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Abstract—The thesis develops mathematical foundations of isotone fuzzy
Galois connections and the associated concept lattices and attribute implica-
tions. In particular, we study isotone fuzzy Galois connections and concept
lattices parameterized by linguistic hedges. Isotone fuzzy Galois connec-
tions and concept lattices provide an alternative to antitone fuzzy Galois
connections and concept lattices. We show that hedges enable us to con-
trol the number of formal concepts, i.e. collections of objects and attributes
which represent interesting clusters in data. We present properties of iso-
tone connections with hedges, including their axiomatization, and describe
the structure of the associated concept lattices. In addition, we present a
logic of if-then rules such as “if all attributes of an object are among those
from A then they are among those from B.” We provide basic syntactic and
semantic notions, describe complete non-redundant sets of the if-then rules,
and a logic for reasoning with such dependencies with its ordinary-style and
graded-style completeness.
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Chapter 1

Introduction

Formal concept analysis (FCA) [15] is a method of analysis of relational data invented
in Germany by Rudolf Wille. In the 1980s, solid mathematical and computational
foundations of FCA have been developed. In the past decade or so, FCA enjoyed a
considerable interest in various communities and many papers on applications of FCA
in various domains appeared, including papers in premier journals and conferences. The
method is based on formalization of a philosophical view of a conceptual knowledge.
Basic notion in FCA is a formal concept which consists of two sets: extent — set of all
objects sharing the same attributes, and intent — set of all the shared attributes. This
definition of formal concept comes from traditional / Port-Royal logic [2, 23].

The basic input data for FCA, called a formal context, is a flat table in which rows
represent objects and columns represent attributes. Entries of the table contain either
a cross X, which means that the corresponding object has the corresponding attribute,
or a blank which means the opposite. One of the main outputs of FCA is a concept
lattice — hierarchy of formal concepts present in the formal context. Extent and intent
of the formal concepts are formed by particular operators, antitone Galois connections,
induced by the formal context.

In the human thinking, it is natural to assume groups of objects whose attributes
belong to the same set. For instance, consider a formal context containing people as
objects; among attributes are: agel,age2,...,agel00 representing age in years. Each
object has exactly one of the age attributes. It is natural to think, for example, about a
group of people with age between 20 and 30 years. This group of people does not emerge
as extent in concept lattice when antitone Galois connections are used as concept-forming
operators since all people with age between 20 and 30 years do not share the same age.
To obtain such groups as extents, different concept-forming operators must be used:
isotone Galois connections. In a formal concept formed by isotone Galois connection,
the extent is a set in which no object has other attributes than those in the intent; the
intent is a set of all attributes of objects in the extent.

In everyday life we use concepts which are not sharply bounded (e.g. ’great dancer’
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or 'middle aged man’). In terms of FCA, objects and attributes do not need to belong
to a formal concept in full degree. Similarly the relation between objects and attributes
is a matter of degree. There are several approaches to generalize formal concept analysis
to be able to process such indeterminancy or uncertainty [5, 6, 31, 25, 22, 1]. Many of
them are based on Zadeh’s theory of fuzzy sets [40]. Particularly, [5] generalizes antitone
Galois connection to antitone fuzzy Galois connections which form extents and intents of
formal concepts as fuzzy sets. An analogous generalization of isotone Galois connections
is studied in this thesis.

The isotone Galois connections were shown to play an important role in Boolean
factor analysis. Boolean factor analysis [37] concerns with reduction of space dimension
of logical data. Its goal is to decompose a table describing a relation between objects and
attributes (in fact, a formal context) into two tables: one describing relation between
objects and factors, second describing relation between factors and objects, such that
number of factors is as small as possible and composition of these two relation (with
standard relational product) is the original relation. We can read the composition as:
“object has an attribute iff there is a factor such that the object has the factor and
the factor is a manifestation of the attribute.” Belohlavek and Vychodil proved that
formal concepts formed by antitone Galois connections serve as optimal and universal
factors [14]. We can be interested in relational products with different meaning, for
instance “object has an attribute iff for each factor we have, if the object has the factor,
then the factor is a manifestation of the attribute.” This kind of relational product are
called triangular product and they were studied by Bandler and Kohout [26, 27]. In
[7], Belohlavek proved that optimal and universal factors are formal concepts formed by
isotone Galois connections.

One of the main aims of formal concept analysis is to find methods to decrease
number of formal concepts [35, 11, 33]. The number of formal concepts can be too big
even for input data which are not too large. A large collection of formal concepts is not
directly comprehensible by a user. Development of methods to overcome the problem is
thus an important task. Belohlavek and Vychodil [11] generalized antitone fuzzy Galois
connections using particular unary operations, linguistic hedges. The principal aim was
to control, in parametrical way, the number of formal concepts. Isotone fuzzy Galois
connections generalized in similar way are studied in this thesis.

Outline of the thesis

The thesis studies isotone Galois connections in a fuzzy setting and their generaliza-
tions which use linguistic hedges. Results presented in this thesis were published in the
following papers (the numbers in square brackets are the numbers of the papers in the
Bibliography).

[9] R. Belohlavek and J. Konecny. A logic of attribute containment. In KAMOS,
pages 246-251, Wuhan, China, 2008.
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[24] J. Konecny. Isotone fuzzy Galois connections with hedges. Information Sciences,
181(10):1804-1817, 2011. Special Issue on Information Engineering Applications
Based on Lattices.

[3] E. Bartl, R. Belohlavek, J. Konecny, and V. Vychodil. Isotone Galois connections
and concept lattices with hedges. In IEEE IS 2008, Int. IEEE Conference on
Intelligent Systems, pages 15-24-15-28, Varna, Bulgaria, 2008.

The thesis is organized as follows. Chapter 2 describes basic notions of formal con-
cept analysis, fuzzy sets, Galois connections, closure operators, interior operators, and
linguistic hedges.

Chapter 3 describes properties and axiomatization of isotone fuzzy Galois connections
generalized using particular unary operators — namely, truth-stressing hedge which cor-
responds to logical connective “very true” and truth-depressing hedge which corresponds
to logical connective “slightly true”. We describe properties and axiomatization of the
generalized isotone Galois connections, structures of their fixpoints, correspondence with
antitone Galois connections.

Chapter 4 concerns with influence of the linguistic hedges on number of fixpoints and
provide an illustrative example.

Chapter 5 is dedicated to the second main output of formal concept analysis — partic-
ular data dependencies called attribute implications. The chapter studies the properties
of new attribute dependencies which are associated to the isotone Galois connections,
their non-redundant basis, and a logic for reasoning with these dependencies including
an ordinal as well as a graded version of a completeness theorem.



Chapter 2

Preliminaries

We recall basic facts of residuated lattices, truth-stressing and truth-depressing hedges,
and fuzzy sets.

2.1 Residuated lattices and fuzzy sets

We use complete residuated lattices as basic structures of truth-degrees. A complete
residuated lattice [5, 19, 39] is a structure L = (L, A,V, ®, —, 0, 1) such that

(i) (L,A,V,0,1) is a complete lattice, i.e. a partially ordered set in which arbitrary
infima and suprema exist;

(ii) (L,®,1) is a commutative monoid, i.e. ® is a binary operation which is commu-
tative, associative, and a ® 1 = a for each a € L;

(ili) ® and — satisfy adjointness, i.e. a®@b < ciffa <b— c.

0 and 1 denote the least and greatest elements. The partial order of L is denoted by <.
Throughout this thesis, L denotes an arbitrary complete residuated lattice.

Elements a of L are called truth degrees. ® and — (truth functions of) “fuzzy
conjunction” and “fuzzy implication”.

Common examples of complete residuated lattices include those defined on a unit
interval, (i.e. L = [0, 1]) or on a finite chain in a unit interval, e.g. L = {0,2,...,2=1 1},
A and V being minimum and maximum, ® being a left-continuous t-norm with the
corresponding —. The three most important pairs of adjoint operations on the unit

interval are
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a®b = max(a+0b—1,0)

Lukasiewicz: 0 —b = min(l—a+tb1)
a®b = min(a,b)
Godel: 0b — { 1 a<b
b otherwise
a®b = a-b
Goguen (product): 4 b — { % a<b '
. otherwise

An L-set (or fuzzy set) A in a universe set X is a mapping assigning to each z € X
some truth degree A(xz) € L where L is a support of a complete residuated lattice. The
set of all L-sets in a universe X is denoted L¥.

The operations with L-sets are defined componentwise. For instance, the intersection
of L-sets A, B € L¥ is an L-set AN B in X such that (AN B)(z) = A(x) A B(x) for each
z € X, etc. An L-set A € L~ is also denoted {A®)/z |z € X}. If for all y € X distinct
from 1,29, ..., x, we have A(y) = 0, we also write {A@)/zy, A@2)/gy . Alza)/g 1 Tf
there is exactly one z € X s.t. A(z) >0 (i.e. A= {A®)/z}) we call A a singleton.

Binary L-relations (binary fuzzy relations) between X and Y can be thought of as
L-sets in the universe X x Y. That is, a binary L-relation I € LX*Y between a set
X and a set Y is a mapping assigning to each x € X and each y € Y a truth degree
I(z,y) € L (a degree to which z and y are related by I). An L-set A € L¥ is called
crisp if A(x) € {0,1} for each x € X. Crisp L-sets can be identified with ordinary sets.
For a crisp A, we also write z € A for A(x) =1 and + ¢ A for A(x) = 0. An L-set
A € L¥ is called empty (denoted by @) if A(x) = 0 for each x € X. For a € L and
AcLX a® AcL¥ and a - A € LX are defined by

(a® A)(x) =a® A(z) and (a — A)(z) = a — A(z).
For universe X we define L-relation graded subsethood LX x L*X — L by:

S(A,B)= \\ A(z) — B(x) (2.1)
rzeX

Graded subsethood generalizes the classical subsethood relation C (note that unlike C,
S is a binary L-relation on LX. Described verbally, S(A, B) represents a degree to which
A is a subset of B. In particular, we write A C B iff S(A, B) = 1. As a consequence,
we have A C B iff A(x) < B(z) for each z € X. In the following we use well-known
properties of residuated lattices and fuzzy structures which can be found e.g. in [5, 19].

2.2 Linguistic hedges

We use unary operations called truth-stressing and truth-depressing hedges. Truth-
stressing hedges were studied from the point of fuzzy logic as logical connectives “very
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0.25

idp, *1 *9o *3 *G

Figure 2.1: Truth-stressing hedges on 5-element chain with Lukasiewicz operations

true”, see [21]. Our approach is close to that in [21]. A truth-stressing hedge is a mapping
* . L — L satisfying the following conditions

1" =1, (2.2)

a* <a, (2.3)
(a—=b)*<a* —b", (2.4)
a* =a”, (2.5)

for each a,b € L. Truth-stressing hedges were used to parameterize antitone L-Galois
connections e.g. in [4, 8, 13], and also to parameterize antitone L-Galois connections in
[3].

On every complete residuated lattice L, there are two important truth-stressing
hedges:

(i) identity, i.e. a* =a (a € L);
(ii) globalization, i.e.

N { 1, ifa=1, (2.6)

a" = .
0, otherwise.

Fig. 2.1 shows examples of truth-stressing hedges on 5-element chain with Lukasiewicz
operations L = ({0,0.25,0.5,0.75, 1}, min, max, ®, —, 0, 1). The left-most truth-stressing
hedge "9~ is identity; the right-most truth-stressing hedge *¢ is a globalization.

A truth-depressing hedge with respect to truth-stressing hedge * is a mapping U :
L — L such that following conditions are satisfied

0~ =0 (2.7)

a < a"” (2.8)

(a = b)* <a =" (2.9)
a?H =d" (2.10)



PRELIMINARIES 7
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Figure 2.2: Truth-depressing hedges on 5-element chain with Lukasiewicz operations

for each a,b € L. A truth-depressing hedge is a (truth function of) logical connective
“slightly true”, see [38].

On every complete residuated lattice L, there are two important truth-depressing
hedges:

(i) identity, i.e. a” = a (a € L);

(ii) antiglobalization, i.e.
a0 = { 0, ifa=0, (2.11)

1, otherwise .

Fig. 2.2 shows all truth-depressing hedges on 5-element chain with Lukasiewicz op-
erations L = ({0,0.25,0.5,0.75, 1}, min, max, ®, —,0,1). In parentheses are listed the
truth-stressing hedges for which the truth-depressing hedge satisfies (2.9). The left-most
truth-depressing hedge in upper row "9~ is identity; the right-most truth-depressing hedge
in lower row J4¢ is antiglobalization.
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Remark 1. (a) Note that from (2.4) follows that any truth-stressing hedge is monotone.
Ifa <b then (a — b)* = 1. From (2.4) we have 1 < a* — b*, i.e. a < b implies a* < b*.
Similarly, from (2.9) we have monotony of truth-depressing hedge.

(b) The identity is a truth-depressing hedge with respect to any truth-stressing hedge.

(c) If© is truth-depressing hedge w.r.t truth-stressing hedge * then ® is truth-depressing
hedge w.r.t. globalization *¢ (since (a — b)*¢ < (a — b)* < a” — b7 ). For that reason
we do not declare the truth-stressing hedge for which the truth-depressing hedge satisfies
(2.9), if it is not important.

We need following lemmas.
Lemma 1 ([8]). A truth-stressing hedge * satisfies (\/;c;ai)* = ey ai.
Lemma 2. A truth-depressing hedge  satisfies (N\;c; af)” = Niey af.
Proof. “>” Obvious from the definition of truth-depressing hedge.

“<” Since we have (A;c;a7) < af and U is monotone (see Remark 1(a)) we have

(/\ie] aiD)D < aiDD = az’D- Hence (/\ie] aiD)D < /\ie] aiD-

O]

2.3 Formal Concept Analysis

In this part we recall basics of formal concept analysis (FCA). The main aim in FCA
is to extract interesting clusters (called formal concepts) from tabular data. A partially
ordered collection of all formal concept is called a concept lattice. In the basic setting,
the input data to FCA is organized in a table (formal context) such as the one in
Table 2.1.

A formal context is a triplet (X,Y,I), where X and Y are sets of objects and at-
tributes, respectively, and I C X x Y is a relation between X and Y. The fact that
(x,y) € I is interpreted as “object = has an attribute y”.

Table 2.1: Formal context describing objects x1, xo, 3 and their yes/no attributes yi,
Y2, Y3, Y-

Yi Y2 Y3 Ya
x| 1 1 0 O
xTo 0 1 1 0
T3 0 0 1 1

A formal context (X, Y, I) induces operators M : 2% — 2Y and V1 : 2 — 2%:

A = {y|(x,y) € I for each z € A} (2.12)
BY = {z|(x,y) €I for each y € B}. (2.13)
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In words, we can describe the induced operators as follows: AM is a set of all
attributes shared by all objects from A. BY% is a set of all objects sharing all attributes
from B.

A formal concept of (X,Y, ) is a pair (A, B) such that

A" = B and BY = A. (2.14)
The set of all formal concepts of (X,Y,I) is denoted B(XT Y I):
BXT YV 1) = {(A,B)| A" = B and BY = A}. (2.15)

A subconcept-superconcept hierarchy of formal concepts is a partial order < defined
a follows

<A1, Bl> <A2, BQ) iff Al C A2 (216)
(or, equivalently, iff By C By) (2.17)
for each (Ay, By), (Ag, Ba) € B(X™, YV, I).
B(XT Y4 I) with < forms a complete lattice:

Theorem 3 (Main theorem of concept lattices, [15]). Let (X,Y,I) be formal context.
Then B(X™, Y, 1) is complete lattice whose infima and suprema are defined as follows:

A (45, B;) = () 45, (I B)'™ (2.18)

jed JjeJ jeJ
\ (4,8 = (J4)™ ) B;.) (2.19)
JjeJ jeJ Jje€J

Moreover, an arbitrary complete lattice K = (K, <) is isomorphic to B(XT YV I)
iff there are mappings u: X — K, v:Y — K such that

1. p(X) is \/-dense in K, v(Y') is \-dense in K;
2. p(x) < vly) iff (,y) € I.

[29] showed that operators (M7, ¥1) are in one-to-one correspondence with so-called
antitone Galois connections. A pair (T, %) of mappings T : 2X — 2V ¥ .2V 5 2% js said
to form antitone Galois connection between sets X and Y if the following the conditions
are satisfied:

(i) if A; C Ay then Al C AT
(i) if B; C By then By C BY,
(iii) A C AT,
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(iv) B € BM™
for A, Ay, Ay € 2% and B, By, B, € 2V
The following theorem explains the correspondence:

Theorem 4 ([29]). Let (X,Y,I) be formal context, (T, %) be an antitone Galois connec-
tion between X and Y. Then

(i) (M, ¥1) is an antitone Galois connection.

(i1) I vy defined by
I wy(@,y) iffy € {1/} (2.20)

1s a relation between X and Y and we have

(iii) (1,4 = ("an Vos) and 1 = Ly
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Chapter 3

Isotone Galois Connections with
Hedges

3.1 Definition

We start by recalling the definition of and basic facts about the isotone fuzzy Galois
connections [16, 32]:

Definition 1. An isotone L-Galois connection between sets X and Y is a pair (™,Y) of
mappings ™ : LX — LY and ¥ : LY — LX satisfying S(A, BY) = S(A", B).
(S is the graded subsethood (2.1))

Isotone L-Galois connections are sometimes called isotone fuzzy Galois connections.

The following theorem provides an alternative definition using perhaps more compre-
hensible conditions [16].

Theorem 5. A pair (",%) of mappings ™ : LX — LY and Y : LY — LX is an isotone
Galois connection iff ™ and Y satisfy

S(Aq, Ag) < S(AT, AT, (3.1)
S(B1, Bz) < S(BY, By), (32)
AC A (3.3)
B 2 B*™, (3.4)

The importance of Galois connections, both antitone and isotone, derives from the
fact that they are induced in a natural way from binary relations and that the fixpoints
(i.e. pairs s.t. (A, B) s.t. A" = B and BY = A) of Galois connections have natural
meaning. A canonical way an isotone Galois connection (", V) arises from a binary fuzzy

relation I between sets X and Y is described by:

A"y) = Vyex Alz) @ I(z,y), (3.5)
BY(x) = Nyey I(z,y) = B(y). (3.6)
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If X and Y are interpreted as the set of objects and attributes and I(z,y) as a degree to
which object € X has attribute y € Y, then A™(y) is just the truth degree of “there
exists x in A which has y” and BY(z) is the truth degree of “for all y: if x has y then
y belongs to B”. That is, A™ is the fuzzy set of attributes shared by at least one object
from A and BY is the fuzzy set of objects whose attributes are all in B.

Note that in the bivalent case, i.e. when I is an ordinary relation and A and B are
ordinary sets, the operators defined by (25) and (26) are studied in [15]. The operators
studied in this thesis extend those from [15] in that we assume that I is a fuzzy relation
and A and B are fuzzy sets with truth degrees taken from a complete residuated lattice
L. If L is the two-element Boolean algebra, operators (25) and (26) as well as their
parameterized versions (27) and (28) introduced below studied coincide with those from
[15]. Note also that the pairs of mappings (25) and (26) appear in [17, 23] and also in
[22]. In what follows, we present and study operators which generalize (25) and (26)
in that we parameterize (25) and (26). Technically, we parameterize (25) and (26) by
inserting hedges at particular places in (25) and (26). Throughout the rest of the thesis,
we assume that * is truth-stressing hedge on L and " is truth-depressing hedge on L
(which does not need to be a truth-depressing hedge w.r.t. *).

Let X, Y be sets of objects and attributes respectively, I be an L-relation between
X and Y, ie. I'isamapping I : X xY — L. (X,Y,I) is called a formal fuzzy context.

[y

2| Iy

Figure 3.1: Formal fuzzy context

For a formal fuzzy context (X, Y, I) we define a pair (7, ") of mappings " : LX — LY
and Y : LY — LX by

Am(y) = VgceX A(w)* ® I({L‘, y): (3'7)
BY(z) = Nyey I(z,y) = B(y)"~. (3.8)

These mappings play a crucial role in the thesis. The meaning of A" and BY is
essentially the same as that of A™ and BY. The difference is in that parts of the verbal
description of A” and BY contain “very true” and “slightly true” respectively, compared
to that of A™ and BY. For example, A”(y) is the truth degree of “there exists x for
which it is very true that it belongs to A and which has 3”.

The fixed points of ("',") (i.e. pairs (A, B) such that A" = B and BY = B) are
called formal (fuzzy) concepts. Operators induced by formal fuzzy context are usually
called concept-forming operators. The set of all formal concepts of (X,Y, I) is denoted
B(X YEY 1.
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For formal concepts (A1, B1), (A2, Bs) € B(X*", YV T) we define
(A1, B1) < (Ag, By) iff Ay C Ay (iff By C Bs) (3.9)

As we show later, B(X*", VPV, I) with < forms a complete lattice.

3.2 Basic properties

This section describes the generalization (",") of concept-forming operators (", Y) from
[16] and shows basic properties of (,").

Theorem 6. Mappings ", Y defined by (5.7) and (3.8) satisfy the following properties:
(i) A" = A" and BY = B
(ii) A" = A" and BY = BV

(iii) A7 C A™ and BY C BY

(iv) S(A1, Ax)* < S(A], A7) < S(AY, AY)
S(Bh BQ)*Y < S(Blmv B2D) < 5(3%7 Bg)
where *Y is a truth-stressing hedge for which (2.9) is satisfied.

(v) A* C A"V and B" C BY

(vi) Ay C Ay implies A} C Af)
By C By implies BY C BS

(vii) S(A*, BY) = S(A", BY)

£\ N U
(viii) (Uie[ Az‘) = Uie[ A? and (miel Bz'D) = mie[ Biu
(’LJE) AﬁUﬁU — AOU and BOUI"IU _ BOU

Proof. (i), (ii) follow immediately from definition of " and Y and from properties of
hedges.

(iii) follows from the fact, that ® is monotone and — is isotone in the second argu-
ment.

(iv) S(A1, A2)* < S(Af, A3) and S(By, B2)* < S(BY, BY) follow from definitions
of the truth-stressing and truth-depressing hedges and Lemmas 1 and 2. S(A{, A})) =
S(AM ASM) = S(Af, A3™Y) > S(A7, A5). The second assertion is similar.

(V) A* C AU ANV C AﬁU; BN C BUR — BD@@ C BD.

(vi) A1 C Ag implies 1 = S(A1, A2)* < S(A], AY). The second claim is similar.

(vii) S(A*, BY) = S(A*, B™Y) = S(A*" BY) = S(A", BY).
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(viii) Using Lemma 1, we have

(U A:) W=\ (\/ (A (@) @f(x,m) _

il zeX \iel

=\ ((\/A;-*(x)> ®I(a:,y)> =
reX el
=\/ (\/ A¥(x) ®I(m,y)> =\/ 47 ()
el

i€l \zeX

Similarly, using Lemma 2, we have

U O
(mB?) @ A z<x,y>%(AB?<y>) _

iel yey el

= A (I(x,y) - (/\B?(y)» =
yey iel

=N A Iy - B | = \ BY(2)

i€l \yeYy i€l

(ix) Using (v) A € A™ and (vi) two times we get A"V C A", Using (v) with
B = A" we have A™" C AU, Using (vi) we get the first claim. The second claim is
similar. O

Remark 2. Note that the induced concept-forming operators with *, B have very sim-

ilar properties to those defined by (3.13) and (3.14) which were introduced in [3]. The

following list sums up properties of these operators which are analogous to those from
Theorem 6.

(i) A" = A*x™ gnd BY = B*YY,
(ii) A" = A*x" gnd BY = B*Y,
(iii) A" C A" and BY C B,

(iv) S(A1, A2)" < S(A}X, A5¥) < S(A7, AD),
S(BlvBZ)*Y < S(BTY7B;Y) < S(B%,Béj),
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(vi) A1 C As implies A C AL,
By C By implies Bf C BY,

(vii) S(A*x,BY) = S(A", B*),

* n @] * U
(viii) (Uier A7) = Uier 47 and (Mier Bi) ™ = (Mier B~
(Zl‘) AﬁUﬁ C Aﬂ*y and BUﬂU C B*YU‘

We have extended (3.5) and (3.6) and made them parameterizable using truth-
stressing hedge and truth-depressing hedge while we have kept most of their basic prop-
erties. In particular we have lost properties A™™ = A™ and B™M = B™ and replaced
them by the property (ix) in Theorem 6.

3.3 Axiomatization

We now turn to the problem of axiomatization of the mappings defined by (3.7) and
(3.8). We present characteristic properties of these mappings.

In this part, we use subscription I to denote operations induced by context (X, Y, I)
("1 and Y1) to distinguish them from operators introduced in Definition 2. At the end of
this part, we show that these operations are the same, thus we do not need to distinguish
them in later parts of this thesis.

Isotone Galois connections were axiomatized in [16]. We generalize the approach of
[16] as follows:

Definition 2. Let X,Y be two universes. A pair of mappings (",%), 0 : LX — LY,
Y LY — LX is called isotone L-Galois connection between X and Y if

S(A*, BY) = S(A", BY) (3.10)
(U A;‘) = JA7 (3.11)
i€l i€l

a* @ {! )2} (y) = {*/2}"(y) (3.12)

Lemma 7. Operators I and Y defined by (3.7) and (3.8) form an isotone L-Galois
connection (71,91 with hedges * and ©.

Proof. Due to Theorem 6 (vii) and (viii), it is enough to show that (3.12) is satisfied.
Indeed,

o {! /oMy =0 e\ 1el(y) =
zeX

—\ @ ® Iy = (*/2)"()

zeX
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Lemma 8. For every mapping " : LX — LY there exist at most one mapping © : LY —
L~ satisfying S(A*, BY) = S(A™, BY) for every A € LX and B € LY.
Proof. If Y is another such mapping, we have S(A*, BY) = S(A", BY) for any A and
B. Take any z € X and put A = {!/x}. Then

BY(z) = S(A*,BY) = S(4*, BY) = BY ()
Therefore,  coincides with V' O

Lemma 9. Let (",Y) be an isotone L-Galois connection with hedges * and =. Then
there exists an L-relation I between X and Y such that (7,Y) = (71 V1),

Proof. We need to find I such that A" = A™ and BY = BYI forall Ae LX,Be LY.

Due to Lemma 8, it is sufficient to find I for which A” = A™7. Namely, ("1, Ur ) satisfy

S(A*, BY) = S(A", BY) by Lemma 7. Hence, YT coincides with Y due to Lemma 8.
Define I by I(z,y) = {*/2}"(y). Then we get

A=A = \/ {YO/2} ) =

zeX,yeY
=V VA @e{/z}"y) =
rzeX yeYy
=\ A*(z) @ I(z,y) = A (y)
zeX
This finishes the proof. O

Theorem 10. Let (X,Y,I) be formal fuzzy context, {",") be an isotone L-Galois con-
nection with hedges * and . Then

o (M1,Y1) s isotone L-Galois connection with hedges * and =.

o Iinuy defined by Iin oy(x,y) = {!/x}"(y) is an L-relation between X andY and
we have

Nr Ur

° <O7U> =( O, O and I = I<m7u>.
Proof. Due to Lemma (7) and Lemma (9), it suffices to show that I = I)n vy. We have

Looy(@,y) = {2}V (y) =
= \/{"/2}(z) @ I(2,9) = I(z,y)
zeX
[

Remark 3. Note that we only need " to define Iin vy and we need " to satisfy only " and

Y. Hawing such operation, we can use Theorem 10 to find corresponding ¥ as ¥ = ULy
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LX LY
A U BU
A* m B

Figure 3.2: Formal concept of B(X*", YV )

3.4 Why we use a truth-depressing hedge?

In [3] we introduced the following concept-forming operators:

A(y) =\ A@)™* @ 1(z,y) (3.13)
rxeX

BY(z) = N\ I(z,y) > B(y)"™ (3.14)
yey

where "X and *Y are truth-stressing hedges. Note that the only difference from the
concept-forming operators defined by (3.7) and (3.8) is that a truth-stressing hedge *¥
is used in (3.14) while a truth-depressing hedge " is used in (3.8). In this part we argue
that the use of a truth-depressing hedge is more convenient.

Let us take a look at a geometric interpretation of a formal concept as a fixpoint
of isotone L-Galois connection with hedges * and P (see Fig. 3.2; Arrows in Figures 3.2,
3.3, and 3.4 represent mappings. For example mapping * : LX — L¥ is representd by
arrow between A and A* inside L~; A* placed under A means A* C A).

If a truth-stressing hedge *v is used we have the situation depicted in Fig.3.3. B
and B*Y degenerate into one point, as described by the following theorem.

Theorem 11. Let B(X*X" Y*YY I) denote the set of all fizpoints of the operators by
(3.7) and (3.8) and B(X*X" YV I) set of all fitpoints of the same operators for *¥ being
identity 192 . Then we have

B(X**", YU 1) = {(A, B) e B(X™*",Y",I)| B=B"}. (3.15)

Proof. “C”: B = BY" C B* C B proves, that B = B*Y. For intent B we have
B = BYN = B*vYsxM — BUsxM proving that B € Int(X*xM, Y'Y, 1).
“D7: B = BYsxM — grvUsx — BUN thus B € Int(X*x", Y*rY T). O
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Figure 3.4: Concept of B(X*xT, Y*v+ T)

Note that Theorem 11 says that using *¥ brings just trivial selection of formal con-
cepts.

The use of truth-depressing hedge brings us to analogy of the geometrical interpre-
tation of a formal concept of B(XT, Y+, I), which is depicted in Figure 3.4.

In the case of concept-forming operators T, +, we have both composition ™ and ¥
being closure operators. With truth-stressing hedges *¥ and *X the compositions T ¥
and V*XT keep to be closure operators. On the other hand, the truth-stressing hedges *X
and *¥ are interior operators. ! Similarly, in the case of concept-forming operators ",
we have the composition ™ being a closure operator. With a truth-depressing hedge
5 the composition ™Y keeps to be a closure operator. A truth-stressing hedge * works
opposite way to the composition ™Y, Dually, the compositions Y™ and Y*™ are interior
operators, while U is a closure operator.

The main benefits of using truth-depressing hedge in (3.8) are:

e According to Theorem 6 for any isotone L-Galois connection with * and = we have
convenient properties AV C A™v and BY"Y C B*YVY. Analogous properties do
not generally hold true for isotone L-Galois connection with ** and *¥.

e By Theorem 11, using a truth-stressing hedge *¥ in (3.14) turns to be a selection of

Yfurther description of B(XT, Y+, I) is out of scope of this thesis, see f.e. [4, 8, 13] for this topic.
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formal concepts from B(X*X™ Y'Y I) based on membership degrees in their intents.
Particulary, all concepts from B(X*X™ Y'Y I) whose intents contain attributes in
other truth-degrees than fix(*¥) are filtered out. This kind of selection does not
seem to be reasonable.

e The reduction of the size of the associated concept lattice with two truth-stressing
hedges is too drastic [3]. Especially when using *¥ = *@_ the resulting concept lat-
tice commonly happens to be a trivial lattice containing no interesting information.
Reduction with truth-stressing hedge and truth-depressing hedge (see Section 4)
seems to be more natural in comparison with the previous one.

3.5 Main theorem on the structure of B(X*", X"V )

In this part we show that concept lattice B(X*", YDV I) is isomorphic to a concept
lattice of a particular ordinary formal context with T,¥. Moreover, we provide a variant
of the main theorem of concept lattices for B(X*", Y I). The content of this part is
inspired by [4, 11].

We need the following notions:
Definition 3. For A € LX we define | A}y € 2X*F and | Ay € 2X%L by
[Aly = {(z,a) [a < A(z)} (3.16)
[AJn = A{(z,a) | A(z) < a} (3.17)

Described verbally, |Aly can be considered as an area in X x L under the membership
function A : X — L and |A]xn as an area in X x L above the membership function
A: X — L.

For A" € 2X*L we define [A")y € LX and [A"], € LY by

[A(z) = \/{a] (z,a) € A} (3.18)
[A"A(2) = N{a| (z,a) € A"} (3.19)
for each x € X.

Definition 4. For A’ C X x L and (truth-stressing or truth-depressing) hedge ® : L — L,
define A’ = {(x,a®) | (z,a) € A’}.

Lemma 12 ([13]). For A C fix(*) x X we have A C [[A*]".

Analogously, we have:

Lemma 13. For B C fix(") x Y we have B C HBMDJAD.
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Proof. Let (y,b) € B. Then b > [B]x. Since b € fix(Y), we have b > [B],~. Thus
{y,) € [[BIA"n. Finally (y,5) € [[BI"]n" since b € fix(?). O

Define mappings ™ : X x fix(*) — Y x fix(") and ¥ : Y x fix(F) = X x fix(*) by

AN = A" and B¥ = [[BI\Y V" (3.20)

Lemma 14. The pair (™, ¥} forms an antitone Galois connection between sets X x fix(*)
and Y x fix(7).

Proof. Antitony: A; C As implies [A; |y C [Az]y which implies fAﬂvm C ng]vm which
implies | [A2]v" |n € |[A1 " ]r. Similarly By C By implies [ By C [Bi]s which implies
[BiIaY C [Ba]" which implies [[Ba]n"}y € [[Bi]" ).

Extensivity: Using Lemma 12, AT = HHA]VOJVD]/\UJA* = HHA]VQJ\/}/\DUJA* =
TAL™ " 2 [[ANV A 2 A. Similarly B C B¥. O

The following theorem is a direct consequence of the main theorem of concept lattices
[15]. It says that concept lattice of the formal fuzzy context corresponding to isotone
Galois connection (™, <) forms a complete lattice and each complete lattice satisfying
some particular technical condition is isomorphic to the concept lattice of a formal
context (U, V, I (1 7¢X>> which is given by the antitone the Galois connection defined by
(3.20) and by (2.20).

Theorem 15. 1. B(UT, VU,[<TX ¢X>) equipped with <, defined by (A1, B1) < (A2, Ba)
iff A1 C Ao, is a complete lattice where the infima and suprema are given by

N (A5, B5) = () 45, (1 B)>™), (3.21)

jeJ JjeJ jeJ
V (45, By) = (| 4™, (] By (3.22)
jeJ jeJ jeJ

2. Moreover, an arbitrary complete lattice K = (K, <) is isomorphic to B(U,V, I<¢X I >)
iff there are mappings p: U — K, v:V — K such that

(a) w(U) is \/-dense in K, v(V) is \-dense in K;
(b) IU’(U) S l/(’U) fo <U,U> € I<T>< 7¢><>'

Lemma 16. The (crisp) relation I* = Tt 1y between X x fix(*) and Y x fix(Y) cor-
responding to Galois connection (<, ¥<) defined by (3.20) is given by

((z,a), (y,b)y € I iff I(x,y) <a—b (3.23)
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Proof. We have {{(z,a), (y,b)) € I iff (y,b) € {(z,a)}™. By definition of ™, this is
equivalent to (y,b) € |[{(z.a)}]v JVD. Since H{(x,a>}—‘\/mJ\/D = [{*/2}"," and since
the smallest ¢ such that (y,c) € [{2/z} |7 is ¢ = ({¢/2}"(y))", the last assertion is
equivalent to ({*/z}"(y))” < b. Since b = b, this is equivalent to ({¢/x}"(y)) < b.
Now, {*/z}"(y) = a* @ I(x,y) = a ® I(z,y), whence {*/z}"(y) < b is equivalent to
I(z,y) < a — b by adjointness. O

Theorem 17. B(X*", YV I) (concept lattice with hedges) is isomorphic to B(X x
fix(*)™, Y x fix(Q)¥, 1) (ordinary concept lattice). The isomorphism

h:B(X*,YEY 1) = B(X x fix(*)™, Y x fix(F)¥, 1)
and its inverse
g: B(X x fix(")™, Y x fix((), 1) = BX*, YV, 1)

are given by

h({A, B))
g((A', B))

(LAN LBJA7) (3.24)
(AN, BT (3.25)

Proof. We need to show, that (a) h and g are defined correctly, (b) h is order-preserving,
(c) g(h({A, B))) = (A, B) and h(g({(A", B'))) = (4, B').

(a) For (A, B) in B(X*", Y™V I) we have |A},*™ = |A"|\" and | B],"> = |BY},*
directly from definitions of operators ™ and < (3.20).
For (A, B') in B(X x fix(*)™,Y x fix(Q)¥, %), [A,"" = mAqv“JA}AU” -
(A = (A0 = (A" = (4. Similarly ([B],7)Y
[B'A".

(b) For <A1,B1>, <A2,BQ> S B(X*m,YDU,I) we have A1 - A2 iff LA1JV - LAQJ\/ iff
A1 V" C A"

(c) For (A, B) in B(X*", Y I) we have
[LAN T = [lA ™ = A = A

For (A’, B) in B(X x fix(* ) Y fix(F)¥, I¥) we have
L[Aqv J\/ = L[HVA/}\/ J 1 J {[ATXL\ JV* :A/Txix — A
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Theorem 18. 1. B(X*" YV I) equipped with < , defined by (A1, B1) < (As, Bo)
iff A1 C Ao, is a complete lattice where the infima and suprema are given by

A (45, B5) = () 40" () B (3.26)
jeJ jeJ jeJ
\ (4, B;) = ((J 4™, (U B)™") (3.27)
jed Jj€J jeJ

2. Moreover, an arbitrary complete lattice K = (K, <) is isomorphic to B(X*", YV I)
iff there are mappings p : fix(*) x X — K, v : fix(") x Y — K such that

(a) p(fix(*) x X) is \/-dense in K, v(fix(P) x Y) is \-dense in K.
(b) pla,x) <w(by) iff I(z,y) <a—b.

Proof. From Theorem 15 and Theorem 17. 0
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Chapter 4

Reducing the Size of Concept
Lattices

The main idea of generalizing concept-forming operators (', V) by a truth-stressing hedge
and a truth-depressing hedge is to gain control on the size of the resulting concept lattice.
In the case of the original isotone concept-forming operators (", ), the number of formal
fuzzy concepts can be inconveniently big. For instance in the example below, we obtain
207 formal fuzzy concepts from formal context with 6 objects and 4 attributes. Proper
selection of the truth-stressing hedge and truth-depressing hedge decreases the number
of formal fuzzy concepts in the resulting concept lattice as demonstrated in this section.
We also provide a theoretical result about sizes of concept lattice.

Example 1. We demonstrate the influence of hedges by the following example. Consider
the formal fuzzy context represented by Table 4.1. The table describes siz books and their
graded attributes. For the five-valued Lukasiewicz chain

L = ({0,0.25,0.5,0.75, 1}, min, max, ®, —, 0, 1)

as our structure of truth degrees, there are 40 combinations of truth-stressing hedge * and
truth-depressing hedge = (5 possible choices of * and 8 possible (independent) choices of
D, see Figures 2.1 and 2.2). For each combination of * and = we compute the corre-
sponding concept lattice B(X*Q,YDU,I). The concept lattices are depicted in Fig. 4.2.
Note that the concept lattices B(X*", YPY I) are displayed in a standard manner by
means of their line diagrams (Hasse diagrams).

One can notice that in Fig. 4.2 we get interesting alternating of big and small sizes
of the concept lattices. For instance in the first column we have sizes 5,20,12,25,7,25. In
the rest of this section we explain why this effect occurs.

Let L be a complete residuated lattice and TD(L) the set of all truth-depressing
hedges and TS(L) set of all truth-stressing hedges.

Define partial order < in TS(L) by

1< iff fix (") C fix("2) (4.1)
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Table 4.1: Context of books and their graded properties

’ H High Rating | Large No. of Pages | Low Price | Top Sales Rank

1 0.75 0.00 1.00 0.00
2 0.50 1.00 0.25 0.50
3 1.00 1.00 0.25 0.50
4 0.75 0.50 0.25 1.00
5 0.75 0.25 0.75 0.00
6 1.00 0.00 0.75 0.25

And define partial order < in TD(L) by
O < D2 fix(Pr) C fix(F2) (4.2)

Note that the truth-depressing hedges from Fig.2.2 form a partially ordered set
depicted in Fig. 4.1(left), and that the truth-stressing hedges from Fig. 2.1 form partially
ordered set depicted in Fig.4.1(right).

Theorem 19. For a formal fuzzy context (X,Y,I), truth-depressing hedges Pa," €
TD(L) s.t. Yo« < v, and truth-stressing hedges *o,*» € TS(L) s.t. *« <* we have

IB(X*" yHY )| < |B(X*", YV 1)) (4.3)

Moreover,
Ext(X4e0 yHal 1y C Ext(X'4eN yBU 1) (4.4)
Int(X*", YU 1) C  Int(X*", yideU 1) (4.5)

Proof. Denote
(X1,Y{, 1) := (X x fix(*),Y x fix(P*), ;)

and
(X5,Y5, I5) = (X x fix(*), Y x fix("™), 1))

. Note that (X7{,Y],I]) is a subcontext of (X},Yy, I5); i.e. X; C X5, Y/ CYJ and I is
a restriction of I} to X{,Y{: I{ = I, N X| x Y{. The theorem follows from Theorem 17
and properties of subcontexts (see chapter 3 in [15]). O

Remark 4. Note that the second part of Theorem 19 does not generally hold for a truth-
stresser * different from identity. For instance, for the formal fuzzy context (X,Y,I)
shown in Table 4.2, truth-stressing hedges *', truth-depressing hedges 5 < D1 (see
Fig. 4.1),we have:

{0‘75/x1’ 1.00/x2} c EXt(X*ln, }/EI5U7 I)
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Table 4.2: Formal fuzzy context from Remark 4

I
1] 0.75]0.00
T2 || 0.00]0.25
idy,

*G

Figure 4.1: Truth-depressing hedges from Fig.2.2 with < (left) and truth-stressing
hedges from Fig. 2.1 with < (right)

but
{0751, M5} ¢ Ext(X™10, Y2V, 1)

4.1 Illustrative example

In Table4.3, linguistic terms are used instead of truth degrees. The table can be
transformed into formal L-context with X = {Fj, F5, F3, F4} and ¥ = [6 — 12] x
{consumption} U [140 — 220] x {speed}; the structure L of truth-degrees is three-element
chain with Lukasiewicz operations. The transformed formal L-context is depicted in
Table 4.4. This example is based on example from [31].

Note that using isotone Galois connection for this kind of data is very reasonal. For
instance, we want to have “very fast car” to be a subconcept of “fast car”.

Figures 4.3,4.4,4.5, and 4.6 show formal concepts formed with isotone Galois connec-
tion with various combinations of truth-stressing hedges and truth-depressing hedges.
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109 207

Figure 4.2: Concept lattices B(X*", YV, I) induced by the context from Table 4.1 and
numbers of their formal concepts. The picture shows concept lattices resulting by all
combinations of truth-stressing hedge * and truth-depressing hedge ” from Fig. 2.1 and

Fig. 2.2.
consumption speed
Fy very high fast
F, 8-101/100km very fast
F5 | at least 81/100km not so fast as F
F, | at least 81/100km fast

Table 4.3: Table “Cars”
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consumption speed

T T .
F 1] g
F: 2 0 Yo

1 1
F: 3 o i 160 180 200 220

1 1 .
F, 1| % g 160 180 200 220

Table 4.4: Table “Cars” transformed to a formal L-context

h
i

—

1 X

i
)

{1/F171/F27'5/F371/F4}

|

{YF, 5P Y

ot
w
w

i-’
L

{1/F17.5/F27.5/F4}

0 5 {YFs) : .

5 10 12

180 200 220

5}
13
B

6 0

0

5 10 12 140 160 180 200 220

Figure 4.4: Concept lattice B(X*¢™, Y19LY T) of the formal context from Table4.4
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:

2 | {YF, Y, Y Fs, YFy}

m
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I
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g
8

3 {YF, Y R, Y Fy}

0
N 8 10 12 l 0 160 180 200 220
5 5 i i
3
4 {7 F1, 9 Fu} . ||
N 8 10 12 l 0 160 180 200 220

5 {7F} % |}

m
53
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6 {/F2} .
| 5 10 12 Ho 160 180 200 220
7 {72} - 0 I
| 5 10 12 Ho 160 180 200 220
8 0

0
12 140 160 180 200 220

o
5

Figure 4.5: Concept lattice B(X:7, YPacU 1) of the formal context from Table 4.4

1
2
1 X
4 s 2| (VR YR, Y Es Yy
3 {I/Fl,'s/Fg,l/F4}
’ 4 {5}
5 0 0 N

Figure 4.6: Concept lattice B(X*¢", YH4GY [) of the formal context from Table4.4
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Chapter 5

Logic of Containment

Logical calculi for reasoning about binary (yes-or-no) attributes as well as computational
aspects such as extraction of various types of rules from data have been intensively stud-
ied in the past. Particular attention has been paid to various types of if-then rules, see
e.g. [28] for logic of binary attributes and its connection to functional dependencies; [18]
and [15] for description and algorithms for extraction of a smallest complete set of if-
then dependencies from binary data; [41] for an overview of association rules and [36] for
related logical calculi. [36] which, however, concerns much more general dependencies
in binary data, namely those in somewhat forgotten [20] which provides sophisticated
logico-statistical foundations for hypotheses formation (association rules are a very par-
ticular case).

Recently, several classical as well as new aspects of reasoning about attributes have
been developed in a series of papers for graded attributes, i.e. for attributes such as
red or good performance which apply to objects in degrees, see e.g. [12] for an overview
of results and [10] for computational aspects. In this chapter, we present a general
logic of if-then rules A = B for graded attributes which read: if all attributes of an
object are contained A then they are contained in B. We introduce basic syntactic
and semantic notions, covering two basic meanings of containment of graded attributes
(Section 5.1), describe complete non-redundant sets of if-then rules (Section 5.2), and
a logic for reasoning with such dependencies with its ordinary-style and graded-style
completeness (Section 5.3). The next section provides preliminaries.

5.1 Basic concepts of syntax and semantics

Let Y be a set of (symbols of) graded attributes. A fuzzy attribute implication (over Y)

is an expression
A= B,

where A, B € LY (A and B are L-sets of attributes). Fuzzy attribute implications (FAIs)
are our basic formulas. The intended meaning of A = B is:
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if all attributes of an object are contained in A then they are contained in
B.

In a graded setting, having an attribute is a matter of degree. Hence, validity of A = B
is naturally a matter of degree as well. We need to be careful about the meaning of
containment. We provide a general semantics which covers two appealing meanings
of containment: bivalent containment and graded containment. Let M be an L-set
representing attributes of object z, i.e. M (y) is a degree to which z has attribute y. By
||A = B||%f, we denote the truth degree of A = B for = (we attach the superscript "
in order to distinguish our semantics from that of [12]). Our aim is to capture to the
following intuitions: For a bivalent approach to containment, ||[A = B||)f =1 (A= B
is fully true) means:
if M C A then M C B.

Note that M C A means that M(y) < A(y) for all y € Y. For a graded approach to

containment, ||A = B||{f = 1 means:
S(M, A) < S(M, B),

i.e. a degree to which M is contained in A is less than or equal to the degree to which
M is contained in B. Both of the approaches can be obtained as particular cases of a
general definition which uses a hedge:

Definition 5. A degree ||A = B||}f € L to which A = Bis valid in M (M is an L-set
of attributes of some object) is defined by

I|A = B||%f = S(M, A)* — S(M, B) (5.1)

Now, one can easily check that for * being globalization and identity, this definition
meets the above-described intuitive requirements regarding the bivalent and ordinary
approach to containment. Note also that [|[A = B||}f is a general degree, possibly
different from 0 and 1.

We are going to evaluate FAIs A = B in data tables with graded attributes. Such
tables can be regarded a triplets (X, Y, I) where X and Y are sets of objects (rows) and
attributes (columns), and I : X x Y — I is an L-relation with (z,y) being interpreted
as the degree to which attribute y applies to object x.

Definition 6. Let M be a collection of L-sets M € LY. A degree ||A = B||\Y{ to which
A = B is valid in M is defined by

14 = Bl = Aprem 1A = BIIG? (5.2)

A degree ||A = B[ (Xy,1y to which A = B is valid in a data table (X,Y,I) with graded
attributes is deﬁned by

1A= Bll{Xyv.n —HA:>BH?IL;|I6X}7 (5.3)

where I, denotes the “row of x”, i.e. I;(y) = I(z,y).
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There is a close relationship between our semantics of FAIs and isotone Galois con-
nections and the lattices of their fixpoints which were studied in chapter 3:
N LX 5 LY and VY : LY — LX by

ANY) = Vyex (Al@)" @ I(z, 1)), (5.4)
B (x) = N\yey (I(z,y) = B(y)), (5.5)

for Ae LX and B € LY.

Note that (5.4) and (5.5) can be considered as both isotone Galois connections with
truth-stressing hedges with *X =2 and isotone Galois connections with truth-stressing
hedge and truth-depressing hedge with P =14z,

The following theorem shows a basic connection between our semantics and isotone
Galois connection with a truth-stressing hedge. It says that validity of A = B in a data
table (X,Y,I) coincides with validity in the system of its intents and with a degree of
containment of A" in B.

Theorem 20. For a FAI A = B and a formal L-context (X,Y,I),

1A= Bl{Xy.n =14 = Bllmxnyon (5.6)
= S(A"", B) (5.7)

Proof. (5.6): |[A = Bl[[Xyy = ll1A = Bll{Lexy = Noex Sz, A)* = S(I2, B) =
Ruex A = BYa) = Apex A%() — Bo(z) = S(A”, BY) = §(A,B) =
S(AUFW, )
(5.7): “<™: [|[A= Bl[{Xy.p,
< Awremmsxmyo.n SOV, A5 S, B) iff (A, B) < Anrenxnyo.n SO, A)* =
S(M, B)
iff for each M € Int(X", YV, I):
S(AY" . B) < S(M,A)* — S(M, B)
iff for each M € Int(X", YV, I):
S(M,A)* ® S(AY", B) < S(M, B)
iff for each M € Int(X", Y'Y, I) (note that M = M""):
S(MYN, A)* @ S(AY, B) < S(M"", B)
iff for each M € Int(X", YV, I):
S(MU*,AU)* ® S(AU*,BU) < S(MU*,BU)
which is true since S(MY*, AY)* < S(MV*, AY*).
“>": follows from I, = {x}" € Int(X", YV, I). O

Let us now turn to theories and models.

In graded setting, a theory naturally consists of formulas to which we attach grades [17,
19]. That is, a theory of FAIs is an L-set T' of FAIs. The degree T(A = B) to which
A = B belongs to T can be seen as a degree to which we assume the validity of A = B.
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From another point of view, T can be seen an L-set of implications extracted from data
such that T'(A = B) is a degree to which A = B holds true in data. If T is an ordinary
set, we call it a crisp theory, and write A= B € Tif T(A= B)=1and A= B¢ T if
T(A= B)=0.

For a theory T', the set Mod(T') of all models of T is defined by

Mod(T) = {M € LY |for each A, B € L" :
T(A= B)<||A= B|\/}.

That is, M € Mod(T) means that for each attribute implication A = B, a degree
to which A = B holds in M is higher than or at least equal to a degree T(A = B)
prescribed by T. Particularly, for a crisp 7', Mod(T) = {M € LY |for each A = B €
T:||A= B|y)f =1}

A degree ||A = B||7" € L to which A = B semantically follows from an L-set T of
attribute implications is defined by

14 = BlI7?” = Avemoarr) 114 = Bllhy-

We need the following lemma which says that validity to a degree can be reduced to
validity to degree 1.

Lemma 21. For A,B,M € LY and ¢ € L we have
c<|A= B if IA=c— Bl = 1. (5.8)
Proof. By simple derivation. O

Lemma 21 has surprising consequences. It enables us to reduce the concept of a model
of an L-set of fuzzy attribute implications to the concept of a model of an ordinary set
of fuzzy attribute implications, and to reduce the concept of semantic entailment from
an L-set of fuzzy attribute implications to the concept of semantic entailment from an
ordinary set of fuzzy attribute implications:

Lemma 22. Let T be an L-set of fuzzy attribute implications and A, B € LY. Define
an ordinary set ¢(T') of fuzzy attribute implications by

(T)={A=>T(A=B) = B|ABcLY andT(A= B) - B#Y}. (5.9)
Then we have

Mod(T) = Mod(c(T)), (5.10)
1A= Bllr” = |lA= Bllyz). (5.11)

Proof. (5.10) directly using Lemma 21. (5.11) is a consequence of (5.10). O
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Furthermore, Lemma 21 enables us to reduce the concept of a degree of entailment
of a fuzzy attribute implication from an L-set of fuzzy attribute implications to the
concept of an entailment in degree 1 (full entailment) of a fuzzy attribute implication
from an L-set of fuzzy attribute implications:

Lemma 23. For A,B € LY and an L-set T of fuzzy attribute implications we have
|A= Bllp” =V{ce L| [[A=c— Bl|” =1}.
Proof. Using Lemma 21, we have

1A= BlI7” = Avemoarr) 14 = Blly =
=V{ce L|ic<||A= B||}f for each M € Mod(T)} =
=V{ceL|||A=c— B||}M =1}

Therefore, we have:

Corollary 24. For A, B € LY and an L-set T of fuzzy attribute implications we have
14 = Bl = V{ce L| A= co Bl =1},

with ¢(T) defined as in Lemma 22.

Corollary 24 shows that the concept of a degree of entailment from an L-set of fuzzy
attribute implications can be reduced to entailment in degree 1 from a set of fuzzy
attribute implications. We use this fact in the subsequent development.

An ordinary set T' of fuzzy attribute implications is said to be semantically closed if
|A=B|}M=1iff A= BeT,ie. if T={A= B|||A= B|}" =1}

5.2 Non-redundant bases

In this section, we describe non-redundant bases of formal L-contexts (X,Y, I).

Definition 7. A set T of FAIs is called complete in (X,Y,I) if ||A = B||7” =||A =
B||E}(J’Y’I> for each attribute implication A = B. If T is complete and no proper subset
if T is complete, then T is called a non-redundant basis (of (X,Y,I)).

It follows that if T"is complete, every A = B from T is valid in (X,Y,I) to degree
1 and for any other C' = D, the degree to which C' = D is valid in (X,Y, I) equals the
degree to which T entails C' = D. That is, non-redundant sets are minimal sets of FAIs
with complete information about validity of FAIs in the data.

Lemma 25. For any A,M € LY we have

I|A = A||pr = 1 for each A € LY and M = M"" (5.12)
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Proof. Let M = MY". We have S(M, A)* < S(MY, AY)* < S(MY*, AY%) < S(MUN, AU7) =

S(M, AYN). Thus, S(M,A)* — S(M, A7) =1, ie. [|[A= Ay =1 O
The following theorem characterizes complete sets.
Theorem 26. T is complete iff Mod(T) = Int(X", Y, I).

Proof. Let T be complete. Suppose M € Mod(T). We have ||M = MU”||Int Xnyu =
S(MP M) = 1 by (5.6), ie. ||[M = M"||Z" = 1 by completeness and (5.6).
Since M is a model of T, we have ||[M = M""||5f' = 1 which immediately gives 1 =
S(M,M)* < S(M,M""), i.e. M C M. That is, M € Int(X",Y", I) which proves
that Mod(7T') C Int(X™, YV, I).

Now take M € Int(X",Y" I). For each implication A = B € T we have ||A =
Bl = A = Bllpixnyur = 14 = Bllypaq) = 1 by (5.6), i.e. M € Mod(T)
showing Int(X", YV, I) C Mod(T).

Conversely, if Mod(T') = Int(X", Y, I) then ||A = B||}” =||A = BHInt Xnyu =
1A= BI[[Xy.n-

Definition 8. Given (X,Y,I), P C LY is called a system of pseudo-intents of (X, Y, I)
if for each P € LY we have:
PePiff P# P and ||Q = Q"||p =1 for each Q € P with Q # P.

In what follows, P denotes a system of pseudo-intents.
Lemma 27. Let T = {P = P""'|P € P}. Then Mod(T') C Int(X", Y, I).

Proof. Tt suffices to show that each model M € Mod(T) is an intent of Int(X",Y", I).
By contradiction, let M € Mod(T') and assume M ¢ Int(X", Y'Y, I). That is M # M"".
Since M € Mod(T), we have ||Q = Q""||§f' = 1(Q € P). Therefore M € P by definition
of P,ie. M = M"" belongs to T. We have

|M = M5 = S(M, M)* — S(M"", M)
=S(M"", M) #1
which contradicts M € Mod(T). O
Theorem 28. T = {P = PY"'| P € P} is complete.

Proof. We show that
14 = Bllp” = lA = Blluixnyu,n

for each FAT A = B. Completeness of T is then a consequence of (5.6). By Lemma 25,
each intent M € Int(X"™, YV T) is a model of T, proving the <-part. The >-part follows
from Lemma 27. ]



LOGIC OF CONTAINMENT 36

The following theorem is the main result of this section. It says that in order to get
a non-redundant basis of (X, Y, I), it is sufficient to compute a system of pseudo-intents
of (X,Y,I).

Theorem 29. T = {P = PY"|P € P} is a non-redundant basis.

Proof. By Theorem 28, T is complete. Now we are going to show the non-redundancy.
Take T" C T. Clearly, there must be P € P s.t. P = PY" does not belong to T".
In addition to that, we have ||Q = Q|| =1 (Q € P,Q # P) by Definition 8, i.e.
P € Mod(T"). On the other hand, P ¢ Mod(T) since ||P = PY"||%" = S(P, PY" # 1).
That is,

1P = P, ) = ([P = PN £ [P = P50

i.e. TV is not complete, showing the non-redundancy of T O

Lemma 30. Let P,Q € PUInt(X", Y, I) such that

S(Q,P) <S(PUQ,P”™) (5.13)
S(P,Q)" < S(PUQ,Q™) (5.14)
Then PUQ € Int(X™, Y, I).

Proof. Put T" =T {P = P“", P = PY"} where T = {P = P""|P € P}. Definition 8
and lemma 25 yield P,@Q € Mod(T"). Hence, for each A = B € T' we have S(P, A)* <
S(P,B) and S(Q,A)* < S(Q, B). Thus,

S(PUQ,A)* = (S(P.A) A S(Q, A)" <
< S(P,A)* AS(Q,A)* <
< S(P,B)AS(Q,B) = S(PNQ,B)

which immediately gives that P U Q is a model of T”. Taking into account Lemma 27,
it is sufficient to show that P N @ is a model of {P = PY" Q = Q""}. By (5.13) and
(5.14) we have

S(PUQ,P)* = 8(Q,P)* <S(PUQ,P"")
and
S(PUQ,Q)* =8(P,Q)* <S(PUQ,Q')
ie. [P = PU|%o =1and [|Q = QU4 = L. -

If the scale L of grades is finite and * is globalization, the non-redundant basis T’
given by pseudo-intents is the smallest one in terms of the number of FAIs it contains:

Theorem 31. Let L be a finite residuated lattice with * being the globalization. Let T' be
complete in (X,Y, I), where Y is finite. Then |T| < |T'|, where T = {P = P“"|P € P}
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Proof. We prove the claim by showing that for each P € P, T contains an implication
A= Bs.t. AV = pUn,

Take P € P. Since P # PY" and T" is complete, Theorem 26 yields that T” contains
A = B such that ||A = B||%" # 1. That is, we have P C A and P ¢ B because *
is the globalization. Completeness of 7" together with (5.6) yields S(AY", B) =1 i.e.
AY" C B. Thus, from A“" C B and P ¢ B we have P ¢ A"

As a consequence, A" U P is not an intent, because P C A and P ¢ A" yield

AV c AYTU P C A, ie. the union AY" U P is not closed under Y.

Now we claim that A“" C P. By contradiction, A””" ¢ P and P ¢ A" would give
PUAY" € Int(X",Y"Y, I) by Lemma 30 which would violate AU P € Int(X",Y", I)
as observed lately.

Therefore, A C P gives AY"' C PY" while A" C P gives A" = A"V C pY1. O

5.3 Completeness theorems

In this section, we introduce an axiomatic system for fuzzy attribute logic (FAL) and
prove completeness theorems. First, we introduce deduction rules and a notion of a proof
of a fuzzy attribute implication from an ordinary set 1" of fuzzy attribute implications.
Second, we prove that a fuzzy attribute implication A = B is provable from an ordinary
set T of fuzzy attribute implications iff A = B semantically follows from T in degree
1. Third, we introduce a concept of a degree |A = B|}” of provability of a fuzzy
attribute implication A = B from an L-set T of fuzzy attribute implications and show
that [A = B|}Y = ||A = BJ||}".

5.3.1 Deduction rules

Our axiomatic system consists of the following deduction rules.

(Ax) infer A = AU B,
(DCut) from A= B and BNC = D infer ANC = D,
(Sh) from A = B infer ¢* - A= c¢"— B

for each A, B,C,D € LY, and ¢ € L. Rules (Ax)—(Sh) are to be understood as usual
deduction rules: having fuzzy attribute implications which are of the form of fuzzy
attribute implication in the input part (the part preceding “infer”) of a rule, a rule
allows us to infer (in one step) the corresponding fuzzy attribute implication in the
output part (the part following “infer”) of a rule. (Ax) is a nullary rule (axiom) which
says that each A = AU B (A, B € LY) is inferred in one step.

Remark 5. If * is globalization, (Sh) can be omitted. Indeed, for ¢ =1, we have ¢* =1
and (Sh) becomes “from A = B infer A = B” which is a trivial rule; for ¢ < 1, we
have ¢* = 0 and (Sh) becomes “from A = B infer Y = Y 7 which can be omitted since
Y =Y can be inferred by (Az).



LOGIC OF CONTAINMENT 38

A fuzzy attribute implication A = B is called provable from a set T of fuzzy attribute
implications using a set R of deduction rules, written T'Fr A = B, if there is a sequence
Y1, ..., pn of fuzzy attribute implications such that ¢, is A = B and for each ¢; we
either have ¢; € T or y; is inferred (in one step) from some of the preceding formulas
(i.e., ¢1,...,¢i—1) using some deduction rule from R. If R consists of (Ax)—(Sh), we
say just “provable ...” instead of “provable ...using R” and write just T - A = B
instead of T Fr A = B.

A deduction rule “from 1, ..., ¢, infer ¢’ (p;, ¢ are fuzzy attribute implications)
is said to be derivable from a set R of deduction rules if {¢1,...,p,} Fr . Again, if
R consists of (Ax)—(Sh), we omit R.

Lemma 32. The following deduction rules are derivable from (Ax) and (DCut):
(Ref) infer A= A,

(Wea) from A= B infer ANC = B,

(Add) from A= B and A= C infer A= BNC,
(Pro) from A= BNC infer A= B,
(Tra) from A= B and B = C infer A= C,

for each A,B,C,D € LY .

Proof. By simple derivation. O

5.3.2 Ordinary completeness

In this section, we show that deduction rules (Ax)-(Sh) are sound and we prove their
completeness. We restrict ourselves to the case of a finite L.

A deduction rule “from ¢1,..., @, infer ¢” is said to be sound if for each M €
Mod({1, ..., ¢n}) we have M € Mod({¢}), i.e. each model of all of ¢1,..., ¢, is also
a model of .

Lemma 33. FEach of the deduction rules (Ax)—(Sh) is sound.
Proof. For illustration, we check (Sh). Let M € Mod({A = B}). We have to show that
M e Mod({¢* - A= ¢* — B}).
First, M € Mod({A = B}) iff ||A = B||5¥ = 1 iff S(M, A)* < S(M, B) iff
foreachy e Y : M(y) ® S(M,A)" < B(y). (5.15)
Second, M € Mod({¢* - A = ¢* — B}) iff [|c* - A = ¢* — B|jf = 1 iff
S(M,c* — A)* < S(M,c* — B) iff for each y € Y we have
M(y) ® S(M,c" — A)" < c* — B(y)
which is true by 5.15:
M(y) ® S(M,c" — A)" <
(y) @ (¢ = S(M, A)") <

<M
< M(y)® S(M,A)* < B(y).
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We proved that (Sh) is sound.
Soundness of (Ax) and (DCut) can be proved analogously.
O

Remark 6. Note that deduction rules for semantics related to antitone Galois connec-
tions truth-stressing hedge [34] (Ax) infer AUB = A,

(Cut) from A= B and BUC = D infer AUC = D,

(Mul) from A= B infer c* @ A= c*® B

are not sound for our semantics.

Indeed, for (Ax) is enough to put M = A, B C A. For (Cut) put M C AUC; M ¢
A,B,C,D,BUD;. For (Mul) put * =9 M =B +#(; B C c® A.

A set T of fuzzy attribute implications is said to be syntactically closed if T+ A = B
iff A= BeT,ie fT={A= B|THF A= B}. The following lemma is almost
immediate.

Lemma 34. A set T of fuzzy attribute implications is syntactically closed iff we have:

(Ax)-closure A= AUBeT,
(DCut)-closure if A= Be€T and BNC=DeT then ANC=DeT,
(Sh)-closure if A= BeT thenc* - A=c*—BeT

for each A,B,C,D € LY, and c € L.

Lemma 35. Let T be a set of fuzzy attribute implications. If T is semantically closed
then T 1s syntactically closed.

Proof. By Lemma 34, we have to show that for each deduction rule “from ¢1,..., v,
infer ¢”, i.e. one of (Ax)—(Sh), we have that if ¢1,...p, € T then ¢ € T. Let thus
©1,-.-on € T. Since {p1,...0n} C T, for any model M € Mod(T') we have M €
Mod({1, ... ¢n}), i.e. M € Mod({g;}) for each i = 1,...,n. Since each of the rules
(Ax)—(Sh) is sound, we conclude M € Mod({p}). Since M is an arbitrary model of T,
this shows that ¢ is true in each model of T'. Since T is semantically closed, we get
pel. O

Lemma 36. Let T be a set of fuzzy attribute implications, let both Y and L be finite.
If T is syntactically closed then T is semantically closed.

Proof. Let T be syntactically closed. In order to show that T is semantically closed,
it suffices to show {4 = B|||A = B||}Y = 1} C T. We prove this by showing that
if A= B ¢ T then A = B ¢ {A = B|||A = B|}” = 1}. Recall that since T is
syntactically closed, T" is closed under all of the rules (Ref)—(Tra) of Lemma 32.

Let thus A = B ¢ T. Tosee A = B ¢ {A = B|||A = B||}¥ = 1}, we show
that there is M € Mod(7') which is not a model of A = B. For this purpose, consider
M = A~ where A~ is the smallest one such that A = A~ € T. Note that A~ exists.
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Namely, S = {C'| A = C € T} is non-empty since A = A € T by (Ref), S is finite by
finiteness of Y and L, and for A = C,..., A= C,, € T, we have A = (., C; € T by
a repeated use of (Add).

We now need to show that (a) ||[A = B||’}Y # 1 (i.e., A~ is not a model of A = B)
and (b) for each C = D € T we have ||C = D||}2 =1 (i.e., A~ is a model of T').

(a): By contradiction, suppose [[A = B|[}2 = 1. Using A~ C A we then get
1=||[A=B|}Y =S(A",4A)* - S(A",B)=1— S(A",B)=S(A",B),ie. A~ CB.
Since A = A~ € T, (Pro) would give A = B € T, a contradiction.

(b): Let C = D € T. We need to show ||[C' = D||}Y =1, ie. S(A7,0)" —
S(A~, D) = 1 which is equivalent to S(A~,C)*® A~ C D, ie. A~ C S(A~,C)* — D.
To see this, it is sufficient to show that A = S(A~,C)* — D € T because A~ is
the smallest one for which A = A~ € T). Note that we have (bl) A = A~ € T by
definition of A7, (b2) A= = S(A7,C)* - C €T sinceas A~ CS(A~,C)* - C, A™ =
S(A~,C)* — C is an instance of (Ax); and (b3) S(A~,C)* - C = S(A~,C)*@DeT
which follows from (Sh) applied to C' = D € T. Now, A = S(A~,C)* — D € T follows
by (Tra) applied twice to (b1), (b2), and (b3). O

Corollary 37. Let T be a set of fuzzy attribute implications. T 1is syntactically closed
iff T is semantically closed.

Theorem 38 ((ordinary) completeness). Let L and Y be finite. Let T be a set of fuzzy
attribute implications. Then

THA=B if |[A= B||}¥Y=1.

Proof. Denote by syn(T') the least syntactically closed set of fuzzy attribute implications
which contains T'. It can be shown that syn(T) = {A = B|T + A = B}. Furthermore,
denote by sem(T') the least semantically closed set of fuzzy attribute implications which
contains 7. It can be shown that sem(T) = {4 = B|||A = B||?¥ = 1}. To prove the
claim, we need to show syn(T) = sem(T). As syn(T') is syntactically closed, it is also
semantically closed by Corollary 37 which means sem(syn(7")) C syn(T'). Therefore, by
T C syn(T) we get
sem(T) C sem(syn(T)) C syn(T).

In a similar manner we get syn(T') C sem(T'), showing syn(T) = sem(T'). The proof is
complete. ]

5.3.3 Graded completeness

In this section, we introduce a notion of a degree |A = B|}" of provability of a fuzzy
attribute implication A = B from an L-set T of attribute implications. Then, we
show that |[A = B|?Y = ||A = BJ|}”, which can be understood as a graded com-
pleteness (completeness in degrees). Note that graded completeness was introduced by
Pavelka [30], see also [17, 19] for further information.
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For an L-set T' of fuzzy attribute implications and for A = B we define a degree
|A = B| € L to which A= B is provable from T by

|A= Blr=V{ceL|c(T)- A= c® B}, (5.16)
where ¢(7') is defined by (5.9).

Theorem 39 (graded completeness). Let L and Y be finite. Then for every L-set T' of
fuzzy attribute implications and A = B we have |A = B|}” = ||A = B||}".

Proof. Consequence of Corollary 24 and Theorem 38. O

5.4 Illustrative example

We close the example “Cars” from Section 4.1 by presenting non-redundant base of
the formal fuzzy context from Table4.4. The attribute implications from the base are
depicted in Fig. 5.1. The base was computed using pseudointents as proposed in Theorem
29 with * being a globalization *@. Note that the attribute implications in Fig. 5.1 have
their natural meaning; for instance the last attribute implications reads: “there is no
car with consumption limited to 10-121/100km which is very fast”.



LOGIC OF CONT.

o e~
= e

S
o
5

13

FIRAD

s
5

160 180 200 22

g

F

B
5

160 180 200 2

g

E

s
&

160 180 200 22

g

.[

B
5

160 150 200 22

g

|

%
5

160 180 200 22

g

|

%
5

160 180 200 22

g

|

Iy
B

160 180 200 220

o e o

s
5

160 180 200 22

g

!

Figure 5.1: Non-redundant base of the formal L-context Cars from Table 4.4
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Chapter 6

Conclusions

We have developed foundations of isotone Galois connections with a truth-stressing
hedge and a truth-depressing hedge. We have explored basic calculus of such connec-
tions, i.e. on the properties analogous to those which are essential for the other type
of Galois connections studied in the literature. We studied structure of B(X*", YV T)
and proved an analogy of the main theorem of concept lattices for our setting. More-
over, we compared our generalization with the approach studied in [3]. We showed how
parameterization by hedges influences size of resulting concept lattice.

In addition, we have studied a logic of if-then rules such as “if all attributes of an
object are among those from A then they are among those from B.” We provided
basic syntactic and semantic notions, described complete non-redundant sets of the if-
then rules, and a logic for reasoning with such dependencies with its ordinary-style and
graded-style completeness.
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