An interpretation of the L-Fuzzy Concept
Analysis as a tool for the Morphological Image
and Signal Processing

Cristina Alcalde!, Ana Burusco?, and Ramén Fuentes-Gonzalez?

! Dpt. Matemética Aplicada. Escuela Univ. Politécnica
Univ. del Pais Vasco. Plaza de Europa, 1
20018 - San Sebastidn (Spain)
c.alcalde@ehu.es
2 Dpt. Automédtica y Computacién. Univ. Piblica de Navarra
Campus de Arrosadia
31006 - Pamplona (Spain)
{burusco,rfuentes}@unavarra.es

Abstract. In this work we are going to set up a new relationship be-
tween the L-fuzzy Concept Analysis and the Fuzzy Mathematical Mor-
phology. Specifically we prove that the problem of finding fuzzy images or
signals that remain invariant under a fuzzy morphological opening or un-
der a fuzzy morphological closing, is equal to the problem of finding the
L-fuzzy concepts of some L-fuzzy context. Moreover, since the Formal
Concept Analysis and the Mathematical Morphology are the particular
cases of the fuzzy ones, the showed result has also an interpretation for
binary images or signals.

Keywords: L-fuzzy Concept Analysis, Fuzzy Mathematical Morphol-
ogy, Morphological Image Processing

1 Introduction

The L-fuzzy Concept Analysis and the Fuzzy Mathematical Morphology were
developed in different contexts but both use the lattice theory as algebraic frame-
work.

In the case of the L-fuzzy Concept Analysis, we define the L-fuzzy concepts
using a fuzzy implication and a composition operator associated with it. In the
Fuzzy Mathematical Morphology, a fuzzy implication is also used to define the
erosion but a t-norm also appears to introduce the dilation.

On the other hand, both theories have been used in knowledge extraction
processes in data bases [14-16].

Next, we will show a brief description of them.
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2 Antecedents

2.1 L-fuzzy Concept Analysis

The Formal Concept Analysis of R. Wille [28,17] extracts information from a
binary table that represents a formal context (X,Y, R) with X and Y finite sets
of objects and attributes respectively and R C X x Y. The hidden information
is obtained by means of the formal concepts that are pairs (A, B) with A C X,
B CY verifying A* = B and B* = A, where * is the derivation operator that
associates the attributes related to the elements of A to every object set A, and
the objects related to the attributes of B to every attribute set B. These formal
concepts can be interpreted as a group of objects A that shares the attributes
of B.

In previous works [11, 12] we have defined the L-fuzzy contexts (L, X,Y, R),
with L a complete lattice, X and Y sets of objects and attributes respectively
and R € LX*Y a fuzzy relation between the objects and the attributes. This is
an extension of the Wille’s formal contexts to the fuzzy case when we want to
study the relationship between the objects and the attributes with values in a
complete lattice L, instead of binary values.

In our case, to work with these L-fuzzy contexts, we have defined the deriva-
tion operators 1 and 2 given by means of these expressions:

VAe LX VBe LY A(y) = Iig({[(A(x),R(:c,y))}

By(z) = inf {I(B(y), R(z,y))}
yey
with I a fuzzy implication operator defined in the lattice (L, <) and where A;
represents the attributes related to the objects of A in a fuzzy way, and By, the
objects related to all the attributes of B.
In this work, we are going to use the following notation for these derivation

operators to stand out their dependence to relation R:
YA e LX VB e LY, we define Dg : LX — LY, Doy : LY — LX

Da(A)(y) = Aiy) = it {T(A(x), R(z,9))}

Drev(B)(x) = Ba(x) = nf {I(B(y), B (y, )}
where we denote by R°P the opposite relation of R, that is, V(z,y) € X x Y,
R(y,x) = R(z,y).

The information stored in the context is visualized by means of the L-fuzzy
concepts that are some pairs (A, A1) € (L, LY) with A € fix(p), set of fixed
points of the operator ¢, being defined from the derivation operators 1 and 2 as
©(A) = (A1)2 = Ajs. These pairs, whose first and second components are said
to be the fuzzy extension and intension respectively, represent a set of objects
that share a set of attributes in a fuzzy way.

The set £ = {(A, A1)/A € fix(¢)} with the order relation < defined as:
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V(A Ay, (C,Ch) € L, (A, A) < (C,C1) if A< ClorA; > Cy)

is a complete lattice that is said to be the L-fuzzy concept lattice [11,12].

On the other hand, given A € LX, (or B € LY) we can obtain the associated
L-fuzzy concept. In the case of using a residuated implication, as we do in this
work, the associated L-fuzzy concept is (A12, A1) (or (Bz, Ba1)).

Other important results about this theory are in [1, 10, 25,13, 24, 5].

A very interesting particular case of L-fuzzy contexts appears trying to ana-
lyze situations where the objects and the attribute sets are coincident [2, 3], that
is, L-fuzzy contexts (L, X, X, R) with R € L**X_ (this relation can be reflexive,
symmetrical ...). In these situations, the L-fuzzy concepts are pairs (A, B) such
that A, B € LX.

These are the L-fuzzy contexts that we are going to use to obtain the main
results of this work. Specifically, we are going to take a complete chain (L, <)
as the valuation set, and L-fuzzy contexts as (L,R™,R"™, R) or (L,Z"™,Z",R).
In the first case, the L-fuzzy concepts (A, B) are interpreted as signal or image
pairs related by means of R. In the second case, A and B are digital versions of
these signals or images.

2.2 Mathematical Morphology

The Mathematical Morphology is a theory concerned with the processing and
analysis of images or signals using filters and operators that modify them. The
fundamentals of this theory (initiated by G. Matheron [22, 23] and J. Serra [26]),
are in the set theory, the integral geometry and the lattice algebra. Actually this
methodology is used in general contexts related to activities as the information
extraction in digital images, the noise elimination or the pattern recognition.

Mathematical Morphology in binary images and grey levels images In
this theory images A from X = R™ or X = Z" (digital images or signals when
n=1) are analyzed.

The morphological filters are defined as operators F' : p(X) — p(X) that
transform, symplify, clean or extract relevant information from these images
A C X, information that is encapsulated by the filtered image F(A) C X.

These morphological filters are obtained by means of two basic operators,
the dilation dg and the erosion g, that are defined in the case of binary images
with the sum and difference of Minkowski [26], respectively.

ds(A)=AaS=|JA es(A)=A465=)A
seS sel
where A is an image that is treated with another S C X, that is said to be struc-

turing element, or with its opposite § = {—z/x € S} and where A represents
a translation of A: A, = {a + s/a € A}.
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The structuring image S represents the effect that we want to produce over
the initial image A.

These operators are not independent since they are dual transformations with
respect to the complementation [27], that is, if A€ represents the complementary
set of A, then:

es(A) = (05(A%)), VA, S € p(X)

We can compose these operators dilation and erosion associated with the
structuring element S and obtain the basic filters morphological opening s :
p(X) = p(X) and morphological closing ¢g : p(X) — p(X) defined by:

Vs =6socs ¢s=¢€g0ds

The opening ~s and the closing ¢g over these binary images verifies the
two conditions that characterize the morphological filters: They are isotone and
idempotent operators, and moreover it is verified, VA, S € p(X):

a) 1s(A) € A C ¢s(A)

b) vs5(A4) = (¢s(A%))°

These operators will characterize some special images (the S-open and the
S-closed ones) that will play an important role in this work.

This theory is generalized introducing some tools to treat images with grey
levels [26]. The images and the structuring elements are now maps defined in
X = R" and with values in R = RU {—o00, +00} or defined in X = Z" and with
values in finite chains as, for instance, {0,1,...,255}.

The previous definitions can be immersed in a more general framework that
considers each image as a point € L of a partially ordered structure (L, <)
(complete lattice), and the filters as operators F' : L — L with properties related
to the order in these lattices [26, 19].

Now, the erosions € : L — L are operators that preserve the infimum
e(inf M) = infe(M),VM C L and the dilations § : L — L, the supremum:
d(supM) = supdo(M),YM C L. The opening v : L — L and the closing
¢ : L — L are isotone and idempotent operators verifying v(A4) < A < ¢(A) .

Fuzzy Mathematical Morphology In this new framework and associated
with lattices, a new fuzzy morphological image processing has been developed [6,
7,4,8,9,21,20] using L-fuzzy sets A and S (with X = R? or X = Z?) as images
and structuring elements.

In this interpretation, the filters are operators Fg : LX — L, where L is
the chain [0,1] or a finite chain L, = {0 = aq, a9, ...,a5-1,1} with 0 < ag <
o< apog <1,

In all these cases, fuzzy morphological dilations g : LX — LX and fuzzy
morphological erosions eg: LX — LX are defined using some operators of the
fuzzy logic [4,6,9, 21].



L-Fuzzy Conc. An. for the Morph. Image and Signal Proc. 85

In general, there are two types of relevant operators in the Fuzzy Mathemat-
ical Morphology. One of them is formed by those obtained by using some pairs
(*,I) of adjunct operators related by:

(axB<v) = (B <(a,¥))

The other type are the morphological operators obtained by pairs (x, ) re-
lated by a strong negation ' : L — L:

axf=I(a,3)),V(a,B) €L x L

An example of one of these pairs that belongs to both types is the formed
by the t-norm and the implication of Lukasiewicz.

In this paper, we work taking as (X, +) the commutative group (R™, +) or the
commutative group (Z",+), and as (L, <, ,I,x), the complete chain L = [0, 1]
or a finite chain as L = L,, = {0 = a1, ag, ..., ax_1, 1} with the Zadeh negation
and (x,I) the Lukasiewicz t-norm and implication.

We interpret the L-fuzzy sets A: X — L and S : X — L as n-dimensional
images in the space X = R"™ (or n-dimensional digital images in the case of
X=7").

In the literature, (see [4,6,18,21]), erosion and dilation operators are intro-
duced associated with the residuated pair (x,I) as follows:

If S: X — L is an image that we take as structuring element, then we
consider the following definitions associated with (L, X, .S)

Definition 1. /6] The fuzzy erosion of the image A € LX by the structuring
element S is the L-fuzzy set eg(A) € LX defined as:

es(A)(x) = nf{I(S(y — =), A(y))/y € X} VreX

The fuzzy dilation of the image A by the structuring element S is the L-fuzzy
set 6s(A) defined as:

os(A)(z) =sup{S(z —y) x A(y)/y € X} VzeX

Then we obtain fuzzy erosion and dilation operators €g,0g : LX — LX.
Moreover, it is verified:

Proposition 1. (1) If < represents now the usual order in LX obtained by the
order extension in the chain L, then the pair (cg,0s) is an adjunction in the
lattice (LX, <), that is:

0s(Ar) < Ay <= A; <eg(Az)

(2) If A’ is the negation of A defined by A'(z) = (A(x)),Vz € X and if S
represents the image associated with S such that S(z) = S(—x),Va € X, then it
is verified:

es(A) = (05(A4)), ds(A") = (e5(4)), VA,S e LX
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Proof. (1) Suppose that ds(A1) < As. Then dg(A41)(x) < Az(x) Vo € X. That
is, S(z —y) * A1(y) < As(x) V(z,y) € X x X.

From these inequalities and from the equivalence a* 8 <~ < < I(a,v):

Ar(y) <I(S(x —y), A2(2)),V(z,y) € X x X

and interchanging x and y, we have:

Ai(z) < I(S(y — 2), A2(y)), V(z,y) € X x X
and consequently

Ay(z) <inf{I(S(y — x), A2(y))/y € X}, Vo € X
That is: Ay(z) < eg(Az)(z),Va € X that shows that A; < eg(A4s).

We can prove the other implication in a similar way.
(2) Let be x € X.

es(A)(x) = mf{I(S(y — 2), A'(y)/y € X} = inf{I(S(x —y), A'(y)) /y € X}
= inf{(S(z —y) * A(y))'/y € X} = (sup{(S(x —y) * (A(y)) /y € X})'
= (05(A)(x))" = (65(A))' ()

The second equality is proved analogously. a

3 Relation between both theories

The erosion and dilation operators given in Definition 1 are used to construct
the basic morphological filters: the opening and the closing (see [4, 6, 18, 21]).

Definition 2. The fuzzy opening of the image A € L™ by the structuring ele-
ment S € LX is the fuzzy subset ys(A) that results from the composition of the
erosion eg(A) of A by S followed by its dilation:

7s5(A) = ds(es(A)) = (ds 0e5)(A)

The fuzzy closing of the image A € LX by the structuring element S € L¥
is the fuzzy subset ¢ps(A) that results from the composition of the dilation d5(A)
of A by S followed by its erosion:

$s(A) = e5(ds(A)) = (es 0 d5)(A)

It can be proved that the operators ys and ¢g are morphological filters, that
is, they preserve the order and they are idempotent:

Ay < Ay = (75(A1) < v5(A2)) and (¢5(A1) < ¢s(A2))
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vs5(15(A)) = 15(A), ps(ps(A)) = ¢s(A),VA € L¥,vS € L¥

Moreover, these filters verify that:
75(A) < A< ¢5(A) VAe LX VS e LX

Analogous results that those obtained for the erosion and dilation operators
can be proved for the opening and closing:

Proposition 2. If A’ is the negation of A defined by A'(z) = (A(x)) Vz € X,
then:
15(A) = (95(4)),  ¢s(A) = (15(4)) VA, Se L™

Proof. vs(A') = bs(es5(A")) = 35((65(A))") = (e5(35(A)))" = (95(A4))".

The other equality can be proved in an analogous way. a

Since the operators g and ¢g are increasing in the complete lattice (L%, <),
by Tarski’s theorem, the respective fixed points sets are not empty. These fixed
points will be used in the following definition:

Definition 3. An image A € LX is said to be S-open if vs(A) = A and it is
said to be S-closed if ps(A) = A.

These S-open and S-closed sets provide a connection between the Fuzzy
Mathematical Morphology and the Fuzzy Concept Theory, as we will see next.

For that purpose, given the complete chain L that we are using, and a com-
mutative group (X,+), we will associate with any fuzzy image S € L, the
fuzzy relation Rg € LX*X such that:

Rs(z,y) = S(x —y),V(z,y) € X x X

It is evident that Rg = Rig and, if Rgp represents the opposite relation of
Rg, then ROSP = Ryg.

In agreement with this last point, we can redefine the erosion and dilation as
follows:

es(A)(x) = inf{I(Rs(y, ), A(y))/y € X}
=inf{I(R?(z,y),A(y))/y € X},Vz € X
6s(A)(x) = sup{Rs(z,y) * A(y)/y € X}, Vo € X

With this rewriting, given the structuring element S € L¥, we can interpret
the triple (L, X, S) as an L-fuzzy context (L, X, X, R') where the sets of objects
and attributes are coincident. The incidence relation R € LX*X ig at the same
time the negation of an interpretation of the fuzzy image by the structuring
element S.

We will use this representation as L-fuzzy context to prove the most impor-
tant results that connect both theories:
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Theorem 1. Let (L, X,S) be the triple associated with the structuring element
S e LX. Let (L, X, X, R/S) be the L-fuzzy context whose incidence relation R'S €
LX*X s the negation of the relation Rg associated with S. Then the operators
erosion €g and dilation 6g en (L, X,S) are related to the derivation operators
Dp,, and DR’S"P in the L-Fuzzy context (L, X, X, R/S) by:

85(14) = DR’S(A/) VA e X
ds(A) = (Dper(A))” VA€ L¥

Proof. Taking into account the properties of the Lukasiewicz implication, for
any ¢ € X, it is verified that: )
es(A)(x) = inf{I(Rs(y.x),A(y))/y € X} = inf{I(A'(y),Rs(y,2))/y €
X} = Dy (A)(2)
Analogously,
0s(A)(@) = sup{Rs(z,y) x Aly)/y € X} = 5up{(l( s,(ﬂc,y), 'W))'/v € = X} =
(inf{I(Rs(x,y), A'(y))/y € X})" = (inf{I(A(y), Rs(w,y))/y € X})'
(inf{I(A(y), Rs" (y.2))/y € X})) = (Dger (A))(2))" = (Dgren (A))' (36)- O

As a consequence, we obtain the following result which proves the connection
between the outstanding morphological elements and the L-fuzzy concepts:

Theorem 2. Let be S € LY and let be Rg € LX*X its associated relation. The
following propositions are equivalent:

1. The pair (A, B) € LX xLX is an L-fuzzy concept of the context (L, X, X, Rig),
where Rg(z,y) = 8'(x —y) V(z,y) € X x X.

2. The pair (A,B) € LX x LX is such that the negation A’ of A is S-open
(vs(A") = A’) and B is the S-erosion of A’ (that is, B = eg(4")).

3. The pair (A, B) € LX x LX is such that B is S-closed (ps(B) = B) and A
is the negation of the S-dilation of B (that is, A = (ds(B))’).

Proof.

1 = 2) Let be S € LX and Rg € L*X*X its associated relation. Let us
consider an L-fuzzy concept (A, B) of the L-fuzzy context (L, X, X, Rg) in
which R:S is the negation of Rg. Then, it is verified that B = Dpy, (A) and
A = Dppr (B), and, by the previous proposition, es(A’) = Dg(4) = B.
Moreover, it is fulfilled that ys(A") = ds(es(A")) = ds(B) = (DR/;p (B)) =
A’ which proves that A’ is S-open.

2 = 3) Let us suppose that the hypothesis of 2 are fulfilled. Then, ¢g(B) =
es(0s(B)) = es(ds(es(A))) = es(ys(A")) = es(A’) = B, which proves that
B is S-closed. On the other hand, from the hypothesis B = eg(A’) can be
deduced that dg(B) = ds(es(A’)) = vs(A’), and consequently, taking into
account that A’ is S-open, that §g(B) = A’, and finally, A = (65(B))’.
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3 = 1) Let (A, B) be a pair fulfilling the hypothesis of 3. Let us consider the
L-fuzzy context (L, X, X, R/S) Then, by the previous theorem we can deduce
that (DR/Sop(B)) = (0s(B))’ = A. On the other hand, applying the previous
theorem and the hypothesis, Dg, (A) = es(A’) = es(ds(B)) = ¢s(B) = B,
which finishes the proof. a

Let us see now some examples.
Ezample 1. Interpretation of some binary images as formal concepts.

In the referential set X = R?, if £ = (x1,72) € R?, w is a positive number
and if S is the structuring binary image

S = {(x1,15) € R?/a? + 22 < w?}
then the associated incidence relation Rg C R2 x R? is such that:
TRGY < ((x1 —y1)* + (22 — 12)° > w?)

which is irreflexive and transitive. The pair (A4, B) showed in Figure 1 is a concept
of the context (R?,R2, RS), because vs5(A¢) = A° and B = eg(A°).

X O 8§ = {(x1,22) € R?/a] + 5 < w?}

B=8sc4€)

Formal Concept (AB)=(IR,[])

Fig. 1. A formal concept of the context (R? R? RZ).

Ezample 2. Interpretation of some open digital signals as fuzzy concepts.

It is known that the erosion eg(A) of an image A by a binary structuring
element S can be rewritten in terms of infimum of the traslations of A by elements
of S [27]:

es(A) = /\A_S where Ap(x) = A(z — k)

ses
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If X CZand L ={0,0.1,0.2,...,0.9,1} then, the maps A : X — L can be
interpret as 1-D discrete signals. In Figure 2 there are some examples of discrete
signals.

The signal in Fig 2(c) is the erosion of A" in Fig 2(b), using a line segment
of three pixels as a structuring element, the middle pixel being its origin (S is a
crisp set).

L A — Lt 4

09 09

08 08

07 0,7

06 06

05 05

04 04

03 03

02 02

0.1 01

0 0 2 4 6 8 10 12 14 16 18 20 22 0 0 2 4 6 8 10 12 14 16 18 20 22
(a) Discrete signal A as an L-Fuzzy set (b) Negation A’ of the discrete signal A

L' B I

K —
Bl 1

(c) Discrete signal B = eg(A")

Fig. 2. Discrete signals

Here, we can also find the erosions in terms of intersections of image trasla-
tions: eg(A") = AN{A_, Ay, Al )

It can be proved that A’ verifies vs(A’) = A’. So, with A in Fig 2 the pair
(A, B) with B =eg(A’) is a fuzzy concept of the context (L, Z,Z, RS) with the
crisp incidence relation zR%y < (z —y) ¢ S, (that is, |z —y| > 1).
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L 1.0 [, 10

0.5 0.5

Fig. 3. L-Fuzzy concept (A, B) of the L-Fuzzy context (L,Z,Z, RS)

4 Conclusions and Future work

The main results of this work show an interesting relation between the L-fuzzy
Concept Analysis and the Fuzzy Mathematical Morphology that we want to
develop in future works. So, we can apply the algorithms for the calculus of
L-fuzzy concepts in Fuzzy Mathematical Morphology and vice versa.

On the other hand, we are extending these results to other type of operators
as other implications, t-norms, conjunctive uninorms etc... and to some L-fuzzy
contexts where the objects and the attributes are not related to signal or images.
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