCS in the question text refer to short-
answer, numerical, or shuffled multiple-choice questions,
respectively.
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TABLE 1. Code analysis and code creation questions.

FIGURE 6. An example for a conceptual question.

2) CONCEPTUAL QUESTIONS
A course on embedded systems is rich in concepts related
to hardware, software, and hardware/software interfacing.
Examples of these concepts include GPIOs, memory maps,
multi-function pins, tri-state buffers, master-slave operation,
PWM, UART, I2C, and CAN. In the proposed active learning
approach, we avoid providing the definitions of new con-
cepts. Instead, we guide the students towards the genera-
tion of these definitions. Generating rather than providing
a definition is believed to be more effective for conceptual
learning [40]. However, we should note that designing ques-
tions that help students generate concept definitions can be
very time-consuming because it requires making a case for

the new concept in the first place. Take the pull-up resistor
concept as example. This concept is highly relevant for an
embedded system to suppress the noise at an input pin or
set a pre-defined value for the open-drain operation. Fig. 6
shows how this concept is approached experimentally in the
presented course. Note that the feedback to this question
includes a video that shows the behavior of the LED when
the pull-up resistor is excluded.

3) PROCEDURAL QUESTIONS
Embedded systems require students to learn various proce-
dures, e.g., to convert a high-level program to a register-level
program, to replace a pollingmechanism by interrupts, to turn
a multi-function code to a multi-tasking program using a
real-time operating system, to reduce RAM usage by moving
data to the program flash or the embedded EEPROM, etc.
Procedural learning in the proposed design is facilitated by
the ability to segment the procedure into steps and to sequence
these steps through multiple procedural questions to reduce
complexity. Fig. 7 shows one procedural step towards replac-
ing the call of a library function with a register-level code
to control a hardware timer. Note the question how we are
making the students aware of the procedure by saying ‘‘In
the next questions we will find the addresses and values of
all registers which are relevant for transforming the blinker
code to the register level’’ and ‘‘The value of this register is
not yet final because we need to set the bits WGM13 and
WGM12 later’’. The final step of this procedure is shown
in Fig. 8. This question shows the complete table with the
addresses and values of all relevant registers. The students are
requested to complete the code with these register addresses
and values.

4) BRAINSTORMING QUESTIONS
Sometimes it is helpful to ask students to analyze a prob-
lem and to think about a solution even if they don’t have
a sufficient background. We use this kind of brainstorm-
ing to prepare students for the following questions that
provide concrete directions towards a working solution.
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FIGURE 7. An example for a procedural question-A.

Brainstorming questions use the essay question type on
Moodle as shown in the example of Fig. 9. Here we
motivate the concept of multitasking in real-time operating
systems.

5) CODE ANALYSIS QUESTIONS
Working with software is essential for embedded systems.
Generally, students need to learn both the analysis of a
given code and the creation of new. The learning activ-
ities support the development of both skills extensively.
Table 1 outlines how this is accomplished in general. As can
be seen, in code analysis questions we provide the code
and ask the students either to extract the function or to
determine some non-functional property such as memory
usage. In most cases, we ask the students to support their
answers experimentally by running the code on the micro-
controller after connecting the required hardware. Fig. 10
shows two examples of code analysis questions. In the
left-side question, the students are asked to find out the
function of the given code (using an analog signal to control
load power) and to identify/recall the control mechanism of
pulse width modulation (changing the duty cycle). In the
right-side example, the students need to determine the mem-
ory usage for the given code as an introduction for memory
optimization.

6) CODING QUESTIONS
Design is the ultimate goal of learning embedded sys-
tems. Projects are important to enhance students’ coding
skills. However, to understand embedded systems’ con-
cepts, it is important to learn how to encode these con-
cepts in software. Therefore, we attach great value to
including code design questions to the learning activity
as far as possible. For this, we use the question type
cloze on Moodle and we ask the students to complete a
code rather than writing it from scratch. Code comple-
tion has the following advantages over code creation from
scratch:

1) It helps students focus on the language syntax and
semantics relevant to the learning objective at hand.

2) It saves time because students don’t need to rewrite
code already-learned parts.

3) It allows for automatic grading and immediate feed-
back since Moodle cannot grade entire codes automat-
ically.

Fig. 10 shows two short examples of coding questions.
In the left-side question, the students are requested to study
the syntax of the function analogReference on the Arduino’s
website and to complete the function call accordingly. In the
right-side example, the students need to learn the syntax of
themodifier PROGMEM, its related utility pgm_read_byte(),
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FIGURE 8. An example for a procedural question-B.

and the macro F to optimize the SRAM usage by shifting data
to the code Flash.

We should note that some related work on teaching pro-
gramming has proposed using the cloze question type for
assessment as an alternative to writing complete codes [41].

III. SUPPORTING TECHNOLOGIES
The pedagogical framework of the presented design is
enabled by different technologies as illustrated in Fig. 2.
In this section, we describe the role of each technology and
how it is used in our course.

A. LEARNING MANAGEMENT SYSTEMS
Moodle was used to accommodate the learning activities.
In the background of these activities is a question bank that
is structured similarly to the course chapters and sections
using question categories and subcategories. Moodle sup-
ports many built-in or plugged-in question types that can
be used purposefully. In our course, we used ten question

types: cloze, drop into text, drop onto image, essay, match-
ing, multiple-choice, numerical, select missing words, short
answer, and true/false. The examples described in the pre-
vious sections illustrate how to use some of these question
types.

As illustrated in Fig. 3 and Fig. 4, each learning activity
is followed by a learning survey. The learning survey has
a single question as shown in Fig. 12 and aims to solicit
students’ perceptions of the completed activities for reflection
and future improvement. In Section V we will present the
results of these surveys.

After the learning survey, the students take a short
ungraded review quiz in the same format as the learning
activity. The review quiz is limited to one or two questions
that summarize the essence of the learning activity.

In addition to learning activities, learning surveys, and
review quizzes, each chapter includes aQ&A forum. Students
can use this forum to post and answer questions related to the
respective chapter, see Fig. 4.
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FIGURE 9. An example for brainstorming question.

FIGURE 10. Two examples for code analysis questions.

For historical reasons, the author uses his own cloud-hosted
Moodle for the previously described activities. The
students access Moodle using a self-registration and
self-enrollment method. On the other hand, the author uses a
university-hosted Blackboard for the virtual classroom and to
administer assessment quizzes and exams. The students and
the instructor access the virtual classroom in the scheduled
lecture time (75 minutes) twice per week. Instead of listening
to a lecture, however, the students work on the learning
activities and use the chat room to ask questions, if any.
We use text chat rather than voice chat to avoid distract-
ing the non-asking students who are busy completing the

learning activities. Although students can complete the activ-
ities asynchronously, our experience (also with other courses)
shows that synchronous learning sessions are very useful
for keeping attendance discipline and because the students
can get immediate answers to questions that arise during the
activity completion.

All course quizzes and exams were computer-based using
Blackboard. Blackboard offers a variety of question types
that are sufficient to create tests similar to Moodle quizzes.
However, Blackboard does not support the question type
cloze. Instead, we use a question type called ‘‘Fill in Mul-
tiple Blanks’’. This question type allows students to enter
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FIGURE 11. Two examples for code design questions.

numbers and short answers. Multiple-choice blanks can also
be supported indirectly by giving the list of choices close to
the blank. An example of this question type on Blackboard
will be given later in Section V.

B. YouTube AND OTHER WEB RESOURCES
As shown in three previous examples, some questions have
links to videos on YouTube. We created and uploaded these
videos to support learning whenever we felt that such multi-
media is useful for understanding the question at hand. Videos
were used for three purposes:

1) Showing how to do something, e.g., how to down-
load, install, and configure the Arduino IDE. Generally,
videos are known to be effective for learning step-
by-step procedures [42].

2) Describing an embedded system’s function that should
be implemented in coding questions. In this case,
we provide a link to the video in the question text as
shown in the example of Fig. 9.

3) Explaining the function of a code in the feedback
section of code analysis questions as shown in the
example of Fig. 6 and the left-side example of Fig. 10.
Note how we refer the students to the feedback video
explicitly.

In addition to YouTube videos, the learning activities
frequently refer the students to other web resources to
answer specific questions. Most used resources are hardware
datasheets and software language references. The design of
embedded systems often requires access to datasheets, e.g.,

to find the address values of specific registers or the config-
uration of various hardware units. Typically, datasheets are
long documents1 and reading through them is knowingly dif-
ficult even for experts. Therefore, when the learning activity
requires information from the datasheet, we try to be specific
by giving precise information about its location in the linked
datasheet as was seen in the example of Fig. 7. Here, we give
the number of the table from which the students should pick
the right settings for the clock select bits. The microcontroller
datasheet is the most used but not the only one.

Similarly, to facilitate the analysis and the creation of code,
we insert links to relevant information in the software manual
as was shown in the left-side example of Fig. 11. Here,
the students need to learn the syntax of the function analo-
gReference and apply it in the code to obtain the required
function.

C. HARDWARE KIT AND DEVELOPMENT SOFTWARE
In the first week of the term, we arranged to provide every
student with the hardware kit shown Fig. 13. The kit contains
an Arduino UNO board, an LCD, a keypad, buttons, LEDs,
resistors, potentiometers, different types of motors and sen-
sors, a breadboard, a battery, and connecting wires. Not all
parts were used in the learning activities but made available
for the project. The students were supposed to return the kit
at the end of the term.

1The datasheet of the ATmega328P microcontroller used on Arduino
UNO board has 653 pages.
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Selecting an appropriate platform is a known issue for
teaching and learning embedded systems [43]. Our selection
of Arduino was essentially motivated by the distance learning
mode on the one hand, and by the simplicity, availability,
affordability of this platform, on the other. The Arduino’s
integrated development environment (IDE) is available for
free and easy to use. Arduino is increasingly used in education
also in graduate courses [44]. We believe that this technology
is sufficient for teaching the fundamentals of embedded sys-
tems since memory and speed limitations are not an issue in
this case. Apart from this, Ardunio’smicrocontrollers, includ-
ing Atmega328P used in UNO, have most of the fundamental
capabilities of high-end microcontrollers.

IV. PROJECT
Learning embedded systems is best accomplished when
the learned concepts and methods are reinforced through
project design. Also, working on design projects is indis-
pensable to the acquisition of practical skills that are hard
to cover in lectures or learning activities on specific topics.
Such skills include specifying the requirements for solving
real-world problems, design space exploration, design deci-
sions, implementation, test, and evaluation. Many authors
addressed project-based learning (PBL) for embedded sys-
tems [45], [46]. For example, Kumar et al. used an FPGA
platform to explore hardware and software issues associ-
ated with real-time and embedded systems [45]. In one
course, the authors asked the students to develop a soc-
cer system on multiple FPGA boards using embedded pro-
cessors. In another course, the students used an embedded
processor-based system to perform decryption of a block
encrypted image, accelerated through a custom co-processor.

Also, the role of PBL in supporting self-guided learning
was recently addressed by Larson et al. [47]. Through stu-
dents’ and instructors’ interviews as well as informal class-
room observations, the authors found out that project-based
learning can facilitate self-directed learning in an embedded
systems course. However, this study was conducted in face-
to-face learning setting with students using campus facili-
ties and interacting with instructors, teaching assistants, and
teammates.

Performing embedded systems’ projects at distance raises
multiple challenges due to the limited access to lab facilities
and the difficulty of face-to-face interaction with teaching
staff and team members. Choosing a platform with a freely
available development environment and libraries and provid-
ing students with hardware, in the way used in our course, can
mitigate the necessity to access university labs. However, this
approach still has some issues. The selection of the hardware
is constrained by the available budget and the class size.
Ambitious students with project ideas that require additional
hardware may need to purchase this hardware on their own.
On the other hand, opting for open platformswith tremendous
community contributions make it hard to propose any project
that is original and has no related code on the web. Jamieson
highlighted this aspect as a major contention ‘‘. . . the presence

of open source and reusable designs makes it difficult to
identify what a student is doing’’ [48]. The last point makes
the assessment of projects difficult because instructors may
be unable to check the originality of students’ contributions.
A related point is that some students taking the course may be
working on other projects such as senior design projects using
the same platform. If the students are given the freedom to
propose their project, some may suggest something related
to their other projects. This can raise fairness questions
because those students may obtain credits with less work than
others.

To mitigate these issues we decided to specify the project
topic rather than allowing students to choose a project topic
freely. Also, we highlighted that the project will be assessed
not only based on the features and functionality of the system
but also a deep understanding of the delivered code. In the
following, we describe the project topic, how the students
worked on the project and how they were assessed.

A. PROJECT TOPIC
The students had to develop a math game, where the player is
given number sentences to solve rapidly. The students were
encouraged to make the game as interesting and useful as
possible and to make comprehensive use of the provided kit
components. Using additional hardware was also allowed.
The students came up with many interesting features for the
game including:

• Support of one, two, or multiple players.
• Support of different difficulty levels. The level was con-
trolled by the type of operations (basic operations, mod-
ulo arithmetic, etc.), the range of the numbers, the rep-
resentation of the numbers (decimal, binary, etc.), or the
time-out for entering the answer.

• Using a WiFi shield to play the game using a web
browser.

• Using amicro SD or the EEPROM to store player profile
and record.

• Using unconnected analog inputs to generate pseudo-
random numbers.

• Using a buzzer to play different melodies for winning,
losing, etc.

• Using a motion sensor to start the game.
• Register-level programming.

B. PROJECT PROGRESS AND ASSESSMENT
The project assignment was posted on Moodle in Week 5 and
the students had eight weeks to complete it. Although the
students worked from home, they were encouraged to work
in teams of two. Our university providesMS Teams for online
meetings and conferences. The teaching assistant was avail-
able to address students’ questions and give support using
MS Teams, too. The students used their cameras to show the
circuit if needed.

According to the course syllabus, the project has 20% of
the course grade. The course has 3 credit hours corresponding
to 135 hours for self-study. So, every student was expected
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to invest at least 0.2 × 135 = 27 hours on the project. The
students had to submit a short report which should include
a brief description of the game idea and how to play it,
a list of the used hardware and libraries, a schematic diagram
of the hardware connection, the main structure of the code,
and a conclusion. Additionally, the students had to upload
the code. The students used Moodle for submitting their
projects.

For assessment, we met the students on MS Teams in the
last week of the semester. Before each meeting, we reviewed
the report and the code. In the meeting, the students first
demonstrated their game using their camera. Then they
explained their code in brief. At selected points, we asked
concrete questions about the code to assess their level of
understanding. Some questions were directed to selected
team members to assess individual contributions. In general,
we were very satisfied with the students’ demonstrations and
the level of preparation for the meetings. Although most
projects were average in terms of game idea and supported
features, some teams were very creative. Only one team
presented a code that was not functional.

V. EVALUATION
In this section, we first evaluate the proposed design for
its ability to engage students in distance learning. Then,
we analyze the results of a survey that we conducted to
have students’ feedback regarding the content and the learn-
ing method. Finally, we present the results of item analysis
performed on the final and the midterm exams to show the
validity of the used quizzing method for computer-based
examination.

The course was attended by 43 students who continued
to the final exam without any drop. But we are aware that
11 students have opted for a Pass/Fail grade rather than a letter
grade for this course. The university allowed the students
to choose the grading scheme before a deadline that was
two weeks before the final exam. The teaching period is
15 weeks including 30 lecture sessions. Three sessions were
used for introducing the projects and related presentations
and demonstrations. One session was used for the midterm
exam. So, 26 sessions remained for 26 learning activities
that will be included in the analyses below. The last learning
activity had a different format and had no related learning
survey or review quiz.

A. ENGAGEMENT
Moodle generates a completion report for all activities.
We analyzed this report and found out that the total com-
pletion rate of the learning activities is 98.3%. We attribute
this high completion rate to the access control mechanism
we implemented to chain the activities so that the students
cannot start any activity before completing previous related
ones, see Fig. 4. We also analyzed the completion date to
understand students’ punctuality at completing the learning
activities. Fig. 14 shows the percentage of students who
completed the activity on the same day we posted it on

FIGURE 12. Learning survey.

Moodle. Accordingly, most of the activities were completed
on the posting day by at least 80% of the students. There
are three exceptions, which are marked by squares in the
figure. These include the last activity and two other activ-
ities which were posted on two Saturdays. The reason for
this was shortening the lecturing period by one week and
extending the examination period by one week to cope with
the required social distancing due to COVID-19. To make up
for themissing lectureweek the university decided to teach on
selected Saturdays. Furthermore, we analyzed the completion
time of the learning activities’ first attempt and found it to
vary between 44 and 70 minutes on average, depending on
the learning activity.

While the completion report confirms the timely engage-
ment with the learning content, it does not reflect the level
of cognitive engagement. For this, we analyzed students’
grades in the learning activities and their perceptions as well
as the relationship between the grades and the perceptions.
Recall that the learning activities are graded automatically
for feedback –not for assessment– and that we surveyed
students’ perceptions using the single rating question shown
Fig. 12.

Fig. 15 shows the class average grade in the first attempt
of each learning activity. The statistics show that students’
performance varied between 5.79 and 9 out of 10 and that
the average grade was 7.84. This performance reflects a con-
siderable level of cognitive engagement, knowing that these
grades stem from the first attempt. We gain more insight by
looking at the grade distributions in two learning activities
as seen in Fig. 16. Here, we selected LQ 3-3 with low mean
and LQ 8-4 with high mean. The diagram shows that stu-
dents’ grades in LQ 3-3 have a wider distribution over the
grade range compared to LQ 8-4. Note how the grades in
LQ 8-4 are concentrated in the upper half of the grade range.
These grade distributions are in line with students’ percep-
tions of the respective activities as shown in Fig. 17. Note how
the students rated LQ 3-3 as clearly more challenging and
frustrating than LQ 8-4. We performed a correlation analysis
between the mean grades and the students’ perceptions for all
activities and found out that the grades have:

1) a weak positive correlation with the activity’s inter-
estingness and motivation (r = 0.22 and 0.38,
respectively),
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FIGURE 13. Used hardware kit.

FIGURE 14. Punctuality: percentage of the students who complete the
learning activity on the same day they were posted on Moodle.

FIGURE 15. Class average grades in the first attempt of the learning
activities.

2) a moderate negative correlation with the challenge and
frustration (r = −0.58 and −0.56, respectively), and

3) a weak negative correlation with the boredom
(r = −0.36).

We believe that the moderate negative correlation between
the perception of the learning activity’s challenge/frustration
and the attained grade can be used as an indicator for cog-
nitive engagement. On the other hand, the perception of
interestingness is consistently high as can be seen in Fig. 18.

FIGURE 16. Grade frequency distributions for LQ3-3 and LQ8-4.

FIGURE 17. Student perceptions of LQ3-3 and LQ8-4.

Task interestingness is known to be highly associated with
attention, i.e., with cognitive engagement [49].

B. STUDENTS ANONYMOUS SURVEY
In the second half of the term, we asked the students to com-
ment about their experience with the course anonymously.
We formulated our question as follows: ‘‘Please describe this
course regarding its content and teaching method! Please be
as honest as possible and as detailed as possible! This survey
is anonymous.’’

18 students responded to this free-text survey and wrote
in total 2915 words. We analyzed the responses qualita-
tively and could identify several aspects that provide insights
into student experiences with the course content and teach-
ing/learning method. In particular, most comments refer to
one of the following aspects, which will be described below
in details:

1) Missing lectures
2) Challenges of active distance learning
3) Usefulness of active distance learning
4) Content evaluation

1) MISSING LECTURES
Five students evaluated the teaching/learning method in con-
sideration of themissing lecture in the course. They suggested
that the learning activities should be complemented by lec-
tures before or after doing the activities:
• I would much rather watch pre-recorded lectures and
answer the LQs to check if I understood from the lectures
correctly.
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FIGURE 18. Student perceptions of all learning activities.

• I think a combination of a short lecture explaining the
subject before starting the exercises will make it even
better. Nevertheless, this method allows us to engage
with the material differently.

• I think LQ’s are useful but not as a full time learning
method. Instead what you can do is do lectures and after
lectures we can solve the LQ’s based on our understand-
ing from the lectures. This makes much more sense.

• Students would be able to understand some of the mate-
rial better in a lecture setting.

• While the online course is fun and motivating, I think
that it would be preferable if the course included some
lecturing as well.

2) CHALLENGES OF ACTIVE DISTANCE LEARNING
Some students mentioned the challenges they faced while
doing the learning activities. These include difficulties in
connecting hardware, running and debugging code, doing
online examinations, lack of teamwork as well as the lack of
lecture notes:

• There are no instructions on how to make most of the
connections which I find very harsh as we have not really
worked with Arduino in any course before. I under-
stand that most of us are senior students and hence
by now, should be able to analyze hardware parts and
connections alone; but I don’t think that this assumption
should be taken and carried away in an online teaching
environment.

• However, I was facing problems when running the
code on Arduino. The code was not always working as
expected which affected somehow my understanding to
the content of the course.

• In my personal opinion, I like engaging with others to
solve problems.

• This very time-limited examination environment does not
work for everyone.

• The exercises along with the feedback do help yes and
benefit us a lot and your efforts are indeed truly appreci-
ated, but slides/pdf files can combine the material nicely
and in a good order which gives us more freedom and
easier access to the material.

3) USEFULNESS OF ACTIVE DISTANCE LEARNING
Multiple students praised the teaching/learning method as
‘‘creative’’, ‘‘one of the best’’, ‘‘the best way to teach
courses’’, or ‘‘very lovely’’. Several of them explicitly or
implicitly identified the missing lecture as a feature and
highlighted specific useful aspects of active distance learning:
• The teaching method is really good especially since we
are staying at home. In other courses I get distracted
and bored after a short while because all we do is keep
staring at the screen and listening. But in this course we
get to learn on our own at our own pace.

• Now that all the exams are online and the lectures are
online I find the teachingmethod very suitable for the sit-
uation. I don’t think lectures will be as beneficial during
these times as the active learning. Even though I might
not understand everything when doing the activities but
I certainly do when revising later on. Especially that we
have the Arduino with us and we can debug our code and
see where is the problem, it made me understand things
better.

• Learn then apply the new knowledge on the Arduino
UNO. It is like having a lecture and a lab at the same
time.
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• One of the things that i really appreciate about this
teaching method is that there is no one to distract you.
You have material that you have to learn yourself with
certain activities without any interference from others so
you can take it at your preferred pace.

• The interactive learning is a wonderful way to learn
and i appreciate the effort that is put in making the
activities. The knowledge gained stick with me when i
learn through the activities.

• The Teaching method is perfect in terms of the explana-
tions and way the questions are presented.

• Since this course’s method does not rely on memoriza-
tion, we do learn better.

• Immediate feedback, students can learn on their own
pace, concentration is not a problem.

• Easy to understand. Straightforward explanations and
feedback. Exercises built into the learning material are
great.

4) CONTENT EVALUATION
When it comes to the content, all the responding students
seem to be satisfied. General terms that they used to describe
the content include ‘‘fine’’, ‘‘interesting’’, ‘‘very interesting’’,
‘‘enjoyable’’, ‘‘very enjoyable’’, ‘‘most enjoyable’’, ‘‘benefi-
cial’’ and ‘‘excellent’’. Several students addressed the load
and the difficulty level of the content but were divided about
this:

• ‘‘a bit heavy’’, ‘‘overwhelming’’, and ‘‘not for begin-
ners’’

• ‘‘the content difficulty level overall is moderate’’
• ‘‘very understandable and consistent’’ and ‘‘can be
understood very easily.’’

Furthermore, some students highlighted some content-
related aspects which they found especially useful. These
include:

• Programming skills and register-level programming: ‘‘I
like c/c++ programming too so I am finding it easy’’,
‘‘Furthermore, i was always using libraries programing
and was not aware about the benefits of register pro-
graming and how much it is more enjoyable to do it
despite being more difficult’’

• Understanding hardware-related aspects and using
datasheets: ‘‘Before i took the course i did not pay too
much attention to details like memory usage or where
memory is stored etc. However, this course made me
learn the importance of that.’’, ‘‘I find those questions
that ask to find things in the datasheet the best’’, ‘‘The
course content has so many details and valuable infor-
mation. There were parts like timers and memory stor-
age that I studied about in other courses but I didn’t
really understand the deep details. But now, I’m glad to
say that this course was delivered in a way that matches
my way of understanding and now I have a better under-
standing to the timers’ and storage concept.’’

TABLE 2. Summary of the item analysis results for two major exams [50].

• The structure of the course and its relation to other
courses: ‘‘The topics are also complementary of the
other courses and combines both computer architec-
ture course and microprocessor’’, ‘‘Regarding the con-
tent of the course, how the topics progressed is very
nice. It makes sense and it is easy to understand.
I appreciate the thought that went into making the con-
tent.’’ ‘‘I love tying ideas together, making sense of the
whole topics of the course and relating one lesson to
another.’’

C. ASSESSMENT
We assessed students’ performance using two quizzes (5%
each), a midterm exam (30%), a project (20%), and a final
exam (40%). As mentioned before the quizzes and the exams
were administered on computers using Blackboard. In this
section, we just give an example for a test question and
summarize the results of the item analyses for the midterm
and the final exam to show the appropriateness of these
computer-based tests for assessment.

Fig. 19 shows one question from the final exam as it
appears on Blackboard. This question is of the type ‘‘Fill
Multiple Blanks’’. Note how we provided the choices for
the first three blanks. This is to simulate multiple-choice
questions that are unsupported in this question type. As for
the code, some of the blanks are numerical values. The stu-
dents should extract these values from the timing diagram,
i.e., 0 × 27 for the salve address and 199 for the sent data
byte. Short-answer blanks are filled in with keywords or
other labels. The students had access to a keyword sheet to
avoid memorization. Some of the keywords required for this
question are function names, e.g., beginTransmission.

The results of the item analyses of the midterm and final
exams are summarized in Table 2. Accordingly, most of the
questions are good in terms of discrimination power and of
medium difficulty level.

VI. DISCUSSION
From the experience we gained during the design of learn-
ing activities, the interaction with the students in the virtual
classroom, and the results of the data analyses shown in the
previous section, we discuss some relevant aspects of the
proposed design for active distance learning, highlighting
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FIGURE 19. An exam question on blackboard.

some limitations of the approach and proposing some future
improvements.

1) STUDENTS’ ENGAGEMENT
The benefits of active learning for students’ engagement
and learning are well reported in the literature [51]. Also,
students’ engagement through lecture-free instruction was
reported [31], [32]. The presented paper features the ability
of instructional design to enhance hands-on experience in
active distance learning and to make lectures unnecessary.
We are not aware of any related work that showed such a
constellation.

The results related to students’ engagement are promising.
Although we cannot prove that all students have performed
the hardware/software tasks as expected, the performance

in the learning activities as recorded in the Moodle grade
book confirm a high level of cognitive engagement. Also,
the students’ self-reports about their perceptions, especially
the rating of the interestingness of the activities, indicate
strong engagement. As mentioned before, the literature asso-
ciates task interestingness with higher attention, hence, with
cognitive engagement [49].

Apart from this, some students missed the lecture compo-
nent in the course. Fortunately, these students suggested that
lectures or short lectures should complement the activities
rather than replace them. We recognize that the presented
approach is very different from what our students are used
to. Not all students are on the same level of adaptability
to different learning methods. Although we are confident
that the presented method is more useful than pure lectures,
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we may need to test the impact of enhancing the course with
some short lectures in the future.

2) MISSING LECTURE NOTES
The students indicated overall satisfaction with the course
content. This shows the ability of the proposed design to
accommodate comprehensive learning topics. Indeed we
agree with students’ comments regarding the lack of a com-
pact learning resource for the course such as PDFfiles. Unfor-
tunately, Moodle (like Blackboard) cannot generate printable
versions of quizzes. We are aware that some students try this
manually because they prefer to have quick and easy access to
the content rather than scrolling through the activities every
time they want to study. This is another point that requires our
attention in the future.

3) CLASS SIZE
Our class had 43 students. We ran Moodle on a cloud
server (IaaS) using a general-purpose Droplet Plan on Digi-
talOcean (2 virtual CPUs with 2 GB RAM each, 60 GB SSD,
and 3 TB data transfer permonth). This configuration allowed
us to work without any issue in the whole term. Sticking to
the scheduled class hours to complete the activities and join-
ing the virtual classroom for answering students’ questions
were very useful. However, sometimes several students asked
questions simultaneously in the chatbox and it was a little
hectic to answer them one by one. This is especially true when
there is an issue in some question. Sometimeswe had to return
to the question and fix it. We don’t remember any significant
issue with this but we can expect that a larger class would
have caused more questions to come simultaneously. At any
rate, this approach helped us fix most if not all issues in the
learning activities so that we expect to get fewer questions in
the future.

4) HARDWARE DEPENDENCY
The course and all learning activities strongly rely onArduino
and the hardware kit we provided. This is a limitation for
the portability of the course. On the other hand, technol-
ogy selection is a characteristic issue for teaching embedded
systems. We support the view that focusing on one tech-
nology is more useful than using multiple technologies or
making the course technology-independent. Having said this,
the proposed design in terms of the pedagogical framework
as illustrated in Fig. 2 is indeed portable and can be used with
different hardware and software.

5) DESIGN OVERHEAD
We estimate that the design of one learning activity took the
author approximately 15 hours on average. This time is spent
on:

1) Finding an appropriate problem to base the learning
activity on.

2) Hardware connection, coding, and debugging.
3) Creating learning activity on Moodle.

Note that the first two tasks should be accomplished with
the third in mind because students should be able to com-
plete the activity within the learning session (75 minutes).
Through the repeated design of learning activities, we gained
the experience that this task is artistic in a sense: In the
beginning, it hard to tell how the learning activity will look
like at the end. It is essential to be aware of relevant learning
theories and to know the capabilities of the used technologies.
However, the segmentation of the topic, the sequencing of the
segments, the selection when to ask to code, when to upload
a video, what question type, how much review, scaffolding,
or feedback should be given, are all decisions that should
be taken creatively during the design and cannot be planned
easily in advance.

Indeed, the time overhead of this design can be a significant
limitation. Still, we believe that this time investment is justi-
fied because it benefits students’ learning. On the other hand,
this overhead is more or less a one-time expense because
the activities can be reused without or with small changes
in the future. Furthermore, it should be highlighted that the
computer-based assessment and automatic grading supported
in this method provide considerable compensation by saving
marking time.

6) OPEN ACCESS TO THE COURSE2

Learning management systems are usually used within insti-
tutions and only members of these institutions are granted
access to content posted on these systems. In contrast, deploy-
ing our course on a cloud-basedMoodle with self-registration
and self-enrollment makes the course available to interested
users outside our university.

7) PROJECT COMPLETION AT DISTANCE
The main focus of this paper was on the replacement of lec-
tures by learning activities including hands-on experiments.
The project component of the course was not investigated in
depth. So, we did not collect data that can help in analyzing
how the students worked in teams, which challenges they
faced, and how they addressed their challenges. We believe
that project-based learning in distance mode deserves a ded-
icated study in the future.

VII. CONCLUSION
The move to distance learning due to the COVID-19 pan-
demic poses several challenges for faculty and students. Stu-
dent engagement is one of the most mentioned issues in this
context. Active learning is often proposed to mitigate the
situation. However, active learning can only make sense if
students can receive timely scaffolding and feedback. This
can be an issue for big classes. Another challenge in distance
learning is the lack of access to physical laboratories and the
difficulty of having hands-on experiments in practical courses
such as embedded systems.

2The course is available at https://www.learn-smartly.com. Please contact
the author to arrange access for your students and provide an enrolment key.
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In this paper, we presented a pedagogical framework
for active distance learning. The framework was applied to
design a course on embedded systems with practical exer-
cises. The results show strong student engagement and pos-
itive perceptions. Indeed, technology plays a central role
in the current shift to distance learning. However, for full
advantage, this technology should be deployed thoughtfully
in the context of a solid pedagogical framework. This requires
strong engagement from us and considerable time investment.

APPENDIX A
QUESTION TEXT RELATED TO FIG. 5
In the last session you learned about the signaling in the I2C
bus.

Complete the following text to recall what you learned!
The I2C transfers {:NM: = 1} bit per clock cycle. (Write

a number)
The data on the SDA line are only allowed to change while

the SCL line = {:NM: = 0}. (Write a number)
However, there are three exceptions to this rule: sending a

START, REPEATED START, or {:SA: = STOP} signal.
While any chip can be amaster on the bus, at one time point

only {:MCS:= one chip∼ two chips} can be master/masters.
All other devices must be /:SA: = slaves/.
A master must send a {:SA: = START} signal or a

RESTART (REPEATED START) signal to take the bus, and
a :SA: = STOP signal to release the bus.

After a START or RESTART signal, the first byte the
master must send is the 7-bit {:SA: = address} of the slave
followed by {:NM: = 1} bit/bits for the mode. (Write a
number)

When READ/WRITE = {:NM: = 1}, the master is in the
reception/read mode.

When READ/WRITE = {:NM: = 0}, the master is in the
transmission/write mode.

The {:MCS: = MSB∼ LSB} of the address/data must be
transferred first.

Every received byte must be acknowledged by the receiver,
who {:MCS: = can be the master or a slave∼ must be the
master∼ must be a slave}.
An acknowledgement signal (ACK) has always the binary

value {:NM: = 0}.
A negative acknowledgement (NACK) has always the

binary value {:NM: = 1}.
NACK {:MCS:= can be ‘‘sent’’ by the master or a slave∼

must be ‘‘sent’’ by the master∼ must be ‘‘sent’’ by a slave}.
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