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Nombre del Proyecto/Actividad de Innovación Educativa:
Desarrollos Avanzados Multi‐Objetivo d Laboratorios Remotos para Actividades Educativas DAMO‐LRAE

Nombre del GID, en caso de Proyecto de Innovación Educativa (PIE)
GID2016‐17 G‐TAEI

¿Ha recibido subvención en la convocatoria?
Si

Nombre y DNI del Coordinador/a
Nombre y Apellidos

DNI

Manuel Alonso Castro Gil

36025191S

Extensión
6476

Correo electrónico
mcastro@ieec.uned.es

Facultad/Escuela
Ingenieros Industriales

Departamento
Dpto. de Ingeniería Eléctrica, Electrónica, Control, Telemática y Química Aplicada a la Ingeniería

Asignatura/s en la/s que la se ha trabajado (indique entre paréntesis si la asignatura /s
pertenece al primer o segundo semestre)
Nombre de la asignatura
Facultad/ Escuela
1. Fundamentos de Ingeniería Electrónica I
Ingenieros Industriales (Primer cuatrimestre)
2. Fundamentos de Ingeniería Electrónica II
Ingenieros Industriales (Segundo cuatrimestre)
3. Diseño de Circuitos eléctricos asistidos por ordenador Ingenieros Industriales (Primer cuatrimestre)
4. Computer modeling and simulation of electronic circuitsIngenieros Industriales (Segundo cuatrimestre)

LÍNEA TEMÁTICA
Señale con una cruz la línea/s que corresponda
Línea I
Diseño de procedimientos para mejorar el apoyo y el seguimiento de los estudiantes.
Línea II
Diseño o desarrollo de métodos de evaluación de los resultados de aprendizaje y de las competencias
específicas y genéricas adquiridas por los estudiantes en diferentes asignaturas.
Línea III
Diseño de metodología de producción de recursos didácticos en diferentes formatos (texto, audiovisual,
etc.) para diferentes canales (aula virtual, canal UNED, etc.)
Línea IV
Propuestas de intervención para evitar y minimizar el abandono universitario en los primeros cursos de las
titulaciones oficiales de Grado y Máster de la UNED.
Línea V
Incorporación a las asignaturas de Grado y Máster de los Objetivos del Desarrollo Sostenible (ODS) de
Naciones Unidas y los valores que promueven.
Línea VI
Incorporación de nuevas tendencias didácticas a la metodología docente, especialmente en asignaturas de
Trabajo Fin de Grado (TFG), Trabajos de Fin de Máster (TFM) y Prácticas, y que puedan generalizarse a
diferentes titulaciones.
2

X

Vicerrectorado de Metodología e Innovación
Instituto Universitario de Educación a Distancia

Relación de miembros que han participado
Sólo se indicarán los miembros que hayan participado satisfactoriamente. Se insertarán o eliminarán tantas filas
como se precisen.

Nº
Nombre completo
1. Castro Gil, Manuel Alonso
2. San Cristóbal Ruiz, Elio
3. Díaz Orueta, Gabriel
4.
5.
6.
7.

Pérez Molina, Clara
Martín Gutiérrez, Sergio
Nevado Reviriego, Antonio
Gil Ortego, Rosario
López-Rey García-Rojas,
8. África
9.
10.
11.
12.

NIF

Facultad

36025191S
50196688Q
02520935C
52367413R
49000802S
51067986M
50417961Y

ETSIndustriales
ETSIndustriales
ETSIndustriales
ETSIndustriales
ETSIndustriales
ETSIndustriales
ETSIndustriales

Departamento

DIEECTQAI
DIEECTQAI
DIEECTQAI
DIEECTQAI
DIEECTQAI
DIEECTQAI
DIEECTQAI

03851582W ETSIndustriales DIEECTQAI
Teoría de la
Educación y
Albert Gómez, Maria Jose
50417961Y Educación
Pedagogía Social
Elena Ruiz Larrocha
46875443V ETSInformatica DISSI
Roberto Hernández Berlinches 05266644N ETSInformatica DSCC
Rafael Pastor Vargas
52371733C ETSInformatica DSCC

Relación colaboradores
Se presentará una relación única por Proyecto/Actividad Innovación Educativa.

Nombre del Proyecto/Actividad Innovación Educativa:
Nombre del Coordinador/a:
Breve descripción de las actividades realizadas por los colaboradores
Nº Nombre completo
NIF
e-mail
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MEMORIA DEL TRABAJO
Por favor, cumplimente cada uno de los apartados y sub-apartados que se muestran
a continuación. Utilice tantas páginas como sean necesarias
1. RESUMEN.
(Debe contener los objetivos, metodología, resultado y conclusiones, con el fin de su posterior
publicación en la página web del Instituto Universitario de Educación a Distancia) máximo 15 ó
20 líneas
El proyecto DAMO-LRAE (Desarrollos Avanzados Multi-Objetivo de Laboratorios Remotos para
Actividades Educativas) se ha orientado para la realización de nuevos entornos educativos
avanzados para sistemas complejos de Ingeniería, basados en este caso en IoT, eHealth y
FPAA.
Se han realizado y se han puesto las bases para los siguientes tres objetivos:
 Creación de recursos educativos para STEM en los niveles de pre-ingeniería e
ingeniería, así como Formación para la Vida, para fomentar la vocación de ingeniería y
optimizar el aprendizaje de conceptos en electricidad y electrónica
 Desarrollo de laboratorios remotos para FPAA, e-Health e IoT.
 Creación y desarrollo de prácticas online en asignaturas y MOOCs.
De estas tres líneas de trabajo se han publicado los resultados más destacados (o se
publicarán en breve) en cuatro artículos en cuatro diferentes congresos de máxima relevancia
internacional,
 Plaza Merino, P., Sancristobal, E., Carro, G., Castro, M., Blazquez, M. y Garcia-Loro, F.
Multiplatform Educational Robotics Course to Introduce Children in Robotics. FIE 2018,
ASEE/IEEE Frontiers in Education Conference – Fostering Innovation Through
Diversity, (Anual), págs. 1-9 (9 págs. en USB). Organizador: ASEE/IEEE, ISBN: 978-15386-1173-9, 3-6 de Octubre de 2018, San Jose, CA (USA).
 Baizan, P., Macho, A., Blazquez, M., Garcia-Loro, F., Perez, C., Diaz, G., Sancristobal,
E., Gil., R. y Castro, M. IoT Remote Laboratory based on ARM Device - Extension of
VISIR Remote Laboratories to Include Internet of Thing Support. Aprobado y se
presentará en el congreso REV 2019 del 3 al 6 de Febrero de 2019 en Bangalore
(India).
 Macho, A., Baizán, P., Blázquez, M., García-Loro, F., Sancristobal, E., Diaz, G., Gil., R.,
Pérez, C. y Castro, M. Work in progress: Proof of concept: Remote Laboratory
Raspberry Pi + FPAA. Aprobado y se presentará en el congreso EDUNINE 2019 del 17
al 20 de Marzo de 2019 en Lima (Perú).
 Blázquez-Merino, M., Macho-Aroca, A., Baizán-Álvarez, P., Garcia-Loro, F., San
Cristobal, E., Díaz, G. y Castro, M. Structured MOOC designed to optimize Electricity
learning at Secondary School. IEEE Global Engineering Education Conference
(EDUCON 2018) – "Emerging Trends and Challenges of Engineering Education",
(Anual). págs. 229-238 (10). Organizador: IEEE-ES, Universidad de la Laguna, ISBN:
978-1-5386-2957-4, 17-20 de Abril de 2018, Santa Cruz de Tenerife (España).

2. OBJETIVOS DEL PROYECTO
Grado de cumplimiento de los objetivos propuestos
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Diferenciando por las líneas de proyecto, los objetivos han sido:
* Línea educativa para estudiantes (incluyendo mujeres) de Educación Secundaria dentro
del área de STEM:
1. Se han proporcionado herramientas didácticas y objetos educativos para optimizar el
aprendizaje de temas relacionados con la Ingeniería eléctrica y electrónica. Para ello se han
desarrollado diversos cursos MOOCs disponibles gratuitamente (en castellano y en inglés)
así comos e han realizado mesas redondas y seminarios en congresos para promocionar
contenidos y actividades para jovenes y mujer en ingeniería.
2. Con todo lo anterior se han fomentado vocaciones en Ingeniería entre los alumnos y
alumnas de esta etapa educativa.
Estas acciones realizadas se unen con los objetivos de la tercera línea,
* Línea de creación y desarrollo de prácticas online en asignaturas y MOOCs.
Línea de desarrollo y diseño de nuevos laboratorios remotos:
* IoT y e-Health:
Se ha desarrollado la estructura de un laboratorio remoto de IoT, puesto que existen
numerosos laboratorios de electrónica, ninguno de los actuales está dedicado a las
tecnologías IoT de forma que los alumnos puedan adquirir unas competencias prácticas en
las tecnologías de IoT. Estas prácticas incluyen numerosas áreas de conocimiento: física,
química, electrónica, programación, comunicaciones, seguridad electrónica.
Para el desarrollo se ha partido de las investigaciones y trabajos previos realizados en los
grupos de investigación e innovación educativa del departamento, en especial las que se
han llevado a cabo en torno al laboratorio remoto de prácticas VISIR. Por ello el desarrollo
del nuevo laboratorio de IoT es compatible con VISIR y además está basado en él.
* FPAA:
El desarrollo de esta línea se basa en el estudio de la reconfiguración dinámica en
dispositivos electrónicos y su aplicación en diferentes ámbitos, principalmente en el campo
de la educación, para su posterior transferencia de los conocimientos adquiridos por los
alumnos a la industria. El laboratorio remoto diseñado puede ser utilizado de forma
presencial, para conocer y comprender los conceptos en los que se basa la tecnología de
los FPAA y como esta tecnología puede ayudar a comprender otros conceptos de
electrónica analógica de forma más sencilla, más segura y de una manera más eficiente.
Otro de los objetivos que se ha tenido en cuenta es la adaptación del el proceso de
publicaciones a los sistemas actuales de Acceso Abierto y publicación rápida, (Open
Access), explorando esta nueva via de diseminación internacional.

3. DESCRIPCIÓN DE LA EXPERIENCIA DE INNOVACIÓN. Metodología y el plan de trabajo
seguidos, con una breve descripción de las tareas, actividades y/o iniciativas llevadas a cabo. A
modo de ejemplo:
Diseño y planificación del trabajo
Instrumentos aplicados (encuestas, cuestionarios, otros, pueden incluirse anexos)
Número de estudiantes que han participado con procedimientos de selección y asignación a grupos, en el
caso de haber trabajo de grupo
o Número de profesores tutores que han participado
o
o
o

o Desarrollo de las actividades realizadas
También se deben especificar las acciones del plan de trabajo previstas que no se han
llevado a cabo y justificar por qué.
Las tareas realizadas han sido:
- Estudio de actividades en cursos de electrónica general y desarrollo de objetos educativos
y cursos MOOCs abiertos y disponibles para todo tipo de alumnos.
- Diseño y desarrollo de laboratorio remoto sobre tecnología IoT.
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- Diseño y desarrollo de laboratorio remoto sobre tecnología FPAA.
- Diseño y desarrollo de nuevas actividades educativas, preparación como objetos
educativos reutilizables y MOOCs para el laboratorio remoto VISIR.
- Análisis y estudio de la puesta en marcha de metodologías, entornos, laboratorios remotos
y tecnologías para el estudio de los conceptos de electricidad y electrónica en alumnos de
educación secundaria.
o Se han analizado y publicado los resultados de los alumnos de Educación Secundaria
en materias técnicas tras el uso de metodologías y herramientas (laboratorios remotos) que
complementan su educación tecnológica.
Para el desarrollo del presente proyecto de investigación se partirá como ya se ha mencionado
de investigaciones previas desarrolladas especialmente en torno a VISIR y con el que los
nuevos desarrollos son compatibles.
Se ha desarrollado durante 2018 el proyecto de innovación educativa e investigación para el
desarrollo de nuevos recursos educativos, dentro de un entorno multi-objetivo, y con
tecnologías avanzadas, que permitan la utlización de laboratorios remotos para la docencia,
investigación e innovación educativa en Internet de las Cosas (IoT), Área de Salud (eHealth) y Dispositivos Analógicos Programables (FPAA). Estos laboratorios coordinados e
integrados permitirán a los estudiantes que los utilicen interactuar, con los componentes e
instrumentación más avanzados que nos podemos encontrar en un laboratorio de prácticas
de última generación.
De esta forma, los estudiantes pueden practicar y obtener los mismos resultados que los de
ese mismo trabajo realizado en un laboratorio de prácticas convencional. Pero, en este
caso, en vez de interactuar de forma física en el propio laboratorio, se realiza de forma
remota mediante un navegador web, pero con la misma experiencia, conocimiento y
adquiriendo las mismas competencias que en una práctica presencial. Y mejorada, al
utilizarse técnicas de inmersión y multimedia avanzadas, y poder tener en su ordenador y
navegador todo slos materiales, vídeos, prácticas, etc., materiales creados al efecto para
mejorar esa experiencia práctica.
Se han desarrollado (y se complementarán en los siguientes trabajos de Doctorado) un
conjunto de prácticas, donde los estudiantes pueden interactuar con diferentes sensores y
actuadores (ambientales, eventos, agricultura inteligente, gases y salud). Para ello, los
estudiantes tienen acceso a diferentes entornos de sistemas embebidos con capacidad para
ser programados de manera que puedan trabajar con los diferentes sensores, comunicarse
entre sí mediante diferentes canales y topologías, de forma que lleguen a formar una red de
sensores inteligentes.
Una de las líneas del proyecto y actividades desarrolladas ha sido enfocada a la creación de
recursos educativos y ha incluido trabajos de observación, análisis, estudio y obtención de
conclusiones del trabajo de alumnos de Enseñanza secundaria con dos finalidades:
1. Proporcionar a estos estudiantes, herramientas didácticas que optimicen el aprendizaje
de temas relacionados con la Ingeniería eléctrica y electrónica.
2. Fomentar vocaciones en Ingeniería entre los alumnos y alumnas de esta etapa educativa.
En el siguiente apartado de resultados se incluyen CUATRO articulos (dos de ellos ya
publicados y otro a publicarse entre febrero y marzo de 2019) para poder evaluar los
resultados obtenidos en este proyecto durante 2018.

4. RESULTADOS OBTENIDOS
Describir los resultados obtenidos haciendo referencia a:
o

Análisis realizados
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o

Descripción de los principales resultados obtenidos aportando, para ello, tablas de datos, gráficos y todos
aquellos elementos de apoyo que se consideren oportunos

A continuación se incluyen los siguientes artículos publicados (o a punto de publicarse) para
remarcar los resultados obtenidos.
El primer artículo remarca el uso de técnicas de robótica en este caso para acercar a los
estudiantes jóvenes a las áreas de ingeniería y STEM en general.
 Plaza Merino, P., Sancristobal, E., Carro, G., Castro, M., Blazquez, M. y Garcia-Loro, F.
Multiplatform Educational Robotics Course to Introduce Children in Robotics. FIE 2018,
ASEE/IEEE Frontiers in Education Conference – Fostering Innovation Through
Diversity, (Anual), págs. 1-9 (9 págs. en USB). Organizador: ASEE/IEEE, ISBN: 978-15386-1173-9, 3-6 de Octubre de 2018, San Jose, CA (USA).
El segundo artículo remarca el uso educativo de actividades de enseñanza de electrónica
general para acercar a los estudiantes jóvenes a las áreas de ingeniería y STEM en general,
así como los entornos desarrollados
 Blazquez-Merino, M., Macho-Aroca, A., Baizán-Álvarez, P., Garcia-Loro, F., San
Cristobal, E., Díaz, G. y Castro, M. Structured MOOC designed to optimize Electricity
learning at Secondary School. IEEE Global Engineering Education Conference
(EDUCON 2018) – "Emerging Trends and Challenges of Engineering Education",
(Anual). págs. 229-238 (10). Organizador: IEEE-ES, Universidad de la Laguna, ISBN:
978-1-5386-2957-4, 17-20 de Abril de 2018, Santa Cruz de Tenerife (España).
Y los dos últimos artículos remarcan el desarrollo de los laboratorios de IoT y FPAAs y los
resultados obtenidos hasta el momento en el proyecto.
 Baizan, P., Macho, A., Blazquez, M., Garcia-Loro, F., Perez, C., Diaz, G., Sancristobal,
E., Gil., R. y Castro, M. IoT Remote Laboratory based on ARM Device - Extension of
VISIR Remote Laboratories to Include Internet of Thing Support. Aprobado y se
presentará en el congreso REV 2019 del 3 al 6 de Febrero de 2019 en Bangalore
(India).
 Macho, A., Baizan, P., Blazquez, M., Garcia-Loro, F., Sancristobal, E., Diaz, G., Gil., R.,
Perez, C. y Castro, M. Work in progress: Proof of concept: Remote Laboratory
Raspberry Pi + FPAA. Aprobado y se presentará en el congreso EDUNINE 2019 del 17
al 20 de Marzo de 2019 en Lima (Peru).
Como ampliación se pueden consultar igualmente otros dos artículos publicados.
 Macho, A., Garica Teruel, M., Baizan, P., Blazquez, M., Garcia-Loro, F., Sancristobal,
Diaz, G., Gil, R. y Castro, M. Dynamic Configuration in FPAA and its Use in Education.
FIE 2017, ASEE/IEEE Frontiers in Education Conference – Educating Our Future,
Honoring Our Past, (Anual), págs. 1-7 (7 págs. en USB). Organizador: ASEE/IEEE,
ISBN: 978-1-5090-5920-1, 18-21 de Octubre de 2017, Indianapolis, IN (USA).
 Blazquez, M., Macho, A., Baizan, P., Garcia, F., San Cristobal, E., Diaz, G., Castro, M.,
y Plaza, P. Experiencia Didáctica en la Escuela Secundaria con el Laboratorio Remoto
VISIR. TAEE 2018. XIII Congreso sobre Tecnologías, Aprendizaje y Enseñanza de la
Electrónica, (Bianual). págs. 299-308 (10). Organizador: Universidad de La Laguna.
ISBN: 978-84-09-03113-9, 20 al 22 de Junio de 2018, Tenerife (España).
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Abstract—Robotics and computational thought are ideal tools
for developing science, technology, engineering and mathematics
(STEM) pedagogy. Throughout this paper a modular and
adaptive course is presented, the main objective of which is to
make known simple and economic tools of educational robotics.
This course is aimed at those who want to discover the
possibilities of educational robotics in the context of the
introduction to robotics. Today, robotics training tools are raised
with the aim of promoting innovation and motivation of students
during the learning process. Robots are becoming more and more
common in our daily lives; therefore, it is important to integrate
robots into all levels of our society. The course is designed to
work with the Scratch, Crumble and Arduino tools as STEM
enhancers. Using Scratch, interactive stories, games and
animations can be programmed. Scratch helps young people to
acquire and improve skills such as think creatively, think
systematically, and work collaboratively. Scratch is a project of
MIT Media Lab's Lifelong Kindergarten Group. It is offered free
of charge. On the other hand, Crumble is an easy-to-use
programmable controller. Its programming interface uses a block
programming language based on Scratch that makes it easy for
children from 10 years old to use it. In addition, the hardware
elements associated with Crumble are very intuitive and easy to
connect. Last, but not least, Arduino is an open source electronic
platform based on hardware and software that is easy to use. It is
a platform that incorporates a simple microcontroller and an
interface development environment to create the applications to
be downloaded on the board. The course offers a three-tiered
journey through three levels with each of the three tools. It
consists of a total of 9 modules. This course has a very practical
approach. A project-based pedagogical methodology is used.
Experiments are promoted, where trial and error are part of
learning and self-discovery. The student learns to have more
autonomy and responsibility. Knowledge is acquired in different
disciplines. It develops: motor skills (scale mobility in the hands),
group skills, allowing people to socialize, creative abilities, and
learning in a fun way. The operational details, materials used and
examples of activities for some modules are also presented with
the expectation that all teachers will be able to adapt these
activities in their class. In addition, results are included from
several groups of students who have already completed some
modules. Despite not having a large number of students, the
experience provided results that may be useful for other teachers
to promote a course with similar or equal content for more
results. The results of this work show that it is important to

978-1-5386-1174-6/18/$31.00 ©2018 IEEE

combine theory and practice to include fun tasks intertwined
with the challenges of applying theory to problem solving.
Keywords—education; programming; robotics; STEM

I. INTRODUCTION
Robotics and computational thinking are ideal tools for
developing science, technology, engineering and mathematics
(STEM) pedagogy. This is because robotics integrates with
areas of knowledge such as mechanics, electricity, electronics
and computer science. In addition, robotics has been one of the
main drivers of the modernization and continuous improvement
of most processes for several decades now [1].
But what is robotics? The creator of the term "robotics" was
Isaac Asimov in its 1941 history. Although, as Asimov himself
later acknowledged in Gold, he thought he was using an
existing word. "The Robot Chronicles." One such story is the
well-known book "I, Robot". The image of the robot that
appears in his work is that of a well-designed machine with a
guaranteed safety that acts in accordance with the three laws of
robotics.
From 1941 to the present day, robotics has become a
benchmark for science and technology. Today, robotics is a key
part of modernizing and improving most processes. This is due
to the ease with which robots can be integrated into industrial
processes [2]. The author in [3] presents the development of an
active ankle-foot orthosis (AFO) to improve walking ability.
Another example of robotic implementation is the robot with
light, elastic legs that uses surface tension to stay on the surface
of the water described in [4].
As noted, robotics is being included as a powerful tool to
encourage students to access science, technology, engineering
and mathematics (STEM) subjects. STEM education has great
potential and its popularity is growing day by day [5]. Primary
education is confronted with the development of STEM
thinking and STEM-friendly attitudes in early learners.
Reference [6] describes design, implementation and evaluation
as a solution to address both problems. Reference [7] provides
vision and guidance for the future on many interesting aspects:
innovative teaching methods and tools (including assessment),
community aspects, aspects of curriculum design and aspects of

instructional design that consider the costs of UMI (ubiquitous
computing, mobile computing and the Internet of Things) to
improve STEM education. Educational technology is a
powerful tool that is increasing its presence day by day. Some
examples are those provided by [8] as part of the eMadrid
network.
However, the introduction of robotics as a learning process
is not a trivial matter. Robotics combines areas of knowledge
such as mechanics, electricity, electronics and computing.
Robots are machines capable of making decisions and adapting
to different situations. They are usually built with elements
such as sensors, actuators and process units [2].
Throughout this paper we present a modular and adaptive
course, whose main objective is to introduce simple and
economical tools of educational robotics. This course is aimed
at those who want to discover the possibilities of educational
robotics in the context of the introduction to robotics. Today,
robotics training tools are designed to promote innovation and
motivation of students during the learning process. Robots are
becoming increasingly common in our daily lives; therefore, it
is important to integrate robots into all levels of our society.
The tools chosen for the proposed course are Scratch,
Crumble and Arduino. Scratch is presented as the simplest and
most user-friendly tool for programming and robotics. Authors
in [9] presents the use of Scratch - a widely used tool - as a tool
to guide students in the acquisition of robotics skills. This paper
shows Scratch as a first step in introducing students to robotics.
The reference [10] shows the opportunities that Scratch offers
for use in the training of future designers of the worlds offered
by computing. Thus, it aims to turn consumers of computing
resources into explorers and designers of the worlds offered by
computing. In research such as that shown in [11] the authors
examine predictive analysis of users' written communication
through commentary in an open online social networking
forum at Scratch.mit.edu. Reference [12] details a comparative
study to investigate any differences in the transition of students'
motivation to learn programming using Scratch and App
Inventor for Android in K-12 educational environments.
Crumble is the tool of choice, as the programming interface
is visual, Scratch-based, and it makes programming tasks easier
for students as they delve into the hardware elements that are
introduced with this tool.
Despite being an emerging tool, the use of Crumble is
beginning to spread as a tool that promotes STEM knowledge
learning. Due to its reduced cost and simplicity of use, it is not
only limited to use in classrooms or private educational centers,
but also allows for its use at home [13].
Last but not least, Arduino is used. This tool is the most
complex of the three, but it is also the tool that allows more
development. In the field of digital design, Arduino-based
environments are used as the main platform in courses on
microcontrollers and advanced digital design techniques.
Thanks to the use of Arduino students showed better design
skills and motivation compared to students in past courses [14].
Arduino based developments, in part due to their low cost, ease
of use, flexibility and wide adoption in both consumer and
industrial applications are being considered in education. The

reference [15] shows as an example the transformation of
automotive laboratories using Arduino shields. The authors in
[16] show the new possibilities in education provided by the
Bring Your Own Device (BOYD) policies adopted at different
stages of learning. This is easy to implement with devices such
as Arduino, Arduino shields and visual software (Visual Basic
and Scratch) for educational purposes. A very important
component of engineering is that the knowledge acquired in the
classroom can be applied in practice. In the reference [17] the
authors review concepts such as the application of practical
teaching laboratories to the technological areas related to the
project. They also include in their study the use of the Arduino
and Android platforms. Arduino features support for tools such
as LabVIEW for students participating in Virtual Measurement
and Instrumentation programming courses [18]. There are also
developments such as the haptic controller for the Arduino
based educational environment. This platform allows students
to implement haptic algorithms in multiple mechatronic devices
[19].
This paper consists of four sections. Section II describes the
course from the point of view of the tools used and the levels of
difficulty involved. Section III details an example of
educational material that can be used for the development of
the course. Section IV includes the results obtained from the
deployment of the first module using Scratch and a basic
difficulty level. The last section contains the conclusions of the
material presented.
II. COURSE DESCRIPTION
The context of this course is the introduction to robotics for
boys and girls. Given the context of the course and the target
audience, no prior knowledge or specific skills are required.
This course is designed to be started by children of 6 years of
age and depending on the development of skills and the
acquisition of competencies, students can program through the
different modules that make up the course.
This course is based on three tools widely used in teaching.
The tools are characterized by two main parameters: the degree
of simplicity of their use and the degree of complexity of the
applications that can be made with them.
On the other hand, the course consists of three levels of
difficulty. A first level is very simple and has as its main
objective to be a contact of the students with the tool in
question. This is followed by an intermediate level, and finally
a level of greater complexity with which it is intended that
students can develop complex applications in the field of the
tool used and in the framework of educational robotics.
Figure 1 shows the set of matrix modules placed by type of
tool used and level of difficulty.

•

It does not allow the interaction of programs on
one computer with programs on another computer.

The second tool used in the course is Crumble. Crumble is
an electronic board to which up to two motors, lights, switches
and sensors can be connected to control its operation. It
connects to the PC via USB and can be programmed using the
free software. They are manufactured by Redfern Electronics
and some accessories are available that are compatible with the
Crumble [21] card.

Fig. 1. Course matrix.

For all the above reasons, the course has been designed as a
set of three difficulty modules with each of the three tools.
From there a total of nine modules are obtained for the
complete development of the course.
Each module is designed to be deployed in one-hour
sessions on a weekly basis. Therefore, the deployment of each
module can be balanced with the school terms. For example, if
the school year begins in October and ends in December, a
module can be planned to be delivered in four one-hour
sessions for each of the months of October, November and
December.
A. Robotic educatianl tools and resources
The first tool used in the course is Scratch. Scratch was
developed by the Education Division of MIT (Massachusetts
Institute of Technology). The mission of the Massachusetts
Institute of Technology is to advance knowledge and educate
students in science, technology and other scholarship areas that
will best serve the nation and the world in the 21st century.
Interactive stories, games and animations can be programmed
with Scratch [20].
Scratch is provided free of charge, is very easy to use and is
perfectly valid for ages 6 and up.
The main advantages of Scratch are:
•

Block-based visual programming language. This
facilitates access for children who have never
programmed before, as well as for children who
are not proficient in reading comprehension.

•

Allows image editing and use of predefined
images.

•

It has a command categorization system. This
allows children to quickly and easily find the
command they need to use at any given time.

The disadvantages of this tool are the following:
•

Only the peripherals of the computer can be used:
the screen, the speakers, the microphone, the
keyboard and the mouse.

Crumble software is provided free of charge and the
controller is priced at £10. It is very easy to use but
incorporates hardware and mechanical components that limit
the minimum age of the users. It is perfectly valid for ages 8
and up.
The Crumble controller is a card that is capable of handling
motors, analog and digital sensors, Sparkles and servos.
The main advantages of Crumble are:
•

Block-based visual programming language. The
programming language is based on Scratch.

•

Like Scratch, it has a command categorization
system,

•

Allows interaction of the controller board with
different types of electrical and electronic devices.

•

Allows the use of static and mobile robotic
platforms. This feature is of utmost importance, as
it promotes motivation and helps to gain students'
attention.

The disadvantages of this tool are the following:
•

The number of electrical and electronic devices
with which the controller board can interact is
limited. In addition, no more than six elements can
be connected simultaneously, limiting the
applications that can be developed with Crumble.

•

The interaction of the programs of one controller
with the programs of another controller is very
limited due to the low number of general purpose
input/output ports.

The third tool used in the course is Arduino. Arduino was
launched by Massimo Banzi in 2005 as a modest tool for Banzi
students at the Instituto de Diseño de Interacción Ivrea (IDII).
Arduino is an easy-to-use hardware and software based open
source electronic platform [22]. It is a platform that
incorporates a simple microcontroller and an interface
development environment to create the applications to be
downloaded to the board. The use of Arduino projects covers a
wide range of applications, from robotics to automatic control
irrigation systems.
The Arduino software is provided free of charge the
controller has a price of 20 €. It is very simple to use but
requires textual programming. It also incorporates hardware
and mechanical components that limit the minimum age of
users. It is perfectly valid for ages 12 and up.

Arduino is a card that is capable of handling both analog
and digital signals. It integrates a variety of communication
protocols such as serial communication, SPI (Serial Peripheral
Interface), I2C (Inter-Integrated Circuit) and others. Including
Arduino compatible shields, the controller can be used for any
type of application, from motor control to the implementation
of a robotic remote laboratory.
The main advantages of Arduino are:
•

Allows interaction of the controller board with any
type of electrical or electronic device.

•

Allows the connection of a large number of
electrical and electronic devices simultaneously.

•

Allows connection of multiple controllers via
wired or wireless communication.

•

Allows the use of static and mobile robotic
platforms.

•

It is possible to implement any type of robotic
application.

The disadvantages of this tool are the following:
•

Textual programming language. Students will
experience difficulties with the language syntax. In
addition, the commands used must be known by
heart or they will have to resort to examples or the
reference guide.

•

Given the wide variety of possibilities offered by
Arduino, the complexity of the applications
requires a great deal of time and it is necessary to
define a stricter work methodology than with the
previous tools.

B. Levels of dificulty
Three levels of difficulty have been defined for this course:
basic, intermediate and advanced. The basic level aims to
provide students with a first contact with the tool. It is also
intended that students begin to know the different elements
with which the tool can interact when implementing different
applications. At this level, the applications developed will be
very similar for each of the three tools. Secondly, the
intermediate level already starts from the premise that students
have acquired the skills of a basic use of the tool. Therefore, at
this level, more in-depth use of the tool will be deepened, and
more complex applications will be developed. At this level, the
applications developed may have a degree of similarity, but
they will have connotations specific to the tool used. Finally,
through the Advanced level, students will work with more
complex and tool-oriented applications they are using.
C. Course metrics and indicators
To assess whether a student has acquired the necessary
skills and abilities, different metrics and indicators are
proposed that should be used to know if a student is ready to
progress to the next module. Two types of measurement tools
are proposed: firstly, the analysis of the instructor throughout

the sessions, and secondly, the use of control surveys at the
beginning and end of each module.
The age of the students should be considered when making
the transition from one module to another. This is important,
especially because of the recommended minimum age for each
of the tools.
It is also important to know the concerns of students. A
student may complete the intermediate Scratch module and the
natural transition would be to the advanced Scratch module.
But if the student is interested in starting the Crumble module,
it would be advisable to take this opinion into account when
choosing the next module to be taken by the student.
D. Student progress
Given the structure of the course, it is possible to make
many transitions between modules. Figure 2 shows different
possible transitions. First, you could take a tour from basic
advanced Arduino Scratch to all levels of difficulty and all the
tools. This path is represented by Figure 2 as blue arrows
marked with identifier 1. It is also possible, if the student's age
is equal to or greater than the recommended age for each of the
tools, for a student to attend the basic levels of each tool first,
then the intermediate levels and finish the advanced levels of
each of the tools. advanced Arduino Scratch to all levels of
difficulty and all the tools. This path is represented by Figure 2
as green arrows marked with identifier 2.

Fig. 2. Module transitions.

In addition, it is not a prerequisite to start at the basic level
of Scratch. If a student has previous experience with
programming and robotics or has an age and knowledge that
tools like Scratch and Crumble are too trivial for him or her,
this student could start with the basic Arduino module.
III. EXAMPLE OF MATERIAL
This section describes a cross-platform material oriented to
the basic level. That is, the same content is used to be deployed
with Scratch, Crumble and Arduino. The idea is to develop a
material with very similar objectives, but with an
implementation adapted to each of the tools. Throughout the
basic level, three elements of real life will be dealt with, with
which the students may be familiar. The first element is a
traffic sign, the second element is a garage access barrier, and
lastly, it will work a follower lines - navigation of mobile

platforms using sensors. Each of the modules is divided into
four parts. A first part to familiarize the students with the
corresponding tool. A second part for them to work on the
implementation of the traffic signal. A third part for students to
develop the garage access barrier. And a last part for the line
follower to be implemented by the students.
A. Scratch basic level
In the first part of this module, students are shown the
structure of the development interface and its different
elements. The panels that make up the development interface,
command categorization, some basic commands, and the
display panel are explained. At this point, we move on to
activities in which the students have more participation. First,
you work on programming without a computer. Students must
define invented commands, define a list of them, and finally,
execute that set of instructions. Then they must start
programming with Scratch. The first challenge is to program
the Scratch cat to move from left to right. The next exercise
aims to get the Sprite to paint the background as it advances.
Using the program generated so far, students must modify the
program so that the Sprite draws a triangle and a square. To end
this part, students must define a word, share it with others, and
create a story with all the words. With that story defined,
students must do a program with Scratch.
In the second part we work on implementation of a traffic
signal with Scratch. The first step is to create a traffic sign with
Sprites. To do this, students will use the Sprites as traffic signal
lights. Then they will create a junction with two traffic signs,
and then they will create a junction with four traffic lights. At
this point, students are challenged to create a circuit with two
traffic signs. Subsequently, students must use Sprites to create
the lights for the pedestrian crossing portion. Finally, the final
objective is to implement a traffic signal to control the crossing
of vehicles and pedestrians.
In the third part, we work on the implementation of a
garage access barrier. To do this, students must use a Sprite to
implement the barrier. They must also include a color sensor in
the programming so that the barrier knows when a vehicle is
waiting, passing, or no vehicle is present. In addition, the
garage barrier must include a traffic light signal, to inform you
when it can pass, when caution is required because the barrier
is opening or closing and, finally, to inform you when it cannot
pass because the barrier is closed.
In the last part, students should use a Sprite containing color
detectors so that a black line can be detected on a white
background. They must also modify the background to create a
circular-shaped circuit. Once these two elements and the Sprite
program are developed, students must modify their programs to
make sure that their virtual robot follows lines can move as
quickly as possible without leaving the circuit. The next step is
to use a rectangular shaped circuit. Finally, the Sprite will be
used to circulate in more complex circuits that the students
themselves must create.
B. Crumble basic level
The first part of this module shows students the Crumble
hardware. The controller board is described and the hardware

elements to be used along the module are described. These
hardware items are such as the battery holder, the electrical
connection cables, the USB cable for programming the
controller card, the Sparkle, the ultrasonic sensor, the motors
and the line detection sensor. The following describes the
structure of the development interface and its different
elements. The panels that make up the development interface,
the categorization of commands and some basic commands are
explained. At this point, we move on to activities in which the
students have more participation. The first challenge is for
them to program the controller so that the Sparkle looks a color
of their choice. The following exercise is intended to make the
Sparkle blink with a one-second power-on period and a onesecond power-off period. To finish this part, students should
program the controller so that the Sparkle displays a succession
of colors of their choice.
In the second part, we work on the implementation of a
traffic signal with Scratch. The first step is to create the
sequence of aspects to be displayed by the Sparkle. Students
will use the following sequence: two seconds red, two seconds
yellow and two seconds green. They will then modify their
program so that the sequence runs cyclically. In a next step,
students should modify their schedule for the yellow aspect,
instead of being a fixed aspect, or an intermittent aspect. At this
point, students are challenged to create the lights on the
pedestrian crossing side, i.e. fixed red, fixed green and flashing
green. Finally, the final objective is to implement a traffic
signal to control the crossing of vehicles and pedestrians.
In the third part, we work on the implementation of a
garage access barrier. To do this, students must use a servo to
implement the barrier. They must also include an ultrasonic
sensor so that the barrier knows when a vehicle is waiting,
passing, or no vehicle is present. In addition, the garage barrier
must include a traffic light signal, to inform you when it can
pass, when caution is required because the barrier is opening or
closing and, finally, to inform you when it cannot pass because
the barrier is closed.
In the last part, students must use a wheeled robot
containing line detectors so that a black line on a white
background can be detected. A white surface and black
insulating tape will be used to draw the different circuits. The
first basic circuit will be a circular one Once a program is
developed that makes the robot follow the circular circuit,
students must modify their programs to make sure that their
robot follows lines can move as quickly as possible without
leaving the circuit. The next step is to use a rectangular shaped
circuit. Finally, it will use more complex circuitry that the
students themselves must create.
C. Arduino basic level
In the first part of this module, students are shown the
Arduino hardware. The controller board is described and the
hardware elements to be used along the module are described.
These hardware items are such as the electrical connection
cables, the USB cable for programming the controller card, the
LEDs (Light Emitter Diode), the ultrasonic sensor, the motors
and the line detection sensor. The following describes the
structure of the development interface and its different

elements. It explains the structure of Arduino programs, the
general syntax of the language, how the ports are configured,
and how the ports on the card are written and read. Also
included are explanations on how to choose the COM
programming port and which card to choose before
programming. Finally, it details how a program would load on
the Arduino card. At this point, we move on to activities in
which the students have more participation. The first challenge
is to program the controller so that the LED integrated in the
board looks fixed. The following exercise is intended to make
the LED blink with a one second power-on period and a one
second power-off period. To finish this part, students must
integrate an external LED into the board and use the program
created previously.
In the second part, we work on the implementation of a
traffic signal with Arduino. The first step is to connect an LED
for every aspect of the traffic signal. Second, students must
program the sequence of aspects to be displayed by the LEDs.
Students will use the following sequence: two seconds red, two
seconds yellow and two seconds green. In a next step, students
should modify their schedule for the yellow aspect, instead of
being a fixed aspect, or an intermittent aspect. At this point,
students are challenged to create the lights on the pedestrian
crossing side, i.e. fixed red, fixed green and flashing green.
Finally, the final objective is to implement a traffic signal to
control the crossing of vehicles and pedestrians.
In the third part, we work on the implementation of a
garage access barrier. To do this, students must use a servo to
implement the barrier. They must also include an ultrasonic
sensor so that the barrier knows when a vehicle is waiting,
passing, or no vehicle is present. In addition, the garage barrier
must include a traffic light signal, to inform you when it can
pass, when caution is required because the barrier is opening or
closing and, finally, to inform you when it cannot pass because
the barrier is closed.
In the last part, students must use a wheeled robot
containing line detectors so that a black line on a white
background can be detected. A white surface and black
insulating tape will be used to draw the different circuits. The
first basic circuit will be a circular one Once a program is
developed that makes the robot follow the circular circuit,
students must modify their programs to make sure that their
robot follows lines can move as quickly as possible without
leaving the circuit. The next step is to use a rectangular shaped
circuit. Finally, it will use more complex circuitry that the
students themselves must create.
IV. RESUTLS FROM EXPERIENCE
This section contains all the details of the experience
carried out with the deployment of the basic Scratch module to
a group of children without any previous programming or
robotic experience.
A. Course location and resources used
The course took place in the center of La Estera, in the town
of Camarma de Esteruelas. Camarma de Esteruelas is located in
the eastern part of the Community of Madrid. La Estera is an

independent socio-cultural center, self-funded by neighbors and
a non-profit organization.
The classroom is made up of tables that form an island. On
one side of the island the visual learning material is projected.
On the other hand, the instructor manages the computer that
contains the audiovisual material, presents the session and
interacts with the children.
Students have personal computers (PCs), each of which is
used in pairs. These PCs run Lubuntu as an operating system.
Lubuntu is a lightweight version of the Ubuntu distribution that
is characterized by optimizing the resources of computers that
do not have a lot of RAM (Random-Access Memory) or the
speed of its microprocessor is not very high. This operating
system was chosen because of its compatibility with Scratch,
Crumble and Arduino programming environments. In addition,
Lubuntu can be used free of charge and free software can be
installed for educational purposes.
B. Student profiles
The student group consisted of eight students aged 6 to 11.
Four students were under the age of 8. The rest of the students
were between 9 and 11 years old.
One of the students is a girl (10 years old) and the other
thirteen are boys. Table I summarizes the grades students have.
In addition, Table I includes the correspondence between the
Spanish educational level and the ISCED (International
Standard Classification of Education) level.
TABLE I.

STUDENTS’ GRADES

Spanish educational grade
Primary Education

ISCED
level
1

Number of
students
14

Before starting the module, a pre-test was conducted to
obtain the concerns about their attendance at the module. They
were also asked about their previous knowledge about
programming, robotics and the use of the Scratch tool.
Table II compiles the responses to the other questions
related to previous knowledge about programming, robotics
and the use of the Scratch tool. Most of the students had not
programming, robotics and Scratch experience.
TABLE II.
Question
Programming experience
Programming knowledge
Robotics knowledge
Scratch experience
Scratch knowledge

PRE-TEST RESPONSES
Student’s level
(1 – None; 5 – High)
1
2
3
4
5
14
0
0
0
0
14
0
0
0
0
14
0
0
0
0
12
1
1
0
0
12
1
1
0
0

C. Course results
In the first part, most of the students had their first contact
with Scratch. This part is eminently theoretical but combined

with the participation promoted by the instructor. As the
instructor explained the theoretical concepts, the participants
could experiment to a greater or lesser extent. All participants
completed the first activity. The rest of the activities required
additional clarification and assistance from the instructor. Table
III summarizes information regarding the activities that were
completed by the students.
TABLE III.

FIRST PART ACTIVITIES AND STUDENTS WHICH COMPLETED

Activity title
Scratch
envorionment
Programming
without computer
Basic programming
Programming a
simple story

Completed
without help

Completed
with some help

Completed
with help

14 (100 %)

0 (0 %)

0 (0 %)

0 (0 %)

2 (14 %)

12 (86 %)

14 (100 %)

0 (0 %)

0 (0 %)

4 (29 %)

10 (71 %)

0 (0 %)

greater independence in solving the challenges they had been
faced with.
TABLE VI.

FOURTH PART ACTIVITIES AND STUDENTS WHICH COMPLETED
Completed
without help
10 (71 %)
12 (86 %)
12 (86 %)
14 (100 %)

Activity title
Color detector
Circuit
Increasing speed
Complex circuits

TABLE IV.

SECOND PART ACTIVITIES AND STUDENTS WHICH COMPLETED

Activity title

Completed
without help

Completed
with some help

Completed
with help

Working on Sprites

0 (0 %)

2 (14 %)

12 (86 %)

0 (0 %)

4 (29 %)

10 (71 %)

14 (100 %)

0 (0 %)

0 (0 %)

14 (100 %)

0 (0 %)

0 (0 %)

Basic traffic signal
lights (I)
Basic traffic signal
lights (II)
Complete traffic
signal lights

In the third part, again needed support from the instructor
during the first activities. As with the second part of the
module, in this third part the students completed the last
activities independently. Table V summarizes information
regarding the activities that were completed by the students.
TABLE V.

THIRD PART ACTIVITIES AND STUDENTS WHICH COMPLETED

Activity title

Completed
without help

Completed
with some help

Completed
with help

Basic garage barrier

2 (14 %)

12 (86 %)

0 (0 %)

4 (29 %)

10 (71 %)

0 (0 %)

14 (100 %)

0 (0 %)

0 (0 %)

14 (100 %)

0 (0 %)

0 (0 %)

Garage barrier with
detection
Garage barrier with
lights
Complete
garage
barrier

Table VI summarizes information regarding the activities
that were completed by the students during the fourth part. As
can be seen from the results obtained, all the students showed

Completed
with help
2 (14 %)
0 (0 %)
0 (0 %)
0 (0 %)

Additionally, at the end of module, a post-test was
conducted to obtain the opinion about the student’s outcomes
from the module. Firstly, a battery of question was asked with
aim of getting the students’ opinion about the module. Table
VII compiles the students’ opinion about the module.
TABLE VII.

Table IV summarizes information regarding the activities
that were completed by the students along the second part.
During the first activities, the students needed help from the
instructor to achieve the objectives they had set for themselves.
However, the students completed the last two activities without
having to be assisted by the instructor.

Completed
with some help
2 (14 %)
2 (14 %)
2 (14 %)
0 (0 %)

STUDENTS’ OPINION ABOUT THE MODULE

Module topic

Most
liked

Programming

Number of students
Less
Easiest
liked

Hardest

3

2

10

3

Creating histories

0

12

3

6

Making real
aplications

11

0

1

5

Theory

0

0

0

0

Nothing

0

0

0

0

life

All questions related to verify that the students had acquired
the knowledge that was intended to be transmitted throughout
the course were answered correctly by all students.
On the other hand, Table VIII compiles the responses to the
other questions related to acquired knowledge about
programming, robotics and the use of the Scratch tool. Most of
students increased their perception about programming,
robotics and Scratch knowledge. Furthermore, most of students
showed an increase in their curiosity about robotics.
TABLE VIII.
Question
Programming knowledge
Robotics knowledge
Robotics interest
Scratch knowledge

POST-TEST RESPONSES
Student’s level
(1 – Nothing; 5 – Many)
1
2
3
4
5
0
0
2
7
5
0
0
3
3
8
0
1
3
2
8
0
0
2
7
5

At the end of the module we could see how all the students
increased their motivation to program and create simple
projects. At the beginning of the module, all the students had
knowledge of new technologies such as computers, tablets and
smartphones. Despite this, the use they made of it was a basic
user use this knowledge was limited to Internet queries, games
or basic functionalities. During the course, they scaled up their
skills such as systems thinking, programming mentality, active

learning, math, science, judgment and decision making, good
communication, technological design, complex problem
solving and persistence.
D. Discusion
As it can be seen from the results shown in the previous
sections, a pedagogical strategy that combines theory and
practice contributes to a level of attention that helps students
acquire knowledge and become involved in the learning
process.
As it can be seen from the results shown, Scratch is an ideal
tool for introducing students to robotics. Scratch is distributed
free of charge, can be used in its online or offline versions for
Windows, MAC OS and Linux operating systems, and is a tool
that does not require large resources from the device where it
runs.
Throughout the activities, most of the students completed
the proposed activities without the help of the instructor. Some
of the students completed the activities with the support of the
instructor. In some cases, other students were providing support
to others. The need for help was not related to the age of the
students or to gender.
The students enjoyed their activities and learned a lot from
the experience. In addition, they improve their STEM-related
skills.
V. CONCLUSIONS
As shown throughout this paper, the combination of STEM
pedagogy with educational robotics presents promising
opportunities for the development of skills and competencies
needed by future professionals. Despite this, the introduction to
educational robotics is not an easy task. But thanks to the great
variety of tools such as the proposals, it is possible to contribute
with cost-effective solutions that provide great flexibility to
deploy varied knowledge in a way that is attractive to students.
First, it is demonstrated how a course can be planned that
takes advantage of common contents to be developed with
different types of platforms. Each of the above tools has many
features that fit different age ranges of students. In this way,
Scratch is a pure software tool that makes it easy for students to
access areas of knowledge related to computer science. It is
also very useful for the development of skills such as creative
thinking, systematic thinking and collaborative work. Crumble,
on the other hand, is a tool that enhances everything you've
acquired with Scratch and makes it easier for students to access
basic electrical and electronic systems. Last but not least,
Arduino is a great choice when it comes to implementing
virtually any type of application.
This work also includes an example of educational material
for the basic levels proposed for each of the tools. For the cases
in which a student must repeat a module, an educational
material could be developed based on similar lines to those
proposed in the example (lights, sensors, moving elements) but
with other different applications. This would continue to attract
attention and motivate students to help them acquire the skills
and abilities they have not been able to develop adequately.

The experience discussed at the end of the paper
demonstrates the potential of the course and the Scratch tool as
the start of the proposed course. We still need to continue
working with the proposed materials, develop more educational
materials and analyze the results of more students in order to
complete the proposal presented.
Finally, the results will be integrated in an open hardware
platform which promotes innovation and motivation for
students during the learning process [23]. The platform which
is being developed presents wirelessly connections such as
Bluetooth and WiFi as enhancements [24]. This research
continues the development described in [25]. The doctoral
thesis is being carried out in the Engineering Industrial School
of UNED (Spanish University for Distance Education) and the
Electrical and Computer Engineering Department (DIEEC).
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6WUXFWXUHG022&GHVLJQHGWRRSWLPL]H(OHFWULFLW\
OHDUQLQJDW6HFRQGDU\6FKRRO
%OD]TXH]0HULQR0DQXHO PEOD]TXH]#LHHFXQHGHV 0DFKR$URFD$OHMDQGUR DPDFKR#LHHFXQHGHV %DL]iQ
ÈOYDUH]3DEOR SEDL]DQ#LHHFXQHGHV *DUFLD/RUR)pOL[ IJDUFLDORUR#LHHFXQHGHV 6DQ&ULVWREDO(OLR
HOLR#LHHFXQHGHV 'LH]*DEULHO JGLD]#LHHFXQHGHV &DVWUR0DQXHO PFDVWUR#LHHFXQHGHV 
(OHFWURQLFV(OHFWULFDQG&RQWURO(QJLQHHULQJ'HSDUWPHQW
81('8QLYHUVLGDG1DFLRQDOGH(GXFDFLyQD'LVWDQFLD
0DGULG6SDLQ

7KH FRQWHQWV KHUHE\ LQWURGXFHG VKRZ D PHWKRGRORJ\ WR
7KH 022& KDV WR LQFOXGH D VSHFLILF PHWKRGRORJ\
WHDFK HOHFWULFLW\ WR 6HFRQGDU\ VFKRRO VWXGHQWV $V VHFRQGDU\
EHQHILFLDOWRWKLVDJHJURXSDQGDIWHUGHHSUHIOHFWLRQVZHKDYH
WHDFKHUV RQH RI WKH KLJKHVW ZRUULHV LV WR UHFRJQL]H WKH OHYHO RI
GHFLGHG WR FUHDWH D PHWKRGRORJ\ EDVHG XSRQ %ORRP V
VLJQLILFDQFH LQ OHDUQLQJ LQ RXU VWXGHQWV 6LJQLILFDQFH PHDQV
WD[RQRP\,WVKRXOGEHDGGHGWKDWWKLVFKRLFHKDVQRWEHHQHDV\
SHUPDQHQW OHDUQLQJ DQG WKXV WKH DVVLPLODWLRQ RI D VROLG EDVLV
EHFDXVH %ORRP V WD[RQRP\ > @ LV VSHFLILHG DV D PHDQV RI
FRQGXFWVWRPDNHHDVLHUWRXQGHUVWDQGNQRZOHGJHLQKLJKHUOHYHOV
HYDOXDWLRQ IRU VWXGHQWV RI KLJKHU HGXFDWLRQ DQG WKHUH LV DQ
DV RXU VWXGHQWV DUH JURZLQJ XS $V D FRQVHTXHQFH RI WKHVH
LQDGHTXDWHERG\RIOLWHUDWXUHVSHDNLQJWRLWVDSSOLFDWLRQLQWKH
ZRUULHV D VWUXFWXUHG PDVVLYH RSHQ RQOLQH FRXUVH KDV EHHQ
ILUVW FRXUVHV RI VHFRQGDU\ HGXFDWLRQ +RZHYHU ZH KDYH
GHYHORSHG WR RSWLPL]H WKH DVVLPLODWLRQ RI EDVLF FRQFHSWV
WKRXJKWDVDQK\SRWKHVLVWKDWWKLVFRXOGEHSHUIHFWO\DSSOLHGLQ
PDJQLWXGHV DQG VNLOOV LQ UHODWLRQ ZLWK (OHFWULFLW\ FRQWHQWV 7KH
6HFRQGDU\ 6FKRRO VWXGHQWV %ORRP DQG $QGHUVRQ DUJXH WKDW
ZRUNVLQUHODWLRQZLWKWKHTXDQWLILFDWLRQRIOHDUQLQJLVZULWWHQLQ
OHDUQLQJKDVWZROHDUQLQJVWDWHVRQHORZHUDQGRQHKLJKHU7KH
WKLV SDSHU DV ZHOO LQ RUGHU WR VKRZ KRZ JRRG RXU VWXGHQWV DUH
ORZHUVWDWHLVUHODWHGWRWKHDFTXLVLWLRQRIGDWDZKLOHWKHKLJKHU
OHDUQLQJDQGZKDWWKHPRVWLPSRUWDQWGLIILFXOWLHVWKH\ILQG
VWDWHDOORZVXVLQJWKLVGDWDWRGHYLVHDSSURDFKHVZLWKZKLFKWR
DSSO\ NQRZOHGJH WR FUHDWH QHZ VFHQDULRV %RWK VWDWHV DUH
.H\ZRUGV²022& HOHFWULFLW\ UHPRWH ODE 9,6,5 VHFRQGDU\
LPSOHPHQWHG E\ WKH DFWLYDWLRQ RI ORZHU RUGHU /276  DQG
VFKRRO
KLJKHU RUGHU +276  WKLQNLQJ VNLOOV UHVSHFWLYHO\ 6R ZH
, ,1752'8&7,21
VXSSRUWWKHLGHDWKDWDWDGROHVFHQWDJHVLWLVSRVVLEOHWRDFWLYDWH
/HDUQLQJWKHWKHRU\RIHOHFWULFLW\LVQRWHDV\DQGQHLWKHULV +276LI/276DUHSURSHUO\ZRUNHGDQGFRQVROLGDWHG,QWKLV
WHDFKLQJ WKH FRQFHSWV DQG HOHFWULFDO PDJQLWXGHV WR VHFRQGDU\ ZD\LIDVWXGHQWPLJKWGHYHORSKLVKHUFUHDWLYHDQGUHIOHFWLYH
HGXFDWLRQ VWXGHQWV 3K\VLFV DQG HOHFWULFLW\ ERRNV FRQWDLQ D VNLOOV PHDQLQJIXO OHDUQLQJ DFKLHYHPHQW RI  DERXW HOHFWULFLW\
JUHDWZHDOWKRIFRQWHQWEXWLQPDQ\FDVHVVWXGHQWVZDVWHWKHLU FRQFHSWV LV SRVVLEOH DQG DV D FRQVHTXHQFH OHDUQLQJ LV
WLPH LQ XQGHUVWDQGLQJ DQG HYHQ LPDJLQLQJ HOHFWULFDO WUDQVODWHG LQWR SHUPDQHQW NQRZOHGJH ,Q WKH ILJXUH  %ORRP
SKHQRPHQD >@ 6HFRQGDU\ VFKRRO VWXGHQWV DUH YHU\ $QGHUVRQ VDSSURDFKLVUHSUHVHQWHGDVWZRPDLQVWDWHVHDFKRI
DFFXVWRPHGWROHDUQLQJYLDWKHYLVXDOOHDUQLQJVW\OHDQGRQO\LQ WKHPFRQWDLQLQJWKHNLQGRIWKLQNLQJDFWLYLWLHVWREHSUDFWLFHG
WKH VXEMHFW RI PDWKHPDWLFV WKH\ SURJUHVV DFFRUGLQJ WR WKHLU LQ WKH ZD\ IRU VWXGHQWV WR GHYHORS WKHLU RZQ FDSDELOLWLHV
FDSDFLW\ IRU DEVWUDFWLRQ >@ )RU WKLV UHDVRQ WKH WHFKQRORJ\ 3UHFLVHO\WKLVVFKHPHODWHUGHYHORSHGLQVHFWLRQ,,,ZLOOEHWKH
WHDFKHU GHVSLWH KDYLQJ HGXFDWLRQDO UHVRXUFHV DQG DFFHVV WR JXLGHLQWKHHODERUDWLRQRIWKHGLGDFWLFPDWHULDOVLQFOXGHGLQWKH
DGYDQFHGHGXFDWLRQDOWHFKQRORJ\VWUXJJOHVWRKDYHKLVVWXGHQWV 022&
XQGHUVWDQG HOHFWULFDO SKHQRPHQD /HDUQLQJ EHFRPHV WKH PHUH
DSSOLFDWLRQ RI IRUPXODV DQG ODZV WKDW VWXGHQWV UHSOLFDWH IURP
WKHH[DPSOHVWKDWWKHWHDFKHUVKRZVLQFODVV,WLVLPSRUWDQWWR
XQGHUVWDQG WKDW OHDUQLQJ PHWKRGRORJ\ RI QHZ FRQWHQWV
GHWHUPLQHVFRJQLWLYHGHYHORSPHQWDQGHVWDEOLVKHVVWUDWHJLHVWR
DFKLHYH D VROLG FRQFHSWXDO EDVLV>@ 7KH FRXUVH KHUH
LQWURGXFHGKDVEHHQGHVLJQHGDFFRUGLQJWKHVHSUHPLVHV
,,

&21)/8(1&(2)('8&$7,21$/5(6285&(6

,Q WKH FRQWH[W RI WKH UHVHDUFK VWXG\ FDUULHG RXW LQ WKH
(OHFWULFDO (OHFWURQLF DQG &RQWURO (QJLQHHULQJ 'HSDUWPHQW RI
WKH6SDQLVK2SHQ8QLYHUVLW\ 81(' LWKDVEHHQWKRXJKWWKDW
PDQ\ RI WKH SUREOHPV WR XQGHUVWDQG HOHFWULFDO WKHRU\ LQ
XQGHUJUDGXDWH VWXGHQWV FRXOG EH UHGXFHG LI WKH OHDUQLQJ RI
HOHFWULFLW\ ZDV RSWLPL]HG LQ WKH SUHYLRXV FRXUVHV RI WKH
VHFRQGDU\VWDJH7RDFKLHYHWKLVJRDOD022& 0DVVLYH2SHQ
2QOLQH&RXUVH KDVEHHQGHVLJQHGIRUVWXGHQWVEHWZHHQDQG
\HDUVROG


)LJ%ORRP$QGHUVRQ VDSSURDFK

7KHVHFRQGUHDVRQWKDWKDVVKDSHGWKH022&LQDGGLWLRQ
WR WKH GHVLJQ RI D VSHFLILF PHWKRGRORJ\ KDV EHHQ WKH
LQFRUSRUDWLRQRIWHFKQRORJLFDOUHVRXUFHVWKDWDOORZWKHVWXGHQWV
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WR PRYH IURP DQ LQLWLDO FRQFHSWXDOL]DWLRQ WR SUDFWLFHEDVHG
OHDUQLQJ
)RU WKLV UHDVRQ 9,6,5 UHPRWH ODERUDWRRU\ >@ KDV EHHQ
FKRVHQ DV WKH PDLQ WHFKQLFDO UHVRXUFH WR EXLOG FLUFXLWV DQG
LPSOHPHQW PHDVXUHPHQWV 2QH PLJKW WKLQNN WKDW LW FRXOG EH
HQRXJK WR XVH YLUWXDO VLPXODWLRQ DSSOLFDWLRRQV DQG LQ D ZD\
WKHVHDUHWKHUHVRXUFHVWKDWKDYHEHHQXVHGVVRIDU+RZHYHULW
KDVEHHQGHFLGHGWRXVHDUHPRWHODERUDWRU\IIRUVHYHUDOUHDVRQV
7KHILUVWRQHLVUHODWHGZLWKWKHHDVLQHVVRIWKKHUHPRWHODEWREH
XVHGZKDWRIIHUVDYHU\IDVWOHDUQLQJFXUYH 7KLVPHDQVWKDWLV
SODXVLEOH WR LQYHVW VRPH WLPH ZLWK WKH PDNLQJ
P
RI WKH ILUVW
PHDVXUHV EXW WKH PDNLQJ RI WKH VHFRQGG DQG VXFFHVVLYH
PHDVXUHV DUH UHGXFHG WR WKH PLQLPXP >@ 2WKHU RI WKH
UHDVRQRIWKHVHOHFWLRQRI9,6,5UHPRWHODE LVUHODWHGZLWKWKH
PLQLPDOFRVWRILWVLPSOHPHQWDWLRQDQGXVHIIRUWKHHGXFDWLRQDO
FHQWHUHQKDQFHGZLWKWKHSRVVLELOLW\IRUWKHVVWXGHQWVWRSUDFWLFH
E\WKHLURZQDWKRPHRQFHWKH\DUHJUDQWHG ZLWKDQXVHUQDPH
DQGSDVVZRUG7KLVDOORZVVWXGHQWVWRXVHWKKHUHPRWHGD\V
D \HDU DQG  KRXUV D GD\ >@ 7KH WKLUGG UHDVRQ WR VHOHFW
9,6,5LVUHODWHGWRWKHRSHUDWLRQRIWKHWRROOIURPDFRPSXWHU
2Q WKH RQH KDQG VWXGHQWV KDQGOH D JUDSKLFDO XVHU LQWHUIDFH
ZLWK WKH QHFHVVDU\ FRQWUROV WR FDUU\ RXW DQQ DVVHPEO\ LQ WKH
VDPHZD\DVLIZLUHVDQGFRPSRQHQWVZHUHWRREHFRQQHFWHGWRD
EUHDGERDUG FRQVLGHULQJ WKH UHDOLW\ IDFWRU VLQFH PHDVXUHPHQWV
DUH PDGH RQ UHDO FRPSRQHQWV>@ 7KLV PHDQV
P
WKDW XQOLNH
YLUWXDOODERUDWRULHV9,6,5WUDQVIHUVWRVWXGHHQWVWKHFRQFHSWRI
PHDVXUHPHQWHUURULQWKHVDPHZD\DVLILWZ
ZDVDVVHPEOHGLQD
UHDOODERUDWRU\


)LJ$VSHFWRIWKHZHOFRPHHSDJHWRWKH022&ZLWKWKHILUVW
DFFHVVWRYLGHRV

'5(6285&(6
,,, 022&','$&7,&0$7(5,$/6$1'

,(6 (OHFWULF 0HDVXUHV 022& DV LQQWURGXFHG LQ WKLV
FRPPXQLFDWLRQ
LV
DYDLODEOH
ZLWKK
WKH
85/
KWWSPRRGOHORJLQLQGH[SKS ,Q RUGHU WR
RSWLPL]H WKH ZRUNLQJ WLPH VRPH YLGHRV KDDYH EHHQ UHFRUGHG
DQGGLVWULEXWHGWKURXJKRXWWKH022&,QILJJXUHDQDVSHFWRI
WKH ILUVW VWHSV LQ WKH 022& DQG D SDUWLDO YLHZ
Y
RI RQH RI WKH
YLGHRVDUHVKRZQ
L WKH LQWURGXFWRU\
)LUVWO\ WKUHH YLGHRV KDYH EHHQ ORFDWHG LQ
VHFWLRQ 5HFRJQL]LQJ \RXU PHDVXUHV SUDFWLFHV
S
FRXUVH
6WXGHQWV KDYH WR ZDWFK WKH YLGHRV EHIRUH GRZQORDGLQJ WKH
SUDFWLFH GRFXPHQWV :LWK WKHVH YLGHRV VWXGHQWV EHFRPH
IDPLOLDUL]HG ZLWK WKH FRQFHSWV RI UHPRWH ODEE DQG VSHFLILFDOO\
ZLWK WKH XVH RI 9,6,5 KRZ WR DFFHVV WR WKH ODE DQG ZKDW
PHWKRGRORJ\LVDSSOLHGLQWKHFRXUVH
$IWHUFRPSOHWLQJWKHILUVWVHFWLRQVWXGHQWWVZLOOWKHQEHDEOH
WR DFFHVV WR WKH GRFXPHQWV WKDW KDYH EHHQ FDUHIXOO\ GHVLJQHG
ZLWK WKH REMHFWLYH WR RSWLPL]H OHDUQLQJ RI HOHFWULFLW\
H
FRQFHSWV
DQG PDJQLWXGHV 7KH UHVRXUFHV KDYH EHHQ GLYLGHG LQWR WKUHH
OHYHOV //DQG/ ZLWKHDFKOHYHOFRQWDDLQLQJWKHVRFDOOHG
%ORRP$QGHUVRQ V WD[RQRP\ VL[ VWDJHV 7KHH ILUVWWKUHH VWDJHV
KDYHQEHHQGHVLJQHGWRIDFLOLWDWHWKHGHYHORSPHQW RI VWXGHQWV 
ORZRUGHUWKLQNLQJVNLOOV /276 DQGDUH


)LJ$VSHFWRIRQHRIWKHVVHFWLRQVLQWKHVWXGHQWV SUDFWLFHV
GRFXP
PHQWDWLRQ

x 6WDJH5HPHPEHUZKKLFKUHYLHZVVRPHFRQFHSWVWKDW
VWXGHQWVVKRXOGNQRZWRRHVWDEOLVKDVWDUWLQJSRLQWIRUWKH
FRQWHQWV
x 6WDJH  8QGHUVWDQG WKKURXJK ZKLFK VWXGHQWV ZLOO EH
DEOHWRFRQWH[WXDOL]HWKHHVWXGLHGFRQFHSWV
x 6WDJH  $SSO\ WR TXDDOLI\ VWXGHQWV WR XQGHUVWDQG WKH
SUDFWLFDO XVHIXOQHVV RII FRQFHSWV EHLQJ WKH UHPRWH
ODERUDWRU\WKHUHVRXUFHXXVHGIRULW
7KHVWUDWHJ\RIWKHFRXUVHDDVLQGLFDWHGLQSUHYLRXVVHFWLRQV
LVWKHFRQVROLGDWLRQRI/276LQQRUGHUWRDFWLYDWHVWXGHQWV KLJK
RUGHU WKLQNLQJ VNLOOV +276  DQG LQ WKLV ZD\ +276 VWDJHV
GHYHORSPHQWDUHH[SODLQHGDVIRROORZV
x 6WDJH$QDO\]HWKURXXJKZKLFKVWXGHQWVZLOOH[HUFLVH
WKHUHFRJQLWLRQRIWKHUHHVXOWVREWDLQHGLQWKHPHDVXUHV
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EHLQJ DEOH WR GHFLGH IRU WKHPVHOYHV ZKHWKHU WKH
REWDLQHG PHDVXUHPHQWV DUH RI WKH H[SHFWHG RUGHU RI
PDJQLWXGH DQG LQ ZKLFK WKH DQDO\VLV RI HUURUV E\
FRPSDULVRQ ZLWK H[SHFWHG YDOXHV ZLOO EH SXW LQWR
SUDFWLFH
x 6WDJH  (YDOXDWH LQ ZKLFK VWXGHQWV ZLOO EH DEOH WR
GHWHUPLQHWKHYDOLGLW\RIWKHREWDLQHGUHVXOWVDQG
x 6WDJH  &UHDWH LQ ZKLFK VWXGHQWV ZLOO EH FKDOOHQJHG
FKDQJH WKH VFHQDULR RI SUDFWLFHV DQG SHUIRUP DV
GHVLJQHUV WKHPVHOYHV 7KLV VWDJH GHWHUPLQHV LI WKH
VWXGHQWKDVDFKLHYHGVLJQLILFDQWOHDUQLQJ
$V LQGLFDWHG DERYH WKH FRXUVH FRQVLVWV RI WKUHH OHYHOV
GHVLJQHG IRU VWXGHQWV WR JUDGXDOO\ DFFHVV WR LQFUHDVLQJO\
FRPSOH[ WRSLFVDQG NQRZOHGJH 0RUH VSHFLILFDOO\ VWXGHQWV LQ
/HYHO  ZLOO VWXG\ WKH FRQFHSWV RI HOHFWULFLW\ HOHFWULFDO
PDJQLWXGHV DQG HOHFWULFDO FRPSRQHQWV RI D FLUFXLW DQG ZLOO
GHHSHQ WKHLU XQGHUVWDQGLQJ DQG UHFRJQLWLRQ RI HOHFWULFDO
UHVLVWRUV ,Q OHYHO  VWXGHQWV ZLOO SUDFWLFH ZLWK WKH VHULHV DQG
SDUDOOHOFLUFXLWVDQGWKHFRQFHSWRIHTXLYDOHQWUHVLVWDQFH,QWKH
ILJXUH  DQ VQDSVKRW RI WKH GRFXPHQWDWLRQ DW WKLV OHYHO LV
UHSUHVHQWHG LQ ZKLFK VWXGHQWV ZLOO IROORZ WKH LQVWUXFWLRQV WR
FRQQHFWVHULHVDQGSDUDOOHOFLUFXLWVDVSDUWRIWKH6WDJH$SSO\
DQG WKH VWXG\ RI WKH REWDLQHG YDOXHV E\ WKH 6WDJH  $QDO\]H
DQG6WDJH(YDOXDWH


)LJ9LHZRIWKHGRFXPHQWDWLRQ$QDO\]H(YDOXDWHDQG&UHDWH
LQ/HYHO

$SURFHVVRIDVVHVVPHQWKDVEHHQLPSOHPHQWHGDQGWKHGDWD
FROOHFWHG IURP WKH VWXGHQWV DFWLYLWLHV KDYH EHHQ DVVHVVHG DQG
DQDO\]HG DFFRUGLQJ WR VRPH VWDQGDUGV RI HYDOXDWLRQ EDVHG RQ
LQGLFDWRUVGHVFULEHGDVIROORZVLQ7DEOH
7$%/(,

/($51,1*$66(660(17,1',&$7256,1/(9(/3(57$6.

7DVN





'HVFULSWLRQRIWKHDFWLYLW\

$ELOLW\WRDSSO\WKHFRQFHSWVDQGHOHFWULFDOPDJQLWXGHVWRWKH
VROXWLRQRIDUHDOHYHU\GD\SUREOHP
3UDFWLFH  0HDVXUH RI WKH UHVLVWDQFH RI D UHVLVWRU DQG
XQGHUVWDQGLQJRIWKHFRQFHSWRIWROHUDQFH
8QGHUVWDQGLQJRIWKHFRQFHSWRIDEVROXWHDQGUHODWLYHHUURULQ
PHDVXUHV WR WKH FDOFXODWLRQ RI SHUFHQWDJHV FKDQJLQJ WKH
FRQWH[W
3UDFWLFH0HDVXUHRIPXOWLSOHUHVLVWDQFHVDQGFDOFXODWLRQRI
DEVROXWHDQGUHODWLYHHUURU



$QDO\VLVRIYDOXHVUHWULHYHGIURPSUDFWLFH



&RQGXFWLQJ D UHVHDUFK VWXG\ RQ WKH RULJLQ RI HUURUV LQ
PHDVXUHPHQWSURFHVVHV

7$%/(,,
7DVN


)LJ9LHZRIWKHGRFXPHQWDWLRQ$SSO\$QDO\]HDQG(YDOXDWH
LQ/HYHO

)LQDOO\LQOHYHOVWXGHQWVZLOOSUDFWLFHZLWKWKHFRPSRXQG
FLUFXLWFRQFHSWDQGWKH\ZLOOEHSURYLGHGZLWKXVHIXOVWUDWHJLHV
IRUVROYLQJWKLVW\SHRIFLUFXLWV$GGLWLRQDOO\HDFKRIWKHOHYHOV
KDV D YLGHR WKDW KHOSV WKH VWXGHQWV WR XQGHUVWDQG WKH HOHFWULF
WKHRU\ DQG DVVLVW WKHP ZLWK WKH H[HFXWLRQ RI WKH SUDFWLFHV ,Q
WKHILJXUHVWDJHVDQGRI/HYHOLVUHSUHVHQWHG
,9 (9$/8$7,21&5,7(5,$$1'',675,%87,216
(OHFWULF0HDVXUHV022&LPSOHPHQWDWLRQKDVEHHQFDUULHG
RXW IRU D SHULRG RI WKUHH ZHHNV LQ ZKLFK HLJKW VHVVLRQV KDYH
EHHQGLVWULEXWHG,QWRWDOVWXGHQWVWR\HDUVROGKDYH
SDUWLFLSDWHG LQ WKH UHVHDUFK 7KH DJH RI WKH VWXGHQWV
FRUUHVSRQGV WR WKH ILUVW WZR FRXUVHV RI VHFRQGDU\ FRPSXOVRU\
HGXFDWLRQ VWDJH DFFRUGLQJ WR 6SDQLVK HGXFDWLRQ RUJDQL]DWLRQ
DQG(XURSHDQ(GXFDWLRQODZV







'HVFULSWLRQRIWKHDFWLYLW\

3UDFWLFHVDQG&RQQHFWLRQRIVHYHUDOUHVLVWRULQVHULHVDQG
SDUDOOHO DQG PHDVXUHPHQW RI HTXLYDOHQW HOHFWULF UHVLVWDQFH LQ
HDFKFDVH
&DOFXODWLRQ RI HTXLYDOHQW HOHFWULF UHVLVWDQFH IURP D VHULHV
FLUFXLWPDGHXSWKHUHVLVWRUVXVHGLQSUDFWLFH
&DOFXODWLRQ RI HTXLYDOHQW HOHFWULF UHVLVWDQFH IURP D SDUDOOHO
FLUFXLWPDGHXSWKHUHVLVWRUVXVHGLQSUDFWLFH
5HWULHYHPHQW RI WKHRUHWLFDO DQG PHDVXUHG YDOXHV LQ RUGHU WR
FDOFXODWHDEVROXWHDQGUHODWLYHHUURUV
5HSUHVHQWDWLRQRIWKHVFKHPHRIDVHULHVDQGDSDUDOOHOFLUFXLW
DQGFDOFXODWLRQRIWKHRUHWLFDOUHVLVWRUVYDOXHVJLYHQPHDVXUHG
YDOXHVDQGUHODWLYHHUURUV

7$%/(,,,
7DVN






/($51,1*$66(660(17,1',&$7256,1/(9(/

/($51,1*$66(660(17,1',&$7256,1/(9(/

'HVFULSWLRQRIWKHDFWLYLW\

&DOFXODWLRQRIWKHHOHFWULFPDJQLWXGHVLQDJLYHQFLUFXLW
&RQQHFWLRQRIDFRPSRXQGFLUFXLWDFFRUGLQJWRDJLYHQHOHFWULF
VFKHPHPDGHXSDEDWWHU\DQGWKUHHUHVLVWRUVDQGFRPSOHWLRQ
RISUDFWLFHVDQG9ROWDJHPHDVXUHPHQWLQDUHVLVWRURIWKH
FRPSRXQG FLUFXLW 3UDFWLFH   DQG HOHFWULF FXUUHQW
PHDVXUHPHQWWKURXJKDFHUWDLQEUDQFKRIWKHFRPSRXQGFLUFXLW
3UDFWLFH 
&DOFXODWLRQ RI YROWDJHV DQG HOHFWULF LQWHQVLWLHV LQ D VSHFLILF
UHVLVWRU
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7DVN

7$%/(9,

'HVFULSWLRQRIWKHDFWLYLW\

5HWULHYHPHQW RI WKHRUHWLFDO DQG PHDVXUHG YDOXHV LQ RUGHU WR
FDOFXODWHDEVROXWHDQGUHODWLYHHUURUV
'UDZLQJRIWKHVHWRIFRQQHFWLRQVRIDFRPSRXQGFLUFXLWPDGH
XS  UHVLVWRUV ZLWK D SRZHU VXSSO\ D PXOWLPHWHU DQG D
EUHDGERDUG





,QDGGLWLRQDQDWWULEXWHKDVEHHQDVVLJQHGWRHDFKLQGLFDWRU
LQRUGHUWRGHILQHLWDVDFWLYLW\RI/276RU+276DFKLHYHPHQW
DVGHVFULEHGLQ7DEOH,9
7$%/(,9

/276+276$&+,(9(0(17,1',&$7256



7\SHRIDFWLYLW\
/276
+276

/(9(/












,QWKHUHVHDUFKVWXG\VWXGHQWVKDYHEHHQGLYLGHGLQWR
WZRJURXSV7KHILUVWJURXSRIVWXGHQWVKDYHXVHGWKH9,6,5
UHPRWH ODERUDWRU\ WR FDUU\ RXW WKH DFWLYLWLHV RI HOHFWULFDO
PHDVXUHPHQWV 7KH UHPDLQLQJ  VWXGHQWV KDYH IRUPHG WKH
FRQWURO JURXS WKDW SHUIRUPHG WKH H[SHULPHQWV DQG
PHDVXUHPHQWVXVLQJDFWXDOLQVWUXPHQWDWLRQLQFODVVWKHJHQGHU
GLVWULEXWLRQLVVKRZQLQWKHIROORZLQJWDEOH9
7$%/(9

',675,%87,212)*52836,17+(5(6($5&+





*5283

7<3(2)/$%

%2<6

*,5/6

9,6,55(027(/$%







$&78$//$%


















5()(5(1&(
*5283
&21752/
*5283


678'(176

727$/

727$/


9

$1$/<6,62)/($51,1*287&20(6,17+(2%-(&7,9(
$66(660(17

$FFRUGLQJWRWKHSUHYLRXVGDWDDQGRQFHWKHVWXGHQWVKDYH
ILQLVKHGSUDFWLFHV DOOWKHP KDYH GHOLYHUHG WKHGRFXPHQWDWLRQ
7KLV PHDQV WKDW LQ WRWDO HDFK RI WKH VWXGHQWV RI WKH ILUVW \HDU
KDYHGHOLYHUHG/HYHODQG/HYHODFWLYLWLHVQRWHERRNVZKLOH
WKHVWXGHQWVRIVHFRQG\HDUKDYHGHOLYHUHG/HYHO/HYHODQG
/HYHO  DFWLYLWLHV QRWHERRNV 7KH FRUUHFWLRQ RI WKH DFWLYLWLHV
KDYH EHHQ VXEPLWWHG WR WKH FULWHULD RI GHJUHH RI SUHFLVLRQ LQ
QXPHULFDO DQVZHUV DQG OHYHO RI FRUUHFWLRQ LQ GHVFULSWLYH
DFWLYLWLHVDFFRUGLQJWRWKHLQIRUPDWLRQJLYHQLQ7DEOHV,WR,,,
7KH TXDOLILFDWLRQV RI HDFK DFWLYLW\ KDYH EHHQ GHWHUPLQHG LQ D
YDOXH EHWZHHQ  DQG  EHLQJ  WKH YDOXH DVVLJQHG WR DQ
DFWLYLW\QRWSHUIRUPHGRUWRWDOO\LQFRUUHFWDQGWRDQDFWLYLW\
H[HFXWHGWRSHUIHFWLRQ
6RWKHQDIWHUFRUUHFWLRQRIDFWLYLWLHVVWXGHQWV VFRUHVKDYH
EHHQFDOFXODWHGE\DYHUDJHV7DEOH9,VKRZVWRWDODYHUDJHVDQG
VWDQGDUGGHYLDWLRQVDFFRUGLQJWRW\SHRIODE
)RU VWXGHQWV RI VW \HDU DV LW FDQ EH REVHUYHG LQ WKH
SUHYLRXV WDEOH DYHUDJH VFRUHV DUH VLPLODU LQ ERWK JURXSV  ,W
FDQQRWEH DFFHSWHG DV D FRQFOXVLRQ WKDW RQH ODE LVEHWWHU WKDQ
WKHRWKHUVLQFHVFRUHVGLIIHUDWDPLQLPXPJUDGH

678'(176 6&25(63(5/(9(/)2567<($5$&&25',1*
727+(7<3(2)/$%

7<3(2)/$%

$YJ

$FWXDO

9,6,5

727$/




7<3(2)/$%

7'

$FWXDO

9,6,5






/

/





/

/





/DE
 /DE
  6WXGHQWV  VFRUHV LQ D VFDOH RI  SRLQWV $YJ  $YDUDJH VFRUH
7' 7\SLFDOGHYLDWLRQ

+RZHYHUWKLQJVDUHFKDQJLQJZKHQUHIHUULQJWRVWXGHQWVRI
QG \HDU ,Q WKLV FDVH WKH GLIIHUHQFHV WXUQ KLJKHU EHWZHHQ
9,6,5JURXSDQGWKHFRQWUROJURXS+DYLQJLQWRFRQVLGHUDWLRQ
WKDWWKHVWXGHQWVKDYHEHHQUDQGRPO\VHOHFWHGWREHORQJWRHDFK
JURXS9,6,5VWXGHQWVKDYHREWDLQHGXSWREHWWHUPDUNV
WKDQWKHLUFODVVPDWHVIURPFRQWUROJURXS
7$%/(9,,

678'(176 6&25(63(5/(9(/)2567<($5$&&25',1*
727+(7<3(2)/$%

7<3(2)/$%

$YJ

$FWXDO

9,6,5


727$/

7'

7<3(2)/$%
$FWXDO

9,6,5







/
/





/
/





/
/





/DE
/DE
  6WXGHQWV  VFRUHV LQ D VFDOH RI  SRLQWV $YJ  $YDUDJH VFRUH
7' 7\SLFDOGHYLDWLRQ

$W D ILUVW LQVWDQFH VW \HDU VWXGHQWV  VLPLODU FDVHV FDQ EH
H[SODLQHG EHFDXVH RI WKH IDFWRU RI WKH QRYHOW\ WR XVH D ODE
UHVRXUFHVDQGFRPSRQHQWVLQPDQ\FDVHVIRUWKHILUVWWLPH)RU
WKHPKDYHEHHQGLIILFXOWWRPDQDJHUHVLVWRUVDQGWRGHDOZLWKD
PXOWLPHWUH VR LQ WKH DFWXDO ODE WKDQ LQ 9,6,5 UHPRWH ODE
+RZHYHU FRQVLGHULQJ WKDW VWXGHQWV IURP WKH QG \HDU KDYH
QHYHU PDGH HOHFWULFLW\ SUDFWLFHV DQG KDYH QHYHU VHHQ KRZ D
UHPRWH ODE ZRUNV LW V D VLJQLILFDQW WKH GLIIHUHQFH 6R LQ WKLV
FDVH ZH FDQQRW DYRLG WKH IDFW WKDW WKH VWXGHQWV WKDW KDYH
SHUIRUPHG WKHLU SUDFWLFHV ZLWK 9,6,5 UHPRWH ODE KDYH
DFKLHYHG EHWWHU JUDGHV ZKDW FDQ EH WUDQVODWHG LQWR EHWWHU
OHDUQLQJ
%XW LI PRUH GHWDLOHG GDWD LV REVHUYHG DV VKRZQ LQ 7DEOH
9,, ORRNLQJ DW WKH GLVWULEXWLRQ RI VWXGHQWV ZKR KDV QRW
DQVZHUHG WR HDFK RI WKH DFWLYLWLHV QXOO DFWLYLWLHV DUH PRUH
UHODWHG ZLWK WKHRUHWLFDO TXHVWLRQV WKDQ ZLWK WKH FRPSOHWLRQ RI
SUDFWLFHVDQG7KLVFDQEHDOVRWKRXJKWREVHUYLQJDYHUDJHV
RIWKHDFWLYLWLHV
7$%/(9,,,
$FWLYLW\

678'(176 6&25(63(5$&7,9,7<,1/(9(/,1),567<($5
7\SHRIDFWLYLW\

3HUFHQWDJH
RIQXOO
DQVZHUV


7KHRUHWLFDOTXHVWLRQ


0HDVXUHPHQW3UDFWLFH


7KHRUHWLFDOTXHVWLRQ


0HDVXUHPHQW3UDFWLFH


7KHRUHWLFDOTXHVWLRQ


7KHRUHWLFDOTXHVWLRQ

 6WXGHQWV DYHUDJHVFRUHLQDVFDOHRISRLQWV

6WXGHQWV 
DYHUDJH
VFRUH  








:H XQGHUVWDQG WKHQ WKDW WKH IRFXV RI SRRU RXWFRPHV LV
IRFXVHG RQ WKH UHVROXWLRQ RI WKHRUHWLFDO SUREOHPV UDWKHU WKDQ
WKHXVHRIDODERUDWRU\ZLWKWHFKQLFDOUHVRXUFHVWRFDUU\RXWWKH
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SUDFWLFHV ,Q RUGHU WR FKHFN LI WKLV K\SRWKHVLV LV FRUUHFW WKH
VDPHDFWLYLWLHVKDYHEHHQPDGHE\VWXGHQWVRIQG\HDU,QWKLV
FDVH DOO WKH VFRUHV KDYH EHHQ LPSURYHG HYHQ WKH DPRXQW RI
QXOODQVZHUV7KLVLVREVHUYHGLQWDEOH9,,,
7$%/(,;

678'(176 6&25(63(5$&7,9,7<,1/(9(/,1),567<($5

$FWLYLW\

6WXGHQWV 
DYHUDJH
VFRUH  

$PRXQWRI
QXOODQVZHUV

7\SHRIDFWLYLW\


7KHRUHWLFDOTXHVWLRQ


0HDVXUHPHQW3UDFWLFH


7KHRUHWLFDOTXHVWLRQ


0HDVXUHPHQW3UDFWLFH


7KHRUHWLFDOTXHVWLRQ


7KHRUHWLFDOTXHVWLRQ

 6WXGHQWV DYHUDJHVFRUHLQDVFDOHRISRLQWV








WKHVWXGHQWVKDYHWREXLOGDVHULHVFLUFXLWDQGDSDUDOOHOFLUFXLW
UHVSHFWLYHO\DQGPHDVXUHWKHHTXLYDOHQWUHVLVWDQFH
$OWKRXJKDWWKHEHJLQQLQJZHKDGDVVXPHGWKDWSUDFWLFH
ZRXOGEHWKHVLPSOHVWDQGSUDFWLFHVDQGWKHPRVWGLIILFXOW
LQILJXUHVWRLWFDQEHVHHQWKDWWKHODWWHUKDYHEHHQWKRVH
WKDWKDYHSDUDGR[LFDOO\EHWWHUSHUIRUPHG:HFRQVLGHUWKDWWKLV
EHKDYLRU LV GXH WR WKH IDFW WKDW WKH VWXGHQWV KDYH EHFRPH
DFFXVWRPHG WR WKH XVH RI PHDVXULQJ GHYLFHV DQG KDYH OHDUQHG
WRLQWHUSUHWDQHOHFWULFDOGLDJUDPDQGDVDUHVXOWKDYHEHHQDEOH
WR FRUUHFWO\ SHUIRUP WKH DVVHPEO\ DQG VXEVHTXHQW
PHDVXUHPHQW $V D PDWWHU RITXDQWLILFDWLRQ WKHSHUFHQWDJHRI
VWXGHQWV ZKR KDYH SHUIHFWO\ ILQLVKHG WKH SUDFWLFHV KDYH EHHQ
3UDFWLFH  3UDFWLFH  DQG3UDFWLFHV  
ͲǤͺ

'LIIHUHQFHV DUH UHDOO\ QRWRULRXV EHWZHHQ WKH RXWFRPHV RI
WKH VWXGHQWV RI VW DQG QG \HDU EXW RQO\ LQ WKH ZD\ WR IDFH
WKHRUHWLFDO TXHVWLRQV 7KHVH GLIIHUHQFHV GRQ W H[LVW ZKHQ
FRPSDULQJ WKH SHUIRUPDQFH LQ WKH PDNLQJ RI PHDVXUHPHQW
SUDFWLFHV 7KLV PHDQV WKDW WKH VWXGHQWV RI VHFRQG \HDU KDYH
EHWWHU DVVLPLODWHG WKHWKHRUHWLFDODVSHFWV DQG KDYHWDNHQ PRUH
DGYDQWDJH RI WKH XVH RI WKH ODEV +RZHYHU WKLV ZLOO EH ODWHU
VHHQ LQ WKH QH[W VHFWLRQ E\ PHDQV RI D GHHS DQDO\VLV RI WKH
LPSDFWRI%ORRP$QGHUVRQ V7D[RQRP\
2QFHGHWHUPLQHGWKHRULJLQRIWKHDYHUDJHVLW VLPSRUWDQWWR
REVHUYHKRZVWXGHQWVDUHSHUIRUPLQJWKHSUDFWLFHV,QWKLVZD\
VFRUHVIURPWKHHYDOXDWLRQRIWKHSUDFWLFHVKDYHEHHQUHWULHYHG
LQ RUGHU WR EH FRPSDUHG ZLWK D QRUPDO GLVWULEXWLRQ RI VFRUHV
1 ı ZKHUHLVWKHDYHUDJHRIWKHVWXGHQWV VFRUHVDQGıLV
WKH VWDQGDUG GHYLDWLRQ RI WKH VWXGHQWV  )RU XV RQH RI WKH
REMHFWLYHVRIWKHUHVHDUFKLVWRFRPSDUHVWXGHQWV SHUIRUPDQFH
LQUHODWLRQZLWKWKHW\SHRIODERUDWRU\XVHGZKLOHSUDFWLFLQJ

ͲǤ
ͲǤ
ͲǤͷ
ͲǤͶ
ͲǤ͵
ͲǤʹ
ͲǤͳ
Ͳ
Ͳ

ͳ

ʹ

͵

Ͷ

ͷ



  Ǧ   ͳ



ͺ

ͻ

ͳͲ



Ǧ   ͳ



)LJ&RPSDULVRQRIVW\HDUVWXGHQWV 3UDFWLFHSHUIRUPDQFH

ͲǤ
ͲǤͶͷ
ͲǤ

ͲǤͶ
ͲǤ͵ͷ

ͲǤͷ

ͲǤ͵
ͲǤͶ

ͲǤʹͷ
ͲǤʹ

ͲǤ͵

ͲǤͳͷ
ͲǤʹ

ͲǤͳ
ͲǤͲͷ

ͲǤͳ

Ͳ

Ͳ
Ͳ

ͳ

ʹ

͵

  

Ͷ

ͷ



 



ͺ

ͻ

ͳͲ

 

)LJ&RPSDULVRQRIVWXGHQWV SUDFWLFHVSHUIRUPDQFHLQVW\HDU$OO
SUDFWLFHV

Ͳ

ͳ

ʹ

͵

Ͷ

  Ǧ   ʹ

ͷ





ͺ

ͻ

ͳͲ



Ǧ   ʹ

)LJ&RPSDULVRQRIVW\HDUVWXGHQWV 3UDFWLFHSHUIRUPDQFH

,QWKHILJXUHPRVWRIVWXGHQWVKDYHSHUIHFWO\SHUIRUPHG
WKHSUDFWLFHV:HKDYHWRUHPHPEHUWKDW3UDFWLFHFRQVLVWVLQ
WKH ILUVWV VWHSV WR XVH D PXOWLPHWUH 3UDFWLFH  PDNHV WKH
VWXGHQWV WR PHDVXUH VHYHUDO UHVLVWRUV DQG LQ 3UDFWLFHV  DQG 
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ͲǤͷ
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ͲǤͶ

ͲǤ͵

ͲǤ͵

ͲǤʹ

ͲǤʹ

ͲǤͳ

ͲǤͳ
Ͳ

Ͳ
Ͳ

ͳ

ʹ

͵

Ͷ

  Ǧ   ͵Ͷ

ͷ





ͺ

ͻ

Ͳ

ͳͲ



Ǧ   ͵Ͷ

ʹ

Ͷ



  ͳ

  ʹ

  ͷǦ

 

ͺ

ͳͲ

  ͵ǦͶ





)LJ&RPSDULVRQRIVW\HDUVWXGHQWV SUDFWLFHVSHUIRUPDQFH

$ERXW VWXGHQWV RI QG \HDU WKH\ KDYH SHUIRUPHG WKH
SUDFWLFHV LQWKH WKUHH OHYHOV WKH VDPH ILUVW IRXUSUDFWLFHVWKDQ
WKH VWXGHQWV RI VW \HDUEXW DOVRSUDFWLFHV  DQG  7KHVH WZR
ODWWHU SUDFWLFHV  DQG  FRQVLVWV RI WKH DVVHPEO\ RI D
FRPSRXQGFLUFXLWPDGHXSWKUHHUHVLVWRUVDQGWKHPHDVXUHPHQW
RI WKH YROWDJH LQ RQH RI WKHP DQG WKH LQWHQVLW\ LQ WKH SRZHU
VXSSO\DVLWFDQEHREVHUYHGLQWKHILJXUH

)LJ$FWXDO/DESHUIRUPDQFHRIVWXGHQWVRIQG\HDU$OOSUDFWLFHV
FRPSDUHGZLWKQRUPDOGLVWULEXWLRQ
ͲǤͺ
ͲǤ
ͲǤ
ͲǤͷ
ͲǤͶ
ͲǤ͵
ͲǤʹ
ͲǤͳ
Ͳ
Ͳ


)LJ(OHFWULFFLUFXLWUHODWHGWRSUDFWLFHVDQG

,QWKLVFDVHWKHVFRUHVREWDLQHGE\VWXGHQWVRQO\DFFRUGLQJ
WRWKH JUDGHVREWDLQHG LQ WKHHYDOXDWLRQRI WKHSUDFWLFHV KDYH
EHHQ UHSUHVHQWHG LQ ILJXUHV  DQG  ZKHUH DFWXDO ODE DQG
UHPRWHODEVFRUHVKDYHUHVSHFWLYHO\EHHQLQFOXGHG
%\WKHREVHUYDWLRQRIJUDSKVLQILJXUHVDQGDVLPLODU
SHUIRUPDQFH LV GHWHFWHG LQ ERWK W\SHV RI ODEV DFWXDO DQG
UHPRWH DOWKRXJK DYHUDJH JUDGHV KDYH EHHQ KLJKHU LQ 9,6,5
UHPRWHODEWKDQLQDFWXDOODE
6RXSWRWKLVSRLQWZHKDYHVHHQLQJHQHUDOWHUPVDVOLJKWO\
EHWWHUSHUIRUPDQFHIURPVWXGHQWVWKDWDUHXVLQJ9,6,5UHPRWH
ODE WKDQ WKRVH ZKR KDYH XVHG DFWXDO ODE UHVRXUFHV +RZHYHU
ZH YH VHHQ WKDW LQGHSHQGHQWO\ RI WKH NLQG RI ODE XVHG DQG
NQRZLQJWKDWQRQHRIWKHVWXGHQWVKDYHHYHUXVHGDHOHFWULFLW\
ODERUDWRU\WKHRUHWLFDODVSHFWVDQGSUDFWLFDOSHUIRUPDQFHVKDYH
EH FRQVLGHUHG DV WKH FRUH HOHPHQWV LQ WKH LPSURYHPHQW RI
OHDUQLQJ RI DQ\ GLVFLSOLQH RI VFLHQFH DQG SDUWLFXODUO\ LQ
HOHFWULFLW\


ʹ

Ͷ



  ͳ

  ʹ

  ͷǦ

 

ͺ

ͳͲ

  ͵ǦͶ



)LJ9,6,55HPRWH/DESHUIRUPDQFHRIVWXGHQWVRIQG\HDU$OO
SUDFWLFHVFRPSDUHGZLWKQRUPDOGLVWULEXWLRQ

,QWKHQH[WVHFWLRQDLQQRYDWLYHVWXG\KDVEHHQFDUULHGRXW
KDYLQJ LQWR DFFRXQW WKDW ZH DUH QRW JRLQJ WR FRQVLGHU
WKHRUHWLFDO RU SUDFWLFDO DFWLYLWLHV DV WKH GLYLVLRQ RI WDVN WR
LPSURYH OHDUQLQJ ,Q WKLV VWXG\ ZH KDYH GHWHUPLQH WKH WDVN
LQYROYHGLQWKHUHVRXUFHRIWZR NLQGVWKRVHWKDWFRQWULEXWHWR
DVVLPLODWH WKH VLPSOHU VNLOOV /276  DQG WKRVH WKDW PDNH
VWXGHQWV WR LPSURYH PRUH FRPSOH[ VNLOOV VXFK DV UHIOHFWLYH
WKLQNLQJE\PHDQVRIDQDO\WLFDODFWLYLWLHVDQGFUHDWLYHWKLQNLQJ
E\PHDQVRIDNLQGRIWDVNVWKDWLPSXOVHWRVWXGHQWVWREHDEOH
WRDSSO\VROXWLRQVVWXGLHGIRUDFHUWDLQSUREOHPWRRWKHUFRQWH[W
OLNHDFKDQJHRIVFHQDULR +276 
9, %/220$1'(5621 67$;2120<,03$&7,17+(
,03529(0(172)6.,//6
$FFRUGLQJ WR WKH ODVW DSSURDFK VKRZQ LQ WKH SUHYLRXV
VHFWLRQ WKH DFWLYLWLHV WKDW PDNH XS WKH GLIIHUHQW OHYHOV RI WKH
FRXUVH /HYHO   DQG   ZLOO EH GLYLGHG LQWR WZR W\SHV RI
WDVNV/276DQG+276
7KHK\SRWKHVLVWKDWZHSURSRVHWKURXJKWKLVVWXG\LVWREH
DEOH WR YDOLGDWH WKH DIILUPDWLRQ WKDW LI WKH /276 DUH
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FRQVROLGDWHG VWXGHQWV ZLOO KDYH JUHDWHU RSSWLRQV WR GHYHORS
UHIOHFWLYH DQG FUHDWLYH WKLQNLQJ WKURXJK +2
276 WDVNV 2Q WKH
RWKHUKDQGZHXQGHUVWDQGWKDWWKHRSSRVLWHDDSSURDFKLVHTXDOO\
YDOLGWKDWLVLIWKHNQRZOHGJHWRGHYHORSWKKHVLPSOHVWVNLOOVLV
QRWSURSHUO\DVVLPLODWHGLWZLOOQRWEHSRVVLEEOHWRIXOO\GHYHORS
WKHPRVWFRPSOH[VNLOOV
7KH WDVNV LQ WKH GLIIHUHQW OHYHOV LQ WKLV FRXUVH KDYH EHHQ
WDJJHGDV/276DQG+276DFFRUGLQJWRDFFDUHIXOO\GHVLJQRI
DFWLYLWLHV ,Q WKH WDEOH ; WKH QXPEHU RI DFFWLYLWLHV DVVRFLDWHG
ZLWK WKH W\SH RI WKLQNLQJ VNLOOV ORZ RU KLJKK LV OLVWHG &KHFN
WKDWWKHGHVFULSWLRQRIWKHVHDFWLYLWLHVLVDYDLLODEOHLVWDEOHV,,,
DQG,,,
6FRUHVIURPHDFKVWXGHQWDQGDFWLYLW\KDDYHEHHQRUJDQL]HG
XQGHUWKLVDSSURDFKDQGWZRNLQGVRIVWXGLHVVKDYHEHHQFDUULHG
RXWLQRUGHUWRGHWHUPLQHWKHUHODWLRQSURSRVVHGEHWZHHQ/276
DQG+2767KHILUVWDSSURDFKKDVFRQVLVWHGGRIWKHFDOFXODWLRQ
RIWKH3HDUVRQFRUUHODWLRQFRHIILFLHQW7KHVHFRQGDSSURDFKLVD
FRQVHTXHQFH RI WKLV ILUVW RQH *LYHQ FRUUHODWLRQ FRHIILFLHQW
VKRZV WKH GHJUHH RI LQWHUGHSHQGHQFH EHWZHHHQ ERWK YDULDEOHV
EXW3HDUVRQFRUUHODWLRQFRHIILFLHQWGRHVQCWHH[SUHVVFDXVDOLW\D
GRWVFORXGKDVEHHQUHSUHVHQWHGLQRUGHUWRIILQGDQH[SODQDWLRQ
WRWKHK\SRWKHVLVDERYHSURSRVHG
7$%/(;

/(9(/

/(9(/

/(9(/

/($51,1*$66(660(17,1',&$
$7256,1/(9(/,

$PRQJWKHVWXGHQWVRIVW \HDUWKHFRUUHODWLRQFRHIILFLHQW
KDV EHHQ REWDLQHG LQ D JHQHHUDO ZD\ LW V VDLG DSSO\LQJ D
FRUUHODWLRQ FRHIILFLHQW FDOFXODWWLRQ WR WKH DYHUDJHV JURXSLQJ
DFWLYLWLHV E\ WKHLU NLQG RI WKKLQNLQJ VNLOO 6ROXWLRQV WR WKH
FRHIILFLHQWFDOFXODWLRQVDUHVKRZ
ZQLQWKHIROORZLQJ7DEOHV;,WR
;,,,
7$%/(;,

)8//
&2856(

/276



+276



/276



+276



/276



+276



&RUUHODWLRQ
FRHIILFLHQW







G QRW VHHP WR VKRZ D KLJK
$W ILUVW JODQFH ILJXUHV GR
LQWHUUHODWLRQ EHWZHHQ ERWK YDULLDEOHV $ FHUWDLQ UHODWLRQVKLS LV
REVHUYHG EXW FHUWDLQO\ ZHDN /HW V WKHQ REVHUYH ZKDW LV WKH
SDUWLFXODUSRVLWLRQ RI WKH YDOXHHV RI WKH YDULDEOHV IURP HDFK RI
WKHSDUWLFLSDWLQJVWXGHQWV



+,*+25'(5



/2:25'(5



+,*+25'(5



/2:25'(5



ͳͲ

+,*+25'(5



ͻ

Z
LV WKH UHODWLRQ
,Q WKLV FDVH ZH DUH WU\LQJ WR ILQG RXW ZKDW
EHWZHHQ KRZ ORZ RUGHU WKLQNLQJ VNLOOV KDYHH EHHQ DVVLPLODWHG
/276DVWKHILUVWYDULDEOH DQGKRZVWXGHQWVVKDYHEHHQDEOHWR
GHYHORSWKHLUDELOLW\WRDQDO\]HDSURSRVHGHOHFWULFSUREOHPDQG
KDYH VKRZQ D FHUWDLQ GHJUHH RI DFWLYLW\ E\ PHDQV RI WKH
UHIOHFWLYH DQG FUHDWLYH WKLQNLQJ DV SDUW RII WKHLU KLJK RUGHU
WKLQNLQJVNLOOV +276DVWKHVHFRQGYDULDEOH 

*UDGHV
$YHUDJH



$FWLYLWLHV

7KLV SHUIHFW FRUUHODWLRQ FDVH LV SHUIHHFW SRVLWLYH ZKHQ
H[DFWO\ DV RQH RI ERWK LQFUHDVHV WKH RWKHU LQFUHDVHV DV ZHOO
7KLV KDSSHQV ZKHQ WKH UHODWLRQ EHWZHHQ WKKH WZR YDULDEOHV LV
IXQFWLRQDOO\DFFXUDWHDQGLWLVIUHTXHQWWRRFFXULQWKHSK\VLFDO
VFLHQFHV ZKHUH WKH SKHQRPHQD LV FRQIRUPHHG WR NQRZQ ODZV
)RUH[DPSOHWKHUHODWLRQEHWZHHQVSDFHDQGGWLPHIRUDYHKLFOH
PRYLQJDWDFRQVWDQWVSHHG



/(9(/

/2:25'(5

3HDUVRQ V FRUUHODWLRQ FRHIILFLHQW LV DQQ LQGH[ RI HDV\
H[HFXWLRQ DQG LQWHUSUHWDWLRQ DQG LW ZLOO VKRZ
V
WKH NLQG RI
OLQHDULW\ RU SURSRUWLRQDOLW\ EHWZHHQ WZR YDUULDEOHV WKDW LQ RXU
FDVH ZLOO EH /276 DQG +276 VFRUHV 7KKH FRHIILFLHQW ZLOO
RVFLOODWH EHWZHHQ  WKDW PHDQV QR PXWXDOO UHODWLRQ EHWZHHQ
YDULDEOHVDQGWKDWPHDQVDSHUIHFWFRUUHODWLLRQEHWZHHQWKHP



/(9(/

7\SHRI7KLQNLQJ6NLOOV



&255(/$7,21&2(()),&,(176,17+(67<($5678'(176 
*5$
$'(6

7KXVFORXGVRIGRWVKDYHEEHHQUHSUHVHQWHGLQILJXUHVWR
(DFKGRWPHDQVWKDWDVWXGGHQWKDVEHHQDVVHVVHGZLWKWZR
JUDGHV /276 JUDGH UHSUHVHQWWHG LQ ;FRRUGLQDWH DQG +276
JUDGHLQ<FRRUGLQDWH6R /27
76+276 FRRUGLQDWHLVXVHGWR
GUDZDGRW


ͺ


ͷ
Ͷ
͵
ʹ
ͳ
Ͳ
Ͳ

ʹ

Ͷ



ͺ



ͳͲ

)LJ'RWFORXGRIDYHUDJHJUDGGHVREWDLQHGE\VWXGHQWVRIVW\HDU
LQ/HYHODFWLYLWLHV

,QILJXUHDQGDGLDJRRQDOOLQHKDVEHHQUHSUHVHQWHGWR
GHOLPLWDWH WKH SDWK IRU D SHUIIHFW FRUUHODWLRQ ,Q WKH FDVH RI
ILJXUHDERXWWKHKDOIRIGRWVVDUHORFDWHGLQWKHORZHUUHJLRQ
XQGHUWKHGLDJRQDOZKLOHWKHRWKHUKDOILVORFDWHGLQWKHXSSHU
UHJLRQ 7KLV VKRZV D JUHDW GLVSHUVLRQ EXW LW V LQWHUHVWLQJ WR
REVHUYH KRZ WKH PDMRULW\ RI GRWV DUH ORFDWHG RQ D FHQWUDO
YHUWLFDOOLQHDERXWWKHJUDGH/2
276 
7KH ODFN RI OLQHDULW\ LVV REVHUYH E\ PHDQV RI WKLV
SKHQRPHQRQ 0RVW RI VWXGHQWVV KDYH REWDLQHG D PLG JUDGH LQ
ORZ VNLOOV   DQG VRPH RI WKHHVH KDYH DFKLHYHG EHWWHU UHVXOWV

978-1-5386-2957-4/18/$31.00 ©2018 IEEE
17-20 April, 2018, Santa Cruz de Tenerife, Canary Islands, Spain
2018 IEEE Global Engineering Education Conference (EDUCON)
Page 235



WKDQ H[SHFWHG E\ WKH K\SRWKHVLV %\ WKH FRQWUDU\
F
WKHUH DUH
PDQ\VWXGHQWVWKDQKDYHIDLOHGLQWKHDVVHVVP
PHQWVRIWKHLUKLJK
RUGHUWKLQNLQJVNLOOV


ͳͲ

UHODWLRQVKLSEHWZHHQWKHTXDOLIILFDWLRQRIWKH/276DQGWKDWRI
WKH+276LVKLJK7KHVHFRHIIILFLHQWVFDQEHVHHQLQWKH7DEOH
;,,
7$%/(;,,
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)LJ'RWVFORXGRIDYHUDJHJUDGHVREWDLQHGE\VWXGHQWVRIVW\HDU
LQ/HYHODFWLYLWLHV

/(9(/

7KHVDPHSKHQRPHQRQKDSSHQVZLWKWKHHDVVHVVPHQWRIWKH
VNLOOV LQ /HYHO  UHSUHVHQWHG LQ )LJXUHH  ,QVWHDG RI
DFFXPXODWLQJ SRLQWV LQ WKH YHUWLFDO OLQH FRUUUHVSRQGLQJ WR WKH
PDUN RI  WKLV DFFXPXODWLRQ KDSSHQV DW WKHHPDUNRI7KLV
PHDQV WKDW DW WKLV OHYHO /  WKH VWXGHQWVV LQ JHQHUDO KDYH
VKRZQKLJKDELOLWLHVLQWKHLU/276EXWRQWKKHFRQWUDU\WKHUHLV
QRGHSHQGHQFHWKDWVXSSRVHVWRKDYHLPSURYYHGLQWKHLU+276
VLQFHWKHVHKLJKRUGHUWKLQNLQJVNLOOVKDYHEEHHQHYDOXDWHGLQD
YHU\YDULHGZD\

&RUUHODWLRQ
FRHIILFLHQW









,QRUGHUWRFKHFNWKHUHODWLRRQLQWKHIROORZLQJILJXUHVWR
 GRWV FORXGV KDYH EHHQ UHSSUHVHQWHG LQ WKH VDPH ZD\ WKDQ
WKHVHRIVW\HDUVWXGHQWV
ͳͲ
ͻ
ͺ



ͳͲ

,Kd^

ͻ

ͷ
Ͷ

ͺ

͵



ʹ



ͳ

ͷ

Ͳ

Ͷ

Ͳ

͵

ʹ

Ͷ



ͺ
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)LJ'RWVFORXGRIDYHUDJHJUDGHVREWDLQHGE\VWXGHQWVRIQG
\HDULQ/HYHHODFWLYLWLHV

ʹ
ͳ



Ͳ
Ͳ

ʹ

Ͷ



ͺ

ͳͲ



)LJ'RWVFORXGRIDYHUDJHJUDGHVREWDLQHGE\VWXGHQWVRIVW\HDU
LQWKHDVVHVVPHQWRIDOOWKHDFWLYLLWLHV

)LQDOO\ILJXUHLVVKRZLQJWKHJHQHUDOJUDGHVRIVWXGHQWV
7KHGRWVDUHFRQFHQWUDWHGLQVLGHDQRYDODOVRRUHSUHVHQWHGLQWKH
JUDSK7KHRYDOLVDOPRVWDFLUFOHZLWKDOPRVWQRHFFHQWULFLW\
ZKDW PD\ EH XQGHUVWRRG DV D KLJK GLVSHHUVLRQ RI GRWV $
SRVLWLYHGLDJRQDOZDVH[SHFWHGLQWKHFDVHRI
I WKHYDULDEOHVWREH
YHU\ UHODWHG EXW WKH RYDO VKRZV YHU\ ORZ
Z UHODWLRQ EHWZHHQ
/276DQG+276
$ERXW WKH QXPEHUV REWDLQHG E\ WKH VWXGGHQWV RI QG \HDU
QXPEHUV DQG JUDSKV DUH YHU\ GLIIHUHQW $IW
IWHU FDOFXODWLQJ WKH
3HDUVRQ FRUUHODWLRQ FRHIILFLHQWV LQ /HYHO  DFWLYLWLHV /HYHO 
DFWLYLWLHV DQG /HYHO  DFWLYLWLHV DQ LQFFUHDVH LQ DOO WKH
FRHIILFLHQWV FDQ EH UHFRJQL]HG ,Q IDFW LW FDDQ EH VDLG WKDW WKH

,QWKHPDNLQJRI/HYHODFWWLYLWLHVWKHGRWVUHSUHVHQWLQJWKH
JUDGHVRIVWXGHQWVDSSHDULQWKKHULJKWWRSFRUQHURIWKHJUDSK
ZKDW LV XQGHUVWRRG DV D KLJKK UHODWLRQ EHWZHHQ /276 DQG
+276E\ LWV DFFXPXODWLRQ LQDDVKRUWDUHDEXWWKHSRVLWLRQRI
GRWVDOVRRIIHUDFHUWDLQFDXVDOLWW\GHJUHH
,Q ILJXUH WKH DFFXPXODWWLRQ RI GRWVDSSHDU LQ D YHUWLFDO
OLQH LQ WKH ULJKW WRS FRUQHU RI WKH JUDSK 7KH LQWHUSUHWDWLRQ RI
WKLV VLWXDWLRQ FRQVLVWV RI D JRRRG DVVLPLODWLRQ RI /276 DQG D
YDULDEOH GHJUHH RI GHYHORSPHQQW EXW LQ D KLJK GHJUHH DV ZHOO
EHLQJ DOO WKH KHLJKW RI WKH GRWV
G
EHWZHHQ  DQG  SRLQWV
+RZHYHUWKLVVLWXDWLRQLVQRWVLLPLODUWRDFWLYLWLHVRI/HYHOLQ
ILJXUH  ZKHUH VHYHUDO GRWV FOXVWHUV DSSHDU LQ WKH JUDSK LQ
GLIIHUHQWVLWXDWLRQVRQHLQWKH PLGSDUWRIWKHJUDSKVKRZLQJ
KLJK UHODWLRQEXWSRRU JUDGLQJ DQG DQRWKHU FOXVWHU LQ WKH ULJKW
SDUW EXW UHSURGXFLQJ QR UHODDWLRQ E\ WKH YDULDELOLW\ RI WKH
YHUWLFDOVLWXDWLRQRIWKHGRWV
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)LJ'RWVFORXGRIDYHUDJHJUDGHVREWDLQHGE\VWXGHQWVRIQG\HDU
LQ/HYHODFWLYLWLHV

7KHTXHVWLRQQDLUHVKDYHEHHHQGLYLGHGLQWRVHFWLRQVEHLQJ
FRPSRVHG HDFK ZLWK  TXHVWLRRQV 6HFWLRQ  LV DERXW JHQHUDO
LVVXHV DQG LQWHUHVW DQG XVH RI
R WHFKQRORJ\ VHFWLRQ  DERXW
NQRZOHGJH RI HOHFWULFLW\ VHFWWLRQ  DERXW H[SHFWDWLRQV DQG
PRWLYDWLRQ ZLWK SUDFWLFHV VHFWLRQ  DERXW FRQWHQWV DQG
PHWKRGRORJ\ RI PDWHULDOVDQG UHVRXUFHV DQG ILQDOO\ VHFWLRQ 
DERXWODERUDWRU\H[SHULHQFH,QQWKHIROORZLQJWDEOH;,,,VRPH
RI WKH PRVW VLJQLILFDQW DQVZHUUV KDYH EHHQ VKRZQ LQ RUGHU WR
REVHUYH WKH OHYHO RI HYROXWLRQQ WKDW VWXGHQWV WKLQN WKH\ KDYH
H[SHULPHQWHG 7KLV OHYHO RI HYROXWLRQ KDV EHHQ WLWOHG DV
SHUFHQWDJHRILPSURYHPHQW 3,, 

ͳͲ
ͻ
ͺ


ͷ
Ͷ
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ʹ
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ʹ

Ͷ



ͺ
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,QRUGHUWROHWWKHVWXGHQWVWWRHYDOXDWHWKHH[SHULHQFHLQWKH
UHDOL]DWLRQRIWKHFRXUVHWZRTTXHVWLRQQDLUHVKDYHEHHQFDUULHG
RXW RQH 4  EHIRUH VWDUWLQJ WKH DFWLYLWLHV DQG DQRWKHU 4 
ZKHQ WKH\ KDYH EHHQ FRPSOHWWHG ,Q WKHP WKH VWXGHQWV KDYH
DQVZHUHGWKHVDPHTXHVWLRQV ZLWK
Z ZKLFKLWKDV EHHQSRVVLEOH
WR GHWHUPLQH QRW RQO\ WKHLU HYDOXDWLRQ LQ GLIIHUHQW DUHDV
NQRZOHGJHDQGVNLOOVEXWDOVRWKHHYROXWLRQRIWKHLUSHUFHSWLRQ
RILPSURYHPHQWZKDWPDNHVXXVWRFDOOWRWKHPHDVXUHPHQWRI
HYROXWLRQ DV REMHFWLYH DVVHVVVPHQW 7R TXDQWLI\ DQVZHUV
VWXGHQWVKDYHVHOHFWHGWKHLUSUHHIHUHQFHVIURPDVFDOHIURPWR
 EHLQJ WKH QXPEHU  YHU\\ SRRUXQVDWLVILHG DQG  YHU\
KLJKYHU\VDWLVILHG



7$%/(;,,,

)LJ'RWVFORXGRIDYHUDJHJUDGHVREWDLQHGE\VWXGHQWVRIQG\HDU
LQ/HYHODFWLYLWLHV

,W FDQ EH FRQFOXGHG WKDW VWXGHQWV KDYHH LPSURYHG +276
IURP /276 LQ /HYHO  DFWLYLWLHV KDYH PDGGH D JRRG ZRUN LQ
/HYHODFFXPXODWLQJKLJK/276DQG+276
6JUDGHVDQGYHU\
YDULDEOHZLWKQRUHODWLRQLQ/HYHODFWLYLWLHV
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)LJ'RWVFORXGRIDYHUDJHJUDGHVREWDLQHGE\VWXGHQWVRIQG\HDU
LQDOOWKHDFWLYLWLHV

7RILQLVKWKLVVHFWLRQILJXUHVKRZVWKHUHSUHVHQWDWLRQRI
GRWV IURP HDFK RI WKH VWXGHQWV FRQVLGHUULQJ WKHLU JHQHUDO
JUDGLQJ DYHUDJHV ,Q WKLV FDVH D KLJK FRUUHOODWLRQ LV REVHUYHG
7KLVKDVEHHQPDUNHGE\PHDQVRIWKHHOOLSVHHVXSHUSRVHGLQWKH
JUDSK LQVLGH ZKLFK PRVW RI GRWV DUH FRQFHQQWUDWHG7KHHOOLSVH
KDVDQD[LVYHU\FORVHWRWKHPDLQGLDJRQDOZ
ZKDWLVLQWHUSUHWHG
KDV D KLJK FRUUHODWLRQ %HFDXVH RI WKH QDUUURZ VKDSH RI WKH
HOOLSVHZHLQWHUSUHWWKDWWKHFRQVROLGDWLRQRI
I /276LVWKHPDLQ
IDFWRUWRLPSURYHWKHLU+276

&255(/$7,21&2(()),&,(176,17+(67<($5678'(176 
*5$
$'(6
4XHVWLRQ

,NQRZWRGLVWLQJXLVKHOHFWULFGHYLFHVVLQ
D HOHFWULF VFKHPH VXFK DV EDWWHULLHV
UHVLVWRUVVZLWFKHVHWF
, ZRXOGNQRZWRUHODWHDFRORU ZLWK LWV
FRUUHVSRQGLQJ QXPHULFDO YDOXH LQ WKH
W
UHVLVWRUVFRORUFRGH
 , NQRZ KRZ WR XVH D PXOWLPHWUH DQG
D
KRZWRFRQQHFWLWLQWRDFLUFXLWLQRUGGHU
WRPHDVXUHYROWDJHHOHFWULFDOFXUUHQWWRU
HOHFWULFDOUHVLVWDQFH
,FRQVLGHUYHU\LPSRUWDQWWKHPDNLQJJRI
HOHFWULF PHDVXUHV SUDFWLFHV WR EHWWWHU
XQGHUVWDQG(OHFWULFLW\
,WKLQNLWLVLPSRUWDQWWRXQGHUVWDQGWWKH
SURFHVV RI KRZ WR GR HOHFWULFDO
PHDVXUHVWKHWHDFKHUWRJXLGHPHLQWWKH
VWHSVWRIROORZ
2QO\IRUVWXGHQWVRIUHPRWHODEJURXXS
, WKLQN WKDW DIWHU XVLQJ WKH UHPRRWH
ODERUDWRU\ P\ NQRZOHGJH DQG
D
XQGHUVWDQGLQJ
DERXW
HOHFWWULF
FRPSRQHQWVDQGFLUFXLWVKDYHLPSURYYHG
2QO\IRUVWXGHQWVRIDFWXDOODEJURXS,
WKLQN WKDW DIWHU XVLQJ WKH UHPRWH
ODERUDWRU\ P\ NQRZOHGJH DQG
D
XQGHUVWDQGLQJ
DERXW
HOHFWWULF
FRPSRQHQWVDQGFLUFXLWVKDYHLPSURYYHG
2QO\IRUVWXGHQWVRIUHPRWHODEJURXXS
, FRQVLGHU LPSRUWDQW WKH UHPRWH
ODERUDWRU\WREHDGHTXDWHWRP\QHHGGV
2QO\IRUVWXGHQWVRIDFWXDOODEJURXS,
FRQVLGHU LPSRUWDQW WKH UHPRRWH
ODERUDWRU\WREHDGHTXDWHWRP\QHHGV

$YHUDJH
PDUNLQ
4

$YHUDJH
PDUNLQ
4

3,


























































978-1-5386-2957-4/18/$31.00 ©2018 IEEE
17-20 April, 2018, Santa Cruz de Tenerife, Canary Islands, Spain
2018 IEEE Global Engineering Education Conference (EDUCON)
Page 237

)URP DOO RI WKH TXHVWLRQV WKH PRVW VLJQLILFDQW DUH WKRVH
UHODWHGWRWKHSHUFHSWLRQRIVWXGHQWVWRHOHFWULFLW\NQRZOHGJH,Q
WKLVZD\WKHNQRZOHGJHRIHOHFWULFDOPDJQLWXGHVKRZWRUHDG
UHVLVWDQFHYDOXHVIURPFRORUFRGHVLQUHVLVWRUVKRZWRPDQDJH
D PXOWLPHWUH :H DUH H[SHFWLQJ WKDW VWXGHQWV  SHUFHSWLRQ RI
LPSURYHPHQWWREHSRVLWLYHZKDWPHDQVWKDWWKH\DFNQRZOHGJH
WKHLURZQOHDUQLQJEHFDXVHWKHVWXGHQWVZLOOEHDEOHWRUHSOLFDWH
DQ\NLQGRISUREOHPXVLQJWKHREWDLQHGNQRZOHGJH
%\RWKHUVLGHZHDUHLQWHUHVWHGLQRWKHUW\SHRITXHVWLRQV
VXFKDVWKHYDOXDWLRQRIWKHUHVRXUFHVDQGPDWHULDOVWKH\KDYH
EHHQ XVLQJ )LQDOO\ LW V LPSRUWDQW IRU XV WR NQRZ DERXW WKH
HYROXWLRQRISHUFHSWLRQVRI OHDUQLQJE\ VWXGHQWV GHSHQGLQJRQ
WKHW\SHRIODEXVHGLQRUGHUWRKHOSWRYDOLGDWH9,6,5UHPRWH
ODEDVDW\SHRIODEHDV\WRXVHDQGJRRGWRLPSURYHVWXGHQWV 
OHDUQLQJ
9,,, &21&/86,216
7KH UHVHDUFK KDV EHHQ FDUULHG RXW LQ WKH FRQWH[W RI
VHFRQGDU\VFKRRODQGVSHFLILFDOO\LQVHYHUDOJURXSVRIVWXGHQWV
LQWKHSHULRGWRWHDFK(OHFWULFLW\FODVVHV,WKDVEURXJKWYDULRXV
DGYDQWDJHVVLQFHWKHXVHRIDUHPRWHODEWRPDNHSUDFWLFHVKDV
UHGXFHG WKH FRVW RI WKH RSHUDWLRQV DQG PDLQWHQDQFH LQ WKH
GHSDUWPHQW
,QLWLDOO\ ZH WHDFKHUV RI WKH GHSDUWPHQW RI 7HFKQRORJ\
ZHUH QRW VXUH DERXW WKH FRQYHQLHQFH RI WKH XVH RI VXFK D
UHVRXUFHDQGZKHWKHULWFRXOGEHDJRRGWRROIRUVWXGHQWV XVHDW
DILUVWLQVWDQFHDQGLIVRLIDUHPRWHODEOLNH9,6,5FRXOGPDNH
WKH SURFHVV RI OHDUQLQJ WR EH LPSURYHG 6R ZH GHFLGHG WR
LPSOHPHQWWKHSUDFWLFHVRIHOHFWULFLW\E\PHDQVRIXVLQJ9,6,5
UHPRWH:HWKRXJKWWKDWWKHEHVWRSWLRQWRGHFODUH9,6,5DVD
JRRG OHDUQLQJ UHVRXUFH ZRXOG EH WKH PDNLQJ RI WKH SUDFWLFHV
ZLWK 9,6,5 E\ WKH KDOI RI WKH VWXGHQWV DQG ZLWK QRUPDO ODE
LQVWUXPHQWDWLRQE\WKHRWKHUKDOI
:LWK WKH DLP WR LPSURYH OHDUQLQJ ZH KDYH GHVLJQHG D
022& DQG VSHFLILF GLGDFWLF PDWHULDOV WR EH XVHG E\ DOO WKH
VWXGHQWVVRWKHRQO\YDULDEOHWRFRPSDUHZRXOGEHWKHW\SHRI
ODE HDFK VWXGHQW ZRXOG XVH /HDUQLQJ RXWFRPHV SUHVHQWHG LQ
WKLVSDSHUDIWHUWKHDVVHVVPHQWRIWKHDFWLYLWLHVLQFOXGHGLQWKH
FRXUVH KDYH LQGLFDWHG WKDW VWXGHQWV XVLQJ 9,6,5 REWDLQHG
VLPLODUUHVXOWVLQ\RXQJHVWVWXGHQWVZKDWPD\EHLQWHUSUHWHGDV
9,6,5 WREH D YDOXDEOH UHVRXUFHMXVW IRUWKHGHSDUWPHQW%XW
E\ RWKHU VLGH WKHUH KDYHEHHQ VOLJKWO\ EHWWHUUHVXOWV LQ9,6,5
JURXSV WKDQ WKRVH JURXSVRI VWXGHQWV ZKRSHUIRUP WKH QRUPDO
ODERUDWRU\ LQVWUXPHQWDWLRQ LQ ROGHU VWXGHQWV IURP PRUH
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Abstract. This paper presents an extension of the VISIR Remote Laboratory to
support the IoT Technologies. By means of this new extension, the users of the
remote laboratory can experiment by programming an ARM device (a raspberry
Pi) and interact with sensors and actuators. Furthermore, all the characteristics
of VISIR are still preserved. Therefore, the user can wire in the breadboard their
circuits including sensors and actuators and interact with the instrumentation.
On the other hand, a Raspberry Pi OS (Raspbian) complete remote desktop is
available as an instrument more of VISIR.

Keywords: VISIR, Remote Laboratory, Internet of Things, Raspberry pi,
ARM, IoT, Python, Virtual Instrumentation, VirtualBox.

1

Introduction

The Internet of Things (IoT) is an emerging technology, which is increasingly present in many sectors, such as industry automation, home appliances, mobile devices,
agriculture, medicine, security, etc. Although these are some examples of sectors
where IoT is present, new applications for this technology appear every day (as a rule,
everything that can be actuated, sensing and/or integrated on the Internet). The rise of
this technology implies an increase in the demand of qualified professionals. Therefore, the educational institutions must incorporate in their areas of knowledge a learning of the technologies of IoT, if they do not want to remain obsolete.
For students to gain the skills of a professional in an efficient manner, it is
necessary to consolidate knowledge by practicing. To this end, educational institutions
must have a practice laboratory with the necessary instrumentation and equipment.
Due to the high cost of this equipment and instrumentation, in many cases, the
institutions cannot acquire as many as they are needed. This implies that students
must share equipment and instrumentation during the practice session. On the other
hand, these practice sessions are usually carried out in the buildings of the educational
institution at a certain timetable, forcing the students to move and adapt to the
timetables.
Thanks to the advances in Internet technologies (where IoT is included), a new type
of laboratory, the Remote Laboratory, has appeared. In these, all the instrumentation
and equipment are connected to the Internet, presenting many advantages, among the
main ones are:
1. Availability of 24 hours and 365 days, the laboratory is not limited to the hours of
the institution.
2. Accessible from a device with an Internet connection, avoiding travel to the institution.
3. Better support for people with disabilities or sick, thanks to the possibility of connection when and where they want (whenever they have compatible device and
with Internet connection).

4. Lower costs, more efficient use of resources, opportunity to share access and resources with other institutions.
5. Scalable, it is easy to increase the number of practices, equipment, instrumentation
and laboratories.
6. Robust, the laboratory is always connected, if a fault occurs the experiment can be
transferred to another remote laboratory automatically.
This scenario has increased the interest in the use of a remote laboratory as an alternative to on-site laboratories by educational institutions (especially those related to
science, engineering and Technology). An interesting remote laboratory project related to electronic engineering is the Virtual Instruments System In Reality VISIR [1].
The VISIR remote laboratory project began as a research project at the Blekinge Institute of Technology, Sweden by Gustavsson and others [1] in 1999. Today, VISIR has
the support of a consortium of universities in Sweden, Spain, Portugal, Austria, Georgia and India. VISIR is one of the most popular analog electronic remote laboratories
and possibly also one of the most replicated. There are numerous research projects on
new educational technologies and remote electronic labs based on VISIR [2, 3, 4, 5].
These characteristics make the VISIR a project base ideal for the development of a
laboratory of remote IoT.
Many batch projects are based on the embedded arm, such as [6, 7, 8], these devices
being the most used for the development of batch technologies. Of the ARM devices
analyzed for the development of the remote laboratory of IoT, highlights the Raspberry PI for various reasons:
1. Many IoT projects include raspberry PI, such as [6, 9, 10].
2. The raspberry PI has been developed to promote the teaching of electronic and informatics. So, it includes a very good learning support [8].
3. There are a lot of examples of open source code applications and increasing every
day.
4. The raspberry pi includes numerous interconnectivity ports, such as USB, Ethernet,
I2C, SPI, GPIOS, and the last versions WIFI and Bluetooth.
5. It is a low-cost environment, which makes it easy to replicate. Also, on the market
there are many development and expansion boards also low-cost.
This paper describes research around an IoT ARM embedded devices remote laboratory based on VISIR. Section II provides a general description of VISIR remote
laboratory. Section III describes the requirements and problems to be faced when
implementing an extension IoT for VISIR. The Section IV analyzes the architecture
used to implement the remote laboratory of IoT.

2

VISIR, Features and Architecture
This section provides a brief description of the characteristics and architecture of

VISIR, which is important because it is important for a better understanding of the
following sections. VISIR is a remote laboratory for wiring and measuring electronics
circuits, the user designs an electronic circuit by web browser on a virtual breadboard,
sends the circuit to the server and once verified, it is built by a relay switching matrix
board (RSM) and the measurements are returned to the user. The instrumentation is
based on National Instrument (NI) PCI eXtensions for Instrumentation (PXI), this
include an embedded PC controller board and following instrument boards: Digital
multi-meter (DMM), DC power supply (PS), Digital oscilloscope (DO) and Analog
function generator (FGENA). The instrumentations are connected to RSM and this
communicates with the controller by USB.
The RSM is a stack of “PCI/104” sized boards, the circuits are built by opening and
closing relays with the received circuit design. The instrumentation and the electronic
components necessary for the construction of the circuit are connected to one of the
10 nodes available (A-I) of the RSM (Fig. 1 and 2) by means of relays of the components and instruments boards.

Fig. 1. RSM Available Nodes

The RSM form at least three instrument boards and can include up to sixteen components boards (see Fig.2). The component boards contain 10 sockets connected to a
Double-Pole Single-Throw (DPST) relays (4 of these sockets can be connected instead to 2 Single-Pole Single-Throw (SPST) relays).

Fig. 2. VISIR Instruments and RSM boards assembly

The DO and DMM channels can be connected to any node depending on the design,
instead, the channels FGENA, + 6V, + 25, -25V and AUX are connected to A, X1, x2,
x3 and X4 nodes respectively (Fig 3).

Fig. 3. VISIR Instrumentation Board schematic

VISIR include an open source software under the GPL license. In the current
version its architecture (Fig 4) consists of four independent components, which are:
1. Experiment client.

2. Measurement server.
3. Equipment server.
4. Remote Laboratory Management Systems (RLMS)
2.1

Experiment client

The Experiment client is a JavaScript embedded code into html5 user interface that
simulate an analog electronic experiment laboratory. The user wires the circuit on a
simulated breadboard by clicking and dragging the components and wires, as shown
in Fig. 5. Once the circuit has been designed, the user can select the virtual instrument
with which to measure and configure it. The interfaces simulate real instruments that
the user could handle in an on-site laboratory (Fig.5) these are the following:
1. A HP 33120A Analog Function Generator.
2. A Fluke 23 Digital Multimeter.
3. An Agilent 54622A Digital Oscilloscope.
4. A E3631A DC power supply.

Fig. 4. VISIR Architecture

Fig. 5. VISIR Client Interface

When the user has finished configuring the instrumentation can press the “perform
experiment” button to perform the measurement on the physical equipment. The Experiment client send the experiment to Equipment server by XML protocol [10]. The
XML protocol is also used to receive the results of the experiment.
2.2

Measurement server

The measuring server is the VISIR engine, it is a software application developed in
Microsoft Visual C++ and can be run on a separate server or in the same as the rest of
the VISIR software. The main functions of the measurement server are as follows:
1. Ease of use, to this contributes besides other things: automatic memory management, simple reading and writing of operations or being a dynamic typed language.
Reducing programming times versus other languages
2. XML Server, which receives the XML requests from the experimental client, parses and returns the XML response to the client.
3. Authentication Module, verifies the credentials and permissions of the users, assigns them a single session key and the valid one in each request of the client.
4. EqCom, its functions are, communicating via TCP/IP with the Equipment Server,
sending the circuit to build, configuring the instrumentation and receiving the answers from this. All this through a protocol defined for that purpose [11].

2.3

Equipment Server

The Equipment Server software is a LABVIEW development. This application controls the instrumentation and matrix switching board. The Equipment Server receives
the validated experiment from Measurement server by TCP/IP, executes it and returns
the results.
2.4

RLMS

The RLMS provides the initial and config web pages, user authentication and authorization methods, management of access to the different laboratories and a database (used to store users, circuits and laboratory information). There are several options of RMLS, the original of VISIR is OpenLabsweb [12] and is programmed in the
PHP language. Another interesting RMLS alternative option is Weblab-Deusto [13].

3

IOT Remote Laboratory

For the experiments of an IoT remote laboratory is interesting the concepts of
VISIR exposed in section II. Where the user can drag and drop sensors, manipulators
and communication devices to a breadboard and wire them virtually. Another interesting option of VISIR for an IoT remote laboratory is to be able to interact with instrumentation. This way the user can validate if the reading of the programmable device
corresponds to the value of the sensor, can generate signals identical to those of a
sensor to validate a software, check if a manipulator is active, etc...
Therefore, it has been considered interesting to take as the base of a remote VISIR
laboratory. But adding access to the programming of an ARM device as if it were an
additional instrument. As has been advanced in the introduction, the ARM device
chosen is the Raspberry PI. The Raspberry PI Foundation has created a Debianspecific distribution for this device called Raspbian. This operating system includes
an integrated development and learning environment (IDLE) for Python. Idle is
destined to be an integrated development environment (IDE) simple and suitable for
beginners, especially in an educational environment
.
But Raspbian presents two major problems as a remote laboratory development
environment:
1. There is a need for strong access policies, there is a great danger that users, either
intentionally or by accident, can leave the system inoperable.
2. The VISIR Multiplex (where several users can perform their experiments at the
same time) is very complex to implement, in addition, the greater the number of
users who access at the same time to the Raspberry PI the performance of the same
decreases considerably.

Following the principles of VISIR, the solution to these problems is in the virtualization of the operating system. In the next section, the architecture implemented to
achieve this is exposed in greater detail.

4

Implementation

The programming language chosen for the IoT arm devices remote lab implementation has been Python. This language is ideal compared to others thanks to its multiplatform support, this is a great advantage because the code can be used on different
types of servers and is not limited to a single operating system. Other advantages that
this language offers are:
1. Ease of use, to this contributes besides other things: automatic memory management, simple reading and writing of operations or being a dynamic typed language.
Reducing programming times versus other languages.
2. Readability of the code, the structure of the code promotes a way of writing that
facilitates its reading later. This gives a great advantage to the maintenance or extensions of the code, that allows to incorporate new technologies to our laboratory
in a simple way and to avoid that it becomes obsolete.
3. Abundance of libraries. There are many libraries available to extend the basic Python functionality to any field. For example, SQLAlchemy, bottle, PYPDF2, etc.
As the main disadvantage of this its Runtime versus other languages, an identical
code in Python and C runs in less time in the latter. This disadvantage is due to two of
the advantages of Python indicated above, language typed dynamically and interpreted (the latter favors the multiplatform). Therefore, this disadvantage and more considering the continuous advance of the processors every day faster does not limit the use
of Python for remote labs.
The architecture of the remote laboratory Fig. 6 is based on the VISIR but has been
rewritten the entire measurement server in Python. The biggest problem that this type
of labs presents is to protect the operating system of the ARM device, as already mentioned. To do so, it has decided to virtualize the OS Raspbian in Virtual Box and make
use of "snapshot" of this, allowing us to freeze in a default state the OS. Because
Raspbian is a Debian-based distribution, there is a version of the first for devices other than the Raspberry Pi (Raspbian desktop). This Raspbian desktop is identical to the
raspberry, but does not count as it is logical, with access to the GPIOs. To fix this, the
RPI library is modified. GPIO in such a way that it is accessed virtually by an Ethernet socket to the GPIOs of a Raspberry Pi.
On the side, the Raspberry Pi runs an application that includes a socket server. This
server manages the queue of requests to access the GPIOs (allows several users to
access the GPIOs with little latency in the replies) and making changes in the GPIOs
at the request of the libraries of the Raspbian Desktop.

Fig. 6. IoT Remote Laboratory Architecture

To manage the virtual box (manage, destroy, boot images of OS, etc.) is used the
Python library that communicates with this through the Virtual Box API. On the other
hand, Raspbian images run a VNC server (Virtual Computing network) allowing
access to the desktop remotely.
As the client must access through his web browser, on the client side is the remote
desktop of the raspberry PI as if it were one more instrument (Fig 7). This is done
thanks to the JavaScript library NoVNC.js on the client side and to the library in
Python websockify [14].

Fig. 7. New client Interface

To build the circuits and manage the instrumentation connected to the GPIOs of the
raspberry PI, our measurement server follows the architecture of VISIR. To do this, a
XML server has been written (which processes the requests of the clients) a circuit
solver module (that does the functions of virtual tutor, validating the circuits) and the
EQCom (in charge of communicating with the Equipment Server and with the
Raspberry Pi, helping the latter with the management of the GPIOs). This XML server
is listening to client requests and creates a thread per request (the maximum number
of sessions to handle can be configured). Parses these requests to obtain the circuit
and the configuration of the instrumentation and pass this data to the circuit solver.
This module, circuit Solver, analyzes the circuit and compares it (as in VISIR) with
the list of permitted circuits (Maxlist) previously created by qualified personnel to not
compromise the system. If the circuit is validated, it passes to the stack of the module
EQCom, which converts the circuit and the instrumentation configurations requested
by the client into commands (commands defined in the communications protocol of
the VISIR Equipment server) and that will be sent to the equipment server and the
Raspberry Pi by Ethernet. The values measured by the instrumentation are sent from
the Equipment Server to the EQcom module in the form of commands, which are
processed. The data obtained by the EQcom are forwarded to the XML server that
parses them and sends them as a response to the client.
On the server of measure has embedded the HTTP server, this is based on the Python
web framework Bottle. This allows us to include web dynamics in a simpler way
giving the server new services. Some of these features are:
1. SSO-based authentication capability, Google, Facebook.
2. Generation of reports with results and sending these automatically to the email of
the client and/or instructor.
3. Cookie-based federation and management reserves.

5

Conclusions

The system presented extends the teaching capacities of VISIR, as well as continuing to be fully compatible. Providing the ability to make the programming of ARM
devices accessible and allowing the device to interact with sensors and communication interfaces and all this remotely and available 24h, 365 days.
As future improvements will be to expand the number of sensors available from
this base platform and to be complemented by practical training with theoretical
teaching material, such as videos or PDFs.
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however some limitations appear when building some circuits
and, of course, not every case is covered.

Manuel Blazquez
Electrical and Computer Engineering
Department.
Spanish University for Distance
Education, UNED.
Madrid, Spain.
mblazquez@ieec.uned.es
Gabriel Díaz
Electrical and Computer Engineering
Department.
Spanish University for Distance
Education, UNED.
Madrid, Spain.
gdiaz@ieec.uned.es
Manuel Castro
Electrical and Computer Engineering
Department.
Spanish University for Distance
Education, UNED.
Madrid, Spain.
mcastro@ieec.uned.es

capacitors and so on, and that is the reason why real remote
labs are so important. Simulation could not be enough to
grasp every concept.
Remote laboratories for analog practices are having
interesting results, like VISIR [1, 2], but it is not possible to
cover every single possibility in an analog circuit, or it is not
easy to create complex lab practices. In Fig 1 it is possible to
observe the complexity of VISIR.

A proof of concept of an FPAA based-lab controlled and
supported by a Raspberry Pi will be developed in this
conference paper analyzing its benefits and possible synergies
with other projects and labs with the objective of accessing to
the potential and features of the FPAA in remote engineering
education.
Keywords— FPAA, Raspberry Pi, Remote Labs.

I. INTRODUCTION
In engineering, as in most practical areas of knowledge,
real hands-on experiences are crucial. However, sometimes
is difficult for students to access labs or available facilities in
order to perform some practical activities.
Remote laboratories have been proved to be very useful
in these cases. Distance education is a key option for students
who are working or cannot move to another location and
being able to do real lab practices is an outstanding tool to let
these students grasp every concept.
In the electronic field, analog electronics learning is one
of the most important steps in a lot of engineering studies.
However, this field depends on real values of resistance,
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Figure 1. VISIR Instruments and RSM boards assembly

Field-programmable analog array, or FPAA, can be used
to add more functionalities to remote laboratories, or make
them more flexible. This can be done through dynamic
reconfiguration.

II. FPAA AND DYNAMIC RECONFIGURATION
Dynamic reconfiguration is the ability to change its
settings or update some functionalities and parameters
without a reset in, in this case, the FPAA. It allows the FPAA
to adapt itself to different situations and circumstances.
The aforementioned data lead us to believe that this
technique can be used in FPAA to improve remote labs
capabilities. But it is important to test it separately.

This board contains a PIC that controls the FPAA
programming and configuration; the board can also be
connected to a PC through a serial port.
The AN221K04-V3 development kit allows the
AN221E04 chip to use two different types of dynamic
reconfiguration: the state-driven method and the algorithmic
method.

In a first step, it is important to check if FPAA
capabilities are useful in an educational environment. It was
studied in prior studies [3] and it was verified that its features
could be very helpful in laboratories because of its flexibility
and safety in certain areas.

While the first one is intended to store several predesigned configurations and the PIC can decide when to use
each one (for example a different configuration each minute),
the algorithmic method can be used to change the CAB
parameters to any configuration in any moment or any
circumstance.

FPAA dynamic reconfiguration needs to be controlled by
another device. This requirement can be fulfilled by using a
powerful PIC or a personal computer but it makes it hard to
implement in a remote lab.

The algorithmic method is more flexible and powerful
than the state-driven one, however both are very useful for
academic purposes, specially since the state-driven method is
much easier to implement.

Cheap and easy-to-use microcontrollers like Arduino or
Raspberry Pi could be used to control the FPAA dynamic
reconfiguration, and testing that is the goal of this work.

In any case, some control is needed, especially in the
algorithmic method, which requires a powerful
microcontroller like PIC32, Raspberry Pi or a computer.

A. Anadigm AN221E04 FPAA and AN221K04-V3
The AN221E04 FPAA used in this work is from
Anadigm, one of the main manufacturers. The main reasons
are price, flexibility and capabilities, because in academic
environments this is crucial.
This Anadigm FPAA is composed by a 2x2 matrix of
CAB [4] that are interconnected and have four configurable
analog input/output cells and two more analog outputs, as
shown in Figure 2.

III. APPS

FOR EDUCATION

Dynamic reconfiguration can be used as a tool for
education because it allows students to interact with some
features and properties of several elements in the electronics
field in an easy and safe way.
Using the algorithmic method, some applications for PC
can be developed to help students grasp concepts more
efficiently and quicker.
These apps (an example is shown in Figure 3) can guide
students to perform several experiments, always under
certain limits configured by the teacher or expert.

Figure 3. App for dynamic reconfiguration [3]
Figure 2. CAB structure of the AN221E04 [5]

This chip has two memory blocks where configuration is
stored, one of them is the Shadow RAM (SRAM) which is
the special memory block that allows dynamic
reconfiguration. AN221E04 is part of the AN221K04-V3
development board.

These limits are very important because they are the only
restriction that can ensure proper operation. This software
restrictions help to protect hardware, both other devices and
the FPAA itself.
This app implementation can guide the student too, with
instructions and schemes. It can also translate technical

parameters into real world terms (for example temperature
instead of resistance) and it allows students to grasp concepts
in a more efficiency way.
These developments need a powerful controller to work,
because it requires some C libraries to execute the dynamic
reconfiguration.
On the other hand, the state-driven method works
efficiently in some circumstances when every situation is
known during the experiment design phase. In this case there
is no need of a powerful controller and, because of that, it is
much cheaper to implement.
IV. REMOTE LABORATORIES
Remote laboratories are intended for students who cannot
attend a real laboratory. However, hands-on work is a must
to understand theorical lessons. These laboratories are
accessed by users all over the world at any time with
minimum human interaction and maintenance.
FPAA are a great tool to increase the remote lab
capabilities and possibilities. However, its control by
distance is a challenge and the main issue analyzed in this
work.
These features are required to guarantee a proper
operation:
-

Security: access to the FPAA configuration
parameters or the controller should be private and
controlled. The implementation method must ensure
the safety of the hardware.

-

Log: each interaction must be logged in order to
identify bugs and errors.

-

Stability: if an error occurs the system needs to
reboot without human interaction.

-

Connectivity: controller should support internet
communication and reconnection if needed.

-

Adaptability: lessons and students’ practices change
over time, that is why the system should be able to
perform different tasks.

-

Speed: several users are intended to use the remote
lab at the same time, so the system needs to perform
properly under these conditions.

Raspberry Pi will be connected to the internet and will
serve a user-friendly interface where the user can modify
some parameters and then the Raspberry Pi will load this
new configuration to the FPAA.
Results can be read by the Raspberry Pi itself or they will
be obtained using another system, like VISIR, or other
instrumentation compatible with the controller.
Raspberry Pi will be able to use the state-drive method
too since it can transfer a master configuration to the FPAA
and then trigger the state change using one or several of its
I/O pins.
VI. OPEN AND KNOWN ISSUES
Algorithmic method is a very interesting tool when it is
used in a continuous manner. That means that it would be
interesting for students if they could modify parameters
going from the first value to the final one going through all
the values in between. Of course, while using the FPAA that
way, no other user could use the device.
This problem is being addressed trying to use the FPAA
in a shared time model, but the FPAA internal constraints
limit the iterations or changes per second.
However, if students are working on the same practice,
reconfigurations times allow to use the shared time model.
Initial configuration is created by Anadigm software. It is
not a problem for practices and experiments defined by
professors or lab assistants, but it does not allow open
experiments. Other options and devices are being studied in
order to make this possible. Some of these options are:
-

Create a new builder in order to let students upload
and design open projects.

-

Create master designs that allow students use more
capabilities of the FPAA, although they will still
have certain limitations.

-

Let participants use a virtual desktop in order to
execute Anadigm software. This option will lock the
device for only one student.

Reconfiguration times differ from one function to
another, so the professor should take that into account when
designing it. A master time controller can be developed to
control all reconfiguration times no matter what design is
being used.

V. PROOF OF CONCEPT
Technical constraints and features have been studied for
this work, specially communications requirements and
capabilities.
Different approaches have been considered for this proof
of concept: Arduino, Remote PC and Raspberry Pi.
Because of its cost, easiness of use and the amount of
available resources, Raspberry Pi is the device chosen to
execute the experiment.
Since the algorithmic method from Anadigm is
implemented using C++ libraries, these can be executed in
the Raspberry or, if needed, the library can be translated to
Python. These libraries are used to obtain the configuration
bit-stream to be transferred to the FPAA.

VII. OPPORTUNITIES
FPAA can also work in daisy chain; that could reduce the
number of controllers needed and boost the capabilities of
the system. FPAA working in that mode can interact with
each other, building greater and more complex systems.
The FPAA is not limited only to final applications or
practices, and it can help remote labs performing auxiliary
tasks like signal conditioning, filtering or working as
components that are not available in the remote lab.
Discrete components cost could be reduced and its live
time increased due to a better care thanks to the FPAA used
like a safety tool.
Desktop applications using the algorithmic method are a
great tool for non-engineering students, and they can use the

remote lab any time, from their own schools and with no
need of having discrete components on their labs or going to
the engineering faculty. Specially when there is not such a
possibility.
VIII. EXPECTED RESULTS
The main expected output of this proof of concept, due to
prior works, is that FPAA can improve significantly the
possibilities of a remote laboratory, specially VISIR, since it
is the remote lab used in the experiment.
Some constrains are also expected because
reconfiguration times and FPAA resources limitations.

of

A partial integration with VISIR is intended to be
achieved with this work, but a full integration with VISIR
capabilities and circuit solver is a much more complex task.
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Abstract— The purpose of this article is to study the dynamic
reconfiguration in FPAA and, because of its potential, its
academic applications. State driven and algorithmic
reconfiguration methods have been considered during this work.
Since these devices are not as well-known as FPGA, it is
interesting to study its characteristics and abilities. The
algorithmic method has been developed, obtaining conclusions
about its use in education for technical and non-technical fields.
Index Terms— FPAA, Dynamic Reconfiguration, Anadigm,
Education, Lab

I. INTRODUCTION
Reconfiguration is one of the most versatile and powerful
techniques in the electronics field. Microcontrollers or FPGA
can be reconfigured but, for instance, most of microcontrollers
cannot be dynamically reconfigured. In other words, they need
to be reset in order to work with the new configuration.
Dynamic reconfiguration avoids this issue and allows
devices to change their functionality without a reset. FPAA,
which are not as widely known as FPGA, can use this
technology to reconfigure themselves, achieving different
analog behaviors. It can be used in education, where this
dynamic reconfiguration provides new tools and new
possibilities to students and professors, and in several fields
like avionics, signal processing, etc.
The importance of this technique in education resides in the
ability of these devices in adapting themselves quickly to many
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situations while everything is under control in a safety
environment.
This work tries to develop an example of educational
application that could be applied to empower students to get
more concepts while working at labs (or in remote labs). In
order to achieve that, and with the aim to let other researchers
or students to put this in practice, this work has used a simple
methodology of six steps, that can be found on its own section.
Anadigm devices have been used in this work, since it is the
main manufacturer and its devices are cheap enough to be
considered for educational purposes. Anadigm design and
simulation software have been used but, as described during
this report, simulation tools are sometimes insufficient. It is
also an objective of this work to do an analysis about the
different reconfigurations methods: the algorithmic method and
the state driven method. The first one of these methods is the
most powerful for educational and industrial applications, that
is the reason why this method has been studied in a deeper
way. Despite that some other works study the FPAA, this work
aims to study its ability to dynamically reconfigure itself and
introduce its application in education for technical and nontechnical students. Analyzing, also, its benefits for students,
professors and education centers. This practical work is the
foundation of this article.
An educational development can be found in this article
and it will show the different approaches that can support the
learning of engineering students, electronic related studies or
not, and even non-engineering students. Researchers can use

this information to develop new tools and applications to many
education fields, and it could be also applied to remote labs.
Definitions, a briefly history introduction, a comparison of the
two methods of reconfiguration, the limits of the simulation
tools and, of course, the conclusions of the use in education of
FPAA dynamic reconfiguration, compose this article. This
publication is a result of the Master Thesis of the author [1].
II. DEFINITION AND MATERIAL

[10]. These kinds of devices are even less used than FPAA.
The reason is that hybrid FPGA-FPAA systems are achieving
great results and it is complex to develop a new mixed
technology like FPMA.
However, the robust capabilities of FPAA have been used
in several disciplines for very specific functions like adaptive
filters for the health field, in instrumentation [11-15] or hybrid
FPGA-FPAA systems [16].

A. FPAA
Research in programmable analog devices has not been as
wide as in logic devices. The term FPAA was first used by
Lee, K. and Gulak, P. in 1991 [2], introducing the CAB
concept. These CAB are units which can develop different
functions and can be interconnected between them in order to
perform complex tasks. The most common interconnection
technology is the MOS transistor controlled by a digital
memory [2-6].
A field-programmable analog array (FPAA) is an
integrated device containing configurable analog blocks (CAB)
which are interconnected between them. FPAA are usually
application driven because of their different architectures and
operation modes.
Nowadays, there are different architectures where other
basic units are used instead of CAB or they change the way
that CAB are routed [7]. These architectures can operate in
continuous and discrete time.
B. Discrete Time FPAA
Analog devices usually work and operate in a continuous
time environment where each input or output signals can exist
in an unlimited range of values. In continuous time, FPAA
switch matrix’s parasitic inductance, capacitance and noise
contributions should be taken into account.

Figure 1. Switched Capacitor, [9].

D. Anadigm AN221E04 FPAA and AN221K04-V3
There are very few manufacturers of FPAA, with Anadigm
being the principal developer. There is not a great amount of
on-chip solutions, but because of its price and possibilities, the
AN221E04 is the chip used in this development.
The AN221E04 [17] device, the first one of the second
generation, consists of a 2x2 matrix of CABs that can be
interconnected between them. These CABs are surrounded by
analog input/output cells (4 configurable I/O cells and 2 output
cells) with active elements like filters or amplifiers. The
architecture scheme can be found in Figure 2.

In order to avoid these problems while achieving more
flexibility, discrete time devices are used. These FPAA use
sample and hold circuits in each CAB output, obtaining a
continuous signal but operating in discrete time with high
frequency. In this kind of devices, switching noise and aliasing
must be taken into consideration during the design phase [8].
The main technique used in discrete time FPAA is the
switched capacitor technology. With this technology, a resistor
can be obtained from a capacitor. Figure 1 illustrates how
switched capacitors are configured as resistors. The resistance
value will change according to the sampling frequency (f=1/T)
[9].
This is one of the most important concepts of an FPAA
because this technology allows for the creation of different
resistors and can change its value on the fly. This is one of the
fundamentals of dynamic reconfiguration.
C. State of the Art
FPAA are not as widely spread as their digital equivalent,
FPGA, so there is not a lot of research in this field. There is
also a device that uses mixed-signal processing, the FPMA

Figure 2. CAB structure of the AN221E04, [17]

This device includes 2 built-in memory blocks where
configuration is stored. There is one SRAM block and a special
memory block called Shadow RAM (SRAM). This special
block allows the device to reconfigure itself dynamically and is

the most important feature that makes dynamic reconfiguration
possible.
The AN221E04 chip can be found in the AN221K04-V3
development board, among others, and it includes a PIC to
program the FPAA and a good interface to test the device and
to develop with it. The board also includes a serial port to
connect the FPAA with a computer in order to program the
chip. This FPAA-PC connection is very important in
reconfiguration when used in educational environments.
E. AnadigmDesigner 2
Designing and implementing a circuit in the FPAA can be
done through Electronic Design Automation (EDA) software.
AnadigmDesigner2 [18] is the solution from the board
manufacturer used in this project.
The process of implementing a design is made simple
thanks to Configurable Analog Module (CAM). These modules
can be dropped and connected in a visual interface in order to
obtain the desired functionality. The software also provides an
Assistant in order to facilitate the understanding of capabilities
and limits of each CAM for the user. Figure 3. shows the
AnadigmDesigner2 user interface.
This EDA software also includes different reconfiguration
methods that can be easily used by the user. These methods
depend on the chip and board used.

to load them when necessary. This kind of reconfiguration is
usually used in sound effects where transitions are set by time
periods. In order to run this method, a microcontroller like a
PIC [19] is necessary to store and load different FPAA
configurations.
The algorithmic method is a more complex and has a
bigger potential than the state driven method because of its
functionalities. One of the main problems of the state driven
method is memory limit, so it is not possible to store infinite
transitions and configurations. The algorithmic technique
avoids this problem since it uses a C library to generate a new
configuration and, then, it loads the new configuration. So, it
needs only memory to store the C library and the ability to
execute it. A common PC or PIC are usually suitable to use this
technique.
The aforementioned data lead us to believe that the
algorithmic method is better and that it generates more
opportunities and functionalities than the state driven method.
It is true, but the state driven method is a great option and
suitable in low-cost systems with low resources like memory or
processing capacity.
IV. METHODOLOGY
Methodology and best practices are crucial in order to
achieve good results and to guarantee a correct development.
The methodology used in this project runs through the
following stages.
A. System designing.
First of all, the system needs to be designed and the
functional and technical requirements must be accomplished.
This design can contain any operation that can be implemented
in the FPAA with CAM. During this stage, FPAA electrical
limitations like voltage limit should be taken into account.

Figure 3. AnadigmDesigner2 user interface

III. DYNAMIC RECONFIGURATION METHODS
Dynamic reconfiguration in FPAA modifies some
parameters and functionalities of certain CAM. This
reconfiguration is made on-the-fly because of Shadow SRAM
memory blocks, as mentioned above. Anadigm allows the
FPAA to reconfigured dynamically through two different
processes: the state-driven method [19] and the algorithmic
method [20, 21].
Operating under the state-driven method implies that all
possible states are known during the design stage. These
different states should be known, designed and stored in order

B. AnadgimDesigner2 implementation.
Once the system is designed, this functionality should be
implemented into the FPAA using CAM while wiring each one
to another in regard to obtaining the desired behavior.
Limitations of each CAM and its parameters range must be
considered in next stages, so it is a good practice to implement
the circuit taken care about parameters ranges.
C. C libraries.
AnadigmDesigner2 can export a C library with all
functions related to the CAM used. Doing that as well is good
practice because it minimizes the required memory size for the
library in the PC or microcontroller.
D. Creating the control program.
The control program is in charge of all reconfiguration
commands. In this project, the control program is implemented
in a computer which is wired to the development board by the
serial port. The C libraries should be included in this step and
an appropriate interface has to be designed in order to facilitate
the operation for users.

E. Implementing the design and configuration limits.
In analog systems, limits are the most important constraint.
Suitable ranges, for instance, are ones of those limits that
should be taken into account. CAM parameters can only work
in a range of parameters and the entire FPAA cannot work with
more than 4 V. These constraints should be implemented in the
developed control software to avoid any problem during the
reconfiguration. This is a critical stage and any error could
possibly damage the entire board.
F. Compiling and testing.
Finally, we can compile the program and test the results.
Visual Studio 2010 and Visual Studio 2015 have been used as
compilers in this project. Please note that some interface
features can vary from one version to another. Other C++
compilers can be used and libraries can be translated into other
programming languages.

Figure 4. Scheme, PT100 conditioner design for FPAA

PT100 resistive values are:

V. SIMULATING THE FPAA DESIGN


One of the most important steps during the design process
is the simulation stage. This step is even more important in
education, because students often do not have enough devices
to test their designs and simulation allows them to save time
and even to do a pre-work from home.


The supply source is provided by the FPAA and the actual
value should be read. In this case, the value applied to the
voltage divider is 2.88 V. The real resistance value is 1001 ȍ.
Adding a pre-amplification stage of 5 V/V:

In order to simulate a design in a FPAA there are not many
options but there are some generic ones like [22]. However,
these solutions are not really focus on final applications and are
not user friendly with most of students.
AnadigmDesigner2 offers a simulation solution for designs
made for their devices. This solution offer a user-friendly
interface with enough capabilities to test most of designs.
This simulation is made in a time domain, where the user is
able to adapt the different clocks in the device and the input.
However, there are also limitations, for example it is not
possible to simulate a current input.

In order to adapt the signal to the range chosen (0 V, 3 V):

And, the solution is:

Simulation in FPAA is quite behind the FPGA or PIC
simulation but current tools allow student to easily test
different solutions and designs.
VI. EXAMPLE: IMPLEMENTING DYNAMIC RECONFIGURATION
ADAPTING A TEMPERATURE SENSOR
Common problems while adapting sensors are resolution
and precision. Most of times, a conditioner circuit is needed to
adapt the values measured in order to be converted to a digital
signal in a proper way.
A PT100 conditioner circuit can be implemented in a
FPAA using only a few CAM (the scheme is shown in Figure
4). First, ranges and goals should be named, in this example the
measured range goes from 0 °C to 40 °C and the output should
be read by a PIC, which can only read tensions from 0 V to 3
V.

Note that the internal operational limit for the FPAA is 4 V,
so any calculation should not exceed that limit in any stage of
the process.
The design should be implemented in the FPAA as shown
in Figure 5. A gain-limiter CAM has been used in order to
protect the reader device of voltages higher than 3 V.
Finally, dynamic reconfiguration is applied using the
algorithmic method, the C libraries and Visual Studio. A
program has been developed and it allows the user to adapt the
temperature and output ranges without making any analysis or
calculation. Program, in Figure 6, reconfigures the board when
it is running on a PC connected to the board.

knowledge and concepts using the same amount of time in
university labs.
Students can use the dynamic reconfiguration to build
robust systems and applications with many functionalities and
options and, of course, it can be applied to other areas like
control, where students usually think about microcontrollers
[24].

Figure 5. Implemented Design

Figure 6. User interface of the developed program

VII. FPAA IN EDUCATION
FPAA allow student to test analog design in an easy way in
a controlled and safety environment. This situation can lead in
laboratories where FPAA is a main component of them.
A. Education in engineering
1) Electrical and Electronics Engineering
Students of electrical or electronics engineering are
familiarized with analog concepts and they are able to create
applications using discrete components. However, in a higher
level, where inputs or analog processing is only a little part of
their applications, they usually do not have enough time in labs
to test different options or to fix errors.
In these cases, student can be supported by the FPAA [23]
to generate inputs, noise, filters or to adapt their outputs in
order to read them in another device. It will save time and
components required to build a solution, but the most
important thing is that it will allow the student to reach new

2)
Non-electrical or electronics engineering students
For example, mechanical engineering students can be
interested in knowing how electrical concepts and
circumstances can interfere in their works. These students
usually do not have the knowledge to build custom solutions
with discrete components in order to achieve their goals. In
these situations, the FPAA can help them to experiment
without the necessity of investing too much time acquiring the
knowledge required to create this kind of applications.
Professors can build solutions using dynamic reconfiguration
to let their students to experiment with electrical concepts like
frequencies, currents, voltages, integrators, etc. without having
a deep understanding of these concepts. Using this option will
lead in a more understanding of these practical concepts and to
interact with them with only a few hours in labs, instead of
investing hours in classes and accomplishing less goals.
B. Non-engineering education
There are many fields where electricals and electronics
concepts are used and let students get a better understanding of
their fields of study. For example, in medicine or in biology.
Students can experiment with different frequencies and
currents to know how they affect to a human being, to the heart
or a tissue. However, these students usually do not have the
technical background required to build a custom solution or to
modify an existent one. Labs based on FPAA give a great
amount of experiments where students can learn and get a
deeper understanding of the electrical concepts involved and
saving time to really get the concepts of their studies.
C. For educational institutions
Educational institutions can use FPAA based labs to save
resources and spreading the opportunities they bring to
students. Furthermore, if the FPAA are well designed and
designed focusing in educational purposes, they are the perfect
safety environment to study and learn, to grasp deep concepts
and avoiding time consuming errors and knowledge barriers to
non-technical students. These labs can be also deployed to
server as a remote laboratory because of their dynamic
reconfiguration capability students and, of course, large FPAA
system could improve the features of these labs [25]. Thanks to
this capability, students can perform different experiments,
changing parameters in real time and observing the results.
VIII. RESULTS
A. Developed Programs
Four different programs have been developed in order to
experiment with the possibilities of the algorithmic method in
the dynamic reconfiguration: a lighting control program, a

temperature measurement control, a light controlled trigger and
a program to control two interconnected boards.
The programs reconfigure the FPAA in different ways. For
example, when a slider bar is moved or when a new
configuration, which has been checked by the user, is loaded.
These developments work with a photodiode and a PT100
sensors and reconfigure the FPAA to operate under different
situations with different goals. That shows how dynamic
reconfiguration can be a tool to support students but also as a
final application.
B. Dynamic Reconfiguration in Education
These programs have been used in four lab practices by
students where dynamic reconfiguration has an active or
passive role. The reconfiguration can be used to test more
designs in less time while avoiding the probability of failure.
For example, a filter CAM can be dynamically reconfigured to
vary its pass frequency. In this case, the student will not need
to modify the design he or she made.
Playing an active role, dynamic reconfiguration used by
students can show them how to create applications for real
situations and how to use resources, time and components, in a
more efficient way. Following a series of instructions, students
are able to create their own reconfiguration programs. With
them, they can study a great deal of situations with only one
circuit and without changing any components.
FPAA are not as known as FPGA, so this kind of
techniques and methods help these devices be known by the
scientific community and students. Its potential in several
fields is outstanding and hybrid auto-reconfigurable systems
(FPGA-FPAA, PIC-FPAA) [16] can make a difference in
control issues.
IX. CONCLUSION
Dynamic reconfiguration in programmable analog devices
is a new technique that allows the device to reconfigure
themselves without changing their components and without a
reset. Most analog systems present different issues because of
temperature changes, different noises or tolerances. Dynamic
reconfiguration avoids these problems because of the
adaptability of the systems that uses this technique.
However, there are also limits in this technology and these
limits depend on the reconfiguration method. In the statedriven method, limitations appear because of memory and nonadaptability constraints. It is also a problem that all
reconfigurations should be known during the design stage, so it
is not a true adaptive system. The algorithmic method needs a
power controller or a PC to work, since it needs to execute the
C libraries. Reconfiguration timing must be taken in account.
Each CAM has its own timing. Due to that timing, performing
a great quantity of reconfigurations in a short period of time
can make the device reset itself. To avoid this kind of problems
they should be considered during the design stage and it is not
easy to know these constraints before testing.

A. Next Steps
Following the technique explained in this report the next
step is to implement it in autonomous intelligent systems. A
hybrid FPGA-FPAA system would be able to sense the
environment and reconfigure itself in order to improve its
performance. Research in this field can provide a good point
for other investigations like predictive adaptive expert control,
fuzzy logic, auto-calibrated measurements [12, 13], smart grids
[11] or neural networks [2, 14, 26] science.
An interesting next step in the education field is that
dynamic reconfiguration can be used in many fields, not only
engineering. Developing simulated environments that can be
reconfigured allows students and professors to learn and
investigate with better and quicker tools.
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5. PRINCIPALES CONCLUSIONES
Referir los resultados en relación a los objetivos planteados señalando las conclusiones que se derivan de los
resultados obtenidos.
Este proyecto ha permitido avanzar en la transferencia de conocimiento, creación de nuevos
experimentos, objetos educativos reutilizables, nuevos cursos abiertos MOOC y el
enriquecimiento de prácticas de laboratorios remotos en asignaturas de la UNED,
implementando nuevos desarrollos de laboratorios en tecnologías avanzadas. Por tanto los
resultados obtenidos son:
 Diseño de nuevas aplicaciones para entornos avanzados y complejos aplicables a
sistemas de ingeniería y actividades de formación en STEM.
 Nuevos experimentos para los estudiantes de pre-ingeniería, ingeniería y formación
para la vida
 Publicación de artículos en congresos, principalmente en EDUCON 2018 y FIE 2018,
así como los que se presentarán próximamente en el REV 2019 y el EDUNINE 2019.
Estos son los congresos de aplicaciones educativas de ingeniería mayores y más
avanzados del mundo.
 Igualmente se ha organizado el congreso LWMOOCS en Septiembre de 2018 en la
UNED donde se han presentado aportaciones dentro de las áreas de laboratorios
remotos en MOOCs.
 La principal conclusión del proyecto es la utilización del laboratorio remoto VISIR para
las actividades en otras áreas complementarias a la de electrónica general donde se
realiza su uso mayor, en este caso en las de IoT, e-Health y FPAAs. Igualmente se ha
extendido el uso de los laboratorios VISIR en secundaria, bachillerato y formación
profesional para incrementar las vocaciones técnicas en los jóvenes.
 Se mantiene la colaboración con la asociación IAOE dentro del marco de la federación
de laboratorios VISIR, así como con el consorcio internacional GOLC, para el uso y
extensión de laboratorios remotos e ingeniería remota.
 Se ha ampliado además la colaboración con el IEEE, mayor asociación mundial de
ingeniería eléctrica y electrónica, con presencia de los resultados y actividades de
investigación del proyecto y de miembros del grupo en los órganos directivos a todos
los niveles (nacional, estudiantil, internacional y al máximo nivel directivo).
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7. DIFICULTADES QUE SE DESEEN SEÑALAR
Indicar todas aquellas dificultades, de distinto tipo, que se hayan podido plantear en el transcurso de la realización
del proyecto.
No existen dificultades remarcables debidas al presente proyecto y actividades relacionadas
con el desarrollo del mismo. Se pueden remarcar las dificultades técnicas que implican el
desarrollo de laboratorios remotos con tecnologías complejas y emergentes, como son las
utilizadas en este proyecto de innovación educativa, Laboratorios Remotos y su uso educativo,
IoT (Internet of Things), e-Health (Salud) y las FPAAs, (Field Programmable Analog Array), así
como la implantación técnica de la federación de laboratorios VISIR, que se pueden resumir en
la necesidad de mayor presupuesto y la búsqueda de nuevos socios y usuarios internacionales
y nacionales dispuestos a trabajar en las tecnologías y la federación de VISIR.
El buscar colaboración con asociaciones y con otras universidades requiere de viajes a
congresos de educación e ingeniería. Las reuniones presenciales no deben ser mensuales,
pero si dos o tres al año, lo que lleva un coste de dinero y tiempo, a añadir al propio desarrollo
y mantenimiento.
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MODELO I.
RELACIÓN DE ESTUDIANTES A LOS QUE SE RECONOCEN
CRÉDITOS ECTS PARA ESTUDIANTES QUE PARTICIPAN
EN PROYECTOS DE INNOVACIÓN EDUCATIVA Y
ACTIVIDADES DE INNOVACIÓN EDUCATIVA
Convocatoria 2017-2018
Nombre del proyecto/actividad de innovación
educativa: Coordinador/a:
TITULACIÓN:
FACULTAD/ESCUELA A LA QUE ESTÁ ADSCRITA LA TITULACIÓN:
(Este impreso se remitirá por correo interno firmado a la Secretaría de la Facultad
correspondiente)

MUY IMPORTANTE: Los Equipos Docentes deberán confeccionar una relación por
cada titulación, ya que este impreso se remitirá a la Secretaría de la Facultad y a
cada una de las Secciones de Alumnos responsables de cada titulación.
Cada documento que utilice como Anexo I debe ir firmado por el Coordinador/a
del proyecto/actividad (puede enviar el archivo escaneado tras firmarlo o bien
puede utilizar firma electrónica).
Ha de tenerse en cuenta que entre los estudiantes que han participado en la
experiencia puede haber estudiantes que hayan elegido la asignatura como de
“libre elección” por lo que tendremos que cerciorarnos de en qué titulación están
matriculados.

NIF

APELLIDOS

Firma del Coordinador/a

NOMBRE

Núm.
créditos

Firma del Decano/Director de la Facultad/Escuela
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