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Abstract—Restricted equivalence functions are well-known
functions to compare two numbers in the interval between 0
and 1. Despite the numerous works studying the properties of
restricted equivalence functions and their multiple applications
as support for different similarity measures, an extension of these
functions to an n-dimensional space is absent from the literature.
In this paper, we present a novel contribution to the restricted
equivalence function theory, allowing to compare multivalued
elements. Specifically, we extend the notion of restricted equiv-
alence functions from L to L" and present a new similarity
construction on L". Our proposal is tested in the context of
color image anisotropic diffusion as an example of one of its
many applications.

Index Terms—Restricted equivalence function, fuzzy multiset,
similarity measure, Color image, Anisotropic diffusion.

I. INTRODUCTION

Comparison operators have been a matter of study in last
years [1], [2]. In fact comparison is one of the most basic
operations on data, toghether with equality and sorting, which
has boosted long effort on modeling those operators. In a
general manner, the research effort has often been tailored
to accomodate behaviours as close as possible to human
behaviour.

A large part of literature on comparison operators is devoted
to metrics, as well as to tighly related classes of operators
(as pseudometrics [3], and quasimetrics [4]), in which the
metric axioms are either imposed or even tightened, as it is
the case of ultrametrics [5]. However, it is unclear whether hu-
mans actually behave according to the triangle inequality [2].
Many different counterexamples can be found in specific
contexts [6]. For this reason, researchers have attempted to
build paradigms of comparison which are neither based nor
inspired by metrics. A sensible taxonomy is that by Tversky,
discriminating spatial and geommetrical strategies for data
comparison [1], in which metrics being listed within the spatial
ones. Still, some approaches in literature fit none of both

Mikel Ferrero-Jaurrieta, Iosu Rodriguez-Martinez, Javier Fernandez, Carlos
Lopez-Molina and Humberto Bustince are with the Departament of Statistics,
Computer Science and Mathematics, Public University of Navarra, 31006
Pamplona, Spain (e-mails: {mikel.ferrero, iosu.rodriguez, fcojavier.fernandez,
carlos.lopez, bustince} @unavarra.es).

Zdenko Takac is with the Institute of Information Engineering, Automation
and Mathematics, Faculty of Chemical and Food Technology, Slovak Uni-
versity of Technology in Bratislava, Bratislava, Radlinskeho, 9, Bratislava,
Slovakia (e-mail: zdenko.takac @stuba.sk).

Cedric Marco-Detchart is with the Valencian Research Institute for Artificial
Intelligence (VRAIN), Universitat Politecnica de Valencia, Valencia, 46022,
Spain (e-mail: cedmarde @upv.es)

Angela Bernardini is with NAITEC, Technological Center for Automotive
and Mechatronics, C/ Tajonar, 20, Pamplona, 31006, Spain.

strategies, a relevant example being some of the comparison
operators in the Fuzzy Set Theory.

Within the Fuzzy Set Theory, comparison has been tackled
in different manners. While a significant part of this effort
has been devoted to the idea of fuzzy metrics [7], [8], some
researchers have opted out by designing operators based on
different inspirations and axioms. One of the most relevant
ones is the Restricted Equivalence Functions (REFs), pre-
sented in [9] for the comparison of membership degrees in
[0,1] by adapting the original axioms proposed by Fodor
and Roubens [10]. Since its introduction, the concept of
REF has been further adapted to compare non-scalar data.
Relevant examples are the Interval-valued REFs (IV-REFs),
designed to compare interval-valued membership degrees [11],
or the Radial REFs (RREFs), tailored to scalar data in radial
setups [12]. A critical need in the adaptation of REFs to
scenarios other than its original one relate to the modelling
of the monotonicity in data, which is critically used in the
axiomatic definition of REFs. Unlike metric-inspired com-
parison operators, REFs do not rely on triangle inequality.
Instead, they model similarity on the basis on data ordering.
While monotonicity and ordering is trivially modelled in
[0,1], it is not straightforward in other scenarios, as interval-
valued or radial data. Hence, dedicated studies are devoted
to the understanding and modelling of monotonicity in such
scenarios in order to design context-specific REFs.

This work presents an adaptation of REFs to multivariate
data, which we denote as L". Specifically, we present the
idea of L™-REFs, and develop a set of axioms these operators
must fulfill, with special focus on data ordering. Also, we
present construction methods for L"-REFs able to accom-
modate different interpretations in multivariate ordering. Our
proposals are aligned with the classical taxonomy of orderings,
as described in the seminal work by Barnett [13]. Note that
imposing some order for multivariate data is necessarily an
arbitrary, context-dependent task, since there is no natural
order for multivariate data [13]. As a proof-of-concept, L"-
REFs are put to the test in color comparison for anisotropic
diffusion. As long as color information is normally represented
as multivariate data (irrespective of the specific color space),
L"-REFs can be used for color comparison in image process-
ing tasks.

The remainder of this paper is organized as follows. Sec-
tion II recaps some basic mathematical notions that would be
used throughout the rest of the paper. Section III introduces
the extension of REFs on L™. Section IV tackles the con-
struction of a similarity measures between fuzzy multisets,



This article has been accepted for publication in IEEE Transactions on Fuzzy Systems. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TFUZZ.2023.3235405

IEEE TRANSACTIONS ON FUZZY SYSTEMS

while Section VI presents an application of these operators to
content-aware smoothing in color images. Finally, Section VII
presents the conclusions of the paper.

II. PRELIMINARIES

This section collects the mathematical definitions applied
in upcoming sections.

In this paper we consider the lattice (L, <) where L = [0, 1]
and < is the natural order on real numbers. We refer to the
elements in L™ with capital letters, that is X = (21,...,2,) €
L™. There is a partial order <p induced by <, given as
follows: X <p Y iff x; < y; for all ¢ € {1,...,n}. The
definition of % is the same throughout the text for short;
otherwise, it will be explicitly redefined for some exceptions
if required.

We denote 0 = (0,...,0) € L and 1 = (1,...,1) € L™

Definition IL.1. [I/4]-[16] A function G : L™ — L is
called a n-ary aggregation function if it satisfies the following
properties:

(G1) G(0)=0

(G2) G(1) =1

(G3) G is increasing in each variable.

Some properties that are later used and that can be fulfilled
by the aggregation functions are the following:
(Giffl) G(z1,..
(Giff2) G(x1,..

An example of aggregation function is a n-ary Weighted
Arithmetic Mean (WAM) on L with normalized weights
wy,...,w, € L. Given X = (x1,...,2,), a WAM is a
mapping w : L™ — L defined by w(X) = wix1 + ...+ wpx,
where wy +...+w, = 1.

STp)=0iffz; =... =2, =0.
rp)=1iffx; =... =2, =1

Definition I1.2. An automorphism is a continuous, strictly
increasing function ¢ : L — L, such that ¢(0) = 0 and
©(1) = 1. Moreover, the identity on L is denoted by Id.

Definition I1.3. [9] A function R : L x L — L is called a

Restricted Equivalence Function (REF), if it satisfies:

R R(z,y)=1ifz=y.

(R2) R(:&y) =0 lﬁf{$7y} = {07 1}'

(R3) R(z,y) = R(y,x) for all ,y € L.

RA) If x <y < z then R(z,y) < R(z,2) and R(z,z) <
R(y, z) for all z,y,z € L.

In [17], a construction method for REFs in terms of
automorphisms is introduced.

Proposition 1L4. [17] If p1,po are two automorphisms of
L, then the function R : L x L — L defined by

R(z,y) = o7 ' (1= |p2(z) — 02(y)])
is a REF.

Definition IL5. A function f : (L™)™ — L™ is called

representable if there exist functions f1,...,fn : L™ — L
such that
f(Xla cee aXm) = (fl(l'lla cee 7xm1)a ceey fn('rlna .-

(D

for all X1,...,X,, € L™ with X; = (zi,.-
ie{l,...,m}

s Tin) for all

Definition I1.6. Let U be a non-empty universe, then a fuzzy
set on U is a function A : U — L. The set of all fuzzy sets on
U is denoted by F(U).

Definition I1.7. Let U be a non-empty universe, then a fuzzy
multiset on U is a function A: U — L"™. The set of all fuzzy
multisets on U is denoted by LF(U). For each u € U, we
denote A(u) = (A(u)1, ..., A(u)n).

We consider the partial order (inclusion) on LF'(U) for all
A,B € LF(U) given by A C B iff A(u) <p B(u) for all
uelU.

Throughout this work, different f : (L™)™ — L™ (as
presented in Def. I.5) can be applied to a point X; =
(Ti1y. .y Tin) € L™, that is, f(X1,...,X,,). Furthermore,
in this work some f functions are constructed with different
WAMs for m = n; in these cases the function f takes the
form

F(X1, ...

which can be rewritten as a lineal transformation of a point
X € L™ to another point X’ € L™ by action of a matrix
multiplication as

» Xn) = (Wi(X), .., wn (X))

(f(Xh cee 7Xn))T =
wi (X) wi1T1 +t+ WinTy
wp(X) Wp1T1 + +  WpnTy
w11 Win T
: S =wxXT=XT (2
Wp1 Whn Ty

where the i-th row of the matrix I is composed of the weights
of the i-th WAM w;. This form of representation allows us
to treat many future operations as simple algebraic linear
operations.

III. RESTRICTED EQUIVALENCE FUNCTIONS ON L"

This section introduces the extension of REFs on L"
allowing to compare multivalued objects. Depending on how
opposite multivalued objects are defined, two different classes
of REFs are presented: type 1 (Section III-A) and type 2
(Section III-B). Then, we study the combination of both types
of REFs (Section III-C).

A. Restricted equivalence function on L™ of type 1
If we only consider the elements 0 and 1 as opposite,

leading to the minimum similarity value, a REF on L" of
type 1, Ry, is defined as follows.

Definition IIL.1. Let n be a positive integer. A function Ry, :
L™ x L™ — L™ is called a REF on L™ of type 1, if it satisfies
the following properties:

CZmn)) , (RL1Y) Ry (X,Y)=1iff X =Y.

(RL21) RL1 (va) =0 lff{va} = {Ov 1}
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(RL31) Ry, (X,Y) =Ry, (Y,X) forall X,Y € L".
(RL41) IfX <pY <p Z, then RLI(X; Z) <p RLl(X,Y)
and Ry, (X,Z) <p Ry, (Y. Z) forall X,Y,Z € L".

Next we present a construction method for REF on L™ of
type 1 according to Def. III.1.

Theorem IIL.2. Let n be a positive integer and w;
L™ — L be n-ary WAMs with normalized weighting vectors
(wi1, ..., wy) such that the vectors are linearly independent
and there exists k € {1,...,n} with wy; # 0 for all
je{l,...,n}. Let R = (Ry,...,R,) be a sequence of REFs
on L. Then a function Ry, : L™ x L™ — L™ given by

s B (wn (X)), wn(Y)))
€)]

RL1 (X, Y) = (Rl(wl(X),wl(Y)), PN

is a REF on L™ of type I for all XY € L".

Proof. (RL1;) Sufficiency follows from Eq. (3). With respect
to necessity, let Ry, (X,Y) = 1; then,

R; (OJZ(X),OJZ(Y)) =1, for all ¢ € {17 . ,n} @

By (R1), Eq. (4) is satisfied iff w;(X) = w;(Y), for all
i € {1,...,n} which implies X = Y, by the linearity of
the weighting vectors.

(RL2;) Again, we only prove necessity. Let Ry, (X,Y) =
0; then we have

R; (wi(X),w;(Y)) =0, forallie{l,...,n} 5

By (R2), Eq. (5) is satisfied iff {w;(X),w;(Y)} = {0,1}.
Since there exists £ such that wy; # 0 for all j € {1,...,n},
and so it follows that w;, satisfies (Giff1) and (Giff2), it follows
that {X,Y} = {0,1}.

(RL3;) The proof is straightforward.

(RL4y) From z; < y; < z; we have w;(X) < w;(Y)
w;j(Z) for all j and, consequently, R;(w;(X),w;(2))
R;(w;j(X),w;(Y)), from which it follows that Ry, (X, Z)
Rp,(X,Y). The proof for Ry, (X,Z) <p R, (Y,Z)
similar.

O & INIAIA

We introduce a construction method for REF on L" of type
1 rewriting the REFs (Ry,..., R,) in Theorem IIL.2 in terms
of automorphisms.

Corollary IIL.3. Under the assumptions of Thm. I11.2, let p;;
fori e {1,...,n} and j € {1,2}, be automorphisms of L.
Then a function Ry, : L™ x L™ — L™ given by

R, (X,Y) = (11 (1 = [pr2(wi(X)) — prz(wi(Y))]),
e @nt (1= len2(@n(X)) = @r2(wn(Y)) 5 (6)
is a REF on L™ of type 1, for all X, Y € L".

Note that it is possible to rewrite this expression in terms
of Eq. (2) if all w; are WAMs such that

RLl (Xa Y) =R ((WXT)T7 (WYT)T) ) (N

where the matrix W is composed of the weights of the w;
WAMSs and R is a sequence of REFs on L.

B. Restricted equivalence function on L™ of type 2

Instead considering the elements 0 and 1 as opposite, but
any complementary pair of crisp elements, leading to the
minimum similarity value, a REF on L™ of type 2 is defined
as follows.

Definition II1.4. Let n be a positive integer. A function Ry, :

L™ x L™ — L™ is called a REF on L™ of type 2, if it satisfies

the following properties:

(RL12) R, (X, Y)=1i{f X =Y.

(RL23) Rp,(X,Y) =0 if {z;,y:} = {0,1}.

(RL33) R.,(X,Y) = R, (Y,X) for all
(1, y20), Y = (y1,...,yn) € L™

(RL4s) If min(x;,2;) <y <  max(wz;,2), then
131/2()(7 Z) Sp RLQ(X,Y) and RL2(X, Z) Sp
Ry, (Y,Z) for all X = (zi...,2,),Y =
Yiye o sYn), Z = (2iy...,2n) € L™

Next we present a construction method for REF on L™ of
type 2 according to Def. II1.4.

X =

Theorem IILS. Let n be a positive integer and w;
L™ — L be n-ary WAMs with normalized weighting vectors
(Wi, ..., W) such that the vectors are linearly independent
and there exists k € {1,...,n} with wy; # 0 for all
je{l,...,n}. Let R = (Ry,...,Ry,) be a sequence of REFs
on L. Then a function Ry, : L™ x L™ — L" given by

RLz(X7Y) = (wl (Rl(xhyl)a .. '7R1(xn7yn)) y
s, Wn (Rn(xlayl)v"-aRn(xnayn))) 9 (8)

is a REF on L™ of type 2, for all X,Y € L™

Proof. (RL15) Sufficiency follows from Eq. (8). With respect
to necessity, let Ry, (X,Y) = 1; then,

wi (Ri(x1,91), .., Ri(zn,yn)) =1, forall i € {1,...,n}

Since there exists k& such that wy; # 0 for all je {1,...,n},
it follows that wy, satisfies (Giff2), thus Ri(z1,y1) = ... =
Ry (zy,yn) = 1 from which it follows that X =Y.

(RL22) Again, we only prove necessity. Let Ry, (X,Y) =
0; then,

w; (Ri(z1,91), ..., Ri(xn,yn)) =0, foralli e {1,... ,n}.

Since there exits k € {1,...,n} such that wy,;7#0 for all
j € {1,...,n}, it follows that wy satisfies (Giffl), hence
Ri(z1,v1) = ... = Ri(xn,yn) = 0 and consequently
{z1, 11} =...={zn,yn} = {0,1}.

(RL33) The proof is straightforward.

(RL45) Let min(z;,2;) < gy < max(z,2)
for all 4. Then R;(xj,z2;) < Ri(zj,y;) for
all 4,7, hence w(Ri(z1,21),-..,Ri(Tn,zn)) <

w(Ri(x1,y1), -, Ri(xn, yn)) and consequently
Rr,(X,Z) < Rp,(X,Y). The proof for Rr,(X,Z) <p
Ry, (Y, Z) is similar. O

We introduce a construction method for REFs on L™ of
type 2 rewriting REFs (Ry, ..., R,) in Thm. IIL5 in terms of
automorphisms.
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Note that it is possible to rewrite this expression in terms
of Eq. (2) if all w; are WAMs such that

Rp,(X,Y) = (WREX. V)", )

where the matrix W is composed of the weights of the w;
WAMs and R is a sequence of REFs on L.

Corollary I11.6. Under the assumptions of Thm. IIL.5, let ¢;;
Jori € {1,...,n} and j € {1,2}, be automorphisms of L.
Then a function Ry, : L™ x L™ — L™ given by

R, (X,Y) = (wi(p1y (1 = [@r2(21) — ¢r2(y))),
e (L= pra(z,) — ©12(yn))))
S wn (n1 (1= lon2(21) — @na(yl)]),
cosopt (L= lona(xn) = @n2(ya)))) »  (10)
is a REF on L" of type 2, for all X,Y € L™

C. Convex combination between REFs

From the definitions of REF on L™ of type 1 and 2
(Defs. III.1 and III.4), the question naturally arises of what
type of function would be obtained from the convex combi-
nation of both similarity measures.

As proved by the following theorem, any convex combina-
tion of the two different types of REFs is again a REF on L"
of type 1. This statement provides a new construction method
for REFs on L™ of type 1.

Theorem IIL7. Let Ry, : L™ x L™ — be a REF on L™ of
type 1 and Ry, : L™ x L™ — be a REF on L" of type 2.
Then the convex combination aRp, + (1 — a)Ry,, for any
a €]0,1), is a REF on L™ of type 1.

Proof. (RL1;) and (RL3;) are
(RL17)=(RL12) and (RL3;)=(RL33).

(RL2;) Sufficiency directly follows from the fact that
{X,Y} = {0,1} implies {x;,y;} = {0,1} for each i.
With respect to necessity, let aRr, + (1 — «)Ry, = 0 for
some « €]0,1[; then R, = 0 and Ry, = 0. Implications
of Ry, = 0 are more restrictive than the implications of
Ry, = 0. Therefore, from aRy, + (1 — )R, = 0 it follows
{X,Y} ={0,1}. The case of @ =1 is immediate.

(RL4y) Let X <p Y <p Z, then min(z;,2;) < y;
max(z;, 2;) for all ¢ € {1,...,n}.

immediate  since

CIIA

IV. SIMILARITY MEASURE BETWEEN FUZZY MULTISETS

In this section we tackle the construction of a similarity
measure between fuzzy multisets. We first introduce aggrega-
tion functions on L™ (Section IV-A) to support the similarity
measure construction presented at the end (Section IV-B).

A. Aggregation functions on L™

Aggregating multiples values is an indispensable tool in
each discipline based on data processing [18]. Aggregation
functions [19]-[21] are usually applied to obtain the most
representative and significant information from large amounts
of data, for example, in the field of statistics or data science.

Generally, aggregation functions are defined on L [22],
obtaining as a result one single value. In this work, we define
an aggregation function and a construction method for it on
L™ as follows.

Definition IV.1. Let m be a positive integer. A function G, :
(L™™ — L™ is called an m-ary aggregation function on L"
if it satisfies the following properties:

(GL1) GL(0,...,0)=0.

(GL2) G(1,...,1) =1

(GL3) Gy, is increasing in each variable.

A construction method for aggregation functions on L™ is
given in the following theorem.

Theorem 1IV.2. Let m be a positive integer and let
Wi,y .. wp o L™ — L be n-ary WAMs. Let G = (G1,...,G,)
be a sequence of m-ary aggregation functions on L. Then a
Sunction Gy, : (L™)™ — L™ given by

Gr(X1,...,Xm) =
(Gy(w1(X1)y .- wi(Xm)),
vy Gu(wn (X)), wn (X)) (A
is an m-ary aggregation function on L™ for all X1,..., X, €

Lm.

Proof. Properties (A1)-(A3) directly follow from Eq. (11)
and the fact that G1,...,G, and w1, ...,w, are aggregation
functions. [

Proposition IV.3. Under the assumption of Theorem. 1V.2, let
wi(X) =0 iff X = 0 and let there exists j € {1,...,n} such
that w;j(X) =1 iff X = 1. Then it holds:

(1) If G; satisfies (Giffl) for all i, then it holds that

G Xy,...,.Xn)=0if X1=...=X,, =0.
(i) If G; satisfies (Giff2) for all i, then it holds that
G Xy,...,. Xp)=1if X4=...=X,, =1.

Proof. (i) Let Gp(Xi,...,X,») = 0. Then, we have
Gi(wi(Xl),...,wi(Xm)) =0 thus, for all j, wi(Xj) =0
and consequently X; = ... = X,, =0.

(ii) The proof is similar to that of item (i). O]

B. Similarity measure construction

In this paper we introduce a similarity measure between
fuzzy multisets. Similarity measures have been deeply studied
in the literature in a wide variety of applications [23]-[25].
Due to the diversity of elements to compare (e.g. images [26],
sets [27] or concepts [28]), different axioms or properties may
be required in the similarity measure construction.

In the case of punctual elements, Bustince et al. [17]
considered the following axioms (Definition 1V.4) taking into
account the concept of similarity measure for fuzzy sets
given by Xuecheng [29] also usually required in multivalued
elements comparison (for example in image processing appli-
cations) [30]-[33].

Definition IV.4. A similarity measure between fuzzy sets is a
mapping S : F(U) x F(U) — L such that:
(S1) S(A,B) = S(B,2A) for all A,B € F(U).
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(S2) S(2A,%8) = 0 if and only if {A(u),B(u)} = {0,1} for
all w e U.

(S3) S(A,B) =1 if and only if A(u) = B(u) for all u € U.

(S4) For all A,B,¢ € F(U) such that A < B < € it holds
S(A,€) < S(A,B) and S(€,2A) < S(€,B).

There are several ways to construct Similarity measures as
introduced in Definition IV.4, such as the following, based on
REFs.

Proposition IV.5. Let R: LxL — LbeaREF and G : L™ —
L an aggregation function satisfying (Giffl) and (Giff2). The
Sunction S : F(U) x F(U) — L given by

S(A,B) = G(R(A(u1), B(u1)),- .., R(A(uy), B(u,)))
(12)
is a similarity measure between fuzzy sets.

Extending this work, we define a similarity measure as
follows.

Remark 1. We formulate two types of axioms according to
the different ways of understanding complementarity in the
settings of n-tuples. This is in line with the different axioms
(RL21) and (RL23) in the definitions of REFs on L™ of
type 1 and 2, as well as with respect to the antecedents in
axioms (RL41) and (RL45), being (RL41) more restrictive
in comparison with (RL45) as well as occurring in axiom
(RL21) comparing with (RL2s). These considerations allow to
introduce two different types of similarity measures between
fuzzy multisets.

Definition IV.6. Let U be a non-empty set. A function S, :
LF(U)XLF(U) — L™ is called a similarity measure between
two fuzzy multisets of type 1, if it satisfies the following axioms
according to the definition of REF on L" of type 1:

(SL1y) Si,(A,B)=1iff A=B.

(SL2y) Si,(A,B) = 0 iff A and B are {A(u),B(u)} =
{0,1}, for all w e U.

(SL3y) Sr,(A,B) =S, (B, A) for all A and B € LF(U).

(SL4) If ACBCCCDforall A,B,C,D € LF(U), then
Sp, (A, D) <p S.,(B,C).

Definition IV.7. Let U be a non-empty set. A function St,, :
LFE(U)XLF(U) — L™ is called a similarity measure between
two fuzzy multisets of type 2, if it satisfies the following axioms
according to the definition of REF on L™ of type 2:

(SL1g) Sp,(A,B)=1if A=B.

(SL23) Sp,(A,B) =0 iff A(u) € {0,1}" and B(u) =1 —
A(u) for all w € U (A and B are complementary
crisp sets).

(SL32) Sp,(A,B) = S1,(B,A) for all A and B € LF(U).

(SL4o) If  min(A(u);, D(u);) < B(u);  and
max(A(uw);, D(u);) > C(u); for all w € U
and for all AB,C,D € LF(U), then

S, (A, D) <p Sr,(B,C) (where A(u); denotes the
ith coordinates of a n-tuple A(u)).

Next, we introduce a construction method for similarity
measures between fuzzy multisets based on the aggregation
of REFs on L™. We also prove that we obtain a similarity

measure of type 1 when aggregating REFs on L™ of type 1
and a similarity measure of type 2 when aggregating REFs on
L™ of type 2.

Theorem IV.8. Let m be a positive integer and U =
{u1,...,um}. Let Ry, : L™ x L™ — L™ be a REF on L™ of
type 1 and Ry, : L™ x L™ — L™ be a REF on L" of type

2. Let Gp, : (L™)™ — L™ be an m-ary aggregation on L"
such that, for all Xy,...,X;, € L™, Gr(X1,...,Xn) =0
implies X1 = ... = X, = 0 and Gp(X1,...,Xn) =1

implies X1 = ... = X,, = 1. Then it holds:
(i) Sp, : LF(U) x LF(U) — L™ given by

SL1 (.A, B) = GL (RL1 (A(ul), B(ul)), ceey
RL1(A(um)7B(um))) )

is a similarity measure between fuzzy multisets of type 1.
(ii) Si, : LF(U) x LF(U) — L™ given by

13)

Sr, (A, B) = Gr (Rp, (A(ur), B(u1)), - -,
RL2(A(um)vB(um))) )

is a similarity measure between fuzzy multisets of type 2.

Proof. (1) (SM13y), (SM21), (SM3;) and (SM4,) follow from
Eq. (13), the assumptions on G, and (RL1;), (RL2;), (RL3;)
and (RL4;) respectively.

(ii) The proof is similar to that of item (i). O]

(14)

Considering the construction of REFs on L™ of type 1 and
2 (Thm. III.2 and Thm. IIL.5 respectively) and the aggregation
functions on L" (Thm. IV.2), we obtain a construction method
for similarity measures of type 1 and type 2 on LF(U)
respectively.

Remark 2. By Egs. 13 and 14 we obtain a wide class of
similarity measures of type 1 and 2 on LF(U). For both we
follow the next procedure:

o Choose n-ary WAMs w; : L™ — L, such that the vectors
are linearly independent and there exists k € {1,...,n}
with wy; # 0 for all j € {1,...,n}.

e Choose a sequence R = (Ry,..., R,) of REFs on L and
construct:

(i) REF on L™ of type 1 given by Eq. (3), if the goal is
to construct a similarity measure of type 1.

(i) REF on L™ of type 2 given by Eq. (8), if the goal is
to construct a similarity measure of type 2.

e Choose a sequence G = (Gi,...,Gy,) of m-ary ag-
gregation functions on L such that G; satisfies (Giff1)
and (Giff2) for all {1,...,n}. Construct the m-ary
aggregation function Gy on L™ given by Egq. (11).
Some examples of aggregation functions G; satisfying the
above assumptions are the arithmetic mean, a WAM with
nonzero weights or the Choquet integral [34] with respect
to a fuzzy measure pon {1,...,m}, satisfying u(A) =0
iff A=0and p(A)=1if A={1,...,m}.

Two examples of the application of similarity measures
between fuzzy multisets in images are presented below.
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Fig. 1: Comparison between two images using similarity
measure between multisets. A and B represent 3x3 pixel
images, which have been amplified for visualization ease.

Example IV.9. We have the following matrices A and B:

(0,0,0) (0,0,1) (0,1,0)
A={(0,1,1) (1,0,0) (1,0,1) (15)
(1,1,0) (1,1,1) (0,0,0)

(1,1,1) (1,1,0) (1,0,1)
B=1(1,0,0) (0,1,1) (0,1,0) (16)
(0,0,1) (0,0,0) (0,0,0)

These A, B matrices can be considered as multisets where
each of the elements are degrees of membership of fuzzy
multisets:

,0)}

A= {(u1,(0,0,0), ..., (uo, (0,0,0
0,0,0)}

B = {(ur, (L, 1,1),.... (ug, (0,

In this sense, these multisets are shown as images (Fig. 1).
Notice that 8 out of 9 values of both A and B represent
complementary colours, while the remaining element is equal.
That is, 8 out of 9 elements are crisp complementary fuzzy
multisets, while the remaining one is equal. In order to
compare the images, we apply the Restricted Equivalence
Functions on L™ pixel-wise, i.e., REFs on L3. Then, the values
obtained by comparing each pixel are fused with a function
Gr: (L3)™ — L3

Taking into account the Remark 2, we first choose 3 3-ary
WAMs. The matrix W representing the linearly independent
vectors is the following.

0.8 0.1 0.1
0.1 08 0.1
0.1 0.1 08

W = 17

We choose a sequence R = (R, Ra, R3) of REFs on L, where
Ri(z,y) =1—|x—y| forall i € {1,2,3} and we construct a
REF on L™ of type 1 given by Eq. (3) to construct a similarity
measure of type 1 given by Eq. (13) and a REF on L™ of type
2 given by Eq. (8) to construct a similarity measure of type 2
given by Eq. (14).

Finally, we choose a sequence G = (G1,G2,G3)
of m-ary aggregation functions where G;(z1,...,Tm) =
LS xe for all i € {1,2,3} in order to con-
struct an m-ary aggregation function Gy on L3. Given

Xi,..., X, € L where X; = (41,%i0,7:3) for all
i € {1,...,m}, we use the expression Gp(X1,...,X,,) =
(G1(z115 -+ Tm1), Ga(T12, .., Tm2), G3(213, - -+, Tiny))-

The images representing the values obtained in the appli-
cation of the restricted equivalence functions on L3 of type 1
and type 2, are shown in Fig. 1. In the following, the similarity
between these multisets is calculated by the application of G,
to the values obtained by using Ry, and Ry, which is also
shown in Fig. 1.

13 13 13 111
suB = (gmn) S4B = (553
As previously introduced, by definition, Ry, (X,Y) = 0 iff
{X,Y} ={0,1} and R;,(X,Y) = 0 iff {z;,v;} = {0,1}.
This difference in the axiomatisation of each of the definitions
can be clearly seen by comparing the two results of this
example. When we use a REF on L™ of type 1 in the
comparison of complementary colours, this function is only
0 (black) when we compare white (1) versus black (0). On
the other hand, when we use a REF on L™ of type 2, all
comparisons between complementary colours are worth 0
(black), such as the comparison between red (1,0,0) and cyan
(0,1,1). As can be seen, this has an impact on the value of

each type of similarity measure between multisets.

Example IV.10. In this case, we compare a noisy version of
that same image (Fig. 2). Applying the two types of REFs
on L® we obtain the results shown in Fig. 2. The different
similarity measures between multisets are the following:

51, (A, B) = (0.5340,0.7668, 0.5332)
51, (A, B) = (0.5008,0.8334, 0.4997)

The image represented by the multiset B is noisy with a filter
with a magenta-dominated component ((1,0,1)). As we can
see, in both types of similarity measurement between both im-
ages the green channel ((0,1,0)), which is the complementary
colour to magenta, predominates.

V. ANISOTROPIC DIFFUSION BASED ON L"™-REFs

In this work, we intend to test whether the different
parameterizations of L"-REFs actually lead to variable results
when incorporated into an already existing data-processing
procedure. That is, whether the flexibility in L™-REFs can
be used to optimize the results in a data comparison-based
procedure. In order to do so, we have selected as case of
study the Perona-Malik Anisotropic diffusion (PMAD) model,
a well-known image processing algorithm for content-aware
smoothing. As most content-aware the smoothing strategies,
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Fig. 2: Comparison between two images using similarity mea-
sure between multisets. An image is compared with a noisy
version of itself. Both similarity measures return a “green”
result as comparison, which indicates that the added noise has
a predominant magenta component (green and magenta are
complementary colours).

the PMAD model relies on semi-local data comparison to
estimate the need for smoothing around each pixel of the
image. Hence, its application to color images requires the
design or selection of comparison operators for multivalued
(color) data.

In section V-A, with first introduce the PMAD model, as
it was initially designed for monochromatic images. Then,
Section V-B present an evolution of the classical PMAD model
to color images using L"-REFs.

A. Perona-Malik anisotropic diffusion

Image smoothing and regularization is a frequent task in
different computer vision processes. It originally intended to
produce a regularized version of the image to avoid problems
due to noise and signal contamination. However, it soon be-
came clear that such signal regularization had negative effects,
mainly the blurring of object boundaries and the disappearance
of small objects [35]. Hence, a large effort was devoted to
regularization schemes able to regularize the image within
objects, while avoiding the regularization at their boundaries.
Such efforts rendered in the so-called content-aware smoothing
techniques, examples being Bilateral Filtering [36] and Mean
Shift regularization [37].

The PMAD model is a content-aware smoothing technique
that, inspired by heat diffusion processes, is able to produce
non-isotropic smoothing on an image [38]. This technique has
been deeply studied in the literature [39], as well as evolved to
more intricate models. Evolved models normally tackle either
the construction of scale-spaces in the diffusion process [40],
[41] or the use of more elaborate information in the diffusion

process (see, e.g., the seminal work by Weickert [35]). In this
work, we stick to the original definition in [38].

Let I : © — R+ be an image. In the PMAD model,
each pixel is understood to be a body with as an amount of
heat equal to its grayscale tone. In order to simulate the heat
diffusion across the image, by Fick’s equation, certain flux ¢
in a given image I is modelled as

6= —DVI, (18)

where D is a symmetric, positive definite matrix and VI is
the local conductivity of I. At time ¢, assuming that image [
does not present heat loss, we have

5,1 = —dive (19)

where div is the divergence operator. From the above equa-
tions, we can state that

8.1 = div(DVI) . (20)

Perona and Malik defined an smoothing process over dis-
crete time ¢ in an image, based on the idea that

81 = div(g(|VI*)VI) 1)

where g is a decreasing function that modulates the amount of
heat transfer, which depends of the gradient magnitude. Perona
and Malik developed a scalar approximation of Eq. (21), in
order to avoid vectorial expressions and to adapt it to discrete
scenarios as images. Vectorial expressions can indeed be found
in, for example, [35]. According to Perona and Malik, the
image I evolves in time as

1 = oAy Uz O 12 O 1 425 w511

2] 2]

(22)
where X\ €]0,0.25] and ¥, in each one of the four directions
is given by

Unlij=Ti15— i
Uwlij=1lij-1—1i; 23)
Vplij =1 41— L

Usl;j=1Tiy1,5 —1Liyj -

The coefficient z, is a conductivity coefficient that represents
the amount of diffusion between each pixel and its environ-
ment, given by

) (24)

where g, as stated before, is a decreasing conductivity function
and v represents each one of the four different directions. The
authors in [38] propose as two different conductivity functions,

2y =g (1WA 1,

g1(x) = e_(%)2 , (25)

and

1
go(x) = (26)

=
1+ (%)
+ K
where K is a threshold that limits the diffusion when
|\I/fyIi’j| > K.
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B. Extending the PMAD model to color images

In this work, we present a generalization of the Perona and
Malik anisotropic diffusion method [38] for color images. A
previous generalization was presented in [42] for grayscale
images using Restricted Dissimilarity Functions (RDF) [43],
following a similar strategy to the one in this work.

Any content-aware smoothing technique requires some un-
derstanding of the local and semilocal information at each
pixel or region of an image. It is precisely such understanding
what determines how smoothing is locally performed. In the
case of the PMAD model, this comes down to pixel-to-pixel
comparison. Specifically, in the quantitative comparison of
each pixel with its four-point neighbours. In [42], the scalar
differences in Eq. (23) were replaced by RDFs. However, color
representation requires a multivalued representation of the in-
formation at each pixel. Regardless of the color representation
chosen for the image (RGB, CieLAB, HSV,...), it will render
in a multivalued representation of color. Hence, in order to
apply the PMAD model in color images, it is required to find
a dissimilarity measure for multivalued elements. In this case,
and benefiting from the fact that REFs take values in [0, 1], we
will create dissimilarity measures from L"-REFs by inverting
its results.

An evolution of the PMAD model able to cope with
multichannel (color) images can be achieved by replacing
Eq. (23) by:

Un1ij =sign(li-1,; — Li) - (1 = Re, (Lim,5, L j)
Ywli; =sign(lij—1 —ILi;) - (1 = R, (i j-1, J)) 27)
Vel =sign(lij41 — Lij) - (1= Rp, (L1, Lij))
Vsl j =sign(liy1,; — Lij) - (1 — Re, (Lita,5:1i5))

Remarkably, the main difference between Eqs. (23)
and (27) is the fact that the former is devoted to monochannels,
and hence applies to scalar values, while the latter is prepared
for multichannel or color images.

VI. EXPERIMENTAL SETUP

While designing comparison operators is similar to design-
ing many other operators within the Fuzzy Set Theory, its
quantitative validation poses a series of challenges absent in
other types of operators. Specifically, it is hard to model, at a
fine quantitative level, the expected behaviour of comparison
operators. Ideally, we could compare the values yielded by
a comparison operators to the quantitative comparisons per-
formed by one or more humans. However, this is a practical
impossibility, since humans are severely inconsistent in provid-
ing such quantitative values. While humans are relatively good
at ranking or selecting, they can hardly provide consistent,
meaningful quantitative evaluations of data similarity. In such
a situation, it is necessary to find innovative ways to put
comparison operators to the test.

In order to prove the suitability of the L"-REFs as color
image comparison measures, and to visually represent the
differences between each of their parameterizations, we have
applied our color-ready evolution of the PMAD model to
two sample images. Moreover, for comparison purposes, we

apply to the images two well-known content-aware smoothing
techniques, MeanShift [44] and Bilateral [45] filtering.

Images have been extracted from two datasets. Firstly, the
Plant Phenotyping Dataset [46], [47] which consists of a
collection of real natural annotated images of plants with its
segmented mask of leaves, its centers, and bounding boxes.
In this work, we only use the leaf mask, which indicates its
location (that we consider the object of the image). Secondly,
we use the ClevrTxt dataset [48] that consists of a series
of synthetic scenes-generated pictures with a large variety of
objects, backgrounds, and textures, along with its associated
segmented ground-truth image. The images selected for our
experiments can be seen in Figure 3

Plant04-frame01 ClevrTex vbg 019810

Fig. 3: Color images from the Plant Phenotyping and ClevrTxt
dataset.

The color-ready PMAD model has been configured with

the following parameters:

(#) REFs: Ry, .

(74) Automorphisms: ¢;;1 and @jo.
(¢v) Conductivity functions: gs.
(v) Constants: A and K.

Note also that the PMAD model is an iterative process with
a trivial convergence state. Hence, it needs to be stopped at a
certain number of iterations. Results will be displayed, for each
combination of parameters, at different numbers of iterations,
so as to illustrate the evolution of images w.r.t. such number
of iterations.

Moreover, in addition to a visual evolution of the process,
we propose to use a homogeneity measure [49] which has
been proved helpful in image processing tasks like image
segmentation. We use this homogeneity measure to get how
similar are the colors in the neighborhood of a pixel, obtaining
a homogeneity image that reflects where the regions are
homogeneous and where there are relevant changes. Using
the ground-truths provided by the datasets, we extract the
homogeneity of both the objects and background present in the
images (Figures 6, 7). The different homogeneity images of
object and background values are obtained at certain iteration
times to analyse its evolution.

In Figures 4-5 we present the anisotropic diffusion results
for the example images of the Plant Phenotyping and ClevrTxt
datasets in Fig. 3 applying as dissimilarity measure RDy,
along with its homogeneity images, and in Figures 6-7 we
show the evolution of background and object homogeneity
through the different iteration times. The experiments have
been obtained with the conductivity function go(x). We set
i1 = {x'/?, 2} and pjo = {x'/? 2,22}, leading to four
different combination of automorphisms. The A value is set
throughout the experiments to 0.25 and K is set to 0.005 so



This article has been accepted for publication in IEEE Transactions on Fuzzy Systems. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TFUZZ.2023.3235405

IEEE TRANSACTIONS ON FUZZY SYSTEMS

=2 ; pjo =+

i1

=T

T 5 Pj2

Vi1 =
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5 iterations 20 iterations 200 iterations

MeanShift filter
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1000 iterations 2000 iterations

Bilateral filter

Fig. 4: Smoothing and Homogeneity over image plantO4-frame(01 with different configurations of our proposal along with the

MeanShift and Bilateral filtering

that the diffusion speed remains slow. Results are replicated
for 5, 20, 200, 500, 1000 and 2000 iterations, corresponding
with each column in the figures.

We can see similar regularization results all along the
different images. In Figure 4 we can see that most of the colour
variations and textures are removed in the initial iterations,
except for the last case (when both ;1 and ¢, are \/z) where
the regularization is blurry. In general the plant leafs are clearly
separated and the edges preserved. Even between the bucket
and the brown background. In the case of Figure 5, we see
that in the initial steps there is a high variation in the tonal

values of the background and our proposal manage to remove
it preserving the object edges. Again, in the last combination
of automorphisms the blurring effect remains. We clearly see
the regularization process of both background and object in
the odd rows where a brighter colour indicates the maximum
homogeneity.

In terms of homogeneity we see in Figure 6 how both
object and background begins at a similar homogeneity value
and evolve through iteration on the same path until they
stabilizes near the maximum value. In the particular case of
the last combination of parameters (d) we can see that the



This article has been accepted for publication in IEEE Transactions on Fuzzy Systems. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TFUZZ.2023.3235405

IEEE TRANSACTIONS ON FUZZY SYSTEMS

JT

PYil1 = T 5 P52

=X

T Pj2

=2 i1 =

T 5 Pj2

Pi1

N3

=T ; @

Pi1

5 iterations 20 iterations 200 iterations

MeanShift filter
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Bilateral filter

Fig. 5: Smoothing and Homogeneity over image ClevrTex vbg 019810 with different configurations of our proposal along with

the MeanShift and Bilateral filtering

homogeneity values are not as high as the other approaches
and the distance between object and background is not as
easy to perceive. In Figure 7 the object homogeneity remain
stable from the beginning of the iterative process and does
not move, except for the last case where it becomes worse.
In the case of the background we can observe that in the first
iteration steps almost all the variations are removed and then
the regions remain stable. Comparing the results we can state
that in order to obtain a sharp-edge regularization ;; = z/2
must be avoided. Comparing our approach to those obtained
with MeanShift and Bilateral filtering we see that the results

are similar to those not using the o;; = /2 automorphism.
On the one hand, in terms of object smoothing these methods
are equivalent to our proposal, which has a slightly better
homogeneity value. On the other hand, background smoothing
is worse than our method as it can be seen in the images of
Fig. 4 and 5, specially when using the Bilateral filtering.

VII. CONCLUSIONS

In this work we present a novel contribution to the restricted
equivalence functions theory, an extension of the Restricted
Equivalence Functions (REFs) on L™. Specifically, we present
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a construction method based on automorphisms and simple
algebraic linear operations. We also introduced an extended
similarity measure between fuzzy multisets for multivalued
elements.

We tested our proposal on an image processing application,
anisotropic diffusion [38], a region-based smoothing tech-
nique. This technique applies a regularization based on the
magnitude of the dissimilarity between neighboring pixels; in
order to test the suitability of the REFs on L™ to measure
the similarity between two multivalued pixels, we adapted the

expression in [38] to color images and replaced the difference
between uni-valued pixels by Restricted Dissimilarity Func-
tions (RDFs), a derived expression from the REFs.

As a conclusion, we can state that extended REFs on L™ are
a suitable comparison measure between multi-valued elements.
We can also affirm that different parameterizations of these
functions lead to distinct anisotropic diffusion results in the
specific proposed application, verifying the sensitivity of these
functions to the parameters settings and their suitability to
different scenarios.
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In future work we want to explore more applications of the
REFs on L™, specifically on color image processing. Due to
the shortage of measures of color image comparison taking
into account the three channels at the same time, and not
applying single channel measures, our proposed algorithm is
a novel proposal with multiple applications. Also, we want
to explore the creation of a specific color space for the
comparison of two given images, exploiting the maximum
information contained in both of them, obtained applying
REFs.
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