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Preface

The purpose of this volume is to present the most recent advance in selected areas of
Computer Science, The works included in this volume were carefully selected by the
editors on the basis of the blind reviewing process and the main criteria for selection
were originality and technical quality. This issue of Research in Computing Science
will be useful for researches and students working in the different areas of Computer
Science, as well as, for all readers interested in enrich the knowledge of this
document.

In total, we received 55 papers that were submitted for evaluation; each submitted
paper was reviewed by 2 independent members of the editorial board or additional
reviewers and the acceptance rate is 60%. This volume contains revised version of 16
accepted papers, divided into three sections corresponding to the areas: Databases &
Software Technology, Robotics & Mechatronics and Simulation & Modeling. The
others papers will be published in the volume number 63 of the journal Research in
Computing Science.

We would like express our gratitude to all people who help to elaborate this
volume. First to the authors of the papers for the technical excellence of their works,
that guarantees the quality of this publication. We also want to thanks the members of
the editorial board for their hard work in evaluating and selecting the best’s papers out
of many submissions that we received. We express sincerely our gratitude to the
Sociedad Mexicana de Inteligencia Artificial (SMIA) for their collaboration in the
elaboration of this publication. Also we want to give special recognition to the Centro
de Investigacion en Computacion of the Instituto Politécnico Nacional (CIC-IPN) for
the facilities given to achieve the success in the publication of this volume. The
submission, reviewing, and selection process was supported for free by the EasyChair
system, www.EasyChair.org. Also we want to give special recognition to ORACLE,
for its participation as a sponsor.

November 2013

Evelia Araceli Santos Camacho
Juan Carlos Chimal Eguia

Luis Cabrera Rivera
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MMIA Improvement and Services for Cloud
Computing

Sandra Anizar, Chadwick Carreto

Escuela Superior de Computo, Instituto Politécnico Nacional, México, D.F.,
sanizargon@hotmail.com, ccarretoa@ipn.mx

Abstract. In this paper we present the results obtained from the implementation
and improvement of the Management Model for Interconnection and Access
(MMIA) Services for Cloud Computing, is a mechanism that enables
connectivity services provided by a "Public Cloud" are most of the time
available to users when they need it.

Keywords: Mobile computing, cloud computing, communications, access,
management and networking.

1 Introduction

The Cloud Computing is the convergence and evolution of several concepts related to
information technologies, such as virtualization, mobile computing, distributed
application design or network design and management and provision of applications,
information and data as a service [1].

Thus Cloud Computing efficiently provides access to computer services, regardless
of physical systems that use or its actual location, as long as it has access to the Internet
[2], and can work together on the same content.

But like all technology that is in its beginnings, Cloud Computing is not without
controversy, although availability is an advantage, currently one of the strongest issues
facing the growing development of Computer in Cloud is to ensure interconnection and
access to services that this technology provides.

This problem is compounded when you take into account that currently the vast
majority of computer systems schemes migrate to Cloud Computing, so it is vital to
ensure that these systems are interconnected to the network and Computer services in
the Cloud as long as possible without interruption.

The structure of this paper consists of eight sections, first discussed the current
situation of Cloud Computing in terme s of concept, characteristics and advantages in
the second section defines and presents the MMIA, later in the third section defining
the architecture that has been developed for the MMIA, in the fourth section discusses
the Installing a Public Cloud, followed MMIA Implementation, Testing and Results
subsequently obtained, the final conclusions and finally some improvements and work
future.

© E. A. Santos, J. C. Chimal, L. Cabrera, E. Castillo.
Advances in Computer Science and Engineering
Research in Computing Science 67, 2013 pp. 3-13
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2 Management model for the interconnection and availability
(Mmia)

In Figure 1 shows the MMIA has been developed, which is equipped with a standard
character, ie it can be implemented in different architectures of "Cloud", to allow
optimization services availability, connectivity, recognition and link status monitoring
and users.

Interconexidn

LU

Validacion &
Identificacion

Administracion
de la Informacidn

L

Monitoreode la
Conexion

o

Técnicas de
Correcion

Fig. 1. Management model for cloud computing.

As can be seen the MMIA comprises five interconnected layers, these layers are:

Interconnect Layer.

Layer Validation and Identification.
Layer Information Management.
Monitoring Layer Connection.
Correction Layer Techniques.

Through this MMIA has achieved an improvement in the management and delivery
of applications and services that are within the Public Cloud Educational and that users
can access and use these services at the time you request.

3 Design and architecture MMIA

In Figure 2 shows the architecture of the MMIA, which is very important because it
defines as interacting all elements of the MMIA and how they are supported by some
standards, standards, protocols, processes, rules etc.., in order to make it fully
functional the MMIA designed.
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Fig. 2. MMIA architecture in cloud computing.

Then, the architecture of the MMIA has the feature that the user receives immediate
attention, as well as total mobility and also, the services offered are managed
intelligently [3] depending on the profile with the person who access the "Cloud", will
be the type of services to which you have access.

This architecture has allowed users to access their cloud services regardless
interconnect various problems such as delays, and intermittent disconnections and
several Wireless Technologies to interoperate with each other, so this is not an obstacle
in communication, however for our case and for practical purposes has worked with
computer Wi - Fi and IEEE 802.11g.

4 MMIA implementation and installation of cloud public education

Both the MMIA and a Computing Cloud Server is implemented within the Mobile
Computing Lab School of Computing (ESCOM), since in this are the means and
facilities necessary to develop them and to carry out any sufficient evidence to prove
operation and functionality.

The software we use to install our Educational Public Cloud is ownCloud, which is
based on PHP, SQL.ite, MySQL or PostgreSQL and can run on all platforms that meet
these requirements, it is a free software solution developed that can be downloaded for
free and install it on a Server itself and emerges as an alternative to providers of
commercial cloud services, in the following table shows the most important features
that we installed as Server Cloud.
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Table 1. Cloud computing server properties.

Caracteristicas Descripcion
Configuracién Servidor Cloud
Sistema Operativo Ubuntu Server 12.04.1 de 32 bits
Computadora Motherboard Gigabyte Technology Co.,

Lid. GA-VMS00M

Procesador Intel Core2 CPU 2300 de 1.80 GHz
Memoria RAM 2 GBDDR3
Disco Duro 320 GB

After installation of the OS on your computer, you must configure the network card
to assign a public IP and fixed immediately proceed to install all necessary packages
and then download and install the latest version of ownCloud from its official site .

Once ready the Cloud Server, you can proceed to creating users, among the main
advantages that the cloud offers us, is that we will have all the space that the server
takes on the hard drive and everything staying in he will be only under our control and
manage your security, your privacy and ensuring the confidentiality of the information.

The MMIA implemented and is responsible for managing all Cloud Services within
an educational environment and the concept of domain, in order to benefit those users
(students, teachers, administrative staff, etc..) With mobile equipment are within the
coverage area of the point of interconnection to the cloud, to learn more about Cloud
Server installation and deployment and configuration of computers that make up the
layers of MMIA reader is encouraged to consult some of the previous articles that have
been published [4], [5].

5 Tests and results

Thanks to ownCloud package by default in our Cloud Server offers all users the
following services: information storage, share files with users and non-users, music
playback, image galleries, calendar / address book, file viewer PDF and text editor. In
addition to allowing the most common functions such as the Backup and File
Synchronization between various devices and the use of the Cloud with WebDAV
technology.

At its meeting, the administrator is responsible for providing each user with a name,
password and enter them into a workgroup database Cloud Server, which would give
them access to their meeting within the cloud and get their services; also assigned each
user a certain quota of storage, which in our case is 10 GB of disk space per user, ie
according to the size of 320 GB hard disk maximum capacity people in the laboratory
that is 30 users. First connection was tested and storing information in the cloud with
registered users to date via the Web from your Internet browser to the server in the
cloud (see Figure 3 and Figure 4).
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Fig. 3. Access to the cloud from your web browser.
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Fig. 4. Session in the cloud via the web.

Also through the file browser of a computer GNU / Linux or Ubuntu using
WebDAV, as shown in Figure 5 and Figure 6, respectively.

) Conectar con el servidor

Detalles del servidor

Servidor: 192.168.1.240 | Puerto: [80 |
Tipo: 1 WebDAV (HTTP) Y |
Carpeta: /owncloud/files/webdav.php

Detalles del usuario
Nombre de usuario: ermnesto
Contraseiia: ecccccccce

A

| Recordar esta contrasefia

| Ayuda | | Cancelar | | Conectar

Fig. 5. Connecting to the cloud using nautilus.
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webdav.php
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8 Ubuntu One
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4" Documentos

»
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i Imagenes
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L3 storageso

L Sistema de archivos

»

= Papelera

75 WebDAV como forat en 192.168.1,240

8 Examinar la red

3 elementos, espacio libre: 36,1 MiB

Fig. 6. Session in the cloud as a network drive.

In Figure 7 shows the GUI of an application for mobile devices with Android
operating system that was developed, as well as performance tests conducted in order
to provide users with a manager that allows access to your information within of the
cloud in a much simpler, more flexible and dynamic.

Imsifolder/

Oasis Don't Go Away.mp3 Nueva Carpeta
Autodesk/

.android_secure/ En nube
samsungapps/

g AM:2009/ Facebook/

Videos/ —

Nuevs Carpets

Dam/

Oasis Don't Go Away.mp3

Se ha seleccionado

| Peo7s3s4.jpg

Sublendo PEO7S354.jpg

Fig. 7 Evidence of application for android.

Finally for measurements concerning the traffic in the Cloud was used Wireshark
Protocol Analyzer, which is also a free software that allows us to capture the packets
transmitted and received directly from the wireless network interface of the Cloud.

Using Wireshark Tool can also get valuable information Network Infrastructure (see
Figure 8) where the cloud settled and Implement the MMIA, input shows the Host
name, the domain to which it is associated, the Directorate IP, MAC Address, the
bandwidth consumption, Manufacturer Name, Number of hops to the Domain, Uptime,
etc.
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Fig. 8. Recognition cloud network with wireshark.

Now, in Figure 9 are observed Traffic Statistics Packet Interface WLAN, by
implementing the Software in the MMIA also been able to classify Packet Flows in
traveling on the Cloud.
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In Figure 10, show that the Packet Traffic Statistics collected and studied over a month on
the Cloud environment under study is minimal, the graph shows the average travel data ranging
between 10 and 15 Kbps which is within an acceptable range with minimal packet loss.
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Fig. 10. Traffic Monitoring in the cloud with wireshark.

Below in Figure 11 is a breakdown of the directions in which traffic flows either
locally - local, local - remote remote - remote.

R mman Mol S0 A
maain Omes-b O o0

0000000 R :

s : 0200

-

g,

]

>

(BEER!

i

i

31

s L= |

Fig. 11. Breakdown of traffic flow in the cloud.

Another type of result has been obtained in the development of the research is the
bandwidth monitoring in the cloud, which is consumed by the registered users to
access the Cloud Server and make use of the services offered in this.
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Fig. 12. Bandwidth Monitoring in the cloud.

The tests were conducted to see the bandwidth consumption by the Cloud with
different numbers of people in the lab can be seen in Figure 12, observing that with
groups of 5, 10 and 15 concurrent users was required bandwidth of 1.55 Mbps, 2.1
Mbps and 3.2 Mbps respectively. However, these needs are fully covered by the
interconnection point and IEEE 802.11g standard operates as it can handle a maximum
bandwidth of up to 22Mbps. Consumption results Bandwidth Traffic coupled with us
"guarantees” that communications have been performing well and that the traffic
generated was only the essential, allowing you to have a higher occupancy of the
Cloud. In Figure 13, we see the percentage of Success Connections, these tests
involved that users came to the lab with his team, will connect to the cloud, will
authenticate and receive appropriate services and make use of them, the result was one
which 97.78% is considered acceptable for the functionality of the MMIA.

As for the validation and identification layers and management information MMIA,
the percentage of successful authentications was 100% as shown in Figure 14, while
the results of the information management server within the Cloud can appreciate in
Figure 15 and Figure 16. Thus, the average unit tests consisted authentication and
management of user information proved successful with a percentage of 98.33% as
shown in Figure 17, which shows the reliability, speed and enhanced effectiveness.

Finally after making the calculations was obtained that the Network Infrastructure
Public Cloud environment where services are offered filed a 99.97% availability as
shown in Figure 18, this indicates an efficient operation MMIA elements that
implement and excellent availability of the Services within the Cloud.

120.00% 120.00%

97.78% 100.00%
100.00%

100.00%

80.00% 80.00%

60.00% 60.00%

40.00% 40.00%

2000% 20.00%

2.22% 0.00%
0.00%
C i Exitosas [« { Fallidas icaci Positivas

Fig. 13. Testing connection to the cloud. Fig. 14. Test authentication to the
cloud.

0.00%
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120.00% 120.00%
100.00% 1000 100.00% 28.33%
50.00% 80.00%
60.00% 60.00%
20.00% 40.00%
20.00% 20007
- 000 oo 167%
Sin Error Error Bxito Fracaso
Fig. 15. Testing local management. Fig. 17. Result of unit tests.
100.00% 5-00% < ’
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0.00% | —— | a0z
Sin Error Error - Disponibilidad “No Disponibilidad
Fig. 16. Tests run in the cloud. Fig. 18. Percentage of availability of

MMIA.
6 Conclusions

The results obtained in this study have proved satisfactory, since it is able to develop
and evaluate a MMIA in Cloud Computing for users of a Public Cloud environment
could have optimal access to services and applications that this offers. It concludes that
the proposed methodology is effective for measuring the availability of the applications
according to the results obtained, and the inclusion of Traffic Analysis and Bandwidth
consumption as a support tool for as long as the Cloud Server is responsible for
responding to requests, process them and provide services to users.
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Resumen. Un tutor académico, debe dar seguimiento personalizado al alumno
para evitar que deserte por cuestiones académicas, por ejemplo, materias que se
le dificulten. Sin embargo, la informacion del seguimiento es bastante, por lo
que debe procesarse para extraer patrones que permitan tomar decisiones opor-
tunamente. Este articulo presenta la comparacion de algoritmos de clasificacion
para la prediccion de la desercion escolar del Centro Universitario UAEM Valle
de México en la carrera de Ingenieria en Sistemas y Comunicaciones. El objeti-
vo fue determinar el mejor algoritmo basandose en la precision de la clasifica-
cion, asi como en la utilidad en la informacion provista al tutor. De los experi-
mentos concluimos que los mejores algoritmos son Naive Bayes Tree, que tiene
el menor error, y J48 que provee informacion util para el tutor al indicar las ma-
terias que debe cuidar, permitiéndole crear estrategias que apoyen el desempefio
académico del alumno en las mismas.

Palabras clave: Mineria de datos, clasificacion, arboles de decision, naive ba-
yes.

1 Introduccion

La desercidn escolar en las instituciones de nivel superior, es un problema que ac-
tualmente las autoridades administrativas enfrentan. Diversos estudios realizados
llegan a la conclusion de que el problema existe tanto a nivel local como a nivel glo-
bal y este continuara si no se atiende de manera adecuada.

Para cada pais o estado existen estadisticas que describen el nivel de desercion es-
tudiantil en educacién superior, permitiéndonos detectar la situacion que se vive para
cada una de las carreras profesionales de las instituciones publicas y privadas [18-20].
Sin embargo, es posible utilizar las tecnologias de la informacion para detectar situa-
ciones de riesgo que pueden llevar a un alumno a abandonar sus estudios. Esta fue la
motivacion principal por la cual en la Universidad Auténoma del Estado de México,
se disefio el sistema SITA (Sistema Inteligente para la Tutoria Académica), que per-
mite a los tutores académicos monitorear el desempefio académico y consultar infor-
macion socioecondmica del alumno [16-17].
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A pesar de este gran apoyo, determinar si un alumno desertara o no, requiere de un
analisis particular para cada trayectoria y situacion, labor que debe realizar el tutor.
Por ello, en este trabajo nos enfocamos en generar un modelo clasificador cuyo nivel
de fiabilidad y precision sea aceptable para determinar la posibilidad de que un alum-
no interrumpa sus estudios. Con la gran ventaja de que la aplicacién del modelo sea
realizada de manera automatica.

Para realizar este trabajo, se tomard como base las calificaciones obtenidas por 193
alumnos de la carrera de Ingenieria en Sistemas y Comunicaciones durante el primer
afio de estudios, especificamente de las generaciones 2008 (71 alumnos), 2009 (63
alumnos) y 2010 (59 alumnos).

En la figura 1, se muestran las diferentes fases de la metodologia utilizada en este
trabajo, la cual estd basada en el modelo KDD (Knowledge Discovery in Databases)
[9,11].

2.- Seleccién, limpieza 4.- Evaluacién e
y transformacion interpretacion
1- Integracion y 3.- Mineria de datos 5.- Difusion y uso
recopilacién

g Y I I L
T L] | |

datos iniciales I almaceén de datos patrones conocimiento decisiones

Fig. 1. Fases del proceso KDD

Con esto en mente, en la seccidn 2 se mostrara la preparacion de los datos, seguida
de la seccidn 3 en donde se presentaran las técnicas de mineria de datos empleadas en
esta investigacion. Posteriormente, en la seccién 4 se mostraran los experimentos y
resultados obtenidos. Finalmente, en las secciones 5y 6 se presentaran las conclusio-
nes y trabajo futuro respectivamente.

2 Preparacion de los datos

En este trabajo, se utilizaron las trayectorias académicas de todos los alumnos de la
carrera de Ingenieria en Sistemas y Comunicaciones, de las generaciones 2008, 2009
y 2010. La informacion obtenida de las bases de datos de control escolar fue filtrada
para utilizar Unicamente las calificaciones de las unidades de aprendizaje del primer
afio de estudios que cursaron los 193 alumnos. En la tabla 1, se muestran los atributos
y los posibles valores numéricos y nominales de los mismos. El atributo Namero de
Cuenta se utiliza Unicamente para identificar los registros mas no para generar los
patrones, mientras que el atributo deserto es la clase a aprender.

Es necesario aclarar que las calificaciones consideradas son Unicamente las prime-
ras que obtuvo el alumno en las unidades de aprendizaje, no consideramos las notas
obtenidas en evaluaciones extraordinarias. También, fueron eliminados de la muestra
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los registros de alumnos que Gnicamente cursaron el primer semestre, ya que el traba-
jo considera lo que ocurre en el primer afio.

Tabla 1. Datos utilizados con su respectivo tipo de variable

Atributos Valores Numéricos | VValores Nominales

Nimero de Cuenta Matricula institucional Matricula institucional

Introduccién a la Computacién

Algebra y Geometria Analitica

Administracion

Estética y Dindmica

Introduccién a la Ingenieria

0-100 A: Aprobado
Técnicas de Comunicacion R: Reprobado
- - NP: No Presentd
Algebra Lineal
Calculo Diferencial e Integral
Fundamentos de Programacion
Arquitectura de computadores
Quimica
Desertd si, no si, no

Debido a la naturaleza de los algoritmos a aplicar, se transformaron los datos para
tenerlos de forma numérica y de forma nominal. Para la version numérica, las califi-
caciones NP fueron transformadas a cero. En la tabla 2, se muestra un fragmento de
coémo quedaron los datos.

Tabla 2. Muestra de datos a considerar en el analisis con datos numéricos

Primer Semestre Segundo Semestre Clase

In.t,roduc— Técnicas Admi- A . Arquitectura
Cuenta cionala de Comu- nistra- Algebra Q.u" de Computa- Desertd

Computa- L . Lineal mica

cion nicacion cion dores

449905 65 47 32 70 81 48 Si
540214 92 100 70 .. 92 82 88 No
726037 92 71 100 83 87 90 No
823719 68 100 70 71 67 60 No
823753 73 90 70 60 87 82 Si

Para la versién nominal, las calificaciones mayores o iguales a 60 tienen un valor
de A (aprobado), las menores a 60, tienen un valor de R (reprobado) y las evaluacio-
nes no presentadas tienen un valor de NP. En la tabla 3, se muestra un conjunto de
datos con la transformacién mencionada.
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Tabla 3. Muestra de datos a considerar en el analisis con datos nominales

Primer Semestre Segundo Semestre Clase
Intro- i
duccion | Técnicas de . Alge- . Arquitectu-
Cuenta ala Comunica- | Administra- blga Qui- | o ?je Com- De-
- cion - mica serto
Compu- cion Lineal putadores
tacion
449905 A R R A A R Si
540214 A A A A A A No
726037 A A A A A A No
823719 A A A A A A No
823753 A A A A A A Si

3 Mineria de datos

Existen varios trabajos desarrollados para predecir el desempefio académico de un
alumno empleando técnicas de mineria de datos. Entre las técnicas més utilizadas
estan los arboles de decision y las técnicas bayesianas [1-8].

Un arbol de decision es un conjunto de condiciones organizadas de forma jerarqui-
ca para clasificar una serie de atributos y predecir el valor de la clase. Los &rboles
estan formados por nodos y ramas donde cada nodo representa una condicion sobre
algln atributo y cada rama corresponde a un posible valor para ese atributo. Pueden
manejar valores de tipo nominal y/o de tipo numérico [10, 12]. Los algoritmos de
arboles de decisién mas utilizados son ID3, C4.5 (J48) y Naive Bayes Tree [1-8].
Cabe aclarar que el ID3 no trabaja con datos numéricos, Unicamente con categoricos.

Por otra parte, los algoritmos Naive Bayes son un grupo de clasificadores estadisti-
cos que al ser aplicados a una instancia nueva, dan como resultado la probabilidades
de que dicha instancia pertenezca a una clase determinada [11, 13]. Algunos de los
trabajos realizados utilizan principalmente el algoritmo de Naive Bayes y las redes
Bayesianas [2, 3, 10, 15]. Los algoritmos basados en Bayes funcionan de manera
correcta con datos del tipo nominal y/o numérico y son independientes.

Los arboles de decision y los algoritmos Bayesianos han demostrado tener un alto
indice de precision cuando de prediccion se trata, de hecho han sido incluidos dentro
de los diez mejores algoritmos de mineria de Datos [14]. Por ello en este trabajo se
realiza un andlisis comparativo entre algoritmos de arboles de decision y Bayesianos,
particularmente, ID3 (solo para valores nominales), J48 (C4.5), Naive Bayes Tree,
Naive Bayes, y redes Bayesianas, los cuales se encuentran disponibles en el software
WEKA de la universidad de Waikato, de Nueva Zelanda [21].

4 Experimentos y resultados obtenidos

Las pruebas se realizaron en dos grandes bloques: uno para los datos de tipo nominal
y otro para los datos de tipo numérico. En ambos casos, se aplicaron los algoritmos
elegidos para conducir 3 experimentos que varian en cuanto a los datos empleados en
los mismos y que se explican a continuacion. Todos los modelos fueron evaluados
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utilizando la validacién cruzada de 10 pliegues, la cual divide el conjunto de datos en
diez partes y utiliza nueve partes para entrenamiento y una para prueba. El proceso es
repetido diez veces [10-11].

En el primer experimento realizado se aplicaron los algoritmos elegidos a los datos
de cada generacion por separado para construir su modelo. Las tablas 4 y 5 muestran
los resultados obtenidos por cada algoritmo, de la siguiente forma: porcentaje de pre-
cision, instancias clasificadas (correctamente / incorrectamente).

Tabla 4. Resultados utilizando datos nominales

Porcentaje de precision por generacion
Algoritmo usando datos nominales Promedio
2008 2009 2010
95.7746 85 4839 98.3051
ID3 (68/71) (53/63) (58/59) 9319
88.7324 88.7007 98.3051
348 (63/71) (55/63) (58/59) 91.92
Naive Bayes 92.9577 83.871 96.6102 91.15
Tree (66/71) (52/63) (57/59) :
- 92,9577 87.9068 96.6102
NaiveBayes | g6/77) (54/63) (57/59) 92.49
91,5493 87.9068 96.6102
BayesNet (65/71) (54/63) (57/59) 92.02

Podemos observar que para los datos de tipo nominal, si consideramos las genera-
ciones 2008 y 2010, el mejor algoritmo resulta ser 1D3. Pero si consideramos 2009 y
2010, el mejor resulta ser el algoritmo J48. Al obtener el promedio de las 3 genera-
ciones podemos notar que el mejor es el ID3 para valores de tipo nominal. Por otro
lado, cuando se trata de datos numéricos el mejor algoritmo en las 3 generaciones es
el Naive Bayes Tree. Al comparar los resultados de los categéricos con los numéri-
cos, resulta mejor el Naive Bayes Tree, lo cual es comprensible si consideramos que
los datos son de naturaleza numérica y al ser transformados para trabajarlos como
categoricos, se pierde la precision.

Tabla 5. Resultados obtenidos utilizando datos numéricos

Porcentaje de precision por generacion usando
Algoritmo datos numericos Promedio
2008 2009 2010
ID3 NA NA NA NA
88.7324 90.4762 98.3051
148 (63/71) (57/63) (58/59) | 92:90457
. 92.9577 92.0635 98.3051
Naive Bayes Tree (66/71) (58/63) (58/59) 94.4421
. 85.9155 74.6032 98.3051
NaiveBayes (61/71) (47/63) (58/59) 86.2746
92.0635 98.3051
BayesNet 84.507 (60/71) (58/63) (58/59) 91.6252
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Como una muestra de los modelos generados, en las figuras 2 y 3 se presentan los
arboles de decision para las generaciones 2008 y 2009 utilizando los algoritmos de
ID3 y J48 respectivamente. En ellas podemos observar que la materia que provee
mayor informacion para la separacion de las clases es Arquitectura de Computadores.

‘/-Arqunecwra de\‘_

NF,./'\k\f‘:,ompuladore? Y

| TR
Si A R
/»_ﬁ[—; ( Estatica y
/Calculo Diferencial €\ \_Dinamica /
R\ Integral /' NP N\
/ R A
T /\
(Introduccién ala
\___Ingenieria _/
,/'A = i \V\R"x.
(Algebra y éeonwetrB\I (Agebra y G’:'O"‘E"m\‘,
'\.; Analitica J "\A Analitica /
NG K
A7 R A i

/

H b /
(5]

Fig. 2. Arbol para la generacion 2008 usando ID3.

/Arquitectura de\

‘\ComputadoreS/

A'//R\NP

Fig. 3. Arbol para la generacion 2009 usando J48(C4.5).

»

Como un segundo experimento se aplicaron los algoritmos elegidos a todo el con-
junto de datos, es decir, generaciones 2008-2010 y los resultados referentes a la preci-
sion obtenida se muestran en la tabla 6.

Tabla 6. Resultados obtenidos al combinar las tres generaciones, 2008-2010

% de precision
Algoritmo Variables de tipo | Variables de tipo
nominal numérico
ID3 86.4583 NA
J48 90.625 88.7755
Naive Bayes Tree 91.667 90.3061
NaiveBayes 89.5833 82.6530
BayesNet 89.0625 87.7551
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Podemos observar que en este caso, el algoritmo con mayor precision es el Naive
Bayes Tree tanto para variables nominales como numeéricas. El arbol obtenido usando
ID3 en este conjunto de datos se muestra en la figura 4, en él podemos observar que la
unidad de aprendizaje Arquitectura de computadores sigue siendo la que se encuentra
en el nodo raiz del arbol.

4 Arquitectura de h \

NP \_ computadores /v R
e R e
/ ’ \ ’ \
4 inwroduccion’a la . A _{ Administracion }_
Np” \_ computacion /™R | NP\ ‘ S
; . : L = ~A
S A Si / Algebra '\ Si R ~_
S A . R—"\_ Lineal . | qv b = ~
| ] —r r‘: = . N [ Algebra y Geometria '\
(Calculo Diferencial )
N ( \ |
/ Arlmlm lnrlan N NP : Imearal ’/l \_ An'l mm
- ) Sy SR
[te] 4 N KPR
cf M N\  FE oy §E
/ Calculo Diferencial e Adnwntlnmon K
N Integral /R /R | NP
Z T . A
S ]

l?l

Fig. 4. Arbol para las generaciones 2008-2010 usando ID3.

En cuanto al algoritmo Naive Bayes Tree para valores numéricos, el arbol genera-
do es de un nivel y se muestra en la figura 5. Podemos notar que la unidad de aprendi-
zaje en la raiz es la de Arquitectura de computadores, y las hojas son los clasificado-
res bayesianos.

Arqunectura de H\

Kmmputadores/f
e H‘"x
=51 >51_
- S
Clasificador Bayesiano Clasificador Bayesiano

Fig. 5. Arbol para las generaciones 2008-2010 usando Naive Bayes Tree

De acuerdo a los resultados obtenidos, fue detectado que la calificacién nominal
NP estaba provocando ruido en el sistema, por lo que se realizo un tercer experimento
en el que se transformo el NP a reprobado R, pues un alumno con calificacion NP
tendré que volver a cursar forzosamente la unidad de aprendizaje, como si estuviese
reprobado. Los resultados obtenidos al realizar este cambio se muestran en la tabla 7.
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Tabla 7. Resultados obtenidos al combinar las tres generaciones, 2008-2010, sin usar NP

Algoritmo % Qe precisi(’?n en Ias_
variables de tipo nominal
ID3 88.5417
J48 88.0208
Naive Bayes Tree 90.625
NaiveBayes 89.0625
BayesNet 89.0625

Los arboles generados por Naive Bayes Tree y J48, se muestran en las figuras 6 y
7. En ellas podemos apreciar de manera mas clara, qué grupos de materias llevan, en
conjunto, al abandono de los estudios por parte del alumno.

Arquitectura de

\Computadores/'
A

5 /\
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A
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( Introduccion a la\
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R A

ey

| Clasificador Bayesiano | [ Clasificador Bayesiano |

Fig. 6. Arbol generado por Naive Bayes Tree sin usar NP
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Fig. 7. Arbol generado por J48 sin usar NP
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5 Conclusiones y trabajo futuro

En este trabajo fue presentado un andlisis comparativo entre varias técnicas de mi-
neria de datos para determinar si un alumno es propenso a desertar de sus estudios en
la carrera de Ingenieria en sistemas y Comunicaciones del Centro Universitario
UAEM Valle de México. Los resultados obtenidos muestran que es posible obtener
un modelo de prediccién de la desercion escolar utilizando las calificaciones obteni-
das por los alumnos en el primer afio de sus estudios.

En los experimentos realizados con los datos de las generaciones, podemos con-
cluir que los mejores algoritmos son Naive Bayes Tree y J48. El algoritmo de Naive
Bayes Tree es, desde el punto de vista cuantitativo, el que tiene el menor error al mo-
mento de clasificar. Sin embargo, desde el punto de vista cualitativo, el arbol de in-
duccion generado por el algoritmo J48 provee informacién que puede ser de utilidad
para el tutor académico, pues le indica las unidades de aprendizaje en las que debe
poner atencion y planear estrategias que apoyen el desempefio académico del alumno.

Como trabajo futuro, se utilizaran los datos de mas generaciones para hacer un es-
tudio a detalle del comportamiento académico histérico que existe en la carrera de
Ingenieria en Sistemas y Comunicaciones. También podrian incluirse en el anélisis
otros algoritmos de clasificaciéon como CART, AdaBoost, SVM entre otros.
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Abstract. This paper presents Web Page Generator, which is an online tool for
supporting Web Programming courses. Users of Web Page Generator can create
a web page graphically, by placing web elements on a work area; they can also
modify the style of the web page through an edition bar, and add validations to
input fields. Additionally, users can navigate the web page structure using a tree
bar, and visualizing it in a preliminary view. The resulting web page is generat-
ed in three separated files: an HTML file for its structure, a CSS file with styles
for its presentation, and a JavaScript file for its validations. Web Page Genera-
tor allows web developers producing web pages, but also supports teaching ac-
tivities in courses related to web programming.

Keywords. Web page generator, web programming, automatic code generation,
html, javascript, CSS, web page, WYSIWYG.

1 Introduction

The creation of web sites in recent years has been increasing, given the popularity of
the Internet to allow advertising products and services with no restrictions of time, 24
hours a day, 365 days a year. This situation opens the need for tools that allow the
development and automatic generation of HTML code, so web sites can be imple-
mented rapidly and efficiently. Web developers have had to adapt to the existing de-
velopment environments, which are sometimes complicated and difficult to under-
stand; some of these need some training previous to their use [1], [2]; and some others
are very expensive [1]. A similar problem can be found in some undergraduate de-
grees, in which there are courses where students are introduced to web site develop-
ment and the use of graphical tools. This is the case of two undergraduate degrees at
our faculty: Design, and Information Technologies and Systems, in which students
take courses where they are required to create web pages, such as Web Design, Web
Pages Development, Web Programming, etc.

This paper presents Web Page Generator, an online tool for creating web pages and
generating HTML, CSS and JavaScript code automatically. This tool has been created
not only for web developers, but also to support teaching activities in courses related
to web programming. One of the key advantages of this online tool is the clear dis-
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tinction of HTML, CSS, and JavaScript code, which is generated in separated files.
The work presented in this paper is based on the initial architecture described in [3].

The rest of the paper is organized as follows. Section 2 presents some existing
tools that are relevant to this development; mainly related to code generators by con-
ceptual models, and generators by edition. Section 3 describes the architecture of the
online tool, its modules and their functionality. The web user interface of the tool and
its components are presented in section 4. Some examples of web pages generated
with Web Page Generator are presented in section 5. Finally, section 6 provides con-
clusions and future work.

2 Existing generation tools

There are some online tools that generate HTML, but their functionality is limited [4],
[5]. Some others also generate HTML code, but also allow restructuring the data that
is the source of the web page, the generation by conceptual models or customization,
and modification from web pages already generated. Given the different objectives of
these code generators, they are classified in two types: 1) generators by conceptual
models or customization; and 2) generators by edition. The following sections present
these types of generators, as well as the problems in these areas.

2.1 Tools based on conceptual models

The tools that work based on conceptual models generate a kind of platform that can
be used by developers to produce web content through an easy-to-use and customiza-
ble interface. This is the case of the Web Interface Development Environment
(WIDE) [6], which provides automatic generation of web content, starting from a
conceptual model. To facilitate the construction of web content, this tool incorporates
a layers system, which allows the visualization of control and its functionality; and
also has a zoom system to increase the level of detail in the production of content.

Another tool based on the development by conceptual models is the Web Applica-
tion Rapid Prototyping (WARP) [7]. This application offers a set of online software
tools that help the designer in the navigation of a web application, using the UWA
methodology [8]. GIWA is another tool based on conceptual models, which provides
a generator of adaptive web applications [9]. Its main objective is to facilitate the
design and automatic generation of web interfaces through several levels, which go
from functionality to presentation.

2.2  Tools based on edition

The edition tools work on existing content and aim to have an easy web site admin-
istration and upgrade. The administration goes from the web site presentation to the
modification of its source data. Nakano [10] developed a tool that edits a web site
based on a bidirectional transformation, with an upgrade system called Vu-X. This
way, users modify directly the web page, without the need of accessing the database;
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and the result is shown automatically in the database using the bidirectional transfor-
mation language Bi-X [11]. Vu-X also implements an editing system similar to those
called What You See Is What You Get (WYSIWYG). There is also the tool called
Dido [12], which allows editing web pages; it contains an interactive AJAX interface,
a data editor, and a MetaEditor that allows WYSIWYG editing. AJAX is the acronym
of Asynchronous JavaScript and XML, which is a web development technique used to
create interactive applications or Rich Internet Applications (RIA). Dido does not
need installation because it works on browsers; this way author documents can share
information and at the same time edit it according to their needs. It is limited to cer-
tain functionality, such as create, read, update, and delete. WebSheets [13] is another
tool that allows the creation and modification of HTML pages with dynamic content;
it modifies the database and the structure of the web pages with a WYSIWYG editor.

The tools described in this section are dedicated to the modification of HTML and
XML code; but there are also other tools that are aimed to the creation of styles, such
as the XSLbyDemo [14] tool, which generates XSL stylesheets from an HTML page,
using a WYSIWYG editor. XML is a markup language created by the World Wide
Web Consortium (W3C); it derives from SGML, and allows defining the grammar of
specific languages (it should be noticed that HTML is also derived from SGML). The
eXtensible Stylesheet Language (XSL) is an extensible language based on stylesheets.
These languages are part of a family of languages based on XML, which allow de-
scribing the information contained in an XML document, and transform it or format
it, in order to be presented in a digital media. One of the main features of
XSLbyDemo is the generation of a stylesheet from a well-formed XHTML document.
The produced XSL file can be associated to several documents derived from the same
Document Type Definition (DTD), which describes the rules for the structure and
syntax of XML or SGML documents. XSLbyDemo is based mainly in insertions,
modifications, copies and elimination of rules that are defined in the file. The genera-
tion of that file is carried out through the Document Object Model (DOM) for access-
ing and manipulating the objects contained in it. DOM is an application programming
interface that provides a standard set of objects to represent XML and HTML docu-
ments; it is a standard model to access and manipulate these objects.

3 Architecture

Web Page Generator allows the graphical edition of web pages, and generates auto-
matically HTML, CSS and JavaScript code. It uses a WYSIWYG editor, and it is
accessible through the web. When the user finishes editing the web page, the result is
a set of files with the programming code of the technologies mentioned. In the follow-
ing sections it will be described the modules that are part of this tool.

The online tool uses a client-server architecture, which is shown in Figure 1. The
client side is composed of two blocks: the user interface, and the modules that support
it; while the server side is composed of the code generators for HTML, CSS and Ja-
vaScript, and the module for generating files. The rest of this section provides a de-
tailed explanation of the components of this architecture.
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Fig. 1. Web Page Generator client-server architecture.

3.1 Clientside

The client side of the tool has two main blocks, which are shown in Figure 1. The first
block involves a set of modules for the generation of HTML, CSS and JavaScript
code. The second block involves a set of components for the web interface, such as
the creation bar, the work area, and the component for the generated documents. The
first block is described in the following paragraphs.

HTML Module. This module works on the client side. The user of the tool can
place HTML elements on the work area, through the creation bar. This module is also
in charge of administering the attributes of the elements used.

CSS Module. This module works mainly on the client side, but it also has part of
its functionality on the server side. It allows the creation of CSS styles, which are
applied to the HTML elements placed on the work area. It also stores a data structure
for the styles created, which are then used for the generation of the code. The tool is
able to apply CSS styles at three different levels: 1) Class level allows creating a CSS
class, defining attributes and values, and applying that class to any element; 2) Ele-
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ment level allows applying a style to all the elements of the same type on the work
area (for example, all div elements on the work area); 3) Element id level allows de-
fining a style for a unique element, which is the element selected on the work area.

JavaScript Module. The functionality of this module is on the client side. It al-
lows providing the validation for HTML input elements, where the validation of such
elements can be seen instantly on the work area.

3.2  Server side

There are two blocks that are part of the server side, which are illustrated in Figure 1:
the code generators and the file generator module. These blocks are described below.

Code Generators. There are three code generators: one for HTML, one for CSS,
and one for JavaScript; which generate the necessary code to pass it to the file genera-
tor module. The CSS code generator uses a data structure to store in memory all the
CSS styles that were created in the CSS module, described previously. The aim of the
data structure is to contain, modify or delete all the CSS style information.

File Generator Module. The functionality of this module is divided in two steps.
In the first step, it collects the information from the HTML, CSS and JavaScript code
generators. In the second step, once the tool has loaded in memory all the code from
the three code generators, it applies the format and constructs all the necessary files. It
then takes the created files and zips them; finally, a link is returned to the web user
interface, where the files generated can be downloaded.

4 Web user interface

The web user interface for the online tool is shown in Figure 2, where its components
are identified by numbers: 1) creation bar, 2) work area, 3) edition bar, 4) tree bar,
and 5) visualization bar. These components are described in this section.

Creation Bar (1). This bar shows all the HTML elements that can be placed on the
work area. The user clicks on the icon of the HTML element desired in order to place
it on the work area where the cursor is located. Table 1 illustrates some of the icons
used on the creation bar, and the actions associated with them.

Work Area (2). The work area shows the construction of the web page, the HTML
elements placed, the CSS styles associated with the elements, the validations for the
text fields, and in general any element that is created. The work area has some editor
features, so that the cursor can be placed anywhere on it, and write directly with no
need of introducing any HTML element explicitly through the bar. Figure 3 shows the
work area of the Web Page Generator, with some HTML content placed graphically
on it by the user, such as tables with several rows and cells, images, formatted text,
hyperlinks, div containers, paragraphs, headers, etc. Additionally, in section 5 there
are some examples of completed web pages generated with this tool.
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Fig. 2. Web Page Generator user interface.

Edition Bar (3). There are two important tasks that can be accomplished with the
edition bar, through the two tabs that appear on it. The Attributes tab shows the attrib-
utes used on the selected HTML element; and the Styles tab shows all the CSS styles
that can be applied to the HTML element selected, in different levels: class level,
element level, or element id level.

Table 1. Some icons of the creation bar and their associated actions.

Icon Action Icon Action
It places an element a on the It shows options for placing an
work area. element img on the work area.

It places an element p on the

E It shows options to place an
work area.

element table on the work area.

It places an element iframe on
the work area.

o A e

E It places an element div on the
work area.

It places an element form on the It places an element select on

|
J

work area. the work area.
Eﬂ It places an element textarea on — It places an element ol on the
the work area. 1= WOrk area.
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Tree Bar (4). This bar shows information about the elements tree in the web page
being generated. It shows how nested an HTML element is with respect to other
HTML elements. It is also used as a selector of HTML elements. It should be noticed
that the structure of HTML is based on nesting elements.

j  Clave: Pooh7645
{Colores disponibles: Unico color
Tamaios disponibles: Mediana, Grande

' ‘ :
: Clave: Vader7709 :
; {Colores disponibles: Unico color :
; {Tamafios disporibles: Mediana, Grande
i {Precia ]

s | e | eece | o I

Fig. 3. Work area with some HTML content placed graphically.

Visualization Bar (5). This bar contains three buttons, which are the following
(from left to right): Preview, Hide Panel, and Generate Code. The Preview button
allows visualizing a preliminary view of the web page in full screen; the Hide Panel
button hides or visualizes the Edition Bar; the Generate Code button allows generat-
ing the three files (with the HTML, CSS and JavaScript code), which are the result of
the web page created on the work area. The Generate Code button also generates a
zip file with the files mentioned, which can be downloaded from the web interface.
Figure 4 shows a very small fragment of the HTML code generated automatically
(Darth Vader image and text) for the web page illustrated in Figure 3. For display
purposes and due to the lack of space, the code is shown without break lines.

<tr id="tr8">
<td i1id="tdl6"> <img src="starWars.jpg" id="imgl5"
title="starWars.jpg" /> </td>
<td id="tdl7"> <span id="span40"
style="font-weight: bold;">Darth Vader</span><br/><br/>
<!-- rest of the code omitted -->

Fig. 4. Fragment of the HTML code generated automatically.
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5 Examples of web pages generated

This section shows two examples of web pages that have been generated with Web
Page Generator, which has been in constant use. Figure 5 shows a web page with
nested HTML elements, which have CSS styles. The web page was generated using
div elements, tables, rows and cells, text formats, headers, images and a form with
JavaScript validation. It can be observed the use of CSS styles to modify the presenta-
tion of the web page, such as the background color at different levels, text color for
different headers and text on the page, some other text attributes, table borders, cell
borders, text alignment, etc. JavaScript code is only used for validation of the input
HTML elements of the form, at the end of the web page.

Tienda de electrodomésticos

En nuestra tienda usted podra encontrar tostadores, licuadoras, hornos eléctnicos, batidoras, extractores, y cualquier electrodomestico que esté buscando

Productos mas vendidos

[Extractor de jugos Moulinex
3 (Cuenta con 3 velocidades. Ideal para sus jugos de naranja, zanahoria, y manzana.
'
-

[Precio normal: $3350
[Precio especial- $999
|Promocion vaiida hasta agotar existencias.
Licuadora Oster
: IEl modelo mas completo. Tiens 8§ velocidades. Vaso de cnistal resistente,
[Precio normal: $3200

— [Precio especial: $569
\Promocion valida hasta agotar existencias.

| Tostador Black & Decker

. |[Pan tostado listo en 30 segundos. La mejor tecnologia en tostadores. Garantia 3 afios.|
. [[Precio normal: $2355

[Precio espacial: $1588

|Promocién vaiida hasta agotar 25 existencias.

Fig. 5. Web page generated with Web Page Generator.

Figure 6 illustrates a web page with a more complex distribution of elements,
background images, a menu, and text formats. It also uses div elements to separate the
content of the web page; it has a banner on top, a top menu, a right menu, and the
content aligned to the left. Some of the HTML elements used are the following: lists,
tables, images, forms, inputs, paragraphs, headers, hyperlinks, divs, etc. The use of
CSS styles to modify the presentation of the web page is also illustrated with color
attributes, text attributes, table attributes, div attributes, paragraph attributes, and
some other CSS attributes. Concerning the JavaScript programming language, the
web page generated in this example, also includes a form with input elements and
validations on them, such as the email format.
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= =

ABOUT NEWS

Hello!

Free Cloudy Water Sports template is yours to use.

Ulysses, Ulysses - Soaring through all the galaxies. In search of Earth, flying in to
the night. Ulysses, Ulysses - Fighting evil and tyranny. with all his power. and with
all of his might. Ulysses - no-one else can do the things you do. Ulysses - like a
bolt of thunder from the blue. Ulysses - always fighting all the evil forces bringing
peace and justice to all.

¢ One for all and all for one
¢ [ never spend much time in school.
¢ Soaring through all the galaxies.

One for all and all for one, Muskehounds are always ready. One for all and all for
one, helping evervbody. One for all and all for one, it's a pretty story. Sharing
everything with fun, that's the way to be. One for all and all for one, Muskehounds
are always ready. One for all and all for one, helping everybody. One for all and all
for one, can sound pretty corny. If you've got a problem chum, think how it could
be.

o o
Name
e-mail

Fig. 6. Web page generated with a more complex distribution of elements.

6 Conclusions and future work

The aim of this work was to create an online tool that allows the construction of web
pages graphically, and the automatic generation of HTML, CSS and JavaScript code.
The Web Page Generator presented in this paper not only constructs web pages, but it
also generates separated source files with clean code for the three languages men-
tioned; and it is also an open source tool. It should be noticed that none of the tools
analyzed in the state of the art has all the features explored. Web Page Generator can
generate web pages with most of the existing HTML elements, such as paragraphs,
headers, lists, images, tables, forms, divs, image maps and areas, input elements, etc.
There has been some testing for the creation of web pages with the tool, and it has
been successfully observed that the code generated for any of the web pages created,
is understandable, clean, well structured, and editable; so that users with more experi-
ence in these three languages can modify, delete, or insert more content to the source
files of the web page created. Currently, the online tool generates source files for
HTML, CSS and JavaScript. However, in the future it is planned to create a module
for reading existing source files. The main idea of this new module is to provide the
possibility of opening source files from the web user interface, so that the tool can
construct the page graphically, without the need of modifying the source manually.
Further work is needed to implement some other modules, such as a module for the
administration of web pages, and a module for the construction of web pages with
more than one HTML and CSS files. The first module aims to create user accounts;
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where users can create their web pages and store them in the online tool, edit them
and administer them later on. The construction of web pages with more than one file
will allow users creating more than one HTML file and associate it with several CSS
files, and have a complete web site composed by several HTML and CSS files.

Once the usability tests are finished, the web interface will be modified according
to the results. It is also planned to use the tool to support some of the exercises for a
Web Programming course of the Information Technology undergraduate program.
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Abstract. Computer programs written in the Java programming language
require the Java development kit in order to be compiled and run; this can be
accomplished through a command line or using an integrated development
environment on the computer where the program is being written. This paper
presents a web learning environment, which is composed of an online code
editor, initially for the Java programming language, but it can be extended to
other object-oriented programming languages, such as C++. This web
environment is designed with features that support students during the process
of learning this programming paradigm, such as allowing them running the
code edited, showing the output of the program, showing the list of exceptions
occurred during compilation and pointing out the place of the exception. All
these features are accessible through the web environment, which can be used
by students through a web browser on any computer with Internet access.

Keywords. Java programming language, object-oriented programming, web
learning environment, online compilation, interactive web environment.

1 Introduction

The Information Technologies and Systems undergraduate program at our faculty has
an Object-Oriented Programming course, additionally to other courses that require the
use of object-oriented programming languages. It could be of great support for stu-
dents to have a web learning environment that helps them in the process of learning
object-oriented programming, such as its main principles and concepts (classes, ob-
jects, methods, attributes, inheritance, polymorphism, etc.), and make transparent the
compilation and execution of programs.

A web learning environment for supporting object-oriented programming courses
is being developed, which uses the Java programming language, but it can be extend-
ed to other object-oriented languages, such as C++. This web environment will sup-
port the process of teaching and learning for object-oriented programming courses.
The reason for using Java is simply because most of the lecturers use Java as the pro-
gramming language for their courses. There are some projects available on the web,
which are tools for supporting programming from a web platform, but some of them
are very simple [8], expensive [6][7], or they do not provide the possibility of work-
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ing with Java [5]. Some others provide the possibility of working with several files at
the same time [7][8], or compiling online and running offline [4].

Computer programs written in the Java programming language require the Java
Development Kit (JDK) in order to be compiled and run; this can be accomplished
through a command line or using an Integrated Development Environment (IDE) on
the computer where the program is being written. Figure 1 shows the process of edi-
tion, compilation, and execution of Java programs. The complete process starts with
the creation of .java files with the source code, the use of the editor for writing the
program (source files), the delivery of the files for compilation, the actual compila-
tion, the generation of the .class files (in case there are no syntax errors), the execu-
tion of the program through the Java Virtual Machine (JVM), and the visualization of
the program output.

_____________________________________________________________________

Source code »| Code editor
java Y

.class

A

Execution |« Java VM

Fig. 1. Process of edition, compilation and execution of Java programs.

The web environment is composed of an online code editor for object-oriented
programming languages, such as Java or C++. The environment has features to help
students during the learning process of this programming paradigm; such as allowing
them executing the edited code; showing them the output of the program; showing
them the list of errors during compilation, and where they are inside the code. Stu-
dents do not need to leave the web learning environment to use all these features,
because they are built in the environment. A remote compiler will also be provided by
the environment, so students do not need to install any. This way, they can learn and
practice object-oriented programming while studying a tutorial, without the need of
navigating between different applications (source files, web browser, books, etc.).

This web learning environment is thought to be stand-alone, which allows the stu-
dent accessing it and working with it through a web browser, from any computer with
Internet access. Additionally, this learning environment is planned to be incorporated
to the online interactive tutorials platform, which is being developed [16].

The rest of the paper is organized as follows. Section 2 presents a brief summary of
some existing tools that are relevant to this project; mainly tools for edition, compila-
tion and execution of code. Section 3 describes the architecture of the web learning
environment; the software and supporting tools used; the edition, compilation, and
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execution of programs; and the help section for the segments of code with errors.
Finally, section 5 provides conclusions and future work.

2 Related tools and applications

This section reviews some existing tools that are related to the web learning environ-
ment being developed. Among the tools found, there is a tool that covers some of the
features desired in the web learning environment; however, it is expensive, and it is
thought as an online IDE and not as a tool for learning a programming paradigm.
There are also some tools that are actually plug-ins, which can be used to implement
some of the features planned for the web learning environment. Table 1 shows some
of the existing tools, along with a brief description of their purpose.

Table 1. Tools for edition, compilation, and execution.

Name Description

Compilr Online IDE.

Codepad Compiler/interpreter.

DJGPP Public Access Cross-compiler service for creating small programs in DOS.
Ideone Online compiler and debugger.

JXXX Compiler Service Remote compilation service for Java files.

OnlineCompiler Online compiler.

CodeMirror JavaScript component that provides a code editor for Web.
CodePress Online code editor, written in JavaScript.

EditArea Code editor, written in JavaScript.

Compilr [7] is a web application that allows creating projects in different object-
oriented programming languages. It provides a file browser interface, it is multi-
language and allows the edition of more than one file at the same time; it has a code
editor and syntax highlighting; it provides a remote compiler, and executes the code
with input parameters taken from the user; it visualizes the output, and allows the
execution of Java Applets [15]; it is similar to Eclipse [13] and Netbeans [14].

Codepad [5] is a compiler/interpreter of code that can be used by 10 different pro-
gramming languages. It has no support for the Java programming language, but for
others, such as Python, Ruby and C++. It provides a multi-language code editor, re-
mote compilation, and it allows visualizing the output of the program after execution;
its functionality is more oriented to code debugging, because it highlights the code
lines where it finds an error.

DJGPP Public Access Cross-Compiler [8] is a service designed for users that need
to create small programs in DOS and do not have access to a computer with a compil-
er. It only has support for programs in the C programming language. It is a very basic
application, because it only has support for one language, and its interface is limited
with only a small text area with two options: Warnings and Optimize.

Ideone [10] is an online compiler and debugger, which allows compiling and exe-
cuting code in 40 programming languages. It has a code editor, syntax highlighting,
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multi-language, remote compiler, and it allows input from the user for the execution;
it also visualizes the output of the program. It can only executes programs with one
source file; it does not allow the execution of Java Applets.

JXXX Compiler Service [11] is a service for remote compilation of source files
written in the Java programming language. This tool allows the execution of Applets
without having installed the JDK. This tool is basically a form with remote compila-
tion, loading of libraries, selection of different JDK, and the possibility of compiling
several files at the same time. This service also includes the option to load an HTML
file for visualizing Applets. It does not have a text editor to write code.

OnlineCompiler [12] is a web site to paste and compile code. It does not show any
output from the programs, because its main functionality is to detect syntax errors of
the 5 different languages it supports (C/C++, Fortran, Java, Pascal and Basic). It has a
code editor, it is multi-language, and it can compile source files remotely. The web
interface of this tool allows writing or pasting code on a text area, in order to compile
it. The result of the compilation is a web page with a link to the source file, and an-
other link for the executable or compiled file.

CodePress [6] is a source code editor, written in JavaScript, which colors the text
as it is being written on the web browser. Some of its main advantages are the follow-
ing: syntax highlighting, auto-complete, possibility of having multiple windows of
code inside the same web page, and the support for several programming languages.

EditArea [9] is a free code editor, written in JavaScript, which is designed for edit-
ing source code inside of a <textarea> element; it has several functionalities that are
useful, such as syntax highlighting, tabs support, well-formatted text, search and find
functions, auto-indent, and the possibility of having multiple instances.

CodeMirror [4] is a JavaScript component that provides a code editor with syntax
highlighting, indentation, search and replace. It is a code editor that can be embedded
in a web page, and can be adjusted to the desired window size, which affects the way
it visualizes the code.

3 The web learning environment

This section presents the architecture of the web learning environment, the software
and supporting tools used for its development (edition, compilation, and execution of
programs), and the help sections that are provided for the code with errors.

3.1  System architecture

The web learning environment is based on a client-server architecture. The server is
in charge of the compilation and execution of programs; it also registers the output of
the program and any errors or exceptions occurred. The client side shows the web
interface, which is composed of a source code editor, where the user can edit the code
and send it to the server side to be compiled and executed, as it is shown in Figure 2.
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Fig. 2. Client and server sides: edition, compilation and execution of Java programs.

3.2 Software and supporting tools

The web environment uses Apache Tomcat as a web server and container of Java
Server Pages; it is also used for the dynamic generation of content, and database con-
nectivity. Java is the programming language for the business classes; it also has the
JavaCompiler class, which is used for the compilation of programs on the server side.
For the web user interface it is used HTML, CSS, and JavaScript: HTML for the
structure of the content, CSS for the presentation of the content, and JavaScript for the
interaction with the user and for the asynchronous method calls to the server.

3.3 Edition

After having reviewed several code editors with syntax highlighting [4][6][9],
CodeMirror was chosen, because it is the most complete editor from the ones evalu-
ated. Although the web learning environment is only using syntax highlighting and
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auto-indentation, in the future it can use more features of CodeMirror, such as auto-
complete, pre-visualization of HTML, auto-complete of XML tags, etc.

Figure 3 shows the initial version of the web interface, where it can be observed
three panels. The left panel shows some examples of the syllabus established for the
environment; the top panel shows the code editor, and the bottom panel shows the
console for compilation and execution of programs. The top panel has an example of
a Java class, which is also shown in Figure 4.

Hola Mundo

Operadores n (1)<
11

Declaraciones
Ee——7—7——-"—6.. . 3

Arreglos

Objeto String

| Ejecutar

javac Codigo.java 2> error.txt
Ocurrio un error durante la compilacién

Codigo.java:6: error: ';' expected

~

Fig. 3. Interface of the web learning environment, with examples and code editor.

Figure 4 shows an example with a syntax error. Due to this error, it can be ob-
served in Figure 3 the error message at the bottom panel.
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public class Codigo{
public static void main (String args|[]) {
System.out.println ("Hola Mundo!!!")
}

Fig. 4. Java class example with a compilation error.

3.4  Compilation and execution

There is a Java interface called JavaCompiler, which allows invoking programs; it
provides methods for compiling the source code generated in the code editor, and also
for capturing the errors generated during compilation and execution. Inside the web
learning environment, this interface is implemented on the server side to provide
compilation and execution services.

3.5 Help

This is one of the most difficult tasks. The web environment will offer information
about the errors occurred during compilation, or exceptions occurred during execu-
tion. The environment will have a menu, from which there will be well-commented
examples with brief explanations, which will serve as support for students for famil-
iarizing and understanding the object-oriented programming paradigm. This is ac-
complished through the Java programming language, using simple examples of the
topics covered for the web environment, such as those found in [1], [2], or [3].

The editor area will provide the help material. The main features of this editor are
the following: 1) edition of code with syntax highlighting; 2) online compilation and
execution of source code with only one click; 3) visualization in the web interface of
compilation or execution errors, with an option to see an example related with the
error; 4) mapping of errors inside the source code (highlighting the line where the
error occurred), 5) viewer of applets.

4 Conclusions and future work

This paper presented a web learning environment, which is composed of an online
code editor, initially for the Java programming language, but it can be extended to
other object-oriented programming languages, such as C++. This web environment is
designed with features that support students during the process of learning this pro-
gramming paradigm, such as allowing them running the code edited, showing the
output of the program, showing the list of exceptions occurred during compilation and
pointing out the place of the exception. All these features are accessible through the
web environment, which can be used by students through a web browser on any com-
puter with Internet access. The web learning environment is under development, alt-
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hough there is an initial working version. Additionally, it is planned that this envi-
ronment could be incorporated to an online tutorials platform.

Further work is needed to finish the web environment with the complete function-
ality to compile and execute programs; as well as the functionality to implement the
help for students, which will show the exact place of the error, along with examples to
reinforce the knowledge acquired; and the possibility to include a reference to the
Java API corresponding to the topics covered. It is needed to carry out tests and eval-
uations to determine the effectivity of the web learning environment in the teaching-
learning process in the object-oriented programming courses.
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Abstract. This article presents the results of applying an epistemological model
for students learning computer programming languages. The proposal is based
on a characterization of the typical elements that form an information system.

Three leaming principles, an epistemological model are used to facilitate
students” knowledge acquisition. Information availability, activity performance
and feedback are applied for each epistemological category to detect student
advances and provide guidance and supplementary materials.

Motivation toward innovative ideas proposal and development is provided
whenever possible during knowledge acquisition process.

Leamning evaluation is based on the mastering of the epistemological catego-

ries and final evaluation is assigned considering the best category reached dur-
ing learning process.

Keywords: epistemological model; programming languages learning; learning
principles

1 Introduction

This paper presents an epistemological model and learning principles as
an alternative to promote knowledge acquisition in e-learing [1] [2] and
F2F (Face to Face) teaching-learning process mainly focused on learning
computer programming languages, as an attempt to contribute in the for-
mation of professionals required by enterprises, the academy and the sci-
ence. It is known that programmers with adequate preparation and expe-
rience each year are increasingly needed for software development since
software crisis started in 1968.
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What to teach and how [3] has been considered by free thinkers
like Plato, Rousseau, Froebel, Dewey and others dating back several cen-
turies. The ideas discussed by those people follow two extremes: on one
hand, children and young people must learn what government dictates, or
on the other hand, they should be given freedom to learn knowledge and
skills. Currently both initiatives are used for teaching and learning and it is
hard to notice any separation.

Technology and computer development during the late twentieth
century promoted interest to include them in classrooms as tools to sup-
port the teaching-learning process. Many terms to describe this trend have
emerged such as learning online, virtual learning, Computer Assisted
Learning (CAL), e-Learning, m-Learning, among others. In many cases
the teacher can be replaced by computer programs like online tutorials or
online content that use computer questionnaires for students to check
their progress.

Computer science advances are notable, starting with the represen-
tation of numbers using bits, continuing with coding letters using groups
of bits, sequences of characters, and until recent information representa-
tion in augmented reality systems and high speed networks for infor-
mation exchange. However, technology advances are not enough to guar-
antee that people could learn how to build computer programs. Besides
technology cannot reach people with no electricity service, and software
advances are out of reach of those who lacks of computers.

In literature there are many papers and online reports on the use
of learning platforms and tools [4] [5] [6] [7] [8]. Learning styles [9] could
be grouped on presence, distance, and blended learning; and have been
applied with different success levels. Evaluation considering several varia-
bles measures student progress and the learning process (tools, schedule,
and contents) to improve online courses. Interest on these new learning
styles is concentrated on teaching different subjects.

Nowadays, the most common strategy to promote knowledge is
“reward and punishment”. For example, many children attend school to
avoid punishment from parents, and at school they pretend attending the
class and learning to avoid punishment or lose points for not paying atten-
tion. However, the reality is revealed during exams; the students did not
learn and failed the exams. As a consequence of the “reward and punish-
ment” strategy many students decide to abandon schools at different lev-
els.
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Technology and developments such as computers, tablets,
smartphones, the Internet and Web do not guarantee that the learning
processes occur or students get motivated for learning, nor eliminate
dropping out of school. Despite technology and the introduction of mul-
timedia presentations students are abandoning the learning process.

As a consequence of teaching problems and lack of interest of the
students, some researchers [10] [11] question whether reviewing learning
theories should be considered. Some theories of learning already proposed
are:

A. Behavioral theory [12] (attributed to B. F. Skinner)

This theory is based on reinforcing the action of a person that corre-
sponds to what is expected to be learned. For measuring learning it is ob-
served if there is a change in behavior. To promote learning both the
stimuli and the environment need to be organized adequately.

B. Cognitive Theory (represented by J. Bruner)

In this theory knowledge acquisition involves an internal coding and
structuring by the student. Learning is a process of rearranging or trans-
forming the data so that a student acquires and understands. Learning is
expected to occur by discovery (serendipity).

C. Soci —historical—cultural theory (attributed to L. S. Vygotsky)

This theory considers that the human being is a social being and learning
occurs when multiple people interact.

D. Theory of observation and imitation (attributed to A. Bandura)

This theory shows that there are internal mechanisms of information rep-
resentation that allow learning by observation and imitation.

E. Eclectic theory (attributed to R. Gagne)

The learning process is organized based on needs and priorities; therefore
this theory is aimed for students achieving specific goals.

F. Theory of constructivism (attributed to J. Piaget)

Learning takes place through two simultaneous and opposite movements:
assimilation and accommodation. In assimilation individuals explore the
environment and make decisions that transform and integrate parts that
are found in the environment. In accommodation, the individual trans-
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forms their inner structure to reflect the nature of the objects found in the
environment.

G. Theory of complexity (attributed to E. Morin)

Consider learning as based on a combined epistemology: social, biological,
mind, spiritual, logic, linguistic, cultural, social and historical; as opposed
to traditional epistemology that is only cognitive. This means that systems
under study are "complex systems" that should be considered under dif-
ferent viewpoints.

H. Conexionism theory (attributed to G. Siemens and S. Downes)

This theory was created to take into account the influence of technology
(mainly computer and networks) on the learning process.

The inclusion of computers in the teaching-learning process is an al-
ternative tool that provides contributions to the transmission of
knowledge and also helps detect the progress of students learning. Fur-
thermore, learning theories have greatly contributed to the development
of mankind. However, it requires some guide in the learning process that
in this work is provided by an epistemological model.

2 Epistemological model for learning computer programming
languages

Epistemology is a discipline dedicated to study knowledge and its genesis.
Based on experiences looking for models to enable students to acquire
knowledge, particularly in computer programming languages, an episte-
mological model was proposed in [13] and adapted [14] for this paper as
shown in figure 1 considering that computer programs could be consid-
ered formed by three main elements [15] [16]:

a) Data, those representing values, variables and real entities repre-
sentations.

b) Process, those that transform data.

c) Structure that determines the order of process application on data.
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Computer
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Epistemology

Solutions

Algorithms

Figure 1. Epistemology for learning computer languages
A. Scenario

The scenario consist in configuring with materials and tools needed to
promote learning and exercise activities and practices related with the top-
ic of interest that in this case is computer languages learning and applica-
tion. This is the main labor of the teacher who makes arrangements and
prepares materials, projections and the agenda for the teaching—learning
process guided with the epistemological model.

B. Problem establishment and hypothesis

Each problem is proposed, discussed and has a hypothesis to solve it.
This activity is mainly carried out by the student with the teacher supervis-
ing them and asking to use their imagination in a certain situation related
with the problem. Sub-problems may arise during the process. In this
step, it was found that many times some student proposed solutions in-
stead of problems; therefore, the feedback was devoted to help students
on detecting what a problem is and what is not. The tools that were used
to register problems and hypothesis were text processors.

C. Concepts and relations among them

In this epistemological category, each student is given questions with con-
cepts related with the problem under consideration. They are asked to
look for answers in different media including books, magazines, Web pag-
es, or their own experience. The answers must be placed in documents
showing the question, the author (student name), the reference, the an-
swer and an example.

Students answer questions using a text editor and send the result
to the teacher via email. Feedback on each answer is provided by the
teacher and the student is asked to produce a conceptual map that reflects
the understanding on the concept relationship. In this activity any soft-
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ware tool can apply (e. g. EDraw Mindmap®). The result is also sent to
the teacher via email and returned with feedback and teacher’s conceptual
map for the student to review it. After the student reviews, a group dis-
cussion is carried out to obtain conclusions.

Once the students have knowledge [17] [18] [19] about concepts
and relationships among them, the next step is on applying the knowledge
implementing data structures and algorithms to solve small problems first
then more difficult ones.

D. Data structures

In this category, a problem is proposed for the student to apply the con-
cepts learned to data structures. Here it is expected that the student im-
plements the solutions using a computer programming language. Data and
the structures are formed using variables relating them in different ways.
For example sorting a list of integers, and asked how to solve the problem
(hypothesis), compare their proposal with known methods and then to
identify which data and structures appear in the proposals. Teachers pro-
vide feedback to precise and complete the proposals. For this and the fol-
lowing categories it is necessary that the student manages an Integrated
Development Environment (IDE), like Java programming language or C

language.
E. Process

Computer processes transforms data in different ways: operators in ex-
pressions, control structures in program flow and functions in both of
them.

Computer languages nowadays are provided with rich libraries of
functions devoted to provide specific solutions. Regardless of that, stu-
dents are motivated to build their own code to show their abilities to pro-
duce computer programs. The teacher reviews and analyzes each algo-
rithm and invite students to compare their solution against other existing
implementations to check which one has a better performance and then a
discussion is opened.

F. Solutions

Solution is the category intended for the students to show their programs
running with test data prepared by the teacher. For postgraduate students
measuring performance is a very important topic.
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G. Applications

Application is a category related with the use by a third party of the pro-
gram produced.

H. Rule

Rule category reflects the experience obtained by each student during the
development process; it is expressed in the form of a principle, postulate
or in the best case a rule.

This model was applied to students from several universities and
states of the Mexican Republic, providing for each of its categories the
appropriate feedback as soon as possible.

3 Evaluating Learning

Evaluation is an important concern in the teaching—learning process. In
this proposal, evaluation is related with mastering each of the categories of
the epistemological model. Students are qualified related to the best epis-
temological category that each student reaches.

In a group of 19 students randomly selected to produce computer
programs guided with the epistemological model proposed, the results
shown in table III were obtained. Each student is represented with a con-
fidential number.

Table III show the results of applying [13] the Epistemological
Category Oriented Evaluation (ECOE). In that 4 out 19 students reached
the rule category, resulted excellent oral presenters. Self-motivation is
found in students that reached top categories.

Application level students are close to finding rules and therefore
the labor of the teacher is to invite them to reflect and write on the learn-
ing process to find patterns that may be established as a principle or rule.

In other students, it was observed that they only learned concepts
and rejected applying their knowledge on computer program implementa-
tion. They did not want to attend practices due to lack of interest. It is
considered that should be incentivized to learn by providing more simple
exercises and eventually provide more complex ones until they are able to
face problems and develop a solution with data structures and algorithms.

Between the two mentioned distinguishable groups there are some
students that are considered having reached the data structure or process
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categories, and therefore, the teacher labor for them is to provide more
practice that prepares them to eventually face real-life problems is an im-
portant concern in the teaching—learning process. In this proposal, evalua-
tion is related with mastering each of the categories of the epistemological
model. Students are qualified related to the best epistemological category
that each student reaches.

TABLE I11.

EVALUATION (ECOE)

EPISTEMOLOGICAL

CATEGORY  ORIENTED

Aspect evaluated
Student
Epistemological level Oral pr ti Feedback provided

1 Relations good Personal attention

2 Rule Excellent Already self-motivated

3 Rule Excellent Do more practice

4 Rule Excellent Apply skills

5 Application No Share skills

6 Concepts Very good Try to learn

7 Concepts Regular Get interested

8 Concepts No Get interested

9 Rule Excellent Self-motivated

10 Concepts Bad Get interested

11 Process Regular Must try to learn

12 Application Very good Learn more

13 Application Very good Learn more

14 Application Very good Self-motivated

15 Process Good Must try to learn

16 Concepts Good Get interested

17 Application Very good Need Learn more

18 Relations Good Need Learn more

19 Relations Good Need Learn more

TABLE 1V. COMPARISON AMONG PROPOSALS FOR
LEARNING COMPUTER PROGRAMMING LANGUAGES
Criteria
. Feedback on Explicit
Proposal Explicit epistemology I:‘j)";) :Z';Z‘;; Activities activities thol;g{tt
formation

[4] No Yes Yes Yes No
[5] No Yes Yes Yes No
[6] No Yes Yes Yes No
[7] No Yes Yes Yes No
[8] No Yes Yes Yes Yes
This proposal Yes Yes Yes Yes Yes
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4 Comparison with other approaches

Different authors and organizations have proposed tools for learning
computer programming languages [4] [5] [6] [7] [8]. Table IV shows a
comparison among those works and the proposal of this paper. It is pos-
sible to notice that in most cases information is provided to the student,
examples and evaluation, but some of them lack of an explicit epistemo-
logical model to guide knowledge learning, for example, distinction among
problem statement and solution is not emphasized; therefore students
usually are guided to develop code without an application and as conse-
quence students sometimes learn that code production do not deserve a
benefit.

5 Conclusions and future work

In this paper an epistemological model and an evaluation approach based
on categories are proposed to guide the teaching—learning process.

The application of the proposed model guides students in learning
computer languages to produce computer programs by categories: con-
cepts, relations among them, distinguish data and process, and implement
algorithms that solve a problem. Preferably, the students should provide
the program to solve a real-life problem and establish learned knowledge
as a rule. The proposal was applied with students (male and female) at the
graduate and postgraduate level from several universities in Mexico.

It was observed that the students who understood the model be-
came self-motivated while other refuse to develop practices and only ob-
tained limited concept learning. That indicates that the model should be
learned first. More tests with students should be carried out to determine
if the proposed model is convenient for computer language learning.
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Resumen. Se presenta el trabajo realizado en el Centro Universitario UAEM
Valle de México para generar un modelo del desempefio académico de un
alumno de la carrera de Ingenieria en Sistemas y Comunicaciones basandose en
la teoria de las Inteligencias Mdltiples, utilizando técnicas de Mineria de Datos.
El objetivo principal es determinar si es posible predecir el desempefio acadé-
mico de un alumno en unidades de aprendizaje del ndcleo de Ciencias Bésicas y
Matematicas, basandose en sus inteligencias maltiples, y comprobar si la inteli-
gencia que més influye es la légica matematica. Para lograrlo, se utilizaron los
algoritmos de clasificacion C4.5 y Naive Bayes, primero aplicados a las instan-
cias de todas las unidades del ndcleo y posteriormente a cada unidad en particu-
lar. Los resultados muestran que si es posible determinar el desempefio de un
alumno y permiten determinar cuéles inteligencias son las mas influyentes.

Palabras clave: Mineria de datos, Arboles de Decision, Naive Bayes, Clasifi-
cacion.

1 Introduccion

En el area de la educacién, existen investigaciones que centran su interés en determi-
nar cuales son los factores que influyen en el desempefio académico de un alumno [1,
4,9, 11, 14, 15, 16]. Esto se debe a que si se sabe cual es el factor mas influyente,
entonces es posible crear estrategias para minimizar los efectos negativos de dicho
factor. Los factores que se han encontrado que influyen son pedagdgicos, psicoldgi-
cos, sociologicos, fisiolégicos e institucionales.

Por otro lado, la inteligencia propia del sujeto, es determinante para su desempefio
escolar. Al respeto, en 1900 Alfred Binet cred una forma cuantificable de medir la
inteligencia, su test de Coeficiente Intelectual (CI). Sin embargo, este test esta orien-
tado Unicamente a medir la inteligencia lingiistica y la I6gica, por lo cual otros inves-
tigadores surgieron con teorias que postulan que hay mas inteligencias. Tal es el caso
de Daniel Coleman con la Inteligencia Emocional [10] y Howard Gardner con la Te-
oria de las Inteligencias Multiples (IM)[6].
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En el centro universitario UAEM Valle de México, estamos interesados en deter-
minar si es posible predecir el desempefio académico de un alumno en unidades de
aprendizaje del area de las ciencias basicas y matematicas, basandose en sus inteli-
gencias multiples, y a su vez comprobar si la inteligencia que mas influye es la logico
matematica.

El documento estd organizado de la siguiente manera: en la seccion 2 se describe
brevemente la teoria de las Inteligencias Mdltiples de Gardner. En la seccion 3, pre-
sentamos de manera sucinta las técnicas de mineria de datos a utilizar. Posteriormente
en la seccidn 4 se muestra los procesos realizados para la preparacion de los datos, y
en la seccién 5 se muestran los experimentos realizados y los resultados obtenidos.
Finalmente, en la seccidn 6 se dan las conclusiones y el trabajo futuro, respectivamen-
te.

2 Inteligencias multiples

La teoria de las Inteligencias Multiples de Howard Gardner menciona que cada
persona tiene diferentes capacidades y habilidades para resolver problemas o elaborar
productos de gran valor en un determinado contexto comunitario o cultural, y define
esas capacidades como inteligencias. Las definiciones de las inteligencias se muestran
a continuacion:

e Logica Matematica: se refiere a la habilidad para efectuar calculos matematicos y
resolver problemas.

e Linguistica-Verbal: esta habilidad trata con la facilidad de palabra, y comprender
el orden y el significado de las palabras.
Musical Ritmica: facilidad para tocar un instrumento, cantar y escuchar.
Corporal Cinestésico: se refiere a la habilidad de tener coordinacion corporal y
buen equilibrio.

e Visual Espacial: la facilidad de crear mapas e imagenes mentales.

¢ Intrapersonal: trata acerca de plantearse metas, y reflexionar acerca de sus habili-
dades personales.

¢ Interpersonal: se refiere a la habilidad de trabajar bien en equipo, ser empéticos, y
puede identificar y superar problemas.

De acuerdo al estudio realizado por Gardner, cada perfil profesional requiere del
desarrollo de una determinada inteligencia. En la tabla 1, se muestran las siete inteli-
gencias, la clave para referirse a cada una, y el perfil profesional recomendado [6].

Por otro lado, existen investigaciones en las que se utilizan las inteligencias multi-
ples, tal es el caso de la Universidad Complutense de Madrid que requeria saber cuéa-
les eran las capacidades, habilidades y destrezas de los estudiantes de las licenciaturas
de Periodismo, Comunicacion audiovisual, Publicidad y Relaciones Publicas. Se apli-
caron los test a los alumnos de diferentes carreras y se encontré que los estudiantes de
Periodismo mostraron altos niveles de inteligencia Linglistica-Verbal, los de Comu-
nicacion Audiovisual altos niveles de inteligencia Visual-Espacial, Musical y los de



Advances in Computing Science 53

Publicidad y Relaciones Publicas un mejor resultado en la inteligencia Interpersonal

[5].

Tabla 1. Perfiles profesionales para cada una de las 7 inteligencias multiples y clave.

Inteligencia multiple Clave Perfil profesional
Légica-Matemética ILM Economistas, ingenieros, cientificos.
Linguistica-Verbal 1LV Lideres politicos o religiosos, poetas y escritores.
Musical-Ritmica IMR Musicos, compositores y criticos musicales.
Corporal-Cinestésico ICK Escultores, cirujanos, actores, bailarines, depor-
tistas y atletas.

Visual-Espacial IVE Artistas, fotdgrafos, arquitectos, disefiadores y
publicistas.

Intrapersonal INTRA | Psic6logos y soci6logos.

Interpersonal INTER | Administradores, docentes, psicélogos y terapeu-
tas.

Otro de los estudios consistié en identificar la relacion que tienen las inteligencias
multiples con los estilos de aprendizaje de los estudiantes, para ello se aplicé el test de
las inteligencias multiples (con una escala del 1 a 5) y el inventario de estilos de
aprendizaje (divergentes=D, convergentes=C, asimilador=AS y acomodadores=CA)
obteniendo 231 reglas que serviran para predecir el estilo de aprendizaje nuevos estu-
diantes [13].

En el presente trabajo, nuestro interés se centra en saber si es posible determinar el
desempefio de un alumno en las unidades de aprendizaje del area de las ciencias basi-
cas y matematicas, y comprobar que para esta area debe haber mayor predominio de
la inteligencia l6gica-matematica. A continuacion se presentan las técnicas de mineria
de datos a utilizar para dicho propdsito.

3 Técnicas de mineria de datos

Existen varios trabajos de clasificacion del desempefio escolar que utilizan algo-
ritmos de mineria de datos, algunos utilizan arboles de decision y otros métodos baye-
sianos [2] [14] [15][16]. En nuestro caso, los algoritmos a utilizar C4.5 y Naive Bayes
pertenecen a lista de los 10 mejores [12].

Debido a que uno de nuestros intereses se centra en determinar si la inteligencia
I6gica matematica es la que mas influye en el desempefio académico de los alumnos
de ingenieria en sistemas y comunicaciones en el ndcleo de las ciencias basicas y
matematicas, decidimos utilizar un arbol de decisién. Lo anterior, debido a que los
arboles de decision, utilizan para su construccion una estrategia de “divide y ven-
ceras” es decir, los arboles se construyen de arriba hacia abajo partiendo de un nodo
raiz [7]. Dicho nodo raiz representa al atributo que da la mayor ganancia, de ahi que
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al emplearlo, nos permite determinar cual de todas las inteligencias es la mas influ-
yente.

Por otro lado, la naturaleza numérica de los datos nos obliga a utilizar algoritmos
que puedan procesarlos, tal es el caso del algoritmo c4.5 desarrollado por J. Ross
Quinlan en 1993 como una mejora del 1D3 [8].

Por otro lado, al tomar en cuenta la naturaleza de las inteligencias, seria valido
considerarlas como independientes y de ahi que resulte interesante aplicar una técnica
basada en la probabilidad condicional de Bayes, tal es el caso del algoritmo Naive
Bayes que considera que todos los atributos influyen de la misma manera.

La metodologia empleada para realizar el presente trabajo es el modelo KDD
(Knowledge Discovery in Databases) que consiste esencialmente en el proceso de
preparacion de datos, el proceso de mineria de datos y la validacion de resultados [7]
[8] [16] [18]. Para el proceso de mineria de datos utilizamos el software WEKA de la
universidad de Waikato, Nueva Zelanda, el cual es una herramienta de mineria de
datos de distribucion libre para la obtencion de los modelos de clasificacion [3] [17].

4 Datos y su preparacion

Para poder realizar el presente trabajo, fue necesario aplicar el test de Inteligencias
Multiples de Howard Gardner a los alumnos del Centro Universitario UAEM Valle de
México, especificamente a los alumnos de la carrera de Ingenieria en Sistemas y Co-
municaciones. El test de IM estd conformado por 70 preguntas que se responden con
una escala del uno al cinco. Hay 10 preguntas para cada una de las siete inteligencias.

Ademas de estas preguntas, cada test va acompafiado de un formulario donde se
solicitan los datos de identificacion del estudiante, tanto personales (nombre, edad y
sex0), asi como académicos (matricula, grupo, semestre y estatus académico). La
informacién anterior se relaciond con las calificaciones obtenidas en el periodo ante-
rior cursado.

Dentro los atributos a utilizar ademas de las inteligencias multiples, estan las uni-
dades de aprendizaje que comprenden el Area de las Ciencias Basicas y Matematicas
asi como el semestre en que se imparte.

En cuanto a la limpieza de los datos, se eliminaron aquellos registros de los alum-
nos que no completaron el test de las IM. También los de aquellos que completaron el
test pero no cursaron una unidad de aprendizaje se descartaron al momento de realizar
la mineria de datos para esa unidad de aprendizaje en particular.

En la tabla 3 se muestra el registro de un alumno que no completo el test de IM pe-
ro si curso sus materias correspondientes al tercer semestre; por otro lado, en la tabla
4 el alumno si completo su test de IM pero no curso la materia de métodos numericos.

Cabe mencionar que las calificaciones de cada unidad de aprendizaje estan en valo-
res numéricos y se transformaron a valores nominales de acuerdo a la escala de la
tabla 5.
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Tabla 2. Asignaturas que comprenden el ndcleo las Ciencias Basicas y Matematicas

Semestre Asignatura N° de alumnos
1 Algebra y Geometria Analitica 58
1 Estéatica y Dinamica 58
2 Quimica 58
2 Algebra lineal 56
2 Célculo diferencial e integral 58
3 Mateméticas discretas 44
3 Ecuaciones diferenciales 43
3 Métodos numéricos 42
4 Légica matematica 43
4 Célculo vectorial 39
4 Electromagnetismo 43
4 Probabilidad y estadistica 43

Tabla 3. Datos de inteligencias maltiples incompletos

I. Intrapersonal l. Interpersonal I. Lingiiistico-Verbal
als|al 5| 2] 3] 2] s[2[2]s0] a[ o afaof [[[[faof [ [ [TT[[]1]T]o
l. Légico-Matematico I. Musical-Ritmico l. Corporal-Cinestésico
[ TTTTTT T fof TTTTTTTTT o ITTTTTTTT] o
Métodos Matematicas Ecuaciones
I. Visual-Espacial numéricos discretas diferenciales
[TTTTTTTT]o 7 7.8 6.3

Tabla 4. Alumno que no curso una unidad de aprendizaje

I. Intrapersonal l. Interpersonal I. Lingiiistico-Verbal

a|a]a]s]s]a]s]s]s]a s|al2]a]3]s|aa]s]alao]a]s][s]a] 3] 5]a] 3] a] a]as

=
wv
o

I. Légico-Matematico I. Musical-Ritmico I. Corporal-Cinestésico

a|s|a|s]a]s][3]2]a]2]38]5]s]s]s]5]a]a]3]3]5]4aa] 5] a] a] a]s[a]s]5]a]5]as

8
Métodos Matematicas Ecuaciones
I. Visual-Espacial numéricos discretas diferenciales
s a[ s[ a] a[ a] 3] a[ s] 2] 40 8.5 6.4

Tabla 5. Transformacion de valores numéricos a nominales.

Referencia numérica

Nivel de desempefio

8al0

A

Menor a 8

B




56 Advances in Computing Science

5 Experimentos y resultados

El primer experimento se realiz6 con 585 instancias que representan a los alumnos
gue tomaron una o0 mas unidades de aprendizaje del nicleo de las ciencias basicas y
matematicas. De estos, 210 pertenecen a la clase Ay 375 a la clase B. Se aplicaron
los algoritmos C4.5 (J48 en el software Weka) y Naive Bayes. En ambos casos se
utilizé la validacion cruzada con 10 particiones, la cual consiste en utilizar el 90% de
los datos para entrenar y el 10% restante para validar; repitiendo este proceso 10 ve-
ces [16].

Como podemos apreciar en la tabla 6, los resultados obtenidos por ambos algorit-
mos en cuanto a la eficiencia del clasificador, no difieren por mucho. Sin embargo, el
arbol de decision resulta mejor.

Tabla 6. Comparacion de algoritmos

Arbol de Decisién (C4.5) Naive Bayes
Correctas | Incorrectas | Correctas | Incorrectas

Ciencias basicas y matematicas | 66.1538 % | 33.8462% | 61.8803% | 38.1197%

Area

En la figura 1, se muestra el &rbol obtenido al aplicar el algoritmo C4.5 a los datos,
se puede apreciar que el nodo raiz ILM, hace referencia a la inteligencia 16gica ma-
temaética, lo que nos indica que este atributo fue el que proporciond la mejor ganancia
al momento de construir el arbol, y concuerda con los resultados que se esperaban.

Otra situacion que podemos observar es que la inteligencia légica matematica por
si sola no es suficiente para determinar la clase de desempefio que tendré un alumno,
podemos observar esto en las ramas més cortas del arbol donde al menos son dos las
inteligencias que se utilizan.

Por poner un ejemplo para la clase A, veamos la rama méas corta que se encuentra
del lado derecho del arbol, esta rama nos indica que si la inteligencia I16gica matema-
tica es mayor a 46 y la intrapersonal es menor o igual a 42, el desempefio del alumno
sera A, es decir que tendrd un promedio entre 8 y 10 en unidades del nucleo.

Para el caso de la clase B, veamos la rama del camino més largo que termina en el
nodo B(101/18). En este caso particular, la lectura seria que si la inteligencia légica
matematica es menor o igual a 46 y la inteligencia cinestésica es mayor a 35, y la
visual espacial es mayor a 36 entonces debemos revisar nuevamente la inteligencia
I6gica matematica, si es menor o igual a 39 entonces el desempefio del alumno en
materias del nucleo de las ciencias bésicas y matematicas sera menor a 8.

También es posible observar que las inteligencias musical ritmica (IMR) y linguis-
tica verbal (ILV) no aparecen en ninguna parte del &rbol. Lo que significa que no son
relevantes para las unidades de aprendizaje del nlcleo basico.

Si bien este primer experimento nos permite ver, a grosso modo, cudl sera el des-
empefio de un alumno en las unidades de aprendizaje, no nos permite determinar qué
ocurrird en una unidad de aprendizaje particular, por lo que decidimos realizar un
segundo experimento en el cuél se realiza la mineria de datos a cada unidad. Los algo-
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ritmos empleados en este segundo experimento siguen siendo C4.5 y Naive Bayes.
Los resultados obtenidos se muestran en la tabla 7, en ella se puede observar que el
algoritmo C4.5 tiene mejor desempefio que el de Bayes, con excepcion de la unidad
de electromagnetismo.

A23/7)

BE321) [ | AGon4) || B(toy/18)

A(17/5) B(77/26)

Fig. 1. Arbol generado por el algoritmo C4.5 para el nucleo de Ciencias basicas y Matematicas.

Tabla 7. Resultados de los algoritmos C4.5 y Naive Bayes.

Unidad de Aprendizaje Arbol de Decisién (C4.5) Naive Bayes
Correctas Incorrectas Correctas Incorrectas
Matematicas Discretas 68.18% 31.82% 61.36% 38.64%
Electromagnetismo 58.14% 41.86% 62.79% 37.21%
Estética y Dinamica 68.97% 31.03% 56.90% 43.10%
Probabilidad y estadistica 74.42% 25.58% 51.16% 48.84%
Quimica 53.45% 46.55% 51.72% 48.28%
Algebra lineal 51.79% 48.21% 50.00% 50.00%
Algebra y geometria analitica 100.00% 0.00% 100.00% 0.00%
Légica matematica 62.79% 37.21% 53.49% 46.51%
Métodos numéricos 78.57% 21.43% 57.14% 42.86%
Calculo vectorial 66.67% 33.33% 64.10% 35.90%
Ecuaciones diferenciales 55.81% 44.19% 46.51% 53.49%
Célculo diferencial e integral 56.90% 43.10% 46.55% 53.45%
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Podemos observar en la tabla 7, que la unidad de aprendizaje de Algebra y geo-
metria analitica tiene un 100%, esto se debe a que ningin alumno obtuvo 8 o mas.

[[&®) | [aem] [ 85/ |

I Bi4) | | A(B) I |E|30_/3)| | A(2) I

X ' . c) Métodos numeéricos
a) Ecuaciones Diferenciales

Fig. 2. Arboles para las unidades de aprendizaje del tercer semestre.

Por otro lado, vale la pena recordar que algunas de las unidades de aprendizaje se
imparten en el mismo semestre, por lo que los mismos valores de inteligencias malti-
ples se utilizan para clasificar resultados de unidades de aprendizaje diferentes. Por
ejemplo, en la figura 2 se muestra que para ecuaciones diferenciales las inteligencias
relevantes son I6gica matematica, inteligencia visual espacial, y la musical ritmica
mientras que para matematicas discretas, la Unica inteligencia a considerar es la lin-
glistica verbal. En el caso de métodos numericos las que mas afectan son la musical
ritmica y la cinestésica.

6 Conclusiones y trabajo futuro

Una de las principales conclusiones, es que si es posible obtener un modelo que
permita clasificar el desempefio académico de un alumno basandose en las inteligen-
cias multiples, y que una de las inteligencias mas influyente es la inteligencia légica
matematica. Sin embargo, el desempefio no es el mejor, consideramos que en el mo-
mento que tengamos mas datos en nuestra base, podremos tener mejores desempefios
e incluso ampliar los intervalos de calificacion.

Consideramos de suma importancia aplicar las encuestas cada semestre para llevar
un seguimiento histérico de la evolucion de las inteligencias desde que el alumno
ingresa hasta el término de su carrera. Esto permitira generar clasificadores no solo
para el area de las ciencias basicas y matematicas sino también en las areas de la in-
genieria aplicada, ciencias de la ingenieria, y ciencias sociales y humanidades.

Como trabajo futuro queda el desarrollo de una herramienta que utilice los modelos
generados y permita realizar la clasificacion de un estudiante en dos niveles, primero
a nivel macro determinando su desempefio en general en el nicleo de materias en
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particular y luego a nivel micro, generando el detalle del desempefio en una materia
dada.
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Abstract. Generally, the attitude estimation and the measurement of the angular
velocity are a requirement for the attitude control. As a result, the computational
cost and the complexity of the control loop are relatively high. In the present pa-
per, a technique for attitude stabilization is proposed. The rigid body orientation
is modeled with quaternion, which eliminates attitude estimation singularities.
The real-time implementation is done unifying a quaternion error formulation of
Wahba’s and a nonlinear observer. It includes the gyro bias model. A quaternion
measurement model is introduced. It avoids the linearization step that induces
undesirable effects. The global convergence of the proposed technique is proved.
Simulations with some robustness tests are performed.

Keywords: Quaternion, Attitude, Stabilization, Nonlinear Observer, Robot Mo-
bile, MEM’s

1 Introduction

Underactuated mechanical systems are systems that have fewer control inputs than con-
figuration variables. Underactuated systems appear in a broad range of applications
including Robotics, Aerospace Systems, Marine Systems, Flexible Systems, Mobile
Systems, and Locomotive Systems. The “underactuation” property of under actuated
systems is due to the following four reasons [1]: i) dynamics of the system (e.g. aircraft,
spacecraft, helicopters, underwater vehicles, locomotive systems without wheels), ii)
by design for reduction of the cost or some practical purposes (e.g. satellites with two
thrusters and flexible-link robots), iii) actuator failure (e.g. in a surface vessel or air-
craft), iv) imposed artificially to create complex low-order nonlinear systems for the
purpose of gaining insight in control of high-order underactuated systems (e.g. the Ac-
robot, the Pendubot, the Beam-and-Ball system, the Cart-Pole system, the Rotating
Pendulum, the TORA system).
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A fundamental requirement for an autonomous vehicle is its ability to localize itself
with respect to its environment. Navigation on a flat and horizontal ground only requires
estimations of position and heading. However, in many cases, the environment is not so
well structured, and the angular orientation of the vehicle may change along its path. In
this case, a real time estimation of the attitude may be necessary.

The attitude estimation of an autonomous vehicle is a subject that has attracted a
strong interest the last years. In addition to traditional attitude estimation in aerospace
and automobile communities, the reduced cost of MEMS inertial sensors has spurred
new applications in robotics [1], virtual reality [3] and biomechanics [2]. Furthermore,
the increasingly interest in Unmanned Aerial Vehicles (UAVs) [4] has motivated the de-
velopment of low cost, lightweight and low-power consumption Attitude and Heading
Reference Systems (AHRS) and backup attitude indicators. An AHRS is composed of
inertial and magnetic sensors, namely, three rate gyros, three accelerometer and three
magnetometers, orthogonally mounted such that the sensor frame axes coincide with
the body frame in question. In fact, an AHRS is an attitude estimator since the signal
sensors are coupled with a proper mathematical background. This attitude estimation
problem is described as following: Rate gyros provide continuous attitude information
with good short-term stability when their measurements are integrated.

The first one deals with a constraint least-square minimization problem proposed
firstly by Wahba [6],(see [7] pages 9-11 ) and [7].

The second approach is within the framework of the Extended Kalman Filter [8]
(EKF) or Additive Extended Kalman Filter (AEKF) [9].

The third approach issues from nonlinear theory, and non linear observers are ap-
plied to the attitude determination problem [10], [12], [13]. In this approach, the con-
vergence of the error to zero is proved in a Lyapunov sense.

In this paper, an attitude estimator using quaternion representation is studied. Here
a novel method for solving Wahba’s problem is used. This method allows to find an
quaternion from the measures provided by an Attitude and Heading Reference Sys-
tems (AHRS), the error between current and desired orientations is directly determined
thanks to the measurements of the reference vectors delivered by the body’s sensors.

The present paper is organized as follows. In section 2 a quaternion-based formu-
lation of the orientation of rigid body is given. The problem statement is formulated in
section 3. The control law and attitude’s estimation is presented in section 6. Simulation
results are given in section 7. The paper ends with some concluding remarks given in
section 8.

2 Mathematical Background

The attitude of a rigid body can be represented by a unit quaternion, consisting of a unit
vector e, known as the Euler axis, and a rotation angle 3 about this axis. The quaternion
q is then defined as follows:

B
COSj q0
= = cH 1
4 (esin[g) <CI> M
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where
H = {rJIq%+Tq;q=1, . @
q=1q0q"]".q0 €R, g € R’}
q=1q1 q» ¢3]" and go are known as the vector and scalar parts of the quaternion

respectively. In attitude control applications, the unit quaternion represents the rotation
from an inertial coordinate system N(x,,y,,z,) located at some point in the space (for
instance, the earth NED frame (North, East, Down)), to the body coordinate system
B(xp,yp,2p) located on the center of mass of a rigid body.

If r is a vector expressed in N, then its coordinates in B are expressed by:

b=g®r®q 3)

where b = [0 57]" and r = [0 7|7 are the quaternions associated to vectors b and r
respectively. ® denotes the quaternion multiplication and g is the conjugate quaternion
of g, defined as:

d=1[q0—q"]" “)

The rotation matrix C(g) corresponding to the attitude quaternion g, is computed as:

C(q) = (q5—q"q)B+2(qq" —qolg™]) (5)

where I3 is the identity matrix and [£*] is a skew symmetric tensor associated with the
axial vector &:

&\ 0 =& &
E*l=1& | = & 0 =& (6)
& & & 0

Thus, the coordinate of vector r expressed in the B frame is given by:

b=Clq)r )

The attitude error is used to quantify the mismatch between two attitudes.

de=q®q;" (8)

® denotes the quaternion multiplication and q(jl is the complementary rotation of the
quaternion g4, which is the quaternion conjugate (see ([5]) for more details).
The attitude dynamics of a rigid body is described by

Jo=—-oxJo+I 9)

where J € R>*3 is the symmetric positive definite constant inertial matrix of the rigid
body expressed in the B frame and I" € R is the vector of control torques. Note that the
torque also depend on the environmental disturbance (aerodynamic, gravity gradient,
etc.).
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3 Problem Statement

In the case of the attitude estimation, one seeks to estimate the attitude and accelera-
tions of a rigid body. From now on, it is assumed that the system is equipped with a
tri-axis accelerometer, three magnetometer and three rate gyros mounted orthogonally.
In this section we describe the body’s kinematic of the model [15], our typical capture
configuration relies primarily on the Robot of figure 1 equipped with two 6 inch diam-
eter wheels driven by 1 DC gear head motors. The mechanical model (seen in figure 1,
is based on single pinion architecture suitable for light vehicles and consists of follow-
ing elements: a steering rack, a steering column coupled to the steering rack through a
pinion gear, and the assist motor. Tie-rods connect the steering rack to the tires.

Fig. 1. Mobile Robot

The equation describing the relation between the quaternion and the body’s kine-
matic is given in introducing the angular variation ® = (@, @, (oz]T from this, it fol-
lows.

1 1
4= 52(0)41) = 1 Z(g)o() (10)
Where Q (o) y E(g) are defined as:

—[ox]: ®
Qo)=| . .. an

-0 10

qol3x3 +[gx]
@)= i (12)
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The matrix [@x] and [¢x] are obtained by the cross product issue of a X b = [ax]b
con [ax] € R¥3:

0 —da3z ap
ax]=1] a3 0 —a (13)
—dy dj 0
The quaternion must be:
q"4=q"q+q5 =1 (14)

In the other hand, the matrix Z(g) has the relation:
(

T(q)E(q) = q" ql3x3
()ET(q) = q"qlaxs—q"q (15)
T(9)(q) = 03x1

@ G @

Generally E7 (q)A = —ET(1)q, forany A € H .
Clg)=(g5— 49" )53 +249" (16)
—2q0[g ]

that is denoted like the orientation matrix 3-D of dimension 3 x 3.
The angular velocity ® is obtained by finite differences from equation (10) at the
instants k and k — 1 (k estimation instant).

o =22"(g)q (17
amT q(k) —q(k—1)
0=2% (q)*(Ts ) (18)

4 Modeling sensors

In application of inertial and magnetic sensors, the inertial coordinate frame N is cho-
sen to be the NED coordinate frame. In this work the origin of N is located at San Luis
Potosi, México (GPS : 22°36/12"N 100°25’ 47"W). The “reference vectors” are the
gravitational and magnetic vectors, which are well known. The “’vectors observations”,
i.e. the gravitational and magnetic vectors expressed in the body frame B, are obtained
from an tri-axis accelerometer and a tri-axis magnetometer sensors. The angular veloc-
ity is obtained from three rate gyros orthogonally mounted.

4.1 Rate Gyros

The angular velocity ® = [@; @, @3] is measured by the rate gyros, which are sup-
posed to be orthogonally mounted. The output signal of a rate gyro is influenced by
various factors, such as bias drift and noise. In the absence of rotation, the output signal
can be modeled as the sum of a white Gaussian noise and of a slowly varying function,
an integration process is required in order to obtain the current attitude quaternion.
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The kinematics equation is given by:

(-

_qT

E(q)o

N = N =

Even the smallest variation of the rate gyro measurement will produce a wrong
estimation of the attitude . The bias is denoted by v, belonging to space R>. The rate
gyro measurements are modeled by [14]:

0 =0+ V+ng (20)
v=—-T"v+n, 1)

where 1 and 1, € R? are supposed by Gaussian white noises and 7 = t; is a
diagonal matrix of time constants. In this case, the constant T which has been set to
T = 100 5. The bias vector v will be estimated online, using the observer presented in
the following section.

4.2 Accelerometers

Since the 3 — axis accelerometer is fixed to the body, the measurements are expressed
in the body frame B. Thus, the accelerometer output can be written as:

ba=C(q)(a—g)+Ma (22)
where g = [0 0 g]” and a € R® are the gravity vector and the inertial accelerations
of the body respectively. Both are expressed in frame N. g = 9.81 m/sec” denotes the
gravitational constant and 74 € R? is the vector of noises that are supposed to be white
Gaussian.

4.3 Magnetometers

The magnetic field vector &y, is expressed in the N frame it is supposed to be hy =
[hp, O hMZ}T. Since the measurements take place in the body frame B, they are given
by:

by = C(q)hm +Num (23)

where 1), € R?, denotes the perturbing magnetic field. This perturbation vector is sup-
posed to be modeled by Gaussian white noises.

5 Attitude’s Estimation and Prediction

The attitude estimator uses quaternion representation. Two approaches are jointly used,
namely a estimation with a constraint least-square minimization technique and a pre-
diction of the estate at the instant k. The prediction is performed in order to produce
a pseudo-estimate of the accelerations and the attitude quaternion. This prediction is
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driven by a estate which is obtained from the quaternion propagated through the kine-
matic equation and the one obtained via the constraint minimization problem.

In this paper a optimization criteria that take in account the evolution of the attitude
state via determination of x = [qo,q1,¢2, 43, ax, ay, a;)" in the function f(x) is proposed.
The minimum error is chosen, but it takes in account the prediction of the state £ and the
coefficients of weight for the estate y and the measures estimated ( MesEstimated =
MS) at the instant k.

flx)= %[,u(z;f:] (MesEstimated — vys(j))?)
+ =) || (& =) [13]
with q"qg—1=0
The process of Estimation and Prediction needs the determination of their gradient
84»8a and their Hessian H,, H,,.

(24)

2r aq]"
H, = qu-ax] (25)
3 . OMS; IMS;
5 2y (2 (4" MS1q = vies () prcrat+a’ e qMqu>
q j=1
(26)
da 3 IMS; IMS;
2 2 TMS'_mev. 7]+T jMS)
E( (4" MSjq = vmes(1)) 5376 44" 575 aMSja

Similarly, is the obtention for the gradient of the state for the case of acceleration.
Finally, the total Gradient is obtained by the fusion between the calcule show for
the quaternion case an the gradient omitted for the acceleration case.

dg

H q

Fx)=| 4! da 27)
98
dx ¢

For the prediction’s process of X, several technique have been validated, for purpose
of simplicity, the prediction via spline is chosen. Cubic spline is a spline constructed
of piecewise third-order polynomials which pass through a set of n control points. The
second derivative of each polynomial is commonly set to zero at the endpoints, since
this provides a boundary condition that completes the system of n — 2 equations. This
produces a so-called “natural” cubic spline and leads to a simple tridiagonal system
which can be solved easily to give the coefficients of the polynomials. However, this
choice is not the only one possible, and other boundary conditions can be used instead.

Suppose we are given n+ 1 data points (£, MSy) such that.

a=xg < ... <xp, Then the coefficients of the vector i exists cubic polynomials
with coefficients u;; 0 <i < 3 such that the following hold.

L () = y(0) = T ot —x)) Wi € [f—xpa]0< k<1
2. u(xj) =y 0<k<n-1
3. wj(xj1) = i (xjer)  0<k<n=2
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4 Wilxje) =My (xj41)  0<k<n-2
5.pi(xj) = py (xjer)  0<k<n-2

So we see that the cubic spline not only interpolates the data (£, MS) but matches
the first and second derivatives at the knots. Notice, from the above definition, one is free
to specify constraints on the endpoints. The end point constraint u”(a) =0 p”"(b) =0
is chosen.

The estimation of the torque is part of another work that is in process and only we
present his basic model. Since the driver torque is not measured, we introduce another
estimator for Iy, =1,

Essentially, the estimated value of the driver torque is

Loy = GV (T12(2) = H(2)-Ligor(c)) (28)

Where I;7 is the torque in the steering column part and I, is the assist motor

torque. In order that G(—1) can be physically realizable (numerator degree of the transfer

function is always less or equal than denominator degree), it is necessary to introduce a

correction transfer function G, (z) to maintain the properness. With this correction, the
inverse transfer function becomes

e = GV Ge(2) * (I1z(2) — H(2) Tyon(;)) (29)

6 Nonlinear attitude observer

The attitude nonlinear observer that includes the bias and the error update is given by:

. 1 .
q= 55(@) [wg —V+K€] (30)

v=-T W-Ke (31)

where T has been defined in (21) and Kj,i = 1,2 are positive constant parameters. ¢ is
the prediction of the attitude at time 7. It this obtained via the integration of the kine-
matics equation (30) using the measured angular velocity @¢, the bias estimate V and
€ = g, which is the vector part of the quaternion error g,. Remember that g, measures
the discrepancy between § and the pseudo-measured attitude g, (32). In this paper, ¢,
is obtained thanks to an appropriate treatment of the accelerometer and magnetometer
measurements.
Combining (19),(21), (30) and (31) the error model is expressed as:

. l 0 VT ) (Qe0> 2
=3 (—y[zwm[m ge ¢2)
V=-T'""+K ¢ (33)

where y=V+ K€, and V = v — V. The system (33)-(32) admits two equilibrium points
(gey =1¢e=0V=0) and (ge, = —1 g, =0 Vv =0). This is due to fact that quaternions
q and —q represent the same attitude. From (1), one obtains:

gy =1 =pB=0

Gey = —1 = B =2m (generally 2nr)
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7 Validation

In this section, some simulation results are presented in order to show the performance
of the proposed control laws. A rigid body with low moment of inertia is taken as the
experimental system. In fact, the low moment of inertia makes the system vulnerable to
high angular accelerations which proves the importance to apply the control.

At (Qualemion) fs=10 Hz
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Fig. 2. Validation de Movements

The proposed technique is compared to the existing methods (namely, the Multi-
plicative Extended Kalman Filter (MEKF) and the Additive Kalman Filter (AEKF)).
Initial conditions are set to extreme error values in order to assess the effectiveness of
attitude estimation. These results are depicted in figures 2.

8 Conclusion and future works

In this paper, a control law for the global stabilization of a rigid body was proposed.
The presented methodology is especially simple. It is based on quaternion error and
a nonlinear observer the attitude is parameterized by the unit quaternion. Furthermore,
the proposed approach can be extended to the stabilization of a pico-satellite or a micro-
satellite. Remain to perform several validations in the robot mobil and to those provided
by a vision-based human motion capture system that will be used as a reference atti-
tude estimation system and embebed in robots to assist people and improve human
performance in daily and task-related activities, focusing in particular on populations
with special needs, including those convalescing from trauma, rehabilitating from cog-
nitive and/or physical injury, aging in place or in managed care, and suffering from
developmental or other social, cognitive, or physical disabilities. Another application
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desired for the presented approach is the stabilization of micro-satellite and UAYV, sim-
ulations using the dimension and the actuator characteristics of a pico-satellite and a
micro-satellite and to compare the proposed approach with other control schemes.
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Arquitectura Digital Difusa Embebida en un FPGA para
Control de un Péndulo Invertido sobre un Carro
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Resumen. Se presenta una arquitectura que permite embeber un sistema de
control no lineal difuso sobre un FPGA de Xilinx XC3S500E. Este tiene el ob-
jetivo de controlar al péndulo invertido sobre un carro. El modelo difuso y los
conjuntos de membresia difusos propuestos tienen como objetivo estabilizar al
sistema en la posicion vertical. Se describe en Verilog y VHDL el modelo. Este
modelo es comparado con la respuesta generada por los sistemas difusos simu-
lados en Matlab y la simulaciéon del comportamiento generada en Isim de
Xilinx, obteniendo resultados exitosos. La frecuencia maxima del controlador
es 24.17 MHz la cual es tomada del resumen de ISE.

Palabras clave: Control difuso embebido, FPGA, lenguajes de descripcion de
hardware, péndulo invertido sobre carro.

1 Introduccion

Un sistema embebido envuelve computo, pero este no es su principal objetivo. Por
otro lado la logica difusa tiene un amplio rango de aplicaciones y entonces el hilo
comun que une todas esas aplicaciones es que un experto (operador humano) puede,
al menos en un principio, ejecutar la tarea requerida. Sin embargo, cuando el modelo
matematico es demasiado complicado para tener un uso practico, un modelo lingiiisti-
co llega a ser ventajoso [1]. El sistema del péndulo invertido es del tipo lazo abierto
inestable pues se necesita un tipo de control para mantener al péndulo en la posicién
vertical [2]. Existen numerosas aplicaciones embebidas de l6gica difusa para control
de sistemas mecanicos [3, 4, 5]. La presente investigacion se basa en la implementa-
cion de un sistema de Control Difuso para resolver el problema conocido del péndulo
invertido sobre un carro. Los bloques fundamentales del sistema Difuso embebido se
describen en los principales Lenguajes de Descripcion de Hardware (HDL): Verilog
yVHDL. Se utiliza la técnica de Modulacion por Ancho de Pulso descrito dentro del

* Alumno becario CONACyT y PIFI, estudiante de Maestria en Ciencias en Ingenieria de
Computo del Centro de Investigacion en Computacion-IPN, México.
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sistema embebido en HDL para otorgar la ley de control adecuada a la etapa de po-
tencia electronica, misma que hace trabajar a un motor de corriente directa que fun-
ciona como actuador principal para estabilizar la posicion del péndulo invertido. Se
utiliza un FPGA de la familia de Xilinx Spartan XC3S500E vy la tarjeta de desarrollo
Spartan 3E [16].

2 Estructura del sistema

El objetivo principal de este desarrollo tecnologico es embeber en HDL un sistema
difuso que sea capaz de estabilizar al péndulo invertido que se encuentra montado
sobre un carro, esa es la idea de forma general. En esta seccion se explica cada una de
las etapas que conforman al sistema, y la Figura 1 muestra el diagrama de bloques

general empleado.

o o=

v

Fig. 1. Diagrama de bloques del sistema diseflado para el control del péndulo invertido.

FPGA Microntrolador Sistema mecanico Carro Péndulo @

Base de
conocimiento:
Inferencia

Fuzzific
aclon

La primera etapa permite la medicion de nuestra variable de posicion angular del
péndulo. Se acopla mecanicamente al péndulo un potenciometro y para asegurar que
la medicion fuese lo mas exacta posible se decide utilizar un potencidémetro de preci-
sion industrial de la empresa BI-Technologies. Este sensor tiene una sensibilidad
adecuada debido a que es construido de plastico conductivo. La segunda etapa permi-
te la conversion AD del dato proveniente del potencidmetro y es convertido a su reso-
lucion de 8 bits. Se utiliza el microcontrolador PIC16F887 [16] para realizar opera-
cion de conversion analdgica digital. La etapa 3 llamada de Control es donde se en-
cuentra embebido el Sistema Difuso en sus tres etapas: fuzzificacion, inferencia y
defuzzificacion y una etapa extra para realizar la derivada de la sefial de error.

Finalmente, la sefal defuzzificada es interpretada y convertida a su correspondien-
te sefial PWM con salida de 0 a 5 volts, la cual se direcciona a una frecuencia mayor
a 20 KHz hacia una tarjeta de potencia MDO3 de la empresa Robot Electronics [15]
para controlar al péndulo invertido.

2.1 Definicion de la conversién y de la derivada

En la literatura se encuentra la forma de hacer discreto el controlador PID. En la
presente investigacion se toma en cuenta el enfoque de [14] para describir la funcion
que realiza la derivada del error en forma discreta. Siendo especificos, de la ecuacion
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(1) correspondiente al controlador PID discreto, se toma la parte derivativa y se des-
cribe segun la Figura 2, donde k,; es la constante derivativa y e(n) es el error medido.

u(n) = kye(n) + k; Xioe()) + ka(e(n) —e(n— 1)) (1
always @(clk) //D=Kd*[ e(n) - e(n-1) |
begin
en=entrada; // e(n)
en_l=en; // e(n-1)
sal=Kd*(en-en_1);
end

Fig. 2. Codigo generado en Verilog que describe la derivada del error.

2.2 Descripcion del médulo PWM en VHDL

El m6dulo PWM se encarga de tomar los 8 bits de salida correspondientes al calcu-
lo del valor de la etapa de defuzzificacion, por medio del uso de la técnica del prome-
dio de los centros se genera el pulso PWM a una frecuencia de 20 KHz que es envia-
do al médulo MDO03 que controla el motor de CD, mismo que posiciona al carro para
estabilizar al péndulo. Para lograr conseguir el pulso PWM mediante lenguajes de
descripcion de hardware, se ha tomado la técnica reportada en [6], donde se utiliza un
contador y un comparador para generar ¢l pulso con el ancho deseado a la frecuencia
deseada. Por lo general, todo sistema que procesa informacion binaria para controlar
un proceso analogico requiere una etapa de entrada analdgica digital y una etapa de
salida digital analogica (convertidores ADC y DAC). Para reducir costos en los dise-
flos que no requieren alta resolucion en la etapa de salida, es posible sustituir el DAC
por un algoritmo de Modulacion por Ancho de Pulsos (PWM). Una unidad PWM
permite asignar cierta duracion de tiempo en alto o en bajo a un dato digital de n bits,
misma que se considera la salida de la etapa de defuzzificacion. Lo anterior se logra
conectando un contador y un circuito comparador, tal y como se aprecia en la Figura
3. La Figura 4 muestra un extracto de cédigo en VHDL para conseguir generar el
PWM segun la descripcion dada anteriormente.

CONTADOR 13 BITS
RESET " 13 SALIDA CONTADOR
RELOJ > COMPARADOR
13/
7o -
y A<B » PULSO PWM
ENTRADA 2
DIGITAL =

Fig. 3. Diagrama general del modulo que genera el pulso PWM en VHDL.
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cuenta inicial: process (reloj, reset, sal,
base, aux)
begin
if reset='0' then
base <= "0000000000000";
elsif reloj='l' and reloj'event then
if base /=1 then
base <= base + 1;
sal <= '0';
else
base <= "0000000000000";
sal <= '1";
end if;
end if;
frec 25KHz <= sal;

end process cuenta inicial;

Fig. 4. Extracto de cédigo que describe al mdédulo PWM.

2.3  Carro péndulo invertido

Recientemente, muchos sistemas roboticos disefiados con péndulo invertido sobre
ruedas (WIP?) tales como el Segway PT y el Segway para Robonautas (Robot astro-
nautas de la NASA), han tenido gran popularidad en la comunidad de la disciplina de
la Robética [7].

El péndulo invertido sobre un carro, es un sistema clasico de control bien conocido
y estudiado durante afios; debido a que sirve como sistema de prueba para el desarro-
llo de nuevos algoritmos de control, principalmente de control de sistemas no lineales.

El objetivo principal de este sistema es mantener estabilizado el péndulo, el cual
se encuentra montado sobre un carro que tiene la capacidad de moverse libremente
sobre el eje horizontal (véase Figura 5). Se han reportado varios enfoques de control
cléasico para el control del carro péndulo invertido, e incluso se han propuesto técnicas
de control manejando el enfoque Lagrangiano, con el objetivo de manejar adecuada-
mente una funcion de energia, basada en una funcién de Liapunov para estabilizar
dicho sistema no lineal [8]. Se conocen por igual técnicas de Control Neuronal [9] y
técnicas de Control Difuso [10, 11, 12].

En la teoria de control se requiere exactitud de los parametros de la variable con-
trolada. Ademas, no aplica el modelo lineal cuando el péndulo tiene inclinaciones
muy amplias. Por otro lado, el control basado en redes neuronales requiere de sucesi-
vas iteraciones con el objetivo de obtener el conocimiento necesario para su aprendi-
zaje. Sin embargo, en el Control Difuso, podemos usar reglas basadas en la experien-
cia para aproximar el control de una forma mas precisa.

2 Por su siglas Wheeled Inverted Pendulum (WIP).
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: R \
Fig. 5. Péndulo invertido construido para el laboratorio del CIC.

3 Arquitectura del Controlador Difuso en HDL

Las tres principales partes que conforman éste sistema de control descrito en HDL
se muestra en la Figura 6.

meem i 553

A B C

Fig. 6. Arquitectura difusa completa embebida en FPGA. A) Médulos de Fuzzificacion, B),
Modulos de inferencia difusa 6 base de conocimiento, C) Modulo defuzificador.
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La etapa de fuzzificacion se realiza a través de calculos sucesivos para obtener el
grado de membresia de la sefial de entrada con respecto a las funciones de membresia
(FM), que en este caso fueron de la forma triangular y trapezoidal. En la entrada del
sistema se tiene almacenada en memoria el punto de referencia para obtener una posi-
cion y derivada deseada para mantener al péndulo en la posicion vertical. Lo anterior
ayuda a obtener un error en la posicion y un error en la derivada del error. E1 FPGA
Unicamente realiza la operacion de diferencia entre la posiciéon deseada y la posicion
medida, valor que es enviado hacia el microcontrolador que calcula su derivada y
envia su valor hacia el FPGA. De esta forma se tienen las dos variables que van a ser
fuzzificadas en HDL por el primer modulo. La Figura 7 muestra el diagrama del
método descrito para el calculo del valor de membresia de la sefial fuzzificada en su
correspondiente universo de discurso.

————— |
COMPARADOR ‘ Mux_1 |
DE ) 0
PERTENENCIA [ | 1" 1 .
| | L]

[a.b]
ﬁ DIFERENCIA |- PRODUCTO }

Grado de
Mux_3|_membresia

COMPARADOR

| PERTENENCIA ‘ Mux_2|
lac]

S .. N | —

Fig. 7. Diagrama de bloques para permitir calcular el grado de membresia en funciones de
membresia triangular y trapezoidal.

El calculo del grado de membresia se limita a conocer si el dato de entrada se en-
cuentra en alguna de las FM. Si es una funcion triangular, se detecta en que parte de la
funcion cae el dato para conocer si se encuentra dentro de la pendiente negativa o
positiva y realizar la operacion necesaria para obtener su correspondiente valor dentro
del intervalo difuso [0-255] que es la resolucidn del controlador de 8 bits. La Figura 8
muestra las funciones de membresia para las variables del fuzificador del error y de
derivada del error, asi como el universo de discurso de salida diseniado con funciones
de salida Singleton, cuyo valor es enviado al médulo generador PWM.

FPP  FPM FPG

4 NG FNM PP FC
‘ ‘ |
© g

Fig. 8. Funciones de membresia para evaluar a las variables error, derivada y funciones de
membrecia de Singleton de salida.
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El médulo de inferencia toma los grados de membresia calculados, evaliia que re-
glas difusas se activan y aplica la operacion difusa MIN-MAX.

Regla Difusa 43:  Si el Error es Positivo Grande y Velocidad es Positiva Rapida Entonces Fuerza es Negativa Grande.

VPG M, M

(x)
- 255 255 FNG

255

EPG

H(9=1422
127 127

a 255 0 0 =TTy

M () =142

ENTRADA DIFUSA 1: EPG ENTRADA DIFUSA 2: VPG

VNR|VNM | VNP | VC | VPP | VPM | VPR

ENG FNP| FC
ENM FC | FNP
ENP FC_| FNP

c FC | FNP

EPP FC | FNP

EPM FC | FNP

EPG | FC | FNP

Fig. 9. Ejemplo de calculo de grado de membresia y tabla de reglas difusas que permiten eva-
luar el valor del error y su derivada.

El objetivo de la etapa Defuzzificacion es obtener la funcion de membresia final
que es la agregacion ¢ la suma de todas las combinaciones de conjuntos difusos enla-
zados segun la base conocimiento y que se activan en un momento dado segin la
combinacion de las dos entradas etiquetadas como error y derivada del error. Se pro-
duce una funcion o una superficie total, ver Figura9, Este funcion representa la suma
de todas las implicaciones y el método de defuzzificacion permite obtener el valor
adecuado que representa a la funcion total. La implementacion del Método Promedio
de los Centros que se utiliza en el presente desarrollo de investigacion en tecnologia
embebida, toma como base la investigacion realizada en [13], donde se propone una
arquitectura paralela para el calculo de la salida defuzzificada a partir de la operacion
correspondiente para encontrar el Centro de Gravedad de la funcion agregada. La
ecuacion general para el calculo del promedio de los centros se muestra en la ecua-
cion (2).

* Z{Vil Z*wWi (2)

Z M
2[:1 wi

El valor de la variable de salida Z* esta determinado por el promedio de los centros
de los M conjuntos difusos de salida con los pesos w, siendo igual a la altura de los
conjuntos difusos correspondientes. En cada uno de los modulos de inferencia difusa
correspondiente a cada uno de los consecuentes de salida (FNG, FNM, FNP, FC, FPP,
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FPM, FPG), se realizan las dos operaciones difusas MAX-MIN, cuyo resultado es
tomado por el modulo defuzzifcador.

4 Resultados

Para poder validar que la salida del control difuso es la adecuada para estabilizar al
péndulo es necesario corroborar los resultados generados en las tres situaciones des-
critas a continuacion:

1. Los resultados de las simulaciones del control difuso generado en el Too-
box de Matlab.

2. Los resultados de las simulaciones del control difuso embebido en el soft-
ware ISIM del fabricante del FPGA XILINX.

3. Los resultados del control real en el motor de CD por el pulso PWM gene-
rado por el FPGA.

Los dos primeros resultados permiten comparar que tan cercanos estan los sistemas
difusos descritos; dicha comparacion permite entrever que tan preciso es el método de
inferencia y de defuzzificacion entre ambas simulaciones. En ésta simulacidon se toma
en cuenta que se hace cero la variable derivada y se mantiene variante la posicion en
su intervalo de movimiento. La Figura 10 muestra la comparacién entre las situacio-
nes en simulacion y el aporte real de la salida del sistema difuso para control del
péndulo, seglin se observa en la grafica, el comportamiento del sistema sera devolver
la posicion del péndulo al cero digital.

Posicién Generada en medicién real

4 Matlab |
—+—lIsim
: Real
« : :
B ' H
= ! ;
- B YR SEeemeeany. | SESSRSSIRES. SRS SIS | SARSERS | SR
@ H H
= H :
= H '
-5 H H
= | ' '
2 oot anas linnate sl QY BRI L B S S e R S SR MR R IR
Ao ‘ ¥ H
@ H H
: k : {
PN 5
R RS RN TPRSRN! S M RITR SR MRS
i
40

Posicion del Péndulo

Fig. 10. Comparacion del comportamiento del sistema difuso embebido en FPGA, el generado
en Matlab y la sefial PWM generada en el sistema real.
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Finalmente se presentan los recursos utilizados en el FPGA de Xilinx XC3S500E
para lograr embeber el sistema difuso de control que estabiliza el péndulo invertido.
Como se observa, unicamente se utilizé el cien por ciento de los elementos 16gicos
con que cuenta el FPGA, usados como modulos de multiplicacion y de los demas
moédulos se tienen suficientes recursos para hacer mejoras e incluso hacer mas robusto
al sistema difuso, por medio de otros operadores de inferencia o compartir el sistema
de control con un algoritmo PID.

Table 1. Recursos 16gicos utilizados en la descripcion del sistema de control difuso en el FPGA

XC3S500E de Xilinx.
Slices: 2045 de 4656 43%
Slice Flip Flops: 1002 de 9312 10%
4 input LUTs: 3428 de 9312 36%
Logic: 3394
Shift registers: 34
IOs: 60
Bonded IOBs: 60 de 232 25%
MULT18X18SIOs: 20 de 20 100%
GCLKs: 1 de 24 4%

5 Conclusiones

El uso de FPGA como sistema de procesamiento es viable para el uso de sistemas
de control que requieren tiempo real. El sistema difuso embebido fue del tipo Mam-
dani y el uso de HDL para su descripcion facilité su implementacion al usar s6lo una
parte de todos los elementos l6gicos del FPGA de Xilinx. La estabilizacion del péndu-
lo invertido en una vecindad, se consigui6 utilizando el sistema anterior, como es
posible ver en la Figura 10, se obtienen resultados adecuados en el control. Como
trabajos futuros se piensa embeber el sistemas difuso en un Soft-Processor, para su
comparacion con un modelo Takagi-Sugeno-Kang y un modelo neurodifuso imple-
mentados en la misma plataforma.
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Abstract. This paper demonstrates that under certain conditions a class of fuzzy
PID controllers are functionally equivalent to a class of traditional two-degree-
of-freedom (2DOF) PID controllers. Furthermore, although nonlinearities can
be integrated to a traditional 2DOF PID controller, its fuzzy counterpart is in-
trinsically nonlinear. These nonlinearities, reside in the fuzzy rule base. Alt-
hough fine tuning can be achieved in both traditional and fuzzy PID controllers,
the latest one is superior due to that non-linear control surface that is obtained
by modifying the parameters that define the fuzzy rules set. The findings are
demonstrated by simulating two benchmark processes taken from the literature.

Keywords. PID control, Fuzzy control, 2DOF PID control, nonlinear control.

1. Introduction

Due to their simple structure, traditional proportional-integral-derivative (PID) con-
trollers continue to be the most adopted controllers in practical cases [1-4]. Further-
more, they are relatively easy to tune and their basic structure is well understood by
engineers and industrial practitioners [5-7].

Over time, fuzzy logic control (FLC) has been widely used in industrial processes
[8, 9]. These applications exploit the heuristic nature of FLC for both linear and non-
linear systems. In particular, due to the success of traditional PID control, several
structures of PID-type FLC (PID-FLC) have been proposed and studied (including Pl
and PD) [10-14]. As a result, several approaches have investigated the relationship
between traditional PID control and PID-FLC [12, 14-16].

The degree of freedom of a controller is determined by the number of closed-loop
transfer functions that can be adjusted independently [17]. Due that 2DOF PID con-
trol offers natural advantages over one-degree-of-freedom PID control, various 2DOF
PID controllers have been proposed in the literature [17-19]. Similarly, there have
been proposed 2DOF FLC [20, 21]. However there are not related to their traditional
2DOF PID counterpart. In this work there is demonstrated that under certain condi-
tions a class of PID-FLC is functionally equivalent to a class of traditional 2DOF PID
control. In addition, the main advantage of the PID-FLC over its traditional counter-
part is that a nonlinear control surface can be achieved through the manipulation of
the parameters that define the fuzzy rule set.
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The paper is organized as follows. In Section 2 the functional equivalence between
2DOF PID and fuzzy PID controllers is presented. In Section 3 simulation of two
benchmark processes taken from the literature is developed in order to demonstrate
the findings. Conclusions are drawn in Section 4.

2. Functional equivalence between 2DOF PID and fuzzy PID
controllers

2.1 Traditional PID control

The traditional PID controller has the following standard form in the time domain:
_ 15 de(t) (1)
u() = K{e(t)+Tijoe(r)dr+ y dt}

where: u(t) is the control action, e(t) is the system error, K is the proportional gain,
T; is the integral time constant and Ty is the derivative time constant. Also (1) can be
written as:
t de(t) 2
u(t) = K,e) +K, [ e(z)dr —K, o )
where K; = Ky/T; and K¢ = K,Tq. In this case the tuning problem consists in select-
ing the values of these three parameters.

2.2 DOF PID control

Although several equivalent forms of 2DOF PID controllers have been proposed [20,
21], in this work the one proposed by Panagopoulose, et al. [22] is utilized, as is illus-
trated in Fig. 1. From this figure, the process transfer function G(s) is controlled with
a PID controller with two degrees of freedom. The transfer function G.(s) describes
the feedback from process output y to control signal u, and Gg(s) describes the feed
forward from set point ys, to u. The external signals that act on the controller loop are
the set point yg, and the load disturbance I. Note that for simplicity, measurement
noise is not being considered. In this case, the corresponding 2DOF PID controller
has the following form in the time domain:

G

A 4
=

I —a |
Fig. 1. Block diagram of the 2DOF PID controller.
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t d
u(t) = K, by, = y0)+ K [} v () -y Mz K, [cydt“)—dff)j ®

where K, Ki, Kg, b and ¢ are the controller tuning parameters.

2.3 Fuzzy PID control

As in traditional control, in fuzzy control there are the analogous structures of the PI
type fuzzy logic controller (PI-FLC), PD type fuzzy logic controller (PD-FLC) and
the PID type fuzzy logic controller. For the case of the PID-FLC several structures
have been proposed. In this work, the one referred to as Modified Hybrid PID-Fuzzy
Logic Controller (MHPID-FLC) is adopted. In this structure a combination of a PI-
FLC and a PD-FLC is used to implement a PID-FLC with a common two-
dimensional rule base, as is shown in Fig. 2(a). Therefore, once appropriate scaling
factors Gg, Gag, Gay and Gy are selected, a PID control strategy is implemented by
combining a Pl incremental algorithm and a PD positional algorithm using a two-term
fuzzy control rule base.

(b)
Fig. 2. (a) Schematic representation of the MHPID-FLC; (b) Simplified structure.

24 Functional equivalence

This section demonstrate that under certain conditions the 2DOF PID control and the
MHPID-FLC are functionally equivalent. Let’s define the next set of conditions:
1. The Fuzzy Control System (FCS) inside the MHPID-FLC structure is a first-order
Sugeno fuzzy model [23], with fuzzy rules of the form:
IfEisAand AgisBthenu=pE+ gAg +r
where A and B are fuzzy sets in the antecedent, while p, g, and r are all constants.
2. The FCS rule base consists of four rules:
R1: IfEisNand Agis N thenu=p;E + 1A + 11
R2: If E is N and Ag is P then u = p,E + QoAg + I,
R3: If Eis P and Ag is N then u = psE + QsAg + I3
R4: If Eis P and Ag is P thenu=p,E + qsAc + 14
where the coefficient constants p;=q; =1, and r; = 0; for i = 1, 2, 3, 4. The linguis-
tic labels for the fuzzy sets are defined as P = Positive and N = Negative.
3. The universe of discourse for both FCS inputs is normalized on the range [-1, 1].
4. The membership functions of the input variables, E and Ag, to the FCS are triangu-
lar complementary fuzzy sets [24], and they are defined as shown in Fig. 3(a).
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5. The product-sum compositional rule of inference [25] is used in the stage of rule
evaluation.
6. The weighted average method is used in the defuzzification process.

If all the above conditions are satisfied, then the 2DOF PID controller and the
MHPID-FLC are functionally equivalent. Note that under assumptions 1-6 the FCS
inside the MHPID-FLC structure is the simplest that can be considered, and its output
is simply given by the sum of its inputs. This FCS is known as the normalized and
linear Fuzzy Logic Controller (L-FLC); its control surface is shown in Fig. 3(b). This
simplifies the structure of the MHPID-FLC as is shown in Fig. 2(b).

e @

Fig. 3. (a) Membership functions of the L-FLC, (b) Control surface of the L-FLC

Therefore, from Fig. 2(b), the output of the MHPID-FLC is given as (for simplicity
the time dependence is not denoted):

Upp =Up +Upp 4)
d d
Upp =Gy [GEe—GAE dﬂ+GU[GEe—GAE dﬂ (5)

From here, performing operations an grouping terms, it is easy to arrive to:

dy
Upp = GUGE ysp _(GAU GAE + GUGE)y +GAUGEJ.e_GU GAE E (6)
Therefore, if (3) and (6) are compared, then it is noted that the MHPID-FLC oper-
ates like a traditional 2DOF PID controller with the equivalent set-point weights,
proportional, integral and derivative gains given by:

c=0 (7

K,b=G,Ge 8

K, =G,,G. +G,G; 9)
K

K, :T—p:GAUGE (10)

Kd = KpTd :GUGAE (11)
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Note that the weighting factor ¢ is considered as zero, as it does not appear in the
MHPID-FLC structure. However, the weighted derivative term Kqcdys(t)/dt can be
added to the MHPID-FLC structure as a separated term, as is shown in Fig. 4.
In this figure the term Ky has been replaced by GG, as given by (11). There-
fore, by doing that, the controller shown in Fig. 4 is functionally equivalent to
the 2DOF PID controller defined by (3) if the defined conditions are fulfilled.

Uzpore

Fig. 4. MHPID-FLC structure with added weighted set-point derivative term.

25 Tuning procedure

Given the structure and the functional equivalence described in the previous section,
now the problem is how to perform the tuning of the scaling factors Gg, Gag, Gau, Gu
and the weighting factors b and c. If the values of K, K;, and K or alternatively the
values of K, T, and Ty are available, then the values Gg, Gae, Gay and Gy in the
MHPID-FLC structure (see figure 2) can be calculated as follows. First, let’s define:

G, =1 12)
From (12) in (10):

G, =K.

(13)

AU

Performing substitutions in (9) and (11) and making operations, it is easy to arrive
to the next second order equation:

0=K2b? - K2+ KK, (14)

The solution of this equation is given by:

(-Kp)* —4KTKiK, (15)

belt
2 2K}

If the Ziegler-Nichols (Z-N) frequency response method is used to find the tradi-
tional PID gain parameters, they are given by the set of equations:

K, =0.6K, ; K = 2Ro; K, = KgTu (16)

u
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From this set of equations it is straightforward to demonstrate that:
4K, K, = K§ (17)
Substituting (17) in (15) results in:

—_ (18)
2

From here the remaining scaling factors are obtained as:

1

G, = 5|<p (19)
2K

G =9 (20)
AE K

It is surprising to find that the value of the set point weighting factor b is uniquely
determined as 0.5 when the Z-N tuning method is used and it is intrinsically included
in the MHPID-FLC structure, although it is not explicitly included. This simplifies the
calculation of the remaining scaling factors. With regard to the weighting factor ¢ of
the set point derivative term, it is left as an additional free adjusting factor, which can
be manipulated for fine tuning, if needed. Note that the Z-N tuning parameters, K, and
Ty, can be obtained with the relay auto-tuning method [26].

3 Simulation results

In this section the results from the simulation of two bench mark processes taken from
the literature are presented. The simulations for each process have been developed in
the Matlab/Simulink simulation environment, together with the Fuzzy Logic Toolbox.
The Z-N tuning parameters where obtained with the relay auto-tuning method, from
there the scaling factors where obtained, as explained in the previous section.

Transfer function of a stable process [27]:

-0.4s

-& (21)
G.(s) s+1y

—_

Results: The comparison of the set point and load disturbance rejection responses
are shown in Fig. 5 (a). Note that the response of the traditional 2DOF PID controller
with b=0.5 and c=0, is exactly the same as the obtained with the MHPID-FLC, which
demonstrate that they are functionally equivalent. In both cases, further fine tuning
can be achieved by adjusting the weighting factor c. However, in the case of the
MHPID-FLC additional tuning can be performed by adjusting the parameters that
define the fuzzy rules or by modifying the scaling factors, or by modifying all these
parameters altogether. As an example of further fine tuning, Fig. 5(a) also shows the
comparison of the results obtained when the fuzzy rules have been modified by set-
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ting the coefficients p;=p4=2.5, 0;=04=3, r1=r4=0, p,=p3z=0.4, ,=03=0.4, r,=r3=0, this
controller is referred to as MHPID-FLC-MRS. In the same figure, the results obtained
when modifying the scaling factors as Gg=1, G,g=0.735, Gy=1.8 and G,y=1.8, also
are shown, controller referred to as MHPID-FLC-MSF. In addition, the results of
performing additional tuning by adjusting the weighting factor c, for the three control-
lers, are shown in Fig. 5(b), compared with the original 2DOF PID controller. For
better comparison, the obtained integral of the absolute error (IAE) for all the simu-
lated cases are shown in Table 1, the integral is reset after the step response settling
time to measure the 1AE for the load rejection responses.
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Fig. 5. (a) Step response and load rejection plots for process 1; (b) further tuning through the
weighting factor c for process 1.

Table 1. IAE measurements for process G;(S)

I1AE
Set point  Load rejection
2DOF PID, b=0.5, c=0; MHPID-FLC 1.4173 0.4739

MHPID-FLC-MRS 1.2533 0.3157
MHPID-FLC-MSF 1.3165 0.5554
2DOF PID, b=0.5, ¢=0.35; MHPID-FLC  1.2146 0.4739
MHPID-FLC-MRS, ¢=0.2 1.1816 0.3157
MHPID-FLC-MSF, ¢=0.1 1.2826 0.5554

Transfer function of an unstable process [27]:

B e—0.55 22
Gs)= s(s+1) 22)

The comparison of the set point and load disturbance rejection responses are shown
in Fig. 6(a). Similarly than for the previous process, the response of the traditional
2DOF PID controller with b=0.5 and ¢=0, is exactly the same as the obtained with the
MHPID-FLC, proving that they are functionally equivalent. Fig. 6(a) also shows the
comparison of the results obtained when the fuzzy rules have been modified by set-
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ting the coefficients p;=p,=1, q:=04=1, r1=r;=0, p,=ps=3.4, >=03=3.8, r,=r5=0, this
controller is referred to as MHPID-FLC-MRS. In the same figure, the results obtained
when modifying the scaling factors as Ge=1, G,e=1.25, Gy=1.5 and G,y,=0.9, control-
ler referred to as MHPID-FLC-MSF, also are shown. The results of performing addi-
tional tuning by adjusting the weighting factor c, for the three controllers, are shown
in Fig. 6(b), compared with the original 2DOF PID controller. The measured 1AE for
all the simulated controllers are shown in Table 2.
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Fig. 6. (a) Step response and load rejection plots for process 2; (b) further tuning through the
weighting factor c for process 2.

Table 2. IAE measurements for process G,(s)

|1AE
Set point  Load rejection
2DOF PID, b=0.5, c=0; MHPID-FLC 2.9431 3.0544

MHPID-FLC-MRS 1.6324 1.0289
MHPID-FLC-MSF 1.6105 1.1128
2DOF PID, b=0.5, ¢=0.35; MHPID-FLC  1.4678 3.0544
MHPID-FLC-MRS, ¢=0.2 1.5853 1.0289
MHPID-FLC-MSF, ¢=0.1 1.3612 1.1128

4 Conclusions

In this work a functional equivalence between 2DOF PID control and MHPID-FLC
has been demonstrated. From the simulations performed, the next tuning sequence is
recommended for the MHPID-FLC:

1. Find the traditional proportional, integral and derivative gains using the autotuning
relay experiment and Z-N formulae.

2. From the traditional proportional, integral and derivative gains calculate the scaling
factors Gg, Gag, Gy and Gy, recall that intrinsically the weighting factor b=0.5.
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3. Perform fine tuning by adjusting the parameters of the fuzzy rules p;, q;, and r;; for
i=1,2,3,4. Or by manipulating the scaling factors Gg, Gag, Gy and Guy.
4. If needed, further fine tuning can be achieved by manipulating the scaling factor c.

Note, that by modifying the parameters of the fuzzy rules, the control surface of the
FCS inside the MHPID-FLC becomes nonlinear. As an example, Fig. 7 shows the
control surface obtained when p;=p,=1, q:=04=1, ri=r,=0, p,=p;=3.4, (»=03=3.8,
r,=r,=0, used for tuning the MHPID-FLC of plant G,(s). From the tuning procedure it
was observed that the only way of improving the load rejection performance was
precisely by introducing the nonlinear control surface in the MHPID-FLC. Further
adjustment of the weighting factor ¢ only produced a reduction in the step response
overshot, but did not produced any change in the load rejection response. Although
good results were obtained, more study of the proposed MHPID-FLC and the tuning
procedure is needed to fully characterize it. This work is in progress.

Fig. 7. Nonlinear control surface.
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Abstract. The Maestria en Ciencias de la Electrdnica, opcion en Automatiza-
cion (MCEA) has been developing systems and control techniques for
ROTRADI robots which it has built. With the purpose of improving this sys-
tems and techniques, a Fuzzy controller and WiFi communication is being im-
plemented. Initially, ROTRADI robots were controlled by desktop computers
via PCI cards and then a Field Programmable Gate Array platform was intro-
duced. The advantage of an FPGA platform is that it allows building an embed-
ded system that can manage all the needs of controlling a ROTRADI, discard-
ing the use of a computer. A hyperbolic tangent controller was developed for
the FPGA, but due to calculation timings and usage of logical elements a Fuzzy
Controller was proposed in an attempt to reduce these aspects. On the other
hand, WiFi was proposed to replace PCI communication in order to make use
of a more innovative technique to manipulate the robot.

Keywords: Fuzzy control, robot, data acquisition system, WiFi.

1 Introduction

MCEA has managed to develop robot arm manipulators which are known as
ROTRADI [1] (see figure 1) which initially were controlled using desktop computers
running Windows 98 disk operating system in order to guarantee a real-time control.
MCEA has been improving its control systems and Field Programmable Gate Array
(FPGA) [2] control platforms were introduced, in which computers are no longer
required because all control requirements have been implemented on an embedded
system that has an FPGA as core of operation. The advantage of having an FPGA
platform is to guarantee real-time control and simplify the elements that constitute the
whole system. Giving this, a hyperbolic tangent controller was implemented in the
FPGA. Due to the FPGA’s logical elements limitations, the control of a single degree
of freedom was proposed. In order to continue to improve the control system, a Fuzzy
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controller [3] is being developed in an attempt to reduce the use of FPGA’s logical
elements and reduce the clock cycles that hyperbolic tangent’s calculations require.
The objective of this improvement is to be able to add more capabilities in the FPGA
in the future. On the other hand, current PCI data communication is intended to be
replaced by IEEE802.11 [4] wireless protocol known as WiFi, whereby the user will
be able to control the robot and analyze the controller’s performance wirelessly. It is
important to mention that this work is currently under development.

wch
Fig. 1. ROTRADI robot.

Networking technologies have been applied in the area, for example with sensors
[5]. This is due to the advances in microprocessors, memory, power consumption and
cheaper technology in which networking with wireless technologies is becoming
cheaper with and increasing market. On the other hand, robot related technologies
have a broad area of application, from designing robots and control laws, through
designing robots that are self-configurable [6] and therefore, can change their own
shape.

2 System description
The system in general is constituted by software, firmware and hardware.

Software: The software that will be developed outside of the embedded system,
whose function is to serve as a means of interaction between the user and the card
controlling the robot.

Firmware: The FPGA programming, in which the control law resides, particularly
a fuzzy controller.

Hardware: The electronics developed to implement the control and communica-
tion between the user and ROTRADI robot.
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The system in development has he following block structure:

Monitor and
Control RN-XV Module WiFi Interface )
-TAC1-
User Interface
(( WiFi Interface Software
-PC-

Fig. 2. General block diagram.

The proposed architecture for the system aims to create the embedded system
which autonomously controls the robot, given the configurations of the user. The
description for the block diagram is as follows.

User Interface: Is the software by which the user can perform the relevant config-
urations, such as the desired position of the degree of freedom, and to carry out the
task of monitoring data from the robot. Particularly, the software will be developed in
National Instruments Labview [7] which will also manage the Transport Control Pro-
tocol/Internet Protocol (TCP/IP) [8] communication to establish a WiFi connection.

RN-XV module [9]: Is by itself an embedded system which serves as a WiFi to se-
rial converter. It will be integrated into the Tarjeta de Adquisicién para Control
1(TAC1) to send and receive data wirelessly via the protocol IEE 802.11g, known as
WiFi, “g” generation.

TACL1: Is the circuit board developed by the FCE MCEA in which the electronics
regarding tasks of controlling the robot, reading motor encoders and controlling motor
drivers reside.

ROTRADI robot: The ROTRADI robot (see figure 1) is an articulated robot with
three degrees of freedom which first characteristic is that it is of direct transmission.
This means that the motors of the joints are directly assembled to robot aluminum
links, and therefore, no gearboxes are required. The motors have a linear response and
they produce the necessary force to move the joints.

3 Acquisition system

3.1 TAC1 board

The main electronics hardware is the circuit board knows as TAC1 (see figure 3)
developed by the MCEA. Initially the TAC1 was designed to function as data acquisi-
tion and send/receive data to the ROTRADI via the PCI bus. The TAC1 has been
modified as a standalone embedded system which no longer requires a PC to control
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the ROTRADI robot therefore, the PCI bus is only used to apply supply voltages to
the card by an external power supply.

e

reittiiiEieg

B

Fig. 3. TAC1 board.

1) FPGA Cyclone Il EP2C8Q208C?7: Is the core of the TACL, in it resides the
control law as well as the required firmware to acquire signals from the encoders and
send the control data to the drivers.

2) Power supply bus: Voltages of 12V, 5V, 3.3V and -12V are applied.

3) Texas Instruments 7741Y DAC’s: They translate the control law from the
FPGA to voltage that serves as input to the motor drivers.

4) Differential filters SN65LVDT32B: They serve as filters for the incoming en-
coder signals.

5) Driver Bus: The voltage from the DAC’s is sent to the driver via this bus.

6) Encoder Bus: The signals from the motors encoders are received via this bus.

7) H3 connector: A general purpose 1/0 bus with 3.3v and GND that has direct
access to the FPGA.

3.2  RN-XV WiFi module

An important contribution of the present work is adding WiFi capabilities to the cur-
rent TAC1 board. WiFi was chosen because of its increasing popularity and the inno-
vation that a wireless robot control system represents. The core element of the WiFi
interface is the RN-XV which will be integrated to the TAC1. The RN-XV module is
based on the RN-171 module in which resides a firmware with the IEEE 802.11b/g
TCP/IP protocol stack as well as the required electronics for the wireless transmis-
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sion. It is a WiFi to serial converter and this is done via the serial protocol Universal
Asynchronous Receiver Transmitter [10] [11]. The TCP/IP stack protocol [4] is a
suite of protocols that has a layered architecture (see figure 4). It is formed by four
layers; each one of them has its own protocols that work in order to establish a com-
munication between TCP/IP. Particularly, WiFi resides in the bottom most layer,
known as network access layer. Here resides the circuitry required to interpret the
electric signals of the received/sent messages. The RN-XV has implemented in its
firmware a mode of operation known as Access Point which is the one that will be
used for this project. An access point is an infrastructure network that the user can
connect to it and therefore control the robot. There are two protocols to use when
sending data over TCP/IP, UDP and TCP. Due to the fact that TCP is a more reliable
protocol to send data because it integrates means to determine if there was an error on
the transmission, and on the other side UDP integrates rudimentary means to deter-
mine errors.

Application
Transport
Internet
Network ¢ $ t
Access M?D 2l‘“ Ethermnet Modem
Lﬂ}‘E[ Ireless

Fig. 4. TCP/IP stack.

When the module enters in Access Point mode in automatically broadcasts it’s
SSID which is the network’s name and it will be ready to receive incoming connec-
tion on IP 1.2.3.4 and port 2000. The data is being sent over TCP with Labview, par-
ticularly in string type. As mentioned before, the module serializes the data received
from WiFi via UART. In order to interface with the RN-XV’s UART, a firmware in
the FPGA has been implemented in order to establish communication between the
FPGA and the WiFi module. The UART baudrate, network SSID, and other configu-
rations where performed via a Telnet client, due to the fact that the module has im-
plemented a Telnet server and therefore it can be configured wirelessly.

3.3 UART

The serial format of UART data may vary depending on whether it uses parity bits for
error control. For this case, we will use 10 bits: 1 start bit + 8 data bits + 1 stop bit.
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The signal is idle on logic "1" and activates at logic "0". In Figure 5 shows the format
of the bit stream.

e e
bit ! DO, DI, D2, D3, D4, D5, D6, D7, bit ! DO
0 L o4 _gbit O,

Fig. 5. UART bit transmission format.

The speed of bits is known as baudrate which is how many bits per second are be-
ing transmitted. The order of the data is from least significant to most significant. In
the nomenclature of the UART, TX is for transition and RX is for receiving. It is im-
portant to establish a bit sampling at the middle of each bit transition, therefore, the
RX sample rate is faster than the TX rate. The UART FPGA firmware was imple-
mented in Altera Hardware Design Language (AHDL) based on state machines as can
be seen in figure 6.

Transmission Reception

state 0 Ch--dg_!m—
TX=VCC start bit
/—' (idle) \.
Stop bit
state 1 delay
X=VCC TX=GND
1 bi (start bit) 7
. )
( | \ A
\ '/ Read .
stop bit
\ state § / Main delay
TX=D7
s8] . 8x
\ — —

Fig. 6. UART Transmission and Reception state machines.

4 Control

The FPGA firmware currently has a hyperbolic tangent controller [1] with mechan-
ical brake.

T = K, tanh § — K,, tanhq Q)

Where § is the position error, ¢ is the velocity, K, is the proportional gain and K,
is the derivative gain. The derivative section of the equation represents a brake to the
control law. Since this controller uses floating-point units, the use of FPGA capacity
is higher, at about 76% to control one degree of freedom. The reason that this work
attempts to control one degree of freedom is due to the restriction of the amount of
logical elements available on the FPGA, in addition, there must be logical elements
left for the WiFi intercommunication, monitoring and user interface.  In order to
reduce the number of logic elements in use, and improve the clock cycles that hyper-
bolic tangent calculations require, it was proposed to implement a fuzzy controller as
an alternative control law. The Fuzzy Controller has as input fuzzy variable the posi-
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tion error and as output variable the torque, which establishes the membership func-
tions of the position error which range varies between +£360° (see figure 7), due to the
fact that the robot joints are rotational. The nomenclature of the membership functions
is E for error, T for torque, N for negative, P for positive, G for large, M for medium,
EP for small error and MG to very large.

EP

ENMG ENG ENG EPM EPG EPMG

degree of
membership

-360 degrees -120 -80 -40 6 +40 +80 +120 +360 degrees
Position Error

Fig. 7. Position Error membership function.

The rules were defined to be proportional to the error. Given a position error which
magnitude is big, the output torque should be big. In contrast, if a position error is
small, the output torque should be small. Having this, the fuzzy controller rules where
defined as follows:

IF uENMG, then uTNMG = uENMG
IF UENG,then uTNG = UENG

IF uENM, then uTNM = uENM

IF uEP, then uTP = uEP

IF uEPM, then uTPM = uEPM

IF UEPG,then uTPG = uEPG

IF uEPMG, then uTPMG = uEPMG

Due to the fact that the output torque signal to the motor driver is a 16 bit number
that represent a voltage range of +10 volts, the fuzzy output variable was defined as
can be seen in figure 8.

TP

TNMG TNG TNM TPM TPG TPMG

degree of
membership

-10v -6.66v -3.33v | 3.33v 6.66v +10v

Applied torque
Fig. 8. Torque membership function.

The main state machines which constitute the fuzzy controller firmware are shown
in figure 9, which also represent the fuzzy controller algorithm in use.
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Declare variables
Synchronize logic l
elements
l Apply rules
Initialize
parameters Calculate
output
l torque
Calculate position l
error Defuzzify

torque

l

Output to
No DAC’s

Negative
error?

Fuzzify
negative
error
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Fig. 9. Fuzzy controller algorithm.

Fuzziify
positive error

5 Results

This work is in development and these are only preliminary results. The fuzzy con-
troller implemented in AHDL code was able to reduce the number of logic elements
in the FPGA compared with hyperbolic tangent. The fuzzy controller occupies about a
~ 62 % of logic elements in comparison to ~ 76 % of hyperbolic tangent. This is due
largely to the operations with bit shifts. It is proposed as future work to optimize the
firmware, particularly rethinking the architecture as the current one is optimized for
speed and not for space. The response of the fuzzy controller is relatively fast, about
20 clock cycles to produce the result, which is about 0. 00000020 because the FPGA
is clocked at 100Mhz. Due to the fact that an output gain adjusts were added to adjust
the maximum torque that can be applied which the user can configure. Since the fuzzy
controller delivers faster response than the hyperbolic tangent controller, in which a
single Floating point operation takes about 11 to 14 clock cycles, it is intended that in
the future the same fuzzy controller block originally designed to control one degree of
freedom, can be used to control the three degrees of freedom of the ROTRADI robot
by multiplexing data, since calculations are relatively fast. In order to ensure the
proper functioning of the fuzzy controller firmware, a simulation of the firmware was
performed (see fig. 10). First the theory of operation will be explained and then the
results. In the first instance, the signals with which the motor operates will be ex-
plained. The controller takes the position of the encoder signals from the robot motor,
which has a resolution of 0 to 655360 pulses per revolution, which equals the 0 to 360
degrees. As to the applied torque, the engine has a driver which converts a signal of
+10 volts into torque. The controller has 16-bit, value that is converted to a voltage
with the DAC’s of the TACI1; -10 volts equals a value of 0, 0 volts to a value of
32767 and +10 volts to a value of 65535 binary.
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Fig. 10. Fuzzy Controller simulation.

Knowing these facts, the simulation will be then explained. Clock100 signal is the

clock signal for the controller block , which operates at 100Mhz . For testing purpos-
es, we assumed a current position of 0 degrees (home position) and a desired position
of 60 degrees, which equals the 109226 if you were reading the encoder. It has an
error signal “tipoDeError”, which has a logical value of zero, if the error was positive
and one if the error was negative. Since the error for the test values above is positive,
“tipoDeError” has a logical value of zero. TorqueOut signal represents the output
voltage to the motor driver (which will be converted from voltage to torque by the
motor driver). TorqueOut has the value of 49134, a value that corresponds to 4.994
volts. This value was expected according to the rules applied, as it is expected to be
applied half of the maximum torque by the controller in accordance with the output
variable torque. Finally, there is a variable called debugFlag indicating the state ma-
chine in which is the FPGA firmware in order to monitor the proper functioning and
the time it takes to process the information in each firmware’s state machine.
As for WiFi communication, it was achieved to establish a bidirectional communica-
tion between Labview and the FPGA. Figure 11 shows values from a logic analyzer
from an experiment where a data transfer over WiFi is being performed. In the RX
(reception) test, the RN-XV module receives the data over WiFi and these are sent via
UART to the FPGA. In the picture, number one indicates the pulses of when that data
is read and number two indicates the actual bit being read. For this example the byte
to read is AF hexadecimal. On the TX (transmission) test, transmission from the
FPGA to the RN-XV module is shown in the following figure, where number one
indicates the hexadecimal number 55 serialized. The RN-XV was configured to send
data over WiFi each time is has a byte of data on its buffer.

RX Test TX Test

Fig. 11. Send/Receive data test.
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6

Conclusions

Given the fact that the Fuzzy Controller has a faster response in comparison to the
hyperbolic tangent, it is possible that in the future the same controller block can be
used to control three degrees of freedom. The hyperbolic tangent uses floating point
operations in which each ones requires an average of 11 clock cycles, and calculating
the hyperbolic tangent requires considerable operations. In contrast, due to the sim-
plicity of the Fuzzy controller and replacing floating point operation with bit shifts.
Regarding the WiFi communication, sending commands to the FPGA and receiving
data has been achieved.
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Resumen. En esta publicacion se presenta el desarrollo de un modelo computa-
rizado de Dindmica de Sistemas (DS) y su aplicacién en una empresa metal-
mecénica. El modelo desarrollado se ha aplicado hasta ahora a una seccion
critica de la planta de fabricacion (linea de estampado) del ramo automotriz.
Los resultados obtenidos muestran que: los tiempos de paros no programados
(sin registro) ocasionan retrasos significativos en el flujo de produccion, gene-
rando el incumplimiento de las drdenes de produccidon y de los tiempos de en-
trega. Ante el inconveniente de adquirir un software especializado para este tipo
de simulacién, se estad desarrollando una nueva version basada en MATLAB
que se encuentra en un 50% de avance.

Palabras claves: Modelo computarizado, simulacién, dindmica de sistema,
proceso

1 Introduccion

Al considerar un sistema de producciéon como un conjunto de variables interrela-
cionadas entre si (informacion, insumos, costos, gastos, ingresos, tiempos de opera-
cién, niveles de inventarios entre otras), es posible analizarlo mediante la metodologia
de DS. Ya que esta permite el modelado, simulacién y control de sistemas dinamicos
complejos [1]. La aplicabilidad de la simulacién digital en los sistemas de manufactu-
ra, ha estado dominada por la produccion dindmica [2], la planificacion y control de la
produccion [3], el andlisis de capacidad de produccién [4],[5]; los requerimientos de
materiales [6] y las herramientas de la manufactura esbelta [7]. Es decir, la aplicacion
de la DS se ha enfocado al analisis de: comportamiento del sistema, analisis de esce-
narios de produccion, evaluacion de politicas administrativas y andlisis de la capaci-
dad de produccidn.

En este trabajo se describe un modelo de un sistema de produccion enfocado al
analisis de los efectos de las demoras o retrasos (delays). Estos efectos son ocasiona-
dos por los tiempos de paros no programados (sin registro) en el proceso de estampa-
do de una empresa de autopartes. Para su simulacion, se empleé la metodologia de la
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DS, desarrollando una plataforma en el software MATLAB. La plataforma posee una
interfaz grafica, para lo cual se utilizd la herramienta GUIDE.

Este software fue seleccionado por las ventajas de su capacidad para resolver algo-
ritmos numéricos y por sus herramientas de interfaz gréfica. Estas caracteristicas res-
ponden a los requerimientos de simulacion del objeto de estudio, permitiendo disefiar
una plataforma de simulacion personalizada (no adaptada). Otra de las razones por las
cuales se optd por este software en lugar de usar uno de los disponibles comercial-
mente como Vensim o Powersim, es debido al alto costo de adquisicion que represen-
tan estos software comerciales. Para indagar més en las diferentes herramientas de
simulacion especializadas en DS, se recomienda al lector leer el trabajo realizado por
Andrade y otros [8].

2 Caso de estudio

El area de interés para este estudio es el area de estampados de una empresa de au-
topartes, dedicada a la fabricacion de componentes automotrices de acero y sus alea-
ciones. Esta linea permite la continuidad del ciclo productivo generando producto
semiterminado y producto final, y es la que presenta mayor oportunidad para mejorar
la programacién de la produccidn. La linea de estampados consta de 15 prensas, 8 de
ellas trabajan de modo manual y 7 trabajan en forma progresiva, en la cual se fabrican
alrededor de 700 numeros de parte en los procesos de corte, embutido o formado.

3 Problematica

El incumplimiento de las drdenes de produccidn se encuentra vinculado, ademés de
la capacidad de produccion de la linea, al aprovechamiento efectivo del tiempo y el
desglose de actividades que debe realizar cada trabajador. En la tabla 1 se presentan
las generalidades de la situacion actual y los factores de interés que determinan la
incidencia de los mismos en el comportamiento del proceso.

Tablal. Generalidades de la situacion actual y factores de interés.

Estadndar Capacidad Paros Programa
El estdndar actual La capacidad de la  Se registran una seriede La secuencia del
no corresponde al linea no responde tiempos de paros no programa de pro-
estandar de traba- a la necesidad contemplados  dentro duccion y su plani-
jo (pz/min) del demandada. del proceso. ficacion no corres-
proceso. ponde a la situacion
actual de la linea.
-Tiempo real del -Capacidad nece- -Tiempo de montaje y -Carga de trabajo. -

ciclo de produc- saria para el cum- desmontaje Disponibilidad  de
cién (pz/min). plimiento del -Tiempo de proceso y material, herramen-
-Actividades programa. preparacion de la pieza  tal y equipo.

anexas al proceso, -Factor de nivelacion.

no registradas.
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Los datos presentados anteriormente (que se derivan de los factores de interés) son
los que caracterizan al sistema de produccion (como fuente de informacién) y se ge-
neran del analisis de la problematica actual de la linea y determinan su comportamien-
to dinamico. A partir de esta informacion se desarrolla el modelo de DS mediante la
plataforma desarrollada en el software MATLAB.

La metodologia de la DS consta de las siguientes etapas: definicion del sistema,
conceptualizacién, formalizacion y comportamiento y evaluacion, [9], [10]. EI mode-
lo de simulacién disefiado en MATLAB, permiti6 integrar las bases de datos previa-
mente creadas en Microsoft EXCEL. Para el disefio de la plataforma de simulacién se
utiliz6 el método en espiral propuesto por Barry Boehm [11].

4 Disefio del modelo

4.1  Conceptualizacion de las variables del sistema

Variable de Tipo Demora. Representa el tiempo que transcurre entre una causa y
sus efectos, es decir, algunos eventos de 10s procesos se retrasan en su ocurrencia.

e Retraso en el flujo de produccion (RFp). Esta variable corresponde al tiempo (mi-
nutos) destinado para realizar actividades anexas al proceso, las cuales no se regis-
tran actualmente: preparacion de la pieza, limpieza por la rebaba generada, tiempo
del proceso y acomodo de piezas.

e Ajuste para trabajo en proceso (ATP). Representa la demora que corresponde al
tiempo (minutos) de los paros programados, como son el montaje, tiempo de lim-
pieza, tiempo personal y desmontaje.

Variables de Tipo Flujo. Este tipo de variable simboliza el cambio de estado de las
variables de nivel durante un periodo de tiempo.

o Flujo de entrada (Fp). Representa la entrada de datos proveniente de la demanda o
pedido solicitado al ciclo de produccion, influenciada por el valor de la variable de
la primera demora ATP. Su ecuacion esti determinada por una funcion Tren de
Pulso, es decir, que cada entrada representa una orden de pedido diferente.

Fp=Pulse Train (ATP, Pd, F, Fin) 1)

Pd, corresponde a la variable: tiempo de produccidn en funcion de la cantidad de-
mandada (uds).F, es la frecuencia, representada por la cantidad de carga de trabajo
determinada por la produccion deseada y su duracion (min). Fin, Tiempo de culmina-
cion. Corresponde al tiempo de finalizacion de la Gltima carga programada.

e Flujo de salida (Fpt). Este flujo de salida representa la salida del flujo productivo
una vez que ha sido afectada por la demora RFp. La ecuacién 2 representa el com-
portamiento del flujo de salida.
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Fpt= Smooth (Fp, RFp) 2
Esta ecuacidn se traduce de la siguiente manera en el software Matlab.

Fpt...=Fpt+(Fpt-Fpt)/RFp 3)

Variables de Tipo Nivel. Son los recipientes, las variables que acumulan magnitudes
con el tiempo. Estas definen la situacion en que se encuentra el sistema.

o El nivel principal (TP). Representa la diferencia acumulada de los flujos de entrada
y salida (Fp, Fpt) y corresponde a la variable principal. Este nivel representa la
ecuacion principal del sistema, ya que es donde se analiza la acumulacién de piezas
sin producir debido a los efectos de las demoras.

La ecuacidn 4 describe el comportamiento de la variable de nivel TP.

TP = INTEG(Fp-Fpt, TPinicial) 4)

Donde, la constante TP inicial es el valor de la variable TP en el instante inicial de la
simulacion.

e Las variables de nivel NFpy NFpt. Representan la acumulacién, en el tiempo, del
comportamiento de los flujos de entrada y salida respectivamente. Las ecuaciones
que definen estas variables de nivel son las siguientes, donde los valores NFp ini-
cial y NFpt inicial son los valores de las variable NFp y NFpt en el instante inicial
de la simulacién.

NFp = INTEG(Fp,NFpinicial) 5)
NFpt = INTEG(Fpt,NFptinicial) (6)

ATP 7
RFp
F|n

Fig. 1. Modelo dinamica del comportamiento de una prensa.

La interrelacién de las variables explicadas anteriormente y el comportamiento
dindmico de una prensa se resumen en la Figura 1. La secuencia se repite igual para
las 15 prensas que integran el sistema. Se puede observar que la integracion de los
flujos afectan la variable principal TP, y las demoras el comportamiento de los flujos.
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4.2 Desarrollo de la plataforma de simulacion en el software matlab

Para el desarrollo del programa se recurrié a la herramienta de programacién de
ambiente grafico de Matlab (GUI) y su plataforma de programacion. El programa
esta estructurado en dos modulos, los cuales se dirigen desde la pantalla principal. A
continuacion se explica a detalle el desarrollo e integracion de los mddulos.

Médulo 1: Programa de Produccion. Este mddulo brinda un escenario real a ser
evaluado mediante la programacion de la produccion. En la Figura 2, se muestra la
pantalla principal que representa la interfaz entre el operador y el software creado,
seguido del detalle de los elementos que integran dicha pantalla. Posteriormente se
presenta el diagrama de flujo (ver Figura 3.) que integra la secuencia de programacion
realizada para obtener los resultados buscados. Cada etapa del diagrama esta referen-
ciada con cada uno de los elementos que se muestran en la pantalla principal de la
interfaz, declaracién de variables y origen de los datos de alimentacion.

[PRpe—

——— 0}

Fig. 2. Modulo 1: Programacion de la Produccion.

1. Informacion adicional. Registra el nimero de parte, la carga y la cantidad a produ-
cir. Es enviada a un archivo de Excel para procesar los demas datos.

2. Disponibilidad de prensas. Muestra la lista de prensas disponibles para procesar la
pieza programada.

3. Requerimientos. Muestra los requerimientos necesarios para produccion: herra-
mental, tipo de herramental y estdndar de produccién y hora de inicio.

4. Paros programados. Estos corresponden a: preparacion de la herramienta, desmon-
taje, complementos. La pausa para la comida, se calcula automaticamente.

5. Indicadores e informacion del proceso. El programa realiza el calculo de indicado-
res, informacidn adicional como paros no registrados. El programa realiza el calcu-
lo de indicadores, informacion adicional como paros no registrados en el proceso,
tiempo de produccion, tiempo del proceso, paros no programados, hora de finaliza-
cion y finalmente los indicadores de desempefio.

6. Registro de bases de datos. Esta etapa corresponde al envio de la informacion ge-
nerada en el programa a una base de datos en Excel.
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7. Graficas. Consulta de cronograma, indicadores por prensa y total linea, paros re-

gistrados.
Programacion
e la produccion o
Se genera la informacion
Np, C, Pd, P, y 4 de la variable ATP
Declaracion EPP, EPPH, Captura EPP y (Demora 2)
de variables EPPD. EPPDe, K'—’ click en botén 4 o
EPPL, EPPE Operario

Ingresar valor EPP Se genera la informacion
de la variable RF|
Operario de Np, Cy Pd 1 completo | * emora 1) P

. rSegenera la informacion

h 2 i3 de la variable F
El operario ingresa el Envioy Tuia el valor do |
valor del a variable Pp. El andlisis de Céalculo de 5 alcula el valor de la
valor de C determin‘a Np, Cy Pd indicadores variable Fpt a partir de
parte de la informacion a Excel los datos anteriores

para calcular la variable F v

p,CyCt Click en botén 6
correctos Operario ENVIAR
Genera
Prensas Base de
disponibles 2 datos en
Excel
T
Valorde Py
. click en el boton .
Operario 2 Analisis de
Gréficos
12
Envioy
anélisis de
P a Excel Valorde P, Cy
Operario tipo de gréfico
) Click en el botén Np= ndmero de parte
Operario 3 C=carga

Pd=Produccién deseada

P=prensa
Fig. 3. Diagrama de flujo de la secuencia de programacion del médulo 1.

Gréficoy
datos

EPP=Elementos de Paro Programado (EPPPH: Elemento de Paro
Programado de Preparacion de herramienta, EPPD: Elemento de
Paro Programado de Desmontaje, EPPDe: Elemento de Paro
Programado de Descanso, EPPL: Elemento de Paro Programado
de Limpieza, EPPE: Elemento de Paro Programado de
Eventualidad

Médulo 2: Simulacion. EI médulo 2 representa la plataforma de simulacion, en
el cual el usuario interactGa con los datos registrados en el médulo 1. En la Figura 4,
se muestra la pantalla principal del programa y en la Figura 5 se muestra el diagrama
de flujo de la secuencia de programacion.

Tabla2. Elementos que integran la pantalla de interfaz

No. Elemento Descripcion
1 Andlisis del comporta- El usuario puede interactuar con esta grafica para reali-
miento de las demoras zar el analisis de la demora en el proceso de produccion

ocasionada por los diferentes tiempos de paros.
2 Anélisis del comporta- El usuario puede interactuar con el andlisis de los nive-
miento de los niveles les generados por los flujos de entrada y salida del
proceso. De igual manera realizar el andlisis de la can-
tidad de piezas que no se producen por los efectos de la
demora.
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PRENSA  gaq ENVIAR @ @

COMPORTAMIENTO DE LAS DEMORAS (MIN) 2, NIVELES
1800+ l l
18001 | T
g 1400} {
a 1200}
W !
g 1000} t 11
2 800}
£
% e00[ -+
Gl
400/ !
200} I
o] JaiL | | e
] 500 1000 1500
DEMORAS (MIN)

Fig. 4. Modulo 2: Simulacion.

P=Prensa
T=Tiempo de simulacién

Simulacién

Ingresar valor
de P

v
Envioy
andlisis de

P a Excel
2

Pes No
correcto
. _~Andlisis de~_No
grafica 2 AN
Valor de T o Clicken el
seleccién de : 6
tipo de Gréfica Operario boton2

Fig. 5. Diagrama de flujo de la secuencia de programacion del Modulo 2.

5 Simulacion y evaluacion

Los resultados de las corridas de simulacion fueron validados contra datos reales
de la produccion en la linea de estampado, y también contra los resultados obtenidos
con un demo del software especializado en DS, VENSIM, con el objetivo de verificar
la validez de las ecuaciones y la veracidad de los resultados obtenidos. Se realizaron
diferentes escenarios de simulacion, con un universo amplio de situaciones posibles,
con el proceso en operacidn de la linea de estampado. Se ilustra el caso mas represen-
tativo. Para tal efecto se selecciond el comportamiento de programacion de la prensa
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834 (prensa de 120 toneladas con procesamiento de piezas en forma automatica y
semiautomatica).

Table3. Programacion de la prensa 834

. Tiempo de Paros pro- Paros no
Cantidad L
No. de Parte produccion gramados  programados
(uds/pza) : . .
(min) (min) (min)
Np Pd CF RFp ATP
1ES9949 2p 2000 417 100 99
CM-3909 1P 1000 30 55 4
CM-3911 2P 2000 313 63 90
1ES1638 1P 1300 163 55 16
COMPORTAMIENTO DE LAS DEMORAS (MIN)
2000 (a) I
1600 [ |-/ (®)

1400~
1000 -+
600

CANTIDAD DE PIEZAS

400
200

UD 500 1500

1000
DEMORAS iMIN

Fig. 6. Comportamiento de los flujos de entrada (a) y salida del sistema (b).

COMPORTAMIENTO DE LAS DEMORAS (MIN)
2000 : : : - - -

1400+

CANTIDAD DE PIEZAS
]
L=

B @
a o
==}

200t

Py I - - . |
o 200 400 600 800 1000 1200
MEAMD A S /AlINL

Fig. 7. Comportamiento del flujo de entrada y salida de la carga 1 de la prensa 834.

En la Figura 6, se puede ver la diferencia de flujos de entrada y salida. Se puede
observar que en la demora ocasionada en la carga de trabajo 1, retrasa el flujo de pro-
duccidn de la siguiente carga, es decir, genera un incumplimiento en esa orden de
produccion. De acuerdo al comportamiento tedrico, la programacion realizada de la
prensa 834 deberia concluir en el minuto 1200 (20 horas después de iniciado el proce-
s0). Sin embargo, las demoras ocasionan un retraso que extiende la produccion hasta
el minuto 1300, es decir casi dos horas de retraso. En la Figura 7, se observa el com-
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portamiento de las demoras en el flujo de salida y entrada para la carga 1. En este
caso, el ciclo debid concluirse en el minuto 500, sin embargo debido a las demoras, el
proceso de produccion de la pieza se extiende hasta el minuto 1100 aproximadamente.

600
400

No. de piezas
)
e
<

—
N
)

140 560 700 1120 1440
Minutos
Fig. 8. Comportamiento de la variable de nivel TP.

@ 8000 @) 7\
58000 pZaBL YARRND”
2 600 \N =
3 / \v / \
/ gt Y
S 4000/ m = © \
S 4000/ N Vo
Z250 | = N A\
140 420 560 700 980 1120 1440

Minutos

Fig. 9. Comportamiento de las variables de nivel (TP (a), NFp (b), NFpt (c)) en el tiempo.

La Figura 8, muestra el resultado de la simulacién, que permite analizar la canti-
dad de piezas que se han dejado de hacer a consecuencia de las demoras registradas.
Para la carga 1: 453 piezas, Carga 2: 400 piezas, Carga 3: 590 piezas y, finalmente,
para la Carga 4: 170 piezas; aproximadamente. En la Figura 9, se observa el desfase
en el tiempo de la variable NFpt con relacién a la variable NFp en el tiempo, esto se
debe a la influencia de los valores de las demoras explicadas anteriormente. La varia-
ble de nivel TP, representa la cantidad de piezas acumuladas retrasadas, es decir la
diferencia entre la cantidad de las piezas tedricas a producir y las que realmente se
producen. Esta diferencia de produccion es el resultado de la produccion con demo-
ras.

6 Conclusiones

Los resultados obtenidos de las corridas de simulacién del funcionamiento de la
prensa 834, muestran que el modelo desarrollado representa satisfactoriamente la
operacion real de la prensa y también proporciona resultados muy aproximados a su
funcionamiento actual. También se observa que el comportamiento de las demoras
tiene gran incidencia en el comportamiento del proceso de produccion de la linea de
estampados. Se determind que los tiempos de paros no registrados son la principal
fuente de origen de las demoras del proceso que, al no ser considerados en programa-
cién normal, ocasionan que se retrase el flujo de materiales. El principal efecto de éste
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se refleja en la cantidad de piezas que son dejadas de producir en el periodo. De igual
manera las gréficas de Niveles presentadas en la Figura 9 permiten hacer un analisis
mas critico de la situacidn, puesto que se visualizan las diferencias entre los flujos de
produccion real y la programada.

Este analisis fue realizado mediante un modelo computarizado desarrollado en el
software Matlab, aplicando la metodologia de DS. El disefio y construccion del mode-
lo en este tipo de software presenta ventajas con relacion a los softwares comerciales
existentes, ya que se disefié de acuerdo a las necesidades y requerimientos de la situa-
cion, es decir se creé un programa personalizado. La imposibilidad financiera de ad-
quirir la licencia de los softwares especializados fue un obstaculo practico. La inte-
gracion de la metodologia de la DS y el desarrollo de su modelo en Matlab, eviden-
cian la efectividad de este modelo para el andlisis del comportamiento dinamico de
sistemas productivos. Actualmente se esta desarrollando un modelo completo que
incluye otras variables de interés, como analisis de las incidencias de las demoras en
tiempos de entrega y retrasos en el flujo de comportamiento de materia prima, con un
enfoque de rentabilidad sobre la inversion. Esto permitird analizar la situacion de la
linea de produccién para la toma de decisiones a nivel estratégico.
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Abstract. This paper considers the reconstruction error of Gaussian fields, when
a non-stationary region is present. The non-stationary character is only given
for spatial data but not for spatio-temporal ones. The reconstruction method is
specified on the basis of the conditional mean rule when the quantity of samples
is restricted. The method estimates the surface of the optimal reconstruction er-
ror functions in the whole space domain of fields. The ability of the method is
demonstrated with a simple statistical description of fields on stationary or non-
stationary regions. The Gaussian fields are mainly described by a spatial co-
variance function to describe the nature of Gaussian Markov fields.

Keywords: Gaussian markov fields, mean square reconstruction error sur-
faces, stationary and non-stationary fields.

1 Introduction

The description of the Sampling-Reconstruction Procedure (SRP) of random fields
has been discussed in many publications [1-7]. It is noticed in the majority of the
works [1-4] that the probability density function (pdf) of fields is not mentioned.
Therefore, this situation is the source of many complexities and imprecision in many
papers devoted to SRP of fields.

The problem of the estimation of the error reconstruction in the SRP of random
fields has practically not been solved in two-dimensions yet. One can appreciate that
the reconstruction error function has been determined in [3, 4] only for a one-
dimensional case, hence the reconstruction error of random processes is defined in-
stead of the reconstruction error of random fields; and only some bounds for the re-
construction error has been evaluated in [5, 6].

In the present paper, a generalization of the conditional mean rule [8] is proposed
for the statistical description of SRP of Gaussian random fields. With this rule the
estimation of an unknown random variable is specified by the conditional mathemati-
cal expectation. This method provides the minimum of the mean square reconstruc-
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tion error. The description of various kinds of random processes and some Gaussian
fields has been determined by this rule in [9-11].

The reconstruction problem of continuous random fields is described, in this work,
only in the non-stationary space, that is, when they do not depend on time. In order to
describe the Gaussian fields completely we use the usual statistical characteristics —
the spatial covariance function and the mathematical expectation. In this work, the
Gaussian random fields are specifically defined by the non-stationary spatial expo-
nential covariance function. Non-stationary random fields are required in modelling
image with complex patterns, in geophysical and environmental applications. For
these purposes is common to describe spatial data with non-stationary covariance
structure.

There has been little progress in the problem of non-stationary fields. Some works
have been focused to transform non-stationary fields into stationary ones [12, 13].

The central differences between our methodology and that presented by the pre-
vious literature are the following: a) the conditional mean rule is applied to describe
the reconstruction procedure of random fields; b) the optimal SRP algorithms are
analyzed with an arbitrary and limited number of samples; c) the nature of the multi-
dimensional pdf of fields is determined by the Gaussian distribution; d) the stationary
or non-stationary character of Gaussian fields is described in any spatial region with
these properties; €) the minimum reconstruction error surfaces are evaluated on the
whole space domain.

2 Description of method

Generally, random fields F(x,y,t) are considered as a continuous three-dimensional
stochastic process with space variables (x,y) and the time variable t. This field can be
completely described by knowledge of its joint pdf

p(le FZ! ey FNy Xl!yll tl! X2| yZ! tZ! .. -;XN! yN! tN)! (1)

for all sample points N, where (x;,y;,t;) indicate space and time samples of random
fields.

The field is represented by infinity of surfaces as separate realizations. Generally, it
is difficult to know the high-order joint probability densities of the fields. But, in the
Gaussian case they can be completely determined by its mathematical expectation
(F(x,y,1))=m(x,y,t) and its covariance function K(X,—X1, YoV, to—t;), where {-) is the
expectation operator.

When we fix an arbitrary set of N samples of the field S={F(x3,y1,t1), F(X2, Y2 1),
..., F(Xn, YN tn)}, the random field is considered as a conditional field where all its
realizations pass through all fixed points of the set S. The general expressions for the
conditional mean matrix and the conditional covariance matrix of Gaussian multidi-
mensional random variable are known [8].

In a variety of systems, the spatial and time domains of the fields are separable so
that the covariance function may be written as

K(X2—X1, Yo=Y1, to—t1) = Kyy(Xo—X1, Y2—Y1) Ki(t2—t1). 2
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The non-stationary spatial covariance function is determined as a function of the
fo-llowing parameters: the difference in each spatial coordinates, x,—x; and y,—y;; and
the variation of the inverse of covariance radius both on x-axis and y-axis, which are
represented by & or &y, correspondingly. Moreover, it is possible to define the begin-
ning of the non-stationary region of the field on x-axis and y-axis by Ly and L,.

With the above-mentioned information the non-stationary covariance function has
the following representation:

ny(XZ_Xll Yo—Y1, E:'Xl ay):Knstat(X: y) (3)

Hence, when we apply the conditional mean rule to two-dimensional Gaussian
fields, we have the following expressions:

M, Y) =m0+ 20D Ky (X=X, Y = %060 8,) % @
i=1 j=1

xay [F(x;,y)-m(x;,y)) ]

& (6 Y) =0 (6 Y) = 2 2 Ky (X=X, Y =¥, 6,6, ) % ®)

i=1 j=1

><aij ny(Xj =X yj =Y, gxi é:y)l

where c°(x,y) is the unconditional variance of the initial field and a;; represents to
each element of the inverse non-stationary covariance matrix:

A=K (%=X Y =Y. 8.8). (6)

With (4) and (5), we can characterize the surfaces of the optimal reconstruction
function and the minimum reconstruction error function of the fields.

Equations (4) and (5) may be useful to analyse stationary and non-stationary ran-
dom fields if the covariance function is characterized with these properties.

3 Results

Now we employ the expressions (4) and (5) for some examples, where the quantity of
samples is sixteen and their Cartesian coordinates are fixed as follows: x;=y;=-1.5;
Xo==1.5, y»,=-0.5; x3=-=1.5, y3=0.5; x4=-1.5, y,=1.5; Xs=-0.5, ys=-1.5;
Xe=Ys=—0.5; x;=-=0.5, y;=0.5; xg=-0.5, yg=1.5; x9=0.5, yg=-1.5; x;0=0.5,
y10:—0.5; X11:O.5, y11:0.5; X12:0.5, y12:1.5; X13:1.5, y13:—1.5; X14:1.5,
Y14=—0.5; X15=1.5, y15=0.5; X16=1.5 and y;4=1.5. These samples are arranged in a
four by four grid.

In this case, the field is modelled by the exponential covariance function which de-
scribes the Markov Gaussian field. I1ts mathematical expression is:

Ko 6 Y) = 02 XD =&, 1% =% [ =&, | Y, — Vi 1] )
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In this paper, we consider that the exponential covariance function has the trend
type of non-stationarity. Hence, the inverse of covariance radii is given by the follow-
ing expressions:

Ex= oyt x[X — Ly|, when x> Ly, 8
Ey=oy+ Vy|y - Ly|, when y > Ly, 9

where o, and o, are the initial values of the inverse of the covariance radius on x-
axis and y-axis, respectively. In all examples we consider o,=a,=1.

Fig. 1. Estimation of the reconstruction error of the stationary random field: a) the error re-
construction surface and b) its contour lines. Sixteen samples are spaced apart to an unitary
distance.

The non-stationary character of the fields is limited by: x> Lyand y > L. y, and v
are the variation factors of &, and &, on x-axis and y-axis. Therefore, the modified
exponential covariance function is given by

Knstat(x' y):O-Z expl:_(ax+}/xlx_Lx |)| X2_X1|
~(a,+7, ly-L, )1y i1

(10)

In the first example, the field is considered with a stationary character. For this
case, the parameters y, and y, have the zero value in (9), and m(x,y)=(F(x,y))=0 and
the variance o?(x,y)=c2=1 in (4) and (5). The surface of the reconstruction error
function &2(x,y) of the field is shown in Fig. 1. In Fig. 1, we can observe that the

reconstruction error function is zero at the location of spatial samples points (x;, Vi),
because in these locations we know the exact value of the field realization.

However, the reconstruction error function has maximum errors at the centre of the
interval, that is, among neighbouring samples. These maxima raise if the coordinates
of the current samples are locate at a bigger distance. Due to the field realization pre-
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sents uniform sampling and has a Markovian property and a stationary character, all
maximum errors are exactly the same.

2 a5 4 05 0 05 1 15
B) fion-statonary regon

Fig. 2. Estimation of the reconstruction error of the random field when a non-stationary re-
gion is limited by the bound x>L ,=0: a) the error reconstruction surface and b) its contour
lines.

In the next instance, the field is considered as non-stationary on the x—axis and sta-
tionary on the y-axis. The variation factor y, defined here is zero, so the exponential
covariance function depicted by (10) is reduced as follow

Knstat(xl y) :O-Z expl:_(ax +}/x | X_Lx |)| X2_X1|
—Q, [Y, =V |:|

(11)

The surface of the reconstruction error function &%(x,y) of the field characterized

by (11) is shown in Fig. 2. In this case, the field presents a non-stationary region in x
> Ly =0 and the variation factors are y,=0.25 and y,=0. We can notice that the
maxima of the reconstruction error function increase when the value of the horizontal
coordinate x tends to be far away of the limit L,, due to the non-stationary behaviour
of this region. However, if x < L, =0 the field maintains the stationary character.

In the last example, the non-stationary behaviour of the field affects the spatial
structure of the field on the x-axis.

In Fig. 3 the surface of the reconstruction error function is given when the non-
stationary region is contained into x>L,=-0.5 and y>L,=—-0.5 and the variation fac-
tors of a, and o, have the same value: y,=y,=0.25. It is important to notice that the
maximum of the reconstruction error is bigger when the spatial coordinates of field
are far away from the bounds L, and L,.
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Fig. 3. Estimation of the reconstruction error of the random field when a non-stationary re-

gion is limited by x>L,=-0.5and y>L,=-0.5: a) The error reconstruction surface and b) its
contour lines.

4 Conclusions

This method provides directly the possibility to describe the stationary and non-
stationary character of random fields when they are characterized by its spatial co-
variance function with stationary and non-stationary properties into any region of the
field.

On the basis of this method, it is possible to evaluate the reconstruction error sur-
faces when the location of samples and the spatial covariance function of non-
stationary regions are known.

This method presents some contributions to describe the sampling-reconstruction
procedure of stationary or non-stationary random fields such as: images or surfaces
with varying covariance structure, and the spatial distribution or concentration of
substances in the subsurface. Moreover, it is possible to evaluate the error reconstruc-
tion of fields or estimate the number and distance of samples in order to provide the
reconstruction of fields with a specific quality.
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Abstract. In this paper we propose a new method for analysis of speech
signals based on the discrete wavelet transform and a mel frequency filter
bank, in order to extract representative features of a speech signal as one of the
most important steps in a speech recognition system. The major issues
concerning the design of the proposed system are selecting the optimal
wavelets and decomposition level. A comparison of the proposed approach and
classic methods as Mel Frequency Cepstral Coefficients (MFCC) and novel
proposals that use wavelets shows that our system competes in term of
recognition rate.

Keywords: Automatic speech recognition, feature extraction, wavelet
transform, speech parameterization, discrete wavelet transform, mel frequency
cepstral coefficients, pre-processing, classification.

1 Introduction

The feature extraction process consists in the transformation of a voice signal into a
parameter representation. Probably one of the most important representations is the
spectral envelop [1] achieved through analysis methods as Mel Frequency Cepstral
Coefficients (MFCC) [2]. Ideally, the analysis method should preserve all the
meaningful perceptual information in order to identify the phonetic differences; it
also should be insensitive to irrelevant variations. Therefore, the meaningful
information is given by three variables: amplitude, frequency and time.

Conventional techniques as MFCC make use of time-frequency analysis with fixed
window size i.e. uniform resolution that decrease the performance of recognition
systems due to unacceptable resolution in time or frequency depending the size of the
window. A possible solution is finding an optimal resolution for time and frequency
through a multiresolution technique for the analysis, such as wavelet transform.

In the existing work we can find multiple ways of using wavelet for speech
recognition tasks, in [3] the speech signal is decomposed into various frequency
channels, based on the time-frequency multiresolution property of wavelet transform;
in [4] new methods for feature extraction based on wavelet decomposition and
reduced order linear predictive coding are proposed for speech recognition; in [5] a
sub-band feature extraction technique based on a wavelet transform is proposed for
phoneme recognition; in [6] the speech signal is preprocessed by a wavelet transform
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to increase the accuracy of the recognition system; in [7] an hybrid system based in
the discrete wavelet transform and linear predictive coding is proposed for
recognition of isolated words; in [8] the performance of the discrete Fourier
transform is compared against the discrete wavelet transform in the computation of
MFCC in the feature extraction process for speaker recognition; in [9] and [13] the
author proposes a new feature vector consisting of coefficients obtained by applying
the discrete wavelet transform to the mel-scaled log filter bank energies of a speech
frame; in [10] the wavelet transform is used as a part of the front-end processor for
feature extraction process in phoneme recognition; in [11] a comparative analysis is
performed between the traditional MFCC and a wavelet based feature extraction
method for speech recognition; in [12] a speech recognition system is proposed using
discrete wavelet transform and artificial neural networks for isolated spoken words;
in [14] a system consisting of wavelet based features, linear discriminant analysis and
principal component analysis is proposed for recognition of spoken digits; in [22] a
method to address the issue of noise robustness using wavelet domain in the front
end of an automatic speech recognition (ASR) system; in [23] a paradigm which
combines the Wavelet Packet Transform with the MFCC for extraction of speech
features is prosed. These approaches can be classified in phoneme recognition, word
recognition and speaker recognition. After review each proposed method we found
that the design of these systems obeys to an empirical process because several factors
affect their performance. The main motivation of this work is to study the behavior of
wavelets as multiresolution analysis technique inside of novel recognition system
that allows us to identify the main factors that define its performance, this, after
delimitating the search space to those values and parameters recommended or used in
previous published papers. In order to attain an objective comparison between our
technique and others previously proposed, we must modify the recognition systems
designed by other authors standardizing the classification and pre-processing steps.

Section 2 of this paper presents the conceptual basis of the method followed for the
spoken digit recognition system implementation, for instance the discrete wavelet
transform and the mel frecuency cepstral coefficient approaches. The section 3
presents the specifications and details of the experimentation step, and also the main
results are presented for discussion in the section 4, where a set of conclusions are
obtained in favor of the performance achieved by the proposed system.

2 Method

There have been proved several new approaches to solve speech processing tasks,
including new research on the combination of MFCC and wavelet transform, [8]
showed that for speaker recognition the DWT outperforms the recognition rate
achieved compared to DFT. In [6] the wavelet is used to preprocess the signal and
extract features that increase the accuracy for recognition of isolated words.
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2.1 Discrete wavelet transform

The wavelet transform is a non-parametric type of analysis which allows
multiresolution, understood as localization in time and frequency. This kind of
techniques has been used successfully for the analysis of aperiodic and non-
stationary signals as speech [15].

The wavelet coefficients are obtained by computing the inner product between an
input signal and a function of limited time that has an average value of zero and unit
norm [16] so that

f +°ol,b(t)dt =0, 1)

lp@I=1. (2)

Wavelet transform then decomposes the input signal into a set of basic functions
called wavelets, which are scaled and translated versions of the mother wavelet 1.
Since the signals treated are discrete we used the Discrete Wavelet Transform
(DWT).

DWT is a wavelet transform for which the wavelet is discretely sampled and gives
us a compact representation of the signal in time and frequency. It can be computed
by an efficient algorithm [16]. The DWT of a signal s[n] is calculated as

Wlj, k] = s[kla=?y(an—k). 3
v

The DWT can be represented as a filtering process using a low pass filter (scaling)
that gives the approximate representation of the signal and a high pass (wavelet) filter
that gives the details or high frequency variations. This process is illustrated in the
Figure 1.

The filtering process begins when the signal s passes through the first pair of filters
producing two coefficients sets: approximation coefficients CAl and detail
coefficients CDI1, after the convolution of the filters and a down sampling procedure.
The next step or decomposition level splits the CA1 in two other sets CA2 and CD2,
this cycle continues until the j-th desired level. We label each wavelet based on the
family and decomposition level. We have chosen the wavelet families according to
the existing attempts of using the wavelet transform for feature extraction of speech
signals [6, 8, 14].
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Fig. 1. Filtering representation of a 3 level Discrete Wavelet Transform (DWT) signal
decomposition.

The DWT has the main advantage of applying varying widow size, broad for low
frequencies and narrow for high frequencies this property allows good resolution in
all the frequencies ranges. The coefficients that result of the transformation of the
signal are obtained after the concatenation of the last level of the decomposition tree,
beginning by the approximation coefficients CAj.

2.2 Mel frequency cepstral coefficients

MFCC’s are one of the most popular and studied features used in speech processing
applications [17]. MFCC technique obtains the cepstrum of a signal in a set of
coefficients that model the human auditory perception through a scale called the mel
scale which is linear before 1 kHz and logarithmic above this value. The frequency
warping can be implemented through a filter bank of triangular bandpass filters
which are centered in the mel scale.

Given the spectrum of a signal

Stwl =S¥ slile v @

The next step is to pass the data of the power spectrum through the mel filter bank,
the output is the mel spectrum of the signal. In order to get the cesptrum the
logarithmic of the mel spectrum is calculated. The final step involves converting the
log mel spectrum back to “time”. This could be done by taking the Discrete Cosine
Tranform (DCT) of the mel-scaled log spectrum because it is real. The cepstral
representation of the signal spectrum provides a good representation of the local
spectral properties of the signal in the frame of analysis. This last procedure is

represented by
(k=)

M
_ M2
Cp = log (Sy)cos M (5)
k=0

where n = 1, 2, ..., k and S, is the mel spectrum of the signal under analysis.
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2.3 Feature extraction WMFC

In this paper, a multiresolution analysis is performed using the DWT replacing the
traditional DFT used to obtain the cepstrum of a speech signal. To obtain a set of
features first the signal is broken into 16 ms frames with 50% of overlap, and then is
windowed with a hamming window.

2nn (6)
=
wn,al=(1—a) —a-cos N_1
where @« = 0.46,0 <n < N — 1 and N is the length of the window.
swlnl = s[nlw(n]. (7)

The DWT of each windowed frame is computed until reach the level of
decomposition chosen. The absolute value of the coefficients obtained at j level of
decomposition is filtered by a mel scale filter bank and the logarithm of the output of
these filters is computed.

= ®)
Z, = log (Z H,[k]D; [k])
k=0

where H, is the p‘h triangular mel filter and k = 0,1, 2, ..., N.

Finally the DCT is applied to decorrelate the log-filter bank energies and a vector
of features is obtained.

ZP: )
c = Z, - cos(mt(p — 0.5)/P).
t o P

The block diagram of the analysis system is represented by Figure 2.

s[n] . _
—>» windowing > DWT ' g [«
Ct
<«— DCT < Filter-bank < Log(*) <

Fig. 2. Block diagram of the proposed analysis system.

3 Experiments and results

3.1 Experimental setup

Our experiments were conducted under ideal conditions, using the TI-46 Speaker
Dependent Isolated Word Corpus [21], which consists of ten English digits “zero”
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through “nine”, collected from several male and eight female speakers. We selected
360 speech samples from this database; from two male and two female speakers,
each one repeating every digit ten times. The sample frequency rate is 11025 kHz,
12-bit PCM and mono channel.

The speech samples are pre-processed to remove the silence using energy threshold
criteria, and then the corresponding feature extraction technique is applied. In all the
cases the samples are windowed with 16 ms hamming window with 8 ms overlap.

After the preprocessing and windowing the feature vectors are obtained by the
corresponding analysis technique. In the DWT case, selection of wavelet families and
decomposition level is done accordingly to the conclusions and recommendations
stated in [8] (dbl, db4, db6, db8 and db10), [6] (dbS), [14] (coif5), [18] (sym6)]. In
MFCC with DFT and DWT, the number of mel filters in the filter bank is 20 and the
number of MFCCs coefficients is 12, both values taken from [19].

The recognition task is achieved with a minimum Euclidian distance criteria based
on the computation of the Frobenius norm of the test samples resulting feature
vector. In the training phase the mean of 20 feature vectors of random samples is
calculated to form the reference patterns for each digit.

The feature extraction techniques used for comparison are: a popular and well
proved MFCC method, a new form of improved MFCC (Wavelet MFCC in [6]) and
the method proposed in this paper. The comparison is done in term of the percentage
accuracy achieved by each method in equal conditions.

In order to evaluate the robustness and performance of the proposed method in
noisy environment and the known fact that wavelets performs better than Fourier in
recognition tasks with noisy samples, the test patterns were contaminated with
additive white Gaussian noise to various signals to noise ratios (SNR).

3.2 Results

To compare performance and robustness of the method here proposed with others
(analysis technique in [6] and classic MFCC) experiments are conducted for various
wavelets, level decomposition and SNR conditions. Table 1 show the recognition rate

at given wavelet and decomposition level with clean speech.

Table 1. Best combination of parameters (wavelet family/order and decomposition level)

Parameter Wavelet MFCC WMEC
Wavelet dbl db10
Decomposition level 4 3
Recognition Rate 83.6% 86.0%

Numerous experiments were conducted in the search of the best combination of
wavelet and decomposition level for each of the feature extraction techniques, the
result is shown in table 1.

After analyzing the performance of each system in terms of recognition accuracy at
a given wavelet and decomposition level, we found that the best recognition rates
were obtained with the 2™, 3™ and 4™ level of decomposition with the Daubechies
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and Coiflet families, particularly with dbl, db10 and coif5. In Figure 3 shows the
comparison of the Wavelet MFCC and the WMFC system performance.
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Fig. 3. Recognition rate of Wavelet MFCC system proposed in [6] and WMFC.

The behavior of the proposed system WMFC shows that the recognition accuracy
is comparable with the performance of other systems proposed in the bibliography
for clean speech.

In order to analyze the robustness of each technique against noisy conditions
several experiments were conducted with different signal to noise ratio (SNR). As
stated in [6] we found that wavelet techniques have better performance under non
ideal conditions, nevertheless techniques that use Fourier as MFCC presented good
performance with clean and less contaminated signals.

Table 2. Recognition rate per digit for WMFC in both clean and noisy environment.

Digits Clean SNR= SNR= SNR=
speech 20dB 10dB 0dB

1 62.38 17.00 21.00 09.17

2 86.50 05.63 12.00 09.50

3 92.50 42.38 31.87 09.50

4 80.00 11.13 15.88 06.67

5 88.75 10.38 05.13 09.50

6 92.63 06.63 03.63 16.50

7 87.50 01.63 01.37 13.17

8 88.00 01.62 00.50 16.83

9 89.62 06.13 08.13 08.83

Average 85.32 11.39 11.06 11.07

After comparing Table 2 and Table 3, it is clear that the WMFC performs better
with noisy signals in comparison with standard MFCC. Analyzing the recognition
rates per digit results in Table 3, which shows an odd behavior as the noise increases,
with clean signals having the lower performance for digit “one”, as shown in [20],
strangely it improves as the noise increases, while the recognition in all the other
digits decay abruptly. This is not the case in WMFC where the recognition rate for all
the digits decays as the SNR decreases.
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Table 3. Recognition rate per digit for MFCC in both clean and noisy environment.

Digits Clean SNR= SNR= SNR=
speech 20dB 10dB 0dB
1 67.37 13.13 26.75 88.00
2 87.62 05.75 05.00 00.00
3 90.63 00.00 13.00 00.00
4 77.00 00.13 04.50 00.00
5 92.00 02.75 07.62 00.00
6 92.50 20.75 12.50 00.00
7 86.00 00.00 00.25 00.00
8 92.50 05.50 10.25 00.00
9 81.88 09.50 10.88 00.50
Average 85.28 06.39 10.08 09.83

A possible explanation could be that the Euclidian distance in high contaminated
environments doesn’t perform well for MFCC but still works with WMFC. This
result is a clue that allows us to guess that with a more robust and complex classifier
such a neural network the WMFC could outperform even more the recognition rate
of MFCC.

4 Conclusion

The goal of this work is to develop a feature extraction system for spoken digits by
using the multiresolution property of wavelets. The obtained results show that the
proposed system WMEFC is very competitive with previously published results [6] for
different languages, data bases and [8] different tasks. An interesting result is the
behavior of a conventional method such MFCC in noisy environments, as it is seen it
gives less recognition accuracy as the noise increases, and the worst recognized digit
(one) results in the best recognized digit; conversely, WMFC shows better
recognition accuracy under noisy environments, and also coherent results.

To achieve a fair comparison of method and systems the conditions and parameters
must be standardized, focusing the attention in the analysis method and establishing
equal pre-processing and classification techniques. A formal analysis of the
implication of using one or another wavelet family or one or another decomposition
level is necessary to understand the sensitivity of the method to these factors.
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Abstract. A model based on the continuum mechanics theory was developed to
describe the hydration reactions occurring in a cement particle surrounded by
water. The heat and mass transfer in the particle was described by a diffusion—
based mechanism. To solve the model, we considered the chemical reaction
stoichiometry, which was then written using a chemical reaction engineering
approach. The hydration reactions of C;S and C;A are exothermic, therefore
they significantly contribute to the amount of energy in the domain. The
equation system was solved by coupling the Reaction Engineering Lab Module
to Comsol Multiphysics 3.5a. The results correctly describe the products
formation and reactants consumption, simulating the formation of a shell
around the unreacted cement particle, as well as the temperature evolution in
the material. Also the model is capable of simulating the temperature increase
in the whole system caused by the exothermic reactions.

Keywords. PID control, Fuzzy control, 2DOF PID control

1 Introduction

The process of curing concrete is meant to provide a high relative humidity and a
suitable temperature in order to promote the cement hydration reactions. Steam curing
at atmospheric pressure is routinely used in precast concrete plants, because it
accelerates the cement hydration compared to curing at ambient temperature.

The concrete curing process has a significant influence in the properties of
hardened concrete [1]. Adequate curing increases its durability, water—tightness,
volume stability, mechanical strength, abrasion, and freezing and thawing resistance.
However, during the steam curing process undesirable effects also occur during the
hydration of cement. These are mainly moisture and temperature gradients that may
cause micro-cracking, reducing the durability of the concrete elements.

The development of mathematical models of heat and mass transport during
cement hydration is an essential tool for the study, design and optimization of new
equipment, improving energy efficiency in transformation processes and reducing
concrete deterioration by making it more impervious to aggressive agents.

For instance, various models have been developed to study the hydration of cement
at a microscopic scale, such as the models developed by Bentz [2] and Van Breugel
[3]. These models are capable of simulating the hydration of Portland cement
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particles. Other models incorporating heat and mass transport have been developed by
[4] and [5].

The aim of this work is to develop a mathematical model that describes the
transport mechanisms of moisture, heat transport and chemical reaction during curing
of concrete with water vapor at atmospheric pressure. The focus of the model is a
continuous type model to explain the transport phenomena occurring in the material
thickness. The prediction of those variables will help us understand various
phenomena occurring during hydration at the particle level, and then transferred to the
material level. Moreover, the model proposed in this work will help understand the
phenomena involving the differences in temperature and humidity profiles in concrete
and propose steam curing procedures that minimize temperature and humidity
gradients to prevent micro-cracking.

The first part of this paper presents the chemical engineering reaction for the
hydration of cement without any spatial variation, the second part describes how the
reactions are coupled to a 2-D model, showing its geometry, mass and energy
balances, the constitutive equations, initial and boundary conditions, and the solution
implementation by finite element in Comsol Multiphysics. The third part presents the
simulation results for the species’ concentration, the heat generated by hydration
reactions and temperature evolution.

2 Development of the mechanistic model

The continuous medium is a physical description of the matter in which the domain
can be described by a set of differential equations. The scale of the material can be
represented from a set of molecules to volume scale of meters depending on the
desired precision. Since the material is never continuous, the continuous medium
approach is always an approximation to the actual phenomena.

A continuous type model is composed of a geometry, general balance equations of
mass, energy or momentum, equations of state, boundary conditions and initial
conditions of the system, and a set of assumptions that are necessary for the model
development [6].

2.1 Chemical reaction engineering

The unreacted-core model for spherical particles of constant size was developed by
Yagi and Kunii Paor [7], which consists of five phases. In cement hydration reactions
only three of them occur: 1) Diffusion of water on the solid particles forming a thin
film around the particle; 2) Diffusion and penetration of water through the reaction
products on the surface of the particle; 3) reaction of water with the solid. The other
two stages occur when the reaction products are in gaseous phase, but in this case we
only have solid products. The reaction rate can be determined by any of these stages,
so it is important to identify which of these control the process.

Stoichiometry of the chemical reaction in the hydration of cement: The cement
phases generating hydration products upon contact with water that give early and
subsequent compressive strength, and also generate most of the heat of reaction are:
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3Ca0 SiO, (C35), 2Ca0 SiO, (C,S) and 3CaO - Al,O; (C3A). Furthermore, these
reagents comprise more than 80% of non-hydrated cement, and react according to the
following stoichiometric equations:

2(3Ca0-Si0,)+7H,0=3Ca0-Si0,-3H,0+3Ca(OH), 1)
2(2Ca0-Si0,)+5H,0=3Ca0-Si0,-3H,0+Ca(OH), Q)
3Ca0-Al,05+6H,0=3Ca0-ALO;-6H,0 3)

Equations 1, 2 and 3 are modeled in the COMSOL Reaction Engineering Lab
module to describe the disappearance of reactants and the appearance of hydrated
products. This depends on the reaction stoichiometry and is described by Equation 4.

dev.) _y 5 4)
dt r- i

where ¢, is the molar concentration of species i (mol/m®), V, is the reactor volume

(m3), t is time, and R; is the rate of reaction (mol/m3s), and i = C5S, C,S, G;A, H,
CSH, and C;AH4 COH. The above equation is a mass balance for each one of the
species participating in the chemical reaction.
Note that this module does not model particle reaction, instead data related to reaction
engineering and kinetics such as reaction time and heat generated as a function of
time are obtained by considering that reactions are held in a Im’® batch reactor,
perfectly mixed at 300 K.

Reactants: Equation 4 gives the material balance for the reactants in the mixed
reactor. In this case the balance has a negative sign because of the decrease in
concentration of these reactants during the course of the reaction (Equations 5-8).

dlCess) _

dt —h (5)
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Products: The balance of products has a positive sign because of its formation
within the stirred reactor during the hydration (Equations 9-11).
d (CCSH )

Tt 9
d Ceon
%:Srlﬂz (10)
d(Ceapns) _

731 =, an

The reaction time depends on the reaction constant, which in turn depends
primarily on the process conditions. In this case, the reaction conditions depend on the
temperature, which is taken into account by the Arrhenius equation and is calculated
with the rate constant k£ (Equation 12).
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, E (12)
k= AT" exp(—
)

9

where A denotes the frequency factor, n is the temperature exponent, E is the
activation energy (J / mol) and R, is the ideal gas constant, 8.314J / (mol K). The
value of the frequency factor for the reaction of tricalcium aluminate is 4 = 1x10” [4],
the exponent of the temperature is zero for » = 0 and the activation energy for the
three reactions are: £ = 100 J/mol, 155 J/mol, and 88 J/mol, for C;2, C,S, and C;A,
respectively.

Once the rate constant is expressed as a function of temperature, the reaction rate is
obtained as a function of the constant of reaction and concentration of the reactants.
Equations 13-15 show that the reaction of Cs;S is ninth order, ¢ C;S is the
concentration of tricalcium silicate and ¢ H,O is the concentration of water. The
concentration units are specified in moles. C,S and C;A reactions are seventh order.

r,=kf_1*c_C,S**c_H’ (13)
r, =kf_2*c_C,S**c_H® (14)
r,=kf_3*c_C,A*c_H° (15)

In order to get the heat of reaction, it is necessary to establish the thermochemical
of the reaction, by calculating the reaction enthalpy from each of the reactions,
obtained by subtracting the enthalpy of the less reactive products. Equation 16-18.

H eaccioncss =-2h_C3S+h_CSH +3h_COH-7h_H (16)
H eaccioncs =hN_CSH +h_COH-2h_C2S-5h_H 17)
H reaccioncsa = -N_C3A-6h_H +h_C3AH6 (18)

The maximum heat generated during these reactions is thus calculated. If negative,
we refer to an exothermic reaction [7], which releases heat to the outside.
Then the heat generated is calculated and will depend on the reaction rate » of each
chemical reaction and the concentration of each of the reactants. Heat generated by
chemical reactions is expressed by equation 19.

Q=-V, 2 Hr (19)
i

Substituting equations 16 to 18 in equation 19 would provide the heat generated by
the reaction.

Q = _Vr (H reaccionC3S IF:L + H reaccionC2S r2 + H reaccionCSArB) (20)

2.2 Model geometry

Model geometry is shown in Figure 1. It consists of one cement particle having a
0.005 m diameter and surrounded by water in a closed system represented by a square
of 0.01 m. Therefore, the domain Q of the system is composed of two subdomains
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(subdomain Q1 for water and subdomain Q2 for cement) and 4 external boundaries
3Q, 3 internal borders 5 and 10 points 8°Q.

0.01 CF3

0.008

0.006

0.004 CF5 CF6
0.002

0 CF1 CF4

0.002

0.004
-0.006 CF7
-0.008

008 CF2  water

-0.014 -0.01 -0.006 -0.002 0.002 0.006 0.01 0.014

Fig. 1. Cement particle geometry.

The hydration chemical reactions of C;S, C,S and C;A occur only in the domain of
the particle.

2.3 Mass and energy balances

Mass transfer in the geometry shown in Figure 1 occurs primarily by diffusion of the
species participating in the chemical reaction. The equation describing the transport of
all species in the model is as follows (Equation 21):

c;
5{55' +V(-DVc,)=R,

21

where c is the concentration of species i participating in the reaction either as a
product or as a reactant, D; is the diffusion coefficient for each species i, and j is the
reaction rate j = 1, 2 and 3 for C;S, C,S and C;A, respectively. The process can be
anisotropic and in this case, D has to be considered as a tensor. However this model
only considers the medium as isotropic because of the domain size. In our model we
have seven equations that correspond to the number of chemical species in the system
domain.

Regarding the heat equation (Eq. 22), it is considered that the energy is transported
mainly by conduction in both the domain of the particle and the domain of water.

@ocp%w(— kvT)=Q

(22)

where ¢ is a temporal scaling coefficient (dimensionless), p is the density of the
cement paste and hardened cement kg/m’, C, is the specific heat capacity at constant
pressure (J/kgK), k is the thermal conductivity (W/mK), and Q (W/m’) contains the
heat source due to the chemical reaction of C;S, C,S and C;A, Eq. 20. The thermal
conductivity may be anisotropic, however in this model it is considered to be isotropic
in the direction of heat flow.
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2.4 Equations of state

As a first approximation the diffusion coefficients in the cement paste were
considered constant and are given in Table 1.

Table 1. Density and diffusion coefficient of the phases in the cement paste

Phase Density (kg/m’) Diffusion coefficient (m/s?)
CsS 3150 1X10%

S 3310 1X10°%°

C;A 3030 1X10%°

H 1000 1X105%(r,+1413)

CSH 2350 1X10%°

COH 2240 1X102°

C;AH, 2520 1X102°

Diffusion coefficient: The diffusion coefficients of the chemical species in the
cement are from 1.0E° to 1.0E” m%/s [6]. The diffusion coefficient of water in the
domain is described as a function of reaction rates as shown in Table 1. The reaction
rate decreases during the hydration process because the products such as CSH, COH
and C3;AHg cover the cement particle surface and prevents water from penetrating and
reaching the unreacted cement.

Thermal conductivity and specific heat: The thermal conductivity of concrete is
considered constant, with a value of 3 W/ (m - K) and densities of water and cement
are 1000 kg/m® and 3000 kg/m’ respectively. The heat capacity of water and cement
are 4200 J/kgK and 2000 J/kg K, respectively.

2.5 Boundary and initial conditions

The system begins with initial conditions of a concentration of 6 mol/m® H,O and a
concentration of 3 mol/m’ C,S at a temperature of 300 K. In Figure 1 we show the
geometry of the model, consisting of two subdomains, the domain of water and the
domain of cement where reactions, heat and mass transport occur. In the domain of
water heating only occurs by the release of energy from the particle.

Table 2. Initial conditions for subdomains

Phase Initial concentration mol/m’ (8Q1) Initial concentration mol/m’ (8Q2)
C;S 0 3
C,S
CA
H
CSH
COH
C;AHq

[=NeNelNeo NeNel
SO OO~

The initial concentrations in the two subdomains of the model are shown in Table
2. It can be observed that the concentrations of the products are zero at the start of the
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reaction at time zero. The C;S, C,S, and C;A contents for the cement used were
calculated according to the Bogue equations [1].

The system has four internal and three external contours as shown in Figure 1. The
boundary conditions of each of the diffusion equations for the species i, are expressed
in equations 23 to 26 as follows:

External border conditions for species, i = C;S, C,S, C;A, H,O, CSH, COH and
C;AHg are insulated and no exchange of matter with the environment occurs. In
Figure 1, these boundaries are marked as CF1, CF2, CF3 and CF4, and the conditions
are expressed for each compound 7, as follows.

n-(-DVc,)=0 (23)

Over 6Q1
For internal boundary conditions CF5, CF6 and CF7, boundary conditions depend
on the concentration of reactants and products in the subdomain Q1 (water) and in the
subdomain Q2 (cement). Because the concentrations are an extension of the
interaction of the two domains is said to be a continuous boundary condition.

[-ove) -ome]
n-|| —D,Vc, — DchJ =0
o Q2 Over 6Q2

For the energy balance, boundary conditions are similar to the conditions used in
the mass transport equations (23-24). The boundary conditions for exterior
boundaries are thermal insulation and conditions for internal contours are continuous
type boundary conditions, and they are given in equations 25 and 26.

n-(KVT)=0 ¢ 0501 (25)

n- [(KVT )91 - (KVT )92] =0 Over 5Q2 (26)

2.5 Solution

COMSOL Multiphysics 3.5a, which has methods based on finite element solution,
was used to solve the partial differential equations system in the domain. The solution
was obtained by the following steps [8, 9].

e Discretization of continuous media: The geometry was divided into 989
elements and set a time step of 1 s, and started from 0 to 1000s. The computation
time was 54.84s

e Selecting an interpolation function: The preset interpolation function in Comsol
Multiphysics 3.5a is a function for two-dimensional triangular quadratic
polynomial represented by a LaGrange polynomial.

T= Q1+ QX + Qgy+ auX°+ asy’+ agXy @7

e Establishing the mathematical formulation of the partial differential equations in
matrix form.

e Assembling the basic equations for a system of simultaneous equations.



140 Advances in Computing Science

e Solving the system of equations: Using UMFPACK code incorporated into
COMSOL Multiphysics 3.5a, which is the code for sparse nonlinear systems.

e Calculating secondary quantities such as space heat fluxes, space concentration
fluxes, etc.

3 Simulation results from the hydration of a cement particle

3.1 Chemical reactions

We obtained the main reaction kinetics in the module Reaction Engineering Lab,
shown in Figure 2. This plot shows the evolution of the concentration of reactants in a
batch reactor of 1 m® of volume.

22 c3s
2 CSH
c2s
1.8 COH
= c3A
£1.6
=
S 1.4
£ —4
£12 o
g1 AT
So.s X
g S
Sos \ 7
0.4 /
0.2 /
014 10 e 2 2 6
10 10 10 10 10 10
Time (s)

Fig. 2. Reaction kinetics of the species modeled in COMSOL Multiphysics 3.5a.

The graph shows the evolution of reactants C;S, C,S, C;A and the products CSH,
COH, and C;AHg. As can be observed the product formation does not contemplate the
dormant period [10], because having the assumption of a continuous stirred reactor,
products react within seconds when they reach the last part of kinetics. Generating
calcium silicate hydrate and calcium hydroxide consists of two phases: first when it is
generated due to the reaction of tricalcium silicate, and the second due to the reaction
of dicalcium silicate. In water there are also different stages in the reaction kinetics
(not shown in Figure 2.), which are the result of the C;S, C;A and C,S reactions.

3.2 Evolution of reactants in the cement particle

We simulated the hydration reaction in a cement particle, from 0 s to 1000s, using
the kinetic data obtained in the Reaction Engineering Lab Module, as mentioned
above. Figure 3 shows that the concentration of reactants is high only in the core after
100 s (Figure 3 left) and is represented by red color. The concentration decreases with
respect to time. In a time of 1000s the C;S concentration in the core starts to decrease.
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Fig. 3. Spatial evolution of the concentration of C;S of during hydration of a particle (left 100s,
1000s right).

In the case of the reaction of C,S, Figure 4, the reaction occurs slower due to the
low activation energy involved in the chemical reaction.
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Fig. 4. Spatial evolution of the concentration of C,S of during hydration of a particle (left 100s,
1000s right).

The C;A is at lower concentration in the reactions, but the reaction rate in the
particle is faster than the C,S and C;S reactions (Figure 5).
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Fig. 5. Spatial evolution of the concentration of C;A of during hydration of a particle (left 100s,
1000s right)

3.3 Evolution of products in the cement particle

Regarding the evolution of products, it can be observed that the calcium silicate
hydrate increases the particle surface rapidly since it is occurring in two reactions of
Equation 1 and Equation 2. Thus, molar concentration of CSH increases by the
contribution of C;S and C,S reactions Figure 6.



142 Advances in Computing Science

Time=100 Max: 1.976
Surface: Concentration, c_CSH [mol/m’] Time=1000 3 Max: 1.874
1.8 Surface: Concentration, ¢_CSH [mol/m"] 18
0.01 16
0.01 L8
o 14
0.
005 i 0.005 12
Hy k
0 0.8
0 0.8
0.6
0.6
-0.005 0.4 -0.005
0.4
0.2
-0.01 0 -0.01 02
o
0015 -0.01 -0.005 0 0.005 001  0.015Min: -0.161 0015 -001 -0005 0 0005 001 0.015Min: -8.642e3

Fig. 6. Spatial evolution of the concentration of CSH of during hydration of a particle (left
100s, 1000s right).

The concentration of calcium hydroxide (COH) will increase twice compared to
the concentration of calcium silicate hydrate Figure 7. However, this increase is only
in concentration because the amount of calcium silicate hydrate is in higher
proportion, since the molecular weight is much larger than C;S.
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Fig. 7. Spatial evolution of the concentration of COH of during hydration of a particle (left
100s, 1000s right)

The concentration of tricalcium aluminate hydrated products C3AHg, Figure 8, will
have a slow increase in the border of the particles, due to the low reactant
concentration, and at 1000s just begins to react around the core.
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Fig. 8. Spatial evolution of the concentration of C;AHg of during hydration of a
particle (left 100s, 1000s right).

3.4 Temperature

Due to heat generation by the exothermic reactions at the surface of the particle, the
water domain starts a heating period at approximately 100s. Figure 9 shows the
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direction of heat flux (red lines). It is important to see that the heat flux is increased in
the surface, as shown by larger arrows in the surface. These arrows are moved to the
center, which indicates that heat flow after 1000s is mainly inside the particle.
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Fig. 9. Spatial evolution of the temperature and heat flow during hydration of a particle (left
100s, 1000s right)

Figure 10 shows the increase in temperature at different points of the radius of the
particle, 1.25x107 2.5 x107 3.7 x10'3, at the surface 0.005m and at the water
domain. It is observed that the temperature changes rapidly from 300 K to 301.2 K,
due to heat generation on the surface. This flow of heat generated is conducted to the
water, because of the continuity conditions shown in Equation 26. Since concrete is a
self-heating material, the heat generation rate is much larger than the rate of heat loss
at the boundaries. This happens due to the particular thermal conductivity and specific
heat capacity, therefore heat generation occurs at the surface, where there is a loss of
heat in the medium. The surface reaches 301.2 K (5x10°m), and as we approach the
core, the temperature begins to decrease because the nucleus reactions have not been
carried out or not completed (1.25x107m).
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Fig. 10. Evolution of temperature during the time in four points on the radius of the particle.

Now if we compare the external boundary of the domain of water (10x107), we see
that there is a temperature increase. We should clarify that the heat transfer at the
cement particle-water interface, and at the water domain the heat transfer occurs by
conduction, so it is considered that there is no water movement (buoyancy effect)[11].
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4 Conclusion

A model for hydration of a cement particle, transport of matter and energy has

been developed based on an approximation of the continuous type. This model
describes the hydration of a particle with a radius of 0.01m, which is surrounded by
water.
The model describes the chemical reactions, evolution of heat, diffusion of chemical
species in a circular geometry. The model involves the reaction of C;S, C,S, and
C;A.When considering these reactions a higher rate is shown, resulting in a rapid
generation of heat, which propagates into the medium. The incorporation of the three
species mainly contributes to the generation of CSH and COH, as C;S and C,S
contributes to an increase in the generation of this products. In addition, the
incorporation of the C;A leads to increased heat generation.
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Deteccion de Estacionalidad en Series de Tiempo
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Resumen. El anélisis de series de tiempo tiene como objetivo investigar el
comportamiento de una o mas variables t(x). Los ejemplos de su aplicacion
son muchos y muy variados como tasa de inflacion, indice de precios, meteoro-
logia, contaminacion, tasa de natalidad y el efecto de El Nifio, por mencionar
algunos. Usando técnicas modernas en el andlisis de series de tempo se pueden
detectar patrones en su comportamiento, pero en muchos casos una de las técni-
cas mas usadas es la Transformada Répida de Fourier (FFT por sus siglas en in-
gles); esta técnica es muy rigida y hace inadecuado su uso en series de tiempo
naturales. En este trabajo se presenta una técnica que nos permite aportar un
mayor conocimiento sobre la estacionalidad en los fendmenos naturales. Los re-
sultados experimentales indican que la técnica de Lomb-Scargle es una alter-
nativa para detectar estacionalidad empleando criterios matematicos y estadisti-
Cos.

Palabras clave: Estacionalidad, serie de tiempo, periodograma Lomb-Scargle,
Transformada Répida de Fourier.

1 Introduccion

Una forma de representar fendmenos naturales es mediante una serie numérica
de tiempo, la cual puede verse como un conjunto de valores en forma consecutiva en
el tiempo. Empleando diferentes técnicas de analisis de sefiales podemos describir el
comportamiento del fenémeno a corto y mediano plazo. Sin embargo, es muy
dificil determinar las diferentes caracteristicas que pueden presentar [1] debido a que
comunmente las series de tiempo no presentan un muestreo regular y/o no son uni-
formes, lo cual genera problemas en la bldsqueda de caracteristicas, en especial la
basqueda de estacionalidad, limitando el uso de técnicas como FFT, ya que el uso de
este tipo de técnicas son muy estrictas.

La estacionalidad es una caracteristica o patron repetitivo en los fenémenos y puede
presentarse en periodos anuales, mensuales, semanales y otros diarios; pero en mu-
chas ocasiones estos patrones se presentan en forma irregular para el mismo fenéme-
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no por lo que esto complica su estudio. Como una alternativa se ha propuesto la técni-
ca de Lomb-Scargle (1976 y 1982), el cual es un método de estimacion de espectro de
frecuencias, sobre la base de minimos cuadrados ajustando ondas sinusoides a mues-
tras de datos, en donde se toma primero un retardo de tiempo t, logrando obtener
senusoides mutuamente ortogonales en tiempos de muestreo t;, para obtener la mejor
estimacion en la frecuencia de poder [2,3], y posteriormente usar técnicas estadisticas,
para la obtencion de estacionalidad en series de tiempo.

2 Serie de tiempo

Una serie de tiempo, es un conjunto de datos numéricos obtenidos a partir de una
observacion experimental de algln sistema o mediante el calculo numérico de ecua-
ciones, es decir, una serie de tiempo es un conjunto de tipo:

T ={xX1,X2 ceov) Xty eun . XN}

Una serie de tiempo por lo general consta de diferentes oscilaciones de valores,
sin embargo, las series de tiempo naturales raramente tienen oscilaciones tan
simples como las que se muestran en la figura 1, por lo que tienden a ser mas com-
plejas, como se muestra en la figura 2 [4].

5/\\4%\\//\\//"\

Fig. 1. Ejemplo de a) serie de tiempo seno y b) serie de tiempo coseno
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Fig. 2. Ejemplo de serie de tiempo natural.

3 Técnica lomb-scargle

Un método para extraer y evaluar una serie de tiempo periddica y obtener de forma
significativa estacionalidad en el sentido estadistico con datos irregularmente espa-
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ciados, es la técnica Lomb-Scargle [5], la cual eval(a los datos como senos y cosenos
solo en el tiempo t; que se esta midiendo en ese momento, como se describe a conti-
nuacion:

Dados N mediciones h; = h(t;) parai = 0 hasta N — 1, se puede calcular el periodo-
grama mediante la ecuacion (1) [6].

R 2 s 2
P,(f) = L{[Z(hi_h)ms‘”(ti—f)] + [Z(hi-R)sinw(t;-1)] } M

Y cos2w(t;—T) Y sinw(t;i—1)

donde h = %Z’i"z‘ol h;, % = ﬁzﬁ";&(hi - E)z, w = 2nf > 0y 7 es definida por la

., Y. sin2wt;
relacion tan(Qwt) = =——2L.
» cos2wtj

La distribucion de probabilidad para datos aleatorios (no periddicos) es
exp(—P,). Si P = 3, existe ~5% de probabilidad de que el componente sea aleato-
rio. Porotro lado si la prueba se realiza en muchas frecuencias, la probabili-
dad “maxima” aleatoria se expresa en la ecuacion (2):

P,=1—(1—ePo)M (2)

Donde M es el nimero de frecuencias, ~1.2x el nimero de observaciones.

3.1  Pseudocodigo

A continuacion se presenta el pseudocédigo, para calcular estacionalidad estadistica
con la técnica de Lomb- Scargle para datos irregularmente espaciados:

Entradas: N (serie de tiempo), T (intervalos de tiempo), hifac > 1y ofac > 4.

Inicio
inicializar N < longitud de h;
inicializar m1 €< el maximo valor de t;
inicializar m2 €<el minimo valor de t;
inicializar Suma € 0;
asignar T € ml - m2;
para i=0 hasta N-1
asignar suma < suma + h(i);
fin
asignar media € suma/ N;
asignar suma < 0;
para i=0 hasta N-1
asignar suma € suma + (h(i) - media) » 2;
fin
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asignar varianza < suma/ (N — 1);

asignar j € 0;

para i< 1/(T*ofac) hasta hifac*N/(2*T)), en incrementos de 1/(T*ofac)
asignar f[j] < i;
asignar j €< j+1;

fin

para i€0 hasta longitude de f-1
asignar w[i] <« f[i] *2 * m;

fin

para i=0 hasta longitude de w-1

asignar tau[i]€ arcotang (seno(zx[[:]]*t[”)) ) (Cosemz:{i{]ﬂ*t[l]))

fin
para i€0 hasta longitude de w -1
asignar Asin[i] écoseno(w[i] * t[i] — repmat(w[1] * tau[1], longitud de t));
asignar Bcos[i]€ seno(wli] * t[i] — repmat(w([1] * tau[1], longitud de t));
fin
para
asignar P € sumar(Bcos * diagonal (h — mu))
fin
asignar M € (2 « longitud de f)/ofac
asignar prob< M + exp(—P);
asignar inds < prob>0.01;

asignar prob(inds)€ 1 — (1 - exp(—P(indS)))A M;
Fin

4 Metodologia

Dado las bases de datos con series de tempo naturales y artificiales se les aplica la
técnica de Lomb-Scargle empleando la ecuacion 1, para calcular el periodograma y
posteriormente se hace el analisis estadistico, obteniendo como resultado dos graficas;
en la figura 3, se presenta esta descripcion de forma visual.

En la figura 4, se presenta una grafica en la cual el eje de las “x” representa la fre-
cuencia. Para la figura izquierda se presenta la frecuencia de la serie de tiempo obte-
nida a partir de la técnica Lomb-Scargle. En la figura derecha el eje de las “y” repre-
senta el grado de significancia. En este ejemplo todas las frecuencias que sobrepasan
el umbral de significancia marcado con el numero 1 en la grafica izquierda, se filtran
para obtener la grafica derecha como se muestra en el numero 2.

1. Se obtiene el conjunto de datos.

2. Se aplica la ecuacion (1) perteneciente a la técnica de Lomb-Scargle.
3. Se obtiene la estacionalidad estadistica.

Nota. La significancia es un parametro.
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Fig. 3. Metodologia para la extraccion de estacionalidad empleando la técnica Lomb-Scargle.
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Fig. 4. En la parte izquierda se presenta la frecuencia obtenida a partir de una serie de tiempo, y
en la parte derecha se presenta la frecuencia significativa, la cual sobrepasa el umbral marcado
con la linea numero 1.

5 Conjuntos de datos

Para el analisis experimental se tomaron dos conjuntos de datos, el conjunto A con-
tiene series de tiempo naturales, las cuales han sido muy estudiadas y se sabe que
presentan estacionalidad [7]. EIl segundo conjunto B, contiene series artificiales en los
cuales no se sabe si presentan o no estacionalidad.

5.1  Conjunto de datos A (datos naturales)

Para el andlisis experimental con series naturales, se tomaron los datos de 8 indices de
teleconexion [8, 9], cuyas mediciones fueron tomadas desde 1950 hasta 2010, para
cada uno. A estos datos se les realizé una transformacion lineal [10]. En la tabla 1, se
muestran las siglas utilizadas para identificar los en la descripcién de resultados.
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Table 1. indices de teleconexion.

Siglas  Indices de teleconexion Siglas  indices de teleconexion
NOA North Atlantic Pattern PNA Pacific North American Pattern
EA East Pacific Pattern EA/WR East Atlantic/West Russia Pattern
WP West Pasific Pattern SCA Scandinavia Pattern

EP/NP East Pasific/North Pacifica Pattern POL Polar Eurasia Pattern

5.2 Conjunto de datos B (datos sintéticos)

Se tomaron 30 series de tiempo obtenidas a partir de ecuaciones y analisis experimen-
tal, en la tabla 2 se enlista el nombre de cada una de ellas.

Table 2. Series sintéticas.

Santa Fe DownJones HIVDNA Logistic Primos Sine

SCII ECG HumanDNA Lorenz QP2 Star
BrownMotion EEG IKEDA Lovaina QP3 Tent

Cantor El Nifio Kobe Mackey-Glass Rossier 'Vaderpol
D1 Hennon Laser Plasma S&P500 \White Noise

6  Analisis experimental

A cada serie de tiempo de ambos conjuntos de datos se les aplicé la técnica de Lomb-
Scargle y la FFT, para obtener el periodograma de cada una de ella, algunos de los resulta-
dos muestran a continuacion.

0
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Fig. 5. Indice EA/WR presenta estacionalidad.
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Fig. 8. Serie EEG, presenta estacionalidad.

Como se puede observar en los diferentes ejemplos mostrados en las figuras 4 - 8, las
series presentan estacionalidad observada a través de la técnica de Lomb-Scargle,
ademas de obtener la estacionalidad significativa. Por otra parte, las series de la figu-
ras 9 y 10 para el conjunto de indices y el conjunto B respectivamente no presentan
estacionalidad, por lo que el comportamiento que presentan las series de tiempo

es complejo.
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Fig. 9. Indice EA, no presenta estacionalidad.
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Fig. 10. Serie ECG, no presenta estacionalidad.

7 Conclusiones

Uno de los paradigmas que esta latente y sigue siendo un reto en diferentes areas es
predecir fendbmenos naturales, por lo que una forma de atacarlo es conociendo el
comportamiento de las series de tiempo, actualmente una de las caracteristicas mas
significativas es la estacionalidad, pero la mayor parte de las series presentan un gra-
do de dispersion variable, es decir, se presenta el mismo fenémeno pero no con el
mismo rango de tiempo por lo que al manifestarse de esta forma no es claro conocer
su dinamica, sin embargo, existen técnicas que pueden mitigar esta condicion.

En este trabajo se presento el analisis de series naturales y artificiales, en los que se
presenta estacionalidad estadisticamente significativa, sin embargo, empleando la
técnica FFT, no es claro detectarla como se puede observar en los diferentes ejemplos
debido al funcionamiento de técnica de FFT, ya que para su analisis requiere que sean
acotadas, infinitas, por mencionar algunas caracteristicas y esto no es posible encon-
trarlo en series naturales, por lo que al aplicar FFT se puede llegar a tener resultados
erréneos. Los resultados obtenidos muestran el potencial de la técnica Lonm-Scargle,
para la obtencion de estacionalidad en las series de tiempo natural y artificial, emple-
ando métodos estadisticos que con otras técnicas no se puede hacer.
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Abstract. The Voronoi diagrams have had a considerable effect on different
areas of interest for the development of engineering, geography, mathematics,
systems and others. In this document we present a description from their
beginnings, showing the formality of their properties, explaining construction
algorithms and finally mentioning their relation with other technologies such as
the parallel computing, the GPU’s and other areas of interest. The Voronoi
diagrams present a structure apparently simple at first glance that we may even
observe in different phenomenon of the nature but it is important to understand
the duality through other structure called Delaunay triangulation.

Keywords. Convex hull, delanuay triangulation, graphic processing unit,
natural neighbor interpolation, voronoi diagrams.

1 Introduction

The human mind has forged space domination during the evolution of its being, for us
it is important to understand and delimit spatial areas, either for knowledge of
territorial areas, shorter searches for resources or even for the visual esthetics. Step by
step, a great variety of cases with limited scope are being presented but with the
passage of the time it calls the attention of specialists and results in different studies
and applications until forming a research area.

The Voronoi diagrams help us to form an organized decomposition of a determined
space and according to a set of point elements (Voronoi sites). This concept was used
in order to provide one of the solutions for the Kaplan conjecture on the optimum
packaging of spheres and Decartes employs it in the book Principles of Philosophy
published in 1644 to apply the vortex theory to the functioning of the universe, where
the stars would be the center of celestial vortices and at the same time the Sun would
be one of them that would drag the planets through an invisible fluid. In the year of
1854 in London during a cholera outbreak, John Snow performed geographical
methods in order to identify the origin of the epidemics, where the faucets represented
the sites of a VVoronoi diagram. However, formally those who introduce an adequate
definition of this spatial structure are the mathematics Gustav Dirichlet and Georges
Voronoi, who name them as Dirichlet tessellation [1] in 1850 and Voronoi diagrams
[2] in 1908 respectively. Georges VVoronoi discovers the duality of this structure when
connecting two sites that have a common border, but it is Boris Delone in 1934 who
defined this property as the Delaunay triangulation, employing the empty sphere
method [3].
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The first applications go back to 1911 when Alfred Thiessen performs
meteorological studies in the calculation of precipitations and in 1927 Paul Niggli
reports research in crystallography. Subsequently until the present, the Voronoi
diagrams and the Delanuay triangulation are employed in different areas, to mention
some of them we have: astronomy, geometric calculation, construction of models,
architectonic design, geology, meteorology, optimization, robotics and geographic
information systems [4].

2 Definition and properties

2.1 Voronoi diagrams

We will express the Euclidean distance between two points as p = (p1, P2, - Pn)
and q = (91,932, ---,qn) as dist(p,q), defined as

dist(p,q) = ((pr — 4.)* + (02 — 42)* + = + (Pn — G)H)? @

The perpendicular line that divides the segment pg in two equal parts
(perpendicular bisector) is expressed as B(p, q) and defined as

B(p,q) = {x € R" | dist(x, p) = dist(x, q)} (2

P = {p1,p3, ---, Pm} being a set of m different points on the plane (these points
are called sites). We will define the Voronoi diagram of first order of P as a
subdivision of the plane in m regions (see figure 1), where each region T; is
associated to a site p;, such that any point T; is close to p;, the above mentioned is
defined as:

T, = {x € R" | dist(x,p;) < dist(x, p]-) Vi#j} 3)

The geometric structure of the diagram is formed by semi-circles and Voronoi
vertices. Some important properties of the Voronoi diagram in two dimensions are
listed below:

e A Voronoi edge is defined as a perpendicular bisector of the two closest sites p;
and p;, see figure 2. The condition of the circle that contains two close sites and the
edge that passes through its center should comply with the condition that no other
site should be in its interior.

e A Voronoi vertex is the intersection of three edges of the diagram, the vertex also
represents the center of a circle defined by three sites p;, p; and py, as long as the
Voronoi diagram is regular or grade three, see figure 3. As condition of the circle
generated by the three sites, it should not contain other sites in its interior.

e The regions formed by the diagram are convex polygons or non-enclosed regions.
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Fig. 2. Two sites. Fig. 3. Three sites.

2.2 Delaunay triangulation

The Delaunay triangulation is a graphic that presents the dual characteristic of the
Voronoi diagram, it is only needed to unite the sites that share a common edge and
complement with a convex cover where applicable. But to construct a Delaunay
triangulation from the Voronoi diagram is costly which is why other techniques are
used to generate it. In the figure 4 a triangulation is shown following the properties of
the work of Boris Delone and the figure 5 shows the duality of both structures.

The Delaunay triangulation is used for the generation of nets, defining a method to
connect an arbitrary set of points in a manner that they form a topologically valid set
of triangles that does not intercept [5].

Fig. 4. Delaunay triangulation.  Fig. 5. The duality of both structures.
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The main properties of the Delaunay triangulation in two dimensions are:

e For aset of points P = {p;, Dy, ..., Pm}, Where D is a Delaunay triangulation of P
if and only if no point P is in the interior of a circle formed by the circumscribed
circumference of any triangle of D, see figure 6 and 7.

¢ A convex cover is formed in the border points of the Delaunay triangulation.

¢ A Delaunay triangulation is unique.

Fig. 6. Legal triangulation. Fig. 7. lllegal triangulation.

3 Construction algorithms

Due to the extensiveness of the algorithms to generate the VVoronoi diagrams the two
most classic from its history will be mentioned and explained in a brief but concise
manner.

3.1 Incremental algorithm

This algorithm can be considered as one of the simplest and most intuitive
procedures, one of the first works where the incremental method is used in the
Voronoi diagrams was studied by Green and Sibson [6]. The idea that implements the
present algorithm consists in adding one site at a time from the set of point sites P (a
complexity O(n?)), the figure 8 illustrates an example of the addition of a new site to
the Voronoi diagram, the shaded area indicates the space occupied by the added site.
For each one of the insertions the diagram is modified and the problem resolved in
iterative manner. The technique of natural neighbor interpolation introduced by
Sibson will be used that makes reference to the use of the second order Voronoi
diagram. The cloud of sites P is subdivided in regions called Ty, and now each region
T;; defines the geometric place of the site p; as the closest one and the site p; as the
second closest, this is presented in the following manner:

Tij = {x € R" | dist(x,p;) < dist(x, pj) < dist(x,p) Vi # ]+ k} 4)

The inserted site will generate a new region which is why the VVoronoi diagram will
have to be modified; this new space is formed with perpendicular bisectors between
the close neighbor sites and creates areas proportional to the recently created site.
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Sibson established that the coordinates of a natural neighbor of a point x generate a
weight that is proportional to each one of their natural neighbors, generating a section
of T,; region. The figure 9 establishes an example, the added point x generates the
area understood as Ty, (shaded area) formed by the closed polygon for the site 1. We
also observe in the figure 8 that x has four natural neighbors (sites 1, 2, 3 and 4) and
each one generates a section of region around and within x, the sum of these regions
corresponds to Ty (shaded area in the figure 8).

Fig. 8. A new site added.  Fig. 9. There are four natural neighbours.

From other point of view, this method of insertion can be better implemented
through its dual modality and it is called the incremental flipping algorithm. In the
same manner, when a site is added, the triangulation should be reconstructed
complying with the properties of the empty sphere. During the insertion a new net is
generated around the new site, which is why the illegal edges have to be legalized and
every new generated triangle is traversed, validating it with regards to its property of
circumscribed circle. In the event that it does not comply we proceed to exchange the
edge with the neighbor triangle, the procedure is illustrated in the figure 10.

Let us try to solve a real life problem, we have several post office locations in a
city, see figure 11a (the small circles are the post offices). For each location we have
the coordinates and we can represent them in a Euclidean space. Then the problem is
visualize and find the closest post office to a given house by proximity. In the figure
11b the dots represent the post offices.

(b)

© R )

Fig. 10. a) Added a new point b) General triangulation c) First flip d) Second flip.
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Now the postman must go out and make a delivery, but it would be wasteful if
another post office is closer (we need a region optimal for the postman). The service
region for a postman is a cell of Voronoi diagram. We know the algorithm to how
construct a Voronoi diagram with a set of points in the plane. The figure 11c show us
this construction and finally the figure 11d we can see the application about in the
map.

LIHeh @) (b)

(d)

Fig. 11. a) Post offices in the map b) Sites represent the post offices c)
Construction of Voronoi diagram d) VVoronoi diagram in the map.

3.2 Divide and conquer algorithm

The method divide and conquer is one of the fundamental paradigms in the design of
algorithms, where the idea is to divide the main problem in various simpler problems
in order to subsequently find a solution based on them.

The first ones to use this technique were Shamos and Hoey [7] with a complexity
O(n logn) to construct the Voronoi diagram with an optimum computer cost in the
worst case scenario. The process starts with a subdivision of the set of sites of P,
either horizontal or vertical, we will have two halves with approximately the same
quantity of sites to which a convex hull is applied, see figure 12a. Subsequently the
Voronoi diagram is constructed in a recursive manner for each subset of sites, see
figure 12b.

The most important procedure is to construct a polygonal open line that would be
dividing into two subsets where each straight segment represents a bisector between
two points from different subsets, points that have the characteristic of forming part of
the convex cover, they are border of the subsets to be united and form close
neighbors. The straight segment changes trajectory each time that it intersects with a
Voronoi diagram edge entering other region generated by other site and other bisector
is constructed complying with the above mentioned characteristics, see figure 12c.
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The Voronoi diagrams are constructed recursively in order to perform afterwards the
corresponding unions of each pair of subsets until including all the sites of P.

(b)

Fig. 12. Divide and conquer algorithm for VVoronoi diagram.

The divide and conquer algorithm also applies to the Delaunay triangulation, in the
same manner as to the VVoronoi diagram, the set of points is divided in two subsets of
the same size, each Delaunay triangulation is calculated separately and finally the two
triangulations are united complying with the established criteria. This implementation
was elaborated by Guibas and Stolfi [8], see figure 13.

o
(©
Fig. 13. Technique divide and conquer for Delaunay triangulation.

The above mentioned techniques were shown in a 2D space, even though many
important applications in different disciplines require greater dimensionality, the
Voronoi diagrams are also elaborated in a 3D environment. Deok-Soo Kim and his
colleagues worked in 2005 on an algorithm for construction of the VVoronoi diagrams
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in an Euclidean space using spheres in 2D, the complexity of its algorithm is of O(m
n) in the worst case scenario, where m is the number of the Voronoi diagram edges
and n is the number of spheres [9].

4 Voronoi diagrams in other areas

4.1 Parallel computing in voronoi diagrams

In the applications of the VVoronoi diagrams where multiple calculations or operations
have to be performed in real time, the need has been observed to address the analysis,
design and implementation of parallel algorithms. Sequential algorithms had been
developed since 1975 for the geometric computing problems but since 1980 a
noticeable contribution has been presented by Chown [10] in the parallel computing
for geometric problems. The work performed by Aggarwal et al in 1985 should be
noted [11], where they present an efficient parallel algorithm in order to construct the
Voronoi diagrams among other geometric applications.

A parallel algorithm primarily needs parallel computing in order for different parts
of the algorithm to be executed by various processors in simultaneous manner and to
finally unite them to obtain the desired result. The technological progress has
produced machines that have become more and more powerful and generally work
with more than one processor; fortunately the cost of hardware is not so elevated,
which allows for the parallel processing applications to be used with greater
frequency. A technology has been introduced recently that releases the load of
operations of the central processing unit (CPU) and also the memory depending on
the applications, these are sent to a graphic processing unit (GPU) that were used
primarily for the use of videogames and graphic operations. Thanks to the great
capacity of operations that the GPU’s are able to perform, due to the considerable
quantity of processors that they contain, they have been employed in different areas of
science and engineering to accelerate the involved calculations. The concept of
construction of the Voronoi diagram used with GPU was employed by Rong and
Zhan Yuan in the works [12] y [13].

4.2 Parallel algorithm

The divide-and-conquer is a variant of the more general top-down programming
strategy and is one of the first optimal solution allowing for efficient parallelization
for constructing Voronoi diagram or the Delaunay triangulation. This structures have
been proposed for computing in parallel in computational geometry. The technique
divide-and-conquer try to work out a problem into two or more subproblems, every
subproblem can be solve recursively in parallel. The crux is solved through a series of
merges for every subproblem.

We going to speak about the Delaunay triangulation for use to give a parallelism
with the divide-and-conquer strategy. In the figure 14 we appreciate the algorithm
when the cloud of points is divided in two groups, every group is solve with a
compute process independent (we can see the illustration of the procedure in the
figure 13).
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| Triangulation process start l

Divide V into two nearly equally-sized sub partitions VL and VR

according to x and y coordinates
I

h 4 v
Recursively generate Recursively generate
triangular mesh in VL triangular mesh in VR
T T
L]

Merge two sub triangular meshes of VL and VR

Optimize the initial triangular mesh to generate Delaunay
triangular mesh
v
| Triangulation process end ]

Fig. 14. Divide and conquer algorithm for Delaunay triangulation [14]

If we have computers with large numbers of process unit are capabilities to run
multiple processes that solve everyone of block of triangulation, see figure 14 a and b.
Merging the blocks is the critical step and this procedure can used parallel scheme for
the merging phase, in the figure 13 b and ¢ we can see the merger of two
triangulation.

Processor 1 Processor 2 Processor 3 Processor 4 Processor 1~ Processor 2 Processor 3 Processor 4
L]

@) (b)

Fig. 15. A set of point going to be worked for four processors.

4.3 Voronoi diagrams and other applications

In the robotics area we have various applications such as the planning of routes of
robot using Voronoi diagrams or when the robot should move avoiding collisions,
which is why the trajectory of the robot should be designed. In 2007 Bhattacharya and
Gavrilova worked on the planning of optimum routes using Voronoi diagrams [15].
Working with the same idea of the robots, M. Gold in 2006 proposes the use in the
field of the GIS (Geographic Information Systems from its English initials) in order to
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avoid collisions with geographic accidents [16]. Within the GIS, the number of
applications is considerable when trying to adjust the Voronoi diagrams to the
geographic characteristics of the different regions of the planet. The use of classifiers
in pattern recognition using the Voronoi diagrams is employed in techniques of
minimum distance or the closest neighbor (that are non-parametrical rules for
techniques), as used in the work of Narendra Ahuja [17]. This tool provides countless
applications such as those used in image recognition and an example is the one used
by Abbas Cheddad in order to obtain the extraction of characteristics of human face
[18].

5 Conclusions

The Voronoi diagram is a fundamental structure in many applications of technology
and is relatively simple concept with a wide gamma of applications in science and
engineering. We observe a promising future in Voronoi diagram applications, through
unprecedented development when use computing parallel and graphic processing unit.
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