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ABSTRACT

When we have information about a finite set of possible alternatives pro-
vided by an expert or dataset, a mathematical model is needed to represent
such information. In some cases, a unique probability distribution is not ap-
propriate for this purpose because the available information is not sufficient.
For this reason, several mathematical theories and models based on imprecise
probabilities have been developed in the literature. In this thesis work, we an-
alyze the relations between some imprecise probability theories and study the
properties of some models based on imprecise probabilities. When imprecise
probability theories and models arise, tools for quantifying the uncertainty-
based information in such theories and models, usually called uncertainty
measures, are needed. In this thesis work, we analyze the properties of some
existing uncertainty measures in theories based on imprecise probabilities and
propose uncertainty measures in imprecise probability theories and models
that present some advantages over the existing ones.

Situations in which it is necessary to represent the information provided
by a dataset about a finite set of possible alternatives arise in classification, an
essential task within Data Mining. This well-known task consists of predicting,
for a given instance described via a set of attributes, the value of a variable
under study, known as the class variable. In classification, it is often needed to
quantify the uncertainty-based information about the class variable. For this
purpose, classical probability theory (PT) has been employed for many years.
In the last years, classification algorithms that represent the information about
the class variable via imprecise probability models have been developed. Via
experimental studies, it has been shown that classification methods based on
imprecise probabilities significantly outperform the ones that utilize PT when
data contain errors.

When classifying an instance, classifiers tend to predict a single value of the
class variable. Nonetheless, in some cases, there is not enough information
available for a classifier to point out a single class value. In these situations, it
is more logical that classifiers predict a set of class values instead of a single
value of the class variable. This is known as Imprecise Classification.

Classification algorithms (including Imprecise Classification) often aim to

minimize the number of instances erroneously classified. This would be opti-
mal if all classification errors had the same importance. Nevertheless, in prac-



tical applications, different classification errors usually lead to different costs.
For this reason, classifiers that take the misclassification costs into account,
also known as cost-sensitive classifiers, have been developed in the literature.

Traditional classification (including Imprecise Classification) assumes that
each instance has a single value of a class variable. However, in some domains,
this task does not fit well because an instance may belong to multiple labels
simultaneously. In these domains, the Multi-Label Classification task (MLC)
is more suitable than traditional classification. MLC aims to predict the set of
labels associated with a given instance described via an attribute set. Most of
the MLC methods proposed so far represent the information provided by an
MLC dataset about the set of labels via classical PT.

In this thesis work, we develop new classification algorithms based on im-
precise probability models, including Imprecise Classification, cost-sensitive
Imprecise Classification, and MLC, that present some advantages and obtain
better experimental results than the ones of the state-of-the-art.



RESUMEN AMPLIO EN CASTELLANO

Motivacidon

Cuando se dispone de informacién sobre un conjunto finito de posibles al-
ternativas proveniente de un experto o un conjunto de datos, se suele emplear
un modelo matematico para representar dicha informacién. Esto es muy til
para inferencia y toma de decisiones en el conjunto de alternativas. La teorfa
clasica de la probabilidad (TP) es la forma estdndar de representar la informa-
cién disponible sobre las alternativas. En la TP, la probabilidad de cada suceso
puede determinarse de forma precisa. Este enfoque clasico es adecuado en mu-
chos casos donde hay informacién suficiente para determinar la probabilidad
de cada alternativa de forma exacta.

Sin embargo, en algunas situaciones, no hay informacién suficiente dispo-
nible para determinar la probabilidad de cada alternativa de manera precisa.
Asi, en tales casos, una tnica distribucién de probabilidad no es apropiada
para representar la informacién disponible en el conjunto de alternativas. Es-
to puede deberse a imprecisién o errores en la extraccion de los datos. Por
ejemplo, supongamos que tenemos una urna con diez bolas, cuatro de color
negro, cuatro con color blanco y otras dos cuyo color no se sabe. En este caso,
si extraemos aleatoriamente una bola de la urna, sabemos que la probabilidad
de que esa bola sea negra es menor o igual que 0,6 y mayor o igual que 04,
pero no podemos determinar de forma precisa la probabilidad de tal suceso,
puesto que no sabemos cuantas de las otras dos bolas son negras.

Por este motivo, se han desarrollado muchas teorias matematicas basadas
en probabilidades imprecisas para representar la informacién disponible. Ejem-
plos de ellas son conjuntos credales, probabilidades coherentes inferior y superior,
capacidades de Choquet, teoria de la evidencia (TE), e intervalos de probabilidad al-
canzables. Todas estas teorias generalizan la TP. Algunas teorfas de probabilida-
des imprecisas son mds generales que otras, y hay también pares de teorias de
probabilidades imprecisas tales que ninguna de ellas generaliza la otra. Una
de las teorias més generales de probabilidad imprecisa es la basada en con-
juntos credales *. Dado que cada teoria basada en probabilidades imprecisas
tiene propiedades matematicas especificas, algunas de estas teorias son mds
apropiadas que otras en situaciones concretas.

1 Un conjunto credal es un conjunto cerrado y convexo de distribuciones de probabilidad.
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Para representar la informacién sobre una muestra de observaciones acerca
de un conjunto de alternativas, se han desarrollado en la literatura modelos
matemadticos concretos basados en teorias de probabilidades imprecisas. Uno
de los mds remarcables es el modelo impreciso de Dirichlet (IDM). Este modelo
es paramétrico y cumple algunos principios que se establecieron como apro-
piados para inferencia. Posteriormente, se propuso el modelo no paramétrico de
inferencia predictiva (NPI-M). A diferencia del IDM, el NPI-M es un enfoque
no paramétrico que no asume conocimiento previo sobre los datos. Ademas,
las inferencias con el NPI-M suelen producir resultados intuitivamente mds
coherentes que las inferencias con el IDM. Pese a esto, el NPI-M necesita li-
diar con restricciones dificiles debido a la representacion de los datos usada
en este modelo. De hecho, el conjunto de distribuciones de probabilidad com-
patibles con el NPI-M no es convexo. Para abordar este punto, se propuso el
modelo aproximado no paramétrico de inferencia predictiva (A-NPI-M), que consis-
te en la envolvente convexa del conjunto de distribuciones de probabilidad
consistentes con el NPI-M.

Cuando surgen teorias y modelos basados en probabilidades imprecisas, se
hacen necesarias herramientas para cuantificar la informacién basada en incer-
tidumbre en tales teorias modelos. Dichas herramientas se conocen como me-
didas de incertidumbre. La entropia de Shannon es la medida de incertidumbre
bien establecida en la TP y es el punto de partida para medidas de incertidum-
bre en teorias més generales. En tales teorias, hay mds tipos de incertidumbre
que en la TPy, por consiguiente, es més dificil encontrar una medida de incerti-
dumbre que satisfaga todas las propiedades esenciales. El estudio de medidas
de incertidumbre en las teorias de probabilidades imprecisas mds generales
toma como referencia el estudio de medidas de incertidumbre en la TE. En
esa teoria, la informacién puede representarse por una asignacion bdsica de pro-
babilidad (BPA) o, alternativamente, por una funcion de creencia. Hasta ahora,
la entropia méxima en el conjunto de distribuciones de probabilidad compa-
tibles con una funcién de creencia es la tinica medida de incertidumbre en la
TE que satisface todas las propiedades y comportamientos requeridos. No obs-
tante, el algoritmo propuesto hasta ahora para el computo de tal medida de
incertidumbre es complejo. Por esta razon, se han propuesto muchas medidas
alternativas en la TE, pero ninguna de estas medidas verifica las propiedades
necesarias. Ha de sefialarse que los intervalos de creencia para singletons, cu-
yas cotas inferior y superior son, respectivamente, los valores de probabilidad
inferior y superior para singletons segtn la funcién de creencia, son més faci-
les de manejar que las funciones de creencia para cuantificar la informacién
basada en incertidumbre en la TE. De este modo, muchas de las alternativas
a la entropia méxima propuestas durante los dltimos afios se basan en los



intervalos de creencia para singletons. Sin embargo, cuando se usan los inter-
valos de creencia para singletons para representar la informacién basada en
incertidumbre en vez de la funcién de creencia, se puede perder informacién.
Con respecto a teorias generales basadas en probabilidades imprecisas, el ma-
ximo de entropia en conjuntos credales es una medida de incertidumbre bien
establecida porque satisface las propiedades cruciales. Sin embargo, no hay
algoritmo hasta ahora para calcular la entropia maxima en un conjunto credal
general, aunque hay algoritmos para el computo de la entropia maxima en
algunas teorias especificas de probabilidades imprecisas, como intervalos de
probabilidad alcanzables y capacidades de Choquet de orden 2, una teoria bas-
tante general. También se han propuesto algoritmos para la entropia maxima
en modelos de probabilidad imprecisa como el IDM o el NPI-M.

Situaciones en las que se necesita representar la informacién sobre un con-
junto de alternativas proporcionada por un conjunto de datos surgen en cla-
sificacion, un drea esencial dentro de la Mineria de Datos. Esta tarea consiste
en predecir, para una instancia descrita mediante un conjunto de atributos, el
valor de una variable bajo estudio llamada variable clase. Hoy en dia, la clasifi-
cacién se usa frecuentemente en muchas dreas. Los algoritmos de clasificacion
suelen representar la informacién dada por el conjunto de datos sobre la va-
riable clase mediante un modelo matematico. Por lo tanto, en clasificacion, a
menudo se requiere cuantificar la informacién basada en incertidumbre sobre
la variable clase.

Durante muchos afios, la TP se ha empleado para representar la informa-
cién sobre la variable clase en clasificacién, considerando que la informacién
dada por el conjunto de datos es suficiente para determinar la probabilidad
de los valores clase de forma precisa. En los tiltimos afios se han puesto algo-
ritmos que representan la formacién sobre la variable clase mediante modelos
de probabilidades imprecisas. Tales algoritmos consideran que la informacién
que hay en un conjunto de datos de clasificaciéon es ttil para aproximar la
probabilidad de cada valor clase, pero no es suficiente para determinarla de
forma precisa. Por medio de estudios experimentales, se ha mostrado que los
métodos de clasificacién basados en probabilidades imprecisas rinden signifi-
cativamente mejor que los que utilizan la TP cuando hay ruido de la variable
clase” en los datos.

Los clasificadores suelen intentar minimizar el ndmero de predicciones in-
correctas. Este punto es 6ptimo cuando todos los errores de clasificacion tie-
nen la misma importancia. No obstante, en aplicaciones précticas, diferentes
errores de clasificacién a menudo implican costes diferentes. Por ejemplo, en

2 En clasificacién, el término ‘ruido” se usa para referirse a errores en los datos.



diagndstico médico, las consecuencias de predecir incorrectamente que un pa-
ciente no tiene una enfermedad seria son probablemente mucho peores que
las consecuencias de predecir erréneamente que el paciente no tiene dicha en-
fermedad; en prediccion de software defectuoso, el coste de médulos defectuosos
predichos como no defectuosos podria ser mds alto que el coste de médulos
no defectuosos predichos como defectuosos; en deteccién de fraudes de crédito,
predecir que una tarjeta de crédito fraudulenta es legal probablemente cause
pérdidas econémicas mucho mayores para bancos e instituciones financieras
que predecir una tarjeta de crédito normal como fraudulenta. Por consiguien-
te, se han desarrollado clasificadores que tienen en cuenta los costes de errores,
conocidos como clasificadores sensibles al coste.

Cuando se clasifica una instancia, los clasificadores sensibles e insensibles al
coste normalmente predicen un tnico valor de la variable clase. Sin embargo,
en algunas situaciones, la informacién dada por el conjunto de datos no es su-
ficiente para que un clasificador sefiale a un tnico valor clase. En estos casos,
es probablemente mas 16gico que los clasificadores predigan un conjunto de
valores de la variable clase, lo que se conoce como clasificacién imprecisa. Por
ejemplo, supongamos que, en un conjunto de datos de clasificacién para medi-
cina, hay cinco valores clase, correspondiente a cinco enfermedades que puede
tener un paciente. Es posible que, para predecir la enfermedad de un paciente,
la informacién dada por el conjunto de datos solo nos permita saber que el
paciente puede tener tres de las cinco enfermedades, pero no hay informacién
suficiente para determinar cudl de esas tres enfermedades tiene el paciente. En
esta situacién, aunque la enfermedad de paciente no puede determinarse de
forma precisa, la informacién dada puede ser ttil para conocer un tratamiento
adecuado para el paciente. No obstante, podria ser arriesgado predecir una de
esas tres enfermedades porque, en caso de error, el tratamiento podria tener
consecuencias negativas. Intuitivamente, una métrica de evaluacién para un
algoritmo de clasificacién imprecisa ha de considerar si las predicciones son
correctas (el valor clase real estd entre los predichos), y cémo de informativas
son las predicciones, lo que se mide por el nimero medio de valores clase
predichos.

Para desarrollar métodos de clasificacion imprecisa, las teorias basadas en
probabilidades imprecisas son méas apropiadas que la TP. Hasta ahora se han
propuesto pocos algoritmos de clasificacién imprecisa. El primero fue el Naive
Credal Classifier (NCC), que combina el IDM con la suposicién naive (todos
los atributos son independientes dada la variable clase) para dar predicciones
imprecisas. Posteriormente, se propuso un algoritmo de clasificacién impreci-
sa basado en drboles de decisién, llamado el Imprecise Credal Decision Tree



(ICDT). Tanto el NCC como el ICDT se adaptaron para clasificaciéon sensible
al coste.

La clasificacion tradicional (incluyendo clasificacién imprecisa) supone que
cada instancia tiene tnico valor de una variable clase. No obstante, en algunos
dominios, esta tarea no encaja bien porque una instancia puede pertenecer a
multiples etiquetas simultaneamente. Por ejemplo, en categorizacién de texto, si
un texto trata sobre la visita de Donald Trump a Francia, tiene sentido que
tal texto pertenezca a las etiquetas ‘Estados Unidos’ y’Francia’; en biologia,
una proteina puede tener multiples funciones en el cuerpo humano; en una
imagen o fragmento de muisica pueden aparecer varias emociones. En estos
dominios, la tarea de Clasificacion multi-etiqueta (MLC) es mas adecuada que
la clasificacién tradicional. La MLC trata de predecir el conjunto de etiquetas
asociadas a una instancia dada descrita mediante un conjunto de atributos.

Se han desarrollado hasta ahora muchos enfoques a MLC. Los métodos para
MLC pueden dividirse en dos grupos. Por un lado, los métodos de transforma-
cién del problema convierten la tarea de MLC en multiples problemas de clasifi-
cacion tradicional y combinan sus soluciones para dar una salida a la tarea de
MLC. Por otro lado, los métodos de adaptacién de algoritmo adaptan directamen-
te los algoritmos existentes para clasificacion tradicional a MLC. Muchos de
estos métodos representan la informacién dada por un conjunto de datos de
MLC sobre el conjunto de etiquetas mediante la TP. Dado que el ntiimero de
etiquetas en MLC suele ser muy grande, explotar correlaciones entre etiquetas
es un reto importante para los algoritmos de MLC. Hay algunos enfoques para
determinar correlaciones entre etiquetas en MLC basados en probabilidades
precisas. Las cadenas de clasificadores son considerados métodos simples y
efectivos para explotar correlaciones entre etiquetas en MLC. Estos métodos,
para cada etiqueta, tienen en cuenta las predicciones realizadas para las eti-
quetas anteriores segiin un orden establecido. Dicho orden influye mucho en
el rendimiento de una cadena de clasificadores. Ademads, en MLC, a menudo
muy pocas instancias pertenecen a una cierta etiqueta. En consecuencia, los
algoritmos para MLC suelen sufrir un problema de no balanceo de clases.

Objetivos

En esta tesis seguimos la linea de investigacion de teorias y modelos de
probabilidades imprecisas y medidas de incertidumbre con probabilidades
imprecisas. También proponemos nuevos métodos de clasificacién basados en
probabilidades imprecisas que obtienen mejor rendimiento que los del estado
del arte.
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Hay cinco objetivos principales de esta tesis doctoral, los cuales pueden
dividirse en objetivos especificos:

1. En primer lugar, tratamos de analizar las propiedades y relaciones entre
algunas teorias y modelos de probabilidades imprecisas. Este objetivo se
divide en dos:

a)

Caracterizar los conjuntos credales representables mediante funcio-
nes de creencia e intervalos de probabilidad alcanzables, dos teorias
de probabilidades imprecisas tales que ninguna de ellas generaliza
la otra. Para esto, nuestro objetivo es dar un conjunto de condicio-
nes necesarias y suficientes bajo las cuales un conjunto de interva-
los de probabilidad alcanzables es representable por una funcién
de creencia, asi como una caracterizacion de funciones de creencia
representables por intervalos de probabilidad alcanzables.

Analizar las propiedades principales de conjuntos credales asocia-
dos al A-NPI-M, comparédndolas con las propiedades de conjuntos
credales correspondientes al IDM.

2. Con respecto a medidas de incertidumbre, nuestro objetivo principal es
analizar las propiedades de algunas medidas de incertidumbre en teo-
rias y modelos de probabilidades imprecisas y proponer medidas de
incertidumbre en probabilidades imprecisas que presenten algunas ven-
tajas sobre las existentes. Especificamente, hay cuatro objetivos relacio-
nados con medidas de incertidumbre:

a)

b)

Hacer un anélisis critico de alternativas recientes a la entropia ma-
xima en la TE mediante sus propiedades y comportamientos.

Estudiar las propiedades matematicas y requisitos de comporta-
miento esenciales para medidas de incertidumbre en intervalos de
creencia para singletons. También tratamos de analizar cuéles de
esas propiedades matemdticas y requisitos de comportamiento sa-
tisfacen cada una de las medidas de incertidumbre en intervalos de
creencia para singletons propuestas hasta ahora.

Presentar una medida de incertidumbre en intervalos de creencia
para singletons que, a diferencia de las propuestas hasta ahora, sa-
tisfaga todas las propiedades matemdticas y requisitos de compor-
tamiento fundamentales para este tipo de medida. Ademéds, preten-
demos que, en aplicaciones précticas, la medida propuesta sea mas
facil de manejar que la entropia maxima en una BPA, la medida de
incertidumbre bien establecida en la TE.



d)

Proponer procedimientos para el cémputo de las principales medi-
das de incertidumbre en conjuntos credales derivados del A-NPI-
M.

3. Tratamos de desarrollar un nuevo método de clasificaciéon tradicional
basado en modelos de probabilidades imprecisas que logre mejores re-
sultados que la version existente de tal algoritmo basada en la TP, espe-
cialmente cuando hay ruido de la variable clase en los datos.

4. En cuanto a la clasificacién imprecisa, tratamos de desarrollar mejoras so-
bre los algoritmos propuestos hasta ahora en este campo. Concretamen-
te, los objetivos vinculados a clasificacién imprecisa pueden resumirse
como sigue:

a)

b)

d)

Presentar un nuevo Imprecise Credal Decision Tree que use el A-
NPI-M, a diferencia del ya existente, que emplea el IDM. Nuestra
idea es mostrar que el A-NPI-M obtiene resultados estadisticamente
equivalentes al IDM con la mejor eleccion del pardmetro cuando se
emplean ambos modelos en el Imprecise Credal Decision Tree.

Proponer una nueva versién del algoritmo NCC que lleve a predic-
ciones mucho més informativas que el NCC existente.

Desarrollar el primer método ensemble para clasificacién imprecisa.
Hemos de remarcar que, como los clasificadores imprecisos suelen
proporcionar como salida un conjunto de valores clase, no es tri-
vial combinar multiples predicciones imprecisas. Esta puede ser la
razén por la que no se ha propuesto hasta ahora ningtin método
ensemble para clasificacién imprecisa. Por lo tanto, para desarrollar
un ensemble de clasificadores imprecisos tenemos que proponer
una técnica para combinar multiples predicciones imprecisas.

Con respecto a clasificacién imprecisa sensible al coste, nuestro obje-
tivo es proponer un nuevo Imprecise Credal Decision Tree sensible
al coste que presente algunas ventajas y logre mejores resultados
que el ya existente.

5. Nuestro altimo objetivo es presentar nuevos métodos para MLC basados
en modelos de probabilidades imprecisas que rindan mejor que los exis-
tentes basados en probabilidades precisas, siendo la mejora méas notable
conforme hay mas ruido en las etiquetas. Este objetivo se divide en los
cuatro siguientes:
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a) Analizar el uso de probabilidades imprecisas en dos métodos para
MLC de transformacién del problema, sefialando que supone una
mejora sobre la TP, especialmente con ruido en las etiquetas.

b) Proponer una nueva adaptacién de arboles de decision para MLC
que use probabilidades imprecisas, a diferencia de la ya existente,
basada en la TP. Nuestro objetivo es mostrar que nuestra adapta-
cién propuesta es menos sensible al ruido en las etiquetas que la
propuesta hasta ahora.

c) Presentar nuevos algoritmos lazy para MLC que empleen probabili-
dades imprecisas, a diferencia de algunos métodos lazy para MLC
desarrollados hasta ahora, que usan la TP. Tratamos de demostrar
tedrica y empiricamente que nuestros métodos lazy para MLC pro-
puestos son mds adecuados que los métodos lazy para MLC exis-
tentes basados en la TP para abordar en problema de no balanceo
de clases que aparece frecuentemente en MLC, especialmente con
ruido en las etiquetas.

d) Proponer un nuevo método para explotar correlaciones entre etique-
tas en MLC basado en modelos de probabilidades imprecisas. Tra-
tamos de ilustrar que nuestro método propuesto presenta algunas
ventajas sobre otros algoritmos existentes para explotar correlacio-
nes entre etiquetas en MLC basados en la TP. La idea es corroborar
este punto mediante un analisis experimental.

Finalmente, también tratamos de aplicar modelos de probabilidades impre-
cisas a dominios importantes como andlisis de riesgo de crédito y andlisis de acci-
dentes de trdfico para extraer conocimiento ttil en tales dominios.

Estructura de la tesis

Esta tesis doctoral se divide en cuatro partes mas un apéndice. Cada parte
se subdivide en capitulos.

En la primera parte contextualizamos nuestro trabajo y establecemos
nuestros objetivos principales (capitulo 1).

La parte ii describe el conocimiento previo necesario para nuestro tra-
bajo de tesis. Esta parte se divide en cinco capitulos. En el capitulo 2
se describen las principales teorias y modelos de probabilidades impre-
cisas usados en este trabajo. El capitulo 3 da una visién general de las



principales medidas de incertidumbre en probabilidades imprecisas pro-
puestas hasta ahora. En el capitulo 4 exponemos la tarea de clasificacion,
asi como los enfoques a esta tarea considerados en este trabajo de tesis.
La tarea de clasificacién imprecisa y los métodos propuestos hasta ahora
para tal tarea se detallan en el capitulo 5. El capitulo 6 describe la tarea
de clasificacion multi-etiqueta y los enfoques principales a este &mbito.

Las contribuciones de esta tesis se presentan en la parte iii. Dicha parte
se divide en cinco capitulos. Algunas teorias y modelos de probabilida-
des imprecisas se analizan en el capitulo 7, el cual se corresponde con
el primer objetivo. En el capitulo 8, que se asocia con el segundo objeti-
vo, analizamos algunas medidas de incertidumbre en teorias y modelos
de probabilidades imprecisas y proponemos medidas de incertidumbre
en tales teorias y modelos. En el capitulo 9 se presenta un nuevo méto-
do de clasificacion tradicional basado en probabilidades imprecisas. Tal
capitulo se asocia con el tercer objetivo. El capitulo 10, correspondiente
al cuarto objetivo, detalla nuestros algoritmos propuestos para clasifica-
cién imprecisa. Nuestros métodos propuestos para clasificacion multi-
etiqueta basados en modelos de probabilidades imprecisas se presentan
en el capitulo 11, el cual se asocia con el quinto objetivo.

Las conclusiones e ideas para trabajo futuro se dan en la parte iv (capi-
tulo 12).

Finalmente, en el apéndice A, mostramos la aplicaciéon de algunos modelos
de probabilidad imprecisa para extraer conocimiento ttil en algunos dominios
importantes como andlisis de riesgo de crédito y andlisis de accidentes de
tréfico.

Conclusiones

A continuacién describimos las contribuciones principales de este trabajo
de tesis.

Se han caracterizado los conjuntos credales representables por funcio-
nes de creencia e intervalos de probabilidad alcanzables: hemos dado un
conjunto de condiciones necesarias y suficientes que ha de cumplir un
conjunto de intervalos de probabilidad alcanzables para ser representa-
ble mediante una funcién de creencia. Se ha demostrado que, para com-
probar dichas condiciones, se requiere considerar varios subconjuntos y
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comprobar algunas desigualdades simples con las sumas de las proba-
bilidades inferiores y superiores en dichos subconjuntos. Los conjuntos
se obtienen también de forma fécil y rdpida. También hemos dado una
caracterizacion de funciones de creencia representables por medio de in-
tervalos de probabilidad alcanzables. En concreto, se ha demostrado que
la condicién necesaria y suficiente para que una funcién de creencia sea
representable por un conjunto de intervalos de probabilidad alcanzables
es la siguiente: la diferencia entre cualquier par de elementos focales
de la correspondiente asignacion basica de probabilidad de cardinalidad
mayor o igual que 2 tiene una cardinalidad menor o igual a uno. Usan-
do nuestra condicién dada, hemos caracterizado algunos tipos especia-
les de funciones de creencia, como p-boxes o medidas de necesidad, que
pueden representable mediante conjuntos de intervalos de probabilidad
alcanzables.

Con respecto a modelos de probabilidades imprecisas, hemos analizado
las propiedades principales de los conjuntos credales derivados del A-
NPI-M, comparandolas con conjuntos credales asociados al IDM. Se ha
mostrado que, al igual que con el IDM, a medida que el tamafio muestral
converge a infinito, los conjuntos credales relacionados con el A-NPI-M
convergen a una Unica distribucién de probabilidad, que se obtiene me-
diante frecuencias relativas; el A-NPI-M es un modelo més impreciso
que el IDM con el valor més utilizado del pardmetro, el recomendado
en la literatura; una de las propiedades mds remarcables de los conjun-
tos credales correspondientes al A-NPI-M es que no siempre pueden
representarse por una funcién de creencia, a diferencia de los conjuntos
credales derivados del IDM. El cdlculo de la inversa de Mdbius para el
A-NPI-M es més complejo que para el IDM. Lo mismo ocurre con el con-
junto de puntos extremos del conjunto credal. Por lo tanto, el A-NPI-M
es un modelo mds complejo que el IDM. No obstante, ha de remarcar
que el IDM supone conocimiento previo de los datos mediante un paré-
metro, a diferencia del A-NPI-M.

En cuanto a medidas de incertidumbre, hemos hecho un anélisis critico
de dos alternativas a la entropfa méxima en la TE propuestas hace unos
afos. Se ha probado que dichas medidas no satisfacen muchas de las
propiedades matematicas cruciales para medidas de incertidumbre en la
TE, y su comportamiento en algunos escenarios es también cuestionable.
Ademads, hemos realizado un estudio sobre las propiedades matematicas
y requisitos de comportamiento esenciales para medidas de incertidum-
bre en intervalos de creencia para singletons. Dicho estudio se ha basa-



do en el llevado a cabo previamente para medidas de incertidumbre en
BPAs. Hemos mostrado que ninguna de las medidas de incertidumbre
en intervalos de creencia para singletons propuestas hasta ahora verifi-
ca todas las propiedades matemadticas y requisitos de comportamiento
fundamentales para este tipo de medida. También hemos propuesto una
medida de incertidumbre en intervalos de creencia para singletons que
consiste en la entropia maxima en el conjunto credal asociado a dichos in-
tervalos. Hemos demostrado que, pese a que nuestra medida propuesta
requiere un cémputo més complejo que las otras medidas de incertidum-
bre en intervalos de creencia para singletons propuestas hasta ahora, es
la tinica que satisface todas las propiedades matematicas y requisitos de
comportamiento cruciales para medidas de incertidumbre en intervalos
de creencia para singletons. También hemos sefialado que nuestra medi-
da propuesta da una cota superior de la entropia maxima en el conjunto
credal compatible con una BPA, la medida de incertidumbre bien esta-
blecida en la TE, siendo el computo de la primera medida notablemente
mas rapido que el de la segunda. Ademads, hemos mostrado cémo calcu-
lar las medidas de incertidumbre mds importantes en conjuntos credales
asociados con el A-NPI-M. Esto hace que el A-NPI-M sea muy ttil para
aplicaciones précticas.

Dentro de la clasificacién tradicional, hemos presentado una nueva ver-
sion del algoritmo Naive Bayes (NB), llamado el Imprecise m-probability
estimation Naive Bayes (ImNB), que considera las probabilidades a prior
de los valores clase para estimar las probabilidades condicionales, como
una versién del NB propuesta hace unos afios. Sin embargo, InNB usa
la medida de incertidumbre bien establecida en conjuntos credales pa-
ra estimar las probabilidades a priori, a diferencia de modelos previos,
que usan frecuencias relativas con correcciéon de Laplace para estimar
tales probabilidades. Por consiguiente, nuestro ImNB propuesto es mds
robusto al ruido en la variable clase que las versiones del algoritmo NB
propuestas previamente. Un estudio experimental con varios niveles de
ruido ha puesto de manifiesto que ImNB obtiene mejor rendimiento que
las versiones del algoritmo NB que usan estimaciones clasicas de las
probabilidades, con y sin ruido en los datos.

Se han propuesto mejoras sobre los métodos de clasificaciéon imprecisa
desarrollados hasta ahora. Especificamente, podemos resumir las contri-
buciones de esta tesis vinculadas a clasificacién imprecisa en los siguien-
tes puntos:
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- Hemos propuesto una nueva versiéon del algoritmo ICDT que em-
plea el A-NPI-M para el criterio de ramificacién y para los interva-
los de probabilidad en los nodos hoja (ICDT-ANPI), mientras que el
ICDT existente usa el IDM. Resultados experimentales han mostra-
do que el ICDT-ANPI obtiene un rendimiento equivalente al ICDT
con la mejor eleccion del pardmetro para el IDM. En consecuencia,
el A-NPI-M es mas apropiado que el IDM para drboles de decisiéon
para clasificacién imprecisa porque el primer modelo no supone
conocimiento previo sobre los datos mediante un pardmetro, a dife-
rencia del segundo.

— Se ha desarrollado una nueva version del algoritmo NCC llamada
Extreme Prior Naive Credal Classifier (EP-NCC). A diferencia de
NCC, EP-NCC tiene en cuenta las probabilidades a prior inferior
y superior de los valores clase para estimar las probabilidades con-
dicionales inferior y superior. Se ha mostrado que las predicciones
hechas por EP-NCC son probablemente mas informativas que las
realizadas por NCC, no siendo el riesgo de predicciones incorrectas
mucho més alto con EP-NCC. Un anélisis experimental ha revelado
que EP-NCC rinde significativamente mejor que NCC dado que el
primer método es mucho més informativo que el segundo, mien-
tras que la diferencia entre el rendimiento de ambos algoritmos es
acierto no es estadisticamente significativa. El andlisis experimental
también ha puesto de manifiesto que EP-NCC e ICDT obtienen ren-
dimiento equivalente, pero ICDT requiere un tiempo computacio-
nal mucho mas alto que EP-NCC. Asi, debido al buen rendimiento
y al bajo tiempo computacional, EP-NCC es mds adecuado para
grandes conjuntos de datos de clasificacién imprecisa que los algo-
ritmos existentes para tal tarea. Este es un punto importante a favor
de nuestro algoritmo propuesto EP-NCC a causa de la creciente
cantidad de datos en cualquier area.

— En este trabajo de tesis se ha presentado el primer método ensemble
para clasificacién imprecisa. Se ha tenido en cuenta que el esquema
Bagging ha obtenido buen rendimiento en clasificacion precisa, es-
pecialmente cuando se usa con drboles de decision credales (CDTs),
lo que fomenta diversidad. Asi, nuestro método ensemble propues-
to para clasificacién imprecisa consiste en un esquema Bagging que
usa el algoritmo ICDT (la adaptaciéon de CDT a clasificaciéon im-
precisa) como clasificador base (Bagging-ICDT). La clave es coémo
combinar las predicciones realizadas por multiples clasificadores



imprecisos. Esto no es trivial, ya que, si las predicciones impreci-
sas no se combinan adecuadamente, el ensemble podria no rendir
mejor que un clasificador individual porque puede producirse una
reduccién de informacion excesiva. Nuestra técnica de combinacién
propuesta intenta que el clasificador Bagging impreciso sea lo més
informativo posible. Dicha técnica consiste en predecir como no do-
minados solo aquellos valores clase con el valor minimo posible de
dominancia, lo que implica que no es muy conservativa. Median-
te un andlisis experimental, hemos mostrado que el Bagging-ICDT
con nuestra técnica de combinacién propuesta obtiene mejor rendi-
miento que el método ICDT; Bagging-ICDT es mds informativo que
ICDT, mientras que la diferencia entre el rendimiento de ambos
algoritmos en hacer predicciones correctas no es significativa.

— Con respecto a la clasificacién sensible al coste, hemos propues-
to un nuevo Imprecise Credal Decision Tree sensible al coste que
pondera las instancias considerando el coste de clasificar errénea-
mente el valor clase correspondiente. Nuestro método propuesto
tiene en cuenta los costes de errores en el proceso de construccién
del arbol, a diferencia del cost-sensitive Imprecise Credal Decision
Tree existente, que solo considera los costes de errores al clasificar
instancias en nodos hoja. Hemos mostrado que el criterio que usa
nuestro Imprecise Credal Decision Tree sensible al coste propuesto
para clasificar instancias en nodos hoja es probablemente mds efec-
tivo que el empleado por el Imprecise Credal Decision Tree sensible
al coste existente porque las predicciones son posiblemente més in-
formativas. Un estudio experimental ha puesto de manifiesto que
nuestro Imprecise Credal Decision Tree sensible al coste propuesto
rinde significativamente mejor que el ya existente; aunque el coste
de clasificacién incorrecta de nuestro método propuesto es mas al-
to, nuestro algoritmo propuesto es mucho mds informativo y logra
un mejor compromiso entre bajo coste de predicciones erréneas y
predicciones informativas. De este modo, concluimos que nuestro
Imprecise Credal Decision Tree sensible al coste propuesto es mds
apropiado que el ya existente para aplicaciones practicas donde los
costes de errores son diferentes y la informacién disponible no es
suficiente para que los clasificadores predigan un tnico valor clase.

También hemos propuesto nuevos algoritmos para MLC basados en mo-
delos de probabilidad imprecisa. Hemos mostrado que el ruido intrinse-
co de etiquetas en MLC es probablemente mas alto que el ruido intrin-
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seco de clase en clasificaciéon tradicional. En consecuencia, puesto que
los algoritmos que usan probabilidades imprecisas obtienen mejor ren-
dimiento que los basados en la TP cuando hay ruido de clase en los
datos, nuestros métodos propuestos para MLC son probablemente mds
adecuados que los desarrollados hasta ahora basados en probabilidades
precisas. Hemos comprobado este punto mediante estudios experimen-
tales. En concreto, las contribuciones de esta tesis con respecto a MLC
pueden resumirse en los siguientes puntos:

— En primer lugar, hemos analizado el uso de CC4.5 en dos métodos
de transformacion del problema: Binary Relevance (BR) y Calibra-
ted Label Ranking (CLR). BR es un método de MLC muy simple
que ha obtenido buen rendimiento en la practica, y CLR explota
correlaciones entre etiquetas por pares y alivia el problema de no
balanceo de clases que suele aparecer en MLC. Hemos mostrado
que, como CC4.5 es méds robusto al ruido de clase que C4.5, BR 'y
CLR son menos sensibles al ruido en las etiquetas con CC4.5 que
con C4.5. Asi, puesto que el ruido intrinseco de etiquetas en MLC
es probablemente mayor que el ruido intrinseco de clase en clasifi-
cacion tradicional, CC4.5 es probablemente mds adecuado que C4.5
para abordar los problemas de clasificaciéon binaria en BR y CLR.
Resultados experimentales han mostrado que tanto BR como CLR
obtienen mejor rendimiento con CC4.5 que con C4.5, siendo la me-
jora méas notable a medida que el ruido en las etiquetas es mayor.

- Hemos propuesto una nueva adaptacién de drboles de decisién pa-
ra MLC que emplea el A-NPI-M para el criterio de ramificaciéon y
para predecir las probabilidades sobre la relevancia de las etiquetas
para las instancias en los nodos hoja. Hemos mostrado que nuestra
adaptacion propuesta es menos sensible al ruido en las etiquetas
que la propuesta hasta ahora, la cual se basa en la TP. Resultados
experimentales han sefialado que nuestra adaptacion propuesta ob-
tiene mejor rendimiento que la existente, siendo la mejora mas no-
table a medida que hay mds ruido en las etiquetas. Por lo tanto, el
A-NPI-M es més apropiado que la TP para usarse en las adapta-
ciones de drboles de decisiéon para MLC, especialmente cuando hay
ruido en las etiquetas.

— También hemos presentado dos algoritmos lazy para MLC que, pa-
ra clasificar una instancia, emplean estimadores estadisticos basa-
dos en las instancias vecinas, de forma similar a algunos algorit-
mos lazy existentes para MLC. Sin embargo, nuestros métodos lazy



propuestos usan el A-NPI-M para dichos estimadores estadisticos,
a diferencia de los existentes, que utilizan frecuencias relativas con
correcciéon de Laplace. Hemos mostrado que nuestros algoritmos
lazy propuestos para predicen que una etiqueta es relevante para
una instancia méas frecuentemente que los existentes, y este hecho
se enfatiza con ruido en las etiquetas. Un estudio experimental ha
revelado que nuestros métodos lazy propuestos para MLC son mds
apropiados que los existentes basados en probabilidades precisas
para tratar el problema de no balanceo de clases que suele surgir
en MLC, especialmente con ruido en las etiquetas.

Finalmente, hemos propuesto un procedimiento de ordenacién de
etiquetas en cadenas de clasificadores que estima la correlacién en-
tre cada par de etiquetas mediante el A-NPI-M y ordena las eti-
quetas con un procedimiento greedy. En dicho procedimiento, para
cada etiqueta candidata, se considera la correlacién media entre esa
etiqueta y las ya insertadas, asi como la correlacién media entre esa
etiqueta y las no insertadas atin. Se ha mostrado que nuestro pro-
cedimiento propuesto presenta algunas ventajas sobre los desarro-
llados hasta ahora basados en correlaciones entre etiquetas; emplea
un modelo de probabilidades imprecisas para estimar correlaciones
entre etiquetas, que es mds apropiado que probabilidades precisas;
nuestro método propuesto, para cada etiqueta candidata, tiene en
cuenta la correlacién de ella con las etiquetas ya insertadas y la
correlacion de las etiquetas no insertadas con la etiqueta candida-
ta, mientras que alguno de los métodos de ordenacién propuestos
hasta ahora solo consideran las correlaciones entre la etiqueta can-
didata y las no insertadas atn. Un estudio experimental ha mos-
trado que nuestro método propuesto de ordenacién obtiene mejor
rendimiento que los basados en correlaciones entre etiquetas desa-
rrollados hasta ahora.
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INTRODUCTION AND OBJECTIVES

1.1 Overview

When there is information about a finite set of possible alternatives pro-
vided by an expert or dataset, a mathematical model is often employed to
represent such information. This is very useful for inferences and decision-
making in the set of alternatives. Classical probability theory (PT) is the stan-
dard way of representing the information involved in the set of alternatives.
In PT, the probability of each event can be precisely determined. This classical
approach is suitable in many situations where there is sufficient information
to determine the probability of each alternative in an exact way.

Nevertheless, in some cases, there is not enough information available to
precisely determine the probability of each alternative. Hence, in such situ-
ations, a single probability distribution is not sufficient for representing the
information available in the set of alternatives. This can be due to imprecision
or errors in the extraction of the data. For example, suppose that we have an
urn with ten balls, four with the color white, four with the color black, and
the other two with unknown color. In this case, if we randomly extract a ball
from the urn, we know that the probability of such a ball being black is lower
or equal to 0.6 and greater or equal to 0.4, but we cannot precisely determine
the probability of such an event since we do not know how many of the other
two balls are black.

For this reason, many mathematical theories based on imprecise probabilities
have been developed in the literature to represent the available information.
Examples are credal sets, coherent lower and upper probabilities, Choquet capacities,
evidence theory (ET), and reachable probability intervals. All these theories gen-
eralize PT. Some imprecise probability theories are more general than others,
and there are also pairs of imprecise probability theories such that any of them
generalizes the other. One of the most general imprecise probability theories
is the one based on credal sets’. As each imprecise probability theory has spe-
cific mathematical properties, some theories are more appropriate than others
in specific situations. A detailed description of these theories can be found in
[208].

1 A credal set is a closed and convex set of probability distributions.



In order to represent the information involved in a sample of observations
about the set of alternatives, specific mathematical models based on imprecise
probability theories have been developed in the literature. One of the most
remarkable is the parametric Imprecise Dirichlet Model (IDM) [209]. This model
satisfies some principles that were claimed to be desirable for inference. After-
wards, the Non-Parametric Predictive Inference Model (NPI-M) was proposed [58,
59]. Unlike the IDM, the NPI-M is a non-parametric approach that does not
assume previous knowledge about the data. Moreover, inferences made with
the NPI-M tend to produce intuitively more coherent results than inferences
made with the IDM [59]. Even so, the NPI-M needs to deal with difficult con-
straints due to the representation of the data used in this model. In fact, the
set of probability distributions compatible with the NPI-M is not convex. In
order to handle this issue, the Approximate Non-Parametric Predictive Inference
Model (A-NPI-M) was developed in [5], which consists of the convex hull of
the set of probability distributions consistent with the NPI-M.

When imprecise probability theories and models arise, tools for quantifying
the uncertainty-based information in such theories and models are needed.
Such tools are known as uncertainty measures. The Shannon entropy [189] is
the well-established uncertainty measure in PT and is the starting point for
uncertainty measures in more general theories than PT. In such theories, there
are more types of uncertainty than in PT and, thus, it is more difficult to find
an uncertainty measure that satisfies all essential properties. The study of un-
certainty measures in the most general imprecise probability theories takes the
study of uncertainty measures in ET as a reference. In that theory, the informa-
tion can be represented by a basic probability assignment (BPA) or, alternatively,
by a belief function. So far, the maximum entropy on the set of probability dis-
tributions compatible with a belief function is the only uncertainty measure
in ET that satisfies all required mathematical properties and behaviors [21].
Nonetheless, the algorithm proposed so far to compute such an uncertainty
measure is complex. For this reason, many alternative measures have been
proposed in ET, but none of these measures verifies the necessary properties.
It must be remarked that the belief intervals for singletons, whose lower and
upper bounds are, respectively, the lower and upper probability values for
the singletons according to the belief function, are easier to manage than be-
lief functions for quantifying uncertainty-based information in ET. In this way,
many alternative measures to the maximum entropy proposed during the last
years are based on belief intervals for singletons. However, when belief in-
tervals for singletons are used to represent the uncertainty-based information
instead of the belief function, some information may be lost. Concerning gen-
eral imprecise probability theories, the maximum entropy on credal sets is a



well-established uncertainty measure because it satisfies the crucial properties.
Nonetheless, there is no algorithm so far to compute the maximum entropy
on a general credal set, even though there are algorithms for computing the
maximum entropy in some specific imprecise probability theories, such as
reachable probability intervals [13] or Choquet capacities of order 2 [16], a
quite general imprecise probability theory. Algorithms for the maximum en-
tropy in imprecise probability models such as the IDM or the NPI-M have also
been proposed |[2, 5].

Situations in which it is necessary to represent the information about a finite
set of possible alternatives provided by a dataset arise in classification [107], an
essential area within Data Mining. This well-known task consists of predicting,
for a given instance described via a set of attributes or features, the value of a
variable under study called the class variable. Nowadays, classification is com-
monly used in many domains. For example, in medicine, this task is widely
employed to predict whether a patient has a disease by using a set of features
of such a patient; in credit fraud detection, classification is suitable for detecting
whether a card is fraudulent by utilizing a set of attributes of the card. Clas-
sification algorithms usually represent the information provided by a dataset
about the class variable by means of a mathematical model. Thereby, in classi-
fication, it is often needed to quantify the uncertainty-based information about
the class variable involved in a dataset.

For many years, in order to represent the information about the class vari-
able in classification, PT has been employed, considering that the information
provided by the dataset is sufficient for precisely determining the probabili-
ties of the class values. In the last years, classification algorithms that repre-
sent the information about the class variable via imprecise probability models
have been developed. Examples can be found in [148-150]. Such algorithms
consider that the information involved in a classification dataset is useful for
approximating the probability of each class value, but it is not sufficient for
precisely determining it. Via experimental studies, it has been shown that clas-
sification methods based on imprecise probabilities significantly outperform
the ones that utilize PT when data contain class noise.?

Classifiers often aim to minimize the number of misclassifications. This
point is optimal when all classification errors have the same importance. How-
ever, in practical applications, different classification errors usually yield dif-
ferent costs. For instance, in medical diagnosis, the consequences of incorrectly
predicting that a patient does not have a serious disease might be far worse
than the consequences of erroneously predicting that the patient does not have

2 In classification, the term ‘noise’ is used to refer to errors in the data.
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such a disease [140, 171, 183]; in software defect prediction, the cost of defective
modules predicted as non-defective is probably higher than the cost of non-
defective modules predicted as defective [26, 142, 191]; in credit fraud detection,
predicting that a fraudulent credit card is legal may cause much higher eco-
nomical losses for banks and financial institutions than predicting a normal
credit card as fraudulent [24, 166, 182]. Thus, classifiers that take the error
costs into account, known as cost-sensitive classifiers, have been developed.

When classifying an instance, cost-sensitive and cost-insensitive classifiers
normally predict a single value of the class variable. Nevertheless, in some
situations, the information provided by the dataset is not sufficient for a clas-
sifier to point out a unique class value. In these cases, it may be more logical
that classifiers predict a set of values of the class variable, which is known
as Imprecise Classification [227]. For example, suppose that, in a classification
dataset for medicine, there are five class values, corresponding to five diseases
that a patient can have. It is possible that, for predicting the disease of a
given patient, the information provided by the dataset only allows us to know
that the patient can have three of the five diseases, but there is not sufficient
information for determining which of the three diseases the patient has. In
this situation, even though the disease of the patient cannot be precisely de-
termined, the information provided might be useful for knowing a suitable
treatment for the patient. Nonetheless, it might be risky to predict one of
the three diseases because, in case of error, the treatment could have negative
consequences. Intuitively, an evaluation metric for an Imprecise Classification
algorithm has to consider whether the predictions are correct (the real class
value is between the predicted ones) and how informative the predictions are,
which is measured by the average number of predicted class values.

In order to develop Imprecise Classification methods, imprecise probability
theories are more appropriate than classical PT [227]. Few Imprecise Classi-
fication algorithms have been proposed so far. The first one was the Naive
Credal Classifier (NCC) [62, 227], which combines the IDM with the naive
assumption (all attributes are independent given the class variable) to out-
put imprecise predictions. Afterwards, an Imprecise Classification algorithm
based on Decision Trees, called the Imprecise Credal Decision Tree (ICDT),
was proposed in [10]. Both NCC and ICDT were adapted for cost-sensitive
classification [10].

Traditional classification (including Imprecise Classification) assumes that
each instance has a unique value of a class variable. Nevertheless, in some
domains, this task does not fit well since each instance may belong to multiple
labels simultaneously. For example, in text categorization, if a text treats about
the visit of Donald Trump to France, it makes sense that such a text belongs



to the labels the ‘United States” and ‘France’; within biology, a protein may
have multiple functions in the human body; several emotions can appear in
an image or music fragment. In these domains, the Multi-Label Classification task
(MLC) is more suitable than traditional classification. MLC aims to predict the
set of labels associated with a given instance described via an attribute set.

Many approaches to MLC have been developed so far. A review of the main
MLC algorithms can be seen in [97]. MLC methods can be divided into two
groups. On the one hand, the problem transformation methods convert the MLC
task into multiple traditional classification problems and then combine their
solutions to provide an output for the MLC task. On the other hand, the algo-
rithm adaptation methods directly adapt the existing algorithms for traditional
classification to MLC. Most of these methods represent the information pro-
vided by an MLC dataset about the set of labels via classical PT. As the num-
ber of labels in MLC tends to be very high, exploiting label correlations is an
important challenge for MLC algorithms. There are some approaches for de-
termining label correlations in MLC based on precise probabilities. Moreover,
in MLC, very few instances often belong to a certain label. In consequence,
MLC algorithms usually suffer from a class-imbalance problem.

1.2 Objectives

In this thesis work, we follow the research lines of imprecise probability
theories and models and uncertainty measures within imprecise probabilities.
We also propose new classification methods based on imprecise probability
models that outperform the ones of the state-of-the-art.

There are five main aims of this thesis work, which can be divided into
specific objectives:

1. Firstly, we aim to analyze the properties and relations between some
imprecise probability theories and models. This objective is divided into
two aims:

a) Characterize the credal sets representable through belief functions
and reachable probability intervals, two imprecise probability theo-
ries such that any of them generalizes the other. For this purpose,
our goal is to give a set of necessary and sufficient conditions un-
der which a reachable set of probability intervals is representable
by a belief function, as well as a characterization of belief functions
representable via reachable probability intervals.



b) Analyze the main properties of credal sets associated with the A-
NPI-M, comparing them with the properties of IDM credal sets.

2. With regard to uncertainty measures, our main goal is to analyze the
properties of some uncertainty measures in imprecise probability the-
ories and models and propose uncertainty measures within imprecise
probabilities that present some advantages over the existing ones. Specif-
ically, there are four objectives concerning uncertainty measures:

a) Make a critical analysis of recent alternatives to the maximum en-
tropy in ET via its properties and behaviors.

b) Study the essential mathematical properties and behavioral require-
ments for uncertainty measures on belief intervals for singletons.
We also aim to analyze which of these properties and behavioral
requirements are satisfied by each one of the uncertainty measures
on belief intervals for singletons proposed so far.

¢) Introduce an uncertainty measure on belief intervals for singletons
that, unlike the ones proposed so far, satisfies all the fundamental
mathematical properties and behavioral requirements for this type
of measure. Furthermore, we aim that, in practical applications, the
proposed measure is easier to manage than the maximum entropy
on a BPA, the well-established uncertainty measure in ET.

d) Propose procedures to compute the main uncertainty measures on
A-NPI-M credal sets.

3. We aim to develop a traditional classification method based on imprecise
probability models that achieves better results than the existing versions
of this algorithm based on classical PT, especially with class noise in the
data.

4. Concerning Imprecise Classification, we aim to develop improvements
over the Imprecise Classification algorithms proposed so far. Specifically,
the objectives regarding Imprecise Classification can be summarized as
follows:

a) Introduce a version of the Imprecise Credal Decision Tree algorithm
that uses the A-NPI-M, unlike the existing one, which utilizes the
IDM. Our idea is to show that the A-NPI-M achieves statistically
equivalent results to the IDM with the best choice of the parameter
when both models are employed in the Imprecise Credal Decision
Tree method.



b)

<)

d)

Propose a new version of the NCC algorithm that leads to far more
informative predictions than the existing NCC.

Develop the first ensemble method for Imprecise Classification. We
must remark that, as imprecise classifiers tend to output a set of
class values, it is not trivial to combine multiple imprecise predic-
tions. This might be the reason why no ensemble algorithm for Im-
precise Classification has been proposed so far. Therefore, in order
to develop an ensemble of imprecise classifiers, we must propose a
technique for combining multiple imprecise predictions.

Regarding cost-sensitive Imprecise Classification, our goal is to pro-
pose a new cost-sensitive Imprecise Credal Decision Tree that presents
some advantages and achieves better results than the existing one.

5. Our last goal is to introduce new MLC algorithms based on imprecise
probability models that perform better than the existing ones based on
precise probabilities, the improvement being more notable as there is
more noise in the labels. This aim is divided into the following four
objectives:

a)

b)

d)

Analyze the use of imprecise probabilities in two problem transfor-
mation methods for MLC, highlighting that it supposes an improve-
ment over precise probabilities, especially with noise in the labels.

Propose a new adaptation of Decision Trees for MLC that uses im-
precise probabilities, unlike the existing one, which is based on clas-
sical PT. Our goal is to show that our proposed adaptation is less
sensitive to noise in the labels than the one proposed so far. We
aim to show, via experiments, that our proposed adaptation signif-
icantly outperforms the existing one, the improvement being more
notable as there is more noise in the labels.

Introduce new lazy MLC algorithms that employ imprecise prob-
ability models, unlike some lazy MLC methods developed so far,
which use classical PT. Our goal is to show theoretically and exper-
imentally that our proposed lazy MLC methods are more suitable
than the existing lazy MLC algorithms based on precise probabili-
ties to handle the class-imbalance problem that frequently appears
in MLC, especially with noise in the labels.

Propose a new method to exploit label correlations in MLC based
on imprecise probability models. We aim to show that our pro-
posed method has some advantages over other existing algorithms



for exploiting label correlations in MLC based on classical PT. The
idea is to corroborate this issue via an experimental analysis.

Finally, we also aim to apply imprecise probability models to some impor-
tant domains such as credit risk analysis and traffic accident analysis to extract
useful knowledge in such domains.

1.3 Organization of this thesis

This thesis work is structured into four parts plus an appendix. Each part
is subdivided into chapters.

In the first part, we contextualize our work and establish our main aims
(Chapter 1).

Part ii describes the previous knowledge necessary for our thesis work.
This part is divided into five chapters. In Chapter 2, the main imprecise
probability theories and models used in this work are described. Chapter
3 provides an overview of the main uncertainty measures on imprecise
probabilities proposed so far. In Chapter 4, we expose the classification
task, as well as the classification approaches considered in this thesis
work. The Imprecise Classification task and the methods proposed so
far for such a task are detailed in Chapter 5. Chapter 6 describes the
Multi-Label Classification task and the main approaches to this field.

The contributions of this thesis work are presented in Part iii. Such
a part is divided into five chapters. Some imprecise probability theo-
ries and models are analyzed in Chapter 7, which corresponds to the
tirst objective. In Chapter 8, which is associated with the second aim,
we analyze some uncertainty measures within imprecise probability the-
ories and models and propose uncertainty measures in such theories
and models. A new traditional classification method based on imprecise
probabilities is presented in Chapter 9. Such a chapter is associated with
the third objective. Chapter 10, corresponding to the fourth aim, details
our proposed Imprecise Classification algorithms. Our proposed Multi-
Label Classification methods based on imprecise probability models are
introduced in Chapter 11, which is associated with the fifth objective.

Conclusions and ideas for future research are given in Part iv (Chapter
12).
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Finally, in Appendix A, we show the application of some imprecise prob-
ability models to extract useful knowledge in some important domains,
such as credit risk analysis and traffic accident analysis.
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IMPRECISE PROBABILITIES

2.1 Introduction

For making decisions, we usually need to represent the probabilistic knowl-
edge about a finite set of possible alternatives provided by an expert or a set
of observations about that set. Classical probability theory (PT) is the stan-
dard way of representing such knowledge. In many cases, this representation
might be suitable. Nevertheless, in a large number of situations, a unique
probability distribution may not be sufficient to represent the probabilistic
knowledge involved in the set because there is not enough information avail-
able to precisely determine the probability of each alternative. For this reason,
mathematical theories based on imprecise probabilities have been developed in
the literature. All these theories generalize PT and provide some information
about the probability of each alternative without determining it precisely.

Some imprecise probability theories are more suitable than others in specific
situations, depending on the source of information about the set of alterna-
tives. We must remark that, within theories based on imprecise probabilities,
some of them are subsumed into others, and there are also pairs of imprecise
probability theories such that any of them generalizes the other." We show be-
low the imprecise probabilities theories considered in this thesis work. Each
one of these theories has specific mathematical properties.

1. Credal sets [137]: In this theory, the probabilistic knowledge is rep-
resented via a closed and convex set of probability distributions, also
called credal set. Such a set is composed of all probability distributions
compatible with the information available about the set of alternatives.

2. Lower and upper probabilities [195]: It uses a lower probability func-
tion and an upper probability function to determine, respectively, for
each subset of alternatives, the lower and upper probability that the true
alternative belongs to such a subset.

1 The most general imprecise probability theory is coherent lower and upper previsions [208], but
we do not consider it in this work thesis.
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3. Dempster-Shafer theory or Evidence theory [74, 186]: It represents the
probabilistic knowledge about the set of alternatives via a basic probabil-
ity assignment, which assigns a mass probability to each subset of alter-
natives. Alternatively, in this theory, the probabilistic knowledge can be
represented via a belief function, a well-known type of lower probability
function. Evidence theory has been successfully used in the literature to
deal with uncertainty-based information in practical applications such as
statistical classification [78], target identification [41], medical diagnosis [34],
or face recognition [120].

4. Probability intervals [70]: This theory employs a probability interval for
each alternative whose lower and upper bounds indicate, respectively,
the lower and upper probability of that alternative. Probability intervals
have high expressive power and can be efficiently computed. For these
reasons, this theory has been commonly used in practical applications
such as classification [3, 11, 13, 150].

We describe these theories in detail in Section 2.2.

Moreover, in Section 2.3, we describe two imprecise probability models that
allow us to make probabilistic inferences about a finite set of possible alter-
natives (or discrete variable) based on a set of observations about that set (or
variable): The Imprecise Dirichlet Model [209] and the Non-Parametric Predictive
Inference Model for multinomial data [58, 59]. These models are based on some
of the aforementioned imprecise probability theories.

2.2 Imprecise probability theories

Let X = {x1,...,%x¢} be a finite set of possible alternatives* and p(X) the
power set of X. Let P(X) denote the set of all probability distributions on X.

For each probability distribution p, there is an associated probability mea-
sure that will be denoted by uppercase P.

2.2.1 Credal sets

Before defining a credal set, some previous concepts are necessary.

2 or, alternatively, a discrete variable whose set of possible values is {x1,...,xt}.
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Given two probability distributions on X p and q, the Euclidean distance
between such probability distributions can be considered:

t
dist(p,q) = J (p(xi) — q (x:))%. (2.1)
im

Taking this distance function as a reference, for each probability distribution
pon Xand e € R", we can consider the ball with center p and radius ¢, that is,
the set of probability distributions on X whose distance between p and them
is lower than e:

B(p,e) ={q € P(X) | dist(p, q) < €}. (2.2)

Let us consider now a set of probability distributions on X P.

The frontier of P can be defined as the set of probability distributions such
that there is no ball centered on that probability distribution contained in P or
its complement:

Fr(P)={pcP|B(p,e)NP#DAB(p,e)NP#0, VeecR"}, (2.3)
where P denotes the complement of P.

Definition 2.2.1 A set of probability distributions on X, P, is said to be closed if it
contains its frontier, i.e, Fr(P) C P.

Also, it is said that a set of probability distributions, P, is convex if any
convex combination of probability distributions in P also belongs to P:

Definition 2.2.2 A set of probability distributions on X, P, is said to be convex if
Vp,q € Pand A € (0,1), it holds that A\p + (1 —A)q € P.

Now, a credal set is defined in the following way [137]:

Definition 2.2.3 A credal set on X is a closed and convex set of probability distribu-
tions on X.

In a credal set, there are some probability distributions that cannot be rep-
resented as a convex combination of other probability distributions belonging
to such a set. They are called the extreme points of the credal set.

Definition 2.2.4 Let P be a credal set on X. A probability distribution p € P is said
to be an extreme point of P if fp1,p2 € P and A € (0,1) such that py # p2 and

p=Ap1+ (1 =A)pa.
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Given a credal set P, let Ext(P) denote its set of extreme points. Though
Ext(P) can be infinite, all the cases considered on this thesis will correspond
to convex polytope, with a finite set of extreme points, that is, Ext(P) < oo.

A credal set can be geometrically represented in R*, which can be specified
through a finite set of linear constraints or via its set of extreme points. Dif-
ferent sets of linear constraints can lead to the same credal set. In contrast,
the representation of a credal set through its set of extreme points is always
unique.

For characterizing a credal set, the set of extreme points is commonly em-
ployed. Indeed, extreme points of credal sets play an important for some
purposes, such as performing inference [65, 67] or computing bounds of some
uncertainty measures [14]. Hence, many works have been developed in the
literature for computing the set of extreme points in some types of credal sets.
For example, Miranda and Destercke [156] characterized the set of extreme
points of a credal set determined by comparative probabilities on singletons.

2.2.1.1 Udpating on credal sets

Let P be a credal set on X. Let us assume now that we know that the true
alternative belongs to a certain subset B C X. The aim now is to obtain a new
credal set from P with this new information, namely P | B. Three cases are
distinguished.

o When all the probability measures on P take a positive value on B, P | B
is obtained by conditioning the probability distributions on P on B:

PIB={p(.IB)IpeP} (2.4)
o IfP(B)=0 Vp € P, then P | B is undetermined.

¢ The most interesting case arises when Jp;,p, € P satisfying p1(B) =
0 < p2(B). In this situation, there are several ways of obtaining P | B.
The most informative is the regular conditioning [208], which considers
the probability distributions in P that takes a positive value on B and
conditions them on B:

PIB={p(.|B)|pePAPB)>0}. (2.5)

Definition 2.2.5 [208] In general, the reqular conditioning of P on B is defined as
follows:

pCIB)IpePAPB)>0} if IpeP|PB)>0
PIB=
undetermined if P(B)=0 vVpe?
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2.2.1.2 Marginalization of credal sets

Suppose now that we have two finite sets X = {x1,x2,...,x¢} and Y =
{u1,y2,...,yr/}). Let P be a credal set on the product space X x Y.
We can define the marginal credal set of P on X as follows:

Definition 2.2.6 Let P be a credal set on X x Y and P(X) the set of all probability
distributions on X. The set given by:

t/
PX={pxePX) I FpePipx(x) =) p(xiy;), Vi=12...,t
j=1

(2.6)
is called the marginal credal set of P on X.

We may note that the marginal credal set on X is composed of the marginal
probability distributions on X of the probability distributions belonging to P.
The definition of the marginal credal set of P on Y is analogous:

t
T\LY = {pY € P(Y) | Elp € iP:‘PY (U)) = Zp (Xi/yj) ’ v] = ]/2/---/t/}/

i=1
(2.7)
where P(Y) denotes the set of all probability distributions on Y.

2.2.1.3 Independence on credal sets

Let X = {x1,%x2,...,x¢t} and Y = {y1,y2,...,y¢} be two finite sets. Let p
be a probability distribution on the product space X x Y. In classical PT, the
stochastic independence is the standard definition of independence.

Definition 2.2.7 It is said that p verifies stochastic independence when
p(xi,Y5) =p (xq) x ptY (yj), Vvi=12...,t j=12,..1t, (2.8)

where p¥* and p*Y are the marginal probability distributions of p on X and Y, respec-
tively.

The definition of independence is quite simple in classical probability the-
ory. Nevertheless, when the probabilistic knowledge about X and Y is given
through a credal set, the concept of independence is much more complicated.
Indeed, six definitions of independence on credal sets have been proposed.
They are described in detail in [63].

Between these concepts, the strong independence is one of the most utilized
in practice [66, 68, 225]. There are alternative definitions of independence in
imprecise probabilities. For more details, see [63, 71].

21



22

| Imprecise probabilities

Definition 2.2.8 Let P be a credal set on X x Y. Let P¥X and P+Y denote, respec-
tively, the marginal credal sets of P on X and Y, determined via Equations (2.6) and
(2.7). 1t is said that there is strong independence under P if P is the convex hull of
the set of probability distributions resulting from making product probabilities on the
marginal credal sets. Formally:

P — CH (ﬂﬂx x :PW) , (2.9)

where
PIX o PHY — {px < py | px € PX Apy € ?W} (2.10)

and CH denotes the convex hull of a set of probability distributions.

2.2.2 Coherent lower and upper probability functions

Definition 2.2.9 [55] A capacity is a mapping P : o(X) — [0, 1] that satisfies the
following conditions:

P(0) = 0 and P(X) = 1 (normalization)
P(A) < P(B), VA,B C Xsuch that A C B (monotonicity)

Then, a lower probability function is a capacity whose values are interpreted as
lower bounds of probability. Likewise, an upper probability function is a capacity
whose values are interpreted as upper bounds of probability [195].

Given a lower probability function P, it is possible to define an upper prob-
ability function in the following way:

P(A)=1—P(A), (2.11)
where A is the complement of A, VA CX.

Definition 2.2.10 The upper probability function given in Equation (2.11) is called
the dual or conjugate of P.

Given a lower probability function and an upper probability function, for
each subset A C X, the lower probability of A can be interpreted as the max-
imum price that you are willing to pay for the subset A, supposing that you
receive 1 unit if the real alternative is in A. Analogously, the upper probability
of A can be interpreted as your minimum selling price of a gamble that pays
you 1 unit if the true alternative belongs to A [208].

The set of probability distributions compatible with a lower probability func-
tion P (really, credal set) is determined as follows:

P(P)={p e P(X)[P(A) < P(A), VACX}. (2.12)
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The first condition that needs to be imposed is P (P) # (. When a lower
probability function verifies such a condition it is said that it avoids sure loss
[208].

An essential concept for lower and upper probability functions is coherence
[208]. This concept means that a lower probability function provides realistic
probability bounds for betting in the sense that they can not be improved ac-
cording to the available information. In this way, a lower probability function
is coherent if, for each subset, there is a probability distribution on X with
the same value on that subset as the lower probability function and with a
value greater or equal on the remaining subsets. Analogously for an upper
probability function. Formally:

Definition 2.2.11 A lower probability function P : p(X) — [0, 1] is said to be coher-
entif, VA € p(X),3pa € P(X) such that Pao(A) = P(A)and Po(B) > P(B) VB C
X with B # A.

Likewise, an upper probability function P : p(X) — [0, 1] is said to be coherent if,
VA € p(X),3pa € P(X) such that PA(A) = P(A) and Po(B) < P(B) VB C X
with B # A.

We may note that a lower probability function P is coherent if, and only if,

P(A)= inf P(A), VACX (2.13)
PEP(P)

If P is a not-coherent lower probability function and P (P) # () is the credal
set associated with P, then it is possible to transform P into a coherent lower
probability function. Such a transformation is defined in the following way:

EY(A)= inf P(A), VACX. (2.14)
peEP(P)

Definition 2.2.12 The set function given by Equation (2.14) is called the natural
extension of P.

Given a coherent lower probability function P and its conjugate coherent
upper probability function P, the following properties hold [208]:

1. P(A) < P(A), VACX
2. YL P(a)) <1< Y P b))
3. P is superadditive and P is subadditive, that is, it is satisfied that:

P(AUB) > P(A) +P(B)
P(AUB)<P(A)+P(B), VA,BCX|ANB=0.
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P(A)+P(B) < 1+P(ANB), VA,BCX.

If AUB =X, then

P(A)+P(B) <P(AUB)+P(ANB) < P(A)+P(B),
P(A)+P(B) < P(AUB)+P(ANB) < P(A)+P(B),
P(AUB)+P(ANB) <P(A)+P(B) < P(AUB)+P(ANB).

It can be observed that P and its conjugate P capture the same probabilistic
knowledge about X. In consequence, P is sufficient for representing such
knowledge and tends to be used for this purpose.

Suppose now that there is a credal set on X, P. Coherent lower and upper
probability functions can be extracted from P as follows:

P(A) = inf > plx), P(A)=sup ) plx), VACX (2.15)
XiGA pETXieA

If P (P) is the credal set consistent with the lower probability function de-
fined in Equation (2.15), which is determined via Equation (2.12), then it holds
that P C P (P). However, it is not always satisfied that P (P) C P [208]. Thereby,
the coherent lower probability function involves less probabilistic knowledge
about X than the original credal set P.

Any coherent lower probability function P is uniquely represented by a set-
valued function m, which satisfies:

e m(0) =0,
This function is obtained via the Mobius transform [51, 104]:

m(A)= Y (-N"MPlpB) vACX (2.16)
BCA

Definition 2.2.13 The function m is known as the Mobius inverse or mass function

of P.

Definition 2.2.14 If A C X satisfies m(A) # 0, it is said that A is a focal element of
m.
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The inverse transformation is calculated as follows:

P(A)=) m(B), VACX (2.17)
BCA

If P is the coherent upper probability function dual of P, then it holds that:

P(A)= > m(B), VACX (2.18)
BIBNA#£(D

2.2.2.1 Chogquet capacities

Choquet capacities of order k [55], also called k-monotone capacities, with k > 2,
are particular cases of coherent lower and upper probability functions.

Definition 2.2.15 Let P be a lower probability function on X. P is said to be a
Choquet capacity of order k if it satisfies that

B(U};ﬂ'\j) > Z (_])|Ij|+1B(ﬁj€IjAJ—), (2.19)
ENyg

where Ny ={1,2,..., k}and A; C X, Vj=1,2,...,k

Choquet capacities of order 2 are always coherent lower probability func-
tions [117].

It is easy to deduce that, if P is a Choquet capacity of order k and P its
conjugate coherent upper probability function, then, due to duality:

ﬁ(ﬂ}(:1Aj) < Z (—1)|Ij|+1ﬁ(Uj€IjA]’).
LNk

Choquet capacities of order k can be characterized via the Mobius inverse.
The following result, proved in [51], shows the necessary and sufficient con-
dition that the Mobius inverse of a coherent lower probability function has to
satisfy to be a Choquet capacity of order k:

Proposition 2.2.1 Let P be a coherent lower probability function on X and m its
Mobius inverse. It holds that P is a Choquet capacity or order k if, and only if,

> m(B) >0, VA;CX, I1<i<k
BCUk |A{BZAVi
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As a consequence of the previous result, if a lower probability function
is a Choquet capacity of order k, then the Mdbius inverse of a subset with
cardinality lower or equal than k is not lower than 0. In addition, a lower
probability function is a Choquet capacity or order infinity if, and only if, its
corresponding Mdbius inverse is non-negative. These two issues are expressed
in the following corollary [51]:

Corollary 2.2.1 Let P be a coherent lower probability on X and m its associated
Mobius inverse. It is satisfied that:

1. If P is a Choquet capacity of order k, then m(A) > 0, VA C X such that
Al < k.

2. P is a Choquet capacity of order infinity if, and only if m(A) >0, VA CX.

Obviously, if k > k, then the theory corresponding to Choquet capacities
of order k is more general than the theory associated with Choquet capacities
of order k’. Therefore, the most general of all these theories is the one based
on Choquet capacities of order 2.

Credal sets associated with Choquet capacities of order 2 are easier to han-
dle than arbitrary credal sets in terms of extreme points. According to the
results proved in [72], if P is a Choquet capacity of order 2 on X and P (P)
the credal set compatible with it, then there is a correspondence between the
permutations of the elements of X and the extreme points of P (P). Specifically,
each permutation o of {1,2,...,t} gives rise to an extreme point p° of P (P),
determined as follows:

P (o) =P ({Xo(i) -+ Xa()}) =P ({Xo(ir1)- -+ Xo(n) ), Vi=T1,00 b,
(2.20)

We must remark that it is possible that two distinct permutations lead to
the same extreme point, i.e, p®' = p°2, o7 and o0, being two permutations of
{1,2,...,t} such that 0y # 0. The maximal number of extreme points of P (P)
is equal to t!, the number of permutations of {1,2,...,t}.

2.2.3 Updating coherent lower probability functions

Let P be a coherent lower probability function on X and P its conjugate
coherent upper probability function. Suppose that it is known that the true
alternative belongs to a certain subset B C X. Now, the goal is to determine
from P an updated lower probability function on X with this new information.
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We consider the credal set associated with P, P(P), computed by means of
Equation (2.12). Let P(P) | B denoted the conditional credal set of P(P) on B
obtained via regular conditioning (Definition 2.2.5). Our aim is to determine
a lower probability function from P(P) | B.

Since P(P) | B is undetermined when P(B) = 0¥p € P(P), if P = 0, then the
conditional lower probability function of P on B is also undetermined.

According to the results proved in [155, 158], the set of conditional lower
probability functions on B that derive from P(P) | B is bounded by the regular
extension:

Definition 2.2.16 [155, 158] The function defined, for each A C X, by:

infyeppyApB)>0 {P(A | B)} if P(B) >0
P _ i
ES(ATB) =14, if P(B)=0ABCA 32V
0 if P(B)=0ABZA

is called the reqular extension of P conditioned on B.

The following result, demonstrated by Miranda and Montes [157], indicates
how to determine the regular extension of P given B when P is a Choquet
Capacity of order 2:

Proposition 2.2.2 Let P be a Choquet capacity of order 2 on X and B C X. Then, the
reqular extension of P conditioned on B is determined by

EP(A|B) =
1 otherwise

Moreover, EY (.| B) is also a Choquet capacity of order 2.

2.2.3.1 Marginalization of coherent lower probability functions

Let now X and Y be two finite sets and P a coherent lower probability func-
tion on the product space X x Y.

Definition 2.2.17 [43] The marginal coherent lower probability function of P on X
can be defined in the following way:

PX=P(AxY), VACX (2.22)

The definition of the marginal coherent lower probability function of P on Y is
analogous:
PY =P(XxB), VBCY. (2.23)
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As shown in [43], for a given k > 2, the marginalization of a Choquet capac-
ity of order k is also a Choquet capacity of order k. Indeed, the marginaliza-
tion is a closed operation for most of the types of coherent lower probability
functions [43].

2.2.4 Dempster-Shafer theory of evidence

The basis of Dempster-Shafer theory, also known as Evidence theory (ET)
[74, 186], is the concept of basic probability assignment (BPA).

Definition 2.2.18 A basic probability assignment is a mapping m : p(X) — [0, 1]
such that:

e m(0) =0,

® ZAE[Q(X] m(A) =1.

For each A C X, the value m(A) is the probability mass assigned by m to A.
It expresses the degree of belief that the true alternative belongs to A but not
to any particular subset of A.

Definition 2.2.19 If A C X satisfies that m(A) > 0, it is said that A is a focal
element of m.

Definition 2.2.20 Let m be a BPA on X. The support of m is defined as the union of
all focal elements of m:

supp(m) = Uacxjm(A)>0A-

When all focal elements of m are singletons, m is equivalent to a probability
distribution. Consequently, the concept of BPA is an extension of the concept
of probability distribution in probability theory.

A given BPA has associated with it a lower probability function and an up-
per probability function. They are called, respectively, belief and plausibility
functions.

Definition 2.2.21 The function given by:

Bel,(A) = Z m(B), VACX (2.24)
BCA
is known as the belief function corresponding to m. The function determined by:
Pl (A) = Z m(B), VACX (2.25)
BIANB#D

is called the plausibility function associated with m.
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For each A C X, Bel,(A) indicates the degree of belief that the true alter-
native is in A or in any subset of A, whereas Pl,,(A) expresses the degree
of belief that the real alternative is in a subset whose intersection with A is
not empty. Thus, Bel,;,(A) indicates the minimum degree of belief in A and
Pl (A) the maximum degree of belief in A.

Clearly, Belm (A) < PLin(A), VA CX.

Definition 2.2.22 For each A C X, the interval [Beli (A), Pl (A)] is called the
belief interval for A.

Belief and plausibility functions are always coherent [208]. It is easy to
deduce that, VA C X,
Pl (A) =1—Belin(A), (2.26)

where A denotes the complement of A.

Hence, Pl,, is the coherent upper probability function dual or conjugate of
the coherent lower probability function Bel,.

Belief functions are Choquet capacities of order infinity. It means that, for
each k € N and Aj, A, ..., Ay, the following inequalities are satisfied:

Belm (UK_1A;) = Y (1)1 Bely (Njer,A;),
L,ENy

Pl (NE5A5) < Y (—DIBHTPLL (Ve Ay,
ENyg

where Ny ={1,2,...,k}
The BPA m can be obtained from the belief function Bel,,, as follows:

m(A)= Y (—1)A\BBel (B), VACX. (2.27)
BCA

In this way, m is the Mobius inverse of Bel,,. Therefore, in ET, there is a one-
to-one correspondence between BPAs and belief functions. For this reason, in
ET, the probabilistic knowledge about X can be expressed by a BPA, via its
corresponding belief function, or through its associated plausibility function.

Alternatively, each BPA m in DST can be represented by the following func-
tion:

Qm(A)= > m(B), VACX (2.28)

Definition 2.2.23 The function determined via Equation (2.28) is called the common-
ality function corresponding to m.
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Again, there is a one-to-one correspondence between BPAs and commonal-
ity functions. From each commonality function, the associated BPA is deter-
mined by:

m(A)= Y (-1 AQn(B), VACX (2.29)
BDA

In addition, each BPA m has associated with it a probability measure known

as the pignistic transformation of m. It is defined as follows:

IANB
Bl ’

BetPn(A) = ) m(B)

BCX

VA C X. (2.30)

We may deduce that, for singletons, it holds that:
m(A)

BetPm((xi}) = ) AT Vi=1,2,...,t (2.31)
ACX|xi€A

A given BPA m on X has associated with it the following credal set, com-
posed of all probability distributions compatible with the corresponding belief
function Bel,:

Pm ={p € P(X) [ Belm(A) < P(A), VA CX]. (2.32)

We may note that, due to the duality relation expressed in Equation (2.26),
the condition Bel,(A) < P(A), VA C Xis equivalent to Bel,,(A) < P(A) <
Pl (A), VACX

2.2.4.1 Extreme points of belief functions

Let m be a BPA on X and let Bel,,; denote its associated belief function. We
will say that a probability distribution is an extreme point of Bel,, if it is an
extreme point of Py, the credal set corresponding to m.

Since belief functions are particular cases of Choquet capacities of order 2,
the extreme points of belief functions can be determined as the extreme points
of Choquet capacities of order 2. Thus, each permutation o of {1,2,...,t} gives
rise to the following extreme point p9, of Bely:

P (Xo(i) = Belm ({Xo(i), - Xo(1) }) = Belm ({Xo(it1), -+ Xo(0)})
= > m(A) — > m(A)
ACXo(i) X} AC{Xo(i41)Xan)} (2:33)

= > m(A), Vi=12,...,t
A‘Xd(i)GA,/\Aﬁ{XU[] )/'-'rXU(i—U}:@



Equation (2.33) determines the procedure to obtain the extreme point as-
sociated with the permutation o: assign the focal elements containing x (1)
to p (xo(1)), remove such focal elements and iterate until reaching x4 (¢) or
until there are no more focal elements. The described procedure is given in
Algorithm 1 [161], where J,,, denotes the set of focal elements of m.

Algorithm 1: Procedure to compute the extreme point pJ, associated
with the permutation o.

Procedure Determine extreme point corresponding to
permutation(BPA m, permutation of {1,2,...,1t} 0)
fori=1totdo
L pgl (Xc(i)) <0

i1
while F, #0 Ai< tdo

for A; € Fy, such that xs(;) € A; do

L P (Xo(1) < P (Xo(1)) + M(AL)

ie—1i+1

return pJ,

As in Choquet capacities or order 2, two distinct permutations can lead to
the same extreme point, i.e, py = pnt, 01 and 02 being two permutations of
{1,2,...,t} such that o1 # 0. Again, the maximal number of extreme points
of Bely, is equal to the number of permutations of {1,2,...,t}, ie, t!.

Montes and Destercke [161] proved that Bel,, has t! extreme points if, and

only if, all subsets of cardinality two are focal elements of m:

Proposition 2.2.3 Let m be a BPA on X and Bel,, its associated belief function.
Then, Bel,, has t! extreme points if, and only if, m(A) > 0 VA C X such that
Al =2.

Another remarkable property, also proved by Montes and Destercke [161],
is that the number of extreme points of a belief function does not decrease as
the number of focal elements of the corresponding BPA increases. Formally:

Proposition 2.2.4 Let mj and m; two BPAs on X and Fy and F, their respective
sets of focal elements. Let Bely,, denote the belief function associated with the BPA
my, fori=1,2. If F1 C F,, then the number of extreme points of Bely,, is higher or
equal than the number of extreme points of Beln,.
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According to the previous proposition, if m; and m, are two BPAs on X
such that F; C F,, where F; is the set of focal elements of my, fori = 1,2,
then the number of extreme points of m; is not lower than the number of
extreme points of m;. However, in this case, it is possible that both BPAs have
the same number of extreme points.

2.2.4.2 Marginalization of basic probability assignments

Suppose now that we have two finite sets X and Y. Let m be a BPA defined
on the product space X x Y.
We can consider, for each R C X x Y, the projections of R on X and Y:

Rx = {xi € X|Jy; € Y: (x4,yj) € R}, (2.34)
Ry = {yj € Y|3Ixi € X: (xi,y5) € R}. (2.35)

For each subset A of X, the sum of the mass probabilities of the subsets of
X x 'Y whose projection on X coincides with A can be considered:

m*X(A) = Z m(R), VACX, (2.36)
RIA=Rx

where, for each R C X x Y, Rx is the projection of R on X, computed via
Equation (2.34).

Definition 2.2.24 The BPA determined by means of Equation (2.36) is called the
marginal BPA of m on X.
Analogously, the marginal BPA of mon Y, m+Y, can be defined:

mY(B)= ) m(R), VBCY, (2:37)
R|B=Ry

Ry being the projection of RonY, VRC X xY

When all focal elements of m are “rectangles", it is said that the marginal
BPAs, m*X and m*tY, are non-interactive. Formally:

Definition 2.2.25 Let m be a BPA on X x Y and m*X and m*Y its marginal BPAs
on X and Y, respectively. It is said that m** and m\Y are non-interactive if it is
satisfied that

e m(AxB)=mXA)mYY(B), VACX BCY.

e m(C) =0 if C does not take the form C =A x B, with A C X, B CY.
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Given a BPA m on X x Y, its marginal BPAs on X and Y can also be obtained
by means of the corresponding marginal belief functions. Formally, let Bel,,
be the belief function associated with m and Belﬁi< and BelﬁlY the marginal
belief functions of Bel,, on X and Y, determined, respectively, via Equations
(2.22) and (2.23):

Bel}X(A) = Bel, (A xY), VACX.

2.38
Bell,Y(B) =Bel, (X x B), VBCY. (2.38)
Now, the marginal BPAs of m can be computed in the following way:
m(A)WX = Z (—1)A\BIBelIX(B), VA C X.
= (2.39)
m(CW = Y (-1)C\BlBelfY(B), vCCY. '
BCC

2.2.4.3 Updating belief functions

Let m be a BPA on X. Let Bel,, and Pl,, denote, respectively, the belief and
plausibility functions associated with m. Suppose that we know that the true
alternative belongs to a certain subset B C X.

Dempster’s rule of conditioning [74, 186] is a very important rule in ET
for updating plausibility functions. According to that rule, the plausibility
function conditioned on B derived from Pl,, is defined as follows:

Pl (ANB)

VA CX. (2.40)

Nonetheless, the conditional plausibility function given by Equation (2.40)
might not make sense from the perspective of conditioning of lower previ-
sions [217]. Thus, it makes more sense to consider the regular extension of
Bel,, conditioned on B, which bounds the set of conditional belief functions
obtained from the credal set consistent with Bel,, conditioned on B.

Since belief functions are particular cases of Choquet capacities of order 2,
the regular extension of a belief function conditioned on B can be determined
through Proposition 2.2.2.

However, following the results proved by Miranda and Montes [157], in the
particular case of belief functions, the regular extension can be obtained via
the following proposition.
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Proposition 2.2.5 Let m be a BPA on X and B C X. Let supp(m) denote the
support of m and Bely, its corresponding belief function. Then, the regular extension
of Bel,, conditioned on B can be computed in the following way:

ol 1 if BNsupp(m)C A
E”m(A]B) =

0 otherwise

2.2.4.4 Belief intervals for singletons

Given a BPA m on X, the set of belief intervals for singletons corresponding
to m can be considered:

jm - {[Belm ({xl}) ’ le ({Xl})] ’ i= ]/ 2/ ey t}/ (2‘41)

where Bel,, and Pl,, denote, respectively, the belief and plausibility functions
associated with m.
The set of intervals J,, leads to the following credal set [70]:

PIm) ={p € PX) | Belm ({xi}) <p (xi) < Plm ((xi}), Vi=1,2,...,t).
(2.42)

This set is composed of all probability distributions consistent with the be-
lief intervals for singletons.

Clearly, if a probability distribution is compatible with Bel,, then it belongs
toP(Jm),1e, P C P (Im).

Nonetheless, there might be some probability distributions in P (J,,,) that
are not consistent with Bel,,. This point is shown in Example 2.2.1 [2].

Example 2.2.1 Let X = {x1,x2,%x3,%4} be a finite set. We consider the following
BPA m on X:

m ({x1,x2}) =05, m({x3,x4}) =0.5.
Let Bely, and Ply, denote, respectively, the belief and plausibility functions associated
with m.
We have the following set of belief intervals for singletons:

{[Belm ({xi}), Plm ({(xi})] =1[0,0.5], 1€{1,2,3,4}}.

The probability distribution p = (p (x1),p (x2),p (x3),p (x4)) =
(0,0,0.5,0.5) is consistent with the belief intervals for singletons as p (xi) € [0,0.5],
Vi=1,2,3,4. However, p is not compatible with m since

P ({x1,x2}) =0 < 0.5 = Bel,y ({x1,%x2}).

Thereby, the set of belief intervals for singletons may involve less probabilis-
tic knowledge about X than the associated BPA.
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2.2.4.5 p-boxes

Let X = {x1,x2,...,x¢} be a finite set that is also totally ordered, i.e, i.e
X1 <X2 <...<Xt.

Definition 2.2.26 A subset A C X is said to be an interval if any element between
two elements belonging to A is also in A.

For intervals, the following notation is used: [xi, Xi+] = {xi, Xi+1,..., Xi4x}-

Definition 2.2.27 [90] A p-box (F,F) is a pair of functions F,F : X — [0, 1] satisfy-
ing
o Flxi) =Flx¢) = 1.

* E(xi) < f(Xi)/ Vl = ]/2/'--/t-

o Both F and F are increasing, ie, F(xi) < F(x;) AF(xi) < F(xj), Vi,j €
{1,2,...,t} such that 1 <.

P-boxes can be interpreted as lower and upper bounds of imprecisely de-
fined cumulative distribution functions. In consequence, the following credal
set corresponds to the p-box (F, F):

P (EF) = {p € PX) | E(xi) < Fplxi) = P(lxi,xi)) <Flx), Vi=1T,...,t},
(2.43)
where F,, denotes the cumulative distribution function corresponding to the
probability distribution p.
Each p-box (F, F) on X corresponds to a belief function on X, which is deter-
mined in the following way [79]:

Belp(A) =min {p(A) | F(xi) < Fp(xi) < F(xi), Vi=1,...,t}, VACX
(2.44)

Belief functions equivalent to a p-box were been characterized in [79], (that
is, belief functions Bel for which there exists a p-box (F, F) such that P (F,F) =
P (Bel), P (Bel) being the credal set consistent with Bel).

Let Bel be a belief function on X. Let mp,1 be the BPA associated with Bel,
which is computed via Equation (2.27).

We consider the following interval order:

[ay,az2] < [by,b2] & a3 <bjAaz <b,. (2.45)

The belief function Bel is equivalent to a p-box if, and only if, its focal
elements Aq,A,..., Ay are intervals ordered with A1 < A; < ... < Ax. In
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that case, a subset is said to be a focal element of the p-box if it is a focal
element of the corresponding belief function.

Montes and Destercke [161] developed a procedure to compute the set of
extreme points of a belief function equivalent to a p-box.

2.2.4.6 Possibility measures

Definition 2.2.28 [187] A possibility measure on X is a mapping Poss : p(X) —
[0, 1] such that

Poss(A) = max{Poss ({xi})}, VA CX.
X{EA

The function Nec determined by

Nec(A) =1—Poss(A), VACX
is called the necessity measure corresponding to Poss.

A possibility measure is always a plausibility function, and its associated ne-
cessity measure is always a belief function. Consequently, possibility measures
inherit all mathematical properties and characteristics of belief and plausibility
functions.

As shown in [187], the focal elements of a necessity measure are always
nested, that is, if Aj,A>,..., Ay are the focal elements of Nec, then A; C
Ay C...C Ax.

2.2.5 Reachable probability intervals

In probability intervals theory [70], the probabilistic knowledge about X is
represented by a set of probability intervals on singletons

J:{[li,ui], i:],z,...,t}, (246)

where 0 <1, <uwy <1, Vvi=1,2,...,t.

For eachi € {1,2,...,t}, l; and u; represent, respectively, the lower and up-
per bounds of the probability of x;. Therefore, the set of probability intervals
J has associated with it the following credal set, composed of the probability
distributions on X compatible with such intervals [70]:

T(J):{pgip(x)|11<p(xl)<u1/ v1':]/2r"'/-t} (247)

For the credal set given by Equation (2.47) not to be empty (in such a case,
there would not be any probability distribution consistent with the intervals),
it is necessary to impose the following condition to the set of probability inter-
vals J [70]:
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Definition 2.2.29 A given set of probability intervals I = {[li,w], i=1,2,...,t}
is said to be proper if the sum of the lower bounds is lower or equal than 1 and the
sum of the upper bounds is greater or equal than 1:
t t

L<T<) w (2.48)
= i=1

i=1

It is easy to deduce that P (J) # 0, i.e, the set of intervals avoids sure loss if,
and only if, the condition given in Equation (2.48) is satisfied.

Let us consider the coherent lower probability function associated with
P(]):

P(A)= inf P(A), VACX (2.49)
peEP(I)

Definition 2.2.30 The coherent lower probability function defined in Equation (2.49)
is called the natural extension of J.

Let P be the coherent upper probability function conjugate of P. Clearly,
P({xi}) = L and P ({x{}) <wy, Vi=1,2,...,t. For a proper set of probability
intervals to be coherent, the reachability condition has to be imposed [70].

Definition 2.2.31 It is said that a proper set of probability intervals
I={l,w), i=1,2,...,t}is reachable if

E({xi}):h/\ﬁ({xi}):ui, Vi:1,2,...,t.

If the reachability condition is violated, then there might be some values
of the intervals in J that do not correspond to any probability distribution
belonging to P (J). In these situations, the intervals are unnecessarily broad.

The following result, which was demonstrated in [70], allows quickly check-
ing the reachability of a given proper set of probability intervals:

Proposition 2.2.6 Let I = {[l;,wi], i=1,2,...,t} be a proper set of probability
intervals. J is reachable if, and only if,

t t
Y owt+liz1z ) L+w, Vi=1,2...t
j=1j#1 j=1j#1

Given a non-reachable proper set of probability intervals
J={l,wl, i=1,2,...,t}, it is possible to transform it into the following
reachable set of probability intervals

7 =], i=12,...,1t},
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where

t t
1l =max | 1;,1— Z W |, u =min |[u,1- Z L), vi=12...,t
J=T J=T

Indeed, in [70], it was shown that J’ is reachable and the set of probability
distributions compatible with J coincides with the set of probability distribu-
tions consistent with J’.

The following proposition, which was proved in [70], lets us obtain the nat-
ural extension of a reachable set of probability intervals and its corresponding
coherent upper probability function:

Proposition 2.2.7 If J = {[l;,wi], i=1,2,...,t} is a reachable set of probability
intervals, then its natural extension P and its associated coherent upper probability
function P are determined, for each A C X, by:

PA)=max| > 1,1—- ) w|, PA)=min| ) u,1-> |

X{EA Xi €A X{€EA Xi €A

As demonstrated in [70], natural extensions of reachable probability inter-
vals are Choquet capacities of order 2. It means that, if P is the natural ex-
tension of a reachable set of probability intervals and P its conjugate coherent
upper probability function, then the following inequalities hold VA, B C X.

(AUB) (ANB)

P +P (A)+P(B),
P(AUB)+P(ANB)

> P
< P(A)+P(B).

Nevertheless, the natural extension of a reachable set of probability intervals
is not always a belief function (Choquet capacity of order infinity). In Example
2.2.2 [2], we show a case in which the Mdbius inverse of the natural extension
of a reachable set of probability intervals is not non-negative.

Example 2.2.2 Suppose that we have a finite set X = {x1,x2,x3}. Let us consider
the following reachable set of probability intervals on X:

J ={[0,0.5]; [0,0.5]; [0,0.5]}.

Let P denote the natural extension of J and m its Mobius inverse.
For singletons,

m({x) =P{xi)=L=0 Vvi=123.
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Concerning the subsets of cardinality two:

P ({xi,xj}) =max(li+1;,1—ux) =1 —ux =05,
m({xi,xj}) =1 —uk—li—lj :0.5, V1 §1<] S?),k#l,k#]

So,

m({x1,x2,x3}) =1— ) m(A)

ACX
=T—m({x1,x2}) —m ({x1,%x3}) —m ({x2,x3}) —
m ({x1}) —m ({x2}) —m ({x3})
=1-05—-05—0.5=—-0.5<0.

Reachable probability intervals are neither generalizations of belief func-
tions. Actually, in Example 2.2.1, we have shown a situation in which a belief
function and its corresponding set of belief intervals for singletons do not
represent the same uncertainty-based information about X.

2.2.5.1 Extreme points of reachable probability intervals

The credal set compatible with a reachable set of probability intervals is
often represented through linear constraints. An alternative representation of
such a credal set is its set of extreme points. The set of extreme points of the
credal set corresponding to a reachable set of probability intervals can be vary
large. As demonstrated in [197], the maximal number of extreme points of a
reachable set of probability intervals on X is equal to

(42 x5 if t is odd
e(t) = (2.50)
(2721) X % if t is even

Thereby, the representation via linear constraints is probably more efficient
than the one corresponding to extreme points [70]. However, as explained
before, the set of extreme points is usually needed for making inferences.

In [70], a recursive procedure for obtaining the set of extreme points of a
reachable set of probability intervals was proposed. That algorithm maintains
a global set Ext (P(J)), which contains the extreme points of P(J.,) found in
each moment. The procedure utilizes an implicit tree search in which each
node corresponds to a partial probability distribution p (“partial" means that
L <plxi) <w Vi=12,...,tbut it might hold that 3 |_;p(x;) < 1). At
the root node, p(xi) = i Vi =1,2,...,t. Each child node is a refinement
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of its parent node in which one component is incremented. The leaf nodes
of the tree correspond to the extreme points. In each node, there are two
local variables: Expl, which contains the indices i whose component cannot
be incremented as p (xi) = v, 1€ {1,2,...,t}, and a real value A, which
indicates the remaining probability mass to distribute among the components
A=1-3ip ()

Hence, the procedure for determining the set of extreme points of the credal
set consistent with a reachable set of probability intervals is given in Algo-
rithm 2 [70]. At the end of this procedure, Ext (P(J)) contains all extreme
points of P(J).

Algorithm 2: Procedure to compute the set of extreme points of P (J).
Ext (P(J)) =0
fori=1totdo

L p(xi) =1
Expl=10
A=1-Y1 .4

GetExtremePoints (p,A Expl)
fori=T1totdo
if i ¢ Expl then
aux < p (xq)
if A < u; then
p(xi) < p (xi) +A
if p ¢ Ext (P(J)) then
| Ext (P(I) + Ext (P(9)) U{p}

else

P (xi) < ug

A A+uy —aux
| GetExtremePoints(p, A/, ExplU{i})
| p(xi) + aux

2.2.6 Marginalization of reachable probability intervals

Suppose now that we have two finite sets X = {x1,%x2,...,x¢} and Y =
{y1,y2,...,yp ;. LetI = {[li)-,uij], i=1,2,...,t, j= 1,2,...,t’} be a reach-
able set of probability intervals on X x Y. Let P(J) denote the credal set corre-
sponding to J. Let P be the natural extension of J and P its dual coherent upper
probability function. Let P** and P+¥ denote, respectively, the marginal lower
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probability functions of P on X and Y. Analogously, let §¢X and ﬁw denote
the marginal upper probability functions of P on X and Y, respectively.

In these cases, projecting on the credal set associated with J is equivalent to
projecting on the natural extension or its associated coherent upper probability
function. It is expressed in the following proposition [70]:

Proposition 2.2.8 With the previous notation, it holds that

PYX(A) = min P(A), P"“(A) = max P(A), VA CX,
pePX pEPIX
—=lY

PY(B) = min P(B), P’ (B)= max P(B), VBCY,
pePLY pePLY

where PYX and PVY are the marginal credal sets of P on X and Y, respectively.

The following result, proved in [70], shows how to obtain the marginal
reachable sets of probability intervals from the reachable set of probability
intervals defined on X x Y:

Proposition 2.2.9 LetJ = {[li;, ], i=1,2,...,t, j=1,2,...,t'} beareach-
able set of probability intervals on X x Y and P its natural extension. The marginal
lower probability function of P on X is associated with the following reachable set of
probability intervals on X

I ={l,wl, i=1,2,...,1},

where
t/ t/
l; = max Z%J—ZZ% ,
j=1 k#£ij=1
t/ t/
Ui = min ZulV]_ZZlkl , Vi=1,2,...,t
j=1 k#ij=1

The determination of the marginal reachable set of probability intervals of J on Y is
analogous.

2.2.7 Conditioning on reachable probability intervals

Let J = {[li,w], i=1,2,...,1} be a reachable set of probability intervals
on X. Suppose that we know that the true alternative belongs to a subset
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B C X. Let P denote the natural extension of J and P its conjugate coherent
upper probability function. The aim is to obtain the set of probability intervals
onX,J|B= {[lHB,UUB], i=1,2,.. .,t}, with this new information. For this
purpose, we aim to obtain a conditional lower probability function from P on
B, P | B and use the following equalities for singletons:

li|B = E ({Xi} | B) ; UyB = ﬁ({XL} | B) ’ Vi= ]/21 .ot (2'51)

Clearly, if P(B) = 0, which happens if, and only if, u; = 0 Vx; € B, then
J | B is undetermined. So, hereon, we suppose that ineB u; > 0.

Since natural extensions of reachable sets of probability intervals are always
Choquet capacities of order 2, Proposition 2.2.2 can be used for obtaining P | B.
For each singleton {x;}, i € {1,2,...,t}, we distinguish two cases:

o Ifu; =0 or x; € B then, clearly, ;5 = u;g = 0.

e If u; > 0Axy € B then, {x;}NB = B\ {x;}. If ﬁ(B \{xi}) = 0, ie,
ijeB\{xi} uj =0, then l;jg5 = uyg = 1. Otherwise, it holds that:

P({xi N B}) L
Lig =PW{xi}|B) = — = = ,
® i P{xinB}) +P ({xi} N B) L +P(B\{xi})
P (faJnB)

i =P ({xi}IB)=1-P (i} [B) =1~ =
Ui x (X ) E({Xi}ﬂ8>+P({Xi}ﬂB)
PB\{xi}) Ui

=T RB ) W m P (BN

Moreover, as P is the natural extension of a reachable set of probability
intervals, Proposition 2.2.7 let us deduce that, for eachi € {1,2,...,t}

P (B\ {xi}) = max (Z L—1,1—u— Z uj> ,

x;€B x;€B (2 52)

ﬁ(B\{XI}) = min (Z U —ui,1 —li— Z 1]')

XjGB X)gB

Hence, we have the following conditional set of probability intervals of J on
B:
{Ls wysl, i=12,...,1}, (2.53)

where
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0 if ui =0Vxi ¢B
LiB =19 1 if uy>0,x%x € B/\ZXjEB\{Xi}uj =0
11" 3 . - j
Ty Ww>0xi €BAY e\ >0
0 if u; = O\/Xi §é B
Wi =9 1 if ww>0,x€B /\ZXjGB\{Xi}uj =0
ug

Tpmy o W>0xi €BAY e\ >0

where P (B \ {xi}) and P (B \ {x}) are computed by means of Equation (2.52),
vi=1,2,...,t

As demonstrated in [157], the regular extension of a Choquet capacity of
order 2 is always a Choquet capacity of order 2. Therefore, the conditional set
of probability intervals on B, J | B, is always reachable.

2.2.8 Relationships among imprecise probabilities theories

Among the theories based on imprecise probabilities considered in this the-
sis work, the most general is the one based on credal sets. In fact, in all these
theories, the probabilistic knowledge can be represented via a credal set.

The second-most general theory is coherent lower probability functions. A
lower probability function always determines a credal set. Nevertheless, a
credal set is not always representable by a lower probability function.

Choquet capacities of order k are an important family of coherent lower
probability functions. If k’ > k, then the theory based on Choquet capacities
of order k' is less general than the theory based on Choquet capacities of order
k. The less general theory of Choquet capacities is the one of order infinity.
Such a theory is known as Evidence theory or Dempster-Shafer theory. In it,
coherent lower probability functions are called belief functions.

Reachable probability intervals are Choquet capacities of order 2. However,
they are not always representable by means of a belief function. Also, reach-
able probabilities intervals do not extend belief functions. In consequence, be-
lief functions and reachable probability intervals are not comparable in terms
of generalities.

Figure 2.1 shows an order of the imprecise probability theories considered
in this thesis work concerning generalities.
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Credal sets

Coherent
lower
probability
functions

Choquet
capacitiesof |«——

order 2

Choquet
capacities of

order k, with 2 <
k < infinity

Reachable
probability

Evidence theory:
Choquet

capacities of

order inifity

intervals

Neccesity
measures

P-Boxes

Classical
probability
t theory

Figure 2.1: Order of the imprecise probabilities theory considered in this thesis work
regarding generalities. Arrows are directed towards a more general theory.
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2.3 Special models based on imprecise probabilities

Let X be a discrete variable that takes values in a finite set {x1,%2,...,x¢}3.
Suppose that we have a sample D of N independent and identically dis-
tributed observations about X.

Foreachi=1,2,...,1, let n(x{) denote the number of occurrences of the x;
value in the sample. Likewise, for each A C {x1,x2,...,x¢}, let n(A) denote
the number of observations in the sample for which the value of X belongs to
A. Let P(X) be the set of all probability distributions on X.

Suppose that we want to make inferences about
PN+t = (Png1 (1), PNt (x2), ..o, PN (%)), where pnt (xi) indicates the
probability that the next observation takes the x; value, Vi=1,2,...,t

2.3.1 Imprecise Dirichlet Model

For making probabilistic inferences from a set of observations about a dis-
crete variable, Bayesian approaches [33] are commonly employed. Bayesian
inferential methods tend to assume a prior distribution about pn.1 based on
some parameters. Then, they take the posterior expectation of the parameters
given the sample.

Specifically, Bayesian approaches usually assume a prior Dirichlet distribu-
tion for pn41. Such a distribution depends on a parameter s > 0 (real number)
and a t-dimensional vector of non-negative real numbers o = (o1, x2,..., &¢)
satisfying Y |_; «; = 1. The density function of the Dirichlet distribution
takes the form:

f x;)$% T 2.
(pPN1) = Hl ]Fsocl HPN+1 i) (2.54)

I' being the gamma function, which, for real numbers, is defined as follows:
Mz) = J y* e Vdy, Vz € RT. (2.55)
0

In Bayesian inferential methods, the likelihood function of pn41 given the
sample D, L(pn1 | D), is also considered:

Lpnt1 | D) HPN+1 X)) (2.56)

3 or, alternatively, a finite set of possible alternatives {x1,x2,...,Xt}.
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Then, the prior Dirichlet Distribution is combined with the likelihood func-
tion via the Bayes’s theorem to obtain the posterior expectation of pn1 given
the sample. For each x;, the posterior expectation of pn1 (x1) is given by:

Tl(Xi) + S0

i=1,2,...,t .
N+S ’ Vi 74 (257)

PN (X)) =

The Imprecise Dirichlet Model (IDM), proposed by Walley [209], assumes a
set of prior Dirichlet distributions, unlike the Bayesian approaches commented
above, which assume a single prior distribution.

Specifically, the IDM assumes a fixed s and all possible values of the pa-
rameter vector «, i.e, all possible combinations of values «; € [0, 1] verifying
S i_; o = 1. Therefore, the IDM estimations for pn 1 are given by a set of
probability intervals:

n(xy) n(xi)+s
N+s” N+s

PNt (Xi) € [ ] , Yi=1,2,...,t (2.58)

Hence, we have the following set of IDM probability intervals:

Jipm = { [n(xi) nix:) +S] , 1= 1,2,...,t}. (2.59)

N+s" N+s

It can be deduced that, for each A C {x1,x2,...,x¢}, the IDM predicts that
the probability that the value of the next observation is in A belongs to the
following interval:

Prsi(A) € [n(A) n(A) +s] ‘

N+s” N+s

In this way, the IDM is also determined by the following coherent lower
probability function:

(2.60)

A A {xg,x Xt}
P A) = N+s 1 T/ X270/ %t
Prom(A) { 1 fA={x1,%x2,...,%¢}

(2.61)

Its dual coherent upper probability function is determined, for each A C
{x1,%2,...,%¢}, in the following way:

5 nAES GfA C {x1,x xt}, A#D
P A) = N+s 1 = T/ X277 Xt)y
DM (A) { 0 -

(2.62)

The choice of the parameter s is an essential issue in the inferences as it
determines the imprecision degree [32]. Indeed, it is easy to observe that IDM
probability intervals are wider as the s value is larger. Walley [209] does not
give an absolute recommendation about the parameter s, but he suggests two
values: s =1and s = 2.
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2.3.1.1 Inference principles with the IDM

As argued in [32], inferences with the IDM satisfy the following principles,
which were established as suitable for inference:

o Symmetry principle (SP): The prior probability assumed for pn41 do not
depend on the permutations of the values of X.

o Likelihood principle (LP): Inferences about the posterior probabilities given
the observations depend on the sample only through the likelihood func-
tion, defined in Equation (2.56).

o Representation invariance principle (RIP) [209]: Coarsening or refinements
of the set of possible values of X do not affect inferences about a certain
subset A C X because such inferences only depend on the sample size
(N), the parameter s, and the number of observations in the sample
whose value of X belongs to A (n(A)).

2.3.1.2 IDM credal sets

As shown by Abellan [2], the set of IDM probability intervals determined by
Equation (2.59) is reachable and has the following credal set associated with
it, composed of all probability distributions consistent with such intervals:

n(xi) n(xi)+s .
Nis Nis |’ vi=1,2,...,t
(2.63)
We may note that the credal set defined in Equation (2.63) is also the one
compatible with the IDM coherent lower probability function, determined via
Equation (2.61).
Abelldn [2] proved that the IDM credal set P (Jipm ), defined in Equation
(2.63), has the following properties:

P Tiom) = {p € P(X) | px:) €

e When s =0, P (Jipm) has a single probability distribution p determined
by relative frequencies, i.e, p (xi) = %, vi=1,2,...,t. P(Jipm) is
larger as the s value increases.

e P (Jipm) has t extreme points ey, ez, ..., et, where e; =
(ei(x1),ei(x2),...,ei(x¢)), is determined in the following way:

o — (n(m) n(xi) +s n(x¢)

ceey Jeees , Vi=12,...,t .6
N+s’ N+s N+s> ' (2.64)

47



48

| Imprecise probabilities

e The credal set P (J1pm) is also representable by a belief function. Such a
belief function coincides with the IDM coherent lower probability func-
tion defined in Equation (2.61). Its corresponding BPA (Mobius inverse),
mipm, is given by:

n(xi) .
H = =1,2,...,t,
mipm ({Xl}) N"‘Sl Vi 74~y
mIDM(A) = 01 VA - {X]/XZI- . ‘/Xt}/| 2 < |A| <t, (265)

s
N+s’

mipm ({x1,%x2,...,x¢}) =

IDM credal sets are representable by belief functions and reachable prob-
ability intervals. However, as shown by Abellan [2], they are not the only
credal sets that belong to both imprecise probability theories.

2.3.2 Non-Parametric Predictive Inference Model for multinomial data

The basis of the Non-Parametric Predictive Inference Model (NPI) [27] is
Hill’s assumption A [113], defined as follows:

Definition 2.3.1 Suppose that there are N observations yi,y2,..., YN, Where yi €
R Vvi=1,2,...,N. Let us assume that there are no ties, that is, y; #y; Vi #].
Suppose that the observations are ordered so that y1 <y < ... < yn, partitioning
the real line into N + 1 open intervals I1 = (yi,Yit+1), fori =0,1,..., N, whereyo =
—o0 and yn41 = oo. Hill's assumption AN establishes that the next observation
falls into any of these intervals with equal probability ﬁ

The previous assumption is useful when working with real-valued data.
Nonetheless, in this thesis work, we focus on the Non-Parametric Predictive
Inference Model for multinomial data (NPI-M) [58, 59]. Such a model employs
an adaptation of Hill’s assumption Ay for multinomial data. This assump-
tion is called circular A () [58].

Definition 2.3.2 Suppose that we have N observations y1,y2,...,ynN that create
N intervals on a circle, denoted by I; = (y;,yj41) Vj =1,...,N—Tand Iy =
(Yn,y1). The circular assumption AN states that the probability that the next
observation falls into any of these intervals is equal to <.

The circular assumption Ay is a post-data assumption related to exchange-
ability [58]. The same occurs with the original Hill’s assumption.

In the NPI-M, a probability wheel is employed for representing the observed
data, where each observation is represented via a line from the center of the
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wheel to its boundary, called radial line. The wheel is partitioned into N
equally-sized slices. The NPI-M assumes that each possible value of the X
variable can only be represented by a unique segment, where a segment is
an area between two radial lines. Consequently, lines representing the same
value must be positioned next to each other on the wheel. It has to be decided
which value of X represents each slice. For this purpose, the following criteria
are used:

e When two lines that represent the same value of X border to a slice, such
a value must be assigned to that slice.

o If a slice is bordered by two lines that represent distinct values, then any
of these two values or anyone not observed can be assigned to that slice.

e Also, more than one value can be assigned to a slice.

Suppose that we want to make inference about the probability that the value
of the next observation belongs to a given subset A C {x1,x2,...,x¢}. The idea
of the NPI-M for this inference is the following one [59]: an arrow, fixed at
the center of the wheel, spins around the wheel. According to the circular
assumption A (), the arrow has the same probability % of stopping in each
slice. Thus, for a given configuration of the probability wheel, the NPI-M
predicts that the probability that the value of the next observation is in A
is equal to the proportion of slices assigned to a value belonging to A in that
configuration of the probability wheel. In this way, the NPI-M predicts a lower
probability and an upper probability for A, determined, respectively, by the
minimum and maximum proportion of slices that can be assigned to a value
in A, among all possible configurations of the probability wheel.

Let tops be the number of values of X that have been observed and tynobs
the number of unobserved values of X:

tObS:|{Xi‘n(X1‘.)>O/ i’:]lzl"‘lt}|/
tunobs = |{Xi | n(xi) = O/ i= ]Izllt}| .

Clearly, it holds that t = tobs + tunobs. Let t2y, and t2, . denote, respec-

tively, the number of observed and unobserved values in A. Let n(A) be the
number of observations in A:

n(A) = Z n(xi),

X{EA
s =[x € Al n(xi) > 0},
tﬁfnobs = |{Xi €A | Tl(Xi) = 0}| .
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In [59], the following theorem was proven, which indicates how the NPI-M
lower and upper probabilities for a given subset of possible values of X are
obtained:

Theorem 2.3.1 For each A C {x1,x2,...,%¢t}, the NPI-M lower and upper probabil-
ities, based on the probability wheel described above from the N observations and the
circular assumption A (), are determined by:

n(A) —min (t — |A], t
ENPI(A) _ S\] ‘ obs), ( 66)
2.
_ n(A) +min (|A], tobs — thys)
Pnpi(A) = N ’

where A denotes the complement of A.

The idea of the NPI-M is illustrated in Example 2.3.1 [59]:

Example 2.3.1 Suppose that we have a discrete variable called Color whose set of pos-
sible values is {Blue(B), Red(R), Yellow(Y), Green(G), White(W), Orange(O)}.

Let us assume that there are N = 9 observations about Color, with the following
observed frequencies for each value:

Suppose that we want to compute the NPI-M lower probability of {B} and {B, R}.
For this purpose, we aim to find a configuration of the probability wheel that assigns
as least slices as possible to B and R. In this case, we can assign to B only those
slices bordered by two lines representing B, and we do not need to assign to R any
slice. Thereby, Figure 2.2 shows a configuration of the probability wheel suitable for
the NPI-M lower probability of {B} and {B, R}, where the color drawn in each slice
corresponds to the color assigned to that slice. In that configuration, only two slices
are assigned to B and none to R.

Figure 2.2: First configuration of the probability wheel of Example 2.3.1.
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According to Theorem 2.3.1, it is satisfied that

Pupr ((B) = 5 = Poypr (B, R

These lower probabilities are consistent with the configuration of the probability wheel
illustrated in Figure 2.2.

Let us assume now that it is needed to compute the upper probability of {B} and
{B, R}. In this situation, we try to find a configuration of the probability wheel that
assigns slices bordered by a line representing B to B and slices bordered by a line
associated with R to R. Furthermore, it is possible to separate the lines corresponding
to R and B by lines representing another color in order to assign as many slices as
possible to B and R. A configuration that verifies the previous conditions can be seen
in Figure 2.3. From that configuration, it can be deduced that the upper probability of
{B} is equal to § and the upper probability of {B, R} is equal to §. Indeed, according
to Theorem 2.3.1, it holds that:

Papi (B =g, Pupr (BRY = ¢.

R

Figure 2.3: Second configuration of the probability wheel of Example 2.3.1.

2.3.2.1 Properties of the NPI-M lower and upper probabilities

The following essential properties of the NPI-M lower and upper probabili-
ties were demonstrated in [59]:

1. Pnpi(A) =1—=Pnpi(A), VA C{x1,%x2,...,X¢)

2. Probabilities determined by relative frequencies are always consistent
with the NPI-M lower and upper probabilities:
n(A)

Pnpi(A) < ~N_ < Pnpi(A), VA C{x1,%x2,..., %t}
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3. The NPI-M lower and upper probabilities, determined via Theorem 2.3.1,
are, respectively, coherent lower and upper probability functions. Fur-
thermore, due to the first property, they are dual or conjugate.

4. As the number of observations diverges to infinity, the NPI-M lower
probability converges to the NPI-M upper probability.

2.3.3 Comparison with the IDM

The IDM assumes a set of prior Dirichlet distributions about the data through
a parameter. In contrast, the NPI-M does not make previous assumptions
about the data. The only assumption made by the NPI-M is the circular Ay,
which is a post-data assumption. NPI-M is a non-parametric approach.

As pointed in [59], the NPI-M do not satisfy the RIP, unlike the IDM. Even
though the RIP was established as a crucial principle for inference by Walley
[209], in [59], it was claimed that the fact that the NPI-M violates the RIP is
not a shortcoming. What is more, since the NPI-M does not satisfy the RIP,
inferences made with the NPI-M might produce intuitively more coherent
results than inferences with the IDM.

The differences between the results of inferences about the next observation
with the IDM and with the NPI-M were analyzed in [59]. The most relevant
conclusions from such an analysis can be summarized in the following points:

For inferences on a singleton {x;}, with i € {1, 2,...,t}, the NPI-M lower
probability is greater than 0 if, and only if, there are at least two obser-
vations for which X = x;. In contrast, if the x; value has been observed
only once, then the IDM lower probability is strictly greater than 0. It
can be stated that, in that sense, the inferences made with the NPI-M are
more conservative than the inferences made with the IDM.

The number of non-observed values does not influence the IDM lower
and upper probabilities. Moreover, the computation of the IDM lower
and upper probabilities does not depend on the number of non-observed
values included in the inference subset. It does not happen with the NPI-
M since the number of observed and unobserved values and how many
are included in the inference subset influence the determination of the
NPI-M lower and upper probabilities.

When the inference subset just contains non-observed values, the IDM
upper probability only depends on the parameter s and the total number
of observations N, while the NPI-M upper probability is influenced by



2.3 Special models based on imprecise probabilities |

the number of observed and unobserved values and the cardinality of
the inference subset.

e In IDM inferences, the imprecision (the difference between the upper
and lower probabilities) does not change when the cardinality of the
inference subset varies. In contrast, with the NPI-M, the imprecision
in an inference increases as the inference subset is larger. Intuitively,
it makes sense that the imprecision is higher as the cardinality of the
inference subset increases.

To sum up, it can be stated that NPI-M inferences may provide more intu-
itive results than IDM inferences.

2.3.4 Approximate Non-Parametric Predictive Inference Model

We may note that, for singletons {x;}, with i € {1,2,...,t}, the NPI-M lower
and upper probabilities are given by:

P () = max (0 =,0), P () = min (PR 1)

N

(2.67)
Hence, we have the following set of NPI-M probability intervals for singletons:

INPI = { {max <T1(X]i\j)—110> , min <n(x]l\l)+1/]>] , 1= 1,2,...,t}.

(2.68)
As demonstrated in [5], the set of probability intervals given in Equation
(2.68) is reachable and has associated with it the following credal set:

POnpP) ={p e PX) [p(xi) €
[max (W,O),min (Tl(X]i\j)H’])}’ Vi:1,2,...,t}. (2.69)

Moreover, the following result was proven in [5]:

Proposition 2.3.1 The natural extension of the set of NPI-M probability intervals
for singletons, defined in Equation (2.68), coincides with the NPI-M coherent lower
probability function, determined by Theorem 2.3.1.

In consequence, the NPI-M lower and upper probabilities of each A C
{x1,%2,...,%¢} can be obtained from the NPI-M lower and upper probabili-
ties for singletons. However, there may be some probability distributions in
the credal set corresponding to the NPI-M probability intervals for singletons,
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defined in Equation (2.69), that do not satisfy the constraints imposed by the
NPI-M probability wheel representation of the data. In fact, the set of proba-
bility distributions compatible with the NPI-M is not convex. This was shown
with an example in [5].

By considering the set of probability distributions belonging to the credal set
associated with the NPI-M probability intervals for singletons, an approximate
model, called Approximate Non-Parametric Predictive Inference Model for
multinomial data (A-NPI-M), is obtained [5]. It corresponds to the convex hull
of the set of probability distributions compatible with the NPI-M. Therefore,
the A-NPI-M simplifies the exact model as it avoids some constraints imposed
by the NPI-M probability wheel representation of the data.



QUANTIFICATION OF THE
UNCERTAINTY-BASED INFORMATION
WITH IMPRECISE PROBABILITIES

3.1 Introduction

When mathematical theories based on imprecise probabilities arise, new
tools for quantifying the uncertainty-based information in such theories are
needed. These tools are often called uncertainty measures. The study of uncer-
tainty measures in imprecise probability theories has its origin in the uncer-
tainty measures in classical information theories.

On the one hand, in classical possibility theory, the Hartley measure [110] was
established as suitable for quantifying uncertainty-based information. Such a
measure consists of a function that depends on the cardinality of the subset
to which the real alternative belongs. The type of uncertainty captured by the
Hartley measure is known as non-specificity.

On the other hand, the uncertainty in classical probability theory is well-
measured via the Shannon entropy [189], which quantifies the uncertainty-
based information involved in a probability distribution. The type of uncer-
tainty measured by the Shannon entropy is called conflict or discord.

In some imprecise probability theories, uncertainty measures have been de-
veloped, where it has been assumed that both conflict and non-specificity co-
exist. Thereby, both the Hartley measure and the Shannon entropy must be
properly extended to such theories. The study of uncertainty measures in
Evidence theory (ET) is the basis of uncertainty measures in more general
imprecise probability theories. In fact, the uncertainty measures in imprecise
probabilities proposed so far consist of extensions of uncertainty measures
initially developed in ET.

This chapter is structured as follows: Section 3.2 details the study of un-
certainty in classical theories (possibility and probability theories). The re-
search carried out so far concerning uncertainty measures in Evidence theory
is described in Section 3.3. In Section 3.4, we present the main uncertainty
measures proposed so far in more general imprecise probability theories.
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Within this chapter, it is assumed that X = {x1,x2, ..., Xt} is a finite set’, with
IX| = t. p(X) will denote the power set of X and P(X) the set of all probability
distributions on X.

3.2 Uncertainty in classical information theories

3.2.1 Uncertainty in possibility theory
Definition 3.2.1 [110] The function given by:

H(A) =log, (IAl), VA € p(X) (3.1)
is called Hartley measure.

The type of uncertainty captured by H is usually known as non-specificity.
The Hartley measure is the most suitable uncertainty measure in classical pos-
sibility theory. Indeed, as demonstrated by Hartley [110], it is the only function
defined in terms of the cardinality of a subset that satisfies the three following
desirable properties:

1. Normalization: If A C X verifies that |A| = 2, then H(A) = 1.
2. Monotonicity: H(B) < H(A) VA,B € p(X) such that B C A.

3. Additivity: Let X and Y be two finite sets, A C X, and B C Y. Then,
H(A x B) = H(A) + H(B).

Also, it can be easily deduced that the maximum value of the Hartley mea-
sure is equal to log, (|X[). It is reached when A = X.

3.2.2 Uncertainty in probability theory

Definition 3.2.2 [189] Let p be a probability distribution on X. The function deter-
mined by:

t

S(p) =—)_p (xi)log,(p(xi)) (3-2)

i=1

is known as the Shannon entropy on p.

1 Or a discrete variable that takes values in {x1,%x2,..., Xt}
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The Shannon entropy is the well-established uncertainty measure in classi-
cal probability theory. It captures a type of uncertainty often called conflict or
discord. This type of uncertainty is different from the one quantified by the
Hartley measure.

As proved in [189], the Shannon entropy is derived by using the three fol-
lowing axioms:

1. Continuity: Little variations in p(x;), for a certain i € {1,2,...,t}, must
lead to small changes in S(p).

2. Monotonicity: For uniform probability distributions, S must be an in-
creasing function of the number of alternatives.

Formally, let X = {x1,%x2,...,x¢} and Y = {y1,Y2,..., Y} be two finite
sets such that t < t’. Let p{ and pY be the uniform probability distribu-
tions on X and Y, respectively, that is,

1
pé(xi) = {/ Vi = ]/2/ L
1
pl(y]):?/ v]:1/2/ /t/
Then, it must hold that S(pX) < S(p)).

3. Additivity: Let X and Y be two finite sets and p a probability distribu-
tion on the product space X x Y. Let p*X and p*¥ denote the marginal
probability distributions of p on X and Y, respectively:

P =) plxy), WxeX,
yey

Py =) plxy), Vyev,
xeX

Suppose that the marginal probability distributions are independent.
Then, S must verify that

S(p) = S(P) +S(p™).
The Shannon entropy also satisfies the following desirable properties:

e S does not depend on the arrangement of the elements of X, only on
their probabilities.

e S(p) > 0, with equality if, and only if, p (x;) =1 for some i € {1,2,...,t}.

¢ The maximum value of S, which is equal to log>(|X]), is attained when
p is the uniform probability distribution on X, ie, p(xi) = %, Vi =
1,2,...,t
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3.3 Uncertainty measures in Evidence theory

According to Yager [222], in Evidence theory (ET), both conflict and non-
specificity coexist. Conflict appears when the uncertainty-based information
resides in subsets with empty intersection, while non-specificity arises when
the uncertainty-based information focuses on subsets with cardinality greater
than one. Therefore, both the Hartley measure (the well-established non-
specificity measure in classical possibility theory) and the Shannon entropy
(the suitable conflict measure in classical probability theory) must be properly
generalized to ET.

3.3.1 Essential mathematical properties and behavioral requirements for
uncertainty measures in Evidence theory

Klir and Wierman [127] carried out a study about the crucial mathematical
properties that have to be satisfied by total uncertainty measures in ET. Ac-
cording to such a study, a total uncertainty measure in ET, UM, that jointly
quantifies conflict and non-specificity should satisfy the following five funda-
mental properties:

1. Probabilistic consistency: If m is a BPA on X such that all its focal ele-
ments are singletons, then UM must coincide with the Shannon entropy,

that is:
t

UM(m) ==Y m({xi}) log,(m ({xi})).

i=1

2. Set Consistency: Let m be a BPA on X. Suppose that there exists a
subset A C X such that m(A) = 1. Then, UM must collapse to the
Hartley measure:

UM(m) =log, (IA]).

3. Range: The range of UM has to be equal to [0, log, (t)].

4. Subadditivity: Let X and Y be two finite sets and m a BPA on the prod-
uct space X x Y. Let m** and m*Y denote the respective marginal BPAs
of mon X and Y, determined via Equations (2.36) and (2.37), respectively.
Then, UM must verify the following inequality:

UM(m) < UM(m*X) + UM(m*Y).

The idea of this property is that, when a BPA defined on a joint space is
decomposed, the uncertainty-based information must not be increased.



5. Additivity: Let m be a BPA defined on a product space X x Y, X and Y
being two finite sets. Let m** and m*Y be the respective marginal BPAs
of m on X and Y. Suppose that the marginal BPAs are non-interactive.
Then, it must hold that

UM(m) = UM(m*YX) + UM (m*Y).

This means that, when a BPA defined on a product space such that the
marginal BPAs are independent is decomposed, the uncertainty-based
information has to be preserved.

In some cases, depending on the form of the uncertainty measure, it makes
more sense to consider the submultiplicativity and multiplicativity properties
than subadditivity and additivity. Such properties are defined in the following
way taking into account the definitions of additivity and subadditivity:

Submultiplicativity: Let X and Y be two finite sets and m a BPA on the
product space X x Y. Let m+* and m'Y denote the respective marginal
BPAs of m on X and Y. Then, UM must verify that:

UM(m) < UM(m*X) x UM(m*Y).

Multiplicativity: Let m be a BPA defined on a product space X x Y,
where X and Y are two finite sets. Let m** and m}Y denote the marginal
BPAs of m on X and Y, respectively. Suppose that the marginal BPAs are
non-interactive. Then, it must hold that

UM(m) = UM(m*X) x UM(m*Y).

Submultiplicativity and multiplicativity are essentially equivalent to subad-
ditivity and additivity [224].

We may note that the properties described above are based on the essen-
tial mathematical properties satisfied by the Hartey measure and the Shannon
entropy in classical information theories. Since ET is more general than possi-
bility and probability theories, in ET, situations that never happen in classical
theories can arise.

The study carried out by Klir and Wierman was extended by Abellan and
Masegosa [21] by taking the following point into consideration: in probability
theory, a probability distribution can never be contained in another probability
distribution. In contrast, in ET, the uncertainty-based information involved in
a BPA can contain the uncertainty-based information involved in another BPA.
This issue must be taken into account by every total uncertainty measure in
ET. Thus, the following property is also considered as crucial [21]:
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¢ Monotonicity: Let m; and m; be two BPAs on X. Let P;,, denote the
credal set consistent with the BPA m;, for i = 1,2. Suppose that P, C
Pm,. Then, it must hold that:

UM(m) < UM(m2).

An uncertainty measure in ET not only has to satisfy the crucial mathemat-
ical properties but its behavior in different situations must be desirable. In
this way, Abellan and Masegosa [21] also claimed that every total uncertainty
measure in ET, UM, must satisfy the following behavioral requirements:

1. Computational complexity: The calculation of UM must not be too com-
plex.

2. Coherent disaggregation: UM must not conceal the two types of uncer-
tainty that appear in ET: conflict and non-specificity. Consequently, it
has to be possible to decompose UM into two measures that coherently
quantify conflict and non-specificity, respectively.

3. Sensitivity to changes in the BPA: UM has to be sensitive to changes
in the BPA. However, it must be considered that, sometimes, an increase
of conflict might produce a decrease of non-specificity and vice-versa.
Hence, there can be similar values of UM with different values of con-
flict and non-specificity. For this reason, UM has not to be sensitive to
changes in the BPA directly, it can also be sensitive through its parts of
conflict and non-specificity.

In some situations, it is more appropriate to mathematically quantify the
available information through more general theories than ET [127]. In these
cases, the principle of uncertainty invariance must be taken into account, which
establishes that when a representation of uncertainty in a mathematical theory
is transformed into its counterpart in another theory, the amount of informa-
tion must be preserved. Thereby, every uncertainty measure in ET, UM, must
satisfy the following behavioral requirement:

¢ Generalization: The extension of UM to more general theories than ET
must be possible.
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3.3.2 Main approaches for quantifying uncertainty in Evidence theory

The Hartley measure was extended to ET by Dubois and Prade [83]. Given
a BPA m on X, the Generalized Hartley Measure is defined in the following
way:
GHm)= ) m(A)log,(Al). (3-3)
Acp(X)

When m is a probability distribution (all its focal elements are singletons),
GH reaches its minimum value, which is equal to 0. The maximum value
of GH is equal to log,(|X|). It is attained when m(X) = 1. As shown in
[84], GH is a suitable non-specificity measure in ET as it satisfies the essential
mathematical properties. In addition, it is possible to extend it to more general
imprecise probability theories [12].

There were several attempts to generalize the Shannon entropy to ET. One of
the most remarkable was the Dissonance measure of Yager [222]. It is defined,
for a given BPA m on X, as follows:

Em)=— ) m(A)log, Plin(A), (3-4)
Ae€p(X)

where Pl,, is the plausibility function corresponding to m.

However, none of the proposed extensions of the Shannon entropy to ET
satisfies the essential subadditivity property [127]. It would have been accept-
able if this requirement had been satisfied by the total uncertainty measure
resulting from summing GH and the generalized Shannon entropy, but it did
not happen for any of the proposed extensions of the Shannon entropy.

At the middle of 90’s, these unsuccessful attempts of generalizing the Shan-
non entropy were replaced by a total uncertainty measure that captures both
conflict and non-specificity. That measure, presented by Harmanec and Klir
[109], consists of the maximum entropy on the credal set compatible with a
BPA. Formally, for a given BPA m on X, the maximum entropy is determined
as follows:

§* (P(Belm)) = penax S(p), (3:5)
Bel, being the belief function associated with m and P(Bel,,) the credal set
consistent with Bel,,, computed via Equation (2.32).
As pointed out by Abelldn and Masegosa [21], S* satisfies all required math-
ematical properties for uncertainty measures in ET. Furthermore, this measure
can be easily extended to more general imprecise probability theories [1].
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When the maximum entropy was proposed, it did not separate conflict and
non-specificity. As we have shown, this is a fundamental behavioral require-
ment for total uncertainty measures in ET. Smith [192] proposed the following
disaggregation of S* (P(Beln)):

S* (P(Belym)) = GH+ (S (P(Belym)) — GH). (3.6)

The first term of Equation (3.6) quantifies non-specificity whereas the sec-
ond term captures conflict. It always holds that $* (P(Bely,)) — GH > 0 and,
thus, it is meaningful to consider $* (P(Bel,)) — GH as the generalization of
the Shannon entropy to ET [192].

This decomposition of S* is not unique. Indeed, Abellan and Moral [15]
proposed the following disagreggation of S**:

§* (P(Belm)) = S« (P(Belm)) + (§* (P(Belm)) — S« (P(Belm))), (3.7)
where S, (P(Bel,)) is the minimum entropy on P(Bel,,):

S« (?(Belm)) = minpe?(Belm)s(p)' (38)

In the expression given by Equation (3.7), the first term captures conflict
while the second term quantifies non-specificity. Abelldn and Moral [15]
demonstrated that (S* (P(Belym)) — S« (P(Bely))) is a suitable non-specificity
measure. Indeed, it does not satisfy the subadditivity property, but it does not
matter since the total uncertainty measure S* verifies this requirement.

Some works in the literature, such as [123, 211], criticised that the maxi-
mum entropy is not sensitive to changes in the BPA. Indeed, it is not directly
sensitive. Nonetheless, Abellan and Masegosa [21] showed that the maxi-
mum entropy is sensitive to changes in a BPA via its parts of conflict and
non-specificity. As commented before, it makes sense because an increase (de-
crease) of conflict may lead to a decrease (increase) of non-specificity even
though the total uncertainty value does not vary.

Despite the previous points, the algorithms proposed so far for the compu-
tation of the maximum entropy (see [109, 118, 145, 154]) are notably complex.
This supposes a drawback for using such a measure in practical applications.
For this reason, many alternative measures to the maximum entropy have
been developed during the last years.

o Jousselme et. al [123] proposed a total uncertainty measure that consists
of the Shannon entropy of the pignistic transformation of a BPA. That

2 The decomposition was proposed for the generalization of the maximum entropy for credal
sets, but the decomposition is also useful in ET.
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measure is called ambiguity measure (AM). Formally, for a given BPA m
on X, the ambiguity measure is defined as follows:

t
AM(m) = Y BetPn ({xi}) log, (BetPm ({xi})), (3.9)
i=1

where BetPy;, is the pignistic transformation of the BPA m, computed by
means of Equation (2.31).

Klir and Lewis [129] found some drawbacks on this ambiguity measure.
In order to solve such shortcomings, Shahpari and Seyedin [188] pre-
sented a modified ambiguity measure (MAM). On 1-D space, MAM and
AM coincide. Nonetheless, for a 2-D space, Shahpari and Seyedin uti-
lized a different definition for the pignistic transformation and they did
not substantially justified it.

Formally, let X = {x1,%x2,...,x¢} and Y = {y1,Y2,..., Y} be two finite
sets and m a BPA defined on the product space X x Y. On X xY, AM
coincides with MAM. Now, for the marginal BPA of m on X, Shahpari
and Seyedin [188] employed the following probability distribution:

m(A)#(x; € A)
Al ’

MBetmx () = )
ACXxY|xi€EAX

(3.10)
A+X being the projection of A on X and #(x; € A) the number of occur-

rencesof x; in A, Vie{l,2,...,t}, ACXXxY.

Analogously, Shahpari and Seyedin [188] used the following probability
distribution for the marginal BPA of m on Y:

A)#(y; € A )
MBetmy ({(yi}) = Y TAEMER y_ip
ACXxY[y;EALY

(3.11)
where A+Y is the projection of A on Y and #(y; € A) the number of

occurrences of y; in A, Vje{l,2,...,t'}, ACXxY.

In this way, on the marginal BPAs of m on X and Y, Shahpari and Seyedin
[188] considered the Shannon entropy on the probability distributions on
X and Y determined by Equations (3.10) and (3.11), respectively.

Abelldn and Bossé [7] pointed out that both AM and MAM satisfy prob-
abilistic consistency, set consistency, and range; both AM and MAM vi-
olate additivity and monotonicity; AM does not verify subadditivity;
MAM satisfies the subadditivity property in a controversial way because
of the definition of MAM for marginal BPAs.
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¢ One of the most frequently used uncertainty measures proposed in the
last years is the Deng entropy [77]. Given a BPA m on X, the Deng entropy
is defined in the following way:

m(A)
Epeng(m) == )  m(A)log, (2|A|_1> =

A€p(X)

Y m(A)log, (z‘A‘—1)— Y m(A)log, (m(A)).

Acp(X) Ae€p(X)

(3.12)

In Equation (3.12), the first term indicates non-specificity whereas the
second term quantifies conflict. The idea of this measure is that the un-
certainty must be considerably increased as there are more alternatives.

The Deng entropy has been commonly employed in the literature [69,
125, 237]. However, Abellan [4] demonstrated that this measure violates
most of the essential mathematical properties for total uncertainty mea-
sures in ET. Actually, among the crucial mathematical properties for total
uncertainty measures in ET, detailed in Section 3.3.1, only the probabilis-
tic consistency is satisfied by the Deng entropy. Moreover, the behavior
of this uncertainty measure in some situations is questionable. For ex-
ample, when all focal elements share an element, the conflict part of the
Deng entropy might not be equal to 0. This is a shortcoming because,
in these cases, there is no conflict [4]. Also, the extension of the Deng
entropy to more general theories than ET is still an open question.

In [236], a modification of the Deng entropy, known as Zhou entropy,
was proposed. It is defined, for a given BPA m on X, as follows:

Ezhou(m) =— Z m(A)log, (m exp <MI|X_|1>>

A€p(X)
Z m(A)log,(2A —1)—
Acp(X)
AEZ m(A)log, (exp<|A|X| )) Z A)log, m(A).
p(X) p(X

(3-13)

It could be considered that the first two terms in Equation (3.13) quan-
tify the non-specificity part in a BPA since both of them are equal to 0
when m is a probability distribution. The third one might measure the
conflict part, which is the same as in the original Deng entropy. It can
be observed that Ezno., is also based on the idea of the Deng entropy as
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it gives a higher total uncertainty value when the number of alternatives
increases. However, due to the second term, with the modification, this
increase is better controlled.

Afterwards, Cui, Liu, Zhang, and Kang [69] proposed a new version of
the Deng entropy that takes the intersections between the focal elements
into consideration. It is defined in the following way:

Acp(X) BAAAM(B)>0
= Y mlA)log, (24 1)
A€p(X)
|A N BJ
Z m logz m(A) X exp Z W
Acp(X) B#AAAM(B)>0

(3-14)

Jirousek and Shenoy [122] presented a total uncertainty measure based
on the plausibility transformation of a BPA [57, 207]. Given a BPA m on X,
the mentioned transformation is defined as follows:

m ({xi})
Pm i
tm (b)) = ml o)’

For a given BPA m on X, the uncertainty measure proposed by Jirousek
and Shenoy is determined by the sum of GH(m) and the Shannon en-
tropy of the plausibility transformation of m [122]:

vi=12,...,t (3-15)

E]S( m) = GH(m Z Pt ({xi}) 10g2 (Ptm ({xi})). (3-16)
i=1
The first term of Equation (3.16) is associated with non-specificity, whereas
the second term captures conflict.

As demonstrated in [122], Eys satisfies probabilistic consistency, additiv-
ity, and monotonicity, but it violates set consistency and subadditivity.
The range of Ejs is equal to [0,21og, (t)] and, thus, Ejs does not satisfy
the range property [122].

The computation of this Eys is fast. It separates conflict and non-specificity.
However, we can observe that the conflict value of Ejs may not be equal
to 0 when all focal elements are not disjunct. As explained before, it is an
undesirable behavior. In addition, the extension of Ejs to more general
theories than ET is still an open problem.
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¢ An uncertainty measure that also uses the plausibility transformation
was proposed in [170]. It is defined in the following way:

Epg(m Z m(A)log, (Pm(A)) + GH(m), (3.17)
ACX

where Pm(A) = ine A Ptm ({xi}), VA C X. The first term captures
conflict, and the second one corresponds to non-specificity.

Ep satisfies probabilistic consistency, monotonicity, and additivity. Nev-
ertheless, it does not verify neither range nor subadditivity [170]. When
m(A) =1 for some A C X, we may note that Epg(m) = logz(Pm(A)) +
logz(|A[). Consequently, Epg does not satisfy set consistency.

It can be observed that Epg separates conflict and non-specificity.
Nonetheless, we may note that, when all focal elements have an element
in common, the conflict part of Epg might be greater than 0, which is not
desirable. Furthermore, the extension of Epg to more general theories
than ET is still an open problem.

e Zhao et. al [235] proposed a total uncertainty measure that combines the
Deng entropy with the belief intervals for singletons. It is defined, for a
given BPA m on X, as follows:

F—inter (m) =

' Bel,, ({xi}) + Plin ({x1})
_ Z 3

i=1

log, | 2ot D EPn (80 o (P ) — Bl

— Y m(A)xlog, [m exp(—(PLi(A) —Belm(A)))] .

ACX|IA[>2
(3.18)

In the previous expression, the first term corresponds to conflict, while
the second one indicates non-specificity.

This total uncertainty measure verifies probabilistic consistency, but it
violates set consistency, range, subadditivity, and additivity [235]. Al-
though the monotonicity property was not formally proved in [235],
in that work, it was illustrated via numerical examples that Einter(m)
might satisfy this requirement.

Einter(m) separates conflict and non-specificity. Nevertheless, when all
focal elements of m share an element, the conflict part of Einter(m)
might not be equal to 0, which is an undesirable behavior. In addition,



it must be remarked that the extension of Einter(m) to more general
theories than ET is still an open problem.

Table 3.1: Summary of the essential mathematical properties verified by the uncer-
tainty measures proposed so far in ET. UM = uncertainty measure, Prob
con = Probabilistic consistency, Set con = Set consistency, Subadd = subad-
ditivity, and Mon = monotonicity.

UM  Probcon Setcon Range Subadd Add Mon
S* Yes Yes Yes Yes Yes Yes
AM Yes Yes Yes No No No
MAM Yes Yes Yes Controversial No No
Ebeng Yes No No No No No
Ess Yes No No No Yes Yes
Epg Yes No No No Yes Yes
Einter Yes No No No No Not proved

Table 3.1 summarizes which of the essential mathematical properties for un-
certainty measures in ET, described in Section 3.3.1, are verified by each one of
the uncertainty measure proposed so far in ET. A summary of the behavioral
requirements satisfied by the uncertainty measures proposed so far in ET can
be seen in Table 3.2. It can be deduced that, even though the maximum en-
tropy involves a higher computational complexity than the other uncertainty
measures, it is the only one that satisfies all essential mathematical proper-
ties, is coherently disaggregated into two measures that quantify conflict and
non-specificity, and can be extended to more general theories than ET.

3.3.3 Uncertainty measures on belief intervals for singletons

Belief intervals for singletons have received considerable attention for quan-
tifying the uncertainty-based information in ET in the last years. As pointed
out in Section 2.2.4.4, the credal set associated with a BPA is always contained
in the credal set compatible with the corresponding set of belief intervals for
singletons. However, as shown in Example 2.2.1, there may be probability dis-
tributions consistent with the belief intervals for singletons but not with the
BPA.

Nevertheless, belief intervals for singletons are more manageable than BPAs
for representing uncertainty-based information. It is because, with the belief
intervals for singletons, it is possible to know the uncertain area associated
with each alternative, as shown in Figure 3.1. It does not happen directly
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Table 3.2: Summary of the crucial behavioral requirements satisfied by the uncer-
tainty measures proposed so far in ET. Complexity = computational com-
plexity of the uncertainty measure; Disaggregation = whether the uncer-
tainty measure is disaggregated into two measures that quantify conflict
and non-specificity and the disggregation is coherent; Sensitivity = whether
the uncertainty measure is sensitive to changes in the evidence, directly or
via its parts of conflict and non-specificity; Extensible = whether there ex-
ists extension of the uncertainty measure to more general theories than ET.

UM  Complexity  Disaggregation  Sensitivity Extensible
S* High Coherent Yes Yes
AM Low No Yes No
MAM Low No Yes No
Epeng Low Not very coherent Yes No
Ejs Low Not very coherent Yes No
Epg Low Not very coherent Yes No
Einter Low Not very coherent Yes No

Uncertain area .
Supporn area ! Reject area
P - > )

- - - -

0 BEL Pl 1

Figure 3.1: Uncertainty-based-information with belief intervals for singletons.

using the BPA. When employing the BPA, it is necessary to deal with the
belief value of each subset, and we must remark that the number of subsets
exponentially grows as the number of alternatives increases. Hence, several
uncertainty measures on the belief intervals for singletons in ET have been
proposed during the last years.

Let m be a BPA on X and Bel,, and Pl,;,, the belief and plausibility functions
corresponding to m, respectively. Let J,;, denote the set of belief intervals for
singletons associated with m, determined via Equation (2.41). As demon-
strated by Wang and Song [212], J,, is always reachable. Therefore, belief
intervals for singletons are particular cases of reachable probability intervals.

We show below the total uncertainty measures proposed so far on Jy,.
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o The total uncertainty measure defined by Yang and Han [223], TUM(91),
utilizes the following distance measure for intervals:

2 2 3 2 2
(3.19)

a1+b; a+b]? 1[bi—a; br—a]?
dI([a1,b1],[a2,b2]):\/[ 1 1T 42 2} n [ 1 1 b2 >

TUM! is defined as follows:

t
TUM () =1 f Y ' (Belm (i), Pl (), 0,1)). (3.20)

In the previous expression, v/3 is a normalization factor. The idea of
this uncertainty measure is that a belief interval for a certain singleton
is more uncertain as its distance to the interval [0, 1], the one associated
with total uncertainty, is lower.

Yang and Han [223] showed that the range of TUM! is [0, 1]; it satisfies
the monotonicity property; even though TUM!(J,,) is neither probabilis-
tic nor set consistent, it has a rational behavior in many cases.

e In [220], a total uncertainty measure on belief intervals for singletons
was developed to solve some drawbacks of the previous one. Such a
measure employs the following distance function for intervals:

dt (la7,b1],[az,ba]) = \/(01 —az)? + (by —b2)2. (3-21)

The uncertainty measure introduced in [220] is defined in the following
way:

t
TUML (Im) = ) [1—dg (Belm (}), Pl (i), [0,1D)] . (3.22)
i=1

In [220], it was shown via numerical examples that, when there are two
identical BPAs on sets of alternatives with different cardinality, TUM!
may produce identical results, which implies a drawback. It does not
occur with TUML.
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o The total uncertainty measure proposed by Wang and Song [212] is de-
fined as follows:

. > log, 7

1

SU(Im) =Y [—Belm (Bc)) + Plin (1)) ) Belm (Exi)) + Plin ({x1))

—_

+
-

[le ({xi}) — Belm ({xi})
5 :

i=1

(3-23)

In Equation (3.23), the first term quantifies conflict, whereas the second
term indicates non-specificity. In this way, the conflict value is quantified
by means of the relation between the central values of the belief intervals
for singletons, and the non-specificity value is determined by the span
of such intervals [212].

As shown by Wang and Song [212], SU satisfies probabilistic consistency.
When there exists A C X such that m(A) = 1, then SU (J,) = |A|. Con-
sequently, SU does not verify set consistency. However, the uncertainty
of a classical set is determined by its cardinality. Therefore, SU satisfies
a weak version of the set consistency property as, when m(A) = 1 for
some A C X, it takes the form of an increasing function of |A|. The range
of SU is equal to [0,1]. Moreover, in [212], it was shown through nu-
merical examples that SU might lead to more intuitive results than other
uncertainty measures such as AM.

3.4 Uncertainty measures in more general imprecise
probability theories

In addition to ET, the only imprecise probability theory in which uncertainty
measures have been developed is credal sets. Hence, in this section, we focus
on uncertainty measures on credal sets. The study of uncertainty measures in
credal sets has its origin in the study of uncertainty measures in ET. Remark
that, in most of the general imprecise probability theories, the uncertainty-
based information can be represented by means of a credal set. The start
point is that, in general credal sets, there also exists two types of uncertainty:
conflict and non-specificity [13, 40].

Let P be a credal set on X and P the coherent lower probability function
extracted from P, computed via Equation (2.15).
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The generalized Hartley measure GH, which is the well-established non-
specificity measure in ET, can be extended to general credal sets. Such an
extension is defined as follows [12]:

= > m(A)log,(IA]), (3-24)

ACX

where m is the Mobius inverse of P.
Abelldn and Moral [12] demonstrated that GH satisfies the following desir-
able properties for a non-specificity measure on credal sets:

1. It always holds that GH(P?) > 0. Thus, GH is well-defined as a non-
specificity measure.

2. If P contains a unique probability distribution, then GH(P) = 0.

3. Monotonicity: If Py and P, are two credal sets on X such that P; C P,
then GH(P1) < GH(P2).

4. The range of GH is equal to [0,log,(t)]. It reaches its maximum value,
logz(t), when P contains all probability distributions on X.

5. Additivity: Let X and X be two finite sets and P a credal set on the
product space X x Y. Let P¥* and P+Y denote the marginal credal sets
of P on X and Y, determined via Equations (2.6) and (2.7), respectively.
Suppose that there is strong independence under P (See Definition 2.2.8).
Then, the following equality is verified:

GH(P) = GH(PYX) + GH(PY).

The maximum entropy on P, proposed by Abelldn and Moral [13], is the
well-established total uncertainty measure on a credal set. Such a measure is
defined in the following way:

$* (P) = maxS(p), (3.25)
peP
S(p) being the Shannon entropy of the probability distribution p, determined
via Equation (3.2).

As pointed out in [40, 128], $* is a well-established total uncertainty mea-

sure on credal sets since it satisfies a set of desirable properties. Specifically,

Abelldn and Moral [13] showed that S* satisfies the following required prop-
erties for uncertainty measures on credal sets:

1. It is well-defined as it is always satisfied that S* (P) > 0.
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2. The range of S* is equal to [0,logz(t)]. S*(?P) reaches the value 0 if, and
only if, P only contains a probability distribution p such that p(xi) =
1 for some i € {1,2,...,t}. When P contains the uniform probability
distribution on X, the maximum value of S*, log, (t), is attained.

3. Monotonicity: Let P1 and P, be two credal sets on X satisfying P; C P5.
Then, it always holds that S*(P7) < S*(P2).

4. Subadditivity: Let X and Y be two finite sets and P a credal set on the
product space X x Y. Let P*X and P+ denote, respectively, the marginal
credal sets of P on X and Y. It is always satisfied that:

$* (P) < S* (WX) 4s* (?W) .

5. Additivity: If P is a credal set defined on a product space X x Y such
that its marginal credal sets on X and Y, denoted respectively by P+X
and PYY, are strongly independent under P, then the following equality
holds:

§*(P) = 8" (PX) 57 (7).

Since it is supposed that in credal sets there are also two types of uncertainty,
conflict and non-specificity, it must be possible to decompose S* into two
measures that respectively quantify conflict and non-specificity.

Abellan and Moral [15] proposed the following disaggregation for S*:

S*(P) =S« (P)+[S7 (P) =S« (P)], (3.26)
where S, (P) is the minimum entropy on P:

S« (P) =min S(p). (3-27)
pe?P
In Equation (3.26), the first term indicates conflict while the second one
captures non-specificity.
The conflict measure S, satisfies the following properties [15]:

1. The range of S, is equal to [0,log, (|X])]. Si (P) is equal to 0 if, and only
if, 3p € P such that p(xi) = 1 for some i € {1,2,...,t}. S, (P) attains its
maximum value, log, (|X|), when P just contains the uniform probability
distribution.

2. S, is monotonously decreasing. Formally, if P; and P, are two credal
sets on X such that P1 C P, then S, (P2) < S, (Pq).
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3. Continuity: Small changes in P produce small changes in S, (P).

4. Additivity: Let P be a credal set on a product space X x Y, X and Y being
two finite sets. Let P and P+Y denote the marginal credal sets of P on
X and Y, respectively. Suppose that there is strong independence under
P. Then, the following equality is satisfied:

S, (P) =S, (fP“() +S, (fPW) .

Regarding the non-specificity measure $* — S, it verifies the following cru-
cial properties for non-specificity measures on credal sets [15]:

1. The range of S* — S, is equal to [0,log, (IX[)]. Its minimum value is at-
tained when P is composed of a single probability distribution. When all
probability distributions on X belongs to P, S* — S, reaches its maximum
value, logz (|X]).

2. $* — S, is a continuous function, i.e, small changes in P lead to small
changes in $* — S..

3. It is additive as both S$* and S.. are additive.

4. $* —S, is increasing monotonous. This means that, if 1 and P, are two
credal sets on X such that P; C P», then (S* —S,) (P1) < (S* —S,) (P2).

Indeed, it is also possible to decompose S* as follows:
S*(P) = GH(P) + [S*(P) — GH(P)]. (3.28)

The first term of Equation (3.28) captures non-specificity while the second one
quantifies conflict. As demonstrated in [130], it always holds that S*(P) —
GH(?P) > 0 and, thus, S* — GH makes sense as a conflict measure.

Abelldn and Moral [15] argued that S* — S, and GH have a different behav-
ior as non-specificity measures: GH just measures absolute imprecision. In
contrast, $* — S, quantifies the imprecision by also taking the extreme prob-
abilities into account. In this sense, S* — S, has a more intuitive behavior
than GH since the same absolute difference in probability values might be
more important for probability distributions close to a degenerate one than
for probability distributions close to the uniform distribution [15].
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3.4.0.1 Computation of the uncertainty measures in imprecise probabilities

We have argued that the maximum entropy is a well-established total un-
certainty measure on credal sets as it satisfies a set of required properties for
this kind of measure. Moreover, this measure can be decomposed into two
measures that coherently quantify conflict and non-specificity. Nonetheless,
the calculation of the maximum entropy on a credal set might be very com-
plex. Indeed, there is no an algorithm to compute the maximum entropy on
an arbitrary credal set so far.

Some procedures have been proposed so far for computing the maximum
entropy on special types of credal sets. For instance, several algorithms were
developed to compute the maximum entropy on the credal set compatible
with a BPA in ET [109, 118, 145, 154]. Abelldn and Moral [16] proposed a
procedure to compute the maximum entropy for Choquet capacities of order
2. Also, algorithms for obtaining the probability distribution of maximum
entropy on reachable probability intervals and in some particular imprecise
probability models have been proposed in the literature, which we describe
below.

Regarding the non-specificity measures, the computation of GH tends to be
pretty simple. In contrast, the computation of the minimum entropy is not
trivial at all and, so far, there is no an algorithm for obtaining the minimum
entropy on a general credal set. An algorithm to compute the minimum en-
tropy on Choquet capacities of order 2 was proposed by Abellan and Moral
[15]. We must remark that the computational complexity of such an algorithm
is pretty high. Abelldn [2] demonstrated a result that allows quickly obtain-
ing the probability distribution that reaches the minimum entropy on an IDM
credal set, which we detail below.

Maximum entropy on a reachable set of probability intervals Abel-
lan and Moral [13] presented an algorithm for obtaining the probability dis-
tribution that reaches the maximum entropy on a reachable set of probability
intervals. Such an algorithm have been widely used in practical applications
where the uncertainty-based information is represented by means of probabil-
ity intervals.

The mentioned algorithm aims to find a probability distribution consistent
with the given set of intervals as close as possible to the uniform probability
distribution. For this purpose, it starts by assigning, to each value of X, the
lowest probability according to the given intervals. Then, a iterative proce-
dure is carried out where, in each iteration, the probability of the values with
the lowest probability is uniformly incremented considering the constraints



imposed by the intervals and the second lowest probability value. The proce-
dure finishes when the sum of all probability values is equal to 1 (a probability
distribution is obtained).

Algorithm 3 exhaustively describes the procedure to obtain the probability
distribution that attains the maximum entropy on a reachable set of probability
intervals, where sec_min indicates the second minimum value. If such a
second minimum value does not exist, then sec_min = —1.

Algorithm 3: Procedure to compute the probability distribution of max-
imum entropy on a reachable set of probability intervals.
Procedure Determine probability distribution of maximum entropy
on a reachable set of probability intervals(Reachable set of probability
intervals on X {[l;,w], i=1,2,...,t})
fori=1totdo
L pxi) « L
sum Y ;g plxi)
while sum < 1 do
min_prob - minie(12,.. t}/p(x;) <u; P(Xi)
index_min_prob « {1 €{1,2,...,t} | p(xi) = min_prob}
num_min <« [index_min_prob|
sec_min_prob < sec_MiNic(1 2, t)1p(x;)<uP(Xi)
for i € index_min_prob do
if sec_min_prob = —1 then

| D) e plxi) +min (i~ plxe), e 1)

else
L P(xi) < P(xi) +

min (1w; — p(x1), sec_min_prob — min_prob, l-sum)

L osum e 3 i plxi)
return p

Uncertainty measures on the Imprecise Dirichlet Model As pointed
out in Section 2.3.1, a set of IDM probability intervals is always reachable.
Hence, the maximum entropy on a set of IDM probability intervals can be
computed by using Algorithm 3. Also, as said previously, Walley [209] sug-
gests two values for the s parameter: s = 1 and s = 2. For s € [1,2], Abellan
[2] proposed a quick way of obtaining the maximum entropy on a set of IDM
probability intervals.
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Suppose that we have a sample of N independent and identically distributed
outcomes of X. Let n(x;) denote the number of observations of x; in the sam-
ple, Vi =1,2,...,t. Let us consider the set of values that have the minimum
observed frequency:

min_observed_IDM = {x; [ n(x;) = minj_1,2,._«n(x;)}. (3.29)

Let num_min_IDM denote the number of elements of X that have the min-
imum observed frequency, i.e, num_min_IDM = |min_observed_IDM|. In
order to obtain the probability distribution that attains the maximum entropy
with the IDM, pIPM for s € [1,2], two cases are distinguished [2]:

e Case 1: num_min_IDM >Tors=1:

In this case, for each i =1, 2,...,1, the value of the probability distribu-
tion of maximum entropy with the IDM is determined by:

n(xi)+

s
num_min_IDM

N+s

if x; € min_observed_IDM
pPM(xi) =
n(xi)
N+s

if x{ € min_observed_IDM

e Case 2: num_min_IDM =1and s > 1:

It implies that min_observed_IDM = {x;}, for some i € {1,2,...,t}. In
this situation, we assign n(x;i) <~ n(xi) +1, s < s—1, recalculate the
subset min_observed_IDM, and obtain p!PM similarly to Case 1.

For obtaining the minimum entropy, since IDM probability intervals are
reachable probability intervals and, therefore, Choquet capacities of order 2,
the algorithm proposed by Abelldn and Moral [15] to compute the minimum
entropy in Choquet capacities of order 2 could be employed. However, Abel-
lan [2] showed that, due to the special structure of IDM probability intervals,
the minimum entropy with the IDM can be obtained in a straight way through
the following result:

Theorem 3.4.1 Let (n(x1),n(x2),...,n(xt)) be the array of observed frequencies in
the sample. Let (nj,m3, ..., n{) denote the array of observed frequencies decreasingly
ordered. Let p = (p(x1),p(x2),...,p(x¢)) e the probability distribution of mini-
mum entropy with the IDM and p* = (E Y P ,EI) the same array decreasingly
ordered. Such a probability distribution is determined as follows:

= nyj+s nj ny
N+s'N+s" """N+s/°
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The computation of the Hartley measure with the IDM is immediate, as the
following result shows [2]:

Theorem 3.4.2 Let P (Jipm) be the IDM credal set associated with the sample, de-
termined by means of Equation (2.63). The Hartley measure on such a credal set is
obtained in the following way:

GH (P (1om)) = 5 loga (1)

Maximum entropy on the NPI-M  As said in Section 2.3.2, the set of prob-
ability distributions compatible with the NPI-M is not convex. Thereby, the
NPI-M is not representable via a credal set. In order to compute the maximum
entropy with the NPI-M, it is necessary to manage with difficult constraints
imposed by the probability wheel representation of the data employed in the
NPI-M. The procedure to obtain the maximum entropy with the NPI-M was
presented in [5]. As the mentioned procedure is notably complex, we do not
detail it here.

In contrast, the approximate model A-NPI-M is representable by a reach-
able set of probability intervals. In consequence, for obtaining the maximum
entropy with the A-NPI-M, Algorithm 3 can be utilized. Based on that algo-
rithm, a more efficient procedure to compute the probability distribution of
maximum entropy with the A-NPI-M was proposed in [5].

Suppose that there is a sample of N independent and identically distributed
outcomes of X. Let n(x;) denote the number of observations in the sample for
which X =x%;, Vi=1,2,...,t. Let tynobs be number of unobserved values
of X in the sample. Let t; denote the number of values of X observed once
and t’ the number of values observed at least twice. We shall denote T(i) the
number of values of X observed i times:

TH) = ‘{xj In(xj) =1, 1<j< t}‘ (3.30)

Algorithm 4 [5] shows the procedure to obtain the probability distribution that
attains the maximum entropy with the A-NPI-M.
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Algorithm 4: Procedure to compute the probability distribution of max-
imum entropy with the A-NPI-M.

Procedure Determine probability distribution of maximum entropy
with the A-NPI-M(Observed frequencies in the sample
(n(x1),n(x2),...,n(xt)))
if t’ < tunobs then
forj=1totdo

if n(x;) <1 then

AA—NPI—-M, . t/+1t
t p (XJ) = N(tunostrtl)

else
AA_NPI— =1
tpA NPI M(Xj) - n(x]J\j)

else
forj=1totdo
if n(x;) <1 then
L f)AfNPlfM(Xj) - %

else
~A—NPI-M
P

(Xj) — N
11

mass < t' — tunobs

while mass > 0 do

if TL)+T(i+1) < mass then
forj=1totdo

L ﬁAfNPlfM(Xj) eﬁA’NPI’M(xj) .

N
mass < mass — 1

else
forj=1totdo

~A—NPI-M ~A—NPI-M
t P (xj) P (%) + NEFO T
L mass < 0
L i+1+1
. A—NPI-M

return p




4 TRADITIONAL CLASSIFICATION

41 Introduction

Nowadays, in many domains, it is needed to deal with large amounts of
data to make decisions. For this reason, Data Science [44] is essential. It is
an interdisciplinary field that involves methods, processes, and systems from
extracting knowledge for data and understanding better them.

Within Data Science, classification [107] is considered as an essential area. It
consists of learning a model that , for a given instance described via a set of
attributes or predictive features, predicts the value of a variable under study,
also called the class variable. Classification has been widely employed in many
domains. For example, in medicine, it is commonly used to predict whether a
patient has a disease from a set of attributes of that patient; in credit scoring,
it makes much sense to predict whether a loan should be given to a client
from a set of features of that client; in marketing, given a set of attributes of
a customer, classification is usually employed for predicting a preference of
such a customer.

Many approaches to classification have been developed so far. Among
such approaches, we can mention Decision Trees [177], Nearest Neighbors [232],
Bayesian Networks [172], or Artificial Neural Networks (ANN) [229]. One of the
most simple classification methods is the Naive Bayes algorithm [85], which as-
sumes that all predictive attributes are independent given the class variable.
Despite this unrealistic assumption, Naive Bayes has achieved good results in
practice, often comparable with more sophisticated classification algorithms,
especially when the predictive attributes are not highly correlated [82, 93, 133].
Also, Decision Trees are known to be very simple, efficient, transparent, and
interpretable models. Moreover, ensembles of classifiers, which consider many
individual classifiers and combine their predictions to give a final one, often
perform better than single classifiers even though the computational complex-
ity of ensemble methods is much higher. In this thesis work, we consider
Nearest Neighbors, Naive Bayes, Decision Trees, and ensemble algorithms.

The mentioned classification algorithms often use a mathematical model to
represent the uncertainty-based information about the class variable involved
in a classification dataset. Most of the classification algorithms proposed so
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far employ classical probability theory for this purpose. Decision Trees based
on imprecise probabilities were proposed few years ago, which are known
as Credal Decision Trees (CDTs) [1]. CDTs have obtained better results than
Decision Trees that use precise probabilities, the improvement being more
notable as there is more class noise' in the data [148-150].

Classifiers usually aim to minimize the number of instances incorrectly clas-
sified. This issue would be optimal if all classification errors had the same
importance. Nevertheless, in practical applications, classification errors often
have different costs. For example, in medical diagnosis, the cost of incorrectly
predicting that a patient does not have a serious disease may be much higher
than the cost of erroneously predicting that the patient is ill [140, 171, 183];
in credit fraud detection, predicting that a credit card is legal when it is fraud-
ulent is likely to cause far higher economical losses for banks and financial
institutions than predicting a normal credit card as fraudulent [24, 166, 182];
in software defect prediction, the cost of non-defective modules predicted as de-
fective is probably far lower than the cost of defective modules predicted as
non-defective [26, 142, 191]. For this reason, classifiers that take the costs of
errors into account, called cost-sensitive classifiers, have been developed [89].

This chapter is organised as follows: Section 4.2 describes the classification
problem in detail. In Section 4.3, the Nearest-Neighbors algorithm is detailed.
The Naive Bayes algorithm is explained in Section 4.4. Classical Decision Trees
and Decision Trees based on imprecise probabilities are described in Sections
4.5 and 4.6, respectively. In Section 4.7, ensembles of classifiers are introduced.
The cost-sensitive classification problem is summarized in Section 4.8.

4.2 Classification paradigm

The classification task consists of learning a model which, for a given in-
stance described by means of a set of predictive attributes or features, predicts
the value of the class variable corresponding to such an instance.

Formally, the classification problem starts from the following issues:

o A set of d predictive attributes {X],XZ, . ..,Xd}. Let Dom(X!) denote
the domain of the X! attribute, Vi =1,2,...,d.

o A class variable C whose set of possible values is Q¢ = {c1,c2,...,ck},
with K > 2.

1 The term ‘noise” is used to indicate that there are errors in the data. In particular, ‘class noise’

corresponds to errors in the class value for some instances.
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The goal of classification is to learn a function
h : (Dom(X"),Dom(X?),...,Dom(X4)) — Qc that, for a given instance
whose attribute vector is x = (x11,x$2, . ..,xfd), where xiri € Dom(X}) Vi=
1,2,...,d, returns the predicted class value for that instance, namely h (x). The
learned model can also be determined by a real-valued function f : (D om(X'), Dom(X?),..
Q¢ — R which, for a given instance an a class value ¢; € Qc, returns the pre-
dicted posterior probability that the class value of the instance is c;.
For learning the classification model, a training set Dy, is usually employed,
where each instance in Dy, is described by a set of attribute values and has a
unique value of the class variable.

4.2.1 Evaluation of a classifier

To evaluate the performance of a classification algorithm described by means
of a model h : (Dom(X1 ), Dom(X?), .. .,Dom(Xd)) — C, a test set different
from the set utilized for training, Dest, is commonly used.

The most common evaluation measure in Classification is Accuracy. It con-
sists of the proportion of test instances correctly classified.

Formally, let Niest = |[Diest| be the number of test instances. Let xiij IS
Dom(X') denote the value of the ith attribute for the jth test instance, Vj =
1,2, Neest, 1 =1,2,...,d, x5 = (xl]j,xfzj,...,xfdj), and ¢ the class value

of the jth test instance, with ¢/ € {c1,¢2,...,¢cx}, Vj=1,2,...,Nest. Accu-
racy is determined as follows:

Ntest

Accuracy(h) = 1 [[h(x)) =], (4.1)

Ntest i1
)7

[[]] being an indicator function, which takes the value 1 if the condition is
satisfied and 0 otherwise.

We may note that this metric assumes that all classification errors have the
same importance. However, when the class variable is binary, i.e, it takes
values in {0, 1}, there are usually much more instances satisfying C = 0 than
instances for which C = 1 but the cost of incorrectly classifying instances be-
longing to the latter group tends to be higher than the cost of erroneously
classifying instances that belong to the former group. In these cases, the Ac-
curacy measure is not the best one and, instead, other evaluation metrics are
often utilized [95].

Assuming that C is binary, let TP(h) and TN(h) denote the number of test
instances correctly classified via h that satisfy C = 1 and C = 0, respectively.



Likewise, let FP and FN be the number of misclassified instances through h
for which C =1 and C = 0, respectively. The following evaluation measures
are commonly employed in binary classification:

Precision: It indicates, between the test instances for which C = 1 is
predicted, the proportion of them correctly classified:

TP(h)

PT‘eCiSion(h) = m .

(4.2)

Recall: It is the proportion of positive test instances correctly classified:

TP(h)

Recalllh) = ———————. .
ecall(h) TP(h) + FN(h) (4.3)
F1: It is the harmonic mean between Precision and Recall:
2 - Precision(h) - Recall(h)
Fi(h) = (4-4)

Precision(h) + Recall(h)

For binary classification problems where the number of positive instances
is much higher than the number of negative instances but the cost of missclas-
sifying positive instances is considerably higher than the cost of incorrectly
classifying negative instances, F1 is an appropriate evaluation metric as it mea-
sures a trade-off between recognizing positive instances and not predicting too
many instances as positive.

In the mentioned binary classification problems, the Receiver Operator
Characteristic (ROC) curve is also frequently employed to measure the per-
formance of a binary classifier. The ROC curve represents the TP rate against
the FP rate under different threshold values used in the real-valued function
f to separate instances classified as positive and negative. The Area Under
ROC curve (AUC) summarizes a ROC curve and is a useful evaluation met-
ric for unbalanced binary classification problems where false negatives have
worse consequences than false positives or vice-versa. Such an evaluation
metric measures the ability of a classifier to distinguish between positive from
negative instances.

4.2.1.1 Cross-validation

When it is wanted to validate the performance of a classifier in a dataset
through evaluation metrics, a cross-validation procedure is commonly used in
the literature for the results do not depend on the data utilized for training
and testing.



A cross-validation procedure divides the given dataset into a fixed number
of partitions, usually called the number of folds. For each partition, it does an
iteration in which the corresponding partition is used as the test set and the
rest of the data as the training set. In each iteration, the evaluation metrics are
extracted with the test set. Finally, for each metric, the average value across
all iterations is computed.

4.2.1.2 Sensitivity to noise

In order to test the sensitivity to noise* of a classifier, the Equalized Loss
Accuracy metric (ELA) [181] is suitable to be employed. Such a metric, for
given noise level in the data, measures how differ the accuracy a classifier
with that noise level from the total accuracy, normalizing by the accuracy of
the classifier without noise in the data.

Formally, let nois_lev be the level of noise in the data. Let h denote the
learned classification model and Accp(h) and Accnois tev the accuracy of the
classifier without noise and with nois_lev% of noise, respectively. For the
level noise nois_lev, ELA is defined as follows:

1— Accnois,lev
ACCO (h)

EI—Anois_lev(h) = (45)
This metric presents some advantages over other measures of sensitivity of
classifiers to noise. For more details, see [181].

4.2.1.3 Statistical comparisons between classification methods

To compare the performance of multiple classification methods on many
datasets according to any of the metrics described above, the recommenda-
tions given by Demsar [75] tend to be used. Such recommendations can be
summarized in the following way:

When there are only two algorithms to compare, the Wilcoxon test [216]
should be used. It is a non-parametric test that ranks the absolute val-
ues of the differences in the performance of the algorithms across all
datasets. Then, it computes the sum of the ranks of the positive and neg-
ative differences. The null hypothesis of this test is that both algorithms
perform equivalently.

Formally, let val! and val? be, respectively the values obtained by the
first and the second classifier in the ith dataset, Vi = 1,2,...,n_dat,

2 Here, we only consider class noise.
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n_dat being the number of datasets used in the statistical comparison.
Let d; be the normalized difference between the values obtained by both
algorithms in the ith dataset:

1 2
_ valy —valj

di = , Vi=1,2,...,n_dat.

valg
Let rank(d;) denote the rank of the absolute value of d;,
Vi=1,2,...,n_dat. The Wilcoxon test is based on the following statistic:

n_dat
W = Z sign(vall—valiz)rank(di),
i=1

where, Vi=1,2,...,n_dat:

1 if valg > vali2
sign(vall —val?) ={ —1 if vall <val?
0 otherwise

According to the Wilcoxon test, W has a distribution of mean 0 and

variance “—dat(“—dat? )2n_dat+1)

For comparing the results obtained by three or more algorithms, it is
recommended to employ the Friedman test [92]. Such a test is non-
parametric and separately ranks the algorithms for each dataset. Let
rank{ be the rank obtained by the jth algorithm for the ith dataset,
vi=1,2,...,n_dat, j=1,2,...,n_alg, n_alg being the number of al-
gorithms to compare. Let Rank(j) denote the sum of the ranks obtained
by the jth algorithm across all datasets:

n_dat

Rank(j) = Z rank{, Vi=1,2,...,n_alg.
i=1

The Friedman test is based on the following statistic:

)2

12n_dat X ) n_alg (n_alg +1
2 _ 2_
XF= n_alg (n_alg+1) Z Rank(j) 4

X% has a chi square distribution with n_alg - 1 degrees of freedom. The
null hypothesis of the Friedman test is that all algorithms perform equiv-
alently.

When the null hypothesis of the Friedman test is rejected, the following
tests are commonly used for comparing the algorithms pairwise.



— Nemenyi test [167]: According to this test, there are statistically
significant differences between two algorithms if, and only if, the
difference between their average Friedman ranks is lower than the
following critical distance:

cD — qa\/n_alg (n_alg + 1)’ (4.6)

6n_dat

where q« is a critical value based on the Studentized ranged di-
vided by V2. The level of significance considered for the critical
distance is equal to the original level of significance, «, divided by
the number of pairwise comparisons, n_comp = %,

that is &

/n_comp”

— Holm test [115]: This test decreasingly orders the differences be-
tween the Friedman ranks between pairs of algorithms. As the Ne-
menyi test, the Holm test is also based on critical distances between
pair of algorithms, computed via Equation (4.6). However, while
the Nemenyi test uses the same level of significance for all pairs
of algorithms, the Holm test carries out the following iterative pro-
cedure: The level of significance considered for the critical distance
between the algorithms that have the highest difference of Friedman

ranks is equal to . If the difference of the Friedman ranks
is lower than such a critical distance, then all pairs of algorithms
perform equivalently. Otherwise, there are statistically significant
differences between that pair of algorithms, and the critical distance
for the algorithms with the second-highest difference of Friedman
ranks is computed with a level of significance of {—-{——. If the
difference is lower than the critical distance, then there are no sta-
tistically significant differences between these two algorithms. Oth-
erwise, the algorithm with the lower Friedman rank significantly
outperforms the other one, and the process is iteratively repeated
until a pair of algorithms that perform equivalently is found, or all
pairs of algorithms are checked.

In order to represent the results of the Friedman and Nemenyi (Holm)
tests, critical diagrams [75] tend to be used. A critical diagram utilizes
an enumerated axis for drawing the average Friedman ranks of the clas-
sifiers. The algorithms are arranged so that the ones with the highest
rank are placed at the right-most side. Segments are used to connect
the algorithms for which there are no statistically significant differences
according to the Nemenyi (Holm) test.
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Moreover, the Paired t-test is sometimes used for comparing the perfor-
mance of two algorithms over a cross-validation procedure repeated several
times over a single dataset. The null hypothesis of this test is that the differ-
ence between the means values obtained by both algorithms is equal to 0.

Formally, let n_tests be the number of test sets obtained in a cross-validation
procedure repeated several times on a dataset. Let val! and val? denote, re-
spectively, the results obtained by the first and second algorithm in the ith
test set. Let diff; be the difference between the results obtained by the first
and second algorithm in the ith dataset, that is, diff; = valz —valiz, Vi =
1,2,...,n_tests. Let avg(diff) and sigma(diff) be, respectively, the mean and
standard deviation of such differences. The following t-statistic is considered
in the Paired t-test:

.y avg(diff)
t_statistic = ———————.
sigma(diff)

According to the Paired t-test, t_statistic is distributed with a Student dis-
tribution with n_tests — 1 degrees of freedom.

4.3 Nearest-Neighbors algorithm

The Nearest Nearest Neighbors algorithm (NN) [64] is a lazy approach to
classification in the sense that it does not carry out a training phase.

Suppose that it is required to classify an instance whose attribute vector is
X = (xlwxfz,...,xfd), where xiri € Dom(X!) Vi=1,2,...,d. NN computes
the nun_neighbors-nearest neighbors of the instance by using a distance func-
tion on the attribute space. For each class value c; € Q¢, let X;(x) denote the
number of neighbors of x (among the num_neighbors-nearest ones) whose
class value is cj. NN predicts for x the class value with the highest number of

neighboring instances associated with it, that is,

hN(x) = arg_max;e(1 2, 11K (x). (4.7)

4.4 Naive Bayes

Hereon, we suppose that the domain of each attribute X' attribute is a finite
set, namely Dom(X!) = {x},xiz, . ..,x}[i} , Yi=1,2,...,d.
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The Naive Bayes algorithm (NB) [85] is based on the naive assumption [85],
which states that all attributes are independent given the class variable. This
means that, Vj =1,2,...,K, mn=1,2,...,t, i=12,...,d

d
=x2,,.... X0=xd [ C=¢;) =[[PX*=xi [ C=¢j). (4.8)

i=1

Suppose that it is required to classify an instance for which X' = x{ , with
ri € {1,2,...,ti} Vi=12,...,d The NB model predicts the class value
ck € Qc that verifies:

Cx = argjzllnzax KP(C =¢j | X' = xr],X2 = xfz,...,Xd = xfd). (4-9)

Bayes theorem leads to:

PIC €y 1X7 =], X% oo X0 x| =

1 2 2
P(C=c;, X' =x],X* =xF,..., X4 =xd)
PXT=x!,X2=xZ,...,Xqa =x8)

T/

P(C:cj)P(X1—xT,X2—x$,.. Xd—xd | C=c¢j) .
1 11 2 22 a , Vj=1,2,...,K
P(X =Xy, X —xrz,...,Xd:de)
In this way, we may deduce that
arg.:%gi,KP(c =c | X' =x], X2 =x5,..., X4 =x8) =
arg] %ax P(C:cj)P(X1 T],Xz Tz, ..,Xd:xfdlC:cj):
d
P(C=c;)| [P(X' =% | C=¢;
arg_max  P(C C’)H (X' =x;, 1 C=¢y),

where the last equality is a consequence of the naive assumption (Equation

(4.8)).
In addition, due to Bayes theorem, it holds that:

o P(Xt=xi,C=c¢;) P(C=cj|X =xL)P(Xt =xLi)
PXt=xi |C=¢;) = L 2 — : =
t ]) P(C:C]’) P(C:Cj)

Vi=1,2,...,d, j=12,...,K

Consequently, to classify an instance whose attribute vector is x =
(xl1,x%2,...,xfd), withry €{1,2,...,ti}, Vi=1,2,...,d, the NB algorithm
predicts the following class value:

d
P(C=c; | X' =
hNB(X):arg max || ]l o X)
C=gc;

cj e{cy,co,...,

(4.10)

i=1
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4.4.1 Estimation of the probabilities in Naive Bayes

The key issue of the NB algorithm is the estimation of the probabilities
P(C = ¢j) and the conditional probabilities P(C = cj | Xt = xii), Yj =
1,2,...,K, =1,2,...,t;, i =1,2,...,d. Let N¢, be the number of in-
stances in the tralnlng set Let ntr(c]) denote the number of training in-
stances that sat1sfy C = c], Ty (X1 ) the number of training instances for
which X! = x;,, and Ner (X ) the number of training instances that verify
XfrlACfc), Vrlf12 t, i=12,...,d4, j=1,2,...,K

The main approaches proposed so far to estimate the aforementioned prob-
abilities in NB can be summarized as follows:

¢ Classical estimations are determined through relative frequencies in the
training set:
5 ner(cg) o C (X} 5)
Paa(C=c¢j) = —, PaaC=c¢j| X' =x; )= —",
cla( ]) Ntr cla( j | Tl) ntr(xki)

vri=12,...,4, i=12,...,d j=12,...,K

The main problem of classical estimators arises when ntr(xii,j) = 0 for
some i € {1,2,...,d}. In this case, P¢14(C = cj | Xt = x}i) = 0, which
implies that Pc14(C = ¢j) ]_[{1:] Pcméccla:(céz;z)xm = 0. Thus, in this sit-
uation, the value of P.14(C = ¢ | Xt = xii) decisively influences the
probability value estimated for c; since such a value can be equal to
0 even though Pea(C = ¢; and Pea(C = cj | Xil ,) are pretty high

Vi’ €{1,2,...,d}\ {i}. Furthermore, when n,(x% .) is very small, the esti-
mation of P( =¢;j | X' = x}.) might be quite unstable vi=1,2,...,d

¢ Laplace law of succession [103] was introduced to solve the problem that
appears in classical estimators when the frequency of an attribute value
is equal to O or very small. It assumes an uniform prior distribution of
all class values. Given the training set, the Laplace’s estimations of the
aforementioned probabilities are determined in the following way:

-, P C=¢| X' =% )= ——5
Nir +K tap(C = ¢ n) = ntr( ri)+l<

VTi:]IZ,.--,ti/ i':112/"'/(1/ j:]/z""’K'

PLap(C— ])

In spite of alleviating the main drawback of classical estimators, Laplace’s
estimation also presents two shortcomings:
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i _ . PLap(C:C]'lxi:X}-i) _
1. If “tffxri) = 0 for some i € {1,2,...,d}, then Pros(C=c) =

KPran(C=C,)" Thereby, the estimation of the conditional probability

increases as ISLap (C = c¢j) decreases and vice-versa.
2. When ntr(xii/j) = 0 for some i € {1,2,...,d}, j €{1,2,...,K},
it holds that

ﬁLap}C:CilXi:Xh) = 1 . Hence, in
PLap(C=c;) (Ktnir(xt) ) Prap (C=c;)

this situation, the estimation of the conditional probability is in-

versely proportional to Py, (C = Cj). This can be considered as a

strange behavior due to the assumption of uniformity for the prior

distribution of the class values.

e m-probability estimation model: In order to correct the questionable
behavior of Laplace’s estimation in the above-mentioned situations, a
more appropriate and flexible set of prior probabilities was proposed in
[102]. According to it, after succ successes in N trials, the probability of
getting a success in the next trial is equal to:

. succ+a

P(succ,N) = NE (4.11)
where a > 0 and b > 0. We may note that Laplace’s estimation is a
particular case of Equation (4.11) where a = 1 and b = K—1. Cestnik
[47, 48] made the following choice of these parameters: a = mP(C = ¢;)
and b = m — a, m being a parameter of the model. This estimation is
called the m-probability estimation.

In this way, Cestnik [47] proposed the following estimation for the con-
ditional probabilities:

Mir (Xii,j) + m]SLap(C = Cj)

ijes(C =G | Xt = X}i) =

7

ntT‘(Xii)—i_m
Vri=1,2,..t, i=12...,d, j=12,...K

(4.12)

It can be observed that, for the estimation of the probabilities of the class
values, P(C =¢;) Vj=1,2,...,K, the NB model developed by Cestnik
[47] employs the Laplace’s law of succession. We may note that, in such a
model, the probability estimated for the class value without the attribute
values influences the estimation of the conditional probabilities.

As pointed out by Cestnik [47], the value of the m parameter should be
higher as there is more noise in the data.
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45 Classical Decision Trees

Decision Trees [176] are based on a recursive partition procedure which,
at each level, splits the training data according to the possible values of an
attribute. Such an attribute is selected via a criterion based on the uncertainty-
based information about the class variable at that level. In this way, in a
Decision Tree, each node corresponds to an attribute and has a branch for
each possible value of that attribute. When selecting an attribute to split at
a level does not provide more uncertainty-based information about the class
variable, or there are no more attributes to insert according to an established
criterion, a leaf or terminal node is obtained. A class value is assigned to such
a terminal node. Algorithm 5 summarizes the procedure to build a generic
Decision Tree. The representation of the data involved in a Decision Tree is
quite simple, transparent, and interpretable.

Algorithm 5: Generic procedure to build a Decision Tree.
Procedure Build_DT(Node N)
Let D be the dataset associated with N
if There are more attributes to insert then
Select X' the attribute that leads to the maximum gain of
information about the class variable on D according to a criterion.

for x\_possible value of X' do
L Make a node N, child of N

Build_DT(N,)

else
Make N a leaf node

| Assing a class value to N

When a Decision Tree built from a training set is very large, it tends to over-
fit the training data. For this reason, a post-pruning process is often utilized
to remove branches that do not contribute to the generalization accuracy [147].
Several experimental studies have highlighted that post-pruning methods im-
prove the performance of a Decision Tree, especially when there is noise in the
data. Examples can be found in [52, 159].

Hence, the building process of a Decision Tree is principally determined by
the following issues:

1. The criterion employed for selecting the attribute to split in each node,
also known as the split criterion.
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2. The conditions under which it is stopped branching the tree.
3. The criterion used to assign a class value to each terminal node.

4. The post-pruning process of the tree.

Among the previous points, the most important might be the split criterion.

Let D be the subset of the training set associated with a certain node. The
split criteria employed in classical Decision Trees are based on one of the two
following uncertainty measures of class variable on D:

¢ Gini index [39]: It measures the diversity of the class variable in D:

K
Gini?(C)=1— Z PP(C = cj)z, (4.13)
j=1

PP(C = ¢j) being the probability that C = ¢; in D, estimated via the
proportion of instances in D for which C =¢;, Vvj=1,2,...,K.

¢ Shannon entropy [189]:

K

$?(C)=—Y PP(C=cj)log, (PD(czcj)). (4.14)
j=1

Among the split criteria utilized in classical Decision Trees, the following
ones are remarkable:

¢ Gain Gini Index: It is the split criterion used in the CART algorithm
proposed by Breiman [39]. For each attribute X%, it is determined by?3:

ti
GGIP(C,XY) =Gini®(C)— ) PP (X' =xL)Gini”(C| X' =xi,),
ri=1
(4.15)
where PP(X? = x1) is the probability that X' = xi in D, estimated
through relative frequencies, and Gini®(C | X' = x% ) is the Gini index
of C on the subset of D composed of those instances for which X' =
Xi Vri:LZ,...,ti, i:1,2,...,d.

T/

3 Within this section, for presenting the split criteria, as in the previous section, we assume that
the domain of each attribute is finite, that is, Dom(X') = {x‘;,xi, .. .,x{i } , Vi=1,2,...,d
However, most Decision Trees can handle continuous attributes with particular methods.
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Info-Gain (IG): It was proposed by Quilan [176] for ID3, the first Deci-
sion Tree developed. For each attribute X', IG is defined as follows:

IGP(C,xY) =SP(C Z PP(X'=xI)SP(CIX=xt),  (4.16)

ri=1

SP(C|IXt = Xt ) being the Shannon entropy of C on the subset of D com-
posed of those instances for which Xt = x}i, vri = 1,2,...,%, 1=
1,2,...,d

Info-Gain Ratio (IGR): It was introduced by Quilan [177]. For each
attribute X', IGR is defined in the following way:

. 1G2(C, XH)
D iy ’
IGR?(C,X') = “Shix) (4.17)
where SP(X1) is the Shannon entropy of X' on D:
Z PP (X' =xL ) log, ( DXt = x;)) . (4.18)

ri=1

For classifying an instance with a Decision Tree, a path from the root node
to a leaf node is made by using the attribute values of that instance. Then, the
class value predicted for that instance is the one assigned to that terminal node.
The procedure to classify an instance with a Decision Tree is summarized in
Algorithm 6.

Algorithm 6: Procedure to classify an instance with a generic Decision
Tree.

Procedure Classify_DT(Tree T, instance with attribute vector

1 2 d

X = (X}, X5, X8 )
1. Follow a path in T from the root node to a leaf one £ using the

attribute values x; ,x;,,...,%

1 2 d
Ta®

2. Assign the predicted class value at £ to hPT(x).
return hPT(x)

4.5.1

C4.5 Decision Tree

The first Decision Tree algorithm was ID3, introduced by Quinlan [176].
ID3 uses IG as the split criterion. This split criterion facilitates the selection of



attributes with many possible values. It must also be remarked that ID3 does
not use any post-pruning process, which may lead to over-fitting. Moreover,
ID3 works with neither continuous attributes nor missing values.

In order to solve these shortcomings, Quinlan [177] presented the C4.5 algo-
rithm. This is probably the most-known classical Decision Tree. C4.5 is based
on the following points:

Split criterion: C4.5 uses IGR, unlike ID3, which employs IG. The lat-
ter split criterion boosts attributes with more possible values. However,
IGR normalizes IG by the entropy of the attribute. Thus, IGR penalizes
attributes with many possible values. For this reason, it can be stated
that the split criterion of C4.5 is more suitable than the one of ID3. C4.5
selects the attribute with the highest IGR value whenever that value is
higher than the average IGR value between the attributes that are nu-
meric or whose number of possible values is lower than 0.3 times the
number of instances in the corresponding branch.

Stop branching criterion: Cy4.5 stops branching the tree when there is
no attribute for which the IGR value is not equal to 0, or there are no
attributes that are numeric or whose number of possible values is lower
than 0.3 times the number of instances in the associated branch. Also,
the stop branching criterion of C4.5 considers that there is a minimum
number of instances per leaf, which is often set to 2. Consequently, C4.5
does not split the dataset via an attribute if there is a value such that the
number of instances going down the corresponding branch it is lower
than the established minimum.

Criterion for assigning class values to leaf nodes: At each leaf node,
Cy4.5 assigns the most frequent class value between the instances at that
terminal node. Formally, at a leaf node £, let nL(cj) denote the fre-
quency of ¢; at £, Vj=1,2,...,K. The class value assigned to that leaf
node is determined by:

ck | k =arg max nL(cj). (4.19)

ji=1,2,...,K

If there is a tie between two class values, namely c; and c;j, then the first
one of then is chosen, that is, c; if i < j and c; if j < i. Ties between three
or more class values are also broken by choosing the first one of them.

Numeric attributes: For a numeric attribute, C4.5 just considers binary
splits. It considers each split point, and chooses the one that gives rise
to the maximum IGR value.

93



94

Missing values: In order to deal with missing values, C4.5 considers
instance weights. The initial weight of an instance is always equal to 1.
When the value of the attribute corresponding to a node is missing for
an instance, that instance goes down each branch with a weight equal
to the proportion of instances at the branch. In these cases, it is neces-
sary to adapt the IGR split criterion (Equation (4.17)) for working with
proportions of weights rather than proportions of instances.

Post-pruning process: C4.5 employs a technique known as Pessimistic
Error Pruning. It computes, for a given sub-tree, an upper bound of the
estimated error rate by means of a continuous correction of the Binomial
distribution. The sub-tree hanging from a certain node is pruned if its
upper bound is higher than the upper bound of the errors produced by
the estimations of that node supposing that it acts as a terminal node.

4.6 Decision Trees based on imprecise probabilities

Credal Decision Tree (CDT) was introduced by Abellan and Moral [1]. The
main difference between classical Decision Trees and CDT resides in the split
criterion; while classical Decision Trees use classical probability theory, CDT
employs imprecise probabilities.

Specifically, CDT uses the IDM to represent the information about the class
variable from data at each node. Let D be the partition of the training set
corresponding to a certain node and N? the total number of instances in
D, i.e, NP = |D|. For eachj =1,2,...,K, let ng(cj) denote the number of
instances in D that satisfty C = ¢;. CDT considers the IDM credal set on C
corresponding to D, determined via Equation (2.63):

D D
D _ n-(c;) n7(cy) +s .
mem(C)—{pe?(C)lp(cj)e NP s NDos |7 V=12 K

(4.20)
s being the IDM parameter and P(C) the set of all probability distributions on

C.
Uncertainty measures can be applied on the credal set P1};,,(C). The pro-
cedure to build a CDT considers the maximum entropy on ??DM(C ):

S (PTom(C)) = max  S(p), (4.21)
PEPTHM(C)

where S(p) is the Shannon entropy of the probability distribution p, deter-
mined by means of Equation (3.2).
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As argued in Section 3.4, the maximum entropy is the well-established un-
certainty measure on credal sets because it satisfies the required properties.

The split criterion employed in CDT is based on the Imprecise Information
Gain (IIG) [1]. For each attribute X', the IIG value on D is computed as follows:

ty
HG”(C,XY) = S*(Pipm(C) = D PP ()" (Piom(CIX =x3)),  (4:22)

Ti:]

where S*(fP}DDM(C | X = Xin)) is the maximum entropy on the IDM credal set
on C on the subset of D composed of those instances for which X' = x}. and
p? is the probability distribution that attains the maximum entropy on the
IDM credal set on X! corresponding to D, TI@DM(Xi), Vi =1,2,...,11, 1=
1,2,...,d.

We may note that IIG differs from IG in that the latter criterion is based
on the Shannon entropy on C while the former is based on the maximum en-
tropy on the IDM credal set on C. Therefore, IIG uses the same idea as IG of
measuring the gain in uncertainty-based information about the class variable.
Nonetheless, whereas IG quantifies such information through precise proba-
bilities, IIG employs the maximum entropy on credal sets for this purpose.
It should be noted that, unlike IG, the value of IIG for an attribute can be
negative [148].

4.6.1 IDM parameter in Credal Decision Trees

As commented in Section 2.3.1, Walley [209] recommends two values for
the s parameter: s = 1 and s = 2. In addition, the procedure to compute
S*(T'IDD m (C)) reaches its lowest computational cost when s = 1. Indeed, in
Section 3.4.0.1, we have shown the procedure to obtain the probability distri-
bution of maximum entropy on CP?DM(C ) for such a value. For these reasons,
the value s = 1 is usually employed to build a CDT.

In Section 2.3.1, we have pointed out that IDM probability intervals are
wider as the s value is higher. Thereby, in CDTs, the s value indicates the esti-
mated imprecision degree in a certain node. Mantas, Abellan, and Castellano
[150] showed both theoretically and experimentally that the s value should
be higher as the level of class noise in the data is higher. It is because the
over-fitting in a CDT decreases as the s value increases and vice-versa. In fact,
each dataset has associated with it an optimal value of the IDM parameter in
classification [18].

The original CDT method proposed by Abellan and Moral [1] uses the IDM
for the split criterion. An experimental study carried out in [6] showed that
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the NPI-M and the A-NPI-M obtain statistically equivalent results to the IDM
with the best choice of the s parameter when these models are used in CDTs
for representing the uncertainty-based information about the class variable.

4.6.2 Credal C4.5

Within CDTs, a new version of the well-known C4.5 algorithm was proposed
by Mantas and Abelldn [149]. Such a version is called Credal C4.5 (CC4.5). The
main difference between C4.5 and CC4.5 is that the former method quantifies
the uncertainty-based information about the class variable via classical proba-
bility theory, while the latter uses the IDM for quantifying such information.

The basis of the split criterion of CCy.5 is IIG, defined in Equation (4.22).
Similarly to C4.5, the split criterion of CC4.5 normalizes the IIG measure by
dividing by the uncertainty-based information about the attribute. Hence, as
C4.5, CC4.5 penalizes attributes with many values. For each attribute X', the
split criterion of CC4.5, called Imprecise Information Gain Ratio (IIGR), is defined

as follows:
4 IGRP(C, X1
IIGR?(C, X = ., (4-23)
$* (Pibm(XY)

where P11, (X!) is the IDM credal set on X! associated with D and
$* (PTHm(XY)) is the maximum entropy on P\ (XY), Vi=1,2,...,d
In this way, the main points of CC4.5 can be summarized as follows:

Split criterion: At each node, CCy4.5 selects the attribute the highest
IIGR value whenever such a value is higher than the average IIGR value
between the valid split attributes. As in C4.5, these valid split attributes
are those whose number of possible values is lower than 0.3 times the
number of instances in that branch or are numeric.

Stop branching criterion: Similarly to C4.5, CC4.5 stops branching the
tree when there is no attribute for which the IIGR value is positive, or
there are no attributes that are numeric or whose number of possible val-
ues is lower than 0.3 times the number of instances in the corresponding
branch. The stop branching criterion of CC4.5 also uses the criterion of
minimum instances per leaf of C4.5.

Criterion for assigning class values to leaf nodes: At each leaf node,
as C4.5, CC4.5 assigns the most frequent class value in the subset of the
training set corresponding to that terminal node (See Equation (4.19)).



Numeric attributes: CCy4.5 and C4.5 handle continuous attributes sim-
ilarly. The only difference is that CC4.5 uses IIGR while C4.5 employs
IGR.

Missing values: The procedure of dealing with missing values of CC4.5
is similar to the one of C4.5. Again, the only difference is the use of IIGR
by CC4.5 versus the use of IGR by C4.5.

Post-pruning process: C4.5 and CC4.5 use the same post-pruning tech-
nique: the Pessimistic Error Pruning.

4.6.3 Credal Decision Trees versus classical Decision Trees

The main differences between the behavior of classical Decision Trees and
CDTs can be summarized in the following points:

Size of the dataset: It should be noted that, when s = 0, IDM credal
sets only contain the probability distribution associated with relative
frequencies and, consequently, classical Decision Trees are identical to
CDTs. Nevertheless, when s > 0, IDM probability intervals are narrower
as the size of the dataset is larger. Thus, at the upper levels of the tree,
where there are often many instances, the values of IG and IIG might be
similar as the probability distribution corresponding to relative frequen-
cies is likely to be close to the one that attains the maximum entropy on
the IDM credal set. In contrast, at the lower levels of the tree, where the
number of instances tends to be small, the IDM credal set may contain
many probability distributions quite different from the one estimated
via relative frequencies and, therefore, the values of IG and IIG might
not be close. In consequence, classical Decision Trees and CDTs might
have a similar behavior at the upper levels of the tree but they probably
behave very differently at the lower levels [148].

Negative values of the split criterion: Unlike IG, the value of IIG can
be negative for a certain attribute [149]. For this reason, CDTs avoid
choosing attributes that worsen the uncertainty-based information about
the class variable. Therefore, CDTs may stop branching the tree before
classical Decision Trees and, thus, they probably over-fit less the data. It
does not mean that CDTs under-fit the data since they select an attribute
if it produces a gain of information about the class variable [149].

Robustness to noise: Mantas, Abellan, and Castellano [150] showed that
the maximum entropy on an IDM credal set is less sensitive to noise than
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the classical Shannon entropy. Hence, as the main difference between
classical Decision Trees and CDTs is the use of the mentioned measures,
it can be stated that the former models are more sensitive to noise than
the latter models. Indeed, experimental studies carried out in [148, 149]
revealed that CDTs perform better than classical Decision Trees, the im-
provement being more significant as there is more class noise in the data.

Classical Decision Trees also handle noisy data through pruning pro-
cesses. Indeed, such pruning processes can consider that the dataset
in a certain node is not very reliable by removing the hanging sub-tree.
Nevertheless, pruning processes can only deal with the noisy data by
removing the sub-tree, whereas CDTs may be capable of handling such
noisy data by adjusting the generated sub-tree in detail via uncertainty
measures on credal sets for the split criterion [149].

47 Ensembles of classifiers

In many areas of science, such as finances or medicine, it is very common
to take several opinions into account before making a decision. This idea has
also been applied in classification by means of ensembles. Ensemble schemes
learn multiple classifiers through individual classification algorithms. For clas-
sifying a new instance, predictions are made in the individual classifiers, and
such predictions are combined to give a final prediction for that instance. The
combination of the predictions tends to be made via a majority voting scheme.

The use of ensemble schemes might improve the results obtained by an indi-
vidual classifier. Indeed, ensembles are usually more accurate and robust than
individual classifiers [80]. For example, in credit scoring, the use of ensemble
schemes has obtained better results than the use of individual classifiers. In
consequence, if banks and financial institutions use ensembles instead of in-
dividual classifiers to make decisions about granting loans, then they might
obtain considerable benefits [8, 151, 210].

We show below the main ensemble schemes developed so far for classifica-
tion:

Bagging [37]: This method, for each individual classifier, considers a
bootstrap sample randomly drawn from the original training set with
replacement. The size of each sample is equal to the size of the original
training set. Hence, in each sample, some instances might appear more
than once, while other instances may not appear. A classification model
is learned from each one of these bootstrapped samples. Since the clas-



sifiers are built with different training sets, they are often different from
each other. When classifying a new instance, the predictions made by
the individual classifiers are combined via a majority vote.

Boosting [184]: It also considers a bootstrap sample for each individual
classifier. However, unlike Bagging, in Boosting, the re-sampling is di-
rected to obtain the most informative data for each consecutive learner.
When a new instance is required to be classified, the predictions of the
individual classifiers, weighted by their accuracy, are combined.

The most known Boosting method is Adaboost [91]. In such a method,
the successive samples are obtained by re-weighting the training in-
stances. Initially, the same weight is assigned to all instances. In each
iteration, these weights are adjusted depending on the classification er-
rors made by the individual classifier in such a way that instances erro-
neously classified are more likely to appear in the next sample.

Random Subspace [114]: This approach, for each individual classifier,
considers all training instances but only n_att features from the original
attribute space, where n_att is a fixed parameter of the algorithm. Em-
pirical studies have shown that a standard value of n_att that obtains
good results is equal to half of the total number of attributes. In order
to classify a new instance, the predictions are combined via the majority
vote.

DECORATE (Diverse Ensemble Creation by Oppositional Relabelling
of Artificial Training Examples) [153]: It generates an ensemble by learn-
ing a new classifier in each iteration. The first classifier is built with the
original training set. The remaining classifiers are built with an artifi-
cial training set resulting from the union of the original set and artificial
instances, obtained by probabilistically estimating the value of each at-
tribute from the data distribution [153]. The class values of the artificial
instances are selected in such a way that they maximally differ from the
current predictions to encourage diversity. For maintaining the training
accuracy, the classifier is added to the ensemble scheme if, and only if, its
incorporation does not decrease the performance of the ensemble. When
a new instance is required to be classified, the predictions made by the
classifiers of the ensemble are combined by means of a majority vote.

Rotation Forest [180]: This ensemble approach, for each individual clas-
sifier, separates the features into N non-overlapping subsets equally
sized and, as Bagging, randomly draws a bootstrap sample from the
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original training set with replacement. Then, a Principal Component
Analysis* is run separately in each subset of features, and a new set of
attributes is obtained to build the classifier. In order to classify a new
instance, a majority vote is carried out on the predictions made by the
individual classifiers.

Random Forest [38]: This algorithm learns multiple Decision Trees. For
each one of these trees, similarly to Bagging, Random Forest considers
a bootstrap sample randomly drawn from the original training set with
replacement. In each node of each tree of the ensemble, only n_att at-
tributes are considered candidates for splitting the data. For classifying
an instance, Random Forest combines the predictions made by the indi-
vidual Decision Trees through a majority vote.

We may observe that, in Bagging, Adaboost, Random Subspace, DECO-
RATE, and Rotation Forest, any classification algorithm can be employed to
build the individual classifiers. In contrast, Random Forest only works with
Decision Trees.

4.7.1 Diversity in ensembles

Breiman [37] argued that, for an ensemble to be successful, it is essential
that the individual classifiers are not only accurate but also diverse or unstable.
Actually, if the individual classifiers are very similar, then the performance of
an ensemble of them might not be significantly better than the performance
of any of these individual classifiers.

It is known that, in Decision Trees, small changes in the training set might
produce considerable variations in the learned model. Hence, Decision Trees
are very suitable for ensembles as they encourage diversity. In fact, in en-
semble schemes, Decision Trees often achieve better results than more com-
plex methods that perform better as individual classifiers [20, 151]. Also, we
must remark that CDTs have supposed an improvement over classical Deci-
sion Trees when they are utilized in ensembles [8, 20, 22, 23].

Other ways for increasing diversity in an ensemble of classifiers are:

Random choice of instances from the original training set with replace-
ments to build each classifier. Examples of ensemble methods that use
this procedure are Bagging, Random Forest, and Rotation forest. Some

Principal Component Analysis is a procedure to obtain, for a dataset, a set of non-correlated
attributes from the original attribute space of such a dataset. It is useful to reduce the dimen-
sionality of the original dataset.



areas of the instance space may not be studied by individual classifiers
because they are hidden by the more frequent instances. With the ran-
dom selection of instances for each individual classifier, some of these
classifiers can study these zones with less frequent instances and, thus,
exploit some interesting characteristics for improving the accuracy and
robustness of the ensemble method.

Random selection of features from the original attribute set for each clas-
sifier. Examples of ensemble schemes with this property are Random
Subspace and Random Forest. Some attributes might not be used by the
individual classifiers because they are hidden by other more important
attributes according to the criteria established by the algorithms. How-
ever, these hidden attributes can provide interesting information for the
ensemble. In this way, the random selection of attributes can give an
opportunity to the hidden attributes for providing their knowledge to
the ensemble method. Thereby, the mentioned procedure can improve
the performance of the ensemble.

48 Cost-sensitive classification

Standard classifiers aim to minimize the number of instances incorrectly
classified, which is optimal when all classification errors have the same impor-
tance. In contrast, cost-sensitive classifiers takes the missclassification costs
into account by attempting to minimize the total cost of instances incorrectly
classified.

There are three main approaches for cost-sensitive classification [89]:

Direct approach: It consists of directly considering the misclassification
costs when training a classifier. For example, in [141], a Decision Tree
whose split criterion directly takes the error costs into consideration was
proposed.

Preprocessing the training data: Cost-sensitive classification algorithms
within this approach transform the training set by considering the mis-
classification costs. A well-known example is the MetaCost algorithm
[81]. It is a wrapper method that uses an ensemble of classifiers with
bootstrapped samples of the original training set. Then, it re-assigns the
values of the class variable for the training instances so that the risk of
the predictions made by the ensemble for them is minimized. Finally, a
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standard classifier is learned using this preprocessed training set. An-
other example is the Decision Tree proposed in [199], which considers
weights for the training instances depending on their error costs.

o Output adaptation: The cost-sensitive classification methods belonging
to this category utilize a standard classification algorithm for learning
the model and, to classify a new instance, adapt the output by taking the
error costs into account. An example of this approach is the adaptation
of the Nearest Neighbors algorithm for cost-sensitive classification [108,

174].

In this work thesis, we only consider the Decision Tree that weights in-
stances using the error costs, which we expose in Section 4.8.1.

4.8.1 Weighted Decision Tree

Let M be the matrix of errors costs of dimension K x K, where the m;; value
indicates the cost of predicting, for an instance, the value c; when the real class
valueiscj, Vi, je€{l,2,...,K} Italways holds that mj; =0, Vi=1,2,...,K

For each class value cj, withj = 1,2, ..., K, Weighted Decision Tree (Weighted-
DT) [199] estimates the cost of incorrectly classifying an instance whose true
class value is c;. For this purpose, it employs the following conversion:

K
Cost(j) = Zmi]—, vi=1,2,...,K. (4-24)
i=1

Using these costs, Weighted-DT computes weights for the training instances
depending on their class values. Specifically, the weight of a training instance
whose real class value is c; is computed as follows:

Ntr

21(:1 ner(ci) X Cost(i)/

wj = Cost(j) x vi=1,2,...,K (4-25)

where Ny, is the total number of instances in the training set and n,(ci) is
the number of training instances for which C =¢;, Vi=1,2,...,K. We may
note that the sum of all instance weights is equal to Zf ~ 1 Wj X Nr(cj) = N

Let D be the subset of the training set corresponding to a certain node. Let
nﬁ(cj) denote the number of instances in D for which C = ¢; and WjD the
sum of weights of such instances:

WP =n®(¢;) xwj, Vi=1,2,...,K (4.26)
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Let WP be the total sum of weights in the node:
K
w? = Z n®(c)-) X Wj. (4-27)
j=1

Weighted-DT estimates the probability of each class value in the node as

follows:
D

D(C)) WJQ’ vi=1,2,...,K. (428)

In this way, for the estimation of the probability distribution of C on D, an
instance has more importance as the misclassification cost of its corresponding
class value is higher.

The basis of the split criterion of Weighted-DT is the Shannon entropy of
D.

P

P
K

SP(C) == p(cj)log,(p” (c;)). (4-29)
j=1
Remark that the Shannon entropy is the well-established uncertainty mea-
sure for probability distributions.
The split criterion of Weighted-DT is called Weighted Information Gain (WIG).
It is defined, for an attribute X* whose set of possible values is
{x%,x}, .. .,xiti}, as follows:

WIG(C, X') = Z PP (X' =xL)SP(C Xt =xi), (4.30)

ri=1

where SP(C | X! = x{.) is the Shannon entropy on C on the partition of
D composed of those instances for which X' = x!, computed similarly to
SP(C), and PP (X! = xii) is the probability that X' = x}i on D, estimated via
proportion of weights, Vri =1,2,...,t;, i=12,...,d.

For classifying an instance at a leaf node, Weighted-DT predicts the class
value with the highest sum of weights. Formally, let n“ (c;) denote the number
of instances at a leaf node £ for which C =¢;, Vj=1,2,...,K. Weighted-DT
predicts at £ the class value cy that satisfies:

— Lic. .
k= argj:%a’l.)'(w](n (c5) x wj. (4.31)

Consequently, at each terminal node, the instances whose class value has a
higher misclassification cost have more importance.
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5 IMPRECISE CLASSIFICATION

5.1 Introduction

In order to classify an instance, classifiers often predict a single value of the
class variable. Nevertheless, in many cases, there is not enough information
available for classifiers to point out a unique class value. In these cases, it
makes more sense that classifiers predict a set of class values. This type of
prediction is called imprecise prediction, and classifiers that make imprecise
predictions are called imprecise classifiers [227].

When an imprecise classifier is employed, a set of values of the class variable
may be obtained, known as the non-dominated states set. It is composed of those
class values that are not “defeated" by another one according to an established
criterion, usually called the dominance criterion. Several dominance criteria
have been proposed so far for Imprecise Classification. A comparative study
of them can be found in [17].

An evaluation metric for an imprecise classifier has to consider whether
the predictions are correct, i.e, whether the real class values belong to the
non-dominated states sets and how informative the predictions are, which is
measured by the cardinalities of the predicted sets of class values. If an impre-
cise classifier also takes the error costs into account, then an evaluation metric
must consider the costs of instances incorrectly classified and the number of
predicted class values (how informative the predictions are).

Few Imprecise Classification methods have been developed so far. All of
them use imprecise probability models because imprecise probabilities are
more appropriate than classical probability theory for Imprecise Classification
algorithms [10]. The first Imprecise Classification method was the Naive Credal
Classifier (NCC) [62, 227]. It combines the IDM with the naive assumption
to make imprecise predictions. Afterwards, Abelldan and Masegosa [10] pro-
posed the first Imprecise Classification algorithm based on Decision Trees. It
uses the same tree-building process as the Credal Decision Tree algorithm and
utilizes a dominance criterion at leaf nodes for making imprecise predictions.
The mentioned algorithms were also adapted for considering error costs by
Abelldn and Masegosa [10].
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The remainder of this chapter is structured as follows: Section 5.2 explains
the Imprecise Classification paradigm. The main evaluation metrics proposed
so far for Imprecise Classification are exposed in Section 5.3. In Section 5.4,
we describe the main dominance criteria proposed so far for Imprecise Classi-
fication. Section 5.5 details the Naive Credal Classifier. The Imprecise Classifi-
cation algorithm based on Decision Trees is described in Section 5.6.

5.2 Imprecise Classification problem

As traditional classification, the Imprecise Classification task starts from the
following issues:

o A set of d predictive attributes {X‘,XZ, . ..,Xd}. Let Dom(X!) denote
the domain of the X! attribute, Vi=1,2,...,d.

o A class variable C, whose set of possible values is Q¢ ={c1,c2,...,cx}
Let 22¢ denote the power set of Qc.

Imprecise Classification aims to learn a model
h : (Dom(X'),Dom(X?),...,Dom(X%)) — 29¢ which, for a new instance

whose attribute vector is x = (x},,x%,,...,x% ), where xt_ € Dom(X") Vi =
1,2,...,d, returns the predicted non-dominated states set for that instance,
namely h(x).

Similarly to traditional classification, for learning the Imprecise Classifica-
tion model h, a training set Dirqin is often utilized, where each instance is
described via a set of attribute values and has a unique value of the class
variable.

Within this section, we assume that each attribute X' takes values in a finite
set, that is, Dom(X') = {x},x3,...,x{.}, Vvi=12,...,d

5.3 Evaluation metrics for Imprecise Classification

In order to evaluate the performance of an imprecise classifier described by
a function h : (Dom(X'),Dom(X?),..., Dom(X%)) — ZQC a test set Dyest
is frequently used, as in traditional class1f1cat10n Let xi. , denote the value
of the ith attribute for the jth test instance, where 1y E {] 2,4 x5 =

(xl”,xfzj, e, xfdj), and ¢J € Q¢ the class value of the jth test instance, Vi =

1,2,...,(1, j:],Z,...,Ntest.
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As commented before, an evaluation metric for an imprecise classifier must
take into account two issues: Accuracy (whether the real class value belongs
to the non-dominated states set) and informativeness (number of predicted
class values).

The following two metrics, proposed by Corani and Zaffalon [62], are useful
to evaluate how informative the predictions are:

o Determinacy: The proportion of test instances for which a single class
value is predicted:

Determinacy(h) =

[[[nG)| =1]]. (5.1)

¢ Indeterminacy size: The average number of predicted class values be-
tween the test instances with two or more non-dominated states:

] Ntest

h(x))
i=1,Ih(x)|>1

Indeterminacy_size(h) = , (5.2)

impr

where Nimpr = [{j €{1,2,..., Niest} : |h(x5)]| > 1}].

Regarding correct predictions, Corani and Zaffalon [62] introduced the fol-
lowing evaluation measures:

o Single Accuracy: The accuracy between the test instances precisely clas-

sified:
-] Ntest X
Single_Accuracy(h) = N Z [[hx) ={I}]],  (53)
PTEE 51 Jh(x)|=1

where Npree = [{j €{1,2,..., Ntest} : |h(x)| =1}

o Set Accuracy: It indicates, between the test instances indeterminately
classified, the proportion of them for which the real class value belongs
to the predicted non-dominated states set:

N
] test

impr

([0 entg)]].  (5.4)
j=1,|h(x)|>1

Set_Accuracy(h) =
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For evaluating the whole performance of an imprecise classifier, that is, its
trade-off between Accuracy and informative predictions, Corani and Zaffalon
[62] proposed the Discounted Accuracy metric (DACC). It is defined in the fol-
lowing way:

1N [[J entg)]]

DACC(h) = )|
j

(5-5)

test j=1

We may note that DACC is an accuracy measure that penalizes the right
predictions by dividing by the number of predicted class values. It reaches
its maximum value, which is equal to 1, when all predictions are correct and
precise. The minimum value of DACC, 0, is attained when all predictions are
incorrect. If an imprecise classifier always predicts all class values, then the
DACC value is equal to . This might be a drawback of the DACC measure
since, in this situation, the classifier is not informative.

5.3.1 Evaluating cost-sensitive imprecise classifiers

The DACC measure does not penalize errors in a strict sense as it does not
add any negative value when an instance is misclassified; it is only an accuracy
measure. Thereby, DACC is not sufficient for checking the performance of an
imprecise classifier when different classification errors yield different costs.

In order to solve this issue, Abelldn and Masegosa [10] proposed a new
evaluation metric called the Measure for Imprecise Classifiers (MIC). Such an
evaluation metric considers two points:

If the prediction made for the jth test instance is correct, then a positive
value has to be added, which must be inversely proportional to the num-
ber of predicted non-dominated states. Hence, in this case, MIC adds

the value —log, ('ht")).

When the real class value of the jth test instance does not belong to the
non-dominated states set predicted for such an instance, the maximum
cost of predicting a class value belonging to the non-dominated states
set is considered. As pointed out in [10], it makes sense to take the
maximum cost because, in practical applications, an user sometimes has
to choose a class value among the predicted ones. In this way, when
the prediction made for the jth test instance is not correct, MIC adds the
negative value —ajlog;(K), where:

e c ,cj , .6
o Ckrggéi)m( k') (5.6)
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m(cy, ) being the cost of predicting the cy value when the real class
valueisc), Vvk=1,2,...,K, j=1,2,..., Neest.

Then, MIC is defined in the following way:

Nitest }h(x])‘ 1 Niest
MIC(h)= )  —log, ol e > wlog, K. (57)
(xj)

j=1,cieh j=1,cigh(x)

We may observe that the maximum value of MIC, which is equal to log, (K),
is attained when all test instances are correctly and precisely classified. In

addition, if |h(x]~)‘ = K, then log, ('hg"”) = 0. Thus, when an imprecise

classifier always predicts all class values, the MIC value is equal to 0. It makes
sense as, in such a situation, the classifier is not informative.

MIC is also useful when all classification errors have the same cost (1) [10].
In this case, MIC is determined in the following way:

o/1 Niest ‘h(X])‘ 1 Ntest
MICT(h)=— >  —log, | Y log,K. (5.8)
j=1,cdeh(x) j=1,c0¢h(x)

As in traditional classification, a cross-validation procedure tends to be used
to estimate the performance of an imprecise classifier via the evaluation met-
rics explained above. Moreover, the same statistical tests are employed for
comparing the results obtained by two or more imprecise classifiers in the
cross-validation procedure.

5.4 Dominance criteria in Imprecise Classification

For classifying an instance, an Imprecise Classification algorithm needs to
select one or more alternatives among the possible values of the class variable.
In order to make such a decision, it must use the probabilistic knowledge
about the class variable for the instance to classify, which is usually deter-
mined by means of an imprecise probability model. Several works have been
carried out in the literature concerning decision-making with imprecise proba-
bilities [105, 162, 163, 200].

In classification, the decision-making process with imprecise probabilities
can be made by directly using the lower and upper probabilities of the class
values [17]. Suppose that the probabilistic knowledge about the class variable
C for a given instance is determined via a credal set on C, namely P¢. The
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first dominance criterion, called the stochastic dominance, was introduced by
Luce and Raiffa [143]. That criterion establishes that a class value dominates
another one if the lower probability of the former class value is greater than
the upper probability of the latter class value. Formally:

Definition 5.4.1 Let P (P<) and P (PC) denote, respectively, the coherent lower and
upper probability functions derived from PC, computed through Equation (2.15). It
is said that there is stochastic dominance of c;j on cy under P€ if

P(P) ({ej}) > P(PC) ewd), Wi ke{l,2,..., K}

It should be noted that stochastic dominance is a very strict dominance
criterion. Zaffalon [227] showed that it is possible that the probability of a
class value is always greater than the probability of another class value even
though the upper probability of the latter class value is greater than the lower
probability of the former. In these cases, it makes sense that the former class
value dominates the latter. For this reason, Zaffalon [227] defined the credal
dominance criterion, according to which a class value dominates another one if,
and only if, for all probability distribution on P€, the probability of the former
class value is greater than the probability of the latter. Formally:

Definition 5.4.2 It is said that there is credal dominance of c; on cy under P€ if
plcj) > plex) Vp e PC.

According to the results proved by Abellan [17], stochastic dominance al-
ways implies credal dominance, but the converse is not true. In consequence,
credal dominance is a more informative criterion than stochastic dominance.
However, the latter criterion is normally far softer to check than the former
and, thus, it is more practical [17].

5.4.1 Dominance criterion on reachable probability intervals

Let us assume now that probabilistic knowledge about C is represented by
a reachable set of probability intervals on C, namely
J(C) = {[lj,uj] , j= 1,2,...,K}. Let P (J(C)) denote the credal set asso-
ciated with J(C), computed by means of Equation (2.47). The following re-
sult, demonstrated by Abellan [17], highlights that, in this case, stochastic and
credal dominance are equivalent.

Proposition 5.4.1 For each {j, k} C {1,2,...,K}, it holds that l; > uy < p(cj) >
ple) ¥p € P(I(C)).
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Therefore, when the probabilistic knowledge about C is represented via
a reachable set of probability intervals on C, to obtain the cases of credal
dominance (the most informative dominance criterion), it is just necessary to
consider the bounds of the intervals for the class values.

5.4.2 Dominance criterion for cost-sensitive imprecise classifiers

So far, the only algorithms for cost-sensitive Imprecise Classification, intro-
duced by Abellan and Masegosa [10], compute the non-dominated states set
for an instance via a dominance criterion on the risk intervals on the class
values for that instance.

Let R = {[R(cj),R(¢;)], j=1,2,...,K} be the set of risk intervals on the
class variable for an instance. In the algorithms for cost-sensitive Imprecise
Classification proposed in [10], the stochastic dominance criterion is applied to
R for obtaining the non-dominated states set.

Definition 5.4.3 It is said that there is stochastic dominance of c; on cy under R if
R(¢j) <Rlex), Vjke{l,2,...,KL

We may note that this concept is quite intuitive and is based on the concept
of stochastic dominance for probability intervals. Since we are working on
risk intervals and not on credal sets, the credal dominance criterion does not
make sense here [10].

55 The Naive Credal Classifier

The basis of the Naive Credal Classifier (NCC) [62, 227] is the naive assump-
tion (given the class variable, all attributes are independent):

P(C=c;| X' =x],X2=x2,...,X4=x{) =

T
P(C=c¢;, X" =x] ,X? :xfz,...,Xd:xfdd) N
P(XT=x],X2=x%,..., Xd=xd)
P(C=¢;, X' =x],X*=x7,.... X4 =xd) =
P(C=c;)P (X! :xl],X2 :xfz,...,Xd Zde |IC=g¢j) = 5:9)
d

P(C:cj)HP(Xi:xii\C:cj),

m
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The proportionality relation indicated via the symbol ~ is because
P(C:cj,X]:xl],Xzzxfz,...,Xd:xfd) B
P(XT=x), X2=x2, o X=X, )

argmaxj—i2,.. K (
Ty
argmaxj—1 2,k (P(C=c¢j;, X' =x], X2 =x},..., X4 =x2)).
Let Pncc (C) be a credal set on the class variable C. Foreachi=1,2,...,d,
k=12...,K let Pnce (Xi | ck) be a credal set on the attribute X' condi-

tioned on C = cy.
Definition 5.5.1 [227] The aforementioned credal sets are called local credal sets.

The NCC algorithm considers, for each k =1, 2,...,K, the set of joint proba-
bility distributions Pncc (cx, X', X?, ..., X%) obtained from the naive assump-
tion and making every possible combination of probability distributions on
the local credal sets:

d
Pnec (e, XN X2 XY) = S pele) [ [pix
( ¢ E ' (5.10)

| pe € Pnee (C), pik € Pnce (Xl ex) )

Hence, in order to build the NCC, only the local credal sets are required.

Let N, be the number of training instances. Let ni;(c;) denote the num-
ber of training instances that satisfy C = c;, ntr(x}i) the number of train-
ing instances for which X' = x}, and n(x}, ¢;) the number of training in-
stances that verify C = c; AXt=r, Vji=12...,K, nn=12,...,t, i=
1,2,...,d.

For obtaining the local credal sets, the IDM is usually employed in the liter-
ature. We have the following set of IDM probability intervals on C:

Ner(ck) Nerlcr) +5
Ntr+5/ Nir +s

jIDM(C):{IIDM(Ck): |: , k:1,2,...,K}. (5.11)

In NCC, the local credal set on C is the credal set consistent with the inter-
vals given in Equation (5.11):

Pnee (C) ={p € P(C) | plcx) € Iipm(ck), Vk=1,2,...,K}, (5.12)

P(C) being the set of all probability distributions on C.
Likewise, for Pncc (Xi | ck), NCC considers the credal set associated with
the IDM probability intervals on X* conditioned on C = cy:

Pnee (Xt lex) ={p e PX! e [ p(xk [ek) € Iipmxh k), Vri=1,..., 4},
(5.13)
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N (x3,65) (X ¢5)+s
Nir(cy)+s” nir(cr)+s

and P(X' | cy) is the set of

where Iipm(xt | cx) =

all probability distributions on X! conditionedon C =cy, Vri=12,...,t
i=12,...,d, k=1,2,...,K
For obtaining the non-dominated states set for an instance such that X' =
}, with r; € {1,2,...,ti} Vi =1,2,...,d, NCC considers, for each class

value, the lower and upper probabilities on the set of joint probability distri-
butions determined by Equation (5.10).

We shall denote, foreachk =1,2,...,K, 1,=1,2,...,4, i=1,2,...,d

Cr) = min Cx), Plcyx) = max Cx),
plck) peTNCC(C)P( k), Plew) peTNCC(C)P( K)
plxy, lck) = min_ pi(xy, | cx), (5.14)

Pik€EPNce (Xt ck)

Pxt | cx) = max  pik(xk | cx).
T Pik€EPNcc (Xt ey) '

It is easy to deduce that, Vk =1,2,...,K:

d d
min . (cx) e (xE ] ex) plex) | ),
pce?NCC(C)’pikETNCC(XI‘Ck) {pc Epl Ti ];[
d , R
max . pelck) ik(xy [ ex) p =plex) | | Plxr, | ex)-
pce?NCC(C)’piKETNCC(X’*Ck]{ c Epl Ti p Ep

Since IDM probability intervals are always reachable, under this model, the
stochastic and credal dominance criteria are equivalent. In this way, under
NCC, ¢k dominates c; if, and only if,

d d
] Ip0d, Tew) > H rle), Vik=12,...K
i=1 i=1

Under the IDM:

(C ) — ntT‘(ck) —(C ) — ntT‘(Ck) + S

Pi%k Ner+s” PLck Ngr+s 7
, nee(xi,en) ner(xy, i) +8 (5.15)
Xt | ey) = —————, Xy | ck) = L

Pl o) ner(Ci) +s Pl e ner(Ck) + 5

Vk=1,2,..., K

13
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Consequently, in NCC, ¢, dominates c;j if, and only if:

i d
nir(ck) H ntr(Xh,Ck) Nir(cy) +s H Ny (X, ,c] +s
n

er(ck) +s 2 Nir+s ner(cj) +s

i=1

ntr(xn,cJ +s
/ ntr C] +s H ’
e ( cJ +s

l]’XZ Xd)

Therefore, given an instance whose attribute vector is x = (x],,x7,,..., X, ),
withr; €{1,2,...,ti} Vi=1,2,...,d, the non-dominated states set predicted

by NCC is determined in the following way:

d
ner(xt, i) +s
hNCC Cj n Cj +S ||T—]>

(5.16)

d

ntT‘ Ti Ck) o

Tltr Ck Hﬁ, Vk—1,2,,K}
i=1

5.5.1 Adaptation for cost-sensitive scenarios

NCC was also adapted for cost-sensitive classification by Abellan and
Masegosa [10]. Such an adaptation, called the cost-sensitive Naive Credal
Classifier (CS-NCC), to classify an instance, computes the lower and upper
probabilities as NCC and obtains a risk interval for each class value from
these lower and upper probabilities and the error costs. Finally, it applies
the stochastic dominance criterion on these risk intervals to obtain the non-
dominated states set for the instance to classify.

Formally, suppose that it is required to classify an instance for which X' =
Xi_l, withr; € {1,2,...,t} Vi=1,2,...,d. Let ENCC(C)') and ﬁNCC(C]’) de-
note, respectively, the lower and upper probabilities estimated by NCC for the
¢cj value:

il d
Pnecle) H | ¢j), Pnccley) H |c) (5.17)

where p(cj), p(c;), B(Xii | ¢j), and ﬁ(xii | ¢j) are computed through Equation
(5.15), Vj=12,...,K, i=1,2,...,d.

Let M be the matrix of error costs defined in Section 4.8.1. From the probabil-
ity intervals determined via Equation (5.17), CS-NCC computes a risk interval
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for each class value, where the lower (upper) risk is computed by considering
the costs of predicting that class value when the real class value is another one
and the lower (upper) probabilities of the remaining class values:

K K
Rneceley) = mjkPneclek),  Rnecele) = Z mjkPncc(ck),
k=1 k=11 (5.18)

Vi=1,2,...,K

CS-NCC determines the non-dominated states set for the instance via the
stochastic dominance criterion on the risk intervals given by Equation (5.18),
according to which a class value c; dominates another one cy if, only if,
ENCC(C)') < ENCC(Ck)/ Vj,k S {1,2,...,K}.

Thus, the non-dominated states set predicted by CS-NCC for an instance
with attribute vector x = (x],,x%,,...,x%), where vy € {1,2,...,t;} Vi =
1,2,...,d, is determined by:

hES-NEC(x) = {¢j | Ryeele) = Rucelex), Vi=1,2,...,K}, (5-19)

where Ry cc(cj) and Rnce (cj) are computed by means of Equation (5.18),
vi=1,2,...,K

5.6 Imprecise Credal Decision Tree

The Imprecise Credal Decision Tree method (ICDT), developed by Abellan
and Masegosa [10], is an adaptation of the CDT algorithm for Imprecise Clas-
sification. Both methods use the same tree-building process.

Hence, at each node, the attribute with the highest Imprecise Information
Gain value, computed by means of Equation (4.22), is selected.

CDT and ICDT differ in the procedure to classify instances at leaf nodes:
while CDT predicts the most frequent class value at a leaf node, ICDT com-
putes a probability interval for each possible value of the class variable and
then applies a dominance criterion on these intervals to obtain the
non-dominated states set. Formally, at a leaf node £, let n* (cj) denote the
number of instances in £ that satisfy C =¢;, Vj =1,2,...,K, and N~ the
total number of instances in £. ICDT considers the set of IDM probability
intervals on C on £:

nf(c) n*()+s] .
JILDM(C):{[NﬁjL]S, NL]+s , ]Z],Z,...,K}. (5.20)
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As argued in Section 5.4, the most informative dominance criterion is credal
dominance and, as IDM probability intervals are always reachable, under this
model, the stochastic and credal dominance criteria are equivalent. Thereby,
in ICDT, a class value c; dominates another one cy at £ if, and only if,

n*(c;) _ n%(ck)+s
N* +s N~* +s
In consequence, at the leaf node £, the non-dominated states set predicted
by ICDT is determined as follows:

@n‘(c)-) >n%(ck) +s, Vi, ke{1,2,...,K}.

ndstDT = {ck In®(c)+s > nL(cj), vi=1,2,. ..,K}. (5.21)

Similar to Decision Trees for precise classification, for classifying an instance
via ICDT, a path from the root node to a leaf one is made by using the attribute
values of that instance. Then, the stochastic dominance is applied to the prob-
ability intervals at that leaf node to obtain the non-dominated states set for
the instance. Algorithm 7 summarizes the procedure to classify an instance
with ICDT.

Algorithm 7: Procedure to classify an instance with ICDT.

Procedure Classify_ICDT(ICDT 7, instance with attribute vector
X = (xl],xfz,...,xfd))
1. Follow a path in T from the root node to a leaf one £ using the

attribute values Xl1 X2 x4

Taree s X

2. Consider the set of IDM probability intervals on C at £, If5 (C),
computed through Equation (5.20).

3. Obtain the non-dominated states set at £ via the stochastic

dominance criterion on J{5 4 (C):

ICDT c
h (x) =ndstcpT,

where nds{-p7 is determined via Equation (5.21).
return h1CPT(x)

5.6.1 Adaptation for cost-sensitive classification

The ICDT algorithm was also adapted for cost-sensitive classification by
Abelldn and Masegosa [10]. We call such an adaptation the cost-sensitive
Imprecise Credal Decision Tree (CS-ICDT). CDT, ICDT, and CS-ICDT employ
the same procedure to build the tree.
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CS-ICDT differs from ICDT in the criterion utilized to classify instances at
leaf nodes: ICDT uses the stochastic dominance criterion on the IDM probabil-
ity intervals on C at a leaf node, whereas CS-ICDT considers the risk intervals
on the class values at that leaf node.

Formally, let M be the matrix of error costs defined in Section 4.8.1. Let

Piom(cj) and ELDM(CJ-) denote, respectively the IDM lower and upper prob-

abilities for the c; value at £:

nt(e) 5o nec))+s .

NL;S PIDM(C)'):NLi]H, VJ:],Z,...,K. (5.22)
From these probability intervals, a risk interval is computed for each class

value, where the lower (upper risk) is computed by considering the costs of

predicting that class value when the real class value is another one and the

lower (upper) probabilities of the remaining class values:

PIDM(C])

Res-1eprley) Zm)kPIDM(Ck)
k=1
(5.23)

Res—1epT (cj) Zm)kPIDM ck), vj=12,...,K.

CS-ICDT applies the stochastic dominance criterion on these risk intervals
for obtaining the non-dominated states set at that leaf node. According to that
criterion, a class value c¢; dominates another one cy if, and only if,
ﬁCS—ICDT(C]’) < Res—icptlek), Vi, k = 1,2,...,K. Therefore, the non-
dominated states set predicted by CS-ICDT at that terminal node is deter-
mined as follows:

nds&s_1cot = {6 | Res—iept(cj) < Res—icptlex), Vk=1,2,...,K},
(5-24)

where Rcs 1cpT(cj) and Res—_1eDT (cj) are computed through Equation (5.23).

The procedure to classify an instance with CS-ICDT is summarized in Algo-
rithm 8.

5.6.2 Naive Credal Classifier versus Imprecise Credal Decision Tree

An experimental analysis carried out by Abellan and Masegosa [10] showed
that ICDT performs better than NCC since it achieves a better trade-off be-
tween informative and accurate predictions; even though ICDT makes more
incorrect predictions than NCC, the former algorithm is much more informa-
tive than the latter.

17
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Algorithm 8: Procedure to classify an instance with CS-ICDT.

Procedure Classify_CS-ICDT(ICDT 7T, instance with attribute vector

X = (xl1,x$2,...,x§d)).

1. Follow a path in T from the root node to a leaf one £ using the

attribute values x! ,x2 x4

T/ RXryr e Rrge

2. Compute the IDM probability intervals at £,
{ [BILDM(cj),ELDM(Cj)} , i=12,..., K}, through Equation (5.22).

3. Obtain the risk intervals from these probability intervals by means of
Equation (5.23), {[Res_1cpt(¢j), Res—icot(e)], j=1,2,...,K}.

4. Use the stochastic dominance criterion on the risk intervals for
obtaining the non-dominated states set at £:

CS—ICDT c
h (x) =nds¢s_1cpT/

where nds&q_;cpt is determined via Equation (5.24).
return hCS—1CDT(x)

The same conclusions were derived for the adaptations of NCC and ICDT
for cost-sensitive scenarios (CS-NCC and CS-ICDT). Indeed, for all the error
costs matrices considered in [10], CS-ICDT achieves a better trade-off between
low misclassification cost and informative predictions than CS-NCC [10].
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6 MULTI-LABEL CLASSIFICATION

6.1 Introduction

Traditional classification assumes that each instance has a single value of
a class variable. This task has been successfully employed in practical appli-
cations. Nevertheless, there are domains where traditional classification does
not fit well. For example, in text categorization [152, 185], a text can cover mul-
tiple topics simultaneously, such as sports, Olympic Games, and France'; within
biology, both gens and proteins can have more than one function simultane-
ously [25, 29]; several emotions can appear in a music fragment [201]. In these
domains, where each instance may have multiple labels simultaneously, the
Multi-Label Classification task (MLC) is more suitable to be used.

MLC aims to learn a model that, for an instance described via a set of
attributes or features, predicts the set of labels to which that instance belongs.
The learned MLC model can also predict the posterior probability that a given
instance belongs to each label, which leads to a label ranking for such an
instance.

It should be noted that traditional classification is a particular case of MLC
in which each instance only belongs to a unique label. Consequently, MLC is
a much more complex task to solve than traditional classification. Indeed, in
MLC, the number of label sets exponentially grows as there are more labels.
In order to handle this issue, it is important that multi-label classifiers exploit
label correlations. For this reason, many works have been carried out during
the last years for exploiting correlations between labels in MLC. Examples can
be found in [116, 138, 233, 234]. Moreover, in MLC, very few instances have
often associated a certain label. Hence, many MLC datasets may suffer from a
class-imbalance problem [50, 175]. For this reason, for many MLC algorithms,
it might be difficult to predict that certain instances belong to some labels.

Evaluating the performance of a traditional classification method is direct,
as we have shown in Section 4.2.1. However, in MLC, the evaluation is far
more complicated because each instance might be associated with multiple

In this context, “sports" means that the text is related to sports, “Olympic Games" indicates
that the text is associated with the Olympic Games and “France" means that the text covers
news in France.
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labels simultaneously and, thus, an MLC evaluation metric can focus on the
predicted label sets or the performance of the algorithm in each one of the
labels. The MLC evaluation metrics that focus on the former issue are known
as instance-based metrics [96, 99, 185] and the MLC evaluation metrics that focus
on the latter issue are called label-based metrics [203].

Many MLC algorithms have been developed so far. Essentially, they can be
divided into two groups [230]. On the one hand, the problem transformation
methods convert the MLC task into multiple traditional classification problems
and then combine the outputs of such problems to provide an output for the
MLC task. On the other hand, the algorithm adaptation methods directly adapt
the existing traditional classification algorithms for MLC.

The remainder of this chapter is structured as follows: Section 6.2 describes
the Multi-Label Classification paradigm. The main evaluation metrics for
Multi-Label Classification are exposed in Section 6.3. Sections 6.4 and 6.5
detail, respectively, the problem transformation methods and algorithm adap-
tation methods for Multi-Label Classification considered in this thesis work.

6.2 Multi-Label Classification

The Multi-Label Classification task (MLC) aims to predict, for an instance
described by a set of attributes or features, the set of labels associated with
such an instance.

Formally, the MLC problem starts from the following issues:

o A set of d predictive attributes {X],XZ, . ..,Xd}. Let Dom(X!) denote
the domain of the X! attribute, Vi=1,2,...,d.

o Alabel setY ={yi,y2,...,Yn, ), where np > 1.

Definition 6.2.1 When an instance belongs to a label y;, withj € {1,2,...,np}, it is
said that yj; is relevant for such an instance. Otherwise, it is said that y; is irrelevant
for that instance.

MLC aims to learn a model h : (Dom(X'), Dom(X?),..., Dom(X4)) — 2¥
that, for a given instance whose attribute vector is x = (x},,x%,,...,x%),
where x;. € Dom(X") Vi =1,2,...,d, returns the set of labels that are pre-
dicted to be associated with such an instance, namely h (x).

Similarly to traditional classification, in MLC, a training set

Dirain = {(%,Yj), j=1,2,..., N} is used for learning the model. For the
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jth training instance, x; = (xlu,xfzj, ... ,x;idj) denotes its attribute vector, with

Xiri; € Dom(X') Vvi=1,2,...,d, and Y C Yits label set, Vj=1,2,...,Ny,.
There are four measures for characterizing the properties of D,

o Label Cardinality: The average number of labels per instance:

Nir
1
L_Card (Dirain) = Ne > Yl (6.1)
j=1

o Label Density: It indicates the average proportion of labels per instance
and is obtained by normalizing the label cardinality by the number of

labels:

L_Card (Dirai
L_Dens (Dirain) = — = TL(I_ tT‘(llT‘L). (62)

o Label diversity: The number of distinct labels sets that appear in the set:

LDW (Dirain) = [YC YT e{1,2,...,Nudst Y=Y;|.  (63)

o Proportion label diversity: It is the number of different label sets di-
vided by the number of instances:

L _Div (Dirqi
PL_Dw (Dirain) = —= Wlflt tratn) (6.4)

Alternatively, in many cases, the learned model is described by means of a
real-valued function f : (Dom(X"),Dom(X?),...,Dom(X%)) x Y — R which,
for a given instance with attribute vector x = (xl],xfz, e ,xfd), where xii €
Dom(X') Vi=1,2,...,d, and a label y; € Y, returns the predicted posterior
probability that y; is relevant for that instance, namely f(x,y;).

For an instance whose attribute vector is x = (xl] ,x%z,. . .,xgd), where
Xy, € Dom(X') Vi=1,2,...,d, the real-valued function f yields a ranking
function rankg) : Y — {1,2,...,nr}. It represents the predicted ranking of
labels for the instance and is implicitly determined satisfying rank ) (y;) <
rank¢x) (Yk)  VYj, Yk such that f(x,y5) > f(x, yx ).

A threshold function thr: (Dom(X1 ), Dom(X?),..., Dom(Xd)) — R can be
used to obtain the predicted set of relevant labels for an instance given the real-
valued function f. For an instance with attribute vector x = (x],,x%,,...,x%),
where x;. € Dom(X') Vi=1,2,...,d, such a label set is extracted from f and

thr in the following way:

h(x) = {y; € Y| f(x,y;) > thr(x)}. (6.5)

There are three main options to calibrate the threshold function [230]:

2 Such measures are also useful to characterize the properties of any multi-label dataset.
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e Sometimes, the threshold function is fixed to a constant value, which is
normally equal to 0.5. When all unseen test instances are available, the
constant value can be set in such a way that the difference between the
label cardinalities in the training and test sets is minimized [178].

¢ The second option consists of inducing the threshold function from the
training instances [119]. For example, in some cases, the function t is
assumed to be a linear model [86, 231].

e Finally, some algorithms have their own mechanism for determining the
predicted set of relevant labels for an instance from the label ranking
predicted for that instance. An example can be found in [94].

6.3 Evaluation metrics in Multi-Label Classification

Similarly to standard classification, in order to evaluate the performance of
a multi-label classifier described through a set-valued function
h: (Dom(X‘ ), Dom(X?),. ..,Dom(Xd)) — 29 and a real-valued function f :
(Dom(X'),Dom(X?),...,Dom(X4)) x Y — R, a test set Diest tends to be
employed.

The evaluation metrics proposed so far for MLC can be divided into two
groups: instance-based metrics [96, 99, 185] and label-based metrics [203]. The
metrics of the former group evaluate the performance of a classifier in each
test instance and then compute the average value across all test instances,
whereas label-based metrics evaluate the performance of a classifier in each
label similarly to binary classification and then compute the average value
across all labels (macro averaging) or all instance/label pairs (micro averag-
ing). Furthermore, both instance-based and label-based metrics can be divided
into classification-based measures, which focus on the predicted label sets (set-
valued function h), and ranking-based metrics, which focus on the predicted
label rankings (real-valued function f).

Let Niest = |Diest! be the number of test instances. Let x}ﬁ denote the
value of the jth test instance for the ith attribute, Vi = 1,2,...,d, x; =
(xl]j,xfzj, .. .,xfdj its attribute vector, and Y; C Y its label set,

Vj=1,2,...,Ntest- We show below the main evaluation metrics in each one
of the groups described above.
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6.3.1 Instance-based metrics

1. Classification

o Subset Accuracy: The proportion of instances for which the pre-
dicted label set coincides with the set of relevant labels:

N
1 test

Subset_Accuracy(h) = ([h(xi) = Y3, (6.6)

Niest 4
i=1

where [[h(x;) =Yill is equal to 1 if h(x;) = Y; and 0 otherwise,
Vi=1,2,...,N¢est. This metric can be regarded as the extension of
the Accuracy metric to MLC and is normally very strict, especially
when the number of labels is very large.

e Hamming Loss: It indicates the proportion of pairs of label-instance
incorrectly classified:

Ntest

D ha)AYd, (69

i=1

Hamming_Loss(h

test
A being the symmetric difference between two sets, i.e, the ele-
ments belonging to one set but not to the other one.

e Accuracy: It consists of the average Jaccard similarity coefficient
between the predicted label sets and the sets of relevant labels:

T\ h(x) N Y|
(x) UYs|

Accuracy(h) = (6.8)

Ntest -
1=

e Precision: It indicates, between the labels predicted as relevant for
an instance, the average proportion of them that are actually rele-
vant for such an instance:

Precision(h) =

1 Ntest : i
Z lh(x;) NY |' 6.9)

Niest i Ih(xi)]
o Recall: It measures, between the labels that are associated with
an instance, the average proportion of them that are predicted as

relevant for that instance:

Recall(h) = (6.10)

i=1
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o F1: The harmonic mean between Precision and Recall:

2 x Precision(h) x Recall(h)
Precision(h) + Recall(h)

F1(h) = (6.11)

2. Ranking

e One Error: It measures the proportion of instances for which the
label with the highest predicted posterior probability is irrelevant:

NTest
1
One_Error(f) = Z arg max f(xi,yj)géYi. (6.12)
Test =T j=1.2,.

o Coverage: It consists of the average number of steps that are re-
quired to go down the label ranking for covering all relevant labels
for an instance:

N
] Test

max rank 1. 6.1
T~ Z1 max rank(s 0 (y5) — (6.13)

Coverage(f) =

» Ranking Loss: It indicates the average proportion of pairs of relevant-
irrelevant labels reversely ordered:

N
-I Test |Z1|
NTest i1

Ranking_Loss(f) = (6.14)

where Y; is the complement of Y; and

Zi = {(yj,yx) | ranke(x) (Y5) > rankex (), Y5 € Yi, yx € Yi},
Vl - 1,2, .. -/Ntest-

o Average Precision: The average proportion of labels with a higher
predicted posterior probability than a relevant label:

Formally, foreachi=1,2,...,Ntest, and yj € Yj, let us consider
Ay = [y | Tankeg (yi0) < rankeq (ys), 1< k <1}, ranke,
being the ranking function derived from f for the ith test instance.
Average Precision is defined as follows:

Nrest ‘/\1] ’

Z |Y| Z rankf ) (y5) (6:15)

NTest ‘=1
i=1

Average_Precision =
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6.3.2 Label-based metrics

1. Classification

For each label y; € Y, the number of true positives (TP;), true negatives
(TN;j), false positives, (FP;), and false negatives (FNj;), are considered for
the evaluation measures based on label classification:

TPj(h) = [{i€{1,2,..., Niest} 1 yj € Y1 Ayj € hix;)

TN) =|{ie {1,2,...,Ntest}:y]- ¢ Yi Ayj ¢ hix;) 616
FPj(h) = Hl €{1,2,...,Neest} 1 Y5 € Yi Ay; € h(xg) '
FNj(h) = [{i€{1,2,..., Nest} 1 yj € YiAy; € hixi)}].

The label classification-based evaluation measures proposed so far are
based on the micro/macro averaging of the evaluation metrics for binary
classification based on the previous indicators. As explained before, mi-
cro averaging consists of averaging across all instance-label pairs, while
macro averaging consists of averaging overall labels.

Let Accj, Precj, Recj and F1; denote, respectively, the Accuracy, Preci-
sion, Recall, and F1 for the label y;:

TP;j(h) +TN;(h)

A ) = T T £TN; () FP; () - FN; (1)

TR0 TR
Preci(M) = g i m) RO = g my (¢
F1j(h):2><Precj(h)xRecj(h) Yi=12...m

Precj(h) +Recj(h) ’

We show below the main label classification-based evaluation metrics:

e Micro Accuracy: It corresponds to the Accuracy averaged overall
instance-label pairs:

Z M (TP (h) + TN;j(h))

Micro_Accuracy(h) =
(6.18)

e Macro Accuracy: The Accuracy averaged across all labels:

Macro_Accuracy(h Z Accj(h (6.19)

25y (TPj(h) +TN;j(h) + FPj(h) + FN;(h))
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* Micro Precision: It consists of the average Precision overall instance-
label pairs:

Z;LH TPj (h)

Micro_Precision(h) = . (6.20)
i (TP;j(h) + FP;(h))
e Macro Precision: The average Precision across all labels:
1 &
M Precision(h) = — Prec;(h). 6.
acro_Precision(h) = nLZ rec;(h) (6.21)

e Micro Recall: It indicates the Recall averaged across all instance-
label pairs:

> 54 TP;(h)

Micro_Recall(h) = - . (6.22)
(S, TPy (h) + FN; ()
e Macro Recall: The average Recall across all labels:
M Recall(h R 6.
acro_Reca TlL Z ecj(h (6.23)

e Micro F1: It is the harmonic mean between Micro Precision and
Micro Recall:

2 x Micro_Precision(h) x Micro_Recall(h)

Micro_Precision(h) + Micro_Recall(h)
(6.24)

Micro_F1(h) =

e Macro F1: The F1 averaged across all labels:

F F 6.
Macro_F1(h nLZ T5( (6.25)

2. Ranking

e Micro AUC: It corresponds to the AUC measure across all instance-
label pairs. Let 8T and 8~ denote, respectively, the sets of pairs of
instance-relevant label and instance-irrelevant label in the test set:

+:{(Xi/y)|U€Yi/ iE{1/2/---/]\]‘£est}}/

_ . (6.26)
:{(Xi/y) |U gYi/ l'6{1/2/"'/]\]’Ees‘t}}/
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Micro AUC is defined in the following way:

|Z(f)]

Micro_AUC(f) = 7|5+| Bk

(6.27)

where

2(F) = {(x',x",y",y") | f(x",y") > £(x",y"),
(x,y") eS8t AKX",y")es)}.

e Macro AUC: The average AUC overall labels. Formally, for each
yj € Y, let Z; (Z;) be the set of test instances for which y; is relevant
(irrelevant):

i{{:ie{]/zz---thest}|Uj eYi}/ (628)

16{112/---;Ntest}|9j ¢Yl}

For each label y; € Y, the AUC is determined by:

Zj
Z;

{0, %) : flxi,y5) = flxgy;), 1€ 2Z5AkEZ}

AUGC; () =

23] |25
(6.29)
Then, Macro AUC is computed as follows:
1 &
Macro_ AUC(f) = — > AUG;(f). (6.30)
L
j=1

6.4 Problem transformation methods

As said previously, the problem transformation methods convert the MLC
task into multiple traditional classification problems and combine their out-
comes to provide an outcome for the MLC problem. In this work thesis, we
consider three algorithms belonging to this category. Two of them consider
a binary classification task per label, and the other one a binary classification
problem for each pair of labels. We detail all these methods below.

6.4.1 Binary Relevance

The Binary Relevance method (BR) [36] is probably the simplest approach to
MLC. It decomposes this task into multiple independent binary classification
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problems, one per label. For classifying a new instance, its predicted set of rel-
evant labels, as well as the predicted posterior probabilities of the relevance of
the labels for that instance, are directly obtained from such learned classifiers.
Formally, for each label y; € Y, BR learns a binary classifier hJBR : (Dom(X1 ), Dom(X?),...
{0, 1}. Such a classifier uses the same predictive attributes as the original MLC
problem. The class variable indicates whether y; is relevant or irrelevant for
an instance. In order to learn the classifier hJBR, the following training set is
considered:
DPR ={(x, ¢ (Yi,y5)), i=1,2,...,Ng}, (6.31)

where ¢ (Yi,y)-) indicates the relevance of y; for the ith training instance, i.e,

1 if Yj € Y;
() (YuU)) = 7 (632)
0 if yj¢Y;

Vi=1,2,...,N¢, j=1,2,...,np.

The classifier h]BR is learned by employing a binary classification algorithm
B on @FR (h}3R — TB(QJBR)). The algorithm B is known as the base classifier
of BR. In addition, the binary classifier can also return a real-valued function
f)BR : (Dom(X1),Dom(XZ),...,Dom(Xd)) — R, which, for a given instance,
returns the predicted posterior probability that y; is relevant for that instance.

In order to classify an instance with attribute vector x = (xl] ,x%z, .. ,x;id),
where x;. € Dom(X') Vi=1,2,...,d, the predicted set of relevant labels for
that instance is composed of those labels predicted as relevant by the corre-
sponding binary classifier:

hPR(x) = {y; IRPRx) =1, je{1,2,...,n}}. (6.33)

The predicted posterior probabilities about the relevance of the labels for the
instance are also directly obtained from the posterior probabilities predicted
by the binary classifiers:

fBR(x,y5) = f]BR(x), Vi=12,...,n.. (6.34)
We must remark the following issues about BR:

¢ Despite being very simple, BR has achieved good results in practice,
comparable with more sophisticated MLC algorithms [144].

¢ However, BR has an important drawback: as it assumes that all labels
are independent, BR ignores correlations among the labels, which are
quite common.
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o Furthermore, the binary classifiers of BR tend to suffer from a class-
imbalance problem because, as explained before, very few instances have
often associated a label in MLC.

6.4.2 Classifier Chains

The Classifier Chain algorithm (CC) [178] also considers a binary classifier
per label. Nonetheless, unlike BR, in CC, the previous labels according to an
established order are used as additional predictive attributes. Also, in order to
classify an instance, for each classifier, the predictions made by the predecessor
classifiers according to the established order are taken into account.

Formally, let o : {1,...,nr} — {1,...,n1} be a permutation that leads to a
label order ys(1) > Yg(2) = .-+ > Yg(n,)- For the jth label, ys (), a binary
classifier
hSS) ¢ ((Dom(X1), Dom(X2),..., Dom(X%)) {0, 1} x 12! x{0,1}) = {0,1} is
learned. Such a classifier uses, as the predictive attributes, the original at-
tribute space and the predecessor labels to y(j) according to o. The class
variable indicates the relevance of y4(j) for an instance. In order to learn the
classifier hgg), the following training set is considered:

Dg((]:) :{([Xi/predi(o—(j))]/d)(Yilyc(j)))l i:1/2/'--/NtT}/ (635)

where, foreachi=1,2,...,N¢,, j=1,2,...,np,
predi(a(j)) = (& (YiYo(1)) & (Y Yo(2) - - & (Y, Yo(j—1))) and
¢ (Yi,Yo(j)) is determined via Equation (6.32).

In this way, hgg) utilizes the original training instances considering, for each
one of them, its attribute values and the relevance of the predecessor labels
to yu(j) for it. The class value corresponds to the relevance of ys(j), Vj =
1 , 2, R 19

Similarly to BR, a binary classification algorithm B is employed on @g(cj) to
learn the classifier hg(cj) (hg(cj) — 3(@58))). The algorithm B is also called
the base classifier of CC. As in BR, the classifier can also return a real-valued
function
£S5+ ((Dom(X"), Dom(X2), ..., Dom(X4)) {0, 1} x 1! x{0,1}) — {0, 1) that,
for a given instance, outputs the predicted posterior probability about the rel-
evance of Y4 (j) for that instance, Vj=1,2,...,nL.

Given an instance to classify whose attribute vector is x = (xl] ,xfz, e, xf}d),
where x;. € Dom(X') Vi =1,2,...,d, the predictions on the binary classi-
fiers are made by following the order established by the permutation o. Each

129



130 | Multi-Label Classification

classifier takes into account the predictions made by the predecessor classifiers
according to o:

}\yg”) (X) = hgﬁ ) (X),

, (6.36)
?\yc(j)(x) = hgg) (x,AyUm(x),...,Ayo[jin(x)> , Yi=2,...,nL.

The set of labels predicted as relevant for the instance is composed of those
labels predicted as relevant by the corresponding binary classifier:

hCC(x) = {UO'(]) | Ayg(]-)(x) = 1/ 1 g) < Tl]_} . (637)

The predicted posterior probabilities about the relevance of the labels for the
instance are derived in a straightforward way from the posterior probabilities
predicted by the binary classifiers:

cC
fgﬁ)(x,ygm) = fo‘(])(x)l

, (6.38)
155 0 Yo() = 1565 (% Auu (0 Ay ) (0), Vi=2,0mu

We must remark the following points about CC:

¢ Unlike BR, CC exploits correlations among labels as, for making predic-
tions about a label, it considers other labels. Indeed, CC is considered a
simple and effective method to exploit label correlations in MLC.

e Moreover, CC is one of the methods that achieved the best results in a
comparative experimental study about MLC algorithms carried out in

[144].

¢ Nevertheless, the label order strongly influences the performance of CC,
and there is no way to determine the optimal label order so far.

¢ As in BR, the binary classifiers of CC also tend to suffer from a class-
imbalance problem.

6.4.2.1 Label order in Classifier Chain

Several approaches have been developed during the last years for determin-
ing a suitable label order in CC. Since the number of possible label orders
enormously increases as the number of labels is higher (the factorial of ny), it
is not viable to exhaustively explore the complete search space of the possible
label orders.
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o Genetic algorithms for label ordering were developed in [100, 101]. We
must remark that such algorithms use a wrapper approach to evaluate
the goodness of each candidate order, which implies that they train a
CC for evaluating each candidate. Thus, the computational cost of these
methods is enormous.

* Most of the label ordering procedures developed during the last years
previously estimate correlations between labels. For instance, in [124],
several greedy procedures to insert the labels in the chain were proposed.
They are based on the entropies of the candidate labels conditioned on
the ones not inserted yet. Specifically, for each pair of labels {y;, yx} C Y,
they consider the entropy of y; conditioned on yy:

Tgr (UT)
Ntr

y= el g gy 1)y

S(y5 [y N,
.

Syj [y =0),  (6.39)
where 1 (yx) and n¢(yx) are the number of training instances for
which yy is relevant and irrelevant, respectively, and S(y; | yx = 1)
(S(y; | yx = 0)) is the entropy of y; on the subset of the training set
composed of those instances for which y; is relevant (irrelevant):

ntr(yj/yk) ntr(yjfyk)
S(yj |yk - ]) T ntr(yk) o 2 ( ntr(yk) ) a
ntr(?jryk) lo <ntr(yj/yk)>
ntr(yk) 2 Nir (yk) 6 40)
Ner (Y5, Yi) Ntr (Y5, Yi) '
Sty [y =01 =~ ¥ og, (M D) -
N (Y5, Yx) o <T1tr(yj/yk)>
N (Yik) 2 Ner (Yx) ’

N¢r(Yj, Yyk) being the number of training instances that have associated
both y; and yy, n¢r(Yj, yx) the number of training instances that have
associated yj but not yj, n;(y;,Yx) the number of training instances
for which yj is relevant but yy irrelevant, and n;(yj, Yx) the number
of training instances for which both y; and yy are irrelevant, Vj, k =
1 ’ 2, N 19

The greedy procedures proposed in [124] are based on the following
idea: If S(y; | yx) < S(yx | y;), then y; should be placed before yy in the
chain, Vj,k=1,2,...,nr. There are four greedy procedures based on
this issue. We summarize below how the labels are selected at each step
in each one of such procedures:
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1. Compute, for each candidate label to insert, the sum of the en-
tropies of the labels not inserted yet conditioned on the candidate
label. The label with the lowest sum is placed after the remaining
candidates.

2. For each candidate label to insert, compute the sum of the entropies
of the labels not inserted yet conditioned on the candidate label.
The label with the highest sum is placed before the remaining can-
didate labels.

3. Compute, for each candidate label, the sum of the entropies of that
label conditioned on the ones not inserted yet. The label with the
lowest sum is placed before the remaining candidates.

4. For each candidate label to insert, compute the sum of the entropies
of such a label conditioned on the ones not inserted yet. The label
with the highest sum is placed after the remaining candidates.

An experimental analysis carried out in [124] showed that CC with the
aforementioned greedy procedures outperform other generalizations of
CC that utilize more sophisticated methods to model label dependencies.
Among these methods, we can mention Probabilistic Classifier Chain
[73], which randomly determines the label order and, for classifying an
instance, the label combination with highest joint probability distribu-
tion is selected; or the algorithms proposed in [87, 134], where the chain
of classifiers is replaced by a Directed Acyclic Graph. Moreover, in [124],
it was shown that the procedure 1 generally achieves better results than
the other ones, although the differences are not statistically significant.
It was not found a reason for this point.

Very recently, in [214], a new label ordering algorithm has been pro-
posed. It considers, for each pair of labels, a score about the correlation
among them based on the ReliefF method [126]. The idea of ReliefF
is that two labels are more correlated as they are more useful to sepa-
rate the instances for which other labels are relevant or irrelevant. Af-
terwards, a threshold is used to select, for each label, the set of labels
correlated with it. A greedy procedure is carried out to insert the labels
in the chain. At each step of such a procedure, among the labels corre-
lated with at least one label already inserted, the label with the highest
number of candidate labels correlated with it is chosen. If there is no
label correlated with the labels already inserted, the label with the high-
est number of candidate labels correlated with it is chosen. The selected
label is placed before the remaining candidates in the chain.



A drawback of this method is that it is difficult to determine the thresh-
old for obtaining the set of labels correlated with each label. Moreover,
the developers of this method showed that, even though it improves the
original CC algorithm, their proposal is not very effective unless, for each
label, the features not correlated with it are removed. Hence, they pro-
posed a feature selection procedure, also based on the ReliefF method,
to eliminate, for each label, the labels and features not correlated with
it. Nevertheless, we must remark that such a feature selection algorithm
applied for each label implies a quite high computational time.

Several methods that consider different label orders in CC have been
proposed in the literature. An example is the Ensemble of Classifier
Chains algorithm (EnsembleCC) [178], which we detail in Section 6.4.2.2.
In [228], the Bayesian Classifier Chains method (Bayesian CC) was pro-
posed. Such an algorithm uses a tree structure to model label dependen-
cies. For each label, it considers an order in which that label is employed
as the node of the dependencies tree. A CC is trained for each label or-
der. To classify an instance, Bayesian CC combines the predictions made
by the trained CCs by means of a majority vote. We must remark that,
as EnsembleCC and Bayesian CC train multiple CCs, the computational
times of these methods might be very high.

6.4.2.2 Ensemble of Classifier Chains

As the performance of the CC method is strongly influenced by the label
order, the same developers of CC proposed the Ensemble of Classifier Chains
algorithm (EnsembleCC) [178] to handle this issue.

EnsembleCC considers n_orders permutations 01, 02,...,0n_orders, Where
op :{1,2,...,n} = {1,2,...,n} Vi=12,...,n_orders. For each permu-
tation oy, it considers a sample of the training set, Di,, with replacement
(‘Dir‘ = |D¢+|), or without replacement (‘wa‘ = % |Derl). A multi-label classi-
fier h': (Dom(X'), Dom(X?),...,Dom(X%)) — 29 is learned using DI, as the
training set and the order established by the permutation o; via the building
procedure of CC. Such a classifier is often described via a real-valued function
f' : ((Dom(X'), Dom(X?),...,Dom(X%)), xY) — R that, given an instance
and a label, returns the predicted posterior probability that such a label is
relevant for that instance.

For classifying an instance whose attribute vector is x = (xl] ,x%z, .. .,xf}d),
where x1. € Dom(X;i) Vi =1,2,...,d, the predicted posterior probability
that a label is relevant for that instance is computed through the average of
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the posterior probabilities about the relevance of such a label for the instance
predicted by the CCs of the ensemble:

n_orders

Z fi(x,yj), Vi=1,2,...,nL. (6.41)

1
FECC (x i) =
(o ys) n_orders
The predicted set of relevant labels for the instance, namely hECC(x), can
be determined in two ways:

o Firstly, a label can be predicted as relevant if, and only if, it is predicted
as relevant by the majority of the CCs:

n_orders

hECC(x) = {Uj Y [y entw]] >
i=1

(6.42)

n_orders

> [yen'x]], je {1,2,...,nL}},

i=1

¢ Secondly, a label can be predicted as relevant for the instance if, and only
if, the average of the posterior probabilities predicted by the CCs of the
ensemble is higher than 0.5:

hECC(x) = {yj | fFCC(x,y;) > 05, j¢€ {1,2,...,n}}. (6.43)

6.4.3 Calibrated Label Ranking

The Calibrated Label Ranking method (CLR) [94] transforms the MLC prob-
lem into a label ranking task. In order to determine the label ranking for an
instance, CLR computes a score for each label via pairwise comparisons.

Specifically, for each pair of labels {yj,yx} C Y, CLR learns a binary clas-
sifier hjCkLR : (Dom(X] ), Dom(X?), .. .,Dom(Xd)) — {0,1}. Such a classifier
employs the same predictive attributes as the original MLC problem. The
class variable indicates which of y; and yy is more relevant for an instance,
that is, the relative relevance of y; versus yy for such an instance. For learning
the classifier hjCkLR, the instances of the original training set that have associ-
ated one of the two labels but not the other one are considered, taking, for
each one of them, its attribute values and which of the two labels is relevant

for it. Hence, the following training set is considered for hjCkLR:

DGR = {(xi, & (Yiuj)) | & (Y ui) b (Yiui)), 1<i<Ne). (6.44)
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Similarly to the other problem transformation methods considered in this
work thesis, a binary classification algorithm B is utilized on DjCkLR to learn
hjCkLR (hjckLR — B(@l-CkLR)). The algorithm B is called the base classifier of CLR.

When it is required to classify an instance with attribute vector x =
(x},,x%,,...,x% ), where xt. € Dom(X') Vi = 1,2,...,d, the relative rele-
vances are predicted on the learned classifiers. For each label, the number of
votes in the classifiers that involve such a label is considered:

n (6.45)

This leads to a label ranking for the instance. For distinguishing between
relevant and irrelevant labels, CLR introduces a virtual label yo, in such a way
that the labels ranked above (below) yo are predicted as relevant (irrelevant).
For each label yj, a binary classifier
h]%LR : (Dom(X'),Dom(X?),...,Dom(X4)) — {0,1} is learned, which pre-
dicts whether an instance has associated y; or, equivalently, the relative rele-
vance of yj versus yo for such an instance. In order to learn hj%LR, all training
instances are considered, taking, for each one of them, its attribute values and
the relevance of y; for it. Formally, the following training set is used for hjo:

DCLR {(xuq)(YizUj)), 1= ]/2/"-/Ntr}- (646)

The binary classification algorithm B employed for the classifiers corre-
sponding to the pairwise comparisons is used to learn hj%LR from @l.COLR
(h].coLR — B(D)%LR)).

CLR also considers the number of votes of the virtual label for the instance
to classify:

nr
votes_virtual (x Z CLR ] } . (6.47)

In addition, for each label, the number of votes is incremented in one if that
label is predicted to be more relevant than the virtual one for the instance:

final_votesy(y;j) = num_voty(y;) + [[hCLR( )=1]], vj=12,...,n.
(6.48)
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The posterior probability predicted by CLR about the relevance of the label
y; for the instance is obtained by dividing the final number of votes, deter-
mined through Equation (6.48), by the number of labels:

final_votesy(y;) )
fCLR(x,y]—) = - Y; , Yji=1,2,...,n.. (6.49)

Finally, the set of labels predicted by CLR as relevant for the instance is
composed of those labels for which the final number of votes is higher than
the number of votes of the virtual label:

h R (x) = {y; | final_votesx(y;) > votes_virtual(x), 1<j<n}. (6.50)
We must remark the following points about CLR:

Since CLR considers a binary classifier for each pair of labels, it allows
exploiting pairwise label correlations.

Furthermore, for the binary classifiers of CLR associated with the pair-
wise comparisons, only the training instances for which one of the two
labels is relevant and the other one irrelevant are considered. Therefore,
CLR alleviates the class-imbalance problem that frequently appears in
MLC.

Nonetheless, the number of classifiers learned by CLR quadratically
grows as there are more labels. In contrast, with BR and CC, the growing
of the number of learned classifiers with the number of labels is linear.
Consequently, the main drawback of the CLR method is the computa-
tional time.

6.5 Algorithm adaptation methods

Several traditional classification algorithms were adapted for MLC. In this
work thesis, we focus on the adaptations of Decision Trees [56] (Section 6.6)
and the Nearest Neighbors algorithm [232] (Section 6.7).

6.6 Multi-Label Decision Tree

Decision Trees were adapted for MLC by Clare and King [56]. Such an adap-
tation is known as Multi-Label Decision Tree (ML-DT). For the split criterion,
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in each node, ML-DT needs to represent the uncertainty-based information
about the label set, unlike Decision Trees for standard classification, which
represent the uncertainty-based information about the class variable in that
node. Furthermore, at leaf nodes, ML-DT must predict a set of labels, whereas
Decision Trees for traditional classification predict a single value of the class
variable.

Let D be the subset of the training set associated with a certain node. Let
NP denote the number of instances in D, i.e, NP = |D|. For each label y; €Y,
the Shannon entropy of y; on D is considered:

D (4. D (4. D (- D (7
52 () =" togs (M) - M o () 650

Dy ;) being the number of instances in D that have associated y; and n? (Y5)
the number of instances in D for which yj is irrelevant.

The split criterion of ML-DT is based on the entropy of the label set Y, which
is computed by means of the sum of the entropies of the labels:

=> SP(y;). (6.52)
j=1

Similarly to most of the Decision Trees for standard classification, ML-DT
employs a split criterion that consists of the gain of information about the
label set given an attribute. Such a split criterion, for an attribute X!t whose
possible values are {x},...,x{ }, is defined as follows:

1IGP (Y, X" =$P(y ZPD FISPY X =x3), (6.53)

ri=1

where PP (X! = x'} ) is the probability that X' = xt . in D, estimated via relative
frequencies, and SD(‘A | Xt = Xn) is the entropy of Y on the subset of D
composed of those instances for which Xt = xiri, vri = 1,2,...,t, 1=
1,2,...,d.

At a leaf node, a label is predicted as relevant if, and only if, it is relevant
for the majority of the instances at that leaf node. Formally, at a leaf node
L, let n* (y5) (n* (Yj)) denote the number of instances in £ for y; is relevant
(irrelevant), Vj = 1,2,...,ny. The predicted set of relevant labels at £ is
determined as follows:

ot = {uy In“) >no(@5), je,2..nib.  (659)
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The posterior probability about the relevance of y; at £ is predicted via
relative frequencies:
n (y;)
ffAL_DT(Uj) = NL] , (6.55)
N* being the total number of instances at £.
Algorithm 9 summarizes the building procedure of a ML-DT.

Algorithm 9: Procedure to build a Multi-Label Decision Tree.
Procedure Build_ML-DT(Node N)
Let D be the dataset associated with N
if There are more attributes to insert then
Select the attribute X! that reaches the maximum value of IG? (Y, X1)

for x.. possible value of X* do
L Make a node N, child of N

Build_ML-DT(N.,)

else
Make N a leaf node

Assign a label set Y 1 to N, computed through Equation (6.54)
forj=1tonr do

Dy
t e pr(Y5) = nN%J))

For classifying an instance via ML-DT, a path from the root node to a leaf
one is made by using the attribute values of the instance. The predicted label
set for the instance is the one assigned to such a terminal node. The same
happens with the predicted posterior probabilities about the relevance of the
labels for such an instance. The procedure to classify an instance with ML-DT
is summarized in Algorithm 10.

Algorithm 10: Procedure to classify an instance with ML-DT.
Procedure Classify_ ML-DT(ML-DT 7, instance with attribute vector

x=(x},, x5, ..., x3))
1. Follow a path in T from the root node to a leaf one £ using the

attribute values x! » xfz, ceey x;id.

2. Assign the predicted label set at £, h*, to hWML-DT(x).
3. forj =1tong do
| MEPT(xy) = Ry pr(yj)
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ML-DT can handle continuous attributes similarly to Decision Trees for tra-
ditional classification, considering binary splits and choosing the split point
that produces the maximum gain of uncertainty-based information about the
label set. Concerning missing values, when an instance has a missing value
for an attribute, it can go down each branch hanging from the corresponding
node with a weight equal to the proportion of instances at such a branch, as
in Decision Trees for standard classification. In this case, it is necessary to
adapt the entropy of each label, computed via Equation (6.51), for working
with proportions of weights rather than proportions of instances.

Finally, ML-DT can use pruning processes based on the pruning processes
of Decision Trees for traditional classification but considering the number of
errors in all labels [56].

6.7 Multi-Label Nearest Neighbors

The Multi-Label Nearest Neighbor algorithm (ML-NN) [232], as the Nearest
Neighbors algorithm for traditional classification, described in Section 4.3, is
a lazy approach that does not carry out any training phase.

Suppose that it is wanted to classify an instance whose attribute vector is x =
(xl],xfz, . ..,xfd), where xii € Dom(X!) Vi=1,2,...,d. ML-NN computes
the num_neighbors-nearest neighbors of the instance by using a distance
function on the attribute space. For each label y; € Y, let Xj(x) be the number
of neighbors of the instance (among the num_neighbors-nearest ones) that
have associated yj.

Let PML—NN (y5) (PML=NN (Uj)) denote the prior probability that y; is rel-
evant (irrelevant) for an instance, Vj = 1,2,...,np. Also, for each label
yj; €Y, let pML—=NN (K5 (x) [ y;) (PML_NN(JC)-(X) | Jj)) denote the probability
that an instance has Xj(x) neighbors that have associated y; conditioned on
yj is relevant (irrelevant) for such an instance.

ML-NN uses a Maximum a Posteriori Principle (MAP) to predict whether
each label y; € Y is relevant for the instance. According to such a principle, y;
is predicted as relevant for the instance if, and only if,

PML*NN (y) )PMLfNN (g{] (X) | y)) > PML*NN (U—j)PMLfNN (j{] (X) | E)
(6.56)
Let Ny, be the total number of training instances. For eachj =1,2,...,ny,
let n¢r(y;) (ntr(Yj)) be the number of training instances for which yj is rele-
vant (irrelevant). Let 8;(X;(x)) denote the number of training instances that
have associated y; and have X;(x) neighbors for which y; is relevant. Likewise,
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let 67(5@ (x)) denote the number of training instances for which yj; is irrelevant
and have X;(x) neighbors that have associated y;. ML-NN estimates the men-
tioned probabilities that appear in Equation (6.56) via relative frequencies with
Laplacian correction:

PML-NN () = Ner(y;) +1 pML=NN gy — N (U5) +1

N +2 Ne+2 ' O
0; (K5 1
PMENN (56 (x) | ) = Tl ,
Ner(y;) + num_nelghbors +1
= (6.58)
ntr(y,) +num netghbors +17
Hence, given an instance with attribute vector x = (x] : ,xfz, ..., x%), where

xiri € Dom(X') Vi = 1,2,...,d, the set of labels predicted by ML-NN as
relevant for such an instance is determined in the following way:

hML NN {y] | PML NN(y))PML NN( ](X) |y)) > (6 59)
PML_NN(y JPMENN(KG (%) 117), §€{1,2,...,n}}, .
where PML—NN (yj) and PML_NN(@) are computed by means of Equation

(6.57), and PML— NN(ZK (x) |y;) and PML=NN (g 5(x) | yj) via Equation (6.58).

For each label y; € Y, the predicted posterior probab111ty that the instance
has associated y; is determined by normalizing the probability that yj is rele-
vant for the instance estimated via MAP:

PMENN () =

PMLNN (y; )PMLNN (56 (x) | )

PMI=NN (y)PML=NN(5(;(x) | yj) + PML— NN(U JPML=NN (3¢5 (x) | 55)
(6.60)

6.7.1 Modifications of ML-KNN based on classical information theory

ML-NN was the first lazy approach to MLC. Many lazy MLC algorithms
have been developed since them. Most of them are based on classical proba-
bility theory. Among such methods, we can mention the following ones:

o The Binary Relevance Nearest Neighbors algorithm (BR-NN) was pro-
posed in [194]. To predict whether a label is relevant for an instance,
BR-NN uses a majority vote in the neighborhood of the instance3.

BR-NN is, indeed, a problem transformation method. Specifically, it is the Binary Relevance
method using the NN algorithm for traditional classification as the base classifier.
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Formally, suppose that it is wanted to classify an instance whose at-
tribute vector is x = (x11,x$2,...,x§d), where xi. € Dom(X') Vi =

1,2,...,d. As ML-NN, BR-NN determines the num_neighbors-nearest
neighbors of the instance via a distance function on the attribute space.

For each label y; € Y, let X;(x) (Tj(x)) denote the number of neighbors
of the instance for which y; is relevant (irrelevant). The set of labels
predicted by BR-NN as relevant for the instance is the one given by:

RERTNN G = {y; 1 K500 > K (x), je{l,2,...,n)}. (6:61)

The posterior probability that the instance has associated a label is pre-
dicted through relative frequencies with Laplacian correction in the neigh-
borhood:

ij (X) +1
num_neighbors + 2’

fBR—NN (

X, Yj) = Vi=1,2,...,nL. (6.62)

Two extensions of BR-NN were proposed in [194]. The first one is
known as BR-NN-o. It predicts, for an instance with attribute vector
x = (x},x%,...,x% ), where xt. € Dom(X') Vi =1,2,...,d, the la-
bel with the highest predicted posterior probability as relevant when
hBR=NN(x) = ). The second extension, called BR-NN-f, always pre-
dicts the 3 top-ranked labels as relevant, 3 being the average number of

relevant labels on the neighboring instances.

A new version of the ML-NN algorithm called Dependent Multi-Label
Nearest Neighbors (DML-NN) was proposed in [226]. As ML-NN, it
predicts the set of relevant labels for an instance by utilizing the MAP
principle. Nonetheless, in order to predict whether a label is relevant for
an instance, DML-NN also takes into account the neighboring instances
for which each one of the rest of the labels is relevant, whereas ML-NN
only considers the number of neighboring instances that have associated
the label to predict. In this way, DML-NN aims to exploit correlations
between labels.

In [54], an MLC algorithm that combines instance-based learning with
logistic regression (IBLR-ML) was proposed. It transforms the training
dataset by creating features using label information and considers a lo-
gistic regression classifier per label. Due to these transformations and
the logistic regression classifiers, IBLR-ML is computationally expensive.
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o The Multi-Label Classification Weighted Nearest Neighbors algorithm
(MLCW-NN) was developed in [221]. It consists of an instance-weighted
version of ML-NN in which, among the num_neighbors-nearest neigh-
bors, the nearest instances influence more than the most distant ones.
MLCW-NN uses a quadratic programming method to estimate the weight
of each neighboring instance. Thereby, the computational cost of MLCW-
NN is also notably high.
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ANALYSIS OF IMPRECISE PROBABILITY
THEORIES AND MODELS

7.1 Introduction

The use of classical probability theory is the standard way of representing
the probabilistic knowledge about a discrete variable or finite set. This rep-
resentation may be suitable in many cases. However, as explained before,
in some situations, a single probability distribution might not be appropri-
ate since the available information is not sufficient. For this reason, several
mathematical theories and models based on imprecise probabilities have been
developed in the literature. We described most of them in Chapter 2.

Regarding imprecise probability theories, one of the most general is the
one based on credal sets. In fact, in most imprecise probability theories, the
available information can be represented via a credal set. Nonetheless, as
these theories have specific mathematical properties, some theories are more
suitable than others in specific situations.

On the one hand, Evidence theory (ET) has been commonly used in the
literature to deal with uncertainty-based information. It has been successfully
applied to several domains such as statistical classification [78], target identifica-
tion [41], medical diagnosis [34], and face recognition [120]. Moreover, this theory
has been frequently employed for the fusion of information provided by dif-
ferent sources, which is very important for decision making [30, 53, 165]. In
ET, the available information can1 be represented by a belief function.

On the other hand, reachable probability intervals are easy to understand
and manage. They have high expressive power and can be efficiently com-
puted. For these reasons, reachable probability intervals have been frequently
employed in practical applications such as classification. Examples of this
point can be found in Chapters 4 and 5.

As we highlighted in Section 2.2.8, ET does not generalize reachable proba-
bility intervals, and the converse is also not satisfied (See Figure 2.1). Abellan
[2] demonstrated that a reachable set of probability intervals is not necessarily
associated with a belief function, and a belief function cannot always be repre-
sented by means of a reachable set of probability intervals. A characterization
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of reachable probability intervals that can be represented via belief functions
was given in [135]. Nevertheless, we show with a counterexample that the con-
dition given in that study is not sufficient because the belief function found
under that condition does not always represent the same information as the
corresponding set of probability intervals.

In this chapter, as a novelty, we study the necessary and sufficient conditions
under which a reachable set of probability intervals corresponds to a belief
function. Also, we analyze the properties that a belief function must satisfy
to be representable via a reachable set of probability intervals. In this way;,
we describe the credal sets that belong to both belief functions and reachable
probability intervals. The credal sets corresponding to the Imprecise Dirichlet
Model (IDM) are illustrative examples of this type of credal set [2].

Concerning imprecise probability models, as shown in Section 2.3.1, the
IDM is based on reachable probability intervals and has been frequently used
in the literature. It satisfies some principles that were claimed to be desirable
for inference such as the Representation Invariance Principle (RIP). However, as
pointed out before, the IDM assumes previous knowledge about the data via
a parameter. In classification, small changes in the IDM parameter lead to im-
portant variations in the results, and each classification dataset has associated
with it an optimal value of the IDM parameter [18, 150].

The Non-Parametric Predictive Inference Model for Multinomial data (NPI-
M) was developed in [58, 59]. It is a non-parametric approach that does not
make prior assumptions about the data before observing them. In Section
2.3.2, we showed that, in many situations, inferences with the NPI-M yield
intuitively more coherent results than inferences with the IDM. The NPI-M has
been successfully used in practical applications during the last years, such as
credit scoring [60], European option pricing [111], or extraction of knowledge
in traffic accident databases [9]. The NPI-M has equivalent performance to the
IDM with the best selection of the parameter when both models are utilized
in classification [6].

Despite the previous points, it should be noted that the set of probability dis-
tributions compatible with the NPI-M is not convex. Thus, when the NPI-M is
employed, it is needed to handle difficult constraints, as highlighted in Section
2.3.2. For this reason, the Approximate Non-Parametric Predictive Inference
Model for Multinomial data (A-NPI-M) was proposed in [5]. It corresponds to
the convex hull of the set of probability distributions compatible with the NPI-
M. The A-NPI-M belongs to reachable probability intervals theory and avoids
many difficult constraints of the exact model. In classification, the NPI-M and
the A-NPI-M have obtained equivalent results [6].



As a novelty, in this chapter, we analyze the properties of credal sets asso-
ciated with the A-NPI-M, comparing them with the properties of IDM credal
sets. One of the most remarkable properties is that A-NPI-M credal sets are
not always representable via belief functions, unlike IDM credal sets. We show
that the A-NPI-M is a more complex model than the IDM. Nevertheless, we
must remark that the latter model assumes previous knowledge about the
data via a parameter, unlike the former.

This chapter is organized in the following way: Credal sets representable
through reachable sets of probability intervals and belief functions are charac-
terized in Section 7.2. In Section 7.3, we analyze the properties of credal sets
associated with the A-NPI-M. Concluding remarks are given in Section 7.4.

7.2 Reachable probability intervals and belief func-
tions

Let X ={x1,...,x¢} be a finite set of possible alternatives’.

In Example 2.2.2, we have illustrated a case in which the Mobius inverse
of the natural extension of a reachable set of probability intervals on X is not
non-negative. Also, Example 2.2.1 has shown a case in which the credal set
associated with a belief function on X does not coincide with the credal set
compatible with the corresponding set of belief intervals for singletons. There-
fore, a reachable set of probability intervals on X cannot always be represented
by means of a belief function on X, and a belief function on X is not always
representable via a reachable set of probability intervals on X.

7.2.1 Reachable probability intervals representable by belief functions

Let J = {[li,w], 1i=1,2,...,t} be a reachable set of probability intervals
on X.

According to the results proved in [135], J can be represented via a belief
function if, and only if,

t t
Zli—i-zui > 2. (7.1)
i=1 i=1

Indeed, this condition is necessary, but it is not sufficient, as the following
example shows:

1 or, alternatively, a discrete variable whose set of possible values is {x1,...,xt}.

147



148 | Analysis of Imprecise Probability Theories and Models

Example 7.2.1 Let X = {x1,%2,x3,Xa} be a finite set. Let us consider the following
reachable set of probability intervals on X:

J ={[0,0.5]; [0,0.5]; [0,0.6]; [0,0.7]}.

Let P denote the natural extension of J and m its corresponding Mobius inverse. We

have that:
4 4
D L+) ui=23>2
i=1 i=1

Within this example, we use Proposition 2.2.7 to calculate P.

4

m ({xi}) = P ({xi}) = max (u,l > u]-) =1;,=0, Vi=1234.

j=1j#1
P({xi,%}) =max (Li+1j,T—ux—w) =0, VI<i<j<4,
where 1 <k <1< 4, with {i,j}n{k, 1} =0.

m (i) =P ({r}) P —B () =0, VI <i<j<d,
P ({x1,x2,x3}) =max (11 + 1, + 13,1 —uyg) =0.3,
P ({x1,x2,x4}) =max (11 +12 + 14,1 —u3) =04,
P ({x1,x3,x4}) =max (1 +13 + 14,1 —uz) = 0.5,
P ({x2,x3,%x4}) =max(l; + 13+ 14,1 —u;) =0.5.

Since m(A) =0 VA C Xsuch that |A| < 2, it holds that
m ({x1,%x2,x3}) = P ({x1,x2,%x3}) = 0.3,

m ({x1,x2,%x4}) = P ({x1,%2,%x4}) = 04,
({x1,%x3,%x4}) = 0.5,
m ({x2,x3,%x4}) = P ({x2,x3,%x4}) = 0.5.
X)=1-) m(A
ACX
=1-—m({x1,%x2,x3}) —m ({x1,%x2,%4})

—m ({x1,x3,%4}) —m ({x2,x3,%4})
=1—-03—-04—-05—-05=—-0.7<0.

|o

m ({x1,%x3,%x4}) =

Consequently, even though Z?ﬂ L + Z§:1 ui = 2, the Mobius inverse m is not
non-negative and, thus, J cannot be represented via a belief function.



7.2 Reachable probability intervals and belief functions |

In [135], it was shown that, if the inequality given in Equation (7.1) is satis-
fied, then it is possible to find a BPA associated with J. However, such a BPA
does not always coincide with the Mobius inverse corresponding to the nat-
ural extension of J and, consequently, it does not always represent the same
information.

Let P denote the natural extension of J and m its associated Mobius inverse.
In this section, we aim to analyze in which cases P is a belief function. For
this purpose, we need to study the properties that have to be satisfied by the
extreme values of the intervals for m to be non-negative.

The Mobius inverse for singletons is clearly greater or equal than 0:

m(xi}) =P{xi) =120, vi=12...,t
We use the following lemma for posterior results:

Lemma 7.2.1
e i (n
Z(—nl(i):m—m:o, meN,n>1.
i=0

We present a property that, if it is satisfied by a set with cardinality greater
or equal than 2, then the Mobius inverse for that set is equal to 0. The follow-
ing proposition is useful for it:

Proposition 7.2.1 YA C X such that |A| > 2, it holds that:

S (=nMEEY L =o.

BCA x;EB

Proof:

In order to determine the number of subsets of A with a certain cardinality
that contain x;, we think in the following way: for a subset B C A containing
xi, there can be j elements of A that do not belong to B, with 0 <j < |A|—1T.

The j elements can be chosen in ('Al)._]) different ways. Hence,
= Al—1
JMEUIGED IS WY B E I
BCA X{€EB XiEA ]:O ]
= > Lx0=0,

where we have used Lemma 7.2.1 in the penultimate equality taking into ac-
count that [A|—1 > 1.
O

Now, we have the following result:
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Proposition 7.2.2 If A C X, with |A| > 2, satisfies that

21121—21%,

Xi€EA XiZ€A

then P (B) = ineB i VBCAand m(A)=0.

Proof:
Under our hypothesis, if B C A:

=) L— > L=1-) wi— Y L

x{EB Xi€EA xi€EA\B Xi €A xi€EA\B
Y Yo
xXi{ZA xi€EA\B
=1- Z ui.
XiEB

In consequence,

|

(B)=)> L, VYBCA.
xX{€EB

Proposition 7.2.1 allows concluding that:

m(A) =Y (-N*\Plp(B)

BCA
=Y )MEY =0
BCA x{€B

]

The inverse is not satisfied. A set with cardinality greater or equal than

2 that has a Mobius inverse equal to 0 might not verify the property of the
previous proposition, as shown in the following example.

Example 7.2.2 Suppose that we have a finite set X = {x1,x2,x3} and the following
set of probability intervals on X:

{4y, wi]; [z, upl; 3, us]} ={[0,1];[0,0.1]; [0, 0.9]}

It is easy to check that this set of probability intervals is reachable. Let P be the
natural extension of J and m its corresponding Mobius inverse. As in the previous
examples, we calculate P via Proposition 2.2.7.

For singletons, we have that:
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m({xi}) =P({xi) =li=0, Vvi=1,23.

For sets with cardinality equal to 2:

P ({x1,x2}) = max(l; + 1,1 —u3) = max(0,0.1) =0.1,
m ({x1,%x2}) =P ({x1,x2}) =P ({x1}) =P ({x2}) =

P ({x1,%x3}) = max(l; + 13,1 —uy) = max(0,0.9) = 0.9,
m ({x1,x3}) = P ({x1,%x3}) =P ({x1}) = P ({x3}) = 0.9,
P ({x2,x3}) = max(1l; + 13,1 —uy) = max(0,0) =0,
m ({x2,x3}) =P ({x2,x3}) = P ({x2}) = P ({x3}) = 0.

Now,
m({x1,%x2,%x3}) =T —m{x1}) —m ({x2}) = m ({x3}) —

m ({x1,%x2}) —m ({x1,x3}) —m ({x2,x3})
=1—-0—-0—-0—-01-09—-0=0,

and i+l +13=0< 1.
So, even though m(X) = 0, it does not hold that inex L>1— ZMQX u;.

As a consequence of Proposition 7.2.2, we have the three following results:

Corollary 7.2.1 If A is a subset of smallest cardinality that satisfies

thenm(A)=1-3  cali—2 y,gawi >0

Proof:

Since J is proper, it holds that 0 > 1 — inex u; and, consequently, A cannot
be equal to the empty set. If |A| = 1, due to the reachability condition, then, it
is not possible that } , A i <T1—2 , 22 wi. Thus, [A] >2

By hyphotesis,
A) =1- Z ui,

XiQA

Zu%—Zuh VB C A.

xi€B xi¢B

and
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From Proposition 7.2.2, it follows that

<

=> L, VBCA:[B[>2
xiE€B

Furthermore, due to the reachability condition, P ({xi}) = 1i, Vx;i € B. Thereby,

- Z 1, VBCA.
x{€EB
Hence,
m(A)= 3 (~1)PR(B) + ) (=DM R(B)
BCA BIBCA
_1—Zu1+ Z lA\B‘Zl
X{EA B|BCA xi€B

Now, due to Proposition 7.2.1, it is satisfied that:

m(A)=m(A)—0=m(A)— Y (=1)MB 3y

BCA xi€B
—1— Z wi + Z \A\B| Z L — Z (_])\A\B| Z L
XA B|BCA xi€B BCA xi€B
=1- Z uy — Z 11>0.

Xi €A xXi€EA

O

Corollary 7.2.2 If for each A C X such that |A| = t', with 1 <t/ < t, it is satisfied

that
D Lzl-) w,
Xi€EA Xi €A
then m(B) > 0 VB C X such that B =t’ +1.
Proof: Under our hypothesis, for each B C X such that |B| = t’ + 1, it holds
that |B| > 2, and there are two possibilities:
1. ZXiEB li > 1 _ZXiQB Ui.
In this case, Proposition 7.2.2 allows us to deduce that m(B) = 0.
2. ) vepli <=2 ¢l

Then, B is a subset with smallest cardinality that satisfies this condition.
From Corollary 7.2.1, it follows that m(B) > 0.
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O

Corollary 7.2.3 For each subset A C X such that |A| = 2, it holds that m (A) > 0.

Proof: It immediately follows from Corollary 7.2.2 and the reachability condi-
tion. Moreover, this result is a direct consequence of the fact that reachable
probability intervals are particular cases of Choquet capacities of order 2. [

Due to the proper condition, it is satisfied that 5 ;_;1; < 1. It is easy
to observe that, if Z{:] i =1,thenl; =u Vi=12,...,t because J is
reachable. In this case, there is a single probability distribution compatible
with J, and it is obvious that J can be represented via a belief function, which
coincides with the unique probability distribution consistent with J. For this
reason, hereon, we assume that ZJ{:] L <.

In order to determine the conditions under which m is non-negative, we
consider the following set of probability intervals on X:

J’:{[Ii’,u{],l{:o,u{:ul v i:1,2,...,t}, (7.2)

whereL=3Y 1 1l <1.

This set of probability intervals is reachable, as the following result shows:

Proposition 7.2.3 I’ is a reachable set of probability intervals.

Proof: As J is a reachable set of probability intervals, due to Proposition
2.2.6, it holds that:

ui—li

t
w+ ) L<l=w<l-L+h=
j=1,j#1 j=1,j#1
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t
L+ Z uj/]:Zl— Z L+ Z w > 1

j=1j#1 j=1 j=1j#1 j=1,j#1
t
SRR
i=1j#1 i=1j#1
t u l t
i Y /
= Y 1_L>1:>Zu)21
j=1j#1 j=1j#1
t t
- Z w1 = Z w01, Vi=12,...,1,
j=1,j#1 j=1j#1

and Proposition 2.2.6 let us conclude that J’ is reachable.

Let P; denote the natural extension of J’ and m; its associated Mobius
inverse:

P;(A) = max Zl{,]—Zu{ = max O,]—Zu{ ,

X{EA XiZ€A Xi €A

mi(A)= Y (-1)"FIp;(B), VACX
BCA

According to the following result, J can be represented by a belief function
if, and only if, Py is a belief function.

Theorem 7.2.1 m is non-negative if, and only if, my is non-negative.

Proof: Since m is the Mobius inverse associated with P (the natural extension
of J), and m; is the Mobius inverse corresponding to P;:

m(A) = Y (~1)A\BIp,(B)

BCA

:Z(—U‘A\Blmax Zlij—Zui , VACX

BQA XiGB XiQB
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mi(A)= ) (-DMBPB)= ) (D) PImax|[0,1- > 1

BCA BCA xi€B
= Z (—1)‘A\B|max 0,1— Z L;i _Ei
BCA xi¢B
1
= 7 X > ()"™Bmax [0,1-L+ ) L— > w
BCA xi¢B xi¢B

_ ] x Y (=)"™Plmax [ 0,1— Y Li— > w |, VACX

1—-L
BCA x{€B xi 2B

Now, due to Proposition 7.2.1, it holds that, for each A C X with |A[ > 2:
m(A) =m(A)—-0

= Z (—1)\A\B|max Z 1,1 — Z w | — Z (_1)|A\BI Z L
xXi€B

BCA xi B BCA xiEB

= Z(—])‘A\mmax 0,1— Z L — Z u; |,

BCA x{€B xiZB

and it is immediate that m(A) = (1 —L)m;(A), VA C X with |A| > 2.

Furthermore, we must remark that, for singletons, m is non-negative and

my is equal to 0. Also, it is obvious that m (#) = m; () = 0.

Therefore, it can be concluded that the Mobius inverse corresponding to the
natural extension of J is non-negative if, and only if, the one associated with

the natural extension of J’ is non-negative.
Hence, we will focus on studying when m’ is non-negative.
We partition the set X as follows: X = X7 U X3, where:

Xi={xeXlu=1 1<i<t}, Xa={xeXlui<l, T<i<t}.

Clearly,

t
Xp=<{xieXlui+ Y L=1, 1<i<ty,
j=1j#1

t
X =< xieX|u+ Z lj<], 1<igt
j=1j#1

As the following results show, the value of m; for the subsets of X that do

not contain X; is equal to 0.
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Proposition 7.2.4 If A C X satisfies that X1 € A, then P1(A) = 0.
Proof: Under our hypothesis:

P, (A) = max Z 0,1— Z uf

Xi€EA Xi €A

=max<0,1— Z u{— Z u{ =0,

xiEXT\A xi€AUX,

since X] \A#Pand u{ =1 Vx; € Xy.

Corollary 7.2.4 If A C X verifies that X1 € A, then P1(B) =0 VB C A.

Proof: It is sufficient to observe that, if X; € A and B C A, then X; € B and
apply Proposition 7.2.4. O

Corollary 7.2.5 If A C X satisfies that X1 Z A, then m(A) = 0.
Now, we distinguish two cases:

e Case1: ) x,u{<1.

o Case2: ) | o, ui>1

We show that, in Case 1, the given reachable set of probability intervals can
be represented by a belief function.

Proposition 7.2.5 If } | -, ui <1, then my is non-negative.

Proof: According to Corollary 7.2.5, mj(A) = 0 VA such that X; € A.
Thereby, m;(A) # 0 can only happen if X; C A. In consequence, we only
need to check the sets A of the form A = X7 UB, with B C X5, because these
are the only sets satisfying X; C A.

mi(Xq) — ) mi(A)=Pi(Xy) =

ACX;q

1— Z w =1-— Z ul >0

xX{€X1 xi€X2
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1— ) u>0=1-) uz0=1— > ul>0

X1EX2 X1 €X xi X1 U{x;}
SRiUfsh=1- Y W wex
XiQX]U{Xj}

(XU} =P (X1 u{x}) —mi(Xy)
=1- Z u{—(]—Zu{):Zu{— Z uf
xi€X1U{x;} x{€X3 x{€X3 x1€X2\{x;}
:uj’ >0, Vx5 e X
We prove that m; (X7 UA) =0 VA C X; such that |A] > 2 by induction on
Al.
| |For Al=2,ie A= {xj,xk}, with x;, xic € X2, we have that:
my (X3 UA) =my(Xq U {xj,xk}) =
Py (X1 U {xj,x}) —ma (X3 U {xj}) —mi (X3 U{xa}) —ma(X)

=1- Z uf u—uk 1—Zu

xi @ X1 U{x;,xx } X €X1
_ / / / /
=D wi— ) w-u-y
Xi€X1 X1¢X1U{Xj,xk}

!/ !/ / /
=uwj +u —uy—uy =0.

Suppose that it holds that m;(X; UA) =0 VA C X; such that 2 < |A] < t/
for some t’ < |X3|. Let us assume that B C X, with |B| =t’ + 1. Then:

m;(X; UB) =P;(X; UB)— > my(X;UC).
CCB
By hypothesis of induction:

m;(X; UB) =P;(X; UB)— > my(X3UC)

CCB
=P;(X7UB)— ) my(Xy Ufxi}) —my(Xq)
XiEB
TR ST LR ot
xi{&€X1UB xi€EB xi €X1
SR S
xXi€ X1 xi€X1UB x{€EB

= Zu{—Zu{zo.

xi€B xi€B
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O
The following result is an immediate consequence of the previous proposi-
tion.

Corollary 7.2.6 If 3, cx, li < 1=, cx, Wi, then J can be represented by a belief
function.

Proof: It is enough to observe that

You<ie Y Mlicie Y owon<i-t

xX{EX2 xX{EX2 xiE€X2
Sy wel Y u=1- Y
xi€X2 x{Z€X2 xi€X)
<~ Z L<T— Z uy.
xi€X, X{EX2
and apply the previous proposition and Theorem 7.2.1. O

We study Case 2: | o, ui > 1.
Let J, be the set of probability intervals on the subset of X; composed of
those elements for which the upper probability is not equal to 0:

I ={[0,u{] [xi € Xs Au{>0}. (7.3)

Let P, denote the natural extension of J;, P, its associated coherent upper
probability function, and m; the corresponding M&bius inverse:

P,(A) =max< 0,1 — Z ul 3, P2(A)=1-P,(A),
xiEX2\A

ma(A) =Y (—=1)"\BIP,y(B), VA CX..
BCA

We consider Xo = {x;i € Xo [u{ =0} ={x; € Xz | li = ui}.
As shown in the following result, P, is a belief function if, and only if, P, is
a belief function.

Theorem 7.2.2 m; is non-negative if, and only if, m, is non-negative.

Proof:
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For each A C X3\ Xp, B C Xp, it holds that:

P; (XUBUA)=max<{0,1— Z u{ » =max< 0,1— Z u
xi€X7UBUA xX{E€X1UA

=P (X1 UA),

sinceu{ =0 Vx; € B.
In addition,

P; (X3UA) =max<{0,1— Z u{ p =max<0,1— Z uf
xi€X7UA xi€X2\A

=P,(A), VA C X2\ Xo.

Consequently, as P;(C) = 0 VC such that X; Z C (Corollary 7.2.4), it holds
that:

ma(A)= ) (=D)MAIRy(AY)
A'CA
= > EDMAIRIG UAY) = mi (X1 UA), VA S X2\ Xo.
A'CA

Let us consider now B C X, with B # (. For a given A C X; \ Xp, since
ANB = 0, it is satisfied that |AUB\A’UB’| = |A\A’|+|B\B’/| VA’ C A,
B’ C B. Taking into account this issue and that P; (C) = 0 VC such that X; £ C,
we have that:

m (XTUAUB) = Y 3 (—IAUBNAUBIp (X, UATUB)

A'CAB/CB
= > A (IR G UATUBY)
A'CA B'CB
= 3 Y EEIR (X uAY)
A'CA B/CB
: o i (1Bl
-y (—n'/‘\A'P](x]uxx')Z(—nl< | )
A'CA j=0 )

=0, VA CX2\Xo,

where we have utilized Lemma 7.2.1 in the last equality taking into account
that [B| > 1.
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To summarize, m; (X3 UA) = my(A) VA C X3\ Xg and, if B C Xy with
IB| # ), then m’ (X UAUB) =0 VA C X3 \ Xo. Our thesis follows from the
previous points. 0

We now give a condition that has to be satisfied by m; in Case 2 if it is
non-negative.

Proposition 7.2.6 If m, is non-negative, then, VA1, Ay C Xz \ Xo such that
ma (A1) > 0and my(A2) > 0, it must be satisfied that |A1\ Az| < 1.

Proof: Let B C X; \ X( be a set with smallest cardinality such that m;(B) > 0
(B might not be unique). Then,

ACB xiZB
=1-> > mA)=
xi€B Alxi€A
my(B)+ ) > mu(A)=1.
xi€B Alxi€A

Moreover, since my(A) =0 VA C B:

1= Y mA)=my(B)+ Y my(A).

ACX2\Xo AIA\B£0
Thus,
T=ma(B)+ Y > maA)=maB)+ ) my(A)
xi€B Alxi€EA A|A\B#0D
= ) mA)=) > mA).
AIA\B£D X €B Al EA

In consequence, since my(A) > 0 VA C X, \ Xp, it is not possible that 3A C
X2\ Xo, xi € B, xj ¢ B with x; # xj such that m>(A) >0, x; € A and x; € A.

Therefore, if A is a focal element of m,, i.e, if my(A) > 0, then there cannot
exist xi, x; € A such that x;, x; € B = [A\B| <1 VA C X3\ X such that
m2(A) > 0. As B is a focal element with minimum cardinality, it is immediate
to conclude that |[A1\ Az| <1 VA;,As C X5\ Xp such that m, (A7) > 0 and
mz(Az) > 0. ]

Hence, if the Mobius inverse associated with the natural extension of J, is
greater or equal than 0, then the difference between two focal elements cannot
have a cardinality greater than 1. In the following result, we give a necessary
condition that the probability intervals of J, have to satisfy for the Mobius
inverse to be non-negative: the sum of each pair of upper extremes of the
intervals must be greater than 1.
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Proposition 7.2.7 If m; is non-negative, then
u{—i—u]-’ >1, Vxy, Xj € X2\ Xo.

Proof: Let us assume that m; is non-negative. Let H C X; \ Xo be a set of
maximum cardinality such that } | ., u; < 1. Suppose that our thesis does
not hold, which is equivalent to [H| > 2

Since Zx]-exz\xo uj/ > 1, Ixk € H, xix € X2\ Xo. Now, due to Proposition
2.2.7,

Po(HU X)) = min Z u,, 1 =1,
Xo EHU{x }

because H is a set of maximum cardinality that satisfies } , -yu, < 1.
Clearly, P> ({xx}) =u;, P2(H)=min {ZxoeH ul, 1 } =2 x,eH Yo
In addition, wj + 3 <y us > 1. Thus,

P2(HU ) < P2(H) + P2 () =
> ma(A)< Y ma(A)+ Y my(A
A|AN(HU{x})#D A|ANH#AD Alx €A

which implies that 3 Cix € X3 \ Xp such that my(Cix) > 0, xx € Cix, and
xi € Cyx, for some x; € H.

Since [H| > 2, 3x; € H such that x; # x;. There exists a subset C; C X3 \ Xo
satisfying x; € C;j and mz(C;) > 0 because uj > 0.

Furthermore, my(H) = P,(H) = 1 — ZxoeH u/ because H is a subset of
maximum cardinality such that } | 1, < 1. Two cases are distinguished:

1 If ) | cpug =1, then:

> ) mA)= ) malA)

Xo€H Alxo €A ACX5\Xo

Consequently, it is not possible that 3C C X; \ X such that m,(C) > 0
and x4, X € C for some x,, X, € H.

2. If ) | cpup <1, then:

HS(H) =1 Zu>0

X0 €EH

which implies that there can not exist a focal element C with x,, %, €

CNH as, in that case, xo,xu € C\ H, which contradicts Proposition 7.2.6.
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Therefore, a focal element can never contain two elements belonging to H.
In consequence, x; ¢ Cj. It implies that x, € Cj since, otherwise, {x{,xx} C
Cir \ Gj.

Given a focal set C, we distinguish two cases:

1. If x; ¢ C, then xi € C, because, else, {xi, xx} C Cix \ C.

2. If x; € C, then x; ¢ C. Asx; € Cj and xic € Cj, it holds that xy € C since,
otherwise, {xi,x;} C Cj\ C.

Hence, we have that x,, € C VC C X, \ Xp such that my(C) > 0, which
implies that uj, = 1. Butu) <1 Vx, € X2\ Xo, and we get a contradiction.
Thereby, if m; is non-negative, then [H| < 1 = u/ —|—uj/ >1, Vxi, x5 € X2\ Xo.

O

If the condition of Proposition 7.2.7 is satisfied, then all the subsets of X, \ Xo
whose cardinality is lower or equal than |X; \ Xo| —2 have a Mobius inverse
equal to 0. The Mobius inverse for sets of cardinality equal to [X2 \ Xol — 1
is non-negative (Corollary 7.2.2). Thus, the natural extension of J, is a belief
function if, and only if, the M&bius inverse for X; \ Xy is greater or equal than
0. In the following proposition, we show the condition that the intervals of J;
must verify, assuming that they satisfy the property of Proposition 7.2.7, for
the corresponding Mdbius inverse to be non-negative.

Proposition 7.2.8 If it is satisfied that
u{—l—uj’ >1 ¥xi, x5 € X2\ Xo,
then m; in non-negative if, and only if,
Z uf > [X2\ Xol — 1.
x1€X2\Xo

Proof:
Under our hypothesis,

my (A) =0 VACX;\Xo, [Al<IX2\Xol—2.
For sets of cardinality equal to [X \ Xo|—1:
my O\ Xo Uil =T—u{ >0, ¥x;i € X2\ Xo.
Hence, my(A) > 0 VA C X3 \ Xpo. Now,

m (X \Xo)=T— )  myA)=T— Y ma(X2\{XoU{u}})

ACX2CXp xi E€X2\ Xo

=1— )  (—u)=1-X\Xol+ Y .

xi €X2\Xp x1€X2\Xo
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Therefore, m, is non-negative if, and only if,

my (X2\Xo) 20 1—Xa\Xol+ Y u{>0
xi€X2\ Xo

& Z uf > [X2\ Xol—1.
X1€X2\X0

g

The following result summarizes the necessary and sufficient conditions

that a given reachable set of probability intervals has to satisfy to be repre-
sentable by a belief function.

Theorem 7.2.3 Let X = {x1,x2,...,x¢} be a finite set and

J={L,w], 1=1,2,...,t} a reachable set of probability intervals on X. Let us
consider:

t
L:ZH, Xo={xieX|li=u, 1 <i<t},
im1

t
Xi=SxeXlw+ ) L=1,1<i<ty,
j=1j#1

t
Xo=<¢x €X|u+ Z lj<],]§i<t
j=1j#
Then, J can be represented by a belief function if, and only if, one of the two following
conditions is satisfied:

1. ZX‘IEX] ]'i < 1— ZX‘IEXZ Ui.
2. ) vexy > 1= 2\ ex, Wi, and the following two statements hold:

a) Ui —i—uj >1— Ztkzl,kyéi,kyéj Ly, VXi,Xj € X2 \Xo,

Indeed, this theorem does not explicitly assume that L < 1, as the previous
results. Nevertheless, it is easy to observe that, when L =1, X; =X =X, and
X2 = (. Hence, if L = 1, then inex1 LLi=1-— inexz u; and, consequently,
J can be represented by a belief function. Moreover, it holds that Xy C X;
whenever L < 1.

In this way, given a reachable set of probability intervals on a finite set, we
can divide the set into two subsets. The first one is composed of those ele-
ments whose upper probability is equal to one minus the sum of the lower
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probabilities of the remaining elements. The second subset is the complemen-
tary set of the first one. We also consider a subset composed of those elements
whose lower and upper probabilities coincide. Then, Theorem 7.2.3 gives the
necessary and sufficient conditions that the sums of the lower and upper prob-
ability values on these subsets have to satisfy for the Mobius inverse associated
with the natural extension of the set of intervals to be non-negative.

7.2.1.1 An example: The Imprecise Dirichlet Model

Let X be a discrete variable whose set of possible values is {x1,x2,...,x¢}.
Suppose that we have a sample of N independent and identically distributed
observations about X. For eachi=1,2,...,t, let n(x;) denote the number of
observations of the x; value in the sample. As shown in Section 2.3.1, we have
the following set of IDM probability intervals on X:

Jiom = {[UPMuPM], i=1,2,...,t},

where 11IPM = N(T and u{PM = %, Vi=1,2,...,t, s being the IDM
parameter.

As pointed out in Section 2.3.1, Jipm is reachable and can be represented
by a belief function.

Indeed, using Theorem 3, we have that X; = X and X = X, = () since:

t t
ulPM Z 1J_IDM_ N+s Z

j=1,i#i j=1,j
N+s
= =1, Vi=12,...,t
N+s
Consequently,
N
T <I=1-> u.
xi €Xq xXiEX2

7.2.2 Belief functions representable via reachable probability intervals

Let Bel be a belief function on X and Pl its associated plausibility func-
tion. Let m denote the BPA corresponding to Bel, computed through Equation
(2.27). Let us consider the set of belief intervals for singletons:

Iger ={[Bel ({xi}),PL({xiP], i=1,2,...,t}. (7-4)
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Wang and Song [212] demonstrated that Jg1 is always reachable. The credal
set composed of all probability distributions consistent with Jg.1 is given by:

PIger) ={p € P(X) [ Bel ({xi}) < p ({xi}) < PL({xi}), Vi=1,2,...,t}, (7.5)

P(X) being the set of all probability distributions on X.
Let Pg.1 denote the credal set associated with Bel:

Pper = {p € P(X) | Bel(A) < p(A) VA CX). (7.6)

In this way, the belief function Bel can be represented by a reachable set of
probability intervals if, and only if, P(Jge1) = Pger. It is easy to observe that
it always holds that Pger € P(Iger). However, it is not always satisfied that
P(Iget) € Pget, as can be observed in Example 2.2.1.

The following result shows that the belief function Bel is representable by
a reachable set of probability intervals if, and only if, it coincides with the
natural extension of Jge1.

Theorem 7.2.4 P(Ige1) = Pper &
Bel(A) = max {ZX_IE/\ Bel ({x;}),1— ZX#A Pl ({xi})} , YA CX

Proof: It immediately follows from Proposition 2.2.7. g

We must remark that the condition given in Theorem 7.2.4 might be com-
putationally hard to check as it requires checking the equality for each A C X,
and the number of subsets exponentially grows as the number of alternatives
increases.

For this reason, in this section, we aim to provide a necessary and sufficient
condition for Bel to be representable via belief intervals for singletons in terms
of the relations between the focal elements of m.

We consider the following BPA on X, m':

m' ({xi}) =0, Vi=12,...,t,

(7:7)
m/(A) = ™MA) o cx Al 2, 77

where M = ZJ{:] m ({xi})>.
The following proposition shows that m’ is well-defined as a BPA on X.

Proposition 7.2.9 The set-function m’, defined in Equation (7.7), is well-defined as
a BPA on X.

Here, we do not consider the case M = 1 because, in that situation, m is a probability distribu-
tion.
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Proof: As m is a BPA on X, it holds that:

(M(A)Z0)A(1-M>0)=m'(A) >0 VACXIAl>2,

mA)+M< ) mB)=1=mA)<T-M=
BCX

m'(A) <1 VACX Al =2,

Joan m(A) 1= m(x))
MmN = ) Ty M =1
ACX ACX,|A|>2

O

All focal elements of m’ have a cardinality greater or equal than 2. Among
the non-singleton subsets, the focal elements of m’ coincide with the ones of
m. It is expressed in the following result, whose proof is immediate.

Proposition 7.2.10 VA C X such that |A] > 2, m(A) >0 < m/(A) > 0.

Let Bel,,s and Pl,,, denote, respectively, the belief and plausibility func-
tions associated with m’. Let P (Bely,/) denote the credal set corresponding
to Bel,, and P (Jgelm/) the credal set consistent with the belief intervals for
singletons associated with m’. The following proposition shows that Bel repre-
sents the same uncertainty-based information as its associated belief intervals
for singletons if, and only if, the same occurs with Bel,,.

Proposition 7.2.11 P (Bel) = P(Jget) < P (Bely) =P (Tger, )
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Proof: For each A C X, it is satisfied that:

Bel/(A) = max{ > Belm ((x:}), 1= ) Pl ({xi})} &

Xi€EA xXi €A

Zm’(B)max{Zm ({xi}), Z Z }

BCA XiEA xi €A B|x;€B

5 :““”max{mz > *““3)}@

BCA,|B|>2 xi€A BIxi€BA[B|>2

> m(B)max{mMZ > m(B)}@

—_

BCA,|B|>2 xi€A B|x;€BA|IB|>2

Y mxh+ Y mB)=max{ Y m(xl),

Xi€EA BCA,|B|>2 xi€EA

1—M+Zm{x1} Z Z m(B) » &
Xi€EA XiZA B|x;EBAIB|>2

D> m(B)=max{ Y Bel({x}),1-
BCA xiEA
> {m xh+ ) m(B)] } &

XA BIxiEBAIB|>2

Bel(A max{ Z Bel ({xi}), Z Z m(B }

X{EA xi €A B|x;€B

Bel(A max{ Z Bel ({xi}), Z Pl ({xi}) }

X{EA XiZ€A

and our thesis follows from Theorem 7.2.4.
O

Hence, we focus on studying when Bel,,/ can be represented via its corre-
sponding set of belief intervals for singletons.

The following theorem gives the necessary and sufficient condition for Bel,,
to represent the same uncertainty-based information as its corresponding set
of belief intervals for singletons: the difference between each pair of focal
elements of m’ has a cardinality lower than 2.
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Theorem 7.2.5 P (Jger, ,) = P (Belms) < [B1 \Ba| < 1VBy,By C X such that
m’(By) > 0and m’(By) > 0.

Proof: Suppose that P (jBelm/) = P (Bel,,/). Let A be a focal element of m’.
From Theorem 7.2.4, it follows that:

XiEA XiZ€A

Bely/(A) = max{ > Belm ((x}), 1= ) Pl ({xi})}
max{ Z m’ ({xi}),1— Z Z m’(B)}

X{EA xi €A Blx;€B

max{O]Zm B\A}]Zm JIB\Al.

BCX BCX

The last equality is because A is a focal element of m’.
In consequence, ZBgA m’'(B) =1— ZBQX m’/(B)|B\ Al

Furthermore,
1:Zm’(B) Zm )+ Z m’(
BCX BCA BIB\A#£(
Therefore,
Z m'(B) =1— Z m’(B) B\ Al
BCA BCX
=Y m'(B)+ > m(B)- > m'(B)B\A],
BCA B|B\A#) BCX

which implies that

Z m/( Zm JIB\AJ.

B|B\A#£( BCX

Thus, if m/(B) > 0, then it is not possible that [B\ A| > 2. It can be con-
cluded that [B; \ B;| < VB1,B> C X such that m’/(B7) > 0 and m’(B3) > 0.
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Let us assume now that |[B; \ B3| < 1 VBj,B, C X such that m/(B7) > 0
and m’(B;) > 0. Let us consider A C X. We have that:

ax{ > Belw ((xi}), 1= ) Plyy ({xi})} =

X{EA X{ZA

o { & 1= £ T win

Xi€EA xi €A B|x;€B

max{O -3 m/( B\A}

BCX

max{O,Zm’(B)—l— Z m/'( Zm B\A}

BCA BIB\A#0D BCX

We distinguish two cases:

e Case 1: 3C C A such that m/(C) > 0.
By hypothesis, it holds that, if B C X satisfies that [B\ C| > 1, then

m/(B) = 0. Hence, since C C A, m/(B) =0 VB C Xsuchthat|[B\ A| > 1.
Consequently, |B\ A| < 1VB C X such that m’(B) > 0. Then,

ax{ S Belw (i), 1= Y Pl ({xi})} -

X{EA XiZ€A

BCA BIB\A#£D BCX

max{O,Zm'(B)+ > m'(B)-) m'(B B\A}
max{O, > m’(B)} = Y m/(B) =Beln(A).

BCA BCA

e Case2: m/(B)=0 VB CA.
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In this case, Bel,;/(A) = 0 and

max{¢ Y Belyn ({xi}),1— ) Plo (b)) p =

X{EA X{ZA

max O,Z m’(B) + Z m/(B)—Zm,(B)\B\A\ =

BCA B|B\A#0 BCX

max{O, > m’(B)(]B\A)}OBelm/(A).
BIB\A#0

Thereby,

max{ > Belm (), 1= ) Pl ({xi})} =Beln/(A), VACX,

Xi€EA xXi €A

and, from Theorem 7.2.4, we conclude that P (jBelm/) =P (Bely/).
O
As a consequence of this theorem and Proposition 7.2.10, the necessary and
sufficient condition for a given belief function on X to be representable by a
reachable set of probability intervals is expressed in the following corollary:

Corollary 7.2.7 Let Bel be a belief function on a finite set X and m its associated
BPA. Let P (Bel) denote the credal set associated with Bel and P(Jge1) the credal set
compatible with the belief intervals for singletons derived from Bel. It holds that

?(Bel) = ?(jgel) =4 |B] \Bz| <1 VBy,B; € X such that m(Bi) > 0 and
IBi| > 2, fori=1,2.

Hence, the belief function associated with the BPA m given in Example
2.2.1 cannot be represented via a reachable set of probability intervals because
{x1,%x2} and {x3, x4} are focal elements of m and [{x3, x4} \ {x1,x2}| = 2.

We show below another example where the belief function represents the
same uncertainty-based information as its corresponding set of belief intervals
for singletons.

Example 7.2.3 Let X = {x1,X2,%3,x4} be a finite set and m the following BPA on
X:

m({x3}) =0.3, m({x1,x2}) =0.3,

m ({x1,%x2,%x3}) = 0.1, m({x1,x2,%x4}) = 0.3.
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The non-singleton focal elements of m are {x1,x2}, {x1,x2,x3}, and {x1,x2,xa}. We
can check that [{x1,x2} \{x1,x2,xi}l =0, {x1,x2, xi} \{x1,%2}| =1, and
‘{xhxz,xi}\ {x1,x2,xj}] =1, fori,j €{3,4}

Thus, in this case, the set of probability distributions compatible with the belief func-
tion corresponding to m coincides with the set of probability distributions consistent
with the belief intervals for singletons.

If there is a unique non-singleton focal element of m, namely B, then
m’(B) = 1 and, clearly, Bel y Bel,,/ can be represented via reachable sets of
probability intervals. Also, if all the focal elements of m are singletons, then
m is a probability distribution.

For testing the condition given in Corollary 7.2.7, it is just necessary to
check whether there exists, among the non-singletons subsets, a focal element
of greatest cardinality such that its difference with another focal element of
smallest cardinality has a cardinality greater than one. Consequently, that
condition might be easier to check than the one given in Theorem 7.2.4.

From Corollary 7.2.7, it is easy to deduce that, if there are three or fewer
alternatives, then Bel always represents the same uncertainty-based informa-
tion as its associated set of belief intervals for singletons. Therefore, we have
the following result:

Corollary 7.2.8 Let Bel be a belief function on a finite set X = {x1,...,x¢} with
t < 3. Let P(Bel) denote the credal set correspoding to Bel and P (Jgey) the credal
set associated with the corresponding set of belief intervals for singletons. Then, it is
always satisfied that P (Ige1) = P(Bel).

7.2.2.1 Particular cases of belief functions representable by reachable sets of
probability intervals

Within this subsection, we use the characterization given in Corollary 7.2.7
to describe some special types of belief functions representable by means of
reachable probability intervals.

p-boxes: Suppose that we have a finite set X = {x1,x2,...,x¢} that is also
ordered, i.e, x; < x2 < ... < x¢. Let (F,F) be a p-box on X. Let Belf be the
belief function derived from (F,F), computed through Equation (2.44), and
mgel, the BPA corresponding to Belf, determined via Equation (2.27).

As pointed out in Section 2.2.4.5, the focal elements of the BPA associated
with a p-box are always intervals ordered, following the interval order given
by Equation (2.45).
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The result presented below demonstrates that, for a p-box to be repre-
sentable via reachable probability intervals, it is not possible that there are
more than three non-singleton focal elements of the corresponding BPA:

Proposition 7.2.12 If A1, A,,..., Ay, with k > 4, are the non-singleton focal ele-
ments of Belg, then (E, f) is not representable via a rechable set of probability inter-
vals.

Proof: Since Belr is the belief function associated with a p-box, its non-
singleton focal elements are intervals ordered, thatis, A1 < Ay < ... < Ay.
Let us denote A; = [ai, bi], with ai,b; € X, Vi=1,2,...,k.
Three cases are distinguished:

1. If a4 > a7 +1, then |[A71\ A4l > 2. Likewise, |[A4\ A7| > 2 whenever
by >by+ 1.

2. If a4 = ay, then a; = a; = a3 = a4. Clearly, in this case, A} C Ay C
A3z C Ay, and |A3\ Aq| > 2.

3. Analogously, if by = by then, b; = by = b3z = bs and, obviously, A4 C
A3z C Ay C Ay. In consequence, [A; \ A4l > 2.

Let us prove that, under our hypothesis, these are the only possible situa-
tions. Indeed, if a4 = a7 + 1 and by = by + 1, then there are two possibilities:

1. If a3 = ap, then by = b7 +1 = b3 = bs. In this case, it is not possible
that A, # A3z and A3 # A4, and we get a contradiction.

2. If ay = a; + 1, then a; = a3z = a4. This contradicts that A, # A3 and
A3 # Ag.

Therefore, under our hypothesis, there always exists A;, A; such that
‘Ai \Aj‘ > 2, with {i,j} C€ {1,2,3,4}. Corollary 7.2.7 allows us to conclude
that Belr does not represent the same uncertainty-based information as its
associated set of belief intervals for singletons.

|

Hence, for a p-box to be representable via a reachable set of probability
intervals, it cannot have more than three non-singleton focal elements. The
following result shows the necessary and sufficient condition for a p-box with
three non-singleton focal elements to represent the same uncertainty-based
information as its corresponding set of belief intervals for singletons:
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Proposition 7.2.13 Suppose that the belief function Bel has three non-singleton
focal elements A1 =< Ay = Ajz. Let us denote A; = [ai, bil, fori=1,2,3. Belf is
representable by a rechable set of probability intervals if, and only if, a3 = a3 + 1 and
b3 =b;+ 1.

Proof:

e If a3 > a; +1, then |[A; \ A3| > 2. Analogously, [A3\ Aj| > 2 whenever
bz > by + 1.

e If a3 = a; then, Ay C A, C A3, which implies that [Az3\ Aq] > 2.
Likewise, if b3 = by, then b; = by = b3. In this case, A3 C A, C A7 and
AT\ Az] > 2.

Thereby, due to Corollary 7.2.7, for Belr to be representable via a rechable
set of probability intervals, it is necessary that a3 = a; +1 and b3 = by + 1.
Let us show that such a condition is sufficient.

In that situation, A7 \ A3 ={a;}, A3\ A; ={b3}, and two cases are distin-
guished:

1. If a; = ay, then b, = b7 + 1 = bs. It holds that A; C Ay and A, \ A7 =
{by}. Also, a3 =ay+1= A3z C Ay and Ay, \ A3 ={az}.

2. If ap = ay; +1, then a = az and b3 = b, +1 = by = by, which implies
that A, C A7 with A1\ Ay ={ai}and Ay C A3z with A3\ A, ={b3}.

g

In this way, the characterization given by Corollary 7.2.7 lets us easily check

when the belief function corresponding to a p-box is representable via a reach-

able set of probability intervals. Indeed, we only need to check when there
are three or fewer non-singleton focal elements.

Possibility measures: Let X = {x1,x2,...,%¢} be a finite set, Poss a pos-
sibility measure on X and Necc its associated necessity measure. Let myecc
denote the BPA corresponding to Necc, computed through Equation (2.27).

As commented in Section 2.2.4.6, the focal elements of mpyecc must be
nested. Therefore, it is very easy to deduce that, for a possibility measure
to be representable through a reachable set of probability intervals, it cannot
have more than two non-singleton focal elements. When we have only two
non-singleton focal elements, it is sufficient to check whether there are two or
more elements that belong to one of such sets but not to the other one.
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The Imprecise Dirichlet Model Let X be a discrete variable whose possi-
ble values are {x1,x2,...,x¢}. Suppose that there is sample of N independent
and identically distributed observations about X. Let n(x;) denote the num-
ber of observations of the x; value in the sample, Vi=1,2,...,t. Asshown
in Section 2.3.1, the IDM can also be determined via the following BPA on

{x1/X2/ see ,Xt}:

IDM n(xi) )
iH) = , =1,2,...,%,
m ({xi}) N1 s Vi
mIDM(A):O/ VAQ{X],XZ,...,Xt}|2<|A‘<t,
IDM __S
m ({X]/X21"'/Xt}) — N+S,

where s is the IDM parameter.

We may deduce that the only non-singleton focal element of m!PM is the
total set. In consequence, according to Corollary 7.2.7, the belief function as-
sociated with m!PM can be represented by means of a reachable set of proba-
bility intervals. Actually, such a set coincides with the set of IDM probability
intervals, defined in Equation (2.59).

7.3 Properties of A-NPI-M credal sets

Let X be a discrete variable and {x,x2,...,x¢} its set of possible values.
Suppose that we have a sample of N independent and identically distributed
outcomes of X. Let n(x;) denote the number of occurrences of x; in the sample,
Vi =1,2,...,t. Let tops (tunobs) be the number of observed (unobserved)
values of X in the sample:

tob5:|{Xi:n(Xi)>O, i:]lzl"'lt}|/
tunobs = |{X‘i. :n(xi) = O/ l = ]/2/- . '/t}| .

As shown in Section 2.3.4, we have the following set of A-NPI-M probability
intervals on X (See Equation (2.68)):

JaNPI = { {max <n(x]i\])_],0> , min (n(x]l\l)—H,]ﬂ , 1= 1,2,...,t}.

The set of A-NPI-M probability intervals gives rise to the following credal
set on X, determined via Equation (2.69):

Panel) ={p e PX) [p(xi) €
[max <n(xi‘\])_1,0> ,min (TL(X;\]H]J)] , Vi= 1,2,...,’(}.
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For each A C {x1,x2,...,xt}, let n(A) denote the number of observations
in A, té\b ¢ the number of observed values in A, and tﬁnob ¢ the number of

unobserved values in A:

thhs =i €A n(xi) >0, thiops = xi € An(xi) =0}.

Let P np; denote the natural extension of Jnp; and mANP! the associated
Mobius inverse. According to Theorem 2.3.1, Panp; is determined in the
following way:
tA

n(A)—min(t—|K ’ obs)’ VA C{x1,X2,...,X¢t}. (7.8)

N

Panpi(A) =

The following properties are remarkable about the A-NPI-M credal set given
by Equation (2.69):

e Sample Size:

It is easy to observe that the A-NPI-M intervals

Ianpri(xi) = [max (%,O) ,min (%,1)], with 1 <1 < t, are
narrower as the sample size is higher. Indeed, it can be easily checked
that the width of Ianp1(Xi) is equal to % if n(xi) =0orn(xi) =N, and
% otherwise, Vi =1,2,...,t. Moreover, it always holds that % €
Ianpi(xi), Vi = 1,2,...,t. Hence, as the sample size converges to
infinity, the A-NPI-M converges to a classical probability distribution,
estimated by relative frequencies. This also happens with the IDM (recall
that the width of an IDM probability interval is always equal to °~, s

being the IDM parameter).

o Extreme points of the credal set: The set of extreme points of an IDM
credal set is quite simple to obtain. In fact, as shown in Section 2.3.1, it is
composed by only t extreme points, which are determined in a straight-
forward way. In contrast, the set of extreme points of an A-NPI-M credal
set is much more complex to obtain. For determining such a set, we em-
ploy Algorithm 2, which lets us obtain the set of extreme points of the
credal associated with a reachable set of probability intervals. Recall that
such a procedure is recursive and uses an implicit tree search where each
node corresponds to a partial probability distribution. At the root node,
the partial probability distribution is the one associated with the lower
probabilities. Under the A-NPI-M, such a partial probability distribution
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is determined by p(x;) = max (O, n(xf\])*] ) , VYi=1,2,...,t. Each child
node is a refinement of its parent node in which one component is in-
cremented. The leaf nodes of the tree correspond to the extreme points.
The algorithm maintains a global set Ext (P (Janp1)), which contains
the extreme points of P (Janp1) found in each moment. At each node,

there are two local variables: Expl, which contains the indices i whose

n(xy)+1 .
N 1), 1€

{1,2,...,t}, and a real value A, which indicates the remaining probability
mass to distribute among the components (A =1— 3 {_; p (x;)). Clearly,

at the root node, Expl=0 and A =1— Zt max (M,O) = Lobs

component cannot be incremented as p (xi) = min

i=1 N N

Algorithm 11 presents the procedure to obtain the set of extreme points
of P (Janp1).

Algorithm 11: Procedure to compute the set of extreme points of an
A-NPI-M credal set.

Procedure Determine extreme point of an A-NPI-M credal
set(Observed frequencies in the sample (n(x1),n(x2),...,n(x¢)))
Ext (P (Ianp1)) =0

Expl =1

_ tobs
A= N

fori=1totdo
L P (x;) = max (0, “O5=1)
GetExtremePoints (p,A Expl)
fori=1totdo
if i ¢ Expl then
if n(xy) =0o0r n(xi) =t then
L aux < %
else
L aux < %
if A < aux then
pPre=pxi), .o p(x)+A ., p(xt))
if p’ ¢ Ext (P (Janpr)) then
| Ext (P (Janp1)) « Ext (P (Tanper)) U{p'}

else

P+ <p (x1),...,max (%,1),...,1)(7%))

| GetExtremePoints(p’, A — aux, ExplU{i})
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We show below an example of how to obtain the set of extreme points
of an A-NPI-M credal set:

Example 7.3.1 Suppose that X is a variable that takes values in {x1,x2,x3},
n(xy) =15, n(x2) = 10, and n(x3) = 20. In this case, N = 45, and we have
the following intervals associated with the A-NPI-M:

g _ (14 e 12 11| 119 21
ANPL= 145" 45" |45"45|" |45’ 45| [ "

Let P (Janp1) denote the credal set corresponding to Ianpi. If we apply Algo-
rithm 11, we obtain the following 6 extreme points of P (Janp1):

_ (16 10 19 _ (16 9 20 _ (1519
P1=\45725"25)" P2~ \a5745'25)" P>~ \a5'45"25)"
_ (1411 20 _ (1592 _ (141021
P4=\45745725)" P>~ \a5745725)" Pe = \4a5'45"25)"
where py = (pi (x1),p1(x2),pi(x3)), Vi=12...,6

Credal set associated with the IDM:

As said previously, the IDM strongly depends on the s parameter. IDM
intervals are broader as the s value is higher. The value of the s param-
eter in IDM intervals indicates the previous knowledge assumed about
the data; the higher is the s value, the more imprecise is assumed to be
the data. This dependence is quite notable when the sample size is small,
as happens at leaf nodes of Decision Trees for classification. Indeed, for
a fixed s value, IDM intervals are wider as N is lower.

In contrast, A-NPI-M intervals have no dependence on any parameter;
they only depend on the relative frequencies and the sample size. For
s = 1, one of the values recommended in [209], and the most used in
practical applications, IDM intervals are contained in A-NPI-M intervals:

n(x;)
+17

0<

z

n(xj) <KN+1= Nn(xj) —1-N+n(x;) < Nn(xj) =

: n(xj) +1 n(xj)+1>n(xj)—|—1
~ ON+1 7 N 7 N+1
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In this way,
n(x;) nxj)+1 n(x;)—1 . (n(x;) +1
C — 7
NtT NpT | SN 0)mn{—— 1)
vi=1,2,...,K.

Thus, the A-NPI-M is a more imprecise model than the IDM with s = 1.

o Mobius Inverse:

In [59], it was shown that, for a specific configuration of the probabil-
ity wheel in the NPI-M, the associated Mobius inverse is non-negative.
Nonetheless, a set of A-NPI-M probability intervals cannot always be
expressed by a belief function. The contrary happens with a set of IDM
intervals, as pointed out in Section 2.3.1. The following example shows
that the Mobius inverse corresponding to the A-NPI-M can have nega-
tive values.

Example 7.3.2 Suppose that we have a discrete variable X and that
{x1,%2,%3,x4} are its possible values. Let us assume that n(x;) > 0 Vj =
1,2,3,4, N =n(x7)+n(x2)+n(x3)+n(xg). It holds that:3

n(x;) —1 )
Paner ({x}) = (;)] =m NP ({5}), ¥i=1234,

Panpt ({xi%}) = e +1:(Xj) 2 vi<i <j <4,

mANPL (%5 1) =Paner ({x0%}) = Paner (i) —

Paner ({xj}) =0, VI<i<j<4,

Panpt ({xig,0)) = MO +n(x)}\)]+n(xk) . Vi<i<j<k<4,

mANPL ({xi, x5, % }) = Panet ({xu%5, % }) = Paner ({xi,%}) —

Panpr (X xk}) = Paner ({x5, %k }) + Panpr (xi}) +

2
PanPI ({X)}) +Panpr (X)) = N VI<i<j<k<4,

ANPL ({x1,x2,%3,x4)) = 1 — Z mANPL (x5, % ) —
1<i<j<k<4

4
Y AN (fxig}) - 3 mANT () = <0
1<i<ji<4 j=1
3 Within this example, we use Theorem 2.3.1 to compute P 5 np1-

m
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In addition, if we use Theorem 7.2.3 in the previous example, we have
that Xo = X7 =0, X3 =X, inEqui >1= 0= inEX1 L >
T—2 y.ex, Wi, and

4
u+uy=1-— Z L, Vxi,%x5 € X2\ Xo,
k=1,k#1i,k#j
4 8 4 4
> w=lt g <t =g @-D+H1-o
xi €X2\Xo
=(1-D X\ Xl =T+ > L

x1€X2\ Xp

Therefore, the coherent lower probability function associated with an
A-NPI-M credal set is not always a belief function, and, consequently,
A-NPI-M credal sets do not belong to Evidence theory.

Clearly, for singletons, the Mobius inverse corresponding to the A-NPI-M
coincides with the A-NPI-M lower probability, i.e,

mANPT ({XJ}) =PanpI ({X]}) = max <n(x;\])_],0> , Vi=1,2,...,t

Let us analyze some properties of Mobius inverse associated with the A-
NPI-M for sets of cardinality greater or equal than 2.

In the following result, we show that the Mdbius inverse for a set whose

cardinality is greater or equal than 2 does not depend on the observed fre-
quencies of the values in the set.

Proposition 7.3.1 If A C{x1,...,x¢} with |A| > 2, then
in(tB__|B
mANPI(A) _ ZBQA (_])\A\B|+1 min( ]o\llas| |)
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Proof: In order to determine the number of subsets of A with a certain cardi-
nality that contain x;, with 1 < i < t, we think in the same way as in the proof
of Proposition 7.2.1. Hence,

mANPI(A) = Z (—1)A\BIp, o (B) = Z (1A n(B) —min (t5,, [B|)
BCA B BCA N
1 .
= 5 X ]B;A(—UM\BXZGBMX,-) —B;A(_])mwmm( ., [B))
I IAI-1
PR CIRIDNEI <'A'i—‘>
| XjE€EA i=0

Y (=) min (t8,, [B])
CA

Z (_1)|A\B|+1 mln (tgbs’ ED.
-

N

We have used Lemma 7.2.1 in the last equality since, by hypothesis, [A| -1 >
1.
|

The following proposition is very useful to simplify the calculation of the
Mobius inverse:

Proposition 7.3.2 It holds that

Z (_])lA\B|+] tEbS = O/ VA - {X]IXZI- . '/Xt} : |A| = 2
BCA

Proof: If |A| = té\b <+ then the result is obtained as in the proof of Proposition
7-3-1.

Suppose that t/Y,; < |Al. For determining the number of subsets of A that
have i observed values, with 0 < i < 2}, ., we think in the followmg way: We

can choose the i values between the tA observed ones in O.bs ossible ways.
obs 1 p y

Now, the set A has |A| —t”, . non-observed values. Therefore, a subset of A
obs

that has i observed values has j non-observed values, with 0 < j < |A|— Obs.
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The j non-observed values can be chosen in (lA | ]tObS) possible ways. Clearly,
the cardinality of the corresponding subset is i + j. Hence:

Z ( 1)‘A\B|+] tobs =

BCA
obs ‘A‘_t/c/)\ s
Zblx tf)\bs % Zb |A|_tébs (_1)\A\—i—i+1
i 4 j
j=0
tébs A ‘A‘itoAbs A
Zix (to'bs> % (_1)\A\71+1 % Z <|A| .tobs> (_])J —
i=1 v j=0 )
t(/;\bs tA X
Zi X ( Oibs> x (—NATHT o0 =o.
i=1

The penultimate equality is due to Lemma 7.2.1 because |A| — > 1.

obs
O

The following corollary allows us to know a condition under which the
Mobius inverse for a set of cardinality greater or equal than 2 is equal to 0: the
number of observed values in the set is not greater than the cardinality of the

complementary set.

Corollary 7.3.1 If A C {x1,%x2,...,x¢} with |A| > 2 satisfies t/\

< |A
mANPI (A) =0.

, then

obs

Proof: According to Proposition 7.3.1,

B))

mANPI(A) _ Z (_])lA\B\JH min( obs’

N
BCA

Now, under our hypothesis, if B C A, then tEb s < té\b s
consequence, min (t8, , [B|) =t5,, VB C A.

obs”’ obs
Proposition 7.3.2 lets us conclude that:

< |A| < |B|. In

1 A\B|+1
mANPI(A) T > (=n)MEETEE <o,
BCA

O

Thus, if the cardinality of a set is greater than 1 but lower or equal than the

half of the number of possible values of X, then the Mdbius inverse for that
set is equal to 0. It is expressed in the following result:
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Corollary 7.3.2 If A C {x1,%2,...,x¢} with 2 < |A| < 5, then mANPL(A) = 0.

Proof: Under our hypotesis, it is obvious that tob s SIAIL % < |A], and, from
Corollary 7.3.1, it is concluded that mANPI(A) = 0. O

The following proposition lets us obtain a simpler expression for the calcu-
lation of the Mdbius inverse for sets of cardinality greater than 1.

Proposition 7.3.3 VA C {xq,.. xt} with |A| > 2, it holds that
B —|Blo
mMANPL _ ZBQA (_])\A\BI max( 1?\] —[Bl, )

Proof: Due to Propositions 7.3.1 and 7.3.2:

mANPI(A) — mANPI(A) —0=

Z (_1)\A\B|+1 min (tgbs’ §|) . Z (_1)|A\B|+1 ’CEA _

BCA N BCA N
B .
_AABl tobs 1\IA\B| min (tgy,,, [B|)
> (e fabs 57 gy 2 Lo B)
BCA BCA

Z (—1 )\A\BI max (tEbs - }E ’0) )

N

BCA

O

Finally, the following result allows us to obtain an expression of the Mobius

inverse for a non-singleton subset as a function of the sample size, the number

of values of X, the cardinality of the set, and the number of observed values
in the set.

Proposition 7.3.4 If A C{x1,...,x¢} with |A| > 2, then

obs
mANPI % Z < obs>

IAI tc»bs

— A i j
y <A| jtobs> x (—1)A7V  max (2i — t +5,0)

j=0

Proof: The result is obtained by applying Proposition 7.3.3 and thinking as in
the first step of the proof of Proposition 7.3.2. O

Therefore, we can conclude that the calculation of the Mobius inverse for
the A-NPI-M is far more complex than for the IDM.



7.3.1 A-NPI-M credal sets vs IDM credal sets

We can summarize the results of the comparison between credal sets corre-
sponding to the A-NPI-M and IDM credal sets as follows:

1. Credal sets associated with the A-NPI-M converge to probability distri-
butions estimated by means of relative frequencies as the sample size
converges to infinity, as IDM credal sets.

2. The set of extreme points of an A-NPI-M credal set is much more com-
plex to obtain than the set of extreme points of an IDM credal set.

3. The A-NPI-M is more imprecise than the IDM with the most utilized
value of the s parameter.

4. A-NPI-M credal sets cannot always be represented via belief functions,
unlike IDM credal sets.

5. The Mobius inverse is far more difficult to calculate with the A-NPI-M
than with the IDM.

6. We must remark that, unlike the A-NPI-M, the IDM assumes previous
knowledge about the data, strongly depending on a parameter.

7.4 Conclusions

Sometimes, a single probability distribution is not suitable for representing
the probabilistic knowledge about a finite set or a discrete variable because
the available information is not sufficient. For this reason, several imprecise
probability theories and models have been developed in the literature. In this
chapter, we have analyzed some relations between such theories and models.

On the one hand, belief functions and reachable probability intervals are
imprecise probability theories that have been frequently used in practical ap-
plications to deal with uncertainty. It is known that, in general, belief functions
are not generalizations of reachable probability intervals, and the converse is
also not satisfied. In this chapter, we have described credal sets belonging to
both belief functions and reachable probability intervals.

Specifically, we have given a set of necessary and sufficient conditions for
a reachable set of probability intervals on a finite set to be representable by a
belief function. For checking such conditions, it is needed to consider three
subsets and test some simple inequalities with the sums of the lower and
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upper probabilities on these subsets. The computation of the subsets is also
simple and fast.

A characterization of belief functions representable via reachable probabil-
ity intervals has also been provided. In concrete, it has been demonstrated
that a belief function can be represented by its associated set of belief intervals
for singletons if, and only if, the difference between any pair of non-singleton
focal elements of the corresponding BPA has a cardinality lower or equal than
one. Using this condition, we have characterized some special types of be-
lief functions, such as p-boxes or necessity measures, representable through
reachable sets of probability intervals.

On the other hand, the Non-Parametric Predictive Inference Model (NPI-
M) presents some advantages over the Imprecise Dirichlet Model (IDM) as
its inferences often give more intuitively coherent results. Moreover, the NPI-
M, unlike the IDM, does not assume previous knowledge about the data via
a parameter. The Approximate Non-Parametric Predictive Inference Model
(A-NPI-M) starts from the NPI-M and considers the convex hull of the set
of probability distributions compatible with this model. In consequence, the
A-NPI-M is easier to manage than the NPI-M since it considers a credal set
associated with a reachable set of probability intervals. In this chapter, we
have analyzed the main properties of credal sets associated with the A-NPI-M,
comparing them with IDM credal sets.

We have shown that, as with the IDM, as long as the sample size converges
to infinity, A-NPI-M credal sets converge to a single probability distribution,
estimated by relative frequencies. It has been shown that the A-NPI-M is
a more imprecise model than the IDM with the most used value of the s
parameter, the one recommended in the literature. One of the most remarkable
properties of A-NPI-M credal sets is that they cannot always be represented
by a belief function, unlike IDM credal sets. The calculation of the Mobius
inverse for the A-NPI-M is much more complex than for the IDM. The same
occurs with the set of extreme points of the credal set. Thereby, the A-NPI-M is
a notably more complex model than the IDM. However, we must remark that
the IDM makes previous assumptions about the data through a parameter,
unlike the A-NPI-M. As pointed out previously, it supposes a drawback when
the IDM is used in classification because the parameter strongly influences the
results, and it has not been possible so far to associate the optimal value of the
parameter with each dataset [18].



ANALYSIS AND PROPOSALS OF
UNCERTAINTY MEASURES ON
IMPRECISE PROBABILITIES

8.1 Introduction

When imprecise probability theories and models arise, measures for quan-
tifying the uncertainty-based information in such theories and models are re-
quired. As explained before, the origin of the study of uncertainty measures
in imprecise probabilities resides in the study of uncertainty measures in Evi-
dence theory (ET).

It has been shown that, so far, the only uncertainty measure in ET that
satisfies all essential mathematical properties and behavioral requirements is
the maximum entropy. However, the procedures developed so far to compute
the maximum entropy are notably complex [7]. This supposes a drawback for
using such an uncertainty measure in practical applications. For this reason,
many alternatives to this measure have been proposed during the last years.

Among these alternatives, one of the most known is the Deng entropy [77].
The basis of this measure is that the uncertainty-based information is strongly
influenced by the number of alternatives. Abelldn [4] demonstrated that the
Deng entropy does not verify most of the vital mathematical properties, and its
behavior in many situations is undesirable. Hence, the Deng entropy should
be cautiously used in practical applications.

A modification of the Deng entropy was introduced in [236]. Such a modifi-
cation supposes an improvement over the original Deng entropy since it con-
siders the total number of possible alternatives to a higher degree. Another
version of the Deng entropy was proposed in [69]. It performs better than
the original Deng entropy because it considers the intersections between state-
ments on uncertainty. In this chapter, we demonstrate that these modifications
of the Deng entropy do also not verify most of the essential mathematical prop-
erties. Moreover, we also show that, similar to the original Deng entropy, the
behavior of the mentioned modifications in some situations is also question-
able. Therefore, they should be cautiously utilized in practical applications, as
happens with the original Deng entropy.
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Many other alternatives to the maximum entropy in ET proposed during
the last years are based on the belief intervals for singletons. It is known that,
when using belief intervals for singletons instead of BPAs, some information
might be lost. Nonetheless, belief intervals for singletons are easier to man-
age than BPAs for representing uncertainty-based information in ET because
they let us quickly know the uncertain area associated with each alternative
(see Figure 3.1). In this way, belief intervals for singletons are considered an
interesting tool for quantifying uncertainty-based information in ET.

In this chapter, as a novelty, we carry out a study about the essential mathe-
matical properties that have to be satisfied by every total uncertainty measure
on belief intervals for singletons. We also analyze the crucial behavioral re-
quirements for measures of this category. Our study is based on the one car-
ried out by Abelldn and Masegosa [21] for total uncertainty measures on BPAs.
We study which of such fundamental mathematical properties and behaviors
are satisfied by each one of the uncertainty measures on belief intervals for
singletons proposed so far. It is demonstrated that none of such measures
satisfies all required mathematical properties and behaviors.

Furthermore, we present an uncertainty measure on belief intervals for sin-
gletons consisting of the maximum entropy on the credal set compatible with
this set of intervals. We demonstrate that, unlike the uncertainty measures on
belief intervals for singletons proposed so far, our proposal satisfies all crucial
mathematical properties and behavioral requirements for this type of mea-
sure, even though its computation is more complex. We also show that our
proposed measure could be considered an approximation to the maximum
entropy of the credal set associated with a BPA as it provides an upper bound.
Moreover, the former measure is far easier to compute than the latter.

In addition to ET, uncertainty measures on credal sets have also been pro-
posed. As pointed out before, the maximum entropy is the well-established
uncertainty measures on credal sets because it satisfies all the required mathe-
matical properties for this kind of measure. The most general imprecise prob-
ability theory for which a procedure to compute the maximum entropy has
been proposed is Choquet capacities of order 2 [15]. Abellan [2] showed how
to calculate the main uncertainty measures on IDM credal sets (the maximum
entropy and the uncertainty measures that let us decompose the maximum
entropy into two measures that quantify conflict and non-specificity). Remark
that the NPI-M, unlike the IDM, does not make prior assumptions about the
data via a parameter. A procedure to compute the maximum entropy with the
NPI-M was presented in [5].

Remark that the A-NPI-M notably simplifies the NPI-M as it considers
the convex hull of the set probability distributions compatible with the ex-
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act model. In this chapter, we also present algorithms that allow obtaining
the main uncertainty measures on A-NPI-M credal sets. We show that these
procedures are more simple and efficient than the ones developed in the liter-
ature for general imprecise probability theories. Hence, with the A-NPI-M, it
is possible to efficiently quantify the uncertainty-based information.

The remainder of this chapter is arranged as follows: In Section 8.2, we
make a critical analysis of the aforementioned modifications of the Deng en-
tropy. Section 8.3 details our study about the required mathematical properties
and behaviors for uncertainty measures on belief intervals for singletons. Our
proposed uncertainty measure on belief intervals for singletons is introduced
in Section 8.4. Section 8.5 describes our proposed procedures for computing
the main uncertainty measures with the A-NPI-M. This chapter is concluded
in Section 8.6.

Within this chapter, let X = {x1,%2,...,x¢} be a finite set’, with [X| = t. Let
9(X) denote the power set of X and P(X) the set of all probability distributions
on X.

8.2 Critique of the modifications of the Deng entropy

A modification of the Deng entropy known as the Zhou entropy was pro-
posed in [236]. For a given BPA m on X, it is defined in the following way (See
Equation (3.13)):

Acp(X)

This function can be re-written as follows:

Eznou(m)= )  m(A)log,(2" —1)—

A€p(X)
Al—1
Z m(A)log, (exp <|||X|>> — Z m(A)log, m(A).
Acp(X) A€p(X)

(8.1)

It could be considered that the first two terms in Equation (8.1) quantify
the non-specificity part in a BPA since both of them are equal to 0 when m
is a probability distribution. The third one might measure the conflict part,
which coincides with the conflict value in the original Deng entropy. It can be
observed that Ez1,4,, is also based on the idea of the Deng entropy as it gives

1 Or a discrete variable that takes values in {x1,x2,..., Xt}



188 | Analysis and proposals of uncertainty measures on imprecise probabilities

a higher total uncertainty value when there are more alternatives. However,
the increase is more controlled with this modification due to the second term.

Cui, Liu, Zhang, and Kang [69] proposed a new version of the Deng entropy
that takes the intersections between the focal elements into account. For a
given BPA m on X, it is defined as follows (See Equation (3.14)):

Acp(X) B£AAM(B)>0

It is possible to re-write this function as follows:

Ecui(m Z m(A)log, (Z‘A‘—l)— Z m(A

Acp(X) A€p(X)
AN B| (8.2)
log, | m(A) x exp Z X1
B#AAAM(B)>0
In the above expression, the first term indicates non-specificity, while the
second one captures conflict. Indeed, when m is a probability distribution, the
first term is equal to 0, and the second one collapses to the Shannon entropy.
Hence, in E 4, the non-specificity part coincides with the non-specificity part
in the Deng entropy. However, the conflict part of Ecy; is lower than the
conflict part of the Deng entropy due to the exponential term.

8.2.1 Mathematical properties of the modified Deng entropies

We show below which of the required mathematical properties for total un-
certainty measures in ET, exposed in Section 3.3.1, are satisfied by the modified
Deng entropies Eznoy and Ecyi.

¢ Probabilistic Consistency: It is easy to observe that, if m is a probability
distribution, then

Z m(A)log, (2A1 - Z m(A)log, <exp <|A||X_|]>> =0,

Acp(X Acp(X

and, thus, Ezny, collapses to the Shannon entropy.

We may also note that, in this case, it holds that:

{xi} N B| :
exp Z W :], VIZ],Z,...,t,
B#{xi{}Am(B)>0
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and we deduce that Ec; also coincides with the Shannon entropy for
probability distributions. Consequently, both modifications of the Deng
entropy satisfy Probabilistic Consistency:.

o Set Consistency: If m is a BPA on X such that m(A) = 1 for some A C X,
then:

Eznou(m) = log, 2 —1) —log, <exp <|A||X_| ] >>

The following result shows that, in this case, if there are three or more
alternatives, then the value of Eznoy(m) is strictly greater than the one
obtained by the generalized Hartley measure. 2.

Proposition 8.2.1 If [X| > 3 and m(A) =1 for some A C X, then

log, (2A1—1) —log, (exp <|A|X_1>> > log, (IAl), VACX, |Al> 2.

Proof: It is easy to check that:

log, 2A—1) —log, (exp <|A||X_| ] )) > log, (|A]) &

2AT—1 Al—1
log, A > log, | exp X &

ﬁN—1>a CA—W
Al PATIx )

We distinguish 3 cases:

1. |A| = 2. In this situation:
213 1 Al —1
- == >1.3956 = =2 — |-
A 7> 3956 = exp <3> exp ( X >

2. |A| = 3. Then:

241 7 2 IA|—1
=L 51.9477 = Z) > .
Al 37 P <3> eXp( X )

3. |A| > 4. In this case, since the function f : R — R given by f(x) =
%, Vx € R, is clearly increasing, we have that:

ZIAI_1>24_1—1—5>ex (1) > ex L|_1
A~ 4 T4 7P P )

2 except for when A is a singleton, but, in that case, there is no uncertainty.
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O
Therefore, Eznowu does not satisfy the Set Consistency property.

Moreover, it is convenient to remark that there is a unique case where
the non-specificity value of Eznoy, is lower than the non-specificity value
of the Hartley measure: |A| = [X| = 2. Then,

Ezhou(m) =log, (3) —log, (exp (;)) =0.8636 < 1 =log, (|A]).

Regarding Ecyi, when m(A) =1 for some A C X,

Ecui(m) = log, (2|A| — 1), as the original Deng entropy. What is more,
Ecui coincides with the Deng entropy when all focal elements are dis-
junct. In consequence, Ecy,i neither satisfies Set Consistency, although,
in these cases, Ecyi always provides a greater value than the Hartley
measure, unlike Ezyoq,.

¢ Range: If [X| =4 and m is a BPA on X such that m(X) =1, then:

X =1
Ezhou(m) =log, (2‘XI —log, (exp <| ||X| >>

=log, (15) —log, <exp < >>

= 2.8249 > 2 =log, (4) = log, (IX]).

In such a case,
Ecui(m) = log, (2X/=1) = log, (15) > log, (4) = log, (IX]).

Hence, the range property is not verified by Ezy6., nor Ecyi.
According to the results proved in [125, 237], the maximum value of the
Deng entropy is equal to log, (Z Acx (2A1— 1)) It is attained with the
following BPA:
(A= 20
m*(A) = , VACX
ZBgX (Z‘B‘ - 1)
It is easy to observe that, in this case, the value obtained by Ezn4., is
lower than the one attained by the Deng entropy due to the second term
of Equation (8.1). Likewise, in this situation, because of the exponential
term of Equation (3.14), the value obtained by E ., is lower than the one
obtained by the Deng entropy. Consequently, the ranges of Ezpo. and
Ecui are lower than the range of the original Deng entropy.
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o Subadditivity: The following example shows that the modifications of
the Deng entropy considered here are not subadditive:

Example 8.2.1 Let us consider the finite sets X = {x1,x2,x3}and Y = {y1,y2}.
Let m be the following BPA on the product space X x Y:

m({z11,2z12,221}) = 0.6, m({z31,232}) =0.1, Mm(XxY) =03,

where we have denoted zi; = (x4, ;).

Let m¥X and m+Y denote the marginal BPAs of m on X and Y, respectively.
They are determined as follows:

m*X ({x1,x2}) = 0.6, M ({x3}) =0.1, m**(X)=0.3;
m¥Y(Y) =1.
Ezhou takes the following values:
Ezhou(m) =4.2583, Ezhou(m') =25116, Eznou(m?) =0.8636

It holds that Eznou(Mm') + Ezhou(m?) = 3.3752 and, thus, Ezpou(m') +
EZhou(mZ) < EZhou(m)-

Concerning Ecyi:
Ecui(m) =4.8674, Ecyi(m*™) =1.4574, Ecyi(mtY) =1.585

Hence, Ecyi(mYX) + Ecui(mYY) = 3.0424 < 4.8674 = Ecyi(m).

o Additivity: We show in the example below that E 71, and Ecyi do not
verify the additivity property.

Example 8.2.2 Let X = {x1,x2,x3} and Y = {y1,y2} be two finite sets. Let
mX and mY be the following BPAs on X and Y, respectively:

mX ({x1,x2}) = 0.6, m*({x3}) =0.1, mX(X)=0.3;

mY(Y)=1.

X

We consider now the BPA m = m* x mY on the product space X x Y. It has

the following values:

m ({z11,212,221,222}) = 0.6, m({z31,232}) =0.1, Mm(XxY)=0.3,
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where, again, we have denoted zi; = (xi,y;). It is easy to check that the
marginal BPAs of m on X and Y are, respectively, m* and mY, and they are
non-interactive. We have the following values for Eznow and Ecqi:

Ezhou(m) =4.7873, Ezhou(mX) =2.5116, Eznou(m”) = 0.8636.

Ecui(m) =55138, Ecui(m®) =1.4574, Ecui(mY) =1.585.
Thus, EZhou(mX) +EZhou(mY) = 3.3752 75 4.7873 = EZhou(m), and
Ecui(mX) + Ecui(mY) =3.0424 # 55138 = Ecyi(m).

e Monotonicity: The following example demonstrates that an increase or
decrease of uncertainty-based information is not always coherently re-
flected by Eznowu:

Example 8.2.3 Let X = {x1,x2} be a finite set and m' and m? the following
BPAs on X:

m'(X)=1;
m?({x1}) = m?(X) = 0.5.
We have the following values for Eznow:
Ezhou(m') =0.8636, Eznou(m?)=14318.

Clearly, the information provided by m? is greater than the one represented via
m! (m! corresponds to total ignorance). Nevertheless,
F—Zhou(m1) < EZhou(mZ)'

In the following example, it is shown that the monotonicity requirement
is also not verified by Ecy;.

Example 8.2.4 Let us consider the finite set X = {x1,x2} and the following
BPAs on X:

m'(X) =09, m'({x}) =0.1;
m?({x1}) = m?({x2}) = m?(X) = 5.

It is easy to observe that m? represents more uncertainty-based information
than m'. However, Ecyi(m') = 1.4146 < 1.4721 = Ecyi(m?).



In this way, among the required mathematical properties for uncertainty
measures in ET, Ezno. and Ecyi only verify Probabilistic Consistency. Most
of such properties are crucial: If a BPA is defined on a product space, then the
sum of the uncertainties in the marginal BPAs cannot be lower than the uncer-
tainty involved in the original BPA; if we join two non-interactive BPAs, then
the total amount of uncertainty-based information must not vary; when an
increase of the uncertainty-based information contained in a BPA is produced,
it does not make sense that the uncertainty increases. The modifications of
the Deng entropy considered here present the mentioned shortcomings. The
same happens with the original Deng entropy [4].

8.2.2 Some undesirable behaviors of the modifications of the Deng entropy

The original Deng entropy provides incoherent results in some situations
because it does not consider the number of possible alternatives suitably [236].
The modified Deng entropy Eznow Was proposed to solve this problem. Also,
Ecwi improves the original Deng entropy because it considers the intersections
between the focal elements. However, as we show in this subsection, both
EZhou and Ecy; also present some behavioral drawbacks, as the original Deng
entropy.

— Firstly, the maximum value of Ezpoq is not attained with the BPA asso-
ciated with total ignorance, as we have observed in Example 8.2.3. This
is an illogical situation because total ignorance implies total lack of infor-
mation. This also happens with the Deng entropy [125, 237]. In general,
since Eznoy, does not satisfy the monotonicity property, it is not always
consistent with an increase or decrease of information, which is quite
undesirable. Ecyj neither satisfies the monotonicity property. For this
reason, it also obtains incoherent results in some scenarios, as in Exam-
ple 8.2.4.

— As happens with the original Deng entropy, the range of the
non-specificity part of Eznoq, is greater than the range of the conflict
part, although the difference is not as great as with the original Deng
entropy. The difference between both ranges increases as the number
of possible alternatives is greater. The same occurs with Ec;. In conse-
quence, the conflict part in both modifications of the Deng entropy might
have little importance when there are many alternatives. It could make
sense as the main difference between uncertainty in ET and probability
theory resides in the non-specificity part. Nonetheless, it is questionable

193
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and not coherent with the thoughts in the literature that both types of
uncertainty in ET have the same weight.

— We should remark that, in the original Deng entropy, when the informa-
tion is focused on a single set, the non-specificity value is always greater
than the non-specificity value of the Hartley measure. The same happens
with Ecyi. In fact, Deng entropy and Ec,,; obtain identical values when
there is a single focal element. When there two are possible alternatives,
ie, X = {x1,%x2}, and a BPA m on X such that m(X) = 1, the value of
EZzhou is lower than the value of the Hartley measure, as shown in Sec-
tion 8.2.1. We have also demonstrated that, in the rest of the cases where
there is only one focal element, the value of Ezp o, is strictly greater than
the value of the Hartley measure. It might be an inconsistent behavior.

— Regarding the conflict parts of Ezno., and Ecyi, they can have positive
values in cases in which all focal elements share an element. It is not log-
ical since the conflict in ET corresponds to cases where the information
is focused on sets whose intersection is empty. It also occurs with the
original Deng entropy [4].

— Finally, the extension of the modifications the Deng entropy considered
here to more general theories than ET is still an open question. As
pointed out in Section 3.3.1 (RBg), it must be possible to extend an un-
certainty measure in ET to more general theories.

8.3 Requirements for uncertainty measures on be-
lief intervals for singletons

Let m be a BPA on X, Bel,, its associated belief function and Pl,, its cor-
responding plausibility function. Let J,,, denote the set of belief intervals for
singletons associated with m, computed by means of Equation (2.41).

We consider the following issues for a total uncertainty measure on J,:

e When there is a unique probability distribution compatible with this set
of intervals, which occurs if, and only if, Bel,, ({xi}) = Pl ({xi}) Vi=
1,2,...,t, a total uncertainty measure on J,, has to coincide with the
well-established uncertainty measure in probability theory, i.e, the Shan-
non entropy.

o If it is only known that the information is focused on a single subset
A C X with [A] > 2, that is, Bel,, ({xi}) =0 Vi=1,2,...,t, Pl ({x{}) =
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0 Vxi ¢ Aand Pl ({xi}) =1 Vx; € A, then a total uncertainty mea-
sure on J, may have to coincide with the one established as appropriate
in classical possibility theory. Nevertheless, as pointed by Wang and
Song [212], it should be considered that the uncertainty in a classical set
depends on its cardinality. Consequently, in these cases, it is only crucial
that a total uncertainty measure on J,, is an increasing function of [A|.

¢ In the study carried out by Abelldn and Masegosa [21], it was established
that the range of a total uncertainty measure on BPAs has to be equal
to [0,10g, IX[], as in probability theory. However, this point is debatable
since in ET there are more kinds of uncertainty than in probability theory
and, thus, arguments for a larger range might be reasonable.

Nonetheless, a total uncertainty measure on J,,, must be non-negative.
The value 0 must be reached if, and only if, the information is focused
on a singleton, i.e Bel;y ({xi}) = Plin ({xi}) = 1 for some i € {1,...,t} and
Belm ({xj}) = Plm ({xj}) =0 Vj € {1,2,...,t}\{i}. It can be stated
that it is the only case in which there is no uncertainty. Furthermore,
where there is an absolute lack of information, i.e, when Bel,, ({x;}) =0
and Pl ({xi})) =1 Vi =1,2,...,1 a total uncertainty measure on Jn,
must attain its maximum value.

* As happens with BPAs, a total uncertainty measure on J,,, must be con-
sistent when an increase or decrease of information is produced. In
terms of belief intervals for singletons, the set of belief intervals for sin-
gletons associated with a BPA m;,

Im, = {[Belm, ({xi}),Plm, ((xi})], 1=1,...,1t}, involves more
uncertainty-based information than the one corresponding to another
BPA m2, Jm, ={[Belm, ({xi}),Plm, {(xi})], i=1,...,1},if

Belm, (X)), Plm, (X)) € Belm, (i), Plm, ()], ¥i=1,2,...,t

(83)
In the following proposition, we show that the condition given in Equa-
tion (8.3) is equivalent to the fact that the set of probability distributions
consistent with J,,,, is contained in the set of probability distributions
compatible with Jy,,.

Proposition 8.3.1 Let P (Jm,) denote the credal set consistent with Iy, com-
puted via Equation (2.42), for j = 1,2. It holds that:

[Belm, ({xi}), Plm, ({(xi})] € [Belm, ({xi}), Plm, ({(xi})], Vi=1,2,...,t
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Proof: Suppose that Belnm, ({xi}) < Belm, ({xi}), for some i€ {1,2,...,t}
As I, is reachable, Ip; € P (J,) such that p; (xi) = Belm, ({xi}) <
Belm, ({xi}), which implies that p; € P (I, ).

Likewise, if Py, ({xi}) > Plim, ({xi}), then 3p] € P (Iry,) satisfying

Pl (xi) = Plm, ({xi}) > Plin, ({xi}), and, thus, p{ & P (Tm,).

In consequence, if P (Jm,) € P (Im,), then the condition given in Equa-
tion (8.3) must be verified.

Let us assume now that
[Belm1 ({Xl}) ’ le1 ({Xl})] - [Belmz ({Xl}) ’ lez ({Xl})] s Vi= ]1 2/ ...t
If pe P (Im,), then:

Belm, ({xi}) < Belm, ({xi}) <p(xi) <
le] ({Xl}) < lez ({XI}) ’ Vi= ]/2/ ...t

This implies that
Belm, ((xi}) <p (xi) <Plm, ((xi}), Vi=12,....¢

and we conclude that p € P (I, ).
O

Deng and Jiang [76] analyzed this requirement for total uncertainty mea-
sures on belief intervals for singletons by utilizing the criterion estab-
lished to decide whether a certain BPA m; contains the uncertainty-
based information involved by another BPA m;: Bel;y, (A) > Belm, (A)
and Ply, (A) < Pln,(A), VA C X. It should be noted that this condi-
tion is stronger than the one imposed in Equation (8.3).

e Suppose now that X = {x1,...,x¢} and Y = {y1,...,y¢/} are two finite
sets. Let m be a BPA on the product space X x Y and Bel,, and Pl
the belief and plausibility functions associated with m, respectively. Let
us consider the set of belief intervals for singletons corresponding to m,
Jm. Let P(Jm) denote the credal set associated with J,,,. Let Jﬁi( and JJ{,T
be the projections of J,, on X and Y, respectively, determined through
Proposition 2.2.9.

For a total uncertainty measure on the belief intervals for singletons asso-
ciated with a BPA defined on a product space, it is important that, when
it is projected on the marginal sets, the total uncertainty does not de-
crease. This is related to the subadditivity property for total uncertainty
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measures on BPAs. Nevertheless, if a total uncertainty measure is based
on belief intervals for singletons, it is much more coherent that this re-
quirement is imposed through the projections of such intervals rather
the marginal BPAs. We show with an example below that the belief in-
tervals for singletons corresponding to the marginal BPAs do not always
coincide with the marginalization of the belief intervals for singletons.

Example 8.3.1 Let us consider the finite sets X = {x1,x2,x3}and Y = {y1,y2}.
Let m be the BPA on X x Y given by:

m({z11,2z12,221}) =0.7, m({z31,2z32}) =0.1,

m ({z11,212,221,222,231,232}) = 0.2,
where zij = (x4,y5), fori=1,2,3, j=1,2

For singletons, we have the following belief intervals:
z11 — [Belm ({z11}), Plin ({z111)] = [0,0.9);

z12 — [Belm ({z12}), Plin ({z12})] = 0,0.9];
z31 — [Belm ({z21}), Pl ({221 1] = 10,0.9];

222 — [Belm ({222}) , Pl ({z221)] = 10,0.2];
z31 — [Belm ({z31}), Plin ({z311)] = 10,0.3];

232 — [Belm ({232}), Plin ({z32}1)] = [0,0.3]

Let m¥X denote the marginal BPA of m on X. We have that:

X ({x1,x2}) = 0.7,
X({x3) =0.1, mX(X)=0.2.

The belief intervals for singletons associated with mx are the following ones:

x1 —[0,09]; xp —[0,0.9]; x3— [0.1,0.3].

Nevertheless, the result of the projection of the belief intervals for singletons
corresponding to m on X is the following one:

x1 — 10,1, x2 = 10,1, x3—10,0.6].
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Let? <Jﬁ§> and P <Jﬂ> denote the credal sets corresponding to Jﬁ( and

7, respectively. If these credal sets are independent, then the value of a
total uncertainty measure on J,, must coincide with the sum of the total
uncertainty values on J5 and J+Y. This is associated with the additivity
property for total uncertainty measures on BPAs, but, again, it makes
more sense to consider the marginal belief intervals for singletons than
the marginal BPAs.

As pointed out in Section 2.2.1.3, for independence of credal sets, the con-
cept of strong independence is commonly used in the literature. There
is strong independence under P (J,,) if, and only if,

P (I;m) = CH (? (Jﬁi() P (J;er)) , (8.4)
where CH denotes the convex hull of a set of probability distributions.

Hence, a total uncertainty measure on J,,, TUM(Jy,), must satisfy the fol-
lowing mathematical properties:3

1. Probabilistic Consistency: When Bel,, ({xi}) = Pl ({xi})
Vvi=1,2,...,t, TUM (J) has to collapse to the Shannon entropy:

t
TUM(Jim) = — ) Belp ({xi}) log, (Belm ({xi})).

i=1

2. Generalized Set Consistency: If A C X with |[A| > 2 such that
Bel,, ({x;})) =0 Vi=1,...,t, Pl,. ({xi}) =0 Vx; € A, and Pl,,, ({xi}) =
1 Vx; € A, then TUM(J,,) must take the form:

TUM(Tm) = f(IA]),
f:IN — R being an increasing function.

3. Coherent Range: TUM (J;,,) has to be non-negative.
It must hold that TUM(J,,) = 0 & Beli, ({xi}) = Plin ({xi}) = 1 for some
ie{l,2...,t}and Belm ({Xj}) =Plm ({xj}) =0Vj=1,2,...,t, j#1.

The maximum value of TUM (J,,,) must be attained when Bel,, ({xi}) =
Oand Pl ({x;}) =1, Vi=1,2,...,t

3 These mathematical properties are adaptations of the properties established as crucial by Abel-
lan and Masegosa [21] to uncertainty measures on belief intervals for singletons.
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4. Monotonicity: Let m; and m; be two BPAs on X whose respective sets
of belief intervals for singletons are J,,, and Jp,,. If it holds that:

[Belm, ({xi}), Plm, ({(xi)] € [Belm, ({xi}), Plm, ((xiD], Vi=1,2,....¢,
then TUM must verify that

TUM(Tm,) < TUM (I, ).

5. Subadditivity: Let m be a BPA on a product space X x Y and J,, its
associated set of belief intervals for singletons. Let Jﬁ( and Jﬂ denote
the projections of J,,, on X and Y, respectively. Then, TUM must satisfy:

TUM (,,) < TUM <Jﬁ<> +TUM (Jﬂ ) . 8.5)

6. Additivity: Let m be a BPA on a product space X x Y and J,, its cor-
responding set of belief intervals for singletons. Let i and 7% be the

projections of J, on X and Y, respectively. Let P (J,), P (Jﬁ(), and

P <Jﬂ> denote the credal sets consistent with J;y,, J%, and Jﬂ, respec-
tively. If there is strong independence under P (J.,), that is, P (J,) =
CH (? (3%) x P (Jﬁi)), then TUM must verify the following equality:

TUM (Jm) = TUM (Jﬁ) +TUM (Jﬂ) .

As happens with total uncertainty measures on BPAs, in some cases, de-
pending on the form of the uncertainty measure, it makes more sense to con-
sider the submultiplicativity and multiplicativity properties than subadditiv-
ity and additivity. Such properties, for total uncertainty measures on belief
intervals for singletons, are defined in the following way taking into account
the definitions of additivity and subadditivity for this type of measures:

— Submultiplicativity: Let m be a BPA on a product space X x Y and I,
its associated set of belief intervals for singletons. Let Jﬁ( and ﬂﬁr be the
projections of J,,, on X and Y, respectively. Then, TUM must verify that:

TUM (7)) < TUM (Jif) x TUM (Jﬂ) .

— Multiplicativity: Let m be a BPA on a product space X x Y and I
its corresponding set of belief intervals for singletons. Let g5 and T4
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be the projections of J,, on X and Y, respectively. Let P (J,,), P <J%i(>,

and P (3%) denote the credal sets associated with J;,, Jﬁ(, and Jﬂ,
respectively. If there is strong independence under P (J,,), i.e, P (Im) =
CH (fP (J%) x P (Jﬂ)), then TUM must satisfy the following equality:

TUM (7,,) = TUM (31&5) » TUM (Jﬁf) .

Concerning the behavioral requirements for total uncertainty measures on
belief intervals for singletons, the following points must be considered:

¢ As pointed out before, belief intervals for singletons are easier to man-
age that BPAs to represent uncertainty-based information. Thereby, un-
certainty measures on belief intervals for singletons are, generally, faster
to compute than uncertainty measures on BPAs. Even so, a total uncer-
tainty measure on belief intervals for singletons must not require a very
complex calculation.

e When the belief intervals for singletons are utilized to quantify the
uncertainty-based information, conflict and non-specificity also coexist,
as stated by Wang and Song [212]. Consequently, a total uncertainty
measure on belief intervals for singletons must not conceal both kinds
of uncertainty, as happens with total uncertainty measures on BPAs.

— On the one hand, according to Wang and Song [212], the non-
specificity of a certain belief interval is measured via its span. But,
indeed, it is wanted to measure the non-specificity of the whole
set of belief intervals for singletons J,,. The non-specificity value
must be equal to 0 if, and only if, there is a unique probability dis-
tribution consistent with the belief intervals for singletons, that is,
Beli, ({xi}) = Plin ({x¢}) Vi =1,2,...,t. The maximum value of
non-specificity must be attained when all probability distributions
are compatible with the belief intervals for singletons, which hap-
pens if, and only if, Bel;, ({xi}) = 0 and Pl ({xi}) = 1, Vi =
1,2,...,t. Therefore, it makes sense that the non-specificity value
of a total uncertainty measure on Jy,, indicates how large is the set
of probability distributions compatible with J;,.

— On the other hand, the conflict of J,,, indicates the distribution of
the belief and plausibility values of the elements of X [212]. In con-
sequence, the conflict value of a total uncertainty measure on belief
intervals for singletons should be related with the Shannon entropy.
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The maximum value of conflict must be obtained when P (Jy,,) only
contains the uniform probability distribution (in this case, there is
no non-specificity). If the plausibility value for an element of X is
equal to 1, then, due to the reachability of a set of belief intervals
for singletons, the belief values for the rest of the elements of X
are equal to 0. In these situations, a degenerate probability distri-
bution is consistent with J;,,, and it can be considered that there is
no conflict; the only type of uncertainty existing in these cases is
non-specificity, which depends on how large is P (J,). Hence, it
is logical that the conflict value of J,, coincides with the minimum
conflict value between all the probability distributions compatible
with J,.

¢ As happens with total uncertainty measures on BPAs, a total uncertainty
measure on belief intervals for singletons must be sensitive to changes
in such intervals. It must be remarked that, if a certain belief interval
is widened (narrowed), then the non-specificity value may increase (de-
crease). In contrast, in these cases, the conflict value might decrease
(increase). Thus, it makes sense that, when there are changes in the be-
lief intervals for singletons, the total uncertainty value keeps equal and
the conflict and non-specificity values vary. Hence, a total uncertainty
measure on belief intervals for singletons has to be sensitive to changes
in such intervals, directly or via its parts of conflict and non-specificity.

o Every total uncertainty measure on BPAs must be extensible to more gen-
eral theories than ET. However, in most of such theories, the probabilistic
knowledge can be expressed via a coherent lower probability function,
which always has associated a coherent upper probability function. In
consequence, in more general theories than ET, the lower and upper
probability values for singletons can be considered. Thus, the extension
of a total uncertainty measure on belief intervals for singletons to more
general theories than ET is always possible.

In this way, every total uncertainty measure on J,,, TUM (Jy,, ), must satisfy
the following behavioral requirements:

1. The calculation of TUM (J,,) must not be too complex.

2. It has to be possible to decompose TUM (J,,) into two measures that
coherently indicate, respectively, the conflict and non-specificity values
corresponding to Jy,.
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3. TUM (J,) must be sensitive to changes in the belief intervals for single-
tons, directly or through its components of conflict and non-specificity.

8.3.1 Analysis of uncertainty measures on belief intervals for singletons

In this subsection, we analyze which of the total uncertainty measures on
belief intervals for singletons proposed so far, described in Section 3.3.3, sat-
isfy each one of the essential mathematical properties exposed above for total
uncertainty measures on belief intervals for singletons.

o Probabilistic consistency: If Bely, ({xi}) = Plm ({xi}) Vi=1,2,...,t, it
is easy to deduce that both TUM! (9,,) and TUMIE (Jm) may differ from
the Shannon entropy.

In contrast, in these situations,
SU(Jm) = —2{21 Bely, ({xi})log, (Belm ({xi})) = SU(J,) collapses to
the Shannon entropy.

o Generalized Set Consistency: Suppose that 3A C X such that
Bely,, ({xi})) =0 Vi=1,2,...,t, Pln({x{}) =1 V¥xi €A, and
Pl ({xj}) =0 Vxj £ A.

For x; € A, it holds that

df ([Belm ({xi}), Plim ((xi 1)1, ) =dl ([0,1],[0,1]) = 0. For x; ¢ A, it is
satisfied that d! ([ Bel ({xl}) m ((xi],00,11) = df ([0,0],[0,1]) =

")

Hence, in these scenarios, TUM! (3,,) =1 — % 3 ineA % =1- Q =

@ = TUM! satisfies Generalized Set Consistency.

In these cases,

i [ Belim ({xi}) + Plm ({xi}) log, (Belm ({xi}) + Plm ({Xi}))

= 2 2
L ({xi}) — Belm ({xi})
2
:Z[ ]logzz }—I—ZO—Z]—|A|:>
X{EA xXi{ZA X{EA

SU verifies the Generalized Set Consistency property.
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Concerning TUM , we have that, for x; € A,
dt (Belm ({xi}),Plm ((xiD1,[0, 1) = df ([0,11,[0,1]) = 0. For x; ¢ A,
dI ([{x4})), Plin ({xl})] ,0,1]) = d* ([0,0],0,1]) = 1. Therefore,

t

TUME (Jm) = Y [1—df (Belm ({xi}), Pl ({x:1)], [0, 17)]

i=1
=Y [1=df(0,1,10,1]+ > [1—dg ([0,0],00,1)]
X{EA xi€A

=> 1-) 0=IA],

X{EA XiZ€A
which implies that TUM. satisfies Generalized Set Consistency.

o Coherent Range: The range of TUM! is equal to [0, 1] [223]. The mini-
mum value of d! ([Belm ({xi}), Plm ({xi})], [0,1]) is reached when
Belm ({xi}) = 0 and Pl ({xi}) = 1. Such a minimum value is equal
to 0. In consequence, when Bely, ({xi}) = 0 and Pl ({xi}) =1, Vi=
1,2,...,t, TUM! attains its maximum value, which is equal to 1. The
maximum value of d! ([Bely ({xi}),Plm ({xi}],[0,1]) is obtained when
Belim ({xi}) = PLin ({xi}) = 0 or Belin ({xi}) = Pl ({xi}) = 1. In both
cases, such a value is equal to v/3. Thus, TUM! is equal to 0 if, and only
if, Bely, ({xi}) = Pl ({x1}) = 1 for some i €{1,2,...,t} and
Belm ({x}) = Plm ({x}) =0 ¥j € {1,2,..., t}\ (i

It can be checked that dIE ([Bely ({xi}), Pl ((x:N1,00,1]) =0 &

Belm ({xi}) = 0 and Ply, ({xi}) = 1. In this way, TUM{:_ obtains its maxi-
mum value, which is equal to t, when Bel, ({xi}) = 0 and Pl ({xi}) =
1 Vi=1,2,...,t. Now, dIE (Bely ({xi}), Pl ({x:N1,10,1]) = 1 if, and
only if 1/ (Belyn ((xi)))? + (1 — Pl ((x)))? = 1 Belyn ((xi)) =

Pl ({xi}) = 0 or Bely, ({xi}) = Pl ({x1}) = 1. So, TUMIE is equal to 0 if,
and only if, 3i € {1,2,...,t} such that Bel;y ({xi}) = Pl ({xi}) = 1 and
Belm ({x;}) =Plm ({x5}) =0 Vje{1,2,...,t\{i.

We may note that
Belim ({xi}) + Pl ({xq Belm ({xi}) + Plm ({xq
elm ({x })2 ({xi}) log2< elm ({x })2 (x })> 0o
Belm ({xi}) = Plm ({xi}) = 0V Belm ({xi}) = Plm ({xi}) =
Vi=1,2,...,t
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Therefore, SU is equal 0 if, and only if, i € {1,2,...,t} such that
Belin ({xi}) = Pl ({xi}) = 1 and Belyn ({xj}) = Pl ({xj}) =0 Vj e
{1,2,...,t}\ {il. The maximum value of ZtmlxiD=Belmlixi}) jo attained

2
when Bel,, ({xi}) =0 and Pl,, ({xi}) =1 Vi=1,2,...,t. In these situ-

ations, _Belm({xi}];])lm({xi}) logz (Belm({xi});rplm({xi}]> also reaches its

maximum value, Vi=1,2,...,t, and, thus, the maximum value of SU
is attained.

Consequently, the three total uncertainty measures on belief intervals for
singletons proposed so far have a coherent range.

¢ Monotonicity: Let m; and m;, be two BPAs on X and J,,, and Jy,,, their
respective sets of belief intervals for singletons. Let us assume that

[Belm, ((xi}), Plm, ({(xi})] € Belm, ({(xi}), Plm, ({(xi})], Vi=1,2,...,t

Deng and Jiang [76] showed via counterexamples that, in these situa-
tions, it does not always hold that SU (J,,) < SU (I, ) nor that TUM! (1) <
TUM! (J;,). In contrast, they demonstrated that

TUMIE (Tm,) < TUMIE (Jm, ) is always satisfied in these scenarios. Hence,
TUML verifies the monotonicity property, unlike TUM! and SU.

¢ Subadditivity/submultiplivativity and additivity/multiplicativity: Since
log(a x b) =log(a) +log(b) Va,b € R, for SU, the subadditivity and
additivity properties make more sense than submultiplicativity and mul-
tiplicativity. In contrast, for the interval distance-based total uncertainty
measures, the submultiplicativity and multiplicativity requirements are
more appropriate than subadditivity and additivity [224].

The following example shows that both TUM! and TUML! violate the
submultiplicativity property.

Example 8.3.2 Let X = {x1,x2,x2} and Y = {y1,yz} be two finite sets. We
denote zi; = (xy,vy;), Vi=1,2,3, j=1,2. Let us consider the following
BPA m on the product space X x Y:

m(z11) =08 m(XxY)=0.2.
It is disposed of the following set of belief intervals for singletons, Jum:

Z11 — [0.8,1],‘ Z12 — [0,0.2],‘ Z21 — [0,0.2],‘
Z22 — [O, 0.2],‘ Z31 — [O, 0.2],' Z32 — [0, 0.2].



8.3 Requirements for uncertainty measures on belief intervals for singletons |

The marginal set of belief intervals for singletons on X, I%, is given by:
x1 — [0.8,1]; xp —[0,0.2], x3 —1[0,0.2].

The set of the projections of I on Y, T4y , is the following one:

y1 — (08,1, y2—10,0.2].
We have:

TUM! (9,) =1— \f (a' ([0.8,11,[0,1)) +5 x d' ([0,0.21,[0, 1))

:1{(\/§+5 f/?) =02,

TuM! (15) =1 ‘f (a' (0.8, 11,10,11) +2 x d* ([0,0.4], [0, 1))
V3 (0.8+2><0.6> 1
=3 \BTl )Ty

(a' ([0.8,11,[0,1]) +d' ([0,0.6], [0, 1))

(53

TUME (Im) = (1—dE (0.8,11,0,11)) +5 x (1—dk (10,0.2],[0,11))
—(1-08)+5x(1-08) =6x02=12,

TUME (5) = (1= d (108,71, 0,11)) +2 x (1 - d} (0,02, 0,1]))
(1-0.8)+2x (1-08) =3x 02 =0,

TUML (33 = (1-ak (08,1}, 0,1) + (1 - dk (10,021,[0,1)))
=0.2+02=04.

Hence,

0.4

TUM! (35) x TUM! (35 = ~ <02=TuM! (Im),

TUML (J ) x TUML (JW) =0.24 < 1.2 =TUML (9,,).

205



206 | Analysis and proposals of uncertainty measures on imprecise probabilities

In the following example, it is shown that TUM! and TUML do neither
satisfy the multiplicativity property:

Example 8.3.3 Suppose that X = {x1,x2,x2} and Y = {y1,yz} are two finite
sets and that we have the following BPA m on X x Y:

mien) =5, mizh =y mles =y,

where Ziy; = (Xi,yj), Vi= ],2,3, ] = ],2.
The set of belief intervals for singletons, Iy, is given by:

11

11
211%[3,3]; z12 — [0,0]; Zz1—>[ ],

11
z22 = [0,0]; z31 — [3,3] ;232 — [0,0].

Let 35 and 3% denote the projections of Iy on X and Y, respectively. They are
determined by:

S LA P L P N L
1 3/3/2 3/3/3 3/3/

y1 — (1,1, y2— 10,0l

It is easy to observe that, in this case, P (J;m) = CH (9’ (Jﬁ() x P (fﬁ,f)) It
holds that:

V3

TuMW%J:1—(5(3x&<F 1

3’3

. V3 1\ (052 3\
16><(3><\/<6) + 3 +\/§)0.3354,

],mﬂ>+3xdWmquuO
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TUM! (38) = 1= Y2 (@ (01,1, 10,1)) + ¢ (10,0}, 10, 1)
G2
=1- 5 X % =0.

TUML (9,,) =3 x (1 —dl ([;;] ,[o,n))

+3x (1—dg ([0,01,10,1])) = 0.7639,

TUME (Jﬁf) =3x (1 —dg ([; ;] [0, 1])) =0.7639,

TUML (35Y) = 1=k (1,11, 00,1) + 1~ dk (10,01, [0, 1)) = 0.

Thereby,

TUM! (J%) x TUM! (Jﬂ ) — 0.6709 x 0 = 0 # 0.3354 = TUM! (7,n),

TUML (J]ﬂ() x TUML <J,¢“Y ) =0.7639 x 0 = 0 # 0.7639 = TUML (9,,) .

The following example shows that SU does not satisfy the subadditivity
requirement.

Example 8.3.4 Let X = {x1,x2,x3}and Y ={y1,y2} be two finite sets and m
the following BPA on the product space X x Y:

m(z11,212,221,222) = 0.7, m(z31,232) =0.1, m(XxY)=0.2,

where zi; = (x4,y;), Vi=1,23, j=12
It is disposed of the following set of belief intervals for singletons, Jm:

Z11 — [O, 0.9]; Z12 — [0,0.9]; z21 — [O, 0.9];
Z22 — [O, 0.9]; zZ31 — [O, 0.3]; Z32 — [O, 0.3].

We consider the projections of the belief intervals for singletons on X and Y,
denoted by Jﬁ( and Jﬂ, respectively:

x1 = 0,1, x2— 10,1, x3—1[0,0.6];
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y1 —0,1; y2—1[0,1].
It holds that:

SU(Jy) =4 x <—0910g2 <09> +029>

+2 x < —-log, ( ) + O;) = 4.9947,
Jix 1 1
SU(I59) =2 % (- 1ogz +5 ) —03log, 03 = 25211,
su(sY) =2 ( ~log, (1 > + ;) =2

In this way,

SU (Jyn) = 4.9947 > 45211 = 2.5211 +2 = SU (Jﬁ() +su (Jﬂ) .
We show with an example below that SU does also not verify additivity.

Example 8.3.5 Let X = {x1,x2,x3} and Y = {y1,yz} be two finite sets. Sup-
pose that we have the following BPA m on the product space X x Y:

mXxY)=1.

We shall denote zi; = (xi,y;) Vi = 1,2,3, j = 1,2. The set of belief
intervals for singletons, I, is given by:

z11 = 0,1; 221 = [0,1]; z12 —=1[0,1];

z22 = 0,1]; 231 = [0,1]; z32 = [0,1].

The projections of I, on X and Y, denoted by J& and %Y, respectively, are the
following ones:

x1 —[0,1; x2—[0,1] x3 —1[0,1];
yr = 0,1, y2— 10,1

It is obvious that, in this case, P (J,n) = CH ((P (J%) x P (Jﬂ)) We have
that:

1 1 1
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SU(I5Y) =3 % (—;logz (;>+;> —3x1=3,

] 1\ 1
su (75 ) =2 % <—210g2 (2>+2> —2x1=2

Therefore,
SU (Im) =6 #5 = SU (I5X) +5U (357).

With regard to the behavioral requirements, we must remark the following
issues:

— Once it is disposed of the belief intervals for singletons, the computation
of TUM!, TUML, and SU is direct.

— So far, it has not been possible to decompose the total uncertainty mea-
sures that employ distance functions of belief intervals, TUM! and TUML,
into two measures that respectively quantify conflict and non-specificity.

In contrast, SU can be rewritten as follows:

t

SU(9,) — Z ~ Belm ({xi}) 2+ Pl ({xi}) log, <Belm ({xi}) 2+ Pl ({xi}) >

i=1

" Pl ((x4)) — Belm ({(xi})
+) 3 :

i=1

The first term of the previous expression indicates conflict, whereas the
second one captures non-specificity. In fact, the second term is equal
to 0 if, and only if, Bely, ({xi}) = Plin ({xi})) Vi =1,2,...,t (the span
of all belief intervals for singletons is equal to 0). Also, the first term
indicates how the belief and plausibility values for singletons are dis-
tributed. However, when 31 € {1,2,...,t} such that Pl,,, ({xi}) = 1, the
conflict value indicated by SU might not be equal to 0. It is undesir-
able because, in these cases, there is no conflict in the belief intervals for
singletons, as argued previously.

— It is easy to observe that the distance functions utilized in TUM! and
TUML are sensitive to variations in the belief and plausibility values
for singletons. In consequence, both uncertainty measures are directly
sensitive to changes in the belief intervals for singletons.
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Also, the values — and

le({xi})*zBelm({xi})

B lm i )JFle({ 1}) B lm({ i})JFle({ 1})
e ({x}2 x 10g2( e X . X )

may vary when the belief and plausibility values for
singletons change, Vi = 1,2...,t. Thus, SU is sensitive to changes
in the belief intervals for singletons via its parts of conflict and non-
specificity.

Table 8.1 summarizes the mathematical properties satisfied by the total un-
certainty measures on belief intervals developed so far. Likewise, Table 8.2
shows a summary about the behavioral requirements of such measures.

Table 8.1: Summary of the mathematical properties satisfied by the total uncertainty
measures on belief intervals for singletons proposed so far.

Property Tum! TUML Su
Probabilistic Consistency No No  Yes
Generalized Set Consistency Yes Yes  Yes
Coherent Range Yes Yes  Yes
Monotonicity No Yes No
Subadditivity /Submultiplicativity ~ No No  No
Additivity /Multiplicativity No No  No

Table 8.2: Summary of the behavioral requirements of the total uncertainty measures
on belief intervals for singletons proposed so far.

Behavioral requirement TUM! TUM{ su
Complexity Low Low Low
Separation No No  Improvable
Sensitivity Yes Yes Yes

We must remark the following issues about the mathematical properties:

o The three total uncertainty measures on belief intervals for singletons
provide a logical result when it is only known that the information is
focused on a subset of the set of possible alternatives since they satisfy
Generalized Set Consistency.

o The ranges of TUM!, TUML, and SU are all coherent.

e When the belief intervals for singletons are reduced to a single prob-
ability distribution, SU obtains a logical result, which coincides with
the well-established uncertainty value for probability distributions (the
Shannon entropy). It does not occur with the total uncertainty measures
based on distance functions of intervals.
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o Unlike TUML, TUM! and SU are not always consistent with an increase
or decrease of uncertainty-based information expressed via the belief
intervals for singletons (Monotonicity property).

o All total uncertainty measures on belief intervals for singletons violate
subadditivity and additivity, which implies that they might not produce
coherent results when they are defined over a set of belief intervals for
singletons on a product space that can be decomposed into more simple
sets.

o Consequently, none of TUuM!, TUMIE, and SU satisfies all the required
mathematical properties for total uncertainty measures on belief inter-
vals for singletons.

Regarding the behavioral requirements, the following points should be noted:

— The computations of TUM! TUMIE, and SU are direct.

— SU can be decomposed into two measures that respectively capture con-
flict and non-specificity, unlike the intervals distance-based total uncer-
tainty measures. Nevertheless, such a decomposition is not very coher-
ent as the conflict value of SU might not be equal to 0 when the plausi-
bility value for a singleton is equal to 1, which is not very logical.

— The three total uncertainty measures on belief intervals for singletons
proposed so far are sensitive to changes in the belief intervals for single-
tons, directly or through the parts of conflict and non-specificity.

Therefore, none of the total uncertainty on belief intervals for singletons pro-
posed so far satisfies all the essential mathematical properties and behavioral
requirements for this kind of measure.

8.4 Maximum entropy on belief intervals for single-
tons

Let m be a BPA on X and Bel,, and Pl,,, its associated belief and plausibility
functions, respectively. Let I, denote the set of belief intervals for singletons
corresponding to m, determined by means of Equation (2.41). Let P (J,,) be
the credal set associated with Jy,,, given by Equation (2.42).

20
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We propose a total uncertainty measure that consists of the maximum en-
tropy on the credal set compatible with the belief intervals for singletons:

S*(P(Im)) = perrjg?;m){S(P)}, (8.6)

S(p) being the Shannon entropy of the probability distribution p.
This measure can be disaggregated as follows:

ST (P(Im)) = Su (P (Tm)) + (S* (P (Im)) =S« (P (TIm))), 8.7)
where S, (P (J1)) is the minimum entropy on P (I, ):

S.(P(Tm)) = min {S(p)). (8.8)
pEP(Im)

The first term of Equation (8.7) captures conflict whereas the second one
indicates non-specificity.

For the computation of S$* (P (J,)), we utilize the algorithm proposed so
far for the maximum entropy on a reachable set of probability intervals (Algo-
rithm 3. Recall that the set of belief intervals for singletons is always reachable).
Hence, Algorithm 12 details the procedure to obtain the probability distribu-
tion for which S$* (P (J;n)) is attained. In it, sec_min indicates the second
minimum value (-1 if such a second minimum value does not exist).

In order to compute S, (P (Jm)), we use the following lemma, proved by
Wasserman and Kadane [213]:

Lemma 8.4.1 Let p and q be two probability distributions on X. We denote p; =

pUxi})and g = q({xi}) Vi=1,2,...,t, insucha way thatp = (p1,P2,-..,Pt)

and q = (q1,92,...,q¢). Let p* (q*) be the array p (q) ordered decreasingly. If
P Y qr Yj=1,2...,t then S(p) > S(q).

Let 5 denote the probability distribution of minimum entropy on P (J,,)
and ((Belm);,(Belym),,...,(Belim),) and ((Plim);, (Plm),, ..., (Pln),) the ar-
ray of belief and plausibility values for singletons, respectively, where
(Belin) = Belm ({xi}) and (Plyn) = Pl ({xi}), Vi = 1,2,...,t. Let Bel},
(P1y,) be the array of belief (plausibility) values for singletons ordered de-
creasingly. Let Bel/, denote the array of belief values for singletons ordered
in the same way as Pl},,. Let pj be the array of py ordered decreasingly.
Then, py, can be obtained via Algorithm 13.

We may note that, at the end of the while loop of the algorithm, r < t be-
cause Jy, is reachable. The following result demonstrates that the probability
distribution obtained in Algorithm 13 attains the minimum entropy on P (J;,,).



Algorithm 12: Procedure to compute the probability distribution of
maximum entropy on the credal set corresponding to the set of belief
intervals for singletons.

Procedure Determine probability distribution of maximum entropy
on a set of belief intervals for singletons(Set of belief intervals for
singletons J, = {[Belim ({xi}),Plm ({xi})], 1=1,2,...,t})
fori=1totdo
| Pg,.(xi) < Belm ({xi})
sum < 3 i Pa,, (%)
while sum < 1 do
MIN_prob <= MiNic(12, . t}1py,. (xi)<Plm((xi}) Pom (Xi)
index_min_prob « {i €{1,2,...,t} [ Py, (xi) = min_prob}
num_min < |[index_min_prob]|
sec_min_prob < sec_minic(12 . 1ips,. (xi)<w PIm (Xi)
for i € index_min_prob do
if sec_min_prob = —1 then

Do) = P, (xi) +min (Pl (%) =P, (x0), s,
else
L P, (Xi) < P, (xi) +

min (le ({xi}) — Pg,, (x1), sec_min_prob — min_prob

t A
| sum e Y P, (x0)
return pj

T—sum )

T—sum
/ num_min

)
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Algorithm 13: Procedure to compute the probability distribution of
minimum entropy on the set of belief intervals for singletons.

Procedure Determine probability distribution of minimum entropy
on a set of belief intervals for singletons(Set of belief intervals for
singletons J,, = {[Belm ({xi}), Pl ((xi})], i=1,2,...,t})
fori=1totdo
| Py, (x1) < Belm ({xi})
mass + 1 —Z;‘:] Belm ({xi})
T 1
first_step < false
while first_step = false do
if (Pl;,), — (Bell,), < mass then
L ()  (PLLJ,
mass < mass — (PL},), + (Bell,),
T 1+1
else
| first_step < true
k + argmaxo>r {(Bell,), + mass}
(P35, )r < (Bely,), +mass

return p;
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Theorem 8.4.1 The probability distribution py_, obtained in Algorithm 13, satisfies
S(T’jm) =S, ((‘P (Jm))

Proof: With same notation as in Algorithm 13, it holds that:

B = ((PU)y, e, (PU), g, otr, (Bel:ﬂ>r+1 PR (Bel&)) ,

where

(Beln ). € {(Belm)y, (Belm)y, -, (Belm) ) Vi=1+1,...,t,
1

(Bel;;l)i > (Bel;l)j Vijefr+1,...,t withj < i and

€ [(Bell,),, (PL5).].
Suppose now that q € P (J,,) and let q* be its corresponding array ordered
decreasingly.
Forj=1,2,...,v—1 clearly:

j j j
2 (75,) =2 (P> ) ai.
i=1 i=1 i=1

Forj=r,v+1,...,t

i i) =1— Y (Beln) >1- i q?ziqi‘-

i=1 i=j+1 i=j+1 i=1

In consequence,

j j
S ) =Y a V=12t
i=1

i=1

Due to Lemma 8.4.1, S (py, ) < S(q) . Thus, we can conclude that p;__ is the
probability distribution of minimum entropy on P (J,,). O
We show below an example about the procedure to obtain S, (P (Jm)).

Example 8.4.1 Let X = {x1,x2,X3, x4} be the finite set. Let us consider the following
BPA m on X:
m({x1}) =0.1, m({xz,x3}) = 0.6,

m ({x1,%x4}) =0.3.
We have the following set of belief intervals for singletons, Jm

x1 — [0.1,04]; x2 —[0,0.6];, x3—1[0,0.6]; x4 —[0,0.3].
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If we carry out the steps of the previous algorithm, we obtain the following values
for Py, = (Pg,, (x1),Py,, (x2),Pg,, (x3),Pq,, (xa)), the probability distribution of
minimum entropy on the credal set corresponding to these intervals:

Py, = (0.1,0,0,0),

Py, = (0.1,0,0.6,0),

Py, = (04,0,0.6,0).

8.4.1 Mathematical properties of our proposal

In this subsection, we analyze which of the crucial mathematical properties
for total uncertainty measures on belief intervals for singletons, exposed in
Section 8.3, are satisfied by our proposed measure S* (P (I )).

o Probabilistic consistency: If Bel,, ({xi}) = Pl ({xi}) Vi =1,2,...,¢,
then P (I,,) contains a unique probability distribution, given by p(x;) =
Belm ({xi}), Vi =1,2,...,t. Clearly, in these cases, S* (P (I,)) coin-
cides with the Shannon entropy.

Generalized Set Consistency: Suppose that 3A C X with [A| > 2 such
that Bel,, ({xi}) = 0 Vi=1,2,...,t, Pl,,({xi})) =1 V¥Vx; € A, and
Pl ({xj}) = 0 V¥x; ¢ A. We may observe that, in this situation, the
probability distribution of maximum entropy, among the ones belonging
to P (Jm), is given by:

‘)T‘ if xi €A

0 if XigA

It holds that
* N 1 1
2 0m) =5 (p1,) == X 3108 (1))
XiEA

1
= |A] Al log, (IA]) = log, (|A]).
As log_2 is an increasing function, it is deduced that $* (P (Jr,)) satisfies
Generalized Set Consistency.

¢ Coherent range: The minimum value of $* (P (J,,)) is equal to 0. It is ob-
tained if, and only if, P (J,) only contains a degenerate probability distri-
bution. It is easy to deduce that it happens if, and only if, Bel,, ({xi}) =
Pl ({xi}) =1 for some i €{1,2,...,t} and Bel,, ({x)}) =Pl ({x]}) =
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0 Vvje{l,2,...,t}, j#i Furthermore, when all the probability dis-
tributions on X belong to P (J,,), that is, when Bel,, ({xi}) = 0 and
Plo.({xiH) =1 Vi=1,2,...,t, S*(P(J,,)) attains its maximum value
(log, (IX])). In consequence, the range of S* (P (J)) is coherent.

Monotonicity: Let m; and m, be two BPAs on X and J,,, and Jy,, their
respective sets of belief intervals for singletons. Let us assume that

[Belm] ({Xl}) s le] ({Xl})] C [Belmz ({Xl}) ’ lez ({Xl})] ’ Vi= ]/ 2/ ...t

From Proposition 8.3.1, it follows that P (J;m,) € P (Imn,) and, obviously,
S* (P (Tm,y)) <S* (P (Tm,)).

Subadditivity and additivity: Let X = {x1,x2,...,x¢} and

Y ={y1,Y2,..., Yy} be two finite sets and m a BPA on the product space
X xY. Let Jm = {[1{1;»{1;} L A=1,2,..,t j= 1,2,...,t'} be the
set of belief intervals for singletons associated with m and P (J,,) the
corresponding credal set. Let 74X and 7% denote the marginal sets of

intervals of J,, on X and Y, respectively, determined through Proposition
2.2.9. Let?P (.’J%) and P (Jﬂ) denote the credal sets consistent with

such sets of intervals and PX (7,,) and P+Y (7,,,) the marginal credal
sets of P (Jm) on X and Y, respectively.

In the following proposition, we demonstrate that projecting on the be-
lief intervals for singletons is equivalent to projecting on the correspond-
ing credal set:

Proposition 8.4.1 It is satisfied that
PX (Im) =P (TR), PV (Im) =P (7))

Proof: Let px € PYX(J;,). Then, Ip € P (Jm) such that px (xi) =
th:] p(xpy;) Vi=12...,t
Since p € P (J;n), we have that

[ < p (xi,Yj) <uf, vi=1,2,...,¢ j=1,...,t' =

t/ t/ t/
D W) plxuy) =px ) <) uff Vi=12...t
j=1 j=1 j=1

which implies that px € P (Jﬁ( )
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Suppose now that px € P (Jﬁ() Then:

t/ t/
S <px )<Y ul, vi=12,...t
j=1 j=1

Foreachi=1,2,...,1, there are 3 possibilities:

T opx (xi) = X5 Ut
2. px (xi) = Z;; uiy
3. px (xi) = Ay, where Z;i] U <A< th/g u.
We consider:
i px(xq) :Z} 145
P (Xi/Uj) = U?j1 if px(xi) = Z] 1 ul] ’
oy if px (X)) =M\

with Z] 115 m oA < Z) 1u1], l <o <u 1)/ in such a way that

Zj:] oij = A Vie{l,2,...,t such that Zj: 1’]‘ < px(xi) <
t/

2 -1 uil.

Clearly, p € P (Jyy) and px (xi) = Z;‘/ﬂ p(x,y;) Vi=1,2,...,t
Consequently, px € P+X (J,,).

The proof of PY (I) =P (J}LTI) is analogous.

O

The following proposition shows that S* (P (J,,)) verifies the subadditiv-
ity property:

Proposition 8.4.2 With the above notation, it always holds that
$* (P (Tm)) < S* (rP (Jiff)) + 5 (:P (Jﬂ)) .

Taking Proposition 8.4.1 into account, the proof of this result is identical
to the one given by Abelldn and Moral [1] for the subadditivity property
for the maximum entropy on general credal sets.

S* (P (Jm)) also satisfies additivity, as shown in the following result.
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Proposition 8.4.3 With the above notation, if there is strong independence
under P (J), that is P (J,,) = CH ((P (Jﬁ() x P (Jﬂ)), then

$* (P () = S* (ﬂ> (Jﬁ()) 45 (ﬂ> (Jﬂ)) .

The proof of this proposition is identical to the one provided by Abelldn
and Moral [1] for the additivity requirement for the maximum entropy
on credal sets if we consider Proposition 8.4.1.

Therefore, unlike the other total uncertainty measures on belief intervals for
singletons proposed so far, S* (P (J,)) verifies all the essential mathematical
properties for this type of measure.

8.4.2 Behavioral requirements of our proposed measure

Now, we analyze the fundamental behavioral requirements for uncertainty
measures on belief intervals for singletons, described in Section 8.3, for our
proposal $* (P (Jm)).

o Computational complexity: The procedure proposed to compute

S* (P (Jm)) (Algorithm 12) is not as direct as the computation of the other
total uncertainty measures on belief intervals for singletons proposed so
far. Nevertheless, the computation of S* (P (J;,)) is considerably faster
than the maximum entropy on the credal set consistent with the BPA m
(the well-established total uncertainty measure in ET) because the algo-
rithms proposed so far in the literature for the latter measure work with
the whole power set of X, while Algorithm 12 only takes into account
the belief and plausibility values for singletons.

o Coherent disaggregation: As shown in Equation (8.7), S* (P (J;)) can be
decomposed into two measures that quantify conflict and non-specificity.

The non-specificity part, S* (P (Jm)) - S« (P (Jm)), is equal to 0 if and only
if, P (Jm) contains a single probability distribution. When all probability
distributions on X belong to P (Im), S* (P (Im)) - S« (P (Im)) reaches its
maximum value.

Regarding the conflict part of $* (P (I )), S« (P (Im)), it attains its min-
imum value, 0, when a degenerate probability distribution belongs to
P (Im). The maximum value of S, (P (J,,)) is obtained when P (J,,) only
contains the uniform probability distribution.

219
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Consequently, we can state that the decomposition of S* (P (J,,)) into
conflict and non-specificity measures is pretty logical.

o Sensitivity to changes: For analyzing the sensitivity of S* (P (J;)) to
changes in the belief intervals for singletons, we use the following ex-
ample, based on the one employed in [21] to analyze the sensitive to
changes in the evidence for uncertainty measures on BPAs.

Example 8.4.2 Let X = {x1,x2} be a finite set and m the following BPA on X:
m({xi ) =my, m{x2}) =mz2, mxy,x2})=mp2=1-my —my,

where 0 < my < 1, fori =1,2, and mq +my < 1. We have the following set
of belief intervals for singletons, I :

x1 — [my, 1—ma], x2 — [my, 1—my].

It should be noted that the width of both intervals is equal to 1 —m; —m, =
my2. Thus, the non-specificity value is determined by means of my,. The con-
flict value depends on the interaction of my and m; (recall that the conflict
value of a set of belief intervals for singletons is determined via the interac-
tion between the belief and plausibility values). Without loss of generality, we
assume that the value of my is known. We distinguish two cases:

— Case 1: mq > 0.5: It holds that my < 05 < my = $*(P(Im)) =
S(my, T—mq), S.(P(Im)) =S(mz,1—my),
(S*=S.) (P (Im)) =S(mq, T —my) —S(my, 1 —my)*

The amount of total uncertainty keeps constant. The conflict part in-
creases as my is greater, which is logical if we take into account that
m, < 0.5 < my. The non-specificity value increases when my decreases
or, equivalently, when my, increases. Remark that the non-specificity
value of Iy, depends on my,. Hence, we can state that the variations of
the conflict and non-specificity values of S* (P (J;m)) as m, changes are
pretty coherent.

— Case 2: m1 < 0.5. In this case,
S*(P(Im)) =S(az2, 1 —x2), S (P(Im)) =S, 1 —0x),

where oy = max (my,0.5), « = min(my, my). Consequently, the
conflict value depends on the minimum value between my and m,, which
is very logical.

For the non-specificity part, three cases are distinguished:

4 Within this example, S(a, 1 — a) with a € [0, 1] denotes the Shannon entropy of the probability
distribution p, defined as p(x1) =a, p(x2)=1—a.
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1. my < mq <0.5. In such a case:
S*(P(Im)) =S5(05,05), S« (P(Im)) =S(mz,1—m3),
(8" —=S4) (P (Im)) =S5(05,0.5) — S(m2, T —my).

We may observe that the total uncertainty value keeps constant and
the non-specificity value decreases as m, increases (mj, decreases),
which makes a lot of sense.

2. mp < my < 0.5 Then, Sy (P(Tm)) = S(my,1 —mg), which im-
plies that the conflict part does not vary. In addition, S* (P (J;m)) =
S(0.5,0.5). Therefore, the total uncertainty, conflict, and
non-specificity values keep constant. It could be considered an unde-
sirable behavior. Nonetheless, in this situation, since 1 —m; > 0.5,
for i = 1,2, it might make sense to considered a total uncertainty
value as the plausibility of each singleton is greater than 0.5.

3. my < 0.5 < my. In this case,
S*(P(Im)) =S(mz,1—m2), S« (P(Tm)) =S(my,1—my),

(S*=S.) (P (Im)) = S(m2, T —my) — S(my,1 —my).

The conflict part does not vary and the non-specificity value decreases
as my is higher, i.e, m12 is lower. This is quite coherent.

From the previous example, we can conclude that $* (P (J,,,)) is sensitive
to changes in the belief intervals for singletons, directly or through its
parts of conflict and non-specificity.

In this way, it could be stated that, unlike the total uncertainty measures
on belief intervals for singletons proposed so far, S* (P (J,,)) satisfies all the
crucial behavioral requirements for this kind of measure, although its compu-
tation is more complex.

Moreover, it should be noted that the maximum entropy on the credal set
consistent with the set of belief intervals for singletons is always greater or
equal than the maximum entropy on the credal set compatible with the asso-
ciated belief function, as the following proposition shows:

Proposition 8.4.4 Let m be a BPA on X and Bel,y its associated belief function. Let
Im be the set of belief intervals for singletons corresponding to m. Let P (Bely,) and
P (Im) denote the credal sets compatible with Bely, and Iy, respectively. It always
holds that:

S* (P (Belm)) < 5™ (P (Im))

22
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The proof of this result is trivial taking into account that it is always satisfied
that P (Bel,,) € P (Jm). Hence, our proposed measure provides an upper
bound of the maximum of entropy on the credal set associated with a be-
lief function, the well-established total uncertainty measure in ET. In addition,
S« (P(Im)) < S« (P(Belym)). In consequence, the conflict value provided by
our uncertainty measure is always lower or equal than the conflict value cap-
tured by S, (P (Bel,n)). In contrast, the non-specificity value of S* (P (Ji))
is always greater or equal than the non-specificity value of S, (P (Bel,y)). It
makes sense because the main difference between uncertainty in ET and prob-
ability theory resides in the non-specificity part, and our proposed measure
enhances this idea.

8.5 Computation of uncertainty measures on the A-
NPI-M

Let X be a discrete variable whose set of possible values is {x1,x2,...,X¢}
Suppose that there is a sample of N independent and identically distributed
observations about X. For eachi=1,2,...,t, let n(x{) denote the number of
observations of x; in the sample. Let tobs (tunobs) be the number of observed
(unobserved) values of X in the sample.

tObS:|{Xi|n(Xi)>0/ i’:‘llzl"'lt}|l

tunobs = |{Xi | n(xi) = 0/ i= 1/2/- . /t}| .

In this section, we show how to compute the main uncertainty measures on
the A-NPI-M credal set on X, P (Janp1), determined via Equation (2.69).

8.5.1 Maximum entropy

Algorithm 4 shows the procedure proposed in [5] to compute the maximum
entropy with the A-NPI-M. In this subsection, we express the algorithm a little
bit more simple than in that work.

Let T(i) denote the number of values of X observed i times:

T(A) = [{x Inlx) =1, 1<j<t}. (8.9)

The idea is the same as in the algorithm of maximum entropy for reachable
probability intervals: the resulting probability distribution has to be as close
to the uniform distribution as possible.
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We start by assigning the A-NPI-M lower probabilities to each x;,Vj =
1,2,...,t. Then, the values for which there are no observations or only one
have assigned the lowest probability (in both cases, the lower probability is
equal to 0). The probability mass to distribute between all values is equal to
t?\%. If the number of values for which there are 0 or 1 observations is lower
than t,ps, then the probability mass is equally distributed between these val-
ues. Otherwise, we sum -; to the probability of each value x; for which
n(xj) € {0, 1}. Then, the non-observed values have assigned the A-NPI-M up-
per probability and, between the rest of the values, the ones observed 1 or 2
times have assigned the lowest probability. The resting probability mass to
distribute is equal to W. We iteratively repeat the process until
the probability mass is completely distributed among the values of X.

In this way, our proposed procedure to obtain the probability distribution
of maximum entropy on an A-NPI-M credal set is given in Algorithm 14.

8.5.2 Minimum entropy

A-NPI-M probability intervals are reachable probability intervals and, thus,
Choquet capacities of order 2. In consequence, the algorithm proposed by
Abelldn and Moral [15] to compute the minimum entropy for Choquet capac-
ities of order 2 could be employed. However, due to the special structure of
A-NPI-M probability intervals, the probability distribution of minimum en-
tropy with the A-NPI-M can be obtained in a very quick way via Lemma
8.4.1.

The following theorem shows how to obtain the probability distribution of
minimum entropy on an A-NPI-M credal set:

Theorem 8.5.1 Let (n},n3,...,ny) be the array of observed frequencies ordered in
a decreasing way. The probability distribution of minimum entropy on P (Janp1) is
the one p , \p; that satisfies

n* 1 n* n* —1
. B nitl t:bzs 1 thZSH tgbzs“ 1 nj;obsil 0 0
BANPI - N VAR 4 N 7 N 7 N VA 4 7 7 7

if tobs 15 0dd,

*

* * _
* T‘L’f+1 ‘I’LLOZL&_’_1 nLOZLiJr] 1 T‘Ltobsi1 ' /
PANPL = 7o s — 5 N oees—2R—,0,...,0 | if tops is even,

where P, | py denotes the array of p , \p; decreasingly ordered.
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Algorithm 14: Proposed procedure to compute the probability distribu-
tion of maximum entropy with the A-NPI-M.

Procedure Determine probability distribution of maximum entropy
with the A-NPI-M(Observed frequencies in the sample
n(xi),n(xa),..., n(x))
forj=1totdo
if n(x;) < 1 then
L f)ANPI(Xj) «— 0
else
t ﬁANPI(Xj) - n(X]j\l)71

mass < tops
i+ 0
while mass > 0 do
if T+ T(i+1) < mass then
forj=1totdo

if n(x;) € {i,i+ 1} then

L ﬁANPI(Xj) <—ﬁANPI(Xj) —l—%
mass < mass — 1

else
forj=1totdo
if n(x;) € {i,i+ 1} then
t PANPI(x;) <_f)/lxl\JPI(Xj)jL%

L mass + 0
L i+ 1i+1
return pANPI
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Proof: Suppose that t,ps is odd. Let q be a probability distribution belonging
to P (Janp1) and q* its corresponding array ordered decreasingly. Then:

J b« J

Zqi <Zn1N :Z(EANPI>1’ V) :1""'%‘

i=1 i=1 i=1

Forj = %, ..., tobs — 1, we have that:

j t t tobs
Zqi:1_.z qi<1—”Z max<0, IN >:1_. . 1N
i=1 i=j+1 i=j+1 i=j+1

tobs t j
=T- Z (E;Nm)i:]_ Z (B;NPI>i:Z<Bj\NPI>i'
= S5 5
Obviously:

j
_Z (Bj\NPI)i =1z Zq}ﬁ/ Vj =tovs,.--, t.

To sum up,

and Lemma 8.4.1 allows us to conclude that S(q) > S (R ANPI). Therefore,

Panpr IS the probability distribution of minimum entropy on P (Janp1).
The proof in the case that t, is even is identical.

8.5.3 Generalized Hartley measure

Let mANPI denote the Mobius inverse associated with the A-NPI-M co-
herent lower probability function. The Generalized Hartley measure (GH) is
calculated by means of the following formula:

GHANPI _ Z mANPL(A) log, (JA]). (8.10)
AC{x1,X2,..., Xt}

As shown in Proposition 7.3.4, the Mobius inverse for a set whose cardinal-
ity is greater or equal than 2 depends on the cardinality of the set, the number
of observed values in the set, and the sample size (N). Moreover, the number
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of sets with a certain cardinality and a determinate number of observed values
depends on the total number of values (t) and how many of them have been
observed (tobs). Thereby, the GH value for A-NPI-M credal sets depends on
t, tobs, and N.

Firstly, we may observe that, according to Corollary 7.3.2, for a set of cardi-
nality greater than 1 but lower or equal than 3, the M6bius inverse is equal to
0. The Mobius inverse for singletons is not necessarily equal to 0. Nonetheless,
as it is well known, log, 1 = 0. So, the singletons do not influence the calcula-
tion of GH. Thus, only the sets whose cardinality is greater than % influence
the computation of GHANPL

Secondly, for a set A whose cardinality is ca, the number of observed val-
ues in the set, t, ., clearly verifies that t2, . < tops and t2,, < ca. Fur-
thermore, the number of observed values in the set is greater or equal than
tobs — ’K = tobs —t+ca (this last number can be negative). Consequently,
min (tObS/ CA) P tébs Z max (O/ tobs —t+ CA)-

For determining the number of sets whose cardinality is cA and have t/} .
observed values, we think as follows: we can choose the té\b s observed val-

ues in (:;’\bs) possible ways. Likewise, the number of ways in which the
obs

A

. t
non-observed values can be chosen is equal to ("% ). There-

A
ca—t
A CAitc/;\bs

obs

fore, the number of sets with cardinality ca and té\bs observed values is equal

tO S tU.TLO S
to (té:s) x (CAit]o%bs).
Considering the previous points and the expression given in Proposition
7.3.4 to calculate the Mobius inverse for a set whose cardinality is greater than

1, the procedure for the computation of GHANP! is given in Algorithm 15.

8.5.4 Examples

In this subsection, we show two examples about the computation of the
uncertainty measures considered in this section with the A-NPI-M.

Example 8.5.1 Let X be a variable that takes values in {x1,x2,x3,xa}. Let
(ny,n2,n3,n4) = (7,2,1,8) be the array of observed frequencies. In this case, N =
ny+ny+n3+ng =18, t = tons = 4. The set of A-NPI-M probability intervals

6 8171 311 2)[7 9

187187 118718]"| 7 18] [18" 18"
Let f)ANPI — (f)ANPI (X] ) ,f)ANPI (XZ) ,ﬁANPI (X3) ,f)ANPI (X4)) denote the ar-
ray of the probability distribution of maximum entropy on the corresponding credal

set.
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Algorithm 15: Procedure to compute the Mobius inverse with the A-
NPI-M.

Procedure Determine Mobius inverse associated with the
A-NPI-M(Observed frequencies in the sample (n(x7),n(xz),...,n(x¢)))
GHANPI —0

if t is odd then

L min_ca «+ 1

else
L min_ca < %—1—1
forca = min_ca tot do
if tops < cA then
L mooc_tobs — tobs
else
L max_té\bs <~ CA
if tops —t+ca > 0 then
L min_té\bs +—tobs—t+ca
else
L min_t';\bS 0
sum_inverses_ca < 0

for tobS = min tObS to max_t Obs do
sum 1nverses_tf,\b (<0
fori=1to tObS do

sum_inverses < 0

forj=0toca —ty, do
if 2i—t+j > 0 then

sum_inverses <
sum_inverses + (° )tobS) X (=1)77) x (2i—t+3j)

sum_inverses tA —
tA

sum_inverses t + sum_inverses X ( °1b5)

obs

sum_inverses _CA —

t_ob t
sum_inverses_ca + sum_inverses_t/y o x ( tf{b *) x (CA“‘:,‘EE’\Z )
obs obs

| GH < GH +log, ca x sum_inverses_ca
ANPI
GHANPI _ GHN

return GHANPI
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AANPI AANPI

If we utilize Algorithm 14, the array P initially has the values p =
(% 750, {5 ). This array takes the following values after each one of the correspond—
ing iterations of the loop:

6 1 1 7
. ~ANPI _ (O 1 1/
t=0-7p <18’18’18’18>’

6 2 2 7
. ~ANPI _ (6 £ 2/
t=1=0 <18 18" 18’ 18>

6 3 2 7
s ~ANPI _ (Y < <« 7
t=2-70 (18 18" 18’ 18)

The array obtained when i = 2, PANPL — (168, ]38, 128, ]78) is the probability distri-
bution that reaches the maximum entropy on the A-NPI-M credal set.
According to Theorem 8.5.1, the probability distribution that attains the minimum

entropy on the A-NPI-M credal set, p , \p, IS given by:

(31T ny—1 n3—1 nj+1Y iloz
Paver “\"N TN N N ) T\ e
The value of the generalized Hartley measure, obtained through Algorithm 15, is
equal to:

1
GHANPT = 73 X (8logy 3 —4log, 4).
Example 8.5.2 Suppose again that X is a variable whose set of possible values is
{x1,%2,%3,%x4}. Let (n1,n2,n3,n4) = (0,3,9,1) denote the array of observed fre-
quencies. In this case, N = 13, t = 4, topbs = 3. We have the following set of
A-NPI-M probability intervals:

o sl sl o

Let pANPL denote the array of the probability distribution of maximum entropy
on the associated credal set. If we apply Algorithm 14, it initially has the values

pANPL = (pANPL (xq), pANPL (xz), pANPL (x3), pANPT (x4)) = (0,5, 35/0).
It takes the following values after each one of the corresponding iterations of the loop.
1T 2 8 1
_ sANPL _ (L2 o 1
t=0-=7p <13’13’13’13>’

s ~ANPI __
=10 (13’13’13’13)'



The probability distribution obtained when i = 1, pANPL = ({4, & & 2 s

the one that attains the maximum entropy on the A-NPI-M credal set.
In order to obtain the probability distribution of minimum entropy on the A-NPI-M
credal set, p ANPY Theorem 8.5.1 is applied:

(il ni—1y /3 10
Panp = <O’ NN N )T\l
The value of the generalized Hartley measure, computed via Algorithm 15, is equal
to:

1
GHANPT — 73X [51og,3 —2log, 4] .

8.6 Concluding remarks

The study of uncertainty measures in imprecise probabilities has its origin in
the study of uncertainty measures in Evidence theory (ET). Within this theory,
the maximum entropy is the well-established uncertainty measure as it is the
only one that satisfies all essential mathematical properties and behavioral
requirements. Nevertheless, this measure has an important drawback: its
computation is notably complex.

For this reason, many alternatives to the maximum entropy have been devel-
oped during the last years. Among such alternatives, one of the most known
is Deng entropy. In previous works, it was proved that this measure violates
most of the crucial mathematical properties for uncertainty measures in ET,
and its behavior in some scenarios is questionable. In order to solve some
shortcomings of Deng entropy, two modifications of this measure were pro-
posed a few years ago. In this chapter, we have demonstrated that these
modifications also violate most of the fundamental mathematical properties
for uncertainty measures in ET. Moreover, we have also shown that, in some
scenarios, the behavior of the modifications of the Deng entropy is question-
able. For example, in both modifications, the conflict part may be positive
when all focal elements are not disjunct. Furthermore, the extension of these
modified Deng entropies to more general theories than ET is not trivial.

As another alternative to the maximum entropy, belief intervals for single-
tons have been commonly employed during the last years for quantifying
uncertainty-based information in ET. Indeed, they are easier to manage than
BPAs for representing uncertainty-based information. In this chapter, we have
carried out a study about the fundamental mathematical properties and be-
havioral requirements for total uncertainty measures on belief intervals for
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singletons. Such a study has been based on the one previously carried out
for total uncertainty measures on BPAs. It has been highlighted that, when
the belief intervals for singletons are reduced to a single probability distri-
bution, a total uncertainty measure on such intervals must coincide with the
one well-established in classical probability theory, i.e the Shannon entropy;
if it is only known that the uncertainty-based information expressed via the
belief intervals for singletons is focused on a subset of alternatives, then a
total uncertainty measure must take the form of an increasing function with
respect to the cardinality of that subset; the range of a total uncertainty mea-
sure on belief intervals for singletons must be coherent: the minimum value,
which has to be equal to 0, must be attained if, and only if, the information is
focused on a singleton, and its maximum value when all probability distribu-
tions are consistent with the belief intervals fro singletons; a total uncertainty
measure on belief intervals for singletons has to be consistent with an increase
or decrease of information expressed by such intervals; the values of a total
uncertainty measure on the set of belief intervals for singletons corresponding
to a BPA defined over a joint space that can be decomposed on more simple
sets must be coherent. Our proposed set of behavioral requirements for total
uncertainty measures on belief intervals for singletons reveals that the compu-
tation of a measure of this type must not be too complex; it has to be possible
to separate a total uncertainty measure on belief intervals for singletons into
two ones that coherently indicate conflict and non-specificity, respectively; a
total uncertainty measure on belief intervals for singletons must be sensitive
to changes in these intervals, directly or via conflict and non-specificity. We
have shown that none of the uncertainty measures on belief intervals for sin-
gletons proposed so far satisfies all the crucial mathematical properties and
behavioral requirements for this kind of measure.

Furthermore, we have proposed a total uncertainty measure on belief in-
tervals for singletons that consists of the maximum entropy on the credal set
compatible with such intervals. We have demonstrated that, even though our
proposed measure requires a more complex computation than the other un-
certainty measures on belief intervals for singletons proposed so far, it is the
only one that satisfies all the essential mathematical properties and behavioral
requirements for uncertainty measures on belief intervals for singletons. We
have also highlighted that the maximum entropy on the belief intervals for
singletons is always greater or equal than the maximum entropy on the credal
set associated with a belief function. Thereby, our proposal gives an upper
bound of the maximum entropy, the well-established uncertainty measure in
ET, the computation of the former measure being considerably simpler than
the latter.
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Concerning imprecise probability models, in this chapter, we have shown
how to compute the most important uncertainty measures for credal sets as-
sociated with the Approximate Non-Parametric Predictive Inference Model
(A-NPI-M). Remark that this model can be expressed by means of a reachable
set of probability intervals and, unlike the IDM, the A-NPI-M does not assume
previous knowledge about the data through a parameter. Specifically, we have
presented a little bit more simple algorithm than the one proposed so far to
calculate the maximum entropy (the well-established total uncertainty mea-
sure on credal sets) with the A-NPI-M; we have proposed and proved a result
that allows us to quickly obtain the minimum of entropy on A-NPI-M credal
sets; in addition, we have shown how to calculate the generalized Hartley mea-
sure with the A-NPI-M. Hence, with this model, it is possible to know how
both types of uncertainty: conflict (the difference between the maximum en-
tropy and the generalized Hartey measure, or the minimum of entropy), and
non-specificity (the generalized Hartley measure or the difference between
the maximum and minimum entropy), coexist. Those procedures represent
useful tools to make the A-NPI-M very suitable to be employed in practical
applications.
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9 PRECISE CLASSIFICATION WITH NOISE

9.1 Introduction

Nowadays, the classification task is widely used in many domains. It con-
sists of learning a model that predicts, for a given instance described via a set
of attributes or features, the value of a class variable. Many algorithms for
classification have been developed so far. Clearly, the performance of classi-
fication methods is worsened when there is noise in the data, i.e. when data
contain errors.

Naive Bayes (NB) [85] is one of the most simple approaches to traditional
classification. It assumes that all attributes are independent given the class
variable, which is not often realistic. Despite this unrealistic assumption, NB
has obtained good results in practice, comparable with more sophisticated
classification methods, especially when the attributes are not strongly cor-
related [82, 93, 133]. Moreover, the NB algorithm, as a consequence of its
independence assumption, is much faster than other more sophisticated clas-
sification models and the required computational cost is significantly lower.

The NB classifier is based on the Bayes formula [31]. In NB, this formula
is used naively, i.e, assuming the independence condition. As pointed out by
Cestnik [47, 48], the evaluation of the naive Bayesian formula is pretty influ-
enced by the estimation of the conditional probabilities. In Section 4.4, we
have shown that the classical probability estimation through relative frequen-
cies has important shortcomings; the Laplace estimation [103], which was pro-
posed to solve such shortcomings, has some drawbacks too; Cestnik [47, 48]
introduced a new probability estimation (m-probability estimation) that con-
siders the prior probabilities of the class values when the conditional probabil-
ity of the class values given the value of an attribute are estimated. Cestnik [47]
experimentally showed that m-probability estimation provides better results
than the previous approaches of conditional probability estimation, although
the experimentation carried out was very scarce, using only four databases
without added noise. In addition, Cestnik [48] experimentally showed that
m-probability estimation in the tree-pruning process improves the results of
standard pruning methods.
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In spite of the improvement in the performance of the NB model with the
m-probability estimation, the algorithm is still quite sensitive to noise. This
happens because the estimation of the prior probabilities is still done by means
of relative frequencies with Laplacian correction, which is clearly deteriorated
with the presence of noise. For this reason, in this chapter, we use the Im-
precise Dirichlet Model (IDM) to estimate the prior probabilities of the class
values. As pointed out previously, this imprecise model has been tested to be
useful for improving the performance of standard models when there is noise
in the data. An example of this issue is the Credal C4.5 algorithm [149].

Specifically, in this chapter, a new Naive Bayes model, called the Imprecise
m-probability-estimation Naive Bayes (ImNB), is proposed. It combines the m-
probability estimation with the IDM to obtain a classifier less sensitive to class
noise. An extensive experimental analysis is carried out where our new NB
approach is compared with NB using the m-probability, the Laplace, and clas-
sical probability estimations. The mentioned algorithms are applied to many
datasets without noise and with different levels of added class noise. The
experimental analysis shows that the Cestnik proposal obtains much better
results than NB with Laplace and classical estimations of probabilities, with
much more exhaustive experimentation than in [47] and that the proposed
method performs better than the Cestnik model.

This chapter is organised in the following way: Section 9.2 describes our
proposed Imprecise m-probability estimation Naive Bayes. The experimental
study carried out in this chapter is detailed in Section 9.3. Section 9.4 con-
cludes this chapter.

9.2 Imprecise m-probability-estimation Naive Bayes

Let C be the class variable and Q¢ = {cy,c3,...,ck} its set of possible values.
Let {X',X?,..., X4} be the set of predictive attributes. Within this section, we
assume that the domain of each attribute is finite, that is, the possible values
of Xtare {x},x},...,x{.}, Vvi=12,...,d

Our proposed Imprecise m-probability estimation Naive Bayes model (ImNB)
uses the naive assumption (see Equation (4.10)). In this way, in order to
classify an instance with attribute vector x = (xl],xfz,. . .,xfd), where 1; €

{1,2,...,4) vi=1,2,...,d, ImNB predicts the following class value:

d
C=¢|X'=
h(X)NB:arg max P(C H )| C)X)
C=c

Cj EQC
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The difference between ImNB and the other NB algorithms resides in the
estimation of the probabilities P(C = ¢;) and P(C = ¢;j | Xt = xii), Yj =
1,2,...,K, nn=12,...,t, i=1,2,...,d.

Let N¢, denote the number of training instances and ni,(cj) the number
of instances in the training set for which C = ¢;, Vj = 1,2,...,K. Let us
consider the IDM credal set on C on the training set:

Nir(cj) +s

ntr(cj)
)« ) <

< Vi=12,...,K¢,
Ntr+s ]

PIPM(C) = {p € P(C) |

(9-1)
where s is the IDM parameter and P(C) the set of all probability distributions
on C.

Uncertainty measures can be applied to this credal set. As explained before,
the maximum entropy is a well-established uncertainty measure on credal sets
as it satisfies the required properties. Hence, for the estimation of the prior
probabilities, INNB uses the probability distribution attains the maximum en-
tropy on ?{TDM(C), namely Prmng. Algorithm 16 shows the procedure to
obtain such a probability distribution. It is based on Algorithm 3, the pro-
cedure proposed so far for the maximum entropy on reachable probability
intervals (IDM probability intervals are always reachable).

For the estimation of the conditional probabilities P(C =¢; | X' =xi.), Vj=
1,2,....,K, r=1,2...,t, i=1,2,...,d, InNB takes the Cestnik model
as a reference in the sense that it considers the prior probabilities. However,
unlike the Cestnik model, the prior probabilities are estimated through Algo-
rithm 16. According to Cestnik [47], the value of the m parameter in his model
should be greater as there is more noise in the data, as happens with the IDM
parameter s. For this reason, the same values for s and m are chosen.

In this way, InNB estimates the conditional probabilities as follows:

ner(xy, ;) +sPrmns(cj)

ntT (X’}'l) + S

Prmng(C=cj | X' =xi) = , (9-2)

ntr(x}i,j) being the number of training instances that satisfy X' = x}. A C = ¢;
and nir(xy,) the number of training instances for which X' = x;, Vj =
1,2,....,K, mi=12,...,t, i=12,...,d

Therefore, for classifying an instance with attribute vector x =

(x3,, %%, ..., x8 ), where vy € {1,2,...,t;} Vi=1,2,...,d, InNB makes the

T2 Td
following prediction:

d A . .
PimNB(C =c¢j | Xt =x1)
h(x)!™NB — are max Prmng(c;) — t
ngGQcpIm B H Prmns(cj)

, (9-3)

i=1
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Algorithm 16: Procedure to compute the probability distribution of
maximum entropy on the IDM credal set on the training set.

Procedure Determine probability distribution of maximum entropy
with the IDM on the training set (Number of training instances Ny,
class frequencies in the training set (nr(c1), n¢r(c2), ..., ner(cx)), IDM
parameter s)
s’ +s
forj=1to K do
| n/(cj) « nir(cy)
while s’ > 0 do
s « min{s’, 1}
num_min « |{c;j | n’(c;) = ming_1,2,...x n'(cx) }|
forj=1to Kdo
if n'(cj) = ming_1 2,k {n'(ci)} then
L tn’(cj)en’(cj)—i- s?

num_min

L s’ +s'—1
forj=1to K do

A _ n(g)
pImNB - Nh-+S

return PrmNB




where PN is the probability distribution of maximum entropy on the IDM

credal set on the training set, obtained through Algorithm 16, and P1,,n5(C =

cj | Xt = x}i) is computed via Equation (9.2), Vvj=1,2,...,K, i=1,2,...,d.
We must remark the following issues about ImNB:

For the estimation of the prior probabilities, INNB considers the proba-
bility distribution that attains the maximum entropy on the IDM credal
set, while the Cestnik model uses Laplace’s estimation. Thus, the Cest-
nik model is more sensitive to the presence of class noise in the training
data. As pointed out before, imprecise probability models have obtained
better results than classical estimators in classification with class noise.

As the Cestnik model, InNB takes the prior probabilities of the class
values into account for the estimation of the conditional probabilities. In
consequence, ImNB also solves the problems that arise with classical and
Laplace estimations of such probabilities.

Due to the previous points, it is expected that our proposed ImNB performs
better than the other NB methods, explained in Section 4.4.1, the improvement
being more notable as there is more class noise in the data. This point is
validated in Section 9.3 with exhaustive experimentation.

9.3

9.3.1

Experimentation

Description of the experiments

Datasets: For the experiments, we have selected 75 well-known datasets,
obtained from UCI Machine Learning Repository [139]. All these datasets
have been widely used in the specialized literature for comparing clas-
sification algorithms. Tables 9.1 and 9.2 show the most relevant charac-
teristics of each dataset. As can be observed, these datasets are diverse
regarding the number of instances, number of continuous and discrete
attributes, number of values of the class variable, and number of values
of discrete features.

Preprocessing: Since our proposed algorithm only works with discrete
attributes, the datasets have been previously discretized. For this pur-
pose, Fayyad and Irani’s discretization method [88] has been employed.

Algorithms: In this experimental study, four algorithms have been com-
pared: NB with the classical estimation of probabilities (classical NB),
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NB using the Laplace smoothing (Laplace NB), NB with the Cestnik
model (mNB), and our proposal (ImNB). Classical NB, Laplace NB, and
mNB were described in Section 4.4.1, and our proposed InNB have been
presented in Section 9.2.

Evaluation: In order to evaluate the performance of the algorithms con-
sidered here, we principally consider the Accuracy metric. In addition,
since we are using datasets with class noise, we use the average Equalized
Loss Accuracy metric (ELA) [181], detailed in Section 4.2.1.2, to evaluate
the robustness to class noise of each algorithm considered here.

Procedure: Four noise levels have been considered in our experiments:
0%, 10%, 20%, and 30%. Here, only class noise has been considered. The
noise has been added only to training sets. For each dataset, the noise
has been added by using a random procedure: given a noise level x,
the x% of the instances are randomly selected from the training dataset
and their class value is randomly changed to another class value. The
instances belonging to the test dataset are left unmodified.

To compare the results of the classifiers, a 10-fold cross validation pro-
cedure has been repeated 10 times for each dataset, level of noise, and
algorithm. The same partitions have been used for all methods.

Software and Parameters: The Weka software [218] has been employed
for our experiments. The implementations available in this software for
Classical NB and Laplace NB have been used, and the necessary struc-
tures and methods for employing mNB and ImNB have been added.
The Weka filters have been utilized for adding noise. Also, for cross-
validation, the functionality available in Weka has been used.

For the InNB model, in preliminary experiments, it has been noted that
the method has a good performance with m = 4 as the default value.
Obviously, the results would improve if we tuned the value of the pa-
rameter m to the level of noise in the data. However, its default value
has been used for the experiments. With regard to mNB, Cestnik did
not make any recommendation for the m value; we only know that it is
related to the level of noise in the data. Hence, a wide range of values
for the parameter m has been considered. In concrete, twenty values
have been tested for mNB (m=1,..., m=20) in order to obtain the most
appropriate value for each noise level.

Statistical evaluation: Following the recommendations of Demsar [75]
for statistical comparisons between the results obtained by three or more



methods on many datasets, we have used the Friedman test to compare
the performance of the algorithms via the Accuracy metric. If the null
hypothesis of this test is rejected, then we compare the performance of
the algorithms by using the Holm test. The level of significance used
is o« = 0.05. We present the results of these tests by means of critical
diagrams.

For the selection of the m parameter in mNB, the Friedman ranking has
been employed. Thereby, the chosen m value is the one that leads to the
best rank.

9.3.2 Results and discussion

Table 9.3 shows the Friedman ranks for mNB for each value of the m param-
eter and each noise level. The best value of the parameter m for each noise
level is emphasized using bold font and is the one used for the comparisons
of mNB with the other algorithms.

Tables 9.4 and 9.5 present, respectively, the average Accuracy and Friedman
ranks of the NB algorithms considered in this experimental analysis with dif-
ferent levels of added noise. In both tables, for each noise level, the best result
is marked with bold font and the second-best result with italic font.

Figures 9.1, 9.2 9.3, and 9.4 show the critical diagrams corresponding to the
Holm test with 0%, 10%, 20%, and 10% of added noise, respectively. Remark
that, in such diagrams, segments are used to connect the algorithms for which
there are no statistically significant differences according to the Holm test.

In Table 9.6, the average result obtained by each algorithm in the ELA metric
for each noise level can be seen.

From a general point of view, the following points should be noted:

Both mNB (tuned) and ImNB have better performance than the NB
models used as reference (NB with and without Laplace smoothing) on
datasets with and without class noise. The improvement is not only with
regard to the classifier Accuracy, via the Friedman and Holm tests, but
also in terms of robustness to noise (ELA measure).

We can note that our proposed ImNB obtains better results than Cest-
nik’s approach, this improvement being statistically significant in some
cases.

Now, we analyze in detail the experimental results taking into account the
following aspects: Average accuracy, Friedman ranks, Holm test, and robust-
ness to noise:
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CD

IMNB — Classical.NB

mMNB —— L Laplace.NB

Figure 9.1: Critical diagram about the Accuracy of the NB algorithms on datasets with-
out added noise. CD = critical distance

ImNB

Laplace.NB

mNB Classical.NB

Figure 9.2: Critical diagram about the Accuracy of the NB algorithms on datasets with
a 10% of added noise. CD = critical distance
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CD

ImNB

Laplace.NB

mNB Classical.NB

Figure 9.3: Critical diagram about the Accuracy of the NB algorithms on datasets with
a 20% of added noise. CD = critical distance

CD

IMNB ———— Laplace.NB

mNB - Classical.NB

Figure 9.4: Critical diagram about the Accuracy of the NB algorithms on datasets with
a 30% of added noise. CD = critical distance
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¢ Average accuracy: The methods based on m-probability-estimation, i.e,

mNB and ImNB, always attain the highest average Accuracy, regardless
of the level of added noise. The best result is always achieved by our pro-
posed method (ImNB), and the second-best result is invariably obtained
by Cestnik’s approach (mNB) with the tuned parameter. Regarding aver-
age Accuracy, the worst result is invariably obtained by the NB without
Laplace smoothing (Classical NB). We want to emphasize that this order-
ing from the best NB model (ImNB) to the worst (Classical NB) occurs
independently of the percentage of added noise.

Friedman ranks and Holm test: The outcomes of the statistical tests re-
inforce the comments made about average Accuracy. The tuned mNB
and the ImNB methods obtain the best Friedman ranks for all levels of
added noise, and the best classifier in the ranking is always our pro-
posal (ImNB). According to the Friedman ranks, the worst NB model
for datasets without added noise is, interestingly, the NB with Laplace
smoothing (Laplace NB). Nevertheless, the NB without the Laplacian
correction (Classical NB) obtains the worst rank for any level of added
noise (10%, 20% or 30%).

Concerning the Holm test, our approach is the only one that always
significantly outperforms the classical NB classifiers with and without
Laplace smoothing, regardless of the level of added noise. Indeed, in the
critical diagrams, unlike mNB, ImNB is never connected via a segment
with Classical NB or Laplace NB. The Cestnik proposal shows a less
consistent behavior: it significantly outperforms NB without Laplace
smoothing for all noise levels; however, it only performs significantly
better than NB with Laplace smoothing when the level of noise is 0%.
In the critical diagrams of Figures 9.1 and 9.4, mNB and ImNB are con-
nected via a segment. The contrary happens in the critical diagrams
of Figures 9.2 and 9.3. Consequently, for 0% and 30% of added noise,
these two algorithms perform equivalently according to the Holm test,
whereas ImNB significantly outperforms mNB with the tuned value of
the parameter via this test for 10% and 20% of added noise.

ELA measure: According to the average results obtained in this met-
ric, there is no doubt about what methods are the most robust to noise.
The ordering obtained in average Accuracy and Friedman'’s ranking co-
incides with the sequence obtained in the ELA measure. Therefore, our
proposal is in the first place, the tuned mNB classifier in the second, NB
with Laplace smoothing in the third place, and the worst result is ob-
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tained by NB without Laplace smoothing (classical NB). This outcome
occurs independently of the percentage of added noise.

9.3.2.1 Summary of the results

With the above analysis, we can summarize the results obtained in this
experimental study (Tables 9.3-9.6 and Figures 9.1-9.4) as follows:

o The methods based on m-probability-estimation (mNB and ImNB) out-
perform the conventional approaches of NB, that is, NB with and with-
out Laplace smoothing (Classical NB and Laplace NB). These outcomes
are obtained consistently, regardless of whether the datasets suffer or not
from class noise. This happens because, unlike Classical NB and Laplace
NB, mNB and ImnB take the prior probabilities into account for this es-
timation of the conditional probabilities. In this way, mNB and ImNB
solve some drawbacks of the classical and Laplace estimations that we
commented in Section 4.4.1.

o Considering statistically significant differences, we may notice that the
best outcomes are achieved by our proposal. This occurs since, as shown
in Section 9.2, ImNB uses the probability distribution of maximum en-
tropy on the IDM credal set for the prior probabilities, while mNB uses
the Laplace estimation for such probabilities. In consequence, our pro-
posed ImNB is less sensitive to class noise than mINB.
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Table 9.1: Description of the datasets used in our experiments with NB models. Col-
umn ‘N’ is the number of instances, column ‘Feat’ is the number of features,
column ‘Num’ is the number of numerical features, column “Discr’ is the
number of discrete attributes, column ‘k’ is the number of values of the
class variable, and column ‘Range’ is the range of values of the discrete

attributes.
Dataset N Feat  Num Discr k Range
acute-infl-nephritis 120 6 1 5 2 2
anneal 898 38 6 32 6 2-10
appendicitis 106 7 7 0 2 -
arrhythmia 452 279 206 73 16 2
audiology 226 69 0 69 24 2-6
autos 205 25 15 10 7 2-22
balance-scale 625 4 4 0 3 -
bank-marketing 4521 16 7 9 2 2-12
banknote-auth 1372 4 4 0 2 -
breast-cancer 286 9 0 9 2 2-13
breast-cancer-wisconsin 699 9 9 0 2 -
bridges-version1 107 11 3 8 6 2-54
bridges-version2 107 11 0 11 6 2-54
bupa 345 6 6 9 2 -
car 1728 6 0 6 4 3-4
cme 1473 9 2 7 3 24
horse-colic 368 22 7 15 2 2-6
credit-rating-australian 690 15 6 9 2 2-14
credit-rating-german 1000 20 7 13 2 2-11
dermatology 366 34 1 33 6 2-4
diabetes-pima 768 8 8 0 2 -
dresses-sales 500 12 1 11 2 5-25
ecoli 366 7 7 0 7 -
fertility-diagnosis 100 9 9 0 2 -
flags 194 29 2 27 8 4-194
glass 214 9 9 0 7 -
glioma16 50 16 16 0 2 -
haberman 306 3 2 1 2 12
heart-disease-cleveland 303 13 6 7 5 2-14
heart-disease-hungarian 204 13 6 7 5 2-14
heart-statlog 270 13 13 0 2 -
hepatitis 155 19 4 15 2 2
hypothyroid 3772 30 7 23 4 24
ionosphere 351 35 35 0 2 -
iris 150 4 4 0 3 -
japanese-crx 690 15 6 9 2 2-14
kr-vs-kp 3196 36 0 36 2 2-3
letter 20000 16 16 0 26 -
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Table 9.2: Description of the datasets used in our experiments with NB models (cont).
Column ‘N’ is the number of instances, column ‘Feat’ is the number of
features, column ‘Num’ is the number of numerical features, column ‘Discr’
is the number of discrete attributes, column ‘k’ is the number of values of
the class variable, and column ‘Range’ is the range of values of the discrete

attributes.

Dataset N Feat  Num Discr k Range
liver-disorders 345 6 6 0 2 -
Isvt-voice-rehab 126 310 310 0 2 -
lymphography 146 18 3 15 4 2-8
mfeat-pixel 2000 240 0 240 10 4-6
mol-splice-junction 3190 60 0 60 3 4-5
nursery 12960 8 0 8 4 2-4
optdigits 5620 64 64 0 10 -
page-blocks 5473 10 10 0 5 -
parkinsons 195 22 22 0 2 -
pendigits 10992 16 16 0 10 -
postoperative-patient 90 8 8 0 3 2-4
primary-tumor 339 17 0 17 21 2-3
gsar-biodegradation 1055 41 41 0 2 -
qualitative-bankruptcy 250 6 0 6 2 3
saheart 462 9 8 1 2 2
segment 2310 19 16 0 7 -
seismic-bumps 2584 18 14 4 2 2-3
sick 3772 29 7 22 2 2
solar-flare2 1066 12 0 6 3 2-8
sonar 208 60 60 0 2 -
soybean 683 35 0 35 19 2-7
spambase 4601 57 57 0 2 -
spect 267 22 0 22 2 2
spectf 349 44 44 0 2 -
spectrometer 531 101 100 1 48 4
splice 3190 60 0 60 3 4-6
sponge 76 44 0 44 3 2-9
tae 151 5 3 2 3 2
thoracic-surgery 470 16 3 13 2 2-7
tic-tac-toe 958 9 0 9 2 3
turkiye-student 5820 32 32 0 13 -
vehicle 946 18 18 0 4 -
vote 435 16 0 16 2 2
vowel 990 11 10 1 11 2
waveform 5000 40 40 0 3 -
wine 178 13 13 0 3 -
Z00 101 16 1 16 7 2
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Table 9.3: Friedman ranks about Accuracy of mNB with different values of m for
each noise level.

m | 0% Noise 10% Noise 20% Noise 30% Noise
1 7-93 9.63 11.75 12.49
2 8.14 8.95 10.74 11.92
3 7.98 8.99 10.41 11.51
4 8.11 9.35 10.30 11.07
5 8.65 9.59 10.21 11.04
6 9.05 9.67 10.19 10.66
7 9.39 9.39 10.71 10.11
8 9.23 9.28 9.99 10.27
9 9.55 9.68 10.15 10.29
10 10.25 10.26 10.15 10.26
11 10.49 10.71 10.05 10.48
12| 1087 11.11 10.20 10.23
13 11.67 11.59 10.17 9.52
14| 11.95 11.58 10.17 9.73
15 12.15 11.81 10.18 9.77
16 12.01 11.44 10.64 9.81
17|  12.65 11.49 11.07 9.77
18 12.93 11.74 11.03 9.88
19| 13.35 11.94 10.81 10.45
20 13.63 11.80 11.09 10.75

Table 9.4: Average Accuracy results of the NB models with different levels of added

noise.
Algorithm | noise 0% | noise 10% | noise 20% | noise 30%
Classical NB 77.05 74.69 73.08 71.08
Laplace NB 77.33 75.44 74.09 72.19
mNB ggsTm | 79.60 7774 76.11 73-54
ImNB 79.88 78.67 77.17 74.64

Table 9.5: Friedman ranks about the Accuracy of the NB algorithms with different
percentages of added noise.

Algorithm | noise 0% | noise 10% | noise 20% | noise 30%
Classical NB 2.76 3.12 3.05 2.97
Laplace NB 2.97 2.81 2.77 2.66
mNBgesTm 2.21 2.35 2.37 2.36
ImNB 2.07 1.73 1.81 2.01

Table 9.6: Average values of the ELA measure obtained by the NB algorithms for
each noise level.

Algorithm | noise 10% | noise 20% | noise 30%
Classical NB | 0.3285 0.3494 0.3753
Laplace NB 0.3176 0.3351 0.3596
MNBgesTm 0.2796 0.3001 0.3324
ImNB 0.2670 0.2858 0.3175




9.4 Conclusions

Naive Bayes (NB) is a fast and simple approach to classification that has
obtained good results in practice, comparable with more sophisticated clas-
sification algorithms. The estimation of the probabilities is the key point of
NB. Many years ago, Cestnik [47] proposed a new NB model with a new way
of estimating the probabilities. Such a model takes the prior probabilities into
account through a parameter m for the estimation of the conditional probabili-
ties. We believe that the Cestnik approach has not received sufficient attention
from the scientific community, and we think that this is why we have not
found an extensive comparison where this model evidences its worth.

In this chapter, we have proposed a new NB model, called the Imprecise
m-probability estimation Naive Bayes (ImNB), that also takes the prior prob-
abilities of the class values into account for the estimation of the conditional
probabilities. Nonetheless, our proposal uses the well-established uncertainty
measure on credal sets for the estimation of the prior probabilities, whereas
the Cestnik model employs relative frequencies with Laplacian correction to
estimate such probabilities. Therefore, it can be stated that our proposed
ImNB is more robust to class noise than the Cestnik model.

An exhaustive experimental analysis has been carried out in this chapter
with many datasets and several levels of added noise to compare the perfor-
mance of our proposed ImNB, the Cestnik model, and NB with classical and
Laplace estimations. Such an experimental analysis has highlighted the fol-
lowing points:

The best choice of the parameter m in the Cestnik model depends on the
level of noise in the data, being generally higher as there is more noise.

ImNB and the Cestnik model with the tuned value of m perform far
better than NB estimating the probabilities in a classical way and with
Laplace smoothing, regardless of the level of noise in the data.

Our proposed ImNB using its default m value always achieves better
results than the Cestnik model with parameter tuning, although the dif-
ferences are not statistically significant in some cases. ImNB always
significantly outperforms NB with and without Laplace smoothing.

To summarize, in this chapter, it has been shown, with much more exhaus-
tive experimentation than in [47], that the Cestnik model supposes a very con-
siderable improvement over Laplace and classical estimations of the probabili-
ties in NB. Furthermore, we have presented a new way of estimating probabil-
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ities in NB based on the m-probability estimation and imprecise probabilities
that outperforms the Cestnik model.



1 O IMPROVEMENTS OVER IMPRECISE
CLASSIFICATION ALGORITHMS

10.1 Introduction

Classifiers sometimes predict a set of values of the class variable because
the available information is not sufficient to point out a single class value.
This type of prediction is known as imprecise prediction, and classifiers that
make imprecise predictions are called imprecise classifies. The first method
proposed for Imprecise Classification was the Naive Credal Classifier (NCC)
[62, 227]. It combines the IDM with the naive assumption to make imprecise
predictions. Afterwards, the first Imprecise Classification method based on a
single Decision Tree, called Imprecise Credal Decision Tree (ICDT), was pro-
posed by Abelldn and Masegosa [10]. For building the tree, ICDT employs
uncertainty measures on credal sets and, to classify instances at leaf nodes, it
uses the well-established dominance criterion on the probability intervals at
such leaf nodes. Abellan and Masegosa [10] experimentally showed that ICDT
significantly outperforms NCC as the former method is far more informative
than the latter.

ICDT uses the IDM for the uncertainty measures and the probability inter-
vals at leaf nodes. As commented previously, the A-NPI-M is an imprecise
probability model also based on reachable probability intervals that, unlike
the IDM, does not assume previous knowledge about the data via a parameter.
In precise classification, the A-NPI-M performs equivalently to the IDM with
the best selection of the parameter [6]. For these reasons, in this chapter, we
propose a new Imprecise Credal Decision Tree that utilizes the A-NPI-M for
the uncertainty measures in the split criterion and for the probability intervals
at leaf nodes (ICDT-ANPI). We carry out an experimental study to compare
the proposed ICDT-ANPI with the existing ICDT using different values of the
IDM parameter. The obtained results are consistent with the ones achieved in
precise classification: the performance of ICDT is strongly influenced by the
choice of the IDM parameter and ICDT-ANPI has equivalent performance to
ICDT with the best choice of the parameter.

Moreover, in this chapter, we propose a new version of the NCC algorithm
called the Extreme Prior Naive Credal Classifier (EP-NCC). For the estimation
of the lower and upper conditional probabilities of the class values, unlike
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NCC, EP-NCC takes the lower and upper prior probabilities into account. It
is based on the idea of the NB for precise classification proposed by Cestnik,
described in Section 4.4.1. We show that, with our proposed EP-NCC, the
non-dominated states set is often smaller than with the existing NCC. In this
way, EP-NCC solves the drawback found in [10] about the NCC method: it is
not very informative as it predicts too many class values. Since EP-NCC pre-
dicts fewer class values than NCC, the risk of making erroneous predictions
might be higher with the former method. Nevertheless, EP-NCC considers the
extreme prior probabilities of the class variable to reduce the number of pre-
dicted class values and, thus, the risk of incorrect predictions may not be much
higher than with NCC. We carry out exhaustive experimentation to compare
the performance of NCC, EP-NCC, and ICDT. Such experimentation reveals
that our proposed EP-NCC significantly outperforms the existing NCC and
that EP-NCC obtains statistically equivalent results to the ones achieved by
ICDT. Specifically, EP-NCC obtains significantly better results than NCC in
the metrics corresponding to the number of non-dominated states; the per-
formance of both algorithms in the metrics associated with making correct
predictions is equivalent; even though EP-NCC is not as accurate as ICDT, the
former method is more informative than the latter as it predicts fewer values
of the class variable. The experimental analysis also shows that the processing
time for EP-NCC is considerably lower than for ICDT.

It should be noted that there is no algorithm for Imprecise Classification
so far that makes an ensemble of classifiers even though ensembles tend to
improve the performance of individual classifiers. It might be because, as the
predictions made by imprecise classifiers usually consist of a set of class values,
it is not a trivial question to combine them, and there is no technique so far
for this purpose. If the imprecise predictions are not combined properly, then
it is quite probable that the performance of the ensemble is not better than the
performance of a single imprecise classifier because an excessive reduction of
the information can be produced. Hence, a technique for combining multiple
imprecise predictions must achieve a good trade-off between risk (the real class
value does not belong to the set of predicted ones) and informativeness (how
many class values are predicted)

In this chapter, as a novelty, we propose an ensemble method for Imprecise
Classification that combines the predictions made by the individual classifiers
in such a way that the ensemble method is as informative as possible although
it implies a higher risk of erroneous predictions. When many imprecise pre-
dictions are combined, there is a risk of loss of information. We will see that
this does not happen with our proposed combination technique. Specifically,
our proposed ensemble method consists of a Bagging scheme using the ICDT



algorithm as the base classifier. The reasons are that Bagging has obtained
good performance in precise classification and Decision Trees are appropriate
to be used in ensembles because they encourage diversity, and the key issue
for the success of an ensemble scheme is that the individual classifiers are not
only accurate but also diverse. An experimental analysis highlights that our
proposed Bagging method for Imprecise Classification performs significantly
better than ICDT.

All the above-mentioned algorithms assume that all classification errors
have the same importance. However, in practical applications, different classi-
fication errors usually yield different costs. The ICDT algorithm was adapted
for cost-sensitive classification by Abelldn and Masegosa [10]. Such an adap-
tation uses the same tree-building process as the original ICDT method. At
leaf nodes, it determines a risk interval for each value of the class variable con-
sidering the costs of errors. Then, it obtains the non-dominated states set via
a strong dominance criterion on these risk intervals. Abelldn and Masegosa
[10] also adapted NCC for cost-sensitive classification. They experimentally
showed that the adaptation of ICDT outperforms the adaptation of NCC since
the former is more informative. The mentioned adaptations are the only algo-
rithms proposed so far for cost-sensitive Imprecise Classification.

It is important to remark that the adaptation of ICDT for cost-sensitive clas-
sification proposed so far does not take the error costs into account in the
procedure to build the tree; it considers, at each step of the procedure, that
all instances have the same importance, regardless of their class values. This
is obviously not optimal in scenarios where different classification errors lead
to different costs. Hence, we consider, as in the Weighted Decision Tree al-
gorithm for precise classification, exposed in Section 4.8.1, that the instances
with a higher cost of error of the corresponding class value should have more
weight than the instances for which the error cost of their class value is lower.
In addition, the adaptation of ICDT for cost-sensitive classification proposed
so far uses the IDM in the building process and for the probability intervals
at leaf nodes. As pointed out before, the IDM assumes previous knowledge
about the data via a parameter, and there is no way so far of associating the
optimal value of such a parameter with each dataset. The A-NPI-M is a non-
parametric approach that solves this shortcoming.

In this chapter, we propose a new cost-sensitive Imprecise Credal Decision
Tree that employs the A-NPI-M and considers weights for the training in-
stances depending on the error costs of their class values, similar to Weighted-
DT. In this way, for computing the uncertainty measures in the split criterion
and determining the probability intervals for the class values at leaf nodes, the
instances with a higher cost of error of their class value have more importance.
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We also show that the criterion used by our developed cost-sensitive Imprecise
Credal Decision Tree for classifying instances may be more informative than
the one of the existing cost-sensitive ICDT. An experimental analysis is carried
out to compare the original cost-sensitive ICDT using the IDM and the A-NPI-
M and our proposed cost-sensitive Imprecise Credal Decision Tree. Such an
experimental analysis highlights that the A-NPI-M obtains equivalent results
to the IDM with the recommended value of the parameter when both models
are used in the existing cost-sensitive ICDT and that the new cost-sensitive Im-
precise Credal Decision Tree significantly outperforms the existing one; even
though our proposed method obtains higher misclassification costs than the
existing cost-sensitive ICDT, it is often more informative and achieves a better
trade-off between low cost of incorrect classifications and informative predic-
tions.

The rest of this chapter is structured as follows: In Section 10.2, we present
the Imprecise Credal Decision Tree based on the A-NPI-M. Section 10.3 de-
scribes our proposed Extreme Prior Naive Credal Classifier. The Bagging
method for Imprecise Classification is introduced in Section 10.4. Section 10.5
describes our proposed cost-sensitive Imprecise Credal Decision Tree. This
chapter is concluded in Section 10.6.

Within this section, let C be the class variable and Q¢ = {cj,c2,...,cx}
its set of possible values. Let {X',X?,...,X9} denote the set of predictive
attributes.

10.2 Imprecise Credal Decision tree with A-NPI-M

The difference between our proposed Imprecise Credal Decision Tree with
the A-NPI-M (ICDT-ANPI) and the existing ICDT is the mathematical model
utilized for the split criterion and to compute the probability intervals at leaf
nodes: whereas the existing ICDT uses the IDM, our proposed ICDT-ANPI
employs the A-NPI-M.

Let D be the subset of the training set associated with a certain node. Let
NP denote the total number of instances in D and nD(cj) the number of
instances in D for which C =¢;, Vj =1,2,...,K. We have the following set
of A-NPI-M probability intervals on C corresponding to D:

Di(n. 1
Tanp1(C) = {I%NPI(C)') = [max (n(]\cjlj;,o> ,

Di(n. 1
mm<n(]\]c]®)+/]>]’ j:],z,...,K}.

(10.1)
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As we know, this set of probability intervals is always reachable and gives
rise to the following credal set on C:

Paner(C) ={p € P(C) I p(cj) € Ianpiles), ¥j=1,2,...,K},  (102)

where P(C) denotes the set of all probability distributions on C.
Similarly to ICDT, the basis of the split criterion of our proposed ICDT-
ANPI is the maximum entropy on this credal set:

s* (PP Q)) = S(p). 10.
( AnPpIl )) peiPI/;:S;(C) (p) (10.3)

The split criterion of ICDT-ANPI is the uncertainty-based information gain
taking as a reference the maximum entropy on the A-NPI-M credal set on C,
defined in Equation (10.3). Such a split criterion, for an attribute X' that takes
values in {x},x5,...,x} }, is defined in the following way:
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ti
11G(C, X4 )2y p = S* (?ENPI(C)) — Y PP(XE=xE)S” (:PE{NPI(C Xt = x;)) ,

T‘i:1
o (10.4)
where $* (PR p1(C | X! =L ) is the maximum entropy on the A-NPI-M credal

set on C on the subset of D composed of those instances for which X' = xi.
and PP (Xt = Xt ) is the probability that X' = x} on D, estimated through
relative frequencies:

nP (xii) being the number of instances in D such that X' = Xin' Vry =
1,2,...,4, i=1,2,...,d

In order to classify instances, ICDT-ANPI computes a probability interval
for each class value at each leaf node using the A-NPI-M. Let £ be a leaf
node. Let N* denote the number of instances in £ and n* (cj) the number of
instances in £ that satisfy C =c¢j, Vj=1,2,...,K. We have the following set
of A-NPI-M probability intervals on C on £:

IXnpim(C) = { [max <TLL(NC]2_],0> ,

L. 1
mm(“(]flfjﬂ, j:1,2,...,K}.

A dominance criterion has to be applied to these intervals for obtaining
the non-dominated states set. Since A-NPI-M probability intervals are always

(10.5)
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reachable, in this case, the stochastic and credal dominance criteria are equiv-
alent. For this reason, in order to obtain the non-dominated states set, ICDT-
ANPI uses the stochastic dominance criterion, which is much easier to check.
Consequently, in ICDT-ANPI, a class value ¢; dominates another one cy at £
if, and only if,
L~y 1 L 1
max <TL(;JJL),O> > min (n(;kﬁ)—'_, 1> N
nf(c;) =1 _ nf(ck)+1
N£ N£
Thereby, at the leaf node £, the non-dominated states set predicted by ICDT-

ANPI is determined as follows:

@nﬁ(cj)—l >n®(cy) +1.

ndstepT ANPL = {ck In“(cx) +1=2n%(c5) =1 Vj= 1,2,...,K}. (10.6)

Similar to ICDT, for classifying an instance via ICDT-ANP]I, a path from the
root node to a leaf one is made by using the attribute values of that instance.
Then, the stochastic dominance is applied to the probability intervals at that
leaf node to obtain the non-dominated states set for the instance. Algorithm
17 summarizes the procedure to classify an instance with ICDT-ANPL

Algorithm 17: Procedure to classify an instance with ICDT-ANPL

Procedure Classify_ICDT-ANPI(ICDT-ANPI 7, instance with attribute

vector x)

1. Follow a path in T from the root node to a leaf one £ using the
attribute vector x.

2. Consider the set of A-NPI-M probability intervals on C at £,
I% npim (C), computed through Equation (10.5).

3. Obtain the non-dominated states set at £ via the stochastic
dominance criterion on Jﬁ\:NPIM (C):

c
h(x) = ndstcpr_aNnPI/

where nds{-p7_anp; i determined by means of Equation (10.6).
return h(x)

10.2.1 Experiments

For our experimental analysis, we base on the experimental study carried
out by Abellan and Masegosa in [10], where ICDT and NCC were compared.
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10.2.1.1 Experimental settings

o Datasets: In our experiments, 34 datasets have been used, which can
be downloaded from the UCI Machine Learning Repository. The datasets
have been chosen in such a way that they have at least three class values
because, with only two values of the class variable, an imprecise classifier
always predicts all class values or only one. Table 10.1 shows the most
important characteristics of each dataset. We may note that the datasets
are diverse concerning the number of instances, number of continuous
and discrete features, number of values of the class variable, etc.

o Preprocessing: Missing values have been replaced with mean values
for continuous features and with modal values for discrete attributes.
Afterwards, the datasets have been discretized via Fayyad and Irani’s
discretization method.

o Algorithms: In this experimentation, we aim to compare the existing
ICDT algorithm with three values of the IDM parameter, s = 1, s = 2,
and s = 3, and our proposed ICDT-ANPI method.

o Evaluation: The main evaluation metrics employed to test the perfor-
mance of the algorithms considered in this experimental study are DACC
and MIC". For understanding better the behavior of the classifiers, we
also consider the average values of Determinacy, Single Accuracy, Inde-
terminacy Size, and Set Accuracy. All these metrics were detailed in
Section 5.3.

o Procedure: For comparing the results of the classifiers, a 10-fold cross-
validation procedure has been repeated 10 times for each dataset and
algorithm. The same partitions have been used for all methods.

o Software and Parameters: The Weka software [218] has been employed
for our experimental study. It has been started from the implementation
available in this software for ICDT, and the necessary structures and
methods for using ICDT-ANPI have been added. The Weka filters have
been employed for the preprocessing. Also, for cross validation, the
functionality available in Weka has been used.

For ICDT, three values of the IDM parameter have been used: s = 1,
s = 2 and s = 3. The rest of the parameters used in both algorithms

1 Here, we use MIC®%/! since both ICDT and ICDT-ANPI assume the same cost for all classifica-
tion errors.
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Table 10.1: Description of the datasets employed in our experiments for Imprecise
Classification. Column “N" is the number of instances, column “Attr" is
the number of attributes, column “Cont" is the number of continuous fea-
tures, column “Disc" is the number of discrete features, column “K" is the
number of class values, and column “Range" is the range of values of the

discrete attributes.

Dataset N Attr Cont Disc K Range
anneal 898 38 6 32 6 2-10
arrhythmia 452 279 206 73 16 2
audiology 226 69 o0 69 24 2-6
autos 205 25 15 10 7 2-22
balance-scale 625 4 4 o 3 -
car 1728 6 0 6 4 34
cme 1473 9 2 7 3 24
dermatology 366 34 1 33 6 24
ecoli 366 7 7 o 7 -
flags 194 30 2 28 8 2-13
hypothyroid 3772 30 7 23 4 24
iris 150 4 4 0 3 -
letter 20000 16 16 0 26 -
lymphography 146 18 3 15 4 28
mfeat-pixel 2000 240 O 240 10 4-6
nursery 12960 8 0 8 4 24
optdigits 5620 64 64 0 10 -
page-blocks 5473 10 10 0 5 -
pendigits 10992 16 16 0 10 -
postop-patient-data 90 9 0 9 3 24
primary-tumor 339 17 0 17 21 2-3
segment 2310 19 16 0 7 -
soybean 683 35 0 35 19 2-7
spectrometer 531 101 100 1 48 4
splice 3190 60 0 60 3 4-6
sponge 76 44 0 44 3 29
tae 151 5 3 2 3 2
vehicle 946 18 18 0 4 -
vowel 990 11 10 1 11 2
waveform 5000 40 40 0 3 -
wine 178 13 13 0 3 -
Z00 101 16 1 6 7 2
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have been the ones given by default in Weka. Let ICDT-IDMi denote
ICDT-IDM with s =1, fori=1,2,3.

Statistical evaluation: In accordance with the recommendations given
by Demsar [75] for statistical comparisons between the results obtained
by three or more algorithms on many datasets, we have used the Fried-
man test to compare the performance of the classifiers considered here
via DACC and MIC. If the null hypothesis of this test is rejected, then
we compare the algorithms pairwise via the Nemenyi test. The level of
significance utilized is « =0.05. We present the results of these tests by
means of critical diagrams.

10.2.1.2 Results and discussion

Tables 10.2 and 10.3 show the average values and Friedman ranks corre-
sponding to DACC and MIC, respectively. In both tables, the best results are
marked in bold. The critical diagrams associated with DACC and MIC can be
seen in Figures 10.1 and 10.2, respectively.

Table 10.2: Average values and Friedman ranks of ICDT and ICDT-ANPI for the

DACC measure.

Algorithm | Average | Friedman Rank
ICDT-ANPI | 0.7675 1.9118
ICDT-IDM1 | 0.7763 2.3382
ICDT-IDM2 | 0.7606 2.4853
ICDT-IDM3 | 0.7482 3.2647

Table 10.3: Average values and Friedman ranks of ICDT and ICDT-ANPI for the MIC

measure.
Algorithm | Average | Friedman Rank
ICDT-ANPI | 1.3414 1.9706
ICDT-IDM1 | 1.3652 24412
ICDT-IDM2 | 1.3334 2.5
ICDT-IDM3 | 1.3065 3.0882

The following points should be noted about these results:

Average values: For both DACC and MIC, the highest average value
is obtained by ICDT-IDM1, followed by ICDT-ANPI, ICDT-IDM2, and
ICDT-IDM3.
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DACC

ch

ICOT-AMPI
[ICDT-IDM1

ICOT-IDMZ
ICOT-1DMZ2

Figure 10.1: Critical diagram of ICDT and ICDT-ANPI for the DACC metric. CD =

Critical Distance.

MIC
D

ICOT-ANPI
ICOT-IDM1

[COT-IDMZ
[COT-IDMZ

Figure 10.2: Critical diagram of ICDT and ICDT-ANPI for the MIC metric. CD =

Critical Distance.



Friedman ranks: The proposed ICDT-ANPI algorithm achieves the best
Friedman rank for both DACC and MIC. Regarding ICDT, the higher is
the value of the IDM parameter, the higher is the Friedman rank.

Nemenyi test: In the critical diagram corresponding to DACC (Figure
10.1), it can be observed that the only algorithms that are not connected
via a segment are ICDT-IDM1 and ICDT-IDM3 and ICDT-ANPI and
ICDT-IDM3. In consequence, for DACC, both ICDT-ANPI and ICDT-
IDM1 perform significantly better than ICDT-IDM3 according to the Ne-
menyi test. In the critical diagram associated with MIC (Figure 10.2), the
only algorithms that are not connected via a segment are ICDT-ANPI
and ICDT-IDM3. Thus, ICDT-ANPI significantly outperforms ICDT-
IDM3 via the Nemenyi test for MIC. As ICDT-ANPI, ICDT-IDM1, and
ICDT-IDM2 are connected via a segment in both critical diagrams, it
can be stated that these three algorithms obtain statistically equivalent
results according to the Nemenyi test for both DACC and MIC.

Hence, the performance of the ICDT algorithm depends on the choice of the
s parameter. Regarding ICDT-ANPI, the results obtained by this algorithm are
statistically equivalent to the ones obtained by ICDT with the best s parame-
ter. Furthermore, ICDT-NPI performs significantly better than ICDT with the
worst value of the s parameter.

Table 10.4 shows the average values of Determinacy, Single Accuracy, Set
Accuracy and Indeterminacy size obtained by each algorithm.

Table 10.4: Average results obtained for basic metrics by of ICDT and ICDT-ANPIL.
Ind Size = Indeterminacy Size. Best scores are marked in bold.

Algorithm | Determinacy | Single Accuracy | Set Accuracy | Ind Size
ICDT-ANPI 0.9002 0.8237 0.9561 7.9381
ICDT-IDM1 0.9477 0.8023 0.8844 5.2955
ICDT-IDM2 0.8985 0.8119 0.9168 5.9313
ICDT-IDM3 0.8666 0.8151 0.9218 6.1346

We express the following comments about these results:

Determinacy: ICDT-IDM1 achieves the highest average Determinacy
value. It means that the highest number of instances precisely classified
is obtained with ICDT-IDM1. ICDT-ANPI obtains the second-highest
average Determinacy value, followed by ICDT-IDM2 and ICDT-IDM3.

Single Accuracy: For the accuracy among the instances for which a sin-
gle value of the class variable is predicted, ICDT obtains the worst per-
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formance with s = 1. In the ICDT algorithm, the higher is the value of
the s parameter, the better is the performance in Single Accuracy. The
highest average Single Accuracy value is obtained by ICDT-ANPL

¢ Indeterminacy Size: The lowest average Indeterminacy size value is
achieved by ICDT-IDM1. Indeed, in ICDT, the lower is the s value, the
lower is the average Indeterminacy size value. The highest average num-
ber of non-dominated states is obtained by ICDT-ANPL

o Set Accuracy: The results achieved in Set Accuracy are similar to the
ones obtained in Single Accuracy: ICDT performs better as the value of
the s parameter is higher and ICDT-ANPI outperforms ICDT with the
three s values considered.

Therefore, with ICDT-ANP]I, the best trade-off between predicting only one
class value and making correct predictions is attained. This algorithm obtains
the second-highest score in Determinacy and the best score in Single Accuracy,
whereas ICDT-IDM1, which achieves the highest average Determinacy value,
obtains the worst results in Single Accuracy. Moreover, when there is more
than one predicted value of the class variable, in the ICDT algorithm, the sizes
of the non-dominated states sets are larger as the s value is higher and the
largest sets are obtained with the ICDT-ANPI algorithm. Nonetheless, ICDT-
ANPI obtains the highest proportion of instances for which the real class value
is predicted and, in the ICDT method, this proportion is lower as the value of
the s parameter is lower.

Summary of the results: The results obtained in this experimental anal-
ysis can be summarized in the following points:

e The ICDT algorithm predicts the real class value more frequently as the
value of the s parameter is higher. However, if the s value is higher, then
the predictions made by ICDT are less informative in the sense that the
number of predicted class values sets is larger. This happens because the
IDM is more imprecise as the value of the s parameter is higher.

o With ICDT-ANP], although the non-dominated set is, on average, larger
than with ICDT, it is achieved the best trade-off between predicting fewer
values of the class variable and making correct predictions.

e The results obtained in the DACC and MIC measures allow us to deduce
that ICDT-ANPI performs equivalently to ICDT with the best choice of
the s parameter. In addition, the results obtained by ICDT-ANPI are
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significantly better than the ones obtained by ICDT with the worst s
value.

10.3 Extreme Prior Naive Credal Classifier

Within this section, we assume that the domain of each attribute X! is finite,
that is, the possible values of Xt are {x%,xiz,. . .,x}i} , Yi=1,2,...,d.

We also assume that the lower probability of each value of the class variable
is strictly greater than 0. Our proposed Extreme Prior Naive Credal Classifier
(EP-NCC) considers the Bayesian formula with the naive assumption in the
following way:

P(C=c; | X' =x],X2=x,..., X4 =x%) ~

T2 - Mg

d o 4 P(Xt=xi,C=g¢)
Pe=e) [TP (X' =xt 1= =P (C=c) [T 5 =

i=1 i=1

L P(Xi=xt)P(C=cj| Xt =xi)
P(C=c; T ) LLAPN
=l e

I P(C=c|Xt=xi)
P(C=g¢ ) i,
=l pie=g
Vi=12...K rm=12..,t, i=12...,4d

(10.7)

Let N¢, be the number of training instances and ntr(cj) the number of
training instances such that C =¢;, Vj=1,2,...,K. We have the set of IDM
probability intervals on C, Jipm (C), determined through Equation (5.11). We
consider the IDM credal set on C consistent with such intervals:

Pep (C) ={p € P(C) | plcj) € IDM(cj), Vj=1,2,...,K}, (10.8)

P(C) being the set of all probability distributions on C.

i
Ti

and Ny (xirm.> the number of training instances that satisfy X* = x} AC =
¢, Vr=12,...,%, i=12...,4 j=12,..., K Foreachi=1,2,...,d,

Let n¢» (x ) denote the number of training instances such that X! = x}i
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and each ry =1,2,...,t;, we consider the following conditional credal set on
the class variable:
Ngr (Xii/]’> + SEEP(C)‘)

ner (b)) +s

My <X}«i,j) + spep(cj)
<p(c))< : s Vj:‘l/z/-"/]< ’
ne (X)) +s

Pep (C | X}”i) ={PEcC T(C) |

where s is the IDM parameter and p Ep(ck) and pgp(cy) are, respectively, the
minimum and maximum values on c¢; among all probability distributions be-
longing to Pep (C). They are obtained as follows:

rlS) 5 Ny (¢5) +8
Ponle) = R 8 p“’(ci):t&fﬁs
T

- ’ , Vj=12,...,K (10.10)
Nir +s )

As NCC, we refer the credal sets Pgp (C) and Pep (C | Xin) as local credal
sets, Vri =1,2,...,ti, i=1,2,...,d. The proposed EP-NCC algorithm con-
siders, for eachi=1,2,...,d, and each vy =1,2,...,t;, the set of joint proba-
bility distributions Pep (C,x} , %2, ... ,x2 ) resulting from making every pos-
sible combination of probability distributions on the local credal sets defined

above:

d i
Pep (Cx),, %7, .. x8) = {pc I Z*Ci,| Pe € Pep(C), Ppr € Pep (C| xii)} .
- (10.11)
Suppose now that it is wanted to classify an instance for which X' = xI,
withr; €{1,2,...,t;} VvVi=1,2,...,d.
The following result shows that the local credal sets Pgp (C | xii) are de-
fined by reachable probability intervals, Vri =1,2,...,t;, i=12,...,d.

Proposition 10.3.1 The set of probability intervals

MNir <Xi, ) + sp (C) MNir (XiA ) +sf’EP(C')
IC‘X} = { |: Ti,) FEpP'Y) Ti,) ) ) ] _ ],2/...’K

ne (X)) +s ’ ner (X)) +s

is reachable, Vri=1,2,...,t, i=1,2,...,d.

Proof:
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Foreachi=1,2,...,d, it holds that:

Nir (xiﬁ,j) + SEEP(C]') Tir (x; ) + speplck)

K
- + =
Mir (x}i) +S Z Mir (xri) +s

k=1,k#j

Ky, ( i ) s K
> - . Pep(C
k=
Mtr (X}‘i) + S
e (xE) 4+s  mer (xE) +5

—_

since sets of IDM probability intervals are reachable.

Analogously, it can be checked that

Ny (Xir-l,k> +speplc)
iy (x}i) +s

Mtr ( ) + spep(cj)

K
+
ntr( Ti)+s 1Z

k

<1, vj=12,...,K
k#j

and Proposition 2.2.6 allows us to conclude that I¢|,: is reachable.
O

Therefore, in our case, the credal and stochastic dominance criteria are
equivalent. Consequently, we only need to analyze the relations among the
bounds of the predicted intervals to obtain the non-dominated states set.

We consider

PeplIxe) = min  {pjilej Ix )},
PjiETEp(Clx}i)

Peplc |X},i): max {pji(cj Ixiﬁ)}, vji=1,2,...X, i=1,2,...,d.
pjieTEP<C|X}-i)

Clearly,
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We may observe that:

d i (|4l
min {pc(c]') |1 Pl s |X’"i)} -

PcETEP(C),PiiGTEP(C\Xh) i=1 pC(Cj)
Mir (xii/j>+sEEP(cj)

d i
~peple) [

ol Per(cj) i Perlcj)

d 1. 41

PcEPEP(C) Pl €Pep (C\Xii)

Tir (X-iri,j)‘FsﬁEP (cj)

d —

Pep(c | x1,) ﬂtr(x'ﬁ)ﬂ )
Peolci) _— = (c;) , Vj=1,2,...K
FEPH) 11} BEP(CJ') PeplS] H EEP(Cj)

Thus, according to EP-NCC, a class value cx dominates another one c; if,
and only if:

Tir (X$i,k>+ngP(Ck) Ty (Xii,j)ﬂﬁp(q)

Ner x}i +s Nir x}_l +s
P i=1 PE(P(C)k) >BEP(Cj)H | ) <
1=

d nyg, x}i, +speplck)
ﬁEP(Ck)H - ( p];?:(ck) = >EEP(CJ')H
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Since we are considering the credal set associated with the IDM for C, it
holds that ¢y dominates c; under EP-NCC if, and only if:

i nr(ci)
e (o) + s 7 e (%) 5 (R58)

H ner(Cx)+s =
Nets 23 “Nuts
i Tltr(Cj)+S
Mir (Cj) ﬁ Mir (xfi/5> +s < Nir+s ) -
Ner+s Lk )
= NtrJFS
i Tir(cy)
(Mer (cx) +8) ﬁ - <X;i’k) i ( Nt ) >
t k
' La M (ci) +5 ~
: MNir|Ci)+S
d Ttr (X}‘i/j> +s <tN(tr]+)S>

e (c5) [ 1

i=1

. Wi,ke{l,2,...,K}.

e (c5)

To sum up, with EP-NCC, when it is required to classify a new instance with
attribute vector x = (x},,x%,,...,x% ), withry €{1,2,..., 14} Vi=12,...,4,

the predicted non-dominated states set is determined by:

d Mir (Xin,]) +s <ntN(;’£:S>
hEPfNCC(x) =<¢; | Ny (C]) H

>

i=1 Tir (cj)
d i ner(ci)
(Ner ( e () 5 (%) vk e {1,2,..., KN\
tr Ck)+5) ’ 6{ gLy ey }\{]}
Ngr (cx) +s

i=1

(10.13)

10.3.1 Justification of the new Naive Credal Classifier

The main difference between the existing NCC and our proposed EP-NCC
is the determination of the non-dominated states set for a given instance.

Unlike NCC, EP-NCC narrows the probability interval estimated for each
class value by taking the lower and upper prior probabilities into account for
the estimation of the conditioned probability interval. Hence, intuitively, the
probability intervals predicted by EP-NCC might be more informative than
the probability intervals predicted by NCC.

Suppose that, for an instance that is wanted to be classified, the frequency
of a class value is much higher than the frequency of another class value,
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the proportion being greater than the proportions of the conditioned class
frequencies for all attribute values. Let us also assume that all conditional
class frequencies of the latter class value are greater than zero. As we show
below, in these situations, if the former class value dominates the latter class
value under NCC, then the same happens under EP-NCC.

Proposition 10.3.2 Suppose that it is wanted to classify an instance for which X* =
xiri, with vy € {1,2,..., 14} Vi = 1,2,...,d. Let ¢y and c; be two class val-

ues, where k,j € {1,2,...,K}. Suppose that ntr( ]) > 0 and n‘(*ic)‘jzs >

W, Vi =1,2,...,d. In this case, if cx dominates c; under NCC, then
Tty X}Ai/j

cy dominates ¢; under EP-NCC.
Proof: Under our hypothesis of dominance under NCC:
d ng, (x} k) d ngr ( ) +s
I N AN . N v/
Ty (ck)g e 1 2 e (o) +s)]] =

MNir (C)) +s

i=1

-1 i
< Ny (Cx) ) (ntf () "’S)d ﬁnﬁ(X“k) > 1. (10.14)

N (e) +5/) \ e (ex) +5 ”ntr( )H

T

In addition, by hypothesis, n, ( N R

vi=1,2,...,d. So, it holds that:

) >0and Ml > - ((Xii’k;’

Nir(Cr )Ny (Xii,j) > (Mir(c) +s)Ngr (Xii,k) =
er(Ci) - ner(ci) +s ;
S (NttTr +ks> MNir (X;i’j) 2 S (M) Mty (X:‘i,k) =
) . ner(c ;
iy (x;i,j) Tir (x}hk) +s (N: +ks)> Tier (xim-) =

) . ner(ci) +s .
MNir (X;i/j) MNir (X}'irk) +s <J]c:]trj_’_s> Nty (X}'i/k) =

. e A
e () +s (e Ner (X
t > Vi=1,2 d
= 7 - 7 VAR 4 .
. ntr(c- +s i .
nu () + (Nt]—k)s> mer (xi)

Thereby:

i nir(cx) i
ner (xk ) s (R e (<)

d
H Tir (x?,.) +s <TL”(CJ)+S) B i=1 Tr (Xii,)) | o)

Ntr"‘s
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Now, since Ny (xihj) <ner (o) Vi=1,2,...,

d i
H“”< ) 4 e <°J
ntr

i=1 TNigr (X ]> i=1 3

In this way:

d ntr<xi,->+s ne(ci) £s\ 477
i) 2 ( tT( ]) ) =

S e (x} j) nir(cj)

i=1 Nitr

et [Ty o
Ti,)
1

(ntr C]
>

d 1 H ; = d—1 .
(nir(ck) +s) 127 Mer (x‘ j) (nir(ck) +5) i=1 Mir (x;i,j) +s

(nerley )" (M) (o) +9)2 ! [ (xi.x)

(Nerle) +s)aT L1 (Xii,j) ~ (ner(ex) +5)4T 7 My (xi_w5> +s

In consequence:

cx)+s N (Ci) + 5

(et ) e b (2 <cj>+s>d“ 7" )

Hence, we obtain:

d—1 i nr (k)
( T d (Ci)> o (xh) +s (5)

>
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Equation (10.15)
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Equation (10.16)
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where the last inequality is due to Equation (10.14).
Therefore:
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which implies that ¢y, dominates c¢; under EP-NCC.
O
The following example illustrates a case in which, intuitively, it makes much
sense that a class value dominates another one, and such a dominance case is
verified with EP-NCC but not with NCC.

Example 10.3.1 Suppose that there are two attributes, namely X' and X?. Let us
assume that each attribute X' takes values in {x%,xiz}, fori=1,2. Let C be the
class variable, whose possible values are {c1,c2}. Suppose that ny, (¢c1) = 48 and
N¢r (€2) = 2. Let us assume the following arrangement of the class values for each
one of the possible values of the attributes:

XD=xi = nie (x10) =48, nu(aq2) =1;
( 2 ) =0, TN (XZZ) I;

X2=xi =g (x11) =15 ne(x42) =1;
(x21)

2 2 2
X7 =x5 = nr (X321 =33, nyr (Xz,z) =1.
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We assume the value s = 1 for the IDM parameter. Suppose that it is required to
classify an instance for which X' = x} and X? = x3. Then:

Thr (X}J) + <T11\1t;(i]1)) Mtr (X%J) + (E‘Ifi‘l))

Ny (c1)+1) X X =
(ner (1) 1) e (c) + 1 ne(c) +1
48 48 3 3
= 33+ =2 T+ T+
49 x 2L 5 =51 = 0.6519 > 0.5605 = 2 = 21 —
X 5 X 9 0.6 > 0.560 X > X 3
tr +1 tr +1
ner (€2) X X .
Mir (CZ) Mir (CZ)

In consequence, cy1 dominates c; under EP-NCC. However, it does not happen
under NCC since:

ntr(xh) Tltr(’é,]) :48x0x§:0<ﬂ_

n”(cl)xntr(cﬂ-ﬁ-]Xntr(c1)+1 49 3
1 2
3x 2,2 1 (<da) +1 mur (o) +1
X Zx = = c2)+ 1) X x
33 (ner (c2) ) Ner (c2) +1 Ny (c2) +1

In this case, the prediction made by EP-NCC about the dominance of c1 on c; is
intuitively more coherent than the one made by NCC.

Therefore, the predictions of EP-NCC are probably more informative than
the predictions of NCC. It is such an important issue for our proposal. In the
previous example, we have observed a problematic situation of NCC: when
only one lower conditional probability of a class value is equal to 0, the lower
probability predicted by NCC for that value of the class variable is equal to
0, even though the rest of the lower conditional probabilities are very high.
Thus, that class value does not dominate any other only due to that lower
conditional probability, which is incoherent. This problem is solved with our
proposed EP-NCC because it considers the lower prior probabilities of the
class values for the estimation of the lower conditional probabilities.

Our proposed EP-NCC assumes more risk of making incorrect predictions
than NCC since its predicted non-dominated states set is often smaller. How-
ever, this risk is controlled because the probability interval predicted for each
class value is narrowed by taking the extreme prior probabilities into account.
In addition, EP-NCC solves some problematic situations of NCC, such as the
one found in Example 10.3.1.

To summarize, EP-NCC is more appropriate than NCC for Imprecise Clas-
sification as the former method is more informative than the latter without
assuming a much higher risk of making erroneous predictions. This fact is
corroborated in Section 10.3.2 with an exhaustive experimental analysis.
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10.3.2 Experimental study

In this experimental analysis, we aim to compare the performance of the
existing NCC, our proposed EP-NCC, and ICDT.

10.3.2.1 Experimental setup

For this experimentation, we take as a reference the experimental analysis
carried out by Abelldn and Masegosa in [10], where the NCC and the ICDT
methods were compared.

o Datasets: The three algorithms considered in this experimentation have
been applied to the 34 classification datasets that we used in the ex-
periments of the previous section, were we checked the performance of
ICDT-ANPI. The most important characteristics of each dataset can be
seen in Table 10.1.

e Preprocessing: Missing values have been replaced with mean values
for continuous attributes and modal values for discrete features. After
that, continuous features have been discretized by following Fayyad and
Irani’s discretization method.

¢ Algorithms: Three algorithms have been used in this experimental study:
NCC, EP-NCC, and ICDT.

¢ Evaluation: The main evaluation metrics used for checking the perfor-
mance of the algorithms considered here are DACC and MIC>. For a
deeper analysis of the behavior of the algorithms, we also consider De-
terminacy, Single Accuracy, Indeterminacy Size, and Set Accuracy. All
these metrics were detailed in Section 5.3.

Furthermore, we aim to compare the computational complexity of the
algorithms considered in this experimentation. For this purpose, we
consider the processing time, in milliseconds, of the algorithms.

¢ Procedure: In order to compare the performance of the classifiers consid-
ered in this experimental study, for each dataset and algorithm, a 10-fold
cross-validation procedure has been repeated 10 times. The same parti-
tions have been used for all algorithms.

2 Here, we use MIC%/1 because we use classifiers that assume the same cost for all classification
errors.



Software and Parameters: We have used the Weka software for our ex-
periments. We have utilized the implementation available in Weka for
ICDT, and we have added the necessary structures and methods for us-
ing NCC and EP-NCC. We have employed the Weka filters for the pre-
processing. Also, for cross-validation, we have used the functionality
available in Weka.

We have employed the value s = 1 for the IDM parameter for the three
algorithms as it is one of the recommended by Walley [209] and is the
one used in the experimental analysis carried out in [10], where NCC
and ICDT were compared. The rest of the parameters utilized for all
algorithms have been the ones given by the default in Weka.

Statistical evaluation: Following the recommendations of Demsar [75]
for statistical comparisons between the results obtained by three or more
methods on many datasets, we have used the Friedman test to compare
the performance of NCC, EP-NCC, and ICDT via the evaluation metrics
considered here. If the null hypothesis of this test is rejected, then we
compare the algorithms pairwise through the Nemenyi test. The level of
significance utilized is ac=0.05. We present the results of these tests via
critical diagrams.

10.3.2.2 Results and discussion

Tables 10.5 and 10.6 show that average values and Friedman ranks corre-
sponding to DACC and MIC, respectively. In both tables, the best results are
marked in bold fonts. The critical diagram corresponding to DACC (MIC) can
be seen in Figure 10.3 (10.4).

Table 10.5: Average values and Friedman ranks of NCC, EP-NCC, and ICDT corre-

sponding to DACC.
Algorithm | Average | Friedman rank
NCC 0.6237 2.6765
EP-NCC 0.7810 1.5882
ICDT 0.7763 1.7353

We must remark the following points about these results:

Both ICDT and EP-NCC achieve a higher average value and a lower
Friedman rank than NCC in MIC and DACC. Moreover, in the critical
diagrams, NCC is not connected through a segment with the other two

27
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Table 10.6: Average values and Friedman ranks of NCC, EP-NCC, and ICDT corre-

sponding to MIC.
Algorithm | Average | Friedman rank
NCC 1.3042 2.8235
EP-NCC 1.3529 1.5882
ICDT 1.7676 1.8235
DaCC
cD
1 2 3
EP-NCC — —— NCC
ICoT

Figure 10.3: Critical diagram corresponding to NCC, EP-NCC, and ICDT for the
DACC metric. CD = Critical Distance.

MIC
co

EP-MCC —— —— NCC
ICOT

Figure 10.4: Critical diagram corresponding to NCC, EP-NCC, and ICDT for the MIC
metric. CD = Critical Distance.
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algorithms. Consequently, both ICDT and EP-NCC perform significantly
better than NCC according to the Nemenyi test in MIC and DACC.

In both DACC and MIC, the average value of EP-NCC is higher than
the average value of ICDT, and the Friedman rank of EP-NCC is lower
than the Friedman rank of ICDT. Nevertheless, in the critical diagrams
associated with these metrics, these two algorithms are connected via a
segment. Thereby, EP-NCC and ICDT perform equivalently according
to the Nemenyi test in both DACC and MIC.

Tables 10.7 and 10.8 illustrate, respectively, the average values and average
Friedman ranks obtained by each classifier in Determinacy, Single Accuracy,
Indeterminacy size, and Set Accuracy. Again, the best results are marked in
bold. The critical diagrams corresponding to these measures are shown in
Figures 10.5, 10.6, 10.7, and 10.8.

Table 10.7: Average results obtained by NCC, EP-NCC, and ICDT in Determinacy,
Single Accuracy, Indeterminacy size and Set Accuracy.

Metric NCC | EP-NCC | ICDT
Determinacy 0.6037 | 0.9150 | 0.9477
Single Accuracy | 0.8692 | 0.8165 | 0.8058
Indeterminacy size | 4.4537 | 2.0999 | 5.3294
Set Accuracy 0.8698 | 0.8389 | 0.8999

Table 10.8: Average Friedman ranks obtained by NCC, EP-NCC, and ICDT in Deter-
minacy, Single Accuracy, Indeterminacy size and Set Accuracy.

Metric NCC | EP-NCC | ICDT
Determinacy 2.8235 1.5 1.6765
Single Accuracy | 1.3226 | 2.3548 | 2.3226
Indeterminacy size | 2.1875 | 1.0469 | 2.7656
Set Accuracy 1.9844 | 2.3594 | 1.6562

The following points should be noted about the results obtained in these
measures:

NCC obtains, by far, the worst performance in predicting a single class
value due to the results obtained in Determinacy. Indeed, in this metric,
NCC gets the highest Friedman rank and the lowest average value. Fur-
thermore, in the critical diagram of Figure 10.5, NCC is not connected
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Determinacy
o

EP-NCC ——— —— NCC
ICOT

Figure 10.5: Critical diagram corresponding to NCC, EP-NCC, and ICDT for Determi-
nacy. CD = Critical Distance.

Single Accuracy

MCC ——— —— EP-NCC
ICDT

Figure 10.6: Critical diagram corresponding to NCC, EP-NCC, and ICDT for Single
Accuracy. CD = Critical Distance.

Indeterminacy size

EP-NCC J [COT

Figure 10.7: Critical diagram corresponding to NCC, EP-NCC, and ICDT for Indeter-
minacy size. CD = Critical Distance.
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Set Accuracy

—A
1 2 3

IcoT —— ——— EP-NCC
MCC

Figure 10.8: Critical diagram corresponding to NCC, EP-NCC, and ICDT for Set Ac-
curacy. CD = Critical Distance.

via a segment with EP-NCC or ICDT, which implies that these two al-
gorithms significantly outperform NCC via the Nemenyi test in Deter-
minacy. In this metric, EP-NCC obtains a lower Friedman rank than
ICDT, whereas the latter algorithm obtains a higher average value than
the former. However, EP-NCC and ICDT are connected via a segment
in the critical diagram of Figure 10.5. Hence, in Determinacy, ICDT and
EP-NCC have equivalent performance according to the Nemenyi test.

e Regarding Single Accuracy, which measures the accuracy among the
instances for which a single class value is predicted, NCC achieves, by
far, the highest average value and the lowest Friedman rank. In addition,
NCC is not connected by a segment with the other two algorithms in the
critical diagram of Figure 10.6 and, thus, it significantly outperforms EP-
NCC and ICDT via the Nemenyi test in Single Accuracy. Nevertheless,
we should remark that, with NCC, the proportion of instances precisely
classified is far lower than with the other two algorithms. EP-NCC and
ICDT are connected through a segment in the critical diagram of Figure
10.6. So, there are no statistically significant differences via the Nemenyi
test between these two methods in Single Accuracy.

o The results obtained in Indeterminacy size allow deducing that EP-NCC
achieves, by far, the lowest average number of non-dominated class val-
ues. In fact, it attains the highest average value and the lowest Fried-
man rank in this metric. Moreover, EP-NCC is not connected through
a segment with the other two algorithms in the corresponding critical
diagram (Figure 10.7). Therefore, EP-NCC performs significantly better
than the other two algorithms in Indeterminacy Size according to the Ne-
menyi test. Even though NCC attains a lower average value and a lower
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Friedman rank than ICDT in Indeterminacy size, these two algorithms
are connected via a segment in the critical diagram of Figure 10.7. In con-
sequence, in this measure, NCC and ICDT obtain statistically equivalent
results according to the Nemenyi test.

Concerning Set Accuracy, which measures the proportion of correct pre-
dictions among the instances for which more than a class value is pre-
dicted, ICDT obtains the best results according to Friedman rank and
average values. Furthermore, ICDT and EP-NCC are not connected with
a segment in the critical diagram of Figure 10.8 and, consequently, the
former algorithm significantly outperforms the latter via the Nemenyi
test in Set Accuracy. Although NCC obtains a higher average value and
a lower Friedman rank than ICDT in Set Accuracy, these two algorithms
are connected via a segment in the critical diagram of Figure 10.8. Hence,
there are no statistically significant differences according to the Nemenyi
test between the results obtained by ICDT and NCC in Set Accuracy.

Table 10.9 shows the average values and Friedman ranks corresponding to
the processing times of NCC, EP-NCC, and ICDT. Again, the best results are
marked in bold. The critical diagram associated with the computational time
can be seen in Figure 10.9.

Table 10.9: Average values and Friedman ranks obtained by NCC, EP-NCC, and ICDT
corresponding to the processing time results.

Algorithm | Average | Friedman rank
NCC 0.0006 1.5588
EP-NCC 0.0005 1.4412
ICDT 0.0424 3

We may note that ICDT requires, by far, the highest computational time. It
should be noted that it obtains the worst result in terms of processing time for
all datasets since its average Friedman rank is equal to 3. In the critical dia-
gram of Figure 10.9, ICDT is not connected via segments with the other two
algorithms. Thereby, it performs significantly worse than NCC and EP-NCC
according to the Nemenyi test in terms of computational time. In addition,
the average processing time obtained by ICDT is much higher than the ones
achieved by NCC and EP-NCC. NCC obtains a higher average value than
EP-NCC, and the Friedman rank achieved by NCC is also higher. However,
there are no statistically significant differences between these two algorithms
in terms of processing time according to the Nemenyi test as they are con-
nected with a segment in the critical diagram of Figure 10.9.
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Computational time
D

—

EP-MCC
MCC

ICDT

Figure 10.9: Critical diagram associated with NCC, EP-NCC, and ICDT for computa-
tional time. CD = Critical Distance.

Summary of the results: The results obtained in this experimental anal-
ysis can be summarized in the following points:

o EP-NCC outperforms NCC. Specifically, EP-NCC performs better than
NCC in predicting fewer class values and, thus, EP-NCC is more in-
formative than NCC, as we argued in Section 10.3.1. According to the
results obtained in Single Accuracy and Set Accuracy, NCC performs
slightly better than EP-NCC in making the right predictions. It is be-
cause the predictions made by EP-NCC are more precise than the ones
made by NCC and, thus, the former method assumes more risk of mak-
ing incorrect predictions than the latter. Nonetheless, this is not as im-
portant as the fact that EP-NCC is more informative since the risk is not
far higher, as we commented in Section 10.3.1, and it is highlighted in
the results obtained in DACC and MIC.

e ICDT and EP-NCC have equivalent performance. Both algorithms ob-
tain statistically equivalent results in predicting only one value of class
variable and in the accuracy among precise predictions. Regarding in-
stances imprecisely classified, ICDT outperforms EP-NCC in making the
right predictions, while EP-NCC performs significantly better than ICDT
in predicting fewer values of the class variable.

o The processing times of NCC and EP-NCC are very similar. The ICDT
algorithm requires a much higher computational time than NCC and
EP-NCC.
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10.4 Bagging of Imprecise Credal Decision Trees

In this section, a Bagging scheme for Imprecise Classification that uses the
ICDT algorithm as base classifier is proposed. We call this new method the
Bagging of Imprecise Credal Decision Trees (Bagging-ICDT).

For building the individual classifiers, Bagging-ICDT uses a similar idea
to the Bagging scheme for precise classification. For each individual ICDT, a
bootstrapped sample of the original training set is selected. Then, an Imprecise
Classification model is learned using such a bootstrapped sample and our base
classification algorithm, ICDT.

The key point of the proposed Bagging scheme for Imprecise Classification
is how to combine the predictions made by the individual classifiers. Remark
that, in precise classification, combining the predictions is as simple as tak-
ing the majority vote. However, in Imprecise Classification, it is not a trivial
question since the individual classifiers may not return a unique value of the
class variable, but they might predict a set of non-dominated class values. Ac-
tually, there are multiple ways of combining imprecise predictions because a
class value might be predicted as dominated by some classifiers and as non-
dominated by others. The crucial issue is how to determine, taking into ac-
count the number of classifiers that predict that a class value is dominated, the
threshold to decide whether that class value is dominated for the final predic-
tion. In fact, this consists of a trade-off between risk and information. Here, the
term risk is used to denote the possibility of not including the real class value
in the predicted non-dominated states set, and the term information indicates
how precise the prediction is, i.e, how many class values are predicted as non-
dominated. Logically, more information implies more risk. We consider that
our proposed technique is closer to the risk because it predicts the class values
with the minimum level of dominance.

If all the class values that are predicted as non-dominated by at least one
classifier are finally predicted as non-dominated, then the probability of mak-
ing an erroneous prediction is minimum. Nonetheless, in these situations, the
predicted non-dominated states set may be composed of almost all values of
the class variable. In this way, the predictions are probably hardly informative
and, thus, the Bagging scheme might not be very useful. For this reason, our
strategy consists of the opposite extreme: we want that the Bagging scheme is
as informative as possible, even though this implies a higher risk of erroneous
prediction.

Therefore, when an instance is wanted to be classified in our proposed
Bagging-ICDT algorithm, for each class value, the number of classifiers that
predict such a class value as dominated is counted. We call that number of
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votes the number of votes against. The non-dominated states set predicted by
Bagging-ICDT is composed of those class values with the minimum number
of votes against.

Algorithm 18 summarizes our proposed Bagging-ICDT method.

Algorithm 18: Bagging scheme with ICDT.

Procedure Bagging-ICDT (Training set D, number of ICDTs n_trees)

fori=1ton_trees do
Select a bootstrapped sample with replacement, D;, from D

(IDil = IDI)
Build a classifier C; using the ICDT algorithm and D; as training set
For classifying an instance with attribute vector x

forj=1to Kdo
L Let va; be the number of classifiers that predict c; as dominated for
X

min_against <- minj—j ... k va;
hBag9—ICPT(x) « {¢; [va; = min_against, 1<j <K}
return hBag9—1CDT ()

In summary, with our proposed Bagging-ICDT, we try to improve the per-
formance of an individual ICDT by increasing the diversity through multiple
ICDTs built with different training sets. In order to classify new instances, the
predictions made by the individual classifiers are combined for the proposed
Bagging scheme to be as informative as possible.

10.4.1 Experimentation

10.4.1.1 Description of the experiments

For our experimental analysis, we take as a reference the one carried out by
Abelldn and Masegosa in [10], where the ICDT method was proposed.

Datasets: In this experimental study, we have employed the 34 classifi-
cation datasets that we used in the experiments of the previous sections
with Imprecise Classification algorithms. Table 10.1 shows the most im-
portant characteristics of such datasets.

Preprocessing: Missing values have been replaced with mean values
for continuous features and modal values for discrete attributes. Then,
continuous attributes have been discretized via Fayyad and Irani’s dis-
cretization method.
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Algorithms: Two algorithms have been considered in our experiments:
ICDT and Bagging-ICDT.

Evaluation: In order to evaluate the performance of the algorithms con-
sidered here, we principally consider the evaluation metrics DACC and
MIC3. For a deeper analysis of the behavior of the algorithms, we also
consider the average values of Determinacy, Single Accuracy, Indetermi-
nacy Size, and Set Accuracy. All these metrics were described in Section

5:3-

Procedure: For comparing the performance of ICDT and Bagging-ICDT,
for each dataset and algorithm, a 10-fold cross-validation procedure has
been repeated 10 times. The same partitions have been utilized for ICDT
and Bagging-ICDT.

Software and Parameters: We have used the Weka software for this ex-
perimental study. We have started from the implementation available in
Weka for ICDT, and we have added the necessary structures and meth-
ods for Bagging-ICDT. For the preprocessing, we have utilized the Weka
filters. Also, we have employed the functionality available in Weka for
cross-validation.

For the IDM parameter, we have used the value s = 1 for both algorithms
since it is one of the values recommended by Walley [209] and requires
a low computational cost. For Bagging-ICDT, we have used 100 trees as
it is an appropriate number of classifiers for a Bagging scheme [37]. The
rest of the parameters employed for both algorithms have been the ones
given by the default in Weka.

Statistical evaluation: Consistently with the recommendations of DemsSar
[75] for statistical comparisons between the results obtained by two al-
gorithms on many datasets, we have used the Wilcoxon test with a level

of significance of o« = 0.05 to compare the performance of ICDT and

Bagging-ICDT via DACC and MIC.

In addition, the Corrected Paired t-test has been employed to compare
the performance of ICDT and Bagging-ICDT in each dataset. It is a cor-
rected version of the Paired t-test implemented in Weka. This test checks
whether one algorithm performs better than the other, on average, across
all the training and test sets extracted from a cross-validation procedure
repeated several times on a dataset.

3 Here, we use MIC®/1 because we are using classifiers that assume the same cost for all classi-

fication errors.
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10.4.1.2 Results and discussion

Tables 10.10 and 10.11 present the results obtained by each algorithm in
each dataset in the DACC and MIC measures, respectively. In both tables, for
each dataset, the best result is marked in bold. Moreover, these tables show,
for each dataset, which algorithm performs better according to the Corrected
Paired t-test (in case the differences are significant).

A summary of the results for both DACC and MIC evaluation metrics can
be seen in Table 10.12. In concrete, for DACC and MIC, Table 10.12 shows
the average value, the result of the Wilcoxon test, and the number of datasets
where ICDT performs significantly better than Bagging-ICDT according to the
Corrected Paired t-test and vice-versa.

We express the following comments about these results:

e From Tables 10.10 and 10.11, it can be observed that, for both DACC and
MIC, Bagging-ICDT outperforms ICDT in almost all datasets. In fact, for
DACC, ICDT only performs better than Bagging-ICDT in one dataset,
and both algorithms obtain the same result in two datasets. In the rest
of the datasets, the performance is better for Bagging-ICDT according to
this measure. Similarly, for MIC, Bagging-ICDT obtains a better result
than ICDT in all datasets except four. In three of them, ICDT outper-
forms Bagging-ICDT and, in the other one, both algorithms obtain the
same result.

* As can be seen in Table 10.12, Bagging-ICDT performs significantly bet-
ter than ICDT for both DACC and MIC according to the Wilcoxon test.
Also, the average DACC value obtained by Bagging-ICDT is much higher
than the average DACC value obtained by ICDT. The same happens with
the average values of MIC.

o Furthermore, according to the Corrected Paired t-test, the number of
datasets where Bagging-ICDT obtains significantly better results than
ICDT is 16 for DACC and 14 for MIC. In contrast, for none of the two
metrics, ICDT performs significantly better than Bagging-ICDT in any
dataset according to the Corrected Paired t-test.

In this way, it can be concluded that Bagging-ICDT performs much better
than ICDT, the differences being pretty considerable.

Table 10.13 shows the average results of Determinacy, Single Accuracy, Set
Accuracy, and Indeterminacy size obtained by ICDT and Bagging-ICDT. The
best results are marked in bold. Figure 10.10 allows us to observe better the
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Figure 10.10: Graphic about the normalized average results obtained by ICDT and
Bagging-ICDT in Determinacy, Single Accuracy, Indeterminacy size, and
Set Accuracy.

differences between the results obtained by both algorithms in these metrics.
The results shown in the graphic are normalized.
For each one of these metrics, the following points should be noted:

o Determinacy: The proportion of instances for which a single class value
is predicted is higher for Bagging-ICDT.

o Single Accuracy: Between the instances precisely classified, the accuracy
is similar for both algorithms

¢ Indeterminacy size: The imprecise predictions made by Bagging-ICDT
are more informative than the imprecise predictions made by ICDT.

e Set Accuracy: Among the instances imprecisely classified, there are
more erroneous predictions with Bagging-ICDT.

Due to the previous points, it can be stated that the predictions made by
Bagging-ICDT are more informative than the ones made by ICDT, even though
the error rate is a little bit higher with Bagging-ICDT.
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Summary of the results: We can summarize the results obtained in this
experimentation in the following issues:

e Bagging-ICDT is a far more informative classifier than ICDT, although
the error rate is a little bit higher with the former algorithm.

o The results obtained in the main Imprecise Classification evaluation met-
rics proposed so far in the literature, DACC and MIC, allow concluding
that our proposed Bagging-ICDT significantly outperforms ICDT.
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Table 10.10: Complete results obtained by ICDT and Bagging-ICDT in DACC. In each
row, o means that Bagging-ICDT significantly outperforms ICDT via the
Corrected Paired t-test in the corresponding dataset; ® indicates that ICDT
performs significantly better than Bagging-ICDT according to the Cor-
rected Paired t-test in the dataset of the row.

Dataset ICDT  Bagging-ICDT
anneal 0.9957 0.9967
arrhythmia 0.6625 0.7150 o
audiology 0.7887 0.8232
autos 0.7817 0.8278 )
balance-scale 0.6961 0.6977
bridges-version1 0.6375 0.6503
bridges-version2 0.5729 0.6199
car 0.9168 0.9299 o
cmce 0.4884 0.4931
dermatology 0.9405 0.9500
ecoli 0.7993 0.8054
flags 0.5554 0.6034 o
hypothyroid 0.9935 0.9935
iris 0.9337 0.9390
letter 0.7714 0.8277 o
lymphography 0.7275 0.7591
mfeat-pixel 0.7702 0.8837 o
nursery 0.9628 0.9654 o
optdigits 0.7716 0.8647 o
page-blocks 0.9619 0.9663 o
pendigits 0.8812 0.9175 o
postoperative-patient-data  0.7104 0.7100
primary-tumor 0.3815 0.4239 )
segment 0.9406 0.9502 o
soybean 0.9178 0.9276
spectrometer 0.4430 0.5127 o
splice 0.9270 0.9447 °
sponge 0.9293 0.9475
tae 0.4678 0.4678
vehicle 0.6899 0.7025
vowel 0.7635 0.7953 o
waveform 0.7371 0.7777 o
wine 0.9194 0.9290
Z00 0.9592 0.9612

Average 0.7763 0.8023
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Table 10.11: Complete results obtained by ICDT and Bagging-ICDT in MIC. In each
row, o means that Bagging-ICDT significantly outperforms ICDT via the
Corrected Paired t-test in the corresponding dataset;  indicates that ICDT
performs significantly better than Bagging-ICDT according to the Cor-
rected Paired t-test in the dataset of the row.

Dataset ICDT  Bagging-ICDT
anneal 1.7825 1.7847
arrhythmia 1.7861 1.9316 )
audiology 2.5156 2.5936
autos 1.4535 1.5553 o
balance-scale 0.6033 0.6006
bridges-version1 1.0247 1.0446
bridges-version2 0.8755 0.9767
car 1.2330 1.2568 o
cmc 0.2599 0.2636
dermatology 1.6637 1.6844
ecoli 1.6128 1.6182
flags 1.0322 1.1398
hypothyroid 1.3744 1.3744
iris 0.9911 0.9982
letter 2.5135 2.6771 o
lymphography 0.8857 0.9417
mfeat-pixel 1.7194 2.0066 o
nursery 1.5350 1.5398 o
optdigits 1.7275 1.9579 o
page-blocks 1.5332 1.5418 )
pendigits 2.0042 2.0925 o
postoperative-patient-data  0.6213 0.6207
primary-tumor 1.1476 1.2278
segment 1.8119 1.8331 o
soybean 2.7004 2.7203
spectrometer 1.7353 1.9527 o
splice 0.9784 1.0077 )
sponge 0.9822 1.0121
tae 0.2218 0.2216
vehicle 0.8171 0.8372
vowel 1.7889 1.8594
waveform 0.6656 0.7325
wine 0.9658 0.9817
Z00 1.8532 1.8578

Average 1.3652 1.4248
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Table 10.12: Summary of the results obtained by ICDT and Bagging-ICDT for the
DACC and MIC measures. In the "Wilcoxon test" rows, when one clas-
sifier significantly outperforms the other one via the Wilcoxon test, it is
expressed by "*". The rows "Paired t-test" indicate the number of datasets
where the algorithm in the column performs significantly better than the
other one according to the Corrected-Paired t-test.

ICDT Bagging-ICDT

DACC: Average 0.7763 0.8023
Wilcoxon test *
Paired t-test 0 16

MIC: Average 1.3652 1.4248
Wilcoxon t-test *
Paired t-test 0 14

Table 10.13: Average results obtained by ICDT and Bagging-ICDT for basic metrics.
The best scores are marked in bold. Ind size = Indeterminacy size.

Algorithm Determinacy | Single Accuracy | Set Accuracy | Ind size
ICDT 0.9477 0.8023 0.8877 5.2290
Bagging-ICDT 0.9965 0.8037 0.7792 2.7013
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10.5 The new cost-sensitive Imprecise Credal Deci-
sion Tree

Our proposed cost-sensitive Imprecise Credal Decision Tree combines the
idea of weighing instances of the existing Weighted-DT for precise classifi-
cation, exposed in Section 4.8.1, with the A-NPI-M. We call our proposed
method the Weighted Imprecise Credal Decision Tree (Weighted-ICDT).

Let Ny, denote the number of instances in the training set and n(c;j) the
number of training instances that satisfy C = ¢5, Vj = 1,2,...,K. Let us
consider the set of A-NPI-M probability intervals on C on the training set:

)1
TANPL = {IKNPI(CJ') = {max <ntr(cj) ,0> ,
Nir

(10.17)
min<“”(°3)+],1>], j:1,2,...,K}.
Ntr

The following credal set corresponds to these probability intervals:

P (Tanp1) = {p € P(C) I p(ej) € Tinpiles), ¥j=1,2,...,K},  (10.18)

where P(C) denotes the set of all probability distributions on C.

Uncertainty measures can be applied to this credal set. As pointed out
before, the maximum entropy is a well-established uncertainty measure on
credal sets as it satisfies the required properties. Thus, we consider the ar-
rangement of the training instances (fi¢(c1), Air(c2), ..., Mer(cx)) for which
the probability distribution that reaches the maximum entropy on P (I p;) is
attained. Let (Ptr(c1),Per(c2), ..., Per(ck)) be the probability distribution that
obtains the maximum entropy on P (J4\p;), which can be obtained via the al-
gorithm proposed in Section 8.5 for obtaining the probability distribution that
reaches the maximum entropy value on an A-NPI-M credal set (Algorithm 14).
Then, fitr(cj) = Nir X Pirlcy), Vji=1,2,...,K.

The proposed Weighted-ICDT method considers weights for the instances
using the error costs, as Weighted-DT. However, while Weighted-DT uses the
relative frequencies in the training set, Weighted-ICDT employs the arrange-
ment that leads to the maximum entropy on P (I p1)-

Let M be the matrix of errors costs of dimension K x K, where the my; value
indicates the cost of predicting, for an instance, the class value c¢; when the real
class valueis ¢j, Vi,je€{1,2,...,K}. Itis always satisfied that mi; =0, Vi =
1,2,...,K. Weighted-ICDT computes the weight of a training instance with
true class value c; via the following formula:

Ner

wj = Cost(j) x —,
] S K Aelei) x Cost(i)

(10.19)
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where Cost(j) is the cost of misclassifying an instance whose real class value
is ¢j, determined by Equation (4.24), Vj=1,2,...,K.

Let D denote the subset of the training set associated with a certain node,
NP the number of instances in D and nD(cj) the number of instances in D
for which C = ¢;, Vj = 1,2,...,K. For the split criterion, Weighted-ICDT
considers the A-NPI-M probability intervals on C corresponding to D:

D
; n-(c¢;)—1
J%NPI = {IENPI(C)') = I:max < NJD /O> ’

D(es)+1
mm<“(NC;D)+,1>}, j:],Z,...,K}.

The credal set consistent with these intervals is given by:

(10.20)

P (J,?NPI) - {p € P(C) | ples) € Rnpiley), ¥ = 1,2,...,K}. (10.21)

Let (ﬁD(m ), AP (ca),... ,ﬁD(cK)) be the arrangement of the class values in
the node that gives rise to the maximum entropy on P (JXnp1)-

Then, Weighted-ICDT estimates the probability of each class value in that
node through a weighted proportion of instances, as Weighted-DT. Neverthe-
less, Weighted-ICDT uses the arrangement that reaches the maximum entropy
with the A-NPI-M, unlike Weighted-DT, which employs the relative frequen-
cies in the node. So, the probability of the c; value estimated by Weighted-
ICDT in that node is given by:

A D
PP (c5) = — ) -1,k (10.22)
2 iy wi x P(cq)

In this way, Weighted-ICDT computes the uncertainty about the class vari-
able in that node via the Shannon entropy of the probability distribution p,
determined through Equation (10.22):

K
§$P(C) = —Zf)g(cj)logz f)D(cj). (10.23)
j=1

Let X' be an attribute whose possible values are {x},x},...,x} }. The split
criterion of Weighted-ICDT is called the Weighted Information Gain (WIG). It is
based on the entropy defined in Equation (10.23) and is given by:

ti
WIGP(C, X)) =87 (C)— ) PP(XP=x{)x8P (CIX'=xl), (10.29)

Ti:1
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where §? (C | X' =xL) is the entropy of C on the subset of D composed of
those instances for which X' = x} , computed by means of Equation (10.23),
and PP (X' = x1) is the probability that X' = xi_in D, estimated via propor-
tion of weights:

K Dii
) ) S amU(xk,ci) X wy
PP (Xt =xi) = Z]*] bxr, 65) L oVi=1,2,...,t, (10.25)

T K -
' > im1nP () x wy

n®(x},¢j) being the number of instances in D that satisfy X! = xt. and C =

Cj, vri=1,2,...t4, i=12,...,t, j=12,...,K

For classifying an instance at a leaf node, Weighted-ICDT computes, for
each value of the class variable, a probability interval based on the A-NPI-M
lower and upper probabilities that also takes the weight of the class value into
account.

Formally, let N¥ be the number of instances in a leaf node £ and n* (cj) the
number of instances in £ for which C =¢;, Vj =1,2,...,K. We know that
the A-NPI-M lower and upper probabilities of c; at £ are given by:

n*(c;)—1
EﬁNPI(C].) = maX (]\])L’ O) 7
(10.26)

_ Lie:)+1
Pf\NPI(cj)zmin<W,1>, vi=1,2,...,K

Weighted-ICDT considers, for the lower (upper) probability, the proportion
of weights in an arrangement of the class values for which the A-NPI-M lower
(upper) probability is attained. Hence, at that leaf node, we have the following
probability interval for each class value:

lmax (Wj . (nL(Cj)_1),O) ,min (Wj . (nL(Cj)+]),1>] ,Vvi=1,2,...,K,

W~ %

(10.27)
where W* denotes the sum of all weights at £, that is, w4 = Z!f:1 wi X

n*(cy).
Then, a dominance criterion is applied to these probability intervals to ob-
tain the non-dominated states set. Our proposed Weighted-ICDT algorithm
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utilizes the stochastic dominance criterion, on these intervals. According to
that criterion, a class value c¢; dominates another one cy if, and only if,

.. (wj X (nL(Cj)_]),()) > min (wk X (nL(ck)—H),]) -

W<t w2t
wj x (n“(c;) —1) _ wi x (n®(ck)+1)
WZE WZE
wi x (n8(e)) 1) = wicx (nf(ei) +1), Vike{l,2,..., Kk

WV

Consequently, the non-dominated states set predicted by Weighted-ICDT at
£ is determined as follows:

ndS\L/Veighted_ICDT = {Ckr T<k<K[wygx (ﬂL(Ck) + 1) >

(10.28)

Wj X (nﬁ(cj) —1) , Y= 1,2,...,K}.

In order to classify an instance with Weighted-ICDT, a path from the root

node to a terminal one is made by using the attribute values of such an in-

stance. The predicted non-dominated states set for the instance is the one

associated with such a terminal node. The procedure to classify an instance
with Weighted-ICDT is summarized in Algorithm 19.

Algorithm 19: Procedure to classify an instance with Weighted-ICDT.
Procedure Classify_Weighted_ICDT(Weighted _ICDT 7, instance with
attribute vector x)

1. Follow a path in T from the root node to a leaf one £ using the

attribute vector x.
2. hWelghted_ICDT(X)

— L L
=MNdSVyeighted_ICDT where Nds\eighted 1CDT
denotes the non-dominated states set predicted by Weighted-ICDT at
£, determined via Equation (10.28).

return hWeighted_ICDT(x)

10.5.1 Justification of Weighted-ICDT

The most relevant issues of our proposed Weighted-ICDT method can be
summarized in the following way:

Similar to Weighted-DT, Weighted-ICDT computes a weight for each in-
stance depending on the cost of misclassifying the corresponding class



value. Both methods estimate the costs in the same way. Neverthe-
less, whereas Weighted-DT estimates the instance weights based on such
costs by using the class frequencies in the training set, Weighted-ICDT
utilizes the arrangement that reaches the maximum entropy on the A-
NPI-M credal set. Therefore, unlike Weighted-DT, Weighted-ICDT con-
siders that the training set is not totally reliable and employs the well-
established uncertainty measure on credal sets.

For the split criterion, the existing CS-ICDT method considers that all
instances have the same importance, regardless of their class values. It is
oriented to minimize the number of classification errors but it neglects
varying costs of errors. In contrast, for computing the uncertainty of the
class variable in a certain node, Weighted-ICDT considers the proportion
of instance weights for each class value. In this way, in Weighted-ICDT,
the instances whose class value has a higher cost of misclassification
have more importance. For example, suppose that we have two class
values, ¢y and c;, where the cost of erroneously classifying an instance
with real class value c; is ten times the cost of misclassifying an instance
whose real class value is c;. Suppose that, in a certain node, there are
four instances whose true class value is ¢y and another four instances
with real class value c;. In this case, for the split criterion, CS-ICDT
considers that there is total uncertainty about the class variable, while
our proposed Weighted-ICDT algorithm estimates that, in that node, the
uncertainty of the class variable is considerably low. So, the uncertainty
value estimated by our proposal is intuitively far more reasonable than
the one estimated by CS-ICDT because, if that node were terminal, it
would be quite logical to predict c;.

Indeed, Weighted-DT also considers that the importance of an instance
for calculating the uncertainty value depends on the error cost of the
associated class value. However, for estimating the probability of each
class value, Weighted-ICDT employs the arrangement that obtains the
maximum entropy with the A-NPI-M, whereas Weighted-DT uses the
arrangement associated with relative frequencies. In consequence, un-
like Weighted-DT, Weighted-ICDT considers that the dataset in a certain
node is not totally reliable and employs the well-established uncertainty
measure on the corresponding A-NPI-M credal set.

To classify an instance at a leaf node, our proposed Weighted-ICDT
method considers, for each class value, a probability interval that de-
pends on the frequency of that class value at that terminal node and the
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cost of incorrectly classifying an instance that has such a class value.
Thus, as in the split criterion, the instances whose class value has a
higher cost of erroneous classification have more importance. In contrast,
CS-ICDT estimates the lower and upper probabilities for each class value
by considering that all instances have the same weight. Afterwards, it
computes a risk interval for each class value in which the lower (upper)
risk is calculated by considering the lower (upper) probabilities of the re-
maining class values and the costs of predicting that class value when the
real class value is another one. Thereby, the lower and upper probabili-
ties of the corresponding class value do not directly influence the com-
putation of the risk interval, and the cost of misclassifying an instance
with that class value is also not taken into account. Concerning the domi-
nance criterion on the probability intervals at leaf nodes, Weighted-ICDT
uses the stochastic dominance criterion, the well-established dominance
criterion on a given set of probability intervals.

For these reasons, the risk intervals computed by CS-ICDT might be
generally less informative than the probability intervals computed by
Weighted-ICDT. This issue is illustrated in Example 10.5.1.

e The original CS-ICDT method uses the IDM for the uncertainty mea-
sures in the split criterion and for the lower and upper probabilities at
leaf nodes. In contrast, our proposed Weighted-ICDT algorithm utilizes
the A-NPI-M for estimating the instance weights, in the split criterion,
and for the probability intervals at leaf nodes. As commented before, un-
like the IDM, the A-NPI-M does not assumes previous knowledge about
the data via a parameter, and, consequently, the latter model is more
appropriate than the former.

Example 10.5.1 Suppose that we have a training set of Ny, = 150 instances. Let C
be the class variable and {c1,c2, c3} its possible values. Let M denote the matrix of
error costs, where miyy =0 Vi=1,23, my1 =1fori=23 my =2for
i=13, andmiyz=3fori=12.

The costs of misclassifying each class value are given by:

Cost(1) = my1 +m31 =2,
Cost(2) =mq2+m32 =4,

Cost(3) = mi3 +ma3 =6.

Let us assume the following class frequencies in the training set: nyr(c1) = ner(c2) =
nyr(c3) = 50.
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In this case, the arrangement that attains the maximum entropy with the A-NPI-M
coincides with the one corresponding to relative frequencies. Therefore, the instance
weights computed by Weighted-ICDT for the class values are the following ones:

Ntr . 2 x 150 o
>3 1 Cost(i) x ner(ey) 1004200 +300

w1 = Cost(1) x

7

w COSt(Z) % Ntr 4 x 150 1
2= = -1,
>3 1 Cost(i) x nerlcy) 100+ 200+ 300
Ntr 6 x 150

w3 = Cost(3) x 1.5.

53 | Cost(i) x ner(cy) 1004200 +300

Suppose that, at a certain leaf node £, n*(c1) = n*(cz2) = n*(c3) = 3. In
such a case, P5np1(ci) = % and ﬁf\NPI(ci) = 5, for i =1,2,3. The risk intervals
determined by CS-ICDT at £ are given by:

10

Res_tept(cr) = PEAnpi(c2)miz +PEnpi(cs)mis = o
= =L —L 20

Res—1epT(e1) = Panpilc2)miz + Panprlcs)miz = o
c c 8

Res_1eprtl(c2) = Panprlci)mar + Panprlca)mas = o
= =L —L 16

Res—1cpT(c2) = Panprlcr)mar +Panpr(cz)mas = o
c c 6

Res_1epTtles) = Panprlc1)mst +Panpr(c2)mss = Y
5 =L =L 12

Res—1epT(e3) = Panpilc1)msr + Panprlc2)mssz = o

In consequence, Res_1cpT(ci) > Res—1ept(ey) Vi j€{1,2,3}and, thus, any
of the class values is dominated under the stochastic dominance criterion on these risk
intervals.

Regarding Weighted-ICDT, it holds that:

Wy X (nL(c1)—1) —05x2=1, wjx (nL(m)—i—]) —05x4=2,

I8

wzx<nL(cz)—1>:1 Xx2=2, wyX (n (cz)+1>:1 x4 =4,

W3 X (TLL(C3)—1) =15%x2=3, w3x (nL(C3)+1> =15x4=6,
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Thereby, according to the stochastic dominance criterion utilized in Weighted-ICDT,
¢y is dominated by both c; and c3. The non-dominated states set predicted by
Weighted-ICDT is {c2, c3}.

Hence, in this situation, the prediction made by Weighted-ICDT is more informative
and intuitive than the one made by CS-ICDT.

Table 10.14 summarizes the differences between Weighted-DT, the existing
CS-ICDT, and our proposed Weighted-ICDT. It should be noted that, in the
proposed Weighted-ICDT method, the weight of an instance for the split crite-
rion depends on the error cost of its class value, unlike CS-ICDT; the criterion
used by Weighted-ICDT to classify instances at leaf nodes may be more effec-
tive than the one employed by CS-ICDT because the predicted intervals are
probably more informative. For these reasons, it is expected that Weighted-
ICDT performs better than CS-ICDT. This point is corroborated in Section
10.5.2 with exhaustive experimentation.

Table 10.14: Summary of the differences between Weighted-DT, CS-ICDT, and
Weighted-ICDT.

Property Weighted-DT CS-ICDT Weighted-ICDT
Mathematical model precise probabilities IDM A-NPI-M
Error costs in
the split criterion yes no yes
Criterion to
classify instances precise prediction  little informative very informative

10.5.2 Experimental analysis

10.5.2.1 Experimental setup

For our experimentation, we take as a reference the experimental study
carried out by Abelldn and Masegosa in [10], where the ICDT algorithm and
its adaptation for cost-sensitive scenarios were proposed.

o Datasets: In this experimental analysis, we have employed the same
34 classification datasets used in the other experimental studies carried
out in this chapter to test the performance of our proposed Imprecise
Classification algorithms. The most important characteristics of these
datasets are shown in Table 10.1.

¢ Preprocessing: We have replaced missing values with mean values for
continuous attributes and modal values for discrete features. After that,
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we have discretized continuous attributes by following Fayyad and
Irani’s discretization method.

o Algorithms: Three algorithms have been used in this experimental study:
The original CS-ICDT method (CS-ICDT-IDM), a new version of the
CS-ICDT algorithm that uses the A-NPI-M instead of the IDM for the
split criterion and for the probability intervals at leaf nodes (CS-ICDT-
ANPI)4, and our proposed Weighted-ICDT method. Remark that the
computational complexity of these three methods is similar since they
are Decision Trees whose split criterion is based on the maximum en-
tropy on a mathematical model based on reachable probability intervals.
We do not use more algorithms because, as explained previously, CS-
ICDT-IDM and the adaptation of NCC for cost-sensitive scenarios are
the only methods for cost-sensitive Imprecise Classification proposed so
far, and, since the former algorithm significantly outperforms the latter,
considering the adaptation of NCC could introduce noise in the statisti-
cal comparisons.

o Cost matrices: Let 0 :{1,2,...,K} = {1,2,...,K} be a permutation that
yields a decreasing order of the frequencies of the class values in the
training set, i.e Ny (Co()) = Nr (Co(j)) V1 < 1 < j < K. The cost
matrices used in this experimentation are the following ones:

— Cost Matrix 0/1: The costs of all erroneous predictions are equal to
1, i.e:

md =1 Vije{l,2,...,K},j#4,
mi =0 Vj=12... K

— Cost Matrix (I): The cost of an incorrect prediction only depends on
the real class value. The class values with lower frequencies have
more costs than the ones with higher frequencies. Specifically, the
cost of misclassifying an instance whose real class value is the one
with the highest frequency is equal to 1, the cost of misclassifying an
instance whose true class value is the one with the second-highest
frequency is equal to 2, and so on. Formally:

milcr(j) =j VYi,je{l,2,...,K}, oj) #1,
ijj =0 Vvj=12,...,K

4 It is the adaptation of the ICDT-ANPI method, proposed in Section 10.2, for cost-sensitive
classification. Such an adaptation uses the same dominance criterion on risk intervals as CS-
ICDT.
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— Cost Matrix (II): Only the predicted class value influences the cost
of an erroneous prediction. Again, the class values with lower fre-
quencies have more costs than the ones with higher frequencies.
The cost of erroneously predicting the class value with the highest
frequency is equal to 1, the cost of incorrectly predicting the class
value with the second-highest frequency is equal to 2, and so on:

mili =i Vije{l,2...,K}, o(j) #1,
mlf =0 vj=12... K

— Cost Matrix (III): This cost matrix is equivalent to Cost Matrix (I),
but now the class values with lower frequencies have lower costs
than the class values with higher frequencies:

mitly) =K—j+1 Vije{l,2,...,K}, o(j) #1,
mij'=0 vj=12,...,K

— Cost Matrix (IV): It is similar to Cost Matrix (II). However, now the
class values with lower frequencies have lower costs than the class
values with higher frequencies:

mi =K—=j+1 Yi,je{l,2,...,K}, ofj) #1,
miy =0 ¥=12...K

¢ Evaluation: In order to check the performance of the algorithms con-
sidered in this experimentation, we mainly use the MIC measure, the
well-established evaluation metric for cost-sensitive imprecise classifiers
so far. For a deeper analysis of the behavior of the algorithms, we also
consider two metrics to evaluate how informative the predictions are:
Determinacy and Single Accuracy, which were described in Section 5.3,
and two metrics for checking the costs of incorrect classifications of the
algorithms: Single Cost and Set Cost. They are, respectively, the adap-
tations of the Single Accuracy and Set Accuracy metrics, described in
Section 5.3, for cost-sensitive classification.

Formally, let N¢¢s¢ be the number of test instances, h the learned Impre-
cise Classification model, h(xJ) the non-dominated states set predicted
for the j-th test instance, and «; the maximum cost of predicting a class
value belonging to that set, computed through Equation (5.6).
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Single Cost is defined as the average misclassification cost among the
instances precisely classified:

N
1 test

Nprecise .
J::1r

Single_Cost(h) = o, (10.29)

h(x)|=1

where Nprecise = |{j €{1,2,...,K}: [h(x)| = 1}|.

Set Cost measures the average error cost between the instances for which
more than a class value is predicted:

1\’]test
Set_Cost(h) = ; Z x5, (10.30)

Nim recise
P j=1,/h(x)|>1

where Nimprecise = [{j € {1,2,..., K}t |h(x))| > 1}].

o Procedure: For checking the performance of the algorithms considered
in this experimental study, for each preprocessed dataset and cost matrix,
a cross-validation procedure of 10 folds has been repeated 10 times.

o Software and Parameters: We have employed the Weka software for our
experiments. We have utilized the implementation available in Weka
for ICDT, and we have added the necessary structures and methods for
CS-ICDT-IDM, CS-ICDT-ANPI, and Weighted-ICDT. We have used the
Weka filters for the preprocessing. Also, for cross-validation, we have
employed the functionality available in Weka.

For the IDM parameter in CS-ICDT-IDM, the value s = 1, one of the
values recommended in [209], has been used, as in the experimental
analysis carried out in [10]>. The rest of the parameters utilized for all
algorithms have been the ones given by the default in Weka.

o Statistical evaluation: For each cost matrix, we have three algorithms
to compare. Hence, following the recommendations of Demsar [75] for
statistical comparisons between the results obtained by three or more al-
gorithms on many datasets, the Friedman test has been used with a level
of significance of x=0.05 to compare the performance of the algorithms
considered here via the MIC measure. If the null hypothesis of this test
is rejected, then the algorithms are compared pairwise via the Nemenyi
test. Critical diagrams are used to present the results of these tests.

5 Experiments have been carried out with s = 2, but the obtained results are always worse than
with s = 1. So, they are not reported.
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Cost Matrix 0/1
D

1 2 3

Weighted-ICOT J

C5-ICDT-10M

CO-ICOT-ANPI

Figure 10.11: Critical diagram for the MIC measure with Cost Matrix 0/1. CD = Critical
Distance.

Cost Matrix (1)
D

Weighted-ICDT —— CD-ICOT-AMNPI

C5-1COT-10M

Figure 10.12: Critical diagram for the MIC measure with Cost Matrix (I). CD = Critical
Distance.

10.5.2.2 Results and discussion

Table 10.15 lets us observe the average Friedman rank obtained by each
algorithm for each cost matrix in MIC. The best result for each cost matrix is
marked in bold. Figures 10.11, 10.12, 10.13, 10.14, and 10.15 show the critical
diagrams for MIC corresponding to Cost Matrices 0/1, (I), (II), (II), and (IV),
respectively.

Table 10.15: Average Friedman rank obtained by CS-ICDT-IDM, CS-ICDT-ANP]I, and
Weighted-ICDT in MIC for each cost matrix.

Cost Matrix
Algorithm 0/1 D (I (III) (Iv)
CS-ICDT-IDM | 2.2794 2.0588 2.2353 2.0882 2.5588
CS-ICDT-ANPI | 2.5882  2.6324 2.5441 2.4559 2.6176
Weighted-ICDT | 1.1324 1.3088 1.2206 1.4559 1.1765

We express the following comments about these results:
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Cost Matrix (I1)
cD

Weighted-ICDT —
C5-1COT-1DM

CD-ICOT-ANF

Figure 10.13: Critical diagram for the MIC measure with Cost Matrix (II). CD = Critical

Distance.
Cost Matrix (Il
D
1 2 3
Weighted-ICDT CD-ICOT-AMP
CS-ICDT-IDM

Figure 10.14: Critical diagram for the MIC measure with Cost Matrix (III). CD = Criti-
cal Distance.

Cost Matrix (IV)
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Figure 10.15: Critical diagram for the MIC measure with Cost Matrix (IV). CD = Criti-
cal Distance.
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CS-ICDT-IDM obtains a lower average Friedman rank than CS-ICDT-
ANPI for all the cost matrices considered in this experimentation. Nev-
ertheless, as CS-ICDT-IDM and CS-ICDT-ANPI are connected via a seg-
ment in all critical diagrams, there are no statistically significant differ-
ences according to the Nemenyi test between these two algorithms for
any of the five cost matrices considered. In consequence, we could state
that CS-ICDT-ANPI obtains statistically equivalent results to CS-ICDT-
IDM.

For all cost matrices, the lowest average Friedman rank is achieved by
our proposed Weighted-ICDT method. In addition, in the critical dia-
grams, Weighted-ICDT is not connected with the other two algorithms
through segments. Thus, according to the Nemenyi test, Weighted-ICDT
performs significantly better than CS-ICDT-ANPI and CS-ICDT-IDM for
the five cost matrices. Hence, we can state that Weighted-ICDT achieves,
by far, the best results.

Table 10.16 presents, for each cost matrix considered in our experimental
analysis, the average results obtained by each algorithm in Determinacy, Inde-
terminacy Size, Single Cost, and Set Cost. The best result for each measure
and cost matrix is marked in bold.

Table 10.16: Average values obtained by CS-ICDT-IDM, CS-ICDT-ANPI, and

Weighted-ICDT in the individual evaluation metrics for each cost matrix.

Cost Matrix

Measure Algorithm 0/1 @ I (TIm) (Iv)
CS-ICDT-IDM | 0.7094 0.6248 0.6457 0.7159  0.5432
Determinacy CS-ICDT-ANPI | 0.6835 0.6070 0.6404 0.7025  0.5068

Weighted-ICDT | 0.9002 0.8083 0.8756 0.8485 0.8685

CS-ICDT-IDM | 0.0890 0.1739 0.6457 0.3625 0.1613
Single Cost CS-ICDT-ANPI | 0.0806 0.1598 0.1183 0.3584 0.1345
Weighted-ICDT | o.1521  0.4294 0.4156 0.9636  1.0995

Indeterminacy Size | CS-ICDT-ANPI | 8.8938 9.0162 44448 8.6728 3.9586

CS-ICDT-IDM | 8.6956 8.7030 3.6924 8.4671  3.4241

Weighted-ICDT | 7.9228 7.1027 7.2984 7.0778  7.4300

CS-ICDT-IDM | 0.0041 0.0145 0.3001 0.0220 0.8438
Set Cost CS-ICDT-ANPI | 0.0061  0.0087 0.2100 0.0355 0.6742
Weighted-ICDT | o.0075 0.0993 0.0636 0.1074 0.1528

These results indicate the following points for each metric:

Determinacy:
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- CS-ICDT-IDM makes more precise predictions than CS-ICDT-ANPI
since the average Determinacy value obtained by CS-ICDT-ANPI is
lower than the one obtained by CS-ICDT-IDM for all cost matrices.

— Our proposed Weighted-ICDT algorithm achieves, by far, the high-
est average Determinacy value for all cost matrices. Hence, this
method is, by far, the one that makes more precise predictions
among the ones considered in this experimentation.

¢ Indeterminacy Size:

— For imprecise predictions, CS-ICDT-ANPI predicts more class val-
ues than CS-ICDT-IDM due to the average results obtained in In-
determinacy Size. Thus, it can be stated that the predictions made
by CS-ICDT-IDM are more informative than the ones made by CS-
ICDT-ANPL

— The cost matrix influences the average Indeterminacy Size value of
Weighted-ICDT. For Cost Matrices 0/1, (I), and (IIT), Weighted-ICDT
obtains the lowest average Indeterminacy Size value. Therefore, for
such cost matrices, the imprecise predictions made by Weighted-
ICDT are the most informative ones. The opposite happens with
Cost Matrices (IT) and (IV). Nonetheless, we must remark that, for
these cost matrices, the average Determinacy value obtained by
Weighted-ICDT is pretty high.

¢ Single Cost:

— CS-ICDT-ANPI obtains a better result than CS-ICDT-IDM concern-
ing the misclassification cost of precise predictions for all the cost
matrices considered here.

— Weighted-ICDT gets the highest average Single Cost value for the
five cost matrices. Thereby, it obtains the highest misclassification
costs when predicting a single class value.

e Set Cost:

— For Cost Matrices 0/1, (I), and (III), CS-ICDT-ANPI obtains a higher
average Set Cost value than CS-ICDT-IDM, while, for Cost Matrices
(I) and (IV), CS-ICDT-ANPI achieves the lowest average Set Cost
value. This implies that, for Cost Matrices 0/1, (I), and (III), CS-
ICDT-ANPI obtains a higher cost of incorrect imprecise classifica-
tions than CS-ICDT-IDM, whereas, for Cost Matrices (II) and (IV),
the opposite occurs.
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— Weighted-ICDT obtains the highest average Set Cost value for Cost
Matrices 0/1, (I), and (III). Hence, for these cost matrices, the cost
of incorrect imprecise predictions with Weighted-ICDT is higher
than with the other algorithms. The contrary happens with Cost
Matrices (II) and (IV).

Summary of the results: The results obtained in this experimental study
can be summarized as follows:

¢ The predictions made by CS-ICDT-ANPI are less informative than the

ones made by CS-ICDT-IDM. It is because, as shown in Section 7.3, given
a sample of outcomes of a discrete attribute, IDM probability intervals
with s = 1 are always contained in A-NPI-M probability intervals. Since
the predictions made by CS-ICDT-IDM are more precise than the ones
made by CS-ICDT-ANP], the risk of misclassification is higher with the
former algorithm and, therefore, the cost of incorrect classifications is
generally higher with CS-ICDT-IDM.

The results obtained in MIC allow deducing that CS-ICDT-IDM and CS-
ICDT-ANPI achieve an equivalent trade-off between informative predic-
tions and low misclassification cost and, thus, they perform equivalently.
This point is consistent with the experimental study carried out for the
proposed ICDT-ANPI (Section 10.2.1), where we showed that the A-NPI-
M obtains statistically equivalent results to the IDM with the recom-
mended value of the parameter when both models are utilized in the
existing Decision Tree for Imprecise Classification.

Our proposed Weighted-ICDT method makes much more informative
predictions than the other algorithms, even though it leads to a higher
cost of incorrect predictions. Weighted-ICDT achieves the best trade-
off between informative predictions and low misclassification costs. It is
because, as argued in Section 10.5.1, the criterion employed by Weighted-
ICDT to classify instances at leaf nodes is probably more effective than
the one used by CS-ICDT as the predicted intervals may be more in-
formative and, unlike CS-ICDT, Weighted-ICDT considers the costs of
errors for the uncertainty measures in the split criterion.



10.6 Concluding remarks

Classifiers sometimes predict a set of class values since there is not sufficient
information to point out a single class value. This is known as Imprecise Clas-
sification. The first Imprecise Classification algorithm was the Naive Credal
Classifier (NCC). Afterwards, an Imprecise Classification method based on a
single Decision Tree, called the Imprecise Credal Decision Tree (ICDT), was
introduced. NCC and ICDT were also adapted for cost-sensitive scenarios.

In this chapter, we have developed important improvement of the algo-
rithms for Imprecise Classification proposed so far. Specifically, we can sum-
marize the contributions of this chapter in the following issues:

Firstly, we have proposed a new Imprecise Credal Decision Tree that
uses the A-NPI-M for the uncertainty measures in the split criterion and
the probability intervals at leaf nodes (ICDT-ANPI), unlike the existing
ICDT, which employs the IDM. Experimental results have highlighted
that the IDM parameter strongly influences the performance of ICDT
and that ICDT-ANPI performs equivalently to ICDT with the best choice
of the IDM parameter. These results are consistent with the ones ob-
tained by Credal Decision Trees for precise classification.

Therefore, it can be concluded that the A-NPI-M is more suitable than
the IDM to be applied to Decision Trees for Imprecise Classification as
the former model does not make prior assumptions about the data and
is non-parametric, unlike the latter model.

We have also developed a new version of the NCC algorithm, called the
Extreme Prior Naive Credal Classifier (EP-NCC), that also combines the
naive assumption with the IDM to make imprecise predictions. How-
ever, unlike NCC, EP-NCC considers the lower and upper prior prob-
abilities of the class values for the estimation of the lower and upper
conditional probabilities. We have shown that our proposed EP-NCC
algorithm tends to predict fewer values of the class variable than NCC.
In consequence, the predictions made by EP-NCC are more informative.
This also implies that, with EP-NCC, there is more risk of making erro-
neous predictions. Nevertheless, as we have argued, this risk is not far
higher than with NCC since EP-NCC narrows the predicted conditional
probability intervals by considering the bounds of the prior probabilities
of the class values.

An exhaustive experimental study has been carried out to compare the
performance of NCC, our proposed EP-NCC, and the ICDT method.
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Such an experimental study has shown that EP-NCC significantly out-
performs NCC. Specifically, the predictions made by EP-NCC are far
more informative than the ones made by NCC, whereas the difference
between both algorithms in making correct predictions is not statistically
significant. In addition, ICDT and EP-NCC perform equivalently; while
ICDT obtains better results than EP-NCC in the metrics corresponding
to Accuracy, the predictions made by EP-NCC are more informative.
Nonetheless, ICDT requires a considerably higher computational time
than EP-NCC.

For the reasons exposed above, good performance and low computa-
tional cost (Table 10.9), it can be concluded that our proposed EP-NCC
algorithm is more suitable to be applied to large datasets for Imprecise
Classification than the existing algorithms for such a task. Due to the
increasing amount of data used in every area, this is a very important
point to take into account in favor of EP-NCC.

Ensemble schemes often improve the performance of individual classi-
fiers in precise classification. None of the Imprecise Classification meth-
ods proposed so far makes an ensemble of classifiers. The reason might
be that it is not trivial how to combine the predictions made by multiple
imprecise classifiers. The first ensemble method for Imprecise Classifica-
tion has been presented in this chapter. It has been taken into account
that the Bagging scheme has been shown to provide pretty good results
in precise classification, especially when it has been used with Credal
Decision Trees (CDT), which are known to be diverse and unstable clas-
sifiers. Hence, the proposed ensemble method consists of a Bagging
scheme using the adaptation of CDT for Imprecise Classification (ICDT)
as the base classifier. For the combination of the predictions made by
multiple imprecise classifiers, we have proposed a new technique that
tries that the Bagging imprecise classifier to be as precise as possible.
Such a technique consists of predicting as non-dominated only the class
values with the lowest possible level of dominance, which implies that it
is not very conservative. Reducing the number of non-dominated class
values could produce an unnecessary excessive risk.

Experimental results have revealed that Bagging-ICDT with our pro-
posed combination technique performs much better than the ICDT al-
gorithm. As expected, even though the error rate is a little bit higher for
Bagging-ICDT than for ICDT, the former algorithm is much more precise
than the latter. In consequence, it can be stated that our developed Bag-
ging method for Imprecise Classification with our proposed technique of



combining the predictions made by multiple imprecise classifiers, which
tries to maximize information assuming more risk, is quite appropriate in
the sense that it improves the performance of a single ICDT.

With regard to cost-sensitive classification, in this chapter, we have pro-
posed a new cost-sensitive Imprecise Credal Decision Tree that weights
the instances by taking the misclassification cost of the corresponding
class value into account. It is based on the idea of an existing Deci-
sion Tree for cost-sensitive precise classification. Our new method con-
siders the error costs in the tree-building process, unlike the existing
cost-sensitive Imprecise Credal Decision Tree, which only considers the
error costs for classifying instances at leaf nodes. Thereby, for the split
criterion, an instance has more importance as the misclassification cost
of the corresponding class value is higher. In this sense, our proposal
presents an advantage over the existing cost-sensitive Imprecise Credal
Decision Tree because, in cost-sensitive scenarios, the aim is to minimize
the cost of incorrect classifications and not the number of erroneous pre-
dictions. Furthermore, our proposed cost-sensitive Imprecise Credal De-
cision Tree uses the A-NPI-M, whereas the existing one employs the
IDM. As explained before, the former model is more suitable than the
latter as it does not assume previous knowledge about the data via a
parameter. We have also argued that the criterion employed by our pro-
posed cost-sensitive Imprecise Credal Decision Tree to classify instances
at leaf nodes is probably more effective than the one used by the existing
cost-sensitive Imprecise Credal Decision Tree since the predictions made
may be more informative.

An experimental study has been carried out to check the performance of
the existing cost-sensitive Imprecise Credal Decision Tree using the IDM
and the A-NPI-M and our proposal. Such an experimental study has
revealed that the A-NPI-M obtains statistically equivalent results to the
IDM with the recommended value of the parameter when both models
are utilized in the existing cost-sensitive Imprecise Credal Decision Tree
and, as expected, our proposed cost-sensitive Imprecise Credal Decision
Tree performs significantly better than the existing one; even though the
cost of erroneous predictions of our proposed method is higher, it is
far more informative and achieves a better trade-off between low mis-
classification cost and informative predictions. Therefore, it can be con-
cluded that our proposed cost-sensitive Imprecise Credal Decision Tree
is more suitable than the existing one for practical applications where
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the misclassification costs are different and the available information is
not enough for classifiers to predict a unique class value.



1 1 IMPRECISE PROBABILITIES IN
MULTI-LABEL CLASSIFICATION

1.1 Introduction

In some domains such as text categorization, biology, or multimedia, Multi-
Label Classification (MLC) fits better than traditional classification as each
instance might belong to multiple labels simultaneously. The MLC problem
aims to predict the set of labels corresponding to a certain instance. Many
MLC algorithms have been developed so far. A summary of most of them can
be found in [97].

On the one hand, the problem transformation methods convert the MLC task
into multiple traditional classification problems and then combine the solu-
tions of such problems to output a solution for the MLC task. A standard
classification algorithm is required to solve the traditional classification prob-
lems. Within traditional classification, C4.5 is a well-known method based on
Decision Trees. The Credal C4.5 algorithm (CCj.5) [148], exposed in Section
4.6.2, is a version of C4.5 that uses uncertainty measures on credal sets to build
the tree. CC4.5 has obtained significantly better results than C4.5 when there
is class noise in the data. In this chapter, we analyze the use of CC4.5 in two
problem transformation methods: Binary Relevance (BR) and Calibrated Label
Ranking (CLR), described in Sections 6.4.1 and 6.4.3, respectively. We argue
that the intrinsic label noise in MLC might be higher than the intrinsic class
noise in traditional classification. Consequently, CC4.5 is probably more suit-
able than C4.5 to be employed for solving the binary classification tasks in BR
and CC because CC4.5 is less sensitive to class noise than C4.5. Experimental
results highlight that CC4.5 performs better than C4.5 when both methods are
used to solve the binary classification tasks in BR and CC, the improvement
being more notable as there is more noise in the labels.

On the other hand, the algorithm adaptation methods directly adapt the exist-
ing traditional classification algorithms for MLC. Decision Trees were adapted
for MLC by Clare [56]. Such an adaptation, described in Section 6.6, uses
precise probabilities for building the tree. Also, multiple versions of the Near-
est Neighbors algorithms for MLC have been developed so far. The majority
of them use statistical estimators from the neighboring instances based on
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classical probability theory. We described most of the mentioned lazy MLC
algorithms in Section 6.7.

In this chapter, we propose a new adaptation of Decision Trees for MLC that
uses imprecise probabilities in the tree-building process and for predicting the
posterior probabilities about the relevance of the labels for the instances at leaf
nodes. We show that our proposed adaptation might be less sensitive to label
noise than the one proposed so far, based on classical probability theory. Via
an experimental analysis, we highlight that the proposed adaptation of Deci-
sion Trees for MLC performs better than the one developed so far, especially
when there is noise in the labels. We also propose new lazy approaches to
MLC that use imprecise probability models for the statistical estimators based
on the neighboring instances. We show that our proposed lazy approaches to
MLC are more suitable than the existing ones based on classical probability
theory to handle the class-imbalance problem that frequently arises in MLC,
especially when data contain label noise. We carry out an experimental study
to corroborate this issue.

Moreover, one of the main challenges of the MLC task is exploiting correla-
tions between labels. Actually, this may be very useful for MLC methods since
the number of labels in MLC tends to be very high. The Classifier Chains al-
gorithm (CC), exposed in Section 6.4.2, is considered a simple and effective
method to exploit label correlations in MLC. As we know, this method consid-
ers a binary classification problem per label in which the previous labels ac-
cording to an established order are utilized as additional predictive attributes.
As pointed out before, the label order strongly influences the performance of
CC, and there is no way of determining the optimal label order so far. For
these reasons, many label ordering methods for CC have been proposed so far.
Most of them estimate correlations between labels via precise probabilities.

A new label ordering method for CC that uses imprecise probabilities to
estimate the label correlations is proposed in this chapter. It consists of a
greedy procedure that, for each candidate label, takes into account the corre-
lations between that label and the ones already inserted in the chain, as well
as the correlations between the candidate label and the labels not inserted yet.
We show that our proposal presents some advantages over the label order-
ing methods based on label correlations proposed so far. An experimental
analysis demonstrates that our proposed label ordering procedure performs
better than the label ordering methods for CC proposed so far based on label
correlations.

To summarize, in this chapter, we analyze the use of imprecise probability
models in MLC, showing that they are more suitable than classical probability
theory since, as we show, the intrinsic label noise in MC may be higher than



the intrinsic class noise in traditional classification and imprecise probability
models obtain better results than precise probabilities when data contain noise.
We show through several experimental studies that imprecise probabilities
lead to better results than classical probability theory in MLC, and this point
is enhanced when there is label noise in the data.

The remainder of this chapter is organized as follows: In Section 11.2, we
analyze the use of the Credal C4.5 algorithm in the Binary Relevance and
Calibrated Label Ranking methods. Section 11.3 describes our proposed adap-
tation of Decision Trees for Multi-Label Classification. The proposed lazy ap-
proaches to Multi-Label Classification that employ imprecise probabilities are
detailed in Section 11.4. Section 11.5 presents our proposed label ordering
procedure for Classifier Chains based on imprecise probabilities. We conclude
this chapter in Section 11.6.

Within this chapter, let {X',X?,...,X4} denote the set of predictive at-
tributes and Y ={y1,y2,...,Yn, ) the label set, where n; > 1. Let Dom(X") be
the domain of the X! attribute, Vi = 1,2, ...,d. Let
Dirain =1(x3,Yi), 1=1,2,..., Ny} be the training set, where Ny, denotes
the number of training instances, x; the attribute vector of the i-th training
instance, and Y; C Y its label set, Vi=1,2,..., N¢.

1.2 Analysis of Credal C4.5 in problem transforma-
tion methods

1.2.1 Binary Relevance with Credal C4.5

The Binary Relevance method (BR) [36] considers a binary classification
problem per label. In it, the attribute space coincides with the original attribute
set and the class variable indicates whether the corresponding label is relevant
for a given instance. In order to build the mentioned classifiers, we use the
CC4.5 algorithm, described in Section 4.6.2.

When it is required to classify an instance, the set of labels predicted as rele-
vant for such an instance is directly derived from the predictions made by the
binary classifiers. The same happens with the predicted posterior probabilities
about the relevance of the labels for the instance.

Algorithm 20 summarizes the BR method using the CCy.5 algorithm as the
base classifier.

As we know, the BR method is a very simple approach to MLC. Despite this,
it has obtained good results in practice, comparable with more sophisticated
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Algorithm 20: Binary Relevance with Credal Cy4.5.
Procedure BR-CCg.5 Training set Dirqin =1{(xi, Yi), 1=1,2,...,N¢}
forj=1tonr do

Let D?R be the training set obtained from
Dirain =1(x1,Yi), 1=1,2,..., N} via Equation (6.31)

Build a binary classifier
RPR-CCE - (Dom(XT), Dom(X?),..., Dom(X?)) = {0,1} from DER
using CCy4.5. Such a classifier can also be determined through a
real-valued function
FPR-CC4%: (Dom(X"), Dom(X?), ..., Dom(X4)) = R.

For classifying a new instance with attribute vector x

RBR.CC45(y) {yj/ 1<j<n| h}sk_cczxs(x) _ ]}

forj=1tony do
t FBR_CC45(y y;) « fBR_CC45(X)
¢ j

MLC algorithms [144]. Nonetheless, BR has two drawbacks: it ignores label
correlations, and the binary classification tasks of BR tend to suffer from a
class-imbalance problem.

11.2.2 Calibrated Label Ranking with Credal C4.5

The Calibrated Label Ranking algorithm CLR [94] builds a binary classifier
for each pair of labels. For this purpose, those instances for which one of the
two labels is relevant and the other one irrelevant are utilized. In this work
thesis, the CC4.5 algorithm is used to build these classifiers. This yields a label
ranking for a given instance. CLR introduces a virtual label for distinguishing
between relevant and irrelevant labels. In this way, CLR considers a binary
classification problem per label to predict, for a given instance, the relative
relevance of the label versus the virtual one or, in other words, whether such a
label is relevant for that instance. We also employ the CC4.5 method to build
these classifiers.

When an instance is wanted to be classified, for each label, the number of
favorable votes in the classifiers corresponding to the pairwise comparisons
is counted. For each label, that number of votes is incremented in one if that
label is predicted to be more relevant than the virtual one for the instance to
classify. This leads to a label ranking for the instance. For obtaining the set of
labels predicted as relevant for that instance, the number of votes of the virtual
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label is considered. Then, a label is predicted as relevant for the instance, if,
and only if, its final number of votes is higher than the number of votes of the
virtual label.

The CLR method with the CCy4.5 algorithm as the base classifier is summa-
rized in Algorithm 21.

Algorithm 21: Calibrated Label Ranking with Credal C4.5.
Procedure CLR-CC4.5 (Training set
Dtrain = {(Xj,Y]'), ] = ],2, N ,Ntr})
forj=T1tony —1do
fork=j+1tony do
Let D).CkLR be the training set obtained from Dy, qin by means of
Equation (6.44)
Build a binary classifier
hER-CC%: (Dom(XT), Dom(X?),..., Dom(X?)) — {0, 1} from

DjCkLR using CC4.5.

forj =1tony do

Let @l-COLR be the training set obtained from D, qin via Equation
(6.46).

Build a binary classifier h).%LR—C €45 from D].COLR employing CCy.5.

For classifying a new instance with attribute vector x
forj =1tony do
num_vot$ €45 (y;) «

ZL?] HthLR_Cms(x) _ OH +ZL‘L]-+1 thCkLR_CCAIS(x)) _ 1”
final_votest <4 (yj) < num_vot$ €43 (y;) + thCOLR—CC%(x) = 1“

fFCLR_CC45( SO (

_ final_votes
| X,Uj) - ne

votes_virtual€c4® (x) « PR thCOLR—CC“E’(x) — OH
RCLR.CCA5 ()

Yj)

{yj | final_votest 4> (yj) > votes_virtual®“* (x), 1<j< nL}

As pointed out previously, CLR mitigates the class-imbalance problem that
usually appears in MLC and allows exploiting correlations between pairs of
labels.
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11.2.3 Justification of CC4.5 as the base classifier

As we know, C4.5 is a well-known traditional classification algorithm based
on Decision Trees. In this subsection, we study the use of CC4.5 versus C4.5
to tackle the binary classification problems in BR and CLR. We may note the
following issues concerning the use of CCj.5 versus C4.5 as the base classifier
of BR and CLR:

o Intrinsic label noise in MLC: It is known that, in classification datasets,
there are often errors although they have not been intentionally added.
This is known as intrinsic noise and can be due to errors in data extrac-
tion or because the value of a variable is not exactly known. In this
subsection, we argue in detail that the intrinsic label noise in MLC may
be higher than the intrinsic class noise in traditional classification.

Let p™©'s¢ be the probability that an instance has an error in the class
variable in traditional classification. Suppose that, in MLC, the probabil-
ity that an instance has an error in a label is also p™°*$¢ (we are assuming
the same probability of error for all labels). In this case, the probability
that an instance has the correct class value in traditional classification is

1— pnoise-
In MLC, assuming that there is independence between the errors in the
labels, the probability that an instance has no error in any label is equal
to

(1 _ pnoi.se)“L
Suppose that, in the previous situation, pnotse = 0.05and np = 10. Then,
the probability that an instance has the correct class value in traditional

classification is equal to
1—0.05=0.95.

The probability that an instance has the correct value in all labels is
(0.95)'° = 0.6

Consequently, in this case, the probability that an instance has an er-
ror in some label is 0.4. Thereby, even though the probability that an
instance has an error in a specific label is very low, the probability of
error in at least one label can be quite notable. In consequence, we can
easily deduce that the intrinsic label noise in MLC is probably higher
than in traditional classification. For this reason, in MLC, it seems to be
appropriate to use classifiers robust to label noise.
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o Sensitivity to label noise: In [148, 150], it was demonstrated that the
split criterion of CC4.5 is more robust to class noise than the split crite-
rion of C4.5. Moreover, in those works, it was empirically shown that
CC4.5 and C4.5 have equivalent performance without class noise in the
data and that CC4.5 obtains significantly better results than C4.5 when
classifying class noisy data. Therefore, it was concluded that CC4.5 is
less sensitive to class noise than C4.5.

When there is an error in a certain label for a given training instance,
the corresponding binary classifier of BR has a training instance with an
incorrect value of the class variable. Likewise, when a training instance
has an error in a label, the binary classifiers associated with the pairwise
comparisons in CLR have an error in the class value of that instance. In
these cases, BR and CLR are less affected by the noise by using CC4.5
rather than C4.5. Hence, BR and CLR are more robust to label noise with
CC4.5 than with Cy.5.

To sum up, BR obtains good results in practice despite being really sim-
ple; CLR exploits pairwise label correlations and mitigates the class-imbalance
problem that often arises in MLC; C4.5 is a well-known traditional classifica-
tion method; BR and CLR are more robust to label noise with CC4.5 than with
C4.5; the intrinsic label noise in MLC might be higher than the intrinsic class
noise in traditional classification. For these reasons, it is worth empirically
analyzing BR and CLR using CC4.5 as the base classifier, checking whether it
supposes an improvement over C4.5.

1.2.4 Experiments

In this experimental study, we aim to compare the performance of C4.5 and
CC4.5 when both algorithms are employed to tackle the binary classification
tasks of BR and CLR.

11.2.4.1 Experimental settings

o Datasets: Thirteen datasets have been employed in our experimental
analysis. They can be downloaded from the official website of Mulan
[202]", a Java library for MLC. Most of these datasets have been used in
other experimental studies for MLC methods [49, 144]. Table 11.1 shows
the main characteristics of each dataset: number of instances, number

1 http://mulan.sourceforge.net/datasets-mlc.html
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of continuous and discrete attributes, number of labels, label cardinality,
label density, and MLC domain.

Table 11.1: Datasets used in our experimentation with MLC methods. N is the number
of instances, N_CA and N_DA are, respectively, the number of continuous
and discrete attributes, N_L is the number of labels, L_C the label cardinal-
ity, and L_D the label density.

Dataset N N_DA | N.CA |N_L| LC LD Domain
bibtex 7395 1836 0 159 24 0.015 Text
birds 645 2 258 19 1.014 | 0.053 | Multimedia
cals00 502 0 68 174 | 26.044 | 0.15 | Multimedia

corelsk 5000 499 0 374 | 3.52 | 0.009 | Multimedia

delicious | 16105 | 500 0 983 | 19.02 | 0.019 Text
emotions | 593 0 72 6 1.87 | 0.311 | Multimedia
enron 1702 1001 0 53 3.38 | 0.064 Text
flags 194 9 10 7 3.392 | 0.485 | Multimedia
genbase 662 1186 0 27 | 1.252 | 0.046 Biology
mediamill | 43907 0 120 101 | 4.38 | 0.043 | Multimedia
medical 978 1449 0 45 1.24 | 0.028 Text
scene 2407 0 294 6 1.07 | 0.179 | Multimedia
yeast 2417 0 103 14 424 | 0.303 Biology

We must remark that the ‘delicious’ dataset requires a very high compu-
tational cost due to its very large numbers of instances and labels. For
this reason, this dataset is only used for BR.

It can be observed that the datasets used in this experimental analysis
are diverse with regard to the number of instances, number of continu-
ous and discrete features, number of labels, label cardinality, and label
density. Hence, we can state that the set of datasets used in our experi-
mentation is representative.

Algorithms: Two MLC algorithms have been employed in this experi-
mental study: BR and CLR. For both of them, two base classifiers have
been considered: C4.5 and CCy.5.

Evaluation metrics: Consistently with the extensive experimental study
with MLC algorithms carried out in [144], sixteen evaluation metrics
have been used in this experimentation: Six are based on
instance-classification: Hamming Loss, Subset Accuracy, Accuracy, Pre-
cision, Recall, and F1; six label-based classification evaluation metrics
have been employed: Micro Precision, Macro Precision, Micro Recall,
Macro Recall, Micro F1, and Macro F1; the other four evaluation mea-
sures are based on ranking: Coverage, One Error, Ranking Loss, and
Average Precision. All these metrics were exposed in Section 6.3.
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e Procedure: Three noise levels have been considered in our experiments:
0%, 5%, and 10%. For each MLC algorithm, base classifier, dataset, and
noise level, the following cross-validation procedure has been carried
out: the dataset has been divided into five partitions, and, for each one
of them, an iteration has been done. In it, the associated partition has
been employed for testing, and the rest of the data for training. For
each label, the x% of the training instances (x being the noise level) have
been chosen, and the value of their label has been changed (if the label
is irrelevant it has been changed to relevant and vice-versa)®>. The MLC
model is learned with the noisy training set, and the evaluation measures
are extracted via the test set. The same partitions have been employed
for all combinations of MLC algorithm/base classifier in all datasets.

o Software and parameters: The implementations available in Mulan for
BR and CLR have been used for this experimentation. The implementa-
tions given in Weka for both C4.5 and CC4.5 have been employed. For
the IDM parameter in CC4.5, the value s = 1 has been utilized because it
is one of the values recommended by Walley [209], has been used in the
experimental study carried out by the developers of CC4.5 in [149], and
requires a low computational cost. The rest of the parameters used for
all algorithms have been the ones given by default in the corresponding
software.

Part of the functionality available in Mulan has been employed to create
the partitions of cross-validation. The Weka filters have been utilized for
generating the label noise.

o Statistical evaluation: For each MLC algorithm considered here and
evaluation metric, we have two base classifiers to compare: C4.5 and
CC4.5. In this way, following the indications given in [49, 75] for sta-
tistical comparisons between two methods, the Wilcoxon test has been
employed with a level of significance of « = 0.05 for checking which
base classifier achieves better performance and whether the differences
are statistically significant.

11.2.4.2 Results and discussion

Tables 11.2 and 11.3 show a summary of the results obtained by each base
classifier for each evaluation metric and noise level in BR and CLR, respec-

2 We have not considered noise levels higher than 10% because the noise is introduced in each
label and, thus, a higher noise level would imply a very considerable amount of noise in the
data.
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tively. Specifically, for each metric and noise level, they illustrate which base
classifier performs better according to the Wilcoxon test and whether the dif-
ferences are statistically significant. Also, these tables let us see, for each
metric and noise level, in how many datasets a base classifier achieves a better
result than the other one (number of wins).

Binary Relevance: The following points should be noted about the results
obtained by the BR algorithm for each type of evaluation metric:

Instance-based classification metrics:

— When there is no label noise in the data, according to the Wilcoxon
test, CC4.5 performs significantly better than C4.5 as the base clas-
sifier of BR in Hamming Loss and Subset Accuracy. It means that
BR predicts the entire sets of relevant labels for the instances with
CC4.5 more frequently than with C4.5 and that BR incorrectly clas-
sifies fewer pairs of instance-label with CCy.5.

— Concerning Recall, in ten datasets, C4.5 achieves a better result than
CC4.5 as the base classifier of BR, whereas, in only three datasets,
the opposite happens. However, in this case, both base classifiers
perform equivalently according to the Wilcoxon test.

— CC4.5 obtains a higher number of wins than C4.5 as the base classi-
fier of BR in Accuracy, Precision, and F1. Consequently, BR gener-
ally predicts better the sets of relevant labels for the instances with
CC4.5 than with C4.5; BR predicts less irrelevant labels as relevant
using CCy4.5 than employing C4.5, and the results of BR in the har-
monic means between Precision and Recall are more favorable to
CC4.5. Nevertheless, there no are statistically significant differences
via the Wilcoxon test for none of these three metrics.

— When there is noise in the labels, CC4.5 significantly outperforms
C4.5 via the Wilcoxon test as the base classifier of BR in Hamming
Loss, Subset Accuracy, Accuracy, Precision, and F1. Furthermore,
in these metrics, the number of wins of CC4.5 is notably higher
than the number of wins of C4.5.

— With noise in the labels, in Recall, there are more datasets in which
BR performs better using C4.5 than datasets in which BR gets a
better result with CC4.5. Nonetheless, there are no statistically sig-
nificant differences in Recall via the Wilcoxon test for any of the
label noise levels considered.
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Table 11.2: Summary of the results obtained by BR with C4.5 and CC4.5 for each eval-
uation metric and noise level. (®) means that the base classifier of the
column performs significantly better than the other one according to the
Wilcoxon test. (-) indicates that the algorithm of the column improves the
other one in BR, but the differences are not statistically significant.

Noise level Metric C4.5 | CC4.5 | Wins C4.5 | Wins CC4.5
Hamming Loss (*) 3 9
Subset Accuracy () 3 8
Accuracy ) 5 8
Precision ) 5 8
Recall ) 10 3
F1 ) 5 8
Micro Precision ) 5 8
0% Macro Precision ) 4 9
Noise Micro Recall ) 10 3
Macro Recall ) 8 4
Micro F1 ) 4 9
Macro F1 ) 8 5
Coverage () 1 12
Ranking Loss () 0 12
Average Precision () 2 11
One-Error () 2 9
Hamming Loss (*) 3 9
Subset Accuracy () 1 10
Accuracy () 4 8
Precision () 3 9
Recall ) 9 3
F1 (*) 4 8
Micro Precision (*) 3 9
5% Macro Precision -) 4 8
Noise Micro Recall (*) 10 2
Macro Recall () 10 2
Micro F1 ) 5 7
Macro F1 ) 6 6
Coverage () 3 9
Ranking Loss () 2 10
Average Precision () 2 10
One-Error () 1 11
Hamming Loss () 2 10
Subset Accuracy () 1 10
Accuracy () 2 10
Precision () 2 10
Recall ) 8 4
F1 () 2 10
Micro Precision () 2 10
10% Macro Precision ) 4 8
Noise Micro Recall (*) -) 9 3
Macro Recall (*) 11 1
Micro F1 () 4 8
Macro F1 ) 8 4
Coverage () 2 10
Ranking Loss () 1 11
Average Precision () 1 11
One-Error () 0 12
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Table 11.3: Summary of the results obtained by CLR with C4.5 and CC4.5 for each
evaluation metric and noise level. (¢) means that the base classifier of the
column performs significantly better than the other one according to the
Wilcoxon test. (-) indicates that the algorithm of the column improves the
other one in CLR, but the differences are not statistically significant.

Noise level Metric C4.5 | CC4.5 | Wins C4.5 | Wins CC4.5
Hamming Loss )
Subset Accuracy )
Accuracy )
Precision
Recall
F1 ©
Micro Precision )
0% Macro Precision )
Noise Micro Recall (-
Macro Recall (
Micro F1
Macro F1
Coverage
Ranking Loss
Average Precision
One-Error
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Hamming Loss () 10
Subset Accuracy (*) 11
Accuracy (*) 11
Precision (*) 10
Recall ) 8
F1 () 11
Micro Precision ) 8
10% Macro Precision ) 6
Noise Micro Recall (-) 7
Macro Recall -) 4
Micro F1 (*) 10
Macro F1 ) 5
Coverage ) 8
Ranking Loss (*) 9
Average Precision () 9
One-Error () 9




Label-based classification metrics:

— When there is no noise in the labels, the results obtained by BR
with C4.5 and CCy.5 are statistically equivalent according to the
Wilcoxon test in all label-based classification evaluation measures.

- Despite the previous point, without noise in the labels, BR obtains
more wins with CC4.5 than with C4.5 in the metrics correspond-
ing to Precision, while, in the metrics associated with Recall, the
opposite happens. Therefore, BR predicts fewer irrelevant labels
as relevant with CC4.5 than with C4.5 but predicts more relevant
labels as relevant with the latter base classifier than with the former.

- Without noise in the labels, the results obtained by C4.5 and CC4.5
as the base classifiers of BR in Micro and Macro F1 are statistically
equivalent according to the Wilcoxon test. The number of wins of
CC4.5 is higher than the number of wins of C4.5 in Micro F1, and
the contrary happens in Macro F1.

— Something similar occurs with noise in the labels. However, BR per-
forms significantly better with C4.5 than with CC4.5 in the metrics
corresponding to Recall. In consequence, the fact that BR predicts
more relevant labels as relevant with C4.5 than with CCj4.5 is now
enhanced. In contrast, CC4.5 performs significantly better than C4.5
as the base classifier of CLR in Micro Precision. Indeed, with noise
in the labels, C4.5 and CC4.5 have equivalent performance in BR
according to the Wilcoxon test in Macro Precision. Even so, it is
remarkable that, in this case, CC4.5 gets a notably higher number
of wins than C4.5. So, with noise in the labels, BR predicts much
fewer irrelevant labels as relevant with CCg4.5 than with C4.5.

- With a 10% of noise in the labels, CC4.5 significantly outperforms
C4.5 via the Wilcoxon test as the base classifier of BR in Micro Pre-
cision. In contrast, with this noise level, there are no statistically
significant differences between C4.5 and CCy4.5 in Macro F1.

Ranking-based measures: For all noise levels, CC4.5 performs signif-
icantly better than C4.5 as the base classifier of BR according to the
Wilcoxon test in all ranking-based metrics. In addition, the number
of wins of CC4.5 is far higher than the number of wins of C4.5 in all
ranking-based evaluation measures for all noise levels. Therefore, BR
predicts the posterior probabilities about the relevance of the labels for
the instances much better with CCj4.5 than with Cg.5.
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Calibrated Label Ranking:

Instance-based classification measures:

- Without noise in the labels, there are no statistically significant dif-

ferences via the Wilcoxon test between the results obtained by C4.5
and CC4.5 as the base classifiers of CLR in any of the instance-based
classification metrics considered.

However, even without noise in the labels, in Hamming Loss, CLR
obtains a better result with CC4.5 in seven datasets and with C4.5
in three datasets. Thereby, without label noise, for a given instance,
there is generally less difference between the set of labels associated
with an instance and the set of labels predicted as relevant for such
an instance with CCj4.5 as the base classifier of CLR than with C4.5.

When there is no noise in the labels, in Precision, the number of
wins of CCy4.5 is four over eight of C4.5. Hence, without noise in
the labels, with CC4.5 as the base classifier of CLR, more irrelevant
labels are predicted as relevant than with Cj.5.

With a 5% of noise in the labels, CLR performs better with CCy4.5
than with C4.5 in all instance-based classification evaluation mea-
sures. In Hamming Loss, Subset Accuracy, Accuracy, and F1, the
number of datasets in which CC4.5 performs better than C4.5 in
CLR is notably larger than the number of datasets in which C4.5
gets a better result. Furthermore, CC4.5 significantly outperforms
Cy.5 via the Wilcoxon test as the base classifier of CLR in Accuracy.
Therefore, with a 5% of label noise, CLR predicts the set of labels
associated with the instances much better using CC4.5 as the base
classifier rather than Cy.5.

The differences are more notable when there is a 10% of noise in
the labels. In fact, with this noise level, the results obtained by
CLR with CC4.5 are significantly better than the ones achieved
with Cg4.5 in all instance-based classification metrics according to
the Wilcoxon test, except for Recall. Indeed, the number of wins
of CC4.5 is far higher than the number of wins of C4.5 in all these
measures, even in Recall, where CLR obtains a better result with
CC4.5 in eight datasets and with Cg4.5 in three datasets. Thus, with
a 10% of label noise in the data, CLR predicts the sets of relevant
labels for the instances with CC4.5 as the base classifier much better
than with C4.5.

Label-based classification metrics:
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— As in instance-based classification metrics, when there is no noise
in the labels, the results obtained by C4.5 and CCj4.5 as the base clas-
sifiers of CLR are statistically equivalent according to the Wilcoxon
test in all label-based classification measures.

— Nevertheless, in the metrics corresponding to the harmonic means
between Precision and Recall (Micro and Macro F1), the perfor-
mance of CLR with CC4.5 is better than with C4.5, even though
we must remark that the differences are not statistically significant
via the Wilcoxon test for any of these measures.

- With a 5% of label noise, according to the Wilcoxon test, the differ-
ences between the results obtained by CLR with C4.5 and CC4.5 are
also not statistically significant for any of the label-based classifica-
tion metrics considered here.

- However, it is remarkable that, with a 5% of label noise, the re-
sults achieved by CLR using Cg4.5 as the base classifier in Micro
and Macro Recall are better than with CC4.5 (eight wins and three
losses in both metrics). Consequently, when there is a 5% of label
noise, with C4.5, CLR predicts more relevant labels as relevant than
with CCj4.5, although the differences are not statistically significant.

— With a 10% of label noise, the results are similar to the ones ob-
tained with a 5% of label noise. Nonetheless, according to the
Wilcoxon test, the performance of CLR with CC4.5 as the base clas-
sifier in the harmonic mean between Micro Precision and Micro
Recall, i.e. Micro F1, is significantly better than with C4.5. In con-
sequence, when there is a 10% of label noise, in harmonic means
between Precision and Recall averaged over all instance/label pairs,
CLR obtains much better performance with CC4.5 than with C4.5.

¢ Ranking-based measures:

— When there is no noise in the labels, the results obtained by C4.5
and CC4.5 in CLR are statistically equivalent according to the Wilcoxon
test in all the ranking-based metrics considered in this experimen-
tal analysis, similar to instance-based evaluation measures. We may
observe that, in all ranking-based metrics, the numbers of wins of
both base classifiers of CLR are similar, except for Ranking Loss. In
this metric, CLR performs better with CC4.5 in only three datasets
and with C4.5 in seven datasets. Thereby, without noise in the la-
bels, CLR reversely orders fewer pairs of relevant-irrelevant labels
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with C4.5 than with CCy4.5, even though, in this case, there are no
statistically significant differences.

- With a 5% of noise in the labels, according to the Wilcoxon test,
there are also no statistically significant differences between the re-
sults obtained by C4.5 and CC4.5 as the base classifiers of CLR
in any ranking-based evaluation metric. However, in all ranking-
based measures, the number of datasets in which CCg4.5 obtains a
better result than C4.5 as the base classifier of CLR is much higher
than the number of datasets where the contrary happens. Hence,
with a 5% of noise in the labels, CLR predicts the posterior proba-
bilities of the relevance of the labels for the instances far better with
CC4.5 than with Cy.5.

— The difference between the performance of CLR with CC4.5 and
C4.5 in ranking-based metrics is even more notable with a 10% of
label noise. Indeed, CC4.5 significantly outperforms C4.5 via the
Wilcoxon test as the base classifier of CLR in all the ranking-based
metrics considered in this experimentation, except for Coverage,
which measures the number of steps, on average, that are required
to go down the label ranking for covering all labels associated with
an instance. Even so, in this evaluation metric, CC4.5 gets eight
wins and three losses. In this way, when there is a 10% of label
noise, the posterior probabilities of the relevance of the labels for
the instances predicted by CLR employing CC4.5 as the base classi-
fier are far more suitable than using Cy.5.

Summary of the results: The following issues summarize the results ob-
tained in this experimental analysis:

¢ When there is no noise in the labels, both BR and CLR perform better
using CC4.5 as the base classifier than with C4.5. Actually, in both MLC
algorithms, the number of wins of CC4.5 is higher than the number of
wins of C4.5 in most of the evaluation metrics. Furthermore, in BR, in
some evaluation metrics, CC4.5 significantly outperforms C4.5 via the
Wilcoxon test. This happens because the intrinsic label noise in MLC
is probably higher than in traditional classification and CC4.5 is more
robust to class noise than C4.5.

o As the level of label noise is higher, there are more datasets where
CC34.5 achieves a better result than C4.5 and more evaluation measures
in which, according to the Wilcoxon test, CLR obtains significantly bet-



ter performance using CCg4.5 than with C4.5. So, the improvement of
CC4.5 over C4.5 as the base classifier of BR and CLR is more notable as
there is more noise in the labels. We already know the reason: Cg4.5 is
more sensitive to class noise than CC4.5 and, thus, BR and CLR are more
robust to label noise with CC4.5 than with Cy.5.

We appreciate that, in BR, C4.5 performs better than CC4.5 in the metrics
corresponding to Recall whereas CC4.5 outperforms C4.5 in the metrics
associated with Precision. This means that BR predicts more relevant la-
bels as relevant with C4.5 as the base classifier than with CCy.5, but BR
predicts fewer irrelevant labels as relevant with the latter base classifier
than with the former. It occurs since, as commented before, the binary
classification problems in BR tend to suffer from a class-imbalance prob-
lem, and CCj4.5 stops branching the tree before C4.5. Consequently, in
many cases, with CCy.5, some parts of the tree in which a label is cor-
rectly predicted as relevant with C4.5 are not reached. However, in such
parts, the label noise may have a negative influence. The results ob-
tained in F1 metrics let us deduce that the trade-off between correctly
predicting relevant labels and not predicting irrelevant labels as relevant
is better for CCy.5, especially when there is noise in the labels.

The improvement is especially notable in instance-based and ranking-
based evaluation metrics. It is because the proportion of instances with
an error in at least one label is probably far higher than the proportion
of instances that have an error in a specific label.

1.3 Multi-Label Credal Decision Tree

The adaptation of Decision Trees for MLC proposed here, called the Multi-
Label Credal Decision Tree (ML-CDT), principally differ from the adaptation
proposed so far, described in Section 6.6, in the split criterion and in the cri-
terion used to predict the posterior probabilities about the relevance of the
labels for the instances at leaf nodes.

Let D be the subset of the training set corresponding to a certain node and
N? the total number of instances in D. Let n? (y5) (n® (Uj)) denote the num-
ber of instances in D for which yj is relevant (irrelevant), Vj =1,2,...,nr.
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For each label y;, we have the following A-NPI-M probability interval on y;
associated with D:

D D
D n-(y;) —1 . (7 (y;) +1 .
Ianer(Y;) = [max <N]®,O>,mm <N)D,1 , Yi=1,2,...,nL.

(11.1)
This probability interval leads to the following credal set on y; on D:

P (Rnri(9) = {p € Plws) 1p(wy) € Rupilyy) ), (112)

where P(y;) denotes the set of all probability distributions on y; and p(y;) is
the probability that y; is relevant according to the probability distribution p.

As we know, the maximum entropy is a well-established uncertainty mea-
sure on credal sets as it satisfies the essential mathematical properties. Hence,
ML-CDT considers the maximum entropy on P (I¥np1(yj)):

s* (7 (Rrilv))) = opax S(P), (113)

S(p) being the Shannon entropy of the probability distribution p.

Computing S* (P (I”(y;))) is direct. Indeed, applying Algorithm 14, we
obtain that the probability distribution that gives rise to the maximum entropy
on P (I”(y;)), p;°, is given by:

3 if [n®(y;) —n®(@5)] <2

52 (y;) = nPy)-1 e nD (T + 2

Pj yj) = ND if n (U]) (Uj) + (11.4)
D(yu:
MWL i n®(gh) > nP(y;) + 2

The basis of the split criterion of ML-CDT is the maximum entropy on the
entire label set Y, which is determined by the sums of the maximum entropies
on the A-NPI-M credal sets on the labels:

= i S* <? (I£NPI(Uj)>) . (11.5)
j=1

For the split criterion, ML-CDT considers the gain of information of the label
set assuming that the entropy of the label set is computed via the sum of the
maximum entropies on the A-NPI-M credal sets on the labels. Formally, for
an attribute X' whose possible values are {x%,xiz,. . .,x}[i}, the split criterion
of ML-CDT is defined in the following way:

(i) Z PP (X ST (YIXE=x1), (11.6)

ri=1
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where PP (Xt = x}i) is the probability that X' = xiri in D, estimated through
relative frequencies, and $* (Y | X' =xi.) is the maximum entropy on Y on
the subset of D composed of those instances for which X' = xt , computed via
Equation (11.5), Vri=1,2,...,t, i=12,...,d.

For classifying an instance at a leaf node, ML-CDT predicts the posterior
probability about the relevance of a label at that leaf node through the prob-
ability distribution that reaches the maximum entropy on the corresponding
A-NPI-M credal set on such a label. A label is predicted as relevant at that leaf
node if, and only if, its predicted posterior probability is greater or equal than
0.5. Formally, let £ be a leaf node and N* the total number of instances in
L. For each label yj, let n* (yj5) (n* (Yj)) denote the number of instances in £
for which yj is relevant (irrelevant). Let us consider the A-NPI-M probability
interval on y; on £:

L) L.
Conerly) = |max (2= 0 ) min (I ) [ i)

The following credal set is associated with this interval:

P (Knri(y) = {p € Plus) 1p(wy) € npily) ). (119)

Let ﬁf (yj) be the probability distribution of maximum entropy on
P (I5np1(yj))- It can be directly computed by means of Algorithm 14, and is
determined as follows:

. if n“(y;) —nt(yy)| <2

N Lly;)—1 . . _

pEy;) =4 MWL ir nf(y;) > nf(gy) +2 (11.9)
L j . _
%L)H if  n®(yj) >n“(y;) +2

The set of labels predicted as relevant by ML-CDT at £ is composed of those
labels for which the predicted posterior probability is greater or equal than 0.5:

hi_coT = {Uj, 1<j<ne | pf(y;) > 0.5}. (11.10)

Algorithm 22 summarizes the building procedure of a ML-CDT.

In order to classify an instance with ML-CDT, a path from the root node to
a leaf one is made by using the attribute values of the instance. The predicted
label set for the instance is the one assigned to such a terminal node. The
same occurs with the predicted posterior probabilities about the relevance of
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Algorithm 22: Procedure to build a Multi-Label Credal Decision Tree.

Procedure Build_ML-CDT(Node N)
Let D be the dataset associated with N
if there are more attributes to insert then
Select X! the attribute that reaches the maximum value of
1IGP(y, x4
for x| possible value of X' do
Make a node N, child of N
L Build_ML-CDT(N,)

else
Make N a leaf node

forj =1tony do
f?\\rAL_CDT(UJ') = f’f (y),
where f)f (yj) is determined by Equation (11.9)
Assign a label set h?\\f/lL_CDT to N, computed through Equation
(11.10)

Algorithm 23: Procedure to classify an instance with ML-CDT.

Procedure Classify_ ML-CDT(ML-CDT 7, instance with attribute vector

x=(x},, %%, ..., x3))

1. Follow a path in T from the root node to a leaf one £ using the
attribute values x} ,xZ,,...,xg .

2. forj =1tong do

L fME-CPT (%, y5) = iy cpr(ys)

3. Assign the predicted label set at £, hﬁALCDT, to hME-CDT (),




the labels for such an instance. Algorithm 23 summarizes the procedure to
classify an instance via ML-CDT.

For handling continuous attributes, similar to ML-DT, ML-CDT considers
binary splits and selects the split point that produces the maximum IIG value.
Concerning missing values, when an instance has a missing value for an at-
tribute, it can go down each branch hanging from the corresponding node
with a weight equal to the proportion of instances at such a branch, as in ML-
DT. Similar to ML-DT, ML-CDT can utilize pruning processes by considering
the number of errors in all labels.

11.3.1 Differences between Multi-Label Decision Tree and Multi-Label Credal
Decision Tree

We remark below the main differences between the behavior of ML-DT and
ML-CDT.

Size of the dataset: It is easy to observe that the intervals I%Npl(yj),
determined through Equation (11.1), are narrower as the number of in-
stances in the dataset, NP, is higher. In consequence, as NP is higher,
the corresponding credal set, computed via Equation (11.2), has fewer
probability distributions far from the one associated with relative fre-
quencies. Hence, at the upper levels of the tree, where the number of
instances tends to be pretty large, IG and IIG, defined in Equations (6.53)
and (11.6), respectively, may provide similar values and, thus, ML-DT
and ML-CDT might have similar behavior. In contrast, at the lower lev-
els of the tree, where there are often very few instances, the associated
credal sets may contain many probability distributions far from the ones
estimated through relative frequencies. So, in these cases, IG and IIG
might not give similar values since S(Y) and S*(Y) are probably quite
different. In this way, ML-DT and ML-CDT behave similarly at the up-
per levels of the tree but their behavior might be quite different at the
lower levels. The same happens with classical Decision Trees and Credal
Decision Trees for traditional classification, as argued in Section 4.6.3.

Stop criterion: For an attribute X! that takes values in {xi],xiz, ... ,xii},
the value of IIG(Y,X") can be negative, unlike IG(Y,X"). The reason
is that, according to the results proved in [5], the imprecise information
gain for alabel yj, S* (P (1P (y5))) — X1 PP(XP=xE )S* (Y| Xt =xi),

Ti:]
can be negative, unlike the information gain SP(Y) — Y ' _, PP(X =

Ti:]

xiﬁ)SD(H | Xt = xiri). Therefore, ML-CDT avoids selecting attributes
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that worsen the uncertainty-based information about the label set. In
consequence, overfitting in ML-CDT is probably lower than in ML-DT
because ML-CDT may stop branching the tree before ML-DT.

Predictions at leaf nodes: We may note that ML-DT predicts a label y;
as relevant at a leaf node £ if, and only if, n* (yj) = n® (U5), n*(y ;) and
n* (Uj) being the number of instances in £ for which y; is relevant and
irrelevant, respectively. Nonetheless, ML-CDT predicts y; as relevant at
L o n* (yj) +2 > n* (yj). Thus, ML-CDT is more flexible than ML-
DT for predicting a label as relevant at a leaf node. It is suitable for
alleviating the class-imbalance problem that usually appears in MLC.

Regarding the predicted posterior probabilities about the relevance of
the labels for the instances, ML-DT predicts the ones associated with rel-
ative frequencies, while ML-CDT predicts the probability distributions
that yield the maximum entropies on the corresponding credal sets. Con-
sequently, according to the examples shown below, the posterior proba-
bilities predicted by ML-CDT might be less sensitive to label noise than
the posterior probabilities predicted by ML-DT.

Noise in the labels: We show with an example below that, for a certain
label, the Shannon entropy may be more sensitive to noise in that label
than the maximum entropy on the corresponding credal set:

Proposition 11.3.1 Suppose that there is a dataset D with NP instances. Let
nP(y ;) denote the number of instances in D that have associated y; and n? (Y5)
the number of instances in D for which y; is irrelevant. Let us assume that
n? (Uj) > n? (yj) + 3 and n? (yj) > 2. Let Dyois be a dataset derived from
D by chaining the value of y; for an instance from irrelevant to relevant. With
these assumptions, it holds that

§Pnots (y;) — SP(y;) > S* (iP (Izﬁ’éﬁ (yj))) -3 <fP (I/?NPI(yi))> ’

where P (1Xp1(Y;)) (ﬂ’ (Igﬁffl (yj ))) is the A-NPI-M credal set on y; cor-
responding to D (D ois), determined by Equation (11.2).

Proof: We have that:

nPly) . nPy) nPEy),  nPy)
, nD(?)—l nD(@)—] nD(y-)—H nD(y-)—H
§Pnots (Uj) == N):D log, N]D - N]D log, N)CD :
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Hence,

D7) —
57t ) — $™ () = "0 L log (n® (35) — 1)

ND
Dy, D
n(ﬁ)@)Hlogz(nD(yj)H) N(gl)logz( 1)(J))+“]\](}jl)1ogz(n®(1_4j))+
D
log]z\l(gl)x n®(?j)—1+n9(yj)+1—n'D(yfj)—n%gj)] -
—(ﬂD(?j)—1)10gz(nD(?j)—1)—(TlD(yj)+1)10g2(ﬂD(yj)+U+
ND
n” (gj) log, (n™ (g)) + n” (y;) log, (n™ (y;)) '

ND

Now, we may note that the probability distribution that reaches the max-

imum entropy on fP( ANPI(yJ)) is given by f)]p(yj) = ﬂ(yijj)“. Like-

N

wise, it is easy to check that the probability distribution of maximum
Dy

entropy on P <IA1’Q°];SI (yj )) is determined by f)?“"is (y;) = n g%HZ.

Consequently,

s (P (s (v)) =57 (2 (Rnpilyy) ) =
~(n () — 2) log, (n”(55) ~ 2) — (n”(yj) + 2) log, (n”(y;) +2)
ND
(02 (55) — 1) log, (0 (55) — 1) + (0 (y;) + 1) log, (n”(y;) + 1)
NP '

Therefore,

oty 5714) 55 (5 (Bt ) -5 (¢ () =

)
— (P (@) — 1 log,n®(G5) — 1) — (P (y;) + 1) log, (nP (y;) + 1)+
(Uj)logz( ( ))+nD(U))10g2(nD(U]))
— (P (g;) —2)log, (n® (T5) —2) — (D(y1)+2)log2( (yj) +2)+

(n”(g5) = D log, (n™ (g5) = 1) + (™ (y;) + 1) log, (n” (y;) +1) &
n® (g7) log, (n” (75)) + n” (y;) log, (n™ (y;))+

(n®(g5) —2) log, (n™ (1) — 2) + (n” (y;) + 2) log, (" (y;) +2) >
2(n® (g7) — N log, (n® (g5) — 1) + 2(n” (y;) + 1) log, (n” (y;) + 1)
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As the logarithm function is convex, it holds that:

n® (g3) log, (n™ (17)) + (™ (y5) — 2) log, (n® (y5) —2) >
2(n” (y3) — 1) log, (n™ (g5) — 1),
(P (y;) +2)log,(n” (y;) +2) +n” (y;) log, (n® (y;)) >
2(n®(y;) + N log, (P (y;) + 1),

and it is quite easy to check that our thesis holds.
O

Remark that the main difference between the split criteria of ML-CDT
and ML-DT is that the former is based on the maximum entropies on
the A-NPI-M credal sets corresponding to the labels, whereas the latter
is based on the Shannon entropy of each label. Hence, the previous
proposition lets us deduce that, when noise is introduced in a dataset by
changing the value of a label for an instance, the split criterion used in
ML-CDT may be less sensitive to such a change than the one employed
in ML-DT. We show below an example of this point, which is very based
on the one given in [150].

Example 11.3.1 Let D be a dataset of NP = 15 instances. Suppose that a label
yj is irrelevant for 5 instances and that the other 10 instances have associated
yj. Let n? (yj;) and n? (Uj) denote the number of instances in D for which y;
is relevant and irrelevant, respectively. Let X1 and X? be two binary attributes.
Let us assume the following arrangement for each one of the possible values of
the attributes:

X' =0— (nP(y;) =4,nP(7y5) =5),
X'=1- nP(y;) =6n"(y;) =0),
X2 =0—- (nP(y;) =1,n"(15) =5),
X2 =1- mP(g5) =9, ) =0).

We have that:

10 10 5 5
$P(y;) = —15 108, <15> — 15 108, (15> —=0.918,

4 4
SP(y; IX =0) = —glog, <9> - glog2 <Z> =0991, SP(y;Ix'=1)=0,
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= 0.918 — 0.991 x 0.6 = 0.3237.

Regarding X?:
1 1 5 5
D(yj | X2 =0)= —glog2 <6> — glog2 (6) = 0.65, Sg(yj X2 =1)=0,

—PP(X2=1)SP(y; IX2=1)
=0.918 — 0.65 x 0.4 = 0.6583.

Let P (I%Npl(y,-)) denote the A-NPI-M credal set on y; associated with D,
computed by means of Equation (11.2). It holds that:

s (rp (IBQNPI(yj))) —0.971,

s* (? (IENPI(%) B :o)) —1, s (? (1£Np1(y]-) X! = 1)) — 0.65,

IIGD(U]’/X1) =S* (ﬂ’ (I%)NPI(Uj)))
—PP(X' =0)s* (fP (I/?NPI(UJ') | X! = 0))

—PO(X! = 1)5* (fP (I;QNPI(yJ—) X! = 1))
— 0971 —0.6—0.26 x 04 = 0.111.

For X2:

s (?(IANPI yi) [X2 =0 ):0.65,

)
s (?(IENPI )| X2 _1))20.5033.
)

1GP (y;,X?) =$* ( (IANPI Yj )
— PP (X2 =0)S* (CP (IANPI(UJ') | X? = O))

—PP(X2 =1)S* (9» (IQNPI(%) | X2 = 1))
= 0.971 — 0.4 x 0.65 — 0.5033 x 0.6 = 0.409.
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As IGD(yj,X]) < IGD(yj,Xz) and IIGﬂ(yj,X]) < IIGD(yj,XZ), if we only
had the label y;, the attribute X2 would be selected to branch the tree in both

ML-DT and ML-CDT.

Suppose that noise is introduced in the dataset by changing the value of y; for
an instance that verifies that X1 = 0 and X? = 1 from relevant to irrelevant. In

this noisy dataset, Dy o1, the instances are arranged as follows:

X' =0 (nProts(y;) = 3,nrets (5) = 6),
X! =1 (nPren(y;) = 6,07 (g5) = 0),
X2 =0 = (nPree(y;) = 1,0t (G) = 5),
Xa =1 = (nPreie(y;) = 8, nPrete(g) = 1),

where nProis (yj) (nDnois (yﬁ-)) denotes the number of instances in Dy ois for

which y; is relevant (irrelevant).

Let P (I%“\]"]?I (y]-)) denote the A-NPI-M credal set on yj corresponding to
Dnois, computed by means of Equation (11.2). Values of 1G and 11G in this

noisy dataset:

9 9 6 6
Dhois ) = — J— - R —
S (y;) ]510g2<]5> 1510g2<]5) 0.971,
3 3 6 6
Drois : 1 = = —— — | — = — =
S (y; [ X" =0) 5 log, <9> 9 log, <9> 0.9183,

§Prots(y; X1 =1) =0,

1GPrnets (5, X1) = §Pnois (y5) — PPrnois (X! = 0)§Pnois (y; | X =0)
_ Pgnois (X] — ])SDnois (y) | ><.I — ‘l)
=0.971—-0.9183 x 0.6 = 0.42.

1 1 5 5
Drois . 2 — g — —_ = — —
S (y; I X 0) c log, (6) ¢ log, <6> 0.65,
§Pmois(y; | X2 =1) = —g log, <2) — élogz <;) = 0.5033,
I1GDnois (yj,Xz) — §Dnois (y].) _ PDnois(Xz — O)SDnois (y]. | X2 = 0)

— PProis (X2 = 1)§neis y; | X2 =1)
=0.971 —0.65 x 0.4 — 0.5033 x 0.6 = 0.409.
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s* (7 (R lvy)) ) = 0.9968,
s* (7 (s lvs |1 X' =0))) = 09911, 5* (P (R lus | X' =1))) =065,

G Prets (y;, X') = §* (fp (Ifiﬁ"ﬁ% (‘J])»
— PProts (X! = 0)$* (T (Iiﬁ"fﬁ (yy I X' = 0)))

— PP (X1 = 18" (P (TR (v [ X' = 1))
= 0.9968 — 0.6 x 0.9911 —0.65 x 0.4 = 0.1421.

s* (7 (R lus | X2 =0)) ) =065,
s* (7 (R lyy | X2 = 1)) ) = 05033,

G Prets (yj, X?) = §* (‘J’ (If&‘ﬁ (UJ)»
— PP (X2 = 0)8* (P (IRRe8y v [ X2 = 0)))

— PPneis (X2 = 18" (P (TR (v [ X2 = 1))
= 0.9968 — 0.4 x 0.65 —0.5033 x 0.6 = 0.4055.

In this noisy dataset, it holds that IGProis (y)-,XZ) < IGPrnois (y]-,X1) and
I1GProis (y;, X)) < 11GPnois (y;,X2). Thereby, in ML-DT, the attribute X'
is now selected for splitting the dataset (assuming that y; is the only label).
Nevertheless, in ML-CDT, the selected split attribute is X2, as with the clean
dataset.

Hence, in the previous example, IIG is not affected by the noise in the
label y;, unlike IG. It illustrates the fact that the split criterion employed
in ML-CDT is probably less sensitive to label noise than the one used
in ML-DT. Therefore, it can be deduced that ML-CDT might be more
robust to label noise than ML-DT since the main difference between both
algorithms resides in the split criterion.

In summary, ML-CDT may be less sensitive to label noise than ML-DT.
Moreover, we must take into account that the intrinsic label noise in MLC
might be higher than in traditional classification, as argued in Section 11.2.3.
For this reason, it is expected that ML-CDT performs better than ML-DT. This
issue is checked with an experimental analysis carried out in Section 11.3.2.
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11.3.2 Experiments

In this experimental study, we aim to compare the performance of the exist-
ing ML-DT and our proposed ML-CDT.

11.3.2.1 Experimental settings

o Datasets: For our experimentation, we have employed the datasets used

in the experimental analysis of the previous section, except for ‘deli-
cious’. We have not used this dataset because it requires a very high
computational cost due to its high number of labels and instances. Ta-
ble 11.1 shows the main characteristics of these datasets: number of in-
stances, number of continuous and discrete attributes, number of labels,
label cardinality, label density, and MLC domain.

Algorithms: Two MLC algorithms are compared in our experimental
study: ML-CDT and ML-DT.3

Evaluation metrics: In accordance with the extensive experimental anal-
ysis with MLC methods carried out in [144], sixteen evaluation metrics
have been employed in this experimentation: Six are based on instance-
classification: Hamming Loss, Subset Accuracy, Accuracy, Precision, Re-
call, and F1; six label-based classification evaluation measures have been
employed: Micro Precision, Macro Precision, Micro Recall, Macro Recall,
Micro F1, and Macro Fi1; the other four evaluation metrics are based on
ranking: Coverage, One Error, Ranking Loss, and Average Precision. We
detailed all these metrics in Section 6.3.

Procedure: Three noise levels have been considered in this experimental
study: 0%, 5%, and 10%. For each algorithm, dataset, and noise level, the
following cross-validation procedure has been carried out: the dataset is
divided into five partitions, and, for each one of them, an iteration has
been done. In it, the corresponding partition is utilized for testing, and
the rest of the data for training. For each label, the x% of the training
instances (x being the noise level) are chosen, and the value of their label
is changed (if the label is irrelevant it is changed to relevant and vice-

3 In this experimentation, a version of the ML-CDT algorithm that uses uncertainty measures
on IDM credal sets has not been considered because the IDM has a strong dependence on a
parameter. In fact, with the standard value of the IDM parameter, the obtained results are poor.



versa)t. The MLC model is learned with the noisy training set, and the
evaluation measures are extracted via the test set. The same partitions
have been employed for ML-DT and ML-CDT in all datasets.

Software: We have implemented both algorithms in Mulan. For this pur-
pose, we have used some of the structures provided in Weka. We have
used part of the functionality available in Mulan to create the partitions
of cross-validation. In order to generate the label noise, we have utilized
the Weka filters.

Statistical evaluation: For each evaluation metric and noise level consid-
ered here, we have two algorithms to compare: ML-DT and ML-CDT. In
this way, consistently the indications given in [49, 75] for statistical com-
parisons between two methods, the Wilcoxon test has been used with
a level of significance of & = 0.05 to check which algorithm performs
better and whether the differences are statistically significant.

11.3.2.2 Results and discussion

Table 11.4 shows a summary of the results obtained by ML-DT and ML-CDT
for each metric and noise level. Specifically, for each metric and noise level,
it shows which method performs better according to the Wilcoxon test and
whether the differences are statistically significant. Also, Table 11.4 lets us see,
for each metric and noise level, in how many datasets an algorithm achieves a
better result than the other one.

We must express the following comments about these results for each type
of evaluation measure:

Instance-based classification metrics:

ML-CDT significantly outperforms ML-DT through the Wilcoxon test
in Hamming Loss for all noise levels. In addition, for the three noise
levels, the number of datasets in which ML-CDT achieves a better result
than ML-DT in Hamming Loss is far higher than the number of datasets
where the contrary happens. Consequently, there are fewer pairs of label-
instance erroneously classified with ML-CDT than with ML-DT.

4 We have not considered noise levels higher than 10% because the noise is introduced in each
label and, thus, a higher noise level would imply a very considerable amount of noise in the
data.
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Table 11.4: Summary of the results obtained by ML-DT and ML-CDT for each evalu-
ation metric and label noise level. () indicates that the algorithm of the
column performs significantly better than the other one according to the
Wilcoxon test. (-) means that the classifier of the column performs better
than the other one but the results are statistically equivalent.

Noise level Metric ML-DT | ML-CDT | Wins ML-DT | Wins ML-CDT
Hamming Loss (*) 0 12
Subset Accuracy ) 2 9
Accuracy ) 5 7
Precision -) 2 10
Recall () 11 1
F1 ¢ 5 7
Micro Precision () 0 12
0% Macro Precision -) 5 7
Noise Micro Recall () 11 1
Macro Recall () 10 2
Micro F1 ) 5 7
Macro F1 -) 4 8
Coverage () 1 11
Ranking Loss () 1 11
Average Precision -) 3 9
One Error (-) 3 9
Hamming Loss () 0 12
Subset Accuracy () 2 9
Accuracy -) 3 9
Precision () 1 11
Recall (*) 10 2
F1 &) 3
Micro Precision () 1 10
5% Macro Precision ) 2 10
Noise Micro Recall () 12 0
Macro Recall (*) 12 0
Micro F1 ) 3 9
Macro F1 ) 7 5
Coverage () 2 10
Ranking Loss () 2 10
Average Precision (-) 3 9
One Error ) 3 9
Hamming Loss () 0 12
Subset Accuracy () 0 11
Accuracy (*) 2 10
Precision () 1 11
Recall (*) 11 1
F1 () 2 10
Micro Precision () 1 11
10% Macro Precision (*) 1 11
Noise Micro Recall (*) 11 1
Macro Recall () 11 1
Micro F1 () 2 10
Macro F1 -) 6 6
Coverage (*) 2 10
Ranking Loss (*) 2 10
Average Precision -) 4 8
One Error ) 4 8
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The results obtained in Recall (Wilcoxon test and number of wins of each
algorithm for each noise level) allows deducing that ML-DT predicts
more relevant labels as relevant than ML-CDT.

When there is no noise in the labels, the results obtained by ML-DT and
ML-CDT in the rest of the instance-based classification metrics are statis-
tically equivalent according to the Wilcoxon test. However, the number
of wins of ML-CDT in Precision and Subset Accuracy is considerably
higher than the wins of ML-DT in these metrics. Hence, ML-CDT pre-
dicts fewer irrelevant labels as relevant than ML-DT (Precision), and the
former algorithm correctly predicts the entire set of relevant labels for
more instances than the latter (Subset Accuracy).

With a 5% of label noise, ML-CDT performs significantly better than ML-
DT in Precision and Subset Accuracy according to the Wilcoxon test. The
results obtained by ML-DT and ML-CDT in F1 (harmonic mean between
Precision and Recall) and Accuracy, which measures how an algorithm
predicts the label sets for the instances in general, are statistically equiv-
alent according to the Wilcoxon test. Nevertheless, in these metrics, the
number of wins of ML-CDT is notably higher than the number of wins
of ML-DT (9 versus 3 in both metrics).

When there is a 10% of noise in the labels, ML-CDT obtains significantly
better performance than ML-DT in all instance-based classification met-
rics, except for Recall. In this measure, the results are significantly better
for ML-DT according to the Wilcoxon test.

Label-based classification measures:

For all noise levels, according to the Wilcoxon test, ML-CDT obtains
significantly better results than ML-DT in the Precision averaged over-
all pairs of label-instance (Micro Precision). In contrast, ML-DT always
significantly outperforms ML-CDT via the Wilcoxon test in the Recall av-
eraged over all labels (Macro Recall) and in the Recall averaged overall
pairs of label-instance (Micro Recall).

When there is no noise in the labels, the results obtained by ML-DT and
ML-CDT in the remaining label-based classification metrics are statisti-
cally equivalent according to the Wilcoxon test.

The results are similar when there is a 5% of noise in the labels. However,
we should remark that, in Macro Precision, which is the Precision aver-
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aged overall labels, ML-CDT achieves a better result than ML-DT in ten
datasets, whereas ML-DT outperforms ML-CDT in only two datasets.

With a 10% of label noise, ML-CDT obtains significantly better results
than ML-DT according to the Wilcoxon test in Macro Precision. Also,
ML-CDT significantly outperforms ML-DT via the Wilcoxon test in terms
of the harmonic mean between Micro Precision and Micro Recall (Micro
F1). The results obtained by ML-DT and ML-CDT in Macro F1, the har-
monic mean between Precision and Recall averaged overall labels, are
statistically equivalent according to the Wilcoxon test, as happens with
0% and 5% of noise.

Ranking-based metrics:

In general, the results obtained by ML-CDT in the ranking-based metrics
are better than the ones obtained by ML-DT. This issue can be appreci-
ated in the number of datasets in which an algorithm outperforms the
other and the results of the Wilcoxon tests. In consequence, ML-CDT
generally predicts the posterior probabilities about the relevance of the
labels for the instances better than ML-DT.

Specifically, according to the Wilcoxon test, ML-CDT performs signifi-
cantly better than ML-DT in Coverage, which indicates the average num-
ber of steps that are necessary to go down the predicted label ranking
for covering all relevant labels for an instance, and in Ranking Loss (the
average number of pairs of relevant/irrelevant labels reversely ordered).

For all label noise levels, in the other two ranking-based evaluation
measures, the results obtained by ML-DT and ML-CDT are statistically
equivalent according to the Wilcoxon test. Nonetheless, in both mea-
sures, the number of wins of ML-CDT is notably higher than the number
of wins of ML-DT for all noise levels.

Summary of the results: We can summarize the results obtained in this
experimentation in the following points:

Due to the results obtained in Accuracy, Hamming Loss, and Subset Ac-
curacy, we can state that ML-CDT generally predicts the sets of relevant
labels for the instances better than ML-DT. This issue is enhanced as the
noise in the labels is higher. The reasons are that, as argued in Section
11.2.3, the intrinsic label noise in MLC may be higher than in traditional



classification, and ML-CDT is probably more robust to label noise than
ML-DT, as shown in Section 11.3.1.

ML-DT always performs significantly better than ML-CDT in the metrics
associated with Recall. It means that ML-DT predicts more relevant la-
bels as relevant than ML-CDT. In contrast, ML-CDT predicts fewer irrel-
evant labels as relevant than ML-DT due to the better results in the mea-
sures corresponding to Precision. The performance of both algorithms in
the metrics associated with F1 (harmonic mean between Precision and
Recall) is statistically equivalent without noise. However, when there
is noise in the labels, the results are more favorable to ML-CDT. These
facts happen because, in MLC, there are normally very few instances that
have associated a certain label, and ML-CDT might stop branching the
tree before ML-DT. Thus, in many cases, ML-CDT does not reach parts
of the tree where relevant labels are correctly predicted. Nevertheless,
in these parts of the tree, the noise has a quite negative influence, and,
there, irrelevant labels are sometimes erroneously predicted as relevant.
Since ML-CDT might be more appropriate than ML-DT for handling
label noise, as the label noise is higher, the harmonic means between
Precision and Recall are more favorable to ML-CDT.

For all noise levels, ML-CDT predicts more suitable posterior probabili-
ties about the relevance of the labels for the instances than ML-DT. This
occurs because the noise has a negative influence on the label rankings
predicted by the adaptations of Decision Trees for MLC, and the building
process of ML-CDT may be more robust to label noise than the building
process of ML-DT. Moreover, the posterior probabilities predicted by ML-
CDT at a leaf node are the ones that attain the maximum entropy on the
A-NPI-M credal sets on such a leaf node, while the posterior probabili-
ties predicted by ML-DT are the ones estimated by relative frequencies at
the terminal node. Hence, the predicted posterior probabilities are less
sensitive to label noise in the case of ML-CDT. In addition, at leaf nodes,
there are often very few instances. Thus, at leaf nodes, the difference
between the behavior of ML-DT and ML-CDT is even more notable.

Therefore, it can be stated that, as expected, ML-CDT performs better
than ML-DT, the improvement being more notable as there is more noise
in the labels.
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1.4 Lazy Multi-Label Classification methods based
on imprecise probabilities

11.4.1 Multi-Label Credal Nearest Neighbors

The Multi-Label Nearest Neighbors algorithm (ML-Credal-NN), presented
in this section, uses a Maximum a Posteriori principle (MAP) to predict the
label set associated with an instance that is required to be classified. Similar
to ML-NN, ML-Credal-NN is a lazy approach to MLC that does not use any
training phase.

Let num_neighbors be the number of neighbors considered and x the at-
tribute vector of an instance to classify. ML-Credal-NN, as ML-NN, computes
the num_neighbors-nearest neighbors of the instance by using a distance
function on the attribute space. For each label y;, with T <j < ng, let Xj(x)
denote the number of neighbors of the instance (among the num_neighbors-
nearest ones) for which yj; is relevant. ML-Credal-NN mainly differs from ML-
NN in the estimation of the prior probability that y; is relevant (irrelevant) for
the instance, namely PML—CNN (yj) (PML—CNN (Uj)), and the posterior proba-
bility that the instance has X;(x) neighbors that have associated y; conditioned
on y;j is relevant (irrelevant) for the instance, namely pML—CNN (K5 (x) | y5)
(PML-CNN (56, (x) | ).

With regard to the prior probabilities, ML-Credal-NN considers, for each
label y;, with T <j < ng, the A-NPI-M probability interval on the training set:

. ) —1 T
NPt (y;) = [max <ntr(]3]]),0> , min (WJ)] , (11.11)
T

tr

where Ny, is the total number of instances in the training set and ni,(y;) is
the number of training instances for which y; is relevant.

The following credal set corresponds to this interval:

P (y5) = {p € Py;) | ply;) € INGB(v;)}, (11.12)

P(yj) being the set of all probability distributions ony;, Vj=1,2,...,ny.
Uncertainty measures can be applied to the credal set PY&UY(y;). As we
know, the maximum entropy is a suitable uncertainty measure on credal sets
since it satisfies the crucial properties. For this reason, the prior probability
estimated by ML-Credal-NN that y; is relevant for x, pML—CNN (yj), is the
one that attains the maximum entropy on Py &Y (y;). Let ni»(yj) denote the
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number of training instances for which yj; is irrelevant. If we apply Algorithm

14, we may deduce that pME=CNN(y,) is determined as follows:
% if ‘ntr(yj) _ntr(?j)‘ < 2
A T i)—1 : —
PML-CNN(yy ) Bt ey s () 42 (11.13)
ntr(y]’)+1

WL i g (g7) > neely;) +2

For eachj =1,2,...,n, let ;(k;) denote the number of training instances
for which y; is relevant and have k; neighbors that have associated y;, and
6].’ (kj) the number of training instances that have no associated y; and have k;
neighbors for which y; is relevant, Vk; =0,1,...,num_neighbors. For the
estimation of the posterior probabilities, ML-Credal-NN considers the follow-

ing A-NPI-M credal sets on {0, 1,..., num_neighbors}:

num_neighbors

PaNpr =P Z p(kj):]/ll]q <P(kj)<ul1<jr
k;=0
Vk; =0, 1,...,num_neighbors} ,
(11.14)
- num_neighbors
Panpr =4 P > plky) =1, 1§, <plky) <ug,
k;=0
Vkj =0,1,...,num_neighbors},
5 (k;) 55 (%k4) 55 () +1
where l]](j = max (J—m O) li). = max (Jntr(—y]) O) u]L] = min (JT]), 1)
uﬁj = min (iikzi‘:)],o, Vk; =0,1,...,num_neighbors, j=1,2,...,n
T )
Again, ML-Credal-NN considers the probability distributions that attain
the maximum entropies on PY Anp; and P Anp1- denoted by P AML CNN and

pMETCNN respectively. They can be obtained through Algonthm 14, our pro-

posed procedure to obtain the probability distribution of maximum entropy
on an A-NPI-M credal set. In this way, ML-Credal-NN estimates

pML— CNN( ( ) |y)) and PML— CNN( ( ) Iy])by means OprL CNN and
pML—CNN respectlvely. Therefore, the set of labels predicted by ML-Credal—

NN as relevant for the instance is given by:

hML CNN {y] | AML— CNN(y))ﬁZ]\ALfCNN (:KJ(X)) >

(1—pML- CNN(UJ))f)ML NN (5,(x)), 1<j<ni}. (11.15)
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The posterior probability predicted by ML-Credal-NN about the relevance
of y; for the instance is determined as follows:

FML=CNN (3 1)) —

ﬁML CNN(y )ﬁ%\/ll_ CNN (K](X))
T e e TR CTON
11.16

11.4.2 Binary Relevance Credal Nearest Neighbors

The Binary Relevance Credal Nearest Neighbors method, (BR-Credal-NN),
proposed here, similar to BR-NN, considers a binary classification task per
label.

Let num_neighbors be the number of neighbors considered. Suppose that
it is wanted to classify an instance with attribute vector x. BR-Credal-NN
computes the num_neighbors-nearest neighbors of the instance via a distance
function on the attribute space. For each label y;, with T <j < ny, let Xj(x)
denote the number of neighbors of x that have associated y; and X;(x) the
number of neighbors of x for which yj is irrelevant. BR-Credal-NN considers
the following A-NPI-M probability interval on yj;:

PAnpr(yj) = [max K00 1 0 ], min Kb+ 1 1
ANPIYj) = num_neighbors’ )’ num_neighbors” /|’
(11.17)

This interval has associated with it the following credal set on y;:

Panpe1Uj) = {p € Py;) I py) € Canpr(ys), V=12, ). (11.18)

BR-Credal-NN considers the probability distribution of maximum entropy
on this credal set, namely pBR ENN " Such a probability distribution can be
obtained via Algorithm 14. Thus, the posterior probability predicted by BR-
Credal-NN that y; is relevant for the instance is given by:

ABR— CNN

FERTCNN (x, y5) = pP (11.19)

The set of labels predicted by BR-Credal-NN as relevant for the instance
is composed of those labels for which the predicted posterior probability is
greater or equal than 0.5:

RBR=CNN () = Ly | FBR=CNN(x y;) > 05, 1<j<ni}. (11.20)



1.4.3 Justification of the proposed lazy multi-label classifiers

In this subsection, we show the principal advantage of our proposed lazy
MLC algorithms, based on the A-NPI-M, versus the ones proposed so far that
employ precise probabilities: the former algorithms are more suitable than the
latter to tackle the class-imbalance problem that tends to arise in MLC.

ML-NN vs ML-Credal-NN: Both ML-NN and ML-Credal-NN use the MAP
to predict whether a label is relevant or irrelevant for an instance, considering
the number of neighbors that have associated that label. However, whereas
ML-NN uses probabilities estimated by relative frequencies with Laplacian
correction, ML-Credal-NN utilizes probability distributions that attain the
maximum entropy on A-NPI-M credal sets.

To estimate the prior probabilities, the whole training set is employed in
both algorithms. It is easy to observe that, when the sample size is very large,
the probability distributions that attain the maximum entropy with the A-
NPI-M do not differ much from the ones estimated with Laplacian correction.
Thereby, the estimations of the prior probabilities in ML-NN and ML-Credal-
NN are not very different. Nevertheless, for the estimation of the posterior
probability conditioned on the label is relevant (irrelevant), only the training
instances for which the label is relevant (irrelevant) are taken into account. In
consequence, the performances of ML-NN and ML-Credal-NN principally dif-
fer on the estimation of the posterior probabilities, especially the probability
conditioned on the label is relevant as, in MLC, there are usually very few in-
stances that have associated a certain label. Let PME=NN(y,) pME=NN 3y —
1 — PML-NN{y) PMLNN (56, (x) | yy), and PMUNN(K;(x) | 7) denote
the probabilities estimated by ML NN and pME—CNN(y i), P ML—CNN (b5) =
1 — pME=CNN(y) pMEZCNN (9¢:(x)), and pYE—CNN (fK (x)) the probabili-
ties estimated by ML-Credal-NN.

Remark that, due to the class imbalance of MLC datasets, MLC algorithms
normally predict that a label is irrelevant for an instance. For ML-NN,
pML—NN (Uj) is often quite higher than pML—NN (yj). Hence, a label yj; is not
predicted as relevant by ML-NN unless pMEL—NN (X;(x) | y;) is much greater
than PME-NN(g¢ X;(x) | yj). The same happens with ML-Credal-NN.

The following result shows that, if X;(x) is large enough, then
PMETENN (% (x)) is higher than PML— NN( i (x) [ yj).

Proposition 11.4.1 If (X;j(x) — 1) num_neighbors > 2n,(y;) then

PYETENN (G (%)) = pr(55(x) | yj).
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Proof: Under our hypothesis,

Nir(Y5)Kj(x) —nir(y;) + num_neighborsX;(x) — num_neighbors >
(

Mitr y)) (X) +ntr(y])
X (x) — X (x) +1
Ner(Yj ) Tltr (yj) + num_neighbors’

In this way,

ﬁ]]\/ll_ CNN (JCJ(X)) 2
UC()—1 XK (x) +1 _ pML-NN (g

Nir(Yj) ntr(y]) +num_neighbors

X5(x) [y3)-

O
Thus, ML-Credal-NN predicts relevant labels as relevant more frequently
than ML-NN. The following example illustrates this issue:

Example 11.4.1 Suppose that we have N, = 100 training instances and that, for a
label yj, nir(y;) = 10 and ni(U5) = 90. Let us fix num_neighbors = 10. Let
x be the attribute vector of an instance to classify. Let us assume that there are 6
training instances that have associated y; and have Xj(x) neighbors for which yj is
relevant and that 4 training instances have no associated y; and have X;(x) neighbors
for which yj is relevant. In such a case:

_ 11 7
PMETNN (3¢ (x) | y;) =

T x 1o = ML NN (g pMENN 56 ) [ ),
102 101 )
M M 11 5
HME=CNN (s ML=CNN (5. (3)) — 105 X s >
89 5 _ .ML-CNN ML—CNN

100 X 90~ =P (y])p (:K)(X)) ’

Consequently, in this case, y; is predicted as irrelevant for x by ML-NN and as
relevant by ML-Credal-NN.

If noise is introduced in the training set by changing the value of a label for
an instance from relevant to irrelevant, then ML-NN might be more affected
by this fact than ML-Credal-NN, as shown in the following example:

Example 11.4.2 Suppose that there are N, = 100 training instances. Let y; be a
label such that nir(y;) = 10 and n, (y5) = 90. Let us fix num_neighbors = 10.
Let x denote the attribute vector of an instance that is required to be classified. Let
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us assume that there are 6 instances in the training set for which vy; is relevant and
have X;(x) neighbors that have associated y;, and 2 training instances that have no
associated y; and have X;(x) neighbors for which y; is relevant. In this case,

11 7

ML—-NN ML—-NN

PMLNN (y )PMLNN (5 (x) [ ) = <o x oo >
3 pML-NN o pML-NN

5 X g = PMENN ) PMENN (36 () | ),

n 5 8 3
~ML—CNN ML—CNN 287 S
P (y;)P3 (%500) = 760 % 70 > 700 X 90 =

f)ML CNN(y])pML CNN (K](X))

Now, suppose that noise is introduced by changing, for a training instance that has
X (x) neighbors that have associated y;, the value of y; from relevant to irrelevant.
In this noisy dataset, N+ (y5) = 9, nir (Yy) = 91, there are 5 instances for which yj is
relevant and have X;(x) neighbors that have associated y; and 3 instances for which
y; is irrelevant and have X;(x) neighbors for which yj; is relevant. We have that:

10 6
ML—NN ApML—NN
P (U])P (X ( ) |U]) 102 20

22 4 _ HOML-NN ML—NN
102 X702 =" (U5)P (3G () 1 95),
10 4
sML—CNN AML—CNN
P (y;)P; (Kj(x)) T X 5 >
20 4 _ SML-CNN AML—CNN
100 X971 7 ZP (U5)P> (%5(x)) -
Hence, with the original dataset, both ML-NN and ML-Credal-NN predict that x
has associated y;. Nonetheless, with the noisy dataset, ML-NN changes that predic-
tion, while ML-Credal-NN keeps predicting that y; is relevant for x.

Therefore, we can deduce that ML-Credal-NN is more appropriate than ML-
NN to address the class-imbalance problem that frequently appears in MLC,
especially when data contains labels noise.

BR-NN vs BR-Credal-NN: To classify a new instance with attribute vector
x, BR-NN predicts that the instance has associated a label y; if, and only if,

XKj(x) > m‘m—nezighbms, whereas BR-Credal-NN predicts that y; is relevant
num_neighbors
2

for the instance if, and only if, &;(x) +1 > . In consequence,
if a label is predicted as relevant for the instance by BN-NN, then it is also
predicted as relevant by BR-Credal-NN, but not vice-versa. Thus, BR-Credal-
NN probably predicts more relevant labels as relevant than BR-NN. This is an
important point in favor of BR-Credal-NN because, in MLC datasets, very few

34¢
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instances have often associated a certain label and, thus, it is little probable
that the label is relevant for at least half of the neighboring instances.

When noise is introduced in the neighborhood of the instance, it is even
more difficult to detect the relevant labels for BR-NN than for BR-Credal-NN.
We illustrate this point in the following example:

Example 11.4.3 Let x be the attribute vector of an instance that is required to be
classified. Suppose that 5 neighbors of the instance have associated a label y; and, for
the others 5 neighbors, yj is irrelevant. In this case, both BR-NN and BR-Credal-NN
predict that the instance has associated y;.

Nevertheless, if the value of y; for a neighboring instance is changed from rele-
vant to irrelevant, then BR-NN changes its prediction, whereas BR-Credal-NN keeps
predicting that the instance has associated y;.

In this way, BR-Credal-NN may be more suitable than BR-NN to address
the class-imbalance problem that tends to appear in MLC, especially when
data contain label noise.

1.4.4 Experiments

In this experimental analysis, we aim to compare the performance of the
proposed lazy MLC algorithms, based on the A-NPI-M, with the existing ones
based on classical probability theory.

11.4.4.1 Experimental settings

o Datasets: Twenty datasets have been used in this experimentation, which
can be downloaded from the official website of Mulan.> Table 11.5 shows
the most important characteristics of each dataset: number of instances,
number and continuous and discrete attributes, number of labels, label
cardinality, and label density. We may note that the datasets are diverse
concerning these issues. So, we can state that the datasets employed in
this experimentation are representative.

o Algorithms: We have employed five algorithms in our experiments: the
already existing ML-NN, BR-NN, and DML-NN, exposed in Section 6.7,
and the proposed ML-Credal-NN and BR-Credal-NN. The IBLR-ML and
MLCW-NN algorithms have not been considered here because of their
high computational cost.

5 http://mulan.sourceforge.net/datasets-mlc.html
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Table 11.5: Datasets employed in the experimental analysis with lazy MLC methods.
N is the number of instances, N_CA (N_DA) is the number of continuous
(discrete) attributes, N_L is the number of labels, and L_C (L_D) is the
label cardinality (density).

Dataset Domain N N_CA |N.DA|NL| LC L_D
bibtex Text 7395 0 1836 | 159 24 0.015
birds Multimedia | 645 258 2 19 1.014 | 0.053

business Text 11214 | 21924 0 30 | 1.599 | 0.053
cal500 Multimedia | 502 68 0 174 | 26.044 | 0.150

computers Text 12444 | 34096 0 33 1.507 | 0.046
corelsk Multimedia | 5000 0 499 374 | 3.52 | 0.009
education Text 12030 | 57534 0 33 1.463 | 0.044
emotions Multimedia | 593 72 0 6 1.87 | 0311
enron Text 1702 0 1001 53 3.378 | 0.064
entertainment Text 12370 | 32001 0 21 1414 | 0.067
flags Multimedia | 194 10 9 7 3.392 | 0.485

genbase Biology 662 0 1186 27 | 1.252 | 0.046
health Text 9250 | 30605 0 32 1.644 | 0.051

mediamill Multimedia | 43907 | 120 0 101 438 | 0.043

medical Text 978 0 1449 45 1.24 | 0.028
scene Multimedia | 2407 294 0 6 1.07 | 0.179

science Text 6428 | 37187 0 40 1.450 | 0.036
social Text 12111 | 52350 0 39 1.279 | 0.033
society Text 14512 | 31802 0 27 1.670 | 0.062
yeast Biology 2417 103 0 14 4.24 | 0.303

¢ Evaluation: In order to compare the performance of the algorithms con-
sidered here, ten evaluation metrics have been utilized: Four are based
on instance classification: Subset Accuracy, Hamming Loss, Accuracy, and
F1; we have used two label-based classification metrics: Micro F1 and
Macro F1; four instance-based ranking metrics have been used: Rank-
ing Loss, Coverage, Average Precision and One Error. These metrics were
exhaustively explained in Section 6.3.

Moreover, for each evaluation metric M., we have considered the cor-
responding Equalized Loss ELnq,. It is based on the ELA measure for
standard classification, described in Section 4.2.1.2. ELp, indicates the
sensitivity to the label noise of an algorithm for the M, measure.

For metrics such that a lower value implies a better performance, ELn1,
is obtained as follows:

M1 0

Elpm, = ~5,

M2

MY being the value of M, obtained without noise in the labels and M°
the value obtained with a 10% of label noise.
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For evaluation metrics such that the performance is better as its value is

higher, ELm, = PMNEO.

The algorithms have been also compared in terms of computational time.

Procedure: Two label noise levels have been considered in this experi-
mental study: 0% and 10%. A cross-validation procedure of five folds
has been carried out for each dataset and noise level. An iteration has
been done for each fold, in which the corresponding partition has been
used for testing and the rest of the data for training. The noise has
been added to the training set as follows: for each label, the x% of the
instances in the training set have been chosen and the value of the corre-
sponding label has been changed, (if the label is relevant for the instance
it has been changed to irrelevant and vice-versa), x being the noise level.
The same partitions have been used for all algorithms in all datasets.

Software and parameters: We have started from the implementations
provided in Mulan for the ML-NN, BR-NN and DML-NN algorithms.
The necessary methods for using ML-Credal-NN and BR-Credal-NN
have been implemented. For all algorithms, we have used the value
10 for the parameter num_neighbors since it is the one given by default
in Mulan and one of the most utilized in the literature. For both BR-NN
and BR-Credal-NN, the « extension has been considered.®

Statistical evaluation: For each evaluation measure, we compare the
results obtained by the algorithms without noise in the labels and in
the corresponding Equalized Loss. For this purpose, following the rec-
ommendations given in [75] about statistical comparisons between the
results obtained by three or more algorithms on many datasets, we use
the Friedman test. When the null hypothesis of the Friedman test is re-
jected, we employ the Nemenyi test. The level of significance considered
is @ = 0.05. We present the results of the Friedman and Nemenyi tests
through critical diagrams.

11.4.4.2 Results and discussion

Table 11.6 shows the average Friedman rank obtained by each algorithm in
each evaluation metric and computational time without noise in the labels. For
each evaluation metric, the best result is marked in bold. The critical diagrams
corresponding to the Nemenyi tests without noise in the labels can be seen in

6 Both BR-NN extensions, BR-NN-« and BR-NN-3, perform equivalently [194].
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Figure 11.1. The average Friedman ranks obtained by each algorithm in the
metrics associated with Equalized Losses are presented in Table 11.7. In such
a table, the best results are also marked in bold. Figure 11.2 lets us see the
critical diagrams corresponding to the Nemenyi test associated with Equalized
Losses. The critical diagram associated with computational time is presented
in Figure 11.3.

Table 11.6: Average Friedman ranks obtained by the lazy MLC methods without noise
in the labels for each metric.

Metric ML-NN | BR-NN | DML-NN | ML-Credal-NN | BR-Credal-NN

Hamming Loss 2 4.05 2.7 1.55 4.7
Subset Accuracy 3.6 1.95 3.95 2.6 2.9
Accuracy 3.65 2.95 4.2 24 1.8

F1 3.65 3.1 4.2 24 1.65

Micro F1 3.45 3.45 4.1 2.55 1.45
Macro F1 3.45 3.15 4.5 2.35 1.55

Coverage 1.75 3.975 1.65 2.95 4.675

Ranking Loss 1.8 3.975 1.55 2.95 4.725

Average Precision 1.8 4 2.15 2.3 4.875

One Error 2 3.825 24 2.25 4.525
Computational Time 3.55 1.5 4.9 3.55 1.5

Table 11.7: Average Friedman ranks for Equalized Losses corresponding to each metric
obtained by the lazy MLC methods.

Metric ML-NN-NN | BR-NN | DML-NN | ML-Credal-NN | BR-Credal-NN
Hamming Loss 24 3.05 2.3 2.6 4.65
Subset Accuracy 3.6944 1.7222 4.1389 2.4444 3

Accuracy 3.65 2.7 4.25 2.6 1.8

F1 3.6 29 4.25 2.7 1.55

Micro F1 3.6 2.7 4.35 24 1.95
Macro F1 3.6 2.95 44 2.3 1.75
Coverage 2.85 2.65 2.75 3.25 35
Ranking Loss 2.6 2.8 2.6 3.35 3.65
Average Precision 1.85 35 2.7 24 4.55

One Error 3.05 2.475 3.15 3 3.325

About the obtained results, we remark the following points for each type of
evaluation metric:

Classification-based metrics:

¢ Regarding Hamming Loss, which measures the differences between the
real and predicted sets of labels, the lowest Friedman ranks are achieved
by ML-Credal-NN and ML-NN. Both BR-NN and BR-Credal-NN obtain
very poor performance in this evaluation measure since they obtain the
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Hamming Loss
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Figure 11.1: Critical diagrams corresponding to the Friedman and Nemenyi tests with-
out noise in the labels in the experimental study with lazy MLC algorithms.

Ch=C

ritical Distance.
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Equalized Hamming Loss
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Figure 11.2: Critical diagrams associated with Equalized Loss for each evaluation met-
ric in the experimental analysis with lazy MLC methods. CD = Critical

Distance
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Computational Time
co

BR-ENN —— — DML-ENN
BR-Credal-KENM —— - ML-Credal-KNN
ML-EMN

Figure 11.3: Critical diagram corresponding to computational time in the experimental

study with lazy MLC algorithms. CD = Critical Distance

highest Friedman ranks and are not connected via segments with ML-
NN and ML-Credal-NN in the critical diagram associated with Ham-
ming Loss, which implies that BR-NN and BR-Credal-NN are signifi-
cantly outperformed by ML-NN and ML-Credal-NN in Hamming Loss
according to the Nemenyi test. In addition, in the critical diagram corre-
sponding to Hamming Loss, DML-NN and BR-Credal-NN are not con-
nected by means of a segment. Thus, DML-NN performs significantly
better than BR-Credal-NN in Hamming Loss according to the Nemenyi
test. Due to the results obtained in Equalized Loss Hamming Loss, we
can state that BR-Credal-NN is, by far, the most sensitive to the noise in
this metric. Indeed, this method obtains the highest average Friedman
rank in Equalized Loss Hamming Loss, and it is not connected via seg-
ments with the other algorithms in the critical diagram associated with
Equalized Loss Hamming Loss. Consequently, BR-Credal-NN is signif-
icantly outperformed by the other algorithms via the Nemenyi test in
Equalized Loss Hamming Loss. The rest of the lazy MLC algorithms
considered here perform equivalently according to the Nemenyi test in
terms of robustness to noise for Hamming Loss as they are connected
with a segment in the corresponding critical diagram.

The BR-NN algorithm achieves the highest proportion of instances for
which the predicted set of labels coincides with the set of relevant la-
bels as it obtains the lowest Friedman rank in Subset Accuracy. Fur-
thermore, in the critical diagram corresponding to this metric, BR-NN is
not connected via segments with DML-NN and ML-NN. Hence, BR-NN
performs significantly better than DML-NN and ML-NN according to
the Nemenyi test in Subset Accuracy. These are the only pairs of algo-
rithms that are not connected with segments in the critical diagram of



Subset Accuracy. Thereby, there are no more cases of statistically sig-
nificant differences between pairs of algorithms in this metric, although
our proposed lazy MLC algorithms obtain lower Friedman ranks than
ML-NN and DML-NN. According to the Equalized Loss Subset Accu-
racy results, BR-NN is the most robust to noise in this metric, followed
by ML-Credal-NN. Indeed, BR-NN and ML-Credal-NN obtain the low-
est Friedman ranks in Equalized Loss Subset Accuracy. Moreover, in the
critical diagram associated with Equalized Loss Subset Accuracy, these
algorithms are not connected through a segment with DML-NN. This
means that BR-NN and ML-Credal-NN significantly outperform DML-
NN according to the Nemenyi test in Equalized Loss Subset Accuracy.
In the critical diagram corresponding to Equalized Loss Subset Accuracy,
BR-NN and ML-NN are not connected via a segment and, thus, the for-
mer algorithms performs significantly better than the latter in Equalized
Loss Subset Accuracy according to the Nemenyi test.

In Accuracy, the best Friedman rank is achieved by BR-Credal-NN, fol-
lowed by ML-Credal-NN. In the critical diagram corresponding to this
metric, DML-NN is not connected with BR-Credal-NN nor with ML-
Credal-NN through segments. The same happens with ML-NN and
BR-Credal-NN. Therefore, BR-Credal-NN and ML-Credal-NN perform
significantly better than DML-NN according to the Nemenyi test in Ac-
curacy, and BR-Credal-NN also outperforms ML-NN via the Nemenyi
test in this metric. With regard to the sensitivity to noise for this metric,
the best Friedman ranks are obtained by BR-Credal-NN and the worst by
ML-NN and DML-NN. Furthermore, in the critical diagram correspond-
ing to Equalized Loss Accuracy, BR-Credal-NN is not connected via seg-
ments with ML-NN nor with DML-NN. So, BR-Credal-KNN performs
significantly better than DML-NN and ML-NN in Equalized Loss Accu-
racy according to the Nemenyi test. Also, in terms of robustness to noise
for Accuracy, DML-NN is significantly outperformed by ML-Credal-NN
and BR-NN as DML is not connected via segments with ML-Credal-NN
nor with BR-NN in the critical diagram corresponding to Equalized Loss
Accuracy.

Concerning the F1 metrics, the lowest Friedman ranks are obtained,
again, by BR-Credal-NN, followed by ML-Credal-NN. In the critical di-
agrams associated with the F1 evaluation measures, BR-Credal-NN is
connected via a segment only with ML-Credal-NN. Consequently, BR-
Credal-NN significantly outperforms all the algorithms considered here
via the Nemenyi test in the F1 metrics, except for ML-Credal-NN. In
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addition, ML-Credal-NN performs significantly better than DML-NN
in the F1 metrics as these two algorithms are not connected via seg-
ments in the corresponding critical diagrams. The results obtained in
Equalized Losses associated with the F1 measures allow deducing that
BR-Credal-NN is the most robust to noise in these metrics. Indeed, it
obtains the lowest Friedman ranks in the Equalized Losses associated
with the F1 metrics and, in the corresponding critical diagrams, it is not
connected through segments with DML-NN nor with ML-NN. There-
fore, BR-Credal-NN obtains significantly better results than DML-NN
and ML-NN according to the Nemenyi test in Equalized Losses associ-
ated with the F1 metrics. Also, ML-NN is significantly more sensitive
to noise than ML-Credal-NN and BR-NN in the F1 measures because
the Friedman ranks obtained by ML-NN in the Equalized Losses corre-
sponding to the F1 metrics are higher than the ones obtained by ML-
Credal-NN and BR-NN and the former algorithm is not connected via
segments with the other two algorithms in the corresponding critical
diagrams.

Ranking-based metrics:

BR-Credal-NN obtains the worst Friedman ranks in all the ranking-based
measures considered here, followed by BR-NN. None of these two algo-
rithms is connected with DML-NN via a segment in none of the criti-
cal diagrams corresponding to the ranking-based evaluation measures.
Thus, both BR-Credal-NN and BR-NN are significantly outperformed
by DML-NN according to the Nemenyi test in all ranking-based met-
rics. ML-Credal-NN and ML-NN also perform significantly better than
BR-Credal-NN in these measures via the Nemenyi test since the former
algorithms are not connected via segments with the latter in the critical
diagrams corresponding to the ranking-based metrics.

In Coverage, which measures the average number of steps that are nec-
essary to go down the label ranking to cover all relevant labels for an
instance, the lowest Friedman ranks are obtained by DML-NN and ML-
NN. In the critical diagram associated with this metric, none of these
two algorithms is connected through segments with BR-NN nor with
BR-Credal-NN. Hence, DML-NN and ML-NN perform significantly bet-
ter than BR-NN and BR-Credal-NN according to the Nemenyi test in
Coverage. The only algorithm that is not connected with ML-Credal-
NN through a segment in the critical diagram associated with Cover-
age is BR-Credal-NN. In consequence, according to the Nemenyi test,
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ML-Credal-NN only significantly outperforms BR-Credal-NN in Cover-
age. The results are similar in Ranking Loss, which indicates the average
proportion of pairs of relevant-irrelevant labels reversely ordered in the
label ranking, but now DML-NN performs significantly better than ML-
Credal-NN as these two algorithms are not connected with a segment in
the critical diagram corresponding to Ranking Loss.

Regarding Average Precision and One error, which indicate, respectively,
the average number of labels ranked above a relevant one and the pro-
portion of instances for which the top-ranked label is not relevant, ML-
NN, DML-NN, and ML-Credal-NN, obtain statistically equivalent re-
sults. In fact, these three algorithms are connected via segments in the
critical diagrams associated with these metrics. Also, in such critical dia-
grams, these three algorithms are not connected through segments with
BR-NN nor with BR-Credal-NN. Thereby, ML-NN, DML-NN, and ML-
Credal-NN significantly outperform BR-NN and BR-Credal-NN via the
Nemenyi test in Average Precision and One Error.

The results do not vary much with a 10% of noise in the labels; the re-
sults obtained by the five algorithms considered in this experimentation
in Equalized Losses associated with Coverage, Ranking Loss, and One
Error, are statistically equivalent according to the Nemenyi test. Actu-
ally, the five algorithms are connected through segments in the corre-
sponding critical diagrams. In Equalized Loss Average Precision, ML-
NN performs significantly better than BR-Credal-NN and BR-NN ac-
cording to the Nemenyi test as the former algorithm achieves a lower
Friedman rank in this metric and is not connected with the other two al-
gorithms via segments in the associated critical diagram. DML-NN and
ML-Credal-NN also significantly outperform BR-Credal-NN in terms of
sensitivity to noise in Average Precision. Indeed, in Equalized Loss Av-
erage Precision, DML-NN and ML-Credal-NN obtain lower Friedman
ranks than BR-Credal-NN, and the latter method is not connected with
the other two algorithms via segments in the critical diagram correspond-
ing to Equalized Loss Average Precision.

Computational time:

DML-NN is, by far, the algorithm that requires the highest computa-
tional cost. Indeed, this method obtains the highest Friedman rank in
computational time. Moreover, DML-NN is not connected with the other
algorithms via segments in the critical diagram associated with computa-
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tional time. In consequence, there are statistically significant differences
according to the Nemenyi test between the computational time required
by DML-NN and the computational times required by the other algo-
rithms.

The computational times of ML-NN and ML-Credal-NN are statistically
equivalent. In fact, these two algorithms are connected with a segment in
the critical diagram associated with computational time. The Friedman
ranks obtained by these algorithms in computational time are lower than
the one achieved by DML-NN, even though there are no statistically sig-
nificant differences via the Nemenyi test (both ML-NN and ML-Credal-
NN are connected through a segment with DML-NN in the critical dia-
gram associated with computational time).

BR-NN and BR-Credal-NN obtain lower Friedman ranks than ML-NN
and ML-Credal-NN in computational time. In addition, in the corre-
sponding critical diagram, BR-NN and BR-Credal-NN are not connected
via segments with ML-NN and ML-Credal-NN. Hence, in terms of com-
putational time, ML-NN and ML-Credal-NN are significantly outper-
formed by the lazy BR-based methods according to the Nemenyi test.

Summary of the results: The results obtained in this experimental anal-
ysis can be summarized in the following issues:

For all F1 measures, the ML-Credal-NN and BR-Credal-NN algorithms,
proposed in this section, achieve the best performance. Furthermore,
they are the more robust to noise in F1 metrics. The same happens with
Accuracy. It is since, as argued in Section 11.4.3, our proposed lazy
MLC algorithms, based on the A-NPI-M, predict more relevant labels
as relevant than the existing ones based on classical probability theory,
especially when data contain label noise.

BR-Credal-NN performs slightly better than ML-Credal-KNN in Accu-
racy and Fi-based measures. However, the performance of BR-Credal-
NN in Hamming Loss is quite poor. In classification-based metrics,
DML-NN generally obtains the worst results.

With regard to ranking-based measures, both BR-NN and BR-Credal-
NN perform worse than the other algorithms considered here. We can
state that, in these metrics, the ML-NN, DML-NN, and ML-Credal-NN
algorithms have equivalent performance.
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o Concerning the computational time, the BR-based methods are the ones
that achieve the best results, followed by ML-NN and ML-Credal-NN,
and the DML-NN algorithm is the one that requires the highest compu-
tational time. It makes sense since the BR-based methods are quite sim-
ple, and DML-NN employs a more sophisticated MAP principle than
ML-NN. The computational times of ML-NN and ML-Credal-NN, and
BR-NN and BR-Credal-NN are equivalent. It is because the differences
between the complexities of the estimations of the probabilities in ML-
NN and ML-Credal-NN are not significant. The same occurs with BR-
NN and BR-Credal-NN.

1.5 New label ordering method for Classifier Chains

Before exposing our proposed procedure to insert the labels in the chain, i.e,
determine the permutation o : {1,...,n } — {1,...,np} that generates the label
order, we explain how the correlation between each pair of labels is estimated
in our proposed label ordering method.

Let Ny, be the total number of instances in the training set. For each label
y;j, with 1 < j < ng, let nir(y;) (ne:(Yj)) denote the number of training
instances for which y; is relevant (irrelevant). We consider the following A-
NPI-M probability interval on y; corresponding to the training set:

. 1 4T
ITNPI(y;) € [max (W,O) , min <ntrg\jyi)+, 1)} . (11.21)
T

tr

This interval has associated with it the following credal set:

PUS (y5) = {p € Ply;) | ply;) € INGH (y;)}, (11.22)

P(yj) being the set of all probability distributions ony;, Vj=1,2,...,nr.
Uncertainty measures can be applied to this credal set. As we know, the

maximum entropy is an appropriate uncertainty measure on this type of set

since it satisfies all essential properties. Hence, our proposed label ordering

method utilizes the maximum entropy on P&t (y;):

$*( Kﬁiﬁ(yj)) = max S(p), (11.23)
PEPRNFI(v))

S(p) being the Shannon entropy on the probability distribution p.
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Applying Algorithm 14, we may deduce that the probability distribution

that attains the maximum entropy on P¥ A5 (y;), namely piyp;(y;), is deter-
mined by:
% if ‘ntr(yj) _ntr(?j)‘ <2
A er(y;)—1 . _
pJ/EKTNPI(Uj) = % if ne(yj) > nee(yy) +2 (11.24)

ntr(y]')+1 lf

Nty ntr(lTj) > ntr(yj) +2

For each pair of labels yj, yy, let nir(yj, yx) denote the number of training
instances for which both y; and yy are relevant, n,(yj,yx) the number of
training instances that have associated yi but not y;, n:(y;, yx) the number
of training instances for which y; is relevant but yy irrelevant, and n,(yj, yx)
the number of training instances for which both y; and yy are irrelevant.

We consider the A-NPI-M credal set corresponding to the training set on y;
conditioned on yy is relevant:

) r(y'ryk) —1
:Ptraln . — { cP : max <O, ntJ— <
anpt (i lyx) p (u5 [ vi) | Ner(Yx)

Ner(Yj, Yi) + 1 ]>} (11.25)

i < min <
1CTRRYS e ()

where P (yj ka) denotes the set of all probability distributions on y; condi-
tioned on yy is relevant.

Our proposed label ordering method considers the maximum entropy on
this credal set, which can also be easily determined via Algorithm 14:

$* (PRRPY (5 1yx)) = S(PRNpr (5 [ yx)), (11.26)
where
1 e (ys, yid — e (U5, yid| < 2
Plypye) =1 . —
Phinprlys [y = ¢ FERIGTT U merlu U > e (0,0 + 2
trlYj, 1 3 Uu:
% i (Y5, Yx) > e (U5, Yi) +2
(11.27)
Likewise, in our proposal, the maximum entropy on the A-NPI-M credal set

on y; conditioned on yy is irrelevant, P 45Y (y; | Y ), is considered:

S* (PREFY (5 1 9%)) = S(PAner (i 1 TX)), (11.28)
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where:
- n i Yk) — 1
PARPT (v 1 9%) = {P € P (yj | Jx) | max (QW) <
o tr Yk (11.29)
. . (er (Y5, 9) + 1
P(y; | Yx) < min WJ ’
T

P (y;j | Yx) being the set of all probability distributions on y; conditioned on
Yy is irrelevant,

! i e (ys, i) —ne (95, 510)] < 2

ntr(yj/yik)fql if

ﬁXNPI (y) |y7k) = Ner (UK) ntT(UjIyT) > ntr(‘;Tj/UT) +2

nir (Y, gi)+1 .
o (Ur) if

N (U5, Yi) > ner (Y5, Yx) +2
(11.30)
The method used in our proposal to estimate the correlation between two
labels yj, yi, is based on the Imprecise Information Gain [13]:

IIG(yj, yx) = S* (PNEPIUK)) — P anpr(y;)S™ (PRSRY (b5 1 yx)) —
(1= pSnp1y) S* (PRRPY (s 1 T%)) -

The estimated correlation between y; and yy consists of the Imprecise Sym-
metrical Uncertainty (ISU), which uses IIG in a normalized way:

2% IIG(yj/Uk)
$* (PRRFI(Y))) + 5 (PREFI(w)

The ISU measure takes as a reference the Symmetrical Uncertainty (SU)
[106], widely used for estimating the correlation between two variables in
classical information theory:.

In this way, our proposed method to estimate the correlation between two
labels consists of the reduction of uncertainty, estimated via the A-NPI-M, of a
label when the value of the other label is known. Such a reduction is measured
in a normalized way by considering the initial uncertainty of both labels.

For determining the label order given by the permutation o, i.e
Yo(1) > Yo(2) > -+ > Yo(n, ), We take the following points into account:

(11.31)

ISU(yj,yx) = (11.32)

o If the label positioned at the beginning of the chain is little correlated
with the other ones, then the following classifiers may utilize irrelevant
information about it. In contrast, when the label placed in the first po-
sition is highly correlated with the remaining ones, the following clas-
sifiers might use important and relevant information and, consequently,
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their predictive performance may improve. Thus, in our proposal, the
label with the maximum average correlation with the other ones is posi-
tioned at the beginning of the chain, i.e,

ni

o(1) =arg max Z ISU(yj, yx)- (11.33)
ji=1,2,...np KT K]

To decide the label placed in the second position, we consider, for each
candidate, two issues. The first one is how correlated is the candidate
label with the one already inserted; if the label inserted at the second po-
sition is not correlated with the first one, then the information provided
by the first label may be irrelevant, while if the first label and the second
one are highly correlated, then the information provided by the first la-
bel may be very relevant for the second one and, thus, the performance
of the second classifier might improve. Secondly, similar to the first step,
for each candidate, it is important that the remaining candidate labels
are correlated with it for the information provided by the label to be
useful for the following classifiers. For these reasons, for each candidate
label to be positioned at the second place, we consider a score that con-
sists of the sum of the correlation between the candidate label and the
first one and the average correlation between the candidate label and the
remaining ones not inserted yet:

Z)TL:LU#](,G(]) ISU(Uj/Uk)
2 " (139)

Scorez(yi) = ISU(yx, Yo(1)) +
vk e{1,2,...,n}\{o(1)}.

The chosen label is the one with the highest score.

For inserting the labels at the remaining positions, we apply the same
reasoning: In the ith position, with 2 < i < ng, for each candidate
label, the corresponding score is computed via the sum of the average
correlation among the candidate label and the ones already inserted in
the chain and the average correlation between the candidate label and
the remaining ones not positioned yet:

Z};} ISU(Yyes(), Yx)
. +
i—1
2 ito(),..o(i—1)k ISUY;, yx)
nr —1

Scorei(yk) =

(11.35)
, Vk#o(1),...,0(i—1)

The label placed in the ith position is the one with the highest score
according to Equation (11.35).
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Therefore, once the correlation between each pair of labels is computed, our
proposed greedy procedure to insert the labels in the chain is determined via

Algorithm 24, where y, = (Ua(l )y Ya(2)re-- ,yG(nL)).

Algorithm 24: Our proposed label ordering procedure.

Procedure Determine label order(labels y1,y2,...,Yn,, correlation
between each pairs of labels ISU(y;,yy), withj, k=1,2,...,n1)
fork=1ton; do
| 1. Scorer(yi) = 2%y 5 ISU(y;, ).
o(1) = argmaxyx—1,2,...n, Scoreq(yx).
fori=2ton{ do
for k # o(1),...,0(i—1) do

_ Z};} ISU(yYe(),Yx)

Scorei (yx) n 2ito(n),..oli—1)kx ISUW(Yj,Yx)
i —

i—1 TL]_—i

o(i) = argmaxy,g(1),...,0(i—1) Scorei(Yi).
return y,.

1.5.1 Justification of our proposed label ordering procedure

The advantages of our proposed method to determine the label order in CC
over the ones based on label correlations proposed so far can be summarized
in the following way:

The label ordering method based on ReliefF developed in [214] uses a
list of labels correlated with each one. For this purpose, a correlation
score between each pair of labels is computed, and a threshold is used
to decide which labels are correlated with each one. It must be remarked
that the choice of the threshold is a difficult question. In the experimen-
tal study carried out by the developers of the method, it was supposed
that half of the total number of labels are correlated with each one, but
this assumption is obviously unrealistic. Nevertheless, in our proposed
method, we do not employ any threshold to decide whether a label is
correlated with another one but we use correlation scores between pairs
of labels. Furthermore, in the label ordering procedure based on ReliefF,
to insert a label at the ith position of the chain, the one with the high-
est number of non-inserted labels correlated with it is selected whenever
it is correlated with at least one label inserted, even though it is only
correlated with one of the many labels already inserted. Hence, in that
label ordering method, the correlation of a label with the ones already
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inserted has little influence, which is a drawback. In contrast, our pro-
posed method equally considers the average correlation of a label with
the remaining candidates and the average correlation of the candidate
label with the ones already inserted in the chain.

The greedy label ordering procedures proposed in [124] only take into
account, for each candidate label to insert in the chain, its average con-
ditional entropy-based correlation with the labels not inserted yet. As
explained before, it is a shortcoming because if a label is not correlated
with the previous ones according to the order established by the chain,
then the corresponding classifier might use irrelevant information and,
consequently, its performance may worsen.

Indeed, in our proposed label ordering procedure, it is possible that, at
a certain step, a label is chosen because it is strongly correlated with the
ones already inserted though its correlation with the remaining candi-
date labels is not very high. However, such a correlation cannot be very
low since, in such a case, that label would not be selected via our crite-
rion. In these situations, the information provided by the chosen label
for the remaining classifiers may not be very useful (although it would
not imply noise because the correlation would not be close to 0). Nev-
ertheless, the classifier corresponding to the selected label may use very
relevant information and, thus, its performance probably improves.

Likewise, at a certain step, a label strongly correlated with the remaining
candidate labels may be selected although its correlation with the labels
already inserted is not very high. In these cases, the classifier corre-
sponding to that label may not use very relevant information (although
the information must not be very irrelevant because the correlation with
the labels already inserted cannot be close to 0). Nonetheless, the infor-
mation provided by that label for the remaining classifiers may be very
useful and, thus, their performance might improve.

Moreover, for the estimation of the correlations between pairs of labels,
our proposed method utilizes the A-NPI-M, unlike the label ordering
methods based on label correlations developed so far, which employ
classical probability theory. The Multi-Label classifiers based on impre-
cise probabilities that we have proposed in the previous sections have
achieved better performance than the ones that use precise probabilities,
as highlighted via experimental analyses. In general, imprecise probabil-
ity models are more suitable for classification than classical probability
theory when there is class noise in the data. As argued in Section 11.2.3,
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the intrinsic noise in MLC may be higher than the intrinsic class noise in
traditional classification.

In consequence, it is expected that our proposal outperforms the label or-
dering procedures based on label correlations proposed so far in CC. This fact
is corroborated with an experimental analysis in Section 11.5.2.

11.5.2 Experimental study
1.5.2.1 Description of the experiments

o Datasets: Ten datasets have been employed in this experimentation.
They can be downloaded from the official website of Mulan [202]7, ex-
cept for the Slashdot dataset, which can be found on the website of Meka
[179]%, another Java library for MLC. Table 11.8 shows the main char-
acteristics of each dataset: number of instances, number of attributes,
number of labels, label cardinality, label density, and MLC domain.

Table 11.8: Datasets used in our experimental analysis with label ordering methods
in CC. N is the number of instances, N_A is the number of attributes,
np is the number of labels, and L_C and L_D are, respectively, the label
cardinality and the label density.

Dataset N | N_A | np L C L_D | Domain
birds 645 | 260 | 19 | 1.014 | 0.053 | Audio
calso0 502 68 | 174 | 26.044 | 0.15 | Music
emotions | 593 72 6 1.87 | 0.311 | Music
enron 1702 | 1001 | 53 3.38 | 0.064 Text
flags 194 9 17 | 3.392 | 0485 | Image
genbase | 662 | 1186 | 27 | 1.252 | 0.046 | Biology
medical | 978 | 1449 | 45 1.24 | 0.028 Text
scene 2407 | 294 6 1.07 | 0.179 | Image
slashdot | 3782 | 1079 | 22 | 0.9096 | 0.413 Text
yeast 2417 | 103 | 14 | 4.24 | 0.303 | Biology

As can be seen, the datasets utilized in our experimental study are varied
in terms of domain, number of instances, number of features, number of
labels, label density, etc.

7 http://mulan.sourceforge.net/datasets-mlc.html
8 https://waikato.github.io/meka/datasets
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¢ Evaluation metrics: We have employed ten evaluation metrics in our ex-

periments. Four of them are based on instance classification: Hamming
Loss, Subset Accuracy, Accuracy, and F1; two label-based classification
metrics have been used: Micro F1 and Macro F1; the other four eval-
uation measures considered here, One Error, Coverage, Ranking Loss,
and Average Precision, are based on ranking. All these metrics were
described in detail in Section 6.3.

Algorithms: Five algorithms have been considered in our experimental
analysis: Binary Relevance (BR), the original Classifier Chain method
(CC), CC with the greedy procedure based on conditional entropies that
obtained the best experimental results among the ones used in [124]
(CondEnt_CC), CC with the label ordering method based on ReliefF pro-
posed in [214] (ReliefF_CC), and CC with our proposed label ordering
method (ImpCorr_CC).

Procedure: For each algorithm and dataset, a cross-validation procedure
of 5 folds has been repeated: the dataset is divided into 5 partitions
and, for each one of them, an iteration is done. In it, the corresponding
partition is used for testing and the rest of the dataset for training. The
model is learned using the training set, and each one of the evaluation
metrics is extracted with the test set. The same partitions have been
employed for all algorithms in all datasets.

Software and parameters: We have started from the implementation
available in Mulan for BR and CC, and we have added the necessary
structures and methods for employing CondEnt_CC, ReliefF_CC, and
ImpCorr_CC. For these algorithms, the parameters given by default in
Mulan have been used. As the base classifiers, we have used the Support
Vector Machines based on the SMO algorithm [173], available in Weka,
with default parameters.

We have utilized part of the functionality available in Mulan to create
the partitions of cross-validation.

Statistical evaluation: For each evaluation metric, there are five algo-
rithms to compare. Thus, in accordance with the recommendations
given by Demsar [75] for statistical comparisons between the results ob-
tained by more than two algorithms, the Friedman test has been em-
ployed. When the null hypothesis of the Friedman test is rejected, we
use the Nemenyi test [167] to detect the cases of statistically significant
differences between pairs of algorithms.



Furthermore, we have used the Friedman test for comparing the average
Friedman ranks obtained by the algorithms in the evaluation metrics
considered here. Again, if the null hypothesis of this test is rejected,
then the Nemenyi test is employed.

The level of significance utilized in all statistical tests is & = 0.05.

11.5.2.2 Results and discussion

Table 11.9 shows the average Friedman rank obtained by each algorithm
considered in this experimentation in each evaluation metric. The cases of
statistically significant differences according to the Nemenyi test in each eval-
uation metric are summarized in Table 11.10. Table 11.11 presents the average
Friedman ranks computed over the average Friedman ranks of the algorithms
on the evaluation metrics. The critical diagram associated with the Nemenyi
test corresponding to such Friedman ranks can be seen in Figure 11.4. In
Tables 11.9 and 11.11, the best results are marked in bold font and the second-
best results in italic font.

Table 11.9: Average Friedman rank obtained by each algorithm of the experimental
analysis with label ordering procedures in CC in each evaluation metric.

Metric BR | CC | ReliefF_CC | CondEnt_CC | ImpCorr_CC
Hamming Loss 21 | 3.6 3.1 3.3 2.9
Subset Accuracy | 4.5 | 2.9 3.15 2.2 2.25
Accuracy 4 3.2 3.2 2.5 2.1
F1 3.9 | 3.1 3.3 2.5 2
Micro F1 3.2 | 3.6 3.1 2.9 2.2
Macro F1 3.9 | 3.1 2.8 3.2 2
One Error 2.95 | 3.15 3.1 2.55 3.25
Coverage 4.5 | 3.2 3.2 2.1 2
Ranking Loss 4 3.4 3.1 2.4 2.1
Average Precision | 3.7 | 3.4 3 2.4 2.5

The following points should be noted about the results:

In general, the BR algorithm obtains, by far, the worst performance. It
is since this algorithm completely ignores the correlations among the la-
bels, and the labels are usually not independent. The only evaluation
measure in which BR obtains good results is Hamming Loss, which in-
dicates the symmetric differences between the real label sets and the
predicted ones. It is because, as pointed out before, in MLC, there are
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Table 11.10: Summary of the results of the Nemenyi tests of the experimental analysis
with label ordering procedures in CC in each evaluation metric. In each
cell, the algorithm of the column performs significantly better than the
method of the row in the evaluation measure indicated in the cell.

BR CC ReliefF_ CC  CondEnt_CC ImpCorr_CC

BR - Subset Accuracy, Subset Accuracy,
Coverage Coverage
CC -
ReliefF_CC -
CondEnt_CC -
ImpCorr_CC -

Table 11.11: Average Friedman ranks computer over the Friedman ranks obtained by
the algorithms of the experimental analysis with label ordering procedures
in CC in the evaluation metrics.

Algorithm  Average Friedman Rank
BR 4.2
CC 3.8
ReliefF_CC 3.2
CondEnt_CC 2.1
ImpCorr_CC 1.7

Average Friedman ranks

o
—_
1 2 3 4 5
ImpCorr CC —— BR
CondEnt_CC —— —— (C
Reliaff_CC

Figure 11.4: Critical diagram corresponding to the Nemenyi test associated with the
average Friedman ranks in the experimental analysis with label ordering
procedures in CC. CD = Critical Distance.



often very few instances that have associated a certain label. Hence, BR,
which does not consider correlations among labels, usually predicts that
the labels are irrelevant for the instances. Since BR obtains poor perfor-
mance in the rest of the classification-based metrics (Accuracy, Subset
Accuracy, F1, and Micro and Macro F1), it can be deduced that this al-
gorithm is the least suitable one, among the ones considered here, to
handle the class-imbalance problem that frequently appears in MLC. It
also achieves quite bad results in ranking-based measures, except for
One Error, which only focuses on the top-ranked label.

The original CC algorithm obtains better results than BR: it obtains a
lower average Friedman rank, and it achieves a lower Friedman rank in
seven evaluation measures. It is because CC does not assume that the
labels are independent, but it considers a label order, and each classifier
takes the predictions of the previous ones according to that order into
account. In this way, CC captures some label correlations. Nevertheless,
CC performs worse than the versions of this algorithm that previously
study the correlations among the labels to determine the label order, in
both classification-based and ranking-based evaluation measures. The
reason is obvious: CC considers a random label order, and the perfor-
mance of CC is strongly influenced by that label order.

CC with the label ordering method based on ReliefF performs better
than the original CC method; the Friedman rank of the ReliefF_CC
method is lower than the one of CC in most of the evaluation metrics,
and the average Friedman rank is also lower. It is because ReliefF_CC
previously studies the correlations among the labels to order them, un-
like CC, which considers a random order. However, ReliefF_CC obtains
worse performance than the other two methods based on CC considered
here that order the labels by considering the correlations between them.
We explained the reasons in Section 11.5.1: it is difficult to establish a
good threshold based on the correlation scores to determine the list of
labels that are correlated with each one. In addition, in the greedy proce-
dure carried out in ReliefF_CC for ordering the labels, the correlation of
each candidate label with the ones already inserted has little influence,
which is a shortcoming.

In consequence, CondEnt_CC and ImpCorr_CC are the algorithms that
achieve the best results among the ones considered here; they attain a
lower Friedman rank than the other algorithms in most of the evaluation
measures, and the average Friedman ranks are pretty lower too. Con-
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dEnt_CC and ImpCorr_CC perform significantly better than BR accord-
ing to the Nemenyi test in both Subset Accuracy and Coverage. These
are the only cases of statistically significant differences via this test in
the evaluation metrics. Moreover, CondEnt_CC and ImpCorr_CC are
not connected with BR via a segment in the critical diagram of Figure
11.4. So, these two algorithms significantly outperform BR according to
the Nemenyi test associated with the Friedman test computed over the
Friedman ranks in the evaluation metrics. The previous points are since
the label ordering methods employed in CondEnt_CC and ImpCorr_CC
do not present the problem of the threshold that appears in ReliefF_CC.

Our proposed ImpCorr_CC method performs better than CondEnt_CC
as it obtains a lower average Friedman rank, and the Friedman rank of
ImpCorr_CC is lower than the one of CondEnt_CC in seven evaluation
metrics, whereas, in the other three evaluation measures, the opposite
happens. Furthermore, according to the Nemenyi test associated with
the Friedman test computed over the Friedman ranks in the evaluation
measures, ImpCorr_CC performs significantly better than CC, unlike
CondEnt_CC. It is because, to insert the labels in the chain, our proposal
considers, for each candidate label, its correlation with the labels already
inserted and its correlation with the labels not inserted yet, whereas Con-
dEnt_CC just considers the correlation of each candidate label with the
ones not inserted yet. Furthermore, CondEnt_CC estimates the corre-
lations among the labels via classical probability theory, while our pro-
posal uses the A-NPI-M for this purpose. As explained in Section 11.2.3,
imprecise probability models are more appropriate to be employed than
precise probabilities in MLC since, in this field, the intrinsic label noise
might be higher than the intrinsic class noise in traditional classification.

Specifically, the difference between the performance of both methods
in classification-based evaluation metrics is quite notable: the Friedman
rank of CondEnt_CC is slightly lower in Subset Accuracy, whereas Im-
pCorr_CC obtains a much lower Friedman rank in Accuracy, Hamming
Loss, and Fi-based metrics. The differences are very notable in Micro
and Macro F1. Regarding the ranking-based evaluation metrics, in One
Error, ImpCorr_CC performs far worse than CondEnt_CC; it is the only
evaluation metric in which our proposal does not achieve good results;
in contrast, the Friedman rank of ImpCorr_CC is lower than the one of
CondEnt_CC in Ranking Loss; the differences in Coverage and Average
Precision are hardly appreciable. Thereby, it can be stated that both al-
gorithms obtain equivalent results in ranking-based evaluation metrics.



To summarize, BR, which ignores the label correlations, obtains the worst
results; among the CC-based methods, the original CC algorithm is the one
that performs worst; and our proposed label ordering method achieves better
results than the ones based on label correlations developed so far, especially
in classification-based evaluation metrics.

1.6 Conclusions

Most of the Multi-Label Classification (MLC) methods proposed so far are
based on classical probability theory. In this chapter, we have developed new
MLC algorithms that use imprecise probability models. We have shown that
the intrinsic label noise in MLC tends to be higher than the intrinsic class
noise in traditional classification. Hence, as algorithms based on imprecise
probabilities have obtained better performance than the ones that employ pre-
cise probabilities when there is class noise in the data, our proposed MLC
methods are more suitable than the ones developed so far based on classical
probability theory. Experimental studies have corroborated this point. Specifi-
cally, the main contributions of this chapter can be summarized as follows:

Firstly, we have analyzed the use of traditional classification algorithms
based on imprecise probabilities in problem transformation methods.
Remark that algorithms within this category transform the MLC task
into multiple traditional classification problems and then combine the
solutions of such problems to output a solution for the MLC task. Specif-
ically, we have studied the use of Credal C4.5 (CC4.5) in two problem
transformation methods: Binary Relevance (BR) and Calibrated Label
Ranking (CLR). BR is a quite simple approach to MLC that has obtained
good results in practice, and CLR exploits pairwise label correlations
and mitigates the class-imbalance problem that often arises in MLC. We
have shown that, as CC4.5 is less sensitive to noise than C4.5, both BR
and CLR are more robust to noise in the labels with CC4.5 than with
C4.5. Consequently, since the intrinsic label noise in MLC might be
higher than in traditional classification, CC4.5 is more suitable than C4.5
to handle the binary classification tasks in BR and CLR. Experimental
results have revealed that both BR and CLR achieve better results with
CC4.5 than with C4.5, the improvement being more notable as there
is more noise in the labels. The difference between the performance
of CC4.5 and C4.5 is more notable in metrics based on instances than
in label-based metrics. It happens because the proportion of instances
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with an error in any label may be much higher than the proportion of
instances with an error in a specific label.

We have proposed a new adaptation of Decision Trees for MLC that uses
the A-NPI-M for computing the uncertainty-based information about the
label set in the nodes for the split criterion and to predict the posterior
probabilities about the relevance of the labels for the instances at leaf
nodes. It has been shown that our proposed adaptation is more robust
to label noise than the one proposed so far, which is based on precise
probabilities. An experimental analysis has been carried out with sev-
eral datasets, MLC evaluation metrics, and noise levels to compare the
performance of our proposed adaptation of Decision Trees for MLC and
the existing adaptation based on classical probability theory. Such an
experimental analysis has highlighted that our proposed adaptation out-
performs the one proposed so far, and the improvement is more notable
as there is more noise in the labels. Therefore, the A-NPI-M is more suit-
able than classical probability theory to be employed in the adaptations
of Decision Trees for MLC, especially when there is noise in the labels.

Also, we have developed two new lazy approaches to MLC: Binary
Relevance Credal Nearest Neighbors (BR-Credal-NN) and Multi-Label
Credal Nearest Neighbors (ML-Credal-NN). As the original Multi-Label
Nearest Neighbors (ML-NN) and Binary Relevance Nearest Neighbors
(BR-NN) algorithms, to classify a new instance, our proposed methods
employ statistical estimators based on the nearest neighbors of the in-
stance. Nonetheless, whereas the original algorithms use relative fre-
quencies with Laplacian correction for the statistical estimators, BR-Credal-
NN and ML-Credal-NN use the A-NPI-M. We have shown that our pro-
posed ML-Credal-NN and BR-Credal-NN methods predict that an in-
stance has associated with it a certain label more frequently than the
existing ML-NN and BR-NN algorithms, especially when there is noise
in the labels. We have carried out an experimental study with many
MLC evaluation metrics and different MLC datasets, with and without
noise in the labels, to compare the performance of our proposed lazy
approaches, based on the A-NPI-M, with some of the existing lazy MLC
algorithms based on classical probability theory. Such an experimen-
tal study has highlighted that BR-Credal-NN and ML-Credal-NN ob-
tain the best results in Accuracy and F1 measures. Remark that F1 is a
well-established evaluation metric in the literature to analyze the perfor-
mance of algorithms for unbalanced classification problems. In addition,
our proposed algorithms are more robust to noise in F1 metrics. In this



way, ML-Credal-NN and BR-Credal-NN are more appropriate than ML-
NN and BR-NN to tackle the class-imbalance problem that frequently
appears in MLC, especially with noise in the labels. In ranking-based
metrics, BR-Credal-NN obtains poor results, but ML-Credal-NN does
not perform worse than any of the lazy MLC algorithms considered in
our experimentation. Thus, ML-Credal-NN is far more suitable than
BR-Credal-NN for handling the multi-label ranking problem.

It must be also remarked that one of the main challenges in MLC is to
exploit the correlations between the labels and Classifier Chain (CC) is
considered a simple and effective method to exploit label correlations.
CC considers a binary classifier per label in which the previous labels
according to an established order are employed as additional predictive
attributes. Such an order strongly influences the performance of CC, and
it is not a trivial question to determine the optimal label order. Most of
the label ordering methods proposed so far are based on label correla-
tions. A new label ordering method has been proposed in this chapter.
It estimates the correlation between each pair of labels via the A-NPI-M
and then orders the labels by means of a greedy procedure. In it, for
each candidate label, the average correlation between that label and the
ones already inserted is considered, as well as the average correlation
between that label and the ones not inserted yet. It has been shown that
our proposed procedure presents some advantages over the ones devel-
oped so far based on label correlations; it uses imprecise probabilities
for estimating label correlations, which is more suitable than employ-
ing classical probability theory; it does not utilize a threshold to deter-
mine the list of labels that are correlated with each one; our proposal,
for each candidate label to insert in the chain, considers the correlation
of the labels already inserted with it and the correlation of the labels
non-inserted with the candidate label. Experiments have been carried
out with several MLC datasets and many MLC evaluation metrics to
check the performance of our proposed method. We have compared
our proposal with BR, the original CC algorithm, and CC with the label
ordering methods proposed so far based on label correlations. Such ex-
periments have revealed that the CC-based algorithms outperform BR,
which ignores the label correlations; the original CC method is the one
that obtains the worst results among the ones based on CC; as expected,
our proposed label ordering procedure achieves better performance than
the ones based on label correlations developed so far, the improvement
being especially notable in classification-based evaluation metrics.
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1 2 CONCLUSIONS AND FUTURE
DIRECTIONS

121 Concluding remarks

Classical probability theory (PT) is the standard way of representing the in-
formation about a finite set of alternatives provided by an expert or dataset.
Nonetheless, in many cases, this representation might not be suitable since the
available information is not sufficient for precisely determining the probability
of each alternative. For this reason, many imprecise probability theories and
models have been developed in the literature. Concerning imprecise proba-
bility theories, some theories are more general than others. One of the most
general ones is the theory based on general credal sets. In addition, as these
theories have particular mathematical properties, some theories are more suit-
able than others in specific situations. Evidence theory (ET) has been widely
used in the literature to handle uncertainty-based information, and reachable
probability intervals are easy to understand and manage, have high expressive
power, and can be efficiently computed. In fact, they have been frequently em-
ployed in practical applications such as classification. As demonstrated by
Abelldn [2], ET does not generalize reachable probability intervals, and the
converse is also not satisfied. With regard to the imprecise probability mod-
els, the Imprecise Dirichlet Model (IDM), proposed by Walley [209], satisfies
some principles that were claimed to be desirable for inference, such as the
Representation Invariance Principle (RIP). Nevertheless, this model assumes
previous knowledge about the data through a parameter. In practical applica-
tions, it has not been possible so far to determine the optimal value of the pa-
rameter for each specific case. The Non-Parametric Predictive Inference Model
(NPI-M) [58, 59] was developed to solve this shortcoming. The NPI-M is a non-
parametric approach that does not make previous assumptions about the data.
Even so, the set of probability distributions compatible with the NPI-M is not
convex. Indeed, when the NPI-M is employed, it is necessary to deal with
difficult constraints. For this reason, in [5], the Approximate Non-Parametric
Predictive Inference Model (A-NPI-M) was proposed. The A-NPI-M consists
of the convex hull of the set of probability distributions consistent with the
NPI-M and belongs to the reachable probability intervals theory. Hence, the
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A-NPI-M is more manageable than the NPI-M to be employed in practical
applications.

Within imprecise probability theories and models, new tools for represent-
ing the available information are needed. Such tools are known as uncertainty
measures. The basis of the study of uncertainty measures in imprecise prob-
ability theories is the study of uncertainty measures in ET. In such a theory,
uncertainty-based information can always be represented via a belief function.
The maximum entropy on the set of probability distributions consistent with a
belief function is the only uncertainty measure in ET so far that satisfies all es-
sential mathematical properties and behavioral requirements. Also, in the the-
ory based on general credal sets, the maximum entropy is a well-established
uncertainty measure as it satisfies the fundamental properties. However, the
maximum entropy requires a considerably high computational cost. Actually,
the algorithms proposed so far to compute the maximum entropy in ET are
notably complex. For this reason, many alternatives to the maximum entropy
in ET have been proposed during the last years. A well-known alternative to
the maximum entropy is the Deng entropy. In previous works, it was proved
that this measure violates most of the fundamental mathematical properties
for uncertainty measures in ET, and its behavior in some situations is ques-
tionable. Two modifications of this measure were proposed a few years ago
for solving some drawbacks of the Deng entropy. It should be remarked that
belief intervals for singletons are easier to manage than belief functions for
representing the uncertainty-based information in ET. Hence, many alterna-
tives to the maximum entropy in ET proposed during the last years are based
on belief intervals for singletons. Furthermore, there is no algorithm so far
to compute the maximum entropy on a general credal set. An algorithm for
the maximum entropy on Choquet capacities of order 2 was developed [16].
Moreover, Abellan [2] developed algorithms for the computation of the main
uncertainty measures with the IDM. An algorithm to compute the maximum
entropy with the NPI-M was also developed in [5].

Situations in which it is necessary to represent the information about a fi-
nite set of possible alternatives provided by a dataset arise in classification,
an essential area within Data Mining. This task consists of predicting, for an
instance described via a set of attributes or features, the value of a variable
under study called the class variable. In order to make such a prediction, clas-
sification algorithms usually need to represent the available information about
the class variable given the values of the attributes. One of the most simple
classification algorithms is Naive Bayes (NB). It assumes that all attributes are
independent given the class variable. Despite this unrealistic assumption, NB
has obtained good results in practice, comparable with more sophisticated



classification methods. The estimation of the probabilities plays a crucial role
in NB. Many years ago, Cestnik [47] proposed a new NB model that takes the
prior probabilities into account for the estimation of the conditional probabili-
ties. Such a model has obtained better performance that the NB models based
on classical estimators. Also, Decision Trees are very simple, transparent, and
interpretable models. Within Decision Trees, C4.5 is a well-known classifica-
tion algorithm. Classical Decision Trees use uncertainty measures based on
PT for selecting the attribute to split in each node. Decision Trees that utilize
uncertainty measures on credal sets to represent the uncertainty-based infor-
mation about the class variable at each node, known as Credal Decision Trees
(CDTs), were developed a few years ago. Within CDTs, a version of C4.5 based
on imprecise probabilities, called the Credal Cg4.5 algorithm (CCj4.5), was pro-
posed. CDTs and classical Decision Trees obtain statistically equivalent results
without noise in the data and CDTs perform significantly better than classical
Decision Trees when classifying class noise. Moreover, ensembles of classifiers
often achieve better results than individual classifiers. They consider multiple
individual classifiers and combine their predictions to give a final prediction.
The key point for the success of an ensemble scheme is that the base classifiers
are not only accurate but also diverse. Therefore, Decision Trees are appro-
priate for ensembles as, in these classifiers, little variations in the training set
may lead to considerable variations in the learned model.

Most classification algorithms aim to minimize the number of misclassified
instances. This would be optimal if all classification errors had the same im-
portance. Nonetheless, in practical applications, classification errors tend to
yield different costs. For this reason, many classifiers that take the error costs
into account, known as cost-sensitive classifiers, have been developed in the
last years.

Cost-insensitive and cost-sensitive classifiers usually predict a single value
of the class variable when classifying an instance. However, in some cases,
classifiers predict a set of class values because there is not sufficient avail-
able information to point out a unique value of the class variable. This is
known as Imprecise Classification. The performance of an imprecise classifier
is evaluated via its trade-off between accuracy (the real class value is among
the predicted ones) and informativeness, which is measured by the average
number of predicted class values. The first Imprecise Classification method
was the Naive Credal Classifier (NCC), which combines the IDM with the
naive assumption to output imprecise predictions. Afterwards, the first Impre-
cise Classification algorithm based on Decision Trees was developed, which is
called the Imprecise Credal Decision Tree (ICDT). ICDT obtained significantly
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better performance than NCC as the former model is much more informative
than the latter. Both NCC and ICDT were adapted for cost-sensitive scenarios.

Traditional classification assumes that each instance has a unique value of
a class variable. In some domains, Multi-Label Classification (MLC) fits bet-
ter than traditional classification since each instance might belong to multiple
labels simultaneously. MLC aims to predict the set of labels associated with
an instance. Many MLC algorithms have been proposed so far. They can be
divided into two groups. On the one hand, the problem transformation meth-
ods convert the MLC task into multiple traditional classification problems and
then combine their solutions to give a prediction for the MLC problem. On the
other hand, the algorithm adaptation methods directly adapt the existing algo-
rithms for traditional classification to MLC. Most of the algorithms proposed
so far for MLC use PT. It should be remarked that, as the number of labels in
MLC tends to be very high, one of the main challenges of MLC is to exploit
label correlations. The Classifier Chain algorithm (CC) is considered a simple
and effective method to exploit label correlations in MLC. CC considers a bi-
nary classification problem per label in which the previous labels according to
an established order are used as additional predictive attributes. The perfor-
mance of CC is strongly influenced by the label order, and there is no way so
far of determining the optimal label order. Many label ordering methods in
CC have been developed so far. Most of them estimate label correlations via
classical PT before ordering the labels. It must also be remarked that, in MLC,
there are often very few instances that belong to a certain label. Consequently,
MLC algorithms tend to suffer from a class-imbalance problem.

In this thesis work, we have analyzed some imprecise probability theories
and models; we have also made a critical analysis of some uncertainty mea-
sures in ET, and we have proposed an uncertainty measure on belief intervals
for singletons that satisfies all essential mathematical properties and behav-
ioral requirements; we have proposed new classification algorithms based on
imprecise probability models, including the above-commented special types
of classification: Imprecise Classification and MLC, that outperform the ones
of the state-of-the-art.

In concrete, we list below the main contributions of this thesis work:

Credal sets representable by belief functions and reachable probability
intervals have been characterized: we have provided a set of necessary
and sufficient conditions that a given reachable set of probability inter-
vals must satisfy to be representable by means of a belief function. It
has been demonstrated that, in order to check such conditions, it is re-
quired to consider several subsets and check some simple inequalities



with the sums of the lower and upper probabilities on such subsets. The
subsets are also simple and fast to compute. We have also given a char-
acterization of belief functions representable via reachable probability
intervals. Specifically, it has been demonstrated that the necessary and
sufficient condition for a belief function to be representable through a
reachable set of probability intervals is the following one: the difference
between any pair of non-singleton focal elements of the corresponding
basic probability assignment (BPA) has a cardinality lower or equal than
one. By employing our given condition, we have characterized some
special types of belief functions, such as p-boxes or necessity measures,
that can be represented via reachable sets of probability intervals.

With regard to imprecise probability models, we have analyzed the main
properties of A-NPI-M credal sets, comparing them with IDM credal
sets. It has been shown that, as with the IDM, as long as the sample
size converges to infinity, A-NPI-M credal sets converge to a unique
probability distribution, computed through relative frequencies; the A-
NPI-M is a more imprecise model than the IDM with the most utilized
value of the parameter, the one recommended in the literature; one of the
most remarkable properties of A-NPI-M credal sets is that they cannot
always be represented through a belief function, unlike IDM credal sets.
The calculation of the Mobius inverse for the A-NPI-M is more complex
than for the IDM. The same occurs with the set of extreme points of the
credal set. Therefore, the A-NPI-M is a more complex model than the
IDM. Nonetheless, it must be remarked that the IDM assumes previous
knowledge about the data via a parameter, unlike the A-NPI-M.

Concerning uncertainty measures, we have made a critical analysis of
two modifications of the Deng entropy proposed a few years ago. It
has been proved that such modifications, similar to the original Deng
entropy, do not satisfy most of the crucial mathematical properties for
uncertainty measures in ET, and their behavior in some scenarios is also
questionable. Furthermore, we have carried out a study about the es-
sential mathematical properties and behavioral requirements for total
uncertainty measures on belief intervals for singletons. That study has
been based on the one previously carried out for total uncertainty mea-
sures on BPAs. We have shown that none of the uncertainty measures
on belief intervals for singletons proposed so far verifies all the funda-
mental mathematical properties and behaviors for this type of measure.
We have also proposed a total uncertainty measure on belief intervals
for singletons, which consists of the maximum entropy on the credal set
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associated with such intervals. We have proved that, even though our
proposed measure requires a more complex computation than the other
uncertainty measures on belief intervals for singletons proposed so far, it
is the only one that satisfies all the crucial mathematical properties and
behavioral requirements for uncertainty measures on belief intervals for
singletons. We have also highlighted that our proposal gives an upper
bound of the maximum entropy on the credal set compatible with a BPA,
the well-established uncertainty measure in ET, the computation of the
former measure being notably faster than the latter. Moreover, we have
shown how to compute the most important uncertainty measures on A-
NPI-M credal sets. Such procedures represent useful tools to make the
A-NPI-M very suitable for practical applications.

Within traditional classification, we have presented a new version of
the NB algorithm, called the Imprecise m-probability estimation Naive
Bayes (ImNB), that considers the prior probabilities of the class values
to estimate the conditional probabilities, as the Cestnik approach. How-
ever, InNB uses the well-established uncertainty measure on credal sets
for estimating the prior probabilities, unlike the Cestnik model, which
employs relative frequencies with Laplacian correction to estimate such
probabilities. Thereby, our proposed ImNB is more robust to noise than
the Cestnik model. An experimental study with several noise levels has
highlighted that InNB performs better than the Cestnik approach and
the versions of NB that use classical estimators of the probabilities, with
and without noise in the data.

Improvements over the Imprecise Classification algorithms developed
so far have been proposed. Specifically, we can summarize the con-
tributions of this thesis work related to Imprecise Classification in the
following issues:

- We have proposed a new version of the ICDT algorithm that em-
ploys the A-NPI-M for the split criterion and the probability inter-
vals at leaf nodes (ICDT-ANPI), whereas the existing ICDT uses the
IDM. Experimental results have shown that ICDT-ANPI performs
equivalently to ICDT with the best choice of the IDM parameter.
Consequently, the A-NPI-M is more appropriate than the IDM for
Decision Trees for Imprecise Classification since the former model
does not assume previous knowledge about the data via a parame-
ter, unlike the latter model.
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— A new version of the NCC algorithm has been developed, called
the Extreme Prior Naive Credal Classifier (EP-NCC). Unlike NCC,
EP-NCC takes the lower and upper prior probabilities of the class
values into account to estimate the lower and upper conditional
probabilities. It has been shown that the predictions made by EP-
NCC are probably more informative than the predictions made by
NCC, the risk of incorrect predictions not being much higher with
EP-NCC. An experimental analysis has revealed that EP-NCC per-
forms significantly better than NCC as the former method is much
more informative than the latter, while the difference between the
performance of both algorithms in accuracy is not statistically sig-
nificant. Such an experimental analysis has also highlighted that EP-
NCC and ICDT obtain equivalent performance, but ICDT requires
a much higher computational time than EP-NCC. Hence, due to its
good performance and low computational time, EP-NCC is more
suitable for large datasets for Imprecise Classification than the ex-
isting algorithms for such a task. This is an important point in
favor of our proposed EP-NCC algorithm because of the increasing
amount of data in every area.

— The first ensemble method for Imprecise Classification has been pre-
sented in this thesis work. It has been taken into account that the
Bagging scheme has obtained good performance in precise classifi-
cation, especially when it has been used with CDTs, which encour-
age diversity. Thus, our proposed ensemble method for Imprecise
Classification consists of a Bagging scheme using the ICDT algo-
rithm (the adaptation of CDT for Imprecise Classification) as the
base classifier (Bagging-ICDT). The key point is how to combine
the predictions made by multiple imprecise classifiers. As com-
mented before, it is not a trivial question because, if the imprecise
predictions are not suitably combined, then the ensemble may not
perform better than an individual imprecise classifier since an exces-
sive reduction of the information can be produced. Our proposed
combination technique aims that the Bagging imprecise classifier is
as informative as possible. Such a technique consists of predicting
as non-dominated only the class values with the lowest possible
level of dominance, which implies that it is not very conservative.
Via an experimental analysis, we have shown that Bagging-ICDT
with our proposed combination technique performs much better
than the ICDT method; Bagging-ICDT is far more informative than
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ICDT, whereas the difference between the performance of both al-
gorithms in making correct predictions is not significant.

- Concerning cost-sensitive classification, we have proposed a new
cost-sensitive Imprecise Credal Decision Tree that weights the in-
stances by considering the cost of misclassifying the corresponding
class value. Our proposed method takes the error costs into ac-
count in the tree-building process, unlike the existing cost-sensitive
Imprecise Credal Decision Tree, which just considers the misclassi-
fication costs to classify instances at leaf nodes. We have shown that
the criterion used by our proposed cost-sensitive Imprecise Credal
Decision Tree for classifying instances at leaf nodes might be more
effective than the one employed by the existing cost-sensitive Im-
precise Credal Decision Tree because the predictions made may be
more informative. An experimental study has highlighted that our
proposed cost-sensitive Imprecise Credal Decision Tree significantly
outperforms the existing one; although the misclassification cost of
our proposed method is higher, it is much more informative and
achieves a better trade-off between low cost of incorrect classifica-
tions and informative predictions. In this way, we conclude that our
proposed cost-sensitive Imprecise Credal Decision Tree is more ap-
propriate than the existing one for practical applications where the
error costs are different and the available information is not enough
for classifiers to predict a single class value.

We have also proposed new MLC algorithms based on imprecise prob-
ability models. We have shown that the intrinsic label noise in MLC is
probably higher than the intrinsic class noise in traditional classification.
In consequence, since algorithms that use imprecise probabilities per-
form better than the ones based on classical PT when there is class noise
in the data, our proposed MLC methods might be more suitable than the
ones developed so far based on precise probabilities. We have checked
this issue via experimental studies. In concrete, the contributions of this
thesis work regarding MLC can be summarized in the points below:

— Firstly, we have analyzed the use of CC4.5 in two problem trans-
formation methods: Binary Relevance (BR) and Calibrated Label
Ranking (CLR). BR is a very simple MLC method that has obtained
good performance in practice, and CLR exploits pairwise label cor-
relations and alleviates the class-imbalance problem that tends to
appear in MLC. We have shown that, as CC4.5 is more robust to
class noise than Cg4.5, both BR and CLR are less sensitive to noise



in the labels with CC4.5 than with C4.5. Hence, since the intrin-
sic label noise in MLC may be higher than the intrinsic class noise
in traditional classification, CC4.5 is probably more suitable than
C4.5 to tackle the binary classification problems in BR and CLR. Ex-
perimental results have shown that both BR and CLR obtain better
performance with CCy.5 than with C4.5, the improvement being
more significant as the noise in the labels is higher.

We have proposed a new adaptation of Decision Trees for MLC that
employs the A-NPI-M for the split criterion and to predict the poste-
rior probabilities about the relevance of the labels for the instances
at leaf nodes. We have shown that our proposed adaptation is less
sensitive to label noise than the one proposed so far, which is based
on classical PT. Experimental results have highlighted that our pro-
posed adaptation performs better than the one proposed so far, the
improvement being more notable as there is more noise in the la-
bels. Therefore, the A-NPI-M is more appropriate than classical PT
to be used in the adaptations of Decision Trees for MLC, especially
when there is noise in the labels.

Also, we have presented two lazy MLC algorithms that, in order
to classify an instance, employ statistical estimators based on the
neighboring instances, similar to some existing lazy MLC meth-
ods. Nevertheless, our proposed lazy methods use the A-NPI-M
for such statistical estimators, unlike the existing ones, which uti-
lize relative frequencies with Laplacian correction. We have shown
that our proposed lazy MLC algorithms predict that a label is rel-
evant for an instance more frequently than the existing ones, and
this issue is enhanced with noise in the labels. An experimental
study has revealed that our proposed lazy MLC methods signifi-
cantly outperform the ones proposed so far in F1i-based evaluation
metrics. Thus, as F1 is a well-established evaluation metric to an-
alyze the performance of algorithms for unbalanced classification
problems, it can be stated that our proposed lazy MLC algorithms,
based on the A-NPI-M, are more suitable than the existing ones
based on precise probabilities to handle the class-imbalance prob-
lem that usually arises in MLC, especially with noise in the labels.

Finally, we have proposed a new label ordering procedure in CC
that estimates the correlation between each pair of labels via the
A-NPI-M and then orders the labels through a greedy procedure.
In such a procedure, for each candidate label, the average correla-
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tion between that label and the ones already inserted is considered,
as well as the average correlation between that label and the ones
not inserted yet. It has been shown that our proposed procedure
presents some advantages over the ones developed so far based on
label correlations; it employs an imprecise probability model to es-
timate label correlations, which is more appropriate than precise
probabilities; our proposed method, for each candidate label, takes
into account the correlation of the labels already inserted with it
and the correlation of the labels non-inserted with the candidate la-
bel, while some of the label ordering methods proposed so far only
consider the correlations between the candidate label and the ones
not inserted yet. An experimental study has shown that our pro-
posed label ordering method performs better than the ones based
on label correlations developed so far.

12.2 Future research

The management of uncertainty-based information in some imprecise prob-
ability theories is still an open research line. Such management is very impor-
tant in some crucial tasks, such as classification. Within this task, including
Imprecise Classification and MLC, new algorithms based on imprecise proba-
bility models that perform better than the ones developed in this thesis work
could also be proposed. Moreover, the tools presented here could be employed
in practical applications to extract useful information.

We list below some specific ideas for future research:

Some of the essential mathematical properties for uncertainty measures
on BPAs are debatable. For example, in ET, there more are types of
uncertainty than in classical PT: conflict and non-specificity coexist in
ET, while the only type of uncertainty existing in PT is conflict. Conse-
quently, it may be logical that the range of an uncertainty measure on
BPAs is larger. Hence, the set of crucial mathematical properties for un-
certainty measures on BPAs could be revised. The same happens with
the set of fundamental mathematical properties for uncertainty measures
on belief intervals for singletons proposed in this thesis work.

Few Imprecise Classification methods have been developed so far. For
future work, many of the traditional classification algorithms based on
classical PT could be adapted for Imprecise Classification by employing
imprecise probability theories or models.



It must be noted that the first ensemble method for Imprecise Classifica-
tion has been presented in this thesis work. In this way, other ensemble
schemes that have obtained good performance in standard classification,
such as Boosting or Random Forest, could be adapted for Imprecise Clas-
sification. Moreover, as said previously, the combination of multiple
imprecise predictions is not trivial. The combination technique of our
proposed ensemble algorithm for Imprecise Classification tries that the
ensemble is as informative as possible, although it assumes a higher risk
of incorrect predictions. This technique has obtained good experimental
results, but it might not be optimal. Therefore, it would be interesting to
study other techniques for combining the predictions made by multiple
imprecise classifiers.

With regard to cost-sensitive Imprecise Classification, other cost-sensitive
Imprecise Credal Decision Trees could be developed by considering other
ways of using the instance weights for the split criterion or via other crite-
ria to make the predictions at leaf nodes. In addition, it would be worth
proposing ensemble methods for cost-sensitive Imprecise Classification
that use our proposed cost-sensitive Imprecise Credal Decision Tree as
the base classifier.

New MLC algorithms based on imprecise probabilities have been pro-
posed in this thesis work. They have obtained better performance than
the existing ones that use classical PT. For future work, this motivates us
to develop new MLC methods based on imprecise probability models
that outperform the ones of the state-of-the-art. Also, imprecise proba-
bility models could be utilized in ensembles of Decision Trees for MLC.
Furthermore, it would be interesting to propose new methods for ex-
ploiting label correlations in MLC based on imprecise probabilities. For
example, in CC (a simple and effective method for exploiting label corre-
lations in MLC), other label ordering methods based on imprecise prob-
ability models that achieve better results than the one developed in this
thesis work could be proposed.

It would be worth developing algorithms that combine MLC with Impre-
cise Classification. Even though this point has not been covered in this
thesis work, in the literature, there are some works about methods that
output multi-label imprecise predictions. Examples can be found in [45,
46, 168].

Finally, the classification algorithms based on imprecise probability mod-
els presented here could be used in practical applications, such as credit
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scoring, medical diagnosis, software defect prediction, traffic accident analysis,
text categorization, or biology, to extract useful knowledge in these do-
mains.



Part V

APPENDIX






A PRACTICAL APPLICATIONS OF
IMPRECISE PROBABILITY MODELS

On the one hand, an estimated 1.27 million people die, and 20-50 million
people are injured in traffic accidents every year, with devastating human and
economic impact [219]. For this reason, it is fundamental to analyze the main
causes of the serious severity in traffic accidents to avoid fatal injuries. In
this way, traffic accident analysis is an essential area nowadays. Within this area,
data mining techniques are commonly applied to traffic datasets for extracting
the main causes of fatalities in traffic accidents.

On the other hand, the credit risk analysis is a crucial issue for banks and
financial institutions. It consists of applying techniques to credit databases to
extract information about when a credit should be given to a client depending
on a set of features of such a client. It is important to remark that, in credit
risk, any small improvement might lead to considerable benefits [151].

In this appendix, we apply imprecise probability models to techniques for
traffic accident analysis (Section A.1) and credit risk analysis (Section A.2)

A.1 Traffic accidents of novice drivers in urban areas

A.1l.1 Introduction

Many accidents occur in urban areas [196]. In addition, the factors that affect
road accident severity in urban and no urban areas are different [198]. Also,
many works in the literature, such as [206, 215] have revealed that driving
experience is an important factor in accident analysis, since inexperienced
drivers are more likely to suffer or cause fatal injuries. For instance, in [98],
it was concluded that adolescents, inexperienced in most cases, are not really
worried about certain dangers, and that this lack of experience is the reason of
many crashes. In fact, novice drivers have a different perception about the risk
[35, 131], and novice drivers have less visual attention than the experienced
ones [204, 205].

In this section, which corresponds to our published work [164], we study
accidents in urban areas in Spain involving drivers with 3 or fewer years of
driving experience. In particular, our goal is to analyze the main causes of
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fatal injuries in this kind of accidents. This will help road safety analysts and
managers to identify the main problems related to inexperienced drivers and
take measures for trying to reduce the number of accidents of this type and al-
leviate their consequences. Accidents in intersections are analyzed separately.

A.1.2 Data and Methods

A.1.21 Accident data

The Spanish General Traffic Directorate (DGT) collected accident data over a
period of 5 years (2011-2015). These data contain three tables per year. One of
these tables (accidents) refers to the characteristics of the crashes (weather con-
ditions, time, weekday ..., and so on). The second table (people) contains data
about the people involved in each accident. Finally, the third table (vehicles)
covers the information of the vehicles involved in each crash. A description
of the meaning of possible variable values for these tables can be found in
https://sedeapl.dgt.gob.es.

The afore-mentioned data has been pre-processed to get the data in a suit-
able format for the data mining methods employed to extract knowledge from
the data. Specifically, some variables that are clearly not relevant have not
been considered; we have grouped some attribute values because variables
with many possible values often have a negative impact on the performance
of data mining algorithms; also, some continuous variables have been dis-
cretized. Most of these transformations have been extracted from the work
of [169]. The most important transformation is the creation of the variable
driver_type, which indicates whether the driver has three or fewer years of ex-
perience. Since we want to study the impact of driving inexperience on the
fatality of accidents in urban areas, only data corresponding to accidents in
urban areas and drivers with three years of experience or less are selected.

A.1.2.2 Information Root Node Variation

Decision Trees are well-known classification methods as they are very sim-
ple, transparent, and interpretable models. One important advantage of DTs is
that decision rules (DRs) can be extracted easily. A DR is a logical conditional
structure written as an “IF A THEN B" statement, where A is the antecedent
and B is the consequent of the rule. In our case, the antecedent is the set of val-
ues of several attributes, and the consequent is a class value. Each rule starts
at the root node, where the conditioned structure (IF) begins. Each variable
that appears in the path represents an IF condition of a rule, that ends in leaf
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nodes with a THEN value, associated with the class value associated with the
leaf node.

However, rules that can be obtained from a single decision tree strongly de-
pend on the root node. Thus, within a single Decision Tree, it is only possible
to extract knowledge in the sense indicated by root variable. For this reason,
the Information Root Node Variation method (IRNV), proposed in [19], varies
the root node to generate different DTs. Therefore, as multiple trees with dif-
ferent structure are considered, the number of rules may be much larger than
the number of rules generated using a single Decision Tree.

Furthermore, the split criterion is probably the most important point for
building a Decision Tree since different split criteria might lead to considerably
different trees. Consequently, the IRNV method also employs several split
criteria for the tree-building process.

A.1.2.3 Selection of the best rules

A priori, a decision rule can be obtained for each leaf node in a Decision Tree.
Nevertheless, in a considerable number of cases, some of these rules are not
significant because a rule should not necessarily represent a large number of
instances of the dataset. Rules of this kind do not provide useful information
for defining safety measures.

For this reason, sufficiently significant rules are extracted using a mecha-
nism based on two parameters:

e Support (S): Let us consider a rule of type 'IF A THEN B’ (A — B).
Support is defined as the fraction of the data set where A and B are
present. In other words, it is the probability that both the antecedent
and the consequent occur.

o Probability (Pr): It is the probability that the consequent is present given
that the antecedent is present. If we have a rule A — B, then Pr =

P(BIA) = P]gf\/’\%) , where P(A, B) is the probability of A N B.

The selection method consists in choosing only the rules in the set which
meet a minimum value (threshold) for both parameters. As argued in [19], the
more suitable threshold values for Support and Probability depend on some
characteristics, such as the nature of the data (balanced or unbalanced), the
interest in the minority class, and the data sample.
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A.1.2.4 Procedure

In accordance with the research carried out in [9], three split criteria have
been considered: The Information Gain Ratio (IGR), the Imprecise Information
Gain based on the IDM (IIG-IDM), and the Imprecise Information Gain based
on the A-NPI-M (IIG-ANPI).

The software used to build the Decision Trees was Weka. We added the
necessary methods to build decision trees using the IRNV with the above-
mentioned split criteria. Consistently with other works in the literature, such
as [9, 19, 169], we built the Decision Trees with only four levels to get rules
which could be useful, simple and easy to understand for road safety analysts.
We did not use pruning to build the Decision Trees. The rest of the parameters
had the default values used in Weka. We also used the treatment for missing
values given by default in Weka.

Our two datasets are relatively small (slightly over 30,000 instances) and the
nature of our data is clearly unbalanced (less than the 10% of the instances
have fatal severity), as the data set considered in [160]. Similarly, we are
strongly interested in extracting rules where the consequent is fatal injury.
For this reason, we selected the same Support and Probability thresholds used
in [160]: 10% for Pr and 0.1% for S.

A.1.3 Results

The obtained results can be seen in the rules of Tables 2 and 3 of [164]. From
these results, we can make the following comments:

e In most of the rules with the highest values of support and probabil-
ity, part of the antecedent is that the type of accident is running over a
pedestrian. Hence, collisions with pedestrians is the type of accident of
inexperienced drivers that causes the most fatal injuries in urban areas.
For this reason, road safety analysts should urge inexperienced drivers
to exercise extreme caution to prevent pedestrian accidents while driv-

mng.

¢ We have also observed that in most of the accidents with fatal severity
involving inexperienced drivers the speed of the vehicle was excessive.
In fact, in most of the rules with the highest values of support and prob-
ability, part of the antecedent is that the infraction of the driver is a high
speed. Therefore, speed moderation is crucial for novice drivers, espe-
cially during the first few years. As this is a very common infraction,
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advertising campaigns should be run to raise awareness about this issue
among inexperienced drivers.

o The issues mentioned above often give rise to fatal severity in accidents,
even when external conditions are good. However, according to part of
the antecedents of some rules, the situation could be aggravated under
certain circumstances. These circumstances can be the hour, the weekday
and, most importantly, the lack of pavements. This factor can lead to fa-
tal injuries, especially in intersections. In consequence, apart from warn-
ing novice drivers to moderate the speed in areas without pavements,
building more pavements in urban areas (especially in intersections) is
desirable.

e Part of the antecedent in some rules corresponding to intersections is
that the driver overlooked traffic officer directions. So, another point
to consider is that novice drivers must obey traffic officer directions in
intersections. They should be aware that the directions given by a traffic
officer have priority over the rest of signals and general rules. Thus,
advertising campaigns should be run to raise awareness about this point
among inexperienced drivers.

A.2 Featureselectionin Bayesian networks for credit
scoring

A.2.1 Introduction

Many data mining techniques have been employed in the literature for
credit risk analysis. Among them, we can mention Bayesian Networks [172].
These models are very interpretable since they use graphical structures to rep-
resent dependence relations among the features of the problem. They have
been successfully used to work with credit scoring datasets [28, 136, 146, 238].
Indeed, a BN can be used as a classifier but it is not one of the principal virtues
of this model. BNs have different characteristics than standard classifiers:

e BN are interpretable probabilistic models, whereas some classifiers with
a high predictive performance perform as black-boxes;

o If the classifier is also interpretable as BNs (for example, a decision tree),
then we need to know the values of all the features associated with the
case to predict (all the values of the antecedent to know the consequent
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in a rule generated by a decision tree). With a BN, we can do inference
regardless of the number of observations about the features that we have.
Furthermore, BNs are capable of informing about the probability of each
value from any feature. These probabilities change when we know the
values of any other features. For example, knowing part of the credit
applicant data, we will be able to calculate the probability that the credit
is positive through inference methods.

With a BN, we can do inference from causes to effects and from effects
to causes, whereas, with another classifier, we can only predict the class
variable (causes to effects). Knowing the values of some features, with a
BN, we can find the most probable combination of the rest of the features.
For example, suppose that a credit is negative and the client is under
twenty years of age. Then, we can find the most probable combination
of values for the rest of the client features.

The reduction of the number of features can improve the performance and
reduce the complexity of a NB. For that aim it is important that the procedure
used to select variables could find the most informative features. A higher
number of features does not necessarily imply that the learned BN be a better
representation of the data available. If we have irrelevant features, the BN
could use them and build a model with erroneous relations. Redundant vari-
ables will usually deteriorate the goodness of a fitted model. Furthermore,
the models including a great number of features become less interpretable
because the network is bigger and more complex. For these reasons, it is ap-
propriate to take advantage of a good feature selection algorithm that would
remove any irrelevant/redundant variables before learning the network.

One of the most successful feature selection algorithms employed in the lit-
erature is the Correlation-Based Feature Selection method (CFS) [106]. It consists
of a greedy procedure that selects the set of attributes correlated with the class
variable by taking into account, for each candidate attribute to insert, the cor-
relations between the candidate attribute with the attributes already inserted
and the correlation between the candidate attribute with the class variable. Be-
fore the explained greedy procedure, CFS estimated the correlation between
each pair of attributes by utilizing classical probability theory.

As pointed out previously, the use of imprecise probabilities has several ad-
vantages. The most important of them might be the suitable management of
the little reliable information, when the sample size is not enough or there
are noisy data. In particular, the Imprecise Information Gain measure (IIG),
used for the split criterion in Decision Trees (see Equation (4.22)), has been suc-



A.2 Feature selection in Bayesian networks for credit scoring |

cessfully employed in such models for studying the correlation of an attribute
with the class variable, especially with noisy data.

In this section, corresponding to our work [121], we define a new feature
selection method to select a subset of informative features. This method will
be based on the IIG measure in a forward way to add features. The new
feature subset selection algorithm will be called the Forward Feature Selection
based on Imprecise Information Gain (FFSIIG). Our principal aim is to show that
if we build a BN from data using the FFSIIG in a previous step, then we obtain
a better representation of the data than the BN built with no previous subset
feature selection. Moreover, we will also show that the BN built with the
features selected by the FFSIIG is also more representative of the data than a
similar BN built with CFS, one of the most used and successful procedures to
select variables.

A.2.2 Methodology

A.2.2.1 Bayesian Networks

A Bayesian Network (BN) [172] is a graphical model which encodes a joint
probability distribution, being composed of a qualitative part, a directed acyclic
graph which represents the dependencies among the variables, and a quanti-
tative part, a collection of numerical parameters, commonly conditional prob-
ability tables.

The common practice is to learn a BN automatically from a dataset, al-
though it can be built manually from an expert. There are also mixed methods
to build a Bayesian Network where the network can be learned automatically
from data and manually refined by an expert. In this sense, the problem of
learning automatically a BN from data is to find the network that, in some
sense, best represents the data.

Once we have obtained a BN, we usually need to determine various prob-
abilities of interest as we get new information or evidence. For example, in
a credit scoring problem, we want to know the probability of grant a credit
given the data of a new client. Thus, we can define the probability propaga-
tion or probabilistic inference [172, 190] as the computation needed to obtain
the posterior probability of one or several variables (e.g., grant a credit or not)
given the values of other variables (e.g., new client data).
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A.2.2.2 New feature selection method

Our proposed Forward Feature Selection based on Imprecise Information
Gain method (FFSIIG) uses the maximum entropy on IDM credal sets to es-
timate the gain of information of the class variable when we have a set of
attributes.

Hence, in order to evaluate the goodness of a subset of attributes, FFSIIG
considers the information gain of the class variable given such attributes,
where the uncertainty-based information about the class variable is repre-
sented via the maximum entropy on the corresponding IDM credal set.

FFSIIG uses a greedy procedure to select the attributes correlated with the
class variable. At each step of such a procedure, among the attributes not
selected yet, the one that gives rise to the maximum gain of information of the
class variable given the new subset resulting from adding the attribute.

A.2.2.3 Procedure

e We have utilized five well-known credit scoring datasets used in other
works in the literature such as [9, 151]. A detailed description about
these datasets can be seen in Table 2 of [121]. To work with BNs, these
datasets have been discretized by using Fayyad and Irani discretization
method [88]. After that discretization process, a few continuous vari-
ables have been discretized into a single value and, consequently, such
variables have been removed.

o For each one of these discretized datasets, we have applied two feature
selectors: CFS and FFSIIG. The CFS algorithm was already implemented
in Weka. We have added the necessary structured and methods for FF-
SIIG. The IDM parameter was set to s = 1 because it is one of the recom-
mended by Walley [209] and requires a low computational cost.

o After the preprocessing stage, we have used the Elvira System [elvira]
to build BNs via different methods. Three different approaches have
been utilized to learn the structure of the BNs: (1) the score-based K2
algorithm [61]; (2) a local search approach with the BDeu metric [42]; (3)
the PC algorithm [193]. The performance measure used is the Kullback-
Leibler divergence [132], defined as the distance between the joint prob-
ability distributions associated with a candidate network and with the
available data set. This measure is accepted as a standard measure of
error in the Bayesian networks literature [112, 172].
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A.2.3 Comments on the results

The obtained results are shown in Tables 3-6 of [121]. The following points
should be remarked about these results:

o For the three learning methods considered here, the BNs represent the
data much better when we apply a previous feature selection (CFS or
FFSIIG). In fact, for all datasets, the KL divergence to the original data is
considerably higher for the BNs learned with all features. Therefore, we
can observe that the redundant and/or irrelevant features yields a less
representative model of the data.

o Comparing the two best feature selection methods, the KL divergence
is lower of the BNs learned with the features selected by FFSIIG than
the divergence of the BNs learned after selecting features via CFS for
all datasets, except for the ‘German’ dataset. So, in general, the results
obtained with FFSIIG are better than those obtained with CFS. FFSIIG is
better in 4 out of 5 datasets. Moreover, for the German dataset, where
the KL divergence is lower for the CFS, the difference is not as significant
as in the rest of the datasets, where the KL divergences for the CFS are
considerably higher than the ones obtained with the FFSIIG.

o Furthermore, the number of features selected by FFSIIG is generally far
lower than the number of attributes selected by CFS. In consequence,
the BNs obtained with FFSIIG, as a previous step, are more simple and
explicative because they are built with a lower number of features than
the ones built previously using the CFS method.
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