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Abstract: Since Lotfi A. Zadeh introduced the concept of fuzzy sets in 1965, many authors have
devoted their efforts to the study of these new sets, both from a theoretical and applied point of
view. Fuzzy sets were later extended in order to get more adequate and flexible models of inference
processes, where uncertainty, imprecision or vagueness is present. Type 2 fuzzy sets comprise one of
such extensions. In this paper, we introduce and study an extension of the fuzzy numbers (type 1), the
type 2 generalized fuzzy numbers and type 2 fuzzy numbers. Moreover, we also define a partial order
on these sets, which extends into these sets the usual order on real numbers, which undoubtedly
becomes a new option to be taken into account in the existing total preorders for ranking interval
type 2 fuzzy numbers, which are a subset of type 2 generalized fuzzy numbers.
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1. Introduction

In the framework of fuzzy systems, in order to give a response or to make a decision, fuzzy numbers
(FNs) and fuzzy quantities (FQs) need to be compared, i.e., to be ranked. In a sense, fuzzy numbers
can be considered as real values with degrees of uncertainty, imprecision or vagueness. They are
represented as fuzzy sets on the real line, that is, in general, they are not simply real numbers.
Therefore, they cannot be compared by means of the usual total order on the set of real numbers.
On the other hand, the pointwise partial order of functions, which is the standard order in the fuzzy sets,
does not adequately (see Section 2.1) extend the order of real numbers. However, from the horizontal
representation of the extension principle, a partial order has been established (see Equation (4)) in the
FNs that extends the order of real numbers. Since Jain [1,2] and Dubois and Prade [3] introduced the
concept of fuzzy numbers, many authors (see, for example, [2,4-11]) have given different methods that,
although they do not produce total orders, allow one to compare the FNs and to order some of their
subsets. Among these approaches are: statistical methods (see [7,10]), geometric methods (see [8]),
analytical methods (e.g., in [6], the authors work with bounded variation functions), computational
methods (e.g., artificial neural networks are applied in [11]) or the combination of some of these.

Bortolan et al. [12], Cheng et al. [13] and, recently, Wang et al. [14,15] reviewed a variety of
existing methods for comparing FNs. Moreover, the properties that every method must satisfy to
compare reasonably FNs were discussed in [14,15].

On the other hand, since the introduction of extensions of fuzzy sets, the need to define and
analyze fuzzy numbers in these extensions has been pointed out. For example, intuitionist fuzzy
numbers (IFNs) and generalized intuitionist fuzzy numbers (GIFNs), which are intuitionistic sets on
the real line satisfying certain conditions, were defined and studied in [16-18]. Recently, interval type
2 fuzzy numbers (IT2FNs) have been defined in [19-22], as interval type 2 fuzzy sets (IT2FSs) on the
real line fulfilling some properties. Besides, in [19,22], total preorders were given to ranking IT2FNs,
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but such preorders do not hold the property of antisymmetry, which is a theoretical and practical
weakness. Moreover, the total preorder given in [19] does not effectively extend the order of real
numbers (see Example 2).

Type 2 fuzzy sets (T2FSs) are an extension of type 1 fuzzy sets (FSs), and IT2FSs are a particular
case of T2FSs. Because the membership degrees of T2FSs are fuzzy, they are better able to model
uncertainty than FSs [23]. Fortunately, new methods have been introduced for the purpose of achieving
a computationally-efficient and viable framework for representing T2FSs, as well as the T2FLS (type 2
fuzzy logic system) inference processes (see, for example, [24-27]). Thanks to these computational
simplifications, the first applications of generalized T2FSs and not just interval type 2 fuzzy sets
(IT2FSs), which is a subset of T2FSs, are now being reported, such as, for example, [24,26,27].

In this paper, we define and compare type 2 fuzzy numbers (T2FNs) and type 2 generalized
fuzzy numbers (T2GFNs), which are type 2 fuzzy sets (T2FSs) on the real line, with certain conditions.
These sets are more general than the ones considered in [19,20,22], so that in each application, the
expert can choose the linguistic labels that best fit the specifications of the problem. We obtain a partial
order in T2GFNs and in T2FNs, extending the order of real numbers, as a first step to obtain in future
investigations a total order (or a preorder).

The paper is organized as follows. In Section 2, we recall some definitions, basic concepts, partial
orders and properties of the FNs and generalized fuzzy numbers (GFNs) of type 1 (Section 2.1) and
the T2FSs (Section 2.2). In Section 2.2, a partial order is introduced in the subset of T2FSs with convex
membership degrees and with the same height. In Section 3, we define and study the T2FNs and
T2GFNs. A partial order is determined on the T2GFNs extending the order of the real numbers.
Furthermore, among other examples, two IT2GFNs are ordered with our partial order, and the result
is compared with the one obtained applying the preorder established in [19]. Section 4 is devoted to
some conclusions.

2. Preliminaries
2.1. Definitions and Properties of Fuzzy Numbers

Throughout the paper, X stands for a non-empty set that represents the universe of discourse.
Additionally, < denotes the usual order relation in the lattice of real numbers. The operators A and V

are, respectively, the minimum and maximum operations on real numbers.
Definition 1. [5,6,28] A fuzzy set (of type 1, FS) A, is characterized by a membership function f4,
fa:X—[0,1],
where f4(x) is called the membership degree of the element x € X in the set A.
Let F(X) denote the set of all fuzzy sets on X. For each A € F(R), the height of A is:
wy = sip {fA(x) tX E R},
and the support is:

supp(A) = supp(fa) = {x € R: fa(x) > 0}.

We say that A is strongly normal if f4(x) = 1 for some x € R and that it is normal if wy = 1. If A
is strongly normal, then it is normal, but the opposite in general is not true. For example, the fuzzy set
B on R, with membership function:
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1+x if —1<x<0;
fe(x)=¢ 05—x if 0<x<05
0 otherwise,

is normal, but it is not strongly normal, since there is no x € R such that fg(x) = 1 (see Figure 1).

Figure 1. Normal, but non-strongly normal fuzzy set.

The a-cutof anFS Aon R, with0 < a < 1,is Ay = {x ER: fa(x) > tx}. We say that A is convex

if fa(y) > (fA(x) A fA(z)), for all x < y < z (to simplify the notation, we will also say that f4 is
convex). In addition, A is convex if and only if for all « with 0 < &« <1, we have that A, is a convex
subset of the real line, that is an interval or the empty set.

Definition 2. [5,6] Let X be a subset of R, and let f : X — R be a function. We say that f is upper
semicontinuous at a point xg if, given € > 0, there exists a neighborhood U of xo such that f(x) < f(x¢) +¢€,
forall x € U. We say that f is upper semicontinuous if it is upper semicontinuous at any x € X.

Intuitively, a function f is upper semicontinuous at x if, when approximating to xo, f(x) approximates
to f(xg) or is below f(xp). That is, if limxﬁxg f(x) < f(xp) and limxﬁxof flx) < f(xp).
See Figures 2 and 3.

~ ~ n

Figure 2. Upper semicontinuous functions: (a) Discontinuous from the right; (b) Discontinuous from
the left; (c) Discontinuous from the right and from the left.
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Figure 3. Non-upper semicontinuous functions: (a) Discontinuous from the right and from the left;
(b) Discontinuous from the left; (¢) Discontinuous from the right.

Definition 3. [5,6] A generalized fuzzy number (GEN) A is a convex FS on R whose membership function f4
is upper semicontinuous and with bounded support.

Any GFN A is determined by a membership function of the form [6]:

La(x) ifa<x<p

_ wa for<x<g
falx) = Ra(x) if c<x<d;
0 otherwise,

where L4 : [a,b] — [0,w,] is an increasing function and Ry : [c,d] — [0, w 4] is a decreasing function.
Note that the fuzzy set B of the previous example (see Figure 1) is not a GFN since its membership
function is not upper semicontinuous. The functions shown in Figure 2 are GFNs, since each function
is upper semicontinuous, convex and with bounded support. On the other hand, the functions shown
in Figure 3 are not GFNs, because they are not upper semicontinuous functions.

A GFN A is normal if and only if its height w4 equals one. In addition, if a GFN A is normal, then
it is also strongly normal, because its membership function, f4, is upper semicontinuous.

Definition 4. [4-6] A fuzzy number (FN) A is a GEN that is strongly normal.

Because a fuzzy number A is strongly normal and convex, then A, is an interval for all 0 <
« <1, and since it is upper semicontinuous and with bounded support, A, is a closed interval (see
[5,6]). The function fp defined above and shown in Figure 1 is not upper semicontinuous at zero.
Consequently, there exists some «, such that B, is not closed (for example, Byg = [—0.2,0)). Therefore,
B is not a fuzzy number.

A real number a can be extended as a generalized fuzzy number with membership function equal
to the characteristic function with height w, a, : R — [0, 1] where:

dw(x):{ w if x=a;
0 if x #a.

If w = 1, the characteristic function 47, denoted a, will be the extension of the real number a as
a fuzzy number (type 1).

Similarly, a closed interval [a,b] can be extended as a generalized fuzzy number
with the membership function equal to the characteristic function with height w,

[a,b], : R — [0,1], where:
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B w if x € [a/b};
[a/b]w(x) - { 0 if x¢ [a,b}.

If w = 1, the characteristic function [a, b]; will be denoted by [a, b].
The usual partial order in the fuzzy sets, which is the partial order defined pointwise, is given by:
let A, B € F(X); we say:

A<Be fa<fy, (fal) < falx)vxeX). (1)

As is well known, this partial order is not total, and it is not the most appropriate when comparing
fuzzy numbers, since it does not extend the order of real numbers. In fact, suppose we consider two
different real numbers a and b, with a < b, as fuzzy numbers, by means of their characteristic functions
a and b. It is not true that @ < b, since b(a) = 0 < @(a) = 1. Analogously, b < @ is not true either. As a
consequence, @ and b are not comparable with this partial order. To summarize, the usual partial order
(1) does not extend the usual order ( <) of the real numbers.

By means of the Zadeh extension principle ([29]), many operations on the real numbers have been
extended to the fuzzy numbers. For example, let o be a binary and surjective operation on R, then its
extension e on the fuzzy numbers is defined by any of the following equivalent expressions ([30-32]):

1. Vertical representation:
faep(x) = (fA 'fB) (x) = sup {fA(y) Nfp(z) :yoz= x}- @
2. Horizontal representation:
(AeB), = AveBy={achiac Ayb€ By} @)
Since o is surjective, then the function f4,p is defined for all x € R and for all fuzzy sets A and B.

From the extensions in horizontal form (3) of the operations V and A, a new partial order ([9]) is
established in the fuzzy numbers:

A= B Ay <; By, Va €[0,1] 4)

where < is the usual partial order in the closed intervals, thatis [a,b] <j [c,d] & a < cy b < d.
As (2) and (3) are equivalent on the fuzzy numbers, the partial order that is obtained from (2), denoted
C (see Section 2.2), on the fuzzy numbers is equivalent to <. Let us remark that the order = only
is defined on fuzzy numbers, while the order T and the order given in (1) can be applied to any
fuzzy sets.

The orders < and T are not total, but they are more adequate than the punctual order given in (1)
to compare fuzzy numbers, since they extend the usual order of the real numbers.

2.2. About Type 2 Fuzzy Sets

From now on, we denote by M the set of functions from [0,1] to [0,1], ie, M =
Map([0,1],[0,1]) = [0,1]°.

Definition 5. [33,34] A type 2 fuzzy set (T2FS) A is characterized by a membership function:
HA': X =M,

where y 4 (x) is the membership degree of an element x € X in the set A and a fuzzy set in [0,1]. Thus,

pa(x) = fx, where fy:[0,1] — [0,1].
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Let F,(X) = Map (X, M) denote the set of all type 2 fuzzy sets on X. It is worthwhile to remember

that T2FSs are defined in a different way in [35]; however, both definitions are equivalent.

Example 1. The following membership function determines a T2FS on R:

_%igf—5gx<ayemﬂb

(1(x)) () = fx(y) = % if0<x<7ye[01]

0 ifx¢[-57],yelo1]

Definition 6. [20,36] An interval type 2 fuzzy set (IT2FS) A is a T2FS whose membership degrees y 4(x), for
all x € X, are characteristic functions (with height w = 1) of closed intervals in [0,1].

Note that these sets are isomorphic to the interval-valued fuzzy sets. Moreover, the IT2FSs given
in Definition 6 are a particular case of IT2FSs defined in [37]; however, here, we always use Definition 6.

Walker and Walker show in [36] that the operations on Map (X, M) can be defined naturally from
the operations on M and have the same properties. In fact, given the operation * : M x M — M,
we can define the operation x : Map(X,M) x Map(X,M) — Map(X,M) such that, for each pair
f,g € Map(X,M), we have (f * ¢)(x) = f(x) *g(x), for all x € X, where f(x), g(x) € M (see [36]).
This pointwise extension of operations also allows us to define an order in type 2 fuzzy sets from an
order on their membership degrees as follows: given two T2FSs A and B with membership functions
pa up € Map(X,M), we have A < Bif pia(x) < pp(x) for all x € X, where < is an order in M.
However, when X = R, this way of defining an order in Map(R, M) does not extend the order of R,
as happened with the usual order < of the type 1 fuzzy sets. This is our motivation to define a new
partial order in Map (R, M) (see Definition 15) that extends the order of real numbers (see Example 2
and Remark 6).

The following definition introduces algebraic operations on M by means of the vertical form (2)
of Zadeh’s principle of extension [28,29,33,34].

Definition 7. [36,38,39] In M, the operations LI (generalized maximum), M (generalized minimum),
= (complementation) and the elements 0 and 1 are defined as follows:

(fURx) = sup{f(y)rg(z):yVz=x};

(FRe)() = sup{fy)Ag():yrz=xf;
2f(x) = sup{f(y):1—y=x=f1-x);
o) = {1 if x=0;

0 ifx#0;
- _ 1 ifx=1
=) = {0 if x #1.

The algebra M = (M, L, -, (_),i) does not have a lattice structure, since the absorption
law ([36,39]) is not fulfilled. However, both operations LI and I define a partial order on M.

Definition 8. [34,36] In M, the following two partial orders are defined:

fEg iffng=f and f=g iffug=g.
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Generally, these two partial orders do not coincide [34,36]. The map 1 is the greatest element of
partial order C, and the map 0 is the least element of partial order <. Itis also verified that the constant
functiong =0 (g(x) =0, forall x € [0, 1]) is the least element of C and the greatest element of <.

In order to facilitate operations on M, the following definition is given.

Definition 9. [36,38,39] For f € M, the functions L, fR € M are defined as:
fHx) =sup {f(y) iy <x} and  fRx)=sup{f(y):x <y}.
< <

fE and fR are increasing and decreasing, respectively, and (fR)L = (fF)R is a constant function,
equal to the supremum of f.

We denote by C the set of all convex functions of M. In [36], it is shown that f € Cif and only if
f = fLA R, and C,, will represent the set of all convex functions with given height w.

The set of all normal and convex functions of M is denoted by L. Obviously, L = C;. The algebra
L = (L,U,M,—,0,1) is a subalgebra of M. In L, the partial orders C and = are equivalent, and L
is a bounded and complete lattice (0 and 1 are the minimum and the maximum, respectively);
see [34,36,39,40]. It should be noted that the characteristic functions of closed intervals in [O, 1},
which are just the membership degrees of the IT2FSs, belong to L.

The following characterization of the partial order on L is very helpful to establish new results.

Theorem 1. [39,40] Let f,g € L. Then, f T g if and only if:
gL < fL and fR < gR.

In [36,39], the authors did not consider C;, for any 0 < w < 1; however, the study on L can be
extended to Cy, where the partial orders C and =< are also equivalent. Thus, (Cw, U, 1, =, 0w, Tw) is
a bounded and complete lattice, where:

~ w ifx=0; - _Jw ifx=1;
OW(X)_{O ifx 20, nd l“’(x)_{o if x £ 1,

are the minimum and the maximum, respectively. In addition, T in Cy, satisfies Theorem 1. From here
on, the order C is denoted by T, when working in Cy. Note, however, that we denote it by C to
simplify the notation when there is no chance of confusion.

3. Type 2 Fuzzy Numbers

Haven et al. introduce in [20] an extension of the fuzzy numbers, the interval type 2 fuzzy
numbers (IT2ENSs).

Definition 10. [20,22] An interval type 2 fuzzy number (IT2FN) is an IT2FS on R, with membership function
u given by u(x) = [a(x),b(x)], where the functions a,b : R — [0, 1] are (type 1) fuzzy numbers.
The function a is the lower membership function, and b is the upper membership function.

It is worth mentioning that this definition is also given in [19] with a,b : R — [0, 1], where b is
a (type 1) fuzzy number, and a is a (type 1) generalized fuzzy number (see Definition 3), i.e., 4 can
be non-normal. Then, we call to these numbers given in [19] the interval type 2 generalized fuzzy
numbers (IT2GFNSs).

Note that the set of IT2FNss is a subset of IT2GFNss.
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Next, we introduce the definitions of type 2 generalized fuzzy number (T2GEN) and type 2 fuzzy
number (T2FN). These sets are new extensions of fuzzy numbers and are also extensions of interval
type 2 fuzzy numbers (see Proposition 1).

Definition 11. Given a T2FS on R, with membership function y : R — Cy, the support of u is defined as:
Supp(p) = {x €R: p(x) # Ow}.

In addition, u has bounded support if there exists a,b € R such that
u(x) = 0y, forall x ¢ [a,b].

Remark 1. Given two closed intervals [a,b] and [c,d], then [a, D]
[a,b] <[ [c,d].

Cw [c,d],, forall w, if and only if

w =

Definition 12. A type 2 generalized fuzzy number (T2GFN) in (Cy, Cy ) is a T2FS on R, such that its

membership function y : (R, <) — (Cw, Cw ) has bounded support, and moreover, there exists a z, € R such
that p is increasing in (—co, z,] and decreasing in [z, ).

Example 3 shows two type 2 generalized fuzzy numbers.

Remark 2. Given a T2GEN in Cy,, with membership function y, we have that:
H(x) S j(z) for x € (—o0,2,] and p(x) G pi(z) for x € [z,09)

and therefore, for all x € R, p(x) S p(zy). Consequently, ji(z,) = sup {y(x) T x € R}.

EIU

Besides, the set Z,, = {z e R: pu(z) = sup {y(x) 1 x € R}} is a point or an interval (not-empty)
Cow

where y is constant.

Remark 3. A type 2 fuzzy set on R with membership function,

y(x)—{x“’ if x€10,1); )

0w otherwise,

is not a T2GFN, since there is no z,, with the required conditions. Note that y is increasing in (—oo,1), but not

in (—oo, 1], since, for instance, 5 < 1, but u(1) = 0y Co (3),, = p(3) (see Figure 4; in this figure, only the

image of the support of the functions corresponding to membership degrees y(x) has been drawn).

e

Figure 4. Example of a type 2 fuzzy set (T2FS) that is not a type 2 generalized fuzzy number (T2GFN).
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Definition 13. A type 2 fuzzy number (T2FN) in (Cy, Cy) is a T2GFN, such that:
sup {y(x) tx € R} = Tw.
Ew

Remark 4. A type 2 fuzzy set on R with membership function,

n(x) = {(2) el 6)

0w otherwise,
is a type 2 generalized fuzzy number, but not a type 2 fuzzy number, since sup {y(x) ix € R} = @w
(see Figure 5; in this figure, only the image of the support of the functions corresponding to the membership
degrees y(x) has been painted).

Figure 5. Example of a T2FS that is a T2GFN in Cy,.

Proposition 1. An interval type 2 fuzzy number (IT2FN), defined as in Definition 10, is a T2FN in (Cq, Z1).

Proof. The membership degree y(x) of any IT2EN is the characteristic function of an interval. That is,
u(x) = Ja(x),b(x)] € C; = L, where a(x) < b(x) for all x € R. The functions a4 and b are fuzzy
numbers of type 1 (see Definition 4). Since 4 is strongly normal, we have a(z) = 1 for some z € R.
In addition, because a(z) < b(z), then a(z) = b(z) = 1, which implies that u(z) = 1; = 1.

On the other hand, because a and b are fuzzy numbers and a(z) = b(z) = 1, we have that a and b
are increasing in (—oo, z] and decreasing in [z, ). Thus, a(x1) < a(x;) and b(x1) < b(xy) for all x; <
xy < z, which implies that [a(x1), b(x1)] C [a(x2), b(x2)]. Consequently, p : ((—oc0,z], <) — (Cy,E)
is increasing.

In a similar way, we can prove that u is decreasing in [z, c0).

Therefore, the IT2FNs given in Definition 10 are a particular case of the T2FNs of Definition 13. [

Proposition 2. An interval type 2 generalized fuzzy number (IT2ZGFN) is a T2GFN in (C1,C1).

Proof. This is similar to the proof made for Proposition 1. [

It should be noted that the set of T2GFNs is a subset of the set of T2FSs on R, whose membership
degrees are functions in Cy, so the following partial order, pointwise defined, can be induced:
given two T2GFNs A, B, we say that A Ty, B if and only if 4 (x) Ty pp(x) for all x € R. However,
this order is not convenient to compare T2GFNs, since it does not extend the natural order of real
numbers, when these are represented as T2GFN, as is shown in Example 2.
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Example 2. Let A and B represent the extension of real numbers 2 and 3 to the T2FSs, respectively,
with membership degrees:

VA(X)_{é ifx=2 VB(X)—{g if x=3;

otherwise, otherwise.

Figure 6a shows the membership degrees 4 (1) and p4(2) and only the image of the support of
the rest of the membership degrees 4 (x). Figure 6b displays the membership degrees pp(1), ug(2)
and yp(3) and only the image of the support of the rest of the membership degrees pp(x).

It would be expected that A C B as 2 < 3, but this does not happen since yg(2) =0 C 1 = p4(2)
and 4 (3) =0 C 1 = up(3), which implies that A and B are not comparable with that partial order.

Furthermore, the preorder given in [19] does not extend the order of R either. In fact, in the above
paper, the authors, before comparing numbers, transform the membership function of any real number,
i.e., ¥, to the real 1 or —1, obtaining in this example that A = B.

Figure 6. (a) Number 2 extended as a T2FN; (b) Number 3 extended as a T2FN.

Consequently, a partial order extending the total order of R needs to be obtained on the T2GFNs.
Before, we define two auxiliary functions.

Definition 14. Given a T2GFN with membership degree j1(x) € (Cw, Cw ), Vx € R, we define the functions
b, uR: (R, <) — (Cw, Co ) as follows:

i) = sup{u(y) iy <x} =[] )

Cw y<x
R = sup{uy) iy = xh = | n)
Cw y>x

Proposition 3. Given a T2GFN in Cy, with membership function u, we have u*(x), uR(x) € Cy for all x,
and ut, uR are increasing and decreasing functions, respectively, with respect to the partial order C.

Proof. Since y is increasing in (—oo,z,] and decreasing in [z, o) for some z, € R, then pu(x) =
p(x) € Cy, Vx < zy and pl(x) = u(zy) € Cy, forall x > z,; therefore u(x) € Cy, forall x € R.

Similarly, we have uR(x) = p(x) € Cy forall x > z, and pR(x) = pu(z,) € Cy forall x < z;
therefore uR (x) € Cy, forall x € R. In addition, it follows that u" and R are increasing and decreasing
functions, respectively, with respect to the partial order C,,. O

Remark 5. Given a T2GFN in Cy with membership function y and z, € R a point where y reaches the
supremum, as p(x) C sup {y(x) ix € R} = u(zy), it is clear that:
C



Axioms 2017, 6,22 11 of 19

sup{yL(x):xeR} = sEp{yR(x):xER}:sup{y(x):xeR}

VL(ZH) = uk (zp)-

Definition 15. Let A and B be T2GFNs in Cy,, with membership function y 4 and yp respectively. We define
the relation C as:

ACB (6 uaCpp) & pf(x) Co pf(x) and ph(x) Co pi(x),
forallx € R.

Proposition 4. Let A and B be T2GFNs in Cy,, with membership functions y 4 and up, respectively. If A and
B are comparable with C, then:

sgp {yA(x) tx € R} = sup {yg(x) tx € ]R}.

=w E w

Proof. If A C Bthen u§(x) T uR(x)and pu5(x) T wh(x) forall x € R. From the Remark 5, we have:

Slép{‘uA(x):XER} = SIép{yi(x):xeR} C sup{‘ug(x):xeR} = Slép{‘ug(x):xéR},

[

SIép{yB(x):xeR} = sEp{y%(x):xe]R} C sup{,uﬁ(x):xER} = sEp{yA(x):xER}.

Since C is antisymmetric, we have:
sup {yA(x) tx € R} = sup {yB(x) tx € ]R}.
Ew Ew
O
Proposition 5. Let A and B be two T2GFNs in Cy, with membership functions y, and up, respectively.

If ACB, then z,, < zu,, being z,, = inf<{x € R : pa(x) = sup. pat and zy, = inf<{x € R :
pp(x) = sup-, g}

Proof. If ACB, then pk(x) Ty pk(x). Suppose z,, < z,, then there exists x € R such that
zuy < x < zy, and pk(x) = sup Hp = sup., pa by Proposition 4, but phi(x) © supc Ha-
Therefore, 1% (x) © up(x), which is impossible. [

Proposition 6. C is a partial order in the set of T2GFNs in Cy.

Proof. Let A, B, C be three T2GFNs in C;,, with membership functions y 4, ptg and pc, respectively.

Reflexivity: As C is a partial order in Cy, it is reflexive, and thus, p8(x) T pB(x) and
uk (x) C uk (x), for all x. Therefore, A C A.

Transitivity: If C C Aand A C B, then, for all x € R, we have that:

ui(x) T pi(x),  wh(x) C pex),

1M
=

N
=

uh(x) C p(x),  pp(x)
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Since L is transitive, we have that:

ue(x) € pp(x)  and  pp(x) E pe(x),
for all x. Therefore, CLC B.
Antisymmetry: If A C B, then u§(x) T puB(x) and ph(x) = uh(x). Additionally, if B C A,

~— I

then yg(x) C yﬁ(x) and yﬁ(x) C yg(x

Since C is antisymmetric, then:

for all x.

As A and B are T2GFNs, their membership functions are increasing in (—oo, z,] and (—oo, 2],
respectively, and decreasing in [z,,00) and [z}, ), respectively, for some z,,z, € R. Therefore,
uh(x) = pa(x), for all x < zg; pk(x) = up(x), for all x < zj; u¥(x) = pa(x), for all x > z,;
and u&(x) = pp(x), forall x > z,.

Without loss of generality, we suppose z, < zj. If x € (—c0,z,], then we have p(x) = pbi (x) =
uk(x) = pp(x). If x € [z, 0), then we have pa(x) = u8 (x) = uB(x) = up(x).

On the other hand, if z;, < x < z, we obtain pug(x) T ul(x) = uf(x) = pa(x) and
pa(x) C ph(x) = pk(x) = pp(x). Since C is antisymmetric, we have that 4 (x) = pp(x) for
all x. Therefore, A =B. O

Remark 6. The partial order of Definition 15 extends the order of R. In fact, let A and B be the extensions in
the T2FNs, of the real numbers a and b, respectively, such that a < b, with membership functions:

yA(x):{; i x=a and ‘uB(x):{; if x=b;

0 otherwise, 0 otherwise.

In this case, we have that:

ui<x>={§ p uém:{é e

otherwise, otherwise,

1 ifx<a 1 if x<b;

R _ = Uy R _ a2
palx) = {0 otherwise, M (%) {0 otherwise.

One can prove that pk(x) T pL(x) and uB(x) C uR(x) for all x. Then, ACB, but
A ¥ Band B Z A (see Example 2).

Note that the methods provided in [19,22] for ranking IT2FNs are total preorders; however, to the
best of our knowledge, there is no previous work where a partial order is established extending the
order of the real numbers to T2FNs and not just to IT2FNs or IT2GFNs. Moreover, as has already been
pointed out, the preorder in [19] does not extend the order of R; meanwhile, it can be proven that the
preorder in [22] does extend it. Example 3 shows the ranking of two T2GFNs that are not IT2FNs.

Example 3. Consider the two T2GFNs A and B given by the degrees of membership u(x), p(x) € Ci2,
respectively, defined below. Note that A and B are not IT2FNs (see Definition 10), because w = 0.5 # 1,
and some membership degrees of A are not characteristic functions of a point or an interval.

Let u(x) : [0,1] — [0, 1] be defined by:
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if x € R\(0,7), then p(x iy
10
y -1 if ye[F, B5;
if th ~ 10
if x € (0,3), then ( Wiy e (18, 2
if y ¢ 45 %)
if x € [3,5], then u(x 07091/2,

ifx € (5,7), then pu(x ) (2.1 -0.3x)y -

In Figure 7, we only show the membership degrees of the set A, j(x), when x € (0,3). In the other

case, when x ¢ (0, 3), the membership degrees are characteristic functions of a point or an interval with
height w = 0.5. In Figure 8, on the left, we have drawn the images of the supports of the membership
degrees of the set A, as well as the projection of these values on the plane xy.

0.5

0.4

0.3

0.2 1

0.1

Figure 7. Membership degrees j(x), for all x € (0, 3).

QQLV:ﬁV = i T

@) (b)

Figure 8. Membership functions of T2GFNs (a,b) given in Example 3.

Additionally, let ¢(x) : [0,1] — [0, 1] be defined by:

if x € R\[0,4], then ¢(x) = 01/p;
if x € [0,1), then ¢(x) = (0.6x +0.1); »;
if x = 1 then ¢(1) = [0.7,0.9]; 5,

if x € (1,4], then ¢(x) = % (4 —

)1/2'
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All membership degrees of the set B are characteristic functions of a point or an interval with
height w = 0.5. On the right of Figure 8, we have drawn the image of the support of each membership
degree of the set B, as well as the projection of these values on the plane xy.

In this example, w = 1/2, Z,, = [3,5] and Z, = {1}, therefore, for all z, € [3,5] and z, = 1, it is:

sup {y(x) ix € ]R} = p(zy) =10.7,0.9]; ,, = ¢(1) = sup {go(x) ix € R},
In addition, we have:
ul i R — [0,1] is such that (see Figure 9):

e ifx <3, then yL(x) = u(x);
if x > 3, then ub(x) = u(3) = [0.7,0.9], »;

®

Figure 9. (a) ]/tL and (b) (pL according to Example 3.

uR R — [0,1]191] is such that (see Figure 10):

o ifx <5, then pR(x) = u(5) =[0.7,0.9]; »;
= ],[ .

e ifx > 5, then uR(x)

(x)

Figure 10. (a) ptR and (b) (pR according to Example 3.

@b : R — [0,1)1% is such that (see Figure 9):

if x <1, then o*(x) = o(x);
if x > 1, then ¢ (x) = (1) = [0.7, 0.9]1 2

@R : R — [0,1]0 is such that (see Figure 10):
e ifx <1, then ¢(1) = [0.7,0.9]; »;
e ifx > 1, then ¢R(x) = ¢(x).
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Comparing uk(x) with ¢*(x) and uR(x) with pR(x) respect to the partial order C; /5, we can
prove uf(x) T/ ¢b(x)and ¢R(x) T/ uR(x) for all x € R. Therefore,
BC A.

For example, from Figure 11, it follows that (1(2))R(y) < (9%(2))R(y) and (¢%(2))E(y) <
(uk(2))E(y), for ally € [0,1], and then, u-(2) Cy/0 ¢L(2).

A

72

0 02 04 07 09

Figure 11. 4 (2) and ¢*(2) according to Example 3.

Remark 7. As mentioned before, in [19,22], total preorders for ranking IT2FNs were provided. One of the
disadvantages of these preorders is that they do not satisfy the property of antisymmetry; therefore, two elements
can be considered as equal, when they are not, which undoubtedly affects the decision making. On the other
hand, from a theoretical point of view, operating or working with preorders adversely affects the consolidation of
a consistent and coherent algebraic structure. A solid algebraic structure allows, among other things, the correct
determination and application of operators (e.g., negations, t-norms, agqregation operators, among others).
Besides, these preorders given in [19,22] reduce each IT2EN to a real value and finally compare these real values
with the order of the real numbers, which implies some loss of the information (representation of the uncertainty,
impression and vagueness) contained in the original form of each IT2ZFN. On the other hand, the partial order
guarantees the algebraic properties of posets. Furthermore, with the partial order C, the loss of information is
minor compared to those preorders. One of the disadvantages of this partial order is that it is not total; therefore,
there are elements that are non-comparable with it. Considering the above, the ideal is to have a total order,
extending the order of the real numbers in the T2FNs; however, a partial order is a good starting point to obtain
some total order. Anyway, it would be suitable, for ranking IT2FNs or IT2GFNG, firstly to apply the order C,
and if they are not comparable, then to apply the above-mentioned preorders.

It should be noted that in [19], it was established that any method to ranking IT2FNs must be consistent
with the human intuition, in the sense that the more to the right an IT2EN is, the greater it will be. That is, the more
to the right the centroid of an IT2FN is, the greater it will be. This property is satisfied by the order C.

Example 4 shows two IT2GFNs previously ranked in [19] with the preorder CPS (centroid point
and spread). We rank them with c, obtaining the same decision as the one achieved with the CPS
method. However, before, in the next Proposition 7, we give the characterization of C, when ranking
IT2GFNs exclusively.

Proposition 7. Let A, B be two IT2GFNs, with membership degrees u(x) = [a1(x),b1(x)] and
¢(x) = [aa(x), ba(x)], respectively, Vx € R, then:

ACB < ab(x) <ab(x), aR(x) < al(x), bk (x) <bh(x), bR(x) < bR(x), Vx € R(< ay Ty a2, by C by).

Proof. This is directly according to Definition 15, Remark 1, Proposition 5 and the usual partial order
in the closed intervals, <;. [
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Example 4. Let A,B be two IT2GFNs, with membership degrees A(x) = [a1(x),bi(x)] and
B(x) = [aa(x), ba(x)], Vx, respectively, whose supports are shown in Figure 12. In [19], Section 4, Case 3,
these IT2GFNs, A, B, were ranked with the CPS method, and it was obtained that B is greater than A. On the
other hand, we apply the order C, according to Figures 13 and 14 and Proposition 7, and we obtain the
same above result, i.e, ALB (A # B). In Figures 13 and 14, note that a%(x) < a%(x), uf(x) < ag(x),
bl (x) < bk(x), bR(x) < bR(x), Vx; therefore, ACB (A # B).

Figure 13. Functions a%, blL, a%, b%.

Figure 14. Functions uf, bf, a1§, bg.

Now, comparing the IT2FNs A and B in Figure 15 with the preorder given in [22] (<p,), it results

A <p, Band B Ap, A and also AT B. Moreover, it can be proven that for any IT2FNs A and B,
if ACB, then A <p, B.
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Figure 15. Support of two IT2FNs A and B.

Finally, Table 1 shows the properties fulfilled by each ranking method mentioned in this paper.
Remember that:

C denotes the relation defined in Definition 15;

Cw denotes pointwise extension of the partial order C;

<1 denotes pointwise extension of the partial order of the intervals <p;
=< peps denotes the relation given in [19];

<pp, denotes the relation given in [22].

Table 1. Comparative results for several ranking methods, “Y” = Yes, “N” = Not.

Method Properties Sets Can Be Compared Extends Order
etho
Reflex. Antisymmetry Trans. Total IT2Ns IT2GFNs T2GFNs-T2FNs of R
C Y Y Y N Y Y Y Y
Cow Y Y Y N  Y(C=<) Y(C=<p Y N
< Y Y Y N  Y(E=<) Y(E=<) N N
=<pp Y N Y Y Y N N Y
<cps Y N Y Y Y Y N N

4. Conclusions

In this work, we have defined, within the type 2 fuzzy sets (T2FSs), the fuzzy numbers (T2FNs)
and the generalized fuzzy numbers (T2GFNs). It has been shown that the order on these sets naturally
induced from the order on their membership degrees (pointwise extension) is not adequate, since it
does not extend the usual order of real numbers. That is why a new partial order has been proposed
on T2GENs. Previously, taking into account this goal, we have generalized the partial order on L
(set of convex and normal functions from [0, 1] to [0, 1]) to the set of convex functions with the same
height. Although, there are methods to ranking interval type 2 fuzzy numbers, the partial order
obtained becomes a new option to be applied to ranking such type 2 fuzzy numbers and not only
IT2FNs or IT2GFNs.

Some topics remain open for future research. Among them to study some properties of the
proposed order and to obtain different ways to compare T2GFNs, allowing us to rank as many type 2
fuzzy sets as possible.
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