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Abstract. We introduce hesitant fuzzy sets of algebraic structures in IUP-algebras, including hesitant fuzzy IUP-
subalgebras, IUP-filters, IUP-ideals, and strong IUP-ideals. These notions are defined via relaxed set-theoretic and
algebraic conditions suitable for hesitant fuzzy membership functions. Their mutual relationships are analyzed, show-
ing how they extend and unify prior definitions in the UP-algebraic setting. Several examples and counterexamples
are provided to illustrate essential differences between these classes and to demonstrate that each concept is a proper
generalization of its classical or fuzzy counterpart. A diagram of class inclusions is also presented to visualize the

structural hierarchy among these hesitant fuzzy sets.

1. INTRODUCTION

Following Torra’s seminal work [33], hesitant fuzzy sets (HFSs) assign to each element a subset
of [0,1] that represents admissible membership degrees. At the same time, the classical setting
uses nonempty finite subsets; in this paper, we allow the empty set and do not impose finiteness.
In algebraic settings, hesitant fuzzy constructions have been developed across a wide range of
algebraic systems. In BCK/BClI-algebras, several generalized forms have been explored, including
hesitant fuzzy soft subalgebras and ideals [13,16], inf-hesitant fuzzy ideals [15], hesitant p-ideals
and quasi-associative ideals [14], sup-hesitant fuzzy quasi-associative ideals [8], commutative
hesitant fuzzy ideals [1], and n-polar Z-hesitant complementary fuzzy soft sets [2]. In Boolean
and BL-algebras, hesitant fuzzy structures have been examined through (A, )-subalgebras [19],
anti-type hesitant fuzzy filters [11], and hesitant fuzzy ideals in Boolean algebras [6]. Within semi-
groups, the development includes thresholded ideals such as sup - and supﬁ‘-ideals [12], hybrid
interior ideals [5], and (&, B)-hesitant fuzzy approaches to ideal theory [34]. In group-theoretic
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settings, hesitant fuzzy subgroup generalizations have been proposed using a-thresholding mech-
anisms [7]. Related investigations in fuzzy implication algebras have addressed hesitant fuzzy
filters and their structural behavior [18]. In the setting of UP-algebras, foundational notions such
as hesitant fuzzy subalgebras, filters, and ideals have been introduced and expanded through char-
acteristic, anti-type, partial-constant, and sup-hesitant variants, as well as operations on hesitant
fuzzy soft sets including restricted union, extended intersection, and logical connectives [20-26].
Despite this extensive body of work, hesitant fuzzy structures on IUP-algebras have yet to be sys-
tematically developed. In this paper, we introduce hesitant fuzzy IUP-subalgebras, ideals, filters,
and strong ideals under a general framework that admits empty and infinite-valued membership
sets. We investigate their interrelations, closure under homomorphisms, and illustrate key dis-
tinctions through explicit examples and counterexamples that recover the fuzzy case and extend
known results from UP-algebras.

The concept of IUP-algebras was introduced by Iampan et al. [9] in 2022, who axiomatized the
structure and organized its principal families of distinguished subsets—IUP-subalgebras, IUP-
filters, IUP-ideals, and strong IUP-ideals—establishing foundational properties and launching a
research program. Subsequent work broadened both the core theory and its uncertainty-aware
extensions. In 2023, Chanmanee et al. [4] analyzed direct products of (possibly infinite) families,
introduced weak direct products, and developed results on (anti-)IUP-homomorphisms, thereby
deepening the structural understanding. In a related development, Chanmanee et al. [3] examined
external direct products in the setting of dual IUP-algebras, contributing further insight into prod-
uct constructions. In 2024, Kuntama et al. [17] integrated fuzzy set (FS) theory with IUP-algebras,
defining fuzzy IUP-subalgebras, ideals, filters, and strong ideals; in parallel, Suayngam et al. [32]
advanced intuitionistic fuzzy set (IFS) counterparts, and later extended the framework to Fer-
matean fuzzy sets (FSSs) [30]. The line of generalization continued in 2025 with neutrosophic sets
(NSs) [29], Pythagorean fuzzy sets [31], intuitionistic NSs [27], and Pythagorean NSs [28], yielding
new characterizations of subalgebras, filters, ideals, and strong ideals under richer multi-valued se-
mantics. Most recently, Inthachot et al. (2026) [10] proposed bipolar fuzzy IUP-subalgebras, filters,
ideals, and strong ideals, further diversifying the landscape. Taken together, these developments
trace a clear trajectory from the original crisp theory to a unified family of multi-valued extensions,
with homomorphisms, product constructions, and subset hierarchies serving as common threads
throughout.

In this paper, we systematically extend the theory of hesitant fuzzy sets to the setting of IUP-
algebras. We introduce four core structures: hesitant fuzzy IUP-subalgebras, IUP-filters, IUP-
ideals, and strong IUP-ideals, and establish formal relationships among them. In particular, we
show that strong IUP-ideals coincide with constant hesitant fuzzy sets, and that hesitant fuzzy
IUP-ideals properly generalize both subalgebras and filters. We also characterize algebraic subsets

through their corresponding characteristic hesitant fuzzy sets and study the notion of primeness
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TasLe 1. Comparison of fuzzy set extensions

Type | Membership | Non-membership | Indeterminacy | Hesitation | Constraint

FS pel01] - - - None

HFS h<0,1] - - v No size constraint
IFS wvel0,1] v Implicit (1 -y —v) - pt+v<l1

PFS | p,vel0,1] v Implicit - pr4+v2 <1

FFS w,vel0,1] v Implicit - ¥ <

NS T,I,Fe[0,1] Vv v (explicit) - T + I + F unrestricted

in this context. These results are supported by explicit examples and counterexamples, clarifying

the structural hierarchy among hesitant fuzzy subsets in IUP-algebras.

2. PRELIMINARIES

To establish a rigorous foundation for our study, we begin by recalling the basic structure of
IUP-algebras and several auxiliary definitions essential to the hesitant fuzzy framework developed
in this paper. Illustrative examples are also provided to motivate and clarify these concepts.

Definition 2.1. [9] Analgebra X = (X, *,0) of type (2,0) is called an IUP-algebra, where X is a non-empty
set, » is a binary operation on X, and 0 is the constant of X if it satisfies the following axioms:

(Vx e X)(0*x =x) (IUP-1)
(Vx e X)(x+x=0) (IUP-2)
(Vx,y,ze X)((x*y)* (x*z) = y*z) (TUP-3)

Throughout this paper, we denote an IUP-algebra by X = (X, *,0) unless stated otherwise, for

notational clarity and consistency.

Example 2.1. Let X = {0,1,2, 3,4, 5} be a set with the Cayley table as follows:

+10 1 2 3 45
0{|01 2 3 45
1/4 0 315 2
21250 4 31
31541023
411 3 52 0 4
5/132 4510

Then X = (X, *,0) is an IUP-algebra.
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Several foundational properties of the IUP-algebra X are listed below, based on results from [9].

Vx,y € X)((x+0)* (x+y) = y),
Vx e X)((x+0)*(x+0) =0),

Vx, y € X)(
Vx e X)((
Vx,ye X

(xxy)*+0=y=x),
+0) %0 = x),
*((x+0)*y) =y),

(x
((x*0)xy) xx = y=0),
X)

(

(

(

(

( )
(Vx,y € X)
(Vx,y,zeX)(xry =x%z o y=2),
(Vx,yeX)(xxy=0x=y),
(VxeX)(x*0=0ox=0),
(Vx,y,ze X)(y*x =z+x © y = 2z),
(Vx,yeX)(x*ry=y=x=0),

(Yx,y,2€ X)((x*y) «0 = (zxy) * (z%x)),
(Vx,y,ze X)(x*y=0& (zxx)*(z+y) =0),
(Vx,y,zeX)(x*y=0& (x*z)*(y*z) =0),

the right and the left cancellation laws hold.

2.1)
2.2)
3)
2.4)
2.5)
6)
2.7)
2.8)
(2.9)
(2.10)
(2.11)
(2.12)
(2.13)
(2.14)
(2.15)

(
(
(2.
(
(
(2.
(
(

To investigate hesitant fuzzy analogues of algebraic structures in IUP-algebras, it is essential

to recall the general concept of hesitant fuzzy sets. These sets, introduced to capture uncertainty

with multiple degrees of membership, provide a flexible foundation for defining hesitant fuzzy

IUP-subalgebras, IUP-ideals, IUP-filters, and strong IUP-ideals. The following definition serves

as the cornerstone for constructing and analyzing these hesitant fuzzy structures throughout the

remainder of this work.

Definition 2.2. [9] A non-empty subset S of X is called
(i) an IUP-subalgebra of X if it satisfies the following condition:

(Vx,yeS)(xxy€S),
(ii) an IUP-filter of X if it satisfies the following conditions:

the constant 0 of X isin S,

(Vx,ye X)(x*ryeS,xeS=>yeSs),

(iii) an IUP-ideal of X if it satisfies the condition (2.17) and the following condition:

(Vx,y,ze X)(x*(y*z) €S, ye S=>x%z€8),

(2.16)

(2.17)
(2.18)

(2.19)
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(iv) a strong IUP-ideal of X if it satisfies the following condition:
(Vxv,yeX)(yeS=>x+yes). (2.20)
From axiom (IUP-2), we have the following remark:
Remark 2.1. Every IUP-subalgebra of X satisfies (2.17).

According to [9], the notion of an [UP-filter serves as a common generalization of both IUP-
ideals and IUP-subalgebras, which in turn generalize the concept of strong IUP-ideals. In any
IUP-algebra X, the only possible strong IUP-ideal is X itself; no proper subset satisfies the defining
conditions. These structures thus form a nested hierarchy, as illustrated in the inclusion diagram

shown in Figure 1.
IUP-filter
[UP-ideal IUP-subalgebra

strong ITUP-ideal

an [UP-algebra X

FiGure 1. Special subsets of IUP-algebras

Definition 2.3. A nonempty subset S of X is called a prime subset of X if it satisfies the following property:
(Vx,ye X)(x*yeS=>xeSoryeSs). (2.21)

Definition 2.4. An IUP-subalgebra (resp., IUP-filter, IUP-ideal, strong IUP-ideal) B of X is called a prime
IUP-subalgebra (resp., prime IUP-filter, prime IUP-ideal, prime strong IUP-ideal) of X if B is a prime subset
of X.

3. MaIN Resurts

In this section, we introduce and investigate several classes of hesitant fuzzy structures defined
over IUP-algebras. These include hesitant fuzzy IUP-subalgebras, IUP-filters, IUP-ideals, and
strong IUP-ideals—each formulated through relaxed membership conditions inspired by hesitant
fuzzy logic. We explore their algebraic properties, examine the hierarchical relationships among
them, and provide counterexamples to illustrate strictness in inclusion. Our results show that
these classes not only generalize their counterparts in UP-algebras and fuzzy frameworks, but also
reveal nuanced distinctions that arise uniquely in the IUP context.

Definition 3.1. Let X be a nonempty reference set. A hesitant fuzzy set (HFS) on X is defined as a function

h: X - P([0,1)),



6 Int. . Anal. Appl. (2025), 23:314

where P([0,1]) denotes the power set of the interval [0,1]. That is, for each element x € X, the value h(x) is
a subset of [0, 1], representing all possible membership degrees that a decision-maker hesitates among when

assigning a membership value to x.

We proceed by formulating four fundamental hesitant fuzzy structures within the framework
of IUP-algebras: namely, hesitant fuzzy IUP-subalgebras, IUP-filters, IUP-ideals, and strong IUP-
ideals. Each is defined under suitable conditions reflecting the nature of hesitant membership

functions.

Definition 3.2. A hesitant fuzzy set hon X is called a hesitant fuzzy IUP-subalgebra of X if it satisfies the
following property:

(Yx,y € X)(h(x+y) 2 h(x) N h(y)) (3.1)

Definition 3.3. A hesitant fuzzy set h on X is called a hesitant fuzzy IUP-filter of X if it satisfies the

following properties:
(Vx € X)(h(0) 2 h(x)) (3.2)
(Yx,y € X)(h(y) 2 h(x*y) Nh(x)) (33)

Definition 3.4. A hesitant fuzzy set hon X is called a hesitant fuzzy IUP-ideal of X if it satisfies (3.2) and
the following property:

(¥2,y,2 € X) (h(x+z) 2 h(x (y*2)) N A(y)). 64

Definition 3.5. A hesitant fuzzy set h on X is called a hesitant fuzzy strong IUP-ideal of X if it satisfies
the following property:

(Yx,y € X)(h(x+y) 2 h(y))- (3.5)
Lemma 3.1. Every hesitant fuzzy IUP-subalgebra on X satisfies (3.2).

Proof. Assume that h is a hesitant fuzzy IUP-subalgebra of X. Let x € X. Then

h(0) = h(x*x) (by (IUP-2))
D h(x) Nh(x) (by (3.1))
=h(x).

O

Lemma 3.2. Every hesitant fuzzy strong IUP-ideal on X satisfies (3.2).
Proof. Assume that h is a hesitant fuzzy strong IUP-ideal of X. Let x € X. Then
h(0) =h(x*x) (by (IUP-2))
2 h(x). (by (3.5))

O
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Theorem 3.1. Hesitant fuzzy strong IUP-ideals and constant hesitant fuzzy sets of X coincide.

Proof. Assume that h is a hesitant fuzzy strong IUP-ideal of X. By Lemma 3.2, we have h satisfies

(3.2). Let x € X. Then
h(x) = h((x+0) x0) (by (2.4)
2 h(0). (by (3.5))

Thus, h(x) = h(0) for all x € X, that is, h is constant of X. Clearly, every constant hesitant fuzzy
set of X is a hesitant fuzzy strong IUP-ideal of X. Hence, hesitant fuzzy strong IUP-ideals and

constant hesitant fuzzy sets of X coincide. m]
Theorem 3.2. Every hesitant fuzzy strong IUP-ideal of X is a hesitant fuzzy IUP-ideal of X.
Proof. It is a direct consequence of Theorem 3.1. m]

Example 3.1. Let X = {0,1,2,3,4,5} be a set with a binary operation  defined by the following Cayley
table:

*(01 2 3 45
0j01 2 3 45
1150 4 2 31
2134015 2
3123501 4
414 215 0 3
5|1 53 420

Then X = (X, *,0) is an IUP-algebra. We define a hesitant fuzzy set h on X as follows:
he ( 0 1 2 3 4 5 )
{0,1} {0} {0} {0} {0, 1} {0}
Then h s a hesitant fuzzy IUP-ideal of X. Since h(1+0) = {0} 2 {0, 1} = h(0), we have h is not a hesitant
fuzzy strong IUP-ideal of X.

Theorem 3.3. Every hesitant fuzzy strong IUP-ideal of X is a hesitant fuzzy IUP-subalgebra of X.
Proof. Itis a direct consequence of Theorem 3.1. m|

Example 3.2. Let X = {0,1,2,3,4,5} be a set with a binary operation  defined by the following Cayley
table:

U W N RO
— N W b U1 olo
U Wl N O R
W Rk Ul ok NN
B Ul O~ N W W
N © R Ul W
o R N W R~ gy
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Then X = (X, *,0) is an IUP-algebra. We define a hesitant fuzzy set h on X as follows:

3
0.2,0.5,0.6,0.7} {0.5,0.7} {0.5,0.7} {0.2,0.5,0.6,0.7} {0.5,0.7} {0.5,0.7}

={0.5,0.7} 2 {0.2,0.5,0.6,0.7} = h(0), we

_({ 0 1 2

Then his a hesitant fuzzy IUP-subalgebra of X. Since h(1+0)
have h is not a hesitant fuzzy strong IUP-ideal of X.

)

Example 3.3. Let X = {0,1,2,3,4,5} be a set with a binary operation  defined by the following Cayley

table:

Q1 = W NN —m O
O —m W N &~ OO
=~ N O © —k |-

3

Then X = (X, *,0) is an IUP-algebra. We define a hesitant fuzzy set h on X as follows:

2
{0.6,0.9} {0.6} {0.6,0.9} {0.6} {0.6} {0.6}

={0.6} 2 {0.6,0.9} = h(1+(2%5)) Nh(2),

h:( 0 1

Then his a hesitant fuzzy IUP-subalgebra of X. Since h(1+5)

we have h is not a hesitant fuzzy IUP-ideal of X.

Theorem 3.4. Every hesitant fuzzy IUP-subalgebra of X is a hesitant fuzzy IUP-filter of X.

W = O O NN

4

Q1 © b= N W| W

1

O Ul W oM |

2

N R = W gl ol

0

3

Proof. Assume that h is a hesitant fuzzy IUP-subalgebra of X. By Lemma 3.1, we have h satisfies

(3.2). Letx, y € X. Then
0=
(x*

h(y)

(0
(

h
h
h(

U

v

h(x) N

Hence, h is a hesitant fuzzy IUP-filter of X.

Theorem 3.5. Every hesitant fuzzy IUP-ideal of X is a hesitant fuzzy IUP-filter of X.

y)

0) * (x*y))

x*0)Nh(x*y)

h(0) Nh(x+y)

— h(x) Nh(x+y)
h(x*y) Nh(x).

(by (IUP-1))
(by (IUP-3))
(by (3.1))
(by (3.1))
(by (3.2))

Proof. Assume that h is a hesitant fuzzy IUP-ideal of X. Then h satisfies (3.2). Let x, y € X. Then

h(y) =h(0+y)
2h(0*(x*y))N
=h(x*y)Nh(x).

h(x)

(by (IUP-1))

(by (3.4))
(by (IUP-1))
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Hence, h is a hesitant fuzzy IUP-filter of X. O

Example 3.4. Let X = {0, 1, 2,3,4, 5} be a set with a binary operation defined by the following Cayley table:

+10 1 2 3 45
0{01 2 3 45
150 3 4 21
2123 015 4
3134501 2
414 2150 3
5/1 542 30

Then X = (X, *,0) is an IUP-algebra. We define a hesitant fuzzy set h on X as follows:

B ( 0 1 2 3 4 5 )

- 1{0.3,0.5} {0.3} {0.3} {0.3} {0.3,0.5} {0.3}
Then h is a hesitant fuzzy IUP-filter of X. Since h(1+2) = {0.3} 2 {0.3,0.5} = h(1* (4%2)) Nh(4), we
have h is not a hesitant fuzzy IUP-ideal of X.

Based on Theorems 3.2, 3.4, and 3.5, together with Examples 3.2-3.4, we observe a natural
hierarchy among the hesitant fuzzy structures on IUP-algebras. Specifically, the class of hesitant
fuzzy IUP-ideals properly generalizes that of hesitant fuzzy strong IUP-ideals. Furthermore, both
hesitant fuzzy IUP-ideals and hesitant fuzzy IUP-subalgebras are shown to be generalizations of
hesitant fuzzy IUP-filters, forming a layered structure of increasing generality. These relationships
can be visualized through the following diagram, which captures the inclusion relations among
the various hesitant fuzzy constructs.

In what follows, we turn our attention to characteristic hesitant fuzzy sets—those induced by
classical subsets of IUP-algebras. We investigate the correspondence between algebraic notions
such as IUP-subalgebras, filters, ideals, and strong ideals, and their representations as characteristic
hesitant fuzzy sets. We also introduce and explore the concepts of prime hesitant fuzzy sets,
examining how they reflect algebraic primeness in the hesitant fuzzy context.

Given a subset S C X, the characteristic hesitant fuzzy set hg is the function hg : X — #([0,1])

defined by
0,1 ifxeS,
hs(x) =
1] otherwise.

By construction, hg maps each element of X to either the full interval [0, 1] or the empty set, and
thus satisfies Im(hg) € {0, [0,1]} € P([0,1]). Therefore, hg is a hesitant fuzzy set on X.

Theorem 3.6. A nonempty subset S of X is an IUP-subalgebra of X if and only if hs is a hesitant fuzzy
IUP-subalgebra of X.

Proof. Assume that S is an IUP-subalgebra of X. Letx, y € X.
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Case 1: x,y € S. Then hg(x) = [0,1] and hs(y) = [0,1]. Then hs(x) Nhg(y) = [0,1]. Since S is
an IUP-subalgebra of X, we have x*y € S and so hg(x = y) = [0, 1]. Therefore, hg(x+*y) = [0,1] 2
[0,1] = hs(x) Nhs(y).

Case2: x€ Sand y ¢ S. Thenhs(x) = [0,1] and hg(y) = 0. Thus, hg(x) Nhg(y) = 0. Therefore,
hs(x*y) 20 =hg(x) Nhg(y).

Case3: x ¢ Sand y € S. Then hg(x) = 0 and hg(y) = [0,1]. Thus, hs(x) Nhg(y) = 0. Therefore,
hs(x*y) 20 = hs(x) ﬁhs(y).

Case4: x ¢ Sand y ¢ S. Then hg(x) = @ and hg(y) = 0. Thus, hs(x) Nhs(y) = 0. Therefore,
hg(x*y) 20 = hg(x) Nhg(y).

Hence, hs is a hesitant fuzzy IUP-subalgebra of X.

Conversely, assume that hg is a hesitant fuzzy IUP-subalgebra of X. Let x, ¥ € S. Then hg(x) =
[0,1] and hg(y) = [0,1]. Then hg(x+*y) 2 hg(x) Nhs(x) = [0,1], so hg(x*y) = [0,1]. Therefore,
x+y € Sand so S is an [UP-subalgebra of X. m]

Lemma 3.3. The constant 0 of X is in a nonempty subset B of X if and only if hg(0) 2 hp(x) for all x € X.
Proof. 1f 0 € B, then hg(0) = [0,1]. Thus, hg(0) = [0,1] 2 hg(x) for all x € X.

Conversely, assume that hg(0) 2 hg(x) for all x € X. Since B is a nonempty subset of X, we have
a € B for some a € X. Then hg(0) 2 hg(a) = [0,1], so hg(0) = [0,1]. Hence, 0 € B. o

Theorem 3.7. A nonempty subset F of X is an IUP-filter of X if and only if hr is a hesitant fuzzy IUP-filter
of X.

Proof. Assume that F is an IUP-filter of X. Since 0 € F, it follows from Lemma 3.3 thathr(0) 2 hr(x)
for all x € X. Next, letx, y € X.

Case 1: x,y € F. Then he(x) = [0,1] and he(y) = [0,1]. Therefore, hp(y) = [0,1] 2 hp(x*y) =
hr(x*y) Nhr(x).

Case 2: x ¢ Fand y € F. Then hr(x) = 0 and hr(y) = [0,1]. Thus, hr(y) = [0,1] 2 0 =
hr(x*y) Nhe(x).

Case3: x € Fand y ¢ F. Thenhr(x) = [0,1] and hr(y) = 0. Since F is an IUP-filter of X, we have
x*y¢Forx ¢ FbutxeF,sox+y ¢F. Thenhr(x*y) = 0. Thus, hr(y) =020 = hr(x*y) Nhr(x).

Case4: x ¢ Fand y ¢ F. Then hr(x) = 0 and hr(y) = 0. Then hr(y) = 0. Thus, hr(y) =020 =
hr(x*y) Nhr(x).

Hence, hr is a hesitant fuzzy IUP-filter of X.

Conversely, assume that hr is a hesitant fuzzy IUP-filter of X. Since hr(0) 2 hr(x) forall x € X,
it follows from Lemma 3.3 that 0 € F. Next, let x,y € X be such that x*y € F and x € F. Then
hr(x+y) = [0,1] and hr(x) = [0,1]. Thus, hr(y) 2 he(x*y) Nhr(x) = [0,1], so hr(y) = [0,1].
Therefore, y € F and so F is an IUP-filter of X. m]

Theorem 3.8. A nonempty subset B of X is an IUP-ideal of X if and only if hp is a hesitant fuzzy IUP-ideal
of X.
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Proof. Assume that B is an IUP-ideal of X. Since 0 € B, it follows from Lemma 3.3 thathp(0) 2 hp(x)
forall x € X. Next, letx, y,z € X.

Case 1: x*(y*z) € Band y € B. Then hg(x* (y+z)) = [0,1] and hg(y) = [0,1]. Thus,
hg(x*(y*z)) Nhp(y) = [0,1]. Sincex* (y*z) € Bandy € B,wehavex=z € Bandsohg(x*z) = [0, 1].
Therefore, hg(x+*z) = [0,1] 2 [0,1] = hp(x* (y*z)) Nhp(y).

Case 2: x#(y*z) € Band y ¢ B. Then hg(x* (y*z)) = [0,1] and hg(y) = 0. Thus, hg(x* (y *

z)) Nhp(y) = 0. Therefore, hg(x*z) 2 0 = hg(x* (y*z)) Nhp(y).
Case 3: x*(y*z) ¢ Band y € B. Then hg(x* (y*z)) = 0 and hg(y) = [0,1]. Thus, hg(x* (y *
z)) Nhp(y) = 0. Therefore, hg(x*z) 20 = hp(x* (y*z)) N ( ).

Case 4: x*(y*z) ¢ Band y ¢ B. Then hg(x+* (y*z)) = 0 and hpg(y) = 0. Thus, hg(x* (y*z)) N
hg(y) = 0. Therefore, hg(x+z) 20 = hg(x* (y*z)) ﬂhB(y).

Hence, hp is a hesitant fuzzy IUP-ideal of X.

Conversely, assume that hp is a hesitant fuzzy IUP-ideal of X. Since hg(0) 2 hg(x) forall x € X,
it follows from Lemma 3.3 that 0 € B. Next, let x, y,z € X be such that x* (y*z) € Band y € B.
Then hg(x* (y*z)) = [0,1] and hg(y) = [0,1]. Thus, hg(x*z) 2 hg(x* (y*z)) Nhg(y) = [0,1], so
hp(x+z) = [0,1]. Therefore, x *z € B and so B is an IUP-ideal of X. O

Theorem 3.9. A nonempty subset C of X is a strong IUP-ideal of X if and only if hc is a hesitant fuzzy
strong IUP-ideal of X.

Proof. 1t is a direct consequence of Theorem 3.1. m]

Example 3.5. [9] Let IR* be the set of all nonzero real numbers. Then (R*,*,1) is an IUP-algebra, where *
is the binary operation on R* defined by x = y = %for allx,y € R*. Let S = {x € R* | x > 1}. Then S is an
IUP-ideal and an IUP-filter of R* but it is not an IUP-subalgebra of R*. From Theorems 3.7, 3.8, and 3.9,
we have hg is a hesitant fuzzy IUP-ideal and a hesitant fuzzy IUP-filter of R* but it is not a hesitant fuzzy
IUP-subalgebra of R".

Definition 3.6. A hesitant fuzzy set h on X is called a prime hesitant fuzzy set on X if it satisfies the
following property:

(Vx,y € X)(h(x*y) € h(x) Uh(y)). (3.6)

Definition 3.7. A hesitant fuzzy IUP-subalgebra (vesp., hesitant fuzzy IUP-filter, hesitant fuzzy IUP-ideal,
hesitant fuzzy strong IUP-ideal) h of X is called a prime hesitant fuzzy IUP-subalgebra (resp., hesitant fuzzy
IUP-filter, hesitant fuzzy IUP-ideal, hesitant fuzzy strong IUP-ideal) if h is a prime hesitant fuzzy set on X.

Theorem 3.10. Let h be a hesitant fuzzy set on X. Then the following statements are equivalent:
(i) hisaprime hesitant fuzzy IUP-subalgebra (resp., hesitant fuzzy IUP-filter, hesitant fuzzy IUP-ideal,
hesitant fuzzy strong IUP-ideal) of X,
(ii) his a constant hesitant fuzzy set on X, and
(iit) his a hesitant fuzzy strong IUP-ideal of X.
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Proof. (i) = (ii) Assume that h is a prime hesitant fuzzy IUP-subalgebra (resp., hesitant fuzzy
IUP-filter, hesitant fuzzy IUP-ideal, hesitant fuzzy strong IUP-ideal) of X. Then h(0) 2 h(x) for all
x € X. By (IUP-2), we have h(0) = h(x*x) € h(x) Uh(x) = h(x) for all x € X and so h(x) = h(0)
for all x € X. Hence, h is a constant hesitant fuzzy set on X.

(ii) = (i) Clearly, every constant hesitant fuzzy set on X is a prime hesitant fuzzy IUP-subalgebra
(resp., hesitant fuzzy IUP-filter, hesitant fuzzy IUP-ideal, hesitant fuzzy strong IUP-ideal) of X.

(ii) & (iii) It is straightforward by Theorem 3.1.

O

Theorem 3.11. A nonempty subset S of X is a prime subset of X if and only if hg is a prime hesitant fuzzy

set on X.

Proof. Assume that S is a prime subset of X. Let x,y € X.

Case 1: x+y € S. Then hg(x*y) = [0,1]. Since S is a prime subset of X, we have x € Sor y € S.
Thenhg(x) = [0,1] orhs(y) = [0,1], sohg(x) Uhg(y) = [0,1]. Therefore, hs(x+y) = [0,1] € [0,1] =
hg(x) Uhg(y).

Case2: x*y ¢ S. Thenhg(x*y) = 0 C hs(x) Uhg(y).

Therefore, hg is a prime hesitant fuzzy set on X.

Conversely, assume that hg is a prime hesitant fuzzy set on X. Let x, y € X be such that x+y € S.
Then hg(x*y) = [0,1], so [0,1] = hs(x*y) € hg(x) Uhg(y). Thus, hg(x) Uhg(y) = [0,1], so
hg(x) = [0,1] or hs(y) = [0,1]. Hence, x € Sor y € S and so S is a prime subset of X. o

4. CONCLUSION

In this paper, we introduced hesitant fuzzy substructures on IUP-algebras, including hesitant
fuzzy subalgebras, filters, ideals, and strong ideals. We established generalization relationships
among them and showed that strong ideals correspond exactly to constant hesitant fuzzy sets.
Characteristic representations and primeness conditions were also analyzed, supported by illus-
trative examples.

Future research may focus on level-set characterizations of these structures. In particular, the
study of a-level sets of hesitant fuzzy subsets can provide graded insights into their algebraic

behavior and support applications in uncertainty modeling and decision-making processes.
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