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Using a Real Bare Machine in a Project-Based Learning Environment
for Teaching Computer Structure: An Analysis of the Implementation
Following the Action Research Model

EDURNE LARRAZA-MENDILUZE, NESTOR GARAY-VITORIA, IRATXE SORALUZE,
JOSÉ MARTÍN, JAVIER MUGUERZA, and TXELO RUIZ-VÁZQUEZ,
University of the Basque Country

The computer input/output (I/O) subsystem and its functioning are very abstract concepts that are difficult
for undergraduate freshmen to understand. However, it is important that freshmen assimilate these low-
level concepts if they are going to be taught about the operating systems (OS) working over that architecture
layer, or working directly with them in embedded systems, real-time systems, or in the area of human–
computer interaction (HCI). This article describes the use of a game console (Nintendo R© DS, NDS) in a
project-based learning (PBL or PjBL) environment in which the design of a game is the basis of the project
in order to encourage the students to get more involved with the computer I/O subsystem abstraction. A 4yr
experience is reported in which the action research model (planning, acting, observing, and reflecting) has
been followed. The general procedure for the 4yr and the specific characteristics and achieved results for each
year are reported. The aim of the study was twofold: to assess the learning effectiveness of the active PjBL
educational approach and some related factors, and to analyze the motivation toward the subject fostered
by the game console. The first aim is analyzed using the scores achieved by the students; the second aim is
analyzed via satisfaction questionnaires.
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1. INTRODUCTION

Standard computing curricula [ACM/IEEE Computer Society 2008; IEEE Computer
Society/ACM 2004] emphasize the relevance of the input/output (I/O) topic, for which
interfacing and I/O strategies are defined as core matters. The curriculum guidelines
for undergraduate degree programs in computer engineering [IEEE Computer Society/
ACM 2004] define, among others, the following learning outcomes: “Explain how to
use interrupts to implement I/O control and data transfers” and “Write small interrupt
service routines and I/O drivers using assembly language.” Previous research work
on how the computer I/O subsystem is taught [Larraza-Mendiluze and Garay-Vitoria
2015] classifies four different approaches: (1) the purely descriptive approach, (2) the
performance approach, (3) the datapath-signal approach, and (4) the programming
approach. The fourth approach is the one that is better suited to improving learning
outcomes and the one for which practical laboratory work and a real or emulated
computing machine is needed.

Our faculty has been teaching the I/O subsystem topic following the programming
approach for some time. However, we have primarily used the same teaching methods
for years, which include lectures to explain theoretical concepts and laboratory assign-
ments to put them into practice, based on personal computers. This happened when
the I/O topic was taught in the first semester of the second year in a subject called
Computer Architecture I (CAI).

Due to the adoption of the European Higher Education Area (EHEA), the I/O topic
moved from the CAI subject to a new subject called Computer Structure (CS) in the
second semester of the first year. The aim of this new subject is more or less the same
as the aim of CAI, to show students the structure of a computer and how the main
parts work. However, many things changed due to the rearrangement of the topics. In
Section 3 of this article, main changes between CAI and CS subjects are detailed.

The I/O topic concerned the lecturers of this subject even when it was in the second
year because the students had difficulty understanding and familiarizing themselves
with the content. Pass rates were low (44%) and drop-out rates high for a second year
(31%). Naturally, when the topic moved to the first year, the concern increased because
the difficulty in understanding a topic is understandably greater in the first year, when
the students are more immature. Moreover, during the first year, the students are
required to pass at least two subjects to advance in the informatics degree. Around
45% of the students do not fulfill that requirement and have to leave.

Data shown in this article refers to just a topic in the CS subject. However, in order
to be able to contextualize these numbers, note that, in our institution, the passing
rate in the second semester of first-year subjects is around 34% and the drop-out rate
around 42%, both on average, while the numbers corresponding to CS (the full subject)
are around a 42% passing rate and 40% drop-out rate.

Nevertheless, it is important that freshmen understand these low-level concepts
if later they are to be taught about the operating systems (OS) working over that
architecture layer or working directly with it in embedded systems, real-time systems,
or in the area of human–computer interaction (HCI), mostly by using interrupts and
concurrent processes. Therefore, we consider interrupts and service routines to be very
important and should figure in the students’ knowledge from the first year.

This work is based on the hypothesis that a real bare machine, such as a Nintendo R©

DS (NDS) game console, together with the project-based learning (PjBL) educational
approach, can form an ideal team in the educational process of the computer I/O
subsystem. We use the term “bare machine” to denote a machine that can be worked
on without it having an OS, in order to directly access its resources and deal with its
architecture. We also study some adjustable parameters in the application of a PjBL
educational approach that can be generalized for other subjects.

ACM Transactions on Computing Education, Vol. 16, No. 3, Article 13, Publication date: May 2016.



Using a Real Bare Machine in a Project-Based Learning Environment 13:3

This article is organized as follows. Section 2 discusses related work that has in-
fluenced this study in some way. Section 3 gives the required background information
about course and curricular context. Section 4 describes how the NDS features have
been used. In Section 5, the data gathered and the results obtained each year are
presented. In Section 6, we will describe each implementation, reflecting on the results
and the adaptations made to several PjBL parameters during the four subsequent
academic years in which it was applied, from 2010/2011 to 2013/2014. In Section 7, we
discuss the lessons learned during this experience and present our conclusions.

2. RELATED WORK

The aim of this article is to describe our experience teaching the I/O topic in an in-
troductory Computer Structure course while trying to introduce the PjBL educational
approach. For laboratory sessions, Personal Computers (PCs) used to be an adequate
option, but currently they are not very attractive, due to the complexity of the OS
intervention in the management of low-level hardware, which poses some difficulties
to students’ hands-on learning. In order to avoid that problem, virtual machines and
simulators are usually used by Black and Komala [2011], Black and Waggoner [2013],
Donaldson et al. [2011], and Scott [2000]. Although the authors of those articles claim
the benefits of these techniques, others [Santofimia and Moya 2009; Brorsson 2002]
stress the importance of working directly with real hardware to enable students to learn
about the hidden details in simulators. For this reason, some authors prefer platforms
specifically designed for course development [Brorsson 2002; Ellard et al. 2002; Brylow
and Ramamurthy 2009]. However, these approaches are not usually very appealing to
students, because they are clearly machines not found outside the laboratory.

In order to improve student motivation, some authors prefer real machines known
to students outside their learning environment, such as robots [Teller et al. 2003] or
game consoles. Some attempts have been made in introductory computer-architecture
courses. Tew et al. [2008] use a Game Boy machine, but they focus on machine language
and assembly language rather than the I/O subsystem. Santofimia and Moya [2009]
use the NDS, but all work with I/O is restricted to memory control. The last two studies
mention that the students’ motivation increased. Santofimia and Moya [2009] say that
adopting the NDS is not a silver bullet for supporting students in their education.
However, they claim that the results show an important improvement in terms of the
content understood and retained by the students.

As a way of improving students’ learning from a methodological point of view, confi-
dence in PjBL as an educational approach is increasing at the expense of more tradi-
tional methodologies, in which lectures and traditional practical exercises prevail and
students passively collect the information that the lecturer transmits. In contrast, in
PjBL, the students themselves take responsibility for their learning process and be-
come promoters of their own learning. They have to develop a project that is relevant
to the real world. They need to obtain the relevant information and learn all of the
necessary concepts while the lecturer provides guidance and counseling in the process
(i.e., they learn the concepts by doing). Thus, the project stimulates learning. More-
over, PjBL is an educational approach based on collaboration. Students have to work
in teams, which forces them to develop other skills [Thomas 2000]. There are many lit-
erature references on PjBL in engineering education [Dı́az Lantada et al. 2013; Nepal
2013] that stress its importance and effectiveness. With regard to computer science and
computer engineering, Ramachandran and Leahy [2007] provide a good list of possible
projects to be carried out in the area of computer architecture. Berglund and Eckerdal
[2006], Martı́nez-Monés et al. [2005], Stanley et al. [2007], and Urness [2007] also
describe interesting implementations of the PjBL educational approach in the area of
computer architecture and systems.
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With all this in mind, we modified our educational approach by transitioning from
classical lecture-based passive classes to PjBL active methods. We also decided to
use the NDS to do practical laboratory work. This machine has several I/O devices, ex-
plained in Larraza-Mendiluze et al. [2013] and perfectly suited the objective of carrying
out attractive projects. The objective of our research was to seek a way of implementing
the educational approach, which would encourage students to engage with the topic
and, therefore, obtain a good perspective and knowledge of it.

We knew that it would not be possible to achieve the best scenario with the first
implementation. Thus, we applied the action research model, “a diagrammatical model
as a spiral of cycles, each consisting of four moments or phases in action research:
(1) planning; (2) acting; (3) observing; and (4) reflecting” [Altrichter et al. 2002]. What
we learn during the year will be used to make the educational approach better in
subsequent years.

3. THE EDUCATIONAL CONTEXT

For many years, in the Faculty of Informatics of the University of the Basque Country
(UPV/EHU), the computer I/O subsystem has been taught in an introductory second-
year, first-semester CAI subject. The aim of this 7.5 European Credit Transfer and
Accumulation System (ECTS) subject was to introduce the functioning of the main
parts of the computer. The topics were:

—The control unit (10% of the subject), in which microprogramming was introduced.
—The processing unit (20% of the subject), in which the students had the opportunity

to learn how arithmetic operations are performed in a computer.
—The main memory (20% of the subject), in which the organization of the main memory

was explained.
—The I/O subsystem (40% of the subject), in which the mechanisms to connect the

outside world with the computer were introduced.
—The connection subsystem or the buses (10% of the subject), in which the main bus

protocols were explained.

Due to the adoption of the EHEA, the I/O topic moved to a first-year, second-semester
new subject CS. The aim of this 6 ECTS subject is more or less the same as the aim
of CAI, to show students the structure of a computer and how the main parts work.
However, many things changed due to the rearrangement of the topics.

The subject includes the four main topics of the “Von Neumann” structure:

—Introduction and Memory (5% of the subject). In this topic, an overview of the Von
Neumann structure is presented, as it has already been covered in a previous subject.
Then, the concept of main memory and how addressing works is discussed so that
the students can work with memory addressing in the next topics.

—Instruction set (45% of the subject). In a previous subject on digital systems, the stu-
dents have learned how the Central Processing Unit (CPU) works with its processing
and control unit. Therefore, in this topic, students learn an assembler language in
order to be able to make more sense of how low-level programming works.

—I/O subsystem (45% of the subject). In this topic, students should learn what the
I/O subsystem is, how it interfaces with other subsystems such as memory, and the
different required techniques, such as polling and interruption. The concept of DMA
is also introduced together with interruption.

—Interconnection systems (5% of the subject). Students have to know that all the
communication between the different parts of the computer is carried out thanks to
buses. Therefore, the different communication protocols are introduced in this topic.

It has to be said that this is not an isolated case of active learning strategies. Many
of the subjects that the students will find during the computing degree are student
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centered. Specifically, this subject is part of a computer architecture and systems group
of topics (Introduction to Digital Systems Design, Introduction to Computer Technology,
Computer Structure, Computer Architecture, Introduction to Operating Systems, and
Operating Systems). All of these subjects are, to a different extent, following student-
centered and active-learning strategies.

4. THE NDS FOR COMPUTER I/O SUBSYSTEM EDUCATION

This experience started in the school year 2010–2011. However, a few years before,
we had started studying the possibility of merging the use of a game console and an
educational approach based on PjBL. During the research phase, several game-consoles
were analyzed and the NDS was chosen due to its price, connectivity, and support issues
[Larraza-Mendiluze 2014]. Besides, the use of the NDS is itself attractive for students.

The NDS is proprietary. To our knowledge, Nintendo does not provide the devel-
opment kit to anyone other than licensed developers. However, there is a homebrew
community offering an open toolchain, the devkitPro [devkitPro 2014], which, among
others, has a library to program the NDS, called libnds. Studying this library, we found
out how to use the NDS in the educational process of the computer I/O subsystem.

The proposed platform fulfills the requirements of the subject. Moreover, the libnds
library of the devkitPro toolchain [devkitPro 2014] offers an interrupt controller pro-
grammed in the assembler. Since the second topic of the subject deals with assembler
programming, this gave us the opportunity to look at the code and see how it worked.
The interrupt controller provides us with the possibility of programming Interrupt
Service Routines (ISRs) and managing the interrupt table.

Also, some of the NDS peripherals—such as the touchscreen, keyboard, and a config-
urable timer—have been programmed. Every key of the keyboard can be configured to
interrupt or not, providing the opportunity to analyze polling and interrupt synchro-
nization methods.

A limitation of the NDS is that all the I/O registers (interrupt controller configuration
registers and peripheral registers) are mapped in the memory; thus, the possibility of
accessing registers mapped in the I/O space does not exist.

Complications related to graphical interface and programming for both processors
of the NDS can be avoided. The projects developed will run only in the ARM9. Related
to the graphical interface, the entire environment was given to the students with an
example of how to add new backgrounds and sprites.

For more details about the characteristics of the NDS, see Larraza-Mendiluze et al.
[2013, Section III.B]. Anyone interested in the teaching course resources used during
this experience should contact the first author of this article.

The NDS machine together with the devkitPro toolchain, offers the possibility to work
on all the necessary I/O concepts. However, the hypothesis has another component: the
PjBL educational approach. Four consecutive applications of the PjBL educational
approach are shown in Section 6, together with the analysis of the results obtained
each year, and comments on how these results have been used to determine future
changes. Meanwhile, all data used in Section 6 can be found in Section 5.

5. DATA GATHERED AND RESULTS OBTAINED

This study covers four years thus, the experience warrants some reflection to be able
to achieve better implementations of the educational approach. The implementations
for the educational approach have been adapted year by year in an effort to get better
results or to increase student motivation following the action research model [Altrichter
et al. 2002]. It has to be mentioned that, in this scenario, teachers are learners as well
[Boos and Krauss 2007]. This section describes first the data gathered in order to follow
the previously stated design cycle and later the results obtained each year.
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Table I. Items of the Satisfaction Questionnaire

Number Item
1. The course syllabus (program, goals, references, tutorials) was clear from the beginning.
2. The classes have been adjusted as provided in the syllabus of the subject.
3. The criteria and assessment method have been clear from the beginning.
4. The assessment has taken into account assignments, participation in class, and other

activities.
5. The aims and schedule of support hours have been clear from the beginning.
6. The contents of this subject have been associated with other materials.
7. There has been enough practice and sufficient problems and cases have been presented

for the correct understanding of the content.
8. The educational approach used in the subject has fostered students’ reflection,

synthesis, and reasoning skills.
9. The development of the subject has properly promoted critical and active participation

of the student body.
10. The educational approach has fostered collaboration and participation of students both

in classroom activities and outside.
11. The educational approach has been good to acquire work and study habits.
12. The educational approach has resulted in a pleasant climate during the development of

classroom activities and outside.
13. The educational approach has facilitated communication so that students express their

concerns and problems.
14. The educational approach has used the strengths and weaknesses of the students to

guide them to improve.
15. The educational approach has helped the students to deal with conflicts, changes,

tensions and limitations.
16. The educational approach has encouraged communication between the students and

has offered effective mechanisms to address situations that affect them academically.
17. The educational approach has facilitated the evaluation results to serve as a new

learning option.
18. The evaluation system used has been adapted to the educational approach.
19. The guidance provided by the lecturer during the process has satisfied students’ needs.
20. Overall, the assessment of the subject has been adequate.

The educational approach has been useful to help:
21. Understand theoretical content.
22. Link theory and practice.
23. Relate the contents of the course and obtain an integrated view.
24. Increase interest and motivation toward the subject.
25. Make decisions about a real situation.
26. Solve problems or offer solutions to real situations.
27. Develop your communication skills (oral or written).
28. Develop your autonomy to learn.
29. Take a participatory attitude about your learning.
30. Improve your skills in group work.
31. Develop skills needed in professional practice.

Every school year, at the end of the module, different data were gathered in order
to prepare the implementation for the next school year. These data were based on the
scores obtained by the students who followed the PjBL educational approach and the
answers to a satisfaction questionnaire on the subject as a whole, which was handed out
to the students. The satisfaction questionnaire had two parts, the first one comprising
31 Likert-type items on a scale from 1 to 5 (1 = strongly disagree, 2 = disagree, 3 =
neither agree nor disagree, 4 = agree, 5 = strongly agree) (see Table I). The second part
has two open questions: (1) Would you change something? Do you have any suggestion

ACM Transactions on Computing Education, Vol. 16, No. 3, Article 13, Publication date: May 2016.



Using a Real Bare Machine in a Project-Based Learning Environment 13:7

in order to improve the educational approach? and (2) Comment on something that you
believe is important and has not been included in the questionnaire.

The responses obtained every year have been compared with the responses obtained
the previous year using the Mann-Whitney U test. Table II shows the data obtained
each year: the number of responses, the average and standard deviation, and the P-
value from Mann-Whitney U test. However, the first year was not comparable with the
previous one, because the previous year we did not ask the students to fill out such
a satisfaction questionnaire. Considering the P-values, the ones that demonstrate a
significant difference appear in bold type.

Before addressing Table III, it is worth mentioning that neither actively following the
subject nor the project itself was mandatory. Therefore, students have the possibility
of passing the course even they do not complete the project.

Taking that in consideration, Table III shows the number of students who started
with the educational approach and the number of students who ended the course
following it. Similarly, the teams that were formed at the beginning and the number of
teams that reached the end of the course are also represented, followed by the number
of students (out of those who started and those who finished) who did not take the
exam, who did not pass it (scoring lower than 5 out of 10), who got a low score (scoring
between 5 and 7), who got a good score (between 7 and 9), and those who got an excellent
score (scoring 9 or higher).

6. ACTION RESEARCH MODEL CYCLES

This section is based on the action research model [Altrichter et al. 2002]. It will show
the overall details of the educational approach, followed by each implementation, with
reflection on the data obtained (which can be found in Section 5), and the changes
proposed for the next year.

In order to fulfill the requirements of the project, students must perform certain
steps. Some of these steps, and even the order in which they have been carried out,
have changed along the years. In this section, the steps will be defined analyzing
different configuration possibilities.

PjBL is a collaborative educational approach with two important features: positive
interdependence and individual accountability [Johnson et al. 1998]. Positive interde-
pendence requires that all members of a working team participate actively and con-
tribute to the project, avoiding members absenting themselves from the group activity
without consequences. Individual accountability requires that all teammates learn
with the project all the topics involved. Positive interdependence is achieved with an
adequate workload, but individual accountability is not ensured with this load. For
example, one of the teammates may be designing spectacular images without knowing
how the I/O subsystem works. For this reason, we decided that all students had to take
an examination and get a minimum mark in order for the project score to be taken into
account in their final evaluation.

In adhering to the PjBL educational approach, the leadership role taken by a lec-
turer in the classroom is minimized and reserved only for moments in which a special
explanation is necessary. The rest of the time, the students’ work is crucial and per-
formed either individually or in teams. Therefore, one of the first phases of the project
is the team building phase. During this phase, there is the interesting parameter of
team size to be considered. Smaller team sizes require the lecturer to manage more
teams. However, bigger team sizes might generate more internal problems in the team.
Oakley et al. [2004] advise making teams of 3 or 4 members.

Once the teams are established, it is time to start the project itself. In order to start
designing and developing such an I/O project, it is important for the students to know
how to graphically describe the functionality of the system that they have designed. For
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Table III. Students and Groups Who Started and Finished the Project and the Scores Students
Got in Their Exam
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10-11
started 41 8 12 29.27

5
12.20

3
7.32

19
46.34

2
4.88

finished 29 6 0 0.00 17.24 10.34 65.52 6.90

11-12
started 57 13 17 29.82

9
15.79

16
28.07

10
17.54

5
8.77

finished 46 12 6 13.04 19.57 34.78 21.74 10.87

12-13
started 40 14 2 5.00

3
7.50

18
45.00

15
37.50

2
5.00

finished 39 14 1 2.57 7.69 46.15 38.46 5.13

13-14
started 36 12 5 13.89

6
16.67

7
19.44

15
41.67

3
8.33

finished 31 11 0 0.00 19.35 22.58 48.39 9.68

that purpose, we teach them how to build state machines, with which they show how
the I/O affects the state of the system. In order for the students to become competent in
this endeavor, they are required to build the state machines of some previously defined
I/O systems. This phase will be called the design learning.

The definition of the problem is a phase that can be adapted from implementation to
implementation since it refers to the purpose of the development. The students could
be asked to develop a simulator, a game, or any sort of application. Depending on the
type of application that they have to develop for the NDS, their interest and the results
obtained might change.

Once students know the definition of the problem and know how to design a project,
they are ready to go to the design phase.

The introduction of the theory. In a PjBL educational approach, the theory is supposed
to be learned while developing the project. However, this is one of the difficulties of
PjBL. Students are wont to ask for a theoretical basis before starting to work on the
project. Also, lecturers were not used to this system and the design of the lectures
without the theoretical basis is not straightforward. Therefore, this phase has also
undergone changes in the different implementations in order to study how the students
perform with the different strategies and methods used to learn the I/O concepts.

The introduction of the technical details. Once students know the theoretical basis of
the computer I/O subsystem, they need to know the specifics of the machine in order
to work with it.

The merging phase is the one in which design, theoretical knowledge, and specific
technical knowledge are merged in order to achieve the final product.

Probably, the best approach would be to have a cyclic design so that the students
could learn from their mistakes in each interaction. However, this is not possible due
to time limitations. Therefore, the lecturer reviews the team’s work in each phase,
making sure that there is nothing that would make the project fail, and the lecturer
guides the students so that they can find the right way with just one iteration.

6.1. The First Implementation (School-Year 2010–2011)

Team size is a very important parameter in a PjBL educational approach. In this first
implementation, we were concerned about having too many groups. Therefore, during
the team building phase, we formed seven teams of five and one of six teammates. We
went through the design learning phase directly to the definition of the problem phase.
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Using an NDS machine to develop the project may appear to imply that the project
should require the students to develop a game. However, management of the memory is
quite complex and the lack of handbooks made it a real challenge. On the first occasion,
we decided to use only static backgrounds, which made the goal of developing a game
beyond our reach. Therefore, that first year, the students were asked to implement
vending-machine simulators that would run on the NDS. In their design, they would
have to synchronize the touchscreen, the keyboard, and a timer.

The design phase started right away. Once the students had delivered their design,
the lecturer reviewed it and the team got feedback on its suitability.

The introduction of the theory phase started with a question: “What do we need
in order to make/solve the project?” A lot of needs were put forward by the students;
several were related to the I/O topic itself, whereas others were not. Among the needs
related to the I/O subsystem, they asked for the communication needed between com-
puter components, how to control the timing, and so forth. At that point, they were
willing to read the course notes in order to be able to answer the questions. However,
following the jigsaw technique [Aronson et al. 1978], each student got only part of the
course-notes, worked on them, discussed them with the students that had received the
same part, then rejoined their team, at which point each student explained his or her
part of the theory. At that moment, the students were ready to enter into the introduc-
tion of the technical details phase. They would have to ask the lecturer for information
on the different peripherals that they would have to use so that they could merge all
their knowledge into their final product.

6.1.1. Results and Reflections of the First Implementation. Out of the 41 students who started
the project, 29 finished. Two teams abandoned and 2 others each lost one member,
ending up with 5 teams of 5 and 1 of 4 teammates. Six different vending machines
were developed. The products sold in these machines were sandwiches, drinks, candy,
pictures, train tickets, and petrol.

Of the students who started the project, 58% passed the topic, while 82% of the
students who finished the project passed the topic. Moreover, 72% of the students who
finished the project passed with at least a remarkable mark (70%–90%). Considering
the results of the students who finished the project and then went on to pass the topic,
it would clearly be interesting to raise the ratio of students who finish the project.

The questionnaires also provided some data worth analyzing. Table II shows how
in the first implementation items 7 and 21 got the lowest scores. These two items are
directly related to understanding of the content ((7) There has been enough practice
and sufficient problems and cases have been presented for the correct understanding
of the content; (21) The educational approach has been useful to help understand the
theoretical content). Also, the open questions showed the need that the students felt
to have more theoretical explanations. Out of 21 students, 18 asked for more lectures
in their open-ended questions. Despite this being contradictory to the educational
approach option, it was a point to consider for the next implementation.

From our experience and the data, we concluded that, although there were not many
teams to deal with (just seven), such big teams were very difficult to manage. Team
internal conflict was probably a factor in 30% of students not finishing the projects.
Therefore, we decided to make the teams a little smaller.

In addition, students are not used to learning while doing and they needed to have
the theory available sooner.

6.2. The Second Implementation (School Year 2011–2012)

This second-year group was even bigger than the previous one, but, at the team-building
phase, the decision made was to build teams with no more than five members. Some

ACM Transactions on Computing Education, Vol. 16, No. 3, Article 13, Publication date: May 2016.



Using a Real Bare Machine in a Project-Based Learning Environment 13:11

students, though, decided to form teams of three. There were 13 teams of three to five
teammates.

This time, after the team-building and design-learning phases, we went on to the
introduction of the theory phase. We did not want to introduce classical lectures in
the educational approach, and we thought that bringing forward the introduction of
the theory phase could help fill the need for lectures that the students had made
evident. Again, parts of the course notes were handed to the students in order to work
on following the previously explained jigsaw technique [Aronson et al. 1978]. Once
each team had discussed all parts of the topic, all students received the entire set of
course notes so that they could have a complete perspective. This decision was made
because some of the students were unhappy having only part of the notes, because their
teammates were not able to adequately complete the information gaps. This measure
was also taken following the open-ended questions of the satisfaction questionnaire.

By then, we were able to move sprites on both displays. This opened the door for
designing games, which we thought would be more attractive for the students. There-
fore, we changed the definition of the project. The students would have to implement
a simple game using the same NDS devices of the previous year. Of course, the team
size was also taken into account when defining the workload of the projects.

By this time students should know the theory and should also be able to design an
I/O system; therefore, it was time to start the design phase. The result of this phase
would be reviewed by the lecturer and the team would get feedback on its suitability.

Meanwhile, in order to discuss and promote motivation, a new question was proposed
since the theory was already known. The new question was: “How can this be done
on the NDS?” This way, the design phase was developed together with the phase in
which the technical details are introduced. The students posed a few questions on I/O
registers, but this time they were much more attracted by the idea of developing their
design than in hearing explanations from the lecturer.

6.2.1. Results and Reflections of the Second Implementation. The results of this school year
show 57 students who started the project and 46 who finished it. Twelve different
games were developed. However, one of the biggest teams abandoned, four lost one
or two members, and two more had to be rearranged. Many factors have influenced
these results, but the lecturers’ observations point out that smaller groups are easier
to manage. However, the pass ratio for the finished projects fell by 15 points (adding up
the passes, good, and excellent ratios, the pass ratio for the first year was 82.76% and
for the second year 67.39%), which may indicate that many of the teammates had been
unable to follow the course but had only managed to finish through support from the
team. During the project development, the lecturers had observed that the students
were more interested in the game than in the topic. This observation was then reflected
in the figures.

Not only did the students’ marks fall, but also their satisfaction levels, as can be seen
in Table II.

Although some items rose slightly, the differences for most of them were not signif-
icant, as shown by the P-values of the Mann-Whitney test. The P-values in bold show
the items with statistically significant differences. Only item 6 got a significantly bet-
ter score ((6) The contents of this subject have been associated with other materials.).
Students have understood better the relationship among the topic and other materials.
On the other hand, the students did not see how the educational approach had helped
them and the class atmosphere was not seen as positive.

The observations showed that, as hypothesized, students were very attracted to the
idea of building a game for a hand-held console. However, the results were not as good
as hoped, perhaps because building an attractive game was more important for some
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students than getting to know the computer I/O subsystem. More students excelled,
the ones that really cared about the subject, but many others devoted their time to
drawing aesthetically pleasing images for the game and therefore failed the subject.
This division could also be the cause of the decline in the classroom atmosphere. This
setback was taken into account in the next definition of the problem phase, which
emphasized the definition of an attractive project for the NDS but limited their graphic
interface design possibilities.

The teams that performed better were those consisting of three teammates. This was
probably due to their attitude, but we realized that in the bigger teams students still
had management problems. Therefore, although the class was still big, we decided to
form groups of three teammates.

In this implementation, all the items of the questionnaire got a score above 2.6.
However, there were some below 3.0, and this time we tried to monitor and support
these low scorers more closely. As well as items 7 and 21, we had to consider items 14
and 19 ((14) The educational approach has used the strengths and weaknesses of the
students to guide them to improve; (19) The guidance provided by the lecturer during
the process has satisfied students’ needs), which showed that the students felt a lack
of guidance. The results of the closed items coincided with the open-ended questions.
Students asked for more lectures, more guidance, more resolved exercises, and so on.

The lecturers studied the problem and realized that this was not associated with
delivering the course notes sooner or later, but more connected with the size of the
group (between 45 and 65 for the most recent courses). It was very difficult for the
teacher to guide all the teams in their discussions about the theory using the jigsaw
technique [Aronson et al. 1978]. Thus, the lecturers decided to try a different technique.

6.3. The Third Implementation (School-Year 2012–2013)

In the third-year implementation, the proposal was for the teams to be comprised
of three teammates. There should be a group of four teammates, but the students
preferred to form two pairs. The phases followed the same order, but, in the introduction
of the theory phase, the jigsaw technique was replaced by an inquiry-based technique
[Kahn and O’Rourke 2005], in which the lecturers proposed questions that the students
had to answer based on their own knowledge. This opened the way to a discussion in
which the theoretical concepts of the topic were outlined. Finally, the students had to
answer the questions on their own with the help of the course notes.

The project was redefined in order to get the students thinking about the topic at
hand, instead of merely designing pleasing graphics. The game would be similar to the
100-doors game, in which the player has to unlock the doors using the machine controls
and advance to more difficult levels. Each team would have to develop a mini-game to
open one door. The design of the mini-games was carefully revised by the lecturers, so
they were not too complicated to develop. Of course, the students’ initiative must not
be repressed and they were given the possibility for improving their projects once the
I/O was controlled as the project required.

As in the previous implementations, for the introduction of the technical details,
the students were encouraged to request anything they needed while developing the
project.

This year, in order to achieve a better understanding of how the students were
developing their knowledge of the topic, we decided to take a further step with the
introduction of a new tool, concept maps. From the outset, together with the state
machines, the students received a lesson on how concept maps are built. Then, while
the topic was being developed the students had to deliver their concept maps, for
which they received feedback. The results of the analysis of those concept maps can be
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found in Larraza-Mendiluze and Garay-Vitoria [2013]. All concept maps (in Basque)
can be found in Appendix D of Larraza-Mendiluze [2014].

6.3.1. Results and Reflections of the Third Implementation. Out of the 40 students who
started the project in 14 teams, 39 finished, developing 14 mini-games. The dropout
ratio fell dramatically from almost 30% to 20% in the previous years to 5%. Also, the fail
ratio fell from 12% to 15% the previous years to 7.5%. Out of the students who finished
their projects, almost 90% passed. Was this due to the reduction of the team size? Due
to the change from the jigsaw technique to the inquiry-based learning technique? Due
to restrictions set to the project definition? Due to the concept maps? Or due to some
other variables that we have not considered, such as the students themselves? Our
hypothesis is that all the parameters contributed; also, the hard work students had to
do to build their concept maps helped them to pursue their objective and helped them
study.

Despite the high pass ratios, the satisfaction questionnaire shows an overall decline
in satisfaction, statistically significant in many cases. Fortunately, that year, we had
added two more questions to the satisfaction questionnaire, asking whether concept
maps and the project itself had been useful during the learning process. The mean
values of these questions were 2.47 and 3.88, respectively. It seemed that students did
not like the use of concept maps. Moreover, they were still asking for more lectures in
the open-ended questions.

This year’s implementation, with small teams and a well-bounded project design,
together with the new learning techniques, produced good results. Although the pass
ratio was very good, there was still room for improvement, to try to raise the scores
from pass to remarkable and excellent. As for satisfaction, the hypothesis was that the
effort required to build the concept maps was unsatisfactory for the students, which
was reflected throughout the questionnaire. We decided not to use the concept maps in
the next implementation to test its effects on scores and satisfaction.

6.4. The Fourth Implementation (School Year 2013–2014)

The fourth implementation was a repeat of the third one, but without the concept-maps,
solely to see whether the benefits and detriments observed in the previous year’s marks
and satisfaction questionnaire were directly related to the use of the concept-maps.

6.4.1. Results and Reflections of the Fourth Implementation. Out of the 36 students who
started the project, 31 finished, developing 11 mini-games. As Table III shows, the
fourth year’s marks are closer to the second year’s than to the third year’s. The fourth
year’s marks are slightly better in the sense that the ratio of students who finished
with an intermediate mark is higher, and the ratio of students who dropped out is
smaller.

Also, the satisfaction questionnaire shows a general satisfaction increase, in which
all the medians are three or over with no downward trend. The P values showed that
many of these differences were significant. In the open-ended questions, a few students
still asked for more lectures, but the number dropped considerably.

The fourth implementation’s results show that the hypothesis formulated the previ-
ous year was correct. The students were not very satisfied with the effort that they had
had to make to build the concept maps, although it was probably good for their marks.

Table IV summarizes the most important changes made between features related to
four iterations.

7. DISCUSSION AND CONCLUSION

During the four year experience, it was found that the educational approach suited the
I/O topic, as students developed expected I/O skills. On the other hand, teachers are
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Table IV. Differences Among The Iterations

2010–2011 year 2011–2012 year 2012–2013 year 2013–2014 year
# of students 41 57 40 36
# of teams 8 13 14 12
Size of teams 5–6 members 3–5 members 2–3 members 3–members
Project description Vending machine Open game 100-doors game 100-doors game
Type of
background

Static Dynamic Dynamic Dynamic

Technique used for
introduction of the
theory

Jigsaw Jigsaw Inquiry-based Inquiry-based

Use of concept
maps

No No Yes No

using a PjBL educational approach in other subjects related to computer architecture
and technology, operating systems, and embedded systems, in which results are similar
to this topic.

Looking at the results of the questionnaires, considerable information has been ex-
tracted. For example, students’ interest and motivation (item 24, increased interest
and motivation toward the subject) has achieved an average value of 3.12, taking all
four years into account.

With relation to the perceived mastery of students during these years, the educa-
tional approach used (item 8, educational approach used in the subject has fostered
students’ reflection, synthesis and reasoning skills) has 3.22 as average value; to de-
velop skills needed in professional practice (item 31, develop skills needed in profes-
sional practice) has 3.41 as an average value. However, there are other items with
lower averages, such as item 7, related to the quantity of practice, problems and cases
for the correct understanding of the content, which has achieved, on average, a value of
2.61; and item 21, related to understanding theoretical content, which has an average
value of 2.60. In both cases (items 7 and 21), the highest score was achieved on course
2013–2014, reflecting a considerable increase over the previous courses.

Moreover, the peer-support effect is very well appreciated throughout the four years,
as can be seen by analyzing item 10, the educational approach has fostered collabo-
ration and participation of students both in classroom activities and outside (3.68, on
average); item 16, the educational approach has encouraged communication between
the students and has offered effective mechanisms to address situations that affect
them academically (3.39, on average); and item 30, improve your skills in group work
(3.85, on average).

Maintaining positive results in the questionnaires while reinforcing the ones that
are lower than 3 should be the next objective. Changing the questionnaire should also
be considered, however, as we have realized that all the items have been phrased
positively, possibly inserting a bias into the evaluation.

As for the parameters that have been analyzed throughout the four implementations,
one is team size. Our conclusion is that, as the students are not yet used to working in
teams, it is better to have smaller teams than to have a reduced number of teams. The
internal obstacles within teams were more difficult to overcome in bigger teams.

Another parameter that we changed is the technique for working on the theory.
At the beginning, we used the jigsaw technique [Aronson et al. 1978], but we found
it difficult to guide and assess all the teams in a big group. Thus, we changed this
technique to inquiry-based learning [Kahn and O’Rourke 2005], in which the whole
group (all the students in class) discussed problems and issues together. The challenge
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for the lecturer, in this case, consisted of achieving the participation of the majority of
the students.

The definition of the project is another variable for the different implementations.
We started with a very well-defined project, the vending machine simulator, which may
have been less attractive for the students, but worked very well. We then changed to the
game, more attractive, but less defined, that became a hole in which many students got
stuck because of their enthusiasm to develop an attractive game. Finally, the option that
worked better was a mini-game. The design was open, but with very well-established
restrictions. The topic of the project was not included in the questionnaire, nor was
it studied from the students’ perspective. Only the observations of the lecturers were
considered. The results of the last two implementations show that the 100-doors game
gave students enough freedom with the design, and was also restrictive enough for the
team to be able to finish it on time.

Finally, with regard to the concept maps, the students did not appreciate the effort of
having to build them, nor what was, in their consideration, being told how to learn. They
articulated this feeling both personally and through the satisfaction questionnaire.
Moreover, we think that this affected the overall assessment, and that this is the
reason behind the overall score decrease of the third year. However, at the time of
submitting the questionnaire, the students were not aware of the increase in the pass
ratio in the computer I/O subsystem topic that year. Therefore, this tool will remain
under consideration. More research will be needed in order to decide how or whether
to use it. A possibility could be to use the concept maps in other subjects as well, so
that the impact of learning the use of the tool itself might be reduced. In that case, it
would be interesting to see whether the scores of the other subjects also benefit from
the concept maps.

This article shows a four year action research experience using an NDS game con-
sole (a bare machine) in combination with a PjBL environment to learn I/O subsystems
using the programming approach. The results achieved by students following this edu-
cational approach are appropriate; thus, we are not going to discard it. Several parame-
ters have been adjusted during each of the four years of the experience, such as the team
sizes, the educational approach for theory work, the definition of the project, and the
use or not of concept maps. As the bibliography indicates, teams work better with 3 or
4 members. In our case, being a first-year subject, we recommend teams of 3 members.
With more mature students, teams of 4 could also work well. Considering the technique
used for working on the theory, in our case, the inquiry-based technique has worked
better. We believe that the group size has had an influence on this. Concept maps seem
to work well, but they are not well received by the students. This part needs more work.

Based on the acquired experience, new implementations will be applied in future
years. For example, we will consider making the project mandatory for all students.
We will also analyze how to apply these implementations to other subjects related to
embedded systems and real-time systems for which bare machines are needed.
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Echávarri Otero, Julio Muñoz Garcı́a, Enrique Chacón Tanarro, and Eduardo de la Guerra Ochoa.
2013. Towards successful project-based teaching-learning experiences in engineering education. In-
ternational Journal of Engineering Education 29, 2, 476–490. Retrieved April 20, 2016 from
http://www.ijee.ie/latestissues/Vol29-2/19_ijee2697ns.pdf.

John L. Donaldson, Richard M. Salter, and Rebecca E. Punch. 2011. Dlsys: A toolkit for design and
simulation of computer system architecture. In Proceedings of the 2011 Workshop on Computer Ar-
chitecture Education (WCAE’11), San Antonio, TX, February 13, 0–6. Retrieved April 20, 2016 from
https://www.ncsu.edu/wcae/HPCA2011/p9-donaldson.pdf.

Daniel Ellard, David Holland, Nicholas Murphy, and Margo Seltzer. 2002. On the design of a new CPU
architecture for pedagogical purposes. In Proceedings of the 2002 Workshop on Computer Architecture
Education: Held in Conjunction With the 29th International Symposium on Computer Architecture
(WCAE’02), Anchorage, AK, May 26, Article No. 6. DOI:http://dx.doi.org/10.1145/1275462.1275471

IEEE Computer Society/ACM. 2004. Joint task force on computing curricula, computer engineering 2004.
Curriculum Guidelines for Undergraduate Degree Programs in Computer Engineering, IEEE Com-
puter Society Press and ACM Press, 2004. Retrieved April 20, 2016 from http://www.acm.org/education/
education/curric_vols/CE-Final-Report.pdf.

David W. Johnson, Roger T. Johnson, and Edythe J. Holubec. 1998. Cooperation in the Classroom. Allyn and
Bacon, Boston, MA.

Peter Kahn and Karen O’Rourke. 2005. Understanding enquiry-based learning (EBL). In Handbook of
Enquiry & Problem Based Learning, T. Barrett, I. Mac Labhrainn, H. Fallon, (Eds.). 1–12. CELT, Galway
Retrieved April 20, 2016 from http://www.aishe.org/readings/2005-2/chapter1.pdf.

Edurne Larraza-Mendiluze. 2014. The Computer Input/Output Subsystem Education in An Undergrad-
uate Introductory Course: A Multiperspective Study, Servicio Editorial de la Universidad del Paı́s
Vasco/Euskal Herriko Unibertsitatearen Argitalpen Zerbitzua, 2014. Retrieved April 20, 2016 from
http://hdl.handle.net/10810/13238

Edurne Larraza-Mendiluze and Nestor Garay-Vitoria. 2013. Use of concept maps to analyze stu-
dents’ understanding of the I/O subsystem. In Proceedings of the 13th Koli Calling 2013 Interna-
tional Conference on Computing Education Research (Koli Calling’13). ACM, New York, NY, 67–76.
DOI:http://dx.doi.org/10.1145/2526968.2526976

Edurne Larraza-Mendiluze and Nestor Garay-Vitoria. 2015. Approaches and tools used to teach
the computer input/output subsystem: A survey. IEEE Transactions on Education 58, 1, 1–6.
DOI:http://dx.doi.org/10.1109/TE.2014.2310711

Edurne Larraza-Mendiluze, Nestor Garay-Vitoria, José Martı́n, Javier Muguerza, Txelo Ruiz-Vázquez,
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