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Abstract

In recent years, our behaviour towards data has changed. As technology evolves,
we are more and more able to process large amount of data, often in real time, to
the point where data itself becomes the building block of data products. Examples
of such data products are music and movie recommendations on websites like
Spotify and Netflix, friends recommendations on social media or personalized
advertising by local supermarkets.

To this aim, we want to obtain useful knowledge from data. In the early eighties,
Zdzistaw Pawlak introduced rough set theory in order to obtain information from
inconsistent, insufficient and incomplete data, and hence, to obtain knowledge
from this data. The basic idea of rough set theory is that it provides a lower and
upper approximation of a concept with respect to the indiscernibility between
objects based on the data. The lower approximation contains all the elements of
the universe certainly belonging to the concept, while the upper approximation
contains the elements possibly belonging to the concept. In the original model
of Pawlak, an equivalence relation is used to model indiscernibility. Many au-
thors have generalized Pawlak’s model by using binary non-equivalence relations,
neighborhood operators and coverings.

However, as rough set models are designed to process qualitative or discrete
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data, it faces limitations when dealing with real-valued data sets. To overcome these
limitations, it is interesting to study the hybridization of rough set theory and fuzzy
set theory. It was recognized early on that both theories are complementary, rather
than competitive. In fuzzy rough set theory, we use a fuzzy relation to formalize
the indiscernibility between objects and moreover, the concepts we approximate
are fuzzy.

The goal of this work is to provide a systematic, theoretical study of rough set
theory and fuzzy rough set theory, unifying existing proposals and developing new
ones, with a view to enhance their suitability for machine learning purposes, as well
as to investigate desirable properties that may be inherited from the contributing
theories.

First, we study rough set theory from a semantical point of view. To this aim,
we discuss a new conceptual understanding of rough set models. We recall a
semantical approach of Pawlak’s rough set model, for which we construct a two-
part language. Then, we develop a semantical approach to covering-based rough
set models, for which we allow other relations between attribute values than the
equality relation to describe the indiscernibility between objects. We illustrate this
semantical approach by applying it to dominance-based rough sets. Furthermore,
we introduce a semantical approach for decision tables with missing values using
Pawlak’s rough set model.

Next, we provide a theoretical comparison of different covering-based rough
set approximation operators. To this end, we construct a unified framework of dual
covering-based approximation operators. We recall existing models and introduce
new ones. We study equalities and partial order relations between the different
approximation operators, in order to derive insight in the accuracy of the approx-
imation operators. In addition, we study which properties of Pawlak’s rough set
model are maintained for each of the pairs of dual covering-based approximation
operators.

Finally, we discuss different fuzzy rough set models. We study fuzzy coverings
and fuzzy neighborhood operators based on fuzzy coverings. Additionally, we
introduce a fuzzy rough set model which encapsulates many fuzzy rough set models
discussed in literature. Moreover, we examine different fuzzy covering-based rough
set models. To end, we discuss noise-tolerant fuzzy rough set models.
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CHAPTER 1

Introduction

In recent years, our behaviour towards data has changed. As technology evolves,
we are more and more able to process large amounts of data, often in real time,
to the point were data itself becomes the building block of data products [|123]].
Examples of such data products are music and movie recommendations on websites
like Spotify and Netflix, friends recommendations on social media or personalized
advertising by local supermarkets. Moreover, we can find it in finance, where data
is used for credit ratings, and in government, to optimize transportation.

To this aim, we want to obtain useful knowledge from data. Rough set theory
provides us a tool to do this. For example, rough set techniques have been used
for tumor classification [|23[], for image retrieval [|[104] and for the classification of
microarray data [[109]].

In this chapter, we first provide some background to situate our research. We

discuss rough set and fuzzy rough set theory. Next, we state the research objectives
of this dissertation. We end with the outline of this work.

13



14 Chapter 1. Introduction

1.1 Background

In this section, we present some background to situate our research. We discuss
rough set theory and fuzzy rough set theory. We end with some topics in machine
learning which use (fuzzy) rough set theory.

1.1.1 Rough set theory

In the early eighties, Zdzistaw Pawlak [|128]] introduced rough set theory in order
to obtain information from inconsistent, insufficient and incomplete data, and
hence, to obtain knowledge from this data. This problem occurs in many situations
where decision making is involved: when diagnosing patients, spam or image
classification, learning from examples, pattern recognition, rule-based control,
minimizing credit risk, ... [[130]]. For example, assume the universe U to be a set
of patients. We say that the data is

e inconsistent, if two patients share exactly the same symptoms, but only one

of the patients has a certain disease.

o insufficient, if we cannot determine whether a patient has a certain disease
given the considered symptoms.

e incomplete, if for a patient the result of a symptom is missing or if there are
multiple possibilities for the result.

Such data can be represented in an information table. An information table is
presented by the following tuple:

T =(U,At, {V, | a €At} {I, | a €At}), 1.1

where U is a finite non-empty set of objects, also called instances, called the uni-
verse, At is a finite non-empty set of attributes or features, V, is the non-empty
domain, i.e., the set of possible values, of a € At, and I, : U — V, is an information
function for a € At. The table T is called complete if all functions I, are complete,
i.e., they each map an object of U to exactly one value in V,, otherwise T is called
incomplete. While an information table has been defined by Pawlak [|128] to rep-
resent data, decision tables are considered for applications such as classification
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and regression tasks. The table T is called a decision table if the set of attributes At
is the union of two disjoint sets C and {d}, with C the set of conditional attributes
and d the decision attribute. Note that sometimes a set of decision attributes D is
considered.

Since rough set theory does not require preliminary or additional information
about data like probability distributions in probability theory, grades of membership
in fuzzy set theory, or mass functions in Dempster-Shafer theory of evidence, it
has a major advantage compared to other theories which derive information and
knowledge from data [|38]]. The starting point of the theory is the question whether
two objects of the universe are indiscernible from each other based on the available
attributes. In Pawlak’s original rough set model, this indiscernibility is described
by an equivalence relation: two objects are in the same equivalence class if they
are indiscernible from each other. Based on this indiscernibility relation, Pawlak
constructed the lower and upper approximation operator. Given a subset X of the
universe U, the lower approximation of X contains those objects which certainly
belong to the set X and the upper approximation of X contains those objects which
possibly belong to X. This way, we describe the imprecise information given by the
set X by two sets which provides us with more precise information. For example,
if X is the set of patients with a particular disease, the lower approximation of X
contains those patients which certainly have the disease, while the patients in the
upper approximation of X possibly have the disease. Based on this information, we
only need to perform an extra examination on the patients in the bounadary region,
i.e., the difference between the upper and lower approximation of X. Pawlak’s
approximation operators have been generalized by considering a general binary
relation or neighborhood operator. In this work, we will discuss different genera-
lizations.

In literature, there are three approaches to rough set theory: the axiomatic,
constructive and semantical approach. The main difference between them is the
function of the approximation operators.

e Axiomatic approach: this approach is used to obtain insight in the algebraic
structure of approximation operators. Given a set of axioms, we want to
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determine which approximation operators this set characterizes. In other
words, given a set of preferable properties, which approximation operators
will fulfil these properties. In this approach, approximation operators are
used as primitive notions.

e Constructive or computational approach: in this approach, approximation
operators are derived notions based on the following primitive notions:
binary relations, partitions of the universe, coverings of the universe, lattices,
Boolean algebras, ... We study for each pair of approximation operators
which properties it satisfies. This approach is very suitable for applications,
as it allows to construct algorithms based on rough set theory.

e Semantical or conceptual approach: this approach is used to provide insight
in the meaning of the concepts of rough set theory. Given a decision table,
we want to determine the definable sets related with this table. Based on
these definable sets, approximation operators are derived notions in this
approach.

In this dissertation, most results can be classified under the constructive approach
of rough set theory. Given a certain approximation space, we define pairs of ap-
proximation operators, study their properties, and compare them with each other
to determine which pairs are suitable for applications. Moreover, we discuss some
semantically sound approaches to different rough set models. In this work, we
will not consider the axiomatic approach to rough set theory. More details on the
axiomatic approach to rough set theory can be found in [|98}|181]].

For more information regarding rough set theory, we refer to the references
of [|[130]]. Note that rough set approximation operators have similarities with
operators in modal logic [|[188]], formal concept analysis [[184]] and topology [1134],
however, comparison with these theories is outside the scope of this work.

1.1.2 Fuzzy rough set theory

The research of rough set theory has flourished since the early eighties. However,
as rough set models are designed to process qualitative or discrete data, it faces
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limitations when dealing with real-valued data sets [81]]. To overcome these limi-
tations, it is interesting to study the hybridization of rough set theory and fuzzy
set theory.

Fuzzy set theory is introduced by Zadeh in 1965 [|193]] to deal with vague
concepts and graded indiscernibility. In classical set theory, an object belongs to
a concept or it does not belong to the concept. It is either ‘yes’ or ‘no’, ‘1’ or ‘0’,
‘black’ or ‘white’. However, in everyday life, not everything is binary. As humans, we
think in grey-scales. Concepts such as ‘old’ or ‘tall’ cannot be describe with a strict
boundary. Most people will agree that a child of height 1m is short, and a basketball
player of 2m is tall, but what about me, a person of height 1m78? Depending on
your own height, you will consider me ‘short’ or ‘tall’. To avoid such subjectiveness,
we can describe the property ‘tall’ by a fuzzy set instead of a classical crisp set.

Formally, a fuzzy set is described as a function from the set of objects to a lattice,
often the unit interval [0, 1]. We will always work with [0, 1]. Thus, a fuzzy set X
on the universe U is a function

X:U—-[0,1]: x — X(x). (1.2)

Every object x € U is associated with its membership degree X(x) € [0, 1]. For
example, the child of height 1m will have degree 0, i.e., ‘not tall’, the basketball
player of height 2m will have degree 1, i.e., ‘tall’ and I will have degree 0.6, i.e., I
am ‘rather tall’.

Note that there is a fundamental difference between fuzzy set theory and
probability theory. For instance, consider the concept ‘rain’. When looking up the
weather, it will tell you with what chance it will rain today, but it will not tell you
the intensity of the rain. With the following sentences, we illustrate this difference:

e The sentence ‘there is an 80% chance on rain of degree 0.1’ states that it will

almost certainly drizzle.

o The sentence ‘there is a 10% chance on rain of degree 0.8’ states that there
is a slight chance on pouring rain.
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From early on, it was clear that rough set theory and fuzzy set theory are rather
complementary, than competitive. We illustrate this with the following quotations.

A fuzzy set is a class with unsharp boundaries whereas a rough set
is a crisp set which is coarsely described.’

Lotfi A. Zadeh in the foreword of [[124]].

‘Rough set theory is about the size of the pixels, fuzzy set theory is
about the existence of more than two levels of grey.’

Didier Dubois and Henri Prade in the foreword of [[129]].

Dubois and Prade were two of the first authors to describe a fuzzy rough set
model. Such a model uses a fuzzy relation or fuzzy neighborhood operator to
describe the indiscernibility relation on the universe U. In other words, two objects
x and y are indiscernible to a certain degree. Moreover, the set which contains
the imprecise information and which we would like to approximate is a fuzzy set
instead of a crisp set.

An illustrative example to apply fuzzy rough set theory to is the prediction
of the price of our house given the prices of similar houses. Since we want to
determine a real-valued outcome, the approximated sets are fuzzy. Moreover, the
indiscernibility between houses is fuzzy: two houses can very similar based on the
number of rooms, residential area, type of roof, ... However, if we used a crisp
relation to describe the similarity of houses, we would find a very small number of
houses similar to ours, hence, it would be very difficult to predict the price of our
house.

Fuzzy rough set theory has been applied in many machine learning applications
which deal with both vague and incomplete information. In the next section, we
discuss some of these machine learning techniques, to illustrate the motivation
behind the multiple developments of different fuzzy rough set models.

1.1.3 Applications in machine learning

In [[162[], Vluymans et al. present a survey of applications of fuzzy rough set theory
in machine learning. We will highlight some machine learning applications, to
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situate the research domain. As we will not discuss applications in this dissertation,
we will not provide details for which we refer to [[162].

The goal of machine learning applications is to obtain knowledge from data.
To this aim, algorithms which can learn from data and predict based on known
properties are studied and constructed. This way, machine learning slightly differs

from data mining, which focuses more on discovering patterns in data.

Fuzzy rough set theory is used in a wide variety of machine learning applications.
Here we will focus on some supervised learning algorithms. Supervised learning
implies that a set of labeled elements is available in the training phase of the
method [[162], i.e., there is a teacher at hand for the method to learn from. A
supervised learning algorithm constructs a model to predict the outcome of new
objects based a set of labeled objects, i.e., objects of which we know the outcome.
To go back to the pricing of our house, we want to predict the price based on a set
of houses of which we know the price.

If the outcome of the prediction is categorical, the learning task is considered a
classification task, otherwise, we consider it a regression task. We will discuss both
tasks briefly. Moreover, the data we consider often needs to be preprocessed, in
order to fasten the learning time or to increase the prediction ability. Examples of
such preprocessing step are feature and instance selection, which we discuss first.

Feature selection

Feature or attribute selection is a preprocessing step which removes conditional
attributes from the decision table, in order to decrease the dimensionality of the
problem without losing the semantical meaning of the data. In addition, we would
like our reduced set of conditional attributes to preserve the ability to discern the
objects of the universe which are discernible based on the original data. The goal
is to obtain a set of conditional attributes which is minimal for this property. Such
a minimal set is called a reduct. We say that the conditional attributes in such a
reduct are joint sufficient and individually necessary, i.e., together they preserve
the discernibility ability of the original set of conditional attributes and moreover,
none of the attributes can be removed from this set, i.e., they are all necessary.
When a set of conditional attributes which preserves the discernibility ability is not
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minimal, it is called a superreduct.

In a classification problem, it is usually sufficient to preserve the ability to
discern between decision classes and not necessarily between individual elements.
In this case, we call such a minimal set a decision reduct or relative reduct.

Additionally, a general framework for fuzzy rough attribute selection was pre-
sented in [|18]]. Let .# be a monotone measure to determine the degree of ability
to preserve the discernibility between decision classes such that .Z(C) = 1. Let
AC C, then A is a fuzzy # -decision superreduct to degree a € (0,1] if #(A) = a. If
A is minimal for this property for a, i.e., VA’ CA: #(A) < a, the set A is called a
fuzzy M -decision reduct to degree a.

To determine which attributes are dispensable or redundant, we can consider
different techniques. If we want to determine all reducts, we could make use of a
discernibility matrix. If finding one reduct is sufficient, we could use some heuristic
algorithms.

A discernibility matrix M is a matrix of size nxn, with n = |U|. Every entry M;; of
the matrix contains those conditional attributes which discern the objects x;, x; € U.
Based on M, we can describe the discerniblity function f given by

f:/\{\/{aEC|a€Mij}|Mij7éw}’

i.e., we take the conjunction of all disjunctions of conditional attributes in a non-
empty entry of the matrix. Such discernibility function is defined as a conjunctive
normal form. If we transform f into its disjunctive normal form, every disjunction
of f represents a decision reduct. Note that this transformation is an NP-hard
problem.

In literature, the concepts of discernibility matrix and discernibility function
are extended to fuzzy rough set theory. Examples of algorithms which use a
fuzzy discernibility matrix to determine all fuzzy decision reducts can be found
in [|11}]12}]14,/66,195]].

On the other hand, if we only want to determine one decision reduct, it is suffi-
cient to apply a heuristic algorithm. For this, the dependency degree [|18]] is often
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used as a measure to express the portion of the universe which can be discerned
when reducing the set of conditional attributes. For example, the QuickReduct
algorithm [|15]] uses the dependency degree as search and stopping criterium:
starting from the empty set, the conditional attribute which provides the highest
dependency degree is added to the set of attributes. The result of this algorithm is a
superreduct. Examples which uses a fuzzy variant of QuickReduct of an alternative
heuristic algorithm can be found in [|5}16}/17,/37,39,(82}/83}/108,133},167]].

Instance selection

Instance selection is a preprocessing step similar to feature selection, however, the
size of the universe is reduced instead of the size of the attribute set. By removing
instances or objects from the data, it can remove noisy data and thus, improve the
performance of the learning algorithm. Other advantages are the reduced storage
requirement and reduced running times. This preprocessing step is also called
prototype selection, training set selection and sample selection.

The first instance selection method using fuzzy rough set theory was developed

n [78]]. The authors considered three different decision criteria to decide whether

an object is removed from the dataset. A more complex instance selection method

was proposed in [[159] and later optimized in [|[160]], for which the authors used
ordered weighted average based fuzzy rough sets [|19]].

Classification

In classification tasks, the goal is to predict a qualitative outcome. Given a training
set where each object is labeled to a decision class, we want to determine for a new
object to which decision class it belongs, by comparing it based on the conditional
attributes to the objects in the training set.

A possible classification algorithm is rule induction [|60[]. Based on the data at
hand, we want to construct ‘if-then’ rules. Applications which discuss fuzzy rule
induction can be found in [|50}/67,(80,/102}/157,(167,195].
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Another classification algorithm is nearest neighbor classification. Given k € N,
the k nearest neighbor classifier [[22]] assigns a class label to a new object by looking
at the k nearest training instances. In [|6}|85}(136}[139,/145\(161[], we can find some
methods using fuzzy k nearest neighbor algorithms.

Regression

In regression tasks, we want to estimate a real-valued outcome based on the
conditional attributes values of the object. Since less attention has been directed to
fuzzy rough set theory based regression, research on this topic is minor. Applications
can be found in [|1}|79]].

1.2 Research objectives

The goal of this work is to provide a systematic, theoretical study of rough set
theory and fuzzy rough set theory, unifying existing proposals and developing new
ones, with a view to enhance their suitability for machine learning purposes, as well
as to investigate desirable properties that may be inherited from the contributing
theories. Based on the theoretical study done in this dissertation, researchers are
able to choose between different models based on their needs. In order to do so,
we define the following research objectives:

¢ In a wide range of generalizations of Pawlak’s rough set model, which gener-
alizations are meaningful from a semantical point of view? In other words,
we will study which approximation operators provide approximations which
can be interpreted by means of the original data.

¢ In a wide range of (fuzzy) generalizations of Pawlak’s rough set model, which
generalizations are meaningful from a constructive point of view? In other
words, we will study which approximation operators maintain theoretical
properties.

¢ In a wide range of (fuzzy) generalizations of Pawlak’s rough set model, which
generalizations are meaningful from a practical point of view? In other words,
we will study which approximation operators yield high accuracy.
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1.3 Outline of the dissertation

The outline of this work is as follows. In Chapter [2] we introduce some prelimi-
nary notions of rough set theory. First, we discuss the original rough set model
introduced by Pawlak [|128]]. The model of Pawlak has three equivalent definitions
which can all be generalized in different ways. Such generalizations can often be
classified as covering-based rough set models. In Section [2.2] we recall different
covering-based rough set models defined in literature. Furthermore, we discuss
the variable precision rough set (VPRS) model of Ziarko [[203]]. This model allows
for more flexibility towards noisy data compared to Pawlak’s rough set model.

In Chapter [3] we study rough set theory from a semantical point of view. To
this aim, we discuss a new conceptual understanding of rough set models. We
recall a semantical approach of Pawlak’s rough set model, for which we construct
a two-part language. The formulas related with this language can be interpreted
as the intension of a concept [|[186]]. The extensions of the concepts related with
the formulas provide the set of definable sets, which is algebraically described by a
Boolean algebra. Then, we develop a semantical approach to covering-based rough
set models. Since we allow other relations between attribute values than the equal-
ity relation, the set of definable sets will now longer be given by a Boolean algebra,
but by a join-semilattice. We illustrate this semantical approach by applying it to
dominance-based rough sets. Furthermore, we introduce a semantical approach
for decision tables with missing values using Pawlak’s rough set model. The results
obtained in Sections and motivate the research on covering-based rough
set models, as it allows rule induction for ordered and incomplete decision tables.

In Chapter [4, we aim to provide a theoretical comparison of different covering-
based approximation operators. To this end, we construct a unified framework
of dual covering-based approximation operators. By studying equalities between
different approximation operators, we reduce the 69 pairs of dual approximation
operators we consider to 36 pairs of covering-based rough set approximation oper-
ators, of which 13 pairs are introduced by us. Furthermore, we study partial order
relations between these 36 pairs to provide more insight in the accuracy of the
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approximation operators. In addition, we study which properties of Pawlak’s rough
set model are maintained for each of the 36 pairs.

In Chapter[5 we recall some preliminary notions of fuzzy set theory. First, we
discuss fuzzy logical connectives and fuzzy set theory introduced by Zadeh [[193]].
Moreover, we recall some aggregation operators and we discuss the technique of
representation by levels introduced by Sanchez et al. [|[144]].

In Chapter [6] we discuss fuzzy neighborhood operators from the perspective
of fuzzy rough set theory. We introduce the notion of a fuzzy covering, the fuzzy
neighborhood system of an object and the fuzzy minimal and maximal description
of an object given a fuzzy covering. In addition, we extend four crisp neighborhood
operators and six crisp coverings studied in [[189]] to the fuzzy setting. We study
which results for crisp neighborhood operators are maintained. Moreover, we com-
bine four fuzzy neighborhood operators and six fuzzy coverings, resulting in 24
combinations of fuzzy neighborhood operators. We study partial order relations
between these 24 fuzzy neighborhood operators. In addition, we discuss a fuzzy
neighborhood operator introduced in [[107]].

In Chapter|[7} we introduce the implicator-conjunctor-based (IC) fuzzy rough
set model. First, we present a historical overview on the research of fuzzy rough set
theory. Next, we introduce this general fuzzy rough set model which encapsulates
many fuzzy rough set models discussed in literature and we study which properties
of Pawlak’s rough set model are maintained for the IC model. Note that each
fuzzy neighborhood operator studied in Chapter [f may be used to describe the
indiscernibility between objects of the universe, hence, it may be used to define
the IC model.

In Chapter (8] we examine different fuzzy covering-based rough set models. We
recall four existing models and introduce three new ones. For each of the seven
models, we discuss which properties of Pawlak’s rough set model are maintained.
Furthermore, we discuss partial order relations between these seven models and
IC models using different fuzzy neighborhood operators based on a fuzzy covering
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to study accuracy of the approximation operators.

In Chapter [9] we discuss different noise-tolerant fuzzy rough set models. A
drawback of the IC model is the use of the infimum and supremum operator, as
both operators are very sensitive to noise in data. Here, we recall seven noise-
tolerant fuzzy rough set models: four models are frequency-based, one adjusts
the set which is approximated and two use different aggregation operators than
the infimum and supremum operator. For each model, we generalize, correct or
simplify its definition and study which properties of Pawlak’s rough set model are
maintained. Similarly as the VPRS model, allowing more flexibility towards noise
typically involves sacrificing some desirable properties. Furthermore, we analyze
the robustness of the noise-tolerant fuzzy rough set models and the IC model with
respect to attribute and class noise.

Finally, in Chapter[10] we state the most important conclusions of this work. In
addition, we discuss future research challenges.

Many results presented in this dissertation have been published or have been
submitted for publication to peer reviewed international journals and to the pro-
ceedings of international conferences. Specifically, the semantical approach to
Pawlak’s rough set model and covering-based rough set models has been presented
in [|30]], and the application to dominance-based rough sets was discussed in [|29]].
The publication of the results concerning the semantical approach for decision
tables with missing values is in preparation. The computational approach of rough
sets was first studied in [|31]] and later extended in [26]]. Currently, we are preparing
the publication of the results concerning the frameworks of Zhao and Samanta and
Chakraborty. The study on fuzzy neighborhood operators was published in [27]]. We
introduced the implicator-conjunctor-based fuzzy rough set model in the journal
article [|35]], in which we also discussed noise-tolerant fuzzy rough set models, and
in the conference proceedings [|33}34]]. Some noise-tolerant models were adapted
in [|32]]. Finally, fuzzy covering-based rough set models were studied in [|25}28]].
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CHAPTER 2

Preliminaries

In this chapter, we introduce some preliminary notions of rough set theory. In
Section [2.1] we recall the original rough set model of Pawlak. Next, in Section[2.2]
we discuss different covering-based rough set models defined in literature. Finally,
we recall the variable precision rough set model of Ziarko in Section [2.3]

2.1 Pawlak’s rough set model

In the early eighties, Zdzistaw Pawlak [|128]] introduced rough set theory in order
to obtain information from inconsistent, insufficient and incomplete data. This
problem occurs in many situations where decision making is involved: when
diagnosing patients, spam or image classification, learning from examples, pattern
recognition, rule-based control, minimizing credit risk, ... [[130]. For example,
assume the universe U to be a set of patients. We say that the data is

e inconsistent, if two patients share exactly the same symptoms, but only one
of the patients has a certain disease.

27
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o insufficient, if we cannot determine whether a patient has a certain disease
given the considered symptoms.

e incomplete, if for a patient the result of a symptom is missing or if there are
multiple possibilities for the result.

When two patients share the same symptoms, we say that these patients are
indiscernible from each other, i.e., we cannot distinguish them based on the list
of symptoms. More formally, Pawlak used an equivalence relation to describe the
indiscernibility between objects, also called instances, of the universe. Recall that
an equivalence relation E C U x U is

o reflexive, i.e.,, Vx € U: (x,x) €E,
e symmetric, i.e., Yx,y € U: (x,y) € E= (y,x) €E,
e transitive, i.e., Vx,y,z€ U: (x,y)€E and (y,z) € E = (x,z) €E.

The equivalence class of an instance x € U by E describes all the objects which
cannot be discerned from x and is denoted by

[x]e={y €Ul(x,y) € E}.

Given such an equivalence relation E, we call the tuple (U, E) a Pawlak approxi-
mation space. Note that the equivalence classes are also called the basic granules
of U.

Furthermore, let X C U denote a concept in the Pawlak approximation space
(U,E), e.g., X is the set of all patients with a particular disease. It is possible that
we cannot fully describe the concept X by the equivalence classes given in the
partition U/E. Therefore, Pawlak introduced the lower and upper approximation
operator with respect to the indiscernibility relation E.

Definition 2.1.1. Let (U, E) be a Pawlak approximation space, then the lower
approximation operator apr: P(U) — #(U) is defined by

VX CU:apr (X)={x €U |[x]s X} 2.1)
and the upper approximation operator aprg: #(U) — Z(U) is defined by

VX CU: apr(X) = {x € U | [x]z N X # 0}, (2.2)
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where & (U) represents the collection of subsets of U.

The lower approximation apr_ (X) of a concept X contains those objects which
certainly belong to X and the upper approximation apry(X) of a concept X contains
those objects which possibly belong to X. Going back to our example where X is
the set of patients with a particular disease, we see that the patients in @E(X )
certainly have the disease, while the patients in apry(X) possibly have the disease.

Besides the lower and upper approximation of a concept X, we can also de-
scribe X by three pair-wise disjoint regions: the positive, the negative and the
boundary region [[129]]. Let X C U, then the positive region, the negative region
and the boundary region of X in (U, E) are defined by

POSp(X) = apr (X), (2.3)
NEG;(X) = apr (X°), 2.4
BNDy(X) = aprg(X)\apr (X), (2.5)

where X€ represents the set-theoretic complement of X. The positive region of X
is the same as the lower approximation of X, it describes all objects certainly
belonging to the concept, while the negative region describes the objects which
certainly not belong to the concept (in our example it describes all the patients
which certainly do not have the disease). The boundary region contains those
elements of the universe of which it is uncertain whether they belong to the
concept X or not.

Note that the lower and upper approximation operators defined in Defini-
tion [2.1.1|are referred to as the two-way approximation operators and the three
regions are referred to as the three-way approximation operators. Furthermore,
we are able to obtain the two-way approximation operators from the three-way
approximation operators: for X C U, we have that

apr (X) POS;(X),
aprg(X) = POS;(X)UBND(X).

The interpretation of the two- and three-way approximation operators with respect
to E is illustrated in Figure[2.1
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lower approximation or positive region of X

v \

\
negative region of X
| /
upper approximation of X boundary region

Figure 2.1: Two- and three-way approximations of a concept X in (U, E)

The two-way approximation operators defined in Egs. and have
equivalent characterizations [[189]]. While in Definition the element-based
definition of Pawlak’s rough set model is given, we can also consider the granule-
based definition

VX CU:apr (X) = | J{lx]p € U/E|[x]; € X}, (2.6)
vx cu:ap(X) = |Jixlz €U/E|[x]znX #0} 2.7)
or the subsystem-based definition
VX CU:apr (X) = (JvesU/E)|Y cXx), 2.8)
VX CU:ap(X) = [ |{Y€BU/E)|XCY} (2.9)

In this definition, 8(U/E) € & (U) is obtained from the partition U/E by adding
the empty set and closing it under set union. It is a o-algebra of subsets of U and
it is a sub-Boolean algebra of the Boolean algebra (£ (U), €, N, U), where N and U
represent the set intersection and set union [|128]].
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To end this subsection, we discuss the properties of Pawlak’s rough set approxi-
mation operators in Table where X and Y denote arbitrary subsets of U. Note
that with each property we associate an abbreviation.

The properties (D), (INC), (SM), (IU), (ID), (LU) and (UE) were already stated
in [[128]].

The idea of the adjointness property (A) comes from the concept of a Ga-
lois connection [|764158]]: let U; and U, be two universes and f: U; — U, and
g: Uy — U; two mappings between these universes. We call (f, g) a Galois connec-
tion in (U, U,) if for all x € U; and y € U, it holds that f (x) <, y © x <; g(¥),
where <, is an order relation in U;. It is clear that if f and g are the upper and
lower approximation operator respectively, then they form a Galois connection in
(2 (U),2(U)) with <,=<,=C. As a consequence of this property, if for X C U
@E(X ) =X holds, then necessarily also apr;(X) = X, and vice versa.

The (RM)-property is relevant in many applications of rough sets. In particular,
in the context of attribute selection in information systems [|[146,154]], the relation E
represents the indiscernibility between objects based on their attribute values. When
attributes are omitted from the information system, the granularity imposed by
the equivalence relation becomes coarser and it is then desirable that the lower
approximation does not increase, and the upper approximation does not decrease.

2.2 Covering-based rough set models

In this section, we discuss different covering-based rough set models defined in
literature. We present the frameworks of Yao and Yao [|189]], Yang and Li [[177]],
Zhao [[197]] and Samanta and Chakraborty [|142,/143]]. Furthermore, we discuss
the concepts of singleton, subset and concept approximation operators.

2.2.1 Framework of Yao and Yao

We start by discussing the covering-based approximation operators studied by Yao
and Yao [[189]. By weakening the condition of an equivalence relation, many gener-
alizations of Pawlak’s rough set model can be defined. An important generalization
can be obtained by replacing the partition U/E with a covering of U.
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Table 2.1: Properties of the lower and upper approximation operators for Pawlak
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approximation spaces (U, E), (U, E;) and (U, E,)

Property Abbreviation Definition
Duality D) aprg(X) = (aprE(X )
Inclusion (INC) apr (X) €X and X Capr(X)
apr (X)Capr (Y
Set monotonicity (SM) XCy= { %E (< éE )
apry(X) € apry(Y)
Intersection (€19)] apr_ XnYy)= aprE(X )n aprE(Y)
and union apr;(X UY) = apr;(X) Uapry(¥)
Idempotence (ID) apr, (a_prE(X )2 apr, (x)
aprg(apry(X)) <€ aprg(X)
Interaction lower (LU) apry (EE(X ))C apr, 0:9)]
and upper apr (aprg(X)) 2 aprg(X)
Universe (UE) @E(U) =U and aprg(U) =U
and empty set apr;(0) = 0 and apr;(0) =0
Adjointness (A) aprg(X)CY & X C @E(Y)
apr_(X)Capr (X
Relation monotonicity (RM) E,CE,=> { iEz( ) iEl( )

apy, (X) € apr, (X)
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Definition 2.2.1. [201]] Let C ={K; C U | K; # @,i € I} be a family of non-empty
subsets of U, with I a set of indices. The set C is called a covering of U if | JK; = U.
i€l
The ordered pair (U, C) is called a covering approximation space.
It is clear that a partition generated by an equivalence relation is a special case
of a covering of U. Every set K € C is called a patch. In a covering approximation
space, equivalence classes can be generalized to neighborhoods.

Definition 2.2.2. [|189]] A neighborhood operator in a covering approximation
space (U, C) is a mapping N: U — 2 (U) which associates with every object x € U
a neighborhood N(x) C U.

In general, it is assumed that a neighborhood operator N is reflexive, i.e.,
Vx € U: x € N(x), in order to fulfil the intuitive idea of a neighborhood. Further-
more, a neighborhood operator N can be symmetric, i.e.,

Vx,y€U:x €N(y) =y €N(x),
and it can be transitive, i.e.,
Vx,y€eU: x € N(y) = N(x) SN(y).

Moreover, given a neighborhood operator N, we can define the inverse neighborhood
operator N"' by Vx,y € U: y e N"!(x) & x € N(y).

The neighborhood of an object x € U can be regarded as a generalization of
the equivalence class [x];. Therefore, each neighborhood operator N defines an
ordered pair (@N,a_prN) of element-based approximation operators defined by,
for X CU,

apr (X) = {xeU|N(x)<X}, (2.10)
apry(X) = {x€U|N(x)NnX #0}. (2.11)
Yao and Yao [[189]] described some neighborhood operators based on a co-

vering C. For this purpose, they defined the neighborhood system %(C, x) of an
element x € U given the covering C as follows:

6(C,x)={KeC|x€e€K}. (2.12)
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In a neighborhood system %' (C, x), the minimal and maximal sets which contain
an element x € U are particularly important. The set

md(C,x)={K € ¢(C,x) | (VS 6(C,x))(SCK=>K=3S)} (2.13)
is called the minimal description of x [|8]. On the other hand, the set
MD(C,x)={K € 6(C,x) | (VS€ 6(C,x))(KSS=K=S)} (2.14)

is called the maximal description of x [[202]. The sets md(C, x) and MD(C, x)
are also called the minimal-description and maximal-description neighborhood
systems of x [[189]]. The importance of the minimal and maximal description of x
is demonstrated by the following proposition:

Proposition 2.2.3. [189] Let (U, C) be a covering approximation space, x € U
and K € €(C, x).

(a) If any descending chain in C is closed under the infimum, i.e., if for any set
{K; | i € I} with K;,; C K; it holds that inlf K; = K; € C, then there exists a
€ iel
set K; € md(C, x) with K; € K. Moreover, it holds that
(K € C|K € md(C,x)} =( {K € C|K € 6(C,x)}.
(a) If any ascending chain in C is closed under the supremum, i.e., if for any set
{K; | i € I} with K; C K, it holds that sup K; = | JK; € C, then there exists

i€l i€l

a set K, € MD(C, x) with K € K,. Moreover, it holds that

| Jik ec|k eMD(C,x)} = Jik e C|K € (C,x)}.

Note that the conditions in Proposition [2.2.3]are necessary, as illustrated in the

next example.
Example 2.2.4. Let U =(—1,1), x =0 € U and assume
11
€(C,x)= {(—;, E) |neN\{0}}.

As for all n € N\{0} it holds that (—n%l, n—}rl c —%, %), we obtain that md(C, x) = 0.
Moreover, it holds that

(-L1)=U=[ K €C|K emd(C,x)} #( |{K € C|K € 4(C,x)} = {0}.
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Note that Proposition [2.2.3]is satisfied when the covering C is finite. We will
always assume that the conditions on C are satisfied.

Given the three neighborhood systems of x € U, Yao and Yao [[189] constructed
the following four neighborhood operators based on the covering C:

e NF(x)=({{K eC|Kemd(C,x)} = {K €C|K € 6(C,x)},
e NY(x)=|J{K € C|K € md(C, x)},
e NS(x)=(){K € C|K e MD(C, x)},
e No(x)=|J{KeC|KeMD(C,x)}=J{KeC|K e %¢(C,x)}

Therefore, for each Ni(C with i = 1,2, 3,4, we have a pair of dual approximation

operators (aprNC,a_prN_c) defined in Egs. (2.10)) and (2.11).

A large portion of element-based approximation operators studied in literature
uses a binary relation R on U to describe the neighborhood of an element x. More
specifically, given a relation R € U x U and an object x € U, then the R-foreset
RP(x) of x is given by all the predecessors of x by R:

RP(x)={yeU]|(y,x) €eR} (2.15)
and the R-afterset R*(x) of x is given by all the successors of x by R:
R(x)={y<€U]|(x,y)€R}. (2.16)

Often the considered relation R is assumed to be reflexive. If the relation R is
reflexive and symmetric, it is called a tolerance relation [|[147]] and if R is reflexive
and transitive, then R is called a pre-order or dominance relation [53]]. Note that a
binary relation R can also satisfy the following properties:

e Ris serial if and only if Yx € U,3y € U: (x,y) €R.
e Ris inverse serial if and only if Vx € U,3y € U: (y,x) €R.

e Ris Euclidean if and only if Vx,y,z2 € U: (x,y) €R,(x,2) €eR= (y,2z) €R.
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Note that a symmetric relation R is Euclidean if and only if it is transitive. Moreover,
if R is reflexive and Euclidean, it is also symmetric and thus an equivalence relation.

It is clear that when R is an equivalence relation, the element-based approxi-
mation operators defined in Egs. and with N(x) = [x]g for x € U
coincide with Pawlak approximation operators. When a binary relation R is used
to describe the discernibility between the objects of the universe, we consider
a relation approximation space (U,R) instead of a covering approximation space
(U, C). Moreover, when for example the foresets are considered, the approximation
operators are then denoted by, for X C U,

@R(X) {xeU|VyeU:(y,x)eR=>yeX}, (2.17)
aprg(X) = {xeU|3yeU:(y,x)eRAyeX}. (2.18)

Besides generalizations of the element-based definition of Pawlak’s rough set
model, the granule-based representations can be generalized by considering a
covering C instead of a partition U/E. However, although (@E,a_prE) are dual
approximation operators, this property is no longer satisfied for the generaliza-
tions. Therefore, given a covering C, we consider two pairs of dual approximation
operators (E;C,a_pr;c) and (E:C,a_pr;) which are defined, for X C U, by

apr (X) = | Jikec|k cx} (2.19)
= {x€eU|(FKeC)(xeKAKCX)}

apro(X) = (apr (X)) (2.20)
= {xeU|(VYKeC)(xeK=>KnX#0)}

apr (X) = (@pre(X9)) (2.21)
= {xeU|(VKeC)(xeK=>KCX)}

apr.(X) = |(JIkeC|Knx#0} (2.22)

= {xe€eU|(AKeC)(x eKAKNX #0)}

The pair (aprlc,a_mzc) is called the tight pair of covering-based approximation

operators, while (apr;’c,a_pré) is called the loose pair of covering-based approxima-
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tion operators [[21]]. This is because of the following property:
VX S U: apr (X) Capr (X)SX € apr,(X) C apr.(X).

Besides neighborhood operators based on a covering C, Yao and Yao [189]
also considered six coverings derived from an initial covering C:

e C; = J{md(C,x) | x €U},

C, = U{MD(C,x) | x € U},

Cy={Nmd(C,x) | x e U} ={N6(C,x)| x €U},

c,={UMD(C,x) | x e U} ={J%6(C,x) | x €U},

c,=c\{kec|@c' cc\ k) (k=N)}

C,=C\{Kec|@AC cc\{kH(k=JT)}.

The idea behind the first two coverings is similar to the rationale for NT, NZC,
Ng‘)C and Nf. Given the extreme neighborhood systems md(C, x) and MD(C, x) for
x € U, the union of these systems leads to new coverings. Note that this is not the
case when taking the intersection. Coverings C; and C, are directly related with Nf
and N, f. The covering Cj is called the induced covering of C and is also denoted by
Cov(C) [|10]. Covering C, is called the intersection reduct and C,, the union reduct.
These reducts eliminate intersection reducible elements, resp. union reducible
elements, from the covering, respectively. An intersection reducible element of a
covering C is an element K € C such that there exists a subcovering C’ € C\ {K}
for which K = ﬂ(C/ , while a union reducible element of C is an element K € C
such that there exists a subcovering C’ € C \ {K} for which K = [ JC'. The equal-
ity C; = C_ was established in [|[141]], while the other coverings are different in
general. Also, note that C,, C, and C, are subcoverings of C, while C; and C, are
not. In addition, it holds that C, € C,, [141]].

Next, we discuss generalizations of the subsystem-based definitions of Pawlak’s
model presented in Eqgs. (2.8)) and (2.9). Yao and Yao used the notion of a closure
system over U, i.e., a family of subsets of U that contains U and is closed under
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set intersection [|[189]]. Given a closure system S over U, one can construct its dual
system S’ = {K® | K € S}. The system S’ contains §) and is closed under set union.
Given S = (§/,S), a pair of dual lower and upper approximations can be defined as
follows: for X C U,

apr () = Jikes' |k cx}, (2.23)
aprs(x) = [ [{Kes|XcK} (2.24)

As a particular example of a closure system, Yao and Yao [|189]] considered the
intersection-closure S, ¢ of a covering C, i.e., the minimal subset of 2 (U) that
contains C, @) and U, and is closed under set intersection:

Snc={[ (K SU|K eF}|FccC}. (2.25)

Note that the intersection-closure S ¢ is a meet-semilattice, i.e., every non-empty
finite subset of S ¢ has a greatest lower bound in S, . On the other hand, the
union-closure of C, denoted by S, ¢, is the minimal subset of 22 (U) that contains
C, 0 and U, and is closed under set union:

Sue={JIKcUIKeF}|Fcc}. (2.26)

The union-closure S, ¢ is a join-semilattice, i.e., every non-empty finite subset
of S, ¢ has a least upper bound in S, ¢.. It can be shown that the dual system (S, ¢)’
forms a closure system. Both systems S = ((Sn,¢)’, Snc) and S, = (Sy ¢, (Suc))
can be used to obtain two pairs of dual approximation operations, according to

Egs. (2.23) and (2.24).

2.2.2 Framework of Yang and Li

Besides the study of dual generalized approximation operators, various authors
have studied upper approximation operators paired with a non-dual lower approx-
imation operator [|132}156}/173}/174,/194.(199./200]]. Yang and Li [[177]] provided
an overview of these non-dual pairs of approximation operators, which is resumed
below. Let (U, C) be a covering approximation space, then we can define seven
upper approximation operators H EC: P(U) — P (U) as follows: let X C U, then

HE(X) = @’C(X)u(U{Umd(cc,x) |xex \%(X)}) (2.27)
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HS(X) = U{K eC|KNX 0} (2.28)
H) = (J{Jmd(c,x) | x ex} (2.29)
HYX) = apr (X)U(({KeCIkn(x\apr (X)#0})  (230)
HEX) = |JINF(x) | x ex} (2.31)
Hi(X) = {xeU|N‘(x)nX #0} (2.32)
HE(X) = [ JINF(o) [NF(x)NX # 0} (2.33)

The upper approximation operators H f to H, g were studied with the tight lower
approximation operator E;c’ and the operators H éc and H §: with the tight lower
approximation operator for the covering Cs, i.e., gég. Note that our definition of
HY and HY slightly differs from the one presented in [[177]]: indeed, we need to
add one extra | J-symbol compared to [[177]], since the minimal description of x
is a set of sets. It is clear from the definition that Héc = a_pr;: and Héc = a_perc.
Although originally the upper approximation operators were studied with a non-
dual lower approximation operator, we will consider the dual pairs (L;C, H ;C), with
LE(X)=(H{ (X)) for X CU.

2.2.3 Framework of Zhao

In [1197]], Zhao studied covering-based approximation operators from a topological
point of view. Therefore, we discuss some essential topological concepts [[119]].

Definition 2.2.5. [119]] A topology on a set U is a collection & of subsets of U
which has the following properties:

1. Pand U arein 7.

2. The union of the elements of any subcollection of & is in J.

3. The intersection of the elements of any finite subcollection of & is in F.

The ordered pair (U, 7) is called a topological space. The set X C U is said to be
open in U if it belongs to the collection &, and closed in U if X€ is open in U. The

interior int(X) of X is the union of all open sets in U contained in X. The closure X
of X is the intersection of all closed sets in U containing X.
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Furthermore, let V C U, then (V, ) is called a topological subspace of (U, T),
where
Ty={VnX|XeT}

Moreover, a separation of U is a pair (X,Y) of disjoint non-empty open sets in U
whose union is U. The space (U, Z) is said to be connected if there does not exist a
separation of U.

Definition 2.2.6. [|197]] Given a topological space (U, 7 ), we define an equiva-
lence relation on U by setting x ~ y for x, y € U if there is a connected subspace
of (U, ) containing both x and y. For each x in U, the equivalence class of x is
called the component of x and is denoted by [x]...

Zhao [|197]] introduced the topology induced by C, and showed that this notion
indeed satisfies the conditions of Definition [2.2.5]

Definition 2.2.7. [197] Let (U, C) be a covering approximation space. The topol-
ogy  on U induced by C is defined as follows: X C U is open in U if and only if

for each x in X, there exist a subset {C,C,, ..., C,} of C such that x € () C; € X.
i=1

We illustrate the concepts of the previous two definitions in the following
example:

Example 2.2.8. Let U = {1,2,3,4} and C = {{1,2},{1,3},{2,3,4}}, then the
topology induced by C is given by

T =1{0,U,{1,2},{1,3},{2,3,4}, {1}, {2}, {3},{1,2,3}}.

For V; = {1} and V, = {2, 3,4} it holds that (V;, Z,) and (V,, 7,,) are connected
subspaces. Therefore it holds that U/ ~ = {{1},{2, 3,4}}.

Given a covering approximation space (U, C) and the topology & induced by C,
Zhao [|197]] studied the following seven pairs of dual covering-based approximation
operators in (U, C):

e The pair (I7,1") with for X C U,

(X)) = {xeU|N(x)<X} (2.34)
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()

int(X),
{x eU|NF(x)NX #0}

X.

The pair (r—, r*) with for X C U,

rm(X)

{xEUl(VuEU)(xENiC(u)=>u€X)}
{xeU|{x}cx},

X)) = [JWE) | xex}

{x eU|{x}nX #0}.

The pair (s~,s") with for X C U,

s (X)

sT(X)

{x €U|N{(x) S X V{x} X}
rxyur (x),
{x eU|INS(x)NX £OA{x}NX # 0}

= "X)nrt(X).

The pair (b~, b") with for X C U,

b (X) =

br(X) =

{x e U|NF(x)u{x} S X}
) Nr(X),

{x €U | (NS (x)U{x})NX # 0}

IrXxX)yurt(Xx).

The pair (z7,z") with for X C U,

27 (X)
2" (X)

{x eU|Nf(x) cX},
{x eU|NF(x)NX #0}.
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(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)
(2.43)

Recall that NJ(x) =({Y € 7°| N (x) € Y}, with 7€ the set of closed sets

defined by {Z¢| Z € T7}.
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e The pair (COM—,COM") with for X C U,

COM~(X)
COM™*(X)

Jtreu/~ |y cx}, (2.44)
Uty eu/~1y nx #0}. (2.45)

e The pair (24,134) with for X C U,

P,x) = ([J{PSIxeUunPScx} (2.46)
= {xeU|PfcXx},
P,x) = [ J{PSIxeUnPENX £0} (2.47)

= {xeU|PSNX#0}.
where the adhesion Pf of x in U is defined by

P = {yeU|(VKeC)(x €K < yeK)}
= {y€U|N{(x)=N ()}

2.2.4 Framework of Samanta and Chakraborty

In [[142}/143]], Samanta and Chakraborty did an extensive study on various covering-
based rough set approximation operators. They discussed the following pairs of
dual covering-based approximation operators in the covering approximation space
(U,C):

e The pair (P,, ;) = (apr ., 3prye).
—y
e The pair (P,, P,) with for X C U,

P,(X) = (JINF(x)|xeUNS(x) X}, (2.48)
PyX) = {xeUl|VyeU:xeN (y)=>N;(y)NnX #0}.
(2.49)

o The pair (P,, P;) = (apr_, apT..).

e The pair (P,,P,) as defined in Egs. (2.46) and (2.47).
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e The pair (Ql, Cl) = (E«:sa—prc)'

The pair (QZ,EZ) = (aprNC,a_perc).
!

The pair (Q3,E3) with for X C U,

CX) = {xeU|3y€U: y eNF(x) ANF(y) S X}, (2.50)
Cy(X) = {x€U|VyeU:yeN (x)=>N(y)nX #0}.
(2.51)

The pair (C,,C,) = (LS, HY).

The pair (QS,ES) with for X C U,

C.(X) = {xeU|VyeU:xeN(y)=yeX}, (2.52)
Cs(X) JINE() [ x ex}. (2.53)

Moreover, Samanta and Chakraborty considered the following upper approximation
operators together with the lower approximation operator apr;c:

o The operator C = HC.
e The operator C~ = HS.
o The operator C = HS.
e The operator C =H,.
e The operator C" defined by, for X C U,

¢ ) =apr () U ({JINF(x) | x e X \apr_(X)}). (2.54)

Note that our definition of C © slightly differs from the one presented in [[143]]:

indeed, we need to add one extra |_J-symbol compared to [[143]], since N{C(x)
is a set.
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e The operator C” defined by, for X C U,
Tx) = apr_(X)u (2.55)

(U{UWEG) 1y e UANNEGO} | x e X \apr (0})

We will study these six upper approximation operators C' with their dual lower
approximation operator Qi forie {x,— #, @, +,%} defined for X C U by

Ci(X) = (C' (X))~

Finally, Samanta and Chakraborty studied the pair (C G’,EGr) with for X C U,

cr(x) | Jikec|k cx}, (2.56)

o0 = (Jtkec|knx #8)\ (cOx9). (2.57)

2.2.5 Singleton, subset and concept approximation operators

In literature, authors sometimes use the terminology of singleton, subset and
concept approximation operators [|56,62]]. We will illustrate them by means of the
neighborhood operator N. Given X C U, the singleton approximations of X are
given by

{x €U |N(x) € X},
{x eU|N(x)NX # 0},

apr . (X)

——sing

a_prsing (X )

i.e., the singleton approximation operators coincide with the element-based ap-
proximation operators (aprN,a_prN). The subset approximations of X are given
by
= C
apr  (X) = (JING)|xeUNE) X},
LX) = (JING) | x € UN(x) X #0},

i.e., the subset approximation operators coincide with the non-dual pair of granule-
based approximation operators (apr(c,a_prc) when N is reflexive and the covering
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C = {N(x) | x € U} is considered. Finally, the concept approximations of X are
given by

apr  (X) = [JIN()|xex,N(x)Cx),
= apr (X)

——subs

BWleoncX) = ([ JING) [ x €X,NG)NX #0},
= JWN@) [xex).

Therefore, both Héc and H é_)c can be seen as concept upper approximation operators
by taking N = N, and N = N respectively. We will prove in Chapter that apr,,,.
is equivalent to an element-based upper approximation operator. Therefore, we
shall not consider this categorization of approximation operators in the remainder
of this dissertation, as the singleton, subset and concept approximation operators
can be described by element-based and granule-based approximation operators.

2.3 Variable precision rough set model

The original model designed by Pawlak has strict definitions, in the sense that it
does not allow misclassification: changing one element can lead to drastic changes
in the lower and upper approximation. The Variable Precision Rough Set (VPRS)
model proposed by Ziarko in 1993 [[203] is designed to include tolerance to noisy
data. In this model, we allow some misclassification. To do this, we generalize the
standard set inclusion.

Let X and Y be non-empty subsets of the universe U. In the classical definition
of set inclusion, there is no room for misclassification, i.e., X is only included in Y
if all elements of X belong to Y. There is no distinction between sets that are more
included in Y than others. We introduce the measure to evaluate the relative degree
of misclassification of a set X with respect to a set Y:

1— B e x
c(X,Y) = { o X A0 (2.58)
0

ifxX=40

where |X| denotes the cardinality of the set X. We also call ¢(X,Y) the relative
classification error and c¢(X,Y) - |X| the absolute classification error. The more
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elements X and Y have in common, the lower the relative degree of misclassification.
So, if X is included in Y according to the classical definition of inclusion, then
c¢(X,Y) = 0. Based on the measure c(X,Y), we can characterize the classical
inclusion of X in Y without explicitly using a quantifier:

XCY < e(X,Y)=0.

We can extend this in a natural way to the majority inclusion relation [203]]. Given
0 < B <0.5and X,Y C U, the majority inclusion relation between X and Y is
defined as

XLy c(X,Y) < B. (2.59)

We obtain the standard set inclusion (or total inclusion) for 3 = 0.
In addition, let R be a binary relation on U. For X C U and x € U we define
the rough membership function Ry of X as

RP (x)NX
Ry(x)=1—c(RP(x),X) = { | |R£‘(2€)| | RP(x)# 0 (2.60)
1 RP(x)=10
The rough membership Ry (x) quantifies the degree of inclusion of RP(x) into X
and can be interpreted as the conditional probability that x belongs to X, given its
foreset RP(x).
Ziarko worked in a Pawlak approximation space, but we can also introduce
the model in a relation approximation space (U,R). We work with asymmetric
boundaries as proposed by Katzberg and Ziarko.

Definition 2.3.1. [84] Let (U,R) be a relation approximation space, then the vari-
able precision rough set approximation operators (aer u,a_er’l) foro0<i<u<l1
are defined for X C U by ’

ERH(X) {x €U |Rx(x)=u}, (2.61)
aprg (X) = {x€U|Rx(x)>1}. (2.62)

When u = 1 —1, the rough set model presented in Definition is called a
symmetric VPRS model. The original VPRS model proposed by Ziarko was based
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on an equivalence relation E and assumed 0 <! <0.5andu=1—1. Withu=1,
[ = 0 and R an equivalence relation, we obtain the original rough set model of
Pawlak.

Although the VPRS model of Ziarko is more tolerant to noisy data in comparison
with the model of Pawlak, it lacks many properties of the latter. For 0 <[ <u < 1,
the VPRS model satisfies properties (SM) and (UE). When0 <! < 0.5andu=1—1,
the model also satisfies the duality property (D).
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CHAPTER 3

Semantical approach to rough set theory

In a recent paper, Yao [|186]] argued that there are two sides to rough set theory: a
conceptual and a computational one. In a conceptual approach it is studied how to
define various notions and concepts of the theory, while in a computational approach
it is studied how to compute them. Therefore, the former approach provides
insights in the concepts of the theory, but may not supply computationally efficient
algorithms, whereas the latter approach is very suitable for computations and
applications, but the meaning of the concepts may be lost. Hence, both approaches
are fundamental in the research on rough set theory.

A fundamental task of rough set theory is to analyze data representation in order
to derive decision rules [60[]. The left-hand-side (LHS) and the right-hand-side
(RHS) of a rule are descriptions of two concepts and the rule is a linkage between
the two concepts. In general, the left-hand-side consists of a conjunction of atomic
formulas (atoms), where an atomic formula describes the smallest information
block for a given attribute of the table and a possible value of that attribute. The
right-hand-side of a rule consists of a disjunction of such atomic formulas. If an
object satisfies all the atomic formulas in the left-hand-side of a decision rule, it

49
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will satisfy one of the atomic formulas in the right-hand-side of the rule. Hence,
we can make a decision on this object.

It is important to have a formal way to represent and interpret those de-
scriptors. To describe the semantics of a concept, we discuss its intension and its
extension [[186]]. While the intension of a concept describes the properties which
are characteristics of the concept, the extension of a concept contains all the objects
satisfying the properties of the intension. Unfortunately, the intensions of concepts
are barely discussed in the computational models, and if they are discussed, the
intension and extension of a concept are not explicitly connected, as happens
in Bonikowski et al. [|8]].

Such a semantically sound approach using both the intension and extension
was already suggested by Pawlak [|126]] and Marek and Pawlak [[111]] prior to the
introduction of rough set theory. However, except for a few articles by Marek and
Truszczynski [|[110]] and Yao [|1851{187,/191]], the conceptual formulation of rough
sets is scarcely discussed. For three decades, the focus of the rough set research field
has been on the computational approach of rough set approximation operators, as
we will discuss in Chapter [4] However, whereas in the model of Pawlak there is a
clear semantical connection between the given data in the information or decision
table, this connection is often absent in generalized models.

With the aim of refocussing our attention again on the earlier research, we
recall the rough set framework of Pawlak [[128}129]] from a semantical point of
view. Starting from the data, the definability of subsets of the universe is discussed
before the notion of approximation operators [[185]]. In order to do this, a descriptive
language is constructed in two parts. The formulas in the language are considered
the intensions of the concepts. Corresponding to a formula, its meaning set, i.e., the
set of objects satisfying the formula, is the extension of the concept. A set of objects is
therefore definable, if it is the meaning set of a formula in the descriptive language,
otherwise, it is undefinable. From this point of view, approximation operators are
introduced in order to describe undefinable sets by means of definable sets. Given
an undefinable set X, the largest definable set contained in X is called the lower
approximation of X, while the smallest definable set containing X is called the
upper approximation of X. Therefore, these approximation operators are the only
meaningful ones in this framework. Moreover, in Section [3.3.4]it will be discussed
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that the definable sets for Pawlak’s model can be computed by a Boolean algebra
over a partition related to the data.

Unfortunately, it is not always possible to define such a partition. For in-
stance, in ordered information tables, in which the equivalence classes will mostly
consist of only one object, it is unreasonable for applications such as rule in-
duction to construct a partition. For analyzing such information tables, Greco
et al. used dominance-based rough sets [|53,|54},/149]]. Other examples include
the computational approaches for incomplete information tables discussed by
Kryszkiewicz [88,89] and Grzymala-Busse [59]]. Therefore, we extend the semanti-
cal approach of Pawlak’s model to covering-based rough set models. However, the
definable sets will no longer be computed by the use of a Boolean algebra over a
partition, but by the union-closure of a covering, which is a join-semilattice.

The outline of this chapter is as follows. First, we give a formal overview of the
results obtained in Sections and Next, we recall a semantical approach for
Pawlak’s rough set model, for which we construct a two-part language. Furthermore,
we introduce a semantical approach for covering-based rough set models. We apply
this semantical approach to dominance-based rough sets in Section[3.4] In addition,
we introduce a semantical approach for decision tables with missing values using
Pawlak’s rough set model in Section [3.5] We end with conclusions and future work
in Section

3.1 A new conceptual understanding of rough set

models

A possible application of Pawlak’s rough set model and covering-based rough set
models is rule induction. It is an important technique to extract knowledge from
data represented in a decision table [|60]]. Here, we assume the decision table T to
be complete with T the tuple

T =(U,At =CU{d},{V, | a €At},{I, | a € At}),

where U is a finite non-empty set of objects, At is a finite non-empty set of attributes
consisting of the set of conditional attributes C and the decision attribute d, V,
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Table Table Table

Elementary sets: U/E «———— Conjunctive concepts: «————— Elementary sets: C
LHS of a rule

Definable sets: 98(U/E) «——— Disjunction of conjunctive concepts: «———— Definable sets: S, ¢

Set of rules
Computational Pawlak Semantics Computational Covering
Extensions Intensions Extensions

Figure 3.1: Scheme comparing Pawlak’s model and covering-based models for a
complete decision table

is the non-empty domain of a € At, and I, : U — V, is a complete information
function for a € At which maps every object to exactly one value in V.

Knowledge in a decision table may be described with a set of rules, where each
rule consists of a condition part (left-hand-side) and decision part (right-hand-
side), based on the conditional and decision attributes of the table, respectively.
In general, the condition part of a rule can be written as a conjunction of atoms,
while the decision part of the rule consists of a disjunction of atoms. For example,
a rule can be represented as follows:

If object x satisfies condition; A condition, A ... A condition,,
then x satisfies decision; V decision, V ...V decision,,.

Every atom is a formula related to an attribute a and one of its values v € V.
The set consisting of objects related with such an atomic formula is the smallest
indivisible block of information we can obtain from a decision table given the
pair (a,v). Every object which satisfies the condition part of a rule, will certainly
or possibly satisfy the decision part of that rule, depending whether the rule is
certain or possible [|64]]. We will restrict to certain rules, i.e., if an objects satisfies
all the information blocks in the condition part, it will satisfy at least one of the
information blocks in the decision part. Therefore, rule induction can be used for
the classification of new instances.

In Figure a schematic overview is given of the results which we shall present
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in Sections[3.2|and [3.3] Given a table representing the data, a descriptive language
is constructed. The formulas of this descriptive language represent the intensions of
the considered concepts (‘Semantics’). The formulas of the language are constructed
in two parts. First, we describe formulas consisting of the conjunction of atomic
formulas of the language. Concepts with a conjunctive formula as intension are
called conjunctive concepts. Next, the disjunctions of conjunctive formulas are
described.

Moreover, the extensions of the considered concepts are discussed. These ex-
tensions are represented by a subset of the universe of discourse. The extension
corresponding to a conjunctive formula is called an elementary set, while a dis-
junction of conjunctive formulas results in a definable set. The elementary and
definable sets can be regarded as a certain structure related to the universe which
depends on the chosen framework (Pawlak or covering-based).

Given the family of definable sets, we are able to define approximation oper-
ators based on this family. As every definable set can be regarded as a union of
elementary sets, every subset X of the universe of discourse can either be described
by elementary sets if X is definable, or X can be approximated by elementary sets
if it is undefinable.

In Section we will describe a semantically sound approach for Pawlak’s
model. We show that the elementary sets can be computationally described by
a partition U/E on the universe, determined by an equivalence relation E [|128]].
Moreover, the definable sets are formed by closing the partition under union,
resulting in a Boolean algebra %(U/E) over this partition. Although Pawlak’s
model provides very strong structures to describe the elementary and definable
sets, it is not always possible to build an equivalence relation (see e.g., [|53}/54,
59,88, 149]]). Therefore, the descriptive language associated with Pawlak’s model
should be generalized. As we will discuss in Section [3.3] the elementary sets are
generally described by a covering C instead of a partition U/E. Moreover, the union-
closure S, ¢ of the covering C will describe the definable sets for the extended
generalized descriptive language. In general, this will no longer be a Boolean
algebra but a join-semilattice.
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3.2 Semantically sound approach of Pawlak’s rough
set model

We first elaborate on a semantically sound approach of Pawlak’s rough set model.
We construct a two-part language and discuss the elementary and definable sets
corresponding to this language. Moreover, we study how to derive the approxima-
tion operators and we discuss how the computational model of Pawlak is related
to this semantical approach.

3.2.1 A descriptive language for conjunctive concepts

In order to define the intension of a concept in Pawlak’s rough set model, we present
the following semantically sound approach. First, we introduce the descriptive
language DL for conjunctive concepts.

Definition 3.2.1. The symbols of the language DL are the symbols ‘=’, ‘C, ), ¢,
and ‘A, the finite set of attribute symbols At and the finite set of values V, for each

attribute a € At. The descriptive language DL is now defined by
1. atomic formulas or atoms (a,=,v) with a €At and v €V,
2. if ¢, € DL, then (¢ A1) € DL.

That is, the descriptive language DL consists of the atoms (a,=, v) and is closed
under finite conjunctions. For A € At, we denote DL, for the descriptive languageﬂ
restricted to the attributes of A. For the remainder of this section, we will work
with the language DL,, as DL is a special case for A= At.

We now define a satisfiability relation on U x DL,.

Definition 3.2.2. Let x € U and ¢ € DL, a formula, the satisfiability of ¢ by x in
DL,, denoted by x E, ¢, is defined as follows:

1. xF, (a,=,v)ifand only if I,(x)=v foracAand v eV,

IFor the remainder of this chapter we will use the subscript a instead of {a} if A = {a} to avoid
notation overload. E.g., we denote DL, instead of DLy;.



3.2. Semantically sound approach of Pawlak’s rough set model 55

2. x B4 (p Av) if and only if x F4 ¢ and x F, 4.

Thus, an object x satisfies an atomic formula (a, =, v) if the information func-
tion I, maps x to v. Moreover, x satisfies the conjunction of formulas, if it satisfies
all formulas in the conjunction.

Based on the satisfiability relation F, for the descriptive language DL,, we
define the meaning set corresponding to a formula ¢ € DL, as the set of objects
in U which satisfy ¢:

Definition 3.2.3. Let ¢ € DL, a formula, then the meaning set m,() of ¢ is given
by my(¢) ={x €U | xF, ¢}

The meaning set of an atom (a,=,v) consists of those objects x such that
I,(x) =v.For a € A, it holds that m,((a,=,v)) = m,((a,=,v)), for v € V,. Further-
more, note that the meaning set of a conjunction of formulas equals the intersection
of the meaning sets of the formulas in the conjunction. The meaning set m,(¢) is
exactly the extension of the concept which intension is the formula ¢. A formula
of which the meaning set is the whole universe U is called a valid formula for the
language DL,.

We can now define the definability of a set of objects for the language DL,.

Definition 3.2.4. Given the language DL,, a subset X C U is called an A-definable
set if there exists a formula ¢ € DL, such that X is the meaning set of o, i.e.,
X = my(p). If X is not A-definable, it is called an A-undefinable set. The set of
A-definable sets given the table T is denoted by DEFp, (T).

Next, we discuss an important subset of DEFp,; (T). Let ¢ be the conjunction of
information blocks from one row in the table, then ¢ can serve as the left-hand-side
of a rule related to the decision table. Hence, there exists a set A C C, i.e., a set of
conditional attributes, and an object x € U such that

v = \la= 1),
ac€A

i.e., ¢ is the conjunction over the conditional attributes of A of atoms related to a
specific object x. The meaning set of such a formula ¢ is called an A-elementary
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set [|128,/186]]. Note that every A-elementary set is also A-definable for the language
DL,, but is specifically in correspondence with a formula which represents the
left-hand-side of a rule. Therefore, the A-elementary sets will be important from a
computational point of view, as they are useful for the classification of a new object:
if a new object belongs to an A-elementary set, then it satisfies the left-hand-side
of a rule, and thus it certainly satisfies its right-hand-side and hence, it can be
classified.

However, given the language DL,, we are not able to describe the right-hand-
side of rules, as they are generally described by a disjunction of atomic formulas in
DL,, with d the decision attribute. Therefore, we have to extend the descriptive
language.

3.2.2 A descriptive language for disjunctions of conjunctive
concepts

The extended descriptive language is defined as follows:

Definition 3.2.5. The extended descriptive language EDL, for A C At has the same
symbols as the language DL,, extended with the symbol ‘v’. The formulas of EDL,
are defined by

1. if ¢ € DLy, then ¢ € EDL,,
2. if p,1p € EDL,, then (¢ V ) € EDL,.

Hence, the descriptive language DL, is included in the extended descriptive
language EDL,. Furthermore, EDL, is closed under finite disjunctions.

The satisfiability relation =, is extended to a satisfiability relation on U x EDL,:

Definition 3.2.6. Let x € U and ¢ € EDL, a formula, then the satisfiability of ¢
by x in EDL,, denoted by x l=£ , is defined in the following way:

1. if ¢ € DLy, then x Ef ¢ if and only if x 4 ¢,

2. x££ (¢ V) if and only if x ¥ ¢ or x £ 4).
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We see that the satisfiability relation I=§ reduces to the relation F, for formulas
in DL,. Furthermore, an object x satisfies a disjunction of formulas if it satisfies at
least one formula in the disjunction.

For a formula ¢ € EDL,, we can define its meaning set as follows:

Definition 3.2.7. The meaning set m’(¢) of a formula ¢ € EDL, is given by
m,(p) ={x €U | x Ef p}.

Hence, it represents all the objects which satisfy ¢ for |=f‘. Since the satisfiability
relation l=£ reduces to the relation F, for a formula in DL,, the meaning set of
a formula of DL, does not change for the extended descriptive language EDL,.
Moreover, note that the meaning set of a disjunction of formulas is the union of
the meaning sets of the formulas in the disjunction. If m}(¢) = U, then ¢ is called
a valid formula in the language EDL,. Note that every formula valid in DL, is also
valid in EDL,.

We now define the set of definable sets of the language EDL,:

Definition 3.2.8. The A-definable sets of the table T for the extended descriptive
language EDL,, denoted by DEFgp, (T), are the subsets X € U which are the
meaning set of a formula in EDL,, i.e., X is A-definable if it is the extension of a
concept which intension is a formula in EDL,. If X is not A-definable, it is called
A-undefinable in EDL,.

We are now able to describe both the left-hand-side and the right-hand-side of
a rule, as they are formulas in the language EDL,,. More specifically, the left-hand-
side of the rule is a formula in the language DL,, with A C C a set of conditional
attributes, and the right-hand-side of the rule is a formula in the language EDL,,
with d the decision attribute.

3.2.3 Approximations of undefinable sets

For an A-undefinable set, we are not able to find a formula in EDL,. However, we
are able to approximate it by A-definable sets from DEFgp,; (T), which leads us to
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the notion of approximation operators, as discussed by Yao [[186}190]]. Naturally, a
set X C U is approximated from below by the family

{Y € DEFyy, (T) | Y SXAVZ €DEFyy (T),ZSX:YCZ=Y =2},

which is the family of maximal definable sets contained by X and it is approximated
from above by the family of the minimal definable sets containing X:

{Y € DEFyy, (T) | X CY AVZ €DEFyy (T),XCZ: ZCY =Y =Z}.

However, in Pawlak’s framework, there is a unique maximal definable set contained
by X and a unique minimal definable set containing X [|190]. Hence, the lower
and upper approximation of a set X € U can be defined as follows:

Definition 3.2.9. Let X C U and A C At, then the lower and upper approximation
of X in EDL,, denoted by aprA(X ) and apr,(X), are defined as follows:

apr (X) = the largest definable set in EDL, contained by X,
apr,(X) = the smallest definable set in EDL, containing X.

In addition, we can define the positive, negative and boundary region of a set
X CU:

POS,(X) = the largest definable set in EDL, contained by X,
NEG,(X) = the largest definable set in EDL, contained by X¢,
BND,(X) = (POS,(X)UNEG,(X))".

Note that the correspondence between the two-way and three-way approximation
operators stated in Section [2.1] holds for the operators defined above.

If X is A-definable, we see that both the lower and the upper approximation
of X are the set X itself. Moreover, the positive region of X is X, the negative region
of X is its complement X¢ and the boundary region of X is empty. Hence, for an
A-definable set X, all elements of the universe can be classified either in the positive
or negative region of the set X.
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To end this section, we discuss the meaning set of the left-hand-side of a
rule and the meaning set for a set of rules in detail. This will provide us with a
computational approach to Pawlak’s model, consistent with the semantically sound
approach described above.

3.2.4 Computational approach of Pawlak’s rough set model

In [|128]] it is discussed that the partition U/E and the Boolean algebra #(U/E)
are very important structures to construct the Pawlak approximation operators.
Here we will see that both structures are obtained when computing the elementary
and definable sets of the descriptive language [|190]].

Given a set A C At, a set X C U and a formula ¢ € EDL,, the concept (X, ¢)
with extension X and intension ¢ is A-definable for the language EDL, if and only
if X = mﬁ(tp). As ¢ is a formula in EDL,, it is a disjunction of conjunctions of
atoms, i.e., ¢ =(...((p1 V p3) V p3) V...V ¢, ) with each ¢; € DL, of the form

(.. (((aij,,=vij,) Mgy, = vi,)) Mgy, = Vi) A A (aijmi’z’ Vijmi))~

Hence, the meaning set of ¢ is

n Jm;

mi () = J[mal(asj, = vij))-
i=1j=,
Fori€{l,...,n} and j € {j,..., jn,,} the meaning set of (a;;,=,v;;) equals the
equivalence class [x;; ]z, with
asj

E,, ={(3,2) €U x U |1, (y) =1, (2)}

and x;; € U such that Iaij(xij) = v;;. Now, for every i € {1,2,...,n}, we ei-
jmi

ther have that [ [x;;]g, 1is empty or there exists an object x; € U and a sub-
i=h Y

set of attributes A; C A such that it equals the equivalence class [x;]g, with

Ey ={(y,2) € UxU | Va € A;: I,(y) = [,(2)}. Let k € {1,2,...,n} such that

ma(p;) = [x;]g, for 1 <i<kandmy(p;) =0 for k <i<n,then

k

mﬁ(ga) = U[Xi]EAi'

i=1
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Hence, we conclude that the meaning set of a conjunctive formula ¢;, i.e., an
A;-elementary set, is an equivalence class [x;]g, and the meaning set of ¢, i.e.,
an A-definable set, is the union of equivalence classes based on attributes in A,
ie., mf;(go) € B(U/E,), where B(U/E,) is the Boolean algebra over the partition
U/E,. The Boolean algebra 98(U/E,) contains @ and U/E, and is closed under
union. However, since U/E, is a partition, (U /E,) is also closed under inter-
section and set complement. Therefore, we conclude that the A-definable sets for
EDL, are efficiently computed by constructing B(U/E,).

Furthermore, let X C U be A-undefinable for A C At, then we can approximate X
with sets in DEFgp,; (T) = %(U/E,). The lower approximation of X is given by the
largest definable set in EDL, which is contained in X. As %8(U/E,) is closed under
union, the lower approximation of X is given by

apr (X) = U{Y € B(UJE)|Y CX}.

Analogously, as the upper approximation of X is the smallest definable set in EDL,
which contains X and as %8(U/E,) is closed under intersection, we obtain that

apr,(X) = |{Y € BU/E) | X CY}.

Moreover, as B(U/E,) is closed under set complement, we have that the lower
and upper approximation operator are dual operators:

VX CU: (apr, (X)) = apry(X).

Note that the pair (EA ,apr,) is in fact given by the subsystem-based definition
of Pawlak’s model (@E,a_prb—) for the equivalence relation E = E,. Although the
subsystem-based definitions are seldom used for computational purposes, it is clear
from this discussion that they provide a semantical meaning to the lower and upper
approximation of an A-undefinable set X.

In addition, the positive, negative and boundary region of X are given by

POS,(X)
NEG,(X)
BND,(X)

Uy e BW/ED Y cx3,
Uy e BU/ED Y € X7,
(POS,4(X) UNEG,(X))*
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= (Y € BW/E)|Y NX #DAY NX# 0}

If X € DEFgp;, (T), then POS,(X) = X and NEG4(X) = X, since 88(U/E,) is closed
under set complement. Therefore, the boundary region of an A-definable set in
Pawlak’s rough set model is empty.

3.3 Semantically sound approach of covering-based

rough set models

To discuss a semantically sound approach of covering-based rough set models for a
complete decision table, we first determine how the universe can be granulated. A
granulation of the objects of the universe given an attribute a € At is determined
by relationships between the attribute values of V,. Examples of such relationships
are the equality relation =, partial order relations >, the membership relation €,
or relationships obtained from clustering. However, other types of relationships
than the equality relation do not fit in the approach discussed in Section and
hence, a generalization is needed.

In order to do this, we add extra semantics to the information or decision
table T [|183]]. Let L, be a set of labels for an attribute a € At which is used
to name the granules of the attribute value set V. In general, every label in L,
can be interpreted by the values of V,. The complete decision table with added
semantics T, is the tuple (T, {L, | a € At}), with T the original complete decision
table.

Given a set of labels L, for each attribute a € At, various relationships between
the attribute values of a can be constructed, depending on the physical meaning of
the labels, i.e., a set of relations R, is considered instead of only the equality rela-
tion =. Therefore, a crucial point in generalizing the semantically sound approach
of Pawlak’s rough set model is defining the atoms regarding the labels L, and the
relations R,,. In order to correctly combine labels from L, and relations from R,
a Boolean relation T,, called a type compatibility relation [|[183]], is determined as
follows: T,(r,1) is true for r € R, and [ € L, if and only if it is reasonable to apply
the relation r on the label [ for the attribute a € At.

We illustrate a decision table with added semantics in the following example.
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Table 3.1: Decision table T, with {L, ,L,,,Ls} the set of labels

| a; a, | d
x; |1 medium | 1
x, | I bad 0
x5 | III  bad 0
x, | IV good 1
xs | V. good 1

Example 3.3.1. Consider the table T, presented in Table For a;, letR,, = {€}
and L,, = {l; = {I, 11,111}, 1, = {II,111,IV},l5 = {II1,1V,V}} such that T, (&,1;)
is true for i € {1,2,3}. Next, for ay, let R,, = {=} and L,, = {bad, medium, good}
such that T, (=,1) is true for all [ € L,, and good > medium > bad. Finally, for d
we use the equality relation as with Pawlak’s rough set model, i.e., R; = {=} and
L, ={0,1} such that T;(=,0) and T,(=, 1) are true.

Note that there are multiple choices for the set of relations and the set of
labels. For instance, for the attribute a, we could have chosen R; , = {€} and
L;Z = {k; = {bad}, k, = {bad, medium}, k; = {bad, medium, good}} such that
T,,(€,k;) is true for i € {1,2,3}. The labels in L’a2 represent respectively the
instances x € U which scored at most ‘bad’, at most ‘medium’ and at most ‘good’.
For the remainder of this section we will work with the set of relations R,, and the
set of labels L, .

To describe the semantical approach for covering-based rough set models in a
complete decision table with added semantics, we construct a two-part descriptive
language.

3.3.1 A generalized descriptive language for conjunctive con-
cepts

Given a complete decision table with added semantics, then we can define the
following language:
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Definition 3.3.2. The symbols of the generalized descriptive language GDL are the
symbols ‘(, ), ¢, and ‘A, the finite set of attribute symbols At, the finite set of
relation or constraint symbols R, for each attribute a € At and the finite set of
labels L, for each a € At. The generalized descriptive language GDL with respect

to {T, | a € At} is now defined by

1. atomic formulas or atoms (a,r,1) with a € At, r € R,, |l € L, and T,(r,1)
true,

2. if ¢, € GDL, then (¢ A1) € GDL.

Hence, as for the language DL, GDL is closed under finite conjunctions. The
main difference between the languages DL and GDL is the set of atoms. Note how-
ever, that the language DL is a special case of GDL, when R, = {=} and L, =V,
for each attribute a € At. Again, for a subset A C At, we can restrict the language
GDL to the language GDL,, when only the attributes in A are considered.

We define a satisfiability relation on U x GDLy:

Definition 3.3.3. Let x € U and ¢ € GDL, a formula, then the satisfiability of ¢
by x in GDL,, denoted by x F, ¢, is defined as follows:

1. x F4 (a,r,1) if and only if I,(x)rl,
2. x F, (@ Av)if and only if x F4 ¢ and x F4 .

An object x satisfies an atomic formula (a,r,1) € GDL, if the attribute value
I,(x) is related by r to [. In addition, x satisfies a conjunction of formulas in GDL,
if it satisfies all formulas in the conjunction.

Based on this satisfiability relation, we can define the meaning set of a formula
¢ € GDL,:

Definition 3.3.4. Let ¢ € GDL, a formula, then the meaning set my(p) of ¢ is
given by my(@) ={x €U | x F, p}.

The meaning set of an atomic formula (a,r,1) € GDL, is the set of objects
x € U such that I,(x) is related to label [ by relation r. Moreover, it holds that
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my((a,r, 1)) = my((a,r,1)). The meaning set of a conjunction of formulas equals
the intersection of meaning sets of the formulas in the conjunction. A formula is
called valid in GDL, if its meaning set is the whole universe U.

We illustrate the meaning sets of the atomic formulas related with table T,
presented in Table [3.1]in the following example.

Example 3.3.5. Consider the table T, presented in Table We compute the
meaning sets of the atomic formulas in Table

Table 3.2: Meaning sets of the atomic formulas of Table for a € {a;,a,,d}

Atomic formula | Meaning set

(ay,&,1;) {x1,x9,x3}
(al:ea 12) {Xz, X3,X4}
(al)e’ 13) {X3,X4, XS}
(ay,>,bad) U

(ap, =, medium) | {x,x,,xs}
(ay, =, good) {x4, x5}
(dyzr O) {XZ, XS}
(d,=1) {xl,x4,x5}

Given the generalized descriptive language GDL,, we can define its definable
sets:

Definition 3.3.6. Given the language GDL,, the set of A-definable sets for the ta-
ble T contains all meaning sets of formulas of GDL, and is denoted by DEFg; (T,
i.e., X € DEFqp,, (T,) if there exists a formula ¢ € GDL, such that X = m,(¢). If
X C U is not A-definable, it is called an A-undefinable set.

Similarly as in Pawlak’s model, the left-hand-side of a rule related to the table
is a conjunction of information blocks from a row of the table. However, these
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information blocks are now of the form (a, r, 1) instead of (a,=,1,(x)), where [
can be described by means of I,(x) for x € U. Let A C C a subset of conditional
attributes and x € U, then ¢ is of the form

¢ = N\arg,L),
acA

where r, €R,, l, € L, such that [, can be described by means of I,(x) and such
that T,(r,,[,) is true. The meaning set of ¢ is called an A-elementary set.

Example 3.3.7. Consider table T, presented in Table The formula
¢ = (a3, € ;) A(ay, =, medium)

represents the left-hand-side of a rule related with the object x; € U. Its meaning
set

Myq, 0,3 (0) = {x1, X2, X3} N {x1, x4, x5} = {x1}

is a {a;, a,}-elementary set.

As in the semantically sound approach of Pawlak, the language GDL, ensures
the construction of formulas which can be used in the left-hand-side of a rule.
However, as the right-hand-side of a rule consists of disjunctions, the generalized
descriptive language also needs to be extended.

3.3.2 A generalized descriptive language for disjunctions of
conjunctive concepts

For A C At, the extended generalized descriptive language EGDL, is constructed
similarly to the language EDL,, i.e., we extend GDL, by closing it under finite
disjunctions:

Definition 3.3.8. The extended generalized descriptive language EGDL, has the
same symbols as the language GDL,, extended with the symbol ‘V’. The formulas
of EGDL, with respect to {T, | a € At} are defined by

1. if ¢ € GDL,, then ¢ € EGDL,,

2. if ¢, € EGDL,, then (p V1) € EGDL,.
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We extend the satisfiability relation F, to U x EGDL,:

Definition 3.3.9. Let x € U and ¢ € EGDL, a formula, then the satisfiability of ¢
by x in EGDL,, denoted by x I=§ @, is defined as follows:

1. if ¢ € GDL,, then x E£ ¢ if and only if x 4 ¢,
2. x EE (¢ V) if and only if x EL ¢ or x EL 4.

Given the satisfiability relation defined above, we can define the meaning set
of a formula ¢ € EGDLy:

Definition 3.3.10. Let ¢ € EGDL, a formula, then the meaning set mﬁ(go) of p is
given by mi(¢) ={x €U | x F} ¢}.

Since the satisfiability relation F% reduces to the relation F, for a formula in
GDL,, the meaning set of a formula of GDL, does not change for the extended
generalized descriptive language EGDL,. Note that the meaning set of a disjunction
of formulas equals the union of the meaning sets of the formulas in the disjunction.
Furthermore, a formula ¢ is called valid in EGDL, if m}(¢) = U.

We can now define the A-definable sets:

Definition 3.3.11. Given the language EGDL,, the A-definable sets of a table T,
denoted by DEFggp,, (T, ), are the meaning sets of formulas in EGDL,. If a set
X C U is not in DEFggp;, (T,), X is called A-undefinable for EGDL,.

The language EGDL,, allows us to describe both the conditional and decision
part of rules. In particular, the conditional part of a rule is a formula in GDL, with
A C C a set of conditional attributes and the decision part is a formula in EGDL,
with d the decision attribute.

3.3.3 Approximations of undefinable sets

As in the framework of Pawlak, approximation operators are used to approximate
an A-undefinable set X C U by A-definable sets in DEFggp,, (T, ), A € At. Although
there is still a unique maximal A-definable set contained by X, there is no unique
minimal A-definable set containing X as opposed to Pawlak’s rough set model [[190]].
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Definition 3.3.12. Let X C U and A C At, then the lower and upper approximations
of X in EGDL,, denoted by apr (X) and apr,(X), are defined as follows:

aprA(X ) = the largest definable set in EGDL, contained by X,
apry(X) = {Y € DEFggp, (T,)|X CY,Y minimal},

with Y minimal if VZ € DEFggp, (T:),X CZ: ZCY >V =Z.

Hence, the upper approximation of X is not a definable set, but the family of
minimal definable sets containing X.

The definitions of the lower and upper approximation operator and the positive,
negative and boundary region are similar to the framework of Pawlak’s rough set

model.
POS,(X) = the largest definable set in EGDL, contained by X,
NEG,(X) = the largest definable set in EGDL, contained by X¢,
BND,(X) = (POS,(X)UNEG,(X))".

Note that the positive and negative region of X are definable sets. Therefore, it is
sometimes more useful to consider them instead of the lower and upper approxi-
mation operator, as the latter is not definable.

To end this section, we study how to efficiently compute the elementary and
definable sets of a covering-based rough set model. It will be shown that a covering
and its union-closure will describe the elementary and definable sets instead of a
partition and a Boolean algebra as in Pawlak’s rough set model.

3.3.4 Computational approach of covering-based rough set
models

The main difference between the semantically sound approach of Pawlak’s model
and covering-based rough set models is the construction of atomic formulas. Given
a € At, then the {a}-elementary set for the atomic formula (a,r,l) € GDL, is
the set {x € U | I,(x)rl}. Such a set is an information block, as it provides the
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information on which instances of the universe are related to the label [ by the
relation r. However, such information blocks are not necessarily disjoint, as it is
possible that m((a,r,1)) Nm((a,r’,1")) # @, with (a,r’,l’) € GDL,. Therefore, the
{a}-elementary sets will be given by a covering

(Ca = {ma((ax r) l)) | ma((ar r; Z)) ;é 01 (a) rrl) G GDLa}

instead of a partition U/E,. The construction of the covering C, is therefore
completely depending on the choices of R, and L,,.

In addition, let A € At and ¢ € GDL, be a conjunctive formula which serves as
the left-hand-side of a rule. Then

¢=N\r,l)
acA

with (a, r4,1,) € GDL, and the meaning set of ¢ is given by
ma(9) = [ Jmal(a, 74, 1))-
a€A

If my(¢) is not empty, then this A-elementary set represents an information block
for the set of attributes A. The set of non-empty A-elementary sets is also a covering,
denoted by C,.

From the above discussion, we obtain the following characterization of the
covering C, in terms of the coverings {C, | a € A}:

C,={KCU|K#DBAJp €GDL,: K =myu(p)}
={KCU|K#0AVaeAIr eR,,3l € L, such that T,(r,1) is true
and K = [\m,((a,,1))}
acA

—{KCU|K#PAVaeAIK, €Cyp: K=K}
acA

Note that my((a,r,1)) = m,((a,r,1)) is an information block in C,. Hence, C,

contains of the non-empty intersections (| K,, where for each a € A we take
a€A
exactly one K, € C,.

Furthermore, let A C At, then an A-definable set is the extension of a disjunction
of conjunctive formulas in GDL,. Therefore, the set of meaning sets of formulas
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from EGDL,, is obtained by closing the covering C, under the union operator, which
gives the union-closure S, ¢, as defined in Eqs. . As C, is not a partition in
general, the union-closure S, ¢, is not closed under intersection and set comple-
ment, in comparison with the Boolean algebra which is obtained when given a
partition. However, S, ¢, is a join-semilattice.

To end, we discuss the approximation operators related to this semantically
sound approach of covering-based rough sets. Let A C At and X C U, then

apr (X) = JIK €Sy, IKSX} = JIK € Cs|K € X},

since S, ¢, is closed under union. Note that this is the tight or strong lower approx-
imation operator of X for the covering C,. However, since the union-closure of a
covering is not closed under intersection, there is no unique minimal definable set
containing X . Hence, we are not able to give a computationally efficient definition
of the upper approximation of X in which the semantics are clear. Nonetheless, we
are able to give computationally efficient definitions for the positive and negative
region of X:

POS,(X)
NEG,(X)

U{KE(CAIKEX},
Jik ec, |k cx°).

Note that S, ¢, is not closed under set complement and therefore, the complement
of an A-definable set is not necessarily A-definable, hence, BND,(X) is not necessar-
ily definable and it can be non-empty for X € DEFggp;, (T,.) in the covering-based
rough set framework.

To end this section, we illustrate the computational approach of covering-based
rough set models with an example.

Example 3.3.13. Consider the table with added semantics T, presented in Ta-
ble For the conditional attributes a; and a, we obtain the following coverings:

(Ca1 = {{x1,x2,x3}, {X2: X3,X4}, {x37x4,x5}}’

(Ca2 = {{xl,xz,x3,x4,x5},{xl,x4,x5}, {X4,X5}}.
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The covering Cy, ,,) is now obtained by intersecting the elements of C, and C,,:

Claya = {{xx1, 0, x5}, {x2, X3, x4}, {x3, x4, x5}, {1}, {4}, {34, x5}

Hence, the C-definable sets are given by

SU’C{al,aZ} = {0: {xl}: {X4}, {X];x4}; {X4, xS}) {xl:XZ:XB}) {XZ;XB;X4}9
{3, x4, x5}, {x1, X4, x5}, {x1, X2, X3, X4}, {x1, X3, X4, X5},

{2, x3,%4, x5}, {x1, X2, X3, X4, X5} }.

Note that SUCiaay is not closed under set intersection and set complement, as
{x1,x5,x3} and {x,, x5, x,} are elements of SU,Clayagy? but {x,, x5} and {x;, x5} are
not.

To illustrate the approximation operators, consider the set {x3, x,}. We obtain

that

apr, (xpxd) = (x)

a_pr{al,az}({x31X4}) = {{x2, x3, x4}, {33, x4, x5}}
POS(4, a,)({x3,x4}) = {x4}

NEG{al,az}({XB)x4}) = {x}

BND{al,az}({X3;x4}) = {xy,x3, x5}

As apry, ,;({x3,x4}) is a set of C-definable sets, the upper approximation is more
complicated from a computational perspective. Moreover, note that there is not
necessarily a connection between the conceptual upper approximation operator
and the tight covering-based upper approximation operator when we consider the
union or intersection: for X = {x,}, we have that

a_pr{al,az}({xz}) = {{x15x2a x3}> {Xz,X3,X4}},

., (o) = ()

hence, neither the inclusion Ua_pr{a1 a0,y ({x2,x3}) € a_prfc{ }({xz,x3}) nor the
’ a,az

inclusion (\@pry,, o, ({x2, x3}) € a_mfc(alyaz)({xz,x;;}) holds. For X = {xy, x4, X5},

we have that

a_pr{al,az}({xl’ Xa5 XS}) = {{xl’ X4, XS}}:
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., (pxex)) = U,
ay,az}

thus, neither the inclusion Ua_pr{a1 a0,y ({x1, %4, X5}) 2 a_prfc{ )({xl,x4,x5}) nor
) ay,ag

. . J— —]
the inclusion | apT(y, q,3({x1,%4,x5}) 2 aprc{ahaz)({xl, X4, X5}) holds.

We now derive certain rules from the table T, by computing the lower ap-
proximations or positive region of the decision classes {x;, x4, x5} and {x,, x5} for
different A C {a;, a,}:

e From POS, ({x1,x4,Xs}) = ) we do not derive certain rules.

¢ From Posaz({xbx‘h XS}) = {Xl,X4, XS} = maz((aZ: 2, medlum)) we derive
the certain rule

If (ay, =, medium), then (d,=,1).

e From POSy, ,;({x1,x4,xs5}) = {x1,x4, x5} we do not derive certain rules,
as we cannot write {x;, x4, X5} as the intersection of the meaning sets of an
atomic formula (a;, €,%;) with 2, € L, and an atomic formula (ay, >,2,)
with z, € L, .

e From POS,({x,, x3}) =0 for A C {a;,a,} we do not derive certain rules.

3.4 Application: dominance-based rough set models

To illustrate the semantical approach of covering-based rough sets, we determine
the elementary and definable sets in the framework of dominance-based rough
sets, introduced by Greco, Matarazzo and Stowiniski [53}(54}(149]]. The model
extends the rough set model of Pawlak by using a dominance relation instead of
an equivalence relation as indiscernibility relation. It is a good idea to choose a
dominance relation instead of an equivalence relation when the domains V, of
the attributes in At are preference-ordered, i.e., if there is a natural order on the
possible values of an attribute. A real-life example is the overall evaluation of bank
clients based on the evaluations of different risk factors.

Formally, an outranking relation >, is defined for each attribute a € At based
on the natural order on V_, i.e., an object x € U dominates an object y € U, or y is
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dominated by x, with respect to the attribute a if I,(x) >, I,(¥). Such a relation >,
is reflexive and transitive. It is assumed that each relation >, is complete, i.e., that
for every pair of objects one object is dominating the other. This way, we also get
preference-ordered decision classes D;, with D; = {x € U | I;(x) =i}, i € V. For
i,j €Vy,ifi =4 j, the objects from D; are strictly preferred to the objects from D;.
For example, the bank clients with overall evaluation ‘good’ are preferable to the
clients with overall evaluation ‘medium’.

As the decision classes are preference-ordered, we obtain the upward and
downward union of classes: for i € V; we have

DF = J{p;eU/d|j=,i}

and
D =| J{p;eU/d |ix,j}.

An object x belongs to Df if the decision of x is at least i, while x belongs to Df if
the the decision of x is at most i.

Given a set of conditional attributes A C C, we obtain a relation D, of U based
on A as follows: an object x € U dominates an object y € U or y is dominated by x
with respect to A if and only if x >, y for all a € A. The relation D, is a complete
pre-order, since all relations >, are. Given the relation D, for A C C and an object
x € U, we can define the A-dominating and A-dominated set of x. The former is
given by all predecessors of x by D, (foreset), the latter by the successors of x
(afterset):

Di(x) = {ye€U|(y,x)€Dy}, (3.1)
D;(x) {y €U |(x,y) € D4}. (3.2)

An object y belongs to DX (x) if for all attributes a € A y dominates x with respect
to the attribute a, while y belongs to D;(x) if for all attributes a € A y is dominated
by x with respect to the attribute a. Note that both Df;(x) and D;(x) are reflexive
and transitive neighborhoods of the object x [[182].

To obtain useful knowledge from the decision table, we want to derive decision
rules from the given data. More specifically, Greco et al. obtained certain rules

from the following lower approximations of the upward and downward union of
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classes:

aprDj(Df) {x eU|D}(x) S D7}, (3.3)

Qo
o
=
—~
O
N
—
|

{x eU|D;(x) € D}. (3.4)

Moreover, the sets C, = {D(x) | x € U} and C;, = {D;(x) | x € U} are cover-
ings of the universe U. These coverings are meaningful families of basic granules
for A C C as it is clear that every patch Df: (x), respectively D;(x), represents the
objects which attributes values on A are bounded from below, respectively from
above, by the values of x on A.

In addition, the definable sets are given by the union-closed sets S, ¢» and Sy ¢ -
From Section the lower approximation of X C U using S, c» and Sy ¢ is given,
respectively, by

apr, (X) = (Jves,e|Ycxy, (3.5)
uch A
%UYC;(X) = | Jtresye lv cx). (3.6)

By the following proposition we see that the lower approximations presented
in Egs. and are equal to the ones presented in Egs. and
when we consider the sets Dl.t and Df respectively. Hence, the computational
approximation operators used by Greco et al. both have a semantically sound
counterpart, provided by the framework from Section |3.3

Proposition 3.4.1. [|140}|182[] Let N be a neighborhood operator and
Cy ={N(x) | x € U}.

The operators apr and apr are equal if and only if N is reflexive and transitive.
— _SU,CN

The interpretation of the lower approximation of an upward union Df is
the following: an object x certainly belongs to Df, i.e., it belongs to its lower
approximation, if for every object y which dominates x with respect to A it holds
that the decision of y is at least i. Analogously, x certainly belongs to Df if every
object y which is dominated by x with respect to A has a decision at most i. This
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way, if the evaluation of an object on A improves, the class assignment of the
object does not worsen and vice versa, if the evaluation on A is less good, the
class assignment does not improve. Therefore, it is less meaningful to consider
{x €U | D}(x) € D7} and {x € U | Dj(x) € D7} as lower approximations since the
interpretation is more complicated, although it can be done from computational
point of view.

To obtain certain decision rules, let A= {a;,a,,...,a,} € C and i € V,. If the
lower approximation @Dg (Df) is not empty then we derive the certain decision

rule
if I, (x) =g, v1 A1 (X) =g, VoA . A (X) =g, Vy, then I(x) =4 1,

with v; € V.. Analogously, if apr (Df) is not empty, then the following certain
- A

decision rule is obtained:
if vy =g, I, (X) Avy =g, I, ()AL o A vy =g I (X), then i =4 I;(x).

In the above discussion, we obtained certain decision rules as we used the lower
approximations of the upward and downward unions of decision classes. However,
Greco et al. also derived possible rules by using the upper approximations, which
we obtain as the dual operators from Egs. and (3.4):

apiy (D7) = {xeU|Dy(x)ND; #0}, 3.7
a_prD/i(Df) = {xeU|Di(x)NDZ # @}. (3.8)

Note that these upper approximations are obtained from a computational view-
point, and not from a conceptual one. Although they provide us with possible rules
which can be used in data analysis, the semantical meaning of these rules is less
clear.

To end, we summarize the different steps to obtain the lower approximation
operator in the semantically sound approach and the dominance-based rough
set approach in Figure The lower approximation operators from both frame-
works are equal, but there is no such comparison for the upper approximation
operators. By constructing the meaningful coverings C? and C° via the dominance
relation >, the dominance-based rough set model can be seen as a special case of
the semantically sound framework of rough sets.
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Table Table

Dominance relation: > Dominance relation: >

Elementary sets: CP,C*
Definable sets: Sy, ¢z, Su,cs

Appr. operators: apr y ,apr

Appr. operators: apr ,,apr
S S

c? —Su,c; Dy
Dominance-based framework derived Dominance-based framework
using semantically sound approach according to Greco et al.

Figure 3.2: Comparison between the semantical framework and the dominance-
based rough set model

3.5 Pawlak’s rough set model for decision tables with

missing values
Given a decision table
T =(U,At=Cu{d},{V,|a€At},{I, | ae€At}),

then the table is called incomplete if at least one information function I, is incom-
plete. Note that we will assume that the information function I, related with the
decision attribute d is always complete.

There are two types of incomplete information tables [90]]: set-valued informa-
tion tables [|654{125]] which contain information functions

I,:U— 2 (V,),

i.e., a set of attribute values is associated with an object of U, and information
tables with missing values [|77,/881|89L[121]]. We will concentrate on the latter type.

Furthermore, there are two main strategies to deal with missing attribute values.
The first strategy is based on conversion of incomplete data sets into complete data
sets, e.g., by replacing missing values by the most common attribute value, or by
ignoring cases with missing attribute values [|61,/89,/961|121]]. The second strategy
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acquires the knowledge from the incomplete decision table without preprocessing
the data [|59]].

Recently, Hu and Yao [|68]] discussed the concept of definability in set-valued
incomplete decision tables using an associated family of complete decision tables.
However, in this section we discuss definability for incomplete decision tables with
missing values without converting the incomplete decision table to a family of
complete decision tables. We base ourselves on some papers of Grzymala-Busse
[57J59]] in which a characteristic set associated with x € U and A C At is constructed
as the smallest set of instances indiscernible from x by A. However, we will construct
a formal language and satisfiability relation in order to define the elementary and
definable sets related with a incomplete decision table T.

Note that we discuss a semantical approach for Pawlak’s rough set model for
incomplete decision tables. Thus, for all the attributes in At only the equality
relation = is considered.

We assume that there are three reasons for an attribute value I,(x) to be
missing, for x € U, a € C:

1. The attribute value is a lost value. We will denote this by I,(x) = ?. When the
attribute value I,(x) is lost, then the attribute value was originally known,
however, it is not currently available. We therefore assume that the original
value I,(x) is one of the attribute values v € V.

2. The attribute value is a do-not-care value. We will denote this by I,(x) = .
This means that the attribute value I,(x) is not relevant and may be any
value in the domain V, of the attribute a.

3. The attribute value is an attribute-concept value. We will denote this by
I,(x) = —. It means that the attribute value I,(x) is not known, but belongs to
the set of typical attribute values V, , € V,. The subset of attribute values V, ,.
is defined by

Vo ={v €V |y € U: I4(y) = I4(x) with I,(y) = v}, (3.9

i.e., it contains the attribute values of these objects with the same decision
as x.
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Table 3.3: Incomplete decision table T with At = {a;, ay,ay}U{d}

Patient | Temperature a; Headache a; Nausea ay | Flud

X, high - no yes
Xy very high yes yes yes
X3 ? no no no
X4 high yes yes yes
Xs high ? yes no
Xg normal yes no no
X7 normal no yes no
Xg — yes * yes

We illustrate the concepts of lost value, do-not-care value and attribute-concept
value in the following example.

Example 3.5.1. Consider the table T given in Table[3.3| (see [59])). The universe U
consists of eight patients and At = {a, ay, ay} U {d}. The conditional attribute a;
records the temperature of the patient and the conditional attributes a; and ay
state whether the patient has a headache and whether the patient is nauseated. The
decision attribute indicates whether the patient has the flu. However, the table T
is incomplete. For example, I, (x3) = ? reflects that the temperature of patient x5
was measured, but e.g., not registered in the computer system. The temperature of
patient xg was not measured, but as I, (xg) =— and I;(xg) = yes, it is assumed
that the temperature of patient xg lies in the set

Varxs = Lo, (¥) € Vo, | 14(y) = I4(xs), y € U} = {high, very high}.

Moreover, as I, (xg) = *, it was considered not relevant for the diagnosis whether
patient xg was nauseated or not. The missing values I, (x;) and I, (xs) can be
interpreted in a similar way.

Incomplete decision tables where all missing attribute values are lost were
studied in, i.a., [63,[152]]. On the other hand, decision tables were all missing
attribute values are do-not-care values were studied in, i.a., [|55,/88,/89]]. In [|58]],
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both lost and do-not-care attribute values are considered. Decision tables in which
also attribute-concept values are considered were discussed in [[57,(59]].

To describe the semantical approach for Pawlak’s rough set model in a deci-
sion table with missing values, we construct a two-part language and discuss the
elementary and definable sets corresponding to this language.

3.5.1 A descriptive language for conjunctive concepts

The descriptive language to describe the conjunctive concepts related with a deci-
sion table with missing values is denoted by DLI and is defined as follows:

Definition 3.5.2. The symbols of the descriptive language DLI consist of the symbols
‘="¢C, ), ) and ‘N, the finite set of attribute symbols At = C U {d}, the finite set
of values V, for each attribute a € At and the symbols “?, ‘«’ and ‘—'. For a € C,
let V¥ =V, U{?,%,—}. As we assume I, to be complete, V" = V. The descriptive
language DLI is now defined by

1. atomic formulas or atoms (a,=,v) with a €At and v € Va+,
2. if ¢, € DLI, then (¢ A1) € DLIL

Hence, the set of atomic formulas of DLI consists of the atomic formulas of the
language DL defined in Section extended with the atoms (a,=,?), (a,=, )
and (a,=,—) for each a € C. Moreover, the language DLI is closed under finite
conjunction. For A C At, we denote DLI, for the descriptive language restricted to
the attributes of A.

The crucial point in the construction of the definable sets related with DLI, is
the satisfiability relation F,. We have the following observations [|59}77]]:

o If the attribute value I,(x) is lost, then there is one attribute value v € V,
such that I,(x) = v, hence, the object x satisfies one of the atomic formulas
(a,=,v) withv € V,.

o If the attribute value I,(x) is a do-not-care value, then I,(x) lies in the
domain V, of the attribute a. As it does not matter which attribute value it
is, the object x satisfies all atomic formulas (a,=,v) with v € V,.
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o If the attribute value I,(x) is an attribute-concept value, then we assume
I,(x) € V, ., hence, the object x satisfies the atomic formulas (a, =, v) with
veV,,.

Given these interpretations of the different types of missing values, we introduce
the satisfiability relation =, on U x DLI, as follows:

Definition 3.5.3. Let x € U and ¢ € DLI, a formula, then the satisfiability of ¢ by
x in DL, denoted by x F, ¢, is defined as follows::

1. xE4 (a,=,v) for v € V,, a €A, if and only if one of the following cases hold:

i Ia(x) = V,
i Ia(x) =%,

o [[(X)=—AVEV,,,
2. xE,(a,=,?) for a €A,

3. xE,(a,=,%) fora €A,

4. x E, (a,=,—) for a € A if and only if one of the following conditions hold:
b Ia(x) =
o L,(x)=%

° Ia(x) S Va A\ (3_}/ eU: Ia(y) = —/\Ia(x) IS Va’y),
5. x B4 (¢ Ay) if and only if x F4 ¢ and x F, 4.

We motivate this definition as follows. Let a € A and v € V,, then x satisfies
(a,=,v) if it is possible that the attribute value I,(x) equals the value v. This is
the case when I,(x) = v. Moreover, it is the case when I,(x) = *, since I,(x) can
be any value in the domain of V,. In addition, if I,(x) = —, then we assume that
I,(x) €V, hence, I,(x) can be equal to the value v if and only if v € V, ,.

An object x satisfies the atomic formula (a,=,?) if and only if the attribute
value I,(x) is one of the values in V,. This holds for all objects x € U. Similarly,
every object x satisfies (a,=, %), as I,(x) lies in the domain V, of a.
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Finally, the atomic formula (a,=,—) is satisfied by the object x € U if and only
if it is possible that I,(x) belongs to the set of attribute values V, ,, for an object
y € U with I,(y) = —. For I,(x) = —, it holds that I,(x) belongs to V, ,, hence, we
can choose y = x. For I,(x) = *, the value I,(x) is not relevant, hence, it may be
avalueinV,,.

We can now define the meaning set of a formula based on the satisfiability
relation Fy:

Definition 3.5.4. The meaning set m,(¢) of a formula ¢ € DLI, is defined by
ma(p) ={x €U |x F4 ¢}

As we have discussed before, the meaning set of the conjunction (¢ A1) equals
the intersection of the meaning set of ¢ and the meaning set of 1. Therefore, it is
interesting to study the meaning sets of the atomic formulas. Given the attribute
a € Aand v € V,, then the meaning set of (a,=, V) is given by

mu((a,=,v))={x €U |I,(x)=vVI,(x)=*V(I,(x)=—AveEV, )}

Moreover, my((a,=,?)) = U and m,((a,=, *) = U. In addition, the meaning set of
the atomic formula (a,=,—) is given by

my((a,=,-)) = {x €U | [,(x) ==V [,(x) =%V
(I(x) €V, Ay €U L(y) = — AL(x) € V., )}

Note that for a € Ait holds that m,((a, =,v)) = m,((a,=,v)), for v € V,*. Moreover,
if the formula ¢ contains the atomic formula (a,=, ?) or (a, =, ), its meaning set
is not restricted by these formulas.

Given a formula ¢ € DLI,, the meaning set m,() is the extension of the
concept with intension ¢. A formula is called valid for the language DLl if its
meaning set is the whole universe. Note that for each conditional attribute a € A
the atomic formulas (a,=, ?) and (a, =, %) are valid.

Example 3.5.5. By way of illustration, we compute the meaning sets of the atomic
formulas of Table[3.3|for a € {ar, ay, ay} in Table[3.4] To this aim, we compute the
attribute value sets V, , for a € {ar,ay,ay} and x € U. For x € {x, X5, X4, Xg}:

Vo, = {high,very high},
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VaH,x = {Yes},

Vo = {yes,no}.

For x € {x3, x5, x¢, X7} it holds that

Ve, x = {normal, high},
Voo = {yes, no},
Voo = {yes,no}.

Again, every definable set is a meaning set of a formula in DLI,:

Definition 3.5.6. The set of definable sets for the language DLI, for A C At is
denoted by DEFp;; (T) and consists of all meaning sets related with DLI,:

DEFp; (T) ={X S U |3y €DLI,: X =my(p)}.

A set X € DEFyp,; (T) is called A-definable. If a subset X C U is not A-definable, it is
called A-undefinable for DLI,.

Again, the A-elementary sets for the language DLI, form a subset of DEFp;, (T)
and consists of those meaning sets related with a left-hand-side of a rule related
with T, i.e., let AC C and x € U, then the left-hand-side of the rule related with A
and x is given by

= /\(a, =,1,(x)).
a€A
We illustrate the concept of A-elementary sets with the following example.

Example 3.5.7. Given the decision table T presented in Table[3.3] then for A= C
and x; € U we have the following formula ¢;:

(101 = (aT: = hlgh) A (aH’ =, _) A (aN: = HO).

The formula ¢, describes the left-hand-side of a rule. The meaning set of ¢, can
be computed as follows:

mu(p1) = mu((ar,=,high)) nmy((ay,=,-)) Nmu(a,,=,no))
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Atomic formula |

Table 3.4: Meaning sets of the atomic formulas of Table for a € {ar, ay,ay}

Meaning set

(ar,=,normal) {x6, x5}
(ar,=,high) {x1, x4, x5, X}
(ar,=,very high) | {x,,xg}

(ar,=,?) U

(ar,=,%) U

(ar,=,—-) {1, x2, X4, x5, Xg}
(ay,=,yes) {x1,x3, X4, X6, X5}
(ay,=,n0) {x3,x7}

(ag,=,?) U

(ay,=,%) U

(ag,=,—) {31, X9, %4, X6, Xg}
(ay,=,yes) {x2, x4, x5, x7, x5}
(ay,=,n0) {x1,x3, x6, X3}
(ay,=,?) U

(ay,=,%) U

(ay,=,—) {xg}
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= {x1,x4,Xx5,xg} N {x1, X3, X4, X6, Xg} N {X1, X3, X, Xg}

= {x1,xg},

where we have used Table We compute the A-elementary sets related with ¢;
for x; € U in a similar way. The results are presented in Table

Table 3.5: A-elementary sets of Table for A= {ar,ay,ay}

Left-hand-side | Meaning set
¢y = (ar,=,high) A (ay,=,—) A (ay,=,n0) {x1,xs}

¥y = (ar,=,very high) A (ay,=,yes) A (ay,=,yes) | {xz,xg}

v3 = (ar,=,?) A(ay,=,n0) A (ay,=,n0) {xs}

¢4 = (ar,=,high) A (ay,=,yes) A (ay,=,yes) {x4, xg}

vs = (ar,=,high) A (ay, =,?) A(ay, =, yes) {x4, x5, xg}

e = (ar,=,normal) A (ay,=,yes) A (ay,=,no0) {x6}

¢, = (ar,=,normal) A (ay,=,1n0) A (ay,=,yes) {x,}

g =(ar,=,—) A(ay,=,yes) A (ay, =, %) {x1, x3, x4, xg}

As the right-hand-side of rules generally consist of a disjunction of formulas, we
extend the descriptive language. This will be done analogously as in Sections|3.2.2

and

3.5.2 A descriptive language for disjunctions of
conjunctive concepts

We extend the descriptive language for a decision table with missing values as
follows:

Definition 3.5.8. The extended descriptive language EDLI, for A C At has the same
symbols as the language DLI,, extended with the symbol ‘v’. The formulas of EDLI,
are defined by

1. if ¢ €DLI,, then ¢ € EDLIL,,

2. if ¢, € EDLI,, then (¢ V1)) € EDLI,.
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Hence, the descriptive language DLI, is included in the extended descriptive
language EDLI,. Furthermore, EDLI, is closed under finite disjunctions.

The satisfiability relation F, is extended to U x EDLI,:

Definition 3.5.9. Let x € U and ¢ € EDLI, a formula, then the satisfiability of ¢
by x in EDLI,, denoted by x l=§ (, is defined in the following way:

1. if ¢ € DLI,, then x F% ¢ if and only if x I, ¢,
2. x E§ (¢ V) if and only if x E§ ¢ or x Ef 4.

We see that the satisfiability relation |=£ reduces to the relation F, for formulas
in DL,. Furthermore, an object x satisfies a disjunction of formulas, if it satisfies at
least one formula in the disjunction.

The meaning set mﬁ((p) of a formula ¢ € EDLI, represents all the objects which
satisfy ¢ for F5:

Definition 3.5.10. Let ¢ € EGDL, a formula, then the meaning set mﬁ(cp) of p is
given by mE () ={x e U | x Ef ¢}.

Since the satisfiability relation I=f; reduces to the relation F, for a formula
in DLI,, the meaning set of formulas of DLI, does not change for the extended
descriptive language EDL,. Moreover, note that the meaning set of a disjunction
of formulas is the union of the meaning sets of the formulas in the disjunction. If
mﬁ (@) =U, then y is called a valid formula in the language EDL],. Note that every
formula valid in DLI, is also valid in EDLI,.

The meaning sets of EDLI, provide the definable sets related with this language.

Definition 3.5.11. Given A C At, the A-definable sets of the table T for the ex-
tended descriptive language EDLI,, denoted by DEFgp;; (T), are the subsets X € U
which are the meaning set of a formula in EDLI,, i.e., X is A-definable if it is the
extension of a concept which intension is a formula in EDLI,. If X is not A-definable,
it is called A-undefinable in EDLI,.
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We are now able to describe both the left-hand-side and the right-hand-side of
a rule, as they are formulas in the language EDLI,,. More specifically, the left-hand-
side of the rule is a formula in the language DLI,, with A C C a set of conditional
attributes, and the right-hand-side of the rule is a formula in the language EDLI,,
with d the decision attribute. However, note that we assumed that I is complete.
Therefore, the language EDLI; actually reduces to the language EDL,;, which is
discussed in Section

3.5.3 Approximations of undefinable sets

Let A € At and X € U an A-undefinable set, then we want to approximate X
with A-definable sets from DEFgp,;, (T). We have the following observations for
DEFpy, (T):

e Let x € U and a € A, then x € my((a,=,1,(x)). Hence, there exists a
X € DEFpy;, (T) such that x € X.

e As illustrated in Table the sets in DEFpy; (T) are not disjoint.

Therefore, DEFp; (T) is not a partition, but a covering of the universe U. As the
meaning sets of EDLI, contain those of DLI, and is closed under union, the set of
definable sets DEFgp,;, (T is the union-closure of the covering DEFy,; (T). Hence,
the approximation operators we obtain for the language EDLI, are therefore similar
to the approximation operators for EGDL, described in Section|3.3.3

Definition 3.5.12. Let X C U and A C At, the lower and upper approximations of X
for the descriptive language EDLI,, denoted by apr (X) and apr,(X), are defined
by

apr (X) = the largest definable set in EDLI, contained by X,
apry(X) = {Y €DEFgpy, (T)[X CY,Y minimal},

with Y minimal if VZ € DEFgp; (T),X € Z: ZCY =Y =Z.

Hence, the upper approximation of X is not a definable set, but the family of
minimal definable sets containing X. Moreover, the positive, negative and boundary
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region are defined as follows:

POS,(X) = the largest definable set in EDLI, contained by X,
NEG,(X) = the largest definable set in EDLI, contained by X¢,
BND,(X) = (POS,(X)UNEG,(X)).

3.5.4 Computational approach of Pawlak’s rough set model for
a decision table with missing values

Similarly as in Section [3.3.4] we obtain that the approximation operators are

covering-based approximation operators. For each a € At, we have that
Cy = {m((a,=,v)) I m,((a,=v)) #0,v € V}.

Moreover, for A C At, it holds that
Cy= {Kg U|K=ﬂKa,Kae<ca,K7é®},
acA

i.e., C, contains the non-empty intersections K = ﬂKa, where we take exactly
acA
one set K, in the intersection from C,, a € A.

In addition, we obtain that DEFgp;; (T) = S, ¢, . Moreover, we have the follow-
A IA
ing computational characterization for the approximation operators:

apr (X) = ik esye, K € X}
= Jikec,lkcxy,
apry(X) = {Ke€S,c,|X SK,K minimal},
POS,(X) = |JiIKes,e, KX}
= Jtkec,lkcxy,
NEG,(X) = [ JIKeS e, |KCX}
= Jikec,lkcxey,
BND,(X) = (POS,(X)UNEG,(X))

[JIK € Cal KNX #0,KNX#0}.
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For X C U it holds that a_prA(X ), POS,(X) and NEG4(X) are definable sets, apr,(X)
is a set of definable sets and BND,(X) is not necessarily a definable set.

Remark 3.5.13. Note that the singleton, subset and concept approximation oper-
ators defined in Section[2.2) were introduced for rule induction [[56,/62]]. However,
in [58] it was shown that the singleton approximation operators should not be
used for rule induction, due to the fact that the singleton lower approximation
operator does not provide a definable set. As the lower subset and lower concept
approximation operator are the same, and the upper concept approximation oper-
ator yields smaller approximations than the upper subset approximation operator,
the author of [57]] suggests to use the concept approximation operators for rule
induction. It is very easy to see that for A C At and X C U the lower concept ap-
proximation Qr‘gonc(X ) coincides with the lower approximation a_prA(X ) obtained
by the semantical approach for the following neighborhood operator: define the
neighborhood operator Nf: as follows:

Vx eU: Nf(x)=| J{K €C,|x €K, K CX}. (3.10)

To end this section, we illustrate the computational approach for the decision
table T presented in Table [3.3|by obtaining certain rules from T.

Example 3.5.14. First, we describe the coverings C, for A C C. For A = {a;},
A= {ay} and A= {ay}, the respective coverings are obtained from Table

(CaT = {{x65 X7}, {xl,X4,X5, x8}; {x25 x8}’ U; {xl,xz,xmxs; XS}})
(CaH {{xl:x2)x4’x6;x8}1 {x3:x7}’ U};
CaN {{XZ; X4, XS) x7; XS}; {x1; X37 x6) XS}’ U7 {XS}}

Moreover, for |A| = 2, we have the following coverings:

Clapayy = {{xe}, {x7}, {x6, X7}, {x1, x4, x5}, {x1, x4, x5, X3},
{x2, xg}, {x1, X2, x4, X6, Xg}, {x3, X7}, U,
{x1, x9, x4, xg}, {1, X2, X4, X5, Xg}},

Clapayy = oxa x4, x8}, {x1, %6, X}, {31, x5, x4, X6, X5}, {x3}, {27},

{X'3, X7}, U; {XZ; X4, XS,X7, x8}: {xla X3, x6)x8}: {xs}}:
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(C{aN,aT} = {{XG}’ {x7}’ {xé’x7}> {x4;x5:x8}’ {xl’x8}7 {xl’x4;x5:x8}’
{X2, XS}’ {XS}’ {XZ; X47 xS; x79 XS}’ {le xS: x6; xS}) U,

{Xz, X4, Xs, Xs}, {x1, X9, X4, X5, Xs}}-

Finally, for A= C:

Ce = {{xeh{xs} {x6, x7}, {x4, X}, {31, x5}, {x1, x4, x5}, {x4, x5, X5},
{x1, x4, x5, xg}, {x2, xg}, {xs}, {x2, X4, x5}, {x1, X6, x5}, {x3}, U
{31, %5, x4, X6, Xg}, {33, X7}, {x1, X9, X4, X5}, {x1, X3, X6, X3},
{9, x4, x5, X8}, {Xq, X4, X5, X7, Xg}, {X7, X0, X4, X5, Xg}}.

Certain rules are obtained by calculating the lower approximation of a decision
class. For example, let A= {ay, ay} and X = my((d,=yes)) = {x1, x5, X4, g}, then

@A(X) = {x21x4> XS}
{xlz XZ; X4, x69 x8} N {XZJ X4, XS; X7, x8}

mA((aH’ = Yes)) N mA((aNJ = Yes))-

Hence, we obtain the certain rule
if (ay, =, yes) and (ay, =, yes), then (d, =, yes).
Similarly, the following certain rules can be obtained:
o Fromapr ({x1,x2,X4,Xg}) = {Xs,xs} =my, ((ar,=,very high)):
If (ay, =, very high), then (d, =, yes).
e From EQT({X:;, Xs, X6, X7}) = {xg, X7} = m,_((ar,=,normal)):
If (a;, =, normal), then (d, =, no).
o Fromapr ({x3,xs,Xs,x7}) = {x3,x7} = my, ((ay,=,n0)):
If (ay, =, no0), then (d, =, no).

For no other combination of A € C and X € U/d we obtain that apr (X) is the
intersection of meaning sets, where each meaning set in the intersection relates
with exactly one attribute in A.
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3.6 Conclusions and future work

In this section, we have discussed three semantically sound approaches to rough
set models. First, we revised a semantically sound approach of Pawlak’s rough set
model for complete decision tables. Here, we constructed a descriptive language
in two parts. Moreover, we have described a satisfiability relation and the meaning
sets of formulas. The approximation operators are now defined based on the set
of definable sets, hence, they are derived concepts of the theory instead of the
basic notions to build a rough set model. In addition, we have discussed that the
elementary sets related with a set of conditional attributes A is algebraically given by
a partition U/E,, with E, the regular equivalence relation over the set of attributes A.
The set of definable sets is given by the Boolean algebra 9(U/E,). Furthermore,
we have studied how the conceptual approximation operators coincide with the
subsystem-based approximation operators of Pawlak’s rough set model.

Second, we have extended this semantical approach to complete decision tables
with added semantics, allowing for more variety in the choices of relations between
the attribute values in the table. The crucial difference between the generalized
descriptive language and the descriptive language in the previous approach is the
set of atomic formulas, which is a direct consequence of the variation of relations.
Therefore, the set of elementary sets is no longer a partition, but a covering C4. The
set of definable sets is given by the union-closure S, ¢, of this covering. Moreover,
the upper approximation operator provides not longer a definable set, but it is
a set of definable sets. We have studied that the lower approximation operator
obtained in this conceptual approach coincides with the tight covering-based
lower approximation operator. We have illustrated how this approach may lead to
certain rules given a complete decision table with added semantics. In addition,
we have applied this semantically sound approach to the theory of dominance-
based rough sets in which it is shown that the conceptual lower approximation
operator coincides with an element-based approximation operator for a reflexive
and transitive neighborhood operator.

Finally, we have introduced a semantically sound approach to decision tables
with missing values for Pawlak’s rough set model. We have considered three types
of missing attribute values: lost values, do-not-care values and attribute-concept
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values. We have introduced the satisfiability relation for a decision table with these
types of missing values. Although only the equality relation is considered as relation
between the attribute values, the elementary and definable sets coincide with a
covering and its union-closure. As in the previous approach, the conceptual lower
approximation operator coincides with the tight covering-based lower approxi-
mation operator and the conceptual upper approximation operator provides a set
of definable sets instead of a definable set. To end, we have illustrated how this
approach provides certain rules related with the table.

The results obtained in Sections [3.3]and [3.5| motivate the research on covering-
based rough set models, as it allows rule induction for ordered and incomplete
decision tables.

A future research objective is the study of other types of missing values. For
example, in [|77]] it is discussed how an attribute can be not applicable: for instance,
the attribute ‘Pregnant’ is not applicable for a male patient. This attribute value
should not be considered for this patient.

Another future research objective is the study of set-valued decision tables
[97,/127]. If the attribute value of a certain object is a set of values, then this may
reflect our incomplete knowledge or it may represents that this object has a few
values simultaneously [[77]]:

e Consider the attribute ‘Name’: every person can only have one name, hence,
if the attribute value for a certain object is a set of names, then we know
only one of them is possible. This interpretation is similar to that of a lost
attribute value.

e Consider the attribute ‘Languages’: a person can speak different languages
at the same time. Hence, this interpretation is similar to a do-not-care at-
tribute value or an attribute-concept value. The latter is used when there is
a limitation on the possible attribute values.

Hence, the study of set-valued decision tables will be very similar to the study of
decision tables with missing values.
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Some other future research objectives include the following:

o The study of a semantically sound approach to covering-based rough set mod-
els when incomplete decision tables are considered, i.e., when we consider a
set of relations R, instead of only the equality relation = for a € At.

o The study of how to obtain meaningful atomic formulas related to a decision
table for covering-based rough set models, i.e., how to choose the relations R,
and labels L, for an attribute a € At.

e The study of rule induction based on upper approximation operators to
derive possible rules.
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CHAPTER 4

Computational approach of covering-based rough sets

The goal of this chapter is to construct a framework of dual covering-based approx-
imation operators. A first thorough survey of all dual generalizations of Pawlak’s
model was done by Samanta and Chakraborty in [142,(143]], where 16 pairs of
approximation operators were considered. The authors discussed properties and im-
plication lattices, in which the implication relations between clusters of inclusions
are studied [9]]. In 2012, Yao and Yao [|189]] studied 20 pairs of dual approxima-
tion operators. In 2014, Restrepo et al. [|[141]] adopted the framework of Yao and
Yao, and also integrated the non-dual framework of Yang and Li [|[177]] into it by
considering the corresponding dual lower approximation operators. They reduced
the number of different covering approximation operators to 16 dual pairs, and
studied the partial order relations between these 16 pairs of dual approximation
operators [[141]], showing which operators yield smaller or larger approximations.
Furthermore, in 2016, Zhao [|197]] studied seven dual pairs of covering-based
approximation operators from a topological point of view.

In this chapter, we continue the research on covering-based rough set approxi-

93
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mation operators and their partial order relations. We introduce some new approx-
imation operators. In addition, we fuse different frameworks of covering-based
approximation operators in order to obtain an overview of different covering-based
approximation operators defined in the literature. In Section we discuss the
equalities and partial order relations between element-based approximation op-
erators based on neighborhood operators defined in [[189]]. Next, we extend our
framework with granule-based and subsystem-based approximation operators in
Sections [4.2]and [4.3]and in Section with approximation operators related to
the framework of Yang and Li [[177]]. Moreover, we discuss in Sections [4.5|and
how the frameworks of Zhao [[197]] and Samanta and Chakraborty [|142}/143]]
correspond with the established framework. Note that some results were already
proven in [|141]]. Finally, we discuss which properties are satisfied by the approxi-
mation operators in Section[4.7} Counterexamples for this chapter can be found in

Appendix [A]

In this chapter and Appendix[A] we will often use an abbreviation to denote sets
in examples: let X = {x;, x5, ..., Xx,} be a set in the universe U, then we will often
represent the set X by x;x,...Xx,, i.e., we will remove the braces and commas and
we write the elements of X as a string.

Example 4.0.1. Let U = {1,2,3} and C = {{1, 2}, {3}, {1, 2, 3}} a covering of U,
then we will denote C = {12, 3,123}.

Moreover, we consider two partial order relations X and < in this chapter. The
former is used to describe partial order relations between neighborhood operators
and the latter denotes the partial order relation between approximation operators
or pairs of dual approximation operators:

e Let N and N’ be two neighborhood operators on U, then we say that N < N’
if and only if Vx € U: N(x) € N’(x).

e Let apr; and apr, be two approximation operators on U, then we say that
apr, < apr, if and only if VX C U: apr,(X) C apr,(X).
Given two pairs of dual approximation operators (@1’31_1”1) and (@2, apr,),
we will denote (El,a_prl) < (Ez,a_prz) if and only if apr, < apr, if and
only if apr, < apr;.
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If we use the partial order relation < in the latter setting, we indicate that the
pair (@z,a_prz) yields a better accuracy than the pair (gl,a_prl). The accuracy
1n(X) of a pair of approximation operators (apr,apr) for a set X C U is defined
by the ratio of the cardinalities of the lowera_pproximation of X and the upper
approximation of X [128]], i.e.,

_ laprX))|
- [apr(x)|”

n(X)
We say that a pair (aprz,a_prz) is more accurate than a pair (aprl,a_prl) if
lapr (X)|  |apr (X))
VX CU: —= —

: < :
~ o [apr (X)) T [apry (X))

Since by duality it holds for X € U that Iaprl(X ) < |apr2(X )| if and only if
|apr,(X)| < |apr;(X)|, we derive that pairs with larger lower approximations, and

thus smaller upper approximations, provide higher accuracy.

4.1 Element-based approximation operators

Let U be a non-empty universe and C a covering of U which satisfies the conditions
of Proposition[2.2.3] We will assume C satisfies these conditions in the remainder of
this chapter. To establish a unified framework, we discuss the partial order relations
between different element-based approximation operators. Therefore, we use the
following proposition:

Proposition 4.1.1. Let N and N’ be two neighborhood operators in the covering
approximation space (U, C), then N <X N if and only if

(apr, . apry) < (apr,apry),
ie.,apr <apr and apry < apry.

Proof. Let N and N’ be two neighborhood operators in (U,C). The necessary
condition was proven in [[141]]. For the sufficiency condition, let x, y € U such that
x € N(y), then N(y) N {x} # @ and thus, y € apry({x}). Hence, y € apry,({x}),
thus, N’(y) N {x} # 0. We conclude that x € N’(y) and thus, N < N’. O
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Hence, smaller neighborhood operators provide more accurate pairs of dual
element-based approximation operators. Moreover, we conclude the following
from Proposition |4.1.1

Corollary 4.1.2. Let N and N’ be two neighborhood operators in the covering
approximation space (U, C). Then N = N’ if and only if

(EN,,a_PrN/) = (EN,E‘_PTN)-

Therefore, studying equalities and partial order relations between element-
based approximation operators reduces to studying equalities and partial order
relations between the respective neighborhood operators.

4.1.1 Neighborhood operators based on coverings

In [|189]], Yao and Yao described four neighborhood operators Nic - Nf based on C
and ﬁveE] derived coverings C; — C4 and C,,. Hence, combining the four neighbor-
hood operators and six coverings we obtain 24 neighborhood operators Nicj , with
i €{1,2,3,4} and C; € {C,C,,C,,C3,Cy,C}. For example, let us consider the
combination of neighborhood operator N; and covering C,: let x,y € U, then

yEN*(x) & VKeG(CyHx):yek

VzeU:x € U%(C,z)z{y € U(K(C,Z)
VZGU:ZEU%(C,X):ZEU%(CJ)
Je@x)cl Je(y
Nf(x)ENf(y).

t 00°¢

In other words, an element y belongs to Nic *(x) if all elements associated with x
by C are also associated with y by C.

In order to study possible equalities between different neighborhood operators,
we first show the following results for the minimal and maximal descriptions of
some of the derived coverings.

2The covering C,, is omitted as it provides the same covering as C;.
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Proposition 4.1.3. Let (U, C) be a covering approximation space and x € U, then
(@ md(Cy,x)=md(C,x),
(b) md(C,,x) = 6(Cy,x) = MD(Cy,x) = MD(C, x),
(©) md(Cs,x)={(md(C,x)} ={%(C,x)},
(d md(Cp,x) =[)€(Cp,x) =(16(C,x) =(md(C, x),
(e) MD(Cp,x) =MD(C, x).

Proof. (a) Take x € U, we will prove that md(C;, x) = md(C, x).

Let K € md(C, x), then by definition it holds that K € C; and x € K. We
will prove that K € md(Cq, x): let K’ € C; with x € K’ and K’ C K, then
K’ € C since C, € C. Because K € md(C, x), we have that K = K’ and hence,
K € md(C,, x). Therefore, md(C, x) € md(C, x).

On the other hand, let K € md(C,,x), then K € C; and x € K. Since
C; € C, K € C and since x € K, there exists K’ € md(C, x) with K’ C K.
Hence, K’ € C, and since K € md(C,, x), we have that K = K’. Therefore,
K € md(C, x) and md(C,, x) € md(C, x).

We conclude that md(C;, x) = md(C, x).

(b) - Take x € U. We will prove that md(C,, x) = 4 (C,, x).
By definition, md(C,, x) € € (C,, x).
On the other hand, take K € ¥(C,, x) and K’ € C, with x € K’ and
K’ C K. Since K’ € C,, there exists y € U such that K’ € MD(C, y).
Since K’ C K, y € K and since C, € C, K € C, thus K € 4(C, y).
Since K’ € MD(C, y) and K’ C K, we obtain that K’ = K. Hence,
K € md(C,, x).
We conclude that md(C,, x) = €(C,, x).

— Take x € U. We will prove that 6 (C,, x) = MD(C,, x).

By definition, MD(C,, x) € €(C,, x).
On the other hand, take K € 6(C,,x) and K’ € C, with x € K’ and
K C K'. Since K € C,, there exists y € U such that K € MD(C, y).
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Since K C K/, y € K’ and since C, C C, K’ € C, thus K’ € €(C, y).
Since K € MD(C, y) and K € K’, we obtain that K = K’. Hence,
K € MD(C,, x).

We conclude that 6 (C,, x) = MD(C,, x).

— Take x € U. We will prove that MD(C,, x) = MD(C, x).
Let K € MD(C, x), then by definition it holds that K € C, and x € K.
We will prove that K € MD(C,, x): let K’ € C, with x € K’ and K C K,
then K’ € C since C, C C. Because K € MD(C, x), we have that K = K’
and hence, K € MD(C,, x). Therefore, MD(C, x) € MD(C,, x).
On the other hand, let K € MD(C,, x), then K € C, and x € K. Since
C, € C, K € C and since x € K, there exists K’ € MD(C, x) with
K CK’. Hence, K’ € C, and since K € MD(C,, x), we have that K = K’.
Therefore, K € MD(C, x) and MD(C,, x) € MD(C, x).
We conclude that MD(C,, x) = MD(C, x).

Take x € U and K € md(Cs, x). Since K € C;, there exists z € U such that
K =()%(C,z). Denote L =[] %6(C,x), so L € Cs. We will prove that K = L.

Take y € L, then for all M € Citholds that if x € M then y € M. Furthermore,
since x € K it holds for all M € C that if z € M then x € M. Hence, for all
M € C it holds that if 2 € M then y € M, thus, y € K. Hence, L € K and
since K € md(C,, x) and L € C4 with x € L, we conclude that K = L.

Take x € U. We will prove that () 6(Cp, x) =[] 6(C, x).
Since C,, C C, we always have [ | 6(Cn,x) 2 () 6(C, x).

For the other inclusion, if K € €(C,x) \ €(C,, x), then there exists a set
{K;|i eI} CCsuchthat K; #K for all i and

K=[ K.
iel
We can assume that K; € C, Vi € I, otherwise we decompose K; itself into
elements of C.,. Moreover, since x € K, x €K; fori €.

Let y €[] %6(Cn,x)\[)%(C,x), then for all K € C, it holds that if x € K
then y € K and there exists K* € C such that x € K* and y ¢ K*. Hence,
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there exists K* € €(C,x) \ €(Cn,x) with y ¢ K*. We can decompose K*

into elements of C, as we saw before: K* = [\K; with K; # K*. Since y ¢ K*,
i€l

there exists K; with K; € C,,, x € K; and y ¢ K;, which is a contradiction.

We conclude that () 6(Cn, x) =[] 6(C,x).

(e) Take x € U. We will prove that MD(C, x) = MD(C,, x).

First, let us consider K € MD(C, x) and K’ € C with x € K’ and K C K'.
Since K’ € C and K € MD(C, x), we have that K = K’ and thus K € C, and
K € MD(Cp, x).

On the other hand, take K € MD(C,,,x) and K’ € C with x € K’ and
K CK'.IfK' € C,, then K = K. If K’ ¢ C,, then there exists a set
{K;|ielI} CC,\{K'} with K’ = (\K;. Then for all i, K C K; and thus,
iel
K =K; for all i. Again we can conclude that K = K’. Hence, K € MD(C, x).
We conclude that MD(C, x) = MD(C, x).
O

From Proposition [4.1.3] we derive some more insight into the construction of
the different coverings. First, the covering C, preserves the minimal description
of all the elements. Next, we obtain that the minimal and maximal description
in C, of an element x correspond to all the sets in C, which contain x. Moreover,
these sets are exactly the sets of the maximal description in C of x. Furthermore,
we derive that the minimal description of x by Cs is the singleton { (N €(C, x)}
which corresponds to the intersection of all elements in 4 (C, x). Next, for C, we
obtain that it preserves the intersection of the sets in C which contain an arbitrary
element x, and this for all elements x € U. This is in line with the idea of C, i.e.,
C, omits intersection reducible sets from C. Moreover, C preserves the maximal
description in C of all the elements.

From the results presented in Proposition we immediately obtain the
following equalities between neighborhood operators.

Corollary 4.1.4. Let (U, C) be a covering approximation space, then
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c _ nC c _ nC
(a) N; —Nl1 andN2 —Nzl,

Cc _ atCy _ A;C Cc _ atC _ A;C
(b) NE=N,?=N,* and NT =N,*>=N,?,

(© NE=N*=N,”,

(d NE =N/,

C _ aCn C _ arCn
(e) Ny =N, amdN4 =N,".

The equalities presented in Corollary[4.1.4] are the only equalities between the
24 neighborhood operators N. iCj . Counterexamples for the other equalities can be
found in Counterexamples 1 — 3 in Appendix[A|and the following two examples.

Example 4.1.5. Let U = {1,2,3} and C = {1,12,13}, then Nf3(1) = {1} and
N, f *(1) = {1, 2, 3}. Therefore, the neighborhood operators N:;C * and Nf ® are not
equal to each other.

Example 4.1.6. Let U = {1,2,3} and C = {12,23,13}, then N:;,C(l) = {1} and
Nf *(1) = {1, 2, 3}. Therefore, the neighborhood operators N:;C and Nf * are not
equal to each other.

Hence, the set of 24 neighborhood operators reduces to a set of 13 groups of
equal neighborhood operators, presented in Table

Besides the neighborhood operators presented in Table[4.1] we can also consider
their inverse neighborhood operators defined by

Vx,y €U:y eN(x) < x eN(y).
We have the following observations:

Proposition 4.1.7. Let (U, C) be a covering approximation space.

(a) Let N and N’ be two neighborhood operators on (U,C). If N # N’, then
N7t AN

®) (Nf)™ =Ny
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Table 4.1: Neighborhood operators Nicj for (U, C)

Group Operators | Group Operators
C aC1 ArCs A;Cs A;Ch C
a. N, N;', N;°, N,°, Ny h. N,
b. N, | i. N/
. NN |j. N NG NG NG
C C
d. Ny | k. Ny *
Ch C
e. N, | L. Ny *
C: AnCa2 prCh C
f. NS, N2, Ny, N, | m. N,
C
g. N,® |

Proof. (a) Let N and N’ be two neighborhood operators on (U, C) with N # N’,
then there exist, without loss of generality, x, y € U such that x € N(y) and
x ¢ N’(y). Hence, y € N"}(x) and y ¢ N""!(y), thus N #N'.

(b) Let x,y €U, then

-1
X € (Nf) (y) © y ENf(x)
< 3JKeC:x,yeK

e xeNJ(y).

O

By the first observation, the 13 groups of neighborhood operators provide at
most 13 new groups of neighborhood operators and those 13 new groups are all
different. Moreover, by the second observation it holds that the neighborhood
operator N, f is symmetric for every covering C. Therefore, the groups g, h, j and m
do not give rise to new neighborhood operators. Hence, there are at most nine new
groups. By Counterexamples 1 — 4 from Appendix [A]and the following example
there are no equalities between the first 13 groups and the nine new groups of
inverse neighborhood operators.
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Example 4.1.8. Let U ={1,2,3} and C = {1,12,13}, then
(@) Ny*(2)=N,(2) ={1,2},
(b) (N;*)7'(2) = {2}.

Therefore, the neighborhood operator (N;C )1 does not equal the operators N:;C 3
or N, f 5.

Combining the 13 groups of neighborhood operators and the nine groups of
inverse neighborhood operators, we derive 22 groups of neighborhood operators

in Table

We briefly discuss which properties the neighborhood operators satisfy. By
definition, it is very easy to see that all neighborhood operators of Table are
reflexive. Moreover, as discussed above, the neighborhood operators of groups g,
h, j and m are symmetric, while the neighborhood operators of the other groups
are not. We now want to discuss which neighborhood operators are transitive. To
this aim, we have the following proposition:

Proposition 4.1.9. Let (U, C) be a covering approximation space, then
(a) the neighborhood operator N{C is transitive,
(b) the neighborhood operator Néc is transitive,

(c) if N is a transitive neighborhood operator on U, then N~} is also transitive.

Proof. (a) Let x,y € U and assume x € N{(y). Now, let z € N{(x) and
K € md(C, y). Since x € N{C(y), x € K. Thus, there exists K’ € md(C, x)
with K’ €K, and z € K’ since z € N[“(x). Hence, z € K and thus, z € NF(y).

(b) Letx,y € U and assume x € NS (y). Now, let z € N (x) and K € MD(C, y).
Since x € N (y), x € K. Thus, there exists K’ € MD(C, x) with K € K/, and
z € K’ since z € Néc(x). Since K € MD(C, y), K = K’. Hence, z € K and
z €Ny (y).
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Table 4.2: Neighborhood operators Nl.(cj and their inverse operators for (U, C)

Group Operators

| Group Operators

-1

(NS, ()T, (),

a. NS, N NS, Ny 2, Ny a
(N2 ()

C — C3y—
b. NE: | b7t @)
c NC Ncl | 1 (N«:)—l (N‘Cl)—l
° 22772 . 2 5 2

C — Cyy—
d. N31 | a1 (Ngl) 1
e. Nf” | et (N;C”)’1

C, AC Ch _ _ Cyy— Coy— Coy—

f- Ny, N;*, Ny*, Ny | £ (N )L (v (N
g NN |

C CyN—
h. N, (N |
i NE [t oyt
. C AC c Ch
j. 1\14,1\122,1\%2,1\14 3 .

WO (N, T ()T

k. NS | Lyt

C. — Cy—
L NS | )T

C, C4y—1
m. NS, (NG |
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(¢) Letx,y,z € Uwithx € N"}(y)and y € N7(z), then y € N(x) and z € N(y).
Hence, by the transitivity of N, it holds that z € N(x), and thus x € N™}(z).
O

We derive that the neighborhood operators in the groups a, a™!, b, b7, d,
d7Y, f, f71,i,i%, 1 and I} are transitive. By considering Counterexample 2
of Appendix [A] and the following example, we conclude that none of the other
neighborhood operators in Table are transitive.

Example 4.1.10. Let U ={1,2,3} and C = {1,12,13}, then 1 € N,*(2) = {1,2},
but Nf3(1) =1{1,2,3} ¢ Nf3(2). Hence, Nf3 is not transitive.

Next, we study the partial order relations with respect to < for the 22 groups
of neighborhood operators.

4.1.2 Partial order relations between neighborhood operators

Each of the 22 groups of neighborhood operators relates to a pair of element-
based approximation operators (@‘N,a_prN). By Corollary these pairs are all
different. In order to study the partial order relations with respect to < between
the different pairs of approximation operators, we need to study the partial order
relations with respect to < for the different neighborhood operators. First, note
that we have the following observation:

Proposition 4.1.11. Let N and N’ be two neighborhood operators on U, then
NN =N1<N"L

Proof. Let N and N’ such that N < N’ and assume x € N~!(y) for x,y € U. Then
y € N(x), thus y € N’(x) and therefore, x € N7(y). O

Hence, studying the partial order relations between the groups a — m imme-
diately provides the results for the partial order relations between the groups of
inverse neighborhood operators. Also note that as all neighborhood operators from
Table are different, it holds that if N < N/, then N’ X N cannot hold.
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We start by fixing the type of neighborhood operator and discuss the partial
order relations between the operators of type N; based on different coverings.
We begin with the neighborhood operators of type N;. Recall that the groups of
neighborhood operators which contain an operator of type N; are a, f and i.

Proposition 4.1.12. Let (U, C) be a covering approximation space, then
(a) NC <N,
(b) N> < N*.

Proof. (a) We show that Nf(x) c Nf %(x) for all x € U. By definition, it holds
that C, € C. Furthermore, for x € U it holds that €(C,,x) € ¢ (C, x). This
implies that () 6(C,x) € () 6(Cy,x), so NF(x) € Nicz (x).

(b) Take x e U and y € Nicz(x). Then for all K € C, with x € K it holds that
y € K. Take K’ € €(C,, x), then there exists a set {K; | i € I} C C, such that

K’ = | JK;. Since x € K’, there exists i € I such that x € K;. Hence, y € K;
iel

and thus y € K’. We conclude that y € Nf“(x).

Hence, in terms of the notation of Table we conclude that a X f <.

We continue with neighborhood operators of type N,. The groups of neighbor-
hood operators which contain an operator of type N, are a, c, e, j and k.

Proposition 4.1.13. Let (U, C) be a covering approximation space, then
(a) Ny* <N,
(b) Ny* <N,
(© NE=<N,?,
d N," <N,?,

C C
(€) Ny? <N,*.
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Proof. (a) Take x € U, then by Proposition o), NZ(c *(x) = (md(C, x).

(b)

(0

(d)

(e)

Hence, N;C3(x) € | Jmd(C,x) = N£ (x).

Take x € U, then by Proposition (c), N;Q(x) = (md(C, x) and by
. Cs
Proposition d), N,?(x) = (md(Cp, x). Hence,

Ny*(x) €| md(Cn, x) = N, " (x).

Take x € U and y € Nf(x), then there exists K € md(C, x) with y € K.

Hence, there exists K’ € MD(C, x) with K € K’ and thus, y € K’. By Propo-

sition [4.1.3|(b), MD(C, x) = md(C,, x). Thus, K’ € md(C,, x) and y € K'.
C,

Hence, y € N,*(x).

Take x € U and y € N;C”(x), then there exists K € md(C, x) with y € K.
Since K € C, C C, there exists K’ € MD(C, x) with K € K’ and thus, y € K’.
By Proposition [4.1.3|(b), MD(C, x) = md(Cy, x). Thus, K’ € md(C,, x) and
y €K’.Hence, y € N;CZ(X).

By Corollary it holds that NZ(C *=N f. Moreover, we recall that

Cy= {Nf(x) | x € U}.

Take x € U, we will prove that N (x) € Ny ().

Denote md(Cy, x) = {Nf(zi) | 2z; € U,i €I} and assume there is an element
y€eUwithye Nf(x)\N?(x), ie,y€eNS(x)andforalliel: y ¢ N (z).
Hence, there exists K* € C with x,y € K* and for alli €I and for all K € C
it holds that if y € K, then z; ¢ K. In other words, x € NS (y) and z; ¢ N (y)
for all i € I. Since Nf(y) € C, and x € Nf(y), there exists L € md(C,, x)
with L € N7 (y). Since L € md(Cy, x), L = N (z;) for some i € I, and thus,
N;(z;) €N (y). Hence, z; € Ny (y), which is a contradiction. We conclude
that N (x) \ NZC“(x) = and thus, N (x) € N;C“(x).

O

We can conclude thata <c<Xj<kanda <e=<j=<k.

Next, we discuss neighborhood operators of type N; by considering groups b,
d, f and [.
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Proposition 4.1.14. Let (U, C) be a covering approximation space, then Néc =< N;C .

Proof. Take x € U and y € Nf(x), then for all K € MD(C, x) it holds that y € K.
Take L € MD(C,, x). Since L € C,, there exists z € U such that L = UMD((C,Z).
Since x € L, there exists L’ € MD(C, z) such that x € L’ and thus, there exists
L” € MD(C, x) such that L’ C L”. Since L’ € MD(C, z), we have that L' = L”, thus
L’ € MD(C, x) and therefore y € L’. We conclude that y € L and y € N;C“(x). O

Hence, we conclude that f <.
Finally, we discuss the order relation for neighborhood operators of type N,.

The groups of neighborhood operators which contain an operator of type N, are g,
h, j and m.

Proposition 4.1.15. Let (U, C) be a covering approximation space, then
(a) N;* <N,
C C
(b) N,' XN,
(© NE=<N;*

Proof. (a) Take x € U and y € Nfs(x), then there exists K € MD(Cs, x)
with y € K. Then there exists K’ € C; with K € K’ and there exists
K" € MD(Cy, x) with K’ € K”. Thus, y € K” € N (x).

(b) Take x e U and y € Nfl(x), then there exists K € MD(C,, x) with y € K.
Thus, K € C; C C, so there exists K’ € MD(C, x) with K € K’. Hence, y € K’
and y € NS (x).

(c) Takex e Uand y € Nf(x), then there exists K € MD(C, x) with y € K. Take
K’ =|JMD(C, x) € C,, then y € K’ and there exists K” € MD(C,, x) with

K’ CK”.Hence, y € K" C N, *(x).
O

In terms of Table[4.2] this means that g <h < j <m.
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Besides fixing the choice of type of neighborhood operator, it is also possi-
ble to fix the covering. For a fixed covering C, the following order relations for
neighborhood operators have been established in [|[141]]:

Proposition 4.1.16. [|141]] Let (U, C) be a covering approximation space, it holds
that

(@ NF XNy <N,
(b) NF XNJ <N
These inequalities show that the operators N; and N, result in the smallest and
largest neighborhoods, given a covering C.

Corollary 4.1.17. Let (U, C) be a covering approximation space, then for C; we
obtain that

c c
° N2 1 j N4 1,
o} (o} (o}
e N"<XN;7=<N,".
Moreover, for Cs it holds that
Cs Cs Cs
° N1 < NB < N4 s
and for C, that
c c
° I\[2 4 j N4 4’
C, c, c,
e N*<XN;*=<N,".

Until now, we either fixed the covering, or the type of neighborhood operator.
However, we also have the following order relation between ij “and N f.

Proposition 4.1.18. Let (U, C) be a covering approximation space, then Nf ‘<N f.

Proof. For x € U, N (x) € C4 and x € N (x). Thus, there exists a L € md(Cy, x)
with L € N, (x). Hence, Nlc“(x) C L S NS (x). O
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We conclude that i < j.

The partial order relations discussed above are the only ones between the
groups a — m. Counterexamples for the other partial order relations can be found
in Counterexamples 1 — 4 of Appendix[A|and the following three examples.

Example 4.1.19. Let U = {1,2,3} and C = {3,12,13,123}, then N, ' (3) = {1,3}
and N, *(3) = N, *(3) = {3}. Therefore, Ny < N;* and N, ' < N, * do not hold.

Example 4.1.20. Let U = {1,2,3,4} and C = {1,12,23,24,123,124}, then
Nf3(2) =1{2,3,4} and N;C3(2) = {2}. Therefore, Nf3 =< NB(C3 does not hold. More-
over, Ni°(2) = {1,2,3,4} and N;C”(Z) = {2,3,4}. Therefore, Nj < N;C” does not
hold.

Example 4.1.21. Let U = {1,2,3} and C = {12,23,13}, then Nf(l) = {1} and
Nic"(l) ={1,2,3}. Therefore, Nf4 < Ny does not hold.

The Hasse diagram with respect to the partial order relation < for the neigh-
borhood operators a — m can be found in Figure A Hasse diagram is a
mathematical diagram which represents a finite partially ordered set (P, <): each
element p € P is represented by a vertex, and there is a directed edge from the
element p to the element q if p < g and if there isno r € P\ {p,q} withp <r <q.
Note that the Hasse diagram presented in Figure [4.1a|represents a lattice, with a
the minimum and m the maximum.

Moreover, by Proposition 4.1.11} we immediately obtain the Hasse diagram
with respect to < for the inverse neighborhood operators of a — m in Figure [4.1b
This is also a lattice, with a~! the minimum and m~! = m the maximum.

In addition, we need to study the partial order relations between the 13 groups
of neighborhood operators and the nine groups of inverse neighborhood operators.
From Figures and [4.1b|we immediately obtain the following:

Proposition 4.1.22. Let (U, C) be a covering approximation space.
(a) For N €{a,b,c,d,e,f,i} it holds that N < k™.

(b) ForNe{a',b7},c7t,d7}, e, 71, i7"} it holds that N < k.
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(b) Hasse diagram of the inverse neighborhood operators of a — m
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These are the only partial order relations which hold between the 13 groups of
neighborhood operators and the nine groups of inverse neighborhood operators.
Counterexamples can be found in Counterexamples 1 — 4 of Appendix[A]and the
following two examples.

Example 4.1.23. Let U = {1,2,3,4,5,6} and C = {123,145, 26}, then it holds
that N(3) = {1,2,3} for N € {NE,N;*,N;",N,*} and (N;*)"}(3) = {3}. There-
fore, N =< (N:;C3)_1 does not hold for N € {Nf,Nf3,N§1,Nf‘“’}. Moreover, for
N € {(NE)™1,(N;*)™, (N5 1)~} it holds that N(2) = {2,3,6} and Ny °(2) = {2}.
Therefore, N < N;,CB does not hold for N € {(N{) ™, (NBCS)_l, (N;’Cl 1)

Example 4.1.24. Let U ={1,2,3} and C = {3,12,13,123}, then Nf3(1) =1{1,2}
and (Nfl)’l(l) ={1,2,3}. Therefore, (N:;Cl )< N;CS does not hold.

The Hasse diagram with respect to =< for the 22 neighborhood operators pre-
sented in Table|4.2)is given in Figure4.2 Based on the results obtained in Figure (4.2}
we derive partial order relations for the element-based approximation operators
related with the neighborhood operators of Table

Figure 4.2: Hasse diagram for the neighborhood operators in Table
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4.1.3 Partial order relations between element-based approxi-
mation operators

Each of the 22 groups of neighborhood operators from Table generates a pair
of element-based approximation operators (EN,a_prN). We list the approximation
operators in Table[4.4} the pairs 1 - 22 represent the element-based approximation
operators related to groups of Table To avoid overload on notation, we use

! — 7! to denote the neighborhood operators.

the lowercases a — m and a~

The Hasse diagram with respect to the partial order relation < for the upper
approximation operators of pairs 1 — 22 in Table is presented in Figure 4.3
Due to Proposition all the information we need to construct Figure [4.3]is

given in Figure 4.2

Figure 4.3: Hasse diagram for the upper approximation operators of pairs 1 — 22

in Table

From Figure|4.3|we derive that the pairs of approximation operators (apr ,apr,)
and (apr _,apr,.) yield the highest accuracies, while the pair of approximation
operators (aprm,a_prm) yields the smallest.



4.2. Granule-based approximation operators 113

4.2 Granule-based approximation operators

We continue with studying the granule-based approximation operators (apr;C , a_przc_)
g i

and (apr__,apr.,) for C; € {C,Cy,Cy, C5,Cy, Cr ).
sl ) ;
For the tight approximation operators, the following equalities are proven
in [[140]:

Proposition 4.2.1. [[140] Let (U, C) be a covering approximation space, then
() (a_mfcl,a_prfcl) = (apr/,,apr,),
(b) (apr; ,aprc,) = (apr, .. aprye).

None of the granule-based pairs with C; € {C, C,, C,, C4, C(} equals an element-
based pair of approximation operators, as they are not a join morphism. In addition,
there are no other equalities between pairs of tight approximation operators. There-
fore, we can add four new pairs to Table numbered 23 to 26.

Moreover, in [|[140] it is proven that each pair of loose approximation operators
is equal to a pair of element-based approximation operators. This result is based
on a result presented in [[179]].

Proposition 4.2.2. [179]] Suppose (apr,apr) is a dual pair of approximation
operators on U. The upper approximation operator apr satisfies apr(f)) = @ and for

alX; cU,iel,: a_pr(UXi) = | J apr(X;), i.e., apr is a complete join morphism,
i€l i€l
if and only if there exists a relation R such that

(apr, apr) = (apr,, aprg),
with Vx,y € U: (x,y) €R & y € apr({x}).
Based on this proposition, we present the following proposition:
Proposition 4.2.3. Let (U, C) a covering approximation space, then
(Ec; apre, ) = (a_mN;cj »apryc;),

for all C; € {C,C;, C,,Cs,Cy, Cp ).
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Proof. Let C; € {C,C;,C,,C3,Cy,Cp}. It is easy to see that apr:c(@) = (). Addition-
)
ally, let {X; C U | i € I} be a family of subsets of the universe U, then

apr,, (le) ik e, IKﬂ(UXi) # 0}

iel i€l
= U{Keccj|U(KmXi)7é(b}
= UU{KG(leKﬂXi;E(D}
iel
= UU{KG(leKnXi#(D}
iel

= Japr, (x).

i€l

Hence, by Proposition [4.2.2| it holds that (apr:C ,a_prfc_) = (aer,a_er), with R
¢ ; )

defined by, for x,y € U:

(x,y)€R < yeapr,({x})
= yel|Jikec;[Kn{x}#0}
S yeU{Ke(lexeK}
Sy eNf"(x).
Therefore, we conclude that (Ecj’ﬁcj) = (ENP ,a_lanfj ). O

Thus, the tight approximation operators yield no new pairs in Table [4.4

To study the partial order relations with respect to <, we need to study for each
pair (a_prl,a_prl) of the pairs 23 — 26 and for each pair (@z,a_prz) of the pairs 1 -
26 in Table whether one pair has a larger accuracy than the other or whether
both pairs are incomparable with respect to <. .

In [[141]], the following partial order relations between upper approximation
operators were proven:

Proposition 4.2.4. [|141]] Let (U, C) be a covering approximation space, then

_— _— _— —_— _—
(a) aprp, <apry <apry <apry <aprc,
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(b) apr,. < aprye,

(0) aprye < a_prfcz,

(d) apre, <aprye.

Furthermore, we have the following two propositions:

Proposition 4.2.5. Let (U, C) be a covering approximation space, then it holds
that apr,c, < a_pr@.
Proof. LetX € U and x € aprycs(X), then N{*(x)NX # B. Now, for all K € C, with
x € K it holds that Nf“(x) C K, hence, K NX # 0. We conclude x € a_prfc“(X). O

Proposition 4.2.6. Let (U, C) be a covering approximation space, then it holds
that apr,, < aprycn.

Proof. Let X C U and x € U such that x € a_prfcﬁ (X), then for all K € C,, it holds
that x € K implies K N X # 0. Hence, there exists K € md(C,, x) it holds that that
KnX #0, thus NZC” (x)NX # 0. We conclude x € a_men (x). O

Figure [4.4] represents the above partial order relations, as well as all the re-
maining partial order relations which hold by transitivity of < for pairs 1 — 26 of
Table Counterexamples for the other partial order relations can be found in
Counterexample 5 of Appendix[A|and the following three examples.

Example 4.2.7. Let U = {1,2,3,4} and C = {12, 13, 24,34}, then it holds that
apE, ({1,4})) = {1,4} and 8F,({1,4}) = {1,2,3,4}, hence apF, < apr, does not
hold for

apry € {aprb: apry-i, aprg: apr;, apr;-1, apr;, apr;— }
and
apr, < {apr.,apr. ,apr. ,apr. }
p2 p(c’ p([;n’ pcz: p([j4‘

Example 4.2.8. Let U = {1,2,3,4} and C = {1, 12,23, 24,123, 234}, then it holds
that apr, ({1,4}) = {1,2,4} and apr,, ({1,4}) = {1,2,3,4}. Hence, apr, < apr,
does not hold. Moreover,

(a) apr,({2}) ={2,3,4},
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(b) apr.:({2}) ={1,2,4},
(¢) apro({2}) =apr. ({2}) ={2,3,4},
(@ aprg, ({2})={1,2,3,4}.
Hence, a_pr('C <apr,, a_prfCn < apr,., a_prfcZ < apr, and a_prfC2 < apr, do not hold.

Example 4.2.9. Let U = {1,2,3,4} and C = {1, 2,12,23, 14}, then it holds that
apr. ({2}) = {2} and apr({2}) = apr,._({2}) = {2,3}, hence, apr,. < apr.. and
a_prfCn < apr,-: do not hold. Moreover, apr;({3}) = {2,3} and a_lar(/c4({3}) = {3},
hence, apr; < a_prfC4 does not hold.

Figure 4.4: Hasse diagram for the upper approximation operators of pairs 1 — 26
in Table |4.4] where we have extended the Hasse diagram presented in Figure 4.3
with pairs 23 - 26.

4.3 Subsystem-based approximation operators

Next, we want to add the two pairs of subsystem-based approximation operators

(apr n,a_prsm) and (a_prsu,a_msu) to Figure In [[140]], the following equality was
proven:
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Proposition 4.3.1. [|140] Let (U, C) be a covering approximation space, then

(apr, ,apry,) = (apr,, apre.).

The pair (aprs ,aprg_) defines a pair of approximation operators different from
the pairs 1 — 26 I;resented in Table There is only one partial order relation
which holds:

Proposition 4.3.2. [[141]] Let (U,C) be a covering approximation space, then
AP, < TPTs .

To see that no upper approximation operator of pairs 1 — 26 from Table
yields a larger approximation than aprg_, consider the following example.

Example 4.3.3. Let U ={1,2,3,4} and C = {1, 2, 3,4}, then apr,, ({1,2}) = {1,2}
and aprg_({1,2}) = {1,2,3,4}. As apr_ does not provide a smaller upper approxi-
mation than apr,,, it does not provide a smaller upper approximation than any of
the upper approximation operators of pairs 1 — 26, hence, apr;_ < apr does not
hold for any apr of pairs 1 — 26 in Table

Moreover, note from the previous example that when the considered covering
is a partition, the pair (@S m,a_prsﬂ) does not necessarily coincide with Pawlak’s
rough set approximation operators. To see that no other upper approximation
operator other than apr,. is smaller than apr_, consider Counterexample 5 in
Appendix [Al

We represent the new Hasse diagram with respect to < for pairs 1 — 27 of

Table [4.4]in Figure

4.4 Framework of Yang and Li

In [|177]], Yang and Li studied seven upper approximation operators, which we
consider with their dual lower approximation operator. As previously discussed
in Chapter it is clear that ch = a_pr;: and Hg = a_perc. Moreover, in [[140] the
following equality is proven:

Proposition 4.4.1. [|140] Let (U, C) be a covering approximation space, then

7"

c_ —
Hy = apre .



118 Chapter 4. Computational approach of covering-based rough sets

Figure 4.5: Hasse diagram for the upper approximation operators of pairs 1 — 27
in Table |4.4] where we have extended the Hasse diagram presented in Figure |4.4
with pair 27.

Moreover, given a neighborhood operator N, we can prove the following equa-
lity:
Proposition 4.4.2. Let(U,C) be a covering approximation space and N a neigh-

borhood operator, then apr,,,. = apry-:.

Proof. Let X C U and x € U, then

X € apr o (X) dyeX:xeN(y)
JyeX:yeN1(x)
N'x)NX #0

X € a_pI'N—l (X)

1 ¢07¢

Therefore, the following equalities hold for Hg and H, éc.
Corollary 4.4.3. Let (U, C) be a covering approximation space, then

(@) Hé:(,: =apr 1,
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(b) ch = a_pra‘1 :

However, we have no such equality for the approximation operators Hy and H .
We study the partial order relations with respect to < for the pairs 1 — 29 of
Table The only crucial partial order relations which hold for H f and Hf are
proved in [|166]]:

Proposition 4.4.4. [[166] Let (U, C) be a covering approximation space, then
(a) HS <HY <HY,
(b) HY <Hf{ <HY.

We provide counterexamples for the partial order relations which do not hold
in Counterexample 5 of Appendix[Aland in the following two examples.

Example 4.4.5. Let U = {1,2,3,4} and C = {12, 13, 24,34}, then it holds that
apr;({1}) = {1} and apr,({1}) = {1, 2, 3}, hence apr, < apr; does not hold for
apr, € {apr;,apr, } and apr, € {H{,Hy}. Moreover, aprg ({1,2,3}) = {1,2,3,4}
and H{ ({1,2,3}) = {1,2,3}, hence, apry < H{ does not hold.

Example 4.4.6. Let U = {1,2,3,4} and C = {1,12,23,24,123,234}, then we
have that apr,({2}) = {2,3,4}, apr,.({2}) = {1,2,4} and HE({2}) = {1,2,3,4},
hence, Hf < apr, and Hf <apr,: do not hold. Moreover, apr;:({1}) = {1,2,3}
and Hy ({1}) = {1}, hence, apr;, < H{ does not hold.

The Hasse diagram with respect for < for the upper approximation operators
of pairs 1 — 29 in Table [4.4] can be found in Figure 4.6

4.5 Framework of Zhao

In [[197]], Zhao studied seven pairs of dual covering-based approximation operators
from a topological point of view. Moreover, Zhao studied the partial order relations
between these seven dual pairs. The Hasse diagram of the upper approximation
operators can be found in Figure In addition, Zhao studied under which
conditions some of the pairs coincide with each other. However, in general, they
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Figure 4.6: Hasse diagram for the upper approximation operators of pairs 1 — 29
in Table |4.4] where we have extended the Hasse diagram presented in Figure [4.5
with pairs 28 and 29.

are all different.

We now want to extend the framework provided in Figure 4.6 with the seven
pairs of approximation operators studied by Zhao. By definition, we immediately
see the following result:

Proposition 4.5.1. Let (U, C) be a covering approximation space, then it holds
that (1, 1) = (apr_,3pT,).

Hence, the neighborhood operator N{c effectively generates the interior and
closure operator of the topology induced by C. Moreover, as the following propo-
sition shows, the inverse neighborhood operator (Nf)_l, sometimes called the
complementary neighborhood operator [1106]], also has a topological interpretation:

Proposition 4.5.2. Let (U, C) be a covering approximation space and & the topo-
logy induced by C. For x € U it holds that {x} = (N{C)_l(x).

Proof. Assume x € U. From [|197]] we obtain that the closure of {x} with respect
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)
O
(+)
) ()

Figure 4.7: Hasse diagram of upper approximation operators studied by Zhao

to the induced topology is given by U \ ( U kK ) Hence, we find
KeC xgK

7 - (]
KeC,x¢K

{yeUIy¢ U K}

KeC,x¢K
{yeU|(VKeC)(x¢K=y ¢K)}

{yeU|(VKeC)(y eK=>xeK)}
= {yeUlxeNFf()}
(NO)YH(x).

O
From the previous proposition, we obtain the following equality of approxima-
tion operators.

Corollary 4.5.3. Let (U, C) be a covering approximation space, then it holds that

(r=,r") =(apr_,,apr,1).
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Continuing, it is straightforward to check that the dual pairs (24,134), (b, bM),
(z7,2%) and (COM~,COM™) are also element-based approximation operators. We
will denote the corresponding neighborhood operators by N S, N¢, NF and N,

respectively, i.e., for x in U,

Ng(x) = PE,

NE(x) = NE(x)U{x}
NE(x) = NE(x),
Neow(x) = [x]..

All of the four neighborhood operators are reflexive and symmetric, so they coincide

with their inverse neighborhood operators. Moreover, N;F and N((?:OM
4

relations and thus are also transitive. Neither Néc nor szc are transitive, as the

are equivalence

following example demonstrates.

Example 4.5.4. For the covering approximation space (U, C) with U = {1, 2, 3,4}
and C = {12, 13,234}, then induced topology 7 is given by

T =1{0,1234,12,13,234,1,2,3,123}.

We find, for example, that N (2) = NE(2) = {2,4} and NF(4) = N°(4) = {2,3,4}.
So, 4 € NS (2) =NF(2), but NS (4) = NF(4) € NS (2) = NE(2). Hence, Ny and N©
are not transitive.

The four neighborhood operators N, NS, N&,,, and Ng do not coincideﬂ
with one of the neighborhood operators from Table Therefore, we can extend
Table[4.2]to Table[4.3] We will denote the four new neighborhood operators with the
lowercase letters n — g. In addition, we can denote the four pairs of approximation

operators as follows:

(245134) = (En:a_prn);
(b=,b") = (apr ,apr,),
(=7.5%) = (apr ,3pF,),

3Counterexamples to support this claim can be found later on in the text, when we discuss the
partial order relations of the covering-based approximation operators.
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_ — __
(coM—,coM™) = (@q,aprq).

Moreover, note that the following example shows that (s~,s*) does not meet
the criteria of an element-based dual pair of approximation operators.

Example 4.5.5. Let U ={1,2,3} and C = {1,12,123}, then  is given by
T =1{0,1,2,123}.

It holds that NT(1) = {1}, NE(2) = {1,2}, N°(3) = {1,2,3}, and 1 = {1,2,3},
2=1{2,3},3=1{3}.

In addition, sT({1}) = {1} and s*({3}) = {3}, thus, sT({1}) UsT({3}) = {1, 3},
yetsT({1}U{3}) =s7({1,3}) = {1, 2,3}. Therefore, by Proposition[4.2.2] s* is not
an element-based approximation operator.

The pair (s7,s*) does not equal any of the covering-based approximation
operators of pairs 1 — 29 in Table We will now study how to extend the Hasse
diagram in Figure 4.6 with the five upper approximations of pairs 30 — 34. From
Figure it is clear that the following partial order relations hold:

Proposition 4.5.6. [[197] Let (U, C) be a covering approximation space, then
(a) BT, <s* < 7P,
(b) &T, <" <L, ..

Hence, the upper approximation operators apr,, and s* yield smaller upper
approximations than all the upper approximations of pairs 1 — 29 considered in
Table From Counterexample 5 of Appendix@ it is clear that s yields strictly
smaller upper approximations than apr, and apr,..

Moreover, from Figure [4.7| we also derive following partial order relations:

Proposition 4.5.7. [[197] Let (U, C) be a covering approximation space, then
(a) pF, < apF, < &pT, < apT,,

(b) a_prafl < a_pro < a_prp < a_prq‘
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Table 4.3: Neighborhood operators for (U, C)

Group Operators

| Group Operators

a. NE, NN NG N al. (NOTL YL ()
N2 Ny
b. NS | o7t )™
NC NC‘ | -1 (NC)—l (Ncl)—l

c. PERAY c. ) (N,

(0% -1 Ciy—1
d. Ny A
e. N;Cm | e 1. (Nzcm)—l

Cy A7Cy 27Ch _ _ Coy— Cyy— Chy—

f Ny, N;*, N#, Ny |f1~ NS, (N, (N2, (N

C. C3y—
g NS N |
h. N (NS |
i. N | it (NS
. C, C Cnh
J- Nf, NZZ,Néz,N‘; s .

(N, (N (N, ()

C. -1 Cay-1
k. NE* | k (N, )
1. N?"C4 | 11 (fo;)—l
m. Ny (N |
n. N5, (Ng)™ |
o. NE, (NS |
P NE, (NS |

C C —1
4- Neows (Ngow) |
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Again, from Counterexample 5 of Appendix@it is clear that apr, yields strictly

larger upper approximations than apr, and apr, .

In addition, the following partial order relations hold:

Proposition 4.5.8. Let (U, C) be a covering approximation space, then

(€))
(b)
@]

apr, < apr,,
apr, < apr,,

apT, < AT,

Proof. Let (U, C) be a covering approximation space, 7 the topology induced by C
and X CU.

(a)

(b)

@]

Let x € U with x € apr,(X), then Nl;C(x) NX # B. We shall prove that
Ngc(x) c Nf3(x). Let y € U with y € Nl‘)c(x), then either y € Nf(x) or
¥ € (NF)7!(x). In both cases it holds that y € Nf3 (x). Hence, Nf3 ()NX #0,
and thus, x € apr,(X).

Let x € U with x € apr,(X), then Nfa(x) NX # 0. We shall prove that
Nf3(x) c NgOM(x). Lety e Uwithy € Nf3 (x), then there exists K € C; such
that x, y € K. In other words, there exists z € U such that x,y € N{C(z). Con-
sider the topology & induced by C and V = {x, y, z}. It is clear that the topo-
logical subspace (V, %) of (U, Z) is connected, since N{C(z) NV ={x,y,z}
is the smallest set in T}, which contains the element z. As a consequence,
[x]. = [y]. and hence y € NG,,(x). We conclude N§,,,(x) N X # § and
thus, x € apr,(X).

Let x € U with x € apr,(X), then Nz‘c(x) NX # 0. We shall prove that
(Nf“(x))C c (Nzc(x))c. Assume y € (Nf“(x))c. We want to prove that
¥y € (NF(X))S, ie.,

y € (NF(x))° y¢[ Y e 7°INS(x) Y}
y [ XX € 7,NF(x) S X
y [ XX €Z,NF(x)nX =0}

ye Jxe7 INf(x)nx =0},

LA
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By definition, it holds that N"(y) € 7 and y € N (y). Since y € (Nf"(x))c,
it holds that N,°(x) N NS (y) = @, hence, NF(x) N N (y) = . Therefore,
y € X € 7 | NF(x)nX =0} and thus, y € (NF(x))°. We conclude that
NE(x) < Nf“(x), hence, Nf“(x) NX # @ and thus, x € apr,,(X).

O

No other partial order relations hold. Counterexamples can be found in Coun-
terexamples 5 and 6 of Appendix[A|and the following two examples:

Example 4.5.9. Let U = {1, 2, 3,4} with C = {12,13,234}, then & is given by
T =1{0,1234,12,13,234,1,2,3,123}.

For apr, € {apF,, 3pF,+} and apr, € {apr,, apr,} it holds that apr, ({2)) = {2,3,4}
and apr,({2}) = {2, 4}. Hence, apr; < apr, does not hold.

In addition, apr € {apr,,apr,, apr,} it holds that apr({2, 3,4}) = {2,3,4} and
apr.({2,3,4}) = {1,2,3,4}. Hence, apr,. < apr does not hold.

Example 4.5.10. Let U = {1, 2,3,4} with C = {1, 3,4, 234}, then 7 is given by
T =1{0,1234,1,3,4,234,13,14,34,134}.

It holds that apr.({2}) = apr,({2}) = {2} and apr,({2}) = {2, 3,4} and moreover,
apL,+({3}) = 8P ({3}) = (3} and 3P, ({3})) = {2,3}. Hence, apT, < apr does
not hold for a_pr € {a_pch a_prc*ha_pre) a_prefl }

Hence, the Hasse diagram with respect to < for the upper approximation
operators of pairs 1 — 34 of Table[4.4]is given in Figure

Note that by Proposition [4.1.1| we easily obtain the Hasse diagram with respect
to < for the neighborhood operators in Table from Figure [4.8|in Figure 4.9

4.6 Framework of Samanta and Chakraborty

In [[142,/143]], Samanta and Chakraborty studied different covering-based approxi-
mation operators. By definition, many of these operators coincide with pairs 1 —
34 of Table[4.4}
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Figure 4.8: Hasse diagram for the upper approximation operators of pairs 1 — 34
in Table where we have extended the Hasse diagram presented in Figure
with pairs 30 — 34.

e The pair (P,, P;) coincides with pair 17.

e The pair (P,, P,) coincides with pair 26.

e The pairs (23,133) and (gl,El) coincide with pair 23.
e The pair (P 4,134) coincides with pair 31.

e The pair (QZ,EZ) coincides with pair 1.

e The pair (C 4,64) coincides with pair 13.

o The pair (C S,Es) coincides with pair 2.

e The pair (Q*,E*) coincides with pair 28.

e The pair (C~, C™) coincides with pair 17.
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Figure 4.9: Hasse diagram for the neighborhood operators in Table

e The pair (Q#,E#) coincides with pair 6.
e The pair (Q@,E@) coincides with pair 29.

Moreover, we have the following equalities between approximation operators
studied by Samanta and Chakraborty and pairs 1 — 34 of Table

Proposition 4.6.1. Let (U, C) be a covering approximation space, then

@ (€€ =S HY),

Gr 7Oy _ ) AT

(b (¢*,C )= (apr,,apre).
Proof. LetX C U.

(a)

apr, (X)
= {x€eU|IKeC:xeKAKCX}

= {xeU|IKeC: N (x) SKAKCX}
= {xEUlEIKE(C:(ElyeU:xEN{C(y)/\N{C(J’)EK)/\KgX}
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= {xeU|IyeU:xeN (y)ANEFK€C: NF(y) SKAK CX)}
= {er|EIyeU:xeNf(y)/\(ElKe(C:yeK/\KEX)}

= {xeU|3yeC,(X): xeN{ ()}

= UJNFo) 1y eapr (x)).

e = apf OU(JINFO) 1y eX \apr (X)})
UINFO) 1y X}

= HIX).

(b) By definition, we have that QGr = @;c' Moreover, the following holds for
X CU:

00 = (@E.00)\ (Cq (X9)
= apr(X)N(Cq (X))
= apr.(X) N (apr, (X))
= apr.(X)Napr.(X)

= apr,(X),
since a_prlC < a_prz’c.
O

We conclude that the pair (C*, E+) coincides with pair 2 and the pair (C°”, EGr)
coincides with pair 23. The only approximation operators discussed by Samanta
and Chakraborty which are not considered in the pairs 1 — 34 of Table are
the pairs (QB,EB) and (g%,E%). In the following, we will discuss partial order
relations for these two pairs of approximation operators. In addition, we will also
illustrate that both pairs lack an important property of approximation operators,
namely the inclusion property.

First, we discuss the pair of dual approximation operators (QS,E3). For this
pair, the only essential partial order relation which holds is the following one:
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Proposition 4.6.2. Let (U, C) a covering approximation space, then C5 < apr,.

Proof. LetX C U and x € C4(X), then for all y € U it holds that if y € Nic(x), then
NE(y)NX # 0. As x € N (x), we have that N7 (x)NX # @, hence, x € apr,(X). O

By the transitivity of <, C5 provides smaller upper approximations than all up-
per approximation operators which are larger than apr,. From Counterexample 5 of
Appendix@we determine by X = {2} that apr < C; does not hold for any upper ap-
proximation operator of pairs 1 — 34 of Tableor for C since Cy({2) =02 {2}.
Moreover, we conclude from this example that the pair (C,, C,) does not satisfy the
inclusion property given by VX C U: apr(X) € X C apr(X) [1143]. In addition, from
Counterexample 5 of Appendix[A] and the following two examples, we determine
that C, < apr does not hold for the upper approximation operator of pairs 2, 4, 6,
8,10,12,16,21,27 -31and C .

Example 4.6.3. Let U ={1,2,3,4,5,6} and C = {123,145, 26}, then we obtain
that a_prb_l({l}) = {1}’ aprl_l({l}) = {1;2;3} and EB({]-}) = {1’4:5}; hence:
C5 < apr, and C;3 < apt;, do not hold.

Example 4.6.4. Let U = {1,2,3,4} and C = {1, 2, 23,14}, then C5({2}) = {2,3}
and apr,. ({2}) = apr,. ({2}) = {2}, hence, C, < apr,, and C, < apr,; do not
hold.

Next, we discuss the pair (C*, E%). For convenience, we introduce the following
notation: for X C U,
Cc

1) = ((J{UINEO) 1y € UANEGO} | x € X \apr_(X)}) 4.1

hence, E%(X ) = apr (X)UH”(X). Before we start the discussion on the partial
order relations of the pair (Q%,E%), we make the following remark.

Remark 4.6.5. Let (U, C) be a covering approximation space and X C U such that
apr;c(X) =X.As X\ apr;c(X) = {J, it holds that H*(X) = U, hence, we obtain that

EA](X )=XUU = U. As we assume that the authors of [[99]] have drawn inspiration
from the operators H f and Hf when introducing this upper approximation operator,
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it should hold in this case that E%(X ) = X. Therefore, we rewrite the definition
of EA] as follows: let X C U, then

C X)=

—9% X | 0 X \@EC(X) =0, 4.2)
@C(X) UH*(X) X \EC(X) £0.

. =% . . .
Interpreting the operator C = as in Eq. (4.2), we prove the following characteri-
zation for the auxiliary operator H”:

Proposition 4.6.6. Let (U, C) be a covering approximation space and X C U such
that X \ apr;c(X) # 0, then

H*(X) = [J{(N; )7 () | x € X \ apr (X))}, 4.3)

Proof. Let X C U such that X \ apr;c(X) #@and x €X \ apr;C(X), then

ze| JINJ(y) |y e U\NS(x)}
dyeU:y ¢NS(x)Az€N(y)
JyeU:x¢N (y)AzeNS(y)
JKeC,y:x¢KAzeK

X &Ny *(z)

2 ¢ (Ny) 7 ().

gttt

Therefore, we obtain that

) = ((JU) ) | x ex \apr (0})

(W) | x € X \apr_(X)}.

O

Given this characterization for H”, we have the following two essential partial
) —%
order relations for C :

Proposition 4.6.7. Let (U, C) be a covering approximation space, then
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(@ C' <apr,
) C" <HE.
Proof. (a) LetX C U.If X \ apr(X) = , then C"(X) = X C apr,(X). On the
other hand, if X \ apr;C(X ) # @, then we need to prove that
C"(X) = apr_(X) UH"(X) € apF,(X),

i.e., we need to prove that H*(X) C apr,(X). Assume z € H”(X), then for all
xeX \EZC(X) it holds that z € (Nf“)_l(x), hence, x € N;C“(z). Therefore,
N *(2) N X # 6, and thus, H*(X) C apr,(X).

(b) This claim was already proven in [99]]. However, we provide an alternative
proof here, as the proof in [99] is rather concise.

LetX CU.IfX \E;C(X) = (), then E%(X) =XC Hf(X). On the other hand,
if X \% (X) # @, then we need to prove that
C"(x) = apr (X) UH™(X) € H{(X),
i.e., we need to prove that
H*(X) [ JIK eC KN (X \apr (X)) # 0}

Let z € H®(X), then for all x € X \@’C(X) it holds that z € (Nf“)’l(x),
hence, x € Nf4 (2). As Nf“ < N, it holds that x € N(2), hence, there exists

aK € Cwith x,z € K. We conclude thatz € | {K € C | Kﬁ(X\apr;C(X)) # 0}.
OJ

All the other partial order relations which hold for E% follow by the transitivity
of <. Counterexamples can be found in Counterexample 5 of Appendix [Aland in
the following three examples:

Example 4.6.8. Let U = {1,2,3,4} and C = {1,12,23,24,123,234}, then we
obtain that apr,:({2}) = {1,2,4} and E/O({Z}) ={1,2,3,4}). Moreover,

(a) apry({3}) = apr,({3}) = {3},
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(b) apr.({3}) =apr,({3}) = Hy ({3}) = {2,3},
© C'({3N=11,2,3,4}.
Hence, ¢’ < apr does not hold for
apr € {apr,1,apty, apt,, apr,-1, apty, Hy }.

Example 4.6.9. Let U ={1,2,3,4,5,6} and C = {123,145, 26}, then we obtain
that apt, ({1}) = {1,2,3} and C '({1}) = {1,3,4,5}, hence, C * < apt,.. does not
hold.

Example 4.6.10. Let U = {1,2,3} and C = {12, 23}, then we obtain that

P,({1,3}) =s"({1,3}) = (1,3}
and E%({l, 3}) = 0. Hence, P, < T ands* <C" do not hold.

The previous example also illustrates that the pair (C %,E%) does not satisfy
the inclusion property.

We now conclude this section. In Table [4.4] we provide an overview of all pairs
of dual covering-based approximation operators considered in this chapter. The
Hasse diagram with respect to < of the upper approximation operators listed in
Table[4.4]is presented in Figure[4.10] Note that we have added the identity function
id: 2(U)->2U): X —X to Figure to illustrate that the two pairs (QB,EB)
and (Q%,E%) do not satisfy the inclusion property (INC). This property is satisfied
by all the other pairs of dual approximation operators, as we have the following
observation: let (U, C) be a covering approximation space, X C U and x € X, then
since PS NX # @, it holds that x € P4(X), i.e., id < P,.

4.7 Properties of covering-based approximation op-

erators

In this section, we evaluate for each pair of covering-based approximation opera-
tors in Table |4.4| which properties the pair satisfies. From Table we discuss the
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Table 4.4: Overview of covering-based rough set approximation operators

No

. | Pairs

No. | Pairs

14
15
16
17

18
19
20
21
22

(apr, ,3PT,), (apr, ,8pr,. )
(LE,HE), (I7,1%), (C,, C)
(apr__,,apte), (LS, HY)
(™., (C,,Cs), (C*,C1)
(Eb’ a_Prb)

(@b,lsa_lxb—l)

(apr ,apr,)

(apr_,,apr, 1), (LS, HS), (C*,C)
(gd,a_Prd)

(apr, ,,apT41)

(apr, ,ﬁi)

(apr_,,apr.)

(@f:a_Prf)

(@f,l ,aprp-1)

(apr ,3pT, ), (apr,. ,3pI)
(17.H7), (CC))
(apr,,apry), (apr,, ,aprc, )
(@i,a_]?ri)

(gi,l, apri.)

(apr , 3pT;), (apr,,aPr,),
(apr,, e, ). (apr,, 3PEc )
(L3,H3), (P,,Py), (C,C7)
(@k,a_Prk)

(@k,l,a_mka)

(@lya_l)rl)

(EH ,apr;1)

(apr ,apt,,), (apr, ,apre,)
ar, Pl

23

24
25
26
27
28
29
30
31
32
33
34
35

36

(apr/,, 3DT), (apr/, , &Y, )
(apr, ,8PEs ), (Py, Ps)
(€1, C1), (€, T

(apr,. ,apr;, )
(gfcz,a_pr;;z)

(apr, ,pTc, ), (P, P)
(apr, ,3PF; )

(L8, HD),(C*,C)

(LS, HS), (€@, T°)
(ss%)

(apr ,apr,), (P, P4)

(apr ,apr,), (b, b*)

(apr ,3PE,), (+7,57)

(apr ,apr, ), (COM™, COM")
(C,.Cs)

€*c"
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Figure 4.10: Hasse diagram for the upper approximation operators in Table
where we have extended the Hasse diagram presented in Figure [4.8| with pairs 35
and 36.
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properties (D), (INC), (SM), (IU), (ID), (LU), (UE) and (A). By convention, we
have considered each pair of Table[4.4]as a pair of dual approximation operators,
hence, all pairs 1 — 36 satisfy the property (D). In addition, by the discussion in
Section[4.6] all pairs satisfy the property (INC), except the pairs 35 and 36.

First, we study the properties of the pairs of element-based approximation
operators, i.e., the pairs 1 — 22 and 31 — 34. We have the following proposition:

Proposition 4.7.1. Let N be a neighborhood operator on U. For the element-based
pair (aprN,a_prN) the following holds:

(a) the pair satisfies (D), (SM), (IU) and (UE),

(b) the pair satisfies (INC) if and only if N is reflexive,

(c) the pair satisfies (ID) if and only if N is transitive,

(d) if N is symmetric, then the pair satisfies (LU) if and only if N is transitive,

(e) the pair satisfies (A) if and only if N is symmetric.
Proof. Proofs of the properties can be found in Appendix [B} O

Note that for the properties (INC), (ID), (LU) and (A) we provide necessary

and sufficient conditions on the neighborhood operator N. It is clear that the prop-
erties of (aprN,a_prN) follow immediately from the properties of the neighborhood
operator N. Recall that the neighborhood operators of groups g, h, j, m, n, o, p
and q are symmetric, and the neighborhood operators of groups a, a™*, b, b1, d,

d7% f, f74,i,i7Y 1, 7Y, nand q are transitive. Hence, we obtain the following
results:

the pairs 1 — 22 and 31 - 34 satisfy (SM), (IU) and (UE),

the pairs 1 -4, 7, 8, 11, 12, 15, 16, 20, 21, 31 and 34 satisfy (ID),

the pairs 31 and 34 satisfy (LU),

the pairs 13, 14, 17, 22 and 31 - 34 satisfy (A).
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Note that in [|141]] the properties (SM), (IU), (ID), (UE) and (A) were discussed
for the pairs 1, 2, 5, 6, 11, 13, 14, 17 and 22. However, according to [|[141]], the
pair (aprf,a_prf) does not satisfy (ID), which is incorrect.

Next we consider the pairs 23 — 29. In [|141]], the properties (SM), (IU), (ID),
(UE) and (A) were discussed:

o the property (SM) is satisfied by the pairs 23 - 27,

o the property (IU) is satisfied by none of these pairs,

o the property (ID) is satisfied by the pairs 23 — 26, 28 and 29,

o the property (UE) is satisfied by all of these pairs,

o the property (A) is satisfied by none of these pairs.

To study whether the pairs 23 — 29 satisfy (LU), consider the following two exam-
ples.

Example 4.7.2. Let U = {1,2} and C = {1, 12}, then
o apr.({2}) = {2} £ 0 = apr/ (apr.({2}),
o apr, ({2))=1{2} Z0= @jcm (@pr ({2}),
* apr ({2}) ={2} 2 {1,2} =apry (apr, ({2})),
o HY{1)={1} £0=LT(HT({1})),
o H{({1}) = {1} £ 0 = L (H;({1})).
Example 4.7.3. Let U = {1,2,3} and C = {12,13}, then
* apr;,({2)) = {2} £ 0 =apr/_ (apr, ({2}),

o apr, ({2 ={2} £0= g(’cA(a_IMffc4({2})).
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Hence, we conclude that none of the pairs 23 — 29 satisfies (LU).

We continue with the study of the properties of the pair (s—,s*). From Exam-
ple[4.5.5] we conclude that the pair does not satisfy (IU). We have the following
proposition:

Proposition 4.7.4. Let (U, C) be a covering approximation space, then the pair
(s~,s*) satisfies the properties (SM), (ID) and (UE).

Proof. By definition, we immediately obtain that (SM) and (UE) are satisfied by
the pair (s~,s™). For (ID), we prove that sT(s7(X)) C s*(X) for all X C U, then
sT(X) €57 (s~ (X)) follows by duality. Let X C U and x € s*(s*(X)), then there exist
¥,z €s7(X) such that y € N(x) and z € (NF)7*(x). Since y € s*(X), it holds that
NE(y)NX # 0, hence, by the transitivity of NI we have that NF(x)NX # . On the
other hand, as z € s*(X), it holds that (NJ)™!(z) N X # 0, hence, by the transitivity
of (NJ)™! we have that (N)™!(x) N X # 0. We conclude that x € s™(X). O

As illustrated in the following example, the pair (s—,s™) does not satisfy (LU)
and (A).

Example 4.7.5. Let U = {1,2,3} and C = {1,12,123}, then s7({2}) = {2} and
sT(sT({2})) =0, hence, (s—,s') does not satisfy (LU). On the other hand, we have
that st({2}) C {2}, but {2} € @ =s({2}), hence, (s—,s") does not satisfy (A).

To study the properties of pairs 35 and 36, note that we obtain the following
results from [|143]]: the pair (C. 3,63) satisfies the properties (SM) and (UE), but it
does not satisfy the properties (IU), (ID) and (LU) and the pair (g%,E%) satisfies
the properties (SM), (ID) and (UE), but it does not satisfy the properties (IU) and
(LU). We determine now by the following two examples that pairs 35 and 36 do
not satisfy property (A).

Example 4.7.6. Let U = {1,2,3,4} and C = {1,3,13,24,34,14,234}, then
C3({2) =0 < {1,2}, but {2} £ {1} = C,({1,2)).

Example 4.7.7. Let U = {1,2,3} and C = {12,23}, then E%({Z,B}) =0 c {3},
but {2,3} € {3} = C*({3}).
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Finally, as we now longer work with a binary relation R, the property (RM) is
not applicable. To this aim, we introduce a new property indicating monotonicity,
now related with coverings. Given a universe U, we define the following partial
order relation C on the set of coverings of U, inspired by the partial relation on
partitions of the universe [[198]]: let C and C’ be coverings of the universe U, then

CCC < (VKeC)AK e C)K CK). 4.4)

Given two partitions IT and IT" on U such that IT C IT', i.e., II is finer than I’ or II’
is coarser than II, then for Pawlak’s rough set model it holds that

apr < apr and apr < apry,

i.e., the pair (En,a_prn) provides more accurate approximations than the pair
(Enx’ﬁn’)' When considering coverings instead of partitions, we want to study
whether a finer covering provides more accurate approximations. More formally,
let (U,C) and (U, C’) be two covering approximation spaces such that C C C’. Let
(a_prl,a_prl) be a pair of dual approximation operators in (U, C) and let (Ez,a_prz)
be the same pair of dual approximation operators in (U,C’), then we want to
determine whether apr, < apr, and apr; < apr, holds. We will call this property
covering monotonicity and we will denote this as follows:

YC,C’ coveringof U: CC C' = (aprz,a_prz) < (aprl,a_prl), (CM)

with (aprl,a_prl) and (aprz,a_prz) as described above. We will discuss the property
(CM) for the pairs 1 — 36.

Let (U,C) and (U, C’) be two covering approximation spaces such that C E C’.
Moreover, let (gl,a_prl) be a pair of dual approximation operators in (U, C) and
let (@z,a_prz) be the same pair of dual approximation operators in (U, C’), then
we want to determine whether apr, < apr, and apr; < apr, holds. By duality, we
can limit ourselves to the comparability of the upper approximation operators.

First, we prove that the property (CM) holds for pair 17:

Proposition 4.7.8. Let (U,C) and (U, C’) be two covering approximation spaces
such that C C C’, then pair 17 satisfies property (CM).
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Proof. Let X C U, then we prove that a_pr;: < a_pr:C,. Let x € a_pr:C(X ), then there
exists K € C such that x € K and KNX # (. Since C C C/, there exists K’ € C’
such that K € K’. Thus, x € K’ and K’ N X # 0, hence, x € a_pr:C,(X). O

Moreover, we have the following property for C:

Proposition 4.7.9. Let (U,C) and (U, C’) be two covering approximation spaces
such that C E C/, then C4 E (C'),.

Proof. Let C E C’ and let K € C,, then there exists x € K such that K = U € (C,x).
Since C E C’, it holds for each L € €(C, x) that there exists L’ € C’ such that
LC L' AsL' €| J9%(C/, x), we derive that K € | J6(C’, x). Hence, there exists
K’ €T/, namely K’ = J6(C/,x), such that K CK’. O

From the two previous propositions, we obtain that pair 22 satisfies the property
(CM):

Corollary 4.7.10. Let (U,C) and (U, C’) be two covering approximation spaces
such that C E C’, then pair 22 satisfies property (CM).

Pairs 17 and 22 are the only pairs which satisfy the property (CM). We provide
counterexamples for the other pairs in the following three examples.

Example 4.7.11. Consider U = {1,2,3,4} with coverings C = {12,34} and
C’ ={12,34,14,23}, then C C C’. Let apr, be the upper approximation in (U, C)
and apr, be the same upper approximation in (U, C’).

(a) For pairs1-4,7,8,11-13, 15, 16, 20, 21, 23 — 27, 30 — 36, it holds that
apr({1}) = {1,2} Z {1} = apr,({1}).

(b) For pairs 28 and 29, it holds that

apry({1,4}) ={1,2,3,4} £ {1,4} = apr,({1,4}).

Example 4.7.12. Consider U = {1,2,3,4} with coverings C = {12,34} and
C’' ={1,2,12,34}, then C C C’. Let apr, be the upper approximation in (U, C)
and apr, be the same upper approximation in (U, C’). For pairs 5, 6, 9, 10 and 14
it holds that apr, ({1}) = {1,2} £ {1} =apr,({1}).
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Example 4.7.13. Consider U = {1, 2, 3,4} with coverings C = {12,13,24} and
C’ = {123,234}, then C C C’. Let apr, be the upper approximation in (U, C) and
apr, be the same upper approximation in (U, C’).

(a) For pair 18: apr, ({4}) = {1, 2,4} Z {2,3,4} = apr,({4}).
(b) For Pair 19: a_Prl({l}) = {11 2’ 3, 4} ,@ {1, 2’3} = a_m2({1})'

In Table we present an overview of the properties and the pairs which
satisfies them. For applications such as feature selection, it is advisable that the
considered approximation operators satisfy (INC) and (SM). Therefore, the pairs
28, 29, 35 and 36 are less interesting from a practical point of view. On the other
hand, pairs 17 and 22 are the only ones which satisfy the property (CM). Although
the accuracy provided by these approximation operators is rather low, pairs 17
and 22 contain useful approximation operators from a theoretical point of view.
Moreover, pairs 31 and 34 satisfy the properties (INC), (ID) and (LU), hence, for
these approximation operators we obtain that:

VX € 2 (U): apr(apr(X)) = apF(apr(X)) = apr(X),
VX € 2(U): apr(@pF(x)) = BpF@pF(X)) = apF(X).

4.8 Conclusions and future work

In this chapter, we have constructed a unified framework of dual covering-based
approximation operators. We have discussed equalities and partial order relations
between the different approximation operators. The results of this research can be
found in Table and Figure By duality, we conclude that the groups 31, 35
and 36 provide the most accurate approximations. In addition, we have discussed
properties for all pairs of dual approximation operators and the conclusions of this
study are presented in Table From this research, we conclude that pairs 35 and
36 are not suitable for applications, since they do not satisfy (INC). Choosing the
most suitable covering-based approximation operators in an application will always
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Table 4.5: Overview of properties for the covering-based rough set models presented
in Table

Property | Satisfied by the following pairs:

(D) | all pairs

(INC) | all pairs except pairs 35 and 36

(SM) | all pairs except pairs 28 and 29

(IU) | pairs1-22and 31-34

(D) | pairs1-4,7,8,11,12,15, 16, 20, 21, 23 - 26, 28 - 31, 34 and 36

(LU) | pairs 31 and 34

(UE) | all pairs

(&) | pairs 13,14,17, 22 and 31 - 34

(CM) | pairs 17 and 22

be a consideration between accuracy on the one hand, and different properties on
the other hand and will depend on the goal of the application.

The framework of Restrepo et al. [[140]], which was the starting point of this
research, is extended with 20 different pairs of dual covering-based approximation
operators, of which 13 pairs consist of new approximation operators. In Table [4.6]
we give an overview of which pairs of approximation operators were already dis-
cussed in literature, and which are new. Specifically, we refer to the papers of
Restrepo et al. [|[140L(141]], who based their research on work of Yao and Yao [[189]]
and Yang and Li [[177]], Zhao [[197]] and Samanta and Chakraborty [[142,[143]].
From Table [4.6| we see that pairs 3, 4, 7 - 10, 12, 15, 16 and 18 — 21 evoke new
dual pairs of approximation operators.

Future work directions include the following:

e Study of the upper approximation operators H;Cj, with i € {1,4,7} and
C; € {C4,C,,C3,Cy, Cr}, ice., one of the derived coverings obtained from
an original covering C, and their dual lower approximation operator L;Cj.

e Study of the subsystem-based approximation operators when a derived
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covering C; € {C;,C,,Cs5,Cy,C} is considered.

e Study of the approximation operators (C*, E%) when the union is considered
for H” instead of the intersection (see Egs. ). In this case, Remark
would be unnecessary and the results of Proposition [4.6.7] would still hold.
In addition, the upper approximation operator would satisfy the inclusion
property in contrast to the upper approximation operator presented in [|99]].
Moreover, we could study the auxiliary operator H” with other neighborhood
operators presented in Table

o Study of other theoretical properties. For example, an adaptation of the (CM)
property in which we do not consider random coverings, but the coverings
{C, | AC C} defined in Section [3.3.4} with C a set of conditional attributes
in a decision table.

o The application of covering-based rough approximation operators in machine

learning techniques such as feature and instance selection.
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Table 4.6: Overview of literature

poie | () (i97) (143 | e | 161

1|x X X|19|

2 | x X x | 20 |

3 | | 21 |

4 | | 22 | x

5 | x | 23 | «x X
6|x X|24|x

7| | 25 | «x

8 | | 26 | «x X
9| |27|X

10 | | 28 | x X
11|x |29|x X
12 | | 30 | X

13 | x x | 31| X X
14 | x | 32 | X

15 | | 33 | X

16 | | 34 | X
17|x x|35| X
|

=
[o¢]

|36| X



CHAPTER B

Preliminary notions of fuzzy set theory

Applications of rough set theory are widespread and are especially prominent in
data analysis [94,95]] and more specifically in feature selection and classification
[1154]]. However, since the traditional rough set model of Pawlak [|128]] is designed
to process qualitative (discrete) data, it faces important limitations when dealing
with real-valued data sets [|81]]. Fuzzy set theory proposed in 1965 by Zadeh [[193]]
is very useful to overcome these limitations, as it can deal effectively with vague
concepts and graded indiscernibility.

In the following, we will discuss some preliminary notions regarding fuzzy
set theory. First, we discuss fuzzy logical connectives in Section [5.1]and fuzzy set
theory in Section[5.2] In Section[5.3] we recall some aggregation operators. To end,
we will discuss the technique of representation by levels, introduced by Sanchez et
al. [[144] in Section 5.4}

145
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5.1 Fuzzy logical connectives

We recall some important fuzzy logical connectives on the unit interval [0, 1]. First,
we discuss conjunctors, disjunctors and negators which are fuzzy extensions of the
Boolean conjunction A, disjunction V and negation —.

A conjunctor is a mapping % : [0,1]x[0,1] — [0, 1] which is increasing in both
arguments and which satisfies the boundary conditions

€(0,0) = 6(0,1) = €(1,0) =0,
¢(1,1)=1.

It is called a border conjunctor if for all a € [0,1] it holds that €(1,a) = a.
A commutative and associative border conjunctor is called a triangular norm or
t-norm and is denoted by 7. We provide some examples of t-norms:

(a) the standard minimum operator ;, defined by Va, b € [0, 1]:

T (a, b) = min(a, b),
(b) the product operator J, defined by Ya,b €[0,1]: Fp(a,b)=a- b,
(c) the bold intersection or Lukasiewicz t-norm &, defined by Va, b €[0,1]:

I.(a,b) =max(0,a+b—1),
(d) the cosine t-norm Z,,, defined by Va, b € [0,1]:
Tros(a, b) = max (0,ab— /(1 —a2)(1—b?)),

(e) the drastic t-norm J}, defined by Va, b € [0,1]:

b a=1
gb(a,b): a b=1

0 otherwise,
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(f) the nilpotent minimum t-norm Z,,, defined by Ya, b €[0,1]:

min(a,b) a+b>1
Tomla, b) =
0

otherwise.

Note that for every t-norm 7 it holds that
VYa,b €[0,1]: Iy(a,b) = T(a,b) = Tp(a,b).

It is often assumed that the t-norm  is left-continuous, i.e., it is left-continuous
in both parameters. Since & is commutative, it is sufficient to assume that 7 is
left-continuous in the first parameter, i.e.,

(Va,b €[0,1])(Ve > 0)(36 > 0)(YVc €[0,1]):
a—6<c<a=1|7(,b)—T(a,b)| <e. (5.1)

Furthermore, a t-norm & is left-continuous if and only if it is complete-distributive
with respect to the supremum, i.e., for every family (q;);c; in [0, 1] it holds that

Vb e[0,1]: 9(sup ai,b) =sup I (a;, b). (5.2)

i€l i€l
A disjunctor is a mapping 2: [0,1] % [0,1] — [0, 1] which is increasing in both
arguments and which satisfies the boundary conditions

2(1,1) = 2(0,1) = 2(1,0) = 1,
2(0,0) = 0.

It is called a border disjunctor if for all a € [0,1] it holds that 2(0,a) = a. A
commutative and associative border disjunctor is called a triangular conorm or
t-conorm and is denoted by . We provide some examples of t-conorms:

(a) the standard maximum operator %, defined by Va,b €[0,1]:
Fu(a, b) = max(a, b),
(b) the probabilistic sum % defined by Va, b €[0,1]:

FHla,b)=a+b—a-b,
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(c) the bounded sum or Lukasiewicz t-conorm ., defined by Va, b €[0,1]:

.(a,b) =min(1,a+ b),

(d) the cosine t-conorm %, defined by Va, b €[0,1]:

Fos(@, b) = min(l, a+b—ab+ \/(Za —a2)(2b— 2b2)) s
(e) the drastic t-conorm %, defined by Va, b € [0,1]:

b a=0
yD(a7b)= a b=O

1 otherwise,

() the nilpotent maximum t-conorm %, defined by Va, b € [0, 1]:

max(a,b) a+b<1
‘SﬂnM(ar b) =
1

otherwise.

Note that for every t-conorm & it holds that
Va,be[0,1]: S#,(a,b) < F(a,b) < Fl(a,b).

A negator is a decreasing mapping A": [0,1] — [0, 1] which satisfies A(0) =1
and A(1) = 0. A negator is called involutive if for all a € [0,1] it holds that
A (AN (a)) = a. Some widespread negators are the standard negator A5 defined
by Va €[0,1]: A5(a) =1—a and the Godel negator A;; defined by Va €[0,1]:

1 a=0
o
0

a>0.

Given an involutive negator .4/, a conjunctor ¥ and a disjunctor 2, we can
define the #-dual of ¢ and 2. The A'-dual of the conjunctor € is a disjunctor
9.y defined by

Va,b€[0,1]: 94 4(a,b) = N (6(AN(a), N (D)))
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and the A-dual of the disjunctor 9 is a conjunctor 6, , defined by
Va,b€[0,1]: 65 4(a,b) = N/ (2(AN(a), N (D))).

It can be verified that the .4'-dual of a t-norm is a t-conorm and vice versa. For
example, all the t-conorms mentioned above are the A5-dual of the respective
t-norms.

Besides conjunctors, disjunctors and negators, we recall the notion of implica-
tors. They extend the Boolean implication = to the fuzzy setting.

An implicator is a mapping .#: [0,1] x [0,1] — [0, 1] which is decreasing in
the first and increasing in the second argument and which satisfies the boundary
conditions £(0,0) = .#(0,1) = .#(1,1) =1 and .#(1,0) = 0. It is called a border
implicator if for all a € [0, 1] it holds that #(1, a) = a. It satisfies the weak confine-
ment principle if Ya, b € [0,1]: a < b = #(a, b) = 1. An implicator which satisfies
the weak confinement principle is called a WCP-implicator-.

We can define negators based on implicators. Let .# be an implicator. The
induced negator of .# is the negator 4, defined by

Yae[0,1]: A4(a) = #(a,0).

There are two important classes of implicators: S-implicators based on disjunc-
tors and negators and R-implicators based on border conjunctors.

e Let 2 be a disjunctor and .4 be a negator. The S-implicator .%,; , based on
the disjunctor 2 and the negator 4 is defined by

Ya,b €[0,1]: 4, 4(a,b)=2(A(a),D).

e Let 6 be a border conjunctor. The residual implicator or R-implicator %,
based on the border conjunctor ¥ is defined by

Va,b€[0,1]: £,(a,b) =sup{c €[0,1]| €(a,c) < b}.
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Both S- and R-implicators are border implicators. R-implicators are also WCP-
implicators. A left-continuous t-norm & and its R-implicator .# satisfy the residua-
tion principle:

Ya,b,c €[0,1]: 7(a,b) <c <= a< #(b,c). (5.3)

A special class of R-implicators are IMTL-implicators, where IMTL stands for ‘Invo-
lutive Monoidal T-norm based Logic’ [[43}/49]]: these R-implicators are based on a
left-continuous t-norm and have an involutive induced negator. A left-continuous
t-norm of which the R-implicator is an IMTL-implicator, is called an IMTL-t-norm.
Note that every IMTL-implicator is also a S-implicator. We provide some examples

of implicators:
(a) the Kleene-Dienes implicator %, defined by Va,b €[0,1]:
Fpla, b) =max(1—a,b)
is a S-implicator based on the maximum and the standard negator,
(b) the Godel implicator .#; defined by Ya, b €[0,1]:

1 a<b
b a>b

"¢G(a: b) = {
is an R-implicator based on the minimum,
(c) the Lukasiewicz implicator .#; defined by Ya,b €[0,1]:
#.(a,b)=min(1,1—a+b)
is an IMTL-implicator based on the Lukasiewicz t-norm,

(d) the nilpotent minimum implicator .#,,, defined by Va, b € [0, 1]:

a<b

1
"anM(a’ b) = {

max(l1—a,b) a>b

is an IMTL-implicator based on the nilpotent minimum.
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The standard negator A5 is the induced negator of the implicators %, ., and
£

n

- The induced negator of the Gédel implicator .#; is the Godel negator A;.
Finally, we recall that we can construct conjunctors based on implicators and

involutive negators. Given an involutive negator .4 and an implicator ¢, the

induced conjunctor of the implicator .# and the negator 4 is the conjunctor 6, 4

defined by

Ya,b €[0,1]: 64 4(a,b) = N (F(a, N(D))).

Note that 6, 4 is not necessarily a t-norm.

5.2 Fuzzy set theory

Next, we recall basic notions on fuzzy set theory [|[193]].

A fuzzy set X in a non-empty universe U is a mapping X: U — [0,1], i.e., each
object x € U is associated with a membership degree X (x) € [0, 1]. The collection of
all fuzzy sets in U is denoted by % (U). If U is finite, the cardinality of X is defined

by
X| =" X(x).

xeU
Note that for a finite universe U, we often use the following notation for a fuzzy
set X of U: let U = {x;, x,,...,X,}, then we denote X by

X =X(x1)/x1 +X(x5)/ x5+ ... +X(x,)/x,.

The support of X is the crisp set supp(X) = {x € U | X(x) > 0}. Given a € [0, 1],
the a-level set X, of X in U is a crisp set in U such that x € X, ifand only if X (x) > a.
We describe some special fuzzy sets. Given a € [0, 1], the constant (fuzzy) set &
in U is defined by
VxeU: a(x)=a.

In the crisp case, the only constant sets in U are 0 =0 and 1 = U. Moreover, for
x € U, the fuzzy set 1, is defined by 1,(x) =1and 1,(y)=0forall y e U\ {x}.

For two fuzzy sets X and Y of U, we say that X is included in Y, denoted by
X CY,ifand only if Yx € U: X(x) < Y(x).
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In the crisp case, the complement is an operator on & (U) and the union
and the intersection are operators from & (U) x #(U) to & (U). We can extend
these notions to the fuzzy setting. Let X € & (U) and A a negator, then the
N -complement XV of X is given by

Vx eU: X" (x) = N (X(x)). (5.4

Moreover, let X, Y € #(U) and € a conjunctor, then the 6 -intersection of X and Y
is the fuzzy set X N, Y defined by

VxeU: (XNgYV)(x)=¢X(x),Y(x)), (5.5)
and the Z-union of X and Y is the fuzzy set X U, Y defined by

VxeU: (XU, Y)(x)=2(X(x),Y(x)), (5.6)
When the minimum and maximum operator are considered, we write X N'Y and

X UY instead of X Ny Y and X Ug, Y.

Let us also recall fuzzy relations. A (binary) fuzzy relation R is a fuzzy set in
the Cartesian product U x U, i.e., R € & (U x U). The tuple (U,R) is called a fuzzy
relation approximation space. The inverse fuzzy relation R™* of R is the fuzzy set in
U x U defined by

Vx,y € U:RY(x,y) =R(y, x). (5.7)

Given a fuzzy relation R and an object x € U, then we can define the fuzzy set of
predecessors of x denoted by RP(x) as follows

Vy eU: (RP(x))(y) =R(y,x), (5.8)
and we can define the fuzzy set of successors of x denoted by R°(x) as follows
VyeU: (R(x))(y)=R(x,y). (5.9)

Furthermore, given a fuzzy relation R, then R can satisfy the following proper-
ties:

e Ris serial if and only if Yx € U: sup R(x,y) =1,
YeuU
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® R is strongly serial if and only if Yx € U3y € U: R(x,y) =1,

e R is inverse serial if and only if Vx € U: sup R(y,x) =1,
yeu

e R is strongly inverse serial if and only if Yx € U3y € U: R(y,x) =1,

R is reflexive if and only if Vx € U: R(x,x) =1,

R is symmetric if and only if Vx,y € U: R(x,y) =R(y, x),
e given a t-norm 7, R is 7 -transitive if and only if

Vx,y,2€U: T (R(x,y),R(y,2)) <R(x,2),

given a t-norm 7, R is 7 -Euclidean if and only if

Vx,y,2€U: T(R(y,x),R(y,2)) <R(x,2).

A fuzzy relation which is reflexive and symmetric is called a fuzzy tolerance relation.
If the fuzzy relation is reflexive and & -transitive for a t-norm &, then the relation
is called a fuzzy 7 -dominance relation or fuzzy 7 -preorder. If the fuzzy relation
R is reflexive, symmetric and J -transitive for a t-norm 7, the relation is called a
fuzzy T -similarity relation. Moreover, every fuzzy relation which is reflexive and
I -Euclidean is a fuzzy J -similarity relation [|[163]]. Note that for the t-norm J,,
we write transitive, Euclidean and fuzzy similarity relation instead of Z,,-transitive,
Iv-Euclidean and fuzzy J,,-similarity relation.

5.3 Aggregation operators

Generally speaking, an aggregation operator is an operator which provides one
numerical value for a set of numerical values. More formally, the function
frU" > U

is an aggregation operator of order n on a domain % . In this work, we will always

use the domain % = [0, 1]. In the following, we discuss some aggregation opera-
tors.
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First, we study aggregation operators based on t-norms and t-conorms. Since
t-norms and t-conorms are associative and commutative, we can extend these
binary operators to n-ary operators as follows. Let J be a t-norm, then we can
define the i-ary operators Z': [0,1]' — [0,1] fori €N, i > 2 as follows:

Va,,a, €[0,1]: 7%(ay,a;) = T(ay, ay),
VieN,i>3,V(ay,a,,...,a;,_;,a;) €[0,1]: (5.10)
9i(a1’ ag,...,qA;q, ai) = 9(gi—1(a1’ dg,..., ai—l): ai)'
Similarly, let & be a t-conorm, then we can define for i € N, i > 2, the i-ary
operators &' : [0,1]" — [0, 1] as follows:
Va,,a, €[0,1]: #*(ay,a3) = ¥ (a5, a,),
VieN,i>3,Y(ay,a,,...,a;_;,a;) €[0,1]: (5.11)
ryi(al’ ag,...,q;q, ai) = y(yi—l(al’ dg,..., ai—l)’ ai)'

Fernandez-Salido and Murakami [47]] proposed the 3-precision quasi t-norm
and t-conorm for 8 € [0, 1] as aggregation operators. Let J be a t-norm, & be a
t-conorm, 3 € [0,1] and n € N with n > 2, then the -precision quasi-t-norm J
and the -precision quasi-t-conorm & of order n are [0,1]" — [0, 1] mappings
such that for all (a;,a,,...,a,_1,a,) in [0,1]",

%(al,az,...,an_l,an) = 9n_m(b1,..., bn_m), (5.12)
Ip(ay,a9,...,0,9,a,) = FL"P(cy,..0,00p), (5.13)

where b; is the i'" greatest element of (a;,a,,...,a,_;,d,) and c; is the i** smallest

element of (a;,a,,...,a,_;,4a,), and

max{iE{O,...,n} |i S(l—ﬁ)zaj},
=

p = max{ie{o,...,n} | i S(l—ﬁ)Z(l—aj)}.
=1

3
Il

When 8 =1, we obtain the operators 7" and &" for n € N\ {0, 1}.
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Second, we discuss ordered weighted average (OWA) operators, introduced by
Yager [[175]]. Let D be a sequence of n scalar values and let W = (w1, w,, ..., w,)
be a weight vector of length n, henceforth called an OWA weight vector of length n,

n
such that for alli € {1,...,n}, w; €[0,1], and > w; = 1. Let o be the permutation
i=1
on {1,...,n} such that d, ;) is the i th largest value of D. The OWA operator acting

on D yields the value
OWA, (D) = D> wid, (- (5.14)
i=1
The OWA operator allows us to consider a wide variety of aggregation strategies.
We consider the following examples. Let D be a sequence of length n:

(@) for Wy, = (0,0,...,0,1), the result of OWA, (D) equals the minimum
value of D,

(b) for Wyey = (1,0,...,0,0), the result of OWA, (D) equals the maximum
value of D,

(©) for Wy, = (%, %, . %, %), the result of OWAWan(D) represents the average
of D.

Moreover, given an OWA weight vector W of length n, the orness degree and andness
degree of W are defined by

1 < _
orness(W) = o ;((n—l)-wi), (5.15)
andness(W) = 1—orness(W). (5.16)

The orness and andness degree of W represent how similar W is to the maximum
and minimum operator, respectively. For instance, it holds that

(a) orness(W,,,x) =1 and andness(W,,,,) =0,
(b) orness(W,,;,) =0 and andness(W,;,) =1,

(c) orness(W,,) = andness(W,,,) = 0.5.
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5.4 Technique of representation by levels

In 2012, Sanchez et al. [[144] introduced a non-nested level-based representation
of fuzziness. The idea is to describe a fuzzy concept with crisp representatives, each
one being a crisp realization under a certain condition [[144]]. Different levels of
restriction are considered, with using the levels in [0, 1], where level 1 is the most
restrictive level. Level O represents no restriction at all, but it will not be taken into
account in the representation. Since humans can only distinguish a finite set of
levels, for each fuzzy concept X it is assumed that there exists a finite set of levels
Ay ={aj,ay,...,aptwithl=a;>a,>...>a, > a,,; =0 and meN\{O}ﬂ

A fuzzy concept X is described by a representation by levels (RL) which is a
tuple (Ay, px) with Ay a finite set of levels and py : Ay — & (X) a function which
associates each level a with a crisp subset of X. The set of crisp representatives Qy
of (Ay, px) is given by Qy = {px(a) | @ € Ax}. Furthermore, the crisp represen-
tatives on each level are independent of each other and they are not necessarily
nested, i.e., a > 8 & px(a) 2 px(B) for X a fuzzy concept. Note that a fuzzy set X
can be seen as a special case of RL, in case there are only finitely many different
membership degrees: let Ay = {X(x) | X(x) > 0}U {1} and pyx(a) =X, for each
a € Ay. In this case, the crisp representatives are nested.

Although this technique is useful to represent fuzzy information, it is not easy to
interpret by humans. Therefore, it is possible to obtain a fuzzy set that summarizes
the information given by the RL: let (Ay, px) be an RL associated with a fuzzy
concept X, then the fuzzy summary vy : U — [0, 1] is given by

5 ( 5 (ai—am))

{reqylxer} \{a;eAy|Y=px(a;)}

Z (o —ait1),

{a;€Ax|xEpx (a;)}

vy (x)

i.e., we take the summation of the differences a; — a;,;, where x belongs to the

crisp representative on level a;.

It is possible to consider a countable set of levels. However, we will restrict to finite sets of levels.



5.4. Technique of representation by levels 157

Considering operations on fuzzy concepts, this technique will allow to perform
the associated crisp operations on each level of the RL. Let f : #(U)" —» #(U) be a
crisp operation, then f is extended to RLs in the following way: let (X;,X5,...,X,)
be fuzzy concepts in U with each X; represented by (Ay , px), then f (X3, X5, ..., X},)

.....

1<i<n

and

Va € Apix, x,,.x.)" Prex, x,,..x)(@) = f(px, (@), px,(a), ..., px (a)).

Examples of such operations are the union, the intersection or the complement.
We have the following proposition:

Proposition 5.4.1. [144] Operations on RLs satisfy all the properties of the
Boolean logic.

In other words, all properties using operations of the Boolean logic, e.g., nega-
tion, conjunction and disjunction, which hold for a crisp concept will also hold
for its fuzzification, when RLs are used. This is the main advantage of non-nested
level-based representations.

Finally, we illustrate this technique with following example:
Example 5.4.2. Let U = {x, y,z} and consider the fuzzy sets

e X=1/x+0.8/y+0.5/z,

e Y=09/x+0/y+0.6/z.

Let  be a t-norm and A4 a negator, then we want to determine the fuzzy set
X N4 Y by the technique of representations by levels. First, we determine the
set of levels: A, vy =Ax UAy ={1,0.9,0.8,0.6,0.5}, with Ay and Ay the set
of non-zero membership degrees of X and Y. For each level a € Axn, y.ry, we
determine the crisp set px(a), py(a), pys(a) and pxn,yr(a) in Table
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Table 5.1: Representation by levels of X, Y, Y*¥ and X N, Y

a  px(a) py(a) pys(@)  pxn,ve(a)

1 {x} 0 {x,y,z} {x}
0.9 {x} {x} {y,2} ]
0.8 {x,y} {x} {y,2} {r}
06 {x,y} {x;z} {y} {r}
0.5 {x,y,z2} {x,z} {y} {y}

From Table 5.1 we see that the crisp representatives of Y and X N, Y are
not nested. To determine the fuzzy set X N, Y, we compute the fuzzy summary
in each object of U:

XN, Y")(x) = (1-0.9)=0.1,
Xn,Y")y) = (0.8—0.6)+(0.6—0.5)+(0.5—0)=0.8,
XnyY")z) = o,

thus, X N, Y* = 0.1/x + 0.8/y + 0/z. Note that this holds for every t-norm &
and every negator 4.
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Fuzzy neighborhood operators

In machine learning processes, neighborhood operators play an important role as
they are generalizations of equivalence classes which were used in the original
rough set model of Pawlak. In this chapter, we introduce the notions of a fuzzy cov-
ering, the fuzzy neighborhood system of an object, the fuzzy minimal description
of an object and the fuzzy maximal description of an object based on a given fuzzy
covering. Moreover, we extend the definition of four covering-based neighborhood
operators as well as six derived coverings discussed by Yao and Yao [|189] to the
fuzzy setting. We combine these four fuzzy neighborhood operators and seven
fuzzy coverings and prove that only 16 different fuzzy neighborhood operators are
obtained when a finite fuzzy covering, a left-continuous t-norm and its R-implicator
are considered. In addition, we study the partial order relations between those 16
fuzzy neighborhood operators and a fuzzy neighborhood operator introduced by
Ma [[107]]. Furthermore, we discuss which properties are satisfied by each fuzzy
neighborhood operator. To end, we state conclusions.

Note that in the literature, fuzzy neighborhood operators are often used in the

159
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context of fuzzy topology, e.g., [[86,(93}103}(105[], in order to describe concepts such
as open and closed sets, and interior and closure operators. Interior and closure
operators are closely related with the concept of approximation operators in data
analysis, and here we focus on the concept of a fuzzy neighborhood operator from
the perspective of fuzzy rough set theory.

6.1 Fuzzy neighborhood systems based on a fuzzy

covering

We first discuss the concept of a fuzzy covering. Different definitions of a fuzzy
covering are proposed in [[36}/91]]. However, we introduce the following one:

Definition 6.1.1. Let U be a universe and let I be a possibly infinite index set. A
collection C ={K; € F(U) | K; #0,i € I} is called a fuzzy covering, if for all x € U
there exists K € C such that K(x) = 1. The tuple (U, C) is called a fuzzy covering
approximation space.

Note that for infinite coverings this definition guarantees for any x € U the
existence of a set K € C to which x fully belongs, which is not the case with the
proposals of [|36}91]]. Moreover, note that every crisp covering of U is also a fuzzy
covering of U, since Z(U) C & (U). Therefore, we will use the same notation for
a crisp and a fuzzy covering. From now on, we assume that C represents a fuzzy
covering, unless explicitly indicated otherwise.

Given a fuzzy covering C and an object x € U, we want to describe the fuzzy
neighborhood system, the fuzzy minimal description and the fuzzy maximal de-
scription of x. We first introduce the following extension of the neighborhood
system of x € U, which is the collection of all fuzzy sets in the fuzzy covering in
which x has a strict positive membership degree.

Definition 6.1.2. Let (U, C) be a fuzzy covering approximation space and x € U,
then the fuzzy neighborhood system of x is given by

6(C,x)={KC|K(x)>0}. (6.1)
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By definition of a fuzzy covering, there is always a set K € C with K(x) =1,
hence, ¥ (C, x) is not empty. It is easy to see that if C is crisp, the neighborhood
system 6(C, x) given in Eq. (2.12)) is obtained.

The fuzzy minimal and maximal descriptions of x are obtained as follows: in
every non-zero membership degree that is reached by x in C, we take the minimal,
respectively maximal, sets. This means that for all a € {K(x) | K € C,K(x) > 0}
there exist K; € md(C, x) and K, € MD(C, x) with K;(x) = Ky(x) = a.

Definition 6.1.3. Let (U, C) be a fuzzy covering approximation space and x € U,
then the fuzzy minimal description of x is given by

md(C,x)={K € €(C,x) | (VS € 6(C,x))(S(x)=K(x),S CK =S =K)}
(6.2)
and the fuzzy maximal description of x is given by

MD(C, x) = {K € 6(C,x) | (VS € ¢(C,x))(S(x) =K(x),S 2K = S =K)}.
(6.3)

If C is crisp, Egs. and are obtained. Note that € (C, x), md(C, x)
and MD(C, x) are all collections of fuzzy sets and that both md(C, x) and MD(C, x)
are subsets of € (C, x).

We illustrate the fuzzy minimal and maximal descriptions in the following
example.

Example 6.1.4. Let U = {x,y} and let C = {K;,K,,K3,K,,Ks} be a fuzzy cov-
ering on U with K; = 1/x +0.5/y, K, = 0.7/x+1/y, K3 = 0.7/x + 0.5/y,
K, = 0.7/x +0.2/y and Ks = 0/x + 0.5/y. Then 6(C,x) = {K;,K,,Ks,K,},
md(C, x) = {K;,K,} and MD(C, x) = {K;,K,}. On the other hand, ¢(C, y) =C,
md(C, y) = {K,,K4,Ks} and MD(C, y) = {Ky, Ky, K, }.

Due to the construction of the fuzzy minimal and maximal descriptions, we
can extend Proposition to the fuzzy setting:

Proposition 6.1.5. Let (U, C) be a fuzzy covering approximation space.
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(a) If any descending chain in C is closed under infimum, i.e., for any set
{K; € C | i € I} with K;;; C K; it holds that inIf K; = (K; € C, then for
€ iel
K € 6(C, x) there exists K; € md(C, x) with K;(x) =K(x) and K; C K.
(b) If any ascending chain in C is closed under supremum, i.e., for any set
{K; € C | i €I} with K; € K;,, it holds that sup K; = | JK; € C, then for
iel i€l
K € 6(C, x) there exists K, € MD(C, x) with K,(x) = K(x) and K C K,.
Proof. (a) Since K € 6(C,x), K(x) > 0. If K ¢ md(C, x), then by definition,
there exists K € Cwith K'(x) = K(x) and K! € K. IfK! ¢ md(C, x), then by
definition, there exists K2 € C with K?(x) = K'(x) =K(x) and K> S K' ¢ K.
Continuing, as descending chains in C are closed under infimum, there exists
K, € C such that K; = AinkfI K' with K;(x) = K(x) and K;(y) < K(y) for
1€
all y # x and there is no set smaller in C than K; with these properties,
therefore, K; € md(C, x).

(b) Similarly, we can find a K, € MD(C, x) such that K,(x) = K(x) and K C K,.
O

Under the hypothesis of Proposition[6.1.5] there always exists a K; € md(C, x)
and K, € MD(C, x) such that K;(x) = K,(x) = 1. Note that the condition of Propo-
sition [6.1.5/holds whenever the fuzzy covering C is finite. As this proposition is a
motivation for the fuzzy minimal and maximal descriptions, we will often explicitly
assume that C is finite in order to apply this property. Although the condition of a
finite C is stronger than the condition on C provided in Proposition [6.1.5] we will
often assume the former, as it is a more suitable condition for applications. Note
that the condition on C in Proposition [6.1.5|is necessary, as illustrated in the next
example:

Example 6.1.6. Let U = {x, y} with
C={K,|neN\{0}}U{K*=0.7/x+0.1/y}

such that K, (x) =1 and K,,(y) = ,—11 As K* is the only set in C with K*(x) = 0.7,
K* € md(C, x). However, as for all n € N\ {0} it holds that K, ; € K,,, we obtain
that K,, ¢ md(C, x) for all n € N\ {0}. Therefore, there is no set K in md(C, x)
with K(x) = 1.
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6.2 Fuzzy neighborhood operators based on a fuzzy
covering

In this section, we discuss the notion of fuzzy neighborhood operators in the context
of fuzzy rough set theory and we propose definitions for the fuzzy extensions of
the four neighborhood operators discussed by Yao and Yao [[189]].

In the most general setting, a fuzzy neighborhood operator is defined as follows:

Definition 6.2.1. A fuzzy neighborhood operator on U is a mapping
N:U - Z(U),
i.e., it associates each object x € U with a fuzzy set N(x).

Note that every crisp neighborhood operator is also a fuzzy neighborhood
operator, since Z(U) € % (U). Therefore, we will use the same notation for a crisp
and a fuzzy neighborhood operator. From now on, we assume that N represents a
fuzzy neighborhood operator, unless explicitly indicated otherwise.

Fuzzy neighborhood operators on U are in correspondence with fuzzy binary
relations on U, just by taking N(x)(y) =R(x,y) forall x,y € U.

A fuzzy neighborhood operator N on U can satisfy the following properties:

N is normalized if and only if Yx € U: N(x) is normalized, i.e.,

dy € U: N(x)(y),

N is reflexive if and only if Vx € U: N(x)(x) =1,
e N is symmetric if and only if Vx,y € U: N(x)(y) = N(y)(x),
e given a t-norm 7, N is & -transitive if and only if Yx,y,z € U:

T (N(x)(y), N(y)(2)) < N(x)(2). 6.9)

We will assume that each fuzzy neighborhood operator is reflexive, to fulfil the
intuitive idea of a neighborhood. If N is symmetric, then the degree in which an
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object y € U belongs to the fuzzy neighborhood of the object x € U equals the de-
gree in which x belongs to the fuzzy neighborhood of y. If N is &,,-transitive, then
the membership degree of the object z € U belonging to the fuzzy neighborhood
of the object x € U will be at least equal to the minimum of the membership de-
gree of y to N(x) and the membership degree of z to N(y), for each element y € U.

Given the definitions of the fuzzy neighborhood system and the fuzzy minimal
and maximal description of an object x € U for a given fuzzy covering C, we
can now introduce fuzzy extensions of the four crisp neighborhood operators
N{C,Néc,Nf and Nf defined in [[189]).

Fuzzy neighborhood operator N{C

To introduce a fuzzy extension for the crisp neighborhood operator Nic , wWe can
rewrite the condition y € (") 6(C, x) for a crisp covering C as

VKeC:xeK=y€eK.

A natural extension of this definition follows from replacing V by the infimum
operator, x € K by the membership degree K(x) and = by an implicator .#.

Definition 6.2.2. Let (U, C) be a fuzzy covering approximation space and .# an
implicator, then

NF:U—- Z(U): x = NF(x) (6.5)
is a fuzzy neighborhood operator, such that for x € U the fuzzy neighborhood
Nf(x) is defined by

N{C(x): U—[0,1]: y— I%rel«f:ﬂ(K(x),K(y)). (6.6)

If the covering C is a crisp covering, then the fuzzy neighborhood of x described
in Eq. coincides with the crisp neighborhood N{C(x). Indeed, for x,y € U, the
membership degree Nf(x)( y) is either 0 or 1 if the covering C is crisp. Moreover,
it holds that

Ny =1 < infsKx),K())=1
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VKeC: #(K(x),K(y))=1
VKeC:K(x)=1=>K(y)=1
VKeC:xeK=>yekK

= yeﬂ%((c,x).

To construct the fuzzy neighborhoood operator Nf, we have used the charac-

8 03¢

terization y € [ ] 6(C, x) of the crisp neighborhood Nf:(x). Next, we prove that
the characterization y € [ md(C, x) yields the same fuzzy neighborhood operator
for a finite fuzzy covering C.

Proposition 6.2.3. Let (U, C) be a fuzzy covering approximation space with C
finite and .# an implicator, then for all x, y € U it holds that

Inf #(K(x), K(y)) = KG% ,X)J’(K(X),K(y)) = e nllﬂl(fc ’X)ﬂ (K(x), K(y)).
Proof. First note that if K(x) =0, then #(K(x),K(y)) =1, hence
InfAKG)LK() = _inf SKELK().
Since md(C, x) € 4(C, x), we have that

inf A(K(),K(1)) =

i inf #(K(x),K inf #(K(x),K )
min (Kengil(c,x) (K(x),K(y)), Kecg(cjcl)l\md(c,x) (K(x),K( y)))
If K € €(C,x)\ md(C, x), then there exists a K’ € md(C, x) such that K’ € K and

K’(x) = K(x). Therefore, for all y € U,
S(K(x),K(y)) = #(K'(x),K(y)) = £(K'(x),K'(¥)).
Hence, we can conclude that

inf #(K(x),K(y)) < inf S(K(x),K
et (K(x), (y))_KE%(C’g)l\m . (K(x),K(y))

and thus,
I@g{:f(K (x),K(y))= e nﬁﬂl(fc ,x)ﬂ (K(x),K(y)).
O

Note that we assume the fuzzy covering C to be finite, in order to be able to

apply Proposition
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Fuzzy neighborhood operator N,

For the fuzzy extension of the crisp neighborhood operator N, note that the
condition y € | Jmd(C, x) can be rewritten as

dK emd(C,x): x€eKAy€Kk,

when C is a crisp covering. A natural extension of this definition follows from
replacing 3 by the supremum operator, x € K by the membership degree K(x) and
A by a t-norm 7.

Definition 6.2.4. Let (U, C) be a fuzzy covering approximation space and J a
t-norm, then
NQC:U—>9'(U):x-—>N;C(x) (6.7)

is a fuzzy neighborhood operator, such that for x € U the fuzzy neighborhood
NS (x) is defined by

Nf(x): U—-[0,1]: y— sup T(K(x),K(y)). (6.8)

Kemd(C,x)

Note that if the covering C is a crisp covering, the fuzzy minimal description of x
coincides with the crisp minimal description of x. Moreover, in that case, the fuzzy
neighborhood defined in Eq. coincides with the crisp neighborhood N (x).

Fuzzy neighborhood operator Néc

For a crisp covering C, the condition y € (\MD(C, x) can be rewritten as
VK e MD(C,x): x€K=>y€K.

As with the operator NC, a natural extension of this definition follows from replacing
Y by the infimum operator, x € K by the membership degree K(x) and = by an
implicator .#.

Definition 6.2.5. Let (U, C) be a fuzzy covering approximation space and .# an
implicator, then
N;C:U—>9'(U):x-—>N3C(x) (6.9)
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is a fuzzy neighborhood operator, such that for x € U the fuzzy neighborhood
N{(x) is defined by

Ny (x):U—[0,1]: y — KENiIrDl(fC X)ﬂ(K(x),K(y)). (6.10)

Given a crisp covering C, the fuzzy maximal description of x coincides with
the crisp maximal description of x and the fuzzy neighborhood of x described in
Eq. (6.10) coincides with the crisp neighborhood N (x).

Fuzzy neighborhoood operator N, f

We can rewrite the characterization y € | J 6(C, x) for a crisp covering C as
dJKeC: xeKAy€eK.

As with the operator NT, a natural extension of this definition follows from replacing
3 by the supremum operator, x € K by the membership degree K(x) and A by a

t-norm 7.

Definition 6.2.6. Let (U, C) be a fuzzy covering approximation space and 7 a
t-norm, then
N7:U—- Z(U): x = N (x) (6.11)

is a fuzzy neighborhood operator, such that for x € U the fuzzy neighborhood
NF(x) is defined by

Nf(x): U—[0,1]: y— Is(ug,?(K(x),K(y)). (6.12)

It is easy to see that the fuzzy neighborhood of x defined in Eq. (6.12)) is a
fuzzy extension of the crisp neighborhood N f(x).
We can prove the analogy of the crisp equality

| J#(c,x)={ JMD(C, x)

for a finite fuzzy covering C.
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Proposition 6.2.7. Let (U, C) be a fuzzy covering approximation space with C
finite and 7 a t-norm, then for all x, y € U it holds that

I~<><1£9(1<(X),K(y))= sup Z(K(x),K(y))= sup ZT(K(x),K(y)).

Ke%(C,x) KeMD(C,x)

Proof. Analogously as in the proof of Proposition [6.2.3] we can prove that

sup7 (K(x),K(y))= sup F(K(x),K(y))

KeC Ke6(C,x)
and
Ke;gg:,x)g(K(X)’K(y)) = Ke‘g((c,il;\pMD(C,x)g(K(X)’K(y))'
Hence, the supremum will be reached in MD(C, x). O

To end this section, note that the four fuzzy neighborhood operators are reflexive

under certain conditions:

Proposition 6.2.8. Let (U,C) be a fuzzy covering approximation space, J a t-
norm and ¢ a WCP-implicator, then the fuzzy neighborhood operators Nf and
N defined with .# and the fuzzy neighborhood operator N;° defined with  are
reflexive fuzzy neighborhood operators. The fuzzy neighborhood operator NZ‘C
defined with 7 is reflexive if C is finite.

Proof. As #(a,a) = 1 for all a € [0,1], the operators Nf and N3(c are reflex-
ive. Moreover, let x € U, then there exists K € C such that K(x) = 1. Hence,
Nf(x)(x) > J(K(x),K(x))=1.

Now assume C is finite, then there exists K; € md(C, x) with K;(x) =K(x)=1
and K; € K. Hence, N (x)(x) = 7 (K;(x),K;(x)) = 1, and thus, Ny is a reflexive
fuzzy neighborhood operator. O

6.3 Fuzzy coverings derived from a fuzzy covering

For a crisp covering C, Yao and Yao [|189]] introduced six derived coverings of C:
C;,C,,C3,Cy4,C and C. In this section, we extend these derived coverings to
the fuzzy setting.
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Definition 6.3.1. Let (U, C) be a fuzzy covering approximation space, consider
the t-norm J to construct the fuzzy neighborhood operator Nf and consider the
implicator .# to construct the fuzzy neighborhood operator N, then define the
following collections of fuzzy sets:

¢, = Jtmd(c,x)|xeuy, (6.13)
c, = (JMD(C,x)|xeUl, (6.14)
C; = {Nf(x)|xeU}, (6.15)
C, = {NJ(x)|xeU}, 6.16)
C, = C\{KeC|@AC cC\{KHEK =T}, (6.17)
C, = C\{KeC|@AC cC\{KHEK =[J)}. (6.18)

We illustrate these definitions in the following example.

Example 6.3.2. Let U = {x,y,2} and C = {K{,K,,K;5,K,,Ks,Ke, K7, Kg} with
Ky =0.9/x+0.9/y+0.7/2,K, =0.9/x+1/y+0.9/z, K3 = 0.9/x+0.1/y +0.8/z,
K,=1/x+09/y +1/z, Ks = 1/x+0/y +0.6/2, K¢ = 1/x +1/y + 0.7/z,
K, =1/x+0/y+0.5/zand Kg =1/x+0.9/y 4+ 0.7/z, then

(Cl = (CU = {Kl:K2:K35K4;K5;K6>K7}

and
(CZ = (Cf‘l = {KZaKB’K4)KS’K6:K7}~

Moreover, if & is the minimum operator and . its R-implicator, then
C;={1/x+0/y+0.5/2,09/x+1/y+0.7/2,1/x +0/y + 1/}

and
Cy={1/x+1/y+1/2,1/x+1/y+0.9/2,1/x+0.9/y +1/z}.

Next, we will prove that the collections defined above are all fuzzy coverings if
the original fuzzy covering C is finite. First, we show that the collections C,, C,
and C,, are finite fuzzy subcoverings of C.
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Proposition 6.3.3. Let (U, C) be a fuzzy covering approximation space with C
finite, then C;, C, and C are all finite fuzzy subcoverings of C.

Proof. It is easy to see that all three collections are subsets of the fuzzy covering C,
and that they are finite collections of non-empty fuzzy sets of U. We need to study
for C; € {C,, C,, Cy} whether the condition

holds.

Take x € U, then there exists K € C such that K(x) = 1. Hence, there exist
K, € md(C,x) and K, € MD(C, x) such that K;(x) = K(x) = K5(x) = 1 and
K, €K CK,. Since K; € C, and K, € C,, C; and C, are fuzzy coverings.

As for C, assume K ¢ C, then there exists a collection C' € C \ {K} such
that K =(_JC’. Since C is finite, there exists a K’ € C" such that K’(x) = 1. Since
we can choose the collection C’ in C, there exists K’ € C, such that K’(x) = 1.
Hence, C, is a fuzzy covering. O

The condition of finiteness for C is necessary, as for the coverings C; and C,
Proposition is used. The necessity of the condition for C is illustrated in the

next example:

Example 6.3.4. Let U = {x} and C = {K,, | n € N\ {0}} U{K*} with K, (x) =1—1
and K*(x) = 1. It holds that sup{K,(x) | N\ {0}} = K*(x), and thus, K* ¢ C,,.
Therefore, C, is not a fuzzy covering.

Next, we show that C, is a fuzzy covering for an infinite covering C.

Proposition 6.3.5. Let (U, C) be a fuzzy covering approximation space, then C,
is a fuzzy subcovering of C.

Proof. By definition, Cj is a subset of C and therefore, it does not contain the
empty set. Moreover, let x € U and K € C with K(x) = 1. Assume that K ¢ C,,
then there exists a collection C’' € C \ {K} such that K =[] C’. Since K(x) =1, it
holds for all K’ € C’ that K’(x) = 1. Since we can choose the collection C’ in C,,
there exists K’ € C, such that K’(x) = 1. Hence, C, is a fuzzy covering. O
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Furthermore, we prove that C; and C, are fuzzy coverings.

Proposition 6.3.6. Let (U,C) be a fuzzy covering approximation space, J a t-
norm to construct C, and .¢ a WCP-implicator to construct C5, then C5 and C, are
fuzzy coverings.

Proof. This follows immediately from the fact that N{C and N, f are reflexive (see
Proposition [6.2.8)). O

As opposed to the fuzzy coverings C;, C,, C, and C_, which are subcoverings
of C, it is possible that the fuzzy coverings C5; and C, have no overlap with the
original covering C. Moreover, note that the cardinality of C; and C, is at most
equal to the cardinality of U, while the cardinality of the other four derived cover-
ings will be at most equal to the cardinality of C.

In the following, we prove that C, € C, and C, = C; if C is finite.

Proposition 6.3.7. Let (U, C) be a fuzzy covering approximation space with C
finite, then C, is a fuzzy subcovering of C,.

Proof. Let K € C,, then there exists x € U such that K € MD(C, x). If K ¢ C,,
then there exists a collection C’ € C \ {K} such that K = (") C’. We can choose the
collection C’ in Cp. Since C is finite, take K’ € C’ such that K'(x) = K(x) > 0.
Because K € K’, K(x) = K'(x) and K € MD(C, x), we have that K = K’. Hence,
KeC,. O

Note that C, is not necessarily a subset of C, if C is infinite:

Example 6.3.8. Let U = {x} and the covering C = {K, | n € N\ {0,1}} U {K*} is
defined by K,(x) = % + % and K*(x) = %, then

inf{K,(x) | neN\{0,1}} = K*(x),

thus K* ¢ C. Since the membership degree of x in every fuzzy set of C is different,
we have that C, = C and therefore, C, is not a subset of Cp.

Proposition 6.3.9. Let (U, C) be a fuzzy covering approximation space with C
finite, then C, = C;.
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Proof. First, let K € C,, then there exists x € U such that K € md(C, x). If K ¢ C,,
then there exists a collection C’ € C \ {K} such that K = | JC’. We can choose the
collection C’ in C,,. Since C is finite, take K’ € C’ such that K’(x) = K(x) > 0.
Because K’ C K, K/(x) = K(x) and K € md(C, x), we have that K = K’. Hence,
K eC,.

Second, let K € C and assume that K ¢ C,, then for all x € U, K ¢ md(C, x).
Since K is not empty, there exists x € U such that K(x) > 0. Hence, there exists
K, € md(C, x) with K, (x) = K(x) and K, € K. Therefore,

| JiK, | x € U,K, € md(C,x): K. (x) =K(x) > 0,K, CK} CK.
On the other hand, for each z € U we have that

sup K, (z) = K(2),
x€U: K(x)>0

because if K(z) > 0,then  sup K,.(z) = K,(2) =K(z) and if K(z) =0, it holds
x€U: K(x)>0
trivially. Hence, we conclude that

K =| J{iK, | x € U,K, €md(C,x): K,(x) =K(x) > 0,K, K},
where {K, | x € U,K(x) > 0} € C\ {K}, which means that K ¢ C_. This is a

contradiction, thus, K € C;. O

Note that the finiteness condition is necessary, as otherwise C; and C, are not

fuzzy coverings.

We can conclude that a finite fuzzy covering C yields five derived fuzzy coverings
C, = C,, C,, C3, C4 and C,,. These six fuzzy coverings (one original and five
derived ones) together with the four fuzzy neighborhood operators result in twenty-
four combinations of fuzzy neighborhood operators based on a finite fuzzy covering.

6.4 Equalities between fuzzy neighborhood opera-

tors

In this section, we discuss equalities between fuzzy neighborhood operators based
on a fuzzy covering C. We will assume that this fuzzy covering C is finite, therefore,
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the fuzzy covering C is disregarded since it is equal to the fuzzy covering C, . First
note that when two neighborhood operators are different in the crisp case, they are
also different in the fuzzy setting. Hence, if we consider the fuzzy neighborhood
operators Nl.(cj forie€ {1,2,3,4} and C; € {C,C,,C,, C3,Cy, Cn}, we only need to
study whether the equalities of the neighborhood operators of groups a, ¢, f and j
of Table are maintained.

We start with the following observations.

Proposition 6.4.1. Let (U,C) be a fuzzy covering approximaton space with C
finite, then for all x € U it holds that

(a) md((clrx) = l‘nd((C,x),
(b) MD((Cz,X) = MD((C’X)’
() MD(Cp,x)=MD(C, x).

Proof. (a) Take x € U.If K € md(C, x), then K € C; and K(x) > 0. Let K’ € C4
with K’(x) = K(x) > 0 and K’ C K. Since K’ € C and K € md(C, x), it holds
that K = K’. Hence, K € md(C,, x).

On the other hand, if K € md(C4, x), then K € C; € C and K(x) > 0. Hence,
there exists K’ € md(C, x) with K’(x) = K(x) and K’ C K. Since K’ € C,
and K € md(C,, x), it holds that K = K’. Hence, K € md(C, x).

(b) Take x € U. If K € MD(C, x), then K € C, and K(x) > 0. Let K’ € C, with
K'(x)=K(x)>0and K CK’. Since K’ € C and K € MD(C, x), it holds that
K =K'. Hence, K € MD(C,, x).

On the other hand, if K € MD(C,, x), then K € C, € C and K(x) > 0. Hence,
there exists K’ € MD(C, x) with K’(x) = K(x) and K € K’. Since K’ € C,
and K € MD(C,, x), it holds that K = K’. Hence, K € MD(C, x).

(c) Let C be finite, then C, is a fuzzy subcovering of C, and x € U. On the one
hand, if K € MD(C, x), then K € C, € C, and K(x) > 0. Let K’ € C,, with
K'(x)=K(x)>0and K CK’. Since K’ € C and K € MD(C, x), it holds that
K =K’. Hence, K € MD(C,,, x).
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On the other hand, if K € MD(C,, x), then K € C, € C and K(x) > 0.
Hence, there exists K’ € MD(C, x) with K’(x) = K(x) and K C K’. Since
K’ € C, CCnand K € MD(C,, x), it holds that K = K’. Hence, K € MD(C, x).

O

Note that in the fuzzy setting the equality md(C,, x) = 4 (C, x) and the equality
MD(C,, x) = 6(C, x) no longer hold as illustrated in the next example.

Example 6.4.2. Let U = {x,y} and C = {K;,K,} with K; = 1/x + 0.5/y and
K, = 1/x+1/y, then C, = C. We have that €(C,,x) = 4(C,x) = {K;,K,},
md(C,, x) = {K;} and MD(C,, x) = {Ky}.

The first group we discuss contains the fuzzy neighborhood operators N, Nf Y

Nf 5, Nic " and N;C *. We show that the first four fuzzy neighborhood operators are
still equal in the fuzzy setting, but the last fuzzy neighborhood operator is different.

Proposition 6.4.3. Let (U, C) be a fuzzy covering approximation space with C fi-
nite and .# an implicator used to define the covering C5 and the fuzzy neighborhood
operators N, N;Cl, Nic3 and Nf”, then

(a) NC=nN;",
(b) N{C = N;C * if .# is the R-implicator of a left-continuous t-norm,
(© NE=N".
Proof. (a) This follows immediately from Propositions and

(b) Assume that .# is an R-implicator of a left-continuous t-norm & . Since
N{(x) € C3, we have for y € U that

NPOO(y) < FINEE)),NEG)(y)
= S(1,NF(x)()
= NE(x)().

On the other hand, by Proposition |6.5.13] N{C is I -transitive. Therefore, for
all z € U, we have

T (N{ (2)(x), Ny (x)()) < Nf (2)(y)
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= TNy ()W), Ny (2)(x)) < Ny (2)(y)
= N ()) < FW (2)(x), NS (@),

by the residuation priniciple. Hence,

NE()(y)

IA

inf.g (Ny (2)(x), Ny (2)())
= Kiggaf(K (x),K(y))

= N2@)().

(¢) Since C, S C, NF(x) € Nic”(x) forall x € U.

On the other hand, take y € U. Since C is finite, let K € C such that
NE(x)(y) = #(K(x),K(y)). If K € Cp,, then

Ny ()(y) < F(K(x), K(y)) = NE(x)()-

IfK ¢ Cp, we can find a collection C’ C C, such that K =) C’. Since C is
finite, there exists K’ € C’ with K’(y) = K(y) and K € K’. Therefore,

F(K(x),K(¥)) = £(K'(x),K' ().

Moreover, we also have that
F(K(x),K(y)) < #(K'(x),K'(y))
since the infimum of Nf(x)( y) is reached in K and K’ € C. Therefore,
Ny () () < F(K'(x), K (7)) = F(K(x),K(¥)) = NF(x)(1)-

In both cases we can conclude that Nf“(x) c Nf(x).
O

In the following example, we illustrate that the fuzzy neighborhood operators
N{C and N;C ® are, in general, no longer equal.

Example 6.4.4. Let U = {x, y,2} and let C = {K;, K,, K3} be a fuzzy covering on U
withK; =1/x+0.8/y+0.6/2, K, =0.2/x+1/y+0.6/2,K; =0.2/x+0.8/y +1/z.
Let  be the minimum operator and .# its R-implicator, then Nic( y)(x)=0.2. On
the other hand, C; = C and N2(CS (y)(x)=0.8.
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Next, we consider the group with fuzzy neighborhood operators Néc and N;C L
These operators are still equal in the fuzzy setting.

Proposition 6.4.5. Let (U, C) be a fuzzy covering approximation space with C
finite and Ny and N;C ! based on the t-norm 7, then Ny = NZ(C L

Proof. This follows immediately from Proposition |6.4.1 O

The third group we discuss, is the group containing the fuzzy neighborhood
operators N:;C,N;C Z,N;C " and Nf 2. The first three fuzzy neighborhood operators are
still equal, but the fourth fuzzy neighborhood operator is different in the fuzzy
setting.

Proposition 6.4.6. Let (U, C) be a fuzzy covering approximation space with C
finite and Néc, N;C ? and N3(C " based on the implicator .#, then

Cc _ a/C
(a) Nf =N,

Cn
(b) NS =N,".

Proof. This follows immediately from Proposition [6.4.1] O
The fuzzy neighborhood operators N3(c and Nic > are no longer equal.

Example 6.4.7. Let U = {x,y} and C = {K;,K,} with K; = 1/x + 0.5/y and
K, = 1/x +1/y, then C, = C. Let .# be a border implicator. We have that
NEG)(y) = F(Ky(x), K5(¥)) = 1 and Ny 2(x)(y) = F(K; (x), K1 (¥)) = 0.5.

The final group we discuss consists of the fuzzy neighborhood operators
NE,N;?,N;" and Ny
the fourth fuzzy neighborhood operator is different in the fuzzy setting.

2. The first three fuzzy neighborhood operators are equal, but

Proposition 6.4.8. Let (U,C) be a fuzzy covering approximation space with C
finite and Nf, Nf z and Nf " based on the t-norm Z, then

(@) NE=N,?,
Cn

(b) NF =N,

Proof. This follows immediately from Propositions and O
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The fuzzy neighborhood operators Nf and N;c * are no longer equal.

Example 6.4.9. Let U = {x,y} and C = {K,K,} with K; = 1/x + 0.5/y and
K,=1/x+1/y, then C, =C. Let 7 be a t-norm. We have that

Ny () = T (K (x), Kr(y)) =1

and
Ny2(x)(y) = T (K1 (x), Ky (y)) = 0.5.

We conclude that given a finite fuzzy covering C, a left-continuous t-norm
to construct C, and the fuzzy neighborhood operators N2(C 7and N f ' and its R-
implicator to construct C5 and the fuzzy neighborhood operators Nic " and Nf 7 we
have 16 different groups of fuzzy neighborhood operators, listed in Table

Table 6.1: Fuzzy neighborhood operators Nl.cj for (U,C) with C finite, 7 left-
continuous and .# its R-implicator

Group Operators | Group Operators
a;. NE, N, N NS | g N,

a. Ny | . N,

b. Ny? | i. Ny

c. NE, Ny | ji. NS, N2, N;°
d. Ny | jo- N,”

e. Ny" | k. Ny *

fi. NS, Ny, No» | L. Ny

C
f2' le | m. N4
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6.5 Partial order relations between fuzzy neighbor-

hood operators

In this section, we describe the partial order relations between the different groups
of fuzzy neighborhood operators of Table We assume C to be a finite fuzzy
covering, 7 a left-continuous t-norm which is used to define the covering C, and
the fuzzy neighborhood operators N;C 7 and N, f ' and .# its R-implicator which is
used to define C5 and the fuzzy neighborhood operators Nf 7 and N:;C 7. in order to
guarantee all equalities of Table

We define a partial order relation < between fuzzy neighborhood operators as
follows: let N and N’ be fuzzy neighborhood operators on U, then we write N < N’
ifand only if Yx, y € U: N(x)(y) < N’(x)(y). We say that two fuzzy neighborhood
operators N and N’ are incomparable with respect to < if neither N < N’ nor
N’ < N hold. Note that if two crisp neighborhood operators are incomparable, their
fuzzy extensions are incomparable as well, e.g., the fuzzy neighborhood operators
N3@C * (group b) and N;C ' (group d) are incomparable. Therefore, we only need to
consider the partial order relations given in Figure Moreover, let N and N’
be two fuzzy neighborhood operators of Table If N and N’ are different, then
N < N’ implies that N’ < N cannot hold.

In [1141] it was proven that for each crisp covering C it holds that N{C =< Nz(c <N f
and Nf = Néc <N, f . These relationships are maintained in the fuzzy setting.

Proposition 6.5.1. Let (U, C) be a fuzzy covering approximation space with C
finite, 7 a left-continuous t-norm used to define the fuzzy neighborhood operators
Néc and N, f and .# its R-implicator used to define the fuzzy neighborhood operators
N{C and Ng?, then

C C
(@ N XN,

(b) N <N¢,

C C
(©) Nf <NF,

(d) NS =<Nf.
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Proof.

(b)
(@]
@

(a) Assume that the inclusion does not hold for x, y € U, then

sup  T(K(x),K(y)) < inf #(K(x),K(¥)),
Kemd(C,x) €

i.e., for all K; € md(C, x) and for all K, € C it holds that
T (K1 (x), K1 (y)) < £(Ky(x), Ko(y)).
Take K* € C such that K*(x) = 1 and take K’ € md(C, x) such that
K'(x)=K*(x)=1
and K’ C K*. Then for K; = K, = K’ we have
T (K'(x),K'(y)) < £(K'(x),K'(y)),
hence, K'(y) < K’(y), which is a contradiction.
This follows immediately from the fact that MD(C, x) C C.

This follows immediately from the fact that md(C, x) € C.

Assume that the inclusion does not hold for x, y € U, then

ilégg (K(x),K(y)) < e h}g(fc,x)«ﬂ(K (x),K(¥)),

i.e., for all K; € C and for all K, € MD(C, x) it holds that

T (K1 (x), K1 () < £(Ky(x), Ko(y)).

Take K* € C such that K*(x) = 1 and take K’ € MD(C, x) such that
K'(x)=K*(x)=1and K* CK’'. Then for K; = K, = K’ we have

F(K'(x),K'(y)) < #(K'(x),K'(¥)),

hence, K’'(y) < K’(y), which is a contradiction.
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Note that (a) and (d) of Proposition uses Proposition [6.1.5] while the
partial order relations in (b) and (c) also hold for an infinite C. Proposition [6.5.1
implies that the following partial order relations hold for Table

Corollary 6.5.2. Let (U, C) be a fuzzy covering approximation space with C finite,
J a left-continuous t-norm used to define the fuzzy covering C, and the fuzzy
neighborhood operators N;c 7‘and N, f 7 and .# its R-implicator used to define the
fuzzy covering C; and the fuzzy neighborhood operators Nic 7 and N;C 7, then in
terms of the groups of Table [6.1] we obtain

(@) forC:aq; Xc=<jand q; < f; 2 ji,
(b) forCi:a; Xc=<handa, <d=Xh,

() for Cy: f, < j, <j;and f, < f; <y,
(d) forCs:a; Ra;<Xganda; Xb=<g,
(e) forCysik=<mandi=xXl=<m,

(f) forChra; Re=xjand a; X f) X ji.

Moreover, since C; and C, are subcoverings of the finite fuzzy covering C, we
obtain that a; <X f, and h < j;.

Proposition 6.5.3. Let (U, C) be a fuzzy covering approximation space with C
finite, 7 a left-continuous t-norm used to define the fuzzy neighborhood operators
Nf and N, f ! and .# its R-implicator used to define the fuzzy neighborhood operators
NF and N;Cl, then N{ < Nicz and Nfl <N;.

Proof. This follows immediately from C, € C and C; € C. O

Furthermore, it holds that f; < i < j; < k. To prove these partial order relations,
we first consider the following lemma.

Lemma 6.5.4. [|138] Let & a left-continuous t-norm and .# its R-implicator, then
#(a,b) < #£(Z(a,c),T(c, b)) holds for all a, b,c €[0,1].
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Proposition 6.5.5. Let (U, C) be a fuzzy covering approximation space with C
finite, 7 a left-continuous t-norm used to define the fuzzy covering C, and the
fuzzy neighborhood operators N, f and N;c * and .¢ its R-implicator used to define
Ca

, then

the fuzzy neighborhood operators Néc and N,
(a) NS <N,
Cy C
(b) N;* <N,
C Cy
(c) NE<N,*.
Proof. (a) Letx,y €U, then

N )(y)

Z1161[99’(fo(2)(3€),NC(Z)(}/))
- Ziggy(Nf(x)(z),Nf(Z)(y))

= infjf( sup Q(K(X),K(Z)),NC(Z)(J’))

z€U  \ keMD(C,x)

= il (TEOKED. pp K LK)

> inf inf supﬂ(ﬂ(K(x),K(z)),?(K/(Z),K/(J’)))
2€UKeMD(C,x)g’eC

> inf inf #(T(K(x),K(2)),7(K(2),K(¥)))
z€UKeMD(C,x)

= inf inf4# (7 (K(x),K(2)),7(K(z),K(¥)))
KeMD(C,x)z€U

>

inf . #(K(x),K(y))
KeMD(C,x)

= Ny()(y)
where in the penultimate step we have used Lemmal[6.5.4]
(b) Let x,y €U, then
NPO) < SN, NE())

FL(1L,NE)(y))
NEGO)(y).
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(¢) Letx,y € U.If NS (x) € md(Cy, x), then we have that
Ny *()(¥) = T (NE(x)(x), NE()(¥)) = 7 (1, NE(x)(1)) = N () ().
Similarly, if N °(y) € md(Cy, x), then
Ny ()(¥) = T(NE (), NEGO)) = NEG ).
Now assume that neither N°(x) nor N°(y) belong to md(Cy, x). Hence,

Jdz, € U: Nf(zl)(x) = Nf(x)(x) = 1,Nf(zl) c Nf(x),
3z, € U: N (25)(x) = Ny (0)(x), Ny (22) S N (y),

with Nf(zl),NC(zz) € md(Cy,, x). Note that
Nf(}’)(zz) = Nf(zz)(zz) =1.
We derive that

Ny *()(¥)

max (7 (N§ (z,)(x), NE(2)(1)), T (NE (25)(x), NE(25)(1))
= max(Z(1,N(2)(¥), TW(y)(x), 1))

= max(N; (2)(), NS (x)(y))

= NEE).

\%

Furthermore, we can prove that g < h.

Proposition 6.5.6. Let (U, C) be a fuzzy covering approximation space with C
finite, 7 a left-continuous t-norm used to define the fuzzy neighborhood operators
Nf * and Nf ' and .¢ its R-implicator used to define the fuzzy covering Cs, then

5 ¢ NG
N,* XN,

Proof. Let x,y,z € U and let K* € md(C, z) with K*(z) = 1, then

FNF@EN @) < inf 7 (SKELKC)),IKELK)
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< T (H(K(2),K"(x)), #(K*(2),K*(¥)))
T (#(1L,K*(x)), #(1,K*(¥))
T (K*(x),K*(¥))

sup T (K(x),K(y)).

Kemd(C,z)

IA

Hence, we obtain that

supZ (N (2)(x), Ny (2)(¥))

zelU

sup sup J(K(x),K(y))

z€UKemd(C,z)

= supJ(K(x),K(y))
KeC,

= N ()W)

N ()()

IA

To end, we show that e < j,.

Proposition 6.5.7. Let (U, C) be a fuzzy covering approximation space with C
finite and & a left-continuous t-norm used to define the fuzzy neighborhood
operators N;C” and NZCZ, then N;c” = N;CZ.

Proof. Let x € U, then we first prove that md(Cn,x) N C, € md(C,,x). Let
K € md(C,, x) NC, and take K’ € C, with K'(x) =K(x) and K’ CK.As K’ € C,
and K € md(C,,, x), we obtain K = K’ and thus, K € md(C,, x).

Let y € U and assume that Nf“(x)(y) =J(K*(x),K*(y)) for K* € md(C, x).
If K* ¢ C,, then for each z € U there exists a K, € C, such that K*(z) = K,(z) and

K* G K,. However, this means that K* = (1| K,. As K* € Cy,, this is a contradiction.
zeU
Therefore, K* will be a set in C, and by the observation above, K* € md(C,, x) is

obtained and thus,
Ny (x)(y) < Ny 2 (x)(y)-

O

By the transitivity of X, Figure 4.1ajand the results obtained above, the only
partial order relations which also can hold are the following:
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(a) a, X N with N a fuzzy neighborhood operator of groups b, c, d, e, fi, fo, i,
jo and [,

(b) N = j, with N a fuzzy neighborhood operator of groups b, c, d, f;, g, h and i.

However, none of these partial order relations hold, as illustrated in the following
two examples.

Example 6.5.8. Let U = {x, y,z}, & the product t-norm and .# its R-implicator.
Let (C = {KIJKZ)KB’K4} Wlth Kl = 1/X +0.2/y + 0.6/2:, KZ = O.S/X + 1/y +0.6/Z,
K;=0.5/x+0.6/y+1/2 and K, =0.5/x +0.5/y +0/2. Then C; =C, =C,=C
and
1
C;3={1/x+0.2/y +0/2,0.5/x+1/y+0/2,0.5/x + g/y +1/z}.

Hence, we have that

o N,*(x)(y) = 0.5 (group a,),

o NE(X)(y) =N, (x)(y) =N, *(x)(y) = 0.25 (groups c, e and j,),

o Ny2()(y) = Ny ' (x)(y) = Ny (x)(y) = Ny *(x)(y) = 0.2 (groups b, d, f;

and f5).

Hence, N;C3 =< N does not hold for N € {NQ,Nf,N?icl,NZC”,Néc,Nicz,N;Cz}. There-
fore, the fuzzy neighborhood operator N;C ® is incomparable with the fuzzy neigh-
borhood operators of the groups b - f, and j,.

On the other hand, let C = {K,K,,K;3,K,} with K; = 1/x+0.8/y + 0.6/2,

K;=02/x+1/y+0.6/2,K3=0.2/x+0.8/y+1/2and K, =0.1/x+0.6/y +1/z
and let 7 be the minimum operator and . its R-implicator. Then

C;={1/x+0.8/y +0.6/2,0.1/x+1/y +0.6/2,0.1/x +0.6/y + 1/2}
and
Cy4={1/x+0.8/y+0.6/2,08/x+1/y +0.8/2,0.6/x +0.8/y +1/z}.

Hence, we have that NZCS(y)(x) = 0.8 and Nic"(y)(x) = N?(’C“(y)(x) = 0.6, thus,
Nf * =< Nf * and N;C ° = N;c * do not hold. Therefore, the fuzzy neighborhood oper-
ator N;C ® is incomparable with the fuzzy neighborhood operators of the groups i
and [.
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Example 6.5.9. Let U = {x, y,z} with C as in Example [6.3.2] & the minimum
operator and .# its R-implicator, then Nf *(x)(y)=0.1and

NE)(y) = Ny (x)(y) = NE()(y) = N2 (x)(y) = Ny (x)(y) = 0.9.

Hence, N < N;CZ does not hold for N € {NC,N;cl,NéC,Nf3,Nf“}. Therefore, the
fuzzy neighborhood operator NZ(C * is incomparable with the fuzzy neighborhood
operators of the groups c, d, f;, g and i.

On the other hand, let C = {K;,K,,K3,K,} with K; = 1/x+0.2/y + 0.6/z,
K, =0.5/x+1/y+0.6/2,K3=0.5/x+0.6/y+1/zand K, =0.5/x+0.5/y +0/z
and Z the product t-norm and .¢# its R-implicator as in Example then we
obtain that N;CZ(x)(y) =0.25 and Nfl(x)(y) = 0.5. Hence, Nfl =< NZ(Cz does not
hold. Therefore, the fuzzy neighborhood operator N;c * is incomparable with the
fuzzy neighborhood operator Nf ' (group h).

To end, we illustrate that the fuzzy neighborhood operator Nf * is incompa-
rable with the fuzzy neighborhood operator N;C ® (group b). Let U = {x,y} and
C = {Ky,K,} a fuzzy covering on U with K; =1/x+0.5/y and K, =1/x+1/y
and let 7 be the minimum operator and .# its R-implicator, then C, = C; = C.
Hence, N;CZ (x)(y) = 0.5 while N;C3(x)(y) = 1. Hence, N:;CB =< N;CZ does not hold.

The Hasse diagram with respect to < for the fuzzy neighborhood operators
presented in Table [6.1] is given in Figure Note that the Hasse diagram is a
lattice, with minimum a; and maximum m.

To end this section, we discuss the properties of the fuzzy neighborhood opera-
tors presented in Table By Proposition|[6.2.8]it holds that all fuzzy neighborhood
operators in Table are reflexive when a finite fuzzy covering, a left-continuous
t-norm and its R-implicator are considered.

From the discussion in Section we know that for a crisp covering C it
holds that the neighborhood operators of groups g, h, j and m are symmetric and
the neighborhood operators of groups a, b, d, f, i and [ are transitive. We study
whether these properties are maintained in the fuzzy setting.

. . C . .
First, we prove that the fuzzy neighborhood operator N, is symmetric.
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Figure 6.1: Hasse diagram of the fuzzy neighborhood operators from Table for
(U, C) with C finite, & a left-continuous t-norm and .# its R-implicator
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Proposition 6.5.10. Let (U, C) be a fuzzy covering approximation space and & a
t-norm, then the fuzzy neighborhood operator N, f based on  is symmetric.

Proof. This follows immediately since a t-norm is commutative. O

From this, we obtain that the fuzzy neighborhood operators of groups g, h,
j; and m are symmetric. The fuzzy neighborhood operator N;C * (group j,) is not
symmetric as illustrated in the next example:

Example 6.5.11. Let U = {x,y} and C = {K;,K,} with K; = 1/x +0.5/y and
K,=1/x+1/y, then C, = C. Let & be a t-norm, then

o N2 (x)(y) = T (K (x), K (3)) = 0.5,
o Ny 2(y)(x) = max(7 (K, (), Ky (x)), T (Ky(y), Ky (x))) = 1.
Hence, we conclude that NZ(C ? is not symmetric.

Second, the fuzzy neighborhood operators Nic and NB(,C are J -transitive for a
left-continuous t-norm & if the used implicator is the R-implicator of 7. In order
to prove transitivity, we first consider the following result:

Lemma 6.5.12. [138]] Let & be a left-continuous t-norm and .# its R-implicator,
then 7(#(a,b), #(b,c)) < #(a,c) forall a,b,c €[0,1].

Based on this lemma, we can prove the transitivity of the fuzzy neighborhood
operators N and N

Proposition 6.5.13. Let (U, C) be a fuzzy covering approximation space and let
T be a left-continuous t-norm and .# its R-implicator used in the definition of the
fuzzy neighborhood operators Ni° and N, then Ni° and N are 7-transitive fuzzy
neighborhood operators.
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Proof. We have for each x, y,z € U that
T (NF (), NF()(2))
= 7 inf oK), KO, jnf SK (), K(2)))
< inf 7 (K (), K(y)), #(K(y), K (2)))
< inf S(K(x),K(2))
— NE@E),

where in the penultimate step Lemma|6.5.12]is used. The proof for Ng,c is similar. O

From this proposition, we immediately obtain that the fuzzy neighborhood
operators of groups ay, b, d, fi, f,, i and [ are & -transitive, when a left-continuous
t-norm and its R-implicator is considered. The fuzzy neighborhood operator N2C 3
(group a,) is not I -transitive, as illustrated in the next example for 7 = J,;:

Example 6.5.14. Let U = {x, y,z} and C = {K;,K,, K3} a fuzzy covering on U with
K;=1/x+0.8/y+0/2,K,=0.8/x+1/y+1/zand K3 =0.5/x+0.6/y +1/z. Let
Z be the minimum operator and .# its R-implicator. We obtain with this implicator
that

C;={1/x+0.8/y+0/2,0.5/x+1/y+0/2,0.5/x+0.6/y +1/z}.

Thus, we derive that N§3(x)(y) = 0.8, N;C3(y)(z) = 0.6 and N;CS(x)(z) = 0.5,
hence, 0.6 = 7(0.8,0.6) > 0.5. We conclude that N;C‘“’ is not J,,-transitive.

Note that in the proof of Proposition [6.5.13|we have explicitly used properties
specific to a left-continuous t-norm and its R-implicator. We illustrate this with an
example.

Example 6.5.15. Let U = {x,y,z} and C = {K;,K,} withK; =1/x+0.1/y +1/z
and K, = 0.5/x +1/y + 0.2/z. Let & be the minimum operator J,, and .¥
the Kleene-Dienes implicator which is used to define N{C and Ngc. Since for all
x € U it holds that MD(C,x) = C, we have that NS = N. However, since
NE(y)(x) = NF(x)(z) = 0.5 and N{(¥)(z) = 0.2, we obtain that N© and NF
defined with the Kleene-Dienes implicator are not J,,-transitive.
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6.6 Fuzzy neighborhood operator introduced by Ma

In []107]], Ma introduced a family of fuzzy neighborhood operators based on a
fuzzy covering. Let 8 € (0, 1], then the f3-fuzzy neighborhood operator is defined as
follows

NEMa: U—-Z(U): x'—>N;5C’Ma(x) (6.19)

such that the fuzzy neighborhood N EMa(x) of the object x € U is defined by

Vyeu: NEMa(x)(y) =inf{K(y) | K € C,K(x) > B}. (6.20)

Note that Feng et al. described this fuzzy neighborhood operator for 8 =1 in [45]].
The parameter f3 is strictly greater than O for the following reason: the fuzzy

neighborhood operator Nnga would map each object x to the fuzzy set X i‘if with

Yy eU: XS (y)=inf{K(y) | K € C}.

inf

Next, we study the properties of the fuzzy neighborhood operator NECMa for
p € (0,1]. Assume 3 < 1, then the fuzzy neighborhood operator NEMa is not
necessarily reflexive as illustrated in the next example:

Example 6.6.1. Assume 3 € (0,1). Let U = {x} and C = {K;,K,} with K;(x) =1
and K,(x) = 3, then NﬁC’Ma(x)(x) =B, ie., NEMa is not reflexive.

. C . . .
However, the fuzzy neighborhood operator Ny, is reflexive:

Proposition 6.6.2. [[45] Let (U, C) be a fuzzy covering approximation space, then
N{CMa is a reflexive fuzzy neighborhood operator.

By this result, we will only consider the fuzzy neighborhood operator N{CMa.

Note that this fuzzy neighborhood operator is neither symmetric nor J -transitive:

Example 6.6.3. Let U = {x, y,z} and C = {K;,K,, K5} withK; = 1/x+0.8/y+0/z,
K,=0.8/x+1/y+1/z and K3 =0.5/x+0.6/y +1/z. Then we have the following
observations:

(a) NfMa(x)(z) =0 and NEMa(z)(x) = 0.5, hence, NfMa is not symmetric.



190 Chapter 6. Fuzzy neighborhood operators

(b) N{cMa(x)(y) =0.8, N{CMa(y)(z) =1 and NiCMa(x)(z) = 0, then for every t-
norm & it holds that 0.8 = 7(0.8,1) > 0.5. Hence, N{CMa is not  -transitive
for any t-norm 7.

We now want to add the fuzzy neighborhood operator NfMa to the Hasse
diagram presented in Figure We have the following partial order relations
with respect to <:

Proposition 6.6.4. Let (U, C) be a fuzzy covering approximation space with C
finite, 7 a left-continous t-norm and .¢ its R-implicator, then

C C
(@) NSNS,

C C
(b) Nl,Ma = NZ 4

C Cn
(0 Nl,Ma <N,".

Proof. (a) Letx,yeU.

NE()() Inf #(K(x),K(y))

Kec}g(fx )zlﬂ (K(x),K(y))

inf K
kechig- )

N ().

IA

(b) Letx,y eU.

NE()(y) = . sg(l?c )9(K(X),K(}’))

sup T (K(x),K(y))
Kemd(C,x),K(x)=1

sup K(y)
Kemd(C,x),K(x)=1
K(y)

1 —

v

inf
Kemd(C,x),K(x)=1

inf K
Ke(C,llr(l(x)zl (y)

N ()

I\
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(c) By definition of C,, we have that
N () = inf{K(y) | K € Cp,,K(x) = 1}.

By analogy of (b), we obtain that

Nz inf - K() =Ny, ()0,

Ak

O

Note that the previous proposition also holds for every t-norm & and every
border implicator .#.

As X is a transitive relation, we also have N{cMa =< N for N a fuzzy neighborhood
operator of groups h, j;, js, k, m. There are no other partial order relations as
illustrated in the next example.

Example 6.6.5. Let U = {x, y,z}, 7 the Lukasiewicz t-norm and .# its R-implicator.
Let C = {K,, Ky, K3, Ky, K5} withK; = 1/x+0.5/y+0.8/2, K, = 1/x+0.8/y+0.5/z,
K;=1/x+08/y+1/2,K,=0.5/x+0.8/y+0.5/2 and Ks = 0.5/x+1/y +0.5/z.
Then C; =C, C, =C, = {K,K,,K3,Ks},

C;3={1/x+0.5/y+0.5/2,0.5/x+1/y +0.5/2,1/x+0.7/y + 1/2}
and

Cy4={1/x+0.8/y+1/2,08/x+1/y+0.8/2,1/x+0.8/y +1/z}.
Hence, we derive that

. NEMa(x)(y) =0.5 < 0.8 =N(x)(y) for N a fuzzy neighborhood operator of
groups ¢, d, e, f1, h, i, j;, jo, k, | and m,

o N, (x)(y)=05<0.7= Ny (x)(y) = N;*(x)(y) (groups b and h),
. NfMa(y)(x) =05<0.7= NZC3(y)(x) (group a,),

. NEMa(z)(y) =0.8> 0.7 =N(2)(y) for N a fuzzy neighborhood operator of
groups aj, as, b, d, fy, f, and g.
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On the other hand, consider C = {K;,K,} with K; = 1/x + 1/y + 0/z and
K,=0.8/x+0/y +1/z, then

C,={1/x+1/y+0.8/2,1/x+1/y+0/2,0.8/x+0/y +1/2}.

It holds that NEMa(x)(y) =1>02= Nic“(x)(y) = N;C“(x)(y) (groups i and [).
Finally, let C = {K;,K,} with K; =1/x+0/y+0/zand K, = 1/x+1/y + 1/,

then C, = {K,} and NfMa(x)(y) =0<1= Nfz(x)(y) (group f5).

Hence, the Hasse diagram with respect to < of the 17 fuzzy neighborhood
operators is given in Figure

6.7 Conclusions

In this chapter we have introduced the definition of a fuzzy covering. Moreover,
given a fuzzy covering we have introduced fuzzy extensions of the neighborhood
system, the minimal description and maximal description of an object of the
universe. In addition, four crisp neighborhood operators and six crisp coverings
studied in [[189] are extended to the fuzzy setting, and moreover, some results
concerning crisp neighborhood operators and crisp coverings are maintained.
For a finite fuzzy covering, the four fuzzy neighborhood operators and six fuzzy
coverings, one original and five derived ones, result in 24 combinations of fuzzy
neighborhood operators. However, we have proven that for a left-continuous t-
norm and its residual implicator the obtained 24 combinations can be reduced
to 16 different groups of fuzzy neighborhood operators. In this setting, we have
derived the Hasse diagram of these 16 groups, which expresses which operators
yield larger or smaller fuzzy neighborhoods. Finally, we have discussed a family
of fuzzy neighborhood operators introduced by Ma in [|[107]]. We have shown that
only for the parameter 3 = 1 the fuzzy neighborhood operator is reflexive. We
have discussed the properties of this fuzzy neighborhood operator and studied
the partial order relations with the 16 fuzzy neighborhood operators. The Hasse
diagram of these 17 fuzzy neighborhood operators can be found in Figure 6.2
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Figure 6.2: Hasse diagram of the fuzzy neighborhood operators for (U, C) with C
finite, & a left-continuous t-norm and .# its R-implicator, where we have added the
fuzzy neighborhood operator N{CMa to the Hasse diagram presented in Figure
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CHAPTER /

The implicator-conjunctor-based fuzzy rough set model

In this chapter, we first present a historical overview on the research of fuzzy rough
set theory throughout the years. In Section[7.2} we introduce a general fuzzy rough
set model which uses a fuzzy relation or fuzzy neighborhood operator to describe
the indiscernibility between objects of the universe. This model extends the original
rough set model of Pawlak to the fuzzy setting and it encapsulates many fuzzy
rough set models discussed in literature. We discuss which properties the model
satisfies when a fuzzy neighborhood operator is considered in Section|[7.3] To end,
we state conclusions in Section[7.4

7.1 An introduction to fuzzy rough set theory

A drawback of rough set theory is its limitations when dealing with real-valued
data. Fuzzy set theory [[193]] is very useful to overcome these limitations. It was
recognized early on that rough set theory and fuzzy set theory are complementary,
rather than competitive. To that end, rough set theory has been extended in two

195



196 Chapter 7. The implicator-conjunctor-based fuzzy rough set model

ways [41]]. Rough fuzzy set theory discusses the approximation of a fuzzy set by a
crisp indiscernibility relation. If moreover the indiscernibility relation is fuzzy as
well, fuzzy rough set theory is considered. Since every crisp relation can be seen as
a special case of a fuzzy relation, all results obtained in fuzzy rough set theory also
hold for rough fuzzy set theory.

The vestiges of fuzzy rough set theory date back to the late 1980s, and orig-
inate from work by Farifias del Cerro and Prade [44]], Dubois and Prade [|40],
Nakamura [|120]] and Wygralak [[172]]. From 1990 onwards, research on the hy-
bridization between rough sets and fuzzy sets has flourished. The inspiration to
combine rough and fuzzy set theory was found in different mathematical fields. For
instance, Lin [92]] studied fuzzy rough sets using generalized topological spaces
(Fréchet spaces) and Nanda and Majumdar [[122]] discussed fuzzy rough sets based
on an algebraic approach. Moreover, Thiele [[155]] examined the relationship with
fuzzy modal logic. Later on, Yao [|[180]] and Liu [[101]] used level sets to combine
fuzzy and rough set theory.

In this chapter, we will focus on fuzzy rough set models using fuzzy relations or
fuzzy neighborhood operators. The seminal papers of Dubois and Prade [41},42]] are
probably the most important in the evolution of these fuzzy rough set models, since
they influenced numerous authors who used different fuzzy logical connectives
and fuzzy relations. Essential work was done by Morsi and Yakout in [[118]] who
studied both constructive and axiomatic approaches and by Radzikowska and
Kerre [|137]] who defined fuzzy rough sets based on three general classes of fuzzy
implicators: S-, R- and QL-implicators. However, despite generalizing the fuzzy
connectives, they still used fuzzy similarity relations. A first attempt to use reflexive
fuzzy relations instead of fuzzy similarity relations was done by Greco et al. [|51}/52]].
Thereafter, Wu et al. [|170,/171[]] were the first to consider general fuzzy relations.
Besides generalizing the fuzzy relation, Mi et al. [[112}{113]] considered conjunctors
instead of t-norms. Furthermore, Yeung et al. [[192]] discussed two pairs of dual
approximation operators from both a constructive and an axiomatic point of view.
Hu et al. [|71}|73]] for their part studied fuzzy relations based on kernel functions.

In the following, we introduce a general implicator-conjunctor-based (IC) fuzzy
rough set model which encapsulates all of them.
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7.2 The IC model

Given a fuzzy relation R on U to describe the indiscernibility relation between the
objects of the universe, we introduce the following fuzzy rough set model:

Definition 7.2.1. Let (U,R) be a fuzzy relation approximation space, .# an impli-
cator and % a conjunctor. The pair of fuzzy relation-based approximation operators
(aer ﬂ,a_er,(g) is defined by, for X € Z(U) and x € U,

(apr, ,CO)0) = inf FR&X),.XG), 7.1
@PE C)(x) = sup SR, X)X () 7.2)
ye

In the remainder of this work, we will refer to this model as the implicator-
conjunctor-based (fuzzy rough set) model or shortly, IC model.

When the fuzzy set X we want to approximate is crisp and the relation R is a
crisp equivalence relation E, this model coincides with Pawlak’s rough set model:
let x €U,

(apr, G =1 & VyeU: S(EQ,x),X() =1
& VyeU:E(y,x)=1=>X(y)=1,
& [x]p CX,

@prp(X)(x)=1 < FyeU: 6(E(y,x),X(y)=1
& Ay eU:E(y,x)=1AX(y)=1,
S [x]gnX #£0.

Definition[7.2.1|covers many fuzzy rough set models which have been proposed
in literature, and which emerge by choosing a specific implicator .#, conjunctor ¢
and binary fuzzy relation R. We list these models in Table For example, Dubois
and Prade [[41]] used the Kleene-Dienes implicator and the minimum operator to
replace the Boolean implication and conjunction respectively.

As can be seen from Table Greco et al. [[51}/52]] were the first to consider
reflexive binary fuzzy relations and Wu et al. [|[170,/171[] were the first to consider
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general binary fuzzy relations. Also note that Greco et al. used arbitrary t-norms
and t-conorms as aggregation operators instead of the infimum and supremum
operators. Mi and Zhang [[113]] initiated the use of conjunctors which are not
necessarily t-norms.

Remark 7.2.2. Note that some authors [73,/118,/192]] require & to be lower
semi-continuous instead of left-continuous in each parameter, i.e.,
(Ya,b€[0,1]D(Ve > 0)(36 > 0)(Vc €[0,1]):
a—6<c<a+6=>I(a,b)—e <T(c,b).
By a result from [|48] these two notions are equivalent for t-norms. Also, some
papers [[1004112,/113}{169+171]] consider fuzzy relations in U x W, with both U

and W non-empty, finite universes, but in this work we restrict ourselves to the
case where U =W.

A variant of the IC model was proposed in [|74]] by Inuiguchi: the lower approx-
imation apr;* y(X ) of X by a fuzzy relation R* in U is given by, for x € U,

(@L*J(X))(X) = min(X(X),yirellf]f(R*(y,X),X(y))),

while the upper approximation a_pr; (X) of X by R* is given by, for x € U,

(@PT.  (X))(x) = max(X (x), sup ER*(x,),X(¥))).
ye

Note that this model can be seen as a special case of the IC model if in Defini-
tion a border implicator .# and a border conjunctor ¢ are chosen and if the
relation R defined by

Vx,y € U: R(x,y) =max(R*(x, y),id(x, y)),

is symmetric, where id is the fuzzy identity relation defined by

. 1 x=y,
Vx,y €U: id(x,y) =
0 otherwise.

In addition, note that we can also consider the IC model with a fuzzy neighbor-
hood operator instead of a fuzzy relation.



7.2. The IC model 199

Table 7.1: Overview of implicator-conjunctor-based fuzzy rough set models in

literature

Reference 4 S R
[[41./42] Dubois & Prade, ‘90 Tu Fp Ty-sim.
[118]] Morsi & Yakout, ‘98 left-cont. & R-impl. T -sim.
[511/52]] Greco et al., ‘98 T S-impl. reflexive
[7]] Boixader et al., ‘00 cont. 7 R-impl. T -sim.
[137]] Radzikowska & Kerre, ‘02 7 border Ty -sim.
[170L171]] Wu et al., ‘03 Tu S-impl. general
[113] Mi & Zhang, 04 4 R-impl. general
[1131] Pei, ¢ T S-impl. general
[[169] Wu et al., ‘05 cont. 7 implicator  general
[192] Yeung et al., ‘05 left-cont. &  S-impl. general
[192] Yeung et al., ‘05 € R-impl. general
[100] Liu, ‘06 g R-impl. general
[24] De Cock et al., ‘07 T border general
[98]] Liu, ¢ Tu S-impl. general
[112] Mi et al., ‘08 cont. 7 S-impl. general
[71L{73] Hu et al., ‘10 left-cont. &  S-impl. Tos-Sim.
[71L{73]] Hu et al., ‘10 4 R-impl. Teps-Sim.
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Definition 7.2.3. Let N be a fuzzy neighborhood operator on U, .¢ an implicator
and % a conjunctor, then the pair of fuzzy neighborhood-based approximation
operators (@’N’j,a_prN,%) is defined by, for X € Z(U) and x € U,
(apr, () = inf SNCO). X)) (7.3)
(@pry,«(X))(x) sup EIN()(), X(¥)) (7.4)

All fuzzy neighborhood operators discussed in Chapter[6] can be used to define
fuzzy neighborhood-based approximation operators. For the remainder of this
work, we will work with the IC model using fuzzy neighborhood operators. Note
that the models determined in Definitions and are interchangeable via
R(y,x)=N(x)(y) for x,y € U. Next, we study the properties of the IC model.

7.3 Properties of the IC model

In this section, we consider the properties of the IC model defined with a fuzzy
neighborhood operator. In particular, we discuss which properties of Pawlak’s rough
set model of Table are maintained, and which conditions need to be imposed
in order for the remaining ones to hold.

In Table we list the adaptations of the properties in Table[2.1] with X and Y
fuzzy sets in U and (apr, apr) a pair of fuzzy approximation operators on U. For the
duality property, we assume .4 to be an involutive negator. For the property (IU),
we consider the J,;-intersection and the %, -union. The constant set property (CS)
emerges by extending (UE) to every constant fuzzy set & for a € [0, 1]. If (CS) is
satisfied, then a priori (UE) also holds.

The property (RM) of Table can be extended in three ways: relation mono-
tonicity (RM), neighborhood monotonicity (NM) and covering monotonicity (CM):

e Let R and R’ be fuzzy relations on U, (aprl,a_prl) a pair of approximation
operators in the fuzzy relation approximation space (U,R) and (aprz,a_prz)
a pair of approximation operators in the fuzzy relation approximation space
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(U,R’), then the property (RM) is given by

RCR o { VX € F(U): apr,(X) € apr (X) 75)

- VX € Z(U): pr, (X) € apE,(X)

e Let N and N’ be two fuzzy neighborhood operators on U, (gl, apr, ) a pair of
fuzzy approximation operators based on the fuzzy neighborhood operator N
and (@‘Z,a_prz) a pair of fuzzy approximation operators based on the fuzzy
neighborhood operator N’, then the property (NM) is given by

N <N { VX € Z(U): apr,(X) € apr (X) 76

- VX € Z(U): apr, (X) € apr,(X)

e Let C and C’ be two coverings of U, (a_prl, apr, ) a pair of fuzzy approximation
operators in the fuzzy covering approximation space (U, C) and (Ez,a_prz)
a pair of fuzzy approximation operators in the fuzzy covering approximation
space (U, C’), then the property (CM) is given by

: C
coos | HEFWapc () 7.7)
VX € Z(U): apry(X) € apr,(X)
As in the crisp setting, we write C C C’ if and only if
(VK € ©)(AK' e C')(K CK'). (7.8)

All three monotonicity properties have a similar interpretation: the more objects
are discernible from each other, the more accurate the approximations. Moreover,
all are interchangeable, since we can define a fuzzy relation based on a fuzzy neigh-
borhood operator and vice versa, and we can define a covering {N(x) | x € U}
for a reflexive neighborhood operator N. Depending on the considered theoretical
framework, we will choose one of the three. For instance, in this chapter we will
consider the property (NM).

Most of these properties have been studied for the IC model in one form or
another, however, only sufficient conditions on .#¢, ¥ and N were provided. We
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Table 7.2: Properties of the fuzzy approximation operators (apr, apr) on U

Property Definition
Duality D &pEX) = (apr(X-)*
Inclusion (INC)  apr(X) € X and X C apr(X)
X)C Y
Set monotonicity SM) XCvy= g( )< a:pr( )
apr(X) Capr(Y)
Intersection au) apr(X NY) = apr(X) napr(Y)
and union apr(X UY) =apr(X)uapr(Y)
Idempotence (ID) E(E(X N2 E(X )
apr(apr(X)) € apr(X)
Interaction lower (LU)  apr(apr(X)) < apr(X)
and upper apr(apr(X)) 2 apr(X)
Constant set (CS) E(&) =@ and apr(&) = &
Universe (UE) apr(U)=U and apr(U) =U
and empty set apr(@) = ¢ and apr(f) = @
Adjointness (A) apr(X) CY & X Capr(Y)
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prove for the properties of (EN}ﬂ,a_prN)(g) which conditions on the fuzzy neigh-
borhood operator N are necessary and sufficient, given conditions on the fuzzy
logical connectives .¢ and % . This way, the results stated in Proposition[4.7.1] are
extended to the fuzzy setting.

First, we discuss the duality property.

Proposition 7.3.1. Let N be a fuzzy neighborhood operator on U and A4 an
involutive negator. Let .# be an implicator and ¢ the induced conjunctor of .¢
and 4, then the pair (aprN y,a_prN,%) satisfies (D).

Proof. LetX € #(U) and x € U, then

¥ ( inf.# (NGO(Y), W(X(y))))
yeU

= sup.H (# (NG, A X))
ye

= supEN()(¥),X(y))

yeu
= (a_Perg (X)) (x).

(apr (X)) ()

O

Proposition holds when we consider the following fuzzy logical connec-
tives:

e ¢ a IMTL-t-norm, .# its R-implicator and .4 the induced negator of .#,

e 4 an involutive negator, ¢ a t-norm & and .# the S-implicator based on
the A-dual t-conorm of & and the negator A".

Next, the inclusion property is discussed.

Proposition 7.3.2. Let N be a fuzzy neighborhood operator on U, ¢ a border
implicator and %6 a border conjunctor, then the pair (aprN ﬂ,a_prN’%,) satisfies (INC)
if and only if N is reflexive. ’
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Proof. Assume that the pair (aprNﬂ,a_prN}%,) satisfies (INC), then for x € U, it
holds that ’

1=1,(x) < (apry(1,))(x)

= supE(N(x)(¥), 1.(¥))
yeu

= T(N(x)(x),1)
= N(x)(x),

hence, we conclude that N is reflexive.
On the other hand, assume N is reflexive. Let X € #(U) and x € U, then

(@NJ(X))(X) < FN()(x), X (x)) = £(1,X(x)) = X (x),
(@pry  (X))(x) = F(N(x)(x),X(x)) = €(1,X(x)) = X(x).
We conclude that the pair (EN y,a_prN’%;) satisfies (INC). O
In the following, it is verified that the properties (SM) and (IU) always hold.

Proposition 7.3.3. Let N be a fuzzy neighborhood operator on U, .# an implicator
and ¥ a conjunctor, then the pair (aprN ],a_prN’%) satisfies (SM).

Proof. Every implicator .¢ and every conjunctor ¥ is increasing in the second
parameter. O

Proposition 7.3.4. Let N be a fuzzy neighborhood operator on U, .# an implicator
and € a conjunctor, then the pair (aprN qu,a_prl\l,gg) satisfies (IU).

Proof. Since the pair (aprNJ,a_prN’cg) satisfies (SM), it holds for all fuzzy sets
X,Y € Z(U) that ’

@) EN,J xny)c EN,J’ )N EN,&‘(Y)’
(b) apry (X UY) 2apry «(X)Uapry «(Y).

On the other hand, let x € U, then

(apr, (XNY)x) = yilellf]ﬂ(N(X)(y),min(X(y),Y(y)))
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= min(__inf_ SNGGLXG)),
YeU, X(y)<Y(y)

yevu, Yigf)sx(y)y(N(X)(y)’ Y(y)))

> min(yilellf]ﬂ(N(X)(}’),X(}’)),
inf S (N(x)(y), Y ()
yeU
= min(apr, GO, (apr, ,(N)))
= (apr, ,(X)napr, (V))(x).
Similarly, we obtain (apry (X U Y))(x) < (apry «(X) Uapry «(Y))(x). O

Next, we discuss the idempotence property.

Proposition 7.3.5. Let N be a fuzzy neighborhood operator on U and ¥ a left-
continuous t-norm &.

(a) If .# is the R-implicator of &, then the pair (EN y,a_prN’g) satisfies (ID) if
and only if N is J -transitive. ’

(b) If A is an involutive negator and .# is the S-implicator based on the 4"-dual
of 7 and 4, then the pair (aprN ﬂ,a_prN’g) satisfies (ID) if and only if N is
T -transitive. '

Proof. Let T be a left-continuous t-norm and .# its R-implicator. First, assume that
the pair (aprN y,a_prN,g) satisfies (ID). Let x, y € U, then it holds that

(apry # (apry o (1,)))(x) < (apry »(1,))(x),
ie.,
sgg?(N(x)(z), sggy(N(z)(v), 1 (v))) < sggﬂ(N(x)(u), 1,(w)).

By the definition of 1, we obtain that
Sugﬂ(N(X)(Z), N(=)(y)) < NQG)()-
z2€

We conclude that N is & -transitive.
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On the other hand, assume N is & -transitive. For X € % (U) and x € U, it holds
that

(apr, ,())(x) Inf NG, X ()

IA

inf 4 (sup7 (N, N DX ()
= Inf inf(F(N(x)(2),N)()), X(¥))
= inf yirelgﬂ(N(X)(Z),ﬂ(N(Z)(y),X(y)))
= (NGO, inf (NG X ()
= infr(NG)E), apr,, ()
= (apr, ,(apr, CONC).

In a similar way, we can prove that

(apry, 7 (apry, 7 (X)))(x) < (apry, o (X))(x).

The second statement can be proved analogously. O

In the following, we discuss the property (LU).

Proposition 7.3.6. Let N be a fuzzy neighborhood operator on U, ¢ a left-
continuous t-norm J and .# its R-implicator. If N is symmetric, then the pair
(aprN ﬂ,a_prN’g) satisfies (LU) if and only if N is 7 -transitive.

Proof. Assume that N is symmetric and the pair (aprN ﬂ,a_prN’g) satisfies (LU). Let
x,y € U, then |

NG = @yo(1,))(0)
inf.#(N()(), @y 7 (1,))(2)

inf.#(N(x)(2), N(2)(y))-

IA

Hence, by the residuation principle we obtain that for all z € U:

T (N(x)(y), N(x)(2)) < N(2)(y)-
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Since J is commutative and N is symmetric, it holds for z € U that

T (N(2)(x),N(x)(y)) < N(2)(y).

Since x, y and z are chosen arbitrarily, we conclude that N is 7 -transitive.
On the other hand, assume N is symmetric and J -transitive. Note that for a
left-continuous t-norm & and its R-implicator .# it holds that (see [|[137}/138]])

Ya,b,c€[0,1]: T(a, #(b,c)) < £(H£(a,b),c).
Moreover, we have an alternative characterisation for & -transitivity:
Vx,y € U: inf #(N(x)(2), N(2)(y)) = N()()-

Let X € Z(U) and x € U, then

(8P o apr, ,GONG) = sup7 (NG, inf.#(N(y )2), X ()
— " yeu 2€

IA

sup inf7 (N()(), #(N()(),X (2))

yeu 2

sup inf.# (. (NCOO), NOE),X ()
ye

inf.#((inf.# (N(O)(y), N(Y)(2)), X (2))
Z€ yeU

= infs(NE)(),X (@)

= (apr, ,(O)X).

IA

IA

For the other inclusion, let y € U, then

TINEIW), @y, BN = 7 (NGOG, supZ (NG)(), X(2)

= sggﬂ'(N(X)(y),9(N(X)(Z),X(2)))
= supT (T (N(x)(¥),N(x)(2)),X(2))

zeU

= supT (T (N(y)(x),N(x)(2)),X(2))

zeU

< supZ (N(y)(2),X(2))

z€U

= (apry,» (X))
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By this result and the definition of an R-implicator, it holds that

F(N(x)(y), (apry, 7 (X))(¥))
sup{d € [0,1]| Z(N(x)(y),d) < (apry »(X))(¥)}
(apry, 7 (X))(x).

v

Hence, since y was chosen arbitrarily:

@y () < inf NGO, @7 CO)))
= (apr, ,(@pry ;> (X))(x).
We conclude that the pair (EN j,a_prN’g) satisfies (LU). O

The previous proposition does not hold for a left-continuous t-norm and an
S-implicator, as illustrated in the next example:

Example 7.3.7. Let U = {x,y},  the minimum operator, .# the Kleene-Dienes
implicator and N a fuzzy neighborhood operator on U such that

e N(x)(x)=N)y)=1,
e N(x)(¥)=N(y)(x)=0.5,

then N is symmetric and & -transitive. For the fuzzy set X = 0.2/x +0.6/y, we
obtain that apr y(X) =0.2/x +0.5/y and a_prN’g(aprN y(X)) =0.5/x+0.5/y.
Hence, the inclusion |

a_per/‘(gN,y(X)) < gN,ﬂ(X)

does not hold. We conclude that the pair (aprN ﬂ,a_per,) does not satisfy (LU) for
this choice of t-norm and implicator. ’

Next, we study the properties (CS) and (UE).

Proposition 7.3.8. Let N be a fuzzy neighborhood operator on U, .# a border impli-
cator and ¢ a border conjunctor. If N is normalized, then the pair (aprN J,a_prN,%)
satisfies (CS) and (UE). |
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Proof. Let a €[0,1] and x € U. As N is normalized, the fuzzy set N(x) is normal-
ized, hence, there exists y € U such that N(x)(y) = 1. We obtain that

(apr (@))(x) < #(N(x)(y), @) = #(1,a) = a,
(apry,¢(@))(x) = €(N(x)(y), ) = ¢(1,a) = a.
On the other hand, as for all z € U it holds that N(x)(z) < 1, we obtain that
aprNy(&) D @&, since an implicator is decreasing in the first parameter, and
a_prN:%(&) C &, since a conjunctor is increasing in the first parameter. O
Note that the inverse statement of Proposition does not hold.

Example 7.3.9. Let U = {x,, | n € N\ {0}}. For each x,, x,, € U, let

NG () = 1— —,
m

then N is not normalized. Let ¥ be the minimum operator and .¢ the Godel
implicator. We illustrate that the pair (aprN g,a_prN,g) satisfies (CS). Let a € [0, 1]

and x, € U,
(apry o (a))(x,) = sup min(N(x,)(xy), o)
Xm€

= min ( sup N(x,)(x), a)

Xn €U
. 1

= mm( sup (1——), a)
meN\{0} m

= min(l,a)

= a.

Moreover, note that apr y(d) D @, as .# is decreasing in the first parameter. For
a =1, it holds that aprN’y(&) =@, since #(a,1)=1foralla[0,1]. Leta <1

and let m e N\ {0} such that a < 1— n%, then for x, € U,
(apr,(&))(x,) < F(NCx,)(x,,), 0) = a.

Hence, we conclude that the pair (aprN P apry o) satisfies (CS), although the fuzzy
neighborhood operator N is not normalized.
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We study the adjointness property next.

Proposition 7.3.10. Let N be a fuzzy neighborhood operator on U, € a left-
continuous t-norm & and .¢ its R-implicator, then the pair (aprN P apry ) satisfies
(A) if and only if N is symmetric. ’

Proof. Assume that the pair (aprN ],a_prN’g) satisfies (A). Let x,y € U, then for
X =1, and Y = N(x) it holds that

Vz € U: (@pry 5 (0))(2) < V() ¢ ¥z € U: X(2) < (apr, , (Y))),
ie.,

Vz € U: supT (N(2)(v), 1,(v)) < N(x)(2)

velU

S VzeU:1,.(2) < viggﬂ(N(z)(v),N(x)(v)).
By the definition of 1,, we obtain that
VzeU:N(x)2)<N@E@)(x)e=1< 1jglf],ﬁ‘(N(x)(v),N(x)(v)).

Since .# is an R-implicator, the left-hand-side of this equivalence is true, hence, for
y € U we obtain that N(x)(y) < N(y)(x). By changing the roles of the objects x
and y, we obtain in a similar way that N(y)(x) < N(x)(y). We conclude that N is
symmetric.

On the other hand, assume N is symmetric. For X,Y € & (U) it holds that

Wiy, ()Y & Vx,yeU: TN)),X()) < Y(x)
Vx,y € U: 7(X(y),N()(x)) < Y (x)
Vx,y € U: X(y) < S(N()(x), Y (x))
X Capr (V).

t 0¢

We conclude that the pair (aprN ﬂ,a_prN,g) satisfies (A). O

Note that in the proof of Proposition|7.3.10|we explicitly used the residuation
principle. In general, this proposition does not hold for other combinations of &
and .#.
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Example 7.3.11. Let U = {x,y} and N a fuzzy neighborhood operator on U
such that N(x)(x) = N(¥)(y¥) = 1 and N(x)(y) = N(¥)(x) = 0.5, then N is
symmetric. Let 7 be the minimum operator and .# the Kleene-Dienes implicator.
For the fuzzy set X = 0.3/x + 0.4/y, we obtain that @NJ(X) =0.3/x+04/y
and apry »(X) = 0.4/x +0.4/y. Hence, X C @N,y(x), but apry »(X) € X. We
conclude that the pair (@NJ, apry ) does not satisfy (A) for this choice of t-norm
and implicator.

Finally, we discuss the property (NM).

Proposition 7.3.12. Let N be a fuzzy neighborhood operator on U, .# an implicator
and ¥ a conjunctor, then the pair (aprN j,a_prN,%) satisfies (NM).

Proof. Every implicator .# is decreasing in the first parameter and every conjunc-
tor ¥ is decreasing in the second parameter. O

7.4 Conclusions

In this chapter, we have presented a historical overview of fuzzy rough set theory
since the late 1980s. We have introduced an implicator-conjunctor-based fuzzy
rough set model which encapsulates many fuzzy rough set models described in
literature. Moreover, we have studied the properties of this model when a fuzzy
neighborhood operator is considered. We conclude that all properties in Table
are satisfied when ¢ is an IMTL-t-norm &, .# is its R-implicator, 4" is its induced
negator and N is reflexive, symmetric and & -transitive. If we omit the duality
property, it is sufficient that & is left-continuous instead of begin an IMTL-t-norm.
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CHAPTER S

Fuzzy covering-based rough set models

In literature, different models are defined in which a fuzzy covering is used to
describe the indiscernibility between objects. Besides using fuzzy neighborhood
operators based on a fuzzy covering to define the implicator-conjunctor-based fuzzy
rough set model, we can extend the tight and loose granule-based approximation
operators for a fuzzy covering. Fuzzy extensions of the tight covering-based ap-
proximation operators have been studied by Li et al. [[91]], Inuiguchi et al. [[74,/75]]
and Wu et al. [|[168]] which we recall here. Moreover, we introduce two tight fuzzy
covering-based rough set models: one using the theory of representation by levels
introduced by Sanchez et al. [[144]] and one constructed from an intuitive point of
view. In addition, we recall the loose fuzzy covering-based rough set model of Li et
al. [91] and introduce a new loose fuzzy covering-based rough set model using
representation by levels.

For each fuzzy covering-based rough set model we study in Sections[8.1]and
which properties of Pawlak’s rough set model are maintained. From Table [4.5|we
obtain that the pair of tight granule-based approximation operators satisfies the
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properties (D), (INC), (SM), (ID) and (UE) for a crisp covering. Hence, given a fuzzy
covering, we study whether the fuzzy extensions of these approximation operators
satisfy the properties (D), (INC), (SM), (ID), (CS) and (UE). Moreover, the pair of
loose granule-based approximation operators satisfies the properties (D), (INC),
(SM), (IU), (UE), (A) and (CM). Thus, for the fuzzy extensions of these approxi-
mation operators we will study the properties (D), (INC), (SM), (IU), (CS), (UE),
(A) and (CM) for a fuzzy covering. To this aim, we do not consider the property
(NM) given in Eq. (7.6), but instead we study the property of covering monotonicity.

In addition, in Chapter[4]it is shown that the pair of loose granule-based approx-
imation operators coincides with a pair of element-based approximation operators.
We will show that this result is maintained in the fuzzy setting.

Furthermore, in Section we will discuss partial order relations with re-
spect to < between fuzzy covering-based approximation operators. Let apr; and
apr, be fuzzy approximation operators, then we write apr; < apr, if and only

if VX € U: apry(X) € apr,(X). Given two pairs of dual fuzzy approximation
operators (aprl,a_prl) and (aprz,a_prz), then we will write

(apr,, &PF,) < (apr, 3PE,) < VX € F(U): apr, (X) € apr, (X)
S VX € F(U): BEX) € 3pF ().

When (a_prl,a_prl) < (Ez,a_prz), we say that the pair (Ez,a_prz) yields more
accurate approximations than the pair (@1,a_prl).

We will discuss the comparability of the IC model defined with the 17 fuzzy
neighborhood operators discussed in Chapter [6]to the fuzzy covering-based ap-
proximation operators studied in Sections[8.T]and

To end, we will state conclusions and future work objectives in Section
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8.1 Fuzzy extensions of tight granule-based approx-

imation operators

In this section, we study five fuzzy covering-based rough set models which all
extend the tight granule-based approximation operators defined in Egs. (2.19) and

(2.20) to the fuzzy setting.

8.1.1 Model of Li et al.

The first fuzzy covering-based rough set model we discuss was introduced by Li et
al. [91]].

Definition 8.1.1. [91]] Let (U, C) be a fuzzy covering approximation space, J a
t-norm and .# an implicator, then the pair of fuzzy covering-based approximation
operators (@C’th’y,a—mau, 7. ) is defined as follows: let X € #(U) and x € U,

(@ZCL.? ,)(x) = supZ(K(x), inf #(K(y),X(y))),
SLLT KeC yeu

@PTey5, 0N = infSK(0),supT (K(),X()):
€ yeu

This model was proposed by the authors as a more general model than the
models discussed in [|18}36]], where a fuzzy covering related with a fuzzy relation
was used. The properties of this model are given in the following proposition.

Proposition 8.1.2. Let (U, C) be a fuzzy covering approximation space, 7 a t-norm
and .¢ an implicator.

e The pair (apl‘;C Lo y’a_Pr?c Li7 ¢ ) satisfies (D) with respect to the involutive
—C,Li,7, sLL,
negator A if 7 is an IMTL-t-norm, .# is its R-implicator and .4 equals the
negator induced by .#.

e The pair (@C,Li,?,ﬂ’ apIe ;. ) satisfies (D) with respect to the involutive
negator A if .# is the S-implicator with respect to the t-conorm % and the
negator .4, where & is the A-dual of 7.



216 Chapter 8. Fuzzy covering-based rough set models

e The pair (@c,u,y,y’a_pr@ii, 7.¢) satisfies (INC) if 7 is left-continuous and
# is its R-implicator.

)

e The pair (Ec,u,y,y’ apre ;o ) satisfies (SM).

e The pair (@c,m,y,y’ apre ;o j) satisfies (ID) if & is left-continuous and .#
is its R-implicator.

)

e The pair (a_prC’Li)gJ,a_m;c’Lm, ) satisfies (CS) and (UE) if 7 is left-continuous

and .# is its R-implicator.

Proof. The properties (D), (INC), (SM) and (ID) were proven in [91]]. We prove the
last statement. Let 7 be a left-continuous t-norm, .# its R-implicator and a € [0, 1].
Since the inclusion property holds, it is sufficient to prove that & C apr:C Lo y(&)
and a_pr;C 1i74(@) € a. Let x € U and let K* € C such that K*(x) = 1, then

(apr

N 2 TG0, nf K (1), @)

= 71, inf #(K*(y),a))
yeU
= inf#(K*(y),a)
yeu
> inf.9(1,a)
yeu
= a’

where we have used that K*(y) < 1 for all y € U. The proof for the inclusion
a_pr;C iz (@) € & is analogous. O

Note that for the properties (INC), (ID), (CS) and (UE) it is essential to consider
a left-continuous t-norm and its R-implicator, as illustrated in the next example.

Example 8.1.3. Let U = {x,y} and C = {K;,K,,K3} with K; = 1/x +0.4/y,
K,=0.4/x+1/y and K3 =0.2/x +0.7/y. Let 7 be the minimum operator and
# the Kleene-Dienes implicator, then for X = U it holds that

5

apre ;5 ,(X)=0.8/x+0.7/y.

Hence, X ¢ apt,.,; , ,(X). Thus, (INC), (UE) and (CS) do not hold.
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On the other hand, let C = {K;,K,, K3} withK; = 1/x+1/y,K, =0.4/x+0.4/y
and K3 =0.2/x 4+ 0.7/y and consider the product t-norm and the S-implicator .#
based on the probabilistic sum and the standard negator, i.e., .#(a,b) =1—a+a-b
fora,b €[0,1]. ForX = 0.6/x+1/y it holds that @;c,u,g,y(x) =0.6/x+0.644/y

and apr (apr (X))=0.6/x +0.6/y. Hence, the inclusion

—C)Li,7,¥ —C,Li,7,%

(apr, (X))

—C,Li,7,#

(X)<cap

CL?J CL?J

does not hold, thus, the property (ID) is not satisfied.

8.1.2 Model of Inuiguchi et al.

Next, we study the model of Inuiguchi et al. [[74,|75]. They used the follow-
ing logical connective: let .# be an implicator, then the fuzzy logical connective
E[#£]:[0,1]1x[0,1]— [0,1] is defined by

Va,be[0,1]: E[#](a,b) =inf{c €[0,1] | #(a,c) > b}.

The connective £[.#] is a conjunctor if Ya € [0,1): E[£](1,a) < 1 (see [[74]). We
will assume that this always holds.

Furthermore, when .# is upper semi-continuous, i.e., .# is left-continuous in the
first parameter and right-continuousﬂin the second, then the following equivalence
holds [75]:

Va,b,c €[0,1]: £[.#](a,b) < c & #(a,c) = b.

The model of Inuiguchi et al. is given in the following definition:

Definition 8.1.4. [74,75]] Let (U, C) be a fuzzy covering approximation space, .#
an upper semi-continuous implicator and .4 an involutive negator, then the pair
of fuzzy covering-based approximation operators (@C’In o ﬁc In,# Jv) is defined
as follows: let X € Z(U) and x € U,

(apr_  (X))(x)

apr, supE[.#1(K(x), inf #(K(y), X)),

(apr, (X)) (x).

(@PTe o KD)(X) apr. .,

5The definition of right-continuity is very similar to the definition of left-continuity presented in
Eq. 1i only c is taken in the open interval (a,a + §) instead of the interval (a — &, a).
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In [[74] and [75], a collection & C £ (U) was used to define the operators.
However, we will always assume that the collection & is a fuzzy covering. Next,
we study the properties of this fuzzy covering-based rough set model.

Proposition 8.1.5. Let (U,C) be a fuzzy covering approximation space, .# an

upper semi-continuous implicator and .4 an involutive negator.

e The pair (E;C’In’y,a_prc,m’ ». ) satisties (D) with respect to A
e The pair (@C’In’y,a_pr(c}m, s, W) satisfies (INC), (SM), (ID) and (UE).

e The pair (Ec,m,y’a_m@n, s, ) satisfies (CS) if .# is a border implicator.

Proof. The properties (D), (INC), (SM), (ID) and (UE) were proven in [|74}/75]].
We prove the last statement. Let .# be an upper semi-continuous border implicator,
A an involutive negator and a € [0, 1]. We will prove @;c,m,y(&) = @, as the
statement for the upper approximation operator follows by duality. Since (INC)
holds, it holds that ELC’IDJ(&) C @&. For the other inclusion, let x € U and K* € C
such that K*(x) =1, then

(apr.  (&))(x)

C,In,.#

v

ELIIK (), inf A (K (), 1)

= i[ﬂ](l,yirellf]ﬂ(K*(y),a))

= inflc € [0,1]] #(1,0) = inf #(K*(7), @)}
Y&

inf{c €[0,1]|c> ;rel[fjﬂ(K*(y), a)}

inf £(K*(y), a)
yeu

> inf4(1,a)
yeu

= Q.

5

We conclude that the pair (EC,In,J’ apre 4 w) satisfies (CS). O

8.1.3 Model of Wu et al.

The following model we discuss was introduced by Wu et al. [[168]]. It is inspired
by the use of weak a-level sets for K € C.
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Definition 8.1.6. [|168]] Let (U, C) be a fuzzy covering approximation space, then
the pair (apr o 2PT CWu) of fuzzy covering-based approximation operators is
defined as follows: let X € & (U)and x € U,

(apry , C)x) = supinflX(y) |K(y) 2 K(x),y €U},
(BT, N0 = jnf sup{X(y) [K() 2 K(x), y €U).

Note that this model does not use fuzzy logical connectives. We discuss its
properties in the following proposition.

Proposition 8.1.7. Let (U, C) be a fuzzy covering approximation space.

e The pair (apr;C e apr;C wy) satisfies (D) with respect to an involutive nega-
——C,Wu >
tor A

e The pair (apr W’ CWH) satisfies (INC), (SM), (ID), (CS) and (UE).

Proof. In [|168]], the properties (INC), (SM), (ID) and (UE) are proven. Moreover,
it was proven that (D) is satisfied with respect to the standard negator. However,
as every involutive negator 4 is continuous [[4]], it holds for every X € Z(U) and
x € U that
(@b, K) = o (supinf A KON 1K) = K,y €U}
—=C KeC
= Inf A (Inf{ A X)) [K(y) = K(x),y €U}
= IgggSUP{X(y) |K(y) = K(x),y € U}

To prove that the pair (apr ey APTe Wu) satisfies (CS), leta €[0,1]and x € U,
then ’

(apr . (@)(0)

supinf{a | K(y) = K(x),y € U}
KeC

= Q.

The equality a_pr;C wu(@) = @& can be proven similarly. O
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Note that in [|168]], it is stated that (apr cw p CWu ) also satisfies (IU). However,
) u’
this is not correct, as illustrated in the next example.

Example 8.1.8. Let U = {x,y,2} and C = {K;,K,} withK; =1/x+0.7/y +1/z
and K, =0.8/x +1/y + 1/z. Consider the fuzzy sets X = 0.6/x +0/y +0.3/z and
Y =0.2/x+0.8/y+0.4/z,thenXNY =0.2/x +0/y + 0.3/z when the minimum
operator is considered. We obtain that

(@C,WU(X) N a_prC)Wu(Y))(z) =min(0.3,0.4) = 0.3,

but (@;C WH(X NY))(z) = 0.2. Hence, we conclude that the (IU) property does not
hold.

8.1.4 Model induced by the theory of representation by levels

A possible way to construct a fuzzy extension of the crisp operator apr;C is to
apply the technique of representation by levels stated in Section Note that we
assume U and C to be finite, in order to induce a finite set of levels.

Definition 8.1.9. Let (U,C) be a fuzzy covering approximation space with U
and C finite and X € & (U). The fuzzy set apr;C RBL(X ) is represented by the RL
(Aapr' x)>» papr' (X))> with

——C,RBL ——C,RBL

Aalpr x = AXUAC={al,az,...,am},meN\{O}

——C,RBL

Papr 0(@) = [ JIK, K €C,K, CX,},

forall a € /\apr
compute the fuzzy summary:

(apr,  (X))(x)= Z (@ —ap),

{a; €A,

00" To obtain the membership degree of x in apr;C RBL(X ), we

C RBL
apr (x)' Papr,., RBL(X)(ai)}

where we have ranked the elements of A 0038 follows:

apr
l=a;>0y>...>0a,>a,.;=0.
The upper approximation operator apr, py, is obtained in a similar way, by taking

Pty 00)(8) = 0(Papr  (cotx)
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for each a € Aapr x)-
——C,RBL

It is clear that for a crisp set X and a crisp covering C, the pair of tight granule-
based approximation operators (E?C,a_przc) is obtained. Due to Proposition
this model satisfies all properties.

Proposition 8.1.10. Let (U, C) be a fuzzy covering approximation space with U
and C finite.

o The pair (apr C RBL aprg, RBL) satisfies (D) with respect to an involutive nega-

tor A.
e The pair (apr CRBL) satisfies (INC), (SM), (ID), (CS) and (UE).
Proof. This follows immediately from Proposition [5.4.1 O

8.1.5 Model of intuitive extension

The final model extending the tight covering-based approximation operators we
discuss is an intuitive extension of the crisp case. The lower approximation operator
is obtained by replacing the union by the supremum, and by taking the membership
degrees of x into account.

Definition 8.1.11. Let (U, C) be a fuzzy covering approximation space and 4" an
involutive negator then the pair of fuzzy covering-based approximation operators

(apr(cI o apr InExw) is defined as follows: let X € Z(U) and x € U,

(apr, CO)x) = sup{K(x)|K S X},
KeC

(BPT ¢ gy ) (X) (apr,

XN 0.

——C,In,.#

It is clear that for a crisp covering C and a crisp set X the tight granule-based
approximation operators (@;C,a_pfc) are obtained. A drawback of this model is
that it is quite extreme: if for each K € C it holds that K ¢ X for a given X € Z(U),
then EZC’IHEX(X ) = 0. In the following proposition, we discuss the properties of
this model.
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Proposition 8.1.12. Let (U, C) be a fuzzy covering approximation space and A
an involutive negator.

e The pair (@C’IHEX, ET ) satisfies (D) with respect to A

e The pair (E;c,mEx’a_mCJnEx, Jv) satisfies (INC), (SM), (ID) and (UE).

Proof. The duality property follows immediately by definition. Hence, we only
discuss the other properties for the lower fuzzy approximation operator E;C,InEx' It
is clear that VX € & (U) it holds that @;C’IHEX(X ) € X, thus, (INC) holds. Moreover,
for X,Y € Z(U) with X C Y, it holds that @‘;C’IHEX(X) c E;c,mx(y)' Hence, (SM)
is satisfied. In addition, (ID) is satisfied since for all K € C and X € & (U) it holds
that K C E;c,lnEx(X ) if and only if K € X. To end, for x € U it holds that

e (apr. _ (9))(x)=sup@=0,

——C,InEx KeC

. (@;c,anx(U))(x) = sup K(x)=1.

We conclude that the pair (@cgnﬁx’a—m@ﬂx; ) satisfies (UE). O
Note that this model does not satisfy (CS) as illustrated in the next example.

Example 8.1.13. Let U = {x,y} and C = {K;,K,} with K; = 1/x + 0.3/y and
K, =0.3/x+1/y, and let a = 0.4. The inclusions K; € & and K, € & do not hold.

Hence, (apr;C nEX(ét))(x) = 0. We conclude that the property (CS) is not satisfied.

N

8.2 Fuzzy extensions of loose granule-based approx-

imation operators

Before discussing different models extending the loose covering-based approxima-

tion operators defined in Egs. (2.21) and (2.22), we recall Proposition for

a crisp covering C it holds that the pair of approximation operators (Eé,a_prfc)
equals the pair of operators (ENf,a_me). This follows from a result concerning
crisp approximation operators which has been obtained by Yao in [|[179]]. A similar
result for fuzzy approximation operators is given by Wu et al. [[169].
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Proposition 8.2.1. [169]] Let H: Z(U) — Z(U) be a mapping and & a left-
continuous t-norm. The operator H satisfies the following axioms:

(U1) VX eZ(U),Yae[0,1]: H@&Ny X)=an, HX),

(U2) VX;eZU),jel:H (UXJ) = JHx)),
jeJ jeJ
if and only if there exists a fuzzy relation R on U such that H = apry 5.
Hence, if an operator on & (U) satisfies the axioms (U1) and (U2), then it is
equivalent to a fuzzy element-based upper approximation operator on U. Moreover,
the fuzzy relation R mentioned in the above proposition is defined by

Vx,y € U:R(x,y) = (H(1,))(¥). (8.1

8.2.1 Model of Li et al.

Besides defining a fuzzy extension of the tight covering-based approximation oper-
ators, Li et al. defined a fuzzy extension of the loose covering-based approximation
operators.

Definition 8.2.2. [91]] Let (U, C) be a fuzzy covering approximation space, J a
t-norm and .¢ an implicator, then the pair of fuzzy covering-based approximation
operators (apr:C Lij,a_prrc 1i7) is defined as follows: let X € #(U) and x € U,

(apr, () = info(K(x), inf SK(.XG),

——C,Li,.#
(@PTe; o (X))(x) supZ (K (x),sup7 (K(y), X (¥)))-
KeC yeu

We prove that the upper approximation operator of this model is equivalent to
an element-based one, when a left-continuous t-norm is taken into consideration.

Proposition 8.2.3. Let (U, C) be a fuzzy covering approximation space and 7 a
left-continuous t-norm, then

aple ;o = APINC 7>

where N, f is defined with respect to 7.
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Proof. In [91] it is proven that a_pr:C Lio satisfies axiom (U2). Moreover, we have
forae[0,1],X € Z(U) and x € U that

supZ (K (x),sup7 (K(y), 7 (., X(y))))
KeC yeu

= sup sup7 (K(x),7(K(y), 7 (a,X(¥))))

KeC yeU

= sup supZ(a, 7 (K(x),7(K(y),X(¥))))
KeC yeU

= J(a,supT (K(x),supZ (K(y),X(¥))))
KeC yeu

(@Pre ;. (& Ny X))(x)

= 7(a @PL,,; , X))
= (&N, apL,,, (X))

hence, a_pr;: 11 satisfies axiom (U1). By Proposition , a_pr; Lio is equivalent
with a fuzzy relation-based upper approximation operator. This fuzzy relation R is
defined by, for x,y € U,

R(x,y) = @y, (1))
= supT (K(y),sup7 (K(2), 1(=)

KeC Z
= supZ(K(y),K(x))
KeC

= supZ (K(x),K(y))
KeC

= Ny()O)

thus, we conclude that apr.;; , = apry » = apIyc o O

The properties of (Ec,u,y’a_prﬁﬁ, ) are given in the proposition below.

Proposition 8.2.4. Let (U, C) be a fuzzy covering approximation space, J a t-norm
and ¢ an implicator.

»

e The pair (apr; y ﬂ,a_prc 1i.7) satisfies (D) with respect to the involutive nega-
——C,Li,. >l
tor A if 7 is an IMTL-t-norm, .¢# is its R-implicator and .4 equals the negator
induced by .#.

e The pair (apr:C - y,a_Pr:C 1i.7) satisfies (D) with respect to the involutive nega-
tor A if £ is the S-implicator with respect to the t-conorm &% and the
negator .4, where & is the A'-dual of 7.
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e The pair (E;:,Li,y’a_m;,m,ﬂ) satisfies (INC) if .# is a border implicator.

e The pair (Ez’c’u’j,a—pré’m’g) satisfies (SM) and (IU).

»

e The pair (@:c,u,y’ apr; ) satisfies (CS) if . is a border implicator.

o The pair (@C’m,y,a—prc,u’g) satisfies (UE).

e The pair (@C,U,y,aprﬂu,g) satisfies (A) if 7 is a left-continuous t-norm
and ¢ is its R-implicator.

e The pair (@Qu,y’a_m@,ﬁﬂ) satisfies (CM).

Proof. To prove that (@;’Li,y,a_m‘L’Li’g) satisfies (A), let X and Y be fuzzy sets, 7
a left-continuous t-norm and .# its R-implicator. We have

B, () C ¥

Vx € U: supZ (K(x),supT (K(y),X(y))) <Y(x)
KeC yeu

VxeU,VYK €C: T(supT (K(y),X(¥)),K(x)) <Y(x)
yeUu

Vx € U,VK € C: supZ (K(y),X(y)) < #(K(x),Y(x))

yeU
VxeU,VKeC,VyeU: T(K(y),X(y)) < #(K(x),Y(x))

VKeCVyeU: TX(y),K(y)) < ig{f]ﬂ(K(x),Y(x))
VKeC\VyeU: X(y)< J(K(y),;lellfjﬂ(K(x),Y(x)))
VyeU:X(y) < Igfel{:ﬂ(K(y),;glf]f(K(X), Y(x)))

L.

S A A

X C apr7

g
- —=C|Li,

)

To prove (CM), let C,C’ be two fuzzy coverings of U such that C T C’. For
K € C, denote Ly € C’ such that K C Lg. We prove the monotonicity for the upper
approximation operator, for the lower approximation operator the proof is similar.
LletX e Z(U)and x €U,

(BT O = 5UpT (KCx), 5up7 (K (), X (1))

KeC y
SUpg(LK(X), Supg(LK(J’):X(J’)))
KeC yeu

IA
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< supZ(L(x),supZ (L(y),X(y)))
LeC yeu
= (BT, X))
The other properties are proven in [91]]. O

From the above proposition, we obtain that the equality

apr

= apr
——CLi,# iNf

I

holds by duality if & is an IMTL-t-norm with .# its R-implicator, or .# is defined
using the A-dual t-conorm & of the left-continuous t-norm . Moreover, note
the resemblance between Proposition[8.2.4and the results obtained in Section[7.3]
as N, f is a reflexive and symmetric fuzzy neighborhood operator.

8.2.2 Model induced by the theory of representation by levels

Another possible fuzzy extension of the loose covering-based approximation opera-
tors is constructed using representation by levels.

Definition 8.2.5. Let (U,C) be a fuzzy covering approximation space with U
and C finite and X € Z(U). The fuzzy set a_pr:C rp(X) is represented by the RL

(AT, 0002 T, gy 000> WitH

A, o = MxUAc= {ag,ay,...,0,}, meN\{0},
me;,RBL(X)(a) = U{KU‘ | KeC, KO‘ nXa # 0}’
forall a € AaTJr;: (0 To obtain the membership degree of x in a_plr:C rp (X)), we

compute the fuzzy summary:

(@PT . gy (X))(x) = >, (@ —ap),
{aieArP’;:,RBL(X) lxePrP';:,RBL(X)(ai)}

where we have ranked the elements of Az () as follows:

l=a1>0y>...> 0, >a,,1=0.
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The lower approximation operator apr; REL is obtained in a similar way, by taking

pﬂz’:,RBL(X)(a) = CO(PTW;’;RBL(CO(X))(CX))

foreach a € g ()-
RBL

Since the crisp representatives of the upper approximation operator are nested,
we have the following characterization for the fuzzy upper approximation operator

apIc ppy -

Proposition 8.2.6. Let (U,C) be a fuzzy covering approximation space with U
and C finite, X € Z(U) and x € U. Let 1 < k < m such that

ar = max{ae AﬁL,RBL(X) | x € meL,RBL(X)(a)}’

then (@PT . gy, (X))(x) = ay.

C,RB

be levels in Aa—pr“C ) With >y and assume y € Papt. x)(B), then
JRBL ,RBL

Proof. We first prove that apr. p, (X) is represented by nested levels. Let 3 and y

ye U{Kﬁ |K € C,Ky NXp # 0}

Let K € C be such that y € Ky and Kg N Xy # 0. Since K(y) 2 B > v, y €K,.
Furthermore, K, NX, 2 Kg NXp # 0. Hence, y € paT)rL,RBL(X)(Y) and thus, the crisp

representation of a_pr:C rpr(X) are nested. Therefore, we obtain for x € U that

(B, )
= (ak - ak+1) + (ak+1 - ak+2) +...+ (amfl - am) + (am - 0)
= Q.

O

Similarly as with the fuzzy loose upper approximation operator of Li et al., the
upper approximation operator of this model is equivalent with an element-based
one, when the minimum t-norm is considered.
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Proposition 8.2.7. Let (U, C) be a fuzzy covering approximation space with U
and C finite and &, the minimum t-norm, then

apI gy, = aPIyC

4,min

3T

c
where N 4 min

mum t-norm.

denotes the fuzzy neighborhood operator N, f defined using the mini-

Proof. By Proposition , a_pl‘;: qpy, Satisfies axiom (U1) with respect to 7, and
axiom (U2), since for a crisp covering C, a_pr:C satisfies the crisp equivalents of

axioms (U1) and (U2). Furthermore, by Proposition it holds for x, y € U that

Rix,y) = max{a€Agz )|y €pgr (@)}
= max{a € Aa—prém(lx) |IK € C: K(y) = a AK(x) > a}

= max{a € Agse (1) | supmin(K(y),K(x)) > a}
CRBLUY) e
= supmin(K(y),K(x))
KeC

= supmin(K(x),K(y))
KeC
= NCW(O)
Thus, we conclude that a_pr:C RpL = aPIR g, = apIyc

4,min

ng. D

»

Corollary 8.2.8. When the minimum operator is used to define Nf and aprg. i; 5,
it holds that a_prjc’u, 7= a_pr;’RBL. If another left-continuous t-norm & is used, we
obtain that (a_pré’Liﬂ(X N) < (a_pr;c’RBL(X ))(x) for each X € Z(U) and x € U, as
the minimum operator is the largest t-norm.

Note that ﬁé,RBL does not satisfy axiom (Ul) with respect to every left-
continuous t-norm, as illustrated in the next example.

Example 8.2.9. Let U = {x,y} and C = {K;,K,} with K; = 1/x + 0.3/y and
K, =0.8/x+1/y.LetX =0.7/x+0.8/y and Y = 0.8/x + 0.4/y be fuzzy sets
in U and let 7, be the product t-norm. Then

(@PT e s (X) N, BPT gy (Y))(x) = 0.8 0.8 = 0.64

»

and a_prC,RBL(X Ng, Y)(x)=0.56.
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Let A be an involutive negator, from the above proposition and Proposi-
. . ” _ . —_ C
tion , we derive that apr ., =apr with N = N . and

VYa,b €[0,1]: #(a,b) = A (min(a, &/ (b))).
To end this section, we discuss the properties of this model.

Proposition 8.2.10. Let (U, C) be a fuzzy covering approximation space with U
and C finite.

e The pair (aprC’RBL, aprC’RBL) satisfies (D) with respect to an involutive nega-
tor A

e The pair (apr:C RBL,a_prfC,RBL) satisfies (INC), (SM), (IU), (CS), (UE), (A) and
(CM). ’

Proof. Follows immediately from Proposition [5.4.1] O

In the next section, we study equalities and partial order relations with respect
to < between the different fuzzy covering-based rough set models presented in
Sections|8.1|and 8.2/ and the IC model defined with different fuzzy neighborhood
operators presented in Chapter [6]

8.3 Hasse diagram of fuzzy covering-based approxi-

mation operators

Let (U, C) be a fuzzy covering approximation space with U and C finite,  an
IMTL-t-norm, .# its R-implicator and .#" the induced negator of .#¢. These parame-
ters will be used for all the fuzzy neighborhood operators and fuzzy covering-based
approximation operators we consider in this section. We will use an IMTL-t-norm
to guarantee the duality property such that we only need to discuss partial order
relations between the lower approximation operators. Moreover, since the fuzzy
covering C is finite, 7 is left-continuous and .# is its R-implicator, the results ob-
tained in Figure are valid. Furthermore, some results presented in this section
make use of the properties of an IMTL-t-norm, its R-implicator and the induced
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negator which is involutive.

First, we discuss possible equalities between different models. In Chapter|[6] 17
groups of fuzzy neighborhood operators are discussed. It is trivial to see that two
equal fuzzy neighborhood operators yield the same pair of fuzzy neighborhoood-

based approximation operators, i.e.,
— N’ — _ —
N=N'= (aprN,y, apry ) = (aprN,J, apry 7).
Moreover, the inverse implication holds:

Proposition 8.3.1. Let N and N’ be two fuzzy neighborhood operators on U, then
N = N’ if and only if (aprN ],a_prN,g) = (aprN,ﬂ,a_prN’)g).

Proof. If N =N/, then (aprN y,a_prN)g) = (aprN,y,a_perg) holds trivially. On the
other hand, let (aprN ﬂ,a_prNjg) = (aprN, ﬂ,a_prN,:g) and let x,y € U, then

(apry,7(1,))(x) = (apry, »(1,))(x)
= FN)(y),D=TN'(x)(¥),1)
= N()(»)=N)W)-

We conclude that N = N’. O

Hence, the 17 groups of fuzzy neighborhood operators discussed in Chapter [6]
induce 17 different pairs of fuzzy neighborhood-based approximation operators

(apr, ,»a@pTy,z)-

Next, given the IMTL-t-norm & and its R-implicator .#, it holds that the tight
granule-based model of Inuiguichi et al. defined in Definition coincides with
the tight granule-based model of Li et al. defined in Definition

Proposition 8.3.2. Let (U, C) be a fuzzy covering approximation space with U
and C finite, 7 an IMTL-t-norm and .# its R-implicator, then

)

apr a
(itc,m,y,y’

)

Trc,m,g,y) = (Ec,m, Py aprC,In,ﬂ,ﬂ)‘
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Proof. For every left-continuous t-norm Z it holds that £[.¢] = & when we con-
sider its R-implicator: let a, b € [0, 1], then

€[#1(a,b) = inf{c€[0,1]]#(a,c)= b}
= inf{c€[0,1]|Z(a,b) <c}
= Z(a,b),
by the residuation principle. Hence, L The other equality
follows by duality with respect to the negator .4 induced by .#. O

Finally, recall that for an IMTL-t-norm & and its R-implicator .# it holds

that (aprC,Lm,aprC,Li,y) = (a_me’j,aper,g) (see Proposition [8.2.3)). Proposi-

tion |8.2.10| for the pair (@;,%L’a_pr;lRBL) is not applicable, as the minimum
operator is not an IMTL-t-norm. Hence, we will consider 22 different pairs of fuzzy
covering-based approximation operators, presented in Table

Next, we want to establish the Hasse diagram of the 22 lower fuzzy covering-
based approximation operators with respect to the partial order < on approximation
operators. Since all pairs in Table are dual, the Hasse diagram for the upper
fuzzy covering-based approximation operators with respect to < is immediately
obtained from the Hasse diagram of the lower approximation operators.

The partial order relations of the first 17 lower approximation operators follows
immediately from the results obtained in Figure|6.2} since the following proposition
holds:

Proposition 8.3.3. Let N and N’ be two fuzzy neighborhood operators on U, then
N <N'if and only if (apr ,apry,7) < (apr, 3Ty 7)-

Proof. Let N X N’, then (aprN,j,a_prNﬂ) < (aprN y,a_prN,g) since the neighbor-
hood monotonicity property is satisfied. On the other hand, if

(apr,, ,»3PIy,7) < (apr, .3pTy 7),
then for x, y € U it holds that:

N(x)(y) = (@pty #(1,))(x) < (@PTy 7 (1,))(x) = N'(x)(¥).
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Table 8.1: Fuzzy covering-based rough set models in the fuzzy covering approxi-
mation space (U, C) with U and C finite,  an IMTL-t-norm, .# its R-implicator
and A the induced negator

No. N Pairs | No. N Pairs
1 al (a_per, »apIye ), 11 i (a_per apry, < )
(a_PrNcl ,apry < g)’ 12 7 (a_PrNc’ :aPrN‘C 7)
(@’N;cs apry 3 9), (@’ch apry, C2 g-)’
(a_prNcﬁ »aTyen ) (apr, < g aprNCn 7)
2 a2 (@NQ »PTycs ) (apr i P 7)
b (a_prNC3 ,apry, < 9) 13 Jo (a_prNCz apry, < 7)

4 < (a_prNC’ ,aprch;), 14 k (a_per »PTyes )
(@Ncl apr,, < ) | 15 l (a_prNC4 apry, <4 )
5 d (a_prNCl apry, < 9) 16 m (a_prNC4 apry, c g)

6 e (ENZC” " ,apIy cn ) | 17 NiCMa (apr < JJ,aPerW,y)

7 h (a_PrNéc ,apIye ), | 18 (aprCL 7. T;cuf/y)’
(apr, P »apIycs ) (aprCI 42 3P~ Clnﬂﬂ)
(apr o g0 ,apry Cn )| 19 (apr Tc w)

8 fa (a_perz »apry, 2.7 ) | 20 (aprc RBL’ TC o)

9 g (a_prNCS »@PIycs ) |21 (aprCI mx 2PT CIHEXJ‘/)

10 h (@Ncl apr clg) 22 (apr(CRB TC,RBL)
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We conclude that N < N’. O

From the previous proposition we obtain that smaller fuzzy neighborhood
operators yield more accurate fuzzy neighborhood-based approximation operators,
i.e., they yield larger lower approximations and smaller upper approximations.
Hence, the Hasse diagram for the lower approximation operators of pairs 1 — 17 in
Table [8.1] can be found in Figure[8.1

We now want to add the four fuzzy-covering based tight lower approximation
operators to Figure[8.1] First, note that the following partial order relations between
the four tight lower approximation operators hold:

Proposition 8.3.4. Let (U, C) be a fuzzy covering approximation space with U
and C finite, then

a) apr < apr
(@) i(C,InEx iC,RBL’

b r <apr
(b) E(C,RBL _EC,Wu’

(©) apr <apr

< ) for a left-continuous t-norm and its R-implicator,
— C,InEx = —C,Li,7,¢

(d) apr7 < aprzc W for a left-continuous t-norm and its R-implicator.
,Wu

L coLge T =

Proof. LetX € Z(U)and x € U.

(a) If there is no K € C with K C X, then apr:CI , (X) = 0, thus the inclusion
holds. ’

On the other hand, take K € C with K € X, then for all @ € [0, 1], K, € X,,.

We need to prove that K(x) < (glc RBL(X))(x).

If K(x) = 0, then the inclusion holds, so assume K(x) = y with y # 0. For all
a <y it holds that K(x) = a, hence x € K,,. Since K, € X, we obtain that
X € p@;c,m(x)(a)'

Let A@}c,m(x) = {ay,ay,...,a,} with a; > a;,; forall 1 < i < m and
Qi1 =0.Since K(x) =7,y € AE:C,RBL(X)' Therefore, there existsal <i <m
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15 14

Figure 8.1: Hasse diagram of the first 17 fuzzy covering-based lower approximation
operators presented in Table [8.1|for the fuzzy covering approximation space (U, C)
with C finite,  an IMTL-t-norm and .# its R-implicator
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(b)

such that y = a;. By the fact that x € p,,» (x)(a) for all @ < y and the
——C,RBL
definition of fuzzy summary, we obtain that

(apr oy G

= (aj—ag) + (o —ap) +. o+ (@ — apg)
= a;
Therefore, K(x) < (a_prC,RBL(X ))(x), and thus,
(apr, . GO < Gapr - ().

If there isno a € A x) such that x € p,,r  (xy(a), then
BL X CRBL

apr’
aPTe gy

(apr . CO)(x) =0

and thus, (@;C’RBL(X))(X) < (@;c,Wu(X))(X)'

On the other hand, let a* € A,
C,|

x) be the largest level such that x
belongs t0 pa,  (x)(a*). We will prove that (apr’C RBL(X N(x) < a* and
o < (apr_, CO)x).

For the first inequality, note that (apr;C RBL(X ))(x) reaches its maximum if
X € papr (y(a) foralla < a’, ie., if x is in all crisp representatives for
——C,RBL

the levels a < a*. Denote A o) = {ag,ay,...,a,} with a; > a;4 for
BL

apr’
Pr

all1 <i<mand a,,;; =0. Then there exists a 1 < i < m such that a* = a;.
Hence,

(apr. (X))(x)

C,RBL
(ai— 1) + (s — o)+ + (g — Apyr)
= a’.

For the second inequality, since x € p,,y  (x)(a®), there exists a K* € C
——C,RBL
with K, € X,. and x € K.. Moreover, for every y € U with K*(y) = K*(x),
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it holds that y € K., and thus y € X,,.. Therefore,

vV

(apr., CON0)
>

InfAX(Y) 1 K*(y) 2 K*(x)}
inf{a” [K(y) 2 K"(x)}

.

We conclude that (EZC,RBL(X N(x) < (a_m;C’Wu(X N(x).

(c) Let 7 be left-continuous and .# its R-implicator. Define the set

C'={KeC|KCX}CC,

then for all K € C’ it holds that irellf]ﬂ(K(y),X(y)) =1 (see [[158]]). Therefore,
¥

we obtain for x € U that

(apr, (O)(x)

——C,Li,7,#

v

We conclude that (g;C,InEX(X N(x) < (E1

supJ (K(x), inf #(K(y),X(¥)))
KeC’ yeu

supT (K(x),1)

KeC’

sup{K(x) | K € C’}
sup{K(x) | K€ C,K C X}
(apr,  (X))(x).

——C,InEx
PpRe9)(Co2

(d) Let & be left-continuous and .# its R-implicator. Let K € C and denote
Ky ={y € U | K(y) < K(x)}. We have that

T (K(x), yilellf]ﬂ(K(y),X(y)))

< 7K, jnf SK)XG)
FKG), inf SKE), X))
T(K(), S (), inf X()

inf X(y),

YE€Kk(x)

IA

IA

where we have used various properties which hold for a left-continuous

t-norm and its R-implicator. As this holds for every K € C, we obtain that

(EC,LLQ B2

()6 < (apr (D). 0
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As we assumed J to be an IMTL-t-norm, all partial order relations in Proposi-
tion [8.3.4] hold. Furthermore, by duality, we can obtain the partial order relations
for the four fuzzy covering-based tight upper approximation operators if necessary.

Proposition [8.3.4] contains the only partial order relations which hold between
these four fuzzy covering-based lower approximation operators as illustrated in

the next example.

Example 8.3.5. Let U = {x,y,z}, let 7 be the Lukasiewicz t-norm and .# its
R-implicator. Consider the fuzzy covering C = {K;,K,, K3} with

K, =0.6/x+0.6/y +0.6/z,
Ko=1/x+1/y +1/z,
K;=09/x+0.8/y+0.6/z/

Let X =0.9/x+0.7/y +0.6/z, then
° CIE(X)—O6/x+O6/y+O6/z

. (CRBL(X)—aprCL 9ﬂ(X)=O.8/x+O.7/y+O.6/z,

. E(C,WU(X) =0.9/x+0.7/y +0.6/z.

To illustrate that the model of Li et al. and the model induced by the theory of
representation by levels are incomparable with each other, let C = {K;,K,} with
K, =1/x+0/y+0.6/zand K, =0/x+1/y +1/z,and X =1/x+0/y +0.4/2,
then (@’ CRBL (X))(x) = 0.8 and (aprCL 9J(X))(x) = 0.4, when the nilpotent
minimum and its R-implicator is used. On the other hand, let C = {K;,K,} with
K;=1/x+0.7/y+0.7/zand K, =0/x+1/y+1/2,and X = 0.5/x+0.5/y +0.4/z,
then (@” CREL (X))(x) =0.4 and (apr (X))(x) = 0.5, when the Lukasiewicz
t-norm and implicator are used.

—CLi,7,s

In order to add the four fuzzy covering-based tight approximation operators
to Figure [8.1] we discuss their comparability with respect to < to the 17 fuzzy
neighborhood-based lower approximation operators. However, note that for a
crisp covering C, the approximation operator E;c is incomparable to the ap-
proximation operators apr, with N € {b,d, fi, f, &, 1,1}, hence, the four fuzzy
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covering-based tight approximation operators are incomparable with these seven
fuzzy neighborhood-based approximation operators. Moreover, we only need to
discuss the partial order relations which hold for a crisp covering. Thus, we need
to study the following partial order relations for

,apr }:

,apr
p ——C,InEx

apr € ar ,a
P {p —cwd’ P(CRBL

— CLi,7,#’

* apr<apr, forNE {al,a2,N lMa}

* apr, <aprforN€{c e, h, ji, o, k, leMa}
The following partial order relations hold:

Proposition 8.3.6. Let (U, C) be a fuzzy covering approximation space with U
and C finite, 7 an IMTL-t-norm and .# its R-implicator, then

(a) apr < apr

—Cli,7,.# ~ —ZNf,¥

() apr, .

1,Ma”

<apr . .
g~ Z_ClLi,T,s

Proof. LetX € F(U)and x € U.

(a) First note that Ya, b,c €[0,1]: I (a, £(b,c)) < #(#(a, b),c). We have that

(X)) = supF (K(x), inf #(K(y),X(y)))
= Is(lég 1nf9'(K(x) F(K(y),X(¥)))
< sup supZ(FL(K(x),K(¥)),X(y))

KeC yeU
= sups KGO KODXG))
= supﬂ (NFC(), X (1))

= (apr S0))

(aprC L, 7,4

(b) It holds that

(ap G = sup  F(K(x), infS(K(y), X(¥)))

etz KeC,K(x)=1
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= sup  inf £(K(y),X(¥))
KeC,K(x)=1 YU

= Infs (KG(C,II?(fx)ZlK(y )’X(y))

= yirellij(NfMa(x)(y),X(y))
= (apr,. (X)(x)

1,Ma”

O

Note that Proposition also holds for a left-continuous t-norm & and its
R-implicator .#. By transitivity of the partial order relations < we also have the
following results:

Corollary 8.3.7. Let (U, C) be a fuzzy covering approximation space with U and
C finite,  an IMTL-t-norm and .¢ its R-implicator, then

a) apr < apr
(@) i(C,InEx iNF,J’

(b) EN,J = ELC,LL?,}‘ for N € {C’ e h’ jl:jZ: k’ m}’

’ .. C
(C) EN,J < EC,WU forN e {C, e, h’ J15J25 k’ m, Nl,Ma}'

In the following example we illustrate that no other partial order relations hold.

Example 8.3.8. Let U = {x, y,2} and let C = {K;,K,} withK; = 1/x+0/y+0.5/2
and K, =0/x+1/y+1/z. Let J be the Lukasiewicz t-norm and .# the Lukasiewicz
implicator.

(a) LetX =1/x+0.5/y +0/z, then

- (apr_  (X))(x)=0,

C,InEx
- (apr,  CO)x) =1,

- (EN,;J(X))(X) =0.5forNe {Cll,(lz, e, h’jl’jZ’ k: m)NfMa}~

2’ . . (C
We conclude that EN,J < EC,InEX for N € {c,e,h, j;, jo, k,m, NLMa} and

' C
P < apry for N € {a, az’Nl,Ma} do not hold.
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(b) LetX =1/x+0/y+0.7/2, then it holds that

- (apr,, @) =(apr, (D)= (apr,

- (apr,. ,())=)=0.

1,Ma’“

(X))(z) = 0.5,

We conclude that the following partial order relations do not hold:

i) apr < apr
@ ic,lnEx - iNfMa,(

ii) apr < apr
(D iC,RBL P Ny

ﬂ’

>

54

iii) apr < apr
(i) ic,m,y,y leMa,

Next, consider C = {K;,K,, K3} with

g

K;=1/x+0.8/y +0.6/z,
K, =02/x+1/y+0.6/z,
K;=02/x+0.8/y+1/z

and let 7 be the Lukasiewicz t-norm and .¢ the Lukasiewicz implicator.
(a) LetX =0.1/x+0.5/y + 0.4/z, then we have that

- (apr__ (X))(z)=0.3,

—C,RBL

- (@N,y(X))(z) =0.4 forN e {Ca e, h;jl’jz’ k, m’NEMa}'

We conclude that apr < apr;c REL does not hold for the fuzzy neighborhood

operators N € {c,e,h, ji, jo, k, m, Ny, }.

(b) LetX =1/x+1/y +0.7/2, then it holds that

- (apr, () =(apr___ (X)) = (apr, OO =1,

—=C,InEx —=_C,RBL = ClL,7,#
- (@pr,c, ,(O)y) = 0.
We conclude that the following partial order relations do not hold:
@ EC,InEx < ENZQJ’

i) apr < apr
(i) i(C,RBL _lNZQJ’
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(iii) apr apr g

—Cli7,% —

Finally, let C = {K;,K,} withK; =1/x+0/y+0.6/z and K, =0/x+1/y +1/=.
Let Z be the nilpotent minimum and .# its R-implicator. Let X = 1/x+0/y +0.4/2,
then it holds that (@?c RBL(X))(x) = 0.8 and (@NC y(X))(x) = 0.4. Hence,

apr < apr does not hold.
£C,RBL - iN{C,ﬂ

To end, we only need to discuss the fuzzy covering-based loose lower approxi—

mation operator apr;: REL . Since for a crisp covering C it holds that apr < apr s
we have the followmg property:

Proposition 8.3.9. Let (U, C) be a fuzzy covering approx1mat10n space with U

and C finite, 7 an IMTL-t-norm and .# its R-implicator, then apr < apr

C,RBL — ZE_C,RBL’
Proof. LetX € Z(U),then A,y (x) = Ay (x)andforeverylevela € Ay (x)
L(C RBL LC,RBL LC,RBL

it holds that p%’RBL(X)(a) c le;rlc,m(X)(a)‘
By the transitivity of <, we also have the following result:

Corollary 8.3.10. Let (U, C) be a fuzzy covering approx1matlon space w1th U and

C finite,  an IMTL-t-norm and .# its R-implicator, then apr <apr

RBL C,Wu

As illustrated in the next example, these are the only partial order relations
which hold:

Example 8.3.11. Let U = {x,y,2} and let C = {K{,K,,K3} be a fuzzy cov-
ering on U with K; = 1/x + 0.8/y + 0.6/2, K, = 0.2/x + 1/y + 0.6/z and

= 0.2/x + 0.8/y + 1/z and let J be the Lukasiewicz t-norm and .# the
Lukasiewicz implicator.

(a) LetX =0.1/x+0.5/y + 0.4/z, then we have that
- (ap
- (apr,

XNy =0.1,
) = (@prye, (X)) =0.3.

(C RBL
——C,RBL

We conclude that apr < apr does not hold for any of the first 20 lower
approximation operators of Table
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(b) LetX =1/x+1/y +0.7/2, then it holds that

5

- ECIHEX(X) =1/x+1/y+0.6/z,

- apr = 1/x+0.9/y +0.7/z.
We conclude that apr’ and apr.__ are incomparable.
emex T e RaL

Futhermore, let C = {K;,K,} withK; =1/x+0/y+0.6/2,K;, =0/x+1/y+1/z.
Let I be the nilpotent minimum and .# its R-implicator. Let X = 1/x+0/y +0.4/z,
then it holds that (EN{C,JJ(X))(X) = 0.4 and (@é’RBL(X))(x) = 0.8. Hence,
E;:,RBL < apr does not hold for any of the first 18 lower approximation oper-
ators of Table

Hence, the Hasse diagram with respect to < representing all fuzzy covering-
based lower approximation operators stated in Table is given in Figure (8.2
Minimal elements of the Hasse diagram are given by the fuzzy covering-based

lower approximation operators apr apr and apr. . The fuzzy covering-
PP P iNf‘*,ﬂ’ iC,InEx iC,RBL y g

based lower approximation operators apr . and apr;C W, are maximal elements
—Ny, ——C,Wu

of the Hasse diagram. Therefore, these approximation operators provide the most

accurate approximations.

8.4 Conclusions and future work

In this chapter, we have studied fuzzy covering-based rough set models which
extend the tight and loose granule-based approximation operators. We have re-
called three existing models and introduced two new ones which extend the tight
approximation operators. Moreover, we recalled one model and introduced one
model which extend the loose approximation operators. Both models are equiva-
lent to fuzzy neighborhood-based models. For each of the seven models, we have
discussed its properties. All models maintain the properties of the tight, respectively
loose, approximation operators given some conditions on the used t-norm and
implicator. Only the intuitive extension of the tight approximation operators does
not satisfy the (CS) property.
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15 14

Figure 8.2: Hasse diagram of the fuzzy covering-based lower approximation opera-
tors presented in Table for the fuzzy covering approximation space (U, C) with
C finite,  an IMTL-t-norm and .# its R-implicator
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Secondly, we have discussed partial order relations with respect to < for a finite
universe U, a finite fuzzy covering C on U, an IMTL-t-norm &, its R-implicator .#
and its induced negator /. We have studied 22 pairs of fuzzy covering-based
rough set models, of which 17 pairs are based on a fuzzy neighborhood operator.
The Hasse diagram of the lower approximation operators is presented in Figure (8.2
By duality, the Hasse diagram of the upper approximation operators is obtained
by inverting Figure Hence, we conclude that the pairs (g}vﬁy,a_prmc’ ) and

(aprC)Wu, aprg ) provide the most accurate approximations.

Future work includes the study of fuzzy extensions of other pairs of covering-
based rough set approximation operators, e.g., the approximation operators of
the framework of Yang and Li. In addition, we want to study the comparability
between the approximation operators studied in this chapter and other fuzzy rough
set approximation operators, such as the noise-tolerant approximation operators
presented in Chapter [9} Finally, a future research direction is the application of
fuzzy covering-based rough set models in feature and instance selection.



CHAPTER 9

Noise-tolerant fuzzy rough set models

The implicator-conjunctor-based fuzzy rough set model allows for a lot of flexibility
in terms of the choice of the fuzzy logical connectives and the fuzzy relation or
fuzzy neighborhood operator. However, the use of the infimum and supremum
in Egs. and limits their practical use, in a similar way as the V- and
J-quantifiers restrict the application potential of Pawlak’s original rough set model.

The core of the problem is that the result of the approximations is determined
by a single best (sup) or worst (inf) element. This can be a disadvantage in a data
analysis context, since data samples may be erroneous. Such noisy data can perturb
the approximations and therefore weaken the machine learning algorithms which
invoke them [72]].

To address this problem, many authors have defined robust alternatives for the
lower and upper approximation operators in fuzzy rough set theory, in a similar
way as the VPRS model defined in Section [2.3|provides a noise-tolerant alternative
for Pawlak’s rough set definition.

In this chapter we discuss different robust fuzzy rough set models which have
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been proposed in literature. In Section we study models which are frequency-
based [|16,/69,|70,/115,{116,/178]], analogous to the VPRS model of Ziarko [[203]].
Another model adjusts the set which is approximated [|196], which we discuss in
Section[9.2] Moreover, in Section[9.3|we study models which use other aggregation
operators than the infimum and supremum operators [|19}/47]]. For each considered
model we discuss the specific criteria it uses for harnessing the approximations
against noise. We generalize, correct or simplify its definition, without harming
the original ideas it is based on. We study relationships which exist between the
models, and also evaluate which properties of Pawlak’s rough set model can be
maintained. Similarly as for the VPRS model, making the models more flexible
towards noise typically involves sacrificing some of the desirable properties they
satisfy. Additionally, in Section [9.4) we will evaluate the claim whether the noise-
tolerant models are more robust than the IC model from a practical perspective, by
examining how stable their approximations are when the data are contaminated
by noise. We conclude and state future work in Section[9.5]

Note that in this chapter we will consider the IC model based on a general fuzzy
relation R, as the noise-tolerant models discussed here are defined with respect to
a fuzzy relation. Moreover, we will assume the universe U to be finite, since the
number of data samples, i.e., objects in U, in a real information system is always
finite.

9.1 Noise-tolerant models based on frequency

We start with discussing frequency-based fuzzy rough set models. Models of this
type are the variable precision fuzzy rough set model of Mieskowicz-Rolka and
Rolka [|115,/116]], the vaguely quantified fuzzy rough set model of Cornelis et
al. [[16]], the soft fuzzy rough set model of Hu et al. [69,70]] and the variable
precision fuzzy rough set model based on fuzzy granules of Yao et al. [[178]]. The
idea behind this type of robust models is that only a subset of the fuzzy set of
predecessors RP(x) of an object x € U is taken into account when computing the
lower and upper approximation in x, which is the same objective as the variable
precision rough set model of Ziarko [|203]].
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We start with the model of Mieszkowicz-Rolka and Rolka.

9.1.1 Variable precision fuzzy rough set model

Mieszkowicz-Rolka and Rolka [[115]] proposed the Variable Precision Fuzzy Rough
Set (VPFRS) model in 2004, and later appeared in slightly revised form in [|[116].
They intended to design a robust fuzzy rough set model that covers both the seminal
fuzzy rough set approach of Dubois and Prade [41,/42]] and the VPRS model of
Ziarko [|84,203].

We start by recalling some preliminary notions introduced by the authors, in
order to define the VPFRS model.

Definition 9.1.1. [116]] Given a WCP-implicator .#, a t-norm & and fuzzy sets
X,Y in U, the implication-based inclusion set Incl ,(X,Y) of X in Y is defined by

Vx €U: Incl,(X,Y)(x) = £(X(x),Y(x)) (9.1
and the t-norm-based inclusion set Incl,(X,Y) of X in Y is defined by
Vx eU: Incly(X,Y)(x) =T (X(x),Y(x)). 9.2)

Note that the name ‘t-norm-based inclusion set’ is slightly misleading because
this definition is not actually related to fuzzy inclusion. However, we adopt the
terminology of [[116]]. Moreover, in [[116]], the authors defined Incl, as follows: let
X,Y € Z(U) and x € U, then

Incl , (X, ¥)(x) = {j(X(X)’ Y(x)) X(x)>0
0 X(x)=0.

However, the special treatment of the case X(x) = 0 is not necessary to properly
define the VPFRS model, hence our simplified definition of Incl , in Eq. (9.1)). Next,
we recall two types of inclusion errors.

Definition 9.1.2. [116]] Given a WCP-implicator .#, a t-norm &, a non-empty
fuzzy set X, a fuzzy set Y in U, and a € [0, 1]. The lower a-inclusion error e, of X
in Y is given by

1X N (Incl, (X, Y)),|

X,Y)=1—
e, (X,Y) x|

(9.3)
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and the upper a-inclusion error €, of X in Y is given by

IX N ((Incly (X, Y))7%),l

e (X, Y)=1— ,
(X, Y) T

(9.4)

where we have used the standard negator ;. For the empty set @), we define the
inclusion errors by

e (0,Y)=¢,(0,Y)=0. (9.5)

In [116]], Mieszkowicz-Rolka and Rolka only defined the inclusion errors for a
non-empty fuzzy set X. We extend their definition to include the empty set, in order
to allow the use of a general binary fuzzy relation R instead of a fuzzy & -similarity
relation in the definition of the VPFRS model:

Definition 9.1.3. [|116] Let (U, R) be a fuzzy relation approximation space with U
finite, .# a WCP-implicator, 7 a t-norm and 0 < [ < u < 1. The (u, l)-fuzzy rough
approximation operators (@R,y’u,a_prmg,l) are defined as follows: let X € &#(U)
and x € U, then

(apr, , GO = inf Inel (RG),X0),
(@prg, 7 (X))(x) = sup Incly (RP(x), X)(¥),
YTy 1 x

with
S eux = supp(R? (x)) N ((Incl 4 (R (x), X)), )
= {y €U|R(y,x)> 0 and Incl,(R(x),X)(y) = &y, x),
ayux =sup{a € [0,1]] e,(RP(x),X) < 1—u},
T, 1x = supp(R? () N (el (RP (x), X)) %), )
={y € U|R(y,x)>0and Incly(RP(x),X)(y) < 1—Byix}
Byix =sup{a €[0,1]] e,(RP(x),X) <[}

Note that for x € U with RP(x) = @, it holds that S, , x and T, ; x are empty and
@y yx = By x =1 for all u and [. In this case, we obtain that (Epua Ll(X))(x) =1
and (aprg 7 ,(X))(x) = 0.
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In order to get more insight in this element exclusion process, we show that
the approximations of Definition [9.1.3|can be simplified. To do this, we first obtain
a simpler expression for a, , x and f3, ; x.

Proposition 9.1.4. Let (U,R) be a fuzzy relation approximation space with U
finite, .# a WCP-implicator, 7 a t-norm and 0 < [ < u < 1. For x € U such that
RP(x) # @, it holds for X € Z(U) that

aux = sup{ae{FR(Yy,x),X()) |y €U} Fex(a) = u},
. _ IRP(x) N (Incl 4 (RP (x), X)) 4
with  F, y(a)= R (0| ,
Prix = sup{ac{l-FR(Y,x),X(y)|y €U} G x(a) =11},
. IR”(x) N ((Incly (RP (x), X)) )|
with G, x(a) = |RZ(X)|

Proof. Take x in U such that RP(x) is not empty and X € & (U). Since U is finite,
we can number and rename its elements such that U = {21, 2,,...,2,} and

Incl,(RP(x),X)(21) = Incl,(RP(x),X)(25) = ... = Incl ,(RP(x), X)(2,)-

Define F, x: [0,1] — [0, 1] such that, for a € [0, 1],

IRP(x) N (Incl 4 (RP(x), X))ol

Fx,X(a): 1_§a(Rp(x);X)= |RP(X)| 5

then F, y is a decreasing mapping in a. We have the following expression for a, , x:
ay,x =sup{a €[0,1] | F, x(a) = u}. We prove that we only need to consider the
values Incl 4(RP(x),X)(y) to compute a, , x, that is,

Ay ux = sup{a € {FR(y,x),X(¥)) | y €U} | Fyx(a) = u}.

Take a* € [0,1] such that a* ¢ {Z(R(y,x),X(y)) | y € U}. We prove that
this a* does not influence the supremum. First, assume that a* is such that
Incl ,(RP(x),X)(z;) > a* fori € {1,2,...,n}, then

Fy x(a®) = F, x(Incl, (R (x),X)(2;))-

Since Incl ,(RP(x),X)(z;) > o, we do not need to take a* into account when we
compute a, , x. On the other hand, if a* > Incl ,(RP(x),X)(z;), then it holds that
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(Incl4(RP(x),X))q- = 0, hence F, x(a*) = 0. Since we assume u > 0, it holds that
a* ¢{ae[0,1]|F, x(a)=u}.

In both cases we conclude that a* will not influence the supremum. Hence, we
obtain that

ax,u,X = SUP{a € [O> 1] | Fx,X(a) = u}
sup{a € {I(R(y,x),X(y)) | y € U} | F x(a) = u}.

The proof for 3, ; x is analogous. O

Given previous proposition, we obtain a simplification of the VPFRS model:

Proposition 9.1.5. Let (U,R) be a fuzzy relation approximation space with U
finite, .# a WCP-implicator, 7 a t-norm and 0 <[ < u < 1, then for X € #(U) and
xeUuU,

(@R,],U(X))(X) = Qyuxs
(@prr 7 (XN(x) = 1—Pyix-

Proof. By definition of S, , y it holds that

(apr, , D)= inf FROL.X() 2 Geuxe

x,u,X

By Proposition [9.1.4] let y* be the element in U such that supremum is reached,
Le., oy ux = SR, x),X(y")).

e IfR(y*,x) >0, then y* €S, , x and hence,
(apr, , ()0x) < LR x),X(¥")) = aux-

o If R(y*,x) = O, then it holds that a,,y = .#(0,X(y*)) = 1 and thus,
(apr, , G =1.

In both cases, we conclude that (@R’y,u(X N) = ay,x-
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In an analogous way, by definition of T, ; y we know that

(@prg o) (X))(x) < 1—By ;1 x-

By Proposition[9.1.4] let z* be the element in U such that the supremum is reached,
ie., Brix =1—TR(=% x),X(z")).

e If R(z*,x) > 0, then z* € T, x and hence,
(apr, (X)) = FRE",x),X(E)) = 1— by x.

e If R(z*,x) = 0, then it holds that 3, ;x = 1—7(0,X(z*)) = 1 and thus,
(apry 7, (X))(x) = 0.

Hence, we conclude that (apry 5 ;(X))(x) =1—f,; x- O

The above results give more insight into how the VPFRS model operates. The
fuzzy set (RP (x)n (Incly(Rp(x),X))IDCIJ(RP(X),X)U)) can be seen as the fuzzy set of
predecessors of x with those elements z excluded, for which

S(R(z,x),X(2)) < LRy, x), X (¥)).

If the cardinality of this restricted fuzzy set of predecessors is at least a fraction u of
that of the entire fuzzy set RP(x), and there is no smaller such fuzzy set satisfying
this condition, then the VPFRS lower approximation equals .#(R(y, x),X(y)). An
analogous interpretation can be given for the VPFRS upper approximation.

Furthermore, the (u, 1)-fuzzy rough approximations operators are very similar
to the IC model with respect to the WCP-implicator .#¢ and t-norm & when the fuzzy
neighborhood operator N is considered, with N(x)(y) = (RP(x))(y) =R(y, x) for
all x, y € U. The only difference is that the infimum and supremum are taken over
Sy ux> respectively, T, | x, instead of the whole universe U. Hence, we obtain that

(@’R j,a_er’g) < (@'R P u:a_er,y,l)'

Moreover, the two pairs coincide when (u,1) = (1, 0).



252 Chapter 9. Noise-tolerant fuzzy rough set models

Proposition 9.1.6. Let (U,R) be a fuzzy relation approximation space with U
finite, ¢ a WCP-implicator, & a t-norm and 0 <[ <u < 1, then
(apr, ,,@ptrg) < (apr, , ,aPTgz,)-

Moreover, when (u,1) = (1, 0) it holds that

(@’R’ﬂ,a_lﬂ’rz,y) = (@ >a_er,9,0)'

R,.%,1

Proof. LetX € Z(U)and x € U. The inequality follows immediately from S, , x € U
and T, ; x C U for all u and .
Next, let u =1 and [ = 0. First, if R°(x) = @ is empty, then

(apr, , (X)(x)=1= inf #(0.X(»)) = (apr, ,(X))(x),

(aprg, 7 o(X))(x) = 0= Sugg (0,X(¥)) = (aprg & (X))(x),
ye
i.e., both pairs coincide. If R?(x) is not empty, then
ay1x =sup{a €[0,1]|Vy €U: R(y,x) > 0= #(R(y,x),X(y)) = a}.

If R(y,x) =0, then £(R(y,x),X(y)) =1=> a for any a €[0, 1], so we obtain that
Op1x = yuelg F(R(y,x),X(y)) = (ERJ(X))(X). By Proposmon we obtain
that (@Ry 1(X))(x) = (a_erJ(X))(x). For [ = 0, we derive that

Byox =sup{a €[0,1]|Vy € U:R(y,x)>0=>1—-T(R(y,x),X(y)) = a}.

If R(y,x) =0, then 1 —F(R(y,x),X(y)) =1 = a for any a € [0,1], so it holds
that

Brox = yirelg (1-7R(y,x),X(¥)))
= 1—su13 TRy, x),X(y))
ye

= 1— (@ CO)).

By Proposition|9.1.5) we obtain that (apry 4 (X))(x) = (apry »(X))(x). O
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Since the IC model encapsulates the model of Dubois and Prade [41}/42]], we
obtain for the Kleene-Dienes implicator, the minimum operator, a fuzzy similarity
relation and (u, ) = (1, 0) that the VPFRS model equals the model of Dubois and
Prade. Furthermore, when the set X is a crisp set and R is a crisp equivalence
relation, the VPFRS model coincides with the VPRS model of Ziarko.

Proposition 9.1.7. Let (U, E) be a Pawlak approximation space with U finite, . a
WCP-implicator, 7 a t-norm and 0 <! <u <1, then

(EE’ y’u>a_PrE,9,1) = (EE’u’a_prE,l)'

Proof. Let x € U. Since X and E are crisp, a, , x and 3, ; x are either 1 or 0. First,
note that, for y € U,

y €x]gn(Incy([x]g, X)), & E(y,x)=1landX(y)=1

& yelx]gnX.

For a, , x we derive that

I[x ]z N (Incl 4 ([x 15, X)) >

DT ] =t
[x]z NX]|

IIx]el

& xe @E’H(X).

aux=1 <

Moreover, since

y €[x]z N ((ncly ([x1,X))%); & E(y,x)=1and X(y)=0

N yE[X]EmXCJ

hence, we obtain for f3, ; y that

|[x1e N ((ncly ([x g, X)), |

Brix=1 L] >1-—1
I[x]s X
L P
el o
[xlnxl _,

IIx]el
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& x ¢aprg)(X).
The proof now follows from Proposition|9.1.5 O

To end, we want to discuss the properties of the VPFRS model. By the above
proposition, we only need to discuss the properties (D) for u = 1 —1, (SM),
(UE) and (CS), since the VPRS model of Ziarko does not satisfy any of the other
properties.

Proposition 9.1.8. Let (U,R) be a fuzzy relation approximation space with U
finite, .4 a WCP-implicator, Z at-normand 0 <[l <u < 1.

e The pair (aer o apry ) satisfies (D) with respect to A5 if 7 is the induced
t-norm of .# and HNgandu=1-1.

e The pair (@R’y’u,a_pr&g,l) satisfies (SM).
Proof. o Let X € Z(U) and x € U. If RP(x) =, then
(apr, (¢ = A6(1) = 0 = (@i o, (X))
IfRP(x)# @, let a €[0,1] and y € U, then

y € (Incl,(RP(x),X7%)), & SFRO)(),1-X(y)=a
e 1-FER)(Y),X()=a
&y e ((Incly (RP(x), X)),

Therefore, we obtain that F, y. () > u < G, x(a) > u=1~1 and thus,

Brix = sup{a€{1-FR(y,x),X(¥) |y €U} |G x(a)=1—-1}
= sup{a € {#(R(),x),1-X(y)) |y €U}| Fy xs(a) = u}
== ax,u’st .
By Proposition [9.1.5] we derive that
(apr,, (XC19)00) = 1= ap gy = 1 By = (@Eg 5 CO)CX).

We conclude that the pair (aer 4y PRy 1) satisfies (D) with respect to the
—R.,u 7
standard negator.
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e Let X,Y be fuzzy sets in U such that X CY and x € U. If R?(x) = 0, then
(apr, , GO0 =1=(apr, , (V)
(@prg, 7 1(X))(x) = 0 = (apry 5 ,(Y))(x).

Now, assume RP(x) # @. Due to Proposition [9.1.5] we have to prove that
Qyyux < Qyyy and By x = By y. First, we reorder the elements of U such
that U = {21, 25,...,2,} and

F(R(z1,x),X(21)) = F(R(2, %), X (25)) = ... = F(R(2, x), X (2,)).
By Proposition[9.1.4] there exists an m € {1,2,...,n} such that
Ay yx = FR(2Zp, x), X (2)).
Now, for every i € {1,2,...,n} it holds that
F(R(z;,x),Y(2)) = £(R(z;, x),X(2))
and thus for alli € {1,2,...,m},
F(R(2;,x),Y(2)) = oy x-

By definition of a, , x, it holds that

Z R(z,x)>u- ZR(z,x)

z€U: z€U
F(R(z,x).X(2))Z 0 x

and thus it also holds that

Z R(z,x) = u-ZR(z,x).

z€U: z€U
F(R(z,x),Y (2))= 0 x

In other words,
Ay x € {a €[0,1]] e, (RP(x),Y) <1 —u}
Hence, a, , x < a,, y. In an analogous way, we obtain that
Brpy € {a€[0,1]]e,(RP(x),X) <1},

and thus, B,y < By x-
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Note that the duality property is limited to the standard negator, since A5 is
used in the definition of T, x and B, ;x for X € Z(U) and x € U. The VPFRS
model does not satisfy (UE) and (CS) as illustrated in the next example.

Example 9.1.9. Let U = {x, y, 2}, 7 the Lukasiewicz t-norm and .# the Lukasiewicz
implicator and let R be the fuzzy & -similarity relation defined by R(x,y) = 0.7,
R(x,z)=0.8andR(y,z) = 0.8.Letl = 0.4 and u = 0.6, then (Ea,y,u(m)(y) =0.2
and (apry 4 ,(U))(y) = 0.8. We conclude that the properties (UE) and (CS) are not
satisfied.

We continue with Cornelis et al.’s vaguely quantified fuzzy rough set model.

9.1.2 Vaguely quantified fuzzy rough set model

In 2007, Cornelis et al. [|16]] introduced the Vaguely Quantified Fuzzy Rough Set
(VQFRS) model. In contrast to the other fuzzy rough set approaches, they did not
make use of implicators and conjunctors, but they worked with fuzzy quantifiers
to extend Ziarko’s VPRS model.

Definition 9.1.10. [16]] A regularly increasing fuzzy quantifier is an increasing
mapping Q: [0,1] — [0, 1] which satisfies Q(0) =0 and Q(1) = 1.

The VQFRS model is then defined based on two such regularly increasing fuzzy
quantifiers.

Definition 9.1.11. [|16[] Let (U, R) be a fuzzy relation approximation space with U
finite and let (Q,, Q;) be a pair of regularly increasing fuzzy quantifiers. The pair
of (Q,, Q;)-vaguely quantified fuzzy rough approximation operators (@R’Qu,a_er’Ql)
is defined as follows: let X € Z(U) and x € U, then

_ [e (5 reo#
(apr,, , (D) = {1 RP(x) =,
- _ (a5 reo#o
(aer,Ql (X))(X) - {1 Rp(_x‘) = 0
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In [[16]], the interpretation of this model is as follows: x belongs to the lower
approximation of X if ‘most’ of the elements related to x belong to X and x belongs
to the upper approximation of X if ‘at least some’ elements related to x belong
to X. The linguistic quantifiers ‘most’ and ‘at least some’ generalize the crisp V-
and 3-quantifiers, and are modeled by means of the fuzzy quantifiers Q, and Q;,
respectively. In [|16]], as a specific example, the authors put Q, = Q1) and
Qi = Q(0.1,0.6) Where Q. ) with a, b € [0, 1] is defined by

0 c<a
2(c—a)? a+b
a<c< =5
Ve €[0,1]: Qup(c)={ & 2
o) 1— Z(S,C:f))zz “b<c<h
1 b<c.

As pointed out in [16]], the VQFRS model has Pawlak’s model and Ziarko’s
VPRS model as specific cases when X is a crisp set and R is a crisp equivalence
relation. In the former case, let Q, = Qy and Q; = Qg, where

0 cxl1
Ve e[0,1]: Qy(c) =

1 c=1,

0 ¢c=0
Yce[0,1]: Q3(c) =

1 ¢>0.

In the case of the VPRS model, let Q, = Q-, and Q; = Q-;, where

0 c<u
Vce[0,1]: Qxu(c) =

1 c=>u,

0 c<lI
Vee[0,1]: Qu(c) =

1 c>1.

There is no connection between the VQFRS model and the IC model, i.e., in
general, we cannot find fuzzy quantifiers Q, and Q; such that

(ER’Qu;a_er,Ql) = (ER’ﬂ,a_I’rR,%)
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for a certain implicator .# and conjunctor €.

To end, we discuss the properties of the VQFRS model. Since the VPRS model
of Ziarko is a special case of the VQFRS model, we only discuss (D), (SM), (UE)
and (CS). It can be verified that the property (SM) is satisfied and the property
(UE) is satisfied if R is inverse serial.

Proposition 9.1.12. Let (U,R) be a fuzzy relation approximation space with U
finite and let (Q,,,Q;) be a pair of regularly increasing fuzzy quantifiers.

e The pair (aerQ ,apry o ) satisfies (SM).
e The pair (aerQ ,apry o ) satisfies (UE) if R is a inverse seriaﬁ fuzzy relation.

Proof. The property (SM) follows from the monotonicity of regularly increasing
fuzzy quantifiers. Next, let R be a fuzzy serial relation, then for all x € U it holds

fhat o (RN _g (K00 _,
“\ Re(x)| "\ Re ()

and (R _q (Rwnw)_,
“\IRe(x)] '\ IRe(x)|

O

It is very easy to see that the condition on R is necessary for the property (UE):
let RP(x) = @) for x € U, then (aerQ (0))(x) = 1. The properties (D) and (CS) are
not satisfied, as illustrated in the next example:

Example 9.1.13. Let U = {x,y,z} and R the fuzzy set U x U. Let a = 0.3,

Q, = Q21 and Q; = Q(p1,06), then (ERQ (&)(x) = Q,(0.3) = 3% Thus,
(CS) is not satisfied. Moreover, consider the standard negator 4. We derive that
(aprg g, (@))% (x) = 1—@Q;(0.7) = 0. Hence, the duality property is not satisfied.

Next, we discuss Hu et al.’s soft fuzzy rough set model.

OIf U is infinite, the fuzzy relation R should be strongly inverse serial.
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9.1.3 Soft fuzzy rough set model

Inspired by soft margin support vector machines [20[], Hu et al. [69]] proposed
in 2010 the Soft Fuzzy Rough Set (SFRS) model as a new robust fuzzy rough set
model. An important ingredient of the model is the so-called soft distance between
an element x € U and a crisp set X C U, defined as follows in [|70]]:

SD(x,X) = argyq, ,ysup{d(x,y) =5 -my, | y €X},

x|
where d is a distance funtion, & > 0 is a penalty factor and
m,, =z €U |d(x,z) <d(x, y)}.

However, we may encounter a problem with this definition due to the use of the
function arg,(, ,): when the value of the supremum is reached for different values
of y, it is not clear which y should generate the soft distance. The following
example illustrates this.

Example 9.1.14. Let U = {x, ¥1, Y2, Y3}, X = {¥1, Y2, Y3}, 6 =0.1 and
d(x,x) = 0,d(x, ;) = 0.2,d(x, y,) = 0.3,d(x, y3) = 0.4,

Because d(x,y,)— 6 -m,, =d(x,y;)—6 -m,, =d(x,y3)—6 -m,, =0.1,

SD(x,X) could be either 0.2, 0.3 or 0.4.

X,Y3

Based on the soft distance, the authors defined the SFRS model with a distance
function d determined by d(x,y) = 1 —R(y, x) for all x,y € U and R a fuzzy
relation. However, since the use of the arg function leads to ambiguity as illustrated
above, we introduce a slightly adapted definition of the model.

Definition 9.1.15. Let (U,R) be a fuzzy relation approximation space with U, .#¢
an implicator, ¢ a conjunctor and 6 > 0 a penalty factor. The soft fuzzy rough
approximation operators (aery 5,a_er,<g,5) are defined by, for X € Z(U), x € U,

(@pr, , 0N = oy jnf RO,

@ ¢ 5CO)X) = inf Ry, ),
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with
Q, = {2€U|X(z)<u,and (V2 € U)X(') < uy
=R(z,x)+6 -m,, >R(z,x)+5 -m.,)},
pe = sup{X(z)|z €U and #(R(z,x),X(z)) =0,},
or = nfIR(x),X(2)),
m,, = [{weU]|X(w)<u, andR(w,x)>R(z,x)}|
and
I, = {2€U|X(z)=v,and (V2 €U)X()=»,
= R(z,x)+ 6 n,, 2R(z,x)+5n.,)},
v, = inf{X(z)|ze€Uand €(R(z,x),X(2))="1,},
T, = supb(R(z,x),X(2)),
z€U
n,. = |{weU|X(w)=v»,andR(w,x)>R(z,x)}

We briefly explain the intuition behind the lower approximation, the explanation
for the upper approximation is analogous. First, we identify those elements z in U
for which the value of the infimum considered in the IC lower approximation,
o, = (@RJ (X))(x), is reached. As there may be several of them, we consider
the one that has the highest membership to X, we denote this membership degree
by u,. To obtain Q,, we look for z in U such that X(z) < u, and R(z,x)+6 - m,,
is minimal, where m, , counts the number of elements w in U such that X (w) < u,
and R(w, x) > R(z,x). Among all the y € Q,, we choose the one that has the
smallest value of R(y, x). Finally, to compute the lower approximation in x, we
take the negation of that value R(y, x).

By tuning the penalty factor §, we may allow for more or less noise tolerance.
If 6 is sufficiently large, the result will be determined by the largest value of R(z, x)
(or equivalently, the smallest value of m, ,) among the considered z, since other
elements will not satisfy the minimality condition. For small values of &, more
noise tolerance is allowed. In this case, the largest values of R(z, x) are overlooked,
and consequently the membership degree to the lower approximation gets larger.
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To see the connection with the soft distance, note that taking z such that
R(z,x)+ 6 -m, , is minimal is equivalent by taking z such that 1 —R(z,x)—6-m, ,
is maximal. In other words, we consider the soft distance SD(z,RP(x)).

In general, there is no relationship between the SFRS model and the IC model.
To end, we discuss the properties of the SFRS model. The fuzzy approximation
operators satisfy the duality with respect to the considered involutive negator.

Proposition 9.1.16. Let (U,R) be a fuzzy relation approximation space with U, .#
an implicator and 6 > 0 a penalty factor. If the induced negator .4, is involutive
and ¥ is the induced conjunctor of .¢ and .4/, then the pair (@R,yﬁ,a_prp\,(g,é)
satisfies (D) with respect to A/,.

Proof. Let X € #(U) and x € U. Since /4 is involutive, it is continuous. For the
lower approximation of X* in x and the upper approximation of X in x we obtain
that:

0, = nfIREX), N (X))
= InfAL (GRG0, X()
= Ay (sup R, X))
= Ny(7y),

by = sup{A,(X(2)) |z €U and #(R(z,x), N;(X(2))) = 0}
= N, (inf{X(2) |z € U and A,(C(R(z,x),X(2))) = A4(T,)})
= N, (inf{X(z) |z €U and €(R(z,x),X(2))=1,})
= N(vy)

Furthermore, we have for every z € U that

m,, = H{weU|AN,(XW))<pu, ARW,x)>R(z,x)}
= HweU|X(w)= A,(ue) AR(w,x) > R(z,x)}|
= |{weU|X(w)= v, AR(w,x)>R(z,x)}|

= Ny,
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Hence,

Q, = {zeU|AX () <y, and (V2' € U (AN, (X(2) <
= R(z,x)+ 6 -m,, = R(z,x)+85-m, )},
= {z€U|X(z)> v, and (V2 € U)X(z') > v,
=R(z,x)+6 n,, 2R(z,x)+85 n.,)},
= I.

We conclude that

(apr, (X)) (x)

inf R(y, x)
YEQ,

inf R(y, x)
yel,
(a_er,%,(;(X))(x).

O

In particular, Proposition [9.1.16| holds if the pair (#,Z) consists of an S-
implicator based on a t-conorm & and A, with & the A-dual of &, or if it
consists of an IMTL-t-norm and its R-implicator.

Other properties do not hold for the pair (@R,yﬁ,a_pr]{;gﬁ), although in [|69]]
the authors claimed that (IU) is satisfied for the Kleene-Dienes implicator, the
minimum operator and a fuzzy similarity relation. However, below we show that
this claim is false.

Example 9.1.17. Let U = {x, y,2}, .# the Kleene-Dienes implicator, 7 the mini-
mum operator and 6 = 0.1. Note that the induced negator of .# is the standard nega-
tor. Let R be a fuzzy similarity relation with R(x, y) = 0.8, R(x,z) =R(y,z) = 0.4.
LetX =0.4/x+0.5/y +0.2/zand Y =0.8/x+0.5/y +0.8/2, then X C Y, and
thus X NY = X. We obtain that

@ (apr, , ()0 = (apr, , (XNY)(x)=1-R(z,x) =06,

®) (apr, , (N)x) =1-R(y,x) =02,
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hence, apr, (X nY)# apr, (X )n apr, (Y) thus, the property (IU) is not
satisfied. Moreover the propertles (INO) and (SM)E] are not satisfied, since

(a) (a_ery 5(X))(X) =0.6>0.4=X(x),

() (apr, , CO)Nx)=0.6>02=(apr, , (V).
In addition, we have that
(a) apr (X) =0.6= aer] 5(aery 5(X)),

(b) apry 4 é(aer P 5(X)) =0.8/x+0.8/y +0.4/z.

Hence, as (apry ¢ 5(aerﬂ§(X)))(x) =08>06= (apr (X))(x) the prop-
erties (CS) and (LU) do not hold. The property (A) does not hold either, since
apr, (0°6) € 0.6, but 0.6 £ apr apry ¢, 5(0 6). The property (UE) is not satisfied,
since (apr (0))(x) = 0.6. Furthermore, since

(a) apr, E(Y) =0.2/x+0.6/y +0.6/z,

(b) apr, (aeryé(Y)) =0.2/x+0.2/y+0.6/z,

the property (ID) is not satisfied for a left-continuous t-norm & and an S-implicator
based on the A'-dual of 7 and ¥

The property (ID) does not hold for a left-continuous t-norm and its R-implicator
either. Consider the minimum operator and the Godel implicator. Note that the
induced negator is the Godel negator. Let R be the fuzzy similarity relation with
R(x,y) = 0.1 and R(x,2) = R(y,z) = 0. Let 6 = 0.2, then for the fuzzy set
X =0.7/x+0.2/y +0.1/2, it holds that gR,y,a(X) =0/x+1/y + 0/z. However,

(apr (apr (X)))(y)=0,

——R, 4,6 —

thus, the (ID) property is not satisfied.

Finally, let U = {x, y,2} and let R; and R, be fuzzy similarity relations with
Ry(x,y)=0.4,Ry(x,y)=0.9 and R;(x,2) =R;(y,2) =Ry(x,2) =R,(y,2) = 0.3,
then R; € R,. Consider the Lukasiewicz implicator and 6 = 0.2, then we obtain for
X=0.6/x+0.6/y+0.2/z,

7In [|35]], it was shown that (SM) is not satisfied for crisp subsets of U.
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@ (apr, , (O)) =1-R,(5,x) =06,
) (apr, , ;GO = 1=Ry(z,3) =07,
thus (@R p 5(X))(x) < (ER P 5(X))(x). We conclude that (RM) is not satisfied.

The final noise-tolerant model based on frequency we discuss is Yao et al.’s
variable precision fuzzy rough set model based on fuzzy granules.

9.1.4 Variable precision fuzzy rough set model based on fuzzy
granules

The last model we discuss based on frequency was proposed in 2014 by Yao et
al. [[178]] and is a granule-based fuzzy rough set model instead of an element-
based one. In this approach, called FG model henceforth, the authors work with
a left-continuous t-norm 7, its Ag-dual t-conorm & and a fuzzy & -similarity
relation R.

The relationship between fuzzy granules and fuzzy rough set theory was dis-
cussed for the first time by Chen et al. in [[13[]. In traditional set theory, a set is
determined by the elements it contains. In fuzzy set theory, a fuzzy point plays
a similar role: a non-empty fuzzy set is the union of certain fuzzy points. Fuzzy
granules can then be constructed around these fuzzy points.

Definition 9.1.18. [13] Let x € U and A € (0, 1]. A fuzzy point is a fuzzy set x;,,

in U defined by
A y=x
VyeU:x(y)=
0 y#x.

Note that the fuzzy point x; was previous denoted by the fuzzy set 1,.

Definition 9.1.19. [|13]] Let (U, R) be a fuzzy relation approximation space with U
finite, x € U and A € [0,1]. Let 7 be a left-continuous t-norm and . its A5-dual
t-conorm. The fuzzy information granules [XK]Z and [xl]Ry are defined by:

VyeU:[x17(y) = FRYy,x),A),
VyeU:[x1{(y) = Z(1-R(y,x),1-2)
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= 1-JR(y,x),A).

Note that [xl]Rf’ and [x;L]Ry can be seen as fuzzy neighborhoods of the object
x € U. However, the membership degree in x depends on the value of A.

Given the fuzzy information granules, we have the following characterization

for the IC approximation operators apr, en apry 4.

Proposition 9.1.20. [|178]] Let (U,R) be a fuzzy relation approximation space
with U finite and R a fuzzy & -similarity relation for & a left-continuous t-norm
and .¢ its R-implicator, then for X € #(U) we have

ER,J(X) = U{[XA]}? |xeU,A€[0,1], [X;L]}Z EX}.

Moreover, if 7 is an IMTL-t-norm and .# is its R-implicator such that the involutive
negator of .# is the standard negator, it holds that

apra »(X) = {[x:2]7 1x€U,A€[0,11,X S [x; 17},
with & the A/,-dual of 7.

Note that the result in the previous proposition can be extended to any involu-
tive negator 4 if the fuzzy granules in Definition [9.1.19|would be defined with
respect to this negator 4.

Now, instead of considering the fuzzy granules [xl]g and [xl]g’ such that
[xl]f(y) < X(y), respectively X(y) < [x,l]f(y), holds for all y € U, Yao et al.
considered the fuzzy granules such that for ‘many’ elements y these inequalities
hold. This is controlled by a parameter y < 1 which is recommended to be chosen
very close to 1. In [[178]] the relation R is a & -similarity relation, we consider the
model for arbitrary binary fuzzy relations, as was also done simultaneously in a
paper by Wang and Hu [|164]].

Definition 9.1.21. [164,/178]] Let (U, R) be a fuzzy relation approximation space
with U finite, J a left-continuous t-norm, . the A5-dual t-conorm of J and
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Y € [0,1]. The fuzzy rough approximation operators based on fuzzy granules
(ER,ﬂ,y’a_er’y’y) are defined by, for X € Z(U) and x € U,

(apr, , CO))

{y €Uz () <X} - Y}

sup{[zl]g(x)IzeU,AE[O,l], T

(aprg, 5, (X))(x)

{y €UIX(y) <[z N} - Y}

inf{[zl]f(x)|z€U,A€[O,1], T >

If y =1, R is a fuzzy & -similarity relation, & is an IMTL-t-norm and .¢ its
R-implicator such that A4, = A5 this model coincides with the IC model. For
general y € [0, 1), it holds that (a_er’ﬂ,a_er’g) < (ER,Q,y’a_erry’Y)'

In [178]], another characterization of the FG model was proposed. It is proven
that for a fuzzy & -similarity relation R, the supremum, respectively the infimum,
is reached in x, when computing the lower, respectively the upper, approximation
inxeU.

Proposition 9.1.22. [[178] Let (U,R) be a fuzzy relation approximation space
with U finite, & a left-continuous t-norm, & the A5-dual t-conorm of & and
y €[0,1]. It holds, for X € Z(U) and x € U, that

(apr, (X))

{y €U 1x 07 () <X} - Y}

= SUP{[Xa]}?(X) |2 €[0,1], T

(a_PrR,y,y X)(x)

{y eUI1X(y) <[5 DD} - Y}

= inf{[xl]Ry(x) |1 e[0,1], 0] >

Note that it suffices that R is reflexive and & -transitive for Proposition [9.1.22|to
hold. Next, we discuss the properties of the FG model.

Proposition 9.1.23. Let (U,R) be a fuzzy relation approximation space with U
finite, 7 a left-continuous t-norm, . the A5-dual t-conorm of  and v € [0,1].



9.1. Noise-tolerant models based on frequency 267

e The pair (aer ” Y,a_er, ) satisfies (D) with respect to the standard negator.
e The pair (aer 7y ,apry o ) satisfies (SM).

e The pair (apr aer o) satisfies (RM), when the considered fuzzy rela-
tions are reflexwe and 7 -transitive.

Proof. Properties (D) and (SM) were proven in [[178]. Let R; € R, be reflexive and
T -transitive relations and let X € Z(U). We introduce the notation Ai forxeU
andi=1,2:

H{yeUl [m]ﬁ.(y) <X} }
U] =Y.

A; =sup{)t€ [0,1]]

Due to Proposition [9.1.22| and the left-continuity of &, we have for x € U and
i=1,2:

(apr, , (O))

Iy €U 1107 () < XM }
>y

= sup{[xl]g(x) |A€[0,1], T

= [ )
= =9.(Ri(x7x): A;)
_—

Now, since R; C R,, it holds for all x € U and A € [0, 1] that

[XA]}Z < [XA]}?Z-

Hence A2 < A! for all x € U and thus, apr, (X )C (X ). The inclusion
y l

apry, o, (X) € apry, & ,(X) follows by duality. We conclude that (RM) is satisfied.

U

The other properties are not satisfied, as illustrated in the next example.

Example 9.1.24. Let U = {x;, X5, ..., X190} and let R be the fuzzy similarity rela-
tion with R(x;, x;) = 0.7 for i # j. Consider the Lukasiewicz t-norm and t-conorm,
then (aerg Y((Z)))(x) = 0.3 for all x € U, hence, the properties (INC), (CS) and
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(UE) do not hold. Since (apry, o Y(apr (0)))(x) =1 for all x € U, the property
(LU) is not satisfied. The property (A) 1s not satisfied either, since § C apr, . (0),
but apry o Y((Z)) = U ¢ . Property (ID) is not satisfied, since (apty Y(U))(x) = O 3
and (apTy ., (AP, ,(U))(x) = L.

On the other hand, let U = {x, y,z}, R a fuzzy similarity relation such that
R(x,y)=R(x,2z) =0.4 and R(y,z) = 0.5 and y = 0.6. Consider the Lukasiewicz
t-norm and t-conorm. Let X = 0.6/x +0.6/y +0.2/z and Y = 0.6/x+0/y +0.7/z,
then (a_er,g’#X))(z) =1, (ER,y,Y(Y))(Z) =0.7 and

(apr (apr Y(X NY)))(z)=0.5.
Hence, the property (IU) is not satisfied.

Next, we discuss the fuzzy variable precision rough set model proposed by
Zhao et al., where a level of uncertainty is introduced in the approximated set.

9.2 Fuzzy variable precision rough set model

Another model designed to make approximation operators more robust, is the
Fuzzy Variable Precision Rough Set (FVPRS) model, proposed by Zhao et al. [|[196]]
in 2009. It introduces a level a of uncertainty into the IC model. Below, we recall
the definition of the approximation operators in this model.

Definition 9.2.1. [196] Let (U, R) be a fuzzy relation approximation space, .# an
implicator, 6 a conjunctor, .4 an involutive negator, & a disjunctor and a € [0, 1).
The a-variable precision fuzzy rough approximation operators (@R’y’a,a_er,(g’a)
are defined by, for X € #(U) and x € U,

(apr, , (XNE)
(@Fr ¢, ()

inf #(R(y,x),2(a,X(¥))),
yeu

sup CR(y,x), 65,4 (N (a),X(¥)))-
ye

In [[196]], the following fuzzy logical connectives were considered: let 7 be
a lower semi-continuous t-norm, .4 an involutive negator and 2 the maximum
operator, then the implicator .¢ and the conjunctor ¢ are either the R-implicator
of 7 and the induced conjunctor of .#¢ and A4 or the S-implicator based on the
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A-dual of 7 and A" and the t-norm 7.

In the model of Zhao, elements with very small membership degrees to X are
smoothed with an uncertainty level a to limit their impact on the lower approxi-
mation, while the opposite happens for the upper approximation. For this reason,
it is clear that the pair (apr aer 7)< (apr aer ©.o)- In general, a will be
chosen close to 0. Note that 1f a is equal to 0 and 9 is a border disjunctor, we
derive the IC model as a special case of the FVPRS model.

On the other hand, we can also interpret the FVPRS model as a specific instance
of the IC model. Indeed, let X € #(U), then we define the fuzzy sets ¥; and Y,
in U by, for x € U,

Y1 (x) = @(aiX(x))’
o(x) = 6y 4 (N (a),X(x)),
then it is clear that apr . (v = (X ) and apry,  ,(Y>) = apry  ,(X). Based

on this relationship, it is now easy to see that (SM), (RM) and (IU) always hold for
the FVPRS model, and that (D), (ID) and (LU) hold under the same conditions as
for the IC model. It also satisfies (A), but under stricter conditions than compared
to the ones used in the IC model.

Proposition 9.2.2. Let (U,R) be a fuzzy relation approximation space, .¢ an
implicator, € a conjunctor, A an involutive negator, 2 a disjunctor and a € [0, 1).

e The pair (apr R ,apry o) satisfies (D) with respect to the involutive nega-
tor A if € is the induced conjunctor of .¢ and A

The pair (@Rjya,a_m&cg,a) satisfies (SM).

The pair (aerqu a,a_er)(g,a) satisfies (IU) if 2 is the maximum operator.

The pair (apr R ,apTy ¢ ) satisfies (ID) if € is a left-continuous t-norm 7,
& isits R-unphcator and R is 7 -transitive.

The pair (apr aer .o satisfies (ID) if 6 is a left-continuous t-norm 7,
# is the S- 1mpl1cator based on the A'-dual of 7 and 4" and R is 7 -transitive.
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e The pair (aerJT a’a_erfg’“) satisfies (LU) if € is a left-continuous t-norm &,
S is its R-impii(fator and R is symmetric and & -transitive.

e The pair (aer B ,apIy « o) satisfies (A) if € is an IMTL-t-norm 7, ¢ is its
Ph s .6,
R-implicator, 4 is the induced negator of .#, 9 is the dual of J with respect
to the induced negator of .¢ and R is symmetric.

e The pair (aer P a,a_er,(g,a) satisfies (RM).
Proof. e The proof of (D) is similar to the proof of Proposition|7.3.1

e The property (SM) holds, since every implicator, conjunctor and disjunctor
is increasing in the second parameter.

e For (U), let X;,X, € Z(U) and define Y; and Y, by, fori = 1,2,
Vx € U: Y;(x) = max(a, X;(x)),
then
(ERJ’OL(XI NX,))(x)
= yilellf]ﬂ(R(y,X),maX(a,min(X1(J'),Xz(y))))
= yirellfJﬂ(R(y,X),min(maX(a,X1(}')),maX(a,Xz(}’))))
= (apr, (% N %))

= (ERJ(YJ H@R’y(YZ))(X‘)
= (apr,, GONapr (X)),

The proof for the upper approximation is similar, since 6, , = 7, holds
for every involutive negator A4

e The proof of (ID) is similar to the proof of Proposition

e The proof of (LU) is similar to the proof of Proposition|7.3.6
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e Note that for a,b €[0,1]: 65 _4(a,b) =7 (a,b) and #(A(a),b) = 2(a, b)
(see [138]]). Let X, Y € Z#(U), then

apry o (X)CY

Vx,yeU: T(R(y,x), T (N (a),X(¥)) <Y(x)
Vx,y eU: T(TR(>y,x), ¥/ (a),X(¥)) < Y(x)
Vx,yeU: X(y) < #(T([R(y,x), N (a)),Y(x))
Vx,yeU: X(y) < #R(y,x), £(N (), Y(x)))
Vx,yeU: X(y) < #R(x,y),2(a,Y(x)))

Xc @R)y,a(Y).

AN N A A

e The property (RM) holds, since every implicator is decreasing in the first
parameter and every conjunctor is increasing in the first parameter.
O

Other properties do not hold for the FVPRS model, as illustrated in the next
example.

Example 9.2.3. Let U = {x,y,z} and R = U x U. Consider the Lukasiewicz
implicator and conjunctor, the standard negator and the maximum operator, then
(@R,%a(ﬂ))(x) = 0.1 for all x € U. Hence, the properties (INC), (CS) and (UE)
are not satisfied.

In the following section, we discuss robust fuzzy rough set models which make
use of other aggregation operators then the infimum and supremum operators.

9.3 Noise-tolerant models based on aggregation op-

erators

A drawback of the IC model is its use of the infimum and supremum operators.
The lower, respectively upper, approximation is fully determined by the worst,
respectively best, value. To overcome this problem, fuzzy rough set models based
on other aggregation operators have been defined. Models of this type are the
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p-precision fuzzy rough set model of Ferndndez-Salido and Murakami [|47]] and
the ordered weighted average based fuzzy rough set model proposed by Cornelis
et al. []19]]. We start with the former one.

9.3.1 [-precision fuzzy rough set model

The oldest noise-tolerant fuzzy rough set model is due to Ferndndez-Salido and
Murakami [[47]], who proposed the f3-Precision Fuzzy Rough Set (3-PREC) model
in 2003. They tackle the noise problem by replacing the infimum and supremum
operators by a 3-precision quasi t-norm and t-conorm:

Definition 9.3.1. [47]] Let (U,R) be a fuzzy relation approximation space with U
finite, 7 a t-norm, & a t-conorm and 3 € [0, 1]. Given an implicator .# and a con-
junctor €6, the -precision fuzzy rough approximation operators (ER’{ 3, a_er,‘ﬁ,yb)
are defined by, for X € #(U) and x € U,

(apr, , (X))

R4, T (Z(R(y,x),X(¥))),

yeu

S (R(y,x),X(¥))).
yeUu

(a_er,‘K,yb (X))(x)

Controlled by f3, the smallest elements are omitted in the calculation of the
lower approximation. Analogously, the largest elements will not influence the
upper approximation. Therefore, when we consider the minimum and maximum

operator for 7 and &, the approximation operators of the 3-PREC model satisfy
(apr, ,»@PTr) < (@pr, . . 3PTr¢,7,).

On the other hand, the use of t-norms and t-conorms other than the minimum
and maximum operator allows for more interaction among the arguments to be
aggregated. When f3 = 0, all elements smaller than the average #(R(y, x),X(y))
value (respectively, higher than the average ¢ (R(y, x),X(y)) value) are ignored.
Ifp=1,9 =9y, and & = H,, we derive the IC model. Fernandez-Salido and
Murakami recommended to choose 3 very close to 1.

Next, we study the properties of the 3-PREC model.
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Proposition 9.3.2. Let (U,R) be a fuzzy relation approximation space with U
finite, 7 a t-norm, & a t-conorm , .#¢ an implicator and % a conjunctor.

e The pair (aer o ,aprp . yﬁ) satisfies (D) with respect to the standard nega-
2R,

tor, if & is the Ag-dual of 7 and if ¢ is the induced conjunctor of .# and As.
o The pair (apr ,aply ¢ o ) satisfies (SM) and (RM).
= R4, €T

Proof. Since & and & are dual with respect to .43, it holds for all k € N\ {0, 1}
that 7% and &% are dual with respect to ;. We will prove that Ty and S are
dual with respect to A5. Let |U| =n, (a;,a,,...,a,) a n-tuple in [0, 1] and let o
be a permutation on {1,2,...,n} such that a,; is the ith largest element of the
tuple. Define m such that:

n
m=max{i €{0,...,n}]i< (1—[3)-Zaj}.
j=1
Now, since
n n
m<(1-p) Y g;em<(1-p)- > 1-(1-a),
j=1 j=1
we omit m values to calculate 3 and we omit m values to calculate ;. Hence,

HNs(Tplay,az,...,a,)) = 1=T"™as0),A02)s- -+ > Ao(n-m))
= "1 —-a,a) 1= a2 1= Aoinom))
= H(Q—a,1—ay,...,1—a,)
= Fp(As(ar), As(ay), ..., As(ay)).

We obtain for X € Z(U) and x e U

(apr. ,  (X*)%(x) = d‘/s(%(ﬂ(R(y,X),st(X(y)))))

R,ﬂ,gﬁ yeEU
= SN (IR, x), X (¥)))
yYeU

= % (4R, x).X()))
yeu
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= (a—PrR,%’,yyj X)) (x).

It is very easy to see that (SM) and (RM) are satisfied by the monotonicity of
the fuzzy logical connectives. O

In particular, the duality property holds if the pair (#,6) consists of an S-
implicator based on a t-conorm & and A5 and the A5-dual t-norm of &, or if
it consists of an IMTL-t-norm & and its R-implicator, assuming that the induced
negator of .# is the standard negator. Note that duality only holds with respect to
the standard negator A5. Indeed, if & is the A'-dual t-conorm of a t-norm & for
an involutive negator A" # A, then A (J3(a;, ay, - . -, a,)) is not necessarily equal
to H(AN(ay), N (ap), ..., N (a,)).

None of the other properties is satisfied, as illustrated in the next example.

Example 9.3.3. Let U = {x;,X,,..., X190} and R a fuzzy similarity relation with
R(x;,x;) = 0.7 if i # j. Consider the Lukasiewicz implicator and t-norm, the
minimum and maximum operator for the aggregation and 3 = 0.95. Then

(apr, , , B)(x1) =03,

hence, the properties (INC), (CS) and (UE) do not hold.

On the other hand, let U = {x,x;,X,,...,X10} and R = U x U. Consider a
border implicator and border conjunctor, the minimum and maximum operator
and f =0.8. Let X,Y € Z(U) with

X = 1/x4+0.1/x;+1/x,+0.3/x5+1/x4+0.5/x5
+1/x6+0.7/x7+1/xg+0.9/x9 + 1/x1,
Y = 0/x+1/x;+0.2/xy+1/x5+0.4/x4+1/x5

+0.6/x¢+1/x;+0.8/xg+ 1/x9 + 1/x1y,

then (aerﬂ n X)N(x) = 0.3, (aerﬂ n (Y))(x) = 0.2, but for the intersection
—R,%.9 —R, 4,
X NY we have (aery . (X NY))(x)=0.1. Hence, (IU) is not satisfied.
—RITp

Moreover, let U = {x,y,z} and R a fuzzy & -similarity relation defined by
R(x,y) = 0.3, R(x,z) = 0.6 and R(y,z) = 0.7 with & the Lukasiewicz t-norm.
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Consider the Lukasiewicz implicator, t-norm and t-conorm and 3 = 0.9. Let
X=0.5/x+08/y+0.3/zand Y =0.5/x+0.9/y +0.7/2, then

ERJ,% (Y)=0.5/x+0.9/y +0.6/2,

and thus X C apr. (Y). However, since (a_er,g,ylj (X))(x) = 0.6, it does not
—R 5T

hold that apry 5 % (X) € Y. Thus, the property (A) is not satisfied. Moreover, since

(apr, , (YD) = 08,

(apr .

R4,

(@PFr, 7 (a0, ,, (VN = 1,

the properties (ID) and (LU) are not satisfied either.

Next, we discuss Cornelis et al.’s ordered weighted average based fuzzy rough
set model.

9.3.2 Ordered weighted average based fuzzy rough set model

In 2010, Cornelis et al. [[19] constructed a fuzzy rough set model in which they re-
placed the infimum and supremum operators of the IC model by Ordered Weighted
Average (OWA) aggregation operators:

Definition 9.3.4. [19] Let (U,R) be a fuzzy relation approximation space with U
finite, .# an implicator, ¢ a conjunctor and OWA weight vectors W; and W, of
length n, with n = |U| and such that andness(W;) > 0.5 and orness(W,) > 0.5. The
(W, W,)-fuzzy rough approximation operators (@R,y,wl’a_erl%’Wz) are defined by,
forXeZ(U)and x €U,

(apr, . GO(x) = OWAy, (FR(y,x),X(¥))),

_—R,7,VV] yeU

(@prg 4w, (X))(x) = OWAy, (€(R(y,x),X(¥)))-
yeu

By varying the OWA weight vectors, different fuzzy rough set models can be
maintained. Clearly, for the weight vectors W; = (0,...,0,1) and W, = (1,0,...,0),
we obtain the IC model. If other OWA weight vectors are used, more weight will
be given to higher, respectively lower values, so it always holds that

(ERJ’a_er,%’) < (ER&, Wlaa_PrR,‘g,Wz)-



276 Chapter 9. Noise-tolerant fuzzy rough set models

A special case of the OWA model is the robust nearest neighbor fuzzy rough
model, proposed in 2012 by Hu et al. [[72]]. For instance, with the k-trimmed min-
imum operator, the authors consider a variation on the IC lower approximation,
in which the k smallest implication values #(R(y, x),X(y)) are omitted in the
infimum computation. Clearly, this approach can be modeled by using the OWA
weight vector in which the element on position n—k is equal to 1 and the remaining
values are 0. In Table we show for each robust nearest neighbor fuzzy rough
approximation proposed in [|72]] its corresponding OWA weight vector. Note that
the first three correspond to lower approximations, and the last three to upper

approximations.

Next, we consider the properties of the OWA model. Duality holds under
conditions on the weight vectors W; and W, which we discuss first. Let W; be a
weight vector such that andness(W;) > 0.5, then it holds that

n 1 <
1— 1+ —— - (W;), > 0.5
n—1 n—1;l ey
and thus
1 a n
- (W), > —— —0.5.
n_lgl( 1)1 Tl—].

If we define W, as (W,); = (W;),_;4; fori € {1,2,...,n}, then it holds that

orness(W,) = ! Z(H_i)~(W2)i
i=1

n—1+4

1 n
- E;(n—i).(vvl)n_m

= LS —(—j+10m),
j=1

n—14#

1 <« .
= m}zlo—l).(wl)j

1 < 1
= — ) jw),———
"—1;“ 1)1 n—1
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Table 9.1: Correspondence between robust nearest neighbor fuzzy rough approxi-
mation operators and OWA weight vectors

Operator OWA weight vector

) o 1 ifi=n—k
k-trimmed minimum w; = .
otherwise
ifi>n—k
otherwise
ifkodd,i=n—

ifkeven,i=n—

k-mean minimum w; =

ke

—1

ori=n—=<=

ISTEN)
T
S

k-median minimum  w;
otherwise
ifi=k+1
otherwise
ifi<k+1
otherwise

if k odd, i = &1

ifkeven,izgori=§+1

k-trimmed maximum

=
[

k-mean maximum

k-median maximum w

=
[ [

Ok H O O F O pr R Ox~ O

otherwise
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Hence, if andness(W;) > 0.5, then orness(W,) > 0.5.

Proposition 9.3.5. Let (U,R) be a fuzzy relation approximation space with U
finite, .# an implicator and ¥ a conjuctor. Let W; be a weight vector such that
andness(W;) > 0.5 and W, be a weight vector such that orness(W,) > 0.5.

e The pair (aeryw ,apry  w,) satisfies (D) with respect to the standard
negator, if (szi ’:1(W1)n_iJrl forie{1,2,...,n} with |U| =n and % is the
induced conjunctor of .¢ and A5.

e The pair (aery w ,a_er)%,Wz) satisfies (SM) and (RM).

Proof. Let X € Z(U) and x € U. Since U is finite, we can rename the elements
of U such that U = {2;,2,,...,2,} and

B (R(21,%),X(21)) = 6(R(29,%),X(25)) = ... = €(R(2,, x),X(2,)).
As % is the induced conjunctor of .¢ and A5, it holds for every z; € U that
€ (R(z;,x),X(2)) = 1— #(R(z;,x),1 —X(3;)).
Hence,
F(R(z1,x),1—X(21)) < £(R(25,x),1—X(2,)) < ... < F(R(z,,x), 1 —X(2,)).

Thus, for each z;, #(R(z;, x),1—X(z;)) is multiplied with weight (W;),_;,; when
computing the OWAy, value. We obtain that

(apr,, X (0)

= 1= (Z (W1)p—is1 - #(R(z;,x), 1 _X(Zi)))
i=1

(Z(wl)n_iﬂ -(1—ﬂ(R(zi,x),1—X(zi))))

i=1
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(Z (W), - 6 (R(x;, x),X(zi)))
i=1
= (a_Perg,w2 (X)) (x).

The properties (SM) and (RM) were proven in [|19]]. O

In particular, duality holds if the pair (¢, €) consists of an S-implicator based
on the t-conorm . and standard negator 45 and the A5-dual t-norm of &, or if
it consists of an IMTL-t-norm & and its R-implicator, assuming that the induced
negator of the implicator equals the standard negator. None of the other properties
is satisfied, as illustrated in the next example.

Example 9.3.6. Let U = {x,y} with R a fuzzy similarity relation defined by
R(x,y) =0.5. Consider the f.ukasiewicz implicator and t-norm and let W; = (3, 3)
and W, = (3, 3) then (apr R 1((D))(x) = é. The properties (INC), (CS) and (UE)
are not satisfied.

On the other hand, let U = {x,x;,x5,...,X;0} and R = U x U. Consider a
border implicator and border conjunctor and

w, = (0.10,0.09,0.08,0.07,0.06,0.05,0.04,0.03,0.02,0.01,0.45),
w, = (0.45,0.10,0.09,0.08,0.07,0.06,0.05,0.04,0.03,0.02,0.01).

Let X,Y € Z(U) with

X = 1/x4+01/x;+1/xy+0.3/x3+1/x4+0.5/x5
+1/x6+0.7/x;4+1/x5 +0.9/x9 + 1/x1,,
0/x+1/x;+0.2/x5+1/x34+0.4/x4+1/x5
+0.6/x¢+1/x;+0.8/xg +1/x9 + 1/x1,,

h<
Il

then (apr (X))(x) =0.565, (apr (Y))(x) =0.51, but for the intersection
XNY we have (apr R XNY)(x) ; 0.385. Hence, (IU) is not satisfied.

Next, let U = {x, y,z} and R a fuzzy similarity relation with R(x,y) = 0.8,
R(x,2) =R(y,z) = 0.2. Let .# be the Godel implicator and % the minimum operator
and W; = (0.05,0.05,0.9) and W, = (0.9, 0.05, 0.05). Let X = 0.7/x+0.2/y+0.1/z,
then T (X)=0.135/x +0.135/y + 0.19/z. Since

(apr, ., (@PT, ,  CON)(=)=0.13775,
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(ID) does not hold for a left-continuous t-norm and its implicator. Since

(8,7, apr, . (ON)(x) = 0.1845,

(LU) does not hold. Let R be the fuzzy similarity relation with R(x,y) = 1 and
R(x,2z) = R(y,z) = 0.8 and consider the Kleene-Dienes implicator, then for the
same fuzzy set X we obtain apr, (X) =0.255/x +0.255/y + 0.135/z. How-
ever, (@‘R’ﬂ’wl(a (X)))(x) = 0 2055, hence, (ID) is not satisfied for an
S-implicator based on a t conorm & and a negator 4 and the #-dual of &.

Finally, let U = {x, y,2} and R a fuzzy & -similarity relation with R(x, y) = 0.8,
R(x,z) = 0.3 and R(y,2) = 0.2, with & the Lukasiewicz t-norm. Let .# be the
Lukasiewicz implicator and W; = (é, g, §) and W, = (g, %, %) Consider the fuzzy
sets X =0.7/x+0/y+0.1/zand Y =0.8/x +0.3/y +0.7/2, then

apry o w,(X) =0.35/x +0.25/y + 0.05/z,

hence, apry  w,(X) € Y. Since (aeryw (Y)(x) = %, it does not hold that
XC apr. . (Y), hence, the property (A) is not satisfied.
SV

In the following section, we empirically analyze the robustness of the different
models considered in this chapter.

9.4 Experimental evaluation on robustness

To evaluate the robustness of the previously discussed fuzzy rough set models and
the IC model, we conduct an experiment involving four real-world data sets. Each
data set can be considered as a complete decision table

T =(U,At=CuU{d},{V,|a€At},{I, | a€At})

where U is the finite set of objects which are described by the conditional attributes
in C and one decision attribute d ¢ C.

A common task in machine learning is to predict the value of the decision
attribute of an object, given the other attributes of that object and previously
labeled training data. To this end, many fuzzy rough set applications of machine
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learning (see e.g. [|18,{159]]) use the so-called positive region, a fuzzy set in U
defined as follows:

Vx € U: POS,(x) = sup (apr, (RG (YD),

with apr, a fuzzy lower approximation operator in the fuzzy relation approximation
space (U,R,), with R, a fuzzy relation based on the set of conditional attributes
A C C and Ry a fuzzy relation based on the decision attribute d. The fuzzy relations
R, and R, represent approximate equality between objects based on the conditional
attributes, and on the decision attribute, respectively. They are assumed to be (at
least) reflexive and symmetric. Note that for a crisp equivalence relation E; and a
crisp equivalence relation E,, we obtain the positive region defined in Eq. (2.3):
since E; and E, are crisp, POS,(x) is either 0 or 1 and thus,

Vx €U: POSy(x)=1 < x€POSg ([x]g,).

In this work, we use the following definition for R4, AC C:

Z 1— 1, () =1, ()]

L range(a)
Vx,y €Ut Ry(x,y) ==
Al
where range(a) equals the difference between the maximum value of the attribute
a and its minimum value. The fuzzy relation R, is defined as follows when d is a
categorical (discrete) decision attribute:

1 Ii(x)=14(y)

Vx,yeU:Ry(x,y)= .
Y al%.y) {O otherwise

and as follows for a continuous decision attribute:

_ [15(c) —1;(¥)I

U:R =1
Vx:.y € d(x) y) range(d)

For a robust fuzzy rough set model, we would like the positive region not to
change drastically when small changes in the data occur. This should hold both
when the conditional attributes are affected by noise (attribute noise), as well as
when the decision attribute contains errors (class noise). Given a certain noise
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level n € [0,100], we define an altered decision system with At™ = C" U {d}: each
attribute a has a n% chance of having their values altered to other attribute values
in the range of a. To that end, the attribute values of all objects in the decision
system are considered separately. For each attribute and each object, a random
number r € [0, 1] is generated. If this number r is lower than n%, the attribute
value of the object is changed to a random value in the range of a. This means that
in the asymptotic case of an infinite amount of data, n% of the attribute values is
altered. Analogously, we can define an altered decision system with At, = CU{d"}:
each decision value has an n% chance of being altered to a value in the range of d.
That is, for each x € U, we generate a random number r € [0, 1] and if this value
is lower than n%, the value I;(x) is altered to a random value in the range of d.

In order to evaluate the robustness of the fuzzy rough models, we therefore
carry out the following procedure for each data set:

1. Calculate the positive regions POS(x) of all objects x € U using the specified
fuzzy rough set model.

2. For the noise levels n = 1,2,..., 30, calculate for each x € U the positive
region POS“C’"(x), now on the altered decision system with At™ where each
attribute value I,(x) has an n% chance of being altered to an attribute value
in the range of a.

3. For the noise levels n = 1,2,..., 30, calculate for each x € U the positive
region POSdC’"(x), now on the altered decision system with At, where each
decision value I;(x) has an n% chance of being altered to an attribute value
in the range of d.

4. For each noise level, calculate the average distances between the original
positive regions and the altered positive regions:

> |POS(x)— POSZ"(x)]

error = xeU
a,n — 5
’ U]
> [POSc(x) —POSE" (x))
xeU
errory , =

U]
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5. Repeat steps 1 through 4 ten times and report the average errors over ten

runs.

These errors express to what extent the fuzzy rough set model changes when a
certain level of attribute or class noise is imposed on the data.

We carry out this procedure for four data sets from the KEELE] data set repository.
Their properties are listed in Table[9.2] Note that the first two data sets, Appendici-
tis’ and ‘Irisﬂ have a categorical decision attribute (classification problems), while
the last two, ‘Diabetes’ and ‘machineCPU’, have a continuous decision attribute
(regression problems).

Table 9.2: Data sets used in the experimental evaluation

| vl Ic|
Appendicitis | 106 7
Iris 150 4
Diabetes 43 2
6

machineCPU | 209

The specific parameters which we used for the different fuzzy rough set models
are described in Table We followed the parameter suggestions of the authors
for their models in the corresponding papers. In some cases, multiple parameter
settings were suggested, in which case we tested all of them and report the re-
sults of the models with the most stable parameter setting, highlighted in bold in
Table For the IC model, we use the Lukasiewicz implicator to calculate the
lower approximation, and we maintain this choice for the other models to make
the evaluation implicator independent.

In Figures 9.1 and we show the results of the experiment. In each case,
the X-axis shows the noise level, while the corresponding error can be seen on the

8www . keel.es

9 Also available at the UCI Machine Learning Repository [[3]], http://archive.ics.uci.edu/ml
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Noise on attribute level

(a) Appendicitis

0.1 -

Error

0 10 20 30
Noise on attribute level

(c) Diabetes

Error

Noise on attribute level

(b) Iris

0.1

0.05 -

Noise on attribute level

(d) machineCPU

—e— IC —— VPFRS —e— VQFRS --o-- SFRS
——FG —~+ FVPRS —=— 3-PREC - = - OWA

Figure 9.1: Robustness of the fuzzy rough set models to attribute noise
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0.10

0.05

0.15
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285

10 20 30
Noise on class level

(b) Iris

10 20 30
Noise on class level

(d) machineCPU

—o— IC —— VPFRS —+— VQFRS --e-- SFRS
——FG —+— FVPRS —=— f3-PREC - = - OWA

Figure 9.2: Robustness of the fuzzy rough set models to class noise
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Table 9.3: Parameter settings for the fuzzy rough set models

Model Parameters

IC -

VPFRS | u:0.80,0.85,0.90

VQFRS | Q.21

SFRS 6:0.10,0.15,0.20

FG y : 0.80,0.85,0.90

FVPRS | «:0.10,0.15,0.20

B-PREC | 5:0.97,0.98,0.99
Aggregation: minimum operator
OWA Exponential weights,

Yager weights [|176]] based on Qg5 1)

Y-axis. Therefore, the less the increase of a curve, the better the corresponding
model performs. It can be seen that the OWA model always outperforms the IC
model and is in most cases the most robust model, for both attribute and class
noise. The VQFRS model also performs well for most of the data sets, but it is
mostly outperformed by the OWA model. The VPFRS model performs remarkably
bad for the Appendicitis data set, where it is even less robust than the IC model.
On the other hand, the VPFRS model is one of the most robust models for the Iris
and machineCPU data sets. For all data sets, the FVPRS model and the FG model
are more or less equally robust as the IC model. The -PREC model is more robust
than the IC model but is mostly outperformed by other models such as the OWA
model or VQFRS. Finally, the SFRS model performs better than the OWA model
for the Iris data set, but performs badly for the other data sets. Overall, the OWA
model is the most robust against attribute and class noise.

9.5 Conclusions and future work

In this chapter, we have discussed seven noise-tolerant fuzzy rough set models
for a fuzzy relation approximation space (U,R) with U finite. We recalled the
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definitions of the approximation operators and generalized, corrected or simplified
them when necessary. Four models follow the objective of Ziarko’s VPRS model,
and only take a portion of the fuzzy set of predecessors RP(x) into account when
computing the lower and upper appoximation of a fuzzy set X in the object x € U.
Another model adjusts the set X which we want to approximate: when computing
the lower approximation operator of X, the smallest membership degrees of X are
not taken into account. In machine learning techniques such as feature selection,
the approximated set X is often obtained by a decision attribute d. When using the
FVPRS model, we do not take objects into account with a very small membership
degree to such a decision class X. Finally, we discussed two models which use other
aggregation operators than the infimum and supremum operator.

For all models, we have verified which properties of Pawlak’s rough set model
are maintained. Besides the properties stated in Table we discussed the (RM)
property. We list an overview of the properties in Table For the purpose of
summarizing in an efficient way, we neglect potential conditions for the properties
to hold in Table since all conditions are rather reasonable when the models
are used in applications.

We immediately conclude that none of the noise-tolerant models is able to retain
all the properties of Pawlak’s original model and its implicator-conjunctor-based
extension. The FVPRS model satisfies most theoretical properties, incidentally, this
is also the model that adheres most closely to the IC model.

The VQFRS model is the only model which does not satisfy (D). However,
this is not necessarily a disadvantage, since in many applications only the lower
approximation operator is considered.

Note that none of the noise-tolerant models satisfies (INC), a defect they share
with the crisp VPRS model. This is quite remarkable, since intuitively one would
expect the lower and upper approximations to be positioned on either side of the
fuzzy set they are supposed to approximate. Throughout the chapter, we noticed
that most noise-tolerant models provide larger lower approximations and smaller
upper approximations than the IC approximation operators. However, as they do not
satisfy the (INC) property, we cannot necessarily conclude that the approximations
of the noise-tolerant models are more accurate than the ones of the IC model.
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Table 9.4: Overview of properties for the noise-tolerant fuzzy rough set models
presented in Chapterlﬂ

Property | Satisfied by the following models:

D) | VPFRS, SFRS, FG, FVPRS, 3-PREC, OWA

(INC) | none of the models

(SM) | VPFRS, VQFRS, FG, FVPRS, f3-PREC, OWA

(IU) | FVPRS
(D) | FVPRS
) | FVPRS

(CS) | none of the models

(UE) | VQFRS

(A) | FVPRS

(RM) | FG, FVPRS, 3-PREC, OWA

Furthermore, the properties (SM) and (RM) are important from the application
perspective. The fact that SFRS does not satisfy (SM), not even for crisp subsets
of U (see [35]]), makes its practical application very problematic. For instance, in
a classification problem, one would expect that when a decision class gets larger,
so do its approximations. On the other hand, the violation of (RM) has its own
consequences for applications, like attribute selection, which consider different
levels of granulation of data: indeed, when the granulation of the data imposed
by the fuzzy relations R becomes finer, we expect the lower approximation not to
shrink. Some attribute selection methods even rely on (RM), e.g., the QuickReduct
algorithm [|18]] assumes that the lower approximation of classes increases when
attributes are added, since adding attributes means that the membership values of
the fuzzy relation increase. In this sense, the fuzzy rough set models of FG, FVPRS,
B-PREC and OWA are prefered over the other ones.

The properties (IU), (ID), (LU), (CS), (UE) and (A) are less important for
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practical applications, and are mainly interesting from a theoretical perspective.

Next, we analyzed the robustness of the noise-tolerant fuzzy rough set models
and the IC model with respect to attribute and class noise. Of the four models
FG, FVPRS, 3-PREC and OWA which are interesting from a theoretical point of
view, we see that the models FG and FVPRS perfom more or less equally to the IC
model. Hence, the lack of properties of both models is not compensated with better
performance quality. The 3-PREC model is more robust than the IC model, however,
it is mostly outperformed by the OWA model. We can conclude that overall, the
OWA model is the most robust model against class and attribute noise.

When taking both theoretical properties and experimental analysis into con-
sideration, we would suggest that the 3-PREC and OWA model are preferable
when choosing a robust fuzzy rough set model. However, they still lack the
(INC) property. In [32]], we introduced adaptations for the f-PREC and OWA
model by taking the membership degree X(x) into account when computing
the lower and upper approximation of X in x. The adapted 3-PREC approxima-
tion operators (a_pr;’y’%,a_pr;’% % ) and adapted OWA approximation operators

(apr?

R,y’wl,a_m;’(g,wz) are defined as follows: let X € Z(U) and x € U,

(apr;y | (X))(x) min (X(X), Tp (J‘(R(y,X),X(y)))),

RA.Tp yeu
(@Pry 5, (X))(x) = max (X(X), I (6(R(y, X),X(y)))) ,
yeu

(apry . ())(x)

L R,oW,

min (X(x), OWAy, (L(R(y, x),X(y)))) ,

yeu

(@PTy 4w, (X))(x) max (X(X), OWAy, (‘K(R(y,X),X(Y))))-

yeu
Both adapted models satisfy more properties than their original models:

o The adapted 3-PREC model satisfies (D), (SM) and (RM) such as the original
B-PREC model, but also satisfies the properties (INC) and (UE).
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e The adapted OWA model satisfies (D), (SM) and (RM) such as the original
OWA model, but also satisfies the properties (INC) and (UE). Moreover, it
satisfies (CS) when we consider a border implicator and a border conjunctor.

Additionally, we performed a similar experimental analysis on robustness. For
both attribute and class noise, the adapted models perform quite equally to the
original models, without a higher complexity, and they outperform the IC model.
We conclude that the benefits of the original models are not lost by the adaptations
which provide better theoretical properties.

A future research objective is the fusion of the results presented in Chapters
and [9) to a unified framework of fuzzy rough set models. More specifically, we
would like to study the following topics:

e An experimental analysis on the robustness of fuzzy covering-based rough
set models presented in Chapter [§]to attribute and class noise.

¢ Generalizing some noise-tolerant fuzzy rough set models from theoretical
perspective. For instance, we could define the FG model with a general
involutive negator instead of the standard negator. Moreover, we could study
the models with other fuzzy neighborhoods N(x) than the fuzzy sets of
predecessors RP(x), for x € U. For example, we could study the OWA model
with the fuzzy neighborhood operator NC, given a fuzzy covering C.

e The study of partial order relations between different fuzzy covering-based
rough set models and noise-tolerant fuzzy rough set models. For example,
the FG model is a granule-based fuzzy rough set model. Therefore, we can
study this model as a fuzzy covering-based rough set model.

Additionally, an important future research direction is the application of different
fuzzy rough set models in machine learning, and more specifically, in applications
considering feature and instance selection.
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Conclusions and future research directions

In this work, we have provided a systematic, theoretical study of rough set theory
and fuzzy rough set theory from a semantical, a constructive and a practical point of
view. As the research on rough set theory was very scattered, we have constructed
a general framework of (fuzzy) rough set models. Within this framework, we
have presented systematic investigations, providing other researchers the ability to
choose between different models based on their needs.

The semantical point of view ensures us a proper and correct use of rough set
theory, and it prevents potential misuses of the theory. The constructive point of
view allowed us to correct mistakes in existing models, which we often generalized.
Moreover, we introduced new (fuzzy) rough set models. Since rough set theory was
originally introduced in order to obtain information from data, we also compared
(fuzzy) rough set models with applications in mind.

Each chapter has its own contribution and can therefore be considered indepen-
dently. For each topic we have stated conclusions and, if applicable, future research
directions. In this chapter, we provide an overview of the most important con-
clusions of our research and in addition, we state different challenges for the future.
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First, in Chapter [3] we have discussed three semantically sound approaches
to rough set models. We have revised a semantically sound approach to Pawlak’s
rough set model for complete decision tables. To this aim, we constructed a descrip-
tive language in two parts. In addition, we have introduced a semantically sound
approach to covering-based rough sets. In this approach, the set of definable sets
is no longer given by a Boolean algebra over a partition, which was the case for
Pawlak’s rough set model, but by the union-closure over a covering which is a join-
semilattice. We have studied that the lower approximation operator obtained in this
semantical approach coincides with the tight covering-based lower approximation
operator. However, the derived upper approximation operator does not provide a
definable set, but a set of definable sets. We have illustrated how this approach
may lead to certain rules given a complete decision table with added semantics.
Moreover, we have applied this approach to the theory of dominance-based rough
set theory in which it is shown that the conceptual lower approximation operator
coincides with an element-based approximation operator for a reflexive and tran-
sitive neighborhood operator. Finally, we have introduced a semantically sound
approach to decision tables with missing values considering Pawlak’s rough set
model. We considered three types of missing values: lost values, do-not-care values
and attribute-concept values. Although only the equality relation was considered,
the set of definable sets is given by the union-closure over a covering. The aim of
this chapter was to derive more insight in the concepts of rough set theory.

In Chapter [4, we have constructed a unified framework of dual covering-based
approximation operators. We have recalled many operators studied in literature
and introduced some other pairs of dual covering-based approximation operators.
We have discussed equalities and partial order relations between different approxi-
mation operators in order to obtain conclusions on the accuracy ability for each pair
of dual approximation operators. From a practical perspective, it is reasonable to
consider the most accurate pair of approximation operators, as the lower and upper
approximations of a set will be the closest to the original set. However, accuracy is
not the only property to be taken into consideration. To this aim, we studied the

theoretical properties for each pair of approximation operators. For applications, it
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is suitable to choose approximation operators which satisfy the inclusion property
and the set monotonicity property. Combining both the results on accuracy and the
theoretical properties, the pairs (ENf,a_perc ), (@(Nlc)*l’
(ENg’a_prNﬁ) are preferable to use in applications.

a_pr(Nlc)q ), (S_,S+) and

In Chapter [6] we have introduced the definitions of a fuzzy covering, the fuzzy
neighborhood system of an object, the fuzzy minimal description of an object
and the fuzzy maximal description of an object of the universe. In addition, four
crisp neighborhood operators and six crisp coverings studied in [|[189]] have been
extended to the fuzzy setting. For a finite fuzzy covering, four fuzzy neighborhood
operators and six fuzzy coverings, one original and five derived ones, have been
combined, resulting in 24 combinations of fuzzy neighborhood operators. How-
ever, we have proven that for a left-continuous t-norm and its residual implicator
the obtained 24 combinations can be reduced to 16 different groups of fuzzy
neighborhood operators. In this setting, we have derived the Hasse diagram of
these 16 groups, which expresses which operators yield larger or smaller fuzzy
neighborhoods. We have discussed the properties for each of the 16 groups of
fuzzy neighborhood operators. Finally, we have discussed a family of fuzzy neigh-
borhood operators introduced by Ma in [[107]]. We have shown that only for the
parameter 3 = 1 the fuzzy neighborhood operator is reflexive. We have discussed
the properties of this fuzzy neighborhood operator and studied the partial order
relations with the 16 fuzzy neighborhood operators discussed above.

Besides the study of rough set models, we have studied many fuzzy rough set
models in the second part of this dissertation. In Chapter [7, we have presented
a historical overview of fuzzy rough set theory since the late 1980s. Moreover,
we have introduced an implicator-conjunctor-based fuzzy rough set model which
encapsulates many fuzzy rough set models described in literature and we have
studied the properties of this model when a fuzzy neighborhood operator is con-
sidered.

In Chapter[8] we have studied fuzzy covering-based rough set models which ex-
tend the tight and loose granule-based approximation operators. We have recalled
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three existing models and introduced two new ones which extend the tight approx-
imation operators. Moreover, we recalled one model and introduced one model
which extend the loose approximation operators. Both models are equivalent to
fuzzy neighborhood-based models. For each of the seven models, we have discussed
its properties. All models maintain the properties of the tight, respectively loose,
approximation operators given some conditions on the used t-norm and implicator.
Only the intuitive extension of the tight approximation operators does not satisfy
the (CS) property. Secondly, we have discussed partial order relations with respect
to < for a finite universe U, a finite fuzzy covering C on U, an IMTL-t-norm &,
its R-implicator .# and its induced negator 4. We have studied 22 pairs of fuzzy
covering-based rough set models, of which 17 pairs are based on a fuzzy neighbor-
hood operator. From this, we can conclude that the pairs (@Nlc’],a_perc,g) and

(aprC’Wu, apIg ) provide the most accurate approximations.

Finally, in Chapter [9] we have discussed seven noise-tolerant fuzzy rough set
models for a fuzzy relation approximation space (U, R) with U finite. We recalled the
definitions of the approximation operators and generalized, corrected or simplified
them when necessary. Four models follow the objective of Ziarko’s VPRS model,
and only take a portion of the fuzzy set of predecessors R”(x) into account when
computing the lower and upper appoximation of a fuzzy set X in the object x € U.
Another model adjusts the set X which we want to approximate: when computing
the lower approximation operator of X, the smallest membership degrees of X are
not taken into account. To end, we have discussed two models which use other
aggregation operators than the infimum and supremum operator.

For all noise-tolerant fuzzy rough set models, we have verified which properties
of Pawlak’s rough set model are maintained. We immediately conclude that none
of the noise-tolerant models is able to retain all the properties of Pawlak’s original
model and its implicator-conjunctor-based extension. The FVPRS model satisfies
most theoretical properties, incidentally, this is also the model that adheres most
closely to the IC model.

Next, we analyzed the robustness of the noise-tolerant fuzzy rough set models
and the IC model with respect to attribute and class noise. Of the four models
FG, FVPRS, 3-PREC and OWA which are interesting from a theoretical point of
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view, we see that the models FG and FVPRS perfom more or less equally to the
IC model. Hence, the lack of properties of both models is not compensated with
better performance quality. The 3-PREC model is more robust than the IC model,
however, it is mostly outperformed by the OWA model.

When taking both theoretical properties and experimental analysis into consid-
eration, we would suggest that the 3-PREC and OWA model are preferable when
choosing a robust fuzzy rough set model. However, they still lack the inclusion
property. In [32]], we introduced adaptations for the both models by taking the
membership degree X(x) into account when computing the lower and upper ap-
proximation of X in x. We have discussed that the adapted models satisfy more
theoretical properties than the original models, without a higher complexity, and
they outperform the IC model. Hence, the benefits of the original models are not
lost by the adaptations which provide better theoretical properties.

There are still many challenges left. From a semantical point of view, the
most important future research directions are the study of semantically sound
approaches to covering-based rough set models for incomplete decision tables and
to different fuzzy rough set models for both complete and incomplete decision
tables. Moreover, we want to study rule induction based on upper approximation
operators in order to obtain possible rules.

Next, as discussed in Chapter[4] there are many future research directions in
the study of covering-based rough set theory from a computational point of view.
However, the main challenge in the study of (covering-based) rough set models
is their application in machine learning techniques such as feature and instance
selection.

To this aim, we need to study reduction for covering-based rough set models.
In [|114], Miao et al. discussed relative reducts in consistent and inconsistent
decision tables for Pawlak’s rough set model. They considered three types of relative
reducts: region preservation reducts, decision preservation reducts and relationship
preservation reducts. All three are equivalent for consistent decision tables, but
this statement is not maintained for an inconsistent decision table. Therefore,

future work will include the study of these three types of relative reducts for
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covering-based rough set models.

Moreover, we will study bireducts for covering-based rough set models. Slezak
and Janusz [|148] introduced the notion of decision bireducts for Pawlak’ s rough
set model inspired on the methodology of biclustering [[117[]. In this approach,
both a subset of conditional attributes which describes the decision classes and a
subset of objects of the universe for which such a description is valid are selected.

In addition, we want to study which pairs of covering-based rough set models
are robust against noise in the data, and how we can improve covering-based rough
set models with this property in mind.

Future work regarding fuzzy rough set models includes the fusion of the results
presented in Chapters|[8|and [9]to a unified framework of fuzzy rough set models.
First, we want to study the comparability between the approximation operators
studied in Chapters[8/and[9} Next, we want to perform an experimental analysis on
the robustness of fuzzy covering-based rough set models presented in Chapters
and [9]to attribute and class noise.

Other future research directions include the study of fuzzy extensions of other
pairs of covering-based rough set approximation operators, €.g., the approximation
operators of the framework of Yang and Li. Moreover, we want to generalize some
noise-tolerant fuzzy rough set models from theoretical perspective. For instance,
we could define the FG model with a general involutive negator instead of the
standard negator. Moreover, we could study the models with other fuzzy neighbor-
hoods N(x) than the fuzzy sets of predecessors R?(x), for x € U. For example, we
could study the OWA model with the fuzzy neighborhood operator N{C, given a
fuzzy covering C.

Additionally, an important future research objective is the application of dif-
ferent fuzzy rough set models in machine learning, and more specifically, in ap-
plications considering feature and instance selection. Finally, a major topic in
the machine learning community is the scaling of techniques to big data [[204]].
Recently, a first distributed approach to calculate fuzzy rough lower and upper
approximations was presented in [12]].
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APPENDIX A

Counterexamples for Chapter [4]

Counterexample 1
Let (U, C); be a covering approximation space with U = {1, 2, 3,4} and
C=1{1,12,13,24,34,123,234}.

The neighborhoods of the elements of U for the different neighborhood operators
is presented in Table Note that we use the abbreviation, i.e., N{C(l) ={1}is
denoted by ‘1’ in the table.
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Table A.1: Neighborhoods for (U, C),

N 1 2 3 4
a 1 2 3 4
b 1 2 3 4
c 1 124 134 234
d 1 2 3 4
e 123 124 134 234
f 123 23 23 234
g 1 2 3 4
h 123 124 134 234
i 123 23 23 234
j 123 1234 1234 234
k 123 1234 1234 234
l 1234 1234 1234 1234
m | 1234 1234 1234 1234
at | 1 2 3 4
b1 2 3 4
123 24 34 234
1 2 3 4
e’! | 123 124 134 234
/U1 1234 1234 4
it | 1 1234 1234 4
k™| 123 1234 1234 234
7' | 1234 1234 1234 1234
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Let (U, C), be a covering approximation space with U = {1, 2, 3,4} and

C ={12,23,14}.

The neighborhoods of the elements of U for the different neighborhood operators
is presented in Table Note that we use the abbreviation, i.e., Nic(l) ={1}is

denoted by ‘1’ in the table.

Table A.2: Neighborhoods for (U, C),

N| 1 2 3 4 | N | 1 2 3 4
a 1 2 23 14 |a'| 14 23 3 4
b | 14 23 23 14 |b'| 14 23 23 14
c | 124 123 23 14 | c'| 124 123 23 14
d 1 2 23 14 114 23 3 4
e | 124 123 23 14 |e' | 124 123 23 14
f 1 2 23 14 | f1] 14 23 3 4
g | 14 23 23 14

h | 124 123 23 14

i 1 2 23 14 | it | 14 23 3 4
j| 124 123 23 14

k | 1234 1234 23 14 | k' | 124 123 123 124
l 12 12 123 124 | 7' | 1234 1234 3 4
m

1234 1234 123 124
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Counterexample 3

Chapter A. Counterexamples for Chapter[4]

Let (U, C)5 be a covering approximation space with U = {1, 2,3,4} and

C={1,2,12,23,14}.

The neighborhoods of the elements of U for the different neighborhood operators
is presented in Table Note that we use the abbreviation, i.e., Nf(l) ={1}is

denoted by ‘1’ in the table.

Table A.3: Neighborhoods for (U, C),

N| 1 2 3 4| N| 1 2 3 4
a 1 2 23 14 |a'| 14 23 3 4
b | 14 23 23 14 |b'| 14 23 23 14
c 1 2 23 14 | ¢t | 14 23 3 4
d| 14 23 23 14 |d'| 14 23 23 14
e | 124 123 23 14 |e' | 124 123 23 14
f 1 2 23 14 | f1| 14 23 3 4
g | 14 23 23 14

h| 14 23 23 14

i 1 2 23 14 | it | 14 23 3 4
j| 124 123 23 14

k | 1234 1234 23 14 | k' | 124 123 123 124
l 12 12 123 124 | 7' | 1234 1234 3 4
m | 1234 1234 123 124




303

Counterexample 4
Let (U, C), be a covering approximation space with U = {1,2, 3} and
C={1,2,123}.

The neighborhoods of the elements of U for the different neighborhood operators
is presented in Table Note that we use the abbreviation, i.e., Nic(l) ={1}is
denoted by ‘1’ in the table.

Table A.4: Neighborhoods for (U, C),

z
[

2 3 | N | 1 2 3

1 2 123 |a'| 13 23 3
123 123 123 | b7!' | 123 123 123
1 2 123 |c¢' | 13 23 3
123 123 123 | d7!' | 123 123 123
123 | et | 13 23 3
123 123 123 | f7' [ 123 123 123
123 123 123
123 123 123
123 123 123 | i7!' | 123 123 123
123 123 123
123 123 123 | k7' | 123 123 123
123 123 123 | "' | 123 123 123
123 123 123

S0 Y o QL0 o Q
=
N

~.

— -

3
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Counterexample 5
Let (U, C)5 be a covering approximation space with U = {1, 2,3,4} and
C=1{1,3,13,24,34,14,234}.

The upper approximations, referred to by the numbers of the pairs, of the set X
with X € {1,2,3,4,12, 34,123} are presented in Tables and Note that we
use the abbreviation, i.e., apr,({1}) = {1} is denoted by ‘1’. Moreover, the topology
induced by C is given by

T ={0,1234,1,3,13,24,34,14,234,4,124,134}.



Table A.5: Approximations for (U, C)s and different X € U

Pair | {1} {2} {3} {4y  {1,2} {3,4} {1,2,3}
1 1 2 3 24 12 234 123
2 1 24 3 4 124 34 1234
3 1 24 3 24 124 234 1234
4 1 24 3 24 124 234 1234
5 14 24 34 24 124 234 1234
6 1 24 3 1234 124 1234 1234
7 1 2 3 1234 12 1234 123
8 14 24 34 4 124 34 1234
9 134 24 134 1234 1234 1234 1234
10 134 24 134 1234 1234 1234 1234
11 1 2 23 24 12 234 123
12 1 234 3 4 1234 34 1234
13 24 3 24 124 234 1234
14 14 24 34 1234 124 1234 1234
15 1 2 1234 1234 12 1234 1234
16 134 234 34 34 1234 34 1234
17 134 234 1234 1234 1234 1234 1234
18 134 234 1234 1234 1234 1234 1234
19 134 234 1234 1234 1234 1234 1234
20 1234 1234 1234 1234 1234 1234 1234
21 1234 1234 1234 1234 1234 1234 1234
22 1234 1234 1234 1234 1234 1234 1234

305



306 Chapter A. Counterexamples for Chapter[4

Table A.6: Approximations for (U, C)s and different X € U

Pair|{1} 2} {3} {4 {12} {3,4} {1,2,3}

23 1 2 3 24 12 234 1234
24 1 2 3 24 12 1234 1234
25 1 2 23 24 1234 1234 1234
26 1 2 1234 1234 1234 1234 1234
27 1 24 3 4 1234 34 1234
28 1 24 3 1234 124 34 1234
29 1 234 3 1234 1234 34 1234
30 1 2 3 4 12 34 123
31 1 2 3 4 12 34 123
32 1 24 3 24 124 234 1234
33 1 24 3 24 124 234 1234
34 1 24 3 24 124 234 1234
35 1 0 3 24 1 234 13

36 1 2 3 1234 12 34 123
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Counterexample 6
Let (U, C)q be a covering approximation space with U = {1, 2, 3,4, 5} and
C = {12,234, 45}.

The upper approximations, referred to by the numbers of the pairs, of the set X
with X € {1, 2} are presented in Tables Note that we use the abbreviation, i.e.,
apr,({1}) = {1} is denoted by ‘1’ in the table. Moreover, the topology induced by
C is given by

T ={0,12345,12,234, 45,2, 4, 1234, 1245, 2345, 124, 245}.

Table A.7: Approximations for (U, C)s and different X € U

Pair 1 2 | Pair | 1 2
1 1 123 12 12 2
2 12 2 13 12 1234
3 1 123 14 12 1234
4 12 2 15 1 123
5 12 1234 16 12 2
6 12 1234 17 12 1234
7 1 123 18 12 1234
8 12 2 19 12 1234
9 12 1234 | 20 1 12345
10 12 1234 | 21 | 1234 234
11 1 123 22 | 1234 12345
32 12 123
33 123 123
34 | 12345 12345
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APPENDIX B

Properties of (aprN,a_prN)

Let N be a neighborhood operator on the universe U. We discuss the properties of
the element-based pair of approximation operators (aprN,a_prN).

e The pair (aprN,a_prN) satisfies (D).

Proof. LetX C U, then

(apr (X)) = {x€U[N(x)ZX}
= {x€U|N(x)nX # 0}
= apry(X).
We conclude that the pair (aprN,a_prN) satisfies (D). O

e The pair (aprN,a_prN) satisfies (INC) if and only if N is reflexive.

Proof. Assume (@N,a_prN) satisfies (INC), then for x € U it holds that
{x} S apry({x}), hence N(x) N {x} # @. We conclude that x € N(x) for all
x €U, i.e., N is reflexive.
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Chapter B. Properties of (@N, apry)
On the other hand, assume N is reflexive and let X C U. For x € X it holds
that x € N(x) N X, hence, x € apry(X). Thus, X € apry(X). The inclusion
apr, (X) € X holds by duality. We conclude that the pair (a_prN,a_prN) satisfies
(INC). O
The pair (EN,a_prN) satisfies (SM).
Proof. Immediately from the definition. O

The pair (aprN,a_prN) satisfies (IU).

Proof. LetX,Y C U, then

{x€eU|N(x)SXNnY}
{xeU|IN(X)SXAN(x)CY}
{x€eU|IN(x)SX}Nn{x€eU|N(x)CY}
@N(X)DEN(Y).

apr (X NY)

The equality apry (X UY) = apry(X) Uapry(Y) can be proven similarly. We
conclude that the pair (aprN,a_prN) satisfies (IU). O

The pair (aprN,a_prN) satisfies (ID) if and only if N is transitive.

Proof. Assume (a_prN,a_prN) satisfies the property (ID) and let x,y,z € U
such that x € N(y) and y € N(z). Then y € apry({x}), and therefore
N(z) N 8pry({x}) # 0. Thus, z € APry(aPry({x})) € APry({x}). Hence,
x € N(z). We conclude that N is transitive.

On the other hand, assume N is transitive and X C U. Let x € U such
that x € apry(apry(X)), then there exists y € N(x) such that y € apry(X).
As N(y) N X # 0, there exists z € N(y) such that z € X. As N is tran-
sitive, it holds that z € N(x). Therefore, x € apry(X). The other inclu-
sion E’N(X ) € EN(EN(X )) holds by duality. We conlude that the pair
(@N,a_prN) satisfies (ID). O
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o If N is symmetric, then the pair (aprN,a_prN) satisfies (LU) if and only if N is

transitive.

Proof. Assume N symmetric and the pair (aprN,a_prN) satisfies (LU). Let
x,¥,2 € U with x € N(y) and y € N(z). For {x} C U it holds that

a_PrN({X}) < @’ (a_PrN({X}))

As N(y) N {x} # 0, it holds that y € apry({x}), thus, y € apr, (apry({x})).
Hence, N(y) C apry({x}). As N is symmetric, it holds that z € N( y). There-
fore, z € apry({x}), i.e., x € N(z). We conclude that N is transitive.

On the other hand, assume N symmetric and transitive and let X C U. Take
x € U such that x € apry(X). We need to prove that x € EN(WN(X)), ie.,
N(x) C apry(X). Take y € N(x). As x € apry(X), there exists a z € N(x)
such that z € X. As N is symmetric, x € N(z) and as N is transitive, y € N(z).
Thus, 2 € N(y) and y € apry(X). Therefore, apry(X) € apr, (apry(X)). The
inclusion aprN(apr X)) c apr, (X) follows by duality. We conclude that the
pair (apr ,apry) satlsﬁes (LU) O

o The pair (aprN,a_prN) satisfies (UE).
Proof. Immediately from the definition. O
e The pair (aprN,a_prN) satisfies (A) if and only if N is symmetric.

Proof. Assume that the pair (aprN,a_prN) satisfies (A). Let x,y € U with
x €N(y). For X = {x} and Y = N(x), we obtain that

apry({x}) € N(x) & {x} C apr (N(x)),
ie.,
apry({x}) € N(x) & N(x) S N(x).

As the right-hand-side of that equivalence is always true, it holds that
apry({x}) € N(x), i.e., {z € U | x € N(2)} € N(x). Since x € N(y), it
holds that y € N(x). We conclude that N is symmetric.

On the other hand, assume N symmetric and let X,Y C U.
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— Assume apry(X) €Y and let x € X. For y € N(x) it holds that x € N(y)
since N is symmetric, and thus, y € apry(X). Hence, y € Y. Therefore,
X Capr (Y).

— Assume X C EN(Y) and let x € apry(X). Thus, there exists y € X
with y e N(x). Asye€X,y € EN(Y)’ i.e.,, N(y) € Y. By symmetry,
x € N(y) and thus x € Y. Therefore, apry(X) C Y.

We conclude that
aPry(X) C Y & X Capr (¥),

i.e., the pair (aprN,a_prN) satisfies (A). O



Samenvatting

De manier waarmee we met data omgaan is recent veranderd. Vanwege de techno-
logische evolutie zijn we in staat steeds meer en meer data te verwerken, en dit
vaak in real time. Data is zelf een product geworden. Denk maar aan de aanbe-
velingen die je krijgt op streamingwebsites zoals Spotify en Netflix of op sociale
media zoals Facebook en Twitter. Maar ook in de medische wereld, de banksector
en door de overheid wordt data gebruikt om beslissingen te nemen.

In deze thesis presenteren we een systematische, theoretische studie rond ruw-
verzamelingen en vaagruwverzamelingen. We beschouwen zowel een semantisch,
een computationeel, als een praktisch standpunt.

Ruwverzamelingenleer is geintroduceerd door Pawlak [|128]] en heeft als doel
informatie en kennis te halen uit data. Het basisidee is het benaderen van een
onvolledig gekend concept door middel van een onder- en bovenbenaderingsope-
rator gebaseerd op een relatie die de mate waarin objecten niet te onderscheiden
zijn beschrijft. De onderbenadering bevat deze objecten die zeker tot het concept
behoren, terwijl de bovenbenadering deze objecten bevat die mogelijk tot het
concept behoren. Vermits ruwverzamelingenleer ontworpen is om kwalitatieve of
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discrete data te verwerken, heeft het een beperkte toepasbaarheid voor data met
reéle waarden. Daarom is het zinvol om vaagruwverzamelingenleer te beschouwen.
Dit is een hybride theorie van ruwverzamelingenleer en vaagverzamelingenleer.
Dit laatste is geintroduceerd door Zadeh [[193]] met als doel om vage concepten
te beschrijven. Inleidende begrippen omtrent ruw- en vaagruwverzamelingenleer
worden respectievelijk besproken in Hoofdstuk [2]en Hoofdstuk

In Hoofdstuk [3| bespreken we drie benaderingen van ruwverzamelingmodellen
vanuit semantisch oogpunt. We beschrijven eerst het ruwverzamelingmodel van
Pawlak voor een volledige beslissingstabel. Hiervoor stellen we een beschrijvende
taal op in twee delen. Daarnaast introduceren we een semantische benadering
voor coveringgebaseerde ruwverzamelingen. We besluiten dat de verzameling
van ‘definable sets’ niet langer gegeven wordt door een boolse algebra gebaseerd
op een partitie, maar door de uniesluiting van een covering. We illustreren dit
door deze semantische aanpak toe te passen op dominantiegebaseerde ruwver-
zamelingen. Ten slotte bespreken we een semantische benadering van het model
van Pawlak voor een beslissingstabel met ontbrekende waarden. Ondanks het
gebruik van de gelijkheidsrelatie besluiten we dat de verzameling van ‘definable
sets’ gegeven wordt door de uniesluiting van een covering. Het doel van dit hoofd-
stuk is om meer inzicht te verwerven in de concepten van de ruwverzamelingenleer.

In Hoofdstuk[4bouwen we een uniform kader op voor paren van duale covering-
gebaseerde benaderingsoperatoren. We beschrijven verschillende operatoren uit
de literatuur en introduceren zelf enkele operatoren. We bespreken gelijkheden en
orderelaties tussen benaderingsoperatoren. Uit dit framework kunnen we besluiten
trekken in verband met de accuraatheid van paren van duale benaderingsopera-
toren. Vanuit praktisch oogpunt is het aanbevolen om benaderingsoperatoren te
beschouwen met een hoge accuraatheid, vermits deze operatoren benaderingen
opleveren die dicht bij het oorspronkelijke concept liggen. Accuraatheid is echter
niet de enige karakteristiek die in acht dient genomen te worden. Daarom be-
studeren we ook de theoretische eigenschappen van de benaderingsoperatoren.
Zo zijn de eigenschappen van inclusie en verzamelingmonotoniciteit belangrijk

voor toepassingen. Wanneer we de resultaten omtrent de accuraatheid en de the-
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oretische eigenschappen combineren, besluiten we dat de paren (aprNC, aprye ),
- 1

(apr

—f)’
passingen.

— _ 4 — o
apr(ycy ), s7,s7) en (aprNPC ,aprN}g) het meest geschikt zijn voor toe-
4

In Hoofdstuk[6]introduceren we de definities van een vaagcovering, het vaagom-
gevingssysteem van een element, de vage minimale beschrijving van een element
en de vage maximale beschrijving van een object. Daarnaast breiden we vier om-
gevingsoperatoren en zes coverings besproken in [[189] uit naar de vaagverzame-
lingenleer. Gegeven een eindige vaagcovering combineren we vier vaagomgevings-
operatoren en zes vaagcoverings, de oorspronkelijke vaagcovering en vijf afgeleide
vaagcoverings. De 24 vaagomgevingsoperatoren kunnen we terugbrengen tot 16
groepen van vaagomgevingsoperatoren als we een linkscontinue t-norm en de
residuele implicator beschouwen. We bestuderen orderelaties tussen deze 16 groe-
pen en bespreken de theoretische eigenschappen van vaagomgevingsoperatoren
voor elke groep. Ten slotte bespreken we een familie van vaagomgevingsopera-
toren die geintroduceerd is in [[107]]. Echter, enkel voor 8 = 1 bekomen we een
reflexieve vaagomgevingsoperator. We bestuderen de eigenschappen van deze
vaagomgevingsoperator en onderzoeken orderelaties met de 16 groepen van vaag-

omgevingsoperatoren die we hierboven bespraken.

In het tweede deel van de thesis bespreken we verschillende vaagruwver-
zamelingmodellen. In Hoofstuk |7| geven we een historisch overzicht van vaag-
ruwverzamelingenleer sinds de jaren ‘80. Verder introduceren we het implicator-
conjunctorgebaseerde (IC) vaagruwverzamelingmodel. Dit model omvat verschil-
lende modellen die beschreven zijn in de literatuur. Daarnaast bestuderen we de
theoretische eigenschappen van het IC-model.

In Hoofdstuk 8| bestuderen we vaagcoveringgebaseerde ruwverzamelingmodel-
len die een uitbreiding zijn van de ‘tight’ en ‘loose’ coveringgebaseerde benaderings-
operatoren. We bespreken drie bestaande modellen en introduceren twee nieuwe
modellen die de ‘tight’ benaderingsoperatoren uitbreiden. Verder bespreken we één
bestaand en introduceren we één nieuw model die de loose’ benaderingsoperato-
ren uitbreiden. Beide modellen zijn equivalent aan vaagruwverzamelingmodellen
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die gebruik maken van een vaagomgevingsoperator. We bestuderen de theoreti-
sche eigenschappen voor elk van de zeven modellen. Daarnaast bespreken we
orderelaties tussen 22 verschillende vaagruwverzamelingmodellen die gebaseerd
zijn op een eindige vaagcovering, een IMTL-t-norm, de residuele implicator en de
geinduceerde negator. We besluiten dat de paren van duale benaderingsoperatoren

(aprN{CJ, aper‘c’g) en (aprC’Wu, aprC’Wu) de meest accurate benaderingen opleveren.

In Hoofdstuk [9] bestuderen we enkele vaagruwverzamelingmodellen die gein-
troduceerd zijn in de literatuur om met ruis in data om te gaan. Voor elk model
bespreken we de benaderingsoperatoren en veralgemenen, corrigeren of vereen-
voudigen we het indien nodig. Vier modellen gebruiken hetzelfde idee als Ziarko
gebruikte voor het VPRS-model [203]] en nemen enkel een fractie van de vaag-
verzameling RP(x), x € U, in beschouwing bij het bepalen van de onder- en
bovenbenadering in x. Een ander model past de vaagverzameling aan die bena-
derd wordt. Verder bespreken we twee modellen die andere aggregatieoperatoren
gebruiken dan het infimum en het supremum.

Voor elk model bestuderen we de theoretische eigenschappen. Geen enkel
model voldoet aan alle eigenschappen die voldaan zijn door het IC-model. Het
FVPRS-model dat het dichtst aanleunt tegen het IC-model voldoet aan de meeste
eigenschappen. Daarnaast zijn de modellen FG, 3-PREC en OWA interessant vanuit
computationeel oogpunt.

Bovendien analyseren we de robuustheid van de zeven modellen en het IC-
model ten opzicht van ruis in de data. De robuustheid van de modellen FG en
FVPRS is vergelijkbaar met dat van het IC-model. Het gebrek aan theoretische
eigenschappen wordt dus niet gecompenseerd door een betere prestatie in de expe-
rimenten. Het 3-PREC-model is robuuster dan het IC-model, maar het OWA-model
overtreft meestal de prestatie van het 3-PREC-model en is in het algemeen het
best bestand tegen ruis.

Tot slot bespreken we in Hoofdstuk [10] de belangrijkste conclusies van deze
thesis en enkele toekomstige onderzoeksvragen.
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