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RESUMEN (en espafiol)

Las nuevas tecnologias permiten adquirir y almacenar grandes volumenes de datos de distinta
naturaleza. Con el objetivo de transformar estos datos en informacién, deben ser analizados y
explicados de la manera mas comprensible e interpretable posible, empleando para ello todo el
conocimiento que se posea sobre el fendmeno estudiado. Gracias al lenguaje natural podemos
construir sistemas computacionales que interpreten y describan las caracteristicas mas
relevantes de un fendmeno imitando la forma que tienen los seres humanos de percibir e
interpretar la informacién. Esta descripcion se realiza recopilando las expresiones linglisticas
que se emplean comunmente para definir el fenbmeno, y escogiendo en cada momento la
expresion o expresiones que mejor definan la situacion, esto es, que presenten el mayor grado
de validez.

El objetivo principal de esta tesis es extender la Teoria Computacional de Percepciones,
introducida por Lotfi Zadeh en 1999. La idea consiste en utilizar la Logica Difusa para crear
modelos basados en la forma que tienen los seres humanos de hacer descripciones a través
del lenguaje natural. El objetivo es utilizar las estructuras del lenguaje para hacer modelos
precisos y robustos que manejen la imprecision inherente de los fendmenos complejos.
Durante los ultimos afios, la unidad de Computacién con Percepciones del European Centre for
Soft Computing ha desarrollado sistemas computaciones que utilizan el lenguaje natural para
describir linguisticamente los datos recogidos de un fenédmeno. Su principal contribucion en
este campo de investigacion consiste en la creacién del denominado Granular Linguistic Model
of a Phenomenon, que analiza los datos de entrada, combina diferentes fuentes de
conocimiento y genera informes sobre los aspectos més relevantes del fenédmeno estudiado,
adaptando el contenido al receptor final del mensaje.

Esta tesis recoge como testigo los primeros resultados obtenidos en esta direccion,
incorporando mejoras y nuevos elementos en la arquitectura general de modelado linguistico.
La metodologia llevada a cabo ha consistido en el desarrollo e incorporacion de nuevos
conceptos teodricos, como son el “desconocimiento” y la “relevancia”, dos caracteristicas
intrinsecas en el modelado de fendbmenos complejos, que hasta la actualidad no se habian
tenido en cuenta. Ademas, se ha ampliado y evolucionado el concepto de Fuzzy Finite State
Machine, un paradigma para modelar aquellos fenémenos que evolucionan en el tiempo,
generalmente de manera quasi-periddica.

Por otra parte, el empleo de emociones en el desarrollo de sistemas computacionales juega un
papel fundamental en los procesos de toma de decisiones. La sensibilidad emocional y la
expresividad son muy importantes en la interaccion humana y transmiten informacion valiosa.
Dado que la descripcion linglistica de datos esta especialmente pensada, en general, para
aplicaciones en las que existe una fuerte interaccion hombre-maquina, esta tesis se ha
adentrado en el mundo del Affective Computing, modelando emocionalmente un agente virtual
cuyo caracter (gestos faciales y expresiones linguisticas) evolucionan de acuerdo al grado con
el que se alcanza el objetivo perseguido.




Cada contribucion teérica se ha respaldado con la resolucion de problemas practicos con
aplicacion en el mundo real. De este modo, se ha creado un modelo de la marcha humana més
completo y robusto, disefiando y elaborando una aplicacién capaz de describir la calidad de
nuestra forma de caminar. Asimismo, se ha creado un modelo que analiza las principales
actividades del ser humano, con el objetivo de proporcionar una herramienta de auto-
seguimiento de la actividad diaria. Finalmente, se han aplicado estas técnicas para modelar
fendmenos de otros campos como la astronomia, el transporte o el consumo eléctrico.

RESUMEN (en Inglés)

New technologies allow us to acquire and store big amounts of data from very different fields.
With the aim of transform these data into information, they must be analyzed and explained in
an interpretable and understandable way, using for this purpose the available knowledge about
the phenomenon. Thanks to the natural language, we can build computational systems that
interpret and describe the more relevant characteristics of the phenomenon, in the same way
human beings perceive and interpret the information. This description is done by taking the
most commonly expressions used to define the phenomenon, choosing the expression or
expressions that better define the situation, i.e., those which have the highest validity degree.

The main goal of this Ph.D. thesis is to extend the Computational Theory of Perceptions,
introduced by Lotfi Zadeh in 1999. The idea consists in using Fuzzy Logic to create models
based in the way human beings make descriptions by means of natural language. The goal is to
use the language structures to design precise and robust models that deals with the imprecision
inherent in complex phenomena. During the last years, the research unit “Computing with
Perceptions” of the European Centre for Soft Computing, has developed computational systems
that use natural language to linguistically describe the data acquired from a phenomenon. Its
main contribution in this field is the so called “Granular Linguistic Model of a Phenomenon”, that
analyzes the input data, combines different knowledge sources and generates reports about the
relevant aspects of the studied phenomenon, adapting the content to the final receptor of the
message.

This Ph.D. thesis takes the first results obtained in this direction, providing new advances and
new elements to the general architecture of linguistic modeling. Methodology followed has
consisted in developing and incorporating new theoretical concepts, as the “ignorance” and the
“relevance”. In addition, the paradigm of Fuzzy Finite State Machine has been improved, in
order to model those phenomena that evolve in time, generally in a quasi-periodic way.

By other hand, the use of emotions in the development of computational systems plays a
fundamental role in decision-making processes. The emotional sensibility and expressivity are
very important in the human interaction and transmit valuable information. Since the linguistic
description of data is specially thought, in general, for those applications with a strong human-
computer interaction, this Ph.D. thesis has deepened in the field of Affective Computing,
emotionally modeling a virtual agent which mood (facial and linguistic expressions) evolve
according to the objectives fulfillment.

Each theoretical contribution has been supported by the resolution of practical problems with
real demand. In this way, a more complete and robust model of human gait has been
developed, designing an application able to describe the gait quality. Also, a new model has
been created to analyze the main activities of humans, with the aim of providing a self-tracking
tool for physical activity. Finally, these techniques have been applied to model phenomena of
other fields, such as astronomy, transport or electricity consumption.
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Resumen

Las nuevas tecnologias permiten adquirir y almacenar grandes volimenes de datos de
distinta naturaleza. Con el objetivo de transformar estos datos en informacion, deben ser
analizados y explicados de la manera mas comprensible e interpretable posible, empleando
para ello todo el conocimiento que se posea sobre el fendmeno estudiado.

Gracias al lenguaje natural podemos construir sistemas computacionales que inter-
preten y describan las caracteristicas méas relevantes de un fenémeno imitando la forma
que tienen los seres humanos de percibir e interpretar la informacion. Esta descripcion se
realiza recopilando las expresiones lingilifsticas que se emplean comunmente para definir
el fenémeno, y escogiendo en cada momento la expresion o expresiones que mejor definan
la situacién, esto es, que presenten el mayor grado de validez.

El objetivo principal de esta tesis es extender la Teoria Computacional de Percepcio-
nes, introducida por Lotfi Zadeh en 1999. La idea consiste en utilizar la Légica Difusa
para crear modelos basados en la forma que tienen los seres humanos de hacer descripcio-
nes a través del lenguaje natural. El objetivo es utilizar las estructuras del lenguaje para
hacer modelos precisos y robustos que manejen la imprecision inherente de los fenémenos
complejos. Durante los ultimos afos, la unidad de Computacion con Percepciones del Eu-
ropean Centre for Soft Computing ha desarrollado sistemas computaciones que utilizan el
lenguaje natural para describir lingiiisticamente los datos recogidos de un fenémeno. Su
principal contribucion en este campo de investigacién consiste en la creacion del denomi-
nado Granular Linguistic Model of a Phenomenon (Modelo Lingiiistico Granular de un
Fenémeno), que analiza los datos de entrada, combina diferentes fuentes de conocimiento
y genera informes sobre los aspectos mas relevantes del fenémeno estudiado, adaptando
el contenido al receptor final del mensaje.

Esta tesis recoge como testigo los primeros resultados obtenidos en esta direccion, in-
corporando mejoras y nuevos elementos en la arquitectura general de modelado lingiiistico.
La metodologia llevada a cabo ha consistido en el desarrollo e incorporaciéon de nuevos
conceptos tedricos, como son el “desconocimiento” y la “relevancia”, dos caracteristicas
intrinsecas en el modelado de fenémenos complejos, que hasta la actualidad no se habian
tenido en cuenta. Ademas, se ha ampliado y evolucionado el concepto de Fuzzy Finite Sta-
te Machine (Maquina de Estados Difusos Finitos), un paradigma para modelar aquellos
fenémenos que evolucionan en el tiempo, generalmente de manera quasi-periddica.

Por otra parte, el empleo de emociones en el desarrollo de sistemas computaciona-
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les juega un papel fundamental en los procesos de toma de decisiones. La sensibilidad
emocional y la expresividad son muy importantes en la interaccion humana y transmi-
ten informacion valiosa. Dado que la descripcién lingtifstica de datos esta especialmente
pensada, en general, para aplicaciones en las que existe una fuerte interaccion hombre-
maquina, esta tesis se ha adentrado en el mundo del Affective Computing, modelando
emocionalmente un agente virtual cuyo cardcter (gestos faciales y expresiones lingiiisti-
cas) evolucionan de acuerdo al grado con el que se alcanza el objetivo perseguido.

Cada contribucion tedrica se ha respaldado con la resolucién de problemas practicos
con aplicacién en el mundo real. De este modo, se ha creado un modelo de la marcha
humana mas completo y robusto, disenando y elaborando una aplicacién capaz de describir
la calidad de nuestra forma de caminar. Asimismo, se ha creado un modelo que analiza las
principales actividades del ser humano, con el objetivo de proporcionar una herramienta
de auto-seguimiento de la actividad diaria. Finalmente, se han aplicado estas técnicas
para modelar fenémenos de otros campos como la astronomia, el transporte o el consumo

eléctrico.
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Capitulo 1

Introduccion

Entendemos por “fenémeno” cualquier manifestacién fisica que pueda contrastarse
por observacién directa o medicién indirecta (fenémenos geoldgicos, eléctricos, quimicos,
bioldgicos, ...), asi como cualquier situacién constatable mediante la recopilacién de infor-
mes o encuestas (fendmenos psicolégicos, sociol6gicos o econdémicos).

Las nuevas tecnologias permiten adquirir y almacenar grandes volimenes de datos de
diferente naturaleza. Con el objetivo de transformar estos datos en informacién, deben ser
analizados y explicados de la manera mas comprensible e interpretable posible, empleando
para ello todo el conocimiento que se posea sobre el fendémeno estudiado. Sin embargo, la
relacién entre la cantidad de informacion disponible y el nimero de expertos capaces de
analizar dicha informacién crece draméaticamente, siendo de vital importancia desarrollar
sistemas computacionales capaces de interpretar y describir los datos mas relevantes.

La tarea de modelar fenémenos complejos se conoce como Identificacién de Sistemas
(IS) [Sod 94, Lju 98]. Tanto el concepto de IS como su definicién formal fueron introduci-
dos por Lotfi Zadeh en 1956 [Zad 56]. De acuerdo a la definicién que dio Zadeh [Zad 62],
dada una clase de modelos, la IS requiere encontrar un modelo que pueda considerarse
equivalente al sistema objetivo con respecto a los datos de entrada/salida. La IS emplea
métodos estadisticos para construir modelos matematicos de sistemas dindmicos a partir
de los datos medidos. Un modelo matematico dinamico en este contexto es una descripcion
matematica del comportamiento dindmico de un sistema o proceso, tanto en el dominio
de la frecuencia como en el del tiempo.

Tradicionalmente en IS, los ingenieros emplean ecuaciones diferenciales para construir
modelos de “caja blanca” basados en el principio de modelar el comportamiento de siste-
mas del mundo real [Oga 67, Lju 98, Nel 00, Ise 09]. Desafortunadamente, la mayoria de
los sistemas de nuestro entorno son complejos y no es posible, o es muy costoso, obtener
y resolver estas ecuaciones. Por lo tanto, cuando el sistema modelado crece en comple-
jidad, el nimero de variables y ecuaciones necesarias se vuelve inmanejable y no existe
otra opcién que trabajar con modelos alternativos. Esta situacion la describe Zadeh en su
Principio de Incompatibilidad: “cuanto mas se incremente la complejidad de un sistema,

nuestra habilidad para hacer declaraciones precisas sobre su comportamiento disminuye
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hasta que se alcanza un umbral mds alld del cual la precision y la importancia (o relevan-

cia) se vuelven casi caracteristicas mutuamente excluyentes” [Zad 73],

Una alternativa posible consiste en analizar el comportamiento del sistema y sus in-
fluencias externas (entradas del sistema) y tratar de determinar una relacién matematica
entre ellas sin tener en cuenta su funcionamiento interno. Estos modelos se conocen como
modelos de “caja negra”. En otras palabras, en un modelo de “caja negra” nos interesa su
forma de interactuar con el entorno que lo rodea entendiendo qué es lo que hace pero no
c6mo lo hace. Algunos ejemplos de este tipo de modelos son las redes neuronales [Hay 94|
o los modelos lineales autoregresivos [Sea 97, Sta 09]. Debido a que existen gran cantidad
de aplicaciones que requieren un conocimiento exhaustivo del modelo, este tipo de solucio-
nes generan cierta desconfiaza y se buscan alternativas intermedias, como son los modelos
de “caja gris”. En estos modelos se combinan algunos detalles sobre el comportamiento

interno del sistema con la experiencia y el conocimiento extraidos de los datos de entrada.

En 1965, Zadeh introdujo el concepto de conjunto difuso y, algunos anios més tarde,
establecié lo que hoy conocemos como Légica Difusa o Fuzzy Logic, que nacié con el
objetivo de manejar la imprecision y la variabilidad inherente a los datos que manejamos,
asi como modelar aquellos sistemas en los cuales obtener y resolver apropiadamente las
ecuaciones de estado resulta una tarea dificil o imposible de realizar. Pero en algunos
sistemas, el nimero de variables y de reglas necesarias para crear modelos difusos crecia
hasta volverse practicamente incomprensibles y, en consecuencia, dificilmente aplicables.
Para solucionar este problema, Zadeh propuso el uso de variables lingtiisticas [Zad 75] en
vez de, o ademads de, valores numéricos, asi como la caracterizacion de las relaciones entre

las variables a través de declaraciones difusas condicionales.

El modelado difuso es uno de los asuntos mas importantes dentro de la Logica Difusa
y se utiliza para describir el comportamiento de un sistema mediante el uso del lenguaje
natural. El empleo de variables lingiiisticas y reglas en lenguaje natural [Mam 74, Mam 75,
Mam 77] reduce notablemente el esfuerzo existente a la hora de extraer conocimiento
experto. Por otra parte, siendo aproximadores universales [Buc 93, Cas 95], los sistemas

de inferencia difusa son capaces de realizar mapeos lineales entre las entradas y las salidas.

Gracias al lenguaje natural podemos construir sistemas computacionales que interpre-
ten y describan las caracteristicas més relevantes de un fenémeno imitando la forma que
tienen los seres humanos de percibir e interpretar la informacion. La descripcién lingiiisti-
ca de datos esta especialmente disenada para aquellas aplicaciones en las que existe una
fuerte interaccion entre las personas y las maquinas, cuando deben interpretarse grandes

volimenes de datos, a priori, dificiles de comprender.

Aunque el concepto basico de “resumenes lingiiisticos difusos” se establecié en 1982
por Ronald Yager, fue Zadeh quien en 1999 establecié la Teoria Computacional de Per-
cepciones con su articulo “From computing with numbers to computing with words - from
manipulation of measurements to manipulation of perceptions”, ampliada en sus articulos

posteriores. De acuerdo con la Gramética Sistémica Funcional, el lenguaje natural es un
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sistema que se organiza en cuatro capas o estratos, conocidos como Contexto, Semanti-
ca, Léxico-gramatica y Expresion. Los trabajos més recientes sobre el procesamiento del
lenguaje natural, incluyendo aquellos basados en Logica Difusa, se centran en la capa
Léxico-gramatical. El enfoque de la unidad de Computacion con Percepciones del Fu-
ropean Centre for Soft Computing (ECSC) se centra especialmente en el modelado del
Contexto y la Seméntica. El disenador debe realizar un estudio sobre el uso que se hace del
lenguaje natural en el contexto especifico de cada aplicacion, de lo cual se extraerd un cor-
pus con todas las posibles expresiones utilizadas cominmente para describir el fenémeno
monitorizado. Este corpus de expresiones lingliisticas cubre el uso del lenguaje natural en
todo el conjunto posible de situaciones (Contexto) y en el conjunto completo de percep-
ciones relevantes (Semantica).

A lo largo de los anos, los modelos basados en Légica Difusa han crecido en compleji-
dad como consecuencia de los requisitos de modelado en términos de precision e interpre-
tabilidad. Actualmente existen numerosas investigaciones en esta direccion, trabajando
por establecer un formalismo que permita que los modelos difusos disenados sean lo mas
comprensibles por el ser humano [Cas 03b, Cas 03a, Alo 07, Alo 08, Alo 11a, Alo 11b].

1.1. Punto de partida de la tesis

Esta tesis continda la linea investigadora desarrollada por Alberto Alvarez Alvarez en
su tesis doctoral titulada “Linguistic modeling of complex phenomena”. En esta seccion se
presentan brevemente los elementos que componen la arquitectura general del modelado
lingiiistico, con el objetivo de que el lector comprenda mejor las contribuciones, tanto
tedricas como practicas, desarrolladas.

De acuerdo con Zadeh, el objeto de las percepciones no son solo los atributos de
los objetos, como la distancia, la velocidad o el angulo, sino que pueden ser los sistemas
completos, por ejemplo, una persona aparcando su coche o el trafico en una rotonda, lo cual
es percibido por un entorno informatizado. Los fenémenos pertenencen a un determinado
contexto y evolucionan a lo largo del tiempo entre los distintos tipos de situaciones.

El Modelo Lingiiistico Granular de un Fenémeno se basa en las percepciones subjetivas
de un dominio experto que podemos denominar diseniador. Cuanta mas experiencia posea
el disenador, mejor comprensién y mayor uso del lenguaje natural, mas rico sera el modelo
y mas posibilidades de conseguir satisfacer las necesidades del usuario final, asi como de
responder a sus expectativas. Para ello, el disenador emplea los recursos disponibles,
por ejemplo los sensores, para adquirir datos sobre el fenémeno monitorizado, y utiliza
su propia experiencia para interpretar estos datos y crear el modelo. Luego, utiliza los
recursos computacionales para producir las expresiones lingiiisticas que describan lo que
estd ocurriendo en cada instante de tiempo. En las subsecciones siguientes, se introducen
los principales elementos de la arquitectura desarrollada para describir lingiiisticamente

fenémenos complejos.
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1.1.1. Computational Perception

Una Computational Perception (CP) es el modelo computacional de una unidad de
informacion adquirida por el disenador sobre el fenémeno que quiere modelar. Esté basa-
da en el concepto de variable lingiiistica de Zadeh [Zad 75]. En general, las CPs recogen
aspectos particulares del fenémeno con distintos niveles de granularidad. Una CP esta for-

mada por la tupla (A, W), cuyos componentes se describen de la siguiente manera:

A = (ay,as,...,a,) es un vector de expresiones lingiiisticas (palabras y sentencias en
lenguaje natural) que representan el dominio lingiiistico completo de una CP. Los
componentes de A estan definidos por el disenador de acuerdo con las expresiones
mas apropiadas de entre las utilizadas tipicamente en el dominio del lenguaje de la
aplicacion. De este modo, cada componente a; corresponde con el valor lingiiistico
de CP mas adecuado para cada situacién con una granularidad especifica. Cuanto
mayor sea el nimero de expresiones, mayor seran la granularidad y la precision
obtenidas. Estas expresiones pueden ser tan simples como, por ejemplo, a; = “La
temperatura es bastante alta”, o complejas, a; = “Hoy el tiempo estd mejor que
durante los ultimos dias”. Las expresiones lingliisticas a; se utilizan para generar

informes lingiiisticos sobre el fenémeno monitorizado.

W = (wy,ws, ..., w,) es un vector de grados de validez w; € [0, 1] asignados a cada a;.
En el contexto de aplicacion, w; representa la idoneidad de a; para describir la
percepcion actual. El disenador escoge los componentes de A para tratar de cubrir
todos los posibles valores del CP, es decir, la validez total debe ser distribuida entre
todas las etiquetas lingiiisticas. Por lo tanto, tipicamente, los componentes de A
estdan sujetos a conjuntos difusos que forman particiones difusas fuertes [Rus 69] en

el universo del discurso del CP, es decir, Y ", w; = 1.

1.1.2. Perception Mapping

Un Perception Mapping (PM) se utiliza para combinar o agregar CPs. Esta formado
por la tupla (U,y,g,T), en la cual:

U es un vector de valores numéricos o CPs de entrada. En el primer caso, las entradas
al modelo U = (z1, 22, ..., zy,) son valores numéricos z; € R adquiridos mediante
sensores o extraidos de una base de datos, y se les conoce como PMs de primer
orden (1-PMs). En el segundo caso, las entradas al modelo U = (uy, ug, ..., Uy)
son CPs, donde u; son tuplas (A;, W;) y m representa el niimero de CPs de entrada.

A este tipo de PMs se les conoce como PMs de segundo orden (2-PMs).

y = (A,,W,) esla CP de salida. De este modo, PM: uy X uy X - - - X u,,, —> y. Llamamos
CPs de primer orden (1-C'Ps) a las salidas de las 1-PMs, y CPs de segundo orden
(2-C'Ps) a las salidas de las 2-PMs.



Contribucion teorico-practica en el modelado lingiistico de fenomenos complejos 7

g es una funcién de agregacién W, = g(Wy, Ws, ..., W,,), donde W; son los vectores de

los grados de validez de las m CPs de entrada.

En Légica Difusa se han desarrollado muchos tipos distintos de funciones de agrega-
cion. Por ejemplo, g puede ser implementado usando un conjunto de reglas difusas.
En el caso de 1-PM s, g se construye usando un conjunto de funciones de pertenencia

La;(2) de la siguiente manera: Wy, = (fta, (2), flas (2), - - -, fla, (2)) = (w1, wa, ..., wy,)

T es un algoritmo de generacién de texto que permite generar las sentencias recogidas
en A,. T es habitualmente una plantilla lingiiistica sencilla, como por ejemplo, “La

temperatura de esta habitacion es {baja | media | alta}”.

1.1.3. Granular Linguistic Model of a Phenomenon

Un Granular Linguistic Model of a Phenomenon (GLMP) es una red de PMs encarga-
dos de combinar o agregar CPs. Se define como un paradigma utilizado para desarrollar
sistemas computacionales capaces de generar descripciones lingiiisticas a partir de los

datos de entrada.

La eficiencia energética
es {alta|media|baja}

El confort es
{bueno|medio|malo}

La temperatura es
{muy alta|alta|media|
|baja|lmuy baja}

El consumo eléctrico
es {alto|normal|bajo}

La humedad es
{alta|media|baja}

Figura 1.1: Ejemplo de un GLMP sencillo que modela la eficiencia energética.

A raiz de utilizar distintas funciones de agregacion y distintas expresiones lingtiisticas,
el paradigma del GLMP permite al disenador modelar computacionalmente sus percep-

ciones. Es importante destacar que, después de ser instanciado con un conjunto de datos
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de entrada, el GLMP proporciona una estructura que, en aplicaciones de tamaiio medio,
podria incluir cientos de sentencias validas.

La Fig. 1.1 muestra un sencillo GLMP que modela la eficiencia energética de la cli-
matizacién de una habitacion, en base a percepciones como el confort, la temperatura,
la humedad y el consumo eléctrico. En este ejemplo, las variables de entrada proporcio-
nan en cada instante de tiempo los valores z1, 29, v z3. Estas variables se introducen en
1-PM,, 1-PMs, y 1-PMjs, proporcionando 1-C'P;, 1-C'P, y 1-C P;. Basandonos en 1-C'P,
y 1-C' P, usamos 2- PM, para explicar 2-C'P,. Finalmente, se proporciona una descripciéon
del fenémeno en el nivel mas alto de abstraccion, gracias a 2-C'Ps, la cual es explicada por
2-P My a partir de 1-C'P3 y 2-C'P,. Notar que, utilizando esta estructura no solo se puede
proporcionar una descripcién lingiiistica del fenémeno a cierto nivel, sino una explicacion

en terminos lingiiisticos al nivel més bajo.

1.1.4. Fuzzy Finite State Machine

En Identificaciéon de Sistemas los disenadores deciden qué paradigma utilizan para
representar los modelos del sistema. La representacion de espacios de estados es una de
las estructuras de modelos mas expresivas, donde el disenador utiliza su creatividad y su
experiencia personal para escoger el conjunto de variables de estado suficientes y necesarias
que representen el sistema en cada instante de tiempo [Oga 67].

Cuando el sistema evoluciona en el tiempo, el estado actual sigue una trayectoria en
el espacio de estado. Dentro de este contexto, una Fuzzy Finite State Machine (FFSM)
puede ser considerada como un caso particular de un modelo de espacio de estado, que es
especialmente 1til cuando se modelan fendmenos que evolucionan en el tiempo mediante
un numero limitado de estados difusos. El concepto inicial de FFSM fue introducido
por Santos [San 68] y posteriormente desarrollado por diferentes autores (por ejemplo,
[Mor 02]). Esta familia de FFSMs se caracterizaba por tener estados difusos pero entradas
crisps. Més tarde, el modelo inicial se extendié para introducir entradas difusas [Yin 02],
[Cao 07]. Sin embargo, el concepto de FFSM desarrollado en esta linea de investigacién
se inspira en los conceptos de estado difuso y sistema difuso desarrollados por Zadeh
[Zad 62], [Zad 96]. Més concretamente, se puede considerar como una implementacién de

¢

la idea general de “modelos difusos entrada-salida de sistemas dindmicos” propuesta por

Yager [Yag 94].
Las FFSMs presentadas se utilizan en el modelado de sistemas para permitir a los

expertos construir modelos lingiiisticos difusos comprensibles de una manera sencilla.

Una FFSM es una tupla {Q, U, f, Y, g}, donde:

Q@ es el vector de estados del sistema, que se define como una variable lingiiistica que
toma valores dentro del conjunto de etiquetas (qi, ¢z, - - -, ¢» ), siendo n el nimero de
estados. Cada uno de los estados representa el patréon de una situacion repetitiva
dentro del sistema.
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Figura 1.2: Ejemplo de un diagrama de estados.

U es el vector de entrada del sistema (ug,us, ..., uy,, ), siendo n,, el nimero de variables
de entrada. Estas variables de entrada pueden ser directamente valores numéricos
proporcionados por sensores o extraidos de una base de datos, asi como CPs pro-
venientes de la agregacién o combinacion de informacion en las capas inferiores de
modelado. Esta situacién es habitual cuando la FFSM actia como la funcién de

agregacion g de un PM dentro de un GLMP.

f esla funciéon de transicién que calcula en cada instante ¢ el valor que tiene cada estado
perteneciente a (). Esta funcién es implementada a partir de una base de conoci-
miento difusa. Una vez que el experto ha identificado cuél es el vector de estados @,
se deben definir las reglas difusas que gobiernan la evolucién temporal del sistema

por los estados.

Podemos encontrar reglas para permanecer en un estado ¢; (R;;) y reglas para cam-
biar de un estado ¢; a un estado ¢; (R;;). El diagrama de estados es el encargado
de establecer qué transiciones estan permitidas y, por lo tanto, tendran asociada
una regla de transicién. Si una transiciéon no figura en el diagrama de estados, no
tendra ninguna regla asociada. La Fig. 1.2 muestra como ejemplo el diagrama de

estados de un sistema con cuatro posibles estados de salida.

La expresion genérica de una regla I;; es la siguiente:

R;; : IF (State[t] is ¢;) AND C;; THEN (State[t + 1] is g;) (1.1)

donde:
1. El primer término del antecedente (State[t] is ¢;) representa el grado de acti-
vacion del estado ¢; en el instante de tiempo t.

2. El segundo término del antecedente (Cj;) describe las condiciones impuestas

sobre las variables de entrada para que se produzca un cambio del estado ¢; al
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estado g;.

3. Finalmente, el consecuente (State[t+1] is g;) representa el grado de activacién

del estado ¢; asociado a esta regla en el instante de tiempo ¢ + 1.

Y es el vector de salida del sistema (y1,%2, ..., Y, ), siendo n, el nimero de variables de

salida.

g es la funcion de salida que calcula el vector de salida del sistema.

1.1.5. Arquitectura general

La Fig. 1.3 muestra la arquitectura basica necesaria para generar informes. Los prin-
cipales médulos de procesamiento de este sistema computacional son el médulo de adqui-
sicién de datos, el modulo de validacion y el modulo de expresién, los cuales se describen

brevemente a continuacién:

= Modulo de adquisicién de datos: este modulo de procesamineto proporciona los datos
necesarios para alimentar las 1-C'Ps. Ademas, proporciona el interfaz con el entorno
fisico de la aplicacion. Este médulo puede emplear sensores o bien alimentarse de la

informacion contenida en una base de datos.

= Modulo de validacién: una vez que los datos de entrada estan disponibles, el médulo
de validacién usa las funciones de agregacion del GLMP para calcular los grados de
validez de cada CP. Por lo tanto, este médulo proporciona como salida una coleccién

de expresiones lingiifsticas con sus respectivos grados de validez asociados.

» Modulo de expresion: proporcionadas un conjunto de expresiones lingiiisticas, el
objetivo es combinar esta informacion para construir un informe lingiiistico. Es-
te modulo se encarga de generar el informe lingiifstico mas relevante, escogiendo
las expresiones mas adecuadas y basandose en la estructura fijada por el Report

Template.

Modulo de
adquisicion
de datos

Fenomeno

Figura 1.3: Componentes principales de la arquitectura general.

Modulo de
validacion

GLMP

Médulo de
expresion

Report
Template
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1.2. Trayectoria y contribucion

La Fig. 1.4 representa graficamente la influencia que han tenido las diferentes disci-
plinas de la Ciencia Cognitiva en el disenio de la arquitectura general para la descripcion
lingiifstica de fenémenos complejos, presentada en la seccién anterior. En letra azul estan
reflejados algunos de los trabajos mas relevantes de cada una de estas disciplinas; en
verde las principales contribuciones realizadas durante los ultimos anos desde la unidad
de Computacién con Percepciones del ECSC; y finalmente, en rojo, las contribuciones
desarrolladas durante la presente tesis doctoral, presentadas algunas de ellas en la Parte

II. Publicaciones.
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Capitulo 2

Objetivos

El objetivo principal de esta tesis es el desarrollo de nuevos modelos computacionales

que interpreten y describan lingiifsticamente un fenémeno, de la misma manera que lo

haria un ser humano. Este objetivo supone continuar con la linea de investigacion inicia-

da en la unidad de Computacién con Percepciones del ECSC, centrada en el modelado

lingtiistico de fenémenos complejos. El reto mas importante consiste en el desarrollo de

nuevos conceptos tedricos avalados por la introduccién de mejoras en la resolucién de

problemas practicos de diferente naturaleza.

La siguiente enumeracién recoge los objetivos establecidos en el plan de investigacion

al comienzo de la tesis, cuyo cumplimiento fue necesario para considerar satisfactoria su

finalizacion:

O1.

02.

03.

O4.

05.

Introducir nuevos conceptos en los distintos elementos que participan en el
modelado lingiiistico de fenémenos complejos (CP, PM, GLMP). Estos nuevos con-
ceptos permiten modelar de manera mas eficaz el “desconocimiento” o “no inter-
pretabilidad” de los datos, asi como recoger la informacion mas relevante que debe

aparecer en el informe final.

Ampliar la arquitectura general del modelado lingiiistico, contribuyendo de esta

manera al desarrollo de la Teoria Computacional de Percepciones.

Mejorar y evolucionar el modelado de las FFSMs con el propésito de abordar
de manera mas eficiente el tratamiento de fenémenos que evolucionan a lo largo del

tiempo de forma quasi-periddica.

Resolver experimentos practicos que resuelvan problemas reales y permitan

validar las contribuciones tedricas presentadas en O1, O2 y O3.

Difundir la labor investigadora a través de la asistencia a congresos y confe-
rencias, asi como mediante la publicacion de, al menos, tres articulos en revistas

internacionales incluidas en el Science Citation Index.
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Capitulo 3

Discusion de los resultados

En este capitulo se explican los resultados obtenidos durante el desarrollo de la tesis,
demostrando que se han cumplido todos los objetivos expuestos en el Capitulo 2.

Puesto que esta tesis doctoral se ha desarrollado bajo la modalidad de compendio de
publicaciones, este capitulo recorre brevemente cada una de las contribuciones realizadas
en los articulos publicados. Para obtener una informacién mas detallada sobre cada una
de ellas, recomendamos al lector que acuda a los articulos referenciados, recogidos todos

ellos en la Parte II. Publicaciones.

3.1. Introduccién de nuevos conceptos en los distintos
elementos que participan en el modelado de

fenédmenos complejos

a) La definicién presentada en el apartado 1.1.1 define los elementos de una CP como
un vector de expresiones lingiiisticas (A) y un vector de grados de validez (W) asociados
a cada una de esas expresiones lingiiisticas, respectivamente. En esta tesis introducimos la
multidimensionalidad del dominio de la existencia de una CP, definiendo cada uno de sus
elementos como matrices multidimensionales, y entendiendo la definicién existente hasta
el momento como un caso particular de la misma.

La arquitectura general presentada en el apartado 1.1.5 muestra el sistema compu-
tacional propuesto para la generacion automatica de descripciones lingiiisticas de datos.
Existen gran cantidad de aplicaciones en las que el contenido de estas descripciones o infor-
mes finales varian en funcion de los propios datos analizados, de los objetivos perseguidos
y/o del receptor del informe. De esta forma, presentamos y desarrollamos el concepto
de “relevancia” como un componente mas de las CPs, que se utiliza para escoger las
expresiones lingiiisticas mas relevantes que describen el fenémeno analizado.

Tanto la multidimensionalidad de los elementos de las CPs, como el concepto de “re-
levancia” (R) como un elemento mas de éstas, se introducen en [San 13a]. A partir de ese

trabajo, una CP se presenta como una tupla de tres componentes (A, W, R), en donde A

15
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y W son dos componentes que se han explicado en el apartado 1.1.1 y R consiste en una
matriz multidimensional de grados de relevancia asignados a cada elemento de A, cuyos
valores estan en el intervalo [0, 1]. Estos valores de R representan la importancia relativa
de cada expresion lingiiistica en el informe final y los establece el disenador en la fase de
construccién del GLMP.

Gracias a la multidimensionalidad de las CPs podemos elaborar expresiones lingiiisti-
cas mas complejas que describan cada percepcién. En [San 13a] se definen percepciones
cuya plantilla lingtiistica T" es, por ejemplo, “The image contains {zero | one | two | three

| four | various | many} {small | medium | big} circles”.

b) Por otra parte, existen muchas situaciones en las que, debido a la limitada expe-
riencia personal, el disenador no dispone de todos los recursos necesarios para reconocer
y describir los detalles mas relevantes de un fenémeno. Para comunicar esa incertidumbre

producida por la falta de experiencia, los seres humanos empleamos expresiones como “por

2 )

lo que yo sé, ...7, “parece que...”, “puede ser debido a...”, etc., destacando asi la falta de
un conocimiento completo sobre el significado de los datos analizados. En general, cuando
monitorizamos un fenémeno complejo, solo podemos reconocer los datos de entrada con
un determinado grado de certeza. Como contribucién en este campo, hemos enriquecido la
descripcion lingiiistica de fendmenos para superar esta limitacién. Para ello, hemos crea-
do las CPs de datos no interpretables. Entendemos por datos no interpretables aquellos
que no se adaptan perfectamente al modelo disponible del fenémeno. Esta falta de cono-
cimiento completo es una caracteristica tipica de los sistemas basados en conocimiento
experto, incluyendo los sistemas basados en reglas que combinan conocimiento exper-
to con conocimiento inducido. En aplicaciones automaticas, como son los controladores
fuzzy, el sistema de reglas ha de ser completo y cubrir todo el ambito de aplicaciéon. Sin
embargo, en aplicaciones que contemplan la interaccion con humanos, la interpretabilidad
se aprecia mas que la completitud. En este sentido, cuanto mayor sea la complejidad del

sistema, es decir, cuantas mas reglas tenga, menor serd la interpretabilidad del mismo.

El concepto de CPs de datos no interpretables se introduce en [San 14]. Para ello,
extendemos su definicion anadiendo la expresion lingiiistica ag en el vector A, en caso de
que sea una matriz unidimensional. Esta expresion ag refleja aquellas situaciones en las que
la percepcién no se ajusta perfectamente a ninguna de las otras expresiones disponibles
(ay,as,...,a,). Un ejemplo de expresion lingiiistica ag podria ser “El modelo disponible no
puede explicar completamente la situacion actual”. Su objetivo es modelar la falta de una
interpretabilidad completa del fenémeno, proporcionando informacién de aquellas partes
de la senal que no pueden ser explicadas por el modelo. Cuando el dominio completo que
recoge una CP esta bien definido, no nos preocupamos por los datos no interpretables, ya
que no existen. Sin embargo, en la mayoria de las aplicaciones reales no es habitual tener
un conocimiento completo del fenémeno, por lo que modelar la no interpretabilidad es
esencial. Ademads, en muchas situaciones, este desconocimiento o “no interpretabilidad”

de los datos de entrada se debe a anomalias o fallos externos al funcionamiento normal
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del sistema, como por ejemplo, fallos en un sensor que deja de capturar datos o su lectura
es erronea. Por supuesto, la expresion lingitiistica ag tiene asociado un grado de validez wy

dentro de la matriz W y un grado de relevancia ry dentro de la matriz R.

3.2. Ampliacién de la arquitectura general del

modelado lingiiistico

a) La arquitectura inicial de un sistema computacional para la generacién de des-
cripciones lingiiisticas de datos se presento en el apartado 1.1.5. Durante el desarrollo de
esta tesis doctoral se avanzé en el diseno de dicha arquitectura, redefiniendo sus etapas
principales y ampliando su contenido con nuevos moédulos y estructuras de datos.

En [San 13a] podemos ver una primera identificacién de las dos etapas principales que
encontramos en el proceso de generacion de texto, llamadas “Proceso de construccion off-
line” y “Proceso de instanciacién on-line” (Fig. 3.1). Durante el proceso de construccién
off-line, tras analizar el dominio de la aplicacion y los requisitos del usuario, el disenador
recoge el conjunto de expresiones en lenguaje natural (corpus) que se utilizan tipicamen-
te para describir las caracteristicas méas relevantes del fenémeno estudiado. Asimismo,
analiza el significado particular de cada expresion lingiiistica en cada tipo de situacién y
disena tanto el GLMP como el Report Template. Por otra parte, durante el proceso de
instanciacion on-line, el sistema instancia los datos de entrada obtenidos por el médulo

de adquisicién de datos para generar el informe lingiiistico final.

Proceso de instanciacion on-line

Modulo de Modulo de
validacion expresion
- GLMP I L
analisis Template

Proceso de construccion off-line

Modulo de
adquisicion de
datos

Informe
lingiiistico

Dominio
de la
aplicacion

Figura 3.1: Arquitectura general propuesta en [San 13a].

b) En [San 15a] ampliamos la arquitectura anadiendo dos mddulos nuevos de pro-
cesamiento: el médulo de relevancia y el médulo de expresién dindmico (Fig. 3.2). A

continuacion se explican en detalle las funciones de cada uno de ellos:

= El médulo de relevancia distingue automaticamente la informacion relevante y la
irrelevante de acuerdo a las necesidades del usuario. En el apartado anterior (3.1),
explicamos como el diseniador establece los valores de R durante el proceso off-line
o construccion del GLMP. En este caso, se amplia la definiciéon de PM, definiéndolo

como una tupla (U,y, f,g,T) donde la funcién f es implementada por el médulo de
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validacion (en el apartado 1.1.2 estaba representada como ¢) y la nueva funcién g,
que calcula automaticamente la relevancia de cada expresiéon lingiiistica, es imple-
mentada por el médulo de relevancia. De esta manera, en funcion de la aplicacion y
de su complejidad, existiran expresiones lingiiisticas cuya relevancia se pueda definir
a priori durante el proceso off-line y otras cuya relevancia dependa de los resultados
obtenidos. En [San 15a] se combinan ambos tipos de casos, presentando un con-
junto de CPs cuyas matrices de relevancia R vienen definidas de antemano por el

disenador y otras cuyos valores dependen de los grados de validez calculados en W.

= El moédulo de expresién dinamico genera los informes de manera dinamica, ajustando-
se en cada situaciéon particular a los grados de validez y relevancia de las expresiones
que describen el fenémeno. De acuerdo con las cuatro maximas de Grice, un informe
de calidad debe contener informacion verdadera y relevante, expresada de manera
clara y con la extensién adecuada. El objetivo perseguido con el médulo de expresion
dinamico es abordar el ultimo de esos cuatro requisitos, incorporando tinicamente
la informacién que sea cierta y relevante, ofreciendo al lector diferentes niveles de

detalle y ajustando, de esta manera, la extension del informe final.

Proceso de instanciacion on-line
Modulo de Modulo de
validacion relevancia

GLM de la Report
serie temporal Template

Modulo de
adquisicion de
datos

Modulo de
expresion
dindmica

Informe
lingiiistico

| WWM (S

Serie temporal

Proceso de diseiio off-line

Figura 3.2: Arquitectura general propuesta en [San 15a].

c) En aquellas aplicaciones en las que se pretende conseguir un cambio de conducta
o influir en el comportamiento del usuario, es importante expresar los resultados con la
emocion adecuada, aportando algo mas que una descripcién de los resultados. En [San 15¢]
se amplia la arquitectura para dotar de contenido emocional el informe final. Para ello, de
acuerdo con los requisitos especificos del usuario, el disenador modela el estado emocional
de un avatar, o ser virtual, por medio de un GLMP emocional (Fig. 3.3).

Este nuevo GLMP recibe como entrada la salida del GLMP cléasico que, en este articu-
lo, describe la actividad fisica del usuario en el instante actual, a lo largo del dia o durante
la semana. El avatar es el encargado de comunicar el contenido del informe final. Su estado
emocional, reflejado en las expresiones lingiiisticas que emplea y en sus gestos faciales,
cambia dependiendo de los datos de entrada. El GLMP que modela las emociones del
avatar se diseno basandose en algunos de los modelos existentes en la literatura, como son

la rueda de Plutchik, el modelo circumplejo de Russell o el modelo de Whissell. El modelo
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Figura 3.3: Arquitectura general propuesta en [San 15c¢].

disenado selecciona una de entre nueve emociones situadas de forma circular alrededor
de un punto central, que representa el estado neutral, basandose en la evaluaciéon y la
activacion de los datos de entrada (Fig. 3.4). En nuestro modelo, la evaluacién representa
la desviacion de los datos analizados con respecto al objetivo establecido. Planteamos tres
posibilidades: que el objetivo se cumpla (evaluacién positiva), que no se cumpla pero la
desviacion sea razonable (evaluacién cero) o que no se cumpla ampliamente (evaluacién
negativa). Por su parte, la activacién representa la intensidad con la que el avatar expre-
sard los resultados, basandose en su tendencia. De este modo, con independencia de si se
cumple el objetivo o no, si los resultados han mejorado la activacién serd pasiva (actitud
del avatar més relajada), si se mantienen la activacion seré cero y si han empeorado la
activacién serd activa (actitud del avatar més enérgica). Para mds informacién sobre el

modelo emocional propuesto, recomendamos al lector acudir al Capitulo 7.4.

.‘ Activation (active)

: . =
L
LI PR B S ) ) B A
! - f Evaluation
o -

(positive)

Figura 3.4: Estados emocionales propuestos en [San 15¢].
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3.3. Evolucion en el modelado de las FFSMs

a) En lo referente a las FFSM, como un caso particular de PM de agregacion, la “no
interpretabilidad de los datos” presentada en el apartado 3.1 se refleja en la aparicion del
estado qo dentro del vector de estados @, siendo el estado inicial del sistema. La Fig. 3.5

muestra un ejemplo de diagrama de estados que incorpora el estado ¢q.

Figura 3.5: Diagrama de estados con .

b) Entendemos por fenémenos quasi-periédicos aquellos cuyas senales estan formadas
por patrones que se repiten en el tiempo, pero que pueden presentar variaciones en el perio-
do y en la amplitud. Dos ejemplos de este tipo de fenémenos son los electrocardiogramas
y las vibraciones producidas por los instrumentos musicales a la hora de generar soni-
do. En [San 13b] y [San 15b] se extiende el modelado de las sefiales quasi-periédicas con
FFSMs, aumentando el nivel de granularidad de las descripciones lingiiisticas obtenidas.
El principal objetivo consiste en proporcionar un informe més detallado sobre el fenémeno
quasi-periddico monitorizado, que permita entender con mas claridad su comportamiento
a lo largo del tiempo. Con el modelo propuesto, podemos describir lingiiisticamente la
evolucién temporal de este tipo de senales, siendo esta descripcion especialmente intere-
sante en aquellos instantes en los que el modelo no se ajusta completamente al fenémeno.
En estos casos, el sistema computacional desarrollado describe las razones que provocan
esa situacion, proporcionando una valiosa herramienta para monitorizar de manera mas
precisa la senal de entrada. Asi, por ejemplo, el modelo puede devolver descripciones como
“Actualmente el modelo no reconoce la senal de entrada. La amplitud es positiva, estd in-
crementando, y el tiempo que lleva en el estado g, es demasiado largo para permanecer en
él, por lo que deberia haber cambiado al estado go”. Este analisis resulta adecuado cuando
se trabaja en procesamiento de senales, control predictivo o tareas de monitorizacion.

El aumento del nivel de granularidad se consigue analizando en detalle el funcionamien-
to interno de la FFSM empleada para monitorizar la senal, proporcionando un modelo

altamente interpretable, comprensible y eficiente.
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Gracias a la incorporacion del estado gy en la monitorizacién de fenémenos quasi-
periédicos, podemos conocer el grado de similitud existente entre la senal analizada y la
esperada por el modelo. De esta manera, definimos el concepto de matching degree (uy),

que se calcula como:

til We t]

=1 == 3.1
[ - (3.1)

donde wy, representa los grados de validez del estado ¢y a lo largo de un periodo
de n muestras. El coeficiente py; toma valores en el rango [0,1], siendo igual a uno si
el estado “no interpretable” no se ha activado, cero cuando ha estado activado durante
todo el tiempo y un nimero real entre cero y uno para el resto de casos. Por ejemplo,
si monitorizamos el comportamiento de la senal senoidal u(t) = sin(10t) a lo largo del

tiempo, podemos identificar los cuatro estados q1, g2, q3 y q4 representados en la Fig. 3.6.
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Figura 3.6: Senal senoidal con cinco etiquetas lingiiisticas en amplitud, que definen los
estados q1, q2, g3 Y Q-

Las Figs. 3.7, 3.8, 3.9 y 3.10 muestran la evolucion de estos estados, ademas del estado
qo, conforme la senal se aleja o se asemeja al modelo previsto. Cuanto mas interpretable

sea la senal, mayor sera el matching degree, y viceversa.
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Figura 3.7: Estados y puy cuando la senal Figura 3.8: Estados y puy cuando la senal
es exactamente la esperada. es ligeramente diferente de la esperada.
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Matching degree = 0.77 Matching degree = 0.51
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Figura 3.9: Estados y puy cuando la senal Figura 3.10: Estados y py cuando la senal
varia su amplitud a lo largo del tiempo. varia su periodo a lo largo del tiempo.

3.4. Resolucion de casos practicos que validen las

contribuciones tedricas

Cada una de las contribuciones tedricas presentadas en 3.1, 3.2 y 3.3 han sido validadas
a partir de la resolucion practica de problemas reales. Estos casos practicos se han dividido

en los tres campos de aplicacion que se describen a continuacion:

3.4.1. Analisis de las estructuras circulares presentes en la
superficie de Marte
Fruto de la colaboracion con el Instituto Nacional de Tecnologia Aeroespacial (INTA),

en [San 13a] se desarrollé un sistema computacional que describe lingiliisticamente las

estructuras circulares presentes en la superficie de Marte (Fig. 3.11).

Figura 3.11: Ejemplo de la deteccién de circulos en una imagen.

Los satélites que orbitan sobre Marte capturan diariamente un gran voliimen de image-
nes de su superficie, y proporcionan a los expertos informacién geoldgica importante. Entre
otros, el hallazgo y analisis de estructuras con forma circular resulta interesante puesto
que su origen se puede relacionar con la presencia de actividad volcanica, aunque también

con simples impactos de meteoritos. El principal problema reside en la incapacidad huma-
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na para analizar las miles de imagenes que se capturan cada dia, por lo que es necesario
disenar un sistema que automaticamente analice y describa la informacion mas relevante
encontrada, omitiendo la irrelevante. Los informes generados son estudiados en detalle
por los expertos, que ven como se reduce de manera importante el estudio total de casos
a los més relevantes.

Algunos ejemplos de las descripciones obtenidas para dos imédgenes diferentes son:

“La mmagen contiene dos circulos grandes y dos medianos. Los dos circulos grandes

estan ubicados en la parte central inferior y superior de la imagen”

“La imagen no contiene ningun circulo grande pero si uno mediano”

Tal y como puede observarse en los ejemplos anteriores, el contenido y extensién de las
descripciones varian en funcién del resultado obtenido en el andlisis de la imagen, segin
la teoria presentada en el apartado 3.2. Asi, en este caso practico, cuando se detecta
la presencia de algin circulo grande es relevante incluir en el informe su posicion. Esta
seleccion de informacion la realiza el modulo de expresion a partir de un Fuzzy tree of
choices y de la combinacién de los grados de validez y relevancia de cada sentencia (para

una informacién més detallada recomendamos acudir al Capitulo 5.1).

3.4.2. Analisis de la actividad humana

Una de las principales lineas de investigacion de esta tesis doctoral se basa en el desa-
rrollo de un sistema computacional que analiza las actividades fisicas mas comunes de una
persona. La monitorizacién de la actividad fisica es especialmente 1til en el ambito de la
asistencia médica personalizada, tanto para la identificacién de potenciales patrones pa-
tolégicos en personas con tendencia a padecer trastornos mentales (depresién o trastorno
bipolar), como en la deteccién del grado de inactividad, siendo ésta una de las causas que
producen o agravan enfermedades cardiovasculares, dseas, cronicas, etc. Su estudio resulta
de gran ayuda para profesionales (endocrinos, psicélogos, cardidlogos, ...) que pretenden
ajustar tratamientos y analizar la evolucion fisica de sus pacientes.

Nuestra primera contribucién en este campo de investigacién se centra en el proceso
de captura de los datos. Hasta hace poco, la manera que tenia un médico para evaluar
la actividad fisica de un paciente era realizarle cuestionarios que estaban condicionados
por su memoria y también por su subjetividad a la hora de sincerarse. Para resolver este
problema y proporcionar un método de captura de informacién mas objetivo, durante
los ultimos anos han ido apareciendo gran cantidad de sistemas de reconocimiento de
la actividad que recogen y analizan las aceleraciones producidas durante el movimiento.
Algunas de estas soluciones requieren la colocacion de diferentes sensores distribuidos por
el cuerpo del usuario, resultando incéomodo e impracticable a la hora de realizar una mo-
nitorizacién continua. Otras soluciones mas sofisticadas se centran en colocar un tnico

sensor, y gracias al potencial de las nuevas tecnologias, durante los tltimos anos se estan
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aprovechando los acelerometros incorporados en los actuales teléfonos méviles para cap-
turar las aceleraciones producidas por el movimiento. En [San 12] se propone un modelo
que describe lingiiisticamente las principales actividades de una persona (estar parado,
sentado, caminando, corriendo, subiendo y bajando escaleras...) mediante el anélisis de las
aceleraciones producidas en su teléfono mévil mientras se lleva en el bolsillo del pantalon.
La Fig. 3.12 muestra las aceleraciones recogidas por el teléfono mévil durante un periodo
de grabacion diaria y la Fig. 3.13 muestra la secuencia de actividades identificadas tras

analizar su evolucién.
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Figura 3.12: Aceleraciones en los ejes z, y, Figura 3.13: Identificacion de las activida-
z durante un periodo de tiempo. des fisicas de una persona.

Con el objetivo de facilitar lo maximo posible la captura de datos, en [San 15a] se da
un paso mas, permitiendo que el teléfono movil se lleve donde el propio usuario estime
oportuno, incluso en un bolso de mano o mochila. Con este avance se reduce el nimero
de actividades reconocidas pero, a cambio, conseguimos eliminar la gran limitacion de
los modelos existentes de exigir una ubicacién fija del dispositivo. El modelo propuesto es
capaz de reconocer cuando el usuario no lleva el teléfono movil encima, teniendo en cuenta
esta informacion a la hora de estimar el nivel de actividad fisica diario. Para ello, el médulo
de adquisicion de datos recoge como entrada las aceleraciones a,, a, y a, producidas en el
teléfono movil (Fig. 3.12). Estas aceleraciones se procesan para obtener su médulo (p) y su
desviacion tipica (o) en ventanas temporales de 20 segundos. Es importante destacar que
p v o son dos medidas invariantes con respecto de la orientacion y posicion del teléfono
movil. En este sentido, la evolucion de a,, a, y a, por separado no resulta interesante,
pero si la magnitud y variabilidad de su combinacién, lo cual esta representado por p y

0. La forma de calcularlas es la siguiente:

p=/az+a;+a2 (3.2)

Zz‘]\;(pi —p)?
= \/ =N-1 (3:3)
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Otra de las aportaciones importantes de este trabajo hace relacion a las contribuciones
tedricas presentadas en los apartados 3.1 y 3.2. Por una parte, el modelo de la actividad
fisica propuesto tiene en cuenta aquellos instantes en los que no se reconoce la senal de
entrada, tratandolo como informacion “no interpretable”. Este dato también serd impor-
tante a la hora de estimar el nivel de actividad fisica diario. La Fig. 3.14 muestra el

diagrama de estados de la FFSM que reconoce las actividades del usuario.

Figura 3.14: Diagrama de estados propuesto en [San 15a].

Por otra parte, con el objetivo de generar informes de calidad que cumplan las cuatro
maximas de Grice, la arquitectura de este trabajo incluye el modulo de relevancia y el
modulo de expresion dindmico. De esta manera, el modelo es capaz de generar informes con
tres niveles de granularidad: instantanea, diaria y semanal. El contenido de estos informes
se ajustara a los resultados obtenidos y su relevancia en cada contexto especifico.

Por tltimo, en [San 15¢] se amplia el modelo de la actividad fisica, proporcionando al
usuario informacion acerca de los requisitos energéticos diarios que necesita en funcién de
su nivel de actividad fisica y su indice de masa corporal. La Fig. 3.15 muestra el GLMP
disenado para modelar la actividad fisica de una persona y sus requisitos energéticos. Si
nos fijamos en el ejemplo de GLMP presentado en el Capitulo 1.1.3 podemos ver un cambio
en la notacion utilizada para designar las CPs y las PMs. La distincién entre percepciones
de primer y segundo orden se pierde, y los subindices empleados corresponden a alguna
caracteristica de la propia percepcién (p, o, etc.), en lugar de utilizar indices numéricos.
Para una informacién mas detallada acudir al Capitulo 7.4.

Con el objetivo de promover el self-tracking o auto-seguimiento de la actividad fisica,
dotamos el informe final de contenido emocional. A la hora de motivar al usuario para que
alcance el nivel de actividad fisica establecido por un experto o por él mismo, es imprescin-
dible interactuar y comunicar la informacién relevante de manera efectiva, estableciendo
un vinculo afectivo con él. Por esta razén, decidimos incluir técnicas de Affective Com-
puting en nuestra arquitectura general (Fig. 3.3), anadiendo un GLMP que modela las
emociones de un ser virtual. Este ser virtual sera el encargado de comunicar los resultados
de la manera mas adecuada en cada situacion. Por ejemplo, si los resultados son negativos,

el avatar se mostrara preocupado, triste o incluso enfadado; si estos persisten en el tiempo
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Figura 3.15: GLMP propuesto en [San 15¢] para modelar la actividad fisica.

se mostrara disgustado; si por el contrario son positivos, se mostrara esperanzado, feliz o
excitado, y si se alcanza el objetivo perseguido, se mostrara satisfecho. Tanto su expresion
facial, como las expresiones lingiiisticas utilizadas estaran condicionadas por su estado de

4nimo.

3.4.3. Analisis de la marcha humana

Otra de las principales lineas de investigacion de esta tesis ha sido la mejora y evolucién
del modelo de anélisis de la calidad de la marcha creado y desarrollado en [Tri 10b],
[Alv 13] y [Alv 12¢].

Modelar la marcha humana consiste en estudiar su biomecéanica con el objetivo de
cuantificar los factores que gobiernan la funcionalidad de las extremidades inferiores. Un
ciclo de marcha es un fenémeno quasi-periédico que se define como el intervalo compren-
dido entre dos eventos sucesivos, generalmente correspondientes al contacto del taléon con
el suelo del mismo pie. Tal y como puede apreciarse en la Fig. 3.16, la marcha humana
se puede dividir en cuatro fases o estados, que son el doble soporte y el balanceo de la
pierna derecha, y el doble soporte y balanceo de la pierna izquierda.

La marcha es una tarea compleja que requiere de la coordinacién entre el sistema

musculoesquelético y el neuronal, asegurando una dinamica correcta. Por tanto, su anali-
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Figura 3.16: Estados y eventos existentes en un ciclo de marcha humana.

sis puede ayudar en el diagnéstico y tratamiento de desérdenes que le afectan, asi como
proporcionar una herramienta para la evaluacién de intervenciones clinicas y programas
de rehabilitacion. Actualmente, realizar una valoracién de la marcha humana solo es po-
sible acudiendo al especialista para una valoracién visual o acudiendo a los laboratorios
de biomecanica, preparados con complejos sistemas de grabacién y medicion de la pisada.
Con el objetivo de desarrollar una alternativa econémica, precisa y comoda para el usua-
rio, desde la unidad de Computacion con Percepciones del ECSC hemos desarrollado un
modelo computacional capaz de evaluar la calidad de la marcha mediante el analisis de

las aceleraciones producidas al caminar, llevando el teléfono mévil centrado en la cintura

(Fig. 3.17).

Figura 3.17: Representacién gréafica de la colocacion del teléfono movil.

La primera mejora del modelo se presenta en [San 14], donde se capturan las acele-
raciones producidas en el teléfono movil del usuario, colocado centrado en la cintura. En
este trabajo se introduce el andlisis de la “no interpretabilidad” de los datos, presentada
en el apartado 3.1, contribuyendo notablemente en el diseno de un modelo de la marcha
mas robusto y eficiente. La incorporacion del estado qg dentro de la FFSM que modela

la marcha humana permite identificar el mejor intervalo temporal para realizar el analisis
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de la senal de entrada, es decir, analizar aquellas partes de la senal a las que mejor se
ajusta el modelo. De esta manera, se eliminan aquellos instantes en los que el usuario no
estd caminando, se ha producido algin evento extrano, etc. (Fig. 3.18). Una vez que el
andlisis se ha realizado, podemos proporcionar un indicador (matching degree) sobre el
mayor o menor grado con el que el modelo ha reconocido la senal y, por tanto, estimar la
confianza de los resultados generados.
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Figura 3.18: Aceleraciones producidas al caminar y seleccion del mejor intervalo para su
analisis.

Otra mejora importante, también desarrollada en [San 14], se refiere al ajuste au-
toméatico de los parametros de amplitud y de periodo que influyen en el modelado de la
marcha. Debido a que la marcha humana es un fenémeno quasi-periédico que no produce
una senal totalmente constante y repetible, estos parametros pueden variar. Las principa-
les causas son debidas a cambios en la velocidad y en la fuerza aplicada al caminar, pero
también pueden surgir importantes diferencias derivadas del tipo de calzado, la superfi-
cie sobre la que caminamos, etc. Con el objetivo de desarrollar un modelo robusto que
reconozca las fases de la marcha independientemente de todas esas variaciones, en este
trabajo se desarrolla un sistema de ajuste automatico de los parametros de amplitud y
de periodo, modificandolos ligeramente para acomodarse a cada situacién. Las Figs. 3.19
y 3.20 muestran la identificacién de las fases de la marcha para una persona con marcha
normal y otra con cojera en la pierna derecha, lo cual le hace dar golpes mas fuertes con
esta pierna y caminar més despacio (fijarse en el eje temporal). Se puede apreciar como
el reconocimiento de las fases es correcto a pesar de las notables diferencias en la senal.

En [San 15b] se amplia el modelo existente, incrementando el nivel de detalle en la
descripcion de la marcha, de acuerdo a la contribucién tedrica presentada en el apartado

3.3. Ademas, se profundiza en el analisis de los parametros que afectan a la marcha
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humana, desarrollando un clasificador difuso basado en reglas que identifica cinco tipos
de marcha: normal, de puntillas, arrastrando ambos pies, arrastrando el pie derecho o
arrastando el pie izquierdo. La Fig. 3.21 muestra un ejemplo de los distintos patrones de
pisada para las fases de una pierna (balanceo y doble soporte) segin se camine normal,
de puntillas o arrastrando.

Identificar el tipo de marcha es importante para ayudar en el diagndstico de una
enfermendad, comprobar su evolucion y analizar el efecto de una operacién, un proceso
de rehabilitacion o una medicacién. En particular, la importancia de detectar que una
persona arrastra un pie o camina de puntillas se ha destacado en multitud de estudios
debido a que un contacto deficiente con el suelo puede provocar una caida. El modelo
desarrollado proporciona un 84 % de precision en la clasificacion, encontrandose a la altura
de algoritmos de clasificacién clasicos, como las redes neuronales o los Support Vector

Machine, pero con la ventaja de que permite una alta interpretabilidad de los resultados
obtenidos.
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Figura 3.21: Patrones caracteristicos dependiendo del tipo de marcha.
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3.5. Difusion de los resultados

Cada una de las contribuciones citadas en los apartados anteriores se ha presentado a
la comunidad cientifica a través de la publicacion de articulos en revistas internacionales
incluidas en el Science Citation Index y mediante la asistencia a congresos cientificos re-
lacionados con cada area de investigacion. En particular, se han publicado dos articulos
en la revista Fuzzy Sets and Systems [San 14, San 15al, otros dos en Applied Soft Com-
puting [San 13a, San 15b] y uno en Expert Systems with Applications [San 15c]. Ademas,
se ha asistido a la cuarta edicién del International Workshop of Ambient Assisted Living
(IWAAL’12) celebrado en Vitoria en 2012 [San 12], y al décimo congreso internacional
Flexible Query Answering Systems (FQAS’13) celebrado en Granada en 2013 [San 13b].

Fruto de la investigacion llevada a cabo en el d&mbito de la marcha humana, durante
los ultimos anos hemos tenido la oportunidad de colaborar estrechamente con distintos
expertos en rehabilitacion fisica. En particular, estamos colaborando con D. Ricardo Lla-
vona Fernandez, médico rehabilitador del Servicio de Salud del Principado de Asturias,
especialista en medicina fisica y rehabilitacion. Con su ayuda, hemos iniciado un proceso
de experimentacién en el Hospital Valle del Nalén (Asturias), monitorizando la evolucién
de los pacientes con artrosis de rodilla (con o sin recambio articular). A raiz de esta cola-
boracién nos han otorgado el premio al “Mejor proyecto de investigacion del area Sanitaria
VIII” en Diciembre de 2014.

También estamos colaborando con D. Ignacio Garcia Perea, fisioterapeuta en el Centro
de Terapia Neuroldgica de Majadahonda, especialista en rehabilitacion de pacientes con
danos neuroldgicos. Gracias a él, hemos tenido la posibilidad de monitorizar la evolucion
de pacientes con ictus, traumatismos craneoencefalicos, Parkinson, etc., y comprobar el
efecto que tiene cada una de las intervenciones del especialista en su mejora continua.

Los resultados obtenidos en esta linea de investigaciéon son tan positivos y esperan-
zadores que actualmente nos encontramos en proceso de creaciéon de la primera spin-off
del ECSC, centrada en disenar y desarrollar aplicaciones que evalien la calidad de la
marcha de personas con distintos tipos de patologias. Para llevar a cabo esta acciéon ha
sido necesario formarse adecuadamente en materia relacionada con el emprendimiento. En
especial, he recibido un curso acelerador de emprendimiento en el “Programa de impulso
a la creacion de empresas innovadoras en el campo de la Salud (especializacion eHealth)”
organizado por el CEEI (Centro Europeo de Empresas e Innovacién) del Principado de
Asturias.

Finalmente, en paralelo a la realizacién de esta tesis doctoral, he complementado las
tareas de investigacion con la participacion en proyectos que ponen en valor la tecnologia
desarrollada. En particular, en colaboracién con la empresa EDP Energia se ha desarro-
llado el proyecto ELENNA (Electricidad en LENguaje NAtural), que ha consistido en el
diseno de un sistema computacional que genera descripciones lingiiisticas personalizadas
sobre el consumo eléctrico de cada cliente. La comunicacién con cada usuario corre a

cargo de un agente virtual cuyo estado emocional depende de los resultados obtenidos.
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En esta misma direccién, desde el pasado mes de enero, el ECSC participa en el proyec-
to europeo NATCONSUMERS (NATural language energy for promoting CONSUMER
Sustainable behaviour), que tiene como objetivo ayudar a reducir un 20 % el consumo

eléctrico doméstico de la Unién Europea.
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Capitulo 4
Conclusiones y trabajo futuro

Durante esta tesis doctoral se ha continuado la linea de investigacion iniciada en la
unidad de Computacion con Percepciones del European Centre for Soft Computing en el
modelado lingiiistico de fenémenos complejos. Para ello, se han desarrollado nuevos con-
ceptos que mejoran la interpretabilidad, robustez y aplicabilidad de los modelos existentes.
Las principales contribuciones teéricas han ido dirigidas a la introduccién de nuevos ele-
mentos, asi como a la ampliacién de la arquitectura general a través de nuevos modulos
y estructuras de datos. En particular, se ha incorporado el moédulo de relevancia, que
calcula automaticamente la importancia de tiene cada expresion lingiiistica a la hora de
incluirla en la descripcién del fenémeno analizado, ajustando el contenido a cada situa-
cién en particular. Ademads, el modulo de expresion dindmico permite adaptar el nivel de
detalle del informe final segtn el receptor del mensaje, aumentando la calidad de las des-
cripciones generadas segiin las maximas de Grice. En aquellas aplicaciones en las que se
pretende conseguir un cambio de conducta o influir en el comportamiento del usuario, es
muy importante expresar los resultados con la emocion adecuada. Asi, se ha desarrollado
un modelo emocional que ajusta el tono y la intencion con los que se expresa la informa-
cion, estableciendo un vinculo emocional con el usuario y aumentando la efectividad de
los mensajes.

Por otra parte, con el objetivo de proporcionar un informe lo més detallado posible
sobre el fenémeno estudiado, se han creado las CPs de datos no interpretables, que mo-
delan aquellas situaciones en las que no se posee un conocimiento completo de la senal.
Esta mejora nos permite extraer informacién de aquellos instantes en las que el modelo
no encaja perfectamente con la senal, proporcionando una herramienta valiosa en la mo-
nitorizacién de la misma. Todos estos avances tedricos han contribuido en la evolucién de
las Fuzzy Finite State Machines, consiguiendo, en particular, modelar mas eficientemente
los fenémenos quasi-periédicos.

Con el fin de avalar todas y cada una de las contribuciones teéricas descritas anterior-
mente, se ha abordado el estudio y la resolucion de problemas préacticos con demanda en
el mundo real, comprobando de esta manera la efectividad y potencialidad de las mejoras

y avances introducidos. Estos desarrollos practicos se han llevado a cabo en colaboraciéon
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con empresas e instituciones que han puesto en valor nuestra tecnologia. En especial, he-
mos mejorado ampliamente el modelo de la marcha humana, despertando gran interés en
el sector sanitario, cuyo reconocimiento se ha traducido en forma de premios y colabora-
ciones. Ademas, los prometedores resultados cosechados nos han impulsado a contemplar
la creacién de la primera spin-off del Furopean Centre for Soft Computing.

A pesar de la mejora cualitativa en el proceso de generacion de informes, creemos que
existen ain muchas oportunidades de mejora en el mundo del modelado lingiiistico. En
particular, la recopilacién del corpus de expresiones comunmente utilizadas para describir
el fenomeno analizado, asi como las técnicas de generacion del informe final, admiten un
largo recorrido de investigacion en trabajos futuros.

A corto plazo, se pretenden orientar las herramientas existentes para el tratamiento
de nuevos problemas especificos. Por ejemplo, en el campo del analisis de la actividad
queremos profundizar en el desarrollo de una herramienta de apoyo para personas con
tendencia a padecer desérdenes mentales, como la depresién y el trastorno bipolar. De
igual manera, el modelo de la marcha humana se especializara en el andlisis de pato-
logias concretas que afectan a la marcha, como son algunas enfermedades neurolégicas y
musculoesqueléticas.

Finalmente, podemos concluir que los resultados obtenidos demuestran que se ha
cumplido el objetivo principal de contribuir de forma tedrica y practica en el modela-
do lingiiistico de fenémenos complejos. Ademas, se han alcanzado todos y cada uno de los
distintos objetivos definidos al comienzo de la misma, resumidos anteriormente. El éxito
del trabajo realizado se refleja tanto en las publicaciones en revistas cienticas como en los

proyectos desarrollados durante los ultimos cuatro anos.
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ABSTRACT

Satellites situated in the orbit of Mars have provided and continue providing thousand of images of the
planet surface. Nevertheless the number of expert geologists analyzing these images is limited. Typically,
these experts provide linguistic descriptions of their observations remarking the relevant features in
the image and ignoring the irrelevant details for a given goal. In this paper, we apply our research in
the field of Computational Theory of Perceptions to the challenge of developing computational systems
able to generate linguistic reports comparable with the ones provided by human experts. We present a
description of our contribution to solve this problem including last results of our research in this field.
For example, we explore how to represent the multidimensional domain of computational perception
values. We develop up the use of the relevance as an attribute of perceptions that allows us to generate
reports that are automatically suited according to the user goals. We provide an application example as
a demonstration of concept.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Current technologies allow us to acquire and store big amounts
of data about complex phenomena in many areas of science and
technology. In order to be useful, these data must be interpreted
and represented in an understandable way, by giving in each type
of situation their relationship to data context and, in general, the
information related to each specific phenomenon. Currently, these
types of descriptions are reports that contain text and graphics pro-
duced by human experts. Nevertheless, the relation between the
amount of data to analyze and the number of experts available is
growing dramatically. This situation causes a strong demand for
computational systems that can interpret and describe linguisti-
cally the large amount of information that is being generated in
many areas.

This paper was motivated by the existence of a huge database
of thousands of images of the Mars’ surface produced by satellites
and it is part of a collaboration project with the Spanish National
Institute for Aerospace Technology (INTA). These images, which are
usually analyzed by a small number of available experts on Martian
geology, contain important information. For example, one of the
most important research topics about the Mars planet is the seek
of water, which can be developed by the analysis of its surface. In
[1], authors use infrared to visible wavelength images of the Mars’

* Corresponding author. Tel.: +34 985456545.
E-mail addresses: daniel.sanchezv@softcomputing.es
(D. Sanchez-Valdes), alberto.alvarez@softcomputing.es
(A. Alvarez-Alvarez), gracian.trivino@softcomputing.es (G. Trivino).

1568-4946/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.asoc.2013.08.003

surface to obtain relevant geological information that may help in
the location of water frost. In [2], authors analyze the measure-
ments of elevations in order to extract a highly accurate global map
of the topography of Mars that determines an upper limit of the
present surface water inventory.

In this work, we will use digital image processing techniques
[3,4], in order to obtain automatically information about the pres-
ence of circular structures of the Mars’ surface and produce a
linguistic description of it. There are several examples related to
this work. In [5], authors use 3D image processing to automate
the surface quality analysis of exterior car body panels. From the
viewpoint of describing images in natural language (NL), there are
recent works based on the use of Fuzzy Logic (FL) such as [6], where
authors propose a hierarchical fuzzy segmentation of the image and
a collection of linguistic features able to describe each region. In
[7], authors explain how a fuzzy object-relational database man-
agement system can be employed to implement and integrate the
different elements needed for the linguistic description of images,
namely, ontology, concept representation and language generation.

Our research is based on the Computational Theory of Per-
ceptions (CTP) introduced by Zadeh [8-10]. In previous works in
this line, we have developed computational systems able to gen-
erate linguistic descriptions of different types of phenomena. For
example, we generated financial reports from data taken from the
Spanish Securities Market Commission (CNMV) [11]. We have also
worked in the field of activity recognition [12] and gait analysis
[13], by providing automatically generated linguistic reports based
on accelerometer data. And, we have also dealt with data related to
the field of Intelligent Transportation Systems (ITS), where we gen-
erated assessing reports in truck driving simulators [14,15].In[16],
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we generated linguistic reports about the traffic on roundabouts
and also about traffic evolution in roads [17].

In this paper, we face the challenge of creating human like
reports that could help experts in Martian surface to analyze the
huge database of available images.

This paper is an extension of a previous work presented in [18].
Here, we present several contributions listed as follows:

e An updated architecture of this type of computational applica-
tions, e.g., we introduce the multi-dimensionality of the domain
of existence of a Computational Perception.

e We develop upon the concept of Relevance as a component of a
Computational Perception that is used to choose the most suitable
linguistic expressions to describe the current state of phenomena.
We present a new version of Report Generator that is more flexible
and more advanced than previous ones.

e We present an application that consists of creating linguistic
reports about detected circular structures such as volcanoes or
meteorite impacts. When these structures exist in the image, the
report should provide information about their size and relative
position according to certain criteria of the relevance of these
circles for the final user.

This paper is organized as follows: Section2 describes the
architecture of a computational system able to create linguistic
descriptions of phenomena. Section 3 explains how to apply this
architecture for describing the presence of circular structures such
as volcanoes or meteorite impacts on the Mars’ surface. Section 4
shows the experimental results. And finally, Section5 expounds
some concluding remarks.

2. Linguistic description of complex phenomena

A general approach including a general architecture for compu-
tational systems for linguistic description of data can be found in
[19]. We face this challenge with a more specific architecture based
on our research in the field of Computational Theory of Perceptions
(CTP).

CTP was introduced in Zadeh’s seminal paper “From comput-
ing with numbers to computing with words - from manipulation
of measurements to manipulation of perceptions” [8] and fur-
ther developed in subsequent papers [9,10]. It grounds on the fact
that human cognition is based on the role of perceptions, and the
remarkable capability to granulate information in order to perform
physical and mental tasks without any traditional measurements
and computations.

In Fig. 1, we identify two main stages in the text generation
process, namely, off-line building process and on-line instantiation
process.

During the off-line building process, after analyzing the appli-
cation domain and the user requirements, the designer collects
a corpus of NL expressions that are typically used to describe
the relevant features of the monitored phenomenon. The designer

analyzes the particular meaning of each linguistic expression in
specific situation types to build both, the Granular Linguistic Model
of Phenomena (GLMP) and the Report Template.

During the on-line instantiation process the computational sys-
tem uses input data obtained by the Data Acquisition Module to
generate suitable linguistic reports as result of two instantiation
processes of these two generic data structures that are performed
by the Validity Module and the Expression Module respectively.

2.1. DAQ Module

The Data acquisition (DAQ) module consists of sensors and mea-
surement hardware-software resources. In our approach, the DAQ
Module provides the data needed to feed up the instantiation
process. It provides the interface with the application physical envi-
ronment. This module could include either sensors or access to
information stored in a database. In Section 3.1, we explain how
the DAQ Module takes the information from satellite images and
implements an image processing algorithm.

2.2. Granular linguistic model of a phenomenon

The GLMP data structure is a useful paradigm for developing
computational systems able to generate linguistic descriptions of
data [13,17,18]. The main element of this structure is known as
Computational Perception (CP), which is based on the concept of
linguistic variable developed by Zadeh [20-22]. CPs are compu-
tational models of information units (granules) acquired by the
designer about the phenomenon to be modeled, e.g., CPs corre-
spond to perceptions of specific parts of the phenomenon at certain
granularity degree.

The GLMP is a network of Perception Mappings (PM), which are
the elements used to create and aggregate or combine CPs. Each
PM receives a set of input CPs and transmits upwards an output CP.
We say that each output CP is explained by the PM using a set of
input CPs. In this network, each CP covers specific aspects of the
phenomenon with certain granularity degree. We call first order
perception mappings (1PM) to those PMs which serve as input to
the GLMP. We call first order computational perceptions (1CP) to
the output of a 1PM. The PMs whose input are CPs are called 2PMs
and their outputs are 2CPs. This classification is inspired on the
definition of the three worlds by Popper, namely, world-1 of phys-
ical objects (phenomena), world-2 of the perceived objects (1CP)
and world-3 of the mental objects built by using the objects in the
world-2 (2CP) [23].

Fig. 2 shows an example of a GLMP. In this example, the
phenomenon can be described at a very basic level in terms of
three variables providing values z1, z5, and z3 respectively. In this
GLMP, other two higher-level descriptions of the phenomenon are
provided. These descriptions are given in the form of computa-
tional perceptions 2CP4 and 2CPs5. The second order perception
mappings (2PMs) 2PM4 and 2PMs5 indicate that 2CP4 and 2CPs5 can
be explained in terms of 1CPy, 1CP,, and 1CPs. Finally, the top-order

DAQ
Module

Validity
Module

On-line instantiation process

Expression
Module

Linguistic
Report

Analysis
phase

Images of the

GLMP

Report
Template

Mars' Surface

Off-line building process

Fig. 1. Architecture of a computational system for generating linguistic description of data.
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2CP
6

z z z
1 2 3

Fig. 2. Example of a GLMP.

description of the phenomenon is provided, at the highest level of
abstraction, by 2CPg, explained by 2PMg in terms of 2CP4 and 2CPs.
Notice that, by using this structure, one can provide not only a lin-
guistic description of the phenomenon at a certain level, but an
explanation in terms of linguistic expressions at a lower level. In
the following subsections, we will see how, after being instanti-
ated with a set of input data, the GLMP provides a structure of valid
sentences that in medium size applications could include hundreds
of sentences.

2.2.1. Computational perception
A CP is a tuple with three components (A, W, R) described as
follows:

A is a multidimensional matrix of linguistic expressions (words or
sentences in NL) that represents the whole linguistic domain of
CP,i.e., allits possible linguistic values. In the application context,
each element of A describes the value of CPin each situation of the
phenomenon with specific granularity degree. During the off-line
stage, these values are defined by the designer extracting suitable
sentences from the linguistic corpus of the application domain.
For example, consider the sentences which describe a CP that
were generated with the template:

“The image contains {zero | one | two | three | four | various |
many} {small | medium | big} circles” Here, because the linguistic
template contains two variables, we will organize the domain of
A as a bidimensional matrix:

a1 a2 13
a1 a2 az3
asz1 a3z dsz
A= as ag ag3
as1 ds2 ds3

g1 de2 de3

azy az;z azs

Note that the number of dimensions and size of A depends on
each application domain. In this case, rows refer to number of

circles (7 rows: zero, one, two, . . ., many) and columns to the size
of circles (3 columns: small, medium, big).

W is a multidimensional matrix of validity degrees whose elements

R

are in the interval [0, 1] assigned to each element of A in a specific
context. The validity degree represents the precision of each sen-
tence when describing the specific input data. During the on-line
stage, these validity values are assigned dynamically reflecting
the current state of the monitored phenomenon. For example,
provided the NL expressions in A, the matrix of validity degrees
will be also a bidimensional matrix:

W71 W72 W73

is a multidimensional matrix of relevancy degrees whose ele-
ments are also in the interval [0, 1] assigned to each element of
A in a specific context. The value of relevance depends on the
application. During the off-line stage, these values are assigned
by the designer depending on the specific application require-
ments. The designer assigns values to R indicating the relative
importance of the described situation types. During the report
generation phase, the values of R will be used as complemen-
tary data to select the most suitable sentences to describe the
current state of the phenomenon. For example, provided the NL
expressions in A, the matrix of relevancy degrees will be also a
bidimensional matrix:

0 0 0.2
0 0 0.6
0 0 07
R=]10 0 038
0 0 09
0 0 1
0 0 1

Here, the designer has defined that, the bigger and numerous
the circles, the more relevant is the linguistic expression; while
the small and medium circles are not relevant at all.

2.2.2. Perception mapping

o)

y
g

APMis atuple (U, y, g, T) where:

is a set of input CPs. As explained before, we call first order per-
ception mappings (1PMs)when Uare valuesz € R provided either
by sensors or obtained from a database.

is the output CP, y =(Ay, Wy, Ry).

is an aggregation function that calculates the vector of validity
degrees W), Itis a fuzzy aggregation of the validity degrees of the
input CPs. In FL, many different types of aggregation functions
can be developed. For example g, could be implemented using a
set of fuzzy rules or, in the case of 1PMs, g is built using a set of
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membership functions as follows:

w11 Wi ... Wip
W1 W2 ... Wy

Wy =
Wmi1 Wm2 Wmny,
H‘an (Z) /‘Lau(z) /‘Lam(z)
Mam (Z) Mazz (Z) /‘/112" (Z)
Hag (2)  Hag,(2) Hapn, (2)

where Wy is the matrix of validity degrees associated to the
matrix of linguistic expressions Ay, and uaij(z) is the membership
degree of the input data to each membership function.
T is a text generation algorithm that allows generating the sen-
tences in Ay. For example, in simple cases, T is a linguistic
template, e.g., “The circle is {small | medium | big}”.

2.3. Validity Module

This processing module calculates the validity degrees of each
CP during the on-line process by instantiating in the GLMP structure
the most suitable linguistic expressions to represent the input data,
i.e., this module provides as output a collection of linguistic clauses
together with associated validity degrees.

2.4. Report template

The Report Template is designed during the off-line process.
Here, we develop upon the concept of Fuzzy Tree of Choices (FTC),
which is a mechanism to represent part of the constraints imposed
to the linguistic report. It consists of a directed graph including
choices and the linguistic expressions to be linked together. This
FTC has a generic version that will be instantiated for each input
data (see Fig. 7).

2.5. Expression Module

Provided a set of valid linguistic clauses, this processing module
is in charge of combining this information to generate the most
relevant linguistic report by choosing and connecting the adequate
ones. This is done during the on-line process by instantiating the
Report template.

The Expression Module is used to analyze every combina-
tion of branches in the FTC until it finds out the sequence that

accumulates the highest validity degree. More specifically, we use
Eq.(1)to calculate the product of the validity degrees of all linguistic
expressions belonging to each possible sequence.

I w (1)

Viesequence

Wsequence =

Once we obtain the sequence with the highest validity degree,
the relevance of each expression is used to define the order in which
the information is going to be expressed in the final report. In the
same way, it determines which information is not relevant to be
included in such report. So, the FTC is pruned and reordered, result-
ing in an instantiated report depending on the analyzed image.

3. Linguistic description about the circular structures

In this section, we describe in detail a computational application
for producing linguistic descriptions of the Mars’ surface.

3.1. DAQ Module: image processing

This module is in charge of recognizing circles in the image. The
recognition of patterns is an open issue of research in the field of
automatic image processing. Here, in order to extract information
about the presence of circular structures, we have applied clas-
sical filtering techniques to remove the background, techniques
of edge detection, and the generalized Hough transform which is
particularly suitable for detecting the presence of circles [4,24].

In the first task, known as pre-processing, the image is converted
to grayscale and everything that is not interesting in the image is
“deleted”. This is a procedure that slightly transforms the image
to eliminate any noise, imperfections, shine, etc. Then, we detect
the edges in the image that can be defined as transitions between
two significantly different levels of gray intensity. This provides
valuable information on the borders of objects that can be used for
image segmentation.

We can find some interesting edge detection and segmenta-
tion methods based on Soft Computing techniques. For example,
an ant-inspired algorithm was used in [25] for the detection of
image edge features while a simulated annealing was used in [26] to
edge-based segmentation of grayscale images. There are also recent
works that use fuzzy techniques for the same purpose such as [27],
where authors used fuzzy c-means clustering with weighted image
patch for image segmentation; in [28], a color image segmentation
was practiced using fuzzy clustering techniques and competitive
neural networks; and, finally, authors in [29], used an adaptive
region based color texture segmentation using a fuzzified distance
metric. Here, in order to solve the faced problems in this proto-
type, we have used a classical version of the Sobel operator [4] as

Fig. 3. Example of circles detection in an image.
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boundary filter which consists of two arrays whose size is 5 x5
pixels.

The search for circles in the image is tackled by means of the
Hough Transform [30], which was initially concerned with the iden-
tification of lines in the image, but later it has been extended to
identify arbitrary shapes such as circles or ellipses. To get good
results with this approach, the pre-processing stage is essential,
since the procedure is mainly based on the color jump produced at
the edge of either meteorite impacts or volcano craters. The great
difficulty of this procedure lies in the analysis of those images in
which, by its nature, the land has many irregularities. This fact
accumulates inaccuracies in the analysis and, therefore, we must
assume a margin of error in the obtained results. Moreover, since
we do not know in advance the size and shapes of the relevant
objects, we have to work with a generalized Hough transform
that enables the detection of objects whose shapes and dimen-
sions are, initially, unknown. As any other pattern recognition
algorithm, the Hough transform introduces some uncertainty by
committing several false positives and false negatives mistakes.
We have taken advantage of this feature to emulate the behav-
ior of a human observer that could make similar mistakes and
therefore to generate linguistic descriptions containing such type of
imprecision.

For each image, the DAQ Module provides the number of
detected circles in the image, together with their x and y cen-
troid coordinates, and their corresponding radius (in pixels). As an
example of the performance of this module, Fig. 3 shows the circles
detected for a specific image.

3.2. Validity Module

Fig. 4 shows the designed GLMP. We have defined three 1CPs
which describe the size and position (in the vertical and horizontal
axis respectively) of each circle and five 2CPs which describe the
quantity of circles and their position at different levels of detail.
The 2PMs that appear in this GLMP can be classified in those ones
that aggregate (X) the information from the same subordinate CP
and the ones which combine (IT) information from different sub-
ordinate CPs. In the following subsections, we thoroughly describe
each PM that appears in the GLMP.

3.2.1. Position of a circle in the x coordinate (1PMy)
The elements of this 1PM can be described as follows:

U is the numerical value (z; € R) of the x coordinate of the centroid
of a circle.

“A {small | medium | big} circle in the ‘
{top left | top center | top right | center left | center |
| center right | bottom left | bottom center | bottom right} part”

2CP

spP

“A circle in the
{top left | top center | top right | center left | center |

“The image contains
{zero | one | two | three | four |
| various | many} circles in
the {left | center | right} part”

2cp

2CP, 2CP,
1CcpP
X

“A circle in the
{left | center | right} part”

“A circle in the
{top | center | bottom} part”

| center right | bottom left | bottom center | bottom right} part”

“The image contains
{zero | one | two | three | four |
| various | many}
{small | medium | big} circles”

“The image contains
{zero | one | two | three | four |
| various | many} circles in
the {top | center | bottom} part”

1CP

“A {small | medium | big} circle”

Fig. 4. GLMP for the linguistic description of the Mars’ surface.
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2-h/3

w/3 2-w/3

Fig. 5. Linguistic labels that represent the position attending to the x and y coordi-
nates for a specific image.

y is the output CP (1CPx), that has the following set of possible
sentences ax,, withi e {1, 2, 3}: “Acircle in the {left | center | right}
part”,e.g., ax, = “Acirclein the left part”. Since this CP works only as
input data and itis not used in the linguistic reports, the relevance
values ry; are set to zero Vi.

g is the function that calculates the validity degrees of the output
CP. These values are obtained by means of uniformly distributed
trapezoidal membership functions (MFs) forming a strong fuzzy
partition (SFP) [31]. Here, the three linguistic labels associated to
each NL expression are trapezoidal MFs distributed over one and
two thirds of the image width w. We have heuristically decided
its vertexes as follows: {left — (—oco0, —c0,7-w/24,9.-w/24),
center — (7-w/24,9-w/24,15-w/24,17 -w/24), right —
(15-w/24,17 -w/24, 0o, 00)} in such a way that these vertexes
are placed in one and two thirds of the image width plus or
minus an additional value corresponding to w/24. In Fig. 5, can
be seen a graphical representation of these linguistic labels for a
specific image.

3.2.2. Position of a circle in the y coordinate (1PMy)
This 1PM is similar to 1PMy and can be described as follows:

U is the numerical value (z; € R) of the y coordinate of the centroid
of a circle.

y is the output CP (1CPy), it has the following set of possible sen-
tences ay,, with i € {1, 2, 3}: “A circle in the {top | center | bottom}
part”. Since this CP also works only as input data and it is not used
in the linguistic reports, the relevance values ry, are zero Vi.

g is the output function. It consists of three trapezoidal MFs
that were distributed over one and two thirds of the image
height h similarly to the position of the circle in the x coor-
dinate, resulting in the following vertexes: {top — (— oo, — o0,
7-h[24, 9-h[24), center — (7 -h[24, 9-h[24, 15-h[24, 17 - h[24),
bottom — (15-h/24, 17 -h[24, oo, o0)}. In Fig. 5, can be seen a
graphical representation of these linguistic labels for a specific
image.

3.2.3. Size of a circle (1PMs)
This 1PM can be described as follows:

U is the numerical value (z3 € R) of the radius of the circle in pixels.

y is the output CP (1CPs), it has the following set of possible sen-
tences as,, with i€ {1, 2, 3}: “A{small | medium | big}circle”. Since
this CP also works only as input data and it is not used in the
linguistic reports, the relevance values rg, are zero Vi.

g is the output function. It consists of three trapezoidal linguistic
labels heuristically defined by their vertexes as follow: {small (S)

(=00, — 00, 5/16, s/8), medium (M) (s/16, s/8, 2-5s/3, 3---/2), big
(B)(2-5/3,3-5/2, 00, 00)}, where s is the minimum between the
width (w) and height (h) of the figure divided by six, as is shown
in Eq. (2):

_ min(w, h)

S=—"%6 2)

3.2.4. Summary of circles in the x position (2PMsx)
This 2PM aggregates (X)) the information from the 1CPx subor-
dinate CP. It has the following elements:

U is the input CP: 1CPy.

y is the output CP (2CPsy), it has the following set of possible sen-
tences ag,, withie {1,2,...,7} andj € {1, 2, 3}:

asx,; — “The image does not contain any circle in the {left | center
| right} part”
asx,, — “The image contains one circle in the {left | center | right}
part”
Asxy; — “The image contains two circles in the {left | center | right}
part”
Asx,; = “The image contains three circles in the {left | center |
right} part”
Asxs; = “The image contains four circles in the {left | center | right}
part”
asxg — “The image contains various circles in the {left | center |
right} part”
asx,, — “The image contains many circles in the {left | center |
right} part”
In this specific application, we consider that this information is
not relevant in the final report but, it is available if the designer
decides to show it in the future. Therefore, the relevance values
Tsx; are zero Vi, j.

g isthe output function, which is based on the «-cuts based method
proposed in [32]. For each part of the image that appears in the
set of sentences (left, center, or right) determined by the index j,
we calculate the percentage of circles contained at each «-level
(Ngj) by means of Eq. (3), with @ A={0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7,0.8,0.9, 1}:

K
1
Ngj = E;Fa<wXU[k1) (3)

where Fy(z)is defined by Eq. (4), and Wy, [k]is the validity degree of
1CPx, which is calculated for each circle (k) until the total number
of circles (K) detected in the image.

1 if z>o
F, = - 4
o(2) { 0 if z<« )

Then, we calculate the membership degree of each N; to each ele-
ment of the set of linguistic quantifiers: {Qq, ..., Q7} = {Zero, One,
Two, Three, Four, Various, Many}, e.g., jtg,(Nyj) = Three(Ny;). The
shapes of these linguistic labels are determined by the total number
of circles K as can be seen in Fig. 6.

The last step is to calculate the average value of the member-
ship degrees obtained for each «-level using Eq. (5). The number of
elements in the set A is the resolution degree, i.e., here, ‘A’ =10.

1

WSy = T > Ho(Ney) (5)
VaeA

This final value contains the relevant information about the

amount of circles attending to the x coordinate (left, center or right)
of their centroid. For example, the validity degree of the sentence
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Zero(x)
One(x)
Two(x)
Three(x)
Four(x)
Various(x)
Many(x)

0 /K 2/K 3/K 4/K 5/K 6/K 7/K 8/K 9/K 10/K

Fig. 6. Linguistic labels that represent the linguistic quantifiers “Zero”, “One”,

“The image contains three circles in the center part” (ws,,) will be
determined by Eq. (6):

1
ﬂ (6)

WsXyy =

A Z Three(Ng;)

YoeA

3.2.5. Summary of circles in the y position (2PMsy)
This 2PM aggregates () the information from the 1CPy subor-
dinate CP in the same way as 2PMgy. It has the following elements:

U is the input CP: 1CPy.
y is the output CP (2CPsy), it has the following set of possible sen-
tences dsy,, withie {1,2,...,7}andje {1, 2, 3}:

asy,; — “The image does not contain any circle in the {top | center
| bottom} part”
asy, — “The image contains one circle in the {top | center | bot-
tom} part”
asy, — “The image contains two circles in the {top | center | bot-
tom} part”
sy, — “The image contains three circles in the {top | center |

bottom} part”
asys; — “The image contains four circles in the {top | center |
bottom} part”
Asyg; — “The image contains various circles in the {top | center |
bottom} part”

asy, — “The image contains many circles in the {top | center |
bottom} part”
Similarly to 2PMsy, we consider that this information is not rel-
evant in the final report, but it is available if the expert decides
to show it in the future. Therefore, the relevance values Tsy, are
zero Vi, j.

g is the output function, which calculates the validity degrees
(Wsyij) in the same way as the validity degrees of 2CPsx (WSX,; )
e.g., the validity degree of the sentence “The image contains four
circles in the top part” (wsy,, ) will be determined by Eq. (7):

K
|;‘| ZFour (;ZFQ(WY“ [k])>
k=1

YaeA
3.2.6. Summary of circles attending to the size (2PMss)
This 2PM aggregates (X) the information from the 1CPs subor-
dinate CP in the same way as 2PMsy and 2PMgsy. It has the following
elements:

(7)

Wsys, =

U is the input CP: 1CPs.
y is the output CP (2CPss), it has the following set of possible sen-
tences ass,, withie {1,2,...,7} andje {1,2,3}:
ass,; — “The image does not contain any {small | medium | big}
circle”

X

“Two”, “Three”, “Four”, “Various”, or “Many” circles.

— “The image contains one {small | medium | big} circle”
“The image contains two {small | medium | big} circles”
“The image contains three {small | medium | big} circles”
“The image contains four {small | medium | big} circles”

Ossg; — “The image contains various {small | medium | big} circles”

ass,, — “The image contains many {small | medium | big} circles”
In this application, the designer decided that this 2CP is very rele-
vant for the report. On the one hand, the relevancy matrix shows
as the absence of small and medium circles is not relevant for
final report (rss,, = 'ss;, = 0). On the other hand, the presence
of various or many big circles is the most relevant information
(rssg; =Tss,, = 1), meanwhile the existence of medium circles is
somehow relevant:

ssy;
Asss;
Ass,y;
Assg;

—
—

—

0o o0 1
04 06 0.8
04 06 0.8
04 06 0.8
04 06 0.8
08 09 1
08 09 1

Rss =

g is the output function, which calculates the validity degrees
(Wss,-j) in the same way as the validity degrees of 2CPsx and 2CPsy,
e.g., the validity degree of the sentence “The image contains many
big circles” (wss,, ) will be determined by Eq. (8):

K
Wss.4
1

= |:\’ ZMany (;ZF(X(WSB [k])>

VaeA k=

3.2.7. Position of a circle in y and x coordinates (2PMyy)
This 2PM combines (IT) the information from 1CPy and 1CPx
subordinate CPs. It has the following elements:

U are the input CPs: {1CPy, 1CPx}

y is the output CP (2CPyy), it has the following set of possible sen-
tences ayx;, withie {1,2,...,9}: “Acircle in the {top left | top center
| top right | center left | center | center rigth | bottom left | bottom
center | bottom right} part”. We consider that this information is
not relevant in the final report, but it is available if the designer
decides to show it in the future. Therefore, the relevance values
T'yx; are set to zero Vi.

g is the output function, which calculates the matrix of validity
degrees (Wyy,), using the product for the intersection, as follows:

Wyx = (Wy1 Wy, Wy, -Wx, Wy, -Wx, Wy, -Wx, - Wy, ~WX3)
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3.2.8. Size of a circle and its position x, y (2PMsp)
This 2PM combines (IT) the information from 2CPyx and 1CPs
subordinate CPs. It has the following elements:

U are the input CPs: {1CPyx, 1CPs}
y is the output CP (2CPsp), it has the following set of possible sen-
tences dsp;, withie {1,2,3}andje{1,...,9}:
asp,; — “A small circle in the {top left | top center | top right |
center left | center | center right | bottom left | bottom center |
bottom right} part”
asp,; — “A medium circle in the {top left | top center | top right
| center left | center | center right | bottom left | bottom center |
bottom right} part”
asp,; — “A big circle in the {top left | top center | top right | center
left | center | center right | bottom left | bottom center | bottom
right} part”
In this case, we are not too much interested in small circles
position. We want to emphasize the presence of medium and,
specially, big circles in the image. Therefore, the set of relevance
values is the following:

04 04 04 04 04 04 04 04 04
0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
1 1 1 1 1 1 1 1 1

Rsp =

Y
contains

g is the output function, which calculates the validity degrees
(ngij )based on the validity degrees of the subordinate CPs, using
for the intersection the product of the two matrices of validity
degrees, as follows:

Ws,

Wsp = Ws, -(va1 Wyx, Wyx; Wyx, Wyxs Wyxg Wyx; Wyxg Wyxg)

3

3.3. Expression Module

In this application, we developed the FTC that can be seen in
Fig. 7. It contains four choices (queries) made over 2CPgs listed as
follows:

q1— Does the image contain circles?

q2— How many big circles does the image contain?

q3— How many medium circles does the image contain?
q4— How many small circles does the image contain?

As we explained in Section 2.5, the relevancy matrix of each CP
(R) feed the Expression Module to instantiate the FTC. Therefore,
each report will be different depending on the analyzed image. In

does not contain circles

0 y! y2

—

| 1 big circle | | 2 big circles |

| many big circles |

]

&

0 v! y2

—

|1 medium circlel | 2 medium circles |

|many medium circlesl

]

%

0 y! y2

—

| 1 small circle | | 2 small circles |

| many small circles |

]

Fig. 7. Report template. Fuzzy tree of choices.
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1 big circle

Fig. 8. Report automatically generated for the first example.

this application example, the elements of the relevancy matrix of all
CPs are zero, except for 2CPss (Rss) and 2CPsp (Rsp). This is because
the designer only wants to include in the report the information
corresponding to these two CPs.

The 2CPss informs about the number of circles in the image.
Rss specifies the relevancy values of each possible sentence to be
included in the final report. Figs. 8 and 9 show two examples of
reports automatically generated by the Expression Module for two
different images (Images 1 and 5 of the experimentation).

The 2CPss of the first example, Fig. 8, gave as result that the
image contains four small circles, many medium circles and one big
circle, as the sequence with highest validity degree calculated by
Eq.(1). Attending to the relevancy matrix Rss, the relevancy degrees
corresponding to this result are 0.4, 0.9 and 0.8, respectively. These
results allow the Expression Module to instantiate the corresponding
report.

As part of the report template, we have introduced a relevancy
threshold (Tss) associated with the expression of CPss. It indicates
the minimum relevancy degree of sentences to be included in the
report. In this first example, with Tss fixed to 0.5, the final report
will include information about medium and big circles, but not
about small ones. Therefore, the resulting sentence from this exam-
ple would be “The image contains many medium circles and one big
circle”.

The 2CPss of the second example, Fig. 9, gave as result that the
analyzed image contains various small circles, three medium circles
and one big circle. As we can see in this figure, the report created by
the Expression Module in this case is totally different from the pre-
vious one. If we look at Rgs, the relevancy degrees corresponding to
this result are equal to 0.8, 0.6 and 0.8, respectively. Since the rele-
vance of having various small circles is the same as having one big
circle, we established that the presence of big circles has preference
in the final report. With Tss = 0.5, the final report will include the
following sentence “The image contains one big circle, various small
circles and three medium circles”. Note that, the quantity of infor-
mation provided and the order in which this information has been
expressed has completely changed.

contains

1 big circle

K3

varlous small c1rcles

$

| 3 medium 01rcles

&

Fig. 9. Report automatically generated for the second example.

+—©

©

w

Once the relevant number of circles is described, the designer
would like to include their positions in the image. This information
is provided by the 2CPsp. The relevancy degrees of this CP are spec-
ified in Rep. In this case, we also define a relevancy threshold (Tsp)
that allows the Expression Module to know the locations of which
circles have to be included in the final report. Following with the
examples showed in Figs. 8 and 9, with Tsp fixed to 0.8, the final
report of the first example will add that “the big circle is in the cen-
ter of the image” and the final report of the second example will add
that “the big circle is in the center left part of the image”. In both cases,
the information about the location of small and medium circles has
been omitted (their relevancy degrees are lower than Tsp).

4. Experimentation

In the experimental phase, we have worked with a total of 10
different images (Fig. 10).

4.1. Descriptions obtained

The relevancy thresholds were fixed to Tgs=0.5 and Tsp=0.8 as
an example of application. These parameters can be modified by
the expert depending on the level of detail that she/he requires in
the final report. We obtained the following linguistic descriptions
for each image.

e Image 1 — “The image contains many medium circles and one big
circle. The big circle is in the center of the image”
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y cr 3 b

(f) Image 6 (278x194)

(g) Image 7 (391x308) (h) Image 8 (400x359)

(i) Image 9 (273x184)

() Image 10 (160x151)

Fig. 10. The ten analyzed images of the Mars’ surface and their resolution (in pixels).

¢ Image 2 — “The image does not contain big circles but it contains
one medium circle”

* Image 3 — “The image contains one big circle in the center”

Image 4 — “The image contains two big circles and two medium

circles. The two big circles are in the bottom center and in the top

center parts of the image”

¢ Image 5 — “The image contains one big circle, various small circles
and three medium circles. The big circle is in the center left part of
the image”

¢ Image 6 — “The image contains various medium circles and one big
circle. The big circle is in the bottom center part of the image”

® Image 7 — “The image contains one big circle and two medium
circles. The big circle is in the center right part of the image”

¢ Image 8 — “The image contains two big circles. The two big circles
are in the center of the image”

e Image 9 — “The image contains one big circle and three medium
circles. The big circle is in the center right part of the image”

¢ Image 10 — “The image contains one big circle and three medium
circles. The big circle is in the top center part of the image”

4.2. Evaluation of the results

Assessing the performance of a system which aims to describe
data using NL is a challenging task. The meaning of NL sentences is
determined by its context of use, including the personal experience
of the writer and the reader [33]. In order to contribute to solve
this problem, we have used a straightforward strategy: we have
used the computer to create a set of sentences to cover a simple
application domain.

In order to asses the matching of the obtained descriptions with
the test images, we have done a survey counting with the help
of a set of people. The test consisted of showing them five dif-
ferent descriptions generated by the application for each of the
ten images. These five different descriptions were chosen among
those sequences which got the best validity degrees, including, of

Table 1

Percentage of agreement of the human observers with our application (System agree-
ment) and percentage of agreement of these human observers among them (People
agreement).

Image System agreement (%) People agreement (%)
1 59.1 37.7
2 54.5 41.1
3 72.7 56.2
4 90.9 823
5 54.5 33.8
6 59.1 45.9
7 54.5 34.6
8 773 63.2
9 18.2 20.8
10 54.5 37.7
All images 59.5 453

course, the best one which is considered the actual output of our
system. Since we are trying to model the behavior of a non-expert
observer, we asked a total of 22 different people without knowl-
edge about Martian geology to choose the best among these five
descriptions.

In Table 1, we show, for each image, the average percentage
of agreement of these people with the computational application
(System agreement), i.e., the percentage of times that the choice of
the people is the same as the description obtained by our appli-
cation. Also, we show the average percentage of agreement of
these people among them (People agreement), i.e., the average per-
centage of times that the choice of each person is the same as
the description obtained by the rest of the people. The global
average values for all the images are also represented at the bot-
tom.

The system agreement gets an average for all the images of 59.5%
which is indeed greater than the average people agreement (45.3%).
The highest values correspond to the images number 4, 8, and 3,
which have a low number of circles easy to identify. Moreover, the
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system agreement is greater than the people agreement for all of the
images except the number 9, which means that each person agrees,
in average, more with our application than with the descriptions
chosen by the rest of the people. This fact can be explained focus-
ing in Fig. 3, where the four recognized circles of the image number
9 are represented. The description made by the application based
on these four circles is: “The image contains one big circle and three
medium circles. The big circle is in the center right part of the image”.
However, a human observer who tends to include the big circle in
the center right part of the image, tends also to include the circle at
the top left corner that is not recognized by the DAQ Module. There-
fore, not only is the description obtained by our report generator
extremely dependent on the results of the DAQ Module, but also on
the subjectivity of the people.

4.3. Exploring other relevancy thresholds

To proofthe effectiveness of relevance and relevancy thresholds,
we have modified the parameters Tss and Tsp, checking the evolu-
tion of the sentences obtained in final reports. Then, the results
of this experimental process applied to three of the ten analyzed
images are explained as follows:

e [mage 2:
Original: “The image does not contain big circles but it contains
one medium circle.”
Increasing Tss from 0.5 to 0.7: “The image does not contain big
circles.”
Decreasing Tsp from 0.8 to 0.7: “The image does not contain big
circles but it contains one medium circle. The medium circle is
in the center of the image.”

e [mage 4:
Original: “The image contains two big circles and two medium
circles. The two big circles are in the bottom center and in the
top center parts of the image.”
Increasing Tss from 0.5 to 0.7: “The image contains two big cir-
cles. The two big circles are in the bottom center and in the top
center parts of the image.”
Decreasing Tsp from 0.8 to 0.7: “The image contains two big
circles and two medium circles. The two big circles are in the
bottom center and in the top center parts of the image. The two
medium circles are in the bottom left part of the image.”

® Image 9:
Original: “The image contains one big circle and three medium
circles. The big circle is in the center right part of the image.”
Increasing Tss from 0.5 to 0.7: “The image contains one big
circle. The big circle is in the top center part of the image.”
Decreasing Tsp from 0.8 to 0.7: “The image contains one big
circle and three medium circles. The big circle is in the center
right part of the image. The three medium circles are in the top
left and center left parts of the image.”

As we can see in the previous results, when a relevancy thresh-
old is increased, the Expression Module omits more information,
including only the most relevant information. On the other hand,
when a relevancy threshold is decreased, the Expression Module
includes more information, specifying details less relevant for the
expert.

5. Concluding remarks

This paper present our last contributions to the field of generat-
ing linguistic descriptions of data:

e We have explored the multidimensionality of the domain of exis-
tence of a CP.

e We have developed upon the use of the relevance to choose the
most suitable linguistic expressions.

e We have presented a new version of Report Generator based on
the concept of Fuzzy Tree of Choices.

e We have described a computational application able to create
customizable linguistic reports about detected circular structures
such as volcanoes or meteorite impacts.

In human generated linguistic reports, the use of NL depends on
the application context and specifically of the writer experience and
intentions. Here, the chosen linguistic expressions should capture
the subjectivity of the human beings participating in the process of
designing the computational system, namely, the expert on Mar-
tian geology that will provide the functional requirements and the
designer that will try to implement that functionality.

Of course, this approach can also be applied to different fields.
The difficulties of each application will depend on the complexity
of the data and of the complexity of the desired linguistic reports.

In future works in this application, we could improve the DAQ
Module in order to recognize different geological structures and we
will develop new reports to provide more complex descriptions of
the Mars’ surface.
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5.2. Computational Perceptions of uninterpretable da-
ta. A case study on the linguistic modeling of
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D. Sanchez-Valdes, and G. Trivino. “Computational Perceptions of uninterpretable
data. A case study on the linguistic modeling of human gait as a quasi-periodic pheno-
menon”. Fuzzy Sets and Systems, Vol. 253, pp. 101-121, 2014.



60 Capitulo 5. Compendio de publicaciones

Available online at www.sciencedirect.com

ScienceDirect FUuZ.:

sets and systems

CrossMark

.
ELSEVIER Fuzzy Sets and Systems 253 (2014) 101-121

www.elsevier.com/locate/fss

Computational Perceptions of uninterpretable data. A case study
on the linguistic modeling of human gait as a quasi-periodic
phenomenon

Daniel Sanchez-Valdes *, Gracian Trivino

European Centre for Soft Computing, C/Gonzalo Gutierrez Quircos, s/n, 33600 Mieres, Asturias, Spain
Received 10 June 2013; received in revised form 22 October 2013; accepted 17 December 2013
Available online 24 December 2013

Abstract

As a contribution to the field of the Zadeh’s Computational Theory of Perceptions, this paper deals with generating linguistic
models of those phenomena that the designer cannot completely recognize at running time. We explore the possibility of generating
linguistic descriptions including in their meaning the fact the complete interpretation of input data is not feasible. With this purpose,
we extend our previous research in this field by introducing the concept of Computational Perception of uninterpretable data. This
extension provides more expressiveness and flexibility to the currently available resources. We define a linguistic variable that
explains the degree with which phenomena suit the model, i.e., if input signals can be interpreted. In order to demonstrate the
advantages of this contribution, we apply it to create a definition of fuzzy set of quasi-periodic phenomena. We use these new
linguistic models to analyze and linguistically describe some characteristics of the human gait, as a case study of quasi-periodic
phenomenon.
© 2014 Elsevier B.V. All rights reserved.

Keywords: Uninterpretable data; Computing with perceptions; Linguistic modeling; Quasi-periodic signals; Gait analysis

1. Introduction

Human beings use Natural Language (NL) to organize the structure of their experience and to communicate with
others [1]. The experience acquired in our everyday life environment using NL allows us to describe our perceptions
to others by means of meaningful linguistic expressions that we share with them in specific contexts.

Many times, due to the limits of our personal experience, we do not have available all the resources needed to
recognize and describe the relevant details of specific input data. In order to communicate the uncertainty produced
by this lack of experience, we use expressions like “as far as I know...”, remarking to the listener the lack of a
complete knowledge about the meaning of input data. For example, after exploring a damaged car, the expert could
tell us: “It seems to be a problem with the battery or the starter engine, but it may be other cause”. Obviously, we
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understand that he/she is not very sure about the diagnosis. His/her statement indicates that the expert’s experience is
not enough to clearly recognize the cause of the car bad functioning.

There is a demand of computational applications able to convert data into relevant linguistic descriptions. Accord-
ing to each situation type, these tools should interpret and represent data in an understandable way, and therefore,
generate descriptions so useful as possible to achieve the specific user’s goals. Zadeh’s principle of incompatibility
[2] formulates that the more complex the phenomena, the more difficult to design precise computational models. In
order to cope with this drawback, human beings use NL to build linguistic models of perceived phenomena in their
environment.

In general, because the inevitable incompleteness of computational models, when monitoring complex phenomena,
we only can recognize input data with a certain matching degree. This paper faces with the challenge of enriching the
meaning of automatic linguistic descriptions of phenomena in order to contribute to overcome this limitation.

In recent years, there has been a growing interest for modeling approaches based on Fuzzy Logic due to its ability
for linguistic concept modeling and system identification. On the one hand, semantic expressiveness, using linguistic
variables and rules, is quite close to natural language, which reduces the effort of expert knowledge extraction. On
the other hand, being universal approximators [3] fuzzy inference systems are able to perform nonlinear mappings
between inputs and outputs. Thanks to these advantages, Fuzzy Logic has been successfully applied in classification
[4,5], regression [6,7], control [8,9], system modeling [10,11] and linguistic summarization [12,13], achieving a good
interpretability accuracy trade-off [14].

In this context, the idea of uninterpretable data arises naturally. We define uninterpretable data as input data
that do not fully suit with the available model of the monitored phenomenon. The lack of complete knowledge is
a typical characteristic of expert systems and data-driven systems, including rule base systems that combine expert
rules with induced ones [15,16]. According to [17], “completeness means that for any possible input vector, at least
one rule is fired, there is no inference breaking”. The lack of complete knowledge or completeness varies depending
on the applications. In automatic applications like fuzzy controllers, the rule base should be complete. However, in
applications that involve interaction with humans, the interpretability is more appreciated than the completeness. In
this case, the higher the number of rules, the lower the system interpretability. In classical fuzzy modeling, two options
mainly exist to deal with this problem: to complete the rule base or to use a default rule [ 18]. Mencar and Fanelli define
completeness as “a property of deductive systems that has been used in the context of Artificial Intelligence to indicate
that the knowledge representation scheme can represent every entity within the intended domain” [19].

Quasi-periodic phenomena are a type of complex phenomena that provide signals with repetitive temporal patterns
but including some variations in period and amplitude. Examples of this type of phenomena are electrocardiograms,
accelerations produced during the human gait, vibrations of musical instruments, etc. They are good examples of
phenomena that either cannot be modeled, or we do not want to model, with absolute precision. Popular approaches
to deal with quasi-periodic signals vary from wavelets transform [20], classical curve fitting methodologies to Hidden
Markov Models [21] and Neural Networks [22,23].

Our long term research line is based on the Computational Theory of Perceptions (CTP) introduced by Zadeh
[24-26]. In previous works, we have developed computational systems able to generate linguistic descriptions of dif-
ferent types of phenomena. For example, we have generated assessing reports in truck driving simulators [27], reports
about traffic evolution in roads [28], about the relevant features of the Mars’ surface [29] and linguistic descriptions
about visual double stars [30].

When Fuzzy Logic is combined with Finite State Machines, a more fluent modeling process is achieved. Fuzzy
Finite State Machines (FFSM) are specially useful tools to model dynamical processes that are time-dependent, be-
coming an extension of classical Finite State Machines [31,32]. The main advantage of FFSMs is their ability to handle
imprecise and uncertain data, which are inherent to real-world phenomena, in the form of fuzzy states and transitions.
The theoretical basics of FFSMs were established in [33] and later developed in [34-36]. In previous research, we
have learned that FFSMs are suitable tools to model quasi-periodic phenomena. We have applied FFSMs for pattern
recognition tasks such as human gait recognition [37,38] and gesture recognition [39,40] based on accelerometer data.
We used an FFSM to fuse body posture and WiFi positioning [41].

The context of our contribution can be defined using the following quote from Klir and Yuan [42]: “uncertainty
in any problem-solving situation is a result of some information deficiency. Information (pertaining to the model
within which the situation is conceptualized) may be incomplete, imprecise, fragmentary, no fully reliable, vague,
contradictory, or deficient in some other way. In general, various information deficiencies may result in different
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Fig. 1. Basic architecture of a computational system for generating linguistic descriptions of phenomena.

types of uncertainty”. Many other approaches have dealt with modeling uncertainty. One of the most complete is the
RIMER method [43]. This method deals, on the one hand, with the uncertainty associated with the consequents of
rules. Due to the inaccuracy or vagueness existing in information provided by experts, the consequents in a rule-based
system can include some uncertainty that this method models with a “belief-degree”. Our study does not focus in this
type of uncertainty. According with the perspective of RIMER method, here we work with consequents with belief
degree = 1. On the other hand, the RIMER method deals with situations in which the input information is modeled by
giving different degrees of importance to each rule and to each attribute. Here, we do not use this possibility; we focus
our study in linguistically describing the degree to which the model fits to the input data, i.e., describing the lack of
the model to cover the whole domain of existence of the monitored phenomenon. The goal is to enrich the linguistic
descriptions of phenomena by communicating to the user the ability or inability of the model to recognize the input
data. Thus, the main novel contributions of this paper are summarized as follows:

e To improve the potential of meaning of current computational applications for linguistic description of data.
Section 2 extends our contribution to the field of Computational Theory of Perceptions by introducing the concept
of Computational Perceptions of uninterpretable data.

e To present a definition of fuzzy set of quasi-periodic signals. In Section 3, Computational Perceptions of unin-
terpretable data are used to design new models of quasi-periodic phenomena. We use FFSMs to produce more
versatile and interpretable models of this type of phenomena.

e To contribute to increase the available computational tools for human gait analysis. Section 4 shows how to
generate linguistic descriptions of the human gait temporal evolution taking into account the fact that the signal
is not always completely interpretable. Some experimental results are discussed in Section 5. In Section 6, we
develop upon our previous research in human gait modeling by automatically adapting the model even when the
subject performs important changes in the style of walking, regarding both speed and applied force. Section 7
validates this enhanced model.

2. Linguistic description of complex phenomena

Perceptions are “physical sensations interpreted in the light of experience” [44]. Inspired in this definition, Fig. 1
illustrates the general diagram of a computational system able to generate linguistic descriptions of phenomena. The
Interpreter module gathers input data from a given monitored Phenomenon and uses computational models supported
by the available Experience to recognize meaningful patterns. The output is a Linguistic description made up of
several linguistic expressions properly combined for describing the meaning of the perceptions to be communicated
to specific users in specific application contexts.

2.1. Computational Perception (CP)
A CPis a tuple (A, W) described as follows:
A= (ap,a1,ar,...,a,) is a vector of linguistic expressions (words or sentences in NL) that represent the whole
linguistic domain of CP. The components of A are defined by the designer in accordance with the most suitable

sentences from the typically used ones in the application domain of language. Thus, each component a; is the
most suitable linguistic value of CP in each situation of the phenomenon with specific granularity degree. The
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greater the number of expressions the more granularity and precision can be achieved. Sentences can be either
simple, e.g., a; = “The temperature is quite high”, or complex, a; = “Today the weather is better than the
last days”. In this paper we extend our previous definition of CP by introducing ag as an additional linguistic
expression which indicates that the current perception does not match with any of the other available expres-
sions, e.g., “The available model cannot explain completely the current situation”. The goal of this additional
expression is to model the lack of interpretability of the signal, providing information of those parts of the signal
that we cannot explain with the available model. When the whole domain that defines the CP is well-defined,
we do not care about uninterpretable data. However, when the definition of the domain reveals certain ignorance
because of a lack of complete knowledge, as it usually happens in most real-world applications, handling such
uninterpretable data becomes essential. The linguistic expressions @; will be used to generate linguistic reports
about the monitored phenomenon.

W = (wp, w1, wa, ..., wy,) is a vector of validity degrees w; € [0, 1] assigned to each a;. In the application context,

w; represents the suitability of a; to describe the current perception. The designer chooses the components of A
by trying to cover all the possible values of CP, i.e., the total validity should be distributed among all linguistic
labels. Therefore, typically, the components of A are attached to fuzzy sets forming strong fuzzy partitions [45]
in the universe of discourse of CP, i.e., Y '_jw; = 1. It is worth remarking that, usually, the output of a set
of fuzzy rules is obtained after normalization and the information about the non-interpretability of data is lost.
The value of wq represents the degree up to which the current input value is uninterpretable. It is calculated as
wo=1-Y"_, w;.
For example, let us suppose that we want to design a CP about the weather evaluation during the last month.
Provided a set of input data characterizing the weather (temperature, humidity, raining rate, etc.) during that
period, we could have a set of available linguistic expressions A which describes the weather as very bad, bad,
normal, good or very good. After applying, e.g., a set of fuzzy rules, we may infer that the weather was very
bad (w1 = 0.1), bad (wy = 0.5), normal (w3 = 0), good (w4 = 0) and very good (ws = 0). Possible reasons
that produce that Y ;_; w; # 1 could be the lack of experience when designing the model, the presence of noise
in the signal that difficults its interpretation, errors in data acquisition systems, etc. One way to represent this
lack of interpretability in the available data is calculating wo as 1 — Y 7_; w;, obtaining that wo = 0.4. Thus, we
could describe the weather during the last month with the following sentence: “As far as I know, the weather
during the last month was bad”, where the expression “As far as I know” denotes a lack of confident into the
meaning of the sentence when describing the weather.

2.2. Perception Mapping (PM)

We use PMs to combine or aggregate CPs. A PM is a tuple (U, y, g, T) where:

U is avector of input CPs, U = (uy, uz, ..., un), where u; are tuples (A;, W;) and m the number of input CPs.

y is the output CP, y = (A, Wy). That is to say PM: u1 X up X --- X up, —> y.

g 1s an aggregation function Wy = g(Wy, W, ..., Wy,), where W; are the vectors of validity degrees of the m input
CPs.
In Fuzzy Logic, many different types of aggregation functions have been developed. For example, g can be
implemented using a set of fuzzy rules. As mentioned in the Introduction, the concept of default rule has been
already studied in the field of sets of fuzzy rules. Here, we use this concept to give value to wg in Wy,

T is a text generation algorithm that allows generating the sentences in Ay. In our current approach, 7T is typically
a basic linguistic template, e.g., “Likely the temperature sensor is wrong” and/or “The temperature of this room
is {high | medium | low}”.

We use a special type of perception mapping to process the input data of the whole computational model. We call
them first order perception mappings (1PMs). In this special case the inputs are numerical data obtained either by
sensors or obtained from results of a database query. For the sake of homogeneity, we consider these numerical inputs
as a very special case of CP where A, is the set of linguistic expressions of these numbers, e.g., ¢; = “25.2”, and W
is a vector where w; =1l and w; =0,V #1i.
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“The degree with which the signal suits the model is
{very low | low | medium | high | very high}”

“The signal is in the state
‘ {Low | Medium | High | Medium.} "
or
“The model cannot explain the

current situation”

2cpP

“The amplitude of the signal is
{very negative | negative | zero |
positive | very positive} ”

“The signal is
{decreasing | staying | increasing}”

u(®)

Fig. 2. GLMP for the linguistic description of the pg7 (1) of a sinusoidal signal.

2.3. Granular Linguistic Model of Phenomena (GLMP)

GLMPs consist of networks of PMs (see in Fig. 2 a simple example of GLMP that we explain in next section). We
say that output CPs are explained by the PM using a set of input CPs. In the network, each CP covers a specific aspect
of the phenomenon with certain granularity degree.

We call first order computational perceptions (1CPs) to those obtained from the system input and we call second
order computational perception (2CPs) to those explained by previous CPs. This classification is inspired on the
definition of the three worlds by Popper, namely, the world-1 of physical objects (phenomena), the world-2 of the
perceived objects (1CP) and the world-3 of the mental objects built by using the objects in the world-2 (2CP) [46].

By means of using different aggregation functions and different linguistic expressions, the GLMP paradigm allows
the designer to model computationally his/her perceptions. Note that, after being instantiated with a set of input data,
the GLMP provides a structure that, in medium size applications, could include hundreds of valid sentences.

2.4. Fuzzy Finite State Machine (FFSM)

In system identification, designers decide which paradigm they use to represent system models. The state space
representation is one of the most expressive model structures, where the designer must find out the necessary and
sufficient subset of state variables to represent the entire state of the system at every time instant [47]. In every
case, the designer uses his/her creativity and personal experience to choose the most adequate set of state variables
depending on the system goals. This set of variables emphasizes the relevant aspects of the system and hides the
irrelevant ones.

When the system evolves in time, the current state follows a trajectory in the state space. In this context, an FFSM
can be considered a particular case of state space model that is especially useful when modeling phenomena that
evolves in time through a limited number of fuzzy states. This paradigm is used in system modeling to allow experts
to build comprehensible linguistic fuzzy models in an easier way. An FFSM is a tuple {Q, U, f, Y, g}, where:

e () is the state vector of the system: (qo, g1, g2, - .., qn), With n being the number of states, and gg is the initial
state of the system.
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Fig. 3. Sinusoidal signal with related fuzzy labels.

U is the input vector of the system: (u1,u2, ..., uy,,), with n,, being the number of input variables.
f is the transition function that calculates the state vector of the system.

Y is the output vector: (y1, y2, ..., y,), With n being the number of output variables.

g is the output function that calculates the output vector of the system.

For a more detailed description of our approach, we refer the interested reader to some application examples on
how to implement FFSMs [37,50].

3. Fuzzy sets of quasi-periodic signals

According to the definition of fuzzy set [48], we define a fuzzy set U of quasi-periodic signals by using a member-
ship function uy (1) that provides the degree with which a signal u belongs to U. We introduced this concept in [49]
and here we develop upon it by using Computational Perceptions of uninterpretable data.

In order to illustrate the method for creating this type of membership functions py (1), we use a simple example
built around a periodical signal u(¢) = sin(wt) that we will modify in amplitude and frequency. Fig. 2 shows a GLMP
designed to describe this signal. 1CP4 and 1CP7 describe the amplitude and trend of the input signal respectively.
2CPrrsym shows the state of the signal at each time instant and 2CP,,,, provides the value of puy (1) evaluated along
certain temporal window. In the following subsections, we thoroughly describe each PM in this GLMP.

3.1. Signal amplitude (1PM 4)

U are the numerical values (u(t) € R) of the input signal u(#) = sin(wt), where w = 10 and ¢ takes values in the
time interval ¢ € [0, 87]. The period of the signal is, therefore, K = 27 /10.

y isthe output 1CP 4, which describes the possible values of the signal amplitude with the vector A = (Very negative
(VN), Negative (N), Zero (Z), Positive (P), Very positive (VP)).

g 1is the function that calculates the validity degrees of the output CP. This first example models a quasi-periodic
sinusoidal signal that is very simple and symmetrical. Therefore, the linguistic labels used to design the computa-
tional perceptions are clearly defined using simple strong fuzzy partitions. The validity degrees of the output CP
are obtained by means of five uniformly distributed triangular membership functions (MFs) associated to each
NL expression. They are defined by their vertices as follows: {VN (—oo, -2, —1), N (—-2,—-1,0), Z (—1,0, 1),
P (0,1,2), VP (1,2,00)}. These linguistic labels are represented in Fig. 3, together with the input signal u(t).

T is the text generator that produces linguistic expressions as follows: “The amplitude of the signal is {very negative
| negative | zero | positive | very positive}”.
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Fig. 4. State diagram of the FFSM for the sinusoidal signal.

3.2. Signal trend (1PMT)

U are, again, the numerical values (u#(¢) € R) of the input signal.

y 1is the output 1CPr, which describes the possible values of the signal trend with the vector A = (Decreasing (D),
Staying (S), Increasing (I)).

g is the output function that calculates the signal trend as u(¢) — u(¢ — 1). It is defined with triangular MFs as
follows: {D (—o0, —0.01,0), S (—0.01,0,0.01), I (0,0.01, c0) }.

T produces linguistic expressions as follows: “The signal is {decreasing | staying | increasing}”.

3.3. Signal state (2PMFprsy)

In order to describe the temporal evolution of the signal, we have split it into four states (Fig. 3). This 2PM rrspy
receives the information about the amplitude and trend of the signal at each time instant ¢ and yields the state in ¢ 4 1.
It has the following elements:

U are the input CPs: {1CP4, 1CPT}.

y is the output 2CPrrsys, which describes the possible states of the signal as the states of an FFSM. A = (Un-
interpretable (qo), Low (q1), Medium; (q2), High (gq3), Mediumy (q4)), where the “uninterpretable” state (go)
represents the non-interpretability of the signal.

g is the aggregation function implemented using a set of fuzzy rules that are organized in the form of an FFSM. We
have used twelve fuzzy rules, namely, R;; to remain in the state i and R;; to change from state i to state j. Fig. 4
shows, in an illustrative example, how we can use the FFSM to define the possible transitions to change or remain
in a state g;. These fuzzy rules have the following structure:

R;;: IF (State[t] is q,-) AND (Input variables constraints);; AND (Temporal constraints);;
THEN (State[t + 1] is g;)

R;j: IF (State[t] is qi) AND (Input variables constraints);j AND (Temporal constraints);
THEN (State[t 4 1] is g )

(D

The antecedent of each rule is composed by the current state of the signal in ¢, the input variables constraints, and
the temporal constraints, which are described below in Section 3.3.1 and Section 3.3.2, respectively. Moreover, in
Section 3.3.3, we detail the set of fuzzy rules implemented to model the sinusoidal signal.
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Fig. 5. Times to stay and times to change of states.

T produces linguistic expressions that are adapted depending on the situation. When the signal is in the states g1, g2,
g3 or q4 the template is the following: “The signal is in the state {Low | Medium, | High | Medium,}”. However,
when the signal is in the state g, that is, the signal is uninterpretable, the system reports the following expression:
“The model cannot explain the current situation”. If this occurs, we could analyze the rules R;q that activates the
state go to interpret, in a more detailed way, the reason why the model does not fit the signal.

3.3.1. Input variables constraints

Input variables constraints are formed by the conditions of signal amplitude (2CP4) and signal trend (2CP7r), e.g.,
(Input variables constraints)y, = (amplitude is Z) AND (trend is D), that represent the input variables constraints to
remain in state ¢;.

3.3.2. Temporal constraints

Temporal conditions apply constraints over the states duration. We compute numerically the duration d; of each
state ¢; as the time that wy, > 0. When the state g; takes value zero, its duration d; takes value zero. However, when
qi takes values bigger than zero, its duration d; increases its value according to the time passed since the last instant
of time. The numerical value of d; allows to calculate the linguistic variable duration;, that will be used to apply
temporal fuzzy constraints. Thus, we can measure the duration of the phenomenon in each state. We obtain a vector
of durations (d1, d2, d3, d4), and define two temporal conditions:

Time to stay (7}, ) is the maximum duration that the signal is allowed to stay in state i.

Time to change (Tchange,-j) is the minimum duration that the signal must be in state i before changing to state j.
This condition helps to filter out very short stays in states when they could be caused by noise in the input signal.

Fig. 5 shows the linguistic labels used to define the temporal constraints. Here, in agreement with our knowledge
about the modeled signal, we assign to each state a duration according to its percentage of the period K. In this
application, states g1 and g3 have the same duration and the linguistic labels can be represented with trapezoidal MFs
defined by their vertices as follows: Tyqy, , Tstay, (—00, —00, 51'—5, %) and Tehange,,» Tehanges, (%, 51'—5, 00, 00).

On the other hand, states g» and g4 share the same duration and the linguistic labels can be defined by their vertices

. K K K K
as follows: Tstayza Tstay4 (—00, —00, 3 7) and Tchangezy Tchange41 (E, 7 0, 00).

3.3.3. Set of fuzzy rules
According to the structure expressed in (1), the whole rule base that we have designed to model the sinusoidal
signal is listed as follows:
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IF (State[t] is q1) AND (amplitude is P) AND (duration is Tsiay, ) THEN (State[t + 1] is q1)

IF (State[t] is q2) AND (amplitude is Z) AND (trend is D) AND (durationy is Tsiay, ) THEN (State[t + 1] is g2)

IF (State[t] is qg3) AND (amplitude is N) AND (durations is Tstay;) THEN (State[t + 1]1is g3)

IF (State[t] is q4) AND (amplitude is Z) AND (trend is I) AND (durationy is Tsiay,) THEN (State[t + 1] is q4)

IF (State[t] is g1) AND (amplitude is Z) AND (trend is D) AND (duration; is Tchangelz) THEN (State[t + 1] is qp)
IF (State[t] is q2) AND (amplitude is N) AND (trend is D) AND (durationy is Tepange,;) THEN (State[t + 1] is q3)
IF (State[t] is qg3) AND (amplitude is Z) AND (trend is 1) AND (durations is Tchange34) THEN (State[t + 1] is q4)

IF (State[t] is q4) AND (amplitude is P) AND (trend is 1) AND (durationy is TC;,a,,ge41 ) THEN (State[t + 1] is q1)

IF (State[t] is q9) AND (amplitude is P) AND (trend is I) THEN (State[t + 1] is q1)

IF (State[t] is qo) AND (amplitude is Z) AND (trend is D) THEN (State[t + 1] is g2)

IF (State[t] is gg) AND (amplitude is N) AND (trend is D) THEN (State[t + 1] is q3)

IF (State[t] is qo) AND (amplitude is Z) AND (trend is 1) THEN (State[t + 1] is q4)

ELSE (State[t + 1] is qg)

The values of State[t + 1] are calculated as a weighted average of the individual rules, where the weight of each rule

corresponds to its firing degree 7;;. This firing degree is calculated using the minimum for the AND operator and

the bounded sum of Lukasiewicz [52] for the OR operator. The activation degree of g, i.e., the non-interpretability
degree of the input signal, is obtained by means of Eq. (2):

1-3"0, Z?:o up i X Z?:O Tij < 1

t+1]= 2
walt +11=1 if 1 <3002 jooTij *
The activation degree of the rest of states is calculated by means of Eq. (3):
Yo Tij if D02 j—oTij <1
wg; [t + 11 = D0 Tij )

3.4.

=== i< Y YT
Yo Z_';=ofij Zz_o Z]—O tj

Matching degree of the signal (2PM ;)

This CP deals with describing the signal behavior along a period of time. It calculates the degree with which
the input signal suits the model. Here, in addition to obtain a numerical value for the matching degree wy, 2CPy,,
provides a linguistic expression of this value. It has the following elements:

U

is the input 2CPFprsys. The introduction of gg in the definition of our FFSM has the goal to represent the impossi-
bility of the model to interpret the input data when the total firing degree of the rules is less than one. This is to
say, a poor firing degree of the rules, i.e., the sum of firing degrees is less than one, corresponds to a lack of the
model to recognize the current state of the monitored phenomenon.

is the output 2CP,,,,, which describes the matching degree of the input signal with respect to the modeled one.
A = (Very low (VL), Low (L), Medium (M), High (H), Very high (VH)).

is the aggregation function which calculates the matching degree (uy) of the signal for a temporal window of n
samples. With the “uninterpretable” state (qg), we can define the uy of the output based on its activation degrees
(wy,[2]) along a period of time of n samples. Such wy is defined as:

1— Z?:l Wao (7]
n

ny = “4)
Thus, uy takes values in the range [0, 1] being equal to one if the “uninterpretable” state has not been acti-
vated, zero when the “uninterpretable” state has been fully activated, and a real value between zero and one
otherwise [41]. The linguistic labels associated to each expression are represented by trapezoidal MFs de-
fined by their vertices as follows: {VL (—oo0, —00, 0.45,0.5), L (0.45,0.5,0.6,0.65), M (0.6,0.65,0.75,0.8),
H (0.75,0.8,0.9,0.95), VH (0.9, 0.95, 00, c0) }.

produces linguistic expressions as follows: “The degree with which the signal suits the model is {very low | low |
medium | high | very high}”.
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Fig. 6. States and uyy when the signal is exactly the expected one.  Fig. 7. States and pyy when the signal is slightly different from the ex-
pected one.

3.5. Examples

In order to illustrate how the model works, Figs. 6, 7, 8 and 9 show different behaviors of the previously defined
FFSM, depending on the input signal. The GLMP was designed to recognize the states of an input signal of the form
u(t) = sin(10¢). In these examples, we want to see how the GLMP works when the input signal varies with respect
to the original one. The input signal is represented in the top of each figure and the evolution of each state g; (wy,),
remarking wy, with a darker line, is illustrated in the bottom. In addition, we provide the matching degree of the input
signal with the model during a temporal window for each example.

3.5.1. Example 1

Fig. 6 shows the fuzzy states evolution when the input signal is exactly the expected one (Eq. (5)), i.e., the set of
rules represents perfectly the signal evolution. Therefore, wg, is equal to zero along the whole lapse of time and py
is maximum (uy (u1) = 1).

uy(t) = sin(10¢7) (5

3.5.2. Example 2

When the monitored signal is different from the expected one (Eq. (0)), a perturbation or an unforeseen situation
uncovered by the set of rules, the wy decreases (uy (u#2) = 0.93), indicating that the input signal does not correspond
to the typical sinusoidal signal that was modeled. Fig. 7 shows an example of this type of situation. We model a
trapezoidal wave, similar to the original signal in amplitude and period.

-1 if u(t) <-0.75
—14+u@)+0.75)-2 if —0.75 <u(t) < —-0.25
u(t)=1{0 if —0.25 <u(t) <0.25 (6)
14+ (u(t) —0.75) -2 if 0.25 < u(t) <0.75
1 if u(t) > 0.75

We can see how py indicates that, despite being a very similar signal, the trapezoidal signal does not correspond
exactly with the sinusoidal signal. wg, takes higher values especially in the intermediate zones of the signal, when the
trapezoidal signal is zero for short periods of time.

3.5.3. Example 3

Fig. 8 shows the fuzzy states evolution when the amplitude varies along the time (Eq. (7)). When the signal differs
from the expected one, in amplitude or period, wy, takes high values. Otherwise, when the signal behavior is similar
to the expected one, wy, decreases to take low values. In this example, wy, starts with a high level because the signal
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Fig. 8. States and .y when the signal varies its amplitude along the time. Fig. 9. States and @y when the signal varies its period along the time.

amplitude is different from the expected one. When the signal recovers its natural amplitude, wg, decreases to lower

values.
In this example ¢ € [0, 12] and the matching degree of the signal is gy (u3) = 0.77.

—# 4 5)-sin(10r)  ifr <3
us(t) = { sin(107) if3<r<9 (7)
(2D 4 1) sin(10r) ifr>9

3.5.4. Example 4

Fig. 9 shows the fuzzy states evolution when the period varies along the time (Eq. (8)). In this case wy, initially
takes value zero, but when the signal changes its natural period, wy, increases to higher values. Again, when the
period of the signal is similar to the expected one, wg, decreases to take value zero. As we can see in the illustration,
even if the signal period changes radically, w,, does not take value one over the time. This is because the input signal
continues being a sinusoidal wave and it shares characteristics with the original one. This allows the system to know
that the modeled signal is not the expected one but it shares a set of similarities with it, which is different from having
a totally different signal that may demand any special action by the controlling system.

In this example, ¢ € [0, 45] and the matching degree of the signal is py (#4) = 0.51.

sin(10r) ifr <3
sin((2952 +10) 1) if3<r<225

us() =19 s, s ) (8)
sin((Z 5= +5) 1) if22.5 <u(r) <42
sin(10¢) if 1> 42

4. Case study to human gait modeling

Human gait modeling consists of studying the biomechanics of this human movement aimed at quantifying factors
that govern the functionality of the lower extremities. Gait is a complex integrated task that requires precise coordina-
tion of the neural and musculoskeletal system to ensure correct skeletal dynamics [53]. Therefore, its analysis can help
in the diagnosis and treatment of walking and movement disorders, identification of balance factors, and assessment
of clinical gait interventions and rehabilitation programs [54,55].

The gait cycle is a quasi-periodic phenomenon which is defined as the interval between two successive events
(usually heel contact) of the same foot [56]. As it can be appreciated in Fig. 10, human gait is characterized by
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Fig. 10. States and events of a gait cycle.

a stance phase (60% of the total gait cycle), where at least one foot is in contact with the ground, and a swing phase
(40% of the total gait cycle), during which one limb swings up to the next heel contact. These phases can be quite
different among individuals but when normalized to a percentage of the gait cycle they maintain close similarity,
indicating the absence of disorders [57].

In previous works in this research line, we have built a model that linguistically describes the human gait with
different levels of granularity [38]. In this work, we showed that, by combining GLMP with FFSM, the designer can
create hierarchical models of complex phenomena that work with several input variables while maintaining the model
interpretability.

In the currently available model of the human gait, both the definition of rules and the definition of the variables
used in the antecedents are the result of an intense process of experimentation done during the last years. A wide range
of possibilities have been analyzed to find those variables that reflect the best features that differentiate one state from
another while maintaining the model as interpretable as possible.

In this paper, as an extension of this research, we focus on presenting an FFSM that models the Computational
Perception of uninterpretable accelerations when we try to recognize the human gait. It is worth to remark that, the
goal of this case study is not to present a new model of human gait but using the existing one for applying the
new concept. For example, if a person walks very different from the natural way, it is expected that the produced
accelerations will not completely suit with the available gait model.

The non-interpretability can be derived from variations in walking speed, force of steps, different footwear and
surfaces, etc. In the same way, other sources of uninterpretable data could be errors in measuring data or improper
sensor positioning. Our approach consists of identifying the relevant states of the gait based on the accelerations
that are produced during the process. We have measured the accelerations using a smartphone placed in the waist
and centered in the front of the person. This measure provides the superior—inferior acceleration a,, the medio-
lateral acceleration ay, and the antero-posterior acceleration a, at each instant of time. The acquisition frequency is
100 Hz.

We use a linguistic model to represent the subjective designer’s perceptions of the human gait process. This model
is easily understood and does not require high computational cost.

As in Section 3, here we have designed a simple GLMP (Fig. 11) that describes the human gait states, including the
“uninterpretable” state when the model does not recognize properly the current situation. The following subsections
detail each PM included in the GLMP.

4.1. Accelerations module amplitude (1PM )

U are the numerical values (z; € R) of the accelerations module minus the gravity. The accelerations module is
calculated as p =, fa? + a3 +a?.

y is the output 1CP,,, which describes the possible values of the acceleration module with the vector A = (Small (S),
Medium (M), Big (B)).
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“The degree with which the gait suits the model is
{very low | low | medium | high | very high}”

“The gait is in the
‘ {DLS, | RLSS | DLS, | LLSS} state”

or
“The model cannot explain the
current situation”

2CP

“The walking direction angle
is {decreasing | increasing}”

Fig. 11. GLMP for the linguistic description of the human gait phases.

g is the output function that calculates the validity degrees of the output CP. In this second example, we have also
used uniformly distributed linguistic labels. In rule-based systems that are linguistically built from expert knowl-
edge it is common to use different paradigms to define the most suitable set of linguistic labels, e.g., one of the
available strategies is the use of comparative linguistic expressions [51]. Here, for the sake of simplicity, the va-
lidity degrees of the output CP are obtained by means of uniformly distributed trapezoidal MFs forming a strong
fuzzy partition. Although we could use a more complex model, thanks to the wide experimentation performed in
previous works [38], we found that the use of uniformly linguistic labels is enough to get good results. The lin-
guistic labels associated to each NL expression are defined by their vertices as follows: {S (—oco, —o0, —2, —0.5),
M (-2,-0.5,0,1.5), B (0,1.5,00,00)}.

T produces linguistic expressions as follows: “The amplitude of the accelerations module is {small | medium |
big}”.

4.2. Trend of the walking direction angle (1PMy)

U are the numerical values (z2 € R) of the variation of the walking direction angle 6. Notice that 6 is the angle
between the accelerations module (p) and the walking direction.

y is the output 1CPy, which describes the possible values of the trend of 6 with the vector A = (Decreasing (D),
Increasing (I)).

g is the output function similar to the corresponding to 1PM . Here, the two linguistic labels associated to each
NL expression are represented with trapezoidal MFs defined by their vertices as follows: {D (—oo, —o0, —0.001,
0.001), I (—0.001, 0.001, oo, 00) }.

T produces linguistic expressions as follows: “The walking direction angle is {decreasing | increasing}”.

4.3. Gait states (2PM prsy)

U are the input CPs: {1CP,, 1CPy/}.
y is the output 2CPrrsys, which describes the possible states of the gait as the states of an FFSM. A = (Uninter-
pretable (qo), Double limb support; (q1), Right limb single support (q2), Double limb support, (q3), Left limb
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Left limb single support
G,

Fig. 12. State diagram of the FFSM for the human gait modeling.

single support (q4)). Fig. 12 represents the states diagram that shows the transitions allowed in this human gait
modeling.

is the aggregation function which calculates, at each time instant, the next value of the validity degrees for
each sentence based on the previous validity degrees and current input CPs. We use an FFSM to implement
the 2PM rrsyr, allowing to build a comprehensible linguistic fuzzy model in an easy way.

Temporal constraints Ty, and Tehange;; limit the gait to stay in state g; or to change from state g; to state g,
according to the duration d;. They were defined in accordance with relevant existing works about human gait.
Due to the similarities between the states g; and g3, their temporal constraints are the same and they are rep-
resented by trapezoidal MFs defined by their vertices as follows: Ty, , Tiray, (—00, —00,0.2- K,0.3 - K) and
Tehange,,» Tehanges, (0.05-K,0.15- K, 00, 00), where K is the period of the gait that initially takes value 1 (1 gait
cycle per second). This value is obtained statistically as the average speed at which users walk when they are
asked to walk at a regular comfortable speed. In the same way, the states g and g4 share the temporal constraints
which are defined as: Ty, , Tstay, (—00, —00,0.35- K, 0.45 - K) and Tepangeys » Tehange,, (0.2 K, 0.3 - K, 00, 00).
From the state diagram shown in Fig. 4, we can recognize rules to remain in each state i and rules to change
from state i to state j. This set of rules has been designed by extracting the experts’ knowledge in human gait
and its parameters. Both the variables used in the definition of the antecedents as the number of rules that model
the phenomenon is the result of an intense collaboration process with experts. Therefore, the rule base has the
following structure:

Ry1:IF (S[#]is 1) AND (p is B) AND (duration is Tsiay, ) THEN (S[r + 1] is q1)

Roy: TF (S[t]is g2) AND (((p is S) OR (p is M)) OR (¢’ is D)) AND (duration; is Tstay,) THEN (S[t + 1] is q2)
R33: 1F (S[t] is g¢3) AND (p is B) AND (durations is Tstay,) THEN (S[t + 1] is g3)

Ry4: TF (S[t] is g4) AND (((p is S) OR (p is M)) OR (0’ is D)) AND (durationy is Tstay,) THEN (S[f + 1] is q4)
Ry2: IF (S[t]is q1) AND (((p is S) OR (p is M)) OR (¢’ is D)) AND (duration; is Tehange,,) THEN (S[r + 1118 g7)
Ry3: IF (S[t] is g2) AND (p is B) AND (duration, is Tehange,y) THEN (S[t + 1] is g3)

R34: IF (S[t]is g¢3) AND (((p is S) OR (p is M)) OR (9’ is D)) AND (durations is Tehanges,) THEN (S[r + 1118 g4)
R4y IF (S[r] is g4) AND (p is B) AND (durationy is Tepange,, ) THEN (S[t + 1] is 1)

Ro1: IF (S[t] is go) AND (p is B) AND (duration; is Tehangey,) THEN (S[t + 1] isq1)

Rop: IF (S[t] is gg) AND (((p is S) OR (p is M)) OR (¢’ is D)) AND (duration; is Tchange,,) THEN (S[r + 1118 g7)
Rg3: IF (S[t] is g9) AND (p is B) AND (durations is Tehange,y) THEN (S[t + 1] is q3)

Rog4: IF (S[t] is gg) AND (((p is S) OR (p is M)) OR (6 is D)) AND (durationy is Tchanges,) THEN (S[r + 1118 g4)
R;o: ELSE (S[t + 1] is qg)

where S[¢] is the gait state in 7, S[t 4 1] is the gait state in the next sampling time, and duration; is the membership
degree of d; according to the linguistic labels previously defined.

produces linguistic expressions that can be adapted depending on the situation. When the signal is in the states g1,
q2, q3 or qa the template is the following: “The gait is in the {Double limb support, | Right limb single support |
Double limb support, | Left limb single support} state”. However, when the signal is in the state g, that is, the
model is not able to recognize the input signal properly, the system reports the following expression: “The model
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Table 1
Matching degrees obtained for 15 people (in %), depending on the load (0-5) and leg (L/R).
Load P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 Average
0 99 96 98 72 96 98 99 98 99 97 65 84 97 92 90 92
IR 97 97 97 74 91 97 99 93 95 82 67 62 88 83 85 87.1
1L 98 98 99 89 89 99 97 89 96 76 84 64 98 79 88 89.5
2R 95 97 96 81 96 96 97 86 97 75 62 62 99 67 83 85.9
2L 96 99 99 86 97 98 88 78 98 68 81 63 87 76 84 86.5
3R 91 86 97 81 96 99 74 85 98 52 65 57 86 39 86 79.5
3L 92 80 98 71 97 96 91 78 98 60 70 54 93 32 69 78.6
4R 94 75 96 84 95 98 90 61 97 60 78 63 89 23 74 78.5
4L 91 63 98 89 97 91 84 74 97 54 84 55 94 32 83 79.1
5R 920 73 94 88 95 96 61 62 97 63 82 62 92 39 77 78.1
SL 80 60 96 88 98 89 78 73 98 58 82 52 97 37 87 78.2

Deviation 5.27 14.64 151 691 275 324 12.04 1188 1.10 13.62 872 852 4.69 2495 642 53

cannot explain the current situation”. If we analyze the rule or rules that make the system to be in the state gp we
could understand why the signal is uninterpretable. For example, if the signal state goes from g, to go because
does not fulfill the temporal conditions, the template could report the following sentence: “The current state of
the signal is uninterpretable because the gait has been in right limb single support much longer than it is allowed
and the conditions to be in double limb support are not fulfilled.”

4.4. Matching degree of the gait (2PM ;)

U is the input 2CPfrrsy.

y is the output 2CP,,,, which describes the matching degree of the analyzed gait with respect to the model.
A = (Very low (VL), Low (L), Medium (M), High (H), Very high (VH)).

g is the aggregation function with calculates the wy of the gait for the recording time. With the “uninter-
pretable” state (go), we can define the puy of the output based on its activation degrees (wg,[7]) along the time.
Such py is defined as shown in Eq. (4). The linguistic labels associated to each expression are represented
with trapezoidal membership functions defined as follows: {VL (—o0, —00, 0.6, 0.65), L (0.6, 0.65,0.7,0.75),
M (0.7,0.75,0.8,0.85), H (0.8,0.85,0.9,0.95), VH (0.9, 0.95, 00, 00) }.

T produces linguistic expressions as follows: “The degree with which the gait suits the model is {very low | low |
medium | high | very high}”.

5. Experimentation

The model of human gait used in this case study has been carefully tested against other models, as result of an
intense research to develop a robust and efficient human gait model. For example, in [50] we studied the definition of
rules and modal points of linguistic labels by means of genetic algorithms, comparing our results with othe