7,') Available online at www.sciencedirect.com

ScienceDirect Fuzzy

sets and systems

Check for
updates

ELSEVIER Fuzzy Sets and Systems 401 (2020) 113-132

www.elsevier.com/locate/fss

Representation by levels: An alternative to fuzzy sets for fuzzy data
mining
Carlos Molina?, M. Dolores Ruiz **, José M. Serrano *

4 Dept. of Computer Science, University of Jaén, Spain
b CITIC-UGR, Dept. Computer Science and A.IL, University of Granada, Spain

Received 13 March 2019; received in revised form 4 September 2019; accepted 28 November 2019
Available online 10 December 2019

Abstract

In this paper we describe and discuss the main contributions of the representation by levels approach to fuzzy data mining.
Representation by levels is an alternative representation of fuzziness in information and data, which is complementary to fuzzy sets
in the sense that it provides tools and algebraic structures beyond the capabilities of fuzzy set theories, based on t-norms, t-conorms
and fuzzy negations. Our approach allows to extend any crisp mining technique to the fuzzy case in a simple way, keeping all the
properties of the crisp technique. We illustrate our discussion with examples and existing approaches based on representation by
levels to fuzzy association rules and the related issues of mining exception/anomalous rules and mining fuzzy bag databases.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The potential contributions of fuzzy set theory and extensions in Knowledge Discovery in Databases (KDD) and
machine learning (ML) are widely recognized [41,33,32]. Fuzzy set theory has the advantage to produce models that
are more comprehensible, less complex, and more robust, being especially useful for representing “vague” patterns
and modeling and processing various forms of uncertain and incomplete information [32].

Fuzzy set theory is a way to mathematically represent concepts and objects affected by fuzziness, and to operate and
reason with them. In the last years, a different mathematical theory, called representation by levels (RL for short) [44,
46], has been proposed for the same purpose, offering important capabilities that cannot be provided by fuzzy set
theory. There are several proposals in the literature which go in a similar direction, with some differences [24,35]
that will be highlighted in next section. Additionally, the reader can find in the literature, several models that have
been proposed in the ambit of fuzzy quantification in order to fulfill the desirable properties of Fuzzy Quantification
Mechanisms. In [26] the author defined three-valued cuts, or y-cuts, to define models of fuzzy quantification fulfilling
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the symmetry properties involving the negation operator. In [20] the authors proposed a probabilistic model based on
crisp representatives of a fuzzy set, which is then applied to define a Quantifier Fuzzification Mechanism, fulfilling
properties such as correct generalization of crisp expressions and induced operators.

It is important to remark that RLs are not fuzzy sets in general, and the operations are completely different. In
particular, RLs with ordinary set operations have a Boolean structure, something that cannot be achieved with fuzzy
set theories on the basis of t-norms, t-conorms, and fuzzy negations [21,22]. In addition, the representation of numbers
affected by fuzziness using RLs has nothing to do with fuzzy numbers (that are in fact fuzzy intervals of numbers [23]),
and keep all the arithmetic properties and the same algebraic structure that the corresponding crisp numbers. Hence,
the proposal is not another point of view for considering fuzzy set theory, but a completely different framework, and
the use of RLs in fuzzy data mining offer several features and properties that cannot be provided by fuzzy sets.

We do not claim that data mining techniques based on fuzzy sets are not correct. We just show that RLs contribute
with certain properties that can be requested in particular fuzzy mining contexts, and cannot be provided by fuzzy
set theory. Hence, RLs add to the existing fuzzy mining toolbox some capabilities that fuzzy sets cannot, that can be
useful to the extent that they are necessary in a specific application. For instance, as a consequence of the Boolean
structure of RLs, the calculations of frequencies and probability measures keep all the properties of the crisp case,
something not existing in fuzzy set theory. We shall see examples for such of these properties, and some of their
potential contributions to fuzzy data mining. In addition, since RLs are able to represent and operate with fuzziness
and datasets, they can be used in general for providing the advantages described in [41,33,32].

In this paper we explain in detail the main advantages that RLs can offer to fuzzy association rule mining when
requested. We introduce the RL approach to data mining, which gives a general methodology to extend a data mining
definition or technique to the fuzzy case, using RLs for representation and operations. In this approach, fuzzy sets play
an important role as the way to get inputs and generate meaningful outputs; however, the intermediate operations are
not performed by fuzzy sets, and hence the results are not those of fuzzy sets in general. We illustrate our discussion
with several examples and existing techniques in the literature that support these contributions in the setting of fuzzy
association rule mining.

The paper is organized as follows: in Section 2 we introduce the basic notions of RLs and general contributions
to data mining. Then, in Section 3, we describe different approaches for fuzzy data mining based on RLs in the
literature, and the particular contributions to such problems. Specifically, fuzzy association rules are discussed in
Section 4. Finally, section 5 concludes the paper.

2. Representation by levels

A set is affected by fuzziness when its boundaries are fuzzy in the sense that, in addition to elements that are or are
not in the set, there are other elements for which membership is not crisp, but gradual.

As it is well known, fuzzy sets are a very good mathematical model for representing sets affected by fuzziness.
Fuzzy set theory has been shown to be very useful for solving problems in which fuzziness appear, with an over-
whelming amount of theoretical and practical results in the literature.

Representation by levels [44,46] is a different mathematical model for representing fuzziness, akin to the notion of
gradual set by Dubois and Prade [24]. The main difference between RLs and the latter is that, whilst in [24] gradual
sets are presented as a new contribution within fuzzy set theory, in our view, presented in [44,46], RLs are neither fuzzy
sets nor just an alternative representation of fuzzy sets. RLs are intended for representing and operating with fuzziness
in a different way, with different semantics. Of course, since both fuzzy sets and RLs are intended to mathematically
model the same kind of objects (sets affected by fuzziness), it is possible to find relations between them, specially
from the point of view of the representation structure (more specifically, between the representation of fuzzy sets via
alpha-cuts, and RLs). However, there is no one-to-one correspondence between fuzzy sets and RLs, and operations
and their properties are completely different.

RLs approach is also different to the X — u approach presented in [35]. In this model the authors define a kind of
“inverse” function of the fuzzy membership function as p*> : [0, 1] — P(X) where p*> (o) ={x € X : f(x) > a}.
The definition is similar to that of RLs but in the continuous range of [0,1]. However when the authors applied their
approach for data mining purposes (see for instance [36], the assessment measures are computed using the discrete
set of known membership values which have at least one appearance in the dataset. For very large datasets this may
slow the efficiency of the algorithm due to the large number of different values that can appear in the dataset. On the
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contrary, for RLs the set A is set in advance and there is no necessity of aggregating new levels during the execution
of the algorithm over a dataset.

Let us remark that we do not claim that RLs are better, subsume, or outperform fuzzy sets as a model for repre-
senting and operating with fuzziness in general. RLs just enlarge our available toolbox of mathematical models for
dealing with fuzziness, incorporating abilities and properties that fuzzy set theory cannot provide. On its turn, RLs
have some drawbacks that fuzzy sets do not have. These are mostly related to understandability of the representation
for humans, as well as storage and computational issues, for which nevertheless some solutions are available [44,46].
As we shall see later, it is possible to use fuzzy sets and RLs in systems at the same time, every one providing their
best capabilities.

In the following we provide a brief introduction to the basic aspects of RLs.

2.1. Notation

The basic idea of RLs is that fuzzy concepts defined on a set of objects X may be described by an assignment
of crisp sets to levels represented by values in (0, 1], where level 1 corresponds to the most restrictive view of the
concept, containing objects for which we are completely sure they satisfy the concept. Value 0 means no restriction at
all, i.e., at this level every object in X satisfies the concept (and every other concept), and hence 0 is not used in RLs
since it does not make a difference. The semantics of intermediate levels is based on the distance to 1 and 0, i.e., level
0.5 is halfway between being totally strict and no strict at all.

In practical applications we assume that RLs are defined using a finite set of levels A = {«1, ..., oy} satisfying
l=a;>a2 > >0y >a,y1 =0, m > 1, since we deal with finite computers and a finite set of objects.1 An RL
of a fuzzy concept on X is defined as follows:

Definition 1 (/46]). An RL is represented by a pair (A, p) where A C (0, 1] is a finite set of levels and p is a function

p:A— PX) (1)

As a convention, a concept and its RL will be denoted in the same way, i.e., A is a concept that will be represented
by an RL A = (A4, pa)-

Definition 2 (/46]). The set of crisp representatives €24 of an RL (A 4, p4) is
Qpa={pa(@) | a € A} (2

From the point of view of the structure of representation, the collection of significant alpha-cuts of a fuzzy set with
a finite amount of different membership degrees may be viewed as a particular case of RL. As an example, the RL for
a fuzzy set A is the pair (A4, p4), where A 4 is obtained using equation (3),

Ax={A(x) | x € support(A)}U {1} 3)

and pa () = Ay Yo € Ay, with A, being the alpha-cut of level « of the fuzzy set A.

However, in RLs crisp sets are not required to be nested with respect to levels in general, and hence not every RL
corresponds to the alpha-cut representation of a fuzzy set.

Though defined through a finite set of levels, the function p is defined for the whole interval (0, 1], allowing to
operate with RLs defined on different sets of levels:

Definition 3 (/46]). Let (A, p) be an RL with A ={«q, ..., a;} satisfying l = a1 > a2 > -+ > oy > @41 =0. Let
o €(0,1] and o, j+1 € A be such that o; > @ > «; 1. Then

p(a) = p(e) “)

I However, RLs are always defined for all levels in the complete interval (0,1], finite representations being extended as we shall see later.
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Definition 4 ([46]). Let (A, p) and (A’, p’) be two RLs on X. We say that both representations are equivalent, noted
(A, p)= (A, p'), iff Y € (0, 1]

p(a) = p'(@).
2.2. Fuzzy summary of an RL

For every RL, it is possible to obtain a fuzzy set measuring the amount of membership of every object to the
concept represented by the RL. This fuzzy set is just a summary of the membership of each element with a particular
semantics, and neither a proper representation of the RL nor an equivalent view; in particular, many different RLs can
yield the same memberships for objects in X, that is, the same fuzzy summary.

Definition 5 (/46]). Let (A, p) be an RL. We define the associated probability distribution @ : A — [0, 1] as

o(o) =a; — @iyl &)

On this basis, a probability assignment m : Q2 — [0, 1] can be associated to the crisp representatives of an RL:

m¥)= >  ai—ap YYeQ. (6)
o | Y=p(e;)

Note that the concept of probability of fuzzy sets has been dealt in many occasions in the ambit of Fuzzy Set
Theory. An example is the proposal made in [3] to define the mass assignment function of a normalized fuzzy set. In
our case, we have followed the natural definition of discrete mass probability function using the sigma-count.

Now, given an RL A, the associated fuzzy summary v4 : X — [0, 1] is

va) = > ma(¥) (7)

YeQu | xeY

The assignment of probabilities to crisp representatives in Eq. (6) can be seen as a random set. However, it is not
a representation of uncertainty neither about the value of a variable in a dataset to be analyzed, nor about the correct
representation of the RL (a representation, given by an assignment of crisp representatives to levels, which is assumed
to be certain and precise, as it is also the case of fuzzy sets). On the contrary, m (Y) represents the probability that the
crisp representative corresponding to a level o chosen at random in (0, 1] is Y. The value m (Y) can be seen just as a
measure of the infensity or extent to which Y is a valid representative of the RL, and it is useful in order to provide
a more easily understandable view of the concept represented by the RL to users, that can be expressed either using
m (Y) or, even better, through the fuzzy summary of Eq. (7). From that point of view, the information expressed by
this probability assignment, and its potential use, is different from the application of random sets to data analysis that
can be found in the literature, since it is not giving information neither about the unknown value of a variable, nor
about the uncertainty in the value of a set-valued variable.

The fuzzy summary of an RL is useful for providing a (partial) view of the information contained in an RL in
the form of a measure of membership of each individual element, since fuzzy sets are much easier to understand
than RLs for humans, specially when the number of levels is high. The membership value of an element is simply the
probability that the object appears in the representative of a certain level o chosen at random in (0, 1], again measuring
the intensity of the presence of the element in the RL. Note that this interpretation is also valid for fuzzy sets.

Let ;14 be a fuzzy set representing concept A and let (A4, p4) be the RL given by the alpha-cut representation
of ;4. Then it is v4(x) = w4 (x). However, this partial correspondence between RLs and fuzzy sets is broken by
operations. In general, given two fuzzy sets u4 and pp and their corresponding RLs (A 4, p4) and (Ap, pp), and
given an operation *, the fuzzy summary of A x B is not necessarily the same as 4 * up for any fuzzy realization
of x.

Due to this fuzzy summary operation, fuzzy sets and RLs can be used jointly in a system, providing each one their
best capabilities. In the RL-system view for building computational systems dealing with fuzziness [46], fuzzy sets
are used as inputs and outputs in the system, since they are more intuitive than RLs for humans. However, the internal
computations are performed using RLs. This is possible since, as we have seen, fuzzy sets and RLs can be related
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(though not biunivocally) under certain assumptions: every fuzzy set can be interpreted as an RL comprised of its
set of alpha-cuts, under the assumption that the crisp representatives in each level are nested (which in RLs is not
always the case in general). In addition, for every RL it is possible to obtain a fuzzy set summarizing the membership
information of each object to the RL. RL-systems are a good alternative when computations with sets affected by
fuzziness are required to satisfy properties that cannot be provided by fuzzy set operations, but can be provided by the
corresponding operations with RLs. Hence, in general, the fuzzy set obtained after a operation % in an RL-system is
different from that provided by any fuzzy set theory implementation of * for the same operations, as we shall see in
the next subsection.

2.3. Operations
Crisp operations defined on concepts are extended to RLs by operating in each level independently. In general, let

f:PX)" = P(X) be a crisp operation and let (P, ..., P,) be fuzzy concepts defined on X with associated RLs
(Ap;, pp;). Then,

SPL o, Po) = (NMyp(py,... P PF(PL... Py)) @®)
where
Af(py,...Py) = U Ap, ©)
1<i<n

and, Vo € A¢(p,... P>
Pf(Py...P) (@) = f(pp (@), ..., pp, (@) (10)

In particular, conjunction and disjunction are extended as follows:

Definition 6 (/46]). Let P, Q be fuzzy concepts represented by (Ap, pp), (Ag, pg). Then, P A Q and P Vv Q are
fuzzy concepts represented by (Apag, Ppag) and (Apvo, ppvo), Tespectively, where

Apro=Apvp=ApUAg (1)
with, Vo € (0, 1],

prao(a) = pp(a) Npg(a) (12)
and

ppvo(a) = pp(a) U pg(a) 13)

Definition 7 (/46]). Let P be a fuzzy concept represented by (A p, pp). Then, =P is a fuzzy concept represented by
(A-p, p-p), Where

Aop=Ap (14)
and, Vo € (0, 1],
p-p(a) = pp(a) (15)

where Y is the usual set complement of a crisp set Y.

Example 1 (/46]). In order to illustrate the differences between operations with fuzzy sets and operations with RLs,
let us consider an universe X = {x1, ..., x5} and the fuzzy sets

A=1/x1+0.8/x34+0.5/x3+0.4/x5
B=09/x14+0.6/x3+0.5/x4
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Table 1
Negation of A.
o PA(x) p-A(@)
1 {x1} {x2, x3, x4, x5}
0.8 {x1, x2} {x3, x4, x5}
0.5 {x1,x2, x3} {x4, x5}
0.4 {x1,x2, x3, x5} {x4}
Table 2
Negation of B.
o pB () p-pg()
1 [ X
0.9 {x1} {x2, x3, x4, x5}
0.6 {x1, x3} {x2, x4, x5}
0.5 {X],X3,X4} {x27-x5}
Table 3
Several concepts derived from the fuzzy sets A and B (I).
a pal) p-a(@) PB () p-p(a) pan—B@)  ppr-a(a)
1 {x1} {x2,x3, x4, x5} 0 X {x1} @
0.9 {x1} {x2, x3, x4, x5} {x1} {x2,x3, x4, x5} [ ]
0.8 {x1,x2} {x3, x4, x5} {1} {x2,x3,x4, x5} {x2} 0
0.6 {x1,x3,x3} {x4, x5} {x1, x3} {x2, x4, x5} {x2} 0
0.5 {x1,x2,x3} {xq, x5} {r1,x3, x4} {x2, x5} {x2} {x4}
04 {xj,xp,x3,x5})  {x4} {x1.x3, x4} {x2,xs} {x, x5} {x4}
Table 4
Several concepts derived from concepts A and B (II).
a PArB () pAavB(a) P=(AnB) (@) P—(AvB) (@) P-Av-B (@)
1 9 {x1} X {x2, x3, x4, x5} X
0.9 {x1} {x1} {x2, x3, x4, x5} {x2, x3, x4, x5} {x2, x3, x4, x5}
0.8 {x1} {1, x2} {x2, x3, x4, x5} {x3, x4, x5} {x2, x3, x4, x5}
0.6 {x1,x3} {x1,x2,x3} {x2, x4, x5} {x4, x5} {x2, x4, x5}
0.5 {1, x3} {1, x2, x3, x4} {x2, x4, x5} {xs} {x2, x4, x5}
04 {1, x3} X {x2, x4, x5} @ {x2, x4, x5}

Table 1 shows the RLs for A and —A; Table 2 shows the RLs corresponding to B and —B. Note that the set of
levels employed in each case is different.

It is immediate that the representation of the negation of a fuzzy set (e.g. —A) is not the set of a-cuts of the
complement of the corresponding fuzzy set (e.g. the fuzzy set A(x) = 1 — A(x)). This is also true for B in Table 2. In
fact, the representations of —A and —B are not fuzzy sets.

Tables 3 and 4 show the representation of several concepts derived from A and B by different operations and
combination of operations.

When one is used to consider fuzzy sets and their corresponding alpha-cuts, the fact that the crisp sets are not
nested seems strange. But the idea of operations with RLs is very clear. Consider for instance A and its negation in
Table 3. If we assume that at level 1 the representation of A is {x1} (since by the semantics of this level we are being
maximally strict in our requirements for an element to be in A, and only x; satisfies such requirements in this level),
then it is natural to consider that, in the same level and under the same requirements, the set of elements that are not
in Ais X\{x1} = {x2, x3, x4, x5}.

It is important to remark that with this extension of set operations, RLs form a Boolean algebra, whilst at the same
time an element can appear in both the representation of a concept and its negation. On the contrary, no standard fuzzy
set theory (FST), i.e., no triple (t-norm, t-conorm, fuzzy negation) is a Boolean algebra [21,22].
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Hence, in an RL-system, given a fuzzy set A defined on X as input, performing RL-operations, and providing the
fuzzy summary as output, it is always AN A=A, ANA =0, and AU A = X, something that cannot be provided by
a system based on a specific FST. This is an example of the capabilities that RLs add to our toolbox for dealing with
fuzziness, to be used particularly when these properties are necessary or convenient in our specific application. As we
shall see, these properties have important consequences in data mining applications.

In addition, the problem of managing fuzzy information is transformed into a collection of independent problems of
crisp information management, that can be solved by using ordinary crisp approaches. Hence, any crisp procedure may
(in principle) be extended to the case of fuzzy information in a unique, straightforward way, different in general from
the possibilities that FSTs can offer (hence complementing FSTs and enlarging our tools for managing fuzziness), and
preserving at the same time all the ordinary properties of the crisp case.

Again, this feature of RLs offers interesting advantages in fuzzy data mining.

2.4. RL-numbers

RL-numbers [45] (corresponding to gradual numbers as defined in [24]) are assignments of numbers to levels. The
representation by levels of a fuzzy real quantity (RL-real number for short [46]) is a pair (A, p) in which A is a set of
levels and p : A — R. This idea can also be extended to other kind of numbers like integers, complex numbers, etc.
Note that for RL-numbers, 2 is a finite set of numbers.

Following the general idea of RLs, operations on RL-numbers are performed by levels:

Definition 8. Let f : R” — R and let Ry ... R, be RL-real numbers. Then f (R, ..., R,) is an RL-real number with

Ajriko = | Ax (16)

1<i<n

and, Yo € A f(g,....R)
ReRy, k) (@) = fF(RR (@), ..., Rg, (@) {17

It is important to remark that we consider that operations not defined for certain combinations of real values are
not defined for RL-numbers that satisfy that combination in at least one restriction level.
RL-numbers satisfy some important properties:

e RL-numbers are not fuzzy numbers, the latter being represented in each level by an interval, whilst RL-numbers
have a single number in each level.

e Fuzziness of RL-numbers (corresponding to the entropy calculated from the probability distribution on R as
given by Eq. (6) does not necessarily increase with operations, and may even decrease. In fact, the operation with
RL-numbers not corresponding to crisp numbers, can yield a crisp number.

e Crisp operations are extended to RL-real numbers directly and uniquely operating by levels.

e All the properties of arithmetic operations are kept. The algebraic structure of RL-real numbers is exactly that of
crisp real numbers.

As we shall see, RL-real numbers can be used in fuzzy data mining for representing quality measures for fuzzy
patterns, fuzzy parameters, etc.

A summary of the information contained in an RL-number R can be provided by the probability distribution m, for
every real value x € Qp. But we can also use an scalar value as a way to summarize the information in an RL-number
R as follows:

CR= Z X - My (18)
XEQR

were m, is calculated as in Eq. (6). The value cg can be seen as a center of gravity of m, with respect to the real line,
with a semantics of expected value. We shall see some examples later.
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Table 5
Membership degrees to “large”, “— large”, and “blue” for ten balls in an urn.
Negation has been calculated using the standard negation.

a b c d e f g h i Jj
large 1 07 05 1 08 0 08 07 1 05
blue 0.8 1 1 1 02 02 05 1 0 07
— large 0 03 05 0 02 1 02 03 0 05

3. Some contributions to fuzzy data mining

As pointed out in the previous section, RLs provide some properties that fuzzy sets cannot. When such properties
are necessary, RLs become a suitable alternative to fuzzy sets in fuzzy data mining. In this section we explain two of
the possible contributions of RLs to fuzzy data mining. Note that this section is not intended to be exhaustive with
respect of the advantages that RLs may provide in fuzzy data mining, but to explain some of the most general and
emphasizing those concerning the assessment measures employed during the process. More detailed contributions to
fuzzy association rules is shown in section 4.

3.1. Frequencies and probabilities of fuzzy events

One of the most important aspects in data mining is providing appropriate quality measures for the obtained pat-
terns. In many cases, such measures are based on calculating frequencies in datasets. For instance, when mining for
association rules, the support of items is the percentage of transactions in which the item appear, that is, the frequency
of appearance of the item in the transaction. In many other occasions, these frequencies are used for estimating or
measuring probabilities in clustering, classification, etc.

When introducing fuzziness in data mining, we have to face the problem of calculating frequencies/probabilities
of fuzzy events. For instance, consider the case of an urn X containing ten balls of different sizes, painted in different
shades of blue. Notions as “large” or “blue” or, more generally, those related to size and color, are prototypical and
well-known examples of fuzzy properties; hence, every ball has a membership degree to both concepts. The probability
that a ball drawn at random from the urn is “large” (resp. “blue”) is given by the frequency of “large” (resp. “blue”)
in the set of balls. “Drawing a large ball” and “drawing a blue ball” are examples of fuzzy events.

The usual way to calculate the probabilities of such fuzzy events in fuzzy data mining is by using the sigma-count
to measure the cardinality of the fuzzy set of “large” (resp. “blue”) balls, and dividing it by the number of balls. Let
us consider for instance the dataset in Table 5, where balls in the set X are identified by letters from a to j.

The probabilities calculated using the sigma-count are:

1
p(large) = m Z large(x) =0.7 (19)
xeX
1
plblue) = — > blue(x) =0.64 (20)
xeX

On this basis, in the literature the conditional probabilities are obtained as in the crisp case. For the fuzzy event
“draw a large blue ball”, the point is that we need to compute the intersection of the sets of large and blue balls. If we
use the minimum for such computation, we get:

1
p(large A blue) = — Z(large A blue)(x) =0.49 201
10 xeX

and hence, the probability that a blue ball is large is

p(large A blue)
p(blue)

Of course, the result would be different if t-norms other than the minimum are employed.

p(large|blue) = ~ (0.765 (22)
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Table 6
RL-representation of several fuzzy events. L=large, B=blue. Expressions of the type “a—e” mean events from a to e.
L B —-L LAB -LAB —“LAL -LVL
1 {a,d,i} {b—d, h} {b,c,e-h, j} {d} {b,c, h} 7] X
0.8 {a,d,e, g, i} {a—d, h} {b,c, f,h,j} {a,d} {b,c, h} 7] X
0.7 {a,b,d, e, g—i} {a—d, h, j} {c, £, j} {a,b,d, h} {c, j} 7] X
0.5 {a—e, g—j} {a—d, g, h, j} {f} fa—d, g, h, j} 0 9 X
02 {a—e, g-j} {a=h, j} {f} {a—e, g, h, j} {f} 9 X
Table 7

RL-numbers representing probabilities for several fuzzy events in Table 6 and some associated conditionals, L=large,
B=blue. The last row contains the expected value ¢ for each RL-number.

Level p(L) p(B) p(=L) p(LAB) p(=L A B) p(L|B) p(—-L|B)
1 0.3 0.4 0.7 0.1 0.3 0.25 0.75
0.8 0.5 0.5 0.5 0.2 0.3 0.4 0.6
0.7 0.7 0.6 0.3 0.4 0.2 2/3 1/3
0.5 0.9 0.7 0.1 0.7 0 1 0

0.2 0.9 0.9 0.1 0.8 0.1 8/9 1/9

c 0.7 0.64 0.3 0.49 0.15 0.39+14/45 0.21+ 4/45

Despite the t-norm, negation, and cardinality employed, there are properties that cannot hold simultaneously with
this scheme. In order to illustrate this claim, let us consider that in a data mining application the following properties,
which hold in the crisp case, are needed simultaneously:

1. p(AJA) =1
2. p(A|C) 4 p(—A|C) =1

These properties cannot be simultaneously satisfied using a fuzzy set theory, since p(A|A) = 1 requires ANA = A,
that can be only achieved using the minimum as t-norm, and p(A|C)+ p(—A|C) = 1 requires (ANC)N(—ANC) =0,
which cannot be achieved with the minimum in general (in particular when C is the whole referential universe, the
requirement is A N —A = ). In our example, using the minimum it is p(largellarge) = p(blue|blue) = 1 but it is
p(—large A blue) =0.22 and

p(—large A blue)
p(blue)

and hence p(large|blue) + p(—large|blue) ~ 1.1.

On the contrary, these (and every other property of crisp probabilities) are kept if we use RLs. By assuming that
“large” and “blue” can be represented by RLs with nested representatives, the corresponding RLs and some operations
are shown in Table 6. The corresponding probabilities, in the form of RL-numbers, are in Table 7.

Let us remark that:

p(=large|blue) = ~ (.343 (23)

e Since LAL=L,itis p(LAL)=p(L).Itisalso LA—=L =@ and L v —-L =X, hence p(L A—L)=0 and
p(L v =L) = 1. These properties do not hold simultaneously for any fuzzy set theory.

e All the ordinary properties of probability hold for the RL-numbers representing the probability of a fuzzy event,
since both set and arithmetic operations are performed in each level independently. In particular, p(L|B) +
p(—=L|B) =1 in every level and hence it is the crisp value 1, as requested.

e When operations with probabilities are to be performed, following the idea of RL-systems explained in the previ-
ous section, they are to be performed by levels, until final results are obtained in each level.

e Otherwise, if the final result to provide as output are the probabilities themselves, or if we want to have a global
view of them as a partial result, we may use either m or ¢ as a summary. The latter is shown as the final row in
Table 7. As shown in [12], the expected value of the cardinality of levels for a fuzzy set is always equal to the
sigma-count. Since in every level we have represented the cardinality divided by 10, the expected value of each
column equals the sigma-count divided by 10. For example, for the first column it is
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cpy=(1-0.8)-034(0.8—0.7)-0.54(0.7—0.5)-0.7 +
+(0.5-02)-094(0.2—0)-0.9=0.7

Hence, the values ¢ in Table 7 for L and B are equal to the probabilities obtained by using the sigma-count. This
is also the case for =L and L A B since the property holds as well for the RLs obtained by a single negation of a
fuzzy set, and for the intersection of fuzzy sets performed via the minimum, which coincides with the summary of
the intersection by levels of the corresponding RLs [46]. However, this is not the case in general for other combi-
nations of operators, since RLs have structure of Boolean algebra, whilst fuzzy sets do not. As a consequence, the
result of set operations with RLs does not correspond to a fuzzy set in general; particularly, crisp representatives
are not necessarily nested after operations. This is the case for =L A B, and hence the expected value of the
RL-number p(—L A B) (0.15) is different from the probability obtained by using the sigma-count from the fuzzy
sets (0.22). Note also that when for two RL-numbers it is Ry + R, = 1, then it is easy to show that cg, +cg, =1,
and hence c¢p(|B) + ¢p(-L|B) =1, as it can be seen in Table 7. However, note that in general, the calculation of
expected values is not functionally expressible, but requires to perform the set operations on the corresponding
events, as in the case of ordinary probabilities.

We have employed an example based on a couple of properties of probability that are derived from Boolean
properties for illustrating a potential contribution of using RLs in data mining. However, similar examples can be put
forward related to many other combination of operations, and even individual derived properties of Boolean algebras
that do not hold for any fuzzy set theory [1]. The same happens to important problems related to frequencies in a fuzzy
environment, like fuzzy quantification [19].

Again, let us remark that we are not claiming that fuzzy data mining techniques developed so far on the basis of
fuzzy sets, sigma-counts, usual fuzzy quantification, etc., are wrong. We only claim that they are right to the extent
that the properties they cannot provide are not required for the results to be valid in the specific problem where they
are being applied. On the other hand, in those cases in which those properties are necessary for the results to be valid,
RLs offer a suitable alternative, as we have seen.

3.2. Extension of existing crisp algorithms

An important feature of using RLs is that a fuzzy mining problem is represented via a collection of independent
crisp mining problems, corresponding to each level. Hence, any algorithm for crisp data mining can be immediately
applied to solve the fuzzy mining problem in a single and direct way: applying the algorithm to each level indepen-
dently. As a consequence, well-known and tested crisp algorithms can be employed, guaranteeing the quality of the
results in each level. That is, the quality of the results using RLs comes from the quality of the existing crisp algorithms
and the fact that all their properties are kept.

Another interesting feature is that there is no necessity to determine how to extend operations and measures to the
fuzzy case, or to study the different ways in which this can be done. This is useful for addressing fuzzy data mining
problems quickly using existing crisp solutions.

The result of a data mining process using RLs is a collection of RL-patterns, that is, an assignment of sets of
patterns to levels. For example, in the case of association rule mining, as we shall see later, a set of crisp association
rules is obtained in each level. As another example, if we intend to learn a classifier using fuzzy features of objects
in a dataset (like the “large” and “blue” properties in our previous example), we can learn a classifier in every level
using any of the very good and widely employed techniques available. The result will be an RL-classifier, that is, an
assignment of classifiers to levels.

Let us remark that the fact that we have to solve a collection of problems does not increase significantly the compu-
tational complexity of the data mining procedure. First, only a finite and relatively small amount of levels is enough.
In our experiments for the techniques that we shall explain in detail in the next sections, using 20 equidistributed
levels gave very good results. We have employed no more than 100 levels, which is far beyond our capability for
distinguishing membership in practice. But an important advantage of RLs that alleviates time complexity is that,
since computations in every level are independent, the mining procedures for every level can be computed completely
in parallel. Hence, the complexity of the fuzzy mining problem is the same as its crisp counterpart.
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Depending on the mining task, the final results can be employed in different ways. For instance, consider the case
of an RL-classifier. Given an object with (possibly fuzzy) features, we can obtain an RL-representation of the object,
where features will hold or not in every level and then, by applying the classifiers in each level independently to the
corresponding features in that level, we can obtain a class in each level. This information can be summarized by using
m in Eq. (6), so that we have a fuzzy class as result. This is reasonable: as the information employed is fuzzy, the result
is also fuzzy. However, note that the result can be crisp as well despite the input information being fuzzy, particularly
when classifiers in all levels yield the same class as result.

Summarizing, the RL general approach to fuzzy data mining consists of the following steps:

1. Represent the input fuzzy information using RLs with a fixed collection of relevant levels. If fuzzy sets are given
as input, use the corresponding alpha-cut representation. Each level is a crisp version of the problem.

2. Solve the crisp version of the problem in each level by applying a suitable crisp mining algorithm in each level
independently.

3. The fuzzy result is represented by an assignment of crisp results to levels. If the results are to be used as input to
some procedure, proceed by levels independently. If they are to be provided to an end user, or we want to obtain
a summary of the information, combine the information in different levels.

This approach, with small variations according to the specific problem, allows us to extend easily crisp algorithms
to the fuzzy case, and to keep properties of the crisp case when necessary, particularly in calculating and operating
with frequencies and probabilities. In addition to these general contributions, there are particular features that are
provided when using RLs for specific fuzzy mining tasks, making again RLs an interesting alternative to fuzzy sets
when such features are convenient or necessary. We shall see some illustrative examples in the following sections.

4. Fuzzy association rules

The natural way to consider the use of fuzziness in the association rule mining (ARM) problem is taking the
elements of the ARM framework and studying possible and sensible fuzzy extensions of them [37]. There are many
possible ways to introduce fuzziness in items, transactions, rules and measures, which are called fuzzy frameworks in
[37]. Among them, the framework based on fuzzy transactions is particularly interesting, since the classical view of
fuzzy association rules as fuzzy rules of the kind used in fuzzy control is just a particular case of such framework [37],
though the framework is much more general, as described in [11]. In this section we describe some contributions
of RLs for mining fuzzy associations within this framework emphasizing how the quality assessment measures are
extended using RLs.

4.1. Mining fuzzy association rules on fuzzy transactions using RLs

As introduced in [11], let I = {iy,..., i} be a finite set of items. A fuzzy transaction is defined as a non empty
fuzzy subset T C /. An item i € [ is then satisfied in T to a certain degree in the unit interval, i.e. (i) € [0, 1]. By
extension, let A be an itemset of /, i.e. a subset of items in a fuzzy transaction 7. The membership degree of A C 1
to the fuzzy transaction t is defined as t(A) = n;ifrsr(i ). In particular, a crisp transaction is a special case of fuzzy

1

transaction where every item in the transaction has membership degree equal to 1 when it is satisfied in the transaction,
and O otherwise. Then, a fuzzy association rule, A = B is satisfied in D if and only if 7(A) <t(B) forall T € D.

The usual view of fuzzy association rules based on fuzzy partitions of the domains of quantitative variables is
a particular case of the general model in [11]. Items correspond to pairs (attribute,label), for every label of a fuzzy
partition of the domain of the attribute. Fuzzy transactions correspond to tuples/records. The membership of the item
(X, LiX ) in the transaction corresponding to the tuple ¢ is given by LZX (t[X]), where t[ X] is the value of the attribute
X in the tuple . However, the general model covers many other scenarios, as shown in [11,37].

4.1.1. The RL approach ~
In [18], the RL approach is employed in order to mine association rules in a set of fuzzy transactions D on the basis
of crisp association mining algorithms, by following the same technique that we have described in previous sections:
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Table 8 B
Set of fuzzy transactions D.

i i i3 iq is
1 1 0.2 1 0.8 09
t 1 1 0.8 0 0
3 | 04 01 06 0.6 0
tg | 0.6 0 04 04 05
ts | 04 0.1 0 0 0
16 0 1 0 0 0

Table 9
RLs of the fuzzy sets of transactions for several itemsets.
Level Pliy) Pli) Plia) Pliy.is) Pliy.i3.ia)

1 {1, 12} {r1} @ {r1} @
0.8 {r1, 12} {r1, 12} {1} {t1, 12} {r1}
0.6 {t1, 12, 14} {t1. 12,13} {1, 13} {t1, 12} {r1}
0.4 {t1.n,03, 14,85} {t.n.3,14d {t.n.} {n.n.n,04) {0,065}

e First, the fuzzy set of transactions that contain each item is represented by levels, each level containing the crisp
set of transactions to which the item pertains with degree greater or equal to the level. This way, we can see items
i € I, and more generally an itemset A C I, as an RL (A 4, p4) defined over the fuzzy database D, where A 4 is
a predefined set of levels and p4 (o) = {t € D: 7(A) > «} for all @ € A 4. By abuse of notation, we will employ
A and B to refer and name their associated RL-sets A = (A 4, pa), B = (Ap, pB).

e Second, a crisp association rule mining algorithm is employed for mining rules in each level in parallel. Any
existing algorithm can be used in this step, depending on the preferences of the user and the characteristics of
the dataset. In the same way, any of the existing quality measures for association rules can be employed, without
the necessity to take into account how to extend them to the fuzzy case, or which of the possible extensions to
consider. This way, extending any crisp algorithm and/or measure to the fuzzy case is straightforward.

e Finally, the result of the previous procedure is an assignment of sets of association rules to each level. If rules are
to be used as input for some other procedure, we proceed by levels (for instance, for building a classifier based
on them, as in [6,29], obtaining a classifier in each level). If the rules are to be provided to the user, as a final
result or just to have a summary of the information, we can provide a fuzzy set of association rules as result. The
membership of each rule to the result is calculated using Eq. (7), meaning the degree to which the rule is a strong
rule. Note that the classical notion of strong rule is crisp, given the thresholds. This fuzzy notion of strong rule
is not related to using fuzzy thresholds for support and confidence, but derives from the fact that the items are in
transactions to a certain degree.

Let us illustrate these ideas with an example:

Example 2. Let I = {i1,i2,...,i5} be a set of items and D be the set of fuzzy transactions in Table 8, showing
the membership of each item in / to each of the six transactions. Table 9 shows the corresponding RLs for several
itemsets.

Table 10 shows the support and confidence by levels of several rules, where support of itemsets in each level is
calculated from Table 9, and confidence of the rule A = B is calculated as conf (A = B) =supp(A U B)/supp(A)
as usual.”

When applied to each level independently, algorithms for crisp association rule mining yield the set of strong rules
in each level. Strong rules are those having support and confidence above certain user-defined thresholds, hence such
set depends on the thresholds employed. Table 11 shows which rules from Table 10 are strong in each level. This
information can be summarized as a fuzzy subset of rules using Eq. (7); the resulting fuzzy sets are shown in the last

2 During calculation of the confidence, indeterminations of the form “%” may appear when |p4 (¢;)| = 0 for some level ;. In such levels we
take conf (A = B) = 1 because there are no exceptions to the rule. Note that this is not a problem since in such case it is supp(A = B) =0 and
the rule is not important.
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Table 10
Support and confidence by levels of some rules in the fuzzy transactions of
Table 8.
Level i1 =i3 i3 =i i1i3 =g
supp conf supp conf supp conf
1 1/6 172 1/6 1 0 0
0.8 1/3 1 173 1 1/6 172
0.6 1/3 2/3 1/3 2/3 1/6 1/3
0.4 2/3 4/5 2/3 1 12 3/4
Table 11

Strong rules by levels among those in Table 10 for different support/confidence thres-
holds. The last row contains the summary of each column as a fuzzy subset of rules.

Level Minimum thresholds
supp conf supp conf supp conf
1/6 2/3 1/6 172 1/3 1
1 i3 =11 i1 =i3,i3 =11 None
0.8 i1 =>13,13 =10 i1 = 13,13 =1 i1 = i3,i3 => 1]
i1i3 = ig
0.6 i1 =>13,13 =10 i1 = 13,13 =1 None
0.4 i1 = i3,i3 = 1) i1 =i3,i3 =11 i3 = i)
i1i3 =14 i1i3 =4
Summary  0.8/(i1 = i3)+ 1/(i) = i3)+ 0.2/(iy = i3)+
+1/G3 =i+ +1/(i3 =i+ +0.6/(i3 = i1)
+0.4/@1i3 = ig) +0.6/(1i3 = i4)
Table 12
Summaries of RL-numbers representing support and confidence in Table 10.
i1=1i3 i3 =i i1i3 =14
supp conf supp conf supp conf
13/30 103/150 13/30 28/30 8/30 14/30
~0.43 ~ (.68 ~0.43 ~0.93 ~0.26 ~0.46

row of Table 10. For instance, the membership of the rule i3 = i; to the fuzzy set of strong rules in the last column is
0.6 since this rule appears in levels 0.8 and 0.4 only, hence its membership is calculated as (0.8 —0.6) + (0.4 —0) = 0.6.
Note that we have only studied three rules in this example, but many other rules can be extracted from the fuzzy
transactions in Table 8. These rules would also appear in different levels (and also, with a certain membership, in the
final fuzzy set of strong rules) in Table 10.

In addition to their membership to the fuzzy set of strong rules, we can give additional information about the
rules in the form of summaries of quality measures, calculated as in Eq. (18). However let us remark that, as we
have just seen, we are not using such summaries for determining whether a rule is strong or not. Table 12 shows the
corresponding summaries for the RL-numbers (columns in Table 10) measuring support and confidence of the rules
in our example. Let us point out that, when RLs representing itemsets are nested (hence representing fuzzy sets), the
value of these summaries coincide with the measures proposed in [11] on the basis of fuzzy quantification methods.
As in the case of probabilities and conditional probabilities we discussed in section 3.1, the values also coincide with
those calculated using the sigma-count in the case of support, but are different in general for confidence.

4.1.2. Contributions of the RL approach

In the ordinary approaches to fuzzy association rule mining, a single scalar value is used for assessing support and
confidence of fuzzy rules. Then, a crisp set of strong rules are obtained as those that exceed the user-defined minimum
thresholds. On the contrary, the RL approach provides a fuzzy subset of strong rules.

The membership of rules to the final result is very useful in order to distinguish rules that seem to be similar, but
represent different situations. For instance, consider the following two situations:
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Table 13
Solving two different fuzzy rule mining cases using RLs with minsupp=0.05.
Level First case Second case
supp(iy = i2) conf(iy = ip) supp(iy = ip) conf (i1 = i)
1 0 1 0.05 1
0.05 1 1 0.05 1
Summary 0.05 1 0.05 1
Result 0.05/(i1 = iz) 1/(iy = ip)

1. A dataset with 1000 fuzzy transactions and items i1 and i, such that for every fuzzy transaction t it is t(ij) =
7(ip) = 0.05.

2. A dataset with 1000 fuzzy transactions and items i1 and i> such that for 50 fuzzy transactions itis 7(i1) = 7(iz) =
1, whilst for the other 950 transactions it is t(i1) = 7(i2) = 0.

In the ordinary approach to fuzzy association rules using sigma-count and minimum, we have in both cases the
same solution

supp(iy = i2) =0.05 =supp(i1) = supp(iz)
conf(ip =i =1

If the minimum support threshold is less or equal than 0.05, then this rule will be found to be strong in both cases,
and provided to the user in the set of strong rules obtained from the dataset. However, the situations are very different.
In the first case, the membership of i1 and i is very low, so it is hard to say that the rule is supported by the dataset. In
the second case, the rule is absolutely crisp and there is no doubt about its meaning and the existence of transactions
supporting the rule.

When this distinction is unimportant for the user, there is no problem in applying the classical approach. When
on the contrary it is relevant to distinguish both cases, RLs can help. Table 13 shows the solution of both cases by
levels. Let us remark that supp(i1) = supp(i2) = supp(i1 = iz) in all levels, and that in the case of indetermination
of confidence we assign value 1 as there are no exceptions, as explained in the previous section.

We can see that when using RLs it is easy to distinguish both cases: in the first case, the rule has a membership of
0.05 to the set of strong rules, whilst in the second case, the membership is 1. This is concordant with data in each
case: in the first case, the rule holds to the extent that we can accept i1 and i, as items appearing in the transaction,
which is 0.05. In the second case, items are in the transactions to degree 1, hence the data completely supports the
rule. Note also that the summary of support and confidence of the rule is the same for both cases, and it is the same as
that obtained by using sigma-counts in ordinary fuzzy association rule mining (something that is not the usual case, as
we have seen before). However, in the RL approach we do not use these summaries for determining the set of strong
rules. As we have pointed out, another important difference in this example is that using the RL approach we are able
to provide a different membership degree of the rule to the fuzzy set of strong rules in each of the two cases, providing
very important information that allows to distinguish both cases.

As a final remark, the result for the first case using sigma-count can be different if other t-norms are used. In this
example, if we use the product for instance, the support of the rule drops to 0.0025, inviting to not consider the rule.
However, in such case it is also conf (i1 = i) = conf (i1 = i1) = 1/2, different from the expected value of 1. Hence,
this solution is only valid if we accept the possibility conf (i = i) < 1 as valid for our problem.

In the following section we describe the use of RLs for mining fuzzy rules with absent items, and additional
contributions of the RL approach for that problem.

4.2. Extending quantifier-based quality assessment

RLs have been employed in [ 18] for extending existing accuracy measures from the crisp case to that of association
rules in fuzzy transactions in an easy, direct and unique way. The foundation of the work in [18] comes from a
formalization [15] that is based in two basic notions:



C. Molina et al. / Fuzzy Sets and Systems 401 (2020) 113-132 127

o four fold contingency tables (4ft for short) representing the frequencies of appearance of the itemsets involved in
the association rule and their negations, and
e 4 ft-quantifiers,” which represent quality measures used in the evaluation of association rules.

For a certain rule A = B, and every considered level «;, a four fold table is defined, noted by /\/lal =
4ft(A, B, D, a;), containing the cardinalities in level «; associated to the crisp partition of the support of D gen-
erated by them:

My | B -B
A a; b,
—A | ¢ d;

where a;, b;, ¢c; and d; are non negative integers such that a; = |parp(a;)|, bi = |par—p(;)| and analogously with c¢;
and d;.
4 ft-quantifiers define quality measures by combining the values a;, b;, ¢; and d;. For instance, in level ¢;, the
support and confidence are particular cases of 4 f-quantifiers defined as follows:
a;
supp(A=B)= ——— 24
P ) ai+bi+0i+di @9

conf(A= B)=

aj + bi (25)
Many other 4 f¢-quantifiers define alternative measures. This formalization offers a good framework to study the
properties of these measures. The obtained measures using RLs keep the main properties that we already have when
mining crisp association rules, while keeping the ordinary boolean properties at the same time [18]. Particularly, in
every level it is guaranteed a; + b; + ¢; +d; = |D|, a property that cannot be guaranteed with fuzzy sets when a, b, ¢
and d are calculated using sigma-counts since, similarly to other examples in previous sections, negation of items and
conjunctions are involved. On the basis of the information provided by M, we are able to generalize every interest
measure (4 f¢-quantifier) from the crisp to the fuzzy case. If necessary, a scalar summarizing the information can be
provided using Eq. (18), as we have seen with other examples.

4.3. Further contributions of RLs to fuzzy association rule mining and related problems

As we mentioned before, in this work it is not our intention to be exhaustive about the potential contributions of
RLs in fuzzy data mining, but to illustrate such potential with a number of significant examples.

In the particular case of mining fuzzy association rules and related problems, RLs have provided additional prop-
erties and advantages, that can be found in the literature. We summarize some of them in this section.

4.3.1. Fuzzy association rules with absent items

The problem of mining for association rules involving also the absence of items has been studied by several authors
[9,48,49,51,52,2]. In this problem, a so-called negated item is added for every item in the dataset, representing the
absence of the item in a transaction.

There have been also some studies on fuzzy extensions of this problem, that is, mining fuzzy rules involving negated
items [27,28]. In the fuzzy case, one of the main problems discussed in the literature is that, due to the properties of
fuzzy negation, some properties that are important for developing efficient algorithms are lost; particularly, closely
related to our discussion in section 3.1, properties like p(a A a) = p(a) and p(a Ab) + p(a A—b) = p(a) cannot hold
simultaneously using fuzzy set theories in general. As a consequence, for instance, the downward closure property
necessary in the apriori-like algorithms is lost. Hence, in these algorithms it is necessary to increase the searching
space including all the combinations involving negated items, since p(a A —b) cannot be obtained from p(a A b) and
p(b), with the resultant increment in time and space complexity of the mining process. This is again a consequence
of the lack of Boolean structure of fuzzy sets theories.

3 The notion of quantifier in this context is different from that of fuzzy quantification.
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Table 14
RLs of the fuzzy sets of transactions in Table 8 for several itemsets with items and negated items.
Level Pliy) Pliz) Pi=iy) Pliy.iz) Pliyiz)
1 {t1, 12} {r1} (13,14, 15, 16} {r1} )
0.8 {r1, 12} {t1, 12} {13, 14,15, 16} {r1, 2} 9
0.6 {t1, 12, 14} {t1, 12,13} {13, 15, 16} {t1, 12} {3}
0.4 {11,102, 13,14, 15} {11,102, 13, 14} {16} {11,102, 13, 14} 9
Table 15
Support of items and rules, and confidence of rules involving items i and —i when 7 (i) = 0.5 for every fuzzy transaction t.
Level supp(i) supp(—i) supp(i =1) conf (i =1i) supp(i = —i) conf (i = —i)
1 0 1 0 1 0 1
0.5 1 0 1 1 0
Summary 0.5 0.5 0.5 1 0 0.5

In [18], the RL approach has been employed for providing a solution to the problem of mining fuzzy rules with
negated items. As it has been shown before, RLs have a Boolean structure, and hence all the ordinary properties of
probabilities are kept, so RLs offer suitable properties for contributing to solve the problem. The approach is similar
to the RL approach presented in the previous section, with the following particularities:

e In the first step, negated items are also considered. Negated items are added to the set of items in the problem.
The crisp set of transactions where the negated item —i appears in a certain level is computed as the complement
of the set of transactions where the item i appears in the same level. Table 14 shows an example for the set of
fuzzy transactions in Table 8.

e Any algorithm for mining crisp association rules with negated items can be applied in each level independently
and in parallel. Since in each level we have a crisp problem and all the properties of set and arithmetic operations
are kept, the heuristics employed for increasing the efficiency of the search are valid in each level. In the proposal
presented in [18], a BitSet approach for the representation of the presence of items in transactions at each level is
employed to accelerate the calculations.

e Results by levels and the corresponding summary as a fuzzy set of strong rules are obtained as in the last section.

An important contribution of RLs to this problem is the possibility to employ the existing efficient algorithms.
However, some other properties are provided by using RLs that cannot be provided by fuzzy sets, so again the RL
approach offer a suitable alternative when these properties are considered to be necessary.

For instance, consider that we want to keep the property that Conf(A = A) = 1 using sigma-count. Then, the
minimum must be employed as t-norm. Now, consider a set of fuzzy transactions and an item i such that 7(i) = 0.5
for every transaction. Then it is

supp(i = i) =0.5=supp(i = —i)
conf(i=i)=1=conf(i = —i)

and both i = i and i = —i are strong rules for any minimum support threshold below 0.5. In general, using fuzzy
sets, every transaction where 7 (i) < 0.5 supports the rule i = —i and contributes to increase its confidence.

This situation can be avoided if necessary by using RLs. Table 15 shows the corresponding computations for this
example.

Note that the rule i = i is strong for all levels in (0, 0.5] despite the minimum support and confidence thresholds,
so the fuzzy set of strong rules will be 0.5/(i = i) independently of the thresholds employed. This is reasonable
since t(i) = 0.5 for every transaction, and hence we do not have complete support to the rule. This information is
independent from the summary of support and confidence, which are 0.5 and 1, respectively. This result is consistent
with our discussion in the previous section. Now, regarding the rule i = —i, we can see that it is not strong in any
level for any minimum threshold above 0, since in every level it is supp(i = —i) = 0. Hence, this rule will never
appear in the resulting fuzzy set of strong rules, as desired. The fact that conf (i = —i) = 0.5 is a consequence of our
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treatment of the 0/0 case which, as we pointed out before, is not problematic since when the support of the rule is 0,
it is never strong.
In addition to this particular example, let us remark that:

e The rule i = —i has always support O in every level for any collection of fuzzy transactions. Hence, this rule is
not strong in any level for any dataset, and never appears in the support of the fuzzy set of strong rules.

e When it is 7(i) = 1 for a percentage of transactions greater or equal to the minimum support, then i = i has
support and confidence 1 in every level, and appears in the final fuzzy set of strong rules with degree 1.

4.3.2. Exception/anomalies
Exception rules were first introduced by Suzuki in [50] as a pair of rules noted by (csr,exc) where csr stands for
common sense rule, and exc represents the exception rule associated to the csr.

A= B (csr)
AANE=—-B (exc)

For instance, if A represents young students and B graduated in five years, we may find the following exception
rule

“IF young student, THEN (s)he graduates in five years
EXCEPT when (s)he has children.(E)”

This example shows how the presence of E changes the consequent of the common sense rule A = B, in this case
not graduating in five years (—B).

A similar idea was proposed by Berzal et al. in [5], where they mined anomalous rules representing, in this case,
the deviation from the common sense rule (i.e. the deviation from the usual behavior).

X=Y (csr)
XA-Y=A (anom)

For instance, if X represents that a vertebrate animal can fly and Y the class of birds, we can find the following
anomalous rule:

“IF a vertebrate animal flies (X)
THEN it is a bird (Y) (usually);
OR the vertebrate is a mammal (A) (unusually)”.

In this example, a vertebrate animal that flies it is usually a bird but unusually a mammal (A), for instance a bat. In
other words: when X, then we have either Y (usually) or A (unusually).

When mining exception and anomalous rules from fuzzy transactional datasets we have to pay special attention to
the treatment of the negation like in the case of absent items. Particularly, as we have seen before, using fuzzy sets we
can find that both A = B and A = —B are strong rules. In such case, since the exc rule is not expected to have a large
support (otherwise the csr rule would not be very confident), and its confidence is lower or equal to the confidence
of A A E = B, itis likely that almost every itemset E seems to be an exception to the rule. That is, we have the risk
of obtaining a large amount of misleading exception rules. Something similar can happen to anomalous rules. Both
problems can be avoided by using the RL approach.

Besides this, the efficiency of an algorithm to discover exception and anomalous association rules is extremely
important because we have to first extract the common sense rules and after that to look for those items that satisfy the
exception or the anomalous rule assumption. To this aim, in [43] a parallel algorithm was proposed employing the RL
approach and the BitSet representation of items for accelerating the logical computations involving both conjunction
and negation between items.
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As in the case of absent items, when mining the exception and anomalous rules, keeping the structure of Boolean
Algebra in set operations can be very helpful in order to compute by levels the conjunction of items involving nega-
tion. This enables a more efficient implementation since some of the computations can be reformulated using some
properties of Boolean Algebras, allowing to prune the search space, and crisp algorithms can be employed in parallel
in each level, as shown in [43,16].

4.3.3. Bags and bag mining
Bags, also called multisets, are set-like structures where elements can appear more than once. This is often the case
in transactions; for instance, in market baskets it is usual to find more than one unit of an item (bread, milk, etc.).
This information, which is usually discarded in market basket analysis, can be useful for extracting knowledge. We
can discover different types of association rules relating not only the presence of items together, but also the quantities
appearing in the transactions. Existing works in this field consider different kinds of rules [30]

e Simple rules of the form “i; = value; = i» = value,” relating that items i1 and i, appear together with the
indicated quantities (value;).

e General rules of the form “i; = value; = i> > value;” offering also information about the minimum quantity of
i> to be related to the quantity of ij.

e Semantic rules like “large quantity of juice = small quantity of coca-cola” which use semantic terms for describ-
ing volume quantities.

In the last example, “large” and “small” are fuzzy concepts, and hence fuzziness appear in the analysis of bag
datasets. In [14] an approach is presented for mining fuzzy rules representing useful patterns involving the quantities
of items in a bag dataset. Appropriate linguistic terms are defined for quantities for different items, and the bag dataset
is transformed into a fuzzy transactional one. In [17] the authors proposed to use RLs to manage the fuzziness by levels
yielding to the new concept of RL-bag, based on the previous approach to fuzzy bags introduced in [13]. Besides the
fulfillment of boolean properties and keeping the ordinary properties of crisp bags, using level-based representation
for bags is a good tool to generalize measures involving bags like similarity or distance measures that are often used
in problems like decision making or clustering [42,8,39].

RL bags can be employed for mining bag datasets with fuzzy quantities since, by using the RL approach, we have
crisp bags in each level and, once more, existing algorithms for mining associations in bag databases can be employed
for solving the fuzzy version of the problem.

5. Conclusions

The representations by levels of fuzzy concepts offer several advantages for fuzzy data mining: crisp mining proce-
dures can be applied directly by operating in each level independently; numbers affected by fuzziness can be defined,
which are not fuzzy numbers in the usual sense; and for both concepts (represented by sets) and numbers affected
by fuzziness, all properties of the arithmetic and set operations of their crisp counterparts are kept. To the best of our
knowledge, this has no correspondence in fuzzy number and fuzzy set theories.

The potential contributions of RLs with respect to using only fuzzy sets in fuzzy data mining are interesting fo the
extent that such properties are needed or convenient in the corresponding data mining applications. In no way we
mean that conventional fuzzy data mining is not useful or must be replaced by using RLs. We just claim and show
that RLs 1) are a suitable alternative to fuzzy sets for representing fuzziness, and ii) offer very important properties
and possibilities that fuzzy sets cannot, providing solutions when such properties are required. They are simply an
alternative to consider, in the same way that the different t-norms in fuzzy set theory are alternatives to consider when
modeling a fuzzy system, and we cannot say that a certain t-norm is better than another in general. We have illustrated
the potential contributions of RLs with several examples and also with descriptions of techniques in the literature that
have successfully employed the RL approach in fuzzy data mining and particularly in fuzzy association rule mining.

Neither our description about the potential contributions of RLs in fuzzy data mining, nor our overview of existing
fuzzy data mining techniques in the literature based on RLs, are intended to be exhaustive, but illustrative. For instance,
RLs have been applied also in the setting of rough sets [10] or in fuzzy clustering [25]. In fuzzy association rule mining,
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many possibilities are currently present regarding the different fuzzy frameworks for mining associations proposed in
[37]. Other related approaches have been applied in this field, particularly the X — u approach [38,34,35].

The RL approach opens an enormous research field full of possibilities. Among our ideas for future work in this
area we can mention to apply the RL approach to fuzzy approximate dependencies [4] on the basis of the crisp version
proposed in [47], and also to gradual dependencies [31,40] on the basis of the crisp approach in [7].
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