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Abstract: In many real-world scenarios, the importance of different factors may vary, making
commutativity an unreasonable assumption for aggregation functions, such as overlaps or groupings.
To address this issue, researchers have introduced pseudo-overlaps and pseudo-groupings as their
corresponding non-commutative generalizations. In this paper, we explore various construction
methods for obtaining pseudo-overlaps and pseudo-groupings using overlaps, groupings, fuzzy
negations, convex sums, and Riemannian integration. We then show the applicability of these
construction methods in a multi-criteria group decision-making problem, where the importance of
both the considered criteria and the experts vary. Our results highlight the usefulness of pseudo-

overlaps and pseudo-groupings as a non-commutative alternative to overlaps and groupings.
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589. https://doi.org/10.3390/ Aggregation operators play a crucial role in various fields, including decision the-
axioms12060589 ory [1], information fusion [2], and fuzzy inference systems [3]. These operators aim to

combine multiple numerical values into a single representative value [4]. To achieve this
objective, aggregation operators are typically defined as increasing functions that satisfy
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working with.

The concept of overlap functions and their associated grouping functions was intro-
duced by Bustince et al. [5,6]. Overlap functions measure the degree of certainty to which
an object belongs simultaneously to two classes while grouping functions quantify the
This article is an open access article  d€8re€ to which the same object belongs to any of the considered classes. These functions
distributed under the terms and  Nave found applications in tasks involving a maximal lack of information and fuzzy prefer-
conditions of the Creative Commons  €Nce modeling and have been extensively studied in multi-attribute decision-making [7],
Attribution (CC BY) license (https://  rule-based classification [8], and image processing [9].

creativecommons.org/licenses /by / However, a key assumption in the existing definitions of overlap and grouping func-
40/). tions is commutativity [10]. In real-world applications, such as decision-making, criteria
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or experts often possess varying importance, rendering the assumption of commutativity
unreasonable [11-13]. To address this limitation, researchers have introduced pseudo-
overlaps [14] and pseudo-groupings [10] as non-commutative generalizations of overlaps
and groupings, respectively.

This paper focuses on the development of new construction methods for pseudo-
overlaps and pseudo-groupings. First, we present a recursive approach to obtaining proper
pseudo-overlaps and pseudo-groupings from overlaps and groupings, which is especially
convenient for improving computational efficiency [15,16]. Furthermore, we introduce a
construction method that relates pseudo-overlaps and pseudo-groupings via fuzzy nega-
tions, broadening their applicability to n-dimensional operators [8]. Additionally, we
demonstrate that convex sums of pseudo-overlaps or pseudo-groupings yield, respectively,
pseudo-overlaps and pseudo-groupings. This result showcases the closure property of
pseudo-overlaps and pseudo-groupings under convex sums. Afterward, we propose meth-
ods for generating pseudo-overlaps and pseudo-groupings using integration, which is
particularly applicable to problem domains in physics, engineering, and computing and
can be modeled using these operators, especially those involving the solution of differential
equations [17]. Finally, we present a case study on a multi-criteria group decision-making
problem that benefits from non-commutative aggregation. We solve the problem using
examples of proper pseudo-overlaps and pseudo-groupings obtained through the con-
struction methods outlined in this paper, allowing for a comparative analysis of their
behavior. Consequently, the methods introduced in this paper aim at addressing the
following challenges:

¢ Non-commutative generalizations: In real-world scenarios, it is common to address
problems in which the involved factors have different levels of importance, rendering
the assumption of commutativity invalid. Traditional overlap and grouping func-
tions, which rely on commutativity, may not accurately capture the dynamics and
complexities of such situations. The construction methods for pseudo-overlaps and
pseudo-groupings provide non-commutative generalizations that can better represent
and handle cases where factors have varying levels of importance.

*  Comprehensive construction approaches: The construction methods outlined in the
paper offer comprehensive approaches to obtaining pseudo-overlaps and pseudo-
groupings. They provide systematic guidelines and algorithms for deriving these
operators from existing overlaps, groupings, fuzzy negations, convex sums, and even
integration. By offering diverse construction methods, the paper ensures that re-
searchers and practitioners have a range of tools at their disposal to generate appro-
priate pseudo-overlaps and pseudo-groupings based on their specific requirements
and problem domains.

The remainder of this paper is structured as follows. Section 2 establishes the necessary
background on pseudo-overlaps and pseudo-grouping theory. In Section 3, we introduce
several methods for generating pseudo-groupings and pseudo-overlap functions. Section 4
presents a case study in non-associative decision-making, Section 5 develops a comparative
analysis, and Section 6 concludes the manuscript.

2. Literature Review
2.1. Pseudo Overlaps and Pseudo Groupings on [0,1]"

This section develops some basic notions necessary to understand the proposal. First,
we provide the general definition of an n-ary aggregation function. Then, we introduce
overlaps and groupings as particular cases of aggregations and pseudo-overlaps and
pseudo-groupings as their non-commutative generalizations. We also include some con-
crete examples to illustrate the theoretical definitions.

Aggregation functions allow combining multiple values into a single result [4]. The for-
mal definition is as follows.
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Definition 1 ([4]). A function A :[0,1]" — [0, 1] is called an n-ary aggregation function if it
satisfies the following:
(A1)  Aisincreasing in each coordinate: Foreachi € {1,...,n},ifx; < ythen A(xy,...,x,) <

A(xll e X1 Y X1,y xn)/
(A2) A satisfies the following boundary conditions: A(0,...,0) =0and A(1,...1) = 1.

Overlap functions are commutative aggregation functions. They were originally in-
troduced by Bustince et al. [5] to measure the degree of overlap between two objects.
The study of overlap functions remains relevant and has been extended by several re-
searchers [8,18,19]. For instance, Paiva et al. [20] generalized the concept and analyzed it on
a specific algebraic structure. Wang et al. [21] introduced a new construction method that
reduces the number of arguments of generalizations of overlap and grouping functions.

Definition 2 ([5]). A mapping O : [0,1]" — [0,1] is called an overlap function if it satisfies:
(01)  O(x1,...,%n) = O(Xg(1), - -, Xg(n)) for all permutations o : {1,...,n} — {1,...,n}
and for all tuples (x1,...,x,) € [0,1]";

(02)  O(x1,...,xn) =0ifxy-...-x, =0;
(03) O(x1,...,xp)=1lifx1-...-x,=1;
(04)  Ois increasing in each variable;

(05) O is continuous.

Bustince et al. [6] introduced grouping functions as a dual notion to overlap functions,
and these have been applied in decision-making problems to assess the evidence supporting
any of the comparable alternatives.

Definition 3 ([6]). A mapping G : [0,1]" — [0,1] is called a grouping function if it satisfies:
(G1)  G(x1,...,xn) = G(Xp(1),- -, Xg(n)) for all permutations o = {1,...,n} — {1,...,n}
and for all tuples (x1,...,x,) € [0,1]";

(G2)  G(x1,...,xn) =0ifx; = xp =0;

(G3) G(x1,...,xn) = 1if there exzsts x; € [0,1] such that x; = 1and 1 < i < n;
(G4) Gis increasmg in each variable;

(G5) G is continuous.

In recent independent works, Batista [14] and Zhang and Liang [10] have removed
the commutativity requirement from the properties of overlap and grouping functions,
leading to pseudo-overlap and pseudo-grouping functions. These functions have been
studied in terms of their related properties and applications. Furthermore, Liang and
Zhang [10,22] have generalized the notion of interval-valued and n-dimensional pseudo-
overlap functions.

Definition 4 ( [10]). A function PO : [0,1]" — [0,1] is said to be an n-ary pseudo-overlap
function if, for each x1, .. € [0, 1], it satisfies:
(PO1)  PO(xy,.. xn) =0ifand only if TT ; x; = 0;
(PO2) PO(x1,...,x,) =Llifandonly if Ty x; =1,
(PO3) POis increasing in each variable. Foreachi € {1,...,n}and y,x1,..., x5, if x; <y,
then
PO(x1,...,xn) < PO(X1,. ., Xi1,Y,Xit1, -, Xn);

(PO4) PO is continuous.

Example 1. The functions PO’l»™, PO;l+™, POy : [0,1]" — [0,1] such that for all

prod

X € [0,1]" are given by:

—

1. PO;lmd (X) = T1(x;)", withr; > 0 foreachi € {1,...,n};

i=1
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2. PO™(X) = mm {x } - max {x!'}, with integers r; > 0 for eachi € {1,...,n};

ie{l,... ie{l,.n}
3. POY~"™(X) = r{nax {x Ix fmn {x['}, with integers r; > 0 for eachi € {1,...,n}.
ie{l ic{l,...,n

Definition 5 ( [10]). A function PG : [0,1]" — [0, 1] is said to be an n-ary pseudo-grouping
function if, for each x1, ..., x, € [0,1], it satisfies:

1. PG(xy,...,xy) =0ifonlyifx; =0foralli € {1,...,n};

2. PG(x1,...,xn) = lifonlyifx; =1 forsomei € {1,...,n};

3. PG is increasing in each variable. For eachi € {1,...,n}and y,x1,..., %y, if x; <y,
then

PG(x1,...,xn) < PG(X1,...,Xi—1,Y,Xi41,---,Xn);
(PG1) PG is continuous.

Example 2. The functions PG
€ [0,1]™ are given by:

prod i PG ™, PGy 2 [0,1]" — [0, 1] such that for all

1. PGM(¥)=1-— H(l —x;)"i, withr; > 0 foreachi € {1,...,n};
i=1
2. PGi™(X) =1-— min {1-x;}- r{nax }{1 — x'}, with integers r; > 0 for each
ie{l,...,n

ie{l,..n}
ied{l,...,n};
3. PGy =1- Enax {1—x}- fmn {1 — x['}, with integers r; > 0 for each
ic{l ie{1,.n}
ie{l,...,n}

Clearly, every overlap (grouping) function is a pseudo-overlap (-grouping). A pseudo-
overlap (-grouping) is said to be proper if it is not commutative. Since in many practical
situations, commutativity is an undesired property, researchers have investigated non-
commutative fuzzy operators and discussed their applications [23-26]. In this regard,
pseudo-overlap and pseudo-grouping functions have proven useful in multi-attribute
decision-making, fuzzy mathematical morphology, and image processing [10].

It should be highlighted that overlaps, groupings, pseudo-overlaps, and pseudo-
groupings are aggregation functions in the sense of Definition 1. In other words, all of them
are bounded (their codomain is the interval [0, 1]), monotonous (see, for instance, (PO3)
and 5), and satisfy the corresponding boundary condition (see, for example, (02), (03),
(G2),and (G3)).

2.2. Multi-Criteria Group Decision Making

Decision making is a ubiquitous process that permeates every aspect of human life [27].
From simple everyday choices to complex organizational strategies, decision making shapes
our actions, determines outcomes, and plays a pivotal role in personal and professional
success [28]. The ability to make sound decisions is essential for individuals, groups, and so-
cieties as a whole. Decision making involves the selection of one course of action among
several alternatives, driven by a desired goal or outcome. Understanding the intricacies of
decision making and developing effective strategies to navigate its complexities is a subject
of great interest to researchers, practitioners, and policymakers across diverse fields.

When evaluating various alternatives A = {Aj, Ay, ... A, } based on different criteria
C = {C1,Cy,...,Cy}, a decision problem can be classified as a multi-criteria decision-
making problem [29]. Furthermore, when a group of experts E = {El, Ey, ..., En} is asked
to evaluate the possible alternatives A = {A1, Ay, ... A, } according to different criteria,
the decision problem is known as an MCGDM problem [30]. MCGDM is a fundamental
process that underpins various aspects of human interactions and organizational function-
ing [31]. Whether it involves a team of professionals making critical business decisions or a
group of policymakers deliberating on public matters, the ability to effectively harness the
collective intelligence of individuals is essential [32].
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In recent years, researchers and practitioners have recognized the importance of inte-
grating aggregation operators to enhance the accuracy and effectiveness of group decision-
making processes [33]. Aggregation operators, such as weighted averages (WAs) [34] or
ordered WAs (OWAs) [35], play a vital role in combining individual preferences, judgments,
and evaluations to arrive at a collective decision [36].

Note that using different aggregation operators provide different approaches for
modeling an MCGDM problem, each one of them with its own advantages and short-
comings [37]. For instance, whereas the arithmetic mean is simple, it neglects the weights
of each expert or criterion in the aggregation. On the contrary, the weighted average
takes such weights into account, but then it is necessary to use a proper weight allocation
mechanism. Consequently, research on aggregation operators is essential for MCGDM,
because aggregation operators may offer new perspectives for facilitating consensus build-
ing, addressing uncertainty and vagueness, considering group dynamics and relationships,
or even developing decision support systems [38].

It should be remarked that, generally speaking, MCGDM processes are non-commutative
from the point of view of the aggregation operators because the order in which the inputs
are considered in the decisions is important and changing the order can result in different
outcomes [39]. This phenomenon is common in situations where the decision needs to be
made by a group of experts who have different levels of knowledge or expertise in the
decision-making domain or when the attributes to be evaluated have different levels of
importance [40]. In this sense, non-commutative aggregation operators such as pseudo-
overlaps and pseudo-groupings are crucial to achieve optimal outcomes in complex and
uncertain situations.

3. Construction Methods for Pseudo-Overlap and Pseudo-Grouping Functions

This section studies several construction methods related to pseudo-overlaps
and pseudo-groupings.

3.1. Obtaining Proper Pseudo-Overlaps and Pseudo-Groupings from Overlaps and Groupings

As established in [41,42], construction methods for bivariate aggregations by means of
unary functions, such as additive or multiplicative generators, reduce the computational
complexity. Therefore, here, we show how to obtain proper pseudo-overlaps (pseudo-
groupings) from overlaps (groupings).

Theorem 1. Consider m € N and let the map O : [0,1]?> — [0, 1] be an overlap function. Then,
the maps O[Lm], Og"} : [0,1]" — [0, 1], recursively defined as

O(x1,x2), ifm =1
O[Lm](x1/ e X)) = < O(0(x1,x2), x3), ifm=2
O(O[Lm_l] (X1, Xp—1),Xn), fm>3
and
O(x1,x2), ifm=1
Ol (x1,..., %) = { O(x1,0(x2,%3)), ifm =2

O(x1, O V(xy, ..., x0)), ifm >3,

are two pseudo-overlap functions. Moreover, for any m > 2, O[Lm] and O%m], they are proper
pseudo-overlaps if and only if O is non-associative.

Proof. Obviously, if m = 1, then O[Ll] = OE] = O(x1,x). For m > 2, the proof fol-
lows by induction on m. Indeed, if m = 2, then O[Lz] (x1,%2,x3) = O(O(x1,x2),x3) and
O%} (x1,x2,x3) = O(x1,0(x3,x3)). Therefore, we have:

(PO1): If x; = O forsomei € {1,2,3}, thenbecause O satisfies (02), one has O[Lz] (x1,x2,x3) =
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O(O(x1,x2),x3) = 0 and O%}(xl,XQ,Xg) = O(x1,0(xp,x3)) = 0. Reciprocally, if

O[Lz} (X1, X7, X3) = 0and OI[QZ] (xl, X2, X3) = 0, then O(O(xl, XQ), X3) = 0and O(xl, O(XZ, X3)) =
0, from which we conclude that x; = 0 for some i € {1,2,3}.

(PO2): Similar to the previous item.

(PO3): Suppose, without loss of generality, that x, < z for some z € [0, 1]. Then, by (04),

it follows that O[Lz](xl,xz,xg) = O(O(x1,x2),x3) < O(O(x1,2),x3) = O[Lz](xl,z,x3) and

: 2
O (x1,32,x3) = O(x1,0(x2,33)) < O(x1,0(2,x3)) = OR)(x1,2,x3).
(PO4): Since O is continuous, for any increasing sequence (¥ )reny € [0,1] in which
Xr = (X1%, X2k, X3 ), we have

O[Lz] < ]}L% X1, kh_{?o Xor, kh_{?o X3k> = o<O <kh_>n.}o xlk’kli_frolo ka>, kh_r;;o X3k>
= O(hm O(x1x, x21), lim x3k>
k—o0 k—e0

= lim O(O(xlk/ sz),.'ngk)

k—ro0

. 2

= lim O[L ] (1K, X2, X3k)

k—oc0

and

OF (tmy o iy v i ) =i 0 s ) )
= O(lim X1, im O(xo, x3k)>
k—o0 k—o00
= lim O(xyx, O(xpk, X3x))
k—o0

—  1im O (xyp, ot x31).
lim O (xae, Xk, X3¢)
Thus, O[Lz] and Olg] are two pseudo-overlap functions. Now, as an induction hypothesis,
suppose that O[Lm] and Ol[am] are pseudo-overlaps for all m € N such that2 < m < p. Let
us show that O[Lpﬂ] and O%’ +1] are also pseudo-overlaps. In fact, O[Lpﬂ] (x1,..., xp+2) =0
and Ogﬂrl] (x1,...,Xpy2) = 0if and only if O(O[Lp] (X1, -+, Xps1), Xp12) = 0,and O(xl,OI[f}
(x2,...,%py2)) = 0if and only if x; = 0 for some i € {1,...,p +2}. Thus, Property (PO1)
is satisfied. Similarly, we prove Property (PO2). As for Property (PO3), suppose without
loss of generality that x, < z for some z € [0,1]. Then, by (O4), it follows that

OEPH] (x1,%2, ..., Xp12) = O(O[Lp] (%1, %2,/ Xpy1), Xp12)

IN

O(O[Lp] (X1,2,+++, Xpy1), Xpy2)

1
= O[Ler ](x1,z,...,xp+2)

and, with the same reasoning,

O(xq, Ol[f] (X2, -+, Xp12))
O(x1, 08z, ..., xp12))

= ngﬂ} (X1,2, .+, Xpy2).

+1
Ogj ](xlerI--~rxp+2)

IN

For Property (PO4), since O is continuous, for any increasing sequence (¥;)ien €

[0,1]P*2 in which ¥, = (xy, .. -+ X(p42)k), we have O£p+l] (klgrolo X1k - ';}5’2‘0 x(p+2)k> =

. 1 /(. . . 1
]}gf)‘o oy ](xlk/~"'x(l’+2)k) and O " (klg{}o x1kz~~~/klgr(}ox(r7+2)k) = lim op* ](xlkr""x(l’+2)k)~
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Therefore, O[Lm} and Ol[;"] are two pseudo-overlap functions. Moreover, if O[Lm] is proper for
any m > 2, in particular, for some u, v, w € [0,1], we have that

O(O0(u,v),w) = O[Lz] (u,v,w)
# O[LZ] (w,v,u)
= O(O(w,v),u)
= O(u,0(v,w)).

If Ogn] is proper, the result is similar. Therefore, in any case, it follows that O is
non-associative. Conversely, if O is non-associative, then, with inductive reasoning for

[m]

any m > 2, we conclude that 0}" (r1,75,...,1,) = O(O[Lmq] (F1,72, . 1), 1n) # O(O[mel]
(rar oo stu1,m),11) = OV (ra, o rn,ry) and OV (b, 8y, .. t0) = O(t1, 00" Wty 10)) #
O(tz,Og"fl](tl,%...,tn)) = O[Lm](tz, t,...,ty) for some r;, t; € [0,1], where i = {1,...,n}.

Therefore, O[Lm} and Ol[zm] are proper. O

Theorem 2. Consider m € N, and let the map G : [0,1]> — [0, 1] be a grouping function. Then,
the maps G[m], Gl[zm] :[0,1]" — [0, 1], recursively defined as

G(x1,x2), ifm=1
G (x1,. .., %) = { G(G(x1,72),x3), ifm =2
G(G[mel}(xl,...,xn,l),xn), ifm>3
and
G(x1,x2), ifm=1
Gl[gm](xh. o xn) = < G(x1,G(x2,x3)), ifm=2

G(xy, G N (xy, ... x0)),  ifm >3,

, are two pseudo-grouping functions. Moreover, for any m > 2, G[Lm] and Gl[am} are proper pseudo-

groupings if and only if G is non-associative.
Proof. Similar to Theorem 1. [

Example 3. The following examples are considered:

2, Then, since O is non-associative,

1. Consider the bivariate overlap function O(x,y) = x%y
m M m—i n i—
O[Lm] (X1,...,, %) = x% -TI xi2 2 and Ol[én](xh...,,xn) = x% -TI xlz ! are two proper
i=2 i=2
pseudo-overlap functions.

2. Consider the bivariate overlap function Opp(x,y) = min(x?,y?), where p > 0ep # 1.

s , L. [Wl] . . pm pm pm—i+2
Then, since O is non-associative, O; ' (x1,...,,X,) = min | min(x; ,x5 ),x;
L 1 . 1 2 i
ie{3,..n}
d O[m] _ : Pi : p" p" d 1
and O ' (x1,...,,%n) = le{lmm " x; ,min(x, _,,x, ) | are two proper pseudo-overlap
i e M—

functions.
3. Consider the bivariate grouping function G(x,y) = 1 — (1 — x)?(1 —y)?. Then, since G is non-

m n m—i
associative, G[Lm](xl, v X)) =1 —(1—x1)%" - T1(1 — x;)? " and Gl[im](xl,. cersXn)
i=2
n i— . .
=1—(1—x1)% [1(1 —x,)2"" are two proper pseudo-grouping functions.
i=2
4. Consider the bivariate grouping function Gy, (x,y) = max(x?,y?), where p > 0ep # 1.
m m m—i+2
Then, since G is non-associative, G[Lm}(xl,...,,xn) = T{nax (max(xi7 ,xg ),xf7 ’ >
i€{3,..n
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and G}[{M] (X1, X)) = {max : (xf ,max(xzfl, xh )) are two proper pseudo-grouping
ie{l,...m—1

functions.

3.2. Relationship between Pseudo-Overlap and Pseudo-Grouping Functions

Let us recall that a univariate function N : [0,1] — [0, 1] is called a fuzzy negation if it
is non-increasing and such that N(1) = 0 and N(0) = 1. Further, it is said to be strict if it is
strictly decreasing and continuous. Addditionally, N is called strong if N o N = id|g ;) [43].

The following results reveal that pseudo-overlap and pseudo-grouping functions are
dual with respect to a strict fuzzy negation.

Theorem 3. Consider N : [0,1] — [0, 1] a strict fuzzy negation and a mapping PO : [0,1]" —
[0,1]. The following statements are equivalent:

(i) The mapping PO is a pseudo-overlap function.
(ii) There exists a pseudo-grouping function PG such that for each x1, ..., x, € [0,1],
PO(x1,...,x;) = N"Y(PG(N(x1),...,N(xn))). 1)

The pair of functions (PO, PG) will be shortly called N-dual functions.

Proof. (i) == (ii). Let us show that PG is a pseudo-grouping function. In fact,if x; = ... =
xy, =0,then N(x;) = ... = N(x,) = 1,and so PO(N(x1),...,N(x,)) = PO(1,...,1) = 1.
Therefore, PG(0,...,0) = N~1(PO(N(0),...,N(0))) = N~1(PO(1,...,1)) = N~}(1) = 0.
On the other hand, if PG(x1,...,x,) = 0, then N(PO(N(x1),...,N(x,))) = 0if PO(N(x1),

. N(xp)) =1if N(x1) = ... = N(x,) = 1iff x; = ... = x, = 0. Hence, PG satisfies 5.
Similarly, it is shown that PG satisfies 5. Now consider x;, y; € [0,1] such that x; < y; for each
ie{l,...,n}. Then, N(y;) < N(x;) and PO(N(y1),...,N(yn)) < PO(N(x1),...,N(xy)).
Hence, N(PO(N(x1),...,N(xn))) < N(PO(N(y1),...,N(yx))). Then, PG(xq,...,xn) <
PG(y1,...,yn). Thus, PG is increasing in each variable. Therefore, 5 is satisfied. Prop-
erty (PG1) follows from the composition of continuous functions. Hence, PG is a pseudo-
grouping function. Now, because N is strict, PG(1,...,x,) = N~ (PO(0,...,N(x,)) =
N~1(0) = 1. Similarly, we have PO(O,...,x,) = N"Y(PG(1,..., N(x,)) = N71(1) =
0. Therefore, PG(N(x1),...,N(x,)) = N} PO(N(x1),...,N(xp))) if PO(x1,...,%,) =
N=YPG(N(x1),...,N(xn))). Hence, there exists a pseudo-grouping function that satisfies
Equation (1).

(ii) = (i). Conversely, assume that there is a pseudo-grouping function PG that
satisfies, for all x,y € [0,1], Equation (1). It should be shown that PO is a pseudo-
overlap function. Indeed, PO satisfies (PO1) because for each x1,...,x, € [0,1], x71 -
...+ Xy, = 0if there exists x; = 0, where 1 < i < 5, if there exists N(x;) = N(0) = 1if
PG(N(x1),...,N(xn)) = 1if N(PG(N(x1),...,N(x,))) = N(1) = 0if PO(xy,...,x,) = 0.
Similarly, it is shown that PO satisfies (PO2). Moreover, for any i € {1,...,n}, x;,y; €
[0,1] and x; < y;, if N(yi) < N(x;) if PG(N(y1),-..,N(yn)) < PG(N(x1),...,N(xn)) if
N(PG(N(x),N(y))) < N(PG(N(x),N(z))) if PO(x1,...,x,) < PO(x,z). Thus, we con-
clude that PO is increasing in each variable. Similarly, it is concluded that PO is increasing
in the first place. Therefore, (PO3) is satisfied. Property (PO4) is obviously satisfied. [

Corollary 1. Consider N : [0,1] — [0, 1] a strict fuzzy negation and a mapping PG : [0,1]> —
[0, 1]. The following statements are equivalent:

(i) The mapping PG is a pseudo-grouping function;
(ii) There exists a pseudo-overlap function PO such that for each x,y € [0,1],

PG(x1,...,x4) = N"Y(PO(N(x1),...,N(xn))).
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.....

.....

PO(xl, ..

Remark 1. Notice that we can conclude the same results of Theorem 3 and Corollary 1 for N being
a strong negation since every strong negation is a strict negation [43].

Another general result can be seen in the following theorems.

Theorem 4. Let PO : [0,1]" — [0, 1] be a pseudo-overlap and let N be a strict negation. Then,
the map PO : [0,1]" — [0,1], given by

PO(xq,...,%y)

PO(x, ... =
(xll ,xn) PO(xl/-"/le>+N(Po(x1"“’xn)),

is also a pseudo-overlap.

Proof. (PO1):If x; = 0 forsomei € {1,...,n}, then, by Property (PO1), PO(x1,...,x,
0, and so N(PO(x1,...,x,)) = N(0) = 1. Therefore, we have PO(x,...,x,) = 0% =
If]ff)(xh...,xn) = 0 then PO(xy,...,x,) =0and so x; = 0 forsomei € {1,...,n}.
(PO2): Analogous to the previous item.

(PO3): Let x;,y € [0,1] for alli € {1,...,n}. Suppose, without loss of generality, that
x1 < y. Then, the following sequence of inequalities is true:

1. PO(xy,...,x,) < PO(y,..., xn);

2. N(PO(y,...,xn)) < N(PO(x1,...,%n));

3. PO(xy,...,%3) - N(PO(y,...,x4)) < PO(y,...,xn) - N(PO(x1,...,x4)).

Thus, from the sequence of previous items we have

o |l

.., x%y) - N(PO(y,...,x4)) < PO(xy,..., xu) - PO(y, ..., xu) + POy, ..., Xu) - N(PO(xy, ..., Xn))

which we can simplify to

o xn) - (PO(Y, ..., xn) + N(PO(y,...,xn))) < PO(Y,...,xn) - (PO(x1,...,%n) + N(PO(x1,...,%4)))

and so

PO(x1,...,x4) < PO(y,...,xn)
PO(x1,...,xn) + N(PO(x1,...,x)) — PO(y,...,xn) + N(PO(y,...,xn))"

Therefore, PO is increasing in each variable.
(PO4): Since PO(x1,...,x) + N(PO(x1,...,x,)) # 0 for all ¥ € [0,1]" and, moreover, N
and PO are continuous, the continuity of PO follows from the fact that the quotient and
sum of continuous functions result in a continuous function. O

Theorem 5. Let PG : [0,1]" — [0, 1] be a pseudo-grouping and let N be a strict negation. Then,
the map PG : [0,1]" — [0, 1], given by

PG(xy,...,x4)
PG(x1,...,xn) + N(PG(x1,...,%n))

Iyé(xl,...,xn) =

is also a pseudo-grouping.

Proof. This follows directly from Corollary 1 and Theorem 4. [

In the sequence, we show more construction methods for pseudo-overlap (pseudo-
grouping) functions where some useful properties must be satisfied.

Example 4. The following examples are considered:



Axioms 2023, 12, 589

10 0of 18

1. The sinus induced pseudo-overlap 8(x1, ..., x,) = sin(% ;‘:1 xfi) where p; > 0 for each

i € {1,...,n} and the strong negation Neos : [0,1] — [0,1] given by Neos(x) = 3(1 +
cos(7x)) together determine the pseudo-overlap function

T 1 Pi

7 1

sin 7112%
1=

sin( Z i xP) + 114 cos( msin Elil[xy" '
2i:l i 2 21,:1 i

2. Since the map M(xy,...,x,) = {/TT{q x;"" is an n-ary pseudo-overlap function and N :
[0,1] — [0,1] given by N(x) = 1 — x? is a strict negation, they together determine the
pseudo-overlap function

I%(xl,...,xn) =

I%(xl,...

3. The pseudo-grouping PG~ (¥) =1 — ﬁ (1 —x;)" withr; > 0 foreachi e {1,...,n}
i=1
and the strong negation N : [0,1] — [0,1] given by N(x) = /3x2 + 1 — 2x together
determine the pseudo-grouping function
n
1 [1(1—x;)"

PG(x1,...,xp) = i=1 - )
- ﬁ(lxi>n+\/3(1 M -x)7) +1-2(1- 10 -x)7)

i=1 i=1 i=1

4. The pseudo-grouping PG(¥) = max {x!'}, with integers r; > 0 for eachi € {1,...,n}
1

1,..n}

and the strong negation N : [0,1] — [0,1] given by N(x) = /—3x2 4+ 1 — L x together

determine the pseudo-grouping function

Ti
maxXx X
ie{l,...,n}{ it

2
i |3 ri 1.1 i
s s, ) 14 )

3.3. Convex Sum of Pseudo-Overlaps and Pseudo-Groupings

I3VG(x1,...,xn) =

The next result provides n! distinct ways to obtain proper pseudo-overlaps (pseudo-
groupings).

Theorem 6 (Convex sum of PO’s). Let o : {1,...,n} — {1,...,n} be a permutation, let
the mappings POy, ..., PO, : [0,1]" — [0, 1] be pseudo-overlap functions, and let wy, ..., wy be

n
nonnegative weights with ) w; = 1. Then, the convex sum
i=1

n
?O(Xg(l), e ,x‘,(n)) = Z [ POi(x[,(l), e ,xa(n))
i=1

is also a pseudo-overlap function.

Proof. This proof is straightforward. O
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Theorem 7 (Convex sum of PG’s). Let o : {1,...,n} — {1,...,n} be a permutation, let
the mappings PGy, ..., PGy : [0,1]" — [0, 1] be pseudo-grouping functions, and let wy, . .., wy,

n
be nonnegative weights with Y w; = 1. Then, the convex sum
i=1

PG(xo(a)s -0 X sz PGi(x5(1), -/ Xo(n))

is also a pseudo-grouping function.

Proof. Straightforward. [

3.4. Obtaining Pseudo-Overlaps and Pseudo-Groupings via Riemann Integration

The Riemann integration process provides also n! different ways to obtain pseudo-
overlaps and pseudo-groupings, as we will see below.

Theorem 8. Let o : {1,...,n} — {1,...,n} be a permutation and let PO : [0,1]" — [0, 1]
be a pseudo-overlap function. If

h:/ PO(uq, ..., up)duy ... .duy
[O,l]”

, then the map PO : [0,1]" — [0, 1] given by

1 xa(n) xa(l)
‘.]’O(xg(l),...,xg(n)) = E/O /0 PO(u1,...,un)du1...dun
is also a pseudo-overlap function.
Proof. Let PO : [0,1]" — [0, 1] be a pseudo-overlap. Since PO is continuous and defined
over the compact [0,1]?, and h # 0, it follows that PO is well-defined and uniformly
continuous. Therefore, (PO4) is satisfied. Moreover, since increasing monotonicity is a

basic property of the Riemann integral, it follows that (PO3) is also satisfied. It also follows
from the strict monotonicity of Riemann integrals that if x,;) > 0foralli € {1,...,n}, then

1 [*e(n) Xe(1)
To(xa(l)r"'/xa(n))zﬁ/) /0 PO(ul,...,un)dul...dun>0

, and so, Property (PO1) is satisfied by the contrapositive. Finally, if x,(;) = 1 for all
ie{l,...,n}then

1
P0(1,...,1) = / /PO(ul,...,un)dul...dun
0

!“N\P—‘

Therefore, Property (PO2) is satisfied. [

Theorem 9. Let o : {1,...,n} — {1,...,n} be a permutation and let PG : [0,1]" — [0, 1]
be a pseudo-grouping function. If

h—/ / (1-PG(1—uy,...,1—up))duy...duy,
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, then the map PG : [0,1]" — [0, 1] given by
1 173(‘7(”) 17}(‘7(1)
?S(xa(l),...,xa(n))zl—ﬁ 0 ‘/0 (1—PG(l—u1,...,1—un))du1...dun

is also a pseudo-grouping function.

Proof. As a special case of the 1 corollary, the proof it follows is based on considerations
similar to Theorem 8. O

Example 5. The following examples are considered:
1. Let PO : [0,1]* — [0,1] be such that PO(uy, uy, us, ug) = udusuiu3. Then, h = 55 and

0 LA durdudus d
xX,Y,z,w) = - U1, Up, Uz, ug)durduydus du
(x,y,z,w) h/o/o/o/o (w1, ua, us, ug)duydusdus duy
w oz Y px
= 360-/ //O/Ou%u%u%uidulduzd%dw
— Oytdub,
On the other hand,
1 1y px pz qw
PO(w,z,x,y) = E/ / // PO(uy, up, uz, ug)duidupdus duy
= 360 - / / // wduduiuyduy dupdus duy
= 2S5l

More generally, if PO : [0,1]" — [0,1] is such that PO(xg(1y, - -, Xg(n)) = I1 x;"(i),

where t; is a positive integer, then

1 (%o Xo(1) Lo
:po(xg(l),‘”,xa(n)) = E/O .. ./0 PO(uq, ..., uy)duy ...du, = nxa(i) .
1=

2. Let PG :[0,1]* — [0,1] be such that PG (uq, up, u3, ug) = 1 — (1 —u1)?(1 — up)3(1 —
uz)*(1 — uy)>. Then, h = 555 and
U’S(x y,z,w) =
1-w rl—z pl—y pl—x
=% / / / 1—-PG(1 —uy,1—uz1—us,1—uy)duydupdus duy
1-w 1-2z 1-y 1—x
1—360- / / / / Wi dusducs duy
1-(1-x)°(1-y)*1-2)°(1-w)
On the other hand,

PS(w,z,x,y) =
1 1=y pl—x pl—z rl-w
- = / / / / 1—PG(1—uy,1—up, 1 —us3,1—uy)dujdurdus duy
h Jo 0 0 0

1-y pl—x pl—z pl-w
1—360- / / / / u1u2u3u4du1du2du3 duy
0 0 o Jo

1—(1-x)°%1-y)°1-2)*1—-w).
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iPS(x(,(l), e

n
More generally, if PG :[0,1]" — [0,1] is such that PG(xg(1), - .-, Xg(n)) =1 — T1(1 —

Xg (i), where r; is a positive integer, then

1 1—X(7(n> 1—X‘7(1)
,xg(n)) 1_5/0 /0 PG(1—uy,...,1—up)duy...duy,

n

1-— H(l — XU(i))ri+1.

i=1

4. Illustrative Example

In various real-world scenarios, such as personal, social, work, or business contexts, it
is necessary to take into account different aspects to select among different alternatives [39].
However, decision-making can become more intricate when the available information is
uncertain or ambiguous, making it essential to incorporate the perspectives of a group
of experts to consider multiple viewpoints [44]. When addressing a multi-criteria group
decision-making problem, it must be noticed that the commutative of the aggregations
must be dropped if either the considered criteria have different levels of importance or the
experts belong to different levels of expertise. This section presents a case study that aims to
illustrate the implications of pseudo-overlaps and pseudo-groupings in a decision-making
real-world scenario: the winner selection process for a TV music contest.

The TV music contest in question involves three types of decision-makers: a pro-
fessional jury, a popular jury, and the public vote. The professional jury is comprised of
five experts in the music industry who have a wealth of experience and knowledge in
evaluating performances. The popular jury consists of 50 people who attended the show
on-site, while the public vote is open to anyone who wishes to participate via an online
voting platform. Since each group is assumed to have different levels of commitment to the
success of the show, the professional jury is given a weight of 45%, whereas the popular jury
and the public vote are weighted as 35% and 20%, respectively, i.e., u = (0.45,0.35,0.20).

In addition, all three decision-making groups evaluate the contestants based on four
criteria: voice, tune, lyrics, and staging, whose respective weight vectors in the decision
process are v = (0.30,0.40, 0.15, 0.35). After a counting round, the obtained ratings for the
last three finalists are shown in Table 1.

To decide the winner of the contest, here, we define a decision method based on
proper pseudo-overlaps and pseudo-groupings. On the one hand, in this kind of situation,
where multiple groups of experts (with different weights) provide judgments, the use
of a pseudo-overlap can be highly effective for aggregating their opinions. In this sense,
a pseudo-overlap can quantify how well a contestant meets the requirements of all three
groups of experts simultaneously. Therefore, let us consider the weight vector u for the
groups of experts and the pseudo-overlap defined as Item 4 of Example 4 to aggregate the
different judgments for each alternative:

156(3('1, X2, x3) =

[3 |3 .
3 I le'l] 1= I xizul
i=1 i=1



Axioms 2023, 12, 589

14 0f 18

Table 1. Average opinions for the finalists on a 1-10 scale.

Finalist 1
Voice Tune Lyrics Staging
Prof. Jury 6/10 7/10 9/10 7/10
Pop. Jury 2/10 7/10 5/10 9/10
Public 2/10 9/10 6/10 2/10
Finalist 2
Voice Tune Lyrics Staging
Prof. Jury 1/10 9/10 9/10 9/10
Pop. Jury 3/10 7/10 9/10 2/10
Public 9/10 4/10 6/10 4/10
Finalist 3
Voice Tune Lyrics Staging
Prof. Jury 7/10 8/10 1/10 9/10
Pop. Jury 2/10 9/10 2/10 7/10
Public 7/10 3/10 9/10 5/10

The normalized global scores for the finalists resulting from performing the corre-

sponding computational processes are shown in Table 2.

Table 2. Aggregated performance for each finalist.

Voice Tune Lyrics Staging
Finalist 1 0.568 0.83 0.792 0.742
Finalist 2 0.494 0.808 0.889 0.651
Finalist 3 0.651 0.798 0.469 0.828

Similarly, to evaluate each finalist’s performance based on multiple criteria, a pseudo-

grouping that measures the degree of certainty that the alternative meets at least one of the
criteria would be beneficial. Then, if we consider the weighting vector for criteria v and the
pseudo-grouping defined in Example 4,

1%
maxXx X
iG{l,...,5}{ i

2
Ui 1-3 i _1 Ui
1=y 1) <, 1)

we obtain the global final scores for each finalist, which are shown in Table 3.

PG(x1, X2, X3, X4, X5) =

4

Table 3. Final score for each finalist.

Finalist 1 0.713
Finalist 2 0.715
Finalist 3 0.705

Consequently, the winner of the music contest should be Finalist 2.
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5. Comparative Analysis

Here, we develop a comparative analysis to assess how the results obtained using the
proposed aggregation operators compare to those obtained with alternative approaches.
By considering multiple aggregation operators, we provide a comprehensive evaluation
that captures a broader perspective and enables us to make informed recommendations for
practical applications.

First, we compare our method to the case where commutative aggregation operators
are used. Specifically, instead of employing a proper pseudo-overlap, we consider the
minimum operator to obtain the aggregated performance of each finalist. The minimum
also represents an "and"-like aggregation, and the resulting value aims at measuring the
degree to which all the groups are satisfied simultaneously. The aggregated performance
for each finalist, in this case, is presented in Table 4.

Table 4. Aggregated performance for each finalist when using the minimum operator.

Voice Tune Lyrics Staging
Finalist 1 0.2 0.7 0.5 0.2
Finalist 2 0.1 0.4 0.6 0.2
Finalist 3 0.2 0.3 0.1 0.5

Note that in this case, the assumption of commutativity implies that the weights of the
groups are not considered in the aggregation, thus neglecting their importance.

To compute the overall score of each finalist, instead of using a pseudo-grouping, we
use the commutative or-like aggregation operator defined by the maximum. This operator
allows modeling the degree to which one finalist highlights at one of the skills. The results
are shown in Table 5.

Table 5. Final score for each finalist when using the maximum operator.

Finalist 1 0.7
Finalist 2 0.6
Finalist 3 0.5

Again, the assumption of a commutative aggregation operator does not allow consid-
ering the weight of each criterion in the aggregation. As a consequence, the final ranking,
in which the winner would be Finalist 1, differs from the one obtained when considering
pseudo-overlaps and pseudo-groupings, but it is not very reliable because the importance
of the group of experts and the criteria are not considered in the aggregation, despite the
fact that they are essential in the decision-making problem.

Additionally, we study the resolution of the same problem when instead of pseudo-
overlaps and pseudo-groupings, we use the WA operator to compute the aggregated
performance of each finalist. For the weighting vector u, we obtain the results displayed in
Table 6.

Table 6. Aggregated performance for each finalist using the weighted average.

Voice Tune Lyrics Staging
Finalist 1 0.38 0.74 0.7 0.67
Finalist 2 0.33 0.73 0.84 0.555
Finalist 3 0.525 0.735 0.295 0.75

Subsequently, we apply the WA operator to compute the final score for each finalist by
considering the weighting vector for the criteria v (see Table 7).
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Table 7. Final score for each finalist when using the weighted average.

Finalist 1 0.75
Finalist 2 0.711
Finalist 3 0.758

In this case, the winner of the contest would be Finalist 3. Even though the WA
operator succeeds at accounting for the importance of the considered groups and criteria, it
cannot model the and-like and or-like behaviors of pseudo-overlaps and pseudo-groupings,
respectively, which are key to accounting for the degree to which all the groups are satisfied
or a participant is particularly good at one skill.

6. Conclusions

In this paper, we have introduced and developed various construction methods
for non-commutative aggregation operators, specifically, pseudo-overlaps and pseudo-
groupings. First, we have shown how pseudo-overlaps and pseudo-groupings can be
obtained from the classical overlaps and groupings, respectively. Additionally, we have
analyzed the relation between pseudo-overlaps and pseudo-groupings via fuzzy negations
and shown that convex sums of pseudo-overlaps or pseudo-groupings are, respectively,
pseudo-overlaps and pseudo-groupings. Moreover, we have proposed some results related
to generating pseudo-overlaps and pseudo-groupings using integration.

To illustrate the practical relevance of the proposed methods, we have presented a
case study of a multi-criteria group decision-making problem. The problem was solved
using some of the proper pseudo-overlaps and pseudo-groupings constructed in this paper.
Our results demonstrate that pseudo-overlaps and pseudo-groupings can provide useful
and effective tools for decision-making in real-world applications, where commutativity
may not be a reasonable assumption.

In conclusion, the methods presented in this paper offer new opportunities for decision-
making and information fusion in real-world scenarios, where the commutativity assump-
tion is not satisfied. Future research may explore further properties, such as Lipschitzianity,
homogeneity or idempotency, and applications of pseudo-overlaps and pseudo-groupings
into other real-world problems.
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