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ABSTRACT
Society has become mobile-centric with respect to computing devices. Traditional introductory programming courses
have focused on the use of desktop machines to teach students the art of programming. The problem with such traditional approaches is that they do not invite exploration,
or motivate interest. This paper explores a transformative
approach to programming instruction in a first year course
using Raspberry Pi computers.

Categories and Subject Descriptors
K.3.2 [Computers and Education]: Computer and Information Science EducationComputer Science Education; C.3
[Special-Purpose and Application-Based Systems]: Realtime and Embedded Systems

General Terms
Design
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1.

INTRODUCTION

Until recently, the computing industry has been focused
on the development of software for desktop and commercial
systems, however a sea change over the past five years has
resulted in an industry where mobile devices play a much
more pivotal role. A Berlin-based market research company,
research2guidance, which specializes in the mobile industry,
projects that the worldwide mobile application development
market is expected to reach $100 billion in revenue by 2015.
In order to maintain the degree majors that are relevant to
industry, degree granting institutions must move computer
science curriculums to more closely match the needs of industry. In an age where every discipline is reliant on computing infrastructure, there is a need for more workers who
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are programming literate. A programming literate individual is one who is not necessarily a computer science major,
but one who can write (and edit) simple programs to get
the most benefit from the use of computing devices. Programming literacy requires that the individual have some
exposure to programming courses.
Non-majors taking introductory programming courses often exhibit low enthusiasm because they do not understand
the relevance of basic programming skills to their specific
discipline. This is, in part, because they have no interest in becoming professional programmers and do not yet
understand the value of programming literacy. Even computer science majors show complacency and disengagement
in introductory courses, often because they have self-taught
some level of programming capability and feel that the introductory course is not challenging. Some of the disengagement stems from the highly abstract level of knowledge
possessed by many students. As technology has evolved,
the students understanding of its underlying mechanisms
has weakened. Students who see the computer as a simply
black box often have difficulty understanding why programming requires such low-level control structures. Traditional
introductory programming courses can also seem unmotivating to students because of a lack of engaging context to
learning programming. Even incorporating discipline specific case studies does little to stem the lack of enthusiasm.
Beginning students do not possess enough domain knowledge to understand discipline-specific studies, and do not
have the technical knowledge to want to program for its
own rewards.
The remedy requires a twofold approach: making introductory programming more interesting and relevant whilst
at the same time fostering an interest in the details and inner workings of computation. Making programming more
interesting can be achieved by providing an environment
which better reflects the students pensiveness with mobile
technology, whilst incorporating aspects of the art of tinkering, which postulates exploration and experimentation. Sustained engagement will lead to more interest in disciplinespecific programming, and a more positive perception of
the discipline. This paper describes our e↵orts to improve
introductory programming and engage students in kinesthetic learning by introducing the Raspberry Pi (RPi) as
the medium for making programs.

2.

LEARNING BY TINKERING

The Nintendo generation or Millennials often consider the
core of computer science to be social networking, games or

the internet, whereas they are usually taught by a generation of instructors who grew up tinkering with computers.
While the term tinkering classically means to “play about
with”, we believe its mandate is much broader, involving
playful invention, exploration, and collaboration. The generation that has tinkered with computers has an inherent
understanding of how they work and why we program the
way we do. The generation that has only used sophisticated applications is missing that understanding and often
cannot imagine how the applications they use are created.
Meccano provided the onus for the first generation of tinkerers, and children from the advent of the atomic era in
the 1950s to the mid 1980s, grew up tinkering with building
sets. The 1950s ushered in the era of kits, from the Atomic
Energy Lab (which contained real radioactive samples), to
chemistry and woodworking sets, model rockets, and Lego.
Tinkering essentially involves building things by promoting
exploratory behavior. By the early 1970s, the first microcomputer kit became available, the MITS Altair 8800 - and
programming at home became possible by means of Altair
Basic - the age of the tinkering programmer had arrived.
The generation of children from the 1990s and beyond,
although considered to be tech savvy, are more familiar with
sophisticated use of complex software, rather than how that
software is made, or how it interacts with hardware. Children of the 1980’s, grew up with programmable machines
such as the Commodore 64, which promoted both learning to program, and tinkering with the hardware. As these
machines disappeared, computers have became closed boxes
hiding the command line, and the lower level features. Programming skills, as a result have become something that
children are far less likely to just ’pick up’ in the course of
their growth to adulthood. Computers have become appliances, and therefore there is a disconnect between programming and its application in the real world. It is not possible
to simply “write a program” for a mobile device, or a fridge,
or an alarm system, or your car. A similar transition from
tinkering to black-box was experienced by Meccano.

2.1

Meccano

Meccano was invented in 1901, and is a model construction system made of re-usable metal strips [5]. Based on
principles of mechanical engineering, they were sold in sets
with various wheels, pulleys, gears and axles. The educational value of these sets is that they did not come with
any preset notion of how things could be built. There were
construction booklets and articles written in The Meccano
Magazine, relating to how objects could be built based on
mechanical engineering. Mostly children tinkered with the
components of the sets and built things through experimentation. The act of building had intrinsic value, and unlike
Lego with specific instructions on the placement of bricks,
Meccano models existed in the form of sketches. That has
changed now and most contemporary Meccano sets however
are small and restricted to one or two specific models.
Part of the allure of Meccano type construction sets is
that without detailed instructions, building the object requires adept problem solving skills, manual dexterity, and
outside-of-the-box thinking. From the illustration in Fig.1,
the budding engineer has to both decipher how the bulldozer
is put together, and which parts are to be used, where the
bolts go, and even what the internal workings may be. Size
of components are determined by counting the number of

Figure 1: A typical Meccano-like build
holes. The entire process fostered experimentation, and the
creation of new vehicles. Conversely the Lego instructions
often require only the ability to identify relevant pieces and
follow a series of detailed steps. More recent sets (Lego and
Meccano) have seen a change in the detail of the instructions. This has led to less innovation, as there is nothing
left to the imagination. The modern child has fewer choices
for toys that demand imagination and creativity.

2.2

Kinesthetic Learning

Kinesthetic learning is a process in which students learn
by actively carrying out physical activities rather than by
passively listening to lectures [7]. Humans generally learn
best by doing something first, then abstracting to more general concepts [8]. Kinesthetic learning is synonymous with
learning by making, which has its roots in traditional tinkering hobbies, and inherits from them principles such as selfdirected learning, learning through construction, and risk
taking (learning through making mistakes).
Computer scientists who grew up building their own microcomputers in the late 1970s and 1980s, crafting programs
using languages such as Basic, and mastering commandline programming became strong software developers. They
were strong partially because programmers had to understand the fundamental hardware they coded on, and as the
systems had limited resources, programmers had to be innovative in how they constructed their algorithms. These
programmers also often had the skills to code in assembler,
and the ability to craft their own tools and utilities because
personal computers in the 1980s were nearly useless - you
had to learn to code. Learning to program was somewhat of
an informal process involving self-directed learning, learning through construction and trial and error - all the hallmarks of kinesthetic learning. Traditional computer science
instruction has moved away from those kinesthetic learning
roots and has followed the lead of Meccanno and Lego by
providing students with instructions and building blocks for
completing projects. Unfortunately those same students are
not developing a knowledge of the underlying tools and are
not building creativity and problem solving skills.

3.

INTRODUCTORY PROGRAMMING

A course on introductory programming has three basic

goals. The first involves disseminating the basic principles of
programming, such as decision statements, repetition, modularity, testing, readability etc. The second involves teaching how the basic principles are implemented in a specific
programming language. The third involves showing how
programming can be used to solve problems. It is the latter goal which spurs student interest in programming. The
thrill of taking a problem, and deriving a solution which can
then be turned into a program is what inspires students to
learn more about programming. The reality is that people
write code to solve problems, not just for the sake of writing
code.
There are various ways for stimulating enthusiasm for
the art of programming. One way is to teach the art of
app creation for some mobile platform, which plays to the
knowledge that most beginning programmers will be intimately familiar with their mobile device - at an application
level. However, as a majority portion of the introductory
class have never programmed before, the task of teaching
all aspects of mobile development is daunting. Students will
quickly be overwhelmed by the infrastructure required to
program for mobile devices. Nonetheless, the appeal of a
small, mobile device is undeniable. Students can each own
one. All students could have the same device. The device
is less ’mysterious’ than a desktop computer. A compromise is to find a programming platform that is somewhat
reminiscent of the 1980s computers, but that will appeal to
the modern student. This analysis led us to seek ways to
revise our approach to teaching introductory programming.
We have introduced the Raspberry Pi mobile computer into
the first two semesters of our programming stream. This
change was not motivated by a high withdrawal rate, nor a
high failure rate, but rather by a lack of student motivation
and interest in programming.
Modern computers are much less robust (in terms of complexity) then their ancestors. The RPi is a throw-back to
simpler architectures, with which students were actively encouraged to experiment and push the boundaries of programming. Part of the problem with current instructional
techniques is that many students are interested only in highlevel programming, using some form of IDE, and in languages that take aspects of programming such as memory
management and the command-line out of the equation.
There is an intrinsic lack of understanding of how the lower
level aspects of programming, such as memory management,
pointers, stacks and heaps function, yet it is these aspects
of programming that are crucial for creating professional
applications for resource-limited mobile platforms. Users
of computing need to have a fundamental understanding of
programming on the command-line, using utilities, and how
programming interacts with hardware regardless of any intention for pursuing programming as a career.

4.

THE RASPBERRY PI

The RPi is an inexpensive credit-card sized computer,
made by the Raspberry Pi Foundation, a British-based notfor-profit charity. The RPi (Model B) has a 700Mhz processor, 512MB of SDRAM, onboard Ethernet, HDMI and RCA
interfaces, a dual USB connector and an SD card slot. In addition is maintains an array of input/output pins that make
the RPi extraordinarily conducive to tinkering and device
innovation. The RPi allows students unfetted access to an
a↵ordable, programmable computer. It teaches hardware-

software interaction so that programming students can experience first hand how peripherals and sensors interact with
the machine, and how data can be imported and used in programs to solve problems. The RPi acts like digital form of
Meccano, allowing students to interact and play with the device. The RPi has become the cornerstone of the movement
to turn around CS education in British secondary schools.
They are also being used in a number of British institutions including the University of Cambridge, University of
Southampton, University of Manchester.
At the time of writing, no other introductory programming courses in North America have taken the RPi approach, and very little has been published relating to the
use of similar devices in a first year curriculum. The only
other known use of the RPi in a CS curriculum is at the U.
Calgary, Dept. of Computer Science which recently opened
a lab which uses the RPi’s for writing embedded software for
a 300-level Computing Machinery course [3]. Tasking novice
programmers to make programs with RPi’s emphasizes the
creation of tangible programs that solve some problem. It
also provides the capacity for students to make auxiliary devices using various sensors which can then be used to provide
data for the programs, for example environmental sensors.
It helps underscore themes of experimentation and innovation.

Figure 2: A Raspberry Pi

4.1

Why not Lego? Arduino?

A number of studies have advocated the use of robots
to increase student motivation [6]. The main problem with
using robots to teach programming lies in the the issue of
relevance - robots are not found in students everyday lives.
Furthermore, robots can be expensive, and often use proprietary versions of programming (or micro-controller) languages. Lubitz [4] posed the idea of introducing a robotics
component into an engineering programming course to increase student interest in programming. Lubitz uses the
BOE-Bot robot system which is controlled using the microcontroller language PBasic. The concept has so far only
been tested on an upper-level class. The use of LEGO Mindstorms is also an often-used robotics platform, but the cost
factor (> $300) is prohibitive, especially for first year courses
which can easily have 1000 students. Another inexpensive
platform, often used by tinkerers is the Arduino. The Arduino is a micro-controller, and not really a mini-computer.
It doesn’t have a full operating system, and therefore doesn’t

have the full functionality of the RPi, which runs one of several standard operating systems. The Arduino is exceptional
for electronics or embedded projects, and is well suited to
introductory classes that teach embedded systems design [1],
but not for novice programmers.

4.2

A Mobile Computer

The RPi is not a fixed function device, unlike many mobile
devices. Although a mobile device often has a camera, it is
usually impossible to add extra hardware to most mobile devices. Using the RPi, it is possible to play with rudimentary
hardware. Experience in mechanical engineering courses [2]
has shown that students enjoy the hands-on experience of
working with hardware, sensors, and micro-controllers to
develop a functioning system. There are a multitude of resources devoted to creating innovative systems using the RPi
as a foundation, from supercomputers to time-lapse cameras.
One of the advantages of RPi’s in that they limit the resources available to the programmer, who must then develop
cleaner and better programming habits as the programming
projects gain complexity. The restriction on resources will
likely force the design of more efficient programs - given the
correct problem space - a situation not unlike that found
in real-world applications such as aerospace, embedded systems, and mobile devices, where computational resources
are often limited. The RPi is really a “mobile” computer
- students have to learn how to interface with it, how the
operating system functions, and ultimately how it can be
used to build other devices. Furthermore, it uses the same
architecture as many mobile computers, giving interested
students the opportunity to try low-level programming on a
chipset that is actually used in commercial mobile devices.

5.

COURSE STRUCTURE

The initial o↵ering of our introductory programming course,
CIS*1500 using RPi’s was in fall 2013, to a class of over 700
students. The course o↵ers students a weekly scheduled laboratory session which allows them to gain experience writing
C programs in a hands-on environment. Each student purchased a RPi Computer (Model B), HDMI cable, SD card,
and power supply. The RPi lab provided monitors, keyboards and mice for interacting with the Pi. Some students
interacted with the Pi via remote access (ssh) from a laptop. The RPi’s were set up using a standardardized software
system image developed specifically for the class. The operating system was a slightly customized version of Raspbian,
and the programming language for the course was C. The
RPi’s were used by students for all labs and assignments.
A new lab was designed to facilitate the running of lab sessions. The 45-seat lab contains monitors, key-boards/mice,
and network connection, but no machines - those are provided by the student. A side-e↵ect of introducing RPi’s for
programming is that the e↵ective cost of lab infrastructure
is reduced, as there is no requirement of having “boxes”.

6.
6.1

OUTCOMES
Preliminary Observations

Using the RPi, students obtained a better understanding
of both the hardware elements of a system, and how the
operating system functions. A benefit of using the Rpi’s
is that students were more apt to work in the lab setting

Figure 3: The Raspberry Pi in the lab

because of the peripherals. This lead to increased communication between students and their peers as well as between
students and TAs. In previous o↵erings of the course students often avoided labs because they “could do the work
from home”. One of the caveats of using the RPi is the reliability of the SD card, which can become corrupt and need
to be reinstalled. While this seems on the surface to be a
drawback, it actually turned out to be beneficial. Students
in this course were required to use the source code management system Git to submit their work for grading. They
quickly learned to use git as their backup and, as a side
e↵ect of unreliable SD cards, the students have developed
the excellent code development practice of regular use of a
version management system. Even for non-programmers it
is important to understand how version management works
so that interactions with teams of programmers are easier
to manage. The number of RPi’s that failed was relatively
small, nearly 800 RPis were sold and fewer than 20 were
replaced due to failed components Some of those that were
replace may have been damaged by misuse. In the past it
was difficult to give extensions to students who claimed their
machine had failed. Using the source code management utility, Git, it was possible to allow extensions to students who
had dead Pi’s/SD cards if the student had Git-submitted a
version of the assignment. With everyone using the same
consistent platform, there was less time spent troubleshooting specific OS/compiler related issues. There were also very
few “but it worked at home” issues compared with previous
years.
One of the most remarkable early outcomes from the redesign of our introductory class is the excitement and enthusiasm it has generated from upper year students. The
senior students in our program are extremely supportive,
in fact many have donated their time and expertise in developing extending activities for students. The widespread
support across the student population for the introduction
of physical computing activities to novice programmers is
encouraging. Over the summer we developed the software
necessary to permit beginning C programmers to interact
with the physical pins on the RPi, giving those students the
opportunity to understand how software interacts with physical components such as lights, buttons, knobs and switches.
We also evaluated a commercially available expansion board
for the RPi (the GertBoard) as a potential candidate for use
with our software library, but found that the GertBoard was
too complex for beginning programmers. We then created
a preliminary design for a much simplified board that could

provide enough input and output devices for several projects
that are suitable for first year programmers. The commercial redesign of that board was donated by a local engineering company and a second company is producing the boards
for us. We anticipate even greater engagement and enthusiasm in the next o↵ering of the course because many of the
labs will include an aspect of physical computing. The original student-designer of the expansion board is still donating
time to create self-study activities for interested beginning
programmers.

6.2

Testimonials

Feedback from students has been extremely positive, and
indicates that the use of the RPi in learning to program is
highly valued. Here are some of the comments from students:
• “Using the Pi is fun - it feels like a great place to start
with coding. Beginning o↵ my programming journey
by building this mini computer made me feel as if I was
starting from the most basic level, and now, using the
Pi, I have worked myself up to become a competent
programmer.”
• “I think that using the raspberry pis was a great idea
for these classes. They were generally easy to set up
and we got the experience of running Linux without
having to go through the processes required to change
our own computers.”
• “I started CIS1500 with absolutely no previous knowledge of anything computers. Thank the raspberry pi’s,
Judi, and the TA’s I’m now loving the SOCS and minoring in Computer science. Thanks to the pi, even
the most technologically inept people (such as myself)
can enjoy programming and learn more than they ever
thought possible about it!”
• “Knowing that all your assignments will also be compiled on a Pi means I can rest easy with the knowledge
that if my assignment worked on my Pi, it will work
on the professors exactly the same. The Pi eliminates
a lot of random, OS-related mistakes that would come
up otherwise.”

6.3

Future Directions

The course has traditionally been taught using C. However whilst C is a potent programming language, it was never
designed as a teaching language. Students often struggle
with some of the more inane language syntax, awkward error messages, low-level I/O, and lack of easy-to-use libraries,
the language is not one that is easy to learn. Students also
tend to struggle with the notion of proper indenting and
functions. One of the caveats of using C is the amount
of time spent on language syntax, which led to less time
being available for experimentation with sensors. Future
renditions of the course may transition to a more palatable
teaching language such as Python, which is a key language
in companies such as Google. In Python, whitespace (i.e.
indentation) is a significant part of the language structure,
so cannot be avoided. Python is a great language because
it is easy to learn, and the emphasis can be placed upon
solving problems rather than syntax. Python gets people
learning quickly and motivates them into broaching a deeper
understanding of programming - which further supports the
notion of tinkering to learn to program. We are working

towards the creation of a “Kinesthetic Learning Space” to
facilitate student experimentation with physical computing
concepts. The lab will provide a creative, DIY space where
students can gather to create, invent, and learn. The space
will be similar to a Makerspace, yet focused on RPi’s. Pedagogically, we intend to investigate how the introduction of
the RPi’s has a↵ected student engagement, both in the introductory class, and in successive courses. It is also hoped
that more kinesthetic experiences can be incorporated by designing simple sensor-based programs, such as using a temperature sensor to monitor an incubator. This would allow
the crafting of more discipline specific programs early in the
post-secondary eperience.

7.

CONCLUSION

The RPi was developed from the ground-up as an aid in
teaching computer science, and can be easily used with multiple programming languages, and in many contexts, from
simple scripting languages, to network programming. It is
hoped that the use of RPi’s in our introductory programming class will provide the incentive for students to explore
and experiment more with the devices, in essence becoming tinkerers. It is hoped the use of RPi will rouse a new
generation’s interest in the anatomy of computing, encouraging students to explore aspects of computing hardware
whilst bolstering student engagement and facilitating crossdisciplinary interaction. The RPi has the ability to engage
students, and motivate them to solve problems, and craft
programs.
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