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Abstract: The lattice integral transforms have been introduced to generalize lower and upper fuzzy
transforms for lattice-valued functions that are used to approximate original functions from below
and above. They are defined in complete analogy with classical integral transforms, particularly,
the product of a lattice-valued function and a fuzzy relation called the integral kernel is integrated
by a Sugeno-like fuzzy integral. In the article, we first investigate the conditions under which
lattice integral transforms preserve (reverse) constant functions, which appears to be a fundamental
presumption for a successful approximation of lattice-valued functions. Further, we show how the
lattice integral transforms can be applied in image processing, more specifically, in non-linear filtering,
compression/decompression, and opening/closing of images. We demonstrate that the filters based
on integral transforms generalize the popular median filter as well as minimum and maximum filters,
and also opening and closing defined using fuzzy morphological erosion and dilation. We illustrate
the proposed methods in various selected images.

Keywords: integral transform; lattice fuzzy transform; residuated lattice; integral kernel; Sugeno-like
fuzzy integral

MSC: 94A08; 03E72; 28B15

1. Introduction

In [1], integral transforms for lattice-valued functions (lattice integral transforms or
simply integral transforms) have been introduced to provide a theoretical framework for
transformations of functions whose functional values cannot, in principle, be handled by
standard arithmetic of real or complex numbers or application of standard arithmetic has
certain disadvantages. For example, non-additive noise in signal or image processing is
filtered out by methods that do not use the standard arithmetic, but order statistic functions,
such as median, are applied (see, e.g., [2]). Mathematical morphology on complete lattices
provides morphological operators whose mathematically coherent application to grayscale
images has already been justified (see, e.g., [3-5]). The scheme of lattice integral transforms
is designed quite analogously to classical integral transforms, such as Fourier, Laplace,
Hilbert, or wavelet transforms [6]. Namely, a new function g(y) is created by integrating the
product of a function f(x) and an integral kernel function K(x, y) with respect to suitable
limits. To develop the theory of lattice integral transforms in sufficient generality, the
complete residuated lattices were chosen as the basic algebraic structure for the function
values. Recall that particular examples of residuated lattices are the BL-algebra, MV-
algebra, or IMTL-algebra, which are very popular in fuzzy set theory, fuzzy logic, and their
applications.

Mathematics 2022, 10, 4077. https:/ /doi.org/10.3390/math10214077

https://www.mdpi.com/journal /mathematics


https://doi.org/10.3390/math10214077
https://doi.org/10.3390/math10214077
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0002-4654-0497
https://doi.org/10.3390/math10214077
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math10214077?type=check_update&version=1

Mathematics 2022, 10, 4077

2 of 30

The original motivation for introducing lattice integral transforms arose from the
idea of generalizing fuzzy transforms of lattice-valued functions (lattice fuzzy transforms)
that Perfilieva proposed in [7] to approximate functions from below or above using the
appropriate composition of the direct upper (lower) fuzzy transform F'(F!) : F(X) —
F(Y) and the inverse upper (lower) fuzzy transform G'(G*) : F(Y) — F(X), where F(X)
is the set of all lattice-valued functions on X and similarly for F(Y). The key parameter
of lattice fuzzy transforms F! and FY is the fuzzy partition of the domain X of functions
that are approximated, which is a family of fuzzy subsets of X whose cores are non-empty
sets and form a classical partition of X. Note that the core of a fuzzy set A on X is the
set of all elements of X for which the membership function of A gives 1. It should be
noted that the fuzzy transforms of the lattice G' and G+ are also determined by a fuzzy
partition of Y, which is derived from the fuzzy partition of X. Hence, we find that there is
no difference in the definitions of F' and G+ (F* and G') and it is unnecessary to distinguish
between the definitions of direct and inverse lattice fuzzy transforms. The approximation of
original lattice-valued functions is controlled by setting of fuzzy partitions of the domain X.
Note that fuzzy partitions of the domain Y do not form another approximation parameter,
because they are derived from fuzzy partitions of the domain X. On Figure 1 (the figure is
adopted from [8]), the lower and upper approximations of a discrete function are displayed
for a uniform fuzzy partition of the domain [0,200] which is determined by moving a fuzzy
set along the x-axis with the size of its core equal to 15.
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Figure 1. Lower (green) and upper (red) approximations of a discrete function obtained by the
composition of I+ and GY, and F' and GT, respectively.

Further development of lattice fuzzy transforms, including details, can be found
in [9-14]. The relationship between fuzzy lattice transforms and fuzzy morphological
operators defined on complete lattices was demonstrated by Sussner in [15]. In partic-
ular, FT and G* (F and G') have been shown to be equivalent to fuzzy morphological
dilation (erosion).

The proposed integral transforms for lattice-valued functions naturally extend the
lattice fuzzy transforms in two directions, namely, the fuzzy partition is replaced by a more
general concept of integral kernel, and the supremum and infimum used in the calculation
of fuzzy transforms are replaced by Sugeno-like fuzzy integrals. More specifically, two
types of lattice integral transforms from F (X) to F(Y) were introduced using the following
formula [1]:

Fien (D) = [ K(ry) @ f(x)dn and Fi, (HW) = [ K(x) = fx)dp
where K : X x Y — Lis a fuzzy relation called the integral kernel and [, is a multiplication-
based Sugeno-like fuzzy integral on a fuzzy measure space (X, A, u). It was shown that
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transform F*. More specifically, we have the following:

generalizes the upper lattice fuzzy transform F' and F(K ) the lower lattice fuzzy

M = FKHT) and F¥ =

(Kp)
where p is the least fuzzy measure and y ' is the highest fuzzy measure on A which is
given on the powerset of X (see Example 5 on p. 8 for the definition of ! and u ). The
same formula, but with residuum-based Sugeno-like fuzzy integrals, were used in the
definitions of other types of lattice integral transforms in [16]. Similarly to the lattice fuzzy
transforms, in the current paper [17], we show that different compositions of the integral
transforms

FfK,y) : F(X) = F(Y) and Fig1 cF(Y) = F(X),
where K~! : Y x X — L is given by K~(y,x) = K(x,y) and ' is an appropriate fuzzy
measure on a fuzzy measurable space (Y, G), approximate the original functions, and can
also remove the present random noise, in contrast to the fuzzy transform, as shown in
Figure 2. This valuable property motivated us to apply integral transformations in image
processing, specifically to image filtering and compression/decompression in the current
paper [8], where we outline the prerequisites to obtain successful results for these tasks and
illustrate them with the Lena image. Another application of the integral transformation
based on multiplication was proposed for multi-criteria decision-making in [18], where
the integral transform is used to evaluate goals according to respondents’ fulfillment and
significance of criteria, where the significance of criteria with respect to goals is expressed
by an integral kernel. Both applications show the natural directions of using lattice integral
transforms in practice, i.e., signal and image processing and multi-criteria decision-making,
but a deeper analysis of the performance and usefulness of integral transforms in these and
possibly other applications is still a subject of research.
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Figure 2. Comparison of noisy signal reconstructions based on lower and upper fuzzy transforms and
integral transforms with multiplication-based Sugeno-like fuzzy integral. (a) lattice fuzzy transforms;
and (b) lattice integral transforms.

This paper is a continuation of our research on signal reconstruction by lattice integral
transforms starting in [17] and, especially, the image processing application provided in [8].
More specifically, we extend the ideas and complete results presented in [8] (and also in [17])
to obtain a comprehensive background for image (and also signal) processing. Particularly,
we present two types of lattice integral transforms and prove their fundamental properties
that ensure a successful application to image processing. In the illustration, we focus on
three tasks in image processing, namely, non-linear filtering, compression/decompression,
and opening/closing of images. Among other things, we show that non-linear filters based
on lattice integral transforms can be seen as a generalization of the known median filter, as
well as minimum and maximum filters. Note that these filters are popular for the removal
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of salt-and-pepper noise, more specifically, the minimum (maximum) filter removes the salt
(pepper) noise because it has very high (low) values of intensities. The median filter removes
both types of noise. The minimum and maximum filters are also associated with the most
common morphological operations of erosion and dilation, because the minimum filter
erodes shapes on the image, whereas the maximum filter extends object boundaries [19].
The opening and closing filters are achieved by combining the morphological operations of
erosion and dilation, in our case, we will consider their definitions in fuzzy mathematical
morphology [15].

The structure of the paper is as follows. The next section presents basic concepts
that are used in the construction of lattice integral transforms. The third section intro-
duces two types of lattice integral transforms, which are defined using the multiplica-
tion and residuum-based fuzzy integrals. The fourth section is devoted to three tasks in
image processing, namely, non-linear noise filtering, compression/decompression and
opening/closing, which are designed in the framework of lattice integral transforms and
demonstrated on various images. The last section is a conclusion.

2. Preliminary

In this section, we present all concepts that are important to introduce lattice integral
transforms. Some of them are demonstrated by examples.

2.1. Algebra of Truth Values

In this paper, we assume that the algebra of truth values is a complete residuated lattice
on [0,1],i.e, an algebra L = ([0,1], A, V,®, —,0,1) with four binary operations and two
constants, such that ([0, 1], A, V) is a complete lattice, ([0,1], ®,1) is a commutative monoid
(i.e., ® is associative, commutative and the identity « ® 1 = a holds for any « € [0, 1]) and
the adjointness property is satisfied, i.e.,

a<B—=q iff a@B<y 1

holds for each &, B,y € [0,1], where < denotes the corresponding lattice ordering, i.e., & < B
ifa AB = afora, B € [0,1]. The operations ® and — are called the multiplication and
residuum, respectively. For more information about residuated lattices, we refer to [20,21].

Example 1. It is well-known that the algebra
Lt = ([0,1], min, max, T, —,0,1),

where T is a left continuous t-norm (see, e.g., [22]) and « —1 B = \/{y € [0,1] | T(x,v) < B},
defines the residuum, is a complete residuated lattice (for the proof, we refer to [20]).

The following example presents the Schweizer-Sklar class of t-norms that can be used
to introduce complete residuated lattices specified in the previous example and will be
used later in the illustration of lattice integral transforms in image processing.

Example 2. The Schweizer-Sklar class of t-norms is defined for any «,p € [0,1] and A €
[—o00, 0] as

min(w, B), A= —oo,
(@t + g — 1)1, A € (—c0,0),
T (a,B) = a-B, A =0, 2)
(max(0, () + B* = 1)1, A € (0,00),
XD ﬁ, A = oo,
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where

[0, a,B€[0,1),
“pp= { min(a, B), 1€ {a, B},

The t-norms TE‘ZO, Tgs, Tlss, and TE are called the minimum, product, tukasiewicz, and Drastic
product t-norms, respectively. For A € [—o0,00), the t-norm Tfs is continuous. Note that the
drastic product t-norm is only right-continuous. According to Example 1, one can determine the
residua for the Schweizer-Sklar t-norms (except A = o0) as follows. Let a, € [0,1]. For a < f,
there is a —rrss B =1, and for B < a, there is

A= —oco,
A=0, ®3)
(1—at+ BN, A€ (—00,0)U(0,00),

B,
14 _>T)§S [3 = g,

whereweuse%:oo,é =0, x+ 00 =00+ x = oo forany x € (—oo0,0), and o’ = oo for any

1

A € (0,00). Note that s B =min(1,(1—a*+ g*)7) forany A € (0,0).

A unary operation N : [0,1] — [0,1] is called a negation on [0, 1] if N is a non-increasing
function, such that N(0) = 1and N(1) = 0 (see, e.g., [23]). A canonical example of negation
is the negation based on residuum given as Nyes(a) = & — 0 for a € [0,1].

Example 3. For the Schweizer—Sklar class of t-norms with A € [—o0,00), the negation Nis
determined by the residuum s has the following form. For a = 0, there is N3°(0) = 1, for

« # 0, there is

ss, v ] 0 A € [—00,0],
M«M{(Lwﬂh A € (0,00), @)

Note that for A € (—00,0), according to (3), we have (1 — a’ + 0)‘)% =(1-(H*r+ oo*A)% =

o
cot =077 = 0. Obviously, for A € (0, 00), it is sufficient to consider only one formula to express
the negation, namely N3°(a) = (1 — zxA)%for a € [0,1]. The negation N3® is continuous, and,
as a particular case, we obtain the negation Ny° in the Lukasiewicz algebra LTfS’ which is well
established in fuzzy logic [21,24]. Figure 3 shows four examples of negations of N{° with positive
parameter A.
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Figure 3. The negations Nfs for A = 0.4 (blue), A =1 (green), A = 2 (yellow), and A = 5 (orange)
from Example 3.
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2.2. Fuzzy Sets

Let L be a complete residuated lattice, and let X be a non-empty set. A function
A : X — [0,1] is called a fuzzy subset in X. A fuzzy set A on X with A(x) € {0,1} for
all x € X is called crisp. The symbol @ is used to denote the empty fuzzy set on X, i.e.,
@(x) = 0 for any x € X. The set of all crisp fuzzy subsets in X (i.e., the power set of
X) is denoted by P(X). A constant fuzzy set A on X (denoted as ay) satisfies A(x) = «
for any x € X, where « € [0,1]. The sets Supp(A) = {x | x € X and A(x) > 0} and
Core(A) = {x | x € Xand A(x) = 1} are called the support and the core of a fuzzy subset A
in X, respectively. A fuzzy subset A in X is called normal if Core(A) # @. The elementary
operations as the union, intersection, scalar multiplication for fuzzy subsets in X are defined
as follows:

for A,B € F(X)and « € [0,1].
Let X, Y be non-empty sets. A fuzzy subset Kin X x Y is called (binary) fuzzy relation.
We say that

(i) K is normal in the second component if for any y € Y there is x € X such that
K(x,y) =1
(ii) Kisnormal in the first component if for any x € X thereis y € Y such that K(x,y) = 1.

The fuzzy subset K~!in Y x X given by K~!(y, x) = K(x,y) is called the inverse to K. It is
easy to see that if K is normal in the second (first) component, then K~! is normal in the
first (second) component.

2.3. Fuzzy Measure Spaces

In this part, we introduce a fuzzy measure on an algebra of sets. For details, we refer
to [25-27]. Note that fuzzy measures may also be introduced for fuzzy subsets, that is, on
algebra of fuzzy sets [28], but it is rather difficult to calculate fuzzy integrals that use such
type of fuzzy measures. Therefore, the practical use of integral transforms motivated us
to restrict ourselves to algebras of sets. We use X \ A to denote the complement of A in X,
where A is a subset (crisp fuzzy subset) of X.

Definition 1. Let X be a non-empty set. A subset A of P(X) is an algebra of sets on X pro-
vided that:

(i) XeA
(ii) IfAc A then X\ A€ A
(iii) If A,B € A, then AUB € A,

A pair (X, A) is called a measurable space on X, provided that A is an algebra of sets on X.

It is easy to see that if A is an algebra of sets, then the intersection of finite number
of sets belongs to A. Let (X, .A) be a measurable space, and A € P(X). We say that A is
A-measurable if A € A. Obviously, the sets {®, X} and P(X) are algebras of sets on X.
If B C P(X), then the least algebra of sets containing B is denoted as alg(3). Note that
alg(B) can be constructed from the elements of B as the set consisting of all finite unions
applied on the set of all finite intersections over the elements of B and their complements.

Example 4. Let L be a residuated lattice, and L = {[0,«] | « € [0,1]}, where [0,0] = {0} isa
hybrid interval. Obviously, L C P([0,1]), and alg(L) is an algebra of sets on L, which differs
from P([0,1]). Indeed, for example, there is [x,1] & alg(L) for any a € (0,1].
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The following two definitions introduce fuzzy and complementary fuzzy measures.
Note that complementary fuzzy measures and fuzzy integrals based on them were intro-
duced in [29] to define models of fuzzy quantifiers as “no”, “little”, “few”, etc.

Definition 2. A function y : A — [0,1] is called a fuzzy measure on a measurable space (X, A) if:
(i) w(@)=0and u(X)=1;

(i) If A,B € Asuchthat A C B, then u(A) < u(B).

Atriplet (X, A, n) is called a fuzzy measure space whenever (X, A) is a measurable space and y is
a fuzzy measure on (X, A).

It should be noted that the term “fuzzy measure” was introduced by Sugeno in [25],
but in the literature equivalent names can be found for yu, such as a capacity or a non-
additive measure (see [27]). The following lemma shows how to determine a new fuzzy
measure from a given fuzzy measure using a suitable function.

Lemma 1. Let p be a fuzzy measure on (X, A), and let ¢ : [0,1] — [0,1] be a monotonically
non-decreasing function with ¢(0) = 0 and ¢(1) = 1. Then the function p, : A — [0,1] given
by ne(A) = @(u(A)) forany A € A'is a fuzzy measure on (X, A).

Proof. The properties of the fuzzy measure for the function y, immediately follow from
the monotonicity of ¢ and the conditions ¢(0) = 0and ¢(1) =1. O

Definition 3. A function v : A — [0,1] is called a complementary fuzzy measure on a measurable
space (X, A) if:

(i) v(®)=1landv(X) =0;

(i) If A,B € Asuchthat A C B, thenv(A) > v(B).

Atriplet (X, A, v) is called a complementary fuzzy measure space whenever (X, A) is a measurable
space and v is a complementary fuzzy measure on (X, A).

The following lemma shows two ways in which a complementary fuzzy measure can
be introduced from a fuzzy measure.

Lemma 2. Let y be a fuzzy measure on (X, A), and let N be a negation on [0, 1]. Then a function
v:A—[0,1] given by v(A) = u(A) = u(X\ A) or v(A) = uN(A) = N(u(A)) for any
A € A'is a complementary fuzzy measure.

Proof. Obvious. [

A dual lemma can be formulated for complementary fuzzy measures, from which the
fuzzy measures can be determined by negation or set complement. Using Lemmas 1 and 2,
one can introduce a broad class of fuzzy and complementary fuzzy measures. In addition
to the previous two types of fuzzy measures (i.e., u¢ and u), we will use the so-called
conjugate fuzzy measure to a given fuzzy measure.

Definition 4. Let y be a fuzzy measure on (X, A), and let N be a negation on [0,1]. A function
u§, + A — [0,1] given by pS,(A) = uN o u(A) = N(u(X\ A)) forany A € Ais called a
N-conjugate fuzzy measure to p.

Note that conjugate fuzzy measures were introduced in [30] to define a type of Sugeno
integral based on the residuum operation. In this case, the authors restricted themselves to
the negation N° in the £ ukasiewicz algebra (see Example 3). Similarly, one can introduce
a N-conjugate complementary fuzzy measure. Since we deal with finite sets of pixels
in image processing, the following examples present fuzzy measures defined over finite
measurable spaces.
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Example 5. Let (X, A) be a finite measurable space, that is, X = {x1,...,xn}. The least and the
highest fuzzy measure on (X, A) is given by

w(A) = {O’ A7

1, otherwise,

and  u'(A) = {O' A=0, (5)

1, otherwise,
forany A € A, respectively.

Example 6. A relative fuzzy measure " on (X, A) is given as

reay = A

forall A € A, where #A and #X denote the number of elements in A and X, respectively.

By Lemma 1, the relative fuzzy measure " can be modified by a non-decreasing
function ¢ with ¢(0) = 0 and ¢(1) = 1 to obtain a fuzzy measure yj,. In the following
example, we introduce a class of functions ¢ that determines a class of fuzzy measures
from the relative fuzzy measure, which corrects the class of functions ¢ presented in [8].

Example 7. Let 0 < ¢ < u < 1and 0 < p be a natural number. Define ¢} , @7 :[0,1] = [0,1]
as follows:

0, x=0o0rx</{,
p =)
X) = — , L<x<u, 6
lpg,u( ) ep(2%71)+1 (6)
1, x=1oru<zx,
and
12 P _
o B,
q)lu(x - 14 e . (7)
’ ¥, (x), otherwise.

It could be simply verified that for { < u, q)Zu(x) modifies th (%) to obtain a continuous
function on [0,1]. For { = u, however, (pzu(x) achieves only two values 0 and 1 with the
jump at the point x = (. For example, if { = u = 0, then gog,o(x) = 1[]50(0) = 0 and
§"g,0<x) = ¢g,0(x) = 1 for x > 0. Examples of the function gozu for the parameters (¢, u, p) €
{(0,0,1),(0.2,0.4,5),(0.4,0.8,3),(1,1,1) } are shown in Figure 4.

1.0
08 L
0.6 /
0.4 - [
i f
L [
02k /
[ 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1
L 0.2 0.4 0.6 0.8 1.0

Figure 4. The functions (p(lw (orange), (Pg.z 0.4 (blue), (P(S). 108 (vellow), and (p%,1 (green) from Example 7
that are used to determine fuzzy measures.
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The function q)z , Obviously satisfies the assumptions of Lemma 1, so it can be used to modify
any fuzzy measure. Hence, we can introduce a class of fuzzy measures on (X, A) derived from the
relative fuzzy measure y” introduced in Example 6 as follows:

M ={py [6uc01],6<u peN,p>0} ®)
Lu

r

It is easy to see that ™ =y’ | ,u' =y’ and " =y’ .

Po,0 P11 Po1
Example 8. By (pZ . Jrom the previous example, we can introduce two additional functions through
which the complementary and conjugate fuzzy measures can be determined from the relative fuzzy

measure. Let N be a negation on [0,1] and define ¢, qo?’i\[ :[0,1] — [0, 1] as follows:

oli(x) =g}, (1—x) and ¢} (x)=N(¢},(x)), )

forany x € [0,1]. By Lemma 2, it is easy to check that y;p,c and y’ , y are complementary fuzzy
Lu (Pqu
. p.c,N r,.N p.c r . : .
measures on (X, A). Define ¢}, = @', © ¢y, then y" ,  is an N-conjugate fuzzy measure
’ $ ’ gbe
to a fuzzy measure ;4:0,, on (X, A). In Figure 5, we display the functions %,;,N for the same
Lu /
parameters as in Example 7 and N(x) = 1 — a for « € [0,1] (i.e., the negation in the Lukasiewicz
algebra). One can see that the conjugate fuzzy measure to u~ (u') is u' (ut); it is sufficient to
compare the green (orange) functions in Figures 4 and 5). Fuzzy measures ‘u:op are self-conjugate,
0,1

which immediately follows from (pg 1= (pg’;’N.

1.0 - =

0.8r

0.2 0.4 0.6 0.8 1.0

Figure 5. The functions qo(l)’(c)’N (orange), qogfg’g{ 4 (blue), qogfi’gg (yellow), and (p%’i’N (green) from

Example 7 that are used to determine conjugate fuzzy measures.

Remark 1. It is easy to see that all fuzzy measures (and similarly complementary and conjugate
fuzzy measures) in the above examples are cardinality invariant, that is, for any sets A and B such
that #A = #B, it holds that u(A) = u(B). Fuzzy measures invariant with respect to the cardinality
of the set are referred to as symmetric fuzzy measures.

2.4. Multiplication and Residuum-Based Sugeno-like Fuzzy Integrals

In what follows, the integrated functions are fuzzy sets on X and are denoted by f,
g, etc. First, we recall the definition of the multiplication-based fuzzy integral introduced
in [28,30].
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Definition 5. Let (X, A, it) be a fuzzy measure space, and let f : X — [0,1]. The ®-fuzzy
integral of f on X is given by

/Yw—\/MM®<Afm) (10)

AeA X€EA

Let (X, A, y) be a fuzzy measure space. We say that a function f : X — L is measurable,
if {x; | f(x;) > a} € Aforany a € [0,1]. For measurable functions, the ®-fuzzy integral
can be calculated as follows (see, Theorem 3.2 in [1]).

Theorem 1. Let (X, A, u) be a fuzzy measure space, and let f : X — [0,1] be a measurable
function. Then

fap="\ (xe@u({xeX|f(x)=a})). (11)

ae(0,1]

The following corollary provides a simple computational formula for the ®-fuzzy inte-
gral of measurable functions defined on a finite set X = {xy,...,x,}. Denote [n] = {1,...,n}.

Corollary 1. Let (X, A, ) be a finite fuzzy measure space, that is, X = {x1,...,x,}, and let
f: X — [0,1] be measurable. Then

/(deﬂ =V fot)y @ pi, (12)

ie[n]

where o is a permutation on [n] such that f,1) < fo) < -+ < fo(n), Where foi) = f(xXg(i)) for
i € [n]and p; = p({xp (i), Xo(n) })-

Proof. It immediately follows from Theorem 1, where we restrict the calculation from
a €[0,1toa € {fya) -, fo(m)}- Indeed, for & = 0 or f,,,) < a < 1, we trivially obtain
a@u({x e X | f(x) >a})=0.If foj_1) < a < f; fori € [n] (we put f, ) = 0), then

a@u({x e X | f(x) 2 a}) =a@p; < foi) @ i,

where we used the fact that the multiplication is non-decreasing in both variables. Hence,
we find that

V @op({xreX|f(x)=a}) <V fou @ p

xe[0,1] ic[n]
Since the opposite inequality is trivially true, we obtain the desired equality. [

Note that, if A = P(X), then any function f : X — [0,1] is measurable, and thus
its ®-fuzzy integral can be calculated using formula (12). Calculation by Formula (12)
can even be simplified for symmetric fuzzy measures, because it is sufficient to define
ui = pu({xi,...,xn}) foranyi € [n].

Now, we introduce a modified version of the original definition of residuum-based
fuzzy integral presented in [29].

Definition 6. Let (X, A, v) be a complementary fuzzy measure space, and let f : X — L. The
—-fuzzy integral of f on X is given by

)

AcA

<Afm>%wm. (13)

xeA
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Note that a residuum-based fuzzy integral was also proposed by Dubois, Prade,
and Rico in [30] under the name desintegral for reasoning with a decreasing evalua-
tion scale. A comparison of both fuzzy integrals can be found in [31]. Similarly to the
multiplication-based fuzzy integral, for measurable functions, we get a more pleasant
computational formula.

Theorem 2. Let (X, A,v) be a complementary fuzzy measure space, and let f : X — [0,1] be a
measurable function. Then

/Hfdv: A (@ = v({x € X | f(x) > a})). (14)

ael0,1]
Proof. Denote L, = {x € [0,1] | x > a} for any a € [0, 1]. It is easy to see that

FHL) ={xeX|f(x) €L} = {x e X | f(x) 2 a}.

Put

< Al )
L= A (e=v(f(L)).

ae(0,1]
First, we show that K > L. Define A : A — [0,1] by Af(A) = Ayca f(x). Obviously,
we have A C f’l(L/\f(A)), and thus v(f’l(LAf(A>)) < v(A) by (ii) of Definition 3. Since
Af(A) C[0,1], we get

K= A (As(4) = v(A)) = A (Af(A) = v(FH(Ly,)) 2 L,
AcA AceA

where we used the fact that the residuum is non-decreasing in its second variable.
Furthermore, we show that K < L. Define ¢¢ : [0,1] — Aby of(a) = f~Y(Ly). Since
f is measurable, the function ¢y is well defined. Obviously, we have /¢, () f(x) > afor

any a € [0,1] and ¢f([0,1]) C A. Hence, we obtain

K< A (( A f(X)) HV(Qf(w))) < A (@—=v(fH (L) =L,

ae(0,1] x€qr(a) ae(0,1]

where we used the fact that the residuum is non-increasing in its first variable. Hence, we
obtain K = L, and the proof is completed. [

As a corollary, we get a simple computational formula for measurable functions
defined on finite set X = {x1,...,x,}.

Corollary 2. Let (X, A, v) bea finite complementary fuzzy measure space, thatis, X = {x1,...,xn},
and let f : X — [0, 1] be measurable. Then

/Hde = N\ fot) = vir (15)

ie(n]

where o is a permutation on [n] such that f,1) < fo2) < -+ < fo(n), Where foi) = f(xXg(i)) for
i € [n], and vi = v({x, (i), - Xo(m) })-
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Proof. Analogously to the proof of Corollary 1, for « = 0 and f,(,) < a <1, we find that
v —=v({xeX|[f(x) >a})=a—-v(@)=a—=>1=11If f,;_1) <a < f, fori € [n]
(we put f,(g) = 0), then

a = v({x € X[ F(x) 2 a}) = 0w = v > fop > vy

where we used the fact that the residuum is non-increasing in its first variable. Hence,
we get

N (@—=v{xeX[fx)za}) = A for) = vie

xel0,1] i€[n]
Since the opposite inequality is trivially true, we obtain the desired equality. [J

It should be noted that there is a relationship between both types of fuzzy integrals
under specific conditions on the residuated lattice (see [31]). For more information on both
types of fuzzy integrals, we refer to [1,16,28,29].

3. Lattice Integral Transforms

In this part, we introduce two types of integral transforms for lattice-valued functions
related to multiplication and residuum-based fuzzy integrals. As with the classical integral
transform, the key concept in our lattice integral transform theory is an integral kernel. The
following definition was provided in [17].

Definition 7. A fuzzy relation K : X X Y — L that is normal in the second argument is said to be
an integral kernel.

The next definition generalizes the upper and lower F-transforms and unifies the
definitions of lattice integral transforms mentioned in the Introduction (see [1]).

Definition 8. Let (X, A, u) be a fuzzy measure space, let K : X x Y — [0, 1] be an integral kernel,
and let x € {®, —}. A function 1—"(*1< E F(X) — F(Y) defined by

Fie (D) = [ K(x,y) = fx) dp (16)
is called a (K, p, *)-lattice integral transform.

The elementary properties of the integral transform for lattice-valued functions can be
presented in the following theorem.

Theorem 3. Let x € {®, —}, and put F* = F,

(Kop)'
@) F(f)<F Q) iff <g
i) F*(fng) < F*(f) AF(g);
(iii) F*(f)V F*(g) < F*(fUg);
(iv) a@F*(f) < F (a® f);
(v) F*(a — f) <a— F*(f).

Forany f,g € F(X) and « € [0,1], we have

Proof. See[1]. O

The next theorem introduced without proof in [17] (see also [8]) shows conditions
under which a constant function (fuzzy set) ay is transformed into a constant function ay,
that is, F(*K,u) (ax) = ay. For an integral kernel K on X x Y and y € Y, we use Ky to denote
a fuzzy subset of X given by K, (x) = K(x,y) for any x € X. Recall that Core(K,) # @
follows from the definition of the integral kernel.
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Theorem 4. Let (X, A, u) be a fuzzy measure space, let K be an integral kernel, and let « € [0,1].

(i) Ifforanyy € Y there exists Ay € A such that Ay C Core(Ky) and u(A,) = 1, then
iy (@x) = .

(i) If foranyy € Y and for any A € Awith A C X\ Core(Ky) it holds that u(A) < a, then
Figw(@x) = ay.

Proof. (i) Let & € [0,1] and y € Y. By the assumption of (i), we assume that there is
Ay C Core(Ky) such that y1(Ay) = 1. Then

Fligo@00) = [ Klxy) @ (x) dy
=V A ® A (K(xy) ®ax(x))

AcA xeA
=\ (wA)® A (K(xy) ®a)
AeA x€A
> Ay e N\ Kxy) ow) =10 =ua
xeAy

On the other hand, it is trivially true that y(A) ® Ayea(K(x,y) ® @) < a forany A € A.
Therefore, we find F(*K ) (ax)(y) < &, which proves the desired equality.

(ii) Let « € [0,1] and y € Y. By the assumption of (ii), for any A € A such
that A C X\ Core(K), we have u(A) < a. Since Core(K,) # @, we get X X'\
Core(Ky ). Then

Fli ) (@x)(y) = /® K(x,y) — ax(x)du
= V (n(A) e A (K(x,y) = a))V
AcA xeA
AZX\Core(Ky)

Vo mA)e A Kxy) = a)

AcA x€EA
ACX\Core(Ky)

<V  @ewa)v Vw4

AcA AcA

AZX\Core(K) ACX\Core(Ky)
=a® \/ uA)=aouX) =4,
AcA
AZX\Core(Ky)

where we used the distributivity of ® over V/, the equality

N K(x,y) = a)) =«

xXeA

forany A Z X\ Core(Ky), which follows from K(x,y) = 1 forsome x € A, 1 — a = g,
and B — « > a for any B € [0, 1], and the assumption stating that y(A) < a forany A € A,
such that A C X'\ Core(K;). On the contrary, we have

Fic(@x)() = A\ K(x,y) = ax(x) = A\ (K(x,y) > a) =a,

xeX xeX
where we used the same arguments as above, which proves the desired equality. [

It is worth noting that the standard real-valued F-transforms as well as lower and
upper lattice-valued F-transforms preserve constant functions; therefore, it seems to be
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reasonable to assume that integral kernels and fuzzy measures as the parameters of the
integral transforms satisfy the conditions under which the constant functions are preserved.

Example 9. Let (X, .A) be a measurable space with X = {x1,...,x,} and A = P(X), and let
M be the class of fuzzy measures on (X, A) introduced in Example 7. Let K : X x Y — [0,1] be
an integral kernel, where Y = {y1,...,ym} and put u = min{# Core(Ky,) | y; € Y}/n. Then
the class

M:,:{y;?u |¢€0,1,¢<u,peN, p>0} (17)

consists of all fuzzy measures, for which the (K, u, ®)-integral transform preserves constant func-
tions. Indeed, we trivially have Core(Ky,) € A for any y; € Y. By the definition of u, we find that
forany y; € Y it holds

H:PZu (Core(Ky,)) = (/’Z,u (#Core(Ky,)/n) =1

forany £ < wand p > 0, since u < # Core(Ky, )/ n. Therefore, the assumption in (i) of Theorem 4
is satisfied, and thus the (K, u, ®)-integral transform preserves constant functions for any y € M.
In addition, the class

MIEN = {y;p,f,w |0€0,1],¢<u, peN, p>0} (18)
Lu

consists of all fuzzy measures (N-conjugate fuzzy measures to fuzzy measures from M), for
which the (K, u, —)-integral transform preserves constant functions. Indeed, let us show that
an N-conjugate fuzzy measure to u € M), satisfies the assumption in (ii) of Theorem 4. Let
p= @, 0n. Recall that u§;(A) = N(u(X\ A)) forany A € A. Lety; € Y, B € Abe
arbitrary, such that B C X\ Core(Ky,), and put s = #B. Since # Core(Ky,)/n > u, we find that
s = #B < #(X \ Core(Ky,)) < n—n-u; therefore, " (X \ B) = #(X\ B)/n = (n—s)/n =
1—s/n>1—(1—u)=u. Since N is a non-increasing function and gofu is a non-decreasing
function, we get

1 (B) = N(u(X\ B)) = N(¢], (¢ (X\ B))) < N(¢], () = N(1) =0,

where gof (1) = 1 follows from the definition of <pf7 .- Hence, the assumption in (ii) of Theorem 4 is
satisfied, and thus the (K, u, —)-integral transform preserves arbitrary constant functions for any
fuzzy measure from MY,

The next definition introduces a “reverse” alternative to the lattice integral transform
introduced above, where the residuum-based fuzzy integral on a complementary fuzzy

measure space is considered instead of the multiplication one.

Definition 9. Let (X, A, v) be a complementary fuzzy measure space, let K : X x Y — L be an
integral kernel, and let x € {®, —}. A function CHE F(X) — F(Y) defined by

—
Gl (D) = [ K(xy) = f(x)dv (19)

is called a (K, v, x)-reverse lattice integral transform.
We use the term “reverse lattice integral transform” to simply distinguish between

both types of lattice integral transforms. The next theorem presents selected properties of
the reverse lattice integral transform.
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Theorem 5. Let x € {®, —}, and put G* = G, Forany f,g € F(X) and « € [0,1],

(Kv):
we have
i) G(f) =G (g)iff<g
(i) G*(fNg)=G*(f)VG*(g)
(iii) G*(f) NG*(g) > G*(fUg);
(iv) G*(a®f) <a— G*(f);
(v) G*(a — f) > a® G*(f).

Proof. See[16]. O

Similarly to Theorem 4, we are interested in sufficient conditions under which reverse
lattice integral transforms ensure the reversal of constant functions, i.e., GfK ’) (ax) = —ay,

where — is the standard negation defined by the residuum, i.e., -« = & — 0.

Theorem 6. Let (X, A, v) be a complementary fuzzy measure, let K be an integral kernel, and let

a € [0,1].

(i) If forany y € Y there exists A, € A such that A, C Core(Ky) and v(A,) = 0, then
Gl (ax) = 2ty;

(i) Ifforanyy €Y and for any A € Awith A C X\ Core(Ky) it holds that v(A) > —«, then
G(Kﬂ,) (ax) = oay.

Proof. (i) Let y € Y, and ay € F(X). Assume that there is A, C Core(K,) such that
v(Ay) = 0. Then

Gk @x)) = [ K(xy) @ax(x)dv= A (/\ (K(x,y) ©a) %(/ﬂ)

AcA \xeA

< N\ (1®a) 5 0=a—0=-a=-ay(y).
XEAy

On the other hand, for any A € A, we trivially have A,c4(K(x,y) ® a) = v(A) > a —
0 = -y (y), where we used the monotonically non-increasing in the first argument and
the monotonically non-decreasing in the second argument of residuum. Hence, we find
GE“K/V) (ax)(y) > -y (y), which proves the desired equality.

(ii) Let y € Y. Since Core(Ky) # @, s0 X X \ Core(Ky). Then

GFK,V) (ax)(y) = /—> K(x,y) = ax(x)dv = /\ </\ (K(x,y) = a) — v(A))

AcA X€EA

ACX\Core(Ky)
A /\ /\ (K(x,y) = a) — V(A)> > /\ (1= v(A))
AcA X€A AcA
AZX\Core(Ky) ACX\Core(Ky)
A /\ (0« > v(A)) > —aA (e —0)=—-a=-ay(y),
AcA
AZX\Core(Ky)

where we used that the residuum is monotonically non-increasing in the first component
and the monotonically non-decreasing in the second component, i.e., trivially K(x,y) —
a < 1, therefore, (K(x,y) — a) = v(A) >1 = v(A) = v(A) > ~a for A C X\ Core(Ky)
by the assumption in (ii). On the contrary, we have:

Gl (@x)(y) < N\ (K(x,y) —

xeX

a) > v(X)=a—0=—-a=-ay(y),
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where we used the fact that K(x,y) — a« > a forany (x,y) € X x Y and K(x,y) — a =
1 — & = « for any x € Core(Ky ), which proves the desired equality. []

Example 10. From Lemma 2, we know that a complementary fuzzy measure can be introduced
from a given fuzzy measure using a negation N on [0,1] as vNy(A) = N(u(A)) forany A € A.
It is easy to observe that if K is an integral kernel and y a fuzzy measure such that (i) (or (ii))
of Theorem 4 is satisfied, then vy is a complementary fuzzy measure that satisfies (i) (or (ii)) of
Theorem 6, where N = — for case (ii). In fact, if u(Ay) = 1 for some A, C Core(Ky), then
vN(Ay) = N(u(Ay)) = N(1) = 0. Similarly, if for any A C X \ Core(Ky), we have u(A) < a,
then v (A) = N(u(A)) > N(a) = —a. Obviously, ifG(*K,V) has to reverse an arbitrary constant
function, that is, (ii) of Theorem 6 holds for any « € [0, 1], which is equivalent to v(A) = 1 holds
forany A € Awith A C X\ Core(Ky), then we can consider an arbitrary negation N on [0,1] to
get the desired reversal.

4. Application of Lattice Integral Transforms to Image Processing

In this part, we apply lattice integral transforms (LITs for short) to image processing,
namely, non-linear filtering, compression/decompression and closing/opening of images.
For the purpose of this paper, we restrict ourselves to grayscale images. We assume that
an image h of the size N x M (the number of pixels in rows and columns) is a function
I:D — [0,1], where D = {(i,j) | 1 <i < N,1 <j < M} and the value I(i, j) expresses
the intensity of shades of gray from black to white for the pixel at the position (i, ) € D.
For simplicity, we assume that the shade of gray can be determined for any number from
[0,1]. Since an image is a two-dimensional function, we consider lattice integral transforms
from F(D;) to F(D,), where Dy is the domain of original (input) images and D is the
domain of output images (e.g., compressed images). In the following part, we first describe
in detail the way in which the lattice integral transforms are applied to the above tasks
and then demonstrate them in various images. For an introduction to methods used in
non-linear image processing, we refer to [32,33].

4.1. Method Description

Let N, M, ¢ be natural numbers such that ¢ divides N and M. Denote n = N/¢ and
m = M/g. The number ¢ will be called the shift and o? : 1 will express compression ratio.
Denote D = {(i,j) | 1<i< N, 1 <j<M}and D, = {(i,j) |1 <i<n1<j<mj,
where D, provides the domain for compressed images (¢ > 1) or filtered images (¢ = 1).

Let 7, s be natural numbers such that o < r < N and ¢ < s < M, and denote
[~r, 7] ={~r,...,0,...,r} and similarly for [—s,s]. Let W = {w; ; | i € [-1,7],j € [~s,s]}
be an (2r + 1) x (2s + 1) matrix of values from [0, 1], which will be referred to as window
of size R x S, where R = 2r+1and S = 25 + 1. A window W specifies the weights
assigned to pixels in the neighborhood of a corresponding pixel in the input image. In our
application, we assume that wyy = 1. Note that W can be viewed as a normal fuzzy relation
on [—7,1] X [—s,s].

To properly process the pixels at the edges of the images, we extend D to a broader
domain given as

Dys={(,j)| -r+1<i<N+4r,—s+1<j<M+s},

and consider a function ": F(D) — F(D,s) that each image I € F (D) extends to an image
T € F(D,) such that I(i,j) = I(i, ) for any (i,j) € D. The extension of I for pixels from
D, \ D can be adjusted in different ways according to the given task. For example, we can
consider the following extending functions:

(a) T(i,j) = I(i,j), for (i,j) € D, and T(i,j) = 1, otherwise, which is used in dilation;

(b) 1(,§) = I(i,j), for (i,j) € D, and 1(i, j) = 0, otherwise, which is used in erosion;
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() 1(i,j) = I(i',]'), where
i =2-max(1,min(N,i)) —i and j =2-max(1,min(M,j)) —j.

It is easy to see that i’ = iand j/ = j, whenever 1 <i < Nand 1 < j < M, therefore, the
definition of extension in case (c) is correct. In case (c), the grayscale intensity in the new
pixels is mirrored over the edges.

4.1.1. Image Filtering

Filtering is a technique to adjust or enhance an image. For example, we can filter an
image to emphasize certain elements or remove other elements. Filtering is a neighborhood
operation in which the value of any given pixel in the output image is determined by ap-
plying some algorithm to the values of the pixels in the neighborhood of the corresponding
pixel in the input image. Our approach based on the lattice integral transforms provides
a class of non-linear filters which includes some of the known filters as median filter, or
minimum and maximum filter.

A lattice integral transform (LIT-)filter for the images in F (D) is defined as a lattice
integral transform F(*Kwr#) : F(Dys) — F(D), where Ky : D, s x D — [0,1] is an integral
kernel determined by a widow W of size R x S given by

W@ —i,j—j), |i'=i|<rand]|j—j| <s,

. (20)
0, otherwise,

Ky (i), (i",]")) = {

and y is a fuzzy measure defined on (D, s, P(D;;)). Furthermore, we assume that Ky and

u are adjusted so that F(*KW ) preserves constant functions (see Theorem 4). By Example 9,

we can select 1 € M, for x = @ and y € MY for + =—.

One can see that image filtering is provided by aggregation based on a Sugeno-like
integral applied to the values in specific neighborhoods that are adjusted by the weights
in the window W. More precisely, for any (i’,j') € D, there is determined the following
neighborhood in D, s:

N(j) ={( +kj + 0| -r<k<r -s<<s}

collecting positions of pixels that are actually processed. The calculation of the output pixel
value at position (7, ") € D is given (using Corollary 1)
F(*Kw,u)(f)(i/'f/) = \[/](Ta(k) * Ky (o (k), (i'/]"))) ® s
kelp

where p = #N(7,j'), o : [p] — N(7',j') is a bijection, such that
L (1) %K (o (1), (7, 1)) < Ty xKw(0(2), (7,7))) < -+ < Ty * K (o(n), (i',17)))

with Ta(k) = I(c(k)) and p = {o(k),...,o(n)}. Therefore, the image filtering calculation
procedure is very simple and fast.

By setting of the window (integral kernel), an operation x € {®, —}, and a fuzzy
measure y on (D, s, P(Dys)), we can determine various types of non-linear filters. Assume
that the window W consists of the weights w;; € {0,1} forany i € [~r,r] and j € [—s,s].
In Table 1, we show the operation x and the fuzzy measure u (see Example 7) specifying

the integral transform F(*KW ) that determine the classical non-linear filters.
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Table 1. Classical types of non-linear filters.

Fuzzy Measures

Filters Type of LIT (%
yP (%) e, = ,4;5,“)
Standard median ® V(l),s 0.5
Minimum — 74% 1= P‘L
Maximum ® P‘(l)o = VT

Note that, also, the weighted median could be introduced within the framework of
integral transform, but the definition is not straightforward, because the window used
for the weighted median contains natural numbers that determine the repetition of pixels
in the window from which the median is calculated (see, [2,32]). A solution of this task
is to extend the input image domain in a suitable way to respect the repetition of pixels
according to the weights in the window and define the weighted median as an integral
transform from the images over the extended domain to the original domain with the
integral kernel that connects the positions of the pixels according to the repetitions in the
window. Obviously, the specific choice of operation x has no influence on the result, because
the weights are only 0 and 1, and * for 0 and 1 always give the same results regardless of
the specific operation.

A reverse (negative) LIT-filter is defined similarly as a reverse lattice integral transform

* : F(Dys) — F (D), where Ky is the same integral kernel as in the previous case,

(KW/V)
and v is a complementary fuzzy measure on (D, s, P(D;)), such that constant functions

are reversed (see Theorem 6 and Example 10). In contrast to the LIT-filter, the reverse
LIT-filter provides a negative output image, see, e.g., Figure 6e on page 22. Again, the
calculation of the output pixel values is simple and fast and, with the help of Corollary 2, is
given by

Gl D7) = N (Tog * K (k) (1)) = v,
kelp]

where p = #N(i',j'), o : [p] — N(i’,j') is a bijection such that
Io(1) * K ((1), (7)) < Tpa) * K (0(2), (7)) < -+ < Loy » Kw (e (n), (,]')))
with T(,(k) = I(o(k)) and v = {o(k),...,o(n)}.

4.1.2. Image Compression

Image compression is a technique to reduce the size of the image. Similarly to image

filtering, we introduce LIT-compression as a lattice integral transform F(*KW K F(Dys) —
F(Dy), where ¢ > 1is the shift, Ky : D, s x Dy — [0,1] is an integral kernel determined

by a widow W of size R x S given by

W(({i"—1)eo—i,(j=1e—j), ['—1e—il<r
Kw((i,j), (i, ]) = and |(j —1)o—j| <s, (21
0, otherwise,

and yu is a fuzzy measure defined on (D,s, P(D;s)). Again, we assume that Ky and u
are adjusted in such a way that F(*KW ) Preserves constant functions. The procedure of

calculation of image compression is performed in the same way as for image filtering, only
the neighborhood in D, for (i',j') € D, is determined as

No(i',j) ={(({" —1)o+1+k (j—1)o+1+¢) | —r <k <r, —s <l <s}.

Obviously, N = N, for ¢ = 1.
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A reverse (negative) LIT-compression is defined analogously by a reverse lattice
integral transform G(*Kw,v) : F(Dy,s) — F(Dg), where Kyy is the same integral kernel as in
the previous case, and v is a complementary fuzzy measure on (D,s, F(D,s)) such that
constant functions are reversed.

4.1.3. Image Decompression

Unlike image compression, image decompression is used to reconstruct the original
image from its compression. To introduce image decompression, in the first step, we
extend the domain D, to the domain D,,,,,, where u denotes the integer part of /¢ and
similarly v denotes the integer part of s/¢. To better understand our motivation for the
definition of extension, consider the situation ¢ = r = s, thatis, u = 1 = v. For any
pixel position (i’,j') € D, of output images, the neighborhood N,(i’,j’) of the pixel at
the position ((' —1)o+1,(j —1)¢ + 1) in D,, over which the calculation is provided,
contains positions ((i' +a—1)o+1,(j +b—1)o+1) for —-u <a<wuand —v < b < v,
where (i’ +a,j' 4+b) ¢ D, can occur in general. So, once we use the pixel values at positions
(" +a—1)o+1,(j +b—1)o+1) to calculate image compression, it seems reasonable
to use the pixel values at positions (i’ +a,j' + b) to account for the reconstructions of
compressed images.

Assume that LIT-compression with the ratio ¢? : 1 is performed by F},

(Kw.p)

{®, —}, and denote * the adjoined operation to *, e.g., if x = ®, then * =—. The LIT-

decompression is introduced as a lattice integral transform FE;K,1 o) F(Dou,p) — F(D),
W 7

where Kv_vl : Doup X D — [0,1] is the integral kernel determined by a widow W of size

R x § given by

for x €

W(({"=1e—i,(j=1e—j), |i'=1e—il<r
Ky ((i',1), (i,])) = and |( —1)e—jl <5, (22)
0, otherwise,

p' is a fuzzy measure defined on (Dg 0, P(Dg,u,0)). Furthermore, we assume that K;vl and

' are adjusted so that F(*;K,l ) Preserves constant functions.
W ’

It is easy to see that the integral kernel Ka,l is the inverse to Ky (for the definition of
the inverse fuzzy relation, see page 6) if we restrict ourselves to the original domains D
and D,, that is, K;,! (', /), (i,7)) = Kw((i,]), (i',j')) for any (i,j) € D and (,]') € D,.

A reverse (negative) LIT-decompression is defined analogously by a reverse lattice

integral transform G(;ngl,v’) : F(Doup) — F(D), where K;vl is the same integral kernel

as in the previous case, and v’ is a complementary fuzzy measure on (Dy,u,0, F (Dou,0)),
such that constant functions are reversed. It should be noted that the decompression
of the negative image, which is a result of the compression procedure, we again get a
positive image.

4.1.4. Opening and Closing

Opening and closing are two important morphological operators. They are both
derived from the fundamental operations of erosion and dilation, namely, the opening is
defined as an erosion followed by a dilation, and vice versa for closing. Opening is generally
used to restore the original image to the maximum possible extent. It eliminates the thin
protrusions of the obtained image and is also used to remove internal noise. Closing is
generally used to smooth the contour of the distorted image and fuse back the narrow
breaks and long, thin gulfs. It is also used to remove the small holes in the obtained image.

In our case, we consider the opening and closing defined by fuzzy morphological
erosion and dilation, which correspond to the direct lower and upper lattice fuzzy trans-
forms, respectively, as was shown in [15]. The fuzzy morphological erosion (dilation) is
defined in a way similar to the minimum (maximum) filter introduced in Table 1. More
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precisely, fuzzy morphological erosion is the (Kyy, u, —)-lattice integral transform from
F(Dys) to F(D), where u* denotes the least fuzzy measure on the powerset P(D;,s) and
the window W consists of arbitrary weights from [0, 1], as described in Section 4.1. The
fuzzy morphological dilation is the (Ky, 1 |, ®)-lattice integral transform from F (D, ) to
F(D), where 1" denotes the highest fuzzy measure on the powerset P (D, ) and again the
window W consists of arbitrary weights from [0, 1]. However, the lattice integral transforms
provide an opportunity to generalize the fuzzy morphological erosion (dilation), so that
instead of the least (highest) fuzzy measure, we can consider fuzzy measures that are close
(but not equal) to the least (highest) fuzzy measure. The combination of more general
fuzzy morphological operations introduces a generalization of opening and closing. More
precisely, a generalized opening (LIT-opening) operation is obtained as the composition
of the (K, 1, —)-lattice integral transform (LIT-erosion) and (K, ', ®)-lattice integral
transform (LIT-dilation) that are set to preserve constant functions and y is close to y* and
#' to u'. The reverse composition of the previous lattice integral transforms leads to a
generalized closing (LIT-closing) operation. Other alternatives to opening and closing can
be obtained by applying reverse lattice integral transforms.

4.2. Illustration of Filtering, Compression/Decompression, and Opening/Closing

The aim of this part is to illustrate our method based on integral transforms for lattice-
valued functions. We do not have the ambition to present results that surpass current
approaches, but we want to show that lattice integral transforms provide a useful tool for
extending selected methods with a wide space for setting parameters that can be used to
solve various tasks in image processing. We believe that certain parameter settings could
provide interesting alternatives to popular techniques such as the median, minimum, or
maximum filter, opening and closing, and the (reverse) lattice integral transforms can be
used to introduce other useful types of filters and morphological operators. However, a
detailed analysis is beyond the scope of this article, and we leave it for future work.

For illustration, we assume complete residuated lattices determined by continuous
t-norms from the Schweizer-Sklar class of t-norms T;° (see Example 2) and negations
N=N is determined by the residuum —7ss for A > 0 (see Example 3). Note that N )%S are

involutive for A > 0, thatis, N ;C\’ SoN )S\S =1id 0] where id 0] denotes the identity function

on [0,1]. In addition, we consider a fuzzy measure y = y? L= Ho (PZ , for the (K, p, ®)-

lattice integral transform and an N-conjugate fuzzy measure puf; = y’Z’;'N =uo (pZ’;’N

for the (K, u, —)-lattice integral transform, which were introduced in Examples 6 and 7,
and a complementary fuzzy measure v = N oy = uN for the reverse (K,v, ®)-lattice
fuzzy integral and a complementary N-conjugate fuzzy measure v5;, = N o u{; for the
reverse (K, v, —)-lattice integral transform, which were discussed in Example 10. Since the
negation N is involutive in our case, we get v§; = .

For image filtering and other tasks based on our method, we have prepared a program
in Mathematica v. 12 software, which is sufficient for our illustration, but insufficient for
real applications. In this direction, we plan to prepare the code in Python.

4.2.1. Image Filtering

For illustration, we consider the Cameraman image (256 x 256) with 30% and 40% of
salt-and-pepper noise, see Figures 6b and 7b, where we assume that the salt and pepper
noise is in the ratio 2:1 and 3:1, respectively. The reason for the non-uniform distribution of
salt and pepper noise is to show that (reverse) LIT-filters provide a more efficient way to
reduce noise due to greater parameter flexibility than the standard median filter and its
combination with minimum filter. Note that the median filter provided the best solution in
case of the uniform distribution of salt and pepper noise in our experiment. To compare
results of (reverse) LIT-filters with the median filter approach, we use the same window
of size 3 x 3 with all weights equal to 1. Further, we consider A = 2, which specify the
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used t-norm, residuum, and negation. The fuzzy measure is the crucial parameter in our
experiment and its setting will be specified for each result of (reverse) LIT-filters.

Filtering results of 30% salt-and-pepper noise (2:1 ratio) for different filters are dis-
played in Figure 6. In our demonstration, we also consider the application of two filters in
succession to show the effect of the composition of LIT-filters determined by the multipli-
cation and residuum. In Figure 6¢c—e, one can see the results of the median filter and the
LIT-filter with the multiplication (M-LIT-filter) with the fuzzy measure y = y(5)5610.67, and
the reverse LIT-filter with the multiplication (M-reverse LIT-filter) with the complementary
fuzzy measure v derived from yu. By adjusting the fuzzy measure y;, we can remove more
salt noise, see Figure 6d, compared to the median filter, see Figure 6¢, with the presence
of a higher proportion of pepper noise. The negative image as the result of the M-reverse
LIT-filter seems unnecessary at first glance, especially if we want to work with it immedi-
ately without further processing. In Figure 6f—i, one can see the results of combinations
of two filters. Particularly, we use the double application of the median filter (D-Median
filter) and the application of the median filter and then the minimum filter (Min-Median
filter). Further, the composition of the LIT-filters with the multiplication and residuum
(MR-LIT-filter), where the R-LIT-filter with the N-conjugate fuzzy measure uS; derived
from y = ;4(1].5’0_5 (the same fuzzy measure as for the median filter, see Table 1) is applied
on the result of the M-LIT-filter displayed in Figure 6d. Finally, the composition of the
reverse LIT-filters with the multiplication and residuum (MR-reverse LIT-filter), where
the R-reverse LIT-filter with the N-conjugate complementary fuzzy measure v{; derived
from p = y8.39,0.56 is applied on the result of the M-reverse LIT-filter displayed in Figure 6e.
Comparing the results visually, the MR-reverse LIT-filter in Figure 6i provides the best
filtering. This claim is also underlined by the highest PSNR among others in Table 2.

Filtering results of 40% salt-and-pepper noise (3:1 ratio) for different filters are dis-
played in Figure 7. We consider the same filters as in the previous case. The M-LIT filter has
the same fuzzy measure as above. For the MR-LIT-filter, we consider the conjugate fuzzy
measure pf; derived from p = jig23 05 in the setting of R-LIT-filter, which is applied on the
result of the M-LIT-filter in Figure 7d. The M-reverse LIT-filter and MR-reverse LIT-filter
have the same setting as in the previous case. Again, the MR-reverse LIT-filter provides the
best result both visually and supported by the highest PSNR (see Table 2).

To summarize the results, the filters based on (reverse) integral transforms seem to
be useful in filtering non-uniform salt-and-pepper noise from images. For the sake of
comparison, the only parameter here was the fuzzy measure whose setting improves the
results for the median filter. The further development of more sophisticated filters based
on (reverse) lattice integral transforms is the subject of future research.

Table 2. PSNR for different methods of filtering of salt-and-pepper noise.

Filters PSNR for 30% Noise (dB) PSNR for 40% Noise (dB)
Median filter 18.416 13.552
M-LIT filter 18.933 16.675
D-Median filter 20.614 15.714
Min-Med filter 16.496 17.192
MR-LIT-filter 21.372 18.939

MR-reverse LIT filter 21.373 19.789
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Figure 6. Filtering Cameraman image with 30% salt-and-pepper noise (2:1 ratio) using standard filters
and new filters based on (reverse) lattice integral transforms with the window 3 x 3. (a) Original
image; (b) 30% salt-pepper; (c) Median filter; (d) M-LIT-filter; (e) M-reverse LIT-filter; (f) D-Median
filter; (g) Min-Median filter; (h) MR-LIT-filter; and (i) MR-reverse LIT-filter.

4.2.2. Image Compression and Decompression

For illustration, we use the Lena image (256 x 256) and the compression ratio of 4:1,
that is, the shift is ¢ = 2. We consider the window of size 5 x 5 with the weights equal
to 1 around the center and other less than 1, more specifically, w;; = 1 for i,j € [-3,3]
and w;; < 1, otherwise. The respective integral kernel is denoted by K. Additionally, we
consider A € {0.5,1,2}, which specifies the operations used.

For LIT-compression, we consider the fuzzy measure y = V8.16,0.36' and the remaining
fuzzy measures are derived from yu as follows: pu{; is the conjugate fuzzy measure to y,
v = uN is the complementary fuzzy measure, and v is the conjugate complementary
fuzzy measure to v. The results of LIT-compression of the Lena image for different set-
tings are displayed in Figure 8 (the figure is partially adopted from [8]). In particular,
the multiplication-based (M-) LIT-compression and residuum-based (R) LIT-compression
are presented in Figure 8a,b. The negative output image for the multiplication-based
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(M-) reverse LIT-compression and the residuum-based (R-)reverse LIT-compression can be
seen in Figure 8c,d.

Figure 7. Filtering Cameraman image with 30% salt-and-pepper noise (2:1 ratio) using standard filters
and new filters based on (reverse) lattice integral transforms with the window 3 x 3. (a) Original
Image; (b) 30% salt-pepper; (c) Median filter; (d) M-LIT-filter; (e) M-reverse LIT-filter; (f) D-Median
filter; (g) Min-Medjian filter; (h) MR-LIT-filter; and (i) MR-reverse LIT-filter.

For LIT-decompression, we consider the highest fuzzy measure as #’ on P(D,,,,») and
the remaining fuzzy measures are again derived from ' as for y, where we use v/ = u'N.
The reason for setting 1’ is the fact that the cores of the inverse integral kernel K~! have
the form of singleton, two, and four element sets. Therefore, according to Theorem 4 and
the fact that we consider a symmetric fuzzy measure (see Remark 1), we must assign the
fuzzy measure u’ equal to 1 to all singletons leading to the highest fuzzy measure. The
results of the decompression of the compressed Lena image in Figure 8 for different settings
are shown in Figure 9 (the figure is partially adopted from [8]). The (reverse) LIT-image
decompression always uses the adjoined operation to that which is applied in the LIT-
image compression; i.e., the R-(reverse) LIT-decompression is applied to the M-(reverse)
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LIT-compression, where the residuum (R) is an adjoined operation to the multiplication
(M), and vice versa.

In principle, lattice integral transforms lead to lossy (irreversible) compression, and
the question is whether the quality of reconstructed images can be improved by appropriate
parameter settings, which is the subject of our future research. To compare the quality of
Lena image decompression for the various types of LIT-decompression, we calculated the
PSNR for each reconstructed Lena image. The results are shown in Table 3, according to
which the best decompression is obtained by the R-LIT-decompression with A = 0.5 (the
left image in Figure 9b).

Table 3. PSNR for various types of decompression of the 4:1 compressed Lena image by LIT-compression.

Type of Decompression

A
R-LIT M-LIT R-Reverse LIT M-Reverse LIT
0.5 22.2247 21.6284 21.0906 19.8279
1 22.0335 21.4833 20.6404 20.7553
2 19.2163 18.0559 16.4282 18.986

4.2.3. Opening and Closing

For the last illustration in this paper, we use a 300 x 300 binary image with black balls
inside a white circle, which can be seen in Figure 10a. Similarly to compression, we consider
the window (structuring element) W of size 5 x 5 with the weights equal to 1 around the
center and other less than 1.

By setting the window W, the effect of the morphological operations can be seen on
white pixels. As we stated above, in our case, opening and closing operations are fuzzy
morphological operations that can be expressed in terms of lattice integral transforms as
compositions of fuzzy morphological erosion and dilation.

The results of fuzzy morphological erosion, dilation, opening, and closing for the
considered image with respect to the given window are shown in Figure 10b—e. For
example, we can see that the white space erodes in Figure 10b and is extended in Figure 10c.
For comparison, we consider the LIT-dilation defined as the (K, i, ®)-lattice integral
transform with y = y0_12,0_24, which is close to the highest fuzzy measure yT, and the
LIT-erosion as the (Kyy, pt/, —)-lattice integral transform with ' = u, which is close to .
Further, we use the t-norm T3° and its residuum —rrss with A = 1 in the definitions of

lattice integral transforms. The LIT-opening is defmed as the composition of LIT-erosion
and LIT-dilation, and vice verse for the LIT-closing. The results of all modified fuzzy
morphological operations are displayed in Figure 10f-i. The effect of the newly defined
conjugate fuzzy measure y’ in the LIT-erosion is obvious and consists in a smaller erosion
of white part in the image in contrast to the fuzzy erosion. The opposite effect can be
recognized for the LIT-dilation defined by the fuzzy measure . The LIT-opening provides
a better restoration of the original image than fuzzy opening, and the LIT-closing leaves
more of the black circle than the fuzzy closing. Interestingly, morphological operations
based on lattice integral transforms better preserves the shape of black balls in image.
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(b)

(d)

Figure 8. Compression of the Lena image in the 4:1 ratio using (reverse) LIT-compression with a
5 x 5 window for various operations determined by A = 0.5 (left), A = 1 (middle) and A = 2 (right).
(a) M-LIT-compression; (b) R-LIT-compression; (c¢) M-reverse LIT-compression; and (d) R-reverse
LIT-compression.
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(b)

Figure 9. Cont.
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(e)

Figure 9. Decompression of 4:1 compressed Lena image using (reverse) LIT-image decompression
for various operations determined by A = 0.5 (left), A = 1 (middle), and A = 2 (right). (a) Original
Lena image; (b) R-LIT-decompression of M-LIT-compressed Lena image; (c¢) M-LIT-decompression of
R-LIT-compressed Lena image; (d) R-reverse LIT-decompression of M-reverse LIT-compressed Lena
image; and (e) M-reverse LIT-decompression of R-reverse LIT-compressed Lena image.

@)

200 S

(b) (c) (d) (e)

OO

(®) (8 (h) (@)

Figure 10. Comparison of fuzzy and lattice integral transforms (LIT)-based morphological operations

of erosion, dilation, opening, and closing with the use of window of size 5 x 5. (a) 300 x 300 binary
image; (b) Fuzzy erosion; (c) Fuzzy dilation; (d) Fuzzy opening; (e) Fuzzy closing; (f) LIT-erosion;
(g) LIT-dilation; (h) LIT-opening; and (i) LIT-closing.

4.3. Remark on Method Complexity

The complexity of the method depends on the implemented algorithm. In case the
output pixel of the median filter is calculated by the brute-force method, i.e., first a list
of pixel values in the filter window (kernel) is built, then it is sorted and finally the
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median is determined as the middle value in the list, the complexity of the algorithm is
O(R?log R) for a window of size R x R (see, e.g., [34,35]). When a constant number of
possible pixel values is considered, as in the case of 8-bit images, a bucket sort can be used
resulting in O(R?) complexity [34]. Fast algorithms for median filters use a histogram
instead of a sorting algorithm to calculate the median with O(1) complexity. The classical
algorithm proposed by Huang et al. in [36] and used in virtually all publicly available
implementations, provides O(R) complexity (see, also, [34]). An improvement of the
Huang’s algorithm was proposed in [34] which decreases the complexity of the median
filter to O(1). Nevertheless, as was noted in [35], a disadvantage of this method is a high
memory consumption and a complicated implementation in hardware. In [37], the authors
show that even for the weighted median filter the standard complexity O(R?) can be
reduced to O(R) with the help of a joint histogram. This is possible under the assumption
that the weights do not varies according to feature distance. It should be noted that all
approaches reducing the complexity of the (weighted) median filter to O(R) or even O(1)
use a trick that simplifies the histogram update, since this step is crucial to determine the
complexity of the algorithm.

To discuss the complexity of a non-linear filter based on lattice integral transforms, we
present the basic steps of the method in Algorithm 1, where the operation * represents one
of the operations ® and —.

Algorithm 1 Non -linear filter based on lattice integral transform

Input: Image I of size N x M, window W = {wy (1} of size R x Rwith R =2r+1
Output: Image | of the same size as I
Initialize pixel neighborhood H = {Hy}
fori =1to N do
forj=1to Mdo
fork = —rtordo
for { = —rtordo
Calculate pixel neighborhood H = {H,} with Hy, = I(i +k,j+ €) x wy
end for
end for
J(i,j) < Integrate(H)
end for
end for

The algorithm shows that the list H representing the “weighted pixels” in the neigh-
borhood must be updated at each step, resulting in O(R?) complexity. To calculate the
Sugeno-like integral of the list H, we need three consecutive procedures (cf. Corollary 1):
sort the list H, multiply it by the list of measure values, and find the maximum, which
results in O(R?log R) complexity, i.e., the complexity of sorting the list H, which is the
most complex procedure of all. If a constant number of possible pixel values is considered,
the complexity can be reduced to O(R?) by using the bucket sort. To summarize, the
complexity of the proposed filter is the same as the complexity of the weighted median
filter. Since the scheme of the compression/decompression algorithm is analogous to
Algorithm 1, only the image size | in the output is different, the same complexity also holds
for these tasks.

5. Conclusions

In this paper, we demonstrated an application of (reverse) integral transforms for
lattice-valued functions to image processing. We introduced two types of lattice integral
transforms and showed some of their properties, including the preservation (reversion) of
constant functions, which is an important property considered in image processing. Specif-
ically, we used lattice integral transforms for image filtering, compression/decompression,
and extension of fuzzy morphological opening and closing operations. The proposed meth-
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ods are illustrated on different images. The advantage of the application of lattice integral
transforms in image processing is a wide range of settings where the user can combine the
integral kernel (window), fuzzy measure, and the definitions of multiplication, residuum,
and negation operations. The provided demonstration cannot be taken as a comprehensive
presentation of image processing methods based on lattice integral transforms, but rather
as a new and perspective approach that could expand the class of similar methods as
non-linear filters or (fuzzy) morphological operations.

In future research, we plan to analyze in detail the relationship between the setting of
lattice integral transform parameters and the results for various tasks in image processing
and compare outputs also with other non-linear approaches on a large image datasets.
In addition, we also intend to apply the proposed approach to color images or videos as
follows. The movie is decoded into individual frame(s) and accessed separately. The color
image is then divided into color channels and independently processed one by one. The
standard RGB color model is suitable for noise filtering. For compression, it is preferable
to use the YUV color model, where U and V are compressed more strongly than the Y
component that contains information important to human perception. Finally, the proposed
method can be used as a pooling layer in deep neural networks. Here, pooling is a layer
without trainable parameters that reduces spatial dimension, and it is one of the basic layers
used in convolutional neural networks. Contrary to standard pooling operations of mean
or maximum, we access the spatial information in a more sophisticated way, from which a
neural network should benefit. The implementation and confirmation of this hypothesis is
our next challenge.
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